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CONVERSION FACTORS
The following is a set of conversion factors useful in hydrology.
1. Distance/Height/Depth

2. Area

miles
ft
in

X

acres
miles2
acres
ft2

X

X
X

X
X

X

1.609
0.3048
25.40

=

km
m
mm

0.004047
2.590
0.4047
0.0929

=
=

km2
km2
ha
m2

-

=
=

3. Volumes
m3
dam3
km3
miles3
f t3
acre-ft
cfs-days
gal (Imp)
gal (US)
4. Flow
m3/s
cfs
gal (Imp)/min

i

I
I
I

~
l

5. Runoff
m3/s
m3/ S
m3/s/km2
cfs/mi2
cfs/mi2
in / year*
acre-ft /mi2

l

I

II
I
i

i

6. Temperature

(OF - 32)

* Year taken as 365.25 days

dams/day
dam3/ year*
mm / year*
L/s/km2
mm / year*
L/s/km2
mm

PREFACE

Hydrology is not an exact science. That is, problems in hydrology
seldom can be solved by the direct application of a scientific formula. For
example, the relationship between precipitation and runoff over time cannot
be solved like the relationship of distance and velocity over time can be
solved by the formula v = d/t. The solution of the hydrologic problem
requires a knowledge of the fundamental relationships plus the experience of
the hydrologist in solving similar problems. Providing these solutions is
operational hydrology.
British Columbia is very different hydrologically from the rest of
Canada and in fact from most of the developed world. As a result, methods
and procedures developed elsewhere cannot be directly applied to B.C.
The purpose of this manual is to provide some knowledge of the
fundamental relationships in hydrology plus methods and procedures
developed and applied specifically for British Columbia conditions. With
knowledge of the relationships, the methods and procedures described in the
following chapters can be applied to solve most basic hydrologic problems;
more difficult problems or problems with complications should be referred to
a practicing hydrologist.
The manual is divided into nine chapters with the procedures for
solving problems given in Chapters 6, 7, 8 and 9. Before going directly to
these chapters however, it is strongly recommended that Chapters 1 and 5 be
carefully studied to provide the basics: introduction to hydrology and how a
watershed produces runoff. For many problems, it will be necessary to
establish a data collection program; for this, Chapters 3 and 4 will describe
how. Chapter 2 is statistics, it will provide a basic reference of the statistical
procedures very often used in operational hydrology. Each chapter contains a
set of references which are available from the Hydrology Section to provide
more in-depth study.
Finally, the reader should note that although much of what is
contained in this manual is original material, some diagrams and portions of
text have been taken from other publications.

Editor
C. H. Coulson, P.Eng.
Head, Hydrology Section

CHAPTER 1

INTRODUCTION TO HYDROLOGY

1.1

WATER - NATURE'S MOST VERSATILE COMPOUND
"A colourless, transparent, tasteless
compound of oxygen and hydrogen in
liquid state, convertible by heat into
steam and by cold into ice."

This simple definition conveys little idea of the remarkable properties
of the unique substance - water. Nor is water the simple chemical compound
that is implied by the well-known formula H20. It is true as the formula
indicates, that each molecule of water is made up of two atoms of hydrogen
combined with one of oxygen. In 1934, however, a new kind of hydrogen
with twice the weight of the normal hydrogen atom was discovered. This
heavy hydrogen, called deuterium, in combination with oxygen, forms
"heavy water," well known for its use in certain types of nuclear reactors.
More recently, a third form of hydrogen, called tritium, triple the normal
weight and radioactive, has been discovered. These different forms (called
isotopes) of hydrogen atoms, produce different types of water. Deuterium
oxide (heavy water) and tritium oxide (tritiated water) are found in all natural
water, although in extremely small quantities (in fact tritiated water was
virtually non-existent until man began exploding hydrogen bombs). The
structure of water is further complicated by the fact that oxygen, like
hydrogen, has three isotopes. Water is, therefore, actually a mixture of many
different combinations of these isotopes.
Does this mean that the formula, H20, is obsolete? Not at all.
Although water is not the single, simple compound it was once thought to be,
the formula is still valid because all the isotopes have the same chemical
behavior in their ordinary reactions, and the same chemical symbol
(although, for convenience, the symbols D and T are sometimes used to refer
to deuterium and tritium). And by far the greatest number of water
molecules are made up of normal hydrogen and oxygen atoms, bound
together in the ratio two to one.

Most people would find little meaning in the statement that "the
properties of water arise from the hydrogen bonding and the tetrahedral
arrangement of electron pairs around the oxygen atom." What the statement
means in simple terms is that the hydrogen and oxygen atoms in each
molecule are bonded very strongly together - giving water its great chemical
stability - and that adjacent molecules of water are also bonded strongly
together. This strong bond between molecules (about one-sixteenth as strong
as the bond between the hydrogen and the oxygen) gives water most of its
unique physical properties.
Most of these properties are well known; what is perhaps not so well
known is the extent to which life on earth depends upon them.
Water in its solid form is lighter than in its liquid form (ice floats on
water); it is almost the only substance with this property. Like other
substances, water contracts as it cools. On freezing, however, it expands (in
fact the change from contraction to expansion begins at 4OC above the freezing
point). If this were not so, lakes and rivers would freeze upward from the
bottom instead of downward from the surface. Fish could not survive in
these circumstances, and it is unlikely that rivers and lakes in northern
countries would ever completely thaw. The expansion which accompanies
the freezing of water and the great force exerted in that expansion plays a large
part in the breaking up of rock, the heaving of soil, and the wearing down of
mountains.
Also, to freeze water a large amount of heat must be removed. This
heat, called the heat of fusion, is the equivalent of heating the water from 0"
to 80°C. This same amount of heat must also be added to convert the ice back
into water. Thus the freeze-up and break-up of rivers and the melting of a
snowpack must be accompanied by a large exchange of heat.
Water has a large capacity for absorbing heat without a great rise in
temperature as anyone who has waited for a pot of water to boil is aware.
Large bodies of water, therefore, can store immense quantities of heat. As a
result, oceans and large lakes effectively reduce extremes of climate by acting
as temperature moderators.
Water, when heated, evaporates very slowly compared with most
other liquids (water has a high heat of vaporization). Consequently, there is
relatively little water lost to the air by evaporation when, for instance,
sprinklers are used for irrigation. The evaporation which does take place,
however, produces a significant cooling effect - one which can be recognized
by the swimmer leaving the water in even a light breeze. This property is
used to advantage in industrial cooling where water is sprayed in cooling

earthen jars. The small amount of water which seeps through the porous
materials is evaporated from the surface of the jar producing a significant
cooling effect. (Evaporation of only 1%of the water lowers the temperature
about 5°C).
Some Physical Constants of Water
description

value

unit

:water @ 15°C
:water @ 4°C
:water @ 0°C
:ice @ 0°C
:sea water @ 15°C
:deuterium oxide @ 15°C
specific heat :water
:ice
:water vapour
heat of
:fusion
:vaporization
:sublimation
density

Water has a surface tension (ability to stick to itself) higher than any
other liquid except mercury. The ability of a steel needle to float on water
demonstrates this property. Water will adhere to certain other materials, the
ability to do so depending upon the presence of oxygen in the chemical
structure of the other material. Glass, clay, cotton, all of which contain
oxygen, are examples of materials to which water will adhere. In clay soil,
water tends to spread in a thin film and to cling to the surfaces of soil
particles. On the other hand, water will not adhere to paraffin, which does
not contain oxygen.
Adhesion, the attraction to other substances, and cohesion, or surface
tension, the attraction to itself, combine to produce what is known as
capillarity, the ability to rise in small, wettable tubes. It is capillary action
which causes water to rise in a wick. This same property allows trees and
other plants to draw water from the soil through small passages to heights of
over 100 metres. An extremely important effect of capillary action is seen in
the ability of soil to hold water against the pull of gravity. Were it not for this
effect, plant growth would be impossible.
Of all the many and varied properties of water, perhaps none is so
remarkable as its ability to dissolve other substances. In this respect, it is
outstanding among liquids. The ancient alchemists, searching for the
universal solvent, overlooked the most obvious of them all. There is hardly
a chemical element known which has not been identified in solution in the
earth's waters. Some of these elements are dissolved in minute amounts

only, but others are found in very significant quantities (sodium and
chlorine, for instance, constitute most of the oceans' salt). Even a drop of rain
water falling through the air dissolves many substances in its passage to the
ground - nitrogen, oxygen and, where the air is polluted, carbon dioxide,
nitric acid, ammonia and sulphur. Near the oceans, it also picks up and
dissolves chlorides. When it reaches the earth, it continues to dissolve
varying amounts of almost everything with which it comes in contact.
Were it not for the solvent property of water, life could not exist. It is
the all-important agent which transfers within living animals and plants the
compounds vital to life itself. In dissolving other materials, the water itself
undergoes no chemical change whatever. A generally inert solvent, it is
purified by evaporation or distillation, either natural or man-produced, and is
ready to be used again.
1.2

THE WORLD'S WATER

The water in the world today was here when the earth was formed.
The earth's estimated 1386 million cubic kilometres of water has remained
unchanged in quantity throughout the four or five billion years of its
existence.
When the earth was very young, practically all its water was in the
form of vapor. At first, the earth's surface was too hot to accept water. Any
that fell was immediately reconverted to steam, and the slowly-cooling earth
was enveloped in thick layers of cloud.
After many thousands of years, the earth's surface cooled sufficiently to
retain the rain which fell. Year after year, century after century, it rained. The
constant, unremitting deluge began wearing away and dissolving rocks and
minerals and carrying the dissolved material into the ocean basins.
The early ocean on the young earth was not very saline. But the
dissolved materials carried from the continents made the sea ever more salty.
Water evaporating from the sea returned to the atmosphere, fell again as
rain, flowed over the continents, through the rock mantle, in a continually
recurring cycle. This inexorable process continued to add to the salinity of the
sea, to the point where today every cubic metre of sea water contains, on the
average, about 32.6 kg of dissolved salts.
Of the estimated 1386 million cubic kilometres of water on earth, about
1338 million or 96.5% is contained in the oceans. An additional 12,900 cubic
kilometres is contained in the atmosphere. This leaves about 3.5% on or
under the land surface of the earth.

Earth's
Water

Area

106 k m 2

Volume

106 km3

%

Oceans
Land Surface
Atmosphere
Total (rounded)

1,386

100

The total water contained on or under the land surface is about
47,970,000 cubic kilometres and is distributed as shown below.
Water on/under
Land Surface

Area
km2

Volume
km3

Percent
%

fresh water lakes
saline lakes
rivers
marshes
fresh groundwater
saline groundwater
soil moisture
polar ice
other ice and snow
biological water
Total (rounded)

Practically all the earth's water is accounted in the oceans,
underground or frozen. There is, however, a relatively small, but immensely
important, fraction of the earth's water - about one hundredth of a percent which is essential to life on this planet.
This relatively small amount of water, about 110,000 km3, is the
amount stored in fresh water lakes, rivers or in the soil. The important
feature of this small portion is not its quantity but its dynamic quality. It is
constantly on the move. It falls as rain or snow, it moves over the land
surface, percolates below the surface, travels through river and lakes,
eventually returning to the ocean.
But at every point in this movement, and from the ocean reservoir
itself, some of. the water is constantly being returned to the atmosphere as
vapor, to move around the earth and fall again as rain or snow. This huge,
never-ending cycle of distillation, circulation and precipitation, so vital to life
on this planet, is known as the "hydrologic cycle."

In an average year the total amount of water moving through the
hydrologic cycle is about 577,000 km3. Evaporation, precipitation and runoff is
estimated as follows:
Annual evaporation:
- from world ocean
- from land areas
Total

505,000 km3
72,000 km3
577,000 km3

Total

458,000 km3
119,000 km3
577,000 km3

Total

44,700 km3
2,200 km3
46,900 km3

Annual precipitation:
- on world ocean
- on land areas
Annual runoff from land areas:
- to ocean from rivers and ice caps
- groundwater outflow to ocean
1.3

HYDROLOGIC CYCLE

The hydrologic cycle is a concept which considers the process of
motion, loss and recharge of earth's water. The ultimate driving force for the
hydrologic cycle is the sun. Atmospheric circulation, initiated by the energy
from the sun and influenced by the rotation of the earth, transports
atmospheric moisture to areas where conditions are favourable for
condensation into particles large enough to fall to the earth's surface because
of gravitational forces. These forces cause liquid water to flow over and
under the land surface to places where solar energy causes evaporation; the
cycle then repeats itself. Although the basic hydrological cycle is simple in
concept, it is extremely complex in detail because there are so many different
paths a water molecule can follow.
This continuum of the water cycle can be visualized as shown in Fig. 1.
As indicated in this figure, the cycle may be divided into three principal
phases; (a) precipitation; (b) evaporation; and (c) runoff - surface and
groundwater. Further, it is interesting to note that at some point in each
phase there usually occurs: (a) transportation of water; (b) temporary storage;
and (c) change of state. For example, in the precipitation (atmosphere) phase
there occurs vapour flow, vapour storage in the atmosphere, and
condensation or formation of precipitation created by a change from vapour
to either the liquid or solid state.

Figure 1. The Hydrologic Cycle - A Qualitative Representation
1.3.1 The Evaporation Process

Evaporation of water (emission of water vapour from surfaces) and
evapotranspiration (transfer of water from the soil to the atmosphere by
transport through plants and subsequent evaporation) are the processes by
which the atmosphere is recharged after loss by precipitation. Some water is
caught by plants, temporarily stored, and later evaporated directly to the
atmosphere; this is known as interception loss.
Evaporation at a free water surface is governed primarily by climatic
factors, such as humidity and temperature of the air, wind speed, solar
radiation, cloud cover, and by the nature of the evaporating surface. The
amount of water transferred to the atmosphere by evapotranspiration
dependson factors such as soil and vegetation types, as well as climate. Thirty
per cent of the earth's surface is covered by soil, vegetation, and surface rock,
so that the speed at which water moves through plants forming the
vegetative cover must also be considered.

1.3.2 The Precipitation Process

For precipitation to take place, a number of conditions must be met
simultaneously. Assuming that there is sufficient water vapour, the air must
be cooled below the dew point, and condensation nuclei, such as sea-crystals
or dust particles, must be present. Air expands and cools when it is lifted to
higher altitudes in extra-tropical cyclones or forced upwards along a front by
daytime convection, orographic obstacles, or hurricanes. Under normal
conditions, Canada is affected by all except hurricanes.
The nature of the Canadian climate ensures that all forms of
precipitation are experienced. Rain (liquid water droplets with typical
diameters of 1 millimetre) forms the largest portion of our precipitation.
Snow is the next most prevalent form of precipitation, producing an
estimated 50 per cent of the total annual precipitation in the north country,
25 per cent on the Prairies, and less than 10 percent on both coasts and in
southern Ontario. Hail (ranging in diameter from 5 to 50 millimetres), sleet
(a snow and rain mixture), dew (condensation of water vapour on objects in
the form of water drops), and hoarfrost (deposits of ice produced in a fashion
similar to dew, but at a temperature below 0°C)contribute a small proportion
of Canada's total precipitation.
1.3.3

The Runoff Process

Water may follow many different paths on its way to the sea depending
on how it reacts with the surface on which it falls. Some will fall on streams
or lakes and run off directly to the ocean. Some "surface water" will collect in
surface depressions, then overflow and move down slope in thin films and
tiny streams, which eventually reach an established stream.
Once past the vegetal cover, water encounters the soil surface and may
become surface runoff or may infiltrate and become part of the sub-surface
runoff process, depending on the material at the surface and the intensity of
precipitation. Surface runoff occurs only if the precipitation intensity exceeds
the infiltration rate of the soil plus the interception and evaporation losses.
Water that infiltrates the soil surface may do one of three things. It
may "interflow" just under the surface and discharge directly into a stream
without joining the main groundwater body; it may percolate down to the
groundwater table and flow slowly through groundwater flow systems for
periods varying from days to thousands of years before reaching a stream
channel or an ocean; or it may join the unsaturated zone by forming soil
moisture that eventually returns to the atmosphere via evapotranspiration.

DETENTION
OF WATER
OVERLAND FLOW
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...
......
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...........
...
.:.'.:.:.~:~,:.:~;.,.::...>:.~:::::::~:~~..:.:~~~~
.................................
.................................
..........
WATER
................................
:.:.....
..................
.........................
......
.............
TABLE

------------- .
\&?if ER TABLE 1
GROUNDWATER FLOW

,

.

......

CHANNEL

Figure 2. Representation of the Runoff Process
1.3.4 Dynamic Quality

The most important aspect of the hydrological cycle is not the quantity
of water residing in the world's water bodies and atmosphere at any particular
instant but rather the rates at which water is transported from one part of the
cycle to another. Water is constantly on the move; constantly reacting with
its physical, chemical, and biological environment; constantly changing its
state, i.e. liquid, vapour, solid; and constantly reshaping the face of the earth
and allowing life as we .know it.
The hydrology of a region is determined by its weather patterns and by
physical factors such as topography, geology and vegetation. Also, as
civilization progresses, human activities gradually encroach on the natural
water environment, altering the dynamic equilibrium of the hydrologic cycle
and initiating new processes and events. For example, it has been theorized
that because of the burning of fossil fuels, the amount of carbon dioxide in the
atmosphere is increasing. This could result in a warming of the earth and
have far-reaching effects on global hydrology.
'

1.4

HYDROLOGY

The preceding has looked at water from the microscopic to the
macroscopic, the occurrence and movement of water has been discussed. At
this point the science that deals with these aspects - hydrology - must be
described.

Hydrology in its broad and literal sense is the science of water. That is
all the water of the earth - its properties, phenomena and distribution. For
practical reasons, however, the word used by scientists and engineers adopts a
somewhat narrower connotation to exclude certain aspects. For example, it
does not cover studies of oceans (oceanography) nor water in the atmosphere
(meteorology). Nor do we think of a mechanical engineer when working
with steam; nor a medical doctor when studying the medical uses of water;
nor a botanist when he studies the movement of water in the leaves - as
making use of standard, accepted hydrologic principles.
The scientific definition is applied to the land surface of the earth as
follows:
"Hydrology is the science that deals with the waters
of the earth, their occurrence, circulation and
distribution, their chemical and physical properties,
and their reaction with their environment,
including their relation to living things."
(a)
(b)
(C)

(d)
(e)

Generally, five separate subdivisions of the science are recognized:
Hydrometeorology - the study of problems intermediate between the
fields of hydrology and meteorology;
Limnology - the study of lakes;
Cryology - studies dealing with snow and ice;
Geohydrology - studies related to subsurface water; and
Potarnology - the study of surface streams.

However, very few hydrologic problems can be limited to just one of these
branches. More often, because the phenomena are so interrelated, solutions
to these problems can only be attained by a completely interdisciplinary
approach by scientists from one or more of these branches. Implicit in these
discussions is the fact that hydrology is an extremely broad science and
therefore borrows heavily from other branches of science and integrates them
for its own interpretation and use. Supporting sciences such as physics,
mathematics, chemistry, geology, geography, agriculture, fluid mechanics.,
statistics, forestry, plant ecology, economics, fisheries, wildlife management,
sociology, law and computer science are but a few of these which may be used
in hydrologic investigations.
The highly -complex interdependent relationships governing the
occurrence and movement of water on and under the land surface of the
earth do not lend themselves to rigorous scientific explanation. Operational
hydrology which is concerned with...

"the study of the occurrence and movement of
water from the time it falls on the surface of the
earth until it runs off to the ocean or is evaporated
back into the atmosphere"
requires more than the basic scientific principles. It also requires the ability to
interpret the scientific principles on a practical level.
The Operational Hydrologist is required to provide a definitive answer
to a wide variety of hydrologic problems. Generally the solution of these
problems can be broken into the following four steps:

1.

defining the problem in hydrologic terms;

2.

obtaining appropriate data which may require setting up a data
collection program;

3.

selecting and applying (or developing) the appropriate model for
solution of the given problem; and

4.

interpreting the results
understandable form.

and

presenting

them

in

an

Operational hydrology is not entirely a pure science for the object of
study is directed to a practical solution.

1.5

EQUATION OF CONTINUITY

The hydrologic cycle describes the movement of water as a continuous
process of evaporation, precipitation and runoff. In applying this concept to a
watershed in a general sense, precipitation falling on the watershed (P) less
evaporation from the watershed (E) equals the runoff from the watershed (R).

This equafion holds 'true 'in a general sense and is approximately true
on an annual basis. However, on a seasonal or short-term basis the equation
is inadequate. The reason for this inadequacy is short-term storage of water
on the watershed. For example, if the precipitation falls as snow it will not
produce any runoff until it is melted.
Quantities of water going through the hydrologic cycle are evaluated by
the "equation of continuity"; simply, inflow equals outflow plus storage
change.

In order to apply this equation two conditions must first be defined:
1. the physical unit
2. the time period
Continuing with the watershed example, the equation of continuity
would be defined in the following manner:
time period = Oct-March

where inflow is precipitation
P
outflow is evaporation
E plus
runoff
R plus
groundwater outflow
G while
storage change AS is the change in water storage in the watershed
including snowpack, soil moisture and groundwater, so

1.6

TERMINOLOGY AND UNITS

The hydrologist uses various terms in specific ways. Some of the more
common terms are defined below.
streamflow, discharge - the volume rate of water passing a given point along
a body of running water, usually expressed as volume/time - normal
unit = m3 /S.
runoff

- the volume of water derived from a given watershed over an
extended period of time, usually expressed as volume derived in a
month, season or year - normal unit = dam3; occasionally described as
a depth over the watershed - normal unit = mm.

natural runoff - the volume of water that would have been derived from a
given watershed if there had been no man-made detention or
diversion of water.
basin precipitation - the total volume of precipitation falling on a basin
(watershed), usually expressed as average depth over watershed area,
normal units = mm.
data - (a plural word) observed, measured, or derived values of a variable.
variable - a recurring phenomenon which takes on differing values for each
occurrence.
parameter - a value which describes a variable with a given set of data, e.g.
mean or standard deviation.
evapotranspiration (ET) - the amount of water lost to the atmosphere from a
watershed, normal units = mm.

potential-evapotranspiration (ETp) - the amount of water that would have
been lost to the atmosphere from a watershed if there were m
moisture deficit.
watershed, basin - these words are used interchangeably to describe the
tributary area above a given point on a watercourse.

1.7

THE VALUE OF WATER

Water is essential to life. Without it, neither man himself nor the
animals, fish and plants upon which he depends for food could survive. A
person consumes 2 to 3 litres of water every day. More than 70 per cent of the
human body's weight is made up of water and unless the daily losses from
this supply are replenished, the body cannot continue to function.
Beyond these fundamental requirements of life, it is difficult to think
of any item used by man which does not, at some stage of its creation or
manufacture, depend upon water.
In early civilizations (and even today in some primitive societies), 10 to
20 litres a day for each person for drinking, preparing food, and washing,
would provide a minimum level of comfort. But as standards of living
increase and civilization and technology advance, requirements for water
mount. Today, in Canada and in the United States, the average self-contained
household uses from 150 to 500 litres a day for each person (average over
year). The higher figure includes extensive lawn and garden sprinkling and
automatic washing machine operation.
For each of its citizens, a modern city uses between 500 and 1,000 litres a
day. The more industrially developed a city becomes, the more water it uses
because industry places heavy demands on water supplies.
The extent to which modern society depends upon water is apparent in
the variety of ways in which water is used. Perhaps the most obvious is the
domestic requirement for drinking, cooking and washing. In industry, it is
used for cooling, boiler feed, plant sanitation and as a direct part of many
manufacturing processes. The energy of falling water is harnessed to drive
the generators which supply electric power for homes, farms and industry.
Transportation by water is still the most economic means of moving bulky
materials. In agricultural operations, adequate water, either by direct natural
supply or by irrigation, is vital. The harvest of fish from lake and river
contributes to the national economy, Water provides the means of diluting
and carrying away wastes. And in recreation, water-oriented activities are
becoming increasingly popular.
Although water is indispensible the actual cost of water is essentially
the cost of the facilities required to store and transport it to our homes or
factories. A recent survey of industrial nations produced the following
average charges for delivered water:

Canada
U.K.
USA
France
Germany
Australia
1.8

264
464
484
664
884
1164

per m3
per m3
per m3
per m3
per m3
per m3

HYDROLOGY IN BRITISH COLUMBIA

The geographical location and the topographical variability of the
province have produced a hydro-climatic area of great diversity.
Temperature, precipitation and runoff vary enormously from the exposed
Pacific coast, up the mountain slopes, to the inter-mountain valleys and the
interior plateaus.
Mean annual precipitation ranges from the near desert amount of
290 mm at Oliver to the coastal rain-forest condition at Ocean Falls with
4390 mm. Figure 3 shows a map of mean annual precipitation in millimetres
across the province. The variability across B.C. as compared to the adjacent
province of Alberta is striking. The mean annual precipitation falling in the
province averages out at about 1300 mm. Use of the map to estimate
precipitation on a specific watershed should be avoided, especially in
mountain areas, as local variability can be significant.
Mean annual evaporation is shown on Figure 4. This map can be used
to provide an estimate of evaporation from small lakes and is approximately
equivalent to potential-evapotranspiration. However, this map is based on
valley evaporation pan measurements; a 10% decrease in annual evaporation
can be expected with a 350 metre rise in elevation. Evaporation in B.C. ranges
from 300 mm in the north to 700 mm in the Vancouver-Victoria area.
Variability of evaporation across the Province is much less extreme than
precipitation.
Figure 5 gives an indication of the variation of mean annual runoff
across the province. The map is for illustrative purposes only, local
variability due to elevation and other variables can be significant.
In a previous section the world's supply of water was discussed; the
following puts. B.C.'s annual runoff into perspective with the world.

Figure 3.

Mean Annual Precipltatioe
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Flgure 5.

Mean Annual Runoff

- mm-:

MEAN ANNUAL RUNOFF
Runoff From ....

Runoff - k d

% of world

land area of world
Canada
USA (including Alaska)
British Columbia
largest river : Amazon
2nd largest river :Congo
largest river in N. America : Mississippi
Canada's largest river : St. Lawrence
Canada's 2nd largest river : Mackenzie
B.C.'s largest river : Fraser

The mean annual runoff from the major basins in B.C. Has been
determined from hydrometric records. The ungauged area of some
watersheds is large so that a large portion of the runoff was estimated.
However, the following figures do provide a good indication of mean annual
runoff variability across the province.
MEAN ANNUAL RUNOFF FROM BRITISH COLUMBIA

W

Mean Amual
106dam3

984 600

807.4

Area
Watersheds (B.C. portions only)

Runoff
mm

Fraser
Columbia
Peace & Wapiti
Liard & Hay
Yukon
Alsek etc.
Taku & Whiting
Stikine
Unuk
Nass etc.
Skeena
Queen Charlotte Islands
Kitimat, Dean, etc.
Bella Coola, Wamock, etc.
Klinaklini, Homathko etc.
Toba, Squamish, Seymour, etc.
Skagit
Vancouver & Gulf Islands
Total

Precipitation, evaporation and runoff not only vary considerably across
the province, but also from year to year and season to season. The work of

the hydrologist in B.C. due to these enormous variations is indeed complex
and the need for data collection cannot be over-emphasized.
1.9

HYDROLOGIC DATA COLLECTION

Systematic data collection is the key to solving the wide range of
hydrologic problems in the Province of B.C. A number of government
agencies are responsible for the collection, compilation, publication and
archiving of these data. Strict standards are maintained by these agencies to
ensure that the results are comparable from station to station and from year
to year. Data are available from these agencies directly, but it is preferred that
all Ministry of Environment requests be channelled through the Hydrology
Section who maintain a hydrologic data base containing a large portion of
available data.
1.9.1 Atmospheric
The main agency collecting atmospheric data is the Atmospheric
Environment Service (AES) of Environment Canada. However, other
agencies collect this type of data for their specific needs including the
Hydrology Section, Air Management Branch, Ministry of Forests, Ministry of
Highways, B.C. Hydro and the Water Resources Branch of Environment
Canada.
Information gathered includes maximum and minimum temperature,
relative humidity, precipitation (rain and snow) depth and intensity, hours of
bright sunshine, evaporation, wind, soil temperature, upper air, radiation,
pressure ,sky conditions, cloud heights, visibilities and satellite imagery.
AES data is available from the following sources.
a.

Monthly Record of Meteorological Observations - daily data from all
active stations in the province is available on microfiche; issued
monthly.

b.

B.C. Climate Summary - monthly values and extremes of temperature
and precipitation are listed for all active stations in the province; issued
monthly.

c.

Magnetic Tapes - all daily temperature and precipitation data for active
and inactive stations in the province is available up to 1985 and is
accessible through the B.C. Government computer.

d.

Canadian Climate Normals, British Columbia - lists monthly and
annual normals of all long-term stations in the province; updated and
published each decade.

1.9.2 Snow
The Hydrology Section is responsible for snow data collection for the
province. Measurements of snow depth and water equivalent are made at
monthly intervals during the accumulation and depletion periods at snow
courses. Also, continuous data from recording or transmitting stations are
available.
The data are published in the B.C. Snow Survey Bulletin and the
Summary of B.C. Snow Survey Measurements. In addition, these data are
available on microfiche and computer.
Other agencies in B.C. collecting these and related data include
B.C. Hydro, Atmospheric Environment Service and the Ministry of
Highways.
1.9.3 Surface Water
Surface water data including streamflow, water level, sediment,
temperature and quality are collected and published by the Water Resources
Branch or the Water Quality Branch of Environment Canada. These data are
collected under the terms of formal cost-sharing agreements made between
B.C. Environment and Environment Canada.
Other agencies collecting this type of data include the Hydrology
Section, B.C. Hydro and the Environmental Protection Division of
B.C. Environment.
Environment Canada surface water data is available from the
following sources.
a.

Surface Water Data Reference Index - lists all hydrometric stations and
their period of record; published every 2 years.

b.

Surface Water Data, British Columbia - lists daily hydrometric data for
all active stations in the province; published annually to 1990.

c.

Historical Streamflow Summary, British Columbia - lists monthly
streamflow and annual streamflow extremes for active and inactive
stations in the province; published every 2 or 3 years.

d.

Historical Water Levels Summary, British Columbia - lists monthly
and annual extreme levels for lake stations and some streamflow
stations; published every 2 or 3 years.

e.

Sediment Data, British Columbia - lists daily concentration and load
plus related information for active hydrometric stations collecting this
data; published annually.

f.

Magnetic Tapes - all hydrometric data is available on magnetic
computer tapes, the data for B.C. is accessible through the B.C.
Government Computer; updated annually.

g.

HYDAT - all historic streamflow and water-level data and station
information for Canada are stored on a CD-ROM; issued annually, will
replace a, b, c & d.

h.

SEAM data base - water quality data for the province is stored on this
B.C. Environment data base, contact the Environmental Protection
Division or the Water Quality Branch for details.

1.9.4 Groundwater
Water-level data from observation wells and groundwater quality data
for a large number of wells in the province are available from the
Groundwater Section.
1.9.5 Tides
A network of recording tidal-level stations is operated by the Canadian
Hydrographic Service. Hourly levels and daily high and low levels are
available through Fisheries and Oceans Canada.
1.10

USE OF COMPUTERS IN HYDROLOGY

The availability of computers in the workplace has resulted in dramatic
changes in operational hydrology. There are 3 principal ways in which
hydrologists make use of computers: to store data, to sort and report data and
to make repetitive calculations.

1.10.1 Data Storage

Many data sets are stored in the provincial government's computers,
some much more readily accessible than others. The data most often used in
hydrology include:
a.

Water Survey of Canada data on water levels and flows throughout the
province. Available on the Ministry of Environment VAX computer type "WSCDATA" and follow menu.

b.

Atmospheric Environment Service meteorological data. Available
through the Meteorology Unit of Air Management Branch. These data
are available on the IBM computer.

c.

Snow survey data for British Columbia are stored on the VAX
computer - type "SNOW" and follow menu.

d.

Survey data. Much of the data collected by survey crews of Surveys
Section of Water Management Division are stored on the computer.
Enquiries should be addressed to that Section.

e.

Real-time DCP data. There are many snow pillow and hydrometric
stations around the province reporting via the GOES satellite. The
snow pillow data are collected each morning and available on the
VAX. Real-time streamflow data are available through any terminal
connected to a telephone modem.

1.10.2 Sorting and Tabulating Data

Computers are extremely efficient at sorting and tabulating data so that
the user is not drowned in a sea of figures but can get the computer to print
only that in which he is interested. This type of use usually requires custom
programming, but can be very powerful. Some examples in hydrology
include:
a.

Snow Survey System. This is a series of programs to produce annual
and five-year summaries of snow measurements, as well as the Snow
Survey Bulletin worklists, sampler schedules, sampler reminders, etc.

b.

Tabulation of streamflow data. The data are stored in compact form by
years. Custom programs to pick out monthly flows, annual 7-day low
flows, summaries, etc. can be written to make the data more usable.

c.

DCP data. These data are received every 3 hours on average. Programs
have been written to abstract such items as daily maximum and
minimum temperature, 8 a.m. snow pillow reading etc., thus reducing
the volume of data presented to the end user.

d.

Developments within the Ministry in the foreseeable future should
include a watershed code dictionary, the transfer of technical water
licencing data to a VAX on-line system and an index system to point to
data stored within the Ministry.

1.10.3 Number Crunching or Modelling

Many engineering hydrologic calculations are repetititve and require
iterative solutions. Computers are ideal for this type of application. Many
problems which used to be solved graphically can now very easily be
computed by numerical methods which give more accurate results more
quickly - e.g. flow frequency analysis. There are, however, not many of these
programs on the government's computers that have been set up for general
access and general applications. Reference to the Ministry of Environment
publication "1985 Systems Inventory" will show the potential user what is
available and who should be contacted regarding the use of any of the
programs listed therein.
1.11

CLIMATE CHANGE

The average temperature of the earth is rising. Many scientists believe
that this temperature increase is an early manifestation of a global warming
that is being precipitated by the emission of certain gases from the industrial
and agricultural activities of humanity. If present trends in the atmospheric
accumulation of so-called "greenhouse gases" - principally carbon dioxide,
CFCs, methane and nitrous oxide - continue, they will reach the equivalent of
twice the pre-industrial level of carbon dioxide within 40 years. How this
change will affect global climate is uncertain but the scientific consensus today
is that temperatures will rise by an average of 1.5' to 4.5' C, with larger
increases at high latitudes and smaller increases in the tropics. This warming
would be sufficient to alter rainfall patterns and temperature regimes around
the globe and to increase mean sea level, perhaps by a half-metre or more.
This is likely to be accompanied by changes in wind patterns, ocean currents,
the accumulation of snow and ice in polar regions, the frequency of severe
storms, variations in the range of disease-bearing organisms and changes in
natural ecosystems such as forests and wetlands. In turn, these changes
would affect the habitation patterns agricultural and industrial activities of
the human population.

The hydrologic impact of climate change of British Columbia is
uncertain, but it is likely to be significant. Complex computer models
(General Circulation Models) which still have many imperfections have been
used to indicate potential changes to temperature and precipitation patterns
on a regional basis. For British Columbia, temperature increases of 3" to 6" C
seem likely with increased wintertime precipitation along the coast. Impacts
on water supply and magnitude and frequency of floods are expected.
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CHAPTER 2

STATISTICS

INTRODUCTION
Statistics is a body of scientific methods for analysing and interpreting
numerical information. Descriptive statistics, such as the mean and standard
deviation, simply summarize a body of data. From the descriptive statistics of
the data, inferences can be made about the population from which the sample
was taken. Statistical inference can therefore be used to estimate or predict
future events based on the sample statistics. This assumes of course that the
sample is representative of the population. If it is not, then errors will occur
in predictions made. Choosing an unrepresentative sample from the
population is often referred to as sampling error.
It is difficult to look at a body of data and assess what it means.
Statistical methods help us summarize, analyze and interpret data. One of
the simplest ways to summarize numbers is to plot them in the form of a
graph. A common graphical plot used to summarize data is the bar graph.
The bar graph may be used to show data as it varies in time as shown on
Figure 1. At a glance you can see minimum and maximum values, get an
idea of what the average is, and also, appreciate how much the variable
changes with time.

ANNUAL P E A K FLOW

Figure 1

Figure 2

-

The data used to plot Figure l could be arranged in order of magnitude
and the number of occurrences within chosen intervals may be counted. The
results can be plotted as shown on the bar graph shown in Figure 2. The plot
of the number of occurrences within each successive interval is called a
histogram. At a glance you can again get an idea of the minimum, average,
and maximum values, and the amount of scatter in the data. In addition, you
can see how the data is distributed about the average.
The distribution shown in Figure 2 is discreet because intervals are
used to plot it. If many, many observations were available the interval could
be greatly reduced and the distribution might be the continuous curve shown.
DESCRIPTIVE STATISTICS
There are four statistical measures which summarize the various
aspects of a quantitative data set. They are averages, which summarize the
overall magnitude of the data; dispersion measures, which summarize the
degree of inequality or variability of data; measures of skewness, which
measure the degree of asymmetry or the inequality of occurrence of low and
high values in a series; and measures of kurtosis, also called peakedness,
which measure the concentration of items in the centre of a distribution
relative to the occurrence of low and high values in the series.
2.2.1

Averages

The following averages, or measures of central tendency, are
commonly used to measure the overall magnitude of items in a data set.
Arithmetic Mean
The arithmetic mean is the most frequently used average. The
arithmetic mean of a series of values is the sum of the values divided by the
number of values. For example, the arithmetic mean of the values 2,4,9 is 5.
The equation for the arithmetic mean is:

--D
X--

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . (l)

N
where

'

Z

= the arithmetic mean
= "the sum of"

X

= the value of an individual item, such as 2,4, or 9
= the number of items or values

N

Normal
Certain conclusions can be made by comparing the averages for two or
more variables. For example, the average seasonal flows for two stations on a
given river may be subtracted from one another to provide an estimate of the
average seasonal runoff between the two stations. However, if one station
was operated between 1910 and 1919, which was a climatic dry cycle, while the
other was operated between 1960 and 1969, which was a climatic wet cycle, a
significant error in determining the average local flow would result.
To avoid such problems, the two stations should be ideally compared
for a common time period. An average for a designated time period is
referred to as a "normal." Atmospheric Environment of Canada publishes
30 year normals for climatological stations. The Hydrology Section will
eventually use 30 year normals as well, but compare current data to a 25 year
normal (1961-1985).
Median
The median is a positional average. In a data set arranged in order of
magnitude, the median is the middle value. Half the number of items in the
data set will lie below the median, and other half above. The median of the
values 2,5,7,9,10 would be 7. Note that the median is not 3, or the third item,
but rather the value of the third item. In cases where there are an even
number of items, the median is the average of the two middle items. For
instance, the median of 2,5,7,9, is 6. In an ordered array, the location of the
median is found by the expression

The sum of the absolute deviations of all items from the median is a
minimum. The median becomes the most useful average for estimating
individual values when minimizing the error in estimation is the object. For
example, suppose that you wanted to estimate next year's inflow to
Nicola Lake. Given only historical inflow data, the median of all observed
annual runoff would be the best estimate.
Mode
The mode is the value which occurs most often in a data set. For
example, 0,1,2,2,2,2,23,333,4,4,4the mode is 2, because that value occurs most
often. This measure of central tendency is most often used when the average
or median are not appropriate. For example, if the numbers of the above

series represented the number of children in each household in a new
subdivision, the mean number of children per household is 2.5 and the
median is 2.5. Two and a half children is a difficult thing to perceive, and the
mode may be a better average to use.
2.2.2

Measures of Dispersion

In statistical analysis, it is necessary to have a quantitative summary
measure of the variation, spread, or scatter of data around their average
value. A measure of dispersion is significant as a direct supplement to an
average. The smaller the dispersion in the data, the more representative is
the average for all the items in the distribution. Therefore, in order to
interpret the meaning of an average correctly, supplementary information in
form of a measure of dispersion is needed.
Range
One of the simplest and most widely used measures of dispersion is
the range, which is the difference between the highest and the lowest values
in the series. It is found by subtracting the lowest from the highest value.
Standard Deviation
The standard deviation is the measure of dispersion most widely used
in statistics. In order to make all the deviations from the mean positive, the
deviations are squared. For example, the square of +3, as well as -3, is +9. In
this way the measure remains algebraic, and can be subjected to further
mathematical treatment. After summing the squared deviations, C(X-x)2,
(note that this is not equivalent to squaring the sum of the deviations), and
dividing by the number of deviations N, an average dispersion per item, in
square units, is obtained. This measure is known as the variance.

where X = X-57
The standard deviation is the square root of the variance and expresses the
dispersion in original units rather than in square units.

s=-J"

N..

. . ... . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . ..(4)

It is customary to use the symbol "S" when referring to the standard
deviation of a sample, and the Greek letter sigma, "6" when referring to that
of the population. Since most available data are obtained from samples, "S"
would be also used when the nature of the data is unspecified.
The value of "S" is routinely used as the estimate of the standard deviation of
the population and is referred to as a biased estimate. To improve the
estimate of the standard deviation of the population, N is replaced by N-l in
the equation:

-

This is referred to as an unbiased estimate of the standard deviation. The
divisor N-l represents the number of degrees of freedom, a concept frequently
encountered in statistical applications. This concept refers to the estimation
of the magnitude of dispersion in the population on the basis of the variation
in a random sample. In general, the number of degrees of freedom equals the
number of items in the sample N, less the number of degrees of freedom lost.
The number of degrees of freedom lost can usually be determined as being
equal to the number of assumptions, restrictions, or constraints applied. The
sample mean is assumed to represent the mean of the population and
therefore one degree of freedom has been lost prior to computing the
standard deviation.
Coefficient of Variation
When the absolute measures of dispersion are not applicable, a relative
measure of dispersion may be used. The most frequently used relative
measure of dispersion is the coefficient of variation. It is the standard
deviation expressed as a percentage of the arithmetic mean.

2.2.3

Skewness and Kurtosis

If a distribution is symmetrical, the mean and the mode are identical
and the skewness equals zero. The greater the difference between mean and
mode, the more skewed the distribution. If the mean is larger than the mode
the data are positively skewed; that is, skewed to the right. If the mode is the
larger value, the distribution is negatively skewed, or skewed to the left.

Kurtosis refers to the extent of peakedness or flatness in the curve of a
distribution as compared with the normal curve. Kurtosis is always a
positive value. For the normal distribution, kurtosis equals 3. For flatter
distributions, kurtosis is greater than 3 and for more peaked distributions,
kurtosis is less than 3.
2.3

PROBABILITY DISTRIBUTIONS

Figure 2 shows how a particular variable is distributed by counting the
number of occurrences for selected intervals. If the intervals are narrow and
many data are available, the distribution becomes continuous.
In nature, distributions of numerous variables have been observed to
approximate specific shapes. Mathematical expressions have been
determined to represent those shapes. A probability density function (PDF) is
simply a curve such as shown in Figure 2, but with the Y-axis divided by the
total number of observations.
The PDF of any distribution has one important property: the area
underneath the curve is equal to exactly 1.0. In other words, the probability of
observing data beneath the curve is 100%; the probability of observing data
outside of the curve is zero. This fact allows us to compute the probability of
certain events happening. For example, assume that on any given day there
is a 20% chance of rain. When rain occurs, further assume it takes the shape
of the PDF shown in Figure 3.
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Figure 3
Note that no'occurrences of more than 100 mm of rainfall can occur.
This is an oversimplification, but this triangular function will demonstrate
how the area under a PDF can be used to compute probabilities. Also, note
that the area under the curve equals 1.0. If you wanted to know the

probability of there being between 25 and 50 mm of rainfall when it rains, the
area beneath the PDF from 25 to 50 mm would give you that probability
( 25 (0.01 + 0.015)/2 = 0.312 or about 31% of the time ). By the same method,
there is a 25% chance of receiving more than 50 mm of rain.
In hydrology, any number of different distributions are assumed for
different variables. In this section, we will discuss two distributions which
are fre'quently assumed; the normal and Student's t-distributions.
2.3.1

Normal Distribution

The normal curve is a specific bell-shaped symmetrical probability
density function defined by a mathematical formula. The total area under a
probability curve is 100 percent. The proportion of area falling between the
mean and a point determined by a given number of standard deviations, or
fractional multiples from it, can be ascertained from normal curve tables
shown in Table 1. For a normal distribution, 34% of the area lies within the
interval from the mean to the mean plus one standard deviation. Within a
central interval of one standard deviation which is from a point one standard
deviation below the mean to a point one standard deviation above the mean
68% of the area is included. That is, there is a 68% probability that an
observation will be within one standard deviation from the mean. Within a
central interval of two standard deviations 95% of the area will be found and
for three, 99.7%.
AREAS UNDER THE NORMAL CURVE

Figure 4
Actually, very few natural distributions are normally distributed. But
in many cases the normal curve serves as a satisfactory approximation of the
actual distribution. However, if the actual distribution is markedly skewed,
the normal curve approximations become quite unsatisfactory.

As a simple illustration of the use of the normal curve, assume that
the annual runoffs for a stream are normally distributed, with the arithmetic
mean equal to 100 dam3 and the standard deviation equal to 10 dam3. A
severe shortage of water occurs when less than 90 dam3 run off. You may
want to know how often this will happen. Since 34% of the area runoffs lies
between the mean and a point one standard deviation below it, 16% (50-34)
will be below 90 dams. In terms of probability, in 16 years out of 100 on
average, the runoff will be less than 90 dams.
2.3.2 Student's t-Distribution
In most practical problems, the mean and standard deviation of the
population are not known. Uncertainties in these statistics dictate the use of
another symmetrical distribution, the Student's t-distribution. Actually,
there are a number of t-distributions, one for each number of degrees of
freedom. The distribution approaches the normal distribution when the
number of observations is very large.
The Student's t-distribution table shown in Table 2 is represented in a
slightly different manner than the normal curve table. Although the
distribution is also symmetrical for a given number of degrees of freedom, the
area under the curve shown in the table is from the extreme left to a positive
Z value. Because the distribution is symmetrical, areas to the left of negative
Z values are determined from 1.00 minus the positive value of Z. This
distribution is flatter than the normal distribution and is recommended for
use in practical problems.
Table 2 contains the Student's t-distribution tables as shown in most
statistical texts. The tables have been revised as shown in Table 3 so that the
format is comparable to that of the normal curve shown in Table 1.
2.3.3

Examples Using the Normal and Student's t-Distributions

In order to use Normal and Student's t-distribution tables, it is useful
to define the standarized variate, "Z." The standardized variate is an
observation minus the mean divided by the standard deviation.

If Z equals 1.0, the X value is 1 standard deviation above the mean. If Z = -2.0,
the X value is 2 standard deviations below the mean.

As an example, suppose that the mean May l snow water equivalent
for Kostal Lake snow course is 1000 mm and the standard deviation of May 1
readings is 200 mm. What is the likelihood that the May 1 snow water
equivalent next year will be less than 730 mm?
First, assume that the data is normally distributed and calculate Z:

Next, find the area under the normal curve from Table 1 for Z = 1.35. Note
that since the normal curve is symmetrical, use Z = +1.35 when entering the
table.*
area = 0.4115
For our example, the chance that a May 1 snow water equivalent reading will
be less than 730 mm is

Example 2
As a further example, suppose you wanted to know the chance of
getting a May 1 snow water equivalent next season of between 800 and
1050 mm. Again, first calculate the Z values:

From Table 1, the area under the normal curves from Z = 0 are:

Therefore, the chance of observing a snow water equivalent between 800 and
1050 mm on May 1 is 34.13 + 9.87 = 44%.
*Note that the total area under any probability density function equals 1.0.
Areas under the curve in Table 1 are from Z = 0 to the actual Z value.

Example 3
Assume the problem is the same as the Example 1, but that the mean
and standard deviation are based on 22 years of record. Therefore, there are 20
degrees of freedom because the mean and standard deviation have been
computed from the data set. Assume that the Student's t-distribution is
appropriate. Entering Table 3 for 20 degrees of freedom, the area under the
curve for Z =L35 is approximately 0.40. This is the area measured from the
mean to the positive (or negative) Z value. Therefore the chance that a May 1
snow water equivalent reading will be less than 730 mm is 0.50 - 0.40 = 10%.
Notice there is a greater likelihood of getting less than 730 mm if the
Student's t-distribution is assumed as opposed to the normal distribution
because the former distribution is flatter.
Example 4
Assume the problem is the same as in Example 2, except that the mean
and standard deviation are based on 22 years of record.
Using Table 3 with 20 degrees of freedom for Z = 1.0 and Z = 0.25 the
areas are 0.335 and 0.097 respectively. Therefore, the probability of the snow
water equivalent being between 800 and 1050 mm is

2.3.4

Standard Error of Estimate

The concept of a standard error of estimate is similar to that of the
standard deviation.
Assume that you have a very, very long record of streamflow data, say
1000 years. If you were to divide the record into 100-10 year samples, you
could estimate the population mean by the mean for each 10 year sample. If
you examined the 100 means that were computed, you could compute the
mean of those 100 values which is also equal to the mean of the 1000 year
record, and the standard deviation. This standard deviation is commonly
referred to the standard error of estimate for the mean.
The standard error of estimate, S, for the mean may be approximated
using the following equation.
S, (mean) = S/

W.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (8)

Where

S

is the standard deviation of the series

and

N

is the number of observations

The standard error of estimate for the standard deviation can also be
computed:

2.3.5 Using the Student's t-Distribution
for Confidence Limits
Data used in analysis are generally only a small sample from the total
population. For example, we have 75 years of annual runoff values for the
Fraser River but this is only a small sample from the 10,000 years since the
formation of this river. Statistics uses our sample to estimate or infer the
characteristics of the total population. However, we are never absolutely sure
that our sample is completely representative or that our estimates of the
population mean and standard deviations are correct. Confidence limits
provide additional qualification to any statistical estimate of population
characteristics. With confidence limits we can make statements like "My
estimate of the population mean is 100 and I am 95% sure that the true
population mean lies between 90 and 110." The Student's t-distribution is
used for confidence limits.
Example 5
Continuing with the problem in Example 3; we wish to estimate 90%
confidence limits for our estimate of the population mean of 1 000 mm.
From Table 2 with 20 d.f. we know that 95% of the area lies to the left of
Z = 1.73 (or 5% lies to the right). Because of symmetery, 5% of the area lies to
the left of Z = -1.73. That is, 90% of the area lies between Z values of +1.73.
The standard error of estimate of the mean is

using the standard variate equation

X = 926 and 1074

Therefore we are 90% sure that the true population mean lies between 926
and 1074 mm.
Example 6
If the mean of 16 July groundwater levels is 13.2 metres with a standard
deviation of 1.6 metres, within what range would you estimate with 80%
confidence, the population mean to be.

The standard error of estimate for the mean is

Entering the Student's t-distribution table with 14 degrees of freedom for
F(Z)=.90, the Z value is 1.35. The standardized variate equation is used to
compute the confidence interval:

k1.35 = X - 13.2
.40

X = 13.7 and 12.7

You may say that the sample mean is 13.2 metres and you are 80% confident
that the population mean lies between 12.7 and 13.7 metres.
2.4

REGRESSION ANALYSES

Frequently in hydrologic work we are concerned with the dependence
of a given variable, Y, on one or more other independent variables,
XI, X 2 X3, . . . XN, so that we may predict the value of Y knowing the values of
Xfl, X2 X3.. . XN. For example, we may be interested in estimating the volume
of surface runoff Y from observations of factors such as depth of precipitation
XI, rainfall intensity X2, infiltration rate X3, snow water equivalent X4, and
others. The association between variables may be determined by graphical
methods or by regression (correlation) analysis by the method of least squares.

2.4.1

Graphical Method

The graphical method is the simplest approach to determine the
relationship between one variable and another. For example, the amount of
storm runoff is dependent on storm rainfall X. With a number of paired
observations of rainfall and resulting runoff, a graph of runoff versus rainfall
can be drawn.
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Figure 5
Through the individual paired data points it is possible to draw by eye a
straight line that represents the best fit for the relationship between Y and X.
The equation of this line can be determined. The line can then be used to
predict future runoff given the amount of precipitation. By eye we tend to
minimize the residuals, that is the distances of individual points from the
line as shown in Figure 5. This method has two disadvantages; different
people will draw different lines and the method is very difficult to extend to
more than one independent variable.
2.4.2

Method Of Least Squares

Probably the most common mathematical method of fitting lines is the
Method of Least Squares. A line is fitted in such a manner that the sums of
squares of the residuals for the individual points from the line are
minimized. The computations for determining the least squares fit are
somewhat tedious, but many desk-top calculators are programmed to
compute the parameters "a" and " b for the equation of a straight line when a
set of X-Y data is entered. The general equation is:

Example 7
The following are April through September volume runoff figures for
the Columbia River at Donald (k-dams) and the April 1 snow water
equivalent readings for the East Creek snow course (2D08).
APRIL 1 SWE
2D08
m

YEAR

APRIL-SElT
VOLUME RUNOFF
k-dam3

As can be seen from Figure 6, there is some association between the snow
water equivalent, X, and the volume runoff, Y.
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Figure 6

By entering the pairs of X-Y data into a calculator programmed to do a least
squares analysis, "a" and "b" are computed as 1654 and 3.186 respectively.
Therefore, the equation of the least square straight line fitted to the data is:

R 0 = 1654 + 3.186 (SWE)
2.4.3

Correlation Coefficient

The correlation coefficient (r) is the most common measure of the
linear association between two variables. The value of the correlation
coefficient may vary between -1 and +l. If all observed data fall on a straight
line, there is a perfect correlation and Y is said to be totally dependent on X.
The value of r would be either +1.0 or -1.0. If it were +1.0, Y would increase as
X increased (positive slope of the regression line). If it were -1.0, Y would
decrease as X increased (negative slope of the regression line).
If r = 0, there is no linear association between the two variables and the
variables are said to be independent. Figure 7 shows a number of graphs of
data points with different degrees of correlation. The correlation coefficient is
a standard output from statistical computer programs. Many desk-top
calculators are programmed to output the correlation coefficient when pairs
of X-Y data are entered. The value r2 is referred to the coefficient of
determination and represents the portion of the variance of Y explained by
the relationship of X and Y.
EXAMPLES O F DATA WITH VARIOUS
CORRELATION COFFlClENTS

Figure 7

2.4.4 Standard Error of Estimate
One measure of how well a regression line fits the set of paired data
points is the standard error of estimate. After a regression line has been
computed, the residuals may be computed. A residual is the difference
between an observation and the estimated value provided by the regression
line. The standard error of estimate for the relationship can be thought of as
the standard deviation of the residuals. The smaller the standard error of
estimate, the better the regression line fits the data. The standard error of
estimate will always be less than or equal to the standard deviation of Y. They
are equal only when there is no linear relationship between X and Y. The
standard error of estimate may be computed using the following formula:

where S,, is the standard deviation of Y.

2.4.5 Confidence Intervals
In the method of least squares, the residuals are assumed to be
normally distributed. Therefore the standard error of estimate can be used in
conjunction with probability distribution tables to provide "confidence
intervals." An example is given for illustration.
Example 8
The correlation coefficient for the least squares relationship between
April I snow water equivalent at East Creek and April through September
runoff for the Columbia River at Donald is 0.872 for the data in Example 7.
The standard deviation of the volume runoff for 19 data points is
810.7 k-dams. The standard error of estimate of Y therefore can be computed
using Equation 11.

If an April 1 snow water equivalent measurement is 1000 mm, the
forecast April through September volume runoff would be 4840 k-dams. If
you wanted to compute the range of flows between which you were 80%
confident the actual runoff would fall given this value of water equivalent,
you could use the Students' t-distribution tables in conjunction with the
standard error of estimate of Y. There are 19 years of data with 17 degrees of
freedom. From Table 2, the Z value for F(Z)= 0.9 is 1.33. The range that you
would be 80% confident of seeing the actual runoff fall between is:

The confidence intervals shown here are simplified and do not account
for errors in the parameters "a" and "b." If these errors are accounted for, the
confidence intervals are widened and get larger as you forecast runoff further
away from the mean.
2.4.6 Multiple Regression Analysis

We have discussed situations where one dependent variable Y is
related to one independent variable X. However, most phenomena in nature
are not so simply related. For example, spring volume runoff from a
watershed may not only be related to the water content stored in the
snowpack, but may also be dependent on numerous other variables; initial
soil moisture and groundwater levels, soil type, rainfall during the melt
period, rate of melt, etc. The form of a multiple regression equation is:

The multiple correlation coefficient and standard error of estimate of
an observation are the most common measures of the goodness of fit between
the dependent and independent variables. The computations are similar to
the computations of the correlation coefficient and standard error of estimate
as described previously. The Fischer's F-distribution is most often used to
determine whether the addition of a particular independent variable
significantly improves an equation's ability to predict or estimate Y.
Discussion of and tables for the F-distribution are available in most statistics
texts and will not be explained here.
.
i

Multiple regression is used by the Hydrology Section to develop
volume runoff forecasting procedures for locations throughout the province.
Forecasts prepared each year are published in the April 1st and May 1st issues
of the Snow Survey Bulletin.
Most desk-top calculators are not able to perform multiple regression
analysis. However, a variety of statistical computer packages such as SAS,
SPSS, or TlUP contain' this analytical procedure.
2.5

FREQUENCY ANALYSIS

Frequency analysis can be defined as a method used to estimate the
frequency of occurrence of an event in a stochastic process.

"Stochastic" means probabilistic: the events or outcomes cannot be
precisely determined before-hand. The outcomes are referred to as random
variables.
"Frequency of occurrence" means how often the event occurs. It is
usually expressed in units of time as:
Return Period ( or Recurrence Interval ) =

1
Probability

. . . (13)

and is a measure of the average time between events.
Example
Rolling a single die is a stochastic process with 6 possible outcomes.
The chance of rolling a particular number, for example a 4, is the same on
each toss, and is 1 in 6. The recurrence interval is then 1 divided by 1/6 which
equals 6 (tosses), meaning that on average, a 4 will be rolled every 6 throws.
This is a rather trivial application of frequency analysis to arrive at an
intuitively obvious result, but not all processes are as easy to analyze. The
above data is called "discrete" since no face values between the integers are
possible. But if the random variable can assume any values, for example as in
streamflow discharges, the data is referred to as continuous and probabilities
are not longer obvious.
2.5.1 Frequency Analysis in Hydrology

Consider the situation where a river occasionally rises high enough to
cause flooding to some developed area. It may be possible to prevent the
flooding by constructing a dyke along the river channel. If so, we would like
to know how high to build the dyke. If the dyke is built too low, flooding
instances may be reduced but not eliminated and dyke damage could be
sustained from over-topping. On the other hand, if the dyke is built too high,
the river levels may never even come close to the top of the dyke and funds
have been wasted. Obviously, the best dyke height would be somewhat
higher than the highest river level that will occur in the lifetime of the dyke,
say 50 years. But no-one knows what this level will be. One could examine
previous river levels and build the dyke to contain the maximum river level
ever recorded, but 'this could turn out to be too low or needlessly high for
protection from future flows.

Using frequency analysis, we can estimate the chance of any specific
river level being exceeded. The dyke height could then be determined on the
basis of acceptable costs and risks.
Similar applications of frequency analysis in hydrology are used for
bridge and culvert design, floodplain zoning, reservoir design, general flood
reduction programs and low flow (drought) studies. We will be concerned
here only with flood analysis.
2.5.2 Plotting Point Analysis

Consider the streamflow hydrograph shown in Figure 8. Peak flows in
this case occur regularly once a year due to snowmelt in the spring. Since we
are interested only in flood analysis, we only need consider these peaks; the
rest of the hydrograph can be ignored. (In practice, hydrograph plots are not
needed since the annual peak flows can be readily obtained from the Water
Survey of Canada publications.)

Figure 8
The following procedure can be used to estimate the probability of
exceedance of a peak flow:
The peak flows for each year are ranked (sorted) in descending order and
probabilities assigned according to the equation:

where

P = probability
i = rank number
N = number of years of data

This is called the Weibull plotting equation.
For example, consider the following nine years of peak flow data.
YEAR

PEAK FLOW

RANK

FLOW

&/S

The flows are now plotted versus probability on probability paper, as shown
on Figure 9. The straight line drawn through the plotted points is called a
frequency curve.

Figure 9
The frequency curve gives us the probability of exceedance for any value of
flow. For example, the probability of 1200 m3/s being exceeded is 20%, or the
return period of 1200 m3 /S is 1/0.2 = 5 years. This is also called the 5 year flow,
and means that we expect the flow to exceed 1200 m3/s once every 5 years on
the average.

The Weibull plotting point equation is probably the most commonly
used, but this does not mean it is the best equation. Another commonly used
equation is the Hazen formula:

Both the Weibull and Hazen equations can be derived from the general
plotting formula;

where "a" is a positive number less than or equal to 1.
This becomes the Weibull equation for a = 0, and the Hazen equation
for a = .S.
The Weibull and Hazen equations were probably among the first
developed. They were derived logically to estimate the exceedance
probabilities of ranked data. However, it turns out that they are both biased as
they tend to give too high or too low values respectively for return periods
greater than 2 years. The general formula with a = .4 is recommended by
some experts to give a less biased probability estimate.
If the frequency plot tends to define a curved line, it should never be
extrapolated. Instead, try repeating the plot on log probability paper. On log
probability paper, the flow scale is logarithmic, but the probability scale is the
same as for normal paper.

FLOW

I

I

LOG NORMAL
NORMAL PROBABILITY PAPER

P ROB ABILITY PAPER

Figure 10

If the log plot still indicates a curved line, try shifting the data.

LOG N O R M A L P R O B A B I L I T Y P A P E R

Figure 11
Subtracting a constant amount from each flow value will tend to
straighten curve A. Adding a constant amount will tend to straighten curve
B. Remember to reverse the correction after extrapolating the straight line.
Gumbel probability paper or Gumbel log-probability paper can also be
used. Note that the probability scale differs from normal probability paper. In
particular, the 2 year return period is not at the centre. Examples of four types
of probability paper are included at the end of this section.
2.5.3

Using Probability Distributions in Frequency Analysis
Plotting point analyses are easy to do, but;
1) they tend to be biased,
2) different formulas and different plotting paper yield different
results, and no guidelines exist to determine which is "best,"
3) no two people would draw the same straight line through the
points,
4) they give no indication of confidence,
5) they can only be used for fixed skew coefficients,
6 ) more sophisticated techniques have been developed.

Figure 12a shows the Normal probability density curve, and the areas
under three sections of the curve. These areas represent probabilities and are
plotted in 12b. Note that, in Figure 12b, for any point on the flow axis, the
probability for that flow is the area under 12a from that flow value to the
extreme right of the Normal curve. Figure 12c contains the same
information as 12b except that the axes have been interchanged and the
probabability axis has been reversed. Figure 12d is the same as 12c except that

the probability axis has been distorted or stretched to maintain the same slope
as in Figure 12c at the mean value of flow. This results in a non-linear
probability axis. Figure 12d is nothing more than probability plotting paper,
but some useful information has been gained. If we know the mean and
standard deviation of the data, we don't have to plot any probabilities derived
from plotting equations. We simply plot the mean at 50% probability, the
mean plus one standard deviation at 16%probability, and to ensure a good fit,
we plot the mean minus one standard deviation at 84% probability.
The resulting line is our completed frequency analysis. When we do
this for the data used in the plotting point example we get the plot shown on
Figure 13. Note the biasing evident from using the plotting point fit.
It is also possible to calculate confidence limits for this line, but the
procedure is somewhat complex, and is best left to computers. The
significance of the 95% confidence limits is as follows: if many data samples
of the same time duration could be made available, then 95% of them would
produce frequency analysis results between the upper and lower confidence
limits indicated.
USING P R O B A B I L I T Y OlSTRlBUTlONS FOR FREQUENCY ANALYSIS

Figure 12
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Figure 13
The above method assumes that the data set is normally distributed.
Other probability distributions can be used, but most of them are much more
difficult to handle mathematically. It is not known which probability
distribution, if any, is most suitable for streamflow data.
The normal distribution's popularity is mainly based on its relatively
simple mathematics. There is no good reason why it should be used for
streamflow, or for any other stochastic variable. In fact, it has the following
weak points:
1) it permits negative flows,
2) there is no upper limit on the flow,
3) it has a skew coefficient of zero (symmetric about the mean).

Analysis of lengthy streamflow records indicates that streamflow
data have a non-zero skew coefficient.
The figure below shows the general shape for probability distributions used
for streamflow frequency analysis. Such shapes can be mathematically
formulated using parameters which are functions of the mean, standard
deviation, skew, etc.
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The procedure for carrying out a frequency analysis can be summarized as
follows:
1) determine the mean, standard deviation and skew coefficient from
the data,
2) select a distribution and calculate the distribution parameters
3) compute flows for desired return periods using the cumulative
distribution function.

Again, the computations are best left to the computer.
Some other commonly used distributions are described in the
following table:
LOWER
BOUND
Log Normal
3 Parameter Log Normal
Gumbel
Pearson Type 3
Log Pearson Type 3

UPPER
BOUND

0
f

m

-m

m

f or -00
>O

m

00

or >O
W

SKEW
COEFFICIENT
Fixed >O
Variable >O
1.3(Fixed)
Variable >O 0 x 0
Variable f

f indicates a variable value that can be positive or negative
2.5.4 More on Return Periods
Recall that a 100 year flood is expected to be exceeded once every
100 years, on the average. But in actual fact, it may not be exceeded at all in
any particular 100 year period, or even in two or more consecutive 100 year

periods, or .it could be exceeded several times in any 100 year period.
Knowing the chances of such situations gives us more information for design
purposes.
We can start by considering a particular 100 year period. We know that
the chance of the 100 year flood being exceeded in any specific year is 0.01.
Therefore, the chance of it NOT being exceeded that year is 1-0.01 = 0.99. So
the chance of it NOT being exceeded each year for 100 years is (.99) (.99) (.99)
... (.99) i.e., 0.99 to the 100th power, which is 0.37. This is the chance that the
100-year flood will not be exceeded at all in the 100 year period. Therefore, the
chance that it will be exceeded in the 100 year period is 1-0.37 = 0.63. This does
not tell us how many times it
be exceeded, but it does tell us that the
chance of the 100 year flood being exceeded at least once in any 100 year period
is 63%.
The chart on Figure 15 illustrates this concept for various return
periods and time intervals.
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CHAPTER 3
MEASUREMENT OF PRECIPITATION, TEMPERATURE AND
SNOW WATER EQUIVALENT
The hydrologic cycle and its various components including the
atmospheric phase are discussed in Chapter l. This chapter deals with how
and why precipitation and other atmospheric variables related to hydrology
are measured.
3.1

PRECIPITATION

Precipitation is the primary source of our fresh water supplies. Its
records are therefore the basis of many investigations and decisions relating
to water supply, floods, drought, irrigation and regulating structures. The
steadily increasing demand for water in the face of a relatively constant
natural supply necessitates an efficient use of this resource. This can only be
accomplished when we have a thorough knowledge of the characteristics of
precipitation.
Atmospheric moisture is obtained mainly through evaporation from
water surfaces and through evapotranspiration. Large bodies of warm water
and zones of lush vegetation provide excellent sources while cool and arid
land areas are the poorest providers of atmospheric moisture. For B.C., the
main moisture source is the Pacific Ocean but moisture originating to the
south-east and north-east also plays an important role in parts of the
province. During the long summer days shallow lakes become very warm
and provide good local sources of atmospheric moisture. Showers often
follow rainy days because of evaporation from the wet terrain. The
atmosphere's capacity of holding water is greatest in summer when it is
warmest and it is in this period that the heaviest convective showers can
occur. The following table illustrates this greatly increased capacity with
warming temperatures. The moisture in the atmosphere also varies with
AIR TEMPERATURE

"C

ATMOSPHERIC MOISTURE CAPACITY

g/m3

elevation such that about one-half of the moisture in a saturated atmosphere
is in the lower 2000 metres.
The temperature of the air in the atmosphere usually decreases with
increasing elevation; the rate of decrease is called the lapse rate. The lapse
rate varies with the amount of moisture in the air but under normal
conditions the rate is 6OC per 1000 m for moist air and 10°C per 1000 m for dry
air. If a mass of air is forced to rise, its moisture holding capacity decreases
due to the decrease in temperature. When the moist air is forced high
enough, the moisture in the air exceeds its holding capacity and condensation
and precipitation occur. Mechanisms which force air to rise and thus cause
precipitation are orographic processes, frontal storms and convective
processes.
The orographic process is the forcing of air to rise in order to pass over
a topographic barrier such as a mountain range. Precipitation resulting from
this process is common along the west slopes of the Coast and Rocky
Mountains whenever upslope winds bring moist air to the area.
Most low pressure storms have frontal systems associated with them.
Fronts are the zones which separate large masses of air which have
significantly different physical properties. The difference in density and
motion of the two types of air associated with the front frequently result in
large-scale lifting of an air mass, thereby causing extensive cloud systems and
precipitation. Frontal storms tend to give very widespread precipitation.
Convection occurs when differential heating or advection results in air
becoming more buoyant than surrounding air. The air may then rise to
levels where it becomes saturated, forming cloud and precipitation.
Thunderstorms are convective storms.
The above processes may act alone or in combination. In the latter case
the precipitation release is generally more vigorous. Most flood producing
storms along the west side of the Coastal Mountains for example are due to
the combined effects of intense orographic lifting of moist Pacific air and
strong frontal lifting. Orographic processes, although not always the
dominant effect, result in a general increase of precipitation with increasing
elevation.
An understanding of the mechanisms causing precipitation is of
interest to the hydrologist, but the data required for studies and forecasting is
the amount of precipitation reaching the ground in a specific period of time.

3.1.l Precipitation Gauges
It is unlikely that any one gauge will serve all requirements.
Automated gauges are necessary to determine short-duration values as
required for storm-rainfall analysis. Storage gauges usually give only
seasonal totals, but require little servicing. Some gauges are useful only for
the measurement of rain, others only for snow while still others may be used
for both.
Precipitation gauges in their simplest form are hollow cylinders which
are open at one end. Funnels have been added to aid in collecting and
recording the catch. They also serve the purpose of minimizing evaporation
and are shaped to control splash. The funnel is an obstacle to snow
accumulation, and therefore funneled gauges are usually mainly for rainfall.
Heaters which melt the snow have been used, but these cause evaporation
losses which are estimated to be as high as 35 percent of the gauge catch.
Large orifice gauges, without funnels, are necessary for measuring
snow, hail and combined rain and snow. To minimize the storage
requirement, snow is liquified by the use of antifreeze. Evaporation is
suppressed by using an oil film. The tipping-bucket principle cannot be
readily adapted for the measurement of snow and the weighing-type gauges
are commonly used where its recording is required. Both the recording and
storage gauges must generally be sheltered from the wind because of
turbulance over the orifice; this is of particular importance when they are
used to catch snow. In a moderate wind of 20 km/hr an unprotected
precipitation gauge will catch about 75% of the actual rainfall but only 50% of
snowfall. To help minimize turbulance and improve gauge catch, wind
shields are used. Two main types of shields are used in B.C.;the rigid Nipher
shield and the flexible Alter type.
The chief purpose of precipitation measurement in hydrology is to
obtain a sample that is representative of the precipitation falling over a
watershed. Thus, gauges must be located to meet this requirement. The site
selected must minimize wind at the orifice level but must avoid drip, shelter
and snow shedding. The centre of small forest openings where drifting does
not occur is very suitable. Care should be taken to ensure that observations
are not lost by neglect. All instruments should be regularly serviced. Leaky
containers and distorted orifices should be replaced. Gauges must also be
protected from human and animal interference.
The location of active precipitation gauges in the province is shown on
the maps at the end of this chapter. The map on page 68 shows daily
precipitation stations as of January 1, 1990 operated by the AES. Where there
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are a number of stations as in the Vancouver area, only one is shown.
Page 69 shows the location of recording rain gauge stations, these are the
stations that record short duration rainfall amounts.

3.1.2 The Standard Gauge
The Atmospheric Environment
Service uses standard gauges to
provide "official" daily precipitation at
a station. For rain the standard gauge
is a plastic cylinder 40 cm high with a
11.2 cm diameter orifice. The top
portion, with an inner cone, is
removed to facilitate measurement of
the rainfall. This gauge is read once or
twice per day. The daily total from this
gauge is used to calibrate the readings
obtained from the Tipping Bucket
Rain Gauge for stations which have
this additional gauge.
Standard Rain Gauge
The standard gauge for snowfall
is the Nipher gauge which
incorporates a wind shield and a
holding cylinder. The snow caught is
measured four times per day by
melting it and measuring the resulting
water. The Nipher shield has an outer
diameter of 61 cm while the holding
cylinder has an inner diameter of
12.7 cm and a depth of 56 cm. Only
manned weather stations have a
Nipher gauge, volunteer stations
measure the daily snowfall
accumulation on a snow board. The
measured depth is multiplied by the
assumed density of 0.10 to give the
water equivalent.
Nipher Snow Gauge

3.1.3 Recording Gauges
The recording gauges in common use in B.C. are the tipping-bucket
gauge and weighing-type storage gauges. Weighing gauges may be operated
in all types of weather while tipping-bucket gauges are used only in the
measurement of liquid precipitation. Recording gauges because of their bulk
and height of their orifice tend to catch less precipitation than the standard
gauge. It is therefore desireable that the gauge catch be checked against the
standard whenever possible.
TBRG
The tipping bucket rain gauge (TBRG)
is used at AES weather stations to measure
and record the rate of rainfall. Two balanced
buckets, which tip back and forth as they are
filled in turn by rainfall directed into them by
the collecting funnel, give this gauge its
name. As the balance swings about its pivot,
a relay contact is opened and closed, the
resulting electrical pulse is recorded on a
strip chart. The bucket capacity is 0.2 mm of
rain while the orifice has a diameter of
25.4 cm.
A number of makes of weighing-type
storage gauges are in use in the province.
This type of gauge is suitable for measuring
both rain and snow and as such the
installation usually incorporates a wind
shield of the Alter type. Unattended
operation of one month is the normal period
but this can be varied. In this type of gauge a
spring is compressed as precipitation
accumulates in the storage bucket. The
spring compression is converted to mm of
precipitation on a chart. The compression
can be converted to an electrical signal so that
the gauge may be readily adapted to
telemetry. The makes in general use are the
Fisher-Porter and the Belfort. Both have an
orifice diameter of 20.3 cm. A film of oil is
added to minimize evaporation during the
summer while for winter operation,
anti-freeze is added to melt the snow in order
to reduce the volume of the catch.
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F-P Recording Storage Gauge

3.1.4 Storage Gauges
Non-recording storage gauges are commonly used to measure
long-duration precipitation totals at a remote site. The simple standpipe is
probably the easiest to use although any shape for storage of the catch can be
used. Orifice diameter ranges from 15 to 30 cm and if used during the winter
an Alter shield should be mounted. The measurement of accumulated
precipitation is obtained with a ruler to indicate the change in level since the
previous observation. A small charge of light oil is used to suppress
evaporation while anti-freeze is used to melt snowfall.
The standpipe storage gauge has been adapted for data telemetry by
incorporating a pressure sensor. The total accumulated precipitation catch
can then be telemetered each time the station is interrogated. Such gauges are
now routinely installed at remote high-elevation sites in B.C.
Both recording and non-recording precipitation gauges are subject to
large errors during winter operation. Undercatch due to snow capping may
produce significant error. This error can be corrected at high elevation sites
with snow pillow data.
3.2

TEMPERATURE

Air temperature is one of the most important of all climatological
elements as life is possible only within certain temperature ranges. Ecological
systems, so important in man's existence and well-being, cannot be examined
properly without an understanding of climate. Temperature is a major
climatic determinant, affecting the vegetative cover, life forms and the form
of precipitation. From the point of view of operational hydrology,
temperature conditions influence not only the form of precipitation but also
the character of runoff, evapotranspiration and soil moisture regimes.
The major factors controlling air temperature are the amount of
incoming solar radiation, elevation, the proximity to major water bodies and
prevailing winds. The amount of incoming solar radiation, determined
primarily by cloudiness, latitude and length of day, is the dominant
temperature control. During the summer months in the northern
hemisphere the sun is more distant but the inclination of the earth's axis
toward the sun results in longer days and more intense direct radiation and
therefore higher temperatures. In winter months the opposite is true.
The effect of elevation is usually to decrease temperature with height
as explained in Section 3.1. However, the influence of topography is
important especially in mountainous country when cold winter air often

becomes trapped in valleys. Vegetation and the orientation of the land offer
subtle but significant contributions to temperature control. For example, on a
sunny day southward-facing slopes can be several degrees warmer than those
facing northward.
The distribution of land and water is another important control of
temperature. Land masses heat up more quickly and cool down much more
quickly than do water bodies. Thus areas near very large water bodies tend to
have a smaller annual temperature range because of the moderating effect of
the adjacent water bodies.
Prevailing winds exert a substantial effect on temperature regimes
controlling cloudiness and storm tracks. The compression of air and
resulting warming produced by downslope winds is also a factor. Brisk
westerly winds crossing the Rockies bring higher temperatures to the
foothills. This effect is known as the Chinook.
3.2.1 Temperature Gauges
In operational hydrology the collection of temperature data is much
less important than the collection of precipitation data for two reasons; first,
temperature usually varies over a region in a consistent and predictable
manner thus less stations are required to determine the temperature regime
on a watershed. Second, studies requiring temperature data are usually
limited to snow/rain identification, snowmelt rates, evaportranspiration loss
and soil moisture.
Three types of temperature gauges are in general use in B.C.: manually
observed glass thermometers, recording thermographs and electrical
temperature sensing devices. The readings that are collected and stored in
climatological archives are the daily maximum and daily minimum
temperatures. The arithmetic average of these two readings is defined as the
daily mean temperature.
Temperature gauges, regardless of the type, are meant to measure air
temperature and thus must be shaded from the direct and indirect rays of the
sun and yet must be open enough to permit free circulation of air. To
accomplish this protection, the gauge is usually enclosed in a louvered
housing of a flat white colour.
The map on page 70 shows the location of daily temperature stations as
of January 1,1990. Where there are a number of stations as in the Vancouver
area, only one is shown.

3.2.2 Standard Thermometers

The Atmospheric Environment Service uses two liquid-in-glass
thermometers to measure the official maximum and minimum daily
temperatures at their stations. The maximum thermometer is a mercury type
with a constriction near the bulb which allows the mercury to expand but
prevents its return to the bulb on cooling. The operation is very similar to
that of a fever thermometer. The minimum thermometer uses red-coloured
alcohol and a tiny interior slider. As the alcohol contracts it drags the slider
along but when warming occurs, the slider is left behind to mark the
minimum.
3.2.3 Recording Thermograph

For unattended or remote operation a thermograph can be used to
record air temperature on a continuous basis. Usual recording durations are 7
or 30 days but longer types are in use. The device uses a bi-metallic spring or a
liquid-filled tube as the temperature sensor, as the sensor expands or contracts
with changing temperature, the movement is magnified by leavers and
recorded on a paper chart. A pair of standard thermometers are required to
ensure that the thermograph remains in calibration. For data archiving, the
daily maximum and daily minimum are the only temperatures extracted
from the charts.
3.2.4 Electrical Temperature Sensors

At sites where electric power is available this type of device is quite
suitable for measuring temperature. It works on the principle that
temperature variations change the conductance (or another electrical
property) of the sensor. This device is particularly suitable for data telemetry.
3.3

SNOW WATER EQUIVALENT

Snowfall is the day-by-day accumulation of new snow, that is, daily
precipitation in the form of snow. Snowfall may be reported in terms of its
depth (cm) on a daily basis or daily values can be summed to give monthly or
seasonal snowfall. Snowfall may also be reported in terms of its water
equivalent (mm) which is the depth of water that would result if the snowfall
were melted.
Snowpack (or snow cover) on the other hand refers to the remaining
thickness of snow covering the ground surface. The measurement of
snowpack at a point may be reported as depth (cm) or as water equivalent
(mm).

With winter, the daily snowfall begins to accumulate on the watershed.
As the season progresses some of this accumulation may be lost by melting or
by sublimation. Although on a day-by-day basis these losses may be small at
higher elevations, over the period of a few months there will be a significant
difference between total snowfall and the snowpack. With spring the
snowpack begins its seasonal melt. This occurs when the snowpack reaches a
saturated isothermal condition; that is, it holds as much liquid water as
possible and the temperature is O°C for the full depth. Melt rates can exceed
50 mm of water equivalent per day during a rapid melt period.
Snowfall is measured at AES stations as described in Section 3.1.2.
Snowpack is measured at snow survey stations with manual or recording
instruments that measure the water equivalent of the full snowpack
thickness.
Snowpack water equivalent measurements are particularly useful in
operational hydrology in B.C. As most of the annual runoff is derived from
the melting of the mountain snowpack, the simple measurement of water
equivalent prior to the onset of melt at a number of representative locations
in a watershed provides an excellent indication of snowmelt water supply.
Usually it is not possible to determine the total watershed snowpack, rather,
an index is established by relating water equivalent to subsequent runoff over
a number of years. Thus it is most important to establish snow survey sites in
representative locations. The type of site preferred is at higher elevations in
small natural forest openings.
In addition to indicating the snowmelt runoff, snowpack water
equivalent measurements are also useful in flood or drought warning,
defining winter precipitation, building design, wildlife studies, transportation
corridor design and determining recreation potential.
3.3.1 Snow Course
The B.C. snow course consists of 10 sampling points laid out and
permanently marked with the distance between sampling points between 15
and 50 metres. At regularly scheduled dates, generally Feb. 1, Mar. 1, Apr. 1,
May 1, May 15 and June 1, the snow surveyor measures and records the depth
and water equivalent at each sampling point with a snow tube. The average
of the 10 points provides the snow course reading of depth and water
equivalent. The snow tube used in B.C. is the Standard Federal type. This is a
hollow tube with an ice cutter at the lower end. The orifice has a diameter of
3.77 cm and the tube is 78 cm long. Detachable extensions are added to allow
full penetration of the snowpack thickness. The snow tube extracts a core of
snow which is weighed to determine the water equivalent.
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3.3.2 Snow Pillow
Snow pillows have been established at a number of snow survey
stations to give a continuous record of the accumulating and depleting
snowpack. Pillows in use in B.C. are methanol-water filled, 3-metre diameter,
nylon-reinforced rubber containers. A manometer with a float and recording
device can be attached to the pillow to measure and record the pressure
exerted on the ground by the snowpack (water equivalent). The manometer
can be adapted for data telemetry but more often a pressure transducer is
connected to the pillow for this purpose.
3.4

OTHER RELATED OBSERVATIONS

There are a number of other related atmospheric variables used in
operational hydrology which are part of a regular observation program and
for which archived data are available. For the most part, the stations
collecting these data are few so that the usefulness of the data in hydrology
studies is very limited.
3.4.1 Evaporation
Regular evaporation measurements are collected at a number of AES
stations in the province. Measurements are made with the Class A Pan.
Published monthly data include an estimate of the depth of evaporation from
small lakes. See map on page 71.
3.4.2 Bright Sunshine, Radiation
The duration of bright sunshine in hours per day is available from a
number of AES stations. Approximately 8 stations in the province collect
solar radiation data. See map on page 72.
3.4.3 Upper Air
These data are of limited use in hydrology but temperature and
humidity observations are made twice daily from radiosonde ascents from
three AES stations in the province (Prince George, Vernon, Port Hardy).
Freezing level data is also available.
3.4.4 Humidity, Wind and Air Pressures
These data are also of limited use in hydrology but are available from a
number of synoptic AES stations in the province.
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MEASUREMENT OF WATER

Water is one of British Columbia's most important renewable
resources. As with other resources, it is most efficiently utilized when its
distribution throughout the province and its variability in time is measured.
The accumulation of data on the behaviour of surface water and groundwater
is basic to proper assessment and networks of gauging stations have been
established for this purpose. This chapter summarizes the various types of
equipment and techniques presently employed in the data collection process.
4.1

STREAM GAUGING NETWORK

The formal network of stream gauging stations in British Columbia is
comprised of about 600 stations (from a high of 656 in 1982 to 582 in 1991)
operated by the Water Survey of Canada of Environment Canada. In addition
to this formal network the Hydrology Section is responsible for operation of a
limited number of stations taking miscellaneous flow measurements,
periodic gauge readings or complete records for relatively short-terms.
The art of collecting streamflow and water level information contains
very few mysteries when considered objectively. In the case of water level
records there is only one basic ingredient and that is the measurement of the
water surface from a fixed reference point to obtain a definable comparison of
the changing levels over a period of time. When streamflow records are
required the rate of flow must be determined. From this, and the
simultaneous water level, it is possible to establish the stage-discharge
relationship to which water levels can be applied to generate flow records.
This explanation is, of course, an oversimplification of the actual application
both in the field and in the office. In the field, particularly, the engineer or
technician is faced with situations where there is apparently no normal
situation. Each station location may be subject to a number of variables
ranging from shifting lake shores, slumping river banks and unstable
offshore bed conditions to rock bluffs and canyons etched on the earth's
surface. When-data are required, however, at a specific location on a lake or a
river, the agency responsible for the collection of records must make the best
of the conditions as found and be prepared to install equipment capable of
obtaining the ingredients mentioned previously - water levels and/or
discharge measurements.

No attempt will be made here to describe the difficulties that might be
encountered in construction of gauging stations or the detailed operation of
measuring equipment. Explanations will be given to indicate briefly where
the various types of equipment and/or techniques have the best application.
4.2

WATER LEVEL OBSERVATIONS

Water level observations are essential in making comparisons of water
levels, with respect to a specific datum point, on both lakes and rivers. Apart
from providing a reference against which to plot the measured discharge of
streams the observations can be related to flood damage levels, water level
intakes, navigable depths, etc. The complexity of the instrumentation can
vary widely from a reference point to a device which may be interrogated by
telephone or radio to provide not only the instantaneous water level but also
previous readings and trends.
4.2.1 Manual Gauges
The so called "manual gauge" must be visited in order that a reading of
the water level can be obtained and recorded. The simplest installation, but
not necessarily the most convenient, is the establishment of a reference point
from which the distance to the water level can be measured directly with a
tape and this distance subtracted from the elevation of the reference point to
give the water level. A common variation of this is the staff gauge, which is
in effect a graduated marker extending from lowest water to a point above the
range of stage to be expected, on which the surface height of the water may be
observed relative to a selected datum.
Staff gauges may be made of many materials including ordinary
painted lumber with graduations and porcelainized steel or fibre glass plates,
graduated in metres with the smallest graduation 0.002 m (2 mm). The chief
advantage of the staff gauge is its simplicity and, as a result, the ease with
which an observer can be trained to make observations. The painted wood
type is vulnerable to abrasion, and blistering of the paint and is sometimes
difficult to clean. The porcelained steel and fibreglass types are considered
about equal from the readability point of view, can be graduated quite finely
and are relatively easy to clean. The porcelain surface is vulnerable to impact
damage and vandalism - particularly in areas where they can be and are used
as targets for "sighting" rifles. While the fibreglass type resists abrasion and is
less attractive for target practice, the cost tends to be rather high.
Other variations of the manual gauge include the wire weight types
where a graduated steel tape or beaded wire is coiled on a drum or reel,
mounted above the water surface, and used to lower a weight to the water

surface. The wire or tape is graduated to provide, with the use of an index
marker, the height of the water surface. A variation of this, the "contact
gauge," includes a source of electrical power, circuitry and a display meter to
indicate a closure of the circuit when the weight contacts the water surface.
The chief disadvantage of all manual gauges is that an observer must
be available to make and record observations and the agency responsible for
the collection of records is dependent on the observer for the readings.
Furthermore, it is impractical to collect more than one or two such
measurements in a single day. There are other disadvantages that can have a
direct effect on data quality. In most instances, the surface of the water where
the level is taken is not "stilled" but is subject to wave and surge action.
Wind action can also be a consideration in the use of a wire-weight type of
gauge, as it causes the weight to swing and a tendency of under reading due to
bowing of the line.
4.2.2 Water Level Recorders
The water level recorders most frequently used fall into two general
groups - analog and digital. The selection of either of these is often dependent
on the method by which the output of the gauge can be processed most easily
and economically. This in turn can be dictated by the stage of sophistication
of the processing system when the initial standards for gauges were selected.
Analogue Recorders: The two analogue, chart types most commonly
used in British Columbia are the Stevens A type and the Stevens F type. Both
of these instruments are quite flexible in that each can be activated by float or
a servo-manometer assembly (bubble gauge). The A type is generally more
suitable for long term recording with a capability of recording for 6 months.
The F type records for 30 days or for 1 week depending on the gearing. The
computer processing of the resulting water level chart requires that it be
digitized.
The principle of operation of the recording gauges is relatively simple.
In the A type, a strip chart is moved at a fixed rate controlled by clock
movement. A marking stylus moves laterally across the chart in direct
proportion to changes in water level. In the F type the pen moves at the fixed
time rate while the drum, to which the chart is fixed moves in response to
water level changes. The result from both types is a graphic record of water
level against time. This type of record has the advantage of providing a direct
visual scan of the record but has the disadvantage of having to be digitized for
computer processing.

Digital Recorders: The widespread use of computers has led to the
development of digital recording systems which allow direct computer
processing. Early digital systems, including punched tape and cassette
recording type are being supplanted by data loggers, which are becoming
increasingly popular in British Columbia. Accuracy of this type of recorder is
more difficult to define requiring persistent and careful calibration to ensure
the quality of the output.
Software developed for use with modern data loggers have given these
devices great flexibility in the recording and presentation of data. Displaying
the contents of the memory at the site is now possible, using lap top
computers. Compiling and checking of data and preparing reports can be
accomplished by direct computer manipulation using hardware currently
available in most offices.
4.2.3 Water Level Recorder Activators
Recorder activators can be attached to digital as well as analogue
recorders.
Float Tvtx: This, over the years, has been considered the standard type
and is practically foolproof. With the float activator, a beaded float line or
tape is attached to a float on one side of the float pulley of the recorder and a
counterweight on the other. Movement of the line or tape converts the
vertical movement of the float to rotational motion to drive the pen carriage
across the strip chart of the analog recorder. The float sits in a stilling well as
shown in Figure 1. Intake pipes connect the stilling well to the lake or
stream. Intake pipes are sized to dampen out wave surges; the ratio between
cross-sectional area of the intake pipe to the stilling well should be
approximately 1:1000.
Servomanometer T v ~ e : Where installation of a stilling well is not
possible a servomanometer can be used in place of the stilling well - float
type. As shown in Figure 2, a bubbler orifice is placed on the streambed. The
pressure corresponding to the head of water over the orifice acts upon the
pressure element to produce pen movement in the recorder.
Transducer Tvpe: This is an electronic pressure sensing device,
immersed in the water body at or near the gauging station. The pressure
change resulting from a rising or falling water level is translated into a
variable voltage, which is recorded by the data logger. The transducer must be
vented to atmospheric pressure.

Figure 1. Water Level Recorder with Float and Stilling Well

Figure 2. Water Level Recorder with Servomanometer

4.3

INDIRECT WATER LEVEL OBSERVATIONS

At times it is impossible to obtain records at a gauging station because
the water level recorder is inoperative or the site is inaccessible to an
observer. In these instances it may be possible to determine the high stage of
the river by observation of high water marks and relating these to the gauge
or bench mark. In some instances the resulting observations, while possibly
not too accurate, will provide the basis for a reasonably good record of the
occurrence. Similar observations can be used to determine the river slope
and thereby allow for the calculation of river flow by the slope-area method.
It is also possible to reconstruct water level records within a fair degree of
accuracy by installing auxiliary gauges or placing markers indicative of water
levels attained as close as possible to the gauging site. When conditions have
improved, these water level observations, or indications, can be related to the
gauging site by making corrections for river slope. The resulting
reconstructed observations may or may not provide the date of occurrence;
however, this may be approximated by correlation with records from other
gauging stations in the vicinity.
In some instances only a limited amount of information on water
levels may be required at a particular location. If this information is limited
to either the maximum or minimum levels the problem can be approached
by installing a simplified water level recorder which will provide a trace
indicative of the range experienced by the lake or river unrelated to time. For
maximum stage only, other mechanisms or indicators can be used including
devices similar to a maximum reading thermometer whereby an indicator on
the device will record only the upper level of stage reached by either sticking
or leaving tracers at this level. One of the simplest of such devices consists of
transparent tubing placed vertically in the stream, in a sheltered location,
with ground cork floating on the water in the tube. As the water level rises
the cork will float upwards and pieces of it will adhere to the inside of the
tubing and remain at the maximum level reached. The uppermost terminus
of adhesion will provide a reliable high water mark.
4.4

DISCHARGE MEASUREMENT

As mentioned previously the second ingredient required in the
production of streamflow records is the actual measurement of streamflow.
The techniques that can be applied cover a wide field but at this point the
description will be concentrated on the very practical application of amassing
data suitable for the assessment of water resources.

In its most simple terms the discharge of a stream at a particular point
is the product of the cross-sectional area and the mean velocity of the stream

through it. These elements can be determined in a number of ways and,
therefore, the instrumentation used is quite varied.
4.4.1 Velocity Determination
The most commonly used instruments for velocity determination are
conventional current meters and these fall into two distinct groups - the cup
and propeller types. These are used to measure the velocity at a point in the
cross-section of a stream but neither type gives a direct reading of the stream
velocity. The velocity of the stream at a point is determined from the
number of revolutions made by the propeller or cups on the meter, and
transmitted to the operator by simple electric circuitry, in a specified period of
time. Using these two elements, the number of revolutions and the time, the
velocity can then be extracted from a rating table established for the
individual meter.
In order that the meter will "head" into the current it is usually
equipped with tail vanes or fins. In the event that the direction assumed by
the suspended meter is not perpendicular to the cross-section a correction
coefficient for direction must be applied to the velocity determined.
The Cup-Tme Meter: This meter is presently the general standard in
Canada and the United States and the one generally in use is commonly
known as the Rice-type. The advantageous features of this meter include:
(1)

will generally operate at relatively low velocities (low starting speed);

(2)

bearings are placed in air pockets to eliminate entrance of silty water to
the bearing surfaces;

(3)

dented or slightly bent cups may be repaired in the field without
seriously affecting the rate of rotation of the bucket wheel;

(4)

the bucket wheel is relatively slow moving and its range of velocity
application is broad.

The chief disadvantage of this type of meter is its sensitivity to vertical
movement of flow and therefore it will tend to over register in turbulence.
The Propeller-Type Meter: This meter has gained favour in the
European countries and is being used to a considerable extent in Canada and
the United States for specialized application. The chief advantage of this type
of meter is its lesser sensitivity to the direction of flow. Therefore it is not

affected, to the same degree as cup-type meter, by turbulence. The main
criticisms are directed at:
(1)

its size - up until fairly recently most propeller-type meters have lacked
convenience because of their length;

(2)

the horizontal bearings tends to be sensitive to silting;

(3)

slight damage to the rotor will seriously affect the rating - this damage
is not amenable to field repair as in the case of the cup-type;

(4)

the range of velocity application of a single rotor is not as broad as for
the cup-type, thereby often requiring interchangeable rotors to cover
the whole range of velocities encountered in a single discharge
measurement.

The chief advantage of this type of meter is its lack of sensitivity to vertical
movement and that it can, if held rigidly perpendicular to the cross-section,
be used to measure only that component of the flow velocity.
Other Twes of Velocitv Measurement Equipment: The most common
variations in meter types are smaller versions of the foregoing. These operate
on the same general principle as the larger ones but extend the scope of
application to very shallow streams.
Other velocity determination devices include:
(1)

floats - often used for estimating discharge or for directional flow
studies;

(2)

dye or salt injection - can be used in very turbulent streams where
velocity meters are unsuitable;

(3)

sonic stream velocity meters - generally too sophisticated and
expensive for operational use.

4.4.2 Area Determination
As the cross-sectional area is a requirement along with the velocity in
the determination of flow it follows that it too must be obtained accurately.
The most usual method for determining this component is, of course, by
sounding and developing the area arithmetically and is usually done in
conjunction with the taking of velocity readings.
There are several methods that can be used to obtain soundings
including rods, weighted lines and echo sounders.

Sounding:
- Rods: These take several forms including what is familiarly
known as the wading rod on which the velocity meter is mounted in taking
discharge measurements. In this application the depth of water at a particular
point or vertical is obtained in conjunction with the velocity observation and
is read directly from a graduated scale on the rod. The maximum reading is
of course limited by the wadeability of the stream by the observer and usually
does not exceed one metre. When fairly high velocities or poor footing are
encountered the maximum depth will be considerably less.
Sounding: Lines and Weights: When a sounding rod cannot be used
due to excessive depth or velocity, sounding lines are the only practical
alternative for depth determination. The line is weighted down with a
streamlined sounding weight. The velocity meter is mounted above the
sounding weight. Soundings are complicated by the drag on the weight and
meter which in fast moving streams moves the point of measurement
downstream.

4.4.3 Procedure for Determining Discharge
Meter measurements are made using the same basic procedure
regardless of the width of the channel or the method of meter suspension.
The cross-section chosen should, if possible, be of uniform width and depth
above and below the cross-section. A tape or tagline is stretched along the
cross-section and velocities are measured at 20-25 verticals over the length of
the cross-section. The spacing of these verticals are not usually uniform;
where the water is shallow and/or slow moving, the spacing will be greater
than in sections that are deep and swift. As a rule of thumb, any partial
section should not have more than 10% of the total flow.

Figure 3.

Figure 3 shows a typical example of a cross-section in which verticals are
shown as unbroken lines and the areas of partial sections are shown as
broken lines. The mid-section method of computing discharge is made using
the following rules or assumptions:

1.

The observed depth at the vertical is considered to be the mean depth
for the partial section.

2.

The mean velocity at the observation vertical represents the mean
velocity for the partial section.

3.

The width for each partial section is computed as one half the distance
from the preceding plus one half the distance to the following vertical.

Thus, as illustrated in Figure 3, the discharge for the heavily outlined partial
section at distance b6 from the initial point is computed as:

The calculations for the first and last partial sections of a discharge
measurement are handled in much the same manner. However, the channel
geometry at the edge must be considered in determining the area of the first
and last partial section.

At verticals where the depth is less than 0.8 metres the velocity is
measured at 0.6 of the depth below the water surface. Where depths are
greater than 0.8 metres the velocity is measured at .2 and .8 of the depth below
the surface and the mean of these values computed. The number of
revolutions of the meter are timed over a period of not less than 40 seconds
or more than 70 seconds, this time interval will counteract the surge effect of
normal streamflow.
Wadinn Measurement
In setting the meter at .6 of the depth measured from the surface, the
dry hand or top setting rod is the most convenient method of suspending the
meter. To operate the rod read the water depth on the round rod section,
then set the number of observed decimeters on the square rod opposite the
bottom ring on the handle by sliding the square rod upwards, the rings on the
handle are spaced to set the meter at the required even number of
centimetres. If one measures the distance between the numbered decimeters
on the square rod it will be found to measure only 4 cm, this being the ratio of

the meter setting above the stream bed - the reciprocal of .6 below the surface.
Observations of the velocities at .2 and .8 of the depth can be made very
simply. 0.2 of the depth beneath the surface can be set by using double the
observed depth for the setting figure. 0.8 of the depth beneath the surface can
be set by using one half the observed depth as the setting figure.
Example: Observed depth 0.85 m, set 0.42 for the 0.8 depth and 1.70 for
the 0.2 depth.
The field man should position himself about 0.5 metres to the side and
downstream of the meter so as not to influence the velocity being observed.
Observation of velocity with a cup type meter is often accomplished by visual
count (one cup being usually painted red); however, in deep or murky water
the headset has to be fitted. Some wading rods have a double contact male
connector on top of the handle, others require an external cable running from
the meter to the headset. In each case the contact wire has to be fitted to the
single or the penta contact binding post depending on the velocity. Both
binding post contacts are insulated from the body of the meter.
Selection of Verticals
Before starting a streamflow measurement, a cross-section may have to
be "improved." This may entail the removal of rocks, weeds or logs above
and below cross-section. In some cases the best available section after
improvement may still be fairly poor in which case some extra thought and
effort will be necessary to provide the best representation of the flow patterns
and depths. Breakpoints in both depth and velocity dictate the positioning of
verticals. Bearing in mind the criteria of the mid-point method of
calculation, it follows that verticals should be spaced equal distance on each
side of the breakpoints.

4.4.4 Other Commonly Used Discharge Measurement Devices and
Techniques
Discharge can, and in some instances must, be measured by means
other than with the current meter and sounding equipment. This usually
involves the installation of stream controls which can themselves be rated by
a number of procedures. The most common types of control include weirs
and flumes and existing hydraulic structures, such as culverts and spillways.
Weirs and Flumes: Weirs can be divided into two general classes sharp and broad crested - and all require some ponding to reduce the velocity
of approach so that the rating will not be affected. Flumes usually require
little, if any, ponding, will pass sediment and their ratings are not materially

affected by immediate upstream conditions. A very advantageous feature of
weirs is that they are generally very accurate and have close agreement
between actual and theoretical ratings.
Some of the more common weirs and flumes are listed in Table 1 with
typical sizes and ranges of measurable flow.
Needless to say, weirs and flumes must be carefully constructed and
installed to achieve their near theoretical ratings. In any event, after
installation, all of these devices must be carefully rated and frequently
inspected with a view to rectifying any situation which may have arisen to
interfere with the operation.
TABLE 1
Recommended Size and Range of Flow
for Common T p s of Weirs and Flumes

TYP

Size

MINIMUM
MAXIMUM
Head
Discharge Head Discharge
m
m3/s
m
&/S

V-notch weir*
V-notch weir*
V-notch weir*
Cipolletti weir"
Cipolletti weir"
Rectangular weir"
Rectangular weir"
Rectangular weir"
Parshall Flume
Parshall Flume
Parshall Flume
"20L" MPF
"40L" MPF
MPF - Modified Parshall Flume
*sharp crested
+throat width

Hydraulic Structures: The laws governing flows through hydraulic
structures are fairly well understood through studies, analytical and
experimental, which have lead to their original designs. Usually these
structures must be rated, but once this is done, it can be expected that the
ratings will be stable for a considerable period of time and therefore require
only infrequent checks for verification. Often slight modifications, such as
the placement of a sill in some culverts, will be worthwhile to improve the
rating characteristics.

Culverts: A culvert is a water conveyance set transversely, at a fixed
gradient through an obstruction to provide surface drainage from one side to
the other.
An understanding of culvert hydraulics is required for their design,
and theoretically the same design criteria can be used for computing flow at
any stage. Such computations are beyond the scope of this treatment because
of the many variables such as inlet geometry, slope, size, roughness and
approach and tailwater conditions. Designs are based on full or near full flow
while flow measurements are normally at partially full flow. With time,
there are further complications as a result of settling, deformation, debris,
seepage (in and out), etc. The culvert, for the purpose of this application, is
treated as an open channel and is therefore flowing partially full.
Two methods of determining velocity are suggested. While both have
their deficiencies the results can be as accurate as that which is attainable in a
stream channel. The first, float timing over a measured distance, is applicable
when water is too shallow or the culvert is too small to permit normal
velocity metering. Although a float covering nearly the full depth can be
used to integrate the velocity, it is usually necessary to use a surface device
(such as a wood chip), because there is too much variation in depth and too
many obstructions.
The true mean velocity lies somewhere between 70% and 90% of the
surface velocity and therefore the velocity, as measured by a surface float,
must be adjusted accordingly. Some data is available to substantiate the range
of coefficients, and table 2 lists some estimates based on these limits. With
increasing turbulence due to channel debris and higher gradients, the
coefficient tends toward 0.9.
For most measurements 0.85 is satisfactory, but should be reduced
when low velocities and a fine gravel bed is observed. At least 2 consistent
float measurements are required to confirm the surface velocity. Interference
by wind or obstructions within the barrel should be avoided if at all possible.
The surface velocity may then be adjusted as follows to compute the mean
velocity:
Mean Velocity = Surface Velocity X Velocity Coefficient

TABLE 2
Surface Velocity Coefficients
VELOCITY COEFFICIENT
CULVERT
TYPE

BED
CONDITION

Approx. Range

Recommended

Concrete or timber
Corrugated pipe
Concrete or timber
All
All
All

clear-smooth
clear
* fine gravel
* course gravel
* cobbles
* boulder and debris

.65 to .75
-7 to .8
.7 to S
.75 to .85
.8 to .9
.85 +

.7

.75
.75
.8
.85
.90

* the coefficients for these bed conditions can also be applied to natural stream
channels.

The second method of velocity measurement utilizes a current meter
where the depth is sufficient. For accurate results the section can be broken
into segments however, the average of measurements made at 0.6 depth at
the centerline and quarter points will give the mean velocity (see figure 4).

Figure 4. Culvert Measurements
The area of flow may be computed if the centerline depth and culvert
diameter are known. The relationship between depth and area is given in
figure 5.

RATIO =

A,/A,

Figure 5. Area of Flow in a Circular Culvert
All measurements made within the culvert should be in the uniform
flow section, away from the inlet and outlet areas, if possible, using a stop
watch to record the time.
Dilution Methods: Conventional means of streamflow determination
with current meter and sounding equipment are not always applicable
particularly in cascading rivers and other streams with high turbulence. As a
result other methods must be resorted to and among these are various
dilution methods.
These all work on the same general principle in that a quantity of
relatively high concentration chemical solution is injected into a stream. At a
distance downstream, after thorough mixing has been assured, samples are
taken to determine the amount of dilution that has taken place.
Several chemicals or compounds have been used in actual application,
including salt, sodium dichromate and fluorescent dyes with analysis
equipment to obtain the dilution factor suitable to the substance used. In the
main, the best results are obtained in relatively small streams because mixing
is usually much quicker than in larger ones. Another consideration is the
amount of chemical required. Thorough mixing is essential, therefore
turbulent river sections should be chosen otherwise the sampling point will
be too remote from the injection point. Care must also be taken to make sure
that the chemical selected, dyes in particular, are not absorbed by silt, ice,
vegetation or materials in the streambed. As certain compounds are
prevalent in nature, these should be avoided so as to eliminate the possibility
of extraneous quantities of it having entered the stream between the injection
and sampling points.

Volumetric Measurements:
Can be made when the flow is
concentrated or can be concentrated so that all of it may be diverted into a
container of known capacity and observing the time to fill it.

4.5

DAILY DISCHARGE AND WATER LEVEL

In order to asses the water supply capability of a stream it is necessary to
obtain discharge values on a daily basis for the period of time required
whether seasonal or annual. Section 4.4 has described how an individual
discharge measurement is made. Usually, however, it is not possible to
measure discharge on a daily basis as single measurements can be quite
time-consuming. Instead, a relationship is derived between the water level
in the stream and the discharge. When this relationship is established, daily
water levels from either manual gauges or recording gauges can be quickly
converted into daily discharge.

4.5.1 Stage-Discharge Curves and Tables
Stage is another name for observed water level at a gauge or gauge
height. A stage-discharge curve or table therefore is the relationship between
water level and discharge.
The procedure f o r
establishing the relationship is
to obtain a number of discharge
measurements over the f i l l
range of stage. Ideally 10 or
more such measurements
should be made annually. The
individual measurements of
stage and discharge are plotted
on a graph as shown in the
example on Figure 6. Through
the plotted points a smooth
curve is drawn that minimizes
the deviations of individual
measurements.
defines the stage-discharge
This curve
relationship. Points along the
curve are extracted and a table
of stage versus discharge is
compiled;
this
is
the
stag&ischarge table.

EXAMPLE OF A STAGE-DISCHARGE CURVE
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The ideal station is one with no bedload, a non-erodable channel and a
downstream fall in water level. In practice the ideal station is seldom found
and a less-than-ideal station must be used. Such stations will be affected by
physical changes which will alter the stage-discharge relationship. For
example, if erosion takes place at the gauge, for the same flow as previously
observed the gauge height will be lower. Usually the curve will move up or
down but remain parallel to the original. To identify if a change in the
relationship has taken place, discharge measurements must be made on a
regular basis especially after high flow events or ice break-up. When a shift (a
change in the relationship) has been identified a complete set of discharge
measurements must be made and a new curve drawn.

4.5.2 Manual Gauge Computations
Before compiling daily discharge data it is first necessary to take one
further step in data preparation. That is, a check on the level of the gauge
itself must be made to determine if the gauge has moved up or down. This is
done by checking the difference in level between the gauge benchmark and
the zero of the gauge. (Benchmarks are established and the gauge checked at
the time of installation). Changes do occur over time and a gauge height
correction must be applied to the readings.
With this final check and adjustment made, daily water level data can
be converted to daily discharge. It must be noted that this computed value of
daily discharge is not really the mean flow for the day but only the discharge
when the gauge readings were made. However, for monthly and seasonal
totals these values are assumed to represent the mean daily discharge.

4.5.3 Recording Gauge Computations
With a water level recorder at the gauging station mean daily water
levels can be determined and from this the mean daily discharge. However,
because the stage-discharge curve is non-linear, mean water levels and
discharges should be determined for shorter time periods (e.g., hourly) and
the mean discharge for the day is computed from the hourly discharges. This
additional refinement must be done when there is a large change in stage
during the day.
The instantaneous maximum stage and discharge can be determined
from a recorder chart or data logger. The instantaneous maximum can be
considerably higher than the daily average especially on small streams.
Figure 7 illustrates the degree of resolution lost on small streams when only
mean daily discharges are considered. For hydrologic analysis of any specific

event it is quite necessary to obtain hourly discharges especially for small
streams.

--

1

A

2

Figure 7.
4.6

. Meon doily /low

Dote

4

5

6

I

2

3

Dote

4

5

6

The relationship between instantaneous and mean
daily flows, typical of small (a) and large streams (b)

OTHER SURFACE WATER MEASUREMENTS

Data on sediment and water temperature are also collected at some
Water Survey of Canada hydrometric stations. These data are compiled and
published separately from hydrometric data. Water quality data is also
collected at some hydrometric stations but a separate extensive network is
operated by Federal and Provincial agencies.
4.7

GROUNDWATER MEASUREMENTS

Groundwater storage and movement form an important part of the
hydrologic cycle. Hydrologic studies especially on low flow must always
consider the interaction between surface and sub-surface water.
Groundwater, as you usually cannot see it, is much more difficult to measure
than surface water - this is especially so regarding water movement.
The Observation Well Network which is operated across the province
is the responsibility of the Groundwater Section of B.C. Environment.
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CHAPTER 5

THE WATERSHED AND HYDROLOGIC PROCESSES

5.1

INTRODUCTION

The purpose of this section is to describe how a watershed in its
natural, idealized, state modifies incoming precipitation to produce
streamflow. A watershed is defined as the area above a point on a stream,
with the boundary defined by the height of land above the slopes which drain
to that point. Other terms used synonomously with watershed are drainage
area, basin, sub-basin and catchment (Figure 1).

Subsurfoce
water divide
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Figure 1. Schematic Diagram of a Watershed
It is possible, although not usually desireable, to consider a watershed
as a "black box" and derive simple empirical relationships between
precipitation input and streamflow output. An example would be the ratio of
runoff to precipitation. This might be useful in some cases, but it is not based
on much understanding of how the precipitation is transformed into runoff.

A watershed has certain physiographic characteristics such as area,
elevation , slope, aspect and surface storage (lakes and swamps) which can
sometimes be used to relate to various runoff characteristics such as annual
runoff, peak flow and low flow. We know from various investigations, and
even intuitively, that runoff should be related to these watershed
characteristics and so, for example, relationships are derived between runoff
and elevation. This is slightly better than the "black box" approach of trying
to relate runoff directly to precipitation, but we should have an
understanding of the physical basis for these relationships.
In order to understand and quantify the internal workings or the
hydrologic processes of the "black box", the following sections will consider
precipitation input, interception, infiltration, soil water movement,
evaporation, transpiration, and the resulting outflow or runoff.
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Figure 2. Hydrological Processes
It is difficult to make a distinct separation between many of these
processes because they are so interrelated. However, the following discussion
attempts to consider the various processes in more or less logical order from
precipitation input to runoff or water yield output.

5.2.

PRECIPITATION

Atmospheric moisture is obtained mainly through evaporation from
water surfaces and through evapotranspiration. Large bodies of warm water
and zones of lush vegetation provide excellent sources while cool and arid
land areas are the poorest providers of atmospheric moisture. For B.C., the
main moisture source is the Pacific Ocean but moisture originating to the
southeast and northeast also plays an important role in parts of the province.
During the long summer days shallow lakes become very warm and provide
good local sources of atmospheric moisture. Showers often follow rainy days
because of evaporation from the wet terrain. The atmosphere's capacity for
holding water is greatest in summer when it is warmest.
The moisture in the atmosphere varies with elevation such that about
one-half of the moisture in a saturated atmosphere is in the lower 2000
metres.
The temperature of the air in the atmosphere usually decreases with
increasing elevation; the rate of decrease is called the lapse rate. The lapse
rate varies with the amount of moisture in the air but under normal
conditions the rate is 6OC per 1000 m for moist air and 10°C per 1000 m for dry
air. If a mass of air is .forced to rise, its moisture holding capacity decreases
due to the decrease in temperature. When the moist air is forced high
enough, the moisture in the air exceeds its holding capacity and condensation
and precipitation occur. Mechanisms which force air to rise and thus cause
precipitation are orographic processes, convective processes and frontal
storms.
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Figure 3. Air Mass Lifting Mechanisms

Orographic lifting - the air is made to ascend a topographic barrier such as a
mountain range.
Convection - occurs when differential heating or advection results in air
becoming more buoyant than its environment. It rises to levels where
it becomes saturated, forming cloud and precipitation. Thunderstorms
are convective storms.
Weather Fronts - are zones which separate large masses of air having
different densities and motion; frequently result in large-scale lifting of
an air mass. Frontal storms tend to be very widespread.
These processes may act alone or in combination. The combined effects
of intense orographic lifting of moist air and strong frontal uplifting for
example can result in major storm precipitation.
The character of precipitation depends on the lifting mechanisms and
the moisture supply in the air mass. Since these two factors vary seasonally,
precipitation character can also vary significantly on a seasonal basis.
Oroaraphic Precipitation
In rugged terrain, precipitation is related to local topographic factors
including:
elevation
slope
aspect
topographic barriers
distance from the moisture source (ocean).
In most watersheds, precipitation is highly related to elevation on an
annual and seasonal basis, with higher elevations receiving more
precipitation than lower elevations and this increase being more pronounced
on the leeward slope of a mountain range due to spillover.
A major consideration in the occurrence of orographic precipitation is
that while rain is falling at low elevations, snow may be falling at high
elevations. The snow can remain in storage, and it is important in the
analysis of particular storms to determine the freezing level.

Convective Storms
The greatest short-duration rates of rainfall occur during convective
storms. Such storms usually cover a small area and generally move quickly.
They usually occur in summer and occur in random fashion.
Frontal Precipitation
There are two types of weather fronts - warm and cold. Because of the
gradual slope associated with the surface of warm fronts, steady rains occur
over extensive areas. Cold fronts, which have generally steeper and faster
moving leading surfaces, frequently produce intense rainfall along the front.
The rainfall is usually more scattered and of shorter duration than that
produced by a warm front.
5.2.1 Snowfall and Snowcover

The meteorological conditions producing snowfall are the same as
those generating other forms of precipitation. As mentioned earlier, in
general the occurrence of precipitation is determined by the availability of
atmospheric moisture and the presence of mechanisms which can convert
this moisture into precipitation. This conversion is mostly associated with
cooling resulting from the vertical motion of the air. For the occurrence of
significant amounts of snowfall, the following atmospheric conditions are
important:
1.

sufficient moisture and active nuclei at a temperature suitable for
formation and growth of ice crystals,

2.

sufficient depth of cloud to permit growth of snow cyrstals by
aggregation or accretion,

3.

temperatures below O°C in most of the layer through which the snow
falls and

4.

sufficient moisture and nuclei to replace losses caused by precipitation.

The accumulated snowfall undergoes many changes with time
through sublimation, melting and freeze-thaw cycles and becomes what is
usually referred to as the snowpack. The physics and properties of the
snowpack are ,topics which are impossible to cover adequately in this
handbook. Suffice it to say that the topics include reference to
metamorphism, ice layers, thermodynamics, thermal, mechanical and
frictional properties and electrical, electromagnetic and optical properties.

More relevant to watershed hydrology is the distribution of the
snowpack (or snowcover) and the factors controlling its characteristics. The
snowpack comprises the net accumulation of snow on the ground resulting
from precipitation deposited as snowfall, ice pellets, hoar frost and glaze ice,
and water from rainfall, much of which has subsequently frozen. Its structure
and dimensions are complex and highly variable in space and time. This
variability depends on the wind, temperature and moisture of the air during
precipitation and immediately after deposition; the nature and frequency of
the parent storms; the weather conditions during periods between storms
when radiative exchanges may alter the structure, density and optical
properties of the snow and wind action may promote scour and redeposition
as well as modification of snow density and crystalline structure; the process
of metamorphism and ablation which can alter the physical characteristics of
snowcover; and surface topography, physiography and vegetative cover.
The temperature at the time of snowfall controls the dryness, hardness
and crystalline form of the new snow and therefore its erodability by wind.
The importance of temperature is apparent on mountain slopes, where the
increase in snowcover depth can be closely associated with the temperature
decrease with increasing elevation. Wet snow which falls when air
temperatures are near the melting point is heavy and not generally
susceptible to movement by wind action; while colder temperatures produce
dry, light snow.
Wind flow near the ground is normally turbulent, and snowcover
patterns reflect this in the resulting turbulent structure. Wind moves snow
crystals, changing their physical shape and properties, and redepositing them
either into drifts or banks of greater density than the parent material.
During the winter months energy and moisture transfers to and from
the snowcover are significant in changing its state. One property of the
snowcover surface which directly affects the solar energy absorbed by the
snow is its albedo (ratio of reflected to the incident shortwave radiation).
Albedo varies with solar elevation, wave length, temperature and pack depth.
Physiographic features which relate to snowcover variations include
elevation, slope, aspect, roughness and the optical and thermal properites of
the underlying materials. Often a positive relationship between snow water
equivalent and elevation is found for a specific location (Figure 5). Slope
determines the orographic precipitation rate, implying an increase in
accumulation with elevation. However, winds of high speed and long
duration at higher elevations may cause transport and redistribution. In
prairie topography, hilltops may be free of snow when maximum
accumulations exist in the lee of steep slopes, drainageways and gullies due to

wind shear forces. The importance of aspect is shown by large differences
between snowcover amounts found on windward and leeward slopes of
coastal mountain ranges.
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Figure 5. Variation of S.W.E. with Elevation
Vegetation influences the surface roughness and wind velocity thereby
affecting the erosional transport and depositional characteristics of the
surface. If the vegetation extends above the snowcover it affects the energy
exchange processes. A vegetative canopy also affects the amount of snow
reaching the ground.
5.2.2 Analysis of Data
Precipitation data collected at climate stations and snow courses
provide information on amounts for various durations. Different durations
are significant for various types of hydrologic analyses.

Long-duration amounts, usually expressed as total depth in mm,
include monthly, seasonal and annual totals. Typical seasons are:
October - March
April - June
July - September

winter
spring
summer

Annual amounts can be for a calendar year (January - December) or a
water year (October - September). Snow water equivalent amounts for April
1st can be considered to indicate the total winter season precipitation (October
- March or November - March) at the snow course site.
Short-duration precipitation amounts are usually expressed in terms of
intensity or mm/hour. Short-duration is generally considered to be from
5 minutes to 24 hours.
Multi-day amounts are important for hydrologic analysis in the coastal
region as storms producing high flows generally last a few days. Commonly
used amounts are totals for 1 to 10 days.
A typical presentation of monthly data is shown in Figure 6.
Short-duration data are generally presented in the form of intensityduration-frequency curves. (Figure 7).
Our understanding of how precipitation varies over an area is used to
estimate precipitation amounts for sub-basins within a watershed or basin
average amounts based on point data in the area. One example of this
procedure is the estimates of mean annual precipitation and annual
maximum 24-hour rainfall amounts for various return periods produced by
Danard. The components of his model account for frictionally-induced
vertical moisture flux, orographically-induced vertical moisture flux and
downwind displacement of falling precipitation. For studies on a watershed
scale these estimates are not too useful as the grid size is 10 minutes latitude
by 10 minutes longitude or about 255 km2. This is too large to adequately
define variation in precipitation amounts for most watershed studies. But
the same model could be applied for a particular watershed if adequate point
precipitation data were available.

MISSION WEST ABBEY-MEAN MONTHLY DATA

Figure 6. Mean, Maximum and Minimum Monthly Precipitation
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Figure 7. Rainfall Intensity-Duration-Frequency Curves
For most watersheds (up to 500 km2) the predominant factor in
precipitation variation is elevation. If point data are adequate in an area, a
relationship can be derived between seasonal or annual amounts and
elevation which can be assumed to be valid for a particular watershed
(Figure 8). Obviously, precipitation data collected at a few sites within the
watershed will allow better definition of the relationship.
If snow course data are available they are usually for sites at relatively
high elevations. If it is assumed that April 1st snow water equivalent is
comparable to November-March precipitation at a nearby low-elevation
climate station, a winter precipitation-elevation relationship can be defined
and may help to better define the annual precipitation relationship.
The variation of precipitation with elevation is not the same for all
durations. When analysing short-duration events it must be remembered
that they are likely the result of convective storms in which elevation or
orographic effects may not be significant.
In summary, precipitation amounts vary over a watershed generally
depending on elevation, with the proportion of precipitation falling as snow
also depending on elevation due to the decrease in temperature with
increasing elevation. For different durations, the variation in amounts and
intensities with elevation can be different.

Figure 8. Precipitation-Elevation Relationship
5.3

INTERCEPTION

A portion of the precipitation falling to the earth's surface may be
stored or collected by vegetal cover and subsequently evaporated; that volume
of water caught by vegetation is referred to as interception, and the portion
retained and evaporated is called the interception loss. Precipitation falling
on the canopy is redistributed and reduced in quantity as it moves toward the
forest floor. The redistribution consists of throughfall, stemflow and
evaporation (interception loss) from the vegetation (Figure 9).
For a rainfall event, the process starts with a certain amount being
stored on the leaves. This amount depends on the position of the leaf
surface, the form of the leaf, surface tension relations, the wind velocity, the
intensity of the rainfall and the size of the drops. As the rain continues, large
drops form at the edges and fall when the surface tension is overcome. Water
temporarily stored in the leaf system is subject to evaporation even during
the rainstorm. When the rain ceases, the interception storage still remains
on the tree and is subsequently lost by evaporation. If there is wind, the

maximum storage capacity is reduced. Furthermore, the effect of wind during
rain is to increase the evaporation loss.

Figure 9. Interception Process
Pp,gross precipitation; L, crown interception loss;
P,, stemflow; Pt, throughfall; If, litter interception loss
Throughfall is the part of rainfall that reaches the forest floor directly
or by dripping from leaves, twigs and branches. Throughfall amount varies
inversely with the density of forest stands and generally increases with the
distance from the tree stem where the canopy is dense. The average intensity
of throughfall is smaller than that of rainfall because although direct
throughfall begins with the onset of rainfall, dripping is delayed while canopy
storage capacity is filled, and after the storm has passed throughfall continues
as wind and gravity dislodge excess storage. Consequently, as duration and
evaporation is greater, the intensity must be smaller.
The forest canopy also moderates ground-level rainfall throughout the
storm period, causing a more uniform intensity by reducing the peaks and
providing additional increments during lulls. It might be assumed that the
canopy reduces raindrop impact thus lessening the force initiating erosion
from bare soils. But the drops from leaves are generally larger than raindrops
and when falling from canopy heights of more than 10 metres can exceed the
striking force of rainfall when they reach the ground. Thus a high canopj has
only limited value in reducing the erosion potential of rainfall intensity, but a
stand with a canopy that reaches close to the ground could reduce erosion
potential.

Stemflow is the part of rainfall intercepted by the canopy and runs
down the stems. It is a minor element in the water budget of a forest.
However, it may be important ecologically because it is absorbed by the soil of
the primary rooting zone at the base of the tree.
Litter interception is the difference between net precipitation
(throughfall and stemflow) and effective precipitation which is that which
reaches the mineral soil. It is evaporated from the forest floor. The
magnitude of litter interception depends on the litter storage capacity and on
the frequency of wetting and rate of drying.
Snow interception by conifer forests is one of the most significant
effects of forests on supplies of snow water. A large portion of the snowfall
becomes lodged in the canopy and is temporarily stored. If the snow is dry it
is soon sifted by wind through the canopy. If wet, it remains in the canopy
long enough to be subjected to evaporation or sublimation losses as the snow
is exposed on all sides to wind and thermal and solar radiation. Evaporation
and sublimation of snow require large amounts of energy, but the high
radiation absorptivity of the tree crowns can provide adequate energy for the
evaporation process.
The factors affecting interception include vegetative factors such as
percent crown coverage or stand density, species composition, seasonal
differences in leaf surface area (deciduous or coniferous), height of plants, type
of branching, shingling effect of leaves and the nature of the surfaces
(roughness, smoothness); and weather factors such as number and spacing of
precipitation events, intensity of rain, density of snow, and wind speed during
and following precipitation.
Of the total precipitation that falls during a growing season, 10-20% is
intercepted and evaporated back into the air. Since most storms yield
relatively small amounts of precipitation, interception by forests or other
dense cover such as shrubs or grass can amount to 25% of the annual
precipitation and ranges from 10 to 40%. For particular storms, interception
loss may be 100%of gross rainfall. Interception is greater for conifers than for
deciduous trees due to the larger number of small linear leaves in conifers
presenting numerous cavities in which water can be trapped. For deciduous
trees, summer losses can be 2 to 3 times greater than in winter; for conifers
there is little difference between summer and winter.
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Figure 10. Precipitation Disposal Processes
To summarize (Figure 10),
P,-I,=P,+P,=P,
Pn - If=Pe
s0,Pe=Pg-I,-If
The effective precipitation goes to runoff or is absorbed by the soil.
5.4 SNOWMELT

A process that must be considered before discussing infiltration and
soil water movement is water input from the melting of the snowpack.
During the melt period the total melt water produced is governed by
the energy exchanges at the upper and lower snow surfaces.
The sources of.heat for melting snow are:
Mrs absorbed solar radiation
Mrl net longwave radiation
MC, convective heat transfer from air and latent heat of vaporization by
condensation from the air
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Figure 11. Heat Sources for Snowmelt Generation
The general equation for melt due to the above energy sources is:

Empirical formulae have been developed for each of the energy
sources, but for this discussion some general comments will suffice.
Absorbed Solar Radiation
Shortwave solar radiation is the prime source of all energy at the
earth's surface. The amount of heat transferred to the snowpack varies with
latitude, season, time of day, atmospheric conditions, forest cover and the
reflectivity or albedo of the snow. Solar radiation is measured at some
stations, but can be estimated indirectly from sunshine data, cloud cover
observations and air temperature.
Net Longwave Radiation
Snow is considered to be very nearly a perfect black body with respect to
longwave radiation. The snowpack absorbs all such radiation incident upon
it and emits the maximum possible radiation according to Stefan's law.
Energy from net longwave radiation is estimated for three conditions, clear
skies in the open and under a forest canopy, and complete cloud cover based
on air temperature and cloud base temperature.
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Figure 12. Snowmelt Factors
Condensation and Convection Melt
When water vapour from the atmosphere condenses on a snow
surface, the heat of condensation of water is absorbed by the snowpack. Melt
produced by convection results mainly from heat transferred from warm air
advected over the snow surface. The energy from condensation and
convection can be estimated from the temperature gradient of the atmosphere
and wind speed.
Heat from the Ground
Melt produced by heat conduction at the ground is small and estimated
at 0.5 mm/day.
Rain - Induced Melt
Rain falling on the snow surface at temperatures above 0°C transfers
heat to the snow producing melt. This contribution is generally small but can
be significant in coastal watersheds. It can be estimated on the basis of rainfall
amount and air temperature.

For estimating basin snowmelt, simplifying assumptions are made to
address two types of snowmelt situations - during rain periods and during
rain-free periods - and for degrees of forest cover from forested to open.

5.4.1 Rain Periods
During rain periods, solar radiation is relatively unimportant; a
complete cloud cover is assumed for longwave radiation; and
condensation-convection melt is assumed to occur under saturated air.
Under forested conditions it is assumed that the wind factor is
negligible and the equation for melt is:

Mt = Ta (3.39 + 0.0126 P,)
where

+ 2.3 mm/day

Mt is total snowmelt (mm/day)
Ta = daily mean air temperature ('C)
P, = daily precipitation (mm)
This equation is shown graphically in Figure 13.

AIR TEMPERATURE 7. ('C)

Figure 13. Snowmelt - Forested Conditions

Thus for a rain-on-snow event (which often occurs in coastal regions)
in which daily rainfall amounts to 80 mm at an air temperature of 5"C, total
snowmelt would be 24 mm.
For an open area wind becomes a factor and convection-condensation
melt (Mce)can be computed by:

and total snowmelt can be computed from:

where V

= wind

speed 15 m above snow surface (m/s)

Assuming a wind speed of 5 m/s and the same P, and T, as above, total
melt is calculated as 35 mm.
If an extreme event involving P, of 100 mm, T, of 10°C and V of 10 m/s
is considered, the daily melt in the forested area would be 49 mm, while in an
open area the melt would be 114 mm. The excess water would be 149 mm and
214 mm respectively.
5.4.2 Rain-free periods
During rain-free periods, solar radiation and longwave radiation are the more
important melt-producing factors. The amount of melt produced depends on
the degree of forest cover and the effective cloud canopy. Melt produced by
condensation and convection is relatively unimportant. Equations have been
derived for 4 degrees of forest cover (ranging from heavily forested to open
area). The equations, however, are not operationally useful because they
require data not usually available except under experimental or research
conditions.
As mentioned in Sec. 3.3, in the spring when the snowpack reaches a
saturated, isothermal state (O°C), melt rates can exceed 50 mm per day.
5.5

INFILTRATION

Infiltration is 'the downward movement of water through the surface
of the mineral soil. Its importance lies in the fact that infiltration
characteristics of the soils largely determine the watershed response to rainfall
and snowmelt events and affect runoff generation generally. The infiltration
capacity of soil is affected by its physical properties and degree of compaction,

the moisture content and permeability of subsurface layers, the relative purity
of infiltrating water, and soil microclimate. Infiltration capacity may change
markedly during any particular storm event, and in response to seasonal
changes in soil moisture, temperature and vegetative cover.
Infiltration capacity is the maximum rate at which water can enter the
soil under given conditions. Infiltration rate is the amount of water actually
entering the soil at any given time. Water infiltrates soil under the
influences of gravity and capillary attraction, or in some instances as the
result of pressure created by ponding of water at the surface. Ordinarily the
soil surface layer is most permeable and, once it is saturated, the infiltration
rate is limited by the rate of subsurface flow or percolation. Infiltration
capacities are correlated with physical properties of soils. Coarse-grained soils
have higher capacities than fine-grained soils (Figure 14).
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Figure 14. Infiltration Capacity for Sand and Clay
Some typical values of infiltration capacity as related to soil texture are:
Clay
Clay loam
Loam
Sandy loam
Sand

5 - l 0 mm/hr.
10 - 20 mm/hr.
20 - 30 mm/hr.
30 - 40 mm/hr.
40 - 50 mm/hr.

Rainfall and soil moisture content affect infiltration capacity (Figure
15). Raindrop impact tends to destroy soil surface structure, and fine
materials from the surface may be washed into soil voids, plugging the pores.
During periods of high rainfall (or low evapotranspiration) soil moisture
levels are higher, soil pore space is water- filled, and infiltration is governed
by the rate of subsurface flow. For an initially dry soil, infiltration rates will
be much higher than for a moist soil at the onset of rainfall or snowmelt

,

input. This means that a wet soil will generate higher storm runoff than a
drier soil.

Figure 15. Variation of Infiltration Rate
If rainfall ceases, or falls below the infiltration capacity, some recovery
of the initial capacity will occur. Therefore actual rates of infiltration will
differ, depending on how much drainage time occurs between bursts of rain.
Infiltration capacity curves are sometimes used to determine the amount of
rainfall or water input that fails to infiltrate, but such estimates are very
misleading. The actual infiltration capacity curve would remain above most
of the rainfall intensities and only a small portion would fail to infiltrate.
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Figure 16. Infiltration Capacity and Rainfall Intensity
Thus infiltration capacity is a dynamic property; it is greatest as rainfall
.begins, and decreases progressively as soil colloids swell and reduce pore sizes,
fine materials from the surface wash into pores and restrict water movement,
the soil approaches saturation, and the hydraulic gradient is reduced.

5.6

SOIL WATER MOVEMENT

In order to understand how soils influence the response of a
watershed to water input (rainfall, snowmelt water) one must consider the
properties of the soils and the manner in which these properties influence
the hydrologic behaviour of the soils.
Two important physical characteristics are soil texture and soil
structure. These influence the hydraulic properties of the soil mantle.
Soil texture refers to the primary particles such as sand, silt, clay and
gravel. Soil structure refers to the aggregation of primary particles. Structure
is important in relation to the creation of micropores, which hold water for
plant use, and macropores which impart good drainage characteristics to the
soil system.
Soil texture and structure influence soil moisture retention, soil
erosion and water flow properties.
Soil moisture is held in soil pores by the cohesive forces of the liquid
and adhesive forces between the fluid and the surface of the solid fraction.
The force with which water is held in the pores is termed soil suction, soil
tension or matric potential. The smaller the pore, the tighter is the force with
which water is held. At saturation, when all pores are filled with water, soil
suction is zero. As the soil dries, soil suction increases. At a particular
suction, the soil moisture content of a clay soil (numerous small pores and
high porosity) is higher than for a sandy soil.
Soil water movement can be described in terms of hydraulic
conductivity and the total potential gradient of the driving force (D'Arcy's
Law). Hydraulic conductivity is the ease with which water moves through
the soil (measured in cm/day) and is a function of soil type and soil moisture
content (Figure 17). For instance, at saturation (zero soil suction) sands have
a higher hydraulic conductivity than clays or loams. With increasing dryness,
the clay soils maintain a low but relatively higher hydraulic conductivity
than sands.
The driving force is equal to the water potential difference per unit
distance. Thus there is no flow when the water potential has the same value
throughout the soil. The total potential is the sum of that due to the soil
matrix, that due to gravity and that due to the presence of salts in water
(osmotic potential).

In summary, different soils respond differently to water input.
Coarse-textured soils have a smaller water storage capacity than medium and
fine-textured soils. During dry periods the ability of the soil to conduct water
(to roots say) as expressed by the hydraulic conductivity tends to decrease
more sharply in coarse-textured than in medium and fine-textured soils. An
example of these differences is expressed by vegetation. In the interior of B.C.,
grass and sagebrush are commonly found on south-facing slopes with
coarse-textured soils, whereas tree species such as ponderosa pine and
Douglas fir are found on adjacent medium or fine-textured soil areas of the
same slope and aspect.
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Figure 17. Hydraulic Conductivity

In forested areas, it is rare for rainfall intensities to exceed the
infiltration capacity of the soil surface. As mentioned previously infiltration
is governed by the mechanisms of soil water movement in soils. Mountain
slope soils in western B.C. tend to be characterized by the presence of channels
left behind by decayed roots. During a rainfall event a significant portion of
infiltrated water is conducted through these root channels bypassing the soil
matrix. The total surface area of these channels can be looked upon as the
soil's internal infiltrating surface. Thus the infiltration capacity and the
movement of water through these soils tend to be very high resulting in no
overland flow even during heavy rain storms. At the same time, in areas of
interior B.C. characterized by sparse vegetation cover and a soil surface of low
permeability, periods of overland flow during heavy rainstorms can occur.
5.7

EVAPORATION

Evaporation of water, or the emission of water vapor from surfaces, is
one process (the other being transpiration, Sec. 5.8) by which the atmosphere
is recharged after loss by precipitation. In a watershed, evaporation consists of
vaporization of water intercepted during precipitation from the forest canopy
and forest floor (litter layer) (See Sec. 5.3), vaporization of water directly from
the soil surface in the absence of a litter layer, and vaporization of water from
water surfaces.
5.7.1 Soil Evaporation
Soil evaporation is minor under full forest cover because the forest
floor insulates the surface from radiation and minimizes air movement over
it. If the vegetal material and litter layer is removed, soil evaporation
increases.
For evaporation from the soil to take place, the escaping molecules of
water must overcome the resistance due to the attraction of the soil particles
for the water. If the shallow surface layer (about 10 cm for clays and 20 cm for
sands) is kept moist, either by rainfall, or irrigation or by rise of water from
the water table, evaporation from the soil surface will continue. If moisture
is not replenished, the soil surface will dry rapidly and evaporation will
practically cease.
Surface evaporation can dessicate a normal soil to a depth of 20 cm to
30 cm. Water evaporates more rapidly from compact than from loose soils
and from dark rather than light-coloured soils.

5.7.2 Open Water Evaporation
Evaporation from open-water surfaces also plays an important role in
watershed hydrology, epecially in watersheds with significant lakes or
reservoirs. Convection currents, water depth, waves, wind and surface
contaminants all affect evaporation, but the major causes of open-water
evaporation can be reduced to three factors:
wind speed
temperature of the water surface
relative humidity in the air above the water
Lake evaporation from small shallow lakes (with negligible heat
storage effect) can be estimated from AES evaporation pan data (Sec. 3.4.1).
Annual amounts are in the order of 400-600 mm in B.C., with monthly
amounts being greatest in July, about 150 mm. However, for large lakes, the
heat storage effect will delay the maximum monthly evaporation, usually to
August.
5.8

TRANSPIRATION

Transpiration is a biological evaporation process influenced by
atmospheric factors but also plant and soil influences. The rate of
transpiration is in response to:
air and soil temperatures
relative humidity
long and short wave radiation balances
available soil moisture
stage of growth
kind of plant
leaf surface area
diffusion resistance of leaves
barometric pressure
wind movement
depth and extent of rooting
Thus it is a much more complex process than evaporation.
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Figure 18. Transpiration Process
Water is absorbed by the root system, translocated through the xylem
and vaporized through stomata. The rate of vaporization is somewhat
controlled by the opening and closing of the stomata. This opening and
closing is affected by certain qualities and intensities of light, leaf temperature,
time of day, stimulation of leaves by wind, as well as other factors.
5.9

EVAPOTRANSPIRATION

Evapotranspiration (ET) includes evaporation from soil and water
surfaces and transpiration from plants. It can be expressed as:

or the sum of transpiration loss (T), total interception loss(It), and
evaporation from soil and water surfaces not included in the other terms (E).
(It can also be expressed as the difference between precipitation and runoff on
an annual or longer-term basis).
Evapotranspiration is difficult to estimate. Amounts vary depending
on soil water availability with the upper limit being open water evaporation.
Many formulae have been developed, one of the most popular being that
developed by Thornthwaite based on mean monthly temperatures and day
length. Thornthwaite's estimates of ET are part of a climatic water balance
computation method which, using precipitation and temperature data as
input, also estimates water surplus/deficit, soil moisture storage and runoff.
Monthly water balance estimates have been made for 116 AES climate
stations in B.C. (available from Hydrology Section, Victoria) and may be
useful for certain watershed studies.
Another more reliable approach is the paired catchment method where
after a calibration period one watershed is "treated", i.e. clearcut. The
subsequent difference in water yield between the treated and untreated
watershed is attributed to the evapotranspiration amount used by the forest.
Transpiration is by far the most significant portion of
evapotranspiration during the growing season, while during the dormant
season evaporation is responsible for most moisture loss. Annual
evapotranspiration in B.C. forests can range from approximately 300 mm in
the north and arid interior regions where water availability is limited to 700
mm in the wetter coastal regions.
As mentioned, evapotranspiration is a function of temperature and
within a watershed varies with elevation at a estimated rate of 10% decrease
for every 350 m increase in elevation and decreases with latitude at 6% per
degree.
5.10

RUNOFF

The output from a watershed resulting from precipitation input and
the processes described in preceding sections is runoff (or water yield or
streamflow). This section describes the runoff process at a point, the resulting
hydrograph (flow against time) for a short duration event and runoff
characteristics for longer time periods (daily to annual).

5.10.1 Runoff From a Point
For illustrative purposes and to gain an understanding of how
precipitation at a point in a watershed is converted to runoff from that point
and how runoff from all points on the watershed combine to produce a
runoff hydrograph it is necessary to simplify many of the complex
interrelations involved. Simplification, by definition, leaves out unnecessary
detail; the hydrologist must be aware of this detail as sometimes an omitted
detail can be an important factor in interpreting runoff from a watershed.
The simplified watershed in this example is typical of B.C.- a natural,
forested, steep, small watershed of the type shown below (Figure 19).
Vegetative cover is the same across the watershed while the soil types and
depths are assumed constant.

Figure 19. The Watershed
On this watershed three specific points have been selected for detailed
consideration. Point 1 is located immediately adjacent to the creek at its
furthest downstream extent (that is next to the gauging station or point of
interest). Point 2 is located near the middle of the watershed while point 3 is
the most distant location in the watershed, that is, the travel time from point
3 to the downstream point is the greatest possible for the watershed.

As the vegetation, soil type and
soil depths are the same at each point
any of the three can be considered.
Imagine that a one-metre square at the
point is cut down into the bedrock, and
examine the various layers (horizons)
(Figure 20). The top layer is the forest
floor with loose material composed of
rotting vegetation, etc. The second
layer is the organic soil while the third
is the mineral soil which overlies
bedrock.
Assume there has been no rain
in the past few days so the water table
is low and slowly declining as water
leaves the column. A small amount
of water from bedrock fractures is also
draining from the column (Figure 21).

Figure 20.

If we were able to separately identify the two water sources we could
plot a hydrograph showing the slow decline in flow. This is the recession
hydrograph shown in Figure 21.

:t

RECESSION HYDROGRAPH

TIME (DAYS)

Figure 21. Recession
Eventually water would completely drain from the column and the
hydrograph would drop to zero.

A heavy rainstorm now falls on the watershed. The rain is fairly
intense and of long duration. On our simplified watershed the intensity is
constant and the duration is the same across the whole area. The rainfall,
with its constant intensity and duration is shown on the hydrograph (P) in
Figure 22. As the rainstorm continues some of the accumulating water is
absorbed by the various soil layers while the remainder percolates to lower
layers or is discharged from the column. The following describes the process
while the accompanying hydrograph records the discharge from the column.

T I M E (HOURS)

Figure 22. Storm Runoff

Figure 22. Storm Runoff
Once the top layer has become wetted water begins to percolate to the
organic soil layer while a larger portion discharges from the column (shown
as 3 in the above hydrograph). The discharge jumps from the recession to
that shown. The organic soil soon becomes wetted and water begins to
percolate to the mineral soil while a portion (4) is discharged. This additional
discharge produces another jump in the hydrograph as shown. Similarly, the
mineral soil above the water table begins to discharge (5) and finally as the
water tables rises slightly, this layer increases its discharge by amount 6 as
shown. The discharge rates remain steady as the rain continues until shortly
after the rain stops. The top layer is the first to stop discharging (3) then each
layer in succession until we again return to the recession flow. In reality, the
hydrograph does not jump in the pattern described but increases and
decreases in the smooth curve shown.
The point discharge is the same for the three points on the watershed
(Figure 19). In fact, the discharge hydrograph for all points on the watershed

is the same. The point discharges must now be routed to the downstream
location. Point 1 contributes immediately as it is immediately adjacent. Point
2 contributes nothing at first but eventually its hydrograph reaches the
downstream location. Point 3 being the furthest away is the last to contribute
to the downstream location. In our example we have timed the duration of
the rainfall to coincide with the arrival of the peak from point 3 at the
downstream location. The three individual hydrographs, as would be
recorded at the downstream location, are shown on the hydrograph
(Figure 23). By adding the discharge from all points on the watershed, the
watershed discharge hydrograph is determined, as shown.

TIME (HOURS)

Figure 23. Watershed Hydrograph

5.10.2 Hydrographs
Hydrographs are plots of flow or discharge in a time series. They
illustrate the watershed's response to precipitation after losses and storage.
Time increments used vary from minutes or hours for illustrating a
particular storm event to daily for illustrating a storm event on a larger
watershed, and for showing the seasonal or annual daily flow pattern.

A storm hydrograph such as the one derived in Sec. 5.10.1 has certain
characteristics which can be quantified or measured and used to compare the
response to various rainfall events on the same watershed, or the response of

different watersheds to the same storm event. These characteristics are used
in Chapters 7 and 8.
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Figure 24. Storm Hydrograph Characteristics.
Daily discharge hydrographs can be plotted for a season (e.g.,
April-September) or a year and also illustrate watershed response to
precipitation input, but over a long period. The data used are the published
flows (WSC) for an hydrometric station. As an adjunct to statistical analyses
they indicate high flow and low flow seasons, and the variation in the daily
flow pattern from year to year. A log-scale is usually used for flow amounts
for the following reasons:
(i)

the day to day variation shows more clearly at low flows; e.g. a change
in flow from l to 5 m3/s results in the same difference in plotted flows
as a change from 100 to 500 m3/s; this relative change in flow is just as
significant at low flow amounts as at high flow amounts.

(ii)

hydrographs for two different stations can be easily compared even if
they have different drainage areas because the log scale indicates a
comparable response (2 to 4 m3/s is the same distance on the plot as 15
to 30 m3/s). Also if the hydrographs can be overlain on a light table,
the drainage area size marked on the flow scale, and the marks
matched, the difference in unit flow will be readily apparent.

The shape of the hydrograph varies from region to region due to
climatic differences and within a region due to the hydrologic characteristics

of each watershed. In coastal regions where rainfall is the predominant form
of precipitation, the daily discharge hydrograph will reflect the high rainfall
occurring in the October-March period and the low amount falling in the July

Figure 25. Coastal Region Hydrograph
to September period. In interior regions, the hydrograph reflects the winter
precipitation stored in the form of snow resulting in low winter flow, and
subsequent April-June snowmelt period when flows are at their highest for
the year.
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Figure 26. Interior Region Hydrograph
There is also the flow regime which is a combination of these two
occurring in the "transition" regions in the coastal mountains where winter

precipitation can be in the form of rain and snow causing high flows in both
the winter and spring period.

Figure 27. Transition Region Hydrograph
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WATER SUPPLY STUDIES

The purpose of a water supply study is to answer such questions as how
much water can be supplied by a given watershed water supply system, or
what the effect would be of adding reservoir storage or a diversion to a water
supply system. These studies are generally required when there is some
question about the ability of a developed watershed to supply a proposed use,
or for evaluating the effect of proposed developments (such as reservoirs or
diversions) on this ability. In order to address these questions it is necessary
to deal with the major components of the problem, namely runoff, water
requirements, and the characteristics of the watershed.
6.1

WATERSHED SYSTEM CONCEPT

First, it is important to consider the watershed which will produce the
desired water supply. It is useful when assessing water supply capability to
think of a watershed with water supply works as a system made up of
component parts, each with characteristics that can be quantified.
The simplest water supply system is an intake on a watercourse
draining a natural watershed. Water use is limited to the flow in the stream
at any given time. If water supply is to be assured (to some level of safety) the
maximum withdrawal rate is limited to the minimum expected flow. See
Figure 1. This might represent domestic water use for example.
The next level of complexity is to vary the water use according to the
variation in flow during the year. For example, in addition to the previous
example, more water could be taken in early summer to irrigate a fast
maturing crop such as hay. Water use is still limited by available flow in the
stream.
The next level of complexity of the system involves the addition of
reservoir storage so excess flows may be retained for use when natural flows
are inadequate. Carrying on the example, this would allow for irrigation of
more crops into the late summer or early fall, using water from the freshet.
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Figure 2. Flow/Demand Hydrograph - Reservoir

This is illustrated in Figure 2. A larger amount of storage capacity
allows for utilization of a greater percentage of the total annual runoff in the
stream. With a very large storage capacity, it is possible to carry over water in
storage from one year to the next, so the annual water use may be greater than
the total annual runoff in a "dry" year.
Another component which may be part of a water supply system is a
diversion, which supplements runoff of a watershed by water which would
naturally flow away in an adjacent basin.
In summary, a generalized water supply system (Fig. 3) consists of a
certain arrangement of sub-basins, use points, reservoirs, and/or diversions.

WATER SUPPLY SYSTEM
COMPONENTS:
SUB-BASINS
USE POINTS (DEWNDS)
RESERVOIRS
DIVERSIONS

Figure 3. Generalized Water Supply System

6.2

WATER REQUIREMENTS (DEMAND)

The need for water can be classified in several main types: domestic,
irrigation, industrial, and in-stream uses such as fisheries maintenance flows.
Domestic water use varies at different times of day and with the
seasons. However, for design purposes it is often described in terms of a daily
per capita (or per household) volume. In B.C., domestic water use is taken to
be 500 Igpd (2270 litres/day) per household, including inside and outside uses.
More detailed design data are given in "Design Guidelines for Rural
Residential Community Water Systems" (1985).
Irrigation requirement varies throughout the year on a seasonal basis,
which can conveniently be thought of as monthly % of annual use. The total
annual demand varies with climate and soils, as well as crop type. It is
generally described in terms of a "water duty", an annual amount (depth over
the irrigated area) which would be adequate to meet the needs in a very dry
growing year. The following table gives general information on water duties
used in the different Regional Water Management areas.
Area
Vancouver Island Region
Lower Mainland Region
Southern Interior Region
Cariboo
Thompson-Nicola
Okanagan
Kootenay Region
West Kootenay
East Kootenay
Northern Region
Skeena
Omineca-Peace

Water Dutv
typically 30 cm
15-30 cm, typically 20-25 cm
30-90 cm, typically 45-60 cm
60-120 cm
45-180 cm, detailed information
available
typically 38 cm
30-120 cm, typically 75 cm, detailed
information available
typically 30 cm, minor variation
typidy 30 cm,more if supported by
soil/crop information (up to 45 cm)

Industrial water requirements are very specific to the industry, but are
usually fairly well defined in terms of volume and variation over time.

In-stream flow requirements such as fisheries maintenance can be
recognized in a water supply assessment as a separate use much as any of
those discussed above. Sometimes the water which meets the other needs is
also useful to fisheries in certain reaches of a stream. There may be a trade off
between fisheries water requirements for in-stream flow and water levels in
reservoirs. The matter of fisheries flows is an issue of some current
importance in resource management in B.C.
In order to carry out a water supply study, it is necessary to compile
some data on the demand. The annual demand and the distribution of that
demand throughout the year must be known for each type of use, and for the
total demand. In some cases, the annual demand needs to be determined
only roughly, because the study will be determining the annual demand
which the system can supply.
In practice, monthly % of annual demand is commonly used for
analysis. The following table is an example of the monthly variation in
demand for combined irrigation-domestic use and in-stream fisheries flows
for a basin in the Okanagan.
Irrigation, domestic, and in-stream fisheries monthly distributions
vary in different parts of the Province and from stream to stream, and so
must be determined as input to a water supply study. Irrigation and domestic
demand distribution can be determined separately based on local information
which is generally available.
Monthly % of Annual Demand
Example Data - for system in Okanagan Valley
Month

,

January
February
March
April
May
June
July
August
September
October
November
December

Irrigation-Domestic

Fisheries

6.3

RUNOFF

It is obvious that some information on runoff is necessary to assess the
water supply capability of a watershed. Periods of low runoff are of particular
interest, and the critical time period for low runoff depends on the nature of
the water supply system.
For example, consider a natural watershed with a stream intake with
no balancing storage, and a constant demand. It may be extremely important
that the demand be satisfied at all times. In this case the minimum expected
instantaneous low flow is of interest.
A more realistic example would be a natural watershed with a small
amount of balancing storage at the intake, or a system for which a temporary
interruption in water supply is acceptable. Here the critical duration for low
flow data may be a matter of several days. This example and the previous one
do not require much analysis to determine water supply capability, other than
determining an acceptably safe level of low flow for the critical duration.

The nature of a water supply system would change significantly with
the addition of a storage reservoir which could hold enough water for say,
two months demand. This would be similar to the system shown earlier in
Figure 2. The critical period for low flow runoff data required for analysis
would then be two months. Variations in runoff during this period are
absorbed by the effect of the storage.
For a watershed with large developed (or potential) storage the annual
runoff is important, and very large reservoirs can extend the critical period to
several years. In these cases, the distribution of runoff within the year is also
important (as compared to the distribution of demand within the year);
monthly % of annual runoff is generally used in practice.
In practice, to conduct a water supply study it is necessary to have
runoff data for each sub-basin in the system. This includes annual runoff for
mean years and low runoff years. Frequency analysis of annual volume
runoff can provide the relative volumes of low runoff years of different
return periods and the mean annual runoff. The production of mean annual
runoff data for the sub-basins in the system can be a challenge. It is rare to
have site specific hydrometric records of adequate length, so estimating mean
annual runoff by vafious methods is usually required. Typically some sort of
regionalization technique relating runoff to physiographic variables of
watersheds (elevation, latitude, etc.) is applied. Sometimes there may be
some data for the watershed which can be supplemented, modified, or
transposed by regionalization or statistical record extension methods. There

are many cases, however, where further analysis must be done with entirely
estimated runoff data. Since the results of a water supply system analysis
depend highly on the runoff data which are used as input, this aspect of the
analysis should be given very careful attention.
6.4

RUNOFF-DEMAND-STORAGE COMPUTATIONS

Having put together the data set previously described, it is a simple
(though laborious) process to work through a series of calculations which
account for the runoff, demand, and storage in all components of the system
for a given series of runoff years. Typically, it is assumed that the reservoirs
start out at some particular level, for example, half full or full. Then, each
month the runoff from that sub-basin is added to the reservoir, the volume
of water required to meet demand is released (subtracted), and the resulting
storage change is determined. Water from unregulated sub-basins is used
before water from storage is released to meet demand in any month. If in a
given month the runoff and demand computations reduce all the reservoirs
to zero storage but demand is not fully met, then either the demand is too
high or the runoff is too low. By doing this type of calculation for a variety of
demand levels and for a variety of droughts it is possible to choose a "design"
drought and to determine the water supply capability or allowable demand
for the system. It should be mentioned that this approach is practical only
with the aid of an interactive computer system. Some of the "spread sheet"
package programs which are available may be suitable for this purpose, or
custom programs may be developed.
An example of a set of
runoff-demand-storage computations is shown in Table 1.
The choice of the design drought is very significant as it directly relates
to the risk that sometime during its lifetime, the system will fail to supply the
required amount of water. It also is directly related to the allowable demand.
The following two cases are illustrative. For a given system:
1.

Extreme design drought
e.g. 100 yr. drought

low allowable demand and
low risk of shortage

2.

Moderate design drought
e.g. 15 yr. drought

high allowable demand and
high risk of shortage

To further complicate matters, the type of drought which is most likely
to cause a system to run short of water may be an extreme single year event or
a series of less extreme low flow years. The amount of reservoir storage in
the system in relation to the amount of runoff and demand will affect which
duration of drought is more critical for a given system. This also plays a role
in how the system should be operated.

TABLE 1
EXAMPLE OF RUNOFF-OEMANO-STORAGE COMPUTATlONS
TWO LOW RUNOFF YEARS, EACH 1 I N 18 RETURN PERIOD
STORAGE 2158 DAM , ANNUAL DEMANO 5524 DAM)
DEMAND

UNREG.
RUNOFF

MEAN RUNOFF YEAR
315.
194.
351.
198.
448.
201.
1161.
271.
4949.
750.
2311.
1034.
1094.
750.
363.
845.
411.
271.
351.
271.
363.
201.
327.
194.

RES 1
lNFLOW
65.
71.
95.
343.
1411.
765.
197.
105.
102.
85.
85.
75.

RES 1
AS

RES 1
STORAGE
2158.2158.
2158.
2158.
2158.
2158.
2012.
1635.
1737.
1822.
1907.
1982.

Note: A S means
s t o r a g e change.
r e s e r v o i r assumed
to be f u l l a t
start.

- minfmun

storage

MEAN RUNOFF YEAR

t h f s comffrms t h a t t h e
mi nlmum s t o r a g e shown
I s t h e mean annual
minimum s t o r a g e

LOW RUIlOFF YEAR (44. .53X OF MEAN)
194.
126.
29.
32.
198.
140.
42.
201.
179.
153.
271.
464.
628.
750.
1977.
341.
1034.
923.
1094.
300.
88.
47.
845.
145.
45.
271.
164.
271.
140.
38.
201.
145.
194.
131.
LOW RUNOFF YEAR (44. .53X OF MEAN)
194.
126.
29.
32.
198.
140.
42.
201.
179.
153.
271.
464.
750.
1977.
628.
341.
1034.
923.
1094.
300.
88.
47.
845.
145.
271.
164.
45.
38.
271.
140.
201.
145.
38.
194.
131.
33.
MEAN RUNOFF YEAR
194.
315.
198.
351.
201.
448.
271.
1161.
750.
4949.
1034.
2311.
1094.
750.
845.
363.
271.
411.
271.
351.
201.
363.
194.
327.
MEAN RUQOFF YEAR
194.
315.
198.
351.
201.
448.

2090.
2158.
2158.
1452.

1332.
1562.
855.
202.
48.
29.
0.

- reservoir

full
and s p i l l i n g

- peak

storage, b u t
not f u l l

- empty

f u l l I n 1 s t mean
year a f t e r
drought

65.
71.
95.

The risk of occurrence of droughts of any duration which may cause
the system to fall short of meeting the demand can be estimated by statistical
computations, as shown in Reference 3. This contributes information to the
task of choosing the allowable demand for the system.

6.5

OTHER CONSIDERATIONS

The following sections offer some comments on other aspects of water
supply system components or operation, which may require special attention
or data estimation in order to analyse the water supply capability of the
system.

6.5.1 Diversions
The volume of water which may be diverted into a water supply
system from an adjacent basin may be limited by a number of factors such as:
a)

Flow capacity of diversion works (ditches, pipelines, diversion
structures)

b)

winter freeze-up

c)

water licensing considerations

6.5.2 Losses
Water may be lost by seepage from diversion channels or reservoirs.
This should be considered and accounted for in computations if possible.
Very often it is difficult to obtain adequate information on which to base
quantitative adjustments.
Evaporation losses may also be significant in some cases. For example,
if a new reservoir was created at low elevation in an arrid zone, the
evaporation from the water surface would be greater than the transpiration
from the plants which were previously growing there. At a higher elevation
and with different vegetation (trees as compared with grasses), or in cooler
climate zones, transpiration from the vegetation is not significantly different
from the evaporation from an open water surface. Therefore, the creation of
a reservoir would result in no net loss of water available for use on an annual
basis. There would, however, be a shift in the timing of these losses during
the year.

6.5.3 Operation Planning

The system analysis previously described is useful in long term and
shorter term planning of operations for water supply systems. First, the
desirable carry-over storage in system reservoirs for "average" conditions can
be established, as well as their % contribrution to required release flows. Both
of these factors are dependent on the relative volumes of storage and runoff
(reservoir inflow) for the various sub-basins. Operations which are
optimized in this manner will maximize utilization of runoff in the system,
notwithstanding inefficiencies in short term system operation which will be
discussed later. Seasonal forecasts of volume runoff can be used along with
the runoff-demand-storage computations to assess system operations and
assess possible water supply problems. This can be done either by simply
finding a set of computations similar to the situation to be examined, or by
doing "custom" calculations for scenarios which are of interest.
6.5.4 Operational Waste

Operational waste can be defined as water lost to possible later use
when it is allowed to flow downstream past the intake works. This would
not include planned releases for downstream needs, or overflow when all
system storages are full and spilling. Operational waste occurs when there is
not enough balancing storage at the intake works to offset short term
difference between demand and flows into the intake pond. This results
mainly from variations in demand rate (e.g. domestic use has several daily
peaks and is lowest during pre-dawn hours). The travel time from the
upstream reservoirs and the frequency of adjustment of reservoir outflow are
also important in determining the operational efficiency of the system and
the resulting amount of waste. A very large balancing reservoir at the intake
will reduce operational waste to zero. When this is not the case, it is
necessary to account for operational waste in the analysis of system water
supply capability.
6.5.5 Return Flow

In a very large water supply system with multiple intakes, there may be
irrigation applied to lands in the upper portions of the watershed. A portion
of this would infiltrate to become part of the groundwater system and
eventually contribute to streamflows lower in the system. The time lag
would depend on the travel distance and the nature of the soils. The actual
percent of irrigation water which returns to streamflow is difficult to assess
(figures of 20-40% are commonly quoted). However, in cases where it is
expected to occur, an effort should be made to account for it in system
analysis. If a system has return flow which is not included in the analysis, it
is in effect a safety factor.

6.6
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PEAK

n o w STUDIES

Most high peak flows and floods in British Columbia are caused by
precipitation under a combination of weather patterns. The type of peak
depends on seasonal temperature, whether it is caused by a dominant rainfall
event in the late fall-early winter period or a snowmelt process in the spring.
Section 3.1 describes precipitation weather patterns that cause extreme rainfall
and Sections 3.3 and 5.4 describe rapid snowmelt. The graph at the end of this
chapter shows maximum observed precipitation for different regions of the
province.
7.1.1 Snowmelt Peak Flows
All mountainous regions and interior lowlands in B.C. are subject to
high peak flows due to the melting of accumulated winter snowpacks. The
magnitude of flows is governed by the volume of the snowpack and weather
conditions during the melt period, usually from May to June. For example,
in 1948 the Columbia River and Fraser River basins produced extreme floods
when a cool wet spring increased the snowpack up to mid-May and hot
weather occurred suddenly and lasted for the following two weeks.
7.1.2 Rain-on-Snow Peak Flows
The coastal area of B.C. is subject to high peak flows resulting from
warm rains of low or moderate intensity and long duration falling on a
shallow snowpack which melts and contributes to the runoff. Such events
occur from October to January and can occur more than once a year or not at
all. Once the snowpack accumulates, substantially heavy rainfalls are
absorbed and do not produce peak runoff. An example of this type of event is
the Kitimat-Terrace flood of November, 1978. Interior watersheds may
occasionally experience this kind of flooding due to carryover of extreme
storms, e.g., on the Tulameen River and Coldwater River in December, 1980.

7.1.3 Rainfall Peak Flows
Rainfall induced peak flows often reach substantial flood levels,
especially on small coastal watersheds. These are generally caused by heavy
showers or thunderstorms in a quasi stationary front from a westerly warm
moist air mass encountering a mountain barrier or a cold low pressure
system.
Heavy rainfalls from unstable, moist air masses in middle to late
summer produce high peak flows in the southern interior of B.C. Only small
watersheds are affected by these short duration but high intensity storms
either of the frontal or convective type.
7.1.4 Other Causes of High Peak Flows
Examples of other causes of high peak flows in B.C. are dam breaches
(including beaver dams), ice jam breakups, rapid glacier melts and glacier lake
releases. Although floods from these mechanisms are infrequent, they can be
large in magnitude and severe in resulting damage. Such events require
highly specialized studies and are not covered here.
7.2

CRITERIA FOR SELECTION OF METHODS FOR ESTIMATING
EXTREME PEAK FLOWS

Peak flow estimates for ungauged areas should be based on various
methods depending on the size of the problem basin and the available data
and its proximity to the basin. Table 1 summarizes for easy reference the
methods under this criteria.
In the case of a small watershed and no nearby hydrometric data the
flood estimating procedure should be based on precipitation intensity data
(intensity-duration-frequency curves). For example, the rational formula
could be used with either regional precipitation maps or estimates or the
closest rainfall recorder station adjusted for the problem site. If the drainage
area is > 25 km2 the estimate should be checked using regional plots of unit
peak flow (L/s/km2) versus drainage area (km2). In the case where the
problem site is near a hydrometric station it can be compared with the plotted
position of the latter in the regional plots. Since regional plots are usually
based on daily data due to the paucity of recorder installations, instantaneous
peaks can be derived from a plot of maximum instantaneous-to-daily
discharge ratios versus drainage area. If the nearby hydrometric station has a
recorder with identifiable storm hydrographs a unit hydrograph approach
based on basin characteristic transfer formulae should be used.
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AVAILABILITY OF HYDROMETRIC DATA
PROBLEM
BASIN
SIZE
(km2)

< 5 Years

2 5 Years

None
On Site

Nearby
Watershed

On Site

Nearby
Watershed

< 25

rational
formula

unit hydrograph or
mode1

unit hydrogra ph
transfer or
model

frequency
analysis

frequency
analysis
transfer

25- 100

regional

unit hydrograph or
regional

regional

frequency
analysis

frequency
analysis
and regional

> 100

regional

regional

regional

frequency
analysis

frequency
anaIysis
and regional
2

Peak flow estimates for intermediate and large drainage areas should be
based on hydrometric data on site, nearby or regionalized information.
If a storm hydrograph shape or volume design is required the method
used will again depend on the proximity of hydrometric data. The case with
no nearby station will require standard volume hydrograph formulae based
on basin physiographic characteristics. When using a unit hydrograph
approach both peaks and hydrograph shapes are calculated in the single
procedure.

In general, if hydrologic information is scarce a simple method is used
and the results are approximate but if information is ample a complex
method is applied and the resulting estimates are more reliable.
7.3

PEAK n o w FREQUENCY ANALYSIS

Streamflow data used in peak flow frequency studies are obtained from
hydrometric records published by Water Survey of Canada, Environment

Canada. Their most useful book is the "Historical Streamflow Summary"
which is published periodically but it can be supplemented with the annual
"Surface Water Data" books. The specific data used are "maximum daily
discharge" and "maximum instantaneous discharge". The former data are
derived from manual or recorder hydrometric stations but the latter are only
from recorder stations.
In B.C. there are 675 hydrometric stations with maximum daily
discharge records (excluding large river, multizone stations) and 285
maximum instantaneous discharge records with adequate lengths for
frequency analysis. These station totals (tallied in 1984) include at least eight
years record but stations with at least five years have been used for short
recurrence interval estimates. The criteria arbitrarily adopted for extending
the recurrence interval of frequency estimates beyond the sample record
length are listed in Table 2. These criteria are used in the regionalization
procedures described in Section 7.4.
TABLE 2. Recurrence Interval Extension Criteria

MAXIMUM RECURRENCE INTERVAL USED IN PEAK FLOW REGIONALIZATION (yrs.)
SimpIified Procedure
Record Length

PrcIiminary Design

Estimate Limit

Record Length

Estimate Limit

5-7

10

8-14

25

8-10

25

15-20

50

11-15

50

21 -50

100

16-19

100

> 50

200

> 19

200

7.3.1 Data Selection
The selection of the type of data to be used in frequency analysis usually
depends on the requirements of the particular peak flow study. If the
required estimate is an instantaneous discharge that can be based on one (or
more) station(s1 with adequate instantaneous observations the procedure
would simply be a frequency analysis of the instantaneous recordk).
A study requiring regional peak flow data is generally based on the
maximum number of hydrometric stations in the region to produce the most
accurate results possible. Experience has shown that the paucity of recorder

stations compels the investigator to use daily records and to base the
instantaneous estimate on the resulting daily estimate adjusted by some
relationship derived from an instantaneous/daily discharge ratio analysis.
7.3.2 Instantaneous/Daily Peak Flow Ratio
Peak flow studies in which instantaneous discharge (I) estimates are
required often have to rely on daily discharge (D) data due to a lack of
instantaneous data. On average, most regions in B.C. have twice as many
manual hydrometric stations as recorder. It is also generally the case that a
hydrometric station with an I record has a much longer D record due to a
recent recorder equipment installation. Hence, peak flow regionalization
studies (Section 7.4) are based on D records and I estimates are based on the
resulting D estimates and a derived regional maximum I to D ratio
relationship.
The definition of a maximum instantaneous/daily discharge (I/D)
relationship, be it for a single station or a group in a region, often requires
special attention due to missing relevant data or unrepresentative published
(historical) data. Often the published annual maximum I and D occur on
different dates within a given year; to solve this problem when defining that
year's particular I/D, the D corresponding to the date of maximum I is used.
The problem of misrepresentation of published data (i.e., for defining I/D)
originates when an I occurs near midnight, whereas the D is calculated on a
midnight-to-midnight 24-hour period. A floating 24-hour period daily mean
value would solve the problem but such a value is not published nor can it be
readily estimated. To circumvent this, a simple procedure is used to adjust D
in which the two consecutive D's that span the I are averaged in proportion
to the length of time that I is from midnight between the two D's (time limits
for this application are arbitrarily set for I to occur between 1800 and 0600
hours) .
The definition of an I/D relationship for the purposes of making
regional I estimates is often difficult and of doubtful accuracy but has been
successfully applied in regional studies (Section 7.4). Since small drainage
basins generally experience sharp peak flows and large basins experience flat
peak flows (exhibiting increased storage effects) I/D decreases with increasing
drainage area (e.g., from 5.0 in small coastal basins to 1.01 in large interior
basins). An I/D regionalization can take several forms but the most practical
is a plot of I/D versus drainage area.
Another problem in regionalizing I/D ratios is an apparent absence of
trends in variation of I/D with respect to D. Some trends have been detected
but are uncertain, e.g., on Vancouver Island some I/D ratios decrease with

increasing D whereas in other regions some stations exhibit increasing I/D
with increasing D. In the "simplified regional peak flow procedure"
(Section 7.4.1) the three highest ratios corresponding to the three highest
annual maximum D's are averaged but in the "preliminary design regional
peak flow procedure" (Section 7.4.2) the largest I/D ratio of the two or three
highest D peaks on record is used in a graphical plot for defining a peak flow
envelope curve for a single peak flow zone (no curves are produced in the
simplified procedure). In both procedures the regional I/D relationships are
applied equally to all recurrence interval estimates since the frequency of the
D estimate defines the frequency of the I estimate.
7.3.3 Accuracy of Peak Flow Data

In peak flow studies published annual maximum discharge data that
are used as input and resulting frequency estimates used as output are both
subject to error which, depending on particular circumstances, can be
significant. Annual maximum daily discharges derived from both manual
and recording gauges are subject to error. A manual gauge is read once or
twice per day (and not always every day during floodstages) at specific times
(hence are really instantaneous observations) and are used directly to estimate
daily average discharges; as a result inaccurate daily flows may result,
especially for small drainage basin gauges. A recording gauge graph is used to
estimate a daily average discharge on a midnight-to-midnight period which
could be misleading for a small basin experiencing a flash flood. For the latter
case an instantaneous/daily discharge ratio analysis is also risky.
Peak flow data, as all discharges, are published to only three significant
figures; therefore, any interpretation or resulting frequency estimates cannot
possibly be more precise. This source of error does not often cause problems
since there are no peak flow estimating procedures capable of producing more
accurate natural flow estimates.
Peak flow data at a hydrometric station are often derived from
observed maximum water levels that are at the extreme end of a stagedischarge curve (table). Often the high end of the relationship is not well
defined, not supported by measurements where maximum peak flow levels
are observed. Estimated peak flows for 200 or even 100-year recurrence
intervals certainly exceed the limits of stage-discharge relationships in B.C.
Peak flow frequency studies are often based on extensions
(extrapolations) of the data beyond their periods of record. In Section 7.3
criteria are given for ranges of recurrence interval extensions. For example, a
20-year sample is used to make a 200-year peak flow estimate. It should also
be noted that the computer frequency program (FREQAN) automatically

produces 1000-year estimates (even on a three-year sample). The researcher,
let alone the client, can easily be lulled into a false sense of security.
Frequency analysis of peak flow records is often subject to error when
different distributions produce significantly different estimates for the same
recurrence interval. It is often difficult, even following a recommended
criterion of choosing a distribution (e.g., lowest K-S statistic), to make a choice
of a best-fit distribution. This is very important in regional peak flow analysis
when different data points on a graph are based on different probability
distributions (this is usually the case).
7.3.4 Problem of Mixed Probability Distributions
Peak flows in large geographical regions or even within a single
hydrologic zone can originate from different precipitation events or
mechanisms.
Described in Section 7.1 are snowmelt, rainfall and
rain-on-snow peak flows. However, the accepted practise in the Hydrology
Section is to ignore the mechanism of peak flow origin and to conduct a
frequency analysis on a given record without adjusting the final frequency
results.
Dual population (two peak flow mechanisms) records can be analysed
under special applications of a normal frequency analysis. There are some
long hydrometric records in B.C. that have sufficient samples of both
snowmelt and rainfall peak flow events. The steps in the analysis would be
to identify one snowmelt and one rainfall peak flow event per year, run a
frequency on each sample, define a frequency curve for each run and then
plot both curves with a combined plotting position formula. A comparison
of the resulting combined frequency curve with one based on the total record
with only the highest peak flow chosen per year (disregarding the
mechanism) has shown that the two frequency curves are very similar.
7.3.5 Partial-Duration Series
A partial-duration series analysis is used when only critical values are
of interest. A series of peak flows are selected above a certain base value, a
normal frequency analysis is conducted and the results are adjusted by the
average number of events selected per year (results are valid only for flows
above the base value). Care should be exercised that the base value is not so
low that the number of events greatly exceeds the number of years of record
and the exercise becomes one of confusion. Generally the partial-duration
frequency curve is used for evaluating risk of a single peak for a short period
(few years) or for all peaks (above the base value), not just the largest one of
the year.

7.4

PEAK FL,OW REGIONALIZATION

A peak flow regionalization procedure was developed for estimating
peak flows at ungauged stream sites in response to an increasing demand for
such information. Published peak flow data were compiled, analysed and
presented in graphical and map form with a simple procedure for assessing
reported peak flow information or making approximate estimates for such
purposes as stream crossings or floodplain delineation.
The simplified regionalization procedure has been expanded with
more intensive use of local and regional information in particular
applications for making preliminary designs for such cases as large stream
crossings and small dam spillways.
7.4.1 Simplified Regional Peak Flow Procedure
The simplified peak flow regionalization procedure is based on a
general overview of hydrometric and physiographic data in B.C. The
provincial map was divided into a series of general hydrologic zones defined
by the British Columbia Hydrometric Network Study (1969). Hydrometric
stations with adequate peak flow data were then grouped into these
homogeneous zones and frequency analyses were done on each record. The
frequency results, which are summarized in tabular form for selected
recurrence intervals in the computer output, were plotted against drainage
area on log graph paper and noted on map sheets showing watershed
boundaries. This information was presented in a general form, without
defined regional curves or equations for making estimates at ungauged
stream sites, and when applied in specific cases it requires much judgement,
experience and knowledge of hydrology. For more information and a
detailed description of the simplified procedure the reader is referred to the
general report shown in the References Section (Reksten, 1987). Particular
reports have been prepared for specific Ministry of Environment Regions
with all relevant hydrometric data summarized in graphical and map forms
which are suitable for making peak flow estimates.
7.4.2 Preliminary Design Regional Peak Flow Procedure
The simplified peak flow regionalization procedure for assessment
purposes or approximate estimates has been further developed to produce
preliminary design .estimates. For this procedure the regional approach is
expanded with peak flow envelope curves plotted for various recurrence
intervals (unit peak flow versus drainage area) and hydrologic zones are
defined with more information. The delineation of these peak flow zones
incorporates a study of available regional physiographic and climatological

zone maps as well as other annual and low flow regional maps. If such
information is inadequate all available climatological, snow course and
runoff data are compiled and plotted against independent variables such as
station elevation. Peak flow zones are identified and zone boundaries are
reconciled with respect to the regional peak flow envelope curve plots.
The regional peak flow envelope curves can be used to estimate peak
flow at any ungauged watershed within the defined peak flow zones. The
drainage boundary is first delineated and partial areas are defined and
measured in each zone. The estimated peak flow point for the total problem
drainage area is then positioned in the envelope curve graph to reflect the
partial area contribution of each zone. If the problem site is located near a
hydrometric station, the latter point is given more weight than the partial
area weights, proportionately to the proximity of the hydrometric station.
The latter procedure may require some judgement to make the best estimate.
Peak flow estimates made for certain stream sites can be "routed" up
and down the stream to provide estimates along the channel. Unit peak
flows decrease with drainage area according to the slope of the envelope
curve (straight line on log graph paper). A line drawn parallel to the
envelope curves through the estimated point will define the unique
variation of unit peak flow with drainage area for that reach of stream. An
example application of the preliminary design peak flow procedure can be
found in a report in the References Section 7.9 (Janowicz and Obedkoff, 1980).
7.4.3 Limitations of Regional Peak Flow Curves

Regional peak flow curves are generally limited to the data on hand
and extensions of the curves become less accurate with distance from the
extreme ends of the plots. Therefore, an estimated point outside the range of
data can be inaccurate.
Other physiographic factors affecting peak flows are natural storage,
watershed shape, elevation, channel and basin slope, aspect, drainage density,
vegetative cover, geology and soils. Each factor will affect the vertical
position of the estimate point. A unit peak flow estimate for a given drainage
size would increase with higher basin slope, southern aspect (for snowmelt)
and higher drainage density.

7.5

THE RATIONAL FORMULA METHOD

The simplest and most widely used empirical formula of relating peak
runoff to rainfall is the rational formula, Q = CIA,

where:

Q is peak discharge
C is a runoff coefficient
I is the rainfall intensity
A is the drainage area.

The formula, as shown in its original form, is called "rational" because
the units of quantities involved are numerically consistent in the imperial
system (Q in cfs, I in inches per hour and A in acres).

4d

The basic assumptions of the formula are :
i)

the rainfall intensity is uniform in time for the duration of the
storm equal to the period of concentration of flow at the point in
question at which time the rate of runoff is maximum and of
equal frequency to that of the rate of rainfall

ii)

the rainfall is uniformally distributed in space over the drainage
area

iii)

a single runoff coefficient for a given watershed can be selected
to represent the infiltration and other losses for the whole storm
period and for various frequencies of storms.

These assumptions cannot be satisfied for large watersheds so the
formula is generally restricted to small drainage areas (< 25 km2). Urban
areas due to their more uniform C's tend to be more suited for the formula
than are rural areas.
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7.5.1 Recommended Rational Formula
The recommended form of rational formula for the purpose of this
manual is:

Q,

where:

=

0.28 CPA
Tc

Q is peak flow in m3/s

C is the runoff coefficient
P is the total precipitation in mm
A is the drainage area in km2
Tc is the time of concentration in hours.
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7.5.2 Runoff Coefficient

The runoff coefficient (C) expresses the portion of the rainfall intensity
that is available as peak runoff. The coefficient depends on the characteristics
of the drainage basin, e.g., ground cover, type of soil, degree of soil saturation,
surface storage, surface slope, shape and size of drainage area and rainfall
intensity. For example, for steep slopes and an impermeable ground surface,
C is high but for flatter slopes and permeable soils it is low. With such
variable physiographic combinations the value of C can vary from 0.30 to 1.00
for different basins. For a given watershed C is applicable for storms up to a
10-year recurrence interval (RI) and is considered maximum for storm
durations equal to or greater than the time of concentration of the basin. For
rainstorms with RI > 25 years C may be slightly higher.
The value of C can increase above 1.0 if snowmelt is considered in
addition to rainfall. Often in B.C. coastal watersheds a light snowpack may be
present when a heavy rainfall occurs. To account for rain induced snowmelt
during the storm C can be increased by 0.1 to a maximum value of 1.1 to
estimate the total peak runoff. The following table presents a set of
recommended maximum values of C for use in B.C.
TABLE 3. Runoff Coefficient (C)

km
SURFACE

PHYSIOGRAI'HY

mountain
steep slope
moderate slope
rolling terrain
flat
R I 10-25 years
R I > 25 years
Snowmelt

MEABLE
IMPER-

1.OO
0.95
0.90
0.85
0.80
+0.05
+0.10
+0.10

FORESTED AGRICULTURAL

RURAL

URBAN

0.90
0.80
0.65
0.50
0.40

-

-

-

0.50
0.40
0.30

0.75
0.65
0.55

0.85
0.80
0.75

+0.02
+0.05
+O. 10

+0.07
+0.15
+0.10

+0.05
+Oslo
+0.10

+0.05
+O. 10
+O. 10

The bottom three lines of Table 3 provide additions to the value of C as
determined from the upper portion of the table. These additions are for high
recurrence interval rainstorms and for snowmelt. It must be noted, however,
that C can not exceed 1.00 for rainfall alone or 1.10 for rainfall plus snowmelt.

7.5.3 Time of Concentration

Time of concentration (Tc) is the time required for surface runoff from
the most remote part of the drainage basin to reach the point of consideration
on the stream. For uniform rainfall intensity, this would be the time of
equilibrium when all parts of the basin are contributing to streamflow and
additional rainfall will not cause a greater peak flow but will just prolong the
runoff period. For a given basin Tc is usually considered constant.
flat
r o l l lng

moderate

steep

Square R o o t D r a l n a g e Area:

K - km

Figure 1. Time of Concentration (Tc)

Figure 1 provides estimates of Tc for forested, agricultural and rural
basins. The top two curves (flat and rolling) can be used for agricultural and
rural basins. A value for a given basin would lie somewhere between the two
curves depending on basin slope. For forested watersheds the curves labelled
rolling, moderate and steep should be used. For accurate determination of Tc
the average basin slope should be determined.
The average basin slope is the elevation difference between the most
remote point of the basin and the downstream point divided by the total
stream length. In the graph rolling is a slope 2 0.01, moderate is a slope of
0.025 and steep is a slope 2 0.10.
The above procedure of estimating Tc is defined for a basin with a
single main channel. If the basin in question has two or more dominant
channels, each sub-basin should be considered separately.
Impermeable basins and urban basins (with large paved areas and
roofs) would not be determined from the above curves. The time of
concentration for such basins can be determined by use of empirical formulae
such as those by Kirpich and Hathaway.
The Kirpich formula can be used to estimate Tcfor small impermeable
catchments, e.g., city storm drainages. The formula is expressed as:

The Hathaway formula can be applied to small urban or agricultural
catchments and to the small interior basins with a light forest. The formula is
expressed as:

In both formulae:
Tc
L
S

n

is time of concentration in hours
is the total stream length from the most remote part of the
basin as extended from the stream source to the divide in
kilometres
is the average slope of the total stream length
is the roughness coefficient.

The roughness coefficient can be determined from Table 4.

TABLE 4. Roughness Coefficient (n)
SURFACE COVER

n

smooth impervious
smooth bare packed soil
poor grass, row crops
rough bare soil
pasture or range land
deciduous timber land
coniferous timber land
timber land with deep litter

0.02
0.10
0.20
0.30
0.40
0.60
0.70
0.80

7.5.4 Total Precipitation
In the rational formula rainfall intensity is assumed constant for the
duration of the storm event. To determine the maximum basin reponse, a
storm duration equal to the time of concentration is selected and the total
precipitation is estimated.
Precipitation for various durations and frequencies can be estimated
from intensity-duration-frequency (IDF) curves (see example on page 102)
which are available for a number of climatological stations in the province
(see map on page 69). For example, if a 25-year peak flow estimate is required,
the 25-year IDF curve is used for a duration of Tc to determine the intensity
which is then used to define the total precipitation.
Where an IDF curve is not available, the publication "Rainfall
Frequency Atlas of Canada" can provide rainfall amounts for the required
duration and frequency. Figure 6, Maximum Recorded Precipitation
(page 165), can also be used; values from this graph can be assumed to have a
RI between 25 and 100 years.
Runoff Hydrograph

In many cases only the peak flow is required and it is not necessary to
estimate the runoff hydrograph. However, if storage is involved or if flows
from major tributaries are to be combined, a hydrograph should be
determined.
Considering the accuracy of the rational formula method it is
recommended that only a triangular hydrograph be used. The components of
the hydrograph can be simply determined as shown in Figure 2.

Figure 2
Triangular Hydrograph
for Rational Method

Time

P is total precipitation for duration Tc
Qpis peak flow
To is time of initial runoff
Tc is time of concentration
Tf is total elapsed time.

The value for To can be assumed to be zero or it can be taken from the
Tc graph for vales of
c 0.2 as shown on Figure 1. For example, a forested
watershed with moderate slope would have a To of 0.5 hours. Similarly, the
hydrograph for a storm duration less than Tc can be determined.
The hydrograph for a storm of duration greater than Tc will have the
same rising limb and falling limb but will be flat topped for the duration from
the time of Tc to the end of the storm.
7.5.6 Use of the Rational Formula

Due to the lack of hydrometric data from small watersheds it is often
necessary to use the rational formula and with some degree of understanding
of the hydrologic processes involved a reasonable result can be obtained. The
results, however, should always be compared to other methods (e.g.,
regionalization, extrapolation) and comfirmed with an on-site inspection of
the stream channel capacity.
7.6

THE UNIT HYDROGRAPH METHOD

In 1932 Sherman defined the unit hydrograph as the hydrograph of
direct runoff (excluding groundwater runoff and other losses) for a given

watershed due to an excess rainfall in a specified unit of time or duration.
The word "unit" originally denoted the specified period of time of the
effective rainfall. Since the hydrograph represents "excess" rainfall (total
rainfall - losses), it represents the integrated effects of all basin constants such
as drainage area, shape, pattern of streams, surface and channel storage,
landslopes and other physical factors.
The modern definition of the unit hydrograph is a hydrograph of a
unit volume of direct runoff that is produced by a fall of "excess" rain of unit
intensity and unit duration. The unit volume corresponds to a depth of one
unit, e.g., one cm over the drainage area contributing to direct runoff. The
unit of time of rainfall depends on the area of the drainage basin but should
be less than the time elapsing from the occurrence of rainfall to the time of
peak flow (lag time), e.g., it could be 12 hours for a large basin or one hour for
a small basin and the unit hydrograph would then be called a 12-hour or a
l-hour unit hydrograph, respectively.
7.6.1 Assumptions of the Unit Hydrograph Method
The basic assumptions of the unit hydrograph theory are:
i)

the effective rainfall is uniformly distributed within its duration
or specified period of time

ii)

the effective rainfall is uniformly distributed throughout the
whole area of the drainage basin

iii)

the base of the hydrograph of direct runoff due to an effective
rainfall of unit duration is constant, regardless of the volume of
runoff

iv)

the ordinates of direct runoff hydrographs of a common base
time are directly proportional to the total volume of direct
runoff represented by each hydrograph which varies with the
amount of excess rainfall

V)

for a given drainage basin the hydrograph of runoff due to a
given period of rainfall reflects all the combined physical basin
characteristics.

Under natural conditions, the above assumptions cannot be satisfied
perfectly. However, when hydrologic data used are carefully selected so that
they meet the theory assumptions closely, the results are generally acceptable
for practical purposes for both small and intermediate-sized basins.

7.6.2 Derivation of a Unit Hydrograph

The main steps in the derivation of a unit hydrograph for a particular
drainage basin are listed below. Figure 3 shows a visual interpretation of
these steps.
i)

Inspect the precipitation data from a rainfall recorder chart to
determine isolated periods of intense rainfall over the basin and
select the flood hydrographs from the recorder data (since large
design flows are usually required the largest volume
hydrographs should be selected)

ii)

estimate the duration of rainfall effective in producing direct
runoff

iii)

separate the hydrograph into direct runoff and base flow,
including the separation of multiple peaks in a compound
hydrograph, if necessary

iv)

measure the total volume under the direct runoff hydrograph

v)

divide the ordinates of the direct runoff hydrograph by the
volume under the hydrograph (expressed in units of depth over
the drainage area) to obtain the unit hydrograph

vi)

average several unit hydrographs thus derived for a mean of the
peaks for a storm of specified duration or weight them by the
times to peak if the peaks do not occur at the same time and
similarly weight the mean base length

vii)

determine an extreme peak flow hydrograph by defining the
recurrence interval of rainfall, estimating the basin rainfall
(from intensity-duration-frequency precipitation curves or
rainfall isohyetal maps), subtracting the basin losses (defined by
given data) and multiplying the unit hydrograph ordinates by
the resultant excess rainfall estimate.

Unit hydrographs can be transferred from a measured site location to
other nearby problem basins within a similar hydrologic zone by the use of
hydrograph transfer formulae. Such watershed formulae are based on
geometric, physiographic and other basin factors expressed as coefficients.
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Figure 3. Unit Hydrograph Derivation

7.7

STREAMFLOW ROUTING

Streamflow routing is a method of determining the effect that storage
has on an upstream hydrograph in a stream channel or reservoir. The basic
theory and assumptions are the same for different types of storage but the
equations and steps in the procedure will vary in complexity. The simplest

application is the case of routing an inflow hydrograph through a reservoir
with a spillway to determine the maximum water elevation and outflow that
would result from the effect of the particular storage. A more complex case
would consist of routing a hydrograph (with local inflows) along a channel to
determine maximum water levels for floodplain mapping. The ultimate
application of routing would be for river forecasting with a sophisticated
computer model which would estimate tributary hydrographs and route all of
them through defined river reaches and reservoirs to the basin outlet (site of
forecast). The routing procedure is illustrated in the next section by the
simple reservoir routing case.
7.7.1 Reservoir Routing
The basic premise of streamflow routing is the equation of continuity
and its simple solution is illustrated by routing through a reservoir. (More
complex cases such as channel routing are not presented in this manual.)
The first equation below is the basic conceptual form, the second is the
approximation or numerical form and third is the actual computational
form.
Basic formula:

numerical form:
computational form:

I1+12

2

2

11 + I2

2
where:

01+02

- -5

0 1
+(S1+y)

2 3

t

-

0 2

0' = S 2 + - 2

I is the inflow to the reservoir
0 is the outflow
S is the storage
t is the time or routing period
1,2 refer to the beginning and end of t.

The routing procedure is based on the third equation in which the
variables on the left hand side are known and the solution of the equation is
to determine the right hand side for each successive step or time increment
(t=l). Since there is only one equation for two unknowns, a third
relationship has to be derived between outflow and storage (see Section 7.7.2).

The computation steps are started from a full reservoir level, at the
crest of the spillway, with zero storage (in channel routing, calculations
commence when inflow and outflow are equal). Care should be exercised in
choosing the length of time increment, e.g., a flood peak may pass through a
reservoir (reach) undetected if t is too long or there may be an overwhelming
number of calculations if it is too short. During t uniform flow is assumed,
i.e., I and 0 are straight lines in a graph.

7.7.2 Data Requirements
The basic data required for streamflow routing are the inflow
hydrograph and, as shown below, the stage-outflow curve, stage-storage curve
and a storage-outflow (storage-indication) curve which is the third
relationship referred to in Section 7.7.1.

Discharge

Figure 4. Hydraulic Data Required for Routing
The stage-outflow curve is either a stage-discharge curve based on
stream flow measurements or a rating curve for a proposed spillway. The
stage-storage curve is computed from reservoir survey data. The
storage-outflow curve is derived from the latter two curves.

7.7.3 Routed Flow Characteristics

The final product in a simple streamflow routing is an outflow
hydrograph which is attenuated and delayed in its peak from the inflow
hydrograph. (Of interest also, is the maximum stage obtained in the
procedure.) The difference between the hydrographs (in area) is a measure of
storage that is held and then released. The two are equal at the end of the
hydrograph time base.

v
m
L

0
C

0

a
.n

OUTFLOW
11

V

1

Tlmr

Figure 5
Routing Hydrographs
7.7.4 Routing Computer Program

The simple reservoir routing procedure described in the previous three
sections has been expanded and computerized by the Hydrology Section. The
program, ROUTING, uses the data requirements and computation steps
discussed but was strengthened with various input and computation options.
In its present state ROUTING is operational but not accessible in a "canned"
form such as FREQAN for frequency analysis. Although a draft users guide is
available, potential users will require some programming experience and
advice from Hydrology Section personnel.

Input options to ROUTING are summarized as follows:
i)

independent direct runoff and base flow inflow hydrographs

ii)

constant or variable diversion from the reservoir

iii)

up to six independent outflow rating curves (tables) which
depend on downstream or outlet water levels

iv)

downstream water levels.

Computational options in ROUTING are summarized as follows:
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i)

metric or imperial system

ii)

hourly routing period is used but can be altered to a fraction or
multiple of an hour

iii)

up to 128 routing intervals are permitted

iv)

direct runoff and/or base flow hydrographs can be multiplied by
a constant

V)

outflow rating curves can be multiplied by a constant.

HYDROLOGIC COMPUTER MODELS

Hydrologic models are mathematical formulations that simulate
natural hydrologic phenomena (processes or systems). A process undergoes
continuous changes particularly with respect to time, which include
practically all hydrologic phenomenon. If the chance of occurrence is ignored
in a process, the model is known as deterministic but if the chance of
occurrence (the concept of probability) is considered, it is described as
stochastic or probabilistic. For example, routing a flood hydrograph through a
reservoir is a deterministic process. The difference between a stochastic and a
probabilistic process is that the former is time dependent but the latter is time
independent. These are the basic definitions of hydrologic models; more
detailed description and classification can be found in a book in the
References Section (Chow, 1964, page 8-9).
Mathematical hydrologic models are techniques used to analyse
complex water resource systems (aggregation of objects united by some form
of regular interaction or independence) for optimal design, water allocation
or project operation. The model adopted is usually much simpler than the
actual system, but it retains its essential properties. A simple model can be

solved easily but the results are generally approximate. A relatively
complicated model may represent the system better and yield more exact
results, but it may be difficult to solve. This is usually the case with the
difficulties in hydrology and a compromise has to be made so that the model
can be readily amenable to mathematical analysis and, as result, hydrologic
data are generally simplified or approximated.
7.8.1 Input Data Requirements

As described in the previous section a hydrologic model can vary
between simple and complex, and for such a range, data requirements can
vary between general or approximate and particular or detailed. Data for
simple models are usually integrated over wide areas, approximately
representative, and are usually numerous and readily available. Data for
complex models are usually particular or precisely measured variables, are
regionally scarce and usually have to be collected for a specific application.
Simple hydrologic models that simulate part of the hydrologic cycle or
a small uniform drainage basin or that are applied for a single precipitation
(rainfall or snowmelt) storm event require the basic minimum hydrologic
data. After defining or assuming simple basin coefficients for the model
input consists of simple precipitation and temperature if evaporation and/or
snowmelt are considered.
Complex hydrologic models that simulate all or much of the
hydrologic cycle, or large basins with contributing tributaries or that are
applied for continuous or extended precipitation events require particular
and detailed hydrologic data. Basin coefficients for the model have to be
extracted in detail from large scale maps, often to precise specifications, or
defined using charts or formulae with much detail and judgement.
Precipitation input depends on its distribution in time and extreme events
depend not only on intensity but also on duration and frequency
(intensity-duration-frequency curves). Evaporation is calculated with regard
to temperature (distributed in time), soil moisture characteristics and runoff
losses or groundwater/storage delay functions. Complete data for such
comprehensive modelling requirements are not often readily available and
would have to be collected with sophisticated instruments and often over
extended periods of time.
7.8.2 Model Output and Limitations

Output from simple hydrologic models usually consists of runoff in
unit or discharge form. A simple hydrograph may be produced indicating a
peak and discharge distributed in time. Such results are generally

approximate, often with large errors that can be explained subjectively by
unmeasured basin parameters. Examples of limitations of simple models are
undefined initial or antecedent soil moisture conditions and inaccurately
measured basin characteristics.
Output from complex hydrologic models are generally detailed
hydrographs with individual components for as many tributaries and
mainstem river sites as required. Such models are generally calibrated with
many trial runs of variations of input parameters (sensitivity analysis) to
fine-tune the model coefficients. Limitations of the model then depend on
the accuracy and representativeness of input data. However, often the
limiting factor is the model itself, its ability to simulate the watershed in
question.
7.8.3 Types of Hydrologic Models

Complex hydrologic models are often developed for specific or
ultimate purposes and their application for different objectives invariably
meet failure. The two basic purposes of computer modelling are forecasting
and designing runoff characteristics.
Runoff forecast models are calibrated to the watershed system in
question by entering known input and output data. The model coefficients
which represent physical variables or "fixed" basin and channel characteristics
are adjusted so that input (e.g., precipitation) variables produce estimates of
output (e.g., runoff hydrograph) that agree with measured output at the
problem stream site. The exercise then becomes that of predicting an
unknown or future runoff event from a known or forecasted precipitation
event at a predetermined point in a stream. Such hydrologic model
applications are generally successful and are widely used.
Runoff design models are calibrated to known hydrologic cycle
variables and physical basin characteristics but are then applied to ungauged
stream sites which may have different physical basin characteristics. The
problem in this application is one of defining the model parameters or the
physical basin characteristics without the benefit of streamflow
measurements or records at the problem site. With the extra unknown
dimension, hydrologic design models are usually of limited success and are
not as widely used as forecasting models.

7.8.4 Available Hydrologic Computer Models

A number of hydrologic models have been obtained and tested on the
computer facilities available to the Hydrology Section. The following list
highlights the characteristics and status of each model.
i)

ILLUDAS (Illinois Urban Drainage Area Simulator)
- written for both forecasting and design purposes, but for urban, not
rural, watersheds
- operational on the IBM but not VAX computer
- no metric option
- difficult to change the program
- only some test runs were successful; further testing is required before
the model is fully operational.

ii)

HEC-l (Hydrologic Engineering Center)
- written for both forecasting and design purposes with a built-in
optimization routine which determines watershed coefficients from
input precipitation and discharge data (at the problem stream site)
- complex program with many input options
- operational on the IBM and VAX computers
- metric option available.

iii)

HYMO (Hydrologic Model)
- written for both forecasting and design purposes for rural watersheds
- input data files are easily constructed, the program is easily
controlled and new routines can be easily added
- programmed equations may produce erroneous results, e.g., time to
peak and recession constant in the unit hydrograph
- operational on the IBM and VAX computers
- metric option available but needs refining
- program requires further testing.

iv)

v)

HYMO VWH (HYMO Variable Unit Hydrograph)
extension of HYMO featuring additional routines for snowmelt,
baseflow, infiltration and variable unit hydrograph
- wholly metric
- operational on the IBM and VAX computers
- program requires changes and testing.

-

OTI'HYMO (Ottawa HYMO)
- extension of HYMO for urbanized watersheds with added features of
a single reservoir unit hydrograph and pipe routing

vi)
vii)
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not operational on the IBM or VAX computers
program requires changes and testing.

SWMM (Storm Water Management Model)
OTTSWMM (Ottawa SWMM)
both models appear to be written for water quality purposes
- neither program is operational.

-
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LOW

-

n o w STUDIES

An understanding of the low flow, or base flow, characteristics of rivers
and streams in British Columbia is necessary to manage the water resource in
a rational and sustainable manner, to allocate water for irrigation, water
supply and other consumptive uses, to allow sufficient instream flow for the
protection of fish and wildlife habitat, to estimate hydropower potential and
to evaluate the effect of added pollutants to a stream. The levels of low flows
reached in a basin depends upon many environmental factors acting in
unison, some of which may not be directly observable. Results from different
studies indicate that low flows are more difficult to estimate than any other
streamflow characteristic. Extended periods of low flow may have more
serious consequences, both economically and in terms of human suffering,
than flooding from a peak flow event. The objective of this chapter is to
introduce the reader to the low flow generation processes and estimation
techniques which may be applied to gauged and ungauged watersheds.

8.1

FLOW GENERATION

As discussed in Chapter 5, runoff that reaches a stream channel within
a day or so of rainfall causes a high rate of discharge and is usually classified as
storm runoff. Several processes produce storm runoff. These are, among
others, overland flow and subsurface stormflow.
Water that percolates to the groundwater moves at lower velocities
over longer paths and reaches the stream slowly over long periods of time. It
sustains streamflow during rainless periods and is usually called base flow or
low flow. Figure 1 shows a hydrograph of streamflow in response to rainfall
for a theoretical 100 km2 watershed, indicating the storm runoff and base flow
components. The recession limb of the hydrograph, which will be the focus
of this chapter, reflects the total effect of climatic, physiographic, and geologic
factors and human activities affecting runoff.
Base flow is the portion of runoff that emerges where the streambed
intercepts the groundwater table or that emerges as seepage and springs. The
response time, the time it takes for falling precipitation to become

streamflow, is much longer for groundwater than for other runoff
components. It is groundwater flow which sustains streamflow during the
summer months and may form up to 40% of the annual total discharge for a
stream. The runoff processes of storm flow and base flow are not distinct
from one another, but change dynamically during a runoff event. For
example, overland flow in a basin may pass over a highly permeable soil
surface, a portion may infiltrate into the soil to become either subsurface flow
or groundwater flow. Conversely, subsurface flow may reach a saturated or
impermeable layer and be forced to the soil surface becoming overland flow.
Thus, to understand the various factors affecting low flow generation in a
watershed it is essential to understand some of the basic concepts of soil
moisture and groundwater, and how they relate to streamflow.

I

peak
I

Time (days)
Time of
rise

Figure 1. Hydrograph of streamflow in response to a rainstorm.

8.2

SOIL WATER-GROUNDWATER-STREAMFLOW INTERACTIONS

8.2.1 Soil Water
The soil surface is a filter that determines the path by which rainwater
reaches a stream channel. Water that does not infiltrate the soil runs quickly
over the ground surface; water entering the soil moves much more slowly
underground. Once rain or snow meltwater enters the soil, a portion of it is
stored in the pore spaces, while the remainder drains downward under the
force of gravity. The maximum amount of water that can be stored in the soil
is determined by the porosity (i.e., the percentage of soil volume that is
occupied by voids).
As water drains out of the soil profile to the deeper groundwater
system, the pores begin to empty. A portion of the water does not drain,
however, but is held in the narrow pores in the soil by capillary forces (Figure
2). The rate of soil drainage declines rapidly as the moisture content
decreases. One to several days after a storm, drainage ceases. When this
happens the water remaining in the soil is held under capillary and cohesive
forces that are great enough to resist the force of gravity. The moisture
content in this condition is called the field capacity of the soil, and it varies
with soil texture, as shown in Figure 3. This is the amount of water that a
freely drained soil can store for long periods.
Thin film of
water adhering
very tightly
to surface
of soil grain

Soil
particle

.Partly drained
soil pore

Figure 2. Water held by
capillary forces in the
narrow necks between
soil grains.

HBter held in
narrow necks
of soil pores

The major abstraction of water below field capacity is by transpiration.
As plants draw water from the soil, the water is extracted from progressively
finer pores, and the plants must exert progressively greater suction to
withdraw the water. Eventually, the moisture content of the soil becomes
low enough that plants cannot exert enough suction to withdraw more water.
Plants wilt at this point and the moisture content of the soil is known as the
permanent wilting point.

In summary, soil moisture in excess of the field capacity drains rapidly
out of the soil profile to the groundwater system. Soil moisture between field
capacity and the permanent wilting point is held in the soil by capillary and
cohesive forces, but is available to plants. Soil moisture below the permanent
wilting point is held tightly in the soil and is not available to plants.

Figure 3. Water-holding
properties of various soils
on the basis of their
textures.

8.2.2 Groundwater

The saturated subsurface zone, or phreatic zone, contains the largest
source of unfrozen fresh water in the world, and is important for sustaining
the low flows of rivers. If the groundwater body provides a good supply of
water, the soil or rock that contains the water is called an aquifer. In general
an aquifer must have a fairly large volume and its porosity, particularly its
drainable porosity, should be moderate to high. A geologic stratum through
which water cannot move, except at negligible rates, is called an aquiclude. If
the aquifer is overlain by permeable material it is said to be unconfined, and
the top of the groundwater is the water table. If the aquifer is overlain by an

aquiclude it is said to be confined. A confined aquifer is saturated throughout
its thickness and does not have a free water surface.
Groundwater is derived from precipitation; the only distinction
between groundwater and surface water is the water's location at a particular
time. For water to collect in the aquifer there must be an intake area or
recharge area, an area of the land surface through which precipitation can
infiltrate. The process of recharging an aquifer raises the groundwater level
and increases groundwater flow and stream base flow. When no recharge
occurs there is a gradual recession of groundwater levels and stream
discharge, as the stored water in the aquifer is depleted.
8.2.3 Stream Classification

Two principal types of stream reaches, effluent and influent, may exist
within a watershed. In a humid region where there is considerable recharge
of groundwater throughout the watershed, the water table slopes toward
rivers, as shown in Figure 4. In more arid regions, or when the groundwater
table has fallen after a sustained period of no precipitation, the water table lies
below the stream bed. In this case water percolates through the bed and banks
of the channel to supply groundwater at depth. Both streams are in hydraulic
contact with the aquifer.

Figure 4. a. Effluent streams
b. Influent streams.

_

Streams can be further classified as perennial, intermittent or
ephemeral on their annual flow patterns (Figure 5). Perennial streams flow
all year round and are usually found at the mouths of basins. The water table
is usually at an elevation above that of the streambed. Perennial streams
exhibit both direct runoff and base flow and are effluent in nature.
Intermittent streams are usually found at higher elevations within a basin
and have storm runoff and base flow during portions of the year but can dry
up during dry, summer periods when the groundwater table falls below the
level of the stream channel. Ephemeral streams on the other hand carry
water only during peak flow events. They have no base flow contribution as
their streambed is always elevated above the water table. These ephemeral
streams are usually found at the headwaters of basins. In general, base flow
contribution increases as you proceed in a downstream direction.

15

--

15,

PERENNIAL STREAM

INTERMITTENT STREAM

EPHEMERAL STREAM

Figure 5. Typical annual discharge patterns for perennial, intermittent
and ephemeral streams.

8.3

LOW FLOW ANALYSIS

The assessment of naturally-occurring low flows is essential for the
rational and sustainable management of British Columbia's water resources
to allocate water among a variety of consumptive and non-consumptive
users. Low flows may be assessed to support licensing decisions for irrigation,
water supply and other consumptive uses, or in the analysis of the effects of
land use change on the water resource. Many studies dealing with the effects
of land use change on runoff use paired watersheds, where one of the basins
is "treated" and one is left as a control. Single basin studies, where runoff
during a post-treatment period is compared with that during a pre-treatment
period, is another common approach. There has developed in British
Columbia and elsewhere a much greater recognition of the importance of
water for instream flow and riparian requirements. As an example, fisheries
management usually requires the maintenance of a minimum flow during
low flow periods when fish are rearing and spawning. By assessing the low
flow characteristics of a stream it can be determined whether the minimum
flows can be met naturally or whether flow will have to be augmented in
some way. Finally, an understanding of the low flow characteristics of
streams is important to determine the effects of pollutants or nutrients added
to a stream.
When discussing low flows it is of interest also to distinguish them
from droughts. In general, low flows occur every year in an annual cycle and
are defined usually in periods of days or weeks. Most streams in British
Columbia experience low flows during late summer or early autumn, after a
regular period of low precipitation and high evapotranspiration. Droughts,
on the other hand, occur less frequently and are often defined in periods of
months or years. Although there are many definitions of droughts, varying
as to the scientific discipline of origin, a useful one from the United States
Weather Bureau (Havens, 1954) defines drought as a

lack of rainfall so great and long continued as to affect
injuriously the plant and animal life of a place and to deplete
water supplies both for domestic purposes and for the operation
of power plants, especially in those regions where rainfall is
normally sufficient for such purposes
Although they result from different causes than regularly-occurring seasonal
low flows, for' the purposes of the investigation of low flows in streams for
allocation concerns irregularly-occurring droughts are part of a long term
hydrologic cycle that must be considered.

Regularly-occurring seasonal low flows are part of an annual flow
cycle. Coastal streams experience high flows during the winter period of high
precipitation and during the spring when the mountain snow packs melt,
and low flows during the late summer and autumn. Interior streams
experience their highest flows generally during the spring snowmelt period
and low flows during the summer and autumn. In addition to this regular,
annual cycle, there occur long-term trends to which droughts are somewhat
related. These trends are explained at least partially by the phenomena of
persistence in climatology and hydrology, whereby wet years tend to follow
wet years and dry years tend to follow dry years. It is useful to examine
historic low flow data for these long-term trends, especially when comparing
data collected at a gauging station with a short period of record with data from
a station with a long period of record, to determine whether the short-term
data is biased towards greater than average or less than average portions of
the hydrologic cycle. This is often done by plotting the accumulated
percentage deviation from the long-term mean, as indicated in Figure 6 .
Appendix A describes this technique in detail.

Figure 6 . Example of a plot of accumulated percent deviation from the
mean.
There are three categories of natural factors that affect a watershed's
ability to generate streamflow during low flow conditions. These are climate,
hydrogeology, and physiography. Average annual streamflow is largely
controlled in any catchment by climatic factors, but the distribution of flow

throughout the year is also influenced by drainage basin physiography and
geology. The climatic factors include precipitation, evaporation and
transpiration. Hydrogeology controls the release and storage of water
contained within the watershed's groundwater aquifer.
Important
physiographic factors include drainage area, median elevation, basin slope,
and surface storage. Several human activities which directly influence the
levels of low flows are consumptive withdrawals, reservoir operation and the
diversion of water into or out of a watershed.
8.3.1 Climatic Factors

The source of all streamflow is precipitation. The type, amount, and
distribution of precipitation received during a year varies among watersheds
in a region and among the regions of the province. These three
characteristics of precipitation are the most important factors governing the
variability of surface and groundwater runoff during the annual cycle.
Whereas monthly runoff for low elevation coastal basins follows closely the
pattern of monthly precipitation, the patterns for interior basins are quite
different. Low winter temperatures in interior basins delay runoff by storing
precipitation in the form of snow. This accumulated precipitation is released
during the spring melt period, resulting often in the largest discharge events
of the year. Groundwater storage is replenished each year when surface
runoff occurs, assuming there is sufficient water available for groundwater
recharge. Groundwater supplies can also be replenished by summer rainfall,
which may be critical in offsetting a particularly low runoff year. Lack of
summer precipitation, coupled with below average snowpacks, will reduce
water available for groundwater recharge, resulting in low streamflows or
cease-to-flow conditions during the summer.
Another important climatic factor is evapotranspiration, which is the
sum of losses through evaporation and transpiration. As discussed in
Chapter 5, increases in evapotranspiration are caused by an increase in
windspeed, temperature and solar radiation, or by a decrease in relative
humidity. Transpiration of water by plants may be governed by three factors their stage of development and their type and density. Usually, the older the
plant, the larger the species and the more dense the plant population, the
greater the leaf surface area available for transpiration. In addition, large deep
rooted plants such as shrubs and trees provide a more efficient mechanism
for removing more water from groundwater storage than shallow rooted
crops, which extract only the water in the upper soil layer. Transpirational
losses of water from a watershed can be altered by forest harvesting activities,
as discussed in Chapter 9.

8.3.2 Hydrogeology
While climatic factors largely control the amount of water available for
groundwater storage and surface runoff, hydrogeologic factors control the rate
of storage into and release of water from the geologic formations. The
groundwater storage capacity of a basin is largely determined by the thickness,
extent and porosity of the geologic formation. Porosity, normally expressed in
percent, is the ratio of the volume of pores and fractures, to a given volume
of the geologic unit. The ability of a basin to release water from groundwater
storage is mostly a function of a geologic formation's permeability.
Permeability is the formations's ability to transmit water. Two other factors
which affect groundwater movement are depth to impermeable boundaries
and the slope of the water table. Typical porosity and permeability values are
listed in Table 1.

TABLE 1. Range of Porosity and Permeability Values
Material

Porosity
(percent)

Permeability
(cm/hr)

45
35
25
20
15
5
1

0.2
140.0
850.0
340.0
120.0
0.2
0.02

Clay
Sand
Gravel
Gravel and sand
Sandstone
Dense limestone and shale
Quartzi te,grani te

Generally, those watersheds which contain deep surficial deposits of
gravels and sands will have much higher runoff during low flow conditions
than those with unfractured igneous rocks, or low permeability clays or
shales. Limestone formations may contain extensive fractures and solution
channels which, when coupled with the slow release of stored water, can
maintain base flows at higher levels than those basins without such
formations. Researchers have found that as the incision into the geologic
material by the streambed deepens, a better contact is made with the aquifer
and higher levels of base flow result.

As described earlier, the soil surface is a filter that determines the path
by which rainwater reaches a stream channel. Water that does not infiltrate
the soil ponds or moves quickly to a stream channel; water entering the soil
moves much more slowly underground. Soil structure, texture and depth are
important characteristics that determine the rate of infiltration and the rate of
subsurface flow. The least permeable layer in the soil will govern the
infiltration rate of a particular soil. Generally, the more permeable the soil
the higher is the infiltration rate. In addition, the deeper the soil, the higher
the available water storage capacity.
8.3.3 Physiographic Characteristics

Drainage area is an important physiographic characteristic in that it
limits the size of the aquifer and the precipitation catch. A stream fed by a
small watershed will have a steeper recession curve than a stream within a
larger watershed, assuming all other factors affecting runoff are the same. It
should be kept in mind that adjacent watersheds of similar size may have
completely different recessions due to a variation in hydrogeologic factors.
Normally, as watershed size decreases, channel storage, floodplain area, and
stream entrenchment, which help to sustain low flows, are reduced. For
these reasons if low flow measurements taken at one point in a watershed are
prorated by drainage area to another point within the basin, the results
should not be used for design purposes unless they are confirmed by other
measurements or estimates made by another technique.
A change in median elevation will affect temperature, evaporation and
precipitation. A watershed with a higher median elevation will experience
greater precipitation, which may translate into more runoff and increased
potential for groundwater storage. As elevation increases, the percentage of
precipitation falling as snow will rise, thereby delaying runoff and
groundwater recharge. This delay in runoff will contribute to higher base
flows during the irrigation period.
The slope of a watershed will effect the rate of groundwater recharge.
Typically, with an increase in watershed slope there is an increase in the rate
of runoff. The amount of water infiltrating into the soil decreases, reducing
the quantity of water available for groundwater recharge.
Natural surface water storage such as lakes, swamps and ponds can
increase summer low flows, but to do so they must form part of, and
contribute towards, the streamflow system. The larger in volume, more
numerous, and closer to the channel these areas of storage are, greater is the
amount of water available to maintain base flows. As summer progresses

these detentional storage areas will decrease in volume and may dry up, and
the benefit to low flow derived from these areas will decline.
The orientation of a basin determines the amount of exposure to
prevailing moisture bearing winds in a region. As a storm crosses a
mountain range most of the precipitation falls on the side facing the
oncoming wind or the windward side. Streamflows are increased and more
water is available for aquifer recharge. The lee side is said to be in a "rain
shadow" and receives less precipitation, thus reducing the amount of water
available for groundwater storage.
Drainage density is the total length of all perennial streams within a
watershed divided by the drainage area. As drainage density increases, the
ability of a basin to remove water from surface runoff and groundwater
storage increases. Therefore less water will be available for storage in the
aquifer and subsequent release during the low flow period.
8.3.4 Human Activities

Human activities have a pronounced effect upon base flow levels,
especially as a result of the regulation and diversion of streamflow and the
withdrawal of surface and groundwater for irrigation, waterworks and
industry.
Diverted water may take any one of the three pathways. Firstly, water
may return to the basin from these diversions as either surface or
groundwater, possibly with some water quality aspect changed. This is
known as return flow. Secondly, the water may be consumed by the activity
for which it was diverted, such as evapotranspiration during irrigation.
Thirdly, water may be exported from one basin to another to supplement
nearby water supplies and satisfy water demand.
Most water use conflicts arise during the irrigation season. One of the
main problems associated with licensing water is that the amount of
consumptive use varies from year to year. In a low flow year more water is
needed to maintain the soil moisture level above the permanent wilting
point for adequate plant growth as the water table declines. The amount and
timing of irrigation depends on meteorologic conditions, the stage of
development of the plant, crop type, soil conditions and method of irrigation.
When demand exceeds supply, groundwater or reservoir storage must be
used to augment natural streamflow. The extraction of well water may in
turn affect the streamflow if the aquifer and the stream are hydraulically
connected.

The effect on base flow of regulating streamflow will depend on the
degree of regulation, purpose and operation of the system, and the size of the
reservoir storage. Reservoirs are normally operated to increase minimum
flows during the summer months for fisheries, for water supply purposes and
to reduce peak flows during the fall and spring periods.
As an example, the concurrent 7-day average low flows for O8HAO11,
Cowichan River at Lake Cowichan, are plotted for both "naturalized" and
regulated conditions in Figure 7. Note that the regulated low flows are much
higher and that the variation over the years is much less. Flow regimes can
be adjusted by the use of surface water storage but compromises are usually
made depending on the priority of use.

Figure 7. Naturalized and regulated 7-day average low flows at
08HAOl1, Cowichan River at Lake Cowichan.
8.3.2 Low Flow Characteristics
A low flow characteristic is a statistical or mathematical description of a
watershed's ability to generate and sustain low flow, and may be used to
compare one watershed to another. Some examples are the 7-day average low
flow, slope of the flow duration curve and the recession constant.
The term 7-day average low flow is the lowest mean discharge in seven
consecutive days normally within a year or season. Figure 8, the 1985
hydrograph for 08MH058, Norrish Creek near Dewdney, shows the

occurrence of the 1, 7 and 15-day average low flow. The 7-day period is
usually chosen for basin comparisons to average out any extreme low flows,
any small withdrawals or inputs to the streams. The index most commonly
used for planning (but not licensing) purposes is the 10 or 20-year return
period low flow estimate.
The extraction of low flow for a given duration is time consuming to
do accurately by hand. There is a computer program, described in Appendix
8B, available on the VAX computer that will compute various duration
average low flows.
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Figure 8. One, 7- and 15-day average low flows at 08MH058, Norrish
Creek Dewdney, 1985.
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8.3.3 Gauged Watersheds
The three main methods of analysis that can be applied to data from a
gauged hydrometric station to discern low flow characteristics are frequency
analysis, flow duration, recession analysis.
Freauencv
Analvsis
The statistical frequency analysis of a historic measured record of flows
at a gauging station .is commonly used in hydrology studies to make estimates
of the probability of events occurring in the future. The theory, in short, is
that inferences about the population of flow events at a location can be drawn
from a sample. Several factors, however, may affect frequency analysis
results. First, the sample period may be too short to represent adequately the

d

a

population of low flows. Frequency analysis uses the mean, variance and
skew of the sample data to estimate return period low flows. If these
statistical parameters of the sample are not the same as those of the
population then frequency analysis may over or underestimate return period
low flows. Because of the phenomena of persistence in climatology and
hydrology, where wet years tend to follow wet years and dry years follow dry,
a short sample period might bias the statistical results. As an example, Table
2 shows a comparison of return period estimates based on different periods of
record for 08NH032, Boundary Creek near Porthill. The periods were selected
based upon increasing, decreasing and stationary trends shown in Figure 6.
TABLE 2. Return Period Estimates of Annual Total Discharge
Period of
Record

Mean

Return Period Estimates (dams)
5-year low
10-year low

20-year low

Frequency analysis results of the 1930 to 1945 period (below normal period)
gave return period estimates about 20% below those of the long term period.
During the above normal period, 1946 to 1961, the mean and 20-year return
period estimates were 11 and 49% higher, respectively, than those of the 1930
to 1985 period. The six year period of 1964 to 1968, when the yearly totals
approximated that of the 1930 to 1985 mean, gave good estimates of the mean
but overestimated the 20-year return period estimates by 61%.
Short periods of record should be compared to long term stations, plots
such as the accumulated percentage deviation from the mean may be used for
this purpose. Frequency analysis estimates should become more reliable as
more data are added to the sample. Streamflow records can be extended using
regression analysis or the ratio method and long term stations in the same
hydrologic region.

In addition to any measurement errors in the hydrologic data itself, the
choice of an unsuitable frequency distribution will lead to further error. The
computer frequency analysis program the Hydrology Section uses produces
output for four theoretical distributions: the Log Normal, Gumbel, Pearson
Type 111, and Log Pearson Type III. There are no strong theoretical reasons for
choosing one distribution over another, and there is no absolute method for
deciding which distribution gives the best estimate. Most researchers use a
goodness to fit test such as the Chi Square or the Kolmogorov-Smirnov test to
indicate the "best statistical estimate". These tests, though, do not necessarily
indicate the most hydrologically-reasonable estimate. Many researchers
attempt to ensure that if biases are introduced into the hydrologic results by
the frequency distribution used they are introduced consistently, and
recommend the use of one distribution only within a hydrologic region.

The homogeneity of the data sample can affect the frequency analysis
results. The data from a hydrometric station must be natural, random and
homogeneous to meet the requirements of the frequency analysis procedure.
Non-homogeneous hydrometric data may result from human activities such
as:
(1)

water withdrawal for irrigation, waterworks, industry or well water
usage,

(2)

water input to a watershed as return flow from water withdrawals or
from interbasin transfers

(3)

regulation of flows using storage.

If the observed flow data are not natural they must be adjusted for any
withdrawal, input or regulation starting in the year they take effect before
carrying out frequency analysis. The only exception to this rule is where
water use has been constant in the past and will remain so in the future. The
procedure for "naturalization" of data depends on the type of regulation or
withdrawal and can be a time consuming task, unless regulation is very
small. Normally only the licensed amount is known and it may not reflect
the actual consumptive use and return flow on a streamflow system. These
will vary throughout the summer and vary from year to year. Without a
clear definition of these two figures the amount of time spent "naturalizing"
the data may not warrant the effort.
Table 3 contains output from the frequency analysis of low flows at
08GA060, Chapman Creek above Sechelt Diversion, for two different seasonal
time periods. Note that the winter low flows for this location along the Coast
Mountains are larger than the summer low flows, and that the average low

flow increases with the duration of measurement. The results for the
summer season are displayed graphically in Figures 9 and 10.

TABLE 3.

Duration
(Days)

Return Period Low Flows (m3/s) at 08GA060, Chapman Creek
above Sechelt Diversion

2

Return Period (Years)
5
10

20

50

October 1 - May 31

June 1 - September 30

Flow Duration Curve
A flow duration curve is an accumulated frequency curve that shows
the percent of time a specific flow was exceeded or equalled during a period of
record. It may also show the percent of time that cease-to-flow conditions
have occurred. Figure 11 is based on daily discharge data for 08NH032,
Boundary Creek near Porthill, during the period of 1930 to 1985. A complete
listing of the steps involved in plotting the data is listed in Appendix 8C.

10
Return Period (Yrs)
Figure 9. Return period low flows at 08GA060, Chapman Creek above
Sechelt Diversion, for two durations.
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Figure 10.Low flows of varying durations at 08GA060, Chapman Creek
above Sechelt Diversion, for two return periods.

% OF TIME FLOW I S EXCEEDED OR EQUALLED

Figure 11. Flow duration curve for 08NH032, Boundary Creek near
Porthill.
Flow duration curves can be plotted for annual, seasonal, monthly or
daily data. The slope of each of these curves will vary and become steeper as
you proceed from annual to daily plots.
The slope of a particular flow duration curve is determined by a basin's
hydrologic and geologic characteristics. Flow values in the range of 90 to 99%
are used as an index of groundwater contribution to a stream. A flat slope in
the groundwater portion of the curve, greater than or equal to 90%, indicates
high contribution. If the slope is steep in this area then a poor and possibly
cease-to-flow condition is indicated. A flow duration curve may be used for
reservoir operation, to determine the feasibility of small hydroelectric
projects, to estimate the amount of pollutants that can be released to a stream
and to compare drainage basin characteristics, especially the effects of geology.
Flow can be converted to unit runoff (L/sec/km2) to compare two or more
streams that are close in proximity on the same graph. A flow duration curve
based on a few years of record may be significantly different from that based
on a longer record. For this comparison similar sized drainages must be used.
The weakness of the flow duration curve is that it deals only with discrete
values of flow and shows nothing about the sequence of low flows.

Recession Analvsis
Another more complex and time consuming method of low flow
analysis involves analysis of the hydrograph recession curve. The recession
or depletion curve of the hydrograph represents the reduction of
groundwater storage with time. There are a number of ways that recession
curves can be plotted to obtain what is known as the recession constant, K. A
commonly applied method, the general formula of recession, describes the
shape of the hydrograph. It takes the form:

where:

Q = flow in cubic metres per second at initial time 0

Qt = flow in cubic metres per second at time t
t = time period in days between Qt and Qo usually taken
as 1 day, although any number of days can be used.
K = depletion or recession constant, the value of K depends on
the value of t, as t increases K decreases.
The recession hydrograph is plotted with the discharge Q on the
logarithmic Y axis, against time t on the linear scale X axis in days. If t = 1
then:

In Figure 12 if t is equal to one day then K = 4/5 = 0.800, based on the
values for day 6 and 7. If t is equal to 7 days then K is again equal to 0.800.
Streams may not, however, necessarily follow a straight line, semi-log
recession as indicated in Figure 12, as the rate of release of groundwater in a
watershed may vary spatially and temporally.

Another method of hydrograph recession analysis exists whereby parts
of recession curves, from a number of years, are combined to form a "master
recession curve". The recession segments should be selected so that a
complete range of flows is covered. First, use those periods of historical
record where base flow is the only constituent of flow. Second, plot these
segments of the recession curves on semi-log graph paper. The segments of
recession should be selected from as continuous discharge data as possible.
Minor fluctuations in discharge will result from rainfall, evaporation, or
human activities such as withdrawals or releases. The "master recession
curve" will be a product of all the segments plotted on the graph paper.

Figure 12. Example of a recession hydrograph.
Some of the uses of the recession constants and recession curves are:
(1)

The recession curve is the basic tool of hydrograph separation.
Hydrograph separation is the technique used to divide the rainfall
hydrograph into its components of storm runoff and base flow, as in
Figure 1.

(2)

The value of K for a basin may be used as an index of base flow and
should reflect the ability of a basin to store groundwater. The higher
the recession constant K, the higher the low flows.

(3)

Recession curves may be used to estimate or forecast low flows at
gauged stations. These estimates can be made by plotting the current
year's discharge for a hydrometric station on semi-log graph paper,
linear X and log Y, then plotting the master recession curve on a
separate piece of semi-log graph paper at the same scale as the
hydrograph. Once the peak has passed and only base flow is
contributing to streamflow, position the master recession curve over
the hydrograph and estimate summer low flow, as in Figure 13.
Forecasts may be updated should rainfall occur and new projections of
expected base flow conditions can be made. These should be reasonably
conservative estimates and would be used to forewarn water users of
possible low flow conditions in the months ahead. Normally, the most
reliable recession forecasts can be made on streams which have
dependable base flows and receive little or no precipitation during the
forecast period.
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Figure 13. Example of a master recession curve.
8.3.4 Ungauged Watersheds

Methodologies for estimating low flows at ungauged basins vary from
simple transposition of data from one basin to another, to complex
simulation models for specific basins. Most of the techniques involve
transposition or regionalization of low flow characteristics from gauged
basins, based on similar physiographic, geologic or climatic factors. Many
researchers, however, have found that low flows cannot be estimated
accurately by regional methods due to geologic factors which are difficult to
quantify, and because the drainage basin area used to quantify storm runoff
may not necessarily be applicable to groundwater flow. To ensure that the
low flow estimates derived for ungauged basins are reasonable it is advisable
that they be verified.
Regional Curves
This method can be used if an estimate of low flow is required at an
ungauged site. The estimate produced from this method should not be used
for design purposes. The basic principle is to develop a relationship, usually

graphical, between a low flow characteristic, say the 10-year return period
7-day average low flow, at gauged sites and a factor affecting low flow such as
drainage area, seasonal precipitation or median elevation. The factor at the
ungauged site and the graphical relationship can then be used to estimate the
required low flow characteristic. The gauged basins should be similar in size,
elevation, geology, and close in proximity to the ungauged basin. Figure 14 is
a plot of drainage area versus mean 7-day average low flow using data from
gauged basins. The 7-day average low flow at an ungauged basin of known
drainage area can be estimated directly from the graph.
Low Flow Estimates for Palmer Creek
Radium Hot Springs
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Figure 14. Regional curve for the 10 year return period 7-day average
low flows for the Radium Hot Springs area.
If the regional curve method is used to estimate low flows for a
number of ungauged sites covering a large area, it is important to develop the
curve using information from a homogeneous hydrologic region. A
homogeneous hydrologic region is based on climate, physiography and
geology, and is one where the runoff characteristics of the basins are similar.

Factors that can be used for the process of regionalization are as follow:
(1)

drainage area - an important indicator of low flows for most
watersheds. Bear in mind that if the topographic and groundwater
divides do not coincide then drainage area may not be a good estimator
of levels of low flows.

(2)

median elevation - useful in mountainous areas, in addition to
drainage area. The median elevation of a basin is that elevation where
50% of the watershed area is higher and 50% lower.

(3)

channel length - based on the length of the main channel.

(4)

channel slope - slope of the main channel taken between 15 and 85% of
its distance between the measuring point and its source.

(5)

areas of lakes and swamps - used as a measure of watershed storage.

(6)

basin forest cover - usually expressed as a % of the watershed.

(7)

drainage density - the ratio of the total length of streams in a basin
divided by the drainage area.

(8)

mean annual effective precipitation - mean annual precipitation
minus evaporation.

(9)

geology.

The effect of geology is rarely quantified, however, this is possible by
either subjectively assigning a number according to the basins expected
performance in the production of low flows, or assume one property of the
geology is dominant, such as permeability and use the reported values for a
geologic index. Determination of permeability in areas of mixed geology is
extremely difficult. In practice indirect measures of geology are more
common such as recession constants, K, and base flow indices.
Multiple Regression Analysis
Another more complex example of regionalization is based on the
principle of multiple regression analysis. This technique may be useful if
many regional estimates are required and more than one watershed factor
affects the generation of low flows. Multiple regression equations can be
developed which relate climatological, geologic and/or physiographic factors
for natural gauged basins to different low flow characteristics. A large

number of natural hydrometric stations is required to improve the
confidence and utility of the mu1tiple regression.
Isoline Mavs
Another approach to estimate low flow characteristics .at ungauged sites
is through the use of isoline maps. To construct isoline maps, first find and
mark the centre of each watershed area (natural hydrometric station) in a
region, outlined on a topographic map, with a point or dot. Next select a low
flow characteristic such as the unit 7-day average low flow (in mm or
L/s/km2) for each gauged basin and copy this figure onto the map opposite
the respective watershed centre. Points of equal unit runoff are joined
together to form lines called isolines, which are much like isohyetal lines on
precipitation maps. The plotting requires subjective judgement as to
orographic effects and physiographic factors affecting a basin. Once the lines
are on the map it is a simple matter to estimate the required low flow
characteristic of an ungauged basin. The centre of the ungauged basin is
marked on the map and the low flow characteristic may be estimated by
interpolation between the isolines. In Figure 15 the estimated 7-day average
low flow for the ungauged basin, A, would be about 7.0 L/s/km2.
These maps would be useful in obtaining quick estimates of low flow
for ungauged sites but the estimates should not be used for design purposes.
Initial preparation would be time consuming and base maps would have to
be updated every 3 to 5 years as more data become available.

Figure 15. Example of an isoline map used for low flow estimation.

It should be kept in mind that estimates at ungauged sites based on
basin characteristics are of low reliability since basin low flows are dependent
on geology and evapotranspiration losses. The exception to this is in areas of
similar geology or where geology can be quantified.
Transference
The procedure for estimating low flows by transference is very similar
to that described above for isoline maps. Watershed areas for natural gauged
basins are drawn on topographic maps and a common unit low flow
characteristic is listed within the boundary . The basin area of the ungauged
watershed, for which the low flow estimate is required, is delineated on the
topographic map. The estimate is then determined subjectively based on the
proximity of gauged basins and other factors which affect low flows.

500 METRE CONTOUR

Figure 16. Example of transference used for low flow estimation.
For example in Figure 16, there are three gauged basins identified as A,
C, and D that have mean 7-day average low flow estimates of 5.2, 2.1 and 3.0
L/s/km2 respectively. A low flow estimate is required for B, the ungauged
watershed. The first step in the estimation procedure is to select gauged
basins that are similar in size and close in proximity to the study watershed.
Watershed C would be eliminated as it is much smaller and lower in
elevation than the ungauged basin. Next, examine the basin characteristics of
watersheds A and B, such as median elevation, geology, etc., to see if the
difference in flow between the two watersheds can be explained. If a reason
for the difference can be found then use the unit 7-day average low flow from

the watershed that best represents B, otherwise simply average the two
figures. Assuming no reason for the difference was found, the estimate for B
would be 4.1 L/s/km2. This method requires subjective judgement and a
complete understanding of the factors affecting low flows. The estimate
produced from this procedure may be used for planning but not design
purposes.
8.4.5 Watersheds With Miscellaneous or Short Term Measurements
Watersheds with short term or miscellaneous data may be adjusted to a
longer period of record using either regression analysis or the ratio method.
The two analysis techniques may be applied to annual, seasonal, monthly or
daily data. Historical data that are less than 5 years in length are normally
referred to as short term data.
Regression Analvsis
The regression analysis technique defines the statistical relationship
between discrete low flow measurements at a previously ungauged basin and
concurrent discharge measurements taken at a continuous hydrometric
station for which a frequency analysis has been done. The method may also
be used to extend short term data for an existing hydrometric station to long
term estimates of annual, seasonal, monthly or daily data.
Several miscellaneous streamflow measurements must be taken
during the low flow period on the study basin. As the number of
measurements increases the relationship will improve. On log-log graph
paper, plot the data collected for the study basin on the Y axis against the
concurrent gauged Water Survey of Canada basin flows on the X axis. A line
of best fit may be drawn through the points by eye or by using regression.
Regression is the preferred method if there are sufficient points (at least 6)
and they plot in a straight line on the log-log paper. Low flow values from
the frequency analysis can then be transferred from the gauged to the short
term gauged watershed by either reading directly off the graph or using the
derived regression equation.
In Figure 17, six pairs of data have been plotted and the line was
defined by regression. The regression equation derived is:
loglo(STUDY BASIN) = 0.564 + 1.686 * loglo(GAUGED WSC BASIN)
If the 10-year return period 7-day average low flow on the gauged basin
is 0.010 m3/s the estimate for the ungauged basin would be 0.002 m3/s.
Alternately the value of Y could be read directly from the graph.
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Figure 17. Regression analysis of concurrent daily discharges at two
gauging stations.
The reliability of this method depends on how well the relation is
defined and how far the relation needs to be extrapolated downward. If there
are several gauged stations within the study area which are similar it may be
useful to develop more than one relationship and either use the relationship
with the highest correlation coefficient or take the mean of the estimates. In
all cases the data should first be plotted in order to eliminate any spurious
readings.
Ratio Method
The ratio method may be used if the plot must be forced through zero
or if there are less than 5 concurrent data points. This method as well as
regression analysis can be used to extend short periods of hydrometric data to

a common time base, which is normally a prerequisite for other analytical
techniques such as transference. Both the ratio method and regression
analysis require that concurrent measurements are available for the short and
long term gauged station, that both stations have natural flows and that the
station to which the short term station is to be compared has a long period of
low flow observations. More that one long term station can be compared to
the short term station and the resulting ratios or low flow values are
normally averaged. The standard equation for this method takes the form:

where:

X

=

low flow value from the long term station

x = mean of the concurrent measurements for the long term
station

y

=

mean of the concurrent measurements for the short term
station

Y = estimate of the low flow value for the short term station
For example, we may want to estimate the long term mean, 5 and
10-year return period 30-day average low flow for 08NJ168, Five Mile Creek
above City Intake. In Table 4, 08NJ027, Harrop Creek near Harrop, was
selected as the closest hydrometric station which best represented the low flow
regime of the study station. It is essential that the long term station is close in
proximity, similar in climate and that the concurrent low flows are similar in
magnitude.
For both the regression analysis and ratio method, if the concurrent
measurements for the long term gauged and study basin are not in the same
magnitude then less confidence should be placed in the resulting return
period estimates.

TABLE 4. Use of the ratio method to develop return period peak
flow estimates for Five Mile Creek.
7-Day Average Low Flows (m3/s)
08NJ027
08NJ168
Harrop Creek
Five Mile Creek

Year

Harrop Creek
Mean of Concurrent 3 Years
Mean
5-year R.P.Estimate
10-year R.P.Estimate

0.228
0.203
0.139
0.107

Five Mile Creek
0.217

Note: The return period estimates are based upon computer frequency
analysis. The long term estimates for 08NJ168 Five Mile Creek are:
MEAN

-

0.217
-.0.228

0.203

-

0.193 m3 /s

8.4

LOW FLOW MONITORING

A regional low flow monitoring program should be initiated when
extreme low flow conditions are indicated for the upcoming irrigation season.
The program may vary from miscellaneous data collected on a single stream
to a data collection network where flows are measured regularly on a large
number of watersheds. Low flows can be measured with flumes, weirs,
current meters, or by the volumetric method as discussed in Chapter 4.
Where miscellaneous data are collected, the ratio method or regression
analysis can be used to determine return period low flow estimates. Where
streamflow is measured on a regular basis, usually 2 or 3 times a week,
estimates of seasonal runoff may be made.
When locating a site for low flow measurements it is essential that
there is no regulation or diversion of flow upstream from the site, unless it is
being monitored and the flows can be "naturalized". The selected streams
should be small enough and the sites should be easily accessible to ensure that
discharge measurements can be made quickly, easily and safely. Streams that
regularly go dry should not be included in the monitoring program. The
stream channel at the site must be well defined and free of obstructions and
the flow at the site should be representative of that within the stream reach.
Local knowledge of the streamflow regime may be useful in the site selection
process.
The first step to determine seasonal volume runoff for a low flow
monitoring station is to plot the measured data at the conclusion of the field
season, as in Figure 18. Streamflow measurements collected for Nicholson
Creek during the 1977 low flow monitoring program will be used to illustrate
the estimation technique. Additional information plotted on Figure 18 is a
recession hydrograph for an index station, 08NM164 Testalinden Creek in
Canyon, and precipitation data for Oliver, all covering the same time period.
Normally the index hydrometric station will have natural flows and be close
in proximity and similar in size to the study basin. A dotted line,
representing the hydrograph, is drawn through the data collected for
Nicholson Creek. This line is based upon the subjective assessment of the
streamflow recession for the index station and the amount and timing of
precipitation at Oliver. Daily streamflow estimates for Nicholson Creek can
be read off the graph and tabulated on a standard form, similar to Table 5.
Monthly volume runoff figures are then computed and these may be
compared to other hydrometric stations in the region.
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Figure 18. Streamflow hydrograph estimation from a low flow
monitoring program.
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Daily discharges for Nicholson Creek.
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APPENDIX 8A.

Calculating accumulated percent deviation from mean

There are four steps to construct a plot as shown in Figure 6:
STEP 1. Compute the mean of the variable for the period of the record.
STEP 2.

Subtract the mean from each value of the variable in question. If
the result is negative then the value was below the mean, if the
result is positive then the value was above the mean.

STEP 3. Divide this difference from the mean, obtained in Step 2, by the
mean and list in percentage.
STEP 4. Accumulate the % deviation from the mean and plot this value
against the time as in Figure 6.

APPENDIX 8B.

Low Flow Extraction Program

An example of the current entry program is shown in Figure 19. The
program can extract mean daily discharge for any duration from 1 to 366 days.
The number of durations that may be input into the program is limited only
by the total number of days in the selected period. An example of the output,
the 1, 7,15,30 and 60-day (duration) average low flows, for 08FB004 Salloomt
River near Hagensborg is shown in Table 6. Other durations could be added if
necessary. The selected period for extraction may be a water, climatic or
calendar year or irrigation season as in Figure 8B-1, or even only one day.
The output consists of a listing of the multi-day average low flows,
accompanying date of occurrence and number of missing days in the selection
period. The date of occurrence of the mean flow is that of the middle of the N
consecutive days. Where the duration selected is an even number of days,
such as 30 days, the date of occurrence would refer to the duration divided by
2 or the 15th day. A separate computer file is created that prints out the data
in a form necessary to run the low flow frequency analysis as in Figure 20.
The frequency analysis program, which is also available on the VAX
computer, can be run on these data and will provide the return period
estimates of the low flow data.

LOW FLOW ENTRY
Station
Number

Start
Year

:

End
Year

D U R A T I O N S

I

I
SELECTION PERIOD
Start Start
End
End
Day Month
Day Month

TAB,BACKSPACE + ARROW KEYSDELETE KEYP F 2 KEYPF4 KEYKEY P A D 7KEY P A D 8KEY P A D 9-

position the cursor
deletes to the left of the cursor
HELP on that input field
ends the data entry session
copies SELECTION PERIOD from last line
copies SELECTION PERIOD and DURATIONS from last line
clears the current line

Figure 19. Entry program for low flow data extraction on the VAX
computer.
TABLE 6. Output from low flow data extraction program on the VAX
computer.
SFILLOMT RIVER M A R WGWSBORG 08FB004 D.A. 161 SQ.KI.1.
WRING THE PERIOD Of JLN 1 1970 TO SEP 30 1986 1NCLUSlVE
N O T E : T ~DAY OF OCCURR~CE~DESIOJ~TED
AS (61-11-5),HLW NWD~BER 5,1961

...............................................................................
1-DAY M
R
A
G
E

7-DAY M R A G E

15-DAY AVERAGE

30-DAY AVERAM

60-DAY AVERAGE HISSING

L M FLM(MS)
L M FLM(MS)
L M FLM(MS)
L M FLM(MS)
LOW FLOW(MS)
............................................................................................

DAYS

70-9-16
3.570170-9-14 4.050170-9-13 5.330170-9-5 6.050170-8-21
..........................................................................................

7.9901

(

0)

9.590171- 8-31 10.6001

(

0)

7l- 9-30

33.20171- 9-27

4.770171- 9-23

5.920171- 8-19

SALLOOHT R I V E R N E A R HAGENSBORG 08FB004 D.A.
AVERAGE ( 1-DAY) LOW FLOW,DURING JUN 1,1970
C LOW
3.570
3.820
2.710
3.940
5.640
4.110
3.630
4.560
2.690
3.760
2.640
SALLOOHT RIVER NEAR HAGENSBORG 08FB004 D.A.
AVERAGE ( 7-DAY) LOW FLOW,DURING JUN 1,1970
C LOW
I
4.050
4.770
3.350
4.140
5.950
4.280
4.260
5.330
2.950
4.970
2.820
SALLOOHT RIVER NEAR HAGENSBORG 08FB004 D.A.
AVERAGE ( 15-DAY) LOW FLOW,DURING JUN 1,1970
C LOW
5.330
5.920
4.460
5.140
6.160
4.880
4.710
6.380
3.880
6.210
3.440
SALLOOUT RIVER NEAR HAGENSBORG 08FB004 D.A.
AVERAGE ( 30-DAY) LOW FLOW,DURING JUN 1,1970
C LOW
6.050
9.590
5.130
7.200
7.910
5.260
4.950
6.640
5.040
14.900
4.950
SALLOOUT RIVER NEAR HAGENSBORG 08FB004 D.A.
AVERAGE ( 60-DAY) LOW FLOW,DURING JUN 1,1970
C LOW
7.990
10.600
7.870
9.020
10.400
7.230
6.560
7.640
6.210
6.420

161 SO.KH.
TO SEP 30,1986 INCLUSIVE
4.560
4.010

9.460
4.050

3.600
2.410

161 S0.KH.
TO SEP 30,1986 INCLUSIVE
4.900
4.150

10.200
5.010

4.450
2.850

161 S0.KU.
TO SEP 30,1986 INCLUSIVE
5.150
4.510

10.700
8.280

5.170
3.750

161 SQ.KH.
TO SEP 30,1986 INCLUSIVE
5.360
5.290

12.800
8.670

5.460
3.800

161 SO.KU.
TO SEP 30,1986 INCLUSIVE
7.800
9.790

16.100
5.350

8.370
6.630

Figure 20. FREQAN.DAT file created by the low flow data extraction
program on the VAX computer.
APPENDIX 8C. Flow Duration Curve
With reference to Table 7, there are several steps involved to plot a flow
duration curve:
(1)

Determine 25 to 100 flow intervals which will uniformly cover the
entire range of daily flows for the hydrometric station being considered.
A flow interval is a range of flows, such as 0.170 to 0.405 cubic metres
per second, as in column I. Log transformed data should be used as
they tend to straighten out the plot near the low flow end of the curve.
Note that if log transformed data are used, the difference between the
flow intervals is not constant. To simplify the example only fifteen
flow intervals were chosen.

(2)

For the entire historical record, every daily discharge value must be put
into one of the flow intervals, column 2. What is of interest is the
number of observations within each flow interval, not the flow values.
This step is tedious and the amount of time can be greatly reduced by
using a computer for this part of the analysis.

(3)

Once the frequency or number of observations in each flow interval is
computed, divide these figures by the total number of observations and
multiply by 100 to get the percentage of total, as in column 3.

(4)

Copy the lowest discharge value for each flow interval to column 4.

(5)

The frequencies for column 3 in % are then accumulated in column 5
starting with the largest discharge and working towards the smallest
discharge.

(6)

Plot the discharge figure in column 4 against the accumulated % in
column 5 on semi-log graph paper, as in Figure 10.

How are the figures in columns 4 and 5 of Table 7 related? From
Column 5 it is seen that 10% of the observations are between the flow
interval of 17.9 to 87.8 m3/s. It follows that 10% of the observations must be
217.9 m3/s, the lower limit of the flow interval. Since 10% of the flow figures
are between 7.18 and 17.8 m3/s and a further 10% have been shown to be 2
17.9 m3/s, the flow figure of 7.18 m3 /s must be exceeded or equalled 20% of
the time in the historical record. As the discharge values in column 4
decrease, from bottom to top, the % of time that the corresponding flow is
exceeded or equalled increases until 100% of the flow is 2 to the lowest daily
dishcharge in the record, 0.170 m3/s. A flow figure of 87.9 discharge3/s was
chosen that is just above the highest daily discharge value which is exceeded
or equalled 0% of the time.

TABLE 7. Flow frequency data for Boundary Creek near
Porthill, 1930-85.
Flow
Interval
(&/s)

TOTAL

Number of
Observations

20000

% of

Total

100

Discharge
(&/s)

% of Time
Equalled or
Exceeded

- 207 CHAPTER 9

HYDROLOGIC IMPACTS OF LAND USE CHANGE

9.1

INTRODUCTION

As resource use and development activity increases in B.C., there is a
greater concern about how these activities, through changes in vegetation
cover, soil characteristics, terrain and drainage patterns, will affect streamflow
characteristics and water quality. Development activities causing changes in
land use include mining, agriculture, urbanization, linear developments
(highways, railways, transmission lines), hydroelectric projects and timber
harvesting. Any changes in water quantity and quality may affect in-stream
and consumptive users. At present in B.C., the impact of timber harvesting
on water supply sources is a particular concern. Because it is topical, and
because there has been much research, logging impacts will be used to.
illustrate the general concepts, and impacts peculiar to other development
activities will be described in later sections. This chapter is intended as a brief
introductory level discussion of the effects of timber harvesting on the water
resource, with the emphasis on water quantity. Although logging involves a
number of activities such as road construction, yarding, and skidding, the
effects of tree removal will be concentrated on. These effects will be discussed
in relation to two general types of hydrologic regime in B.C. - the interior
snowmelt regime and the coastal rainfall regime. In many parts of B.C.
conditions will lie somewhere between these two types.
The information will assist in responding to statements such as the
following which staff are often required to address:
1.

25 years ago I couldn't wade across this stream -- now, since logging, it's
almost dry;

2.

Before logging, the ground was moist all year -- now with the trees
gone, the soil is completely dried out all summer;

3.

Logging causes flooding;

4.

Logging decreases summer low flow.

There is a danger in presenting research study results completely out of
context and with little qualification. The amounts quoted in relation to
changes in various components of the hydrologic cycle should be considered
only as indicative of the direction of change and the range within which
changes generally fall. No prediction of potential impacts should ever be
made for a site-specific case without ensuring that it can be backed up with
reference material, good judgement and common sense. There are a few
"research" type watershed studies in B.C. which have studied changes in
water quantity due to timber harvesting activities, e.g. Jamieson Creek,
Carnation Creek and the Eden Burn area (Salmon Arm). Most of the
information used in this discussion is based on research results from B.C.,
Colorado, Idaho, Oregon and Washington. Each study has its own peculiar
set of circumstances governing the research project. Although we may not be
able to transpose the quantitative results, the qualitative effects and general
concepts are likely safe to transpose to B.C.
It is essential to an understanding of hydrologic impacts to review
Chapter 5 on hydrologic processes as land use changes have an effect on
interception, evapotranspiration, soil moisture, etc. and, in the end, on water
quantity or runoff. Another point to note is that changes must refer to a
specific streamflow or runoff characteristic. It is inadequate to state that
logging increases runoff as the degree of change can be quite different for
annual runoff, seasonal runoff (April-June, July-September, October-March),
peak flows, peak flow volumes, low flows (summer and winter) and summer
peak flows.
9.2

EFFECTS OF TIMBER HARVESTING - INTERIOR REGIME

The interior snowmelt regime can be described in terms of the
hydrologic processes and variables described in Chapter 5.
From October to March, precipitation is mainly in the form of snow
and is being temporarily stored in the snowpack. Evapotranspiration losses
are low due to low temperatures and low transpiration rates during the
dormant season. Soil water content is low because of the carry-over effect of
low precipitation and high transpiration rates during the previous
August-September period, and the lack of recharge from precipitation during
the winter. The result is a winter low runoff season mainly due to the
negligible input.
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Figure 1. Streamflow Distribution - Interior Regime

April is a transition month when rainfall is greater than snowfall,
losses increase due to increasing temperature and evapotranspiration, and
low elevation snowmelt and rain recharge the soil mantle causing increased
soil moisture levels. Runoff increases only slightly during April as most of
the input goes to recharging soil moisture.
May to June is the period when significant amounts of rainfall occur,
but even more importantly, when the temporarily-stored snow rapidly melts.
Evapotranspiration losses are relatively high due to high temperatures and
increasing transpiration during the growing season. The soil moisture that is
replenished from snowmelt and rain is also subject to increasing
transpiration demands. The May-June runoff is mainly the result of the large
snowmelt plus rainfall input which, even after moderate evapotranspiration
losses and satisfying soil moisture deficits, is great enough to produce high
runoff amounts.
July is a transition month when rainfall is moderate and
evapotranspiration is at maximum rates causing reduced soil moisture
amounts and runoff.
August to September rainfall is relatively low in amount. With
evapotranspiration rates being relatively high (but gradually decreasing) the
result is low soil moisture levels and runoff amounts.
This results in a runoff pattern (Figure 1) of low winter flows from
November to March, high runoff during the April-July snowmelt season, and
a low runoff July-September season.
The daily peak flow for the year can be in the order of 100 times the
daily minimum flow. For a particular month, maximum amounts can be 15
or 20 times minimum amounts. Annual runoff volumes in a high runoff
year can be 4 or 5 times those for low runoff years. Thus flows vary widely
during the year and from year to year simply due to natural climatic
variations over which we have no control.
If trees are removed, the hydrologic variables mentioned earlier are
affected. For the snowmelt regime, the variables affected can be categorized
into two major areas: snowpack distribution and evapotranspiration.
9.2.1 Snowuack Distribution
Under natural forested conditions, snowpack amount and distribution
is affected by elevation, aspect, the direction of the prevailing wind, the speed
and direction of wind during snowstorms, canopy density, and temperature
during and after snowfall. A large portion of snow is caught in the vegetative

canopy. If the snow is dry, it is soon sifted by the wind through the canopy. If
wet, the snow remains in the canopy long enough to be subjected to
evaporation or sublimation losses as the snow is exposed on all sides to wind
and thermal and solar radiation. (The radiation budget for a forested area
provides larger amounts of energy than for an open snowfield in winter due
to the high absorptivity of the tree crowns. This energy can be used in the
evaporation process.) In mild, wet climates this "interception loss" on an
annual basis (rain and snow) can amount to 25-30% of the incoming
precipitation.

Figure 2. Forest Opening
If trees are removed, e.g., in patch or strip clearcuts, wind patterns are
changed due to the change in friction from the "rough" canopy to the open
area (Figure 2). The general result is a 'decrease in wind speed close to the
forest edge and the creation of wind eddies.

In cold, dry, lodgepole pine areas, a range of effects is possible
depending on the type of tree removal (clearcut or partial cut), size of clearcut
and % basal area removed (partial cut), aspect, and wind speed during and
after storms.
If small clearings are created in patches or strips (1/2 to 6H [tree height])
and wind is a factor, wind stress in the remaining forest can be created and
snow that formerly settled in the forested strip is removed to the adjacent
open area (Figure 3). Snowpack in the upwind forest may be reduced close to
the edge of the adjacent opening. The snow water equivalent (SWE) in the
opening may be 20-40% higher than before tree removal due to redistribution
of the snow, but the basin average SWE remains the same. Reduced
interception loss, or interception savings is not a major factor. Maximum
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Figure 3. Snow Redistribution
snow retention occurs in openings 3 to 6H in diameter (or roughly the
equivalent area). As the size of opening increases to about 15H, the efficiency
in trapping snow decreases to the point where there is a net loss due to wind
scour and sublimation losses not offset by accumulation elsewhere. If
scattered slash and residual trees or other forms of roughness are sufficient to
store the winter season SWE, it may be possible that fairly large clearcuts can
be created without significant loss of on-site moisture. Early studies
speculated that transport of snow from the adjacent canopy into the opening
is much more important than interception savings on-site, and that increased
ablation losses in the opening offset any interception savings. It has been
observed, however, that little if any accumulation in openings (1.5H)
occurred between storm events, even when high winds occurred. The 31%
more snow in the opening than the upwind forest was deposited during the
storm events, and there was little difference between snowpack in the
upwind and downwind forest, thus indicating that interception savings may
be more significant than previously thought. A review of an earlier study in
which creating 1 to 6H wide strip openings (50% of timbered area) resulted in
30% higher SWE in the openings indcates that a 9% increase in basin average
SWE did occur which can be attributed to interception savings. A difference
in the increases in SWE in openings can exist with SWE being less in the
north portion (40-50%) than in the south portion due to increased ablation, a
function of direct solar radiation.
Comparisons of changes in SWE between clearcut and partial cut areas
have been made using the same size area (say 40 ha) and with removal of

35-40% of the stand (5H circular openings for clearcut, 40% basal area removal
of individual trees for partial cut). Although SWE in the circular patch cuts
was 18% higher than before treatment, the average SWE over the 40 ha area
did not change implying that the harvest changed depositional patterns.
Because the patch cut area was south facing, any interception savings may
have been offset by early ablation loss. In contrast to the patch clearcut area,
the peak SWE over the partial cut area increased 16% compared to
pretreatment. This increase can be attributed to interception savings.
Figure 4 summarizes the results of studies in the lodgepole pine type.
The consistency with which the results for clearcuts fits the curve tends to
confirm that much of the increase in accumulation in clearcuts is due to
interception savings rather than redistribution.

Percent basal area removed

Figure 4. Increase in Water Equivalent
Studies. applicable to southern B.C. where the climate tends to be
milder and wetter, found that the mean winter windspeed was generally
higher in the open areas relative to the forested sites, and increased with
opening size or distance from the forest edge. Increases were significantly

higher on the south-facing slope than on the north due to the prevailing
southerly wind direction.
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Figure 5. Snow Water Equivalent in Forest Openings
It was also observed that the maximum snow water equivalent
increased at the edge of the opening on both aspects, but there was a difference
between north and south aspects in the changes in snowpack with distance
from the forest edge (Figure 5). On the north aspect water equivalent
increased with increased opening size, or distance from the edge. On the
south aspect the increase from the edge quickly declined to zero. This is
thought to be due to the stronger winds on the south facing slope scouring
the snow during storms (and possibly redepositing it on the lee side of the
ridge) and also due to evaporation as a result of greater solar radiation. In a
related study involving a 100 m wide strip cut, tree removal resulted in a 56%
increase in water equivalent on the north aspect and a 37% increase on the
south aspect.
A study was carried out in the Kootenays in 1983-85 to determine
differences in snowpack accumulation (SWE) on forested and clearcut areas
(20-80 ha) over a range of elevation and aspects. It was found that SWE
averaged 37% higher in the clearcuts than the adjacent forested sites.

An important observation in both studies was that the water
equivalent in the forested areas did not change with the creation of an
opening. This is attributed to the wetter snow conditions in which
redistribution by wind is minimal (except during storms) and the
predominant effect is reduced interception loss.
It can be assumed that both wind redistribution and reduced
interception loss could be factors in one area, with the relative degree
depending on the temperature and wind regime which can vary'during the
winter and from year to year.
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Another change in snowpack
conditions caused by tree removal is a
change in snowmelt rate and time of
snow disappearance. In general, melt
rates are higher in exposed, open areas
by 30-50% due to higher solar and
thermal radiation than in the forest
(Figure 6). In the first study it was
observed that on the south aspect
snow can disappear two weeks earlier
in the large clearings than in the
forest. On the north aspect, just the
opposite occurs. Because the increase
in snowpack in the openings is so
great compared to the forest, snow
disappears about two weeks earlier in
the forest in spite of the faster melt
rate in the opening.

In the Kootenay study the
average seasonal ablation rate for all
sites was 37.5% higher in the clearcut
areas than in the forested areas. On
the north aspect, snow disappeared 1
week earlier in the clearcut than in the
o ~ l l l l l l l l l l l l ~ forested
~ ~ l area, and on the south aspect
10
20
30
10
20
30
'O
2 weeks earlier. It should be noted
MOY
April
Junm
that if openings are kept small enough
(2H-5H), the melt period can be
prolonged and delayed as the shading
Figure 6. Snowpack Depletion
effect of the forest is maintained. The
smaller openings are appropriate for

the south aspect, the larger openings
for the north aspect.

Percent removal of vepetatlon

Figure 7. Transpiration Reduction

To summarize the effects of tree
removal on snowpack conditions, the
creation of openings can (i) change the
aerodynamics of the area resulting in
redistribution of snow during storms
and (ii) reduce interception losses. The
result is a n increase in snow
accumulation. in the openings. In
cold, dry climates the increase can be
partially due to redistribution of snow
but in general the predominant factor
is reduced interception losses.
Increased solar and thermal
radiation and higher wind speeds in
the openings cause increased melt
rates.
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Evapotranspiration

The removal of trees results in
the elimination of transpiration loss
(Figure 7).
The reduction of
transpiration loss is very significant as
far as changes in water yield or annual
runoff are concerned. Transpiration
rates can amount to 300 to 500 mm
annually depending on the type of
vegetation, soils, climate, etc. If one
considers that annual precipitation in
the Okanagan Valley for example is in
the order of 750-1100 mm, it is not
difficult to see that elimination or
reduction of transpiration loss will
result in a significant increase in
the runoff output. As would be
expected, tree removal results in
increases in soil moisture storage as
the water normally used for
transpiration now remains in the

soil matrix (Figure 8 and 9). The greatest changes in soil moisture amounts
will occur during the summer period (June-August) when transpiration rates
are highest.
Due to the loss of shading from the vegetative canopy, evaporation
from the soil surface is increased. However, evaporation from the soil profile
requires a large amount of energy, and this drying out of the soil only occurs
in the top few centimeters and has much less effect than the increase in soil
moisture due to reduced transpiration.
To summarize, tree removal causes changes in snowpack conditions
and transpiration amounts. The reduction of transpiration losses is of far
greater significance than changes in snowpack distribution and melt rates.
9.2.3 Runoff and Flow Characteristics
The changes described above in loss and storage factors result in a
change in runoff, but the degree of change depends on what runoff
characteristic is being referred to: annual runoff, snowmelt season runoff,
snowmelt peak flow, rainfall peak flow or summer low flows.
Annual and Snowmelt Season Runoff
The reduction in evapotranspiration and greater year-to-year carryover
of soil moisture is the major effect of tree removal and results in an increase
in annual runoff.
A summary and review of 94 watershed experiments shows that
increases in runoff are surprisingly consistent, regardless of whether a
snowmelt regime or a rainfall regime (Figure 10).
The results of this review can be summarized as follows:
(i)

no experiments in deliberately reducing cover caused reductions in
yield;

(ii)

no deliberate increase in cover (afforestation) caused increases in yield;

(iii)

coniferous cover type removal causes an approximate 40 mm increase
in annual basin runoff for each 10% reduction in forest cover;

(iv)

changes in annual runoff resulting from reductions in forest cover of
less than 20% apparently cannot be detected;

(v)

Annual runoff changes are greatest in high precipitation areas.
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Figure 10. Yield Increases Following Changes in Vegetation Cover
As would be expected the increases in annual runoff are in the same
order of magnitude as the transpiration amounts mentioned earlier,
300-500 mm. It would be inadvisable to apply these generalized results to a
site-specific case, but at the least it must be recognized that results from a
world-wide survey show some consistency in the expected increase in annual
runoff due to tree removal.
It is found that increases in April-September and annual runoff caused
by tree removal are correlated with April 1st SWE and April-June
precipitation. After removing 50% of the timbered area in patch cuts,
increases in runoff ranged from 18%in a low runoff year (low April 1st SWE
and low April-June precipitation) to 79% in.a high runoff year, averaging 40%
over the post-treatment period. The initial increases in runoff decrease with
time due to vegetative regrowth.
Studies that have been carried out in B.C. confirm the general trend to
increased annual runoff with reduction in cover, but because they are not
controlled "paired-catchment" experiments such as were used to derive
Figure 10, and because increases in runoff vary with annual precipitation, the
results are somewhat less than indicated in Figure 10. In an Alberta study,

where an average 50% of the forested areas of a number of watersheds was
clearcut, the annual runoff increased 27% or 40 mm. Most of this increase
occurred in the April-May snowmelt period when runoff increased by 59%
(Figure 12). In a study of changes in water yield due to the 1973 Eden forest
fire near Salmon Arm, B.C., an increase in the April-August runoff of 24%
(83.5 mm) was measured, most of 'which occurred in the April-May snowmelt
period (Figure 12). Fifty percent of the vegetation in the watershed was
"removed" by the fire.
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Peak Flows
The effect of tree removal on snowmelt peak flows is variable and can
range from no change to increases of 1.5 times pre-treatment amounts.
Increases are the result of (i) increased soil moisture amounts which reduce
the amount of runoff during the early part of the melt season required for
replenishing soil moisture, and (ii) the more rapid melt rate from the
snowpack in the openings.
In the Alberta study mentioned earlier, snowmelt peak flow increases
averaged about 1.5 times, with similar increases indicated in the Eden Burn
study.
Based on the information collected in applicable studies, it appears that
on north aspects, because of greater snow deposition and higher melt rates,
large openings can cause higher spring peak flows than under forested
conditions. Larger openings on the south aspect permit a more rapid spring
melt and an earlier disappearance of snow than occur in the uncut forest. In
theory, by maintaining a balance between the amount of area cut and that left
uncut, peak flows from a south-facing watershed could be reduced because of
desynchronization of melt rates.
Whether there is an increase in peak flow or not, peak flows generally
occur earlier after tree removal. This is linked to the increase in snowmelt
runoff volumes in that the volume increase occurs on the rising limb of the
snowmelt hydrograph (Figure 13) due to the more efficient or direct
conversion of snowmelt to runoff. Post-cutting snowmelt peak flows occur
up to two weeks earlier than before cutting, but the date of occurrence
gradually returns to the pretreatment level.
Although not often studied because they are relatively small and
difficult to measure by the usual hydrometric methods, summer rainstorm
peak flows have also been shown to increase significantly after tree removal
(Figure 11). The result of lower transpiration will be higher soil moisture and
increased efficiency in delivering rainfall to the subsurface flow 'system.
Increases of four to five times have been observed, but in the Alberta study
the increases were in the order of 1.5 to 2 times. It must be remembered that
these peak flow events occur when streamflow is very low, so any increase is
not as significant as during the snowmelt period. However, for small, low
elevation watersheds where snow accumulation is very low and snowmelt
runoff not as'significant as for high elevation watersheds, increases in
rainstorm peaks could be of concern.
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Figure 13. Average Hydrographs Before and After Harvesting
Summer Low Flows
The effect of tree removal on July-September summer low flows is a
controversial topic, especially in regions where water demand is high during
this period for irrigation and fisheries purposes. Because most research
studies have been concerned with the high runoff portion of the streamflow
regime, summer low flows have been ignored, or addressed in only a cursory
way. Part of the reason is that low flows are difficult to measure, and a large
percentage change in flow may be only a minute amount in absolute terms.
In theory, the summer low flows should increase after tree removal
because transpiration rates which are highest at this time of year are
eliminated or reduced, resulting in higher soil water content and reducing
the need for subsurface flow or precipitation input to replenish the soil
matrix. Results from research studies which have addressed low flow
changes range from no detectable change to an increase in summer low flow
amounts.
In the Eden Burn study in which 50% of the "treated" watershed was
burned, the August-November runoff increased by 37% (15.6 mm) (Figure 12).
However changes for individual months ranged from +lo% in August to
+68% in October. It must be noted that July runoff was reduced by 15%
(3.8 mm). It is thought that this could be due in part to the advance of
streamflow from May to April or June to May.

In the Alberta study, as would be expected from the increase in
summer peak flows, July-September flows were generally higher in the cut
watersheds (Figure 11).
9.2.4 Duration of Effects
The number of years after tree removal for flow and runoff amounts to
return to preharvesting levels will depend on the length of time for
snowpack and evapotranspiration changes to recover.
Snowpack distribution will return to precut conditions only after the
crown depth and density reach a level where aerodynamics and interception
losses return to "natural" conditions. The crown depth has to at least reach a
height greater than the snow depth occurring in the area before interception
losses recover to normal amounts. A return to preharvesting aerodynamic
conditions won't occur until the crown depth and density are very close to
the mature forest. Snowmelt rates are determined by the solar radiation
regime which is influenced by crown closure and depth. Crown closure
cannot have any shading effect until the crown is completely above the snow.
However, because the canopy is the warmest part of the forest, crown depth
will affect snowmelt from the time the canopy is first visible until it is well
above the snowpack.
When vegetation presents the same surface area as did the crowns of
the mature trees before clearcutting, transpiration and thus soil moisture
should reach preharvest levels. The length of time it takes for new trees to
grow to a crown position above the annual snowpack must also be
considered, as new growth covered by snow does not transpire.
The duration of the changes in snowpack distribution and
evapotranspiration, and consequently runoff characteristics, depends on the
rate of regeneration. An average length of time for increases in annual
runoff to gradually return to preharvest levels is in the order of 40 to 60 years,
although a major portion of this recovery could occur in the first 10-15 years.
9.3

EFFECTS OF TIMBER HARVESTING - COASTAL REGIME

In the coastal regime runoff generation is predominantly in direct
response to rainfall events. At higher elevations (say above 1200 m) snowfall
may occur, accumulate, and melt in the early spring. At intermediate
elevations (450-1100 m) snowfall is usually intermittent forming a shallow,
wet snowpack which may last a few days to a few weeks. This is sometimes
referred to as the "transient snow zone" and is regarded as the area where

"rain-on-snow" events occur.
The importance of this particular
phenomenon will become clear later.
In terms of the hydrologic variables mentioned previously, heavy
precipitation, mainly in the form of rain commences in October, reaching a
peak in December-January, and decreasing to April. Soil moisture levels are
high as are runoff amounts (Figure 14). Daily flows generally reflect the
rainfall input. During May-September precipitation is relatively low in
comparison to evapotranspiration rates resulting in lower soil moisture
levels and a low flow period in July and August.
Tree removal in a rainfall regime causes changes in wind speeds,
interception loss, and of course evapotranspiration. A major concern in
coastal regions is the effect of harvesting on rain-on-snow events. The
following discussion will describe the runoff generation process under the
forested condition for a rainfall event and a rain-on-snow event, and then for
the same events the process when trees are removed.
9.3.1

Forested Condition

During a rainfall event there is some interception loss from the
vegetative canopy. The actual amount varies depending on storm intensity
and duration. (Chapter 5). Precipitation input reaches the soil mantle
through the processes described in Chapter 5. In coastal regions, fog drip
during the summer months may make a significant contribution to water
input to the soil. A number of studies have indicated fog drip amounts
during rainless periods are the equivalent of precipitation in the forest of 500
to 1000 mm. This would constitute 25-30% of the annual precipitation
reaching the ground under the forest.
On the coast, a common event is that occurring when a heavy rain
over 2 or 3 days falls on a shallow, warm snowpack--a "rain-on-snow" event.
The dense, warm snow collects in the canopy during a snowstorm, melts
relatively quickly, and drips from the canopy or falls in wet clumps. There is
snow between the trees, wind speeds are low, and there is low radiation input
due to the cloud cover generally prevailing. On top of this shallow snowpack
rainfall occurs. The additional water input to the soil caused by the snowrnelt
contribution varies with rainfall rate and air temperature (air temperature is
an index of convection-condensation melt). The relative effect of snowmelt
on water delivery to the soil during rainfall is greatest during periods of low
rainfall. If the rainfall amounts to 50 mm/day at an air temperature of 6"C,
snowmelt would increase the daily water input by 50% over that which
would occur without a shallow snowpack; for a rainfall of 200 mm/day, 20%.
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Figure 14. Streamflow Distribution - Coastal Regime

However, peak flows which result from low values of rainfall are small and
of little consequence in terms of erosional damage and downstream flooding.
Even though the addition of snowmelt during high rainfall events is
relatively small, this small increase in the resulting peak flows may be
enough to increase significantly the chance of channel erosion and landslides,
as well as downstream flooding.
9.3.2 Open Condition

If openings are created by tree removal, for a rainfall event the gross
amount doesn't change, but interception is eliminated and more rain reaches
the ground surface causing increases in annual and seasonal runoff amounts.
In areas where fog drip is a factor, tree removal eliminates this source of
water input and can result in decreases in summer low flows and even
annual runoff.
During a snowfall, the snow is not caught in a canopy and accumulates
on the ground in greater amounts than under the forested condition. It melts
slowly as it is less exposed to the energy required for melt.
When rain falls on snow in the open, it is accompanied by warm,
moist air, high temperatures, and high winds which cause increased air
movement and turbulent exchange of sensible and latent heat which are
convection-condensation melt heat sources. The wind factor is the major
difference between the forested and open condition, and this can account for
as much as a 40% increase in daily snowmelt for the open site compared to
the forested site for a wind speed of 5 m / s (forested site wind speed is
assumed to be 2.4 m/s which eliminates the wind variable in melt equations).
At 10 m/s, the increase can be up to 100%. However, the resultant increase in
total water input to the soil would be increased appreciably only when
infrequent combinations of meteorological variables occurred. For example,
the 40% increase in snowmelt mentioned above would translate into only an
8% increase in water input to the soil.
9.3.3 Changes in flow characteristics

Changes in flow and runoff caused by tree removal in coastal regions
vary widely depending on the type of flow characteristic being considered and
the type of event.
Annual runoff will generally increase due to the reduction in ET loss
(Figure 10) and will be proportional to the percent cover removed.

Changes in peak flow amounts (Table 1) are generally increases, with
the amount varying depending on the size of the peak flow (low to high), the
time of year (fall or winter) and type of event (rain only or rain-on-snow).
Increases in fall peak flows are generally larger than others because the
relative difference between forested and open ET is greatest during the
previous summer growing season.
TABLE 1 - Peak Flow Changes
% CUT

TYPE OF PEAK

100
90
67
67
40
40
30

Average
Average Rain
Average
Fall
Average
Fall
Aver age

% CHANGE

-22

+20
0
+300
0
+I00
+10

Summer low flows generally increase after tree removal (Table 2) due
to reduced ET which is greatest during the growing season. But if fog drip is a
factor, the removal of trees may cause a decrease in summer low flows.
TABLE 2 - Summer Low Flow Changes
% CUT

% CHANGE

100

+I00
(+200 1st year)
+ 44
+ 65
- 15
- 47

50
30
25
40

Changes in flow characteristics are greatest in the first few years after
tree removal and gradually return to pretreatment levels as regeneration of
vegetation proceeds. This return to pretreatment levels can take 25-30 years
for annual runoff, 10-25 years for peak flows and 5-6 years for low flows.
9.4

EFFECTS OF LOGGING ROAD CONSTRUCTION

Because the area comprising roads, landings and skid trails is usually
only 8-12% of the harvested area, their contribution to changes in runoff
compared to that of tree removal is not usually significant. However, the

localized, on-site effects can be substantial and can lead to severe water quality
deterioration as a result of increased erosion.
Roads, landings and skid trails involve tree removal, but with the
added factor of reduced infiltration rates to the soil profile due to compaction
of the ground surface. Precipitation input (snowmelt, rainfall) becomes
surface flow. Reduced infiltration causes higher peak flows and generally
higher runoff which must be handled by nearby watercourses as surface flow
through the ditch/culvert drainage system.

An additional effect of roads occurs where it it necessary to cut into a
slope, thus incising the soil horizons. It must be understood that overland
flow rarely occurs in undisturbed areas. Infiltration rates are generally higher
than rainfall or snowmelt percolation rates and subsurface flow rates are
substantial. Thus, when slopes are incised by road cuts part of the subsurface
flow is transformed into surface flow putting additional "stress" on surface
drainage channels.
A study of subsurface flow interception pointed out that:
1.

intercepted subsurface flow was approximately 7 times greater than the
estimated runoff from the road length incised in the slope;

2.

there is often a lack of recognition of subsurface flow because
subsurface flows occur only during large rainstorms and/or snowmelt
and are short-lived;

3.

removing subsurface flow (in this study 100 to 200 mm annually) from
a slope and preventing its downslope movement may modify
vegetation species composition and growth rates on the slope below;

4.

road location and position with respect to the amount of subsurface
flow drainage area above the road is an important consideration; e.g., a
45 m length of cut drained 1.0 ha, whereas another 50 m length of road
cut drained 0.3 ha.

It is a well-documented fact that roads are the primary cause or source
of accelerated erosion and sedimentation. The largest increases in suspended
sediment concentrations occur during and shortly after road construction
with sediment loads 4 to 400 times those of the undisturbed condition. These
increases can return to normal in a one to three year period due to
revegetation and stabilization. Sediment yield from roads can be 150 times
that due to cutting and skidding activities. A study comparing suspended
sediment concentrations for different road use levels and types of surfaces

found that a heavily used road segment contributes 130 times as much
sediment as an abandoned road; and a paved road segment, along which cut
slopes and ditches are the only sources of sediment, yields less than 1%as
much sediment as a heavily used road with a gravel surface.
A study in Alberta was designed to demonstrate that water quality
deterioration can be prevented. In the study 3.4% of the watershed area was
disturbed by roads and 20% of the area was harvested (50% of the forested
area). No increases in suspended sediment concentrations occurred during or
after road construction and logging. This was attributed to: careful planning
of roads and logging resulting in roads and cut blocks being located away from
stream channels, avoidance of steep road gradients, and a mimimal number
of stream crossings; carrying out logging and road construction in July to
September when runoff, soil moisture and rainfall are at minimum levels;
trained supervisors; and soils which were very stable and low in erodibility.
In summary, on a watershed basis changes in flow and runoff
characteristics due to roads, landings and skid trails are generally
insignificant. However, on-site, localized changes are substantial with
increased surface runoff causing increases in suspended sediment amounts.
The need for careful planning of road and cut block layout and in drainage
design (ditches, culverts) cannot be overemphasized.
9.5

EFFECTS OF MINING

Water management concerns in connection with mining relate to the
potential effects on water quantity caused by tree removal and changes in
drainage patterns. Although not addressed in this manual, but of possibly
greater concern, are the impacts on water quality resulting from processing
ore, storage of ore and waste rock and sewage handling.
Exploration activities are not usually addressed due to their not being
included in present government agency review processes, but access road
construction, drilling, and the digging of pits and trenches can cause changes
in drainage patterns leading to erosion problems.
Mine development activities can include road construction,
transmission line right-of-way clearing, stripping of vegetation and
overburden, construction of housing facilities and townsites, mill offices,
powerplants and warehouses, and water supply systems. The Production
Stage involves waste ore stockpiles, tailings ponds and water supply .

The impact of these activities can be reduced to the effects of tree
removal, soil disturbance, and changing drainage patterns which will result
in changes in annual runoff, peak flows and low flows.

9.6

EFFECTS OF AGRICULTURE

Changes in land use in relation to agriculture generally involve tree
removal to create fields for various crops and pastures for grazing.
The impacts of tree removal are the same as described for timber
harvesting. Clearing however is often followed by stump removal, which
can cause severe soil disturbance, and burning to complete the vegetation
removal. Depending on the severity of the burn, changes to soil infiltration
properties can occur leading to soil surface erosion. Until vegetation
regrowth is established, evapotranspiration reduction will result in increased
soil moisture levels. Plowing may reduce infiltration rates, but rates will
likely recover once the area is seeded and vegetation is established.
Grazing impacts depend on the intensity of the activity. Adverse
effects include lower infiltration rates due to trampling which can cause
surface runoff during summer rainfall leading to surface erosion problems.
Livestock grazing can degrade riparian vegetation to the point where
streambanks slough and collapse and bank stability is reduced. The removal
of vegetation by intense grazing can expose soil to erosion by rainfall. A
reduction in streamside vegetation can effect aquatic habitat through changes
in the water temperature regime, reduction in fish food sources, and loss of
fish habitat cover.

9.7

EFFECTS OF URBANIZATION

The urbanization process is characterized by large areas of land
rendered impervious by roads, footpaths, roofs and parking areas. The area in
which rainfall can infiltrate into the soil is reduced, depression and
interception storage of precipitation may be reduced, and overland flow can
take place readily on the relatively smooth impermeable surfaces. These
effects can cause changes in peak flow characteristics, changes in annual and
seasonal runoff and water quality changes. Table 3 summarizes the
hydrological impacts of urbanization.

TABLE 3
Hydrologic Effects during a Selected Sequence of Changes in Land and Water
Use Associated with Urbanization
Change in Land or Water Use

Possible Hvdrologic Effect

Transition from preurban to earlyurban stage:

-

Removal of trees or vegetation
- Construction of scattered city-type
houses and limited water and sewage
facilities

-

-

-

Drilling of wells

Decrease in transpiration and
increase in storm flow. Increased
sedimentation of streams.
Some lowering of water table.

- Construction of septic tanks and

- Some increase in soil moisture

sanitary drains

and perhaps a rise in water table.
Perhaps some water-logging of land
and contamination of nearby wells
or streams from overlooked sanitary
drain system.

Transition from early-urban to
middle-urban stage:

- Bulldozing of land for mass
housing, some topsoil removed,
farm ponds filled in

- Accelerated land erosion and
aggradation. Increased flood flows.
Elimination of smallest streams.

- Mass construction of houses,
paving of streets, building of culverts

- Decreased infiltration, resulting in
increased flood flows and lowered
groundwater levels.
Occasional
flooding at channel constrictions
(culverts) on remaining small
streams. Occasional overtopping or
undermining of banks of artificial
channels on small streams.

- Discontinued use and abandon-

- Rise in water table.

ment of some shallow wells.

TABLE 3 (continued)

-

-

Diversion of nearby streams for
public water wells supply

Decrease in runoff between points
of diversion and disposal.

-

-

Untreated or inadequately treated
sewage discharged into streams or
disposal wells

Pollution of stream of wells.
Death of fish and other aquatic life.
Inferior quality of water available for
supply and recreation at downstream
populated areas.

Transition from middle-urban to lateurban stage:

-

Urbanization of area completed by
addition of more houses and streets
and of public, commercial and
industrial buildings

- Reduced infiltration and lowered
water table. Streets and gutters act as
storm drains, creating higher flood
peaks and lower base flow of local
streams.

-

Larger quantities of untreated
waste discharged into local streams

-

-

Abandonment of remaining
shallow wells because of pollution

- Rise in water table.

-

Increase in population requires
establishment of new water-supply
and
distribution
systems,
construction of distant reservoirs
diverting water from upstream
sources within or outside basin

- Increase in local streamflow if
supply is from outside basin.

-

Channels of streams restricted at
least in part to artificial channels and
tunnels

-

-

-

Construction of sanitary drainage
system and treatment plant for
sewage infiltration and recharge of
aquifer

Increased pollution of streams and
concurrent increased loss of aquatic
life. Additional degradation of water
available to downstream users.

Increased flood damage (higher
stage for a given flow). Changes in
channel geometry and sediment
load. Aggradation.

Removal of additional water from
the area, further reducing infiltration
and recharge of aquifer.

TABLE 3 (continued)

-

-

Improvement of storm drainage
system

A definite effect is alleviation or
elimination of flooding of
basements, streets and yards, with
consequent reduction in damages,
particularly with respect to frequency
of flooding.

- Drilling of deeper, large capacity

- Lowered water-pressure surface of

industrial wells

artesian aquifer; perhaps some local
overdrafts (withdrawal from storage)
and land subsidence. Overdraft of
aquifer may result in salt-water
encroachment in coastal areas and in
pollution or contamination by
inferior or brackish waters.

- Increased use of water for air

-

conditioning

-

- Drilling of recharge wells

-

Waste-water
utilization

reclamation

Overloading of sewers and other
drainage facilities. Possibly some
recharge to water table, due to
leakage of disposal lines

and

Raising of water-pressure surface.

-

Recharge to groundwater aquifers.
More efficient use of water resources.

The removal of vegetation will reduce ET losses and increase runoff
amounts. The increase in impervious area results in a higher proportion of
rainfall becoming runoff, this runoff occurring more quickly, and flood flows
or peak flows being higher and "flashier." The increase in peak flows is
relatively higher for low peak flows than for large peak flows.
Urbanization will often cause accelerated rates of erosion, especially
during construction phases, and changes in water quality parameters such as
dissolved oxygen, biochemical oxygen demand, nutrients, dissolved solids
and coliforms.
9.8

MINIMIZING HYDROLOGIC IMPACTS

For any type of land use change some degree of hydrologic impact will
occur. The severity of the impact will depend on the quality of the impact

assessment carried out prior to the development activity and the care taken in
carrying out the development at all stages from exploration, for example, in
the case of mining, to shutting down operations. An important ingredient
for minimizing impacts is the program of supervision and surveillance
carried out during the operational phase.
A comprehensive summary of measures for minimizing timber
harvesting impacts has been prepared, which can be applied to any type of
development involving land use change. Some general principles apply:

1.

Assess the biophysical characteristics in appropriate detail;

2.

Realize that even with the most detailed assessment, surprises
will occur and road locations, for example, may have to be
revised on-site on short notice; be flexible;

3.

As most damage will result from drainage problems, ensure that
a water management plan is prepared, that culverts and ditches
are adequately sized, and that a maintenance and inspection
program is adhered to;

4.

Revegetate disturbed areas as soon as possible after disturbance
occurs.

Models have been developed to predict changes in water quantity
caused by changes in vegetation cover (e.g. USFS Water Yield Increase Model,
WRENSS, SCS/WASH) but these models require many simplifying
assumptions and estimates of hydrologic factors and involve a high degree of
judgement in assessing the results. They can be useful in comparing changes
caused by various rates of cut and clearcut configurations, even though the
absolute values of the changes in monthly or annual runoff may be in error.
The use of models is simply another analytical tool available to the
hydrologist.
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