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ABSTRACT

This thesis is intended as a theoretical discuss-—
ion and a practical guide for the planning of the
hydrological networks in areas where the hydrological
regime has not been disturbed by man. Although the
scope of this thesis is limited to the natural regime
section of the hydrological network, the writer
suggests that the methodology developed may have
applications to other sections of the hydrological net-
work and to related networks, particularly the meteor-
ological one. :

The main elements which are at the basis of the
planning technology developed are data banks, and
modelling and optimization procedures, the combined use
of which is made possible by the computer. The method
of planning suggested is based on the idea that the
development of the hydrological network should proceed
through a reasonable allocation of effort and funds for
data acquisition and data interpretation. Methods of
information interpolation based on the analysis of the
available data in conjunction with data from other
related networks and information on the terrain char-
acteristics are emphasized as a complement or an alter-
native to direct measurement.

While taking his lesson from past and present, the
writer recognizes that developing technology will scon

change some,if not most, of the current hydrometric



practices. Hence, the writer also considers the
planning process as an effort to reconcile the future

to the present.

ii



ACKNOWLEDGEMENTS

The writer wishes to express his sincere
appreciation and thanks to Professor P.O. Wolf
for his overall supervision, guidance and kind
encouragement during the course of this research.
He is also heavily indebted to R TR 1 TS
C T E R W FE R A BN
B :=nd others with whom he had many fruitful
discussions on the subject of this thesis.,

Discussions with many officials of the
Canadian Department of the Environment, Inland
Waters Directorate, have also been helpful in
completing the research. The writer wishes also
to express his thanks to the Department of the
Environment for providing the required data
and entrusting him with assignments which made
possible the application of the research results

to a series of significant practical problems.

* % * & & % * & k& k k * &k ¥

iii



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4.1

6.1

8.1

LIST OF FIGURES

Suggested Classification of Hydrologic
Networks

Basic Layout of the Physiographical
Land use - Land cover and Hydro-
meteorological Data Bank

Square Grid System Superimposed

on Basin Topography for Automatic
Determination of Drainage Basin Area
Along a River

Square Grid Estimation of Distribution
of Mean Annual Temperature in Southern
Ontario.

Relationship Between Standard Error of
Estimate of Average Runoff and Hydro-
metric Network Density for Various
Data Transfer Methods

Relationship Between Relative Standard
Error of Long-term Average Flow
Coefficient of Variation and
Coefficient of Skew of Annual Flow
Versus Length of Sampling Period

Relationship Between Gross Income Per
Capita and Density of Hydrological
Stations

Stages and States for Optimization
by Dynamic Programming of Hydrologi-
cal Network

Stages and States for Application of
Dynamic Programming to Network
Planning

States and Stages used in the
Dynamic Programming Application to
Network Planning

Computational Steps in the Dynamic
Programming Application to Network
Planning

Optimum Conditions for Transition
from a State of a Given Stage to
another State of the Next Stage

Page

3=9

3-12

4-27

L Lt I

6-13

6-14

8-22



Fig. 8.4
Fig. 8.5
Pig. 8.6
Figs.
A-1 to
A24
Figs.
A-25 to
A27

Fig. H=1

Dynamic Programming Application to
Network Planning - Cost of Expanding
and Operating the Network in Millions
of Dollars

Dynamic Programming Application to
Network Planning - Losses Correspon-
ding to various states (Error Levels)
in Millions of Dollars

Dynamic Programming Application to
Network Planning - Losses and Operation
costs corresponding to various
Transition Paths in Millions of Dollars

Southern Ontario . - 5 x 5 km
Grid - Terrain Characteristics

Southern Ontario - 5 x 5 km
Grid - Climatic Characteristics

Square Grid and Isoline Distribution
of Runoff - Southern Ontario

Al3

B5



Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

ol

4=1

4-3

4-4

8-1

8-3

8-5

LIST OF TABLES

Accuracy, Cost and Time Consider-
ations for Establishing the
Objectives of the Natural - regime
network

Values of E* for the Square Grid -
Multiple Reﬁression Technigue for
Hydrological Information Inter-
polation

Comparison Between Error of Estimate
of Mean Annual Runoff Obtained from
an Isohyetal Map (calibration
sample) and Square Grid Technique
(Validation Sample)

*
Expected Values of E_ obtained
from Parametric Model - Square
Grid Technique

*
Expected Values of E obtained
from Data at Six Gauging Stations
in Canada

Value of the Error Variance
Parameter EE-

Cptimum Values of Planning Variables
for Various Objectives (Interest
Rate 7%).

‘a. Parametric Model - Sguare Grid

Technique

b. Correlation - Sguare Grid
Technique

Variation of Optimum Number of
Supplementary Stations Corresponding
to Largest Error Reduction per
dollar Spent within a Five-Year
Period (Western & Northern Canada
Conditions)

Summary Data on Effect of Station
Discontinuation

Results of Optimization by Dynamic
Programming of Simulated Canadian
Natural Regime Network for the
1971-1985 Period

Page

4-39



Table

Table

Table

Table

Table

8-7

B-1

LIST OF TABLES Page

Sensitivity Analysis: Variation of
Optimum Number of Stations with
Variation of Basic Economic

Assumptions B-41

Sensitivity Analysis: Effect of
Economic Cycles-Costs of Operating
and Expanding Network 8-44

Correlation Between Runoff and
Terrain Characteristics in
Southern Ontario B-2

Comparison Between Measured

(actual) and Estimated (Predicted)
Runoff for the Calibration Sample
(Runoff Estimates from Correlation-
Sguare Grid Technique) B-3

Comparison between Measured (Actual)

and Estimated (Predicted) Runoff

for the Validation Sample (Runoiff
Estimated from Correlation -

Square Grid Technigue) B-4

vii



SUMMARY

This thesis contains a theoretical discussion
and a practical approach to the planning of natural-
regime hydrological networks. It is based on inter-
national theoretical developments and practical
experience, particularly on work in this area
carried out during the last few years (1967-1973)
in Canada and on research done by the writer for
the purpose of this thesis.

The approach to planning here suggested is based
on the concept that a hydrological network does not
consist only of measurement stations and the time
series of hydrological data obtained at these stations,
but also of a system of processing these data to
obtain hydrological information as well as syn-
thesised time series of hydrological data and/or
hydrological information at any point of the area
covered by the network. Hydrological information is
defined in this thesis as quantitative definitions
with statistical gualifications of the hydrological
characteristics of river basins. The necessity of
coordinating the planning of related networks is
implicit in the suggested approach.

The planning methodology suggested consists of
two optimization phases. ‘

The first optimization phase, which is applied

to the whole area covered by the natural-regime net-



work, involves the determination of the main net-
work characteristics which would optimize the net-
work according to an internal objective such as
least cost for achieving a certain level of

accuracy within a given time interval, or highest
accuracy for a given cost (budget) . The main char-
acteristics considered in this phase are the number
and location of data-acquisition points, the duration
of measurement at various points, the frequency of
flow measurement, and the technigue of interpolation
of information. Other characteristics, such as the
level of sophistication of instrumentation, could be
included using the same procedure. The optimization
method used in this phase is the technigue of multi-
variate minimization by the steepest descent. It
requires the definition of a series of relationships
between the error of estimate of the hydrological
characteristic considered and the error SOurces;
such as limited sampling in space and time, limited
number of flow measurements for the definition of the
stage-discharge relationships, etc. The crucial
problems for this first phase are the selection of
the information-transfer technique, and the deter-
mination of the number of data-acquisition points
and of their location so as to avoid redundancy on
the one hand and gaps in coverage on the other. The
solution of these problems is greatly facilitated by

using a bank of hydrometeorological and physiograph-



ical data. This data bank makes it possible both

to develop models and transfer information_hy using
data oebtained from other networks and sources, and
to define hydrological regions which can be used for
selecting non-redundant locations of the stations.
The combined data bank and techniques developed on
its basis also appear to be adeguate tools for the
~gradual acceptance in the network of new methods of
data acquisition, particularly those based on remote
sensing. The collection of environmental data is
also facilitated by the data bank and its associated
techniques of analysis.

The first phase is sufficient for the planning
of the natural-regime hydrological network in areas
where economic development is not envisaged within
the planning time horizon. For those areas where
such development is foreseen, a second optimization
phase is necessary. In the framework of this phase
one considers the combined economic conditions of
the planned development and of the network. It
requires as prereguisites a forecast of the economic
developmen£ and of relationships between error of
estimate of the hydrological characteristics and
losses incurred in the developments envisaged. On
the basis of this information and of the optimization
technique used in phase one it is possible to obtain,
by means of dynamic-programming technigues, the

variation of the network characteristics during the



planning period which would produce the largest
benefit from the forecast development after allowing
for network costs.

The first phase is illustrated by using real
examples based on the Canadian experience. Because
of lack of the prerequisite information required, the
second phase has to be discussed on the basis of
hypothetical conditions.

The thesis has inherent limitations due to the
restricted scope and some gaps in the supporting
information in a few areas. Sensitivity analysis is
used in areas where such gaps exist, and the results
of such analysis indicate the areas where further
research would be needed. The thesis is intended to
be both theoretically rigorous and practical and may
be used as a planning tool, particularly to assess
the optimum magnitude and geographic distribution ot
the main planning variables in areas where the develop-
ment of the natural-regime network is in the incipient
stages, and to eliminate redundancy in areas where
the network is overdesigned. Additional research
is recommended for further developing some sections
of the study. The results of such research combined .
with those obtained from developed and developing
networks and improvements in data-acquisition tech-
niques may bring about the improvement of the method
suggested in this study, and perhaps its replacement

by a better one.
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A large number of international and national
organizations active in the field of hydrology and
many hydrologists have shown during the last decade
or two an increased preoccupation with the problems
of designing and planning hydrological networks.
Although it may appear somewhat illogical that the
countries which have recently started to show the
most active interest in the problem of network
planning have already developed to a large extent
their hydrological networks, the situation can be
explained at least partially by the following factors:
lack of hydrological knowledge during-the initial
stages of the network development, the pressure on the
limited funds and staff to provide data to satisfy
immediate needs, and the lack of clearly defined
objectives for the network. To these factors one might
add the lack of a clear definition of the hydrological
network, and of its components and functions.

In all branches of knowledge, and hydrology is
no exception, the philosophy of the respective act-
ivity was developed much later than the accumulation
of knowledge. However, the fact that almost all
important hydrological networks were developed in an
émpirical manner does not mean that those countries
which are now in the initial stages of development

of their hydrological networks must follow the same



path. Moreover, in many countries with a developed
hydrological network there are areas which are badly
underdesigned or where there is no hydrological net-
work at all. These areas as well as those which
initially or ultimately contain redundant stations
will benefit from the development of a scientific
approach to hydrological network planning. In add-
ition, those countries and areas which have an adeg-
uate hydrological network could still benefit from
a design and planning analysis by streamlining their
operation and co-ordinating it with the cperation
and development of related networks. In addition,
these benafits may also extend to preparing for the
assimilation of the new, more efficient technology
of data acquisition and information interpolation.
Thus, the increasing interest in the planning and
design technology of hyvdrolegical networks is per-
fectly justified.

The ready availability for processing of hydro-
logical data, the development of the statistical
analysis and modelling technology as applied to
hydrology, the creation of data banks, and the
development of system analysis and optimization tech-
nigues all of which was made possible by the advent
of the digital computers, combined to create the
conditions for a significant effort for developing a
methodology of planning and designing of hydrometeor-

ological networks. The result of this effort is



reflected in the technical literature and in the
national hydrometeorological programmes reviewed
partly in Section 1.3. 1In three of the larger
countries of the world, the U.S.A., the U.S8.85.R.,

and Canada, where the problems of network design are
most pressing owing to the existence side by side of
areas with overdesigned and underdesigned networks,
the results of this effort have produced conditions
which permit a more rational approach to hydrological
network planning. This study is based on the results
obtained in the above-mentioned countries, particul-
arly Canada, and on research carried out by the
writer for the purpose of this thesis. Before discuss-
ing the purpose and scope of this thesis, it will be
necessary to clarify the definitions of the hydro-
logical network and its subdivisions and of the con-
cepts of hydrcometric data and hydrological informat-

ion.

1.1 Hydrological Networks: Definition and Clasgsifi-

cation.

1.1.1 Definition.

The definition of the hydrological network
accepted in this thesis is identical to that accepted
in Report No. 12 of the World Meteorological Organ-
ization (Rodda et al., 1969): "A hydrological net-

work is a programme for systematically acquiring the




requisite information, processing and disseminating
it in a like manner". The emphasis is ours, and the
interpretation given in this study to the above
definition is different from that given in the report
mentioned. According to the authors of the report
the interpretation of this definition in its broadest
sense would be that the hydrological network includes
a time series of observations at individual stations
and alternative forms of data collection,and also the
means for storing, handling, and publishing the data
(p. 4 in Rodda et al, 1969). In the interpretation
given to the above definition in this thesis, the
network includes also the systematic processing of
data to obtain jnformation at any point of the area
covered by the network. We define in this study data
as numerical expressions of measurements on some
quantifiable characteristics of phenomena, and infor-
mation as guantitative definitions with statistical
qualifications of these characteristics. A series

of tables with daily flow values at a station re-
present data. The statement that average flow at a
certain point of interest is 100 cfs with an error

of + 10% at the 99% confidence level represents
information.

This definition and interpretation of a hydro-

logical network may seem controversial, particularly
to some agencies responsible for the operation of

such networks. However, there are three compelling



reasons for which this interpretation should be
accepted. The first relates to the fact that with-
out data interpretation for obtaining gensralized
information the network is incapable of being im-
proved. We cannot determine where data are scarce
and where they are redundant, where the frequency
or technique of measurement should be changed,

and where and how the hydrological network could
benefit from data collected by other related net-
works and vice versa. The second reason is related
to efficiency. Leaving the interpretation of data
and generalization of information to the users,

as is done in some countries, is extrenely ineffi-
cient since the same data are processed repeatedly
by various people who use different approaches
according to purpose, technical ability, budgetary
limitations, etc., and who seldom obtain the same
answer to an identical guestion. The third reason
is related to safety. It is unsafe to use, for
example, inconsistent estimations of £lood peaks
and volumes. In a cascade of dams, the safety of

a dam downstream is equal to or lower than the
gafety of any of the dams upstream. If by under-
estimation of the flood peak and volume at a dam
upstream this dam is unsafe, the safety of all dams
downstream is thus reduced independently of the
accuracy of the information used for the design of

the downstream dams (unless the dams downstream are



all designed for the event of the failure of the
underdesigned dam upstream, which is very costly).

The writer does not suggest, of course, that
the organization operating the hydrological network
should become a kind of unchallenged “"one-party
hydrological government" establishing by decree
what are the hydrological characteristics of the
nation's rivers. The studies on which the collect-
jon of information is based must be published and
submitted for discussion. Various organizations
with hydrological research ability should be
called to co-operate with the organization operat-
ing the network in the process of data interpretat-
jon and of obtaining and generalizing hydrological
information. But all this activity must be control-
led and co-ordinated by the organization operating
the network in order that operation and development
may be consistent and optimized.

The writer has considered the problems of the
planning of natural-regime hydrological networks
in the framework of the interpretation of its def-

inition as given above.

1.1.2 Classification

The literature is abundant in hydrological
network classifications based on a variety of view-

points (see for example Langbein, 1865, Carter and



Berison, 1969, Rodda et al., 1969, Solomon, 1971) .
We retain in this study the classification suggest-
ed by'the writer (Solomon, 1971) developed in
co-operation with W. B. Langbein. This classific-
ation is considered by the writer the most suitable
for the purpose of hydrological network planning
for considerations which are discussed further in
this section. The suggested classification is
presented in Fig. 1.1.

The suggested classification divides the
hydrological network into three sections (natural-
regime, transitional, and modified-regime) , accord-
ing to the level of interference by man with the
hydrological regime. Each section is subdivided
into two subsections reflecting variations in
space coverage by various types of stations or net-
work-related activities (surveys). Each sub-
section consists of one to four groups of stations,
the groups being constituted on the basis of the
use made of the data collected.

The definition of each section, subsection,
and group is given in Fig. 1l.1.

Further subdivision of the hydrological net-

work according to specific purpose (e.g. flood

warning in contrast to hydroeslectric plant operation),

characteristic measured (level, flow, sediment

discharge, etc.), and other criteria is conceivable
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unsteady activicy {n the river
basta.
FASIN ORIENTED BETWORK
That perzien of che sedified
raglve section vhich eellects |
date fre= viver basing affucted
by =an'a activity which can
eat be sccounted for
becsuse of fts diffune
oature.
L GROUP
The group of statlons vhose
porpose i3 to sonitor tha
altered hydzologle charac-
teristics dus to nan'asc-
civity of a diffuse naturs
and vhich cas not be coa-
sequestly controlled en aa
individual project basis.
DXFERTMENTAL (AND RESEARCH)
CROTP
Those atations vhich are
eperazed vith the purpose of
assening expetizeatally the
effect of man's astivicy on
the hydrolcgle regice of
the rivers.
BEVELOFED RIVERS GROUP
Those stations vhieh are
eperated with the purpose of
chtalning tha a required
for adjesticg the flow data
as wuch as poasible to the
patural flevs.
FEOJLCT CRIENTED NETWORK
That portion of the codified
reglce section vhich collects
data at specific locatiens
where projncts have been de=
wveloped,
LICINSTING .un"ﬂ UBAGE CROLP
Those stations which are
eperated with the purpess of
measuring the asousts of
wvatet usad and returned
changes of vater qualiey,
water avallable to be shared
betvren sevaral ueere acoor-
éing to Interjurlsdictisnal
or istervatliooal agreesenta,
etc.
CPEPATION GROUP
Those stations which are
wvperated for cbrmining daca
reguired for day to day
declstions on vater sanage-

mant.

OWVIEDHINTAL AND “RIVEL-
SCAPL" GROLT

These statlons opersted fut
occasionally surveys carried
out for the special purpoie
of ebrsinlng daza on the
changes in the aguatic eawi-
con=eot duz £ changes in
the rivers fegice or land
eavirercent 15 conpectlon
with the operation of pro=
Jecta, changes {n Jmnd use
etec,, and vn chinpes in the
Jandszaps end aesthetic gual-
fty of the area dug to the
changes fn the bydrologie
regies.
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but is not of any significant interest from the
viewpoint of this thesis.

It is important to discuss at this point some
basic differences between the two major sections
of the hydrological network, the natural-regime
section and the modified-regime section, which
are relevant to the planning of this network. The
first difference relates to the possibility of
obtaining information from the data collected.
Whereas data obtained from the natural-regime net-
work stations can be used as such for obtaining
and generalizing information (this information being
improved by the availability of physiographical
data and data from related networks but not directly
dependent on them), in the case of the modified-
regime network, data from the gauging stations
alone are not sufficient for this purpose. In the
latter case one has to have, in addition to the
data from the network, data on the operation of the
various projects in the river basin, on changes
in land cover and land use, and data from other
related networks. This should not be read as an
indication that the writer does not consider inter-
network co-ordination important for the natural-
regime network. On the contrary, such co-ordinat-
ion is important both for improving the accuracy
of the information and for estimating the changes

of the hydrological regime which may be expected



when development takes place. ‘What is pointed
out here is that the natural-regime network can
function independently, whereas the medified-
regime network cannot. Because of this the mod-
ified-regime network cannot be planned independ-
ently.

The second major difference between the two
sections refers to the purpose for which the
collected data are used. In general, data from
the hydrological network are used for the follow-
ing purposes:

a) Resource inventory

b) Geophysical research

¢) Decision-making (selection between devel-

opment alternatives, or between corrective

alternatives)
d) Planning (analysis of alternatives)
e) Design
f) Construction
g) Operation (including flood-warning)

h) Commercial (e.g. real estate activities)

The natural-regime network basically provides
data for the users concerned with purposes a and b,

and to the extent to which developments extend in-

to the area covered initially by this netwerk,

for the users concerned with purposes ¢ to e. The

emphasis is usually on information, occasionally

on data, and rarely on real time data.
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The modified-regime network provides in
principle data for users concerned with all of the
above purposes, but the emphasis is usually on
purposes ¢ to h. Most users need data in addition
to information and frequently real tims data.

This latter difference in uses generates two
additional differences between the two major
sections of the hydrological network. One deals
with the type of data collected (required), the
second with the economic objectives to be used in
the planning of the network.

Whereas the users of the natural-regime net-
work most frequently require data and information
on flows and occasionally on sediment discharge
and water guality, the users of the modified-
regime network usually require in addition data
on levels, river cross sections, roughness, and
ice characteristics, and have heavier reguirements
for water quality and sediment data. This adds
a further complication to the problem of obtain-
ing generalized information in the framework of
the modified-regime network since most of the
above-listed hydrological characteristics, in add-
ition to having unsteady statistical character-
istics due to man's interference, have a dis-
continuous variation in space, and are therefore
very difficult, if not impossible to interpolate.

The system of data acquisition used currently is
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practically incapable of producing informatién

of this type much beyond the gauging

stations. The developing remote-sensing systems
of data acquisition might free at scme future date
the modified-regime network of its dependency upon
stations, but this does not change the substance
of the problem since the obtaining of information
will still depend largely on direct measurement.
The point which is made here is that in the case
of the modified-regime network the requirements of .
the user dictate the location of the stations; the
instrumentation; frequency and types of measure-
ments; and method of storing, transmitting and
disseminating the data. Very little is left for
the design and planning of the modified-regime
network.

With regard to the economic objectives to be
used in planning there is a basic and cbvious
difference between the two major sections of the
hydrological network. 1In the case of the modified-
regime network, which is always closely connected
with economic development, it is easy to set an
economic optimization objective (even in the case
of a corrective project such as a pollution control
scheme), This objective is usually formulated as
the requirement that the marginal cost of increas-
ing the amount of data or the accuracy of the

information should be egual to or less than the



marginal benefit obtained from the additional data
or the increased information accuracy. It is much
more difficult to set up an economic optimization
objective for the natural-regime network. In this
case the information may never result in any add-
jtional, economically accountable benefit. The
natural-regime network is related to the economy
only loosely, since it provides an inventory of a
resource, and estimating benefits from the network
is possible only when development materializes.

At this stage the network enters into the trans-
itional section and its economic objective approach-
es that of the modified-regime network. (As will
be shown in chapters 2 and 6 optimization of this
transitional section uses a combination of object-
ives borrowed from both the natural-regime and
modified-regime sections). Under these circumstan-
ces the only possible avenue left is to consider
the natural-regime network as an independent
economic unit which has the function of producing
data and information. The economic optimizing
objective can be then formulated in terms of the
~general policy of the country with respect to water
resources, as the requirement to obtain a certain
level of information accuracy at a minimum cost
within a certain period of time, or of obtaining

the maximum accuracy possible for a given cost
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within a given time, or other similiar permutations

as discussed in Sections 2 and 6.

1.2 Purpose and Scope.

The purpose of this thesis is to provide a
theoretical analysis and practical guide applic-
able to warious conditions for the planning of
the natural-regime section of the hydrological
network. The design techniques developed in
this thesis consider the optimization of the net-
work with respect to the following decision
variables: number and location of stations; dura-
tion of station record; number of flow measure-
ments; and method of data transfer. However,
other decision variables concerning the network,
such as £he level of sophistication of the
instrumentation, could be included using the same
design principles. fThe purpose of this study
includes also the development of the methodology
for the planning of the hydrological network at
the stage when a portion of the natural-regime
section is transformed into a portion of the trans-
itional section in the framework of the planning
of economic development in the basins involved.

The scope of this thesis is restricted to the
analysis of the planning of the natural-regime

network as a whole, at a national scale, and covers
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only in a general manner the problems of detail
planning of the subsections and groups of this
gection as defined in Fig. 1.1. Furthermore, the
scope of this thesis is restricted to one type of
data and information, namely flow. However, the

methodology developed may be applied with slight

modifications to other types of data networks such .

as the sediment, water temperature, and water
quality networks. The scope of the analysis is

_generally restricted to the currently used method-

ology of data acquisition, but consideration is given

to the possible changes in this technology and to
the implications for the planning of the natural-
regime hydrological network.

The scope of this thesis was restricted to the
planning of the natural-regime network and the
methodology of the planning of the transitional
network at the stage of development planning for
the following reasons: the study must be kept to
a manageable size; the modified-regime network has
relatively few decision variables amenable to
planning and the economic aspects of the planning
of this section of the network have already been
studied extensively, as witnessed by the list of
papers given in the "Supplementary References";
there are pressing needs for technigques of planning
the natural-regime network in many countries, part-

jcularly in the developing ones.
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1.3 Present Status and Trends in Planring of

Natural Regime Networks

The significant differences which exist in the
design and planning of the natural-regime, trans-
itional, and modified-regime networks are not
always clearly recognized by all organizations
responsible for such planning and design or by the
hydrologists who published papers on this subject.
We shall confine our review of the current practices
and trends in this field only to those countries
and authors that recognize at least to a certain
extent this difference. However, we offer in the
“Supplementary References" a list of papers in
which there are some theoretical or practical con-
siderations which may be of use in the planning of
natural-regime networks, although this section of
the hydrological network is not clearly identified

by the respective authors.
1.3.1 Review of International Literature

During the last fifteen years or so the World
Heteorolpgical Organization has been very active in
organizing international co-operation in the field
of hydrometeorological network planning. In
connection with this the WMO has organized meetings
and symposia, and has sponsored the research and

publication of papers and reports on the subject.



In 1958 the WMO published a basic paper by Kohler
on the design of hydrological networks which was
followed shortly afterwards by a Seminar on
planning and operation of hydrological networks
(WwMO, 1960). 1In 1965 the WMO published the com-
prehensive "Guide to Hydrometeorological Practice",
and organized in co-operation with the Inter-
national Association of Scientific Hydrology a
Symposium on Design of Hydrometeorological Networks
(WwMO, IASH, 1965). Subsequently the WMO commission-
. ed a study on hydrological network design (Rodda
et al., 1969). The Commission for Hydrology of
the WMO has appointed a "Rapporteur on Network
Design” in the person of W. B. Langbein to prepare
inter alia a Casebook on Hydrological Network
Design Practice including contributions from various
authors active in this field (WMO, 1972).

The basic principles of hydrological network
planning which have been postulated in various
forms in the above-mentioned references are summar-
ized by Rodda et al. (see section Streamflow Networks,
pp 18-19). According to these principles the
hydrological network should consist of a basic and
an auxiliary network. We discuss here a paragraph
on the basic network from Rodda et al. since it
illustrates some of the problems raised by the

published literature. According to Rodda et al. the



basic network should be planned as a tool to collect
full observational data for the whole territory.

It should enable derivation of values for the main
characteristics of the hydrological regime by means
of interpolation between base points." (Although
not clearly stated here, it is implied that the
auxilary network is also used for this purpose).
"The accuracy of the interpolated characteristics

is defined by the accuracy of the degree of
variability in time and space, and also by the part-
icular demands connected with water use." (The
report seems to amalgamate here the obtainable
accuracy and the desirable or required accuracy).
"This indicates the main principle of distribution
of the basic network - its optimum density depend-
ing on the physiographic variability influencing

the hydrological regime." The problems of desirable
accuracy in connection with water use are not
considered in the above stated main principle of
distribution of the basic network, and this led the
writer to the conclusion that Redda et al. imply
that the basic network belongs to the natural-regime
section of the hydrological network. Rodda et-al,
recommend that "the duration of observations in

the basic network should be unlimited". The
recommended density varies from one station per

2 2
2,500 km to one station per 12,500 km on medium
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size rivers (5,000 to 50,000 km?), and sampling
methoas are recommended for small basins having

an area of less than 5,000 km®. Ruxiliary stations,
according to Rodda et al. are aimed toward explain-
ing, in conjunction with the basic network, the
territorial variability of the hydrological char-
acteristics of the various water bodies, and include
also temporary posts installed during short term
investigatigns (special survey stations in our
classification), and stations installed for the
design of large hydraulic projects (transitional
stations in our classification). No specific
recommendations are made regarding the density of
the auxiliary network, but it is implied (see

Table 4 in Rodda et al.) that a density varying

from one station per 500 to 1,000 km2 in mountainous
areas to one station per 1,500 to 2,000 km? in temperate
regions represents the desirable range. These densities
are slightly higher than those recommended earlier
by WMO (1965). From the viewpoint of the planning
in time of the development of the network Rodda et
al. presents somewhat contradictory ideas (see p.7
and p. 18 in Rodda et al.) However, a free inter-
pretation of these ideas could be that the basic
network should be developed gradually in time,
whereas the auxiliary stations should initially be
installed in a large number and then either dis-

continued, or moved to other locations.



Of more significance for the present study are
a series of basic ideas related to the planning of
the natural-regime network contained in various
reports and papers published under the sponsorship
of the WMO but which, to our knowledge, have not yet
been systematically applied. These basic ideas can
be summarized as follows:

- The natural-regime network should be used
for inventory purposes and should be established well
ahead of development (Langbein, 1965).

- A minimum level of data collection is re-
quired in a basic hydrological network regardless of
prospective economic development and should provide
information needed to estimate or synthesize hydrol-'
ogical characteristics of any locality in the
national domain on the basis of correlation with
terrain factors (Solomon, 1965; Wallis and Anderson,
1965; Kohler, 1965).

= In connection with the above, hydrological
networks should not be considered to include only
stations and the corresponding series of data, but
also short term surveys (and, in our interpretation,
other data) which could help in evaluating thé hydro-
logical, geological, and climatological framework of
an area to a sufficient degree to enable the estimation
of water guantity and guality anywhere in the region
(Langbein, 1965; Solomon, 1965; Cavadias and Sclomon, 1972).

— Coordination between networks may provide
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means for generalization of data and information
and thus contribute to increased efficiency of the
networks (Langbein, 1965; Rohler, 1965).

- Models could be used to transfer data and
information from one network to another (Linsley
and Crawford, 1965), and model parameters should be
correlated with physiographical characteristics of
the basins to enable generalization of data and
information (Linsley and Crawford, 1965).

- fThere are not yet clearly defined objectives
of accuracy for the natural regime network (Rainbird,
1965) and density recommendations such as those given
for example in WMO, 1965 and Rodda et al., 1969,
represent an expedient adopted in the absence of any
better solution {Linsley, 1965). ;

= Recent developments in instrumentation:
remote controlled recording and teletransmitting
ground instruments, and remote sensing from the

_ground or aerial platforms are likely to produce
significant changes in the technology of data
acquisition, and may change in the future the basic
conditions for the planning of the natural-regime
hydrological network (Langbein, 1965; Linsley, 1965;
Rodda et al., 1969; Solomon, 1970).

Another international organization which has
been active in the area of hydrological network

design, particularly during its sponsorship of

the International Hydrological Decade, is UNESCO.



This organization has appointed an "Ad Hoc Working
Group on Network Planning and Design" which presented
its findings in UNESCO 1966, and later a "Panel of
Experts on Network Planning and Design", whose con-
clusions and recommendations are reported in UNESCO
1967. The basic philosophy of these reports is
_generally similar to that adopted in the WMO documents
reviewed above.

An interesting manifestation of international
concern and co-operation in the field of hydrological
networks was the CENTO Seminar on Evaluation of Water
Resources with Scarce Data which took place in
Teheran (CENTO, 1969). Although the Seminar was
concerned mainly with problems related to the trans—
itional or modified regime networks, some of the dis-
cussions were relevant to our problems. Thus Nace
(1969) , after discussing the vast literature on the
subject of hydrological network design, concludes:

"A theoretically based system probably could be devised
for design of networks that would adequately® define
the hydrology of the natural areas. For practical
purposes, however, the natural occurrence of water
provides only the initial basis for water development.
Thereafter the data network must be primarily for

operation and management purposes and theoretical

1. As in most statements of this type the definition

of the word "adequate" is not given.



design principles become irrelevant." And later, in

the concluding remarks of the Seminar, Nace points out
that "... where data are scarce, the new programs should
not be merely to add to the bulk of the data or to
increase the density of the networks. The goal should
be to increase the effectiveness of data that are
available or will be obtained."

The review of national literature has to start
with the U.S.A. which has produced by far the richest
literature related in various ways to hydrological net-
work planning. However, papers dealing specifically
with the planning of hydrological networks in general,
and with natural-regime networks in particular, are
not very numerous. We shall confine our discussion to
the papers dealing specifically with hydrological
network planning. The other papers which may be of
gome interest to our problem are listed in "Supple-
mentary References".

The first significant paper on this subject is
probably that published by Langbein (1954), in which
he advanced the idea of dividing the natural-regime
network into basic stations operated for a long period,
and secondary (roving) stations operated for short
periods at various locations. The next significant
publication was the paper published by Benson (1962),
in which he developed a correlation between a hydro-
logical characteristic and various river basin char-

acteristics which permits the estimation of the hydro-

L2 3
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logical characteristic at any point of the area for
which the correlation was developed. Later Fiering
(1965) suggested an optimization technique for the
planning of the hydrologic network operation based on
the concept of information content introduced by
Fisher (1949) who defined it as the reciprocal of the
variance of a particular parameter. Fiering assumes
a budgetary constraint and tries to determine how
many stations should be discontinued, and how many
yvears should the remaining stations be further
operated to maximize the information content. Fiering's
suggestion did not find any practical applications
because his analysis was based on unrealistic operat-
ional and statistical assumptions which are not
confirmed by the actual data. In the same year
Wallis and Anderson (1965) published a papexr which
indicated the possibility of correlating sediment
data with terrain characteristics. 1In their paper,
Wallis and Anderson suggested that certain rotations
of the coordinate axes could lead to the development
of statistical relations presenting the possibility of
obtaining a better interpretation of the physical
meaning of the relationships. Matalas (1967) further
developed Fiering's idea of optimization of a gauging
system. He eliminated the budgetary constraint and
introduced the idea of optimization based on the
division of the network into regions. According to

the technique developed by Matalas the optimum
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operation is reached when the number of stations
in each region is such that the ratio of marginal
information obtained to the corresponding unit cost
is the same in each region. This idea has merit, but
the technique suggested was incomplete since the accur-
acy of interpolated data is not a unique function of the
number of stations operated, and the manner in which
the regionalization can be obtained was not clearly
defined. 1In addition, the possibility of other objec-
tives, such as the obtaining of a certain accuracy with-
in a given time period, was not considered. In the same
year Benson and Matalas (1967) published a study on the
possibility of synthesizing time series of stream flow
using statistical relationships between hydrolegical and
terrain characteristics. This paper was followed by two
others on the same general subject by Benson and Carter
{1270) and by Thomas and Benson (1970)}. These lattexr
papers are at the basis of the network planning pro-
gramme currently under way in the U.S.A., and which
will be discussed briefly in Section 1.3.2. Theore-
tical developments on the errors affecting hydrological
data and on the use of models in data synthesis which may
be of some significance in the planning of the trans-
itional section of the hydrological network have been
presented by Kisiel and his co-workers in a series of
papers. A paper by Kisiel (1971) summarizes most of

this work. Other papers by Kisiel and his co-workers
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are listed in the "Supplementary Referances“.. An
interesting review on possible applications of systems
analysis to hydrological network planning is contained
in a contribution by Dawdy, Moss and Matalas (1972)

to the Casebook on Hydrological Network Design
Practices (WMO, 1972).

In the USSR, similarly to the situation noted
above in the U.S.a. the literature related indirectly
to hydrological network design is fairly extensive
(see "Supplementary References"), but that dealing
specifically with the planning of hydrological net-
work design is quite limited. In addition to the
paper by Uryvaev (1965) which presents a simplified
empirical approach to the problem, the only papers
published in the Soviet literature and known to us
which are of some significance for the planning of
natural-regime hydrological networks are three papers
published by Kuzin (1965), Karasev (1968) and Alexeev
(1971). Kuzin presents a methodology £or hydrological
regionalization based on reasonable principles which
is,.nevertheless (see Section 7.1.2) very difficult
to apply in practice. KXarasev suggests a method of
assessing the number and location of the basic stations
of the natural-regime network based on one hand, on
Kuzin's regionalization, and on the other on a mini-
mum and maximum size of the incremental river basin

corresponding to a basic gauge.. The minimum basin
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size is based on the idea that the incremental flow
measured by a gauging station should be at least egual
to the measurement error with a certain level of con-
fidence at the station upstream, and the maximum
incremental area is defined from the condition that
the coefficient of correlation between two successive
atations on a river or between two gauging stations

on two adjacent rivers should be such that the error
of interpolation should be lower than the error of
measurement. An arbitrary number of auxiliary stations
(15%) and-a certain number of stations on major

vivers is added by Karasev to those determined as
shown above to form the natural-regime hydrological
network. Karasev applied his technique to the whole
of the USSR and the results are discussed in Section
1,3.2 which includes alsoc a critigue of the apprcach.l
Alexeev (1971) tried to develop a formula for establish-
ing the admissible distance between gauges for which
one obtains an admissible error of data transfer
petween three gauging stationms located around the
point where the data transfer is made. This type of
technique is no longexr of any practical use since
interpolation technigues using all stations in the

region are currently applied.

1. 1t is not clear from Karasev's paper ifand how he

accounts for the superimposition of the error of inter-

polation over other errors.



In Canada the literature on hydrological network
planning reflects mainly the efforts of the Water
Survey of Canada, currently a branch of Environment
Canada, to put the planning of the hydrological network
dn a rational basis. Thus, on the basis of large
scale hydrological studies carried out in the Province
of Newfoundland the writer and his co-workers (Solomon
et al., 1968) presented the advantages of information
interpolation by joint estimation of precipitation,
temperature, and runoff, by means of a sguare-grid
hydrometeorological, land-use land-cover, and physio-
graphical data bank. The possible future changes in
hydrological network operation conditions due to the
development of new techniques of data acquisition, and
their implications for the planning of the hydrological
network were discussed later by the writer (Solomon,
1970) . Cuthbeft (1971) published a study on the
application of the square-grid hydrometeorological and
physiographical data bank for interpolation of hydro-
logical information in the Maritime Provinces using
 the techniques developed by Solomon in his Newfoundland
studies.

Pentland and Cuthbert (1971), using the results
of studies for the planning of the hydrological net-
work commissioned by the Water Survey of Canada des-
cribed in Section 1.3.2 (particularly Shawinigan 1970;

Ingeldow, 1970) published a paper on the development



of synthetic hydrological information based on the
square-grid data bapk. In the same year the writer
and his co-workers published a paper (Solomon et al.,
19?1} on the use of a parametric model in conjunction
with the sguare-grid data bank in solving several
problems related to hydrological network planning.
The use of the square-grid data bank for hydrological
regionalization and other applications are discussed
in other papers by the writer (Solomon 1972 az Bt
Cavadias and Solomon, 1972). Further discussions on
the above-mentioned papers are included in various
sections of this thesis. A significant amount of
documentation on the network planning activity in

Canada is included in the reports prepared by con-

sultants for this purpose, discussed briefly in Section

1.3.2. oOther papers published by Canadian hydro.logists

which are indirectly related to the planning of the
natural-regime hydrological networks are listed in
the "Supplementary References".

According to the information available to the
writer there is some activity regarding the planning
of natural-regime networks going on in a series of
other countries. This is reflected for example'in
the literature published by hydrologists from France
(Roche, 1967; Dubreuil, 1969), the UK (Water Resources
Board, 1969), Romania (Goldstein, 1968), Hungary

(Szesztay, 1967}, Australia (Chapman, 1972) , New

=g
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Zealand (Toebes, 1965), and the Netherlands (van der
Made, 1972). All these papers represent valuable cont-
tributions to the information on specific hydrological
conditions prevailing in the respective countries,

but the network planning methodology described gener-—
ally presents little that is different from what was
suggested in the WMO and other papers analysed earlier

in this section.

1.3.2 Review of International Practice.

We confine this review to the U.S.A., the U.S.S.R.,
and Canada. This limitation is introduced because the
methodologies developed in these three countries for
planning the natural-regime network represent three
distinct viewpoints, whereas the methodologies devel-
oped in other countries can be reduced in most cases
to various combinations of these three.

a) The U.S.A. The U.S. Geological Survey, which is
responsible for the national hydrological network,
currently is carrying out an evaluation programme of
the existing network, which is used as a basis for
planning the expansion or contraction of the network.
This programme is based on a study mentioned in Sect-
ion 1.3.1. (Thomas and Benson, 1970), and on a series
of studies carried out in several states. An example
of such studies is the Report on the Evaluation of
the Stream-Gauging Programme in Kansas (Jordan and
Hedman, 1970) which is summarized by Langbein in the

Casebook on Hydrometeorclogical Design Practices (WMO,



1972). The programme is based on the concept that
stream-flow information could be needed at any point
of the area covered by the network and that the net-
work must be designed to accommodate this need. The
hydrological data needed are classified in four cate-
_gories out of which three (data required for the plann-
ing and design of water resources projects, long term
gtreamflow data to define trends, and environmental
data) can be considered to correspond to the data
obtained from the natural-regime and transitional
section of the network according to our classification
(Section 1.1.2). Each stream is classified as
principal or minor according to a drainage basin size
ecriterion. The planning objectives for the natural
regime network were established on the basis of eng-
ineering judgment and include a level of accuracy of
' interpolated (transferred) information egquivalent to
the accuracy obtained from direct observations for a
period of 10 years in the case of minor streams; and
for a period of 25 years in the case of principal
streams. Interpolation of information (data transfer)
is obtained by means of multiple correlations with
physiocgraphical characteristics, the above being con-
sidered to ;nclude also climatical characteristics
such as average precipitation and snowfall in the
corresponding basin, various precipitation intensity
indices, an evaporation index not clearly defined in

the papers published, etc. If the multiple correlat-



jons succeed in estimating the various hydrological
characteristics considered with the éccuracy required,
the network is considered satisfactory and the dis~-
continuation of some of the stations is considered.

In the contrary case the installation of additional
stations is recommended. The location of new stations
on minor streams is recommended to be selected in

such manner that a good areal distribution is obtained,
and the stations are located in basins having
different physical characteristics. The location of
new stations on principal streams is recommended. to

be selected in such manner that each new station
measures the flow of a basin approximately twice as
large as that of the station immediately upstream.

If only a few of the hydrological characteristics
cannot be interpolated with the required accuracy,
then partial record stations (e.g. for the measure-
ment of low £lows) are recommended.

The main points which are debatable in this
programme are: the arbitrary selection of the object-
ives, the reliance on the standard error of estimate
of the data included in the correlation, which may be
completely different from that of predicted (inter-

polated or extrapolated) data;! the failure to recog-

1, gome indication of the errors one may expect when

new information is estimated is included in Table 11 of
Thomas and Benson, 1970, but this 4ds not considered
in the planning process.
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nize in the planning analysis that the interpolation
error is superimposed over other errors, particularly
the error due to the length of the sampling period;
the lack of an error-density analysis to be used as
a2 basis for estimating the number of additional
stations required; and the use of data obtained from
the meteorological network in a subjéctive manner
(use of isoline maps, of various correction factors
obtained from particular papers, etc.). On the whole,
the programme may have merit under the specific
conditions prevailing in the U.S., but the writer
considers that its adoptation in other countries
would require considerable reconsideration, eguival-
ent practically to the development of a completely
new approach.

It is interesting to note that in 1570 there
were in Kansas about 120 stations of which 51 can
be considered to belong to the natural-regime net-—
work (Jordan and Hedman, 1970). The evaluation study
concludes that some 15 new stations would be necessary
in order to reach the desired accuracy (for both minor
and principal streams). This leads to an approximate
network density of one station in 1,400 sg. mi.
b) The USSR. The writer does not have direct inform-
ation on the current network planning activity in the
USSR and hypothesizes that the network evaluation and

development programme included in Karasev's paper
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(1968) represents more or less an official viewpoint.
On the basis of the network planning methodology
described in Section 1.3.1, Karasev made a network
evaluation by regions and sub-regions and concluded
that in the European portion of the USSR, 10 out of
18 sub-regions already have an "optimum" number of
stations or more, and in the Asiatic portion of the
USSR only 8 out of 29. The extreme Arctic area and
the deserts were excluded from the analysis. 1In the
Caucasus and Central Asia a simplified analysis was
‘applied since the complex hydrological and physio-
_graphical characteristics of these areas make the
application of the methodology suggested by Karasev
very difficult. The study recommends an increase in
the total number of natural regime stations from the
present (1968) number of 4,847 to 6,492, which
corresponds roughly to a density of one station per
1,100 sg. mi.

As in the case of the U.S. methodology, it is
debatable that the USSR methodolegy could be applied
elgsewhere for the following reasons: it uses a sub-
jectively defined statistical-physiographical
optimization criterion; it fails to recognize the
effect of super-imposition of errors on network
planning; it uses a system of regionalization which
includes a large amount of subjective judgment and

probably an excessive amount of manual work .(Ruzin,

1=3.4
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1965); it includes qualitative indications which

are used for quantitative assessments without proper
definition (e.g. the minimum size of the basin which
has a hydrological regime which reflects "regional”
and not "local" conditions); there is no concern for
coordination with other networks; the possible advant-
ages of various methods of interpolation other than
isolines and simple correlations between data at
neighbouring stations are not considered; and, as
recognized by Karasev himself, the analysis suggested
cannot be applied to areas having complex hydrological
and physiographical conditions. Nevertheless, the
writer knows of one instance in which Karasev's
methodology was applied for the planning of the nat-
ural-regime network outside the USSR, namely in a
study of the Hydrological network of the Province of
Quebec, Canada (CEQEAU, 1971). TIn this study Karasev's
methodology was preferred over other methodoleogies
considered. An analysis of the Quebec study indicates
however, that the unavailability of a systematic,
consolidated presentation of the methodology developed
in Canada, which is the object of the present thesis,
explains to a large extent the preference given to
Karasev's method in that study.

¢) Canada. The Water Survey of Canada of the Depart—
ment of the Environment, initiated in 1968 a series

of studies for the planning of the hydrological net-
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work which were carried out in co-operation with
consulting engineering firms and universities
(Shawinigan, 1968, 1970; Ingeldow, 1970; CEQEAU,

1971; Solomon, 1972c). Some of these area studies
tested methodoldgies developed elsewhere, as already
mentioned (CEQEAU, 1971), but they were used mainly

as a framework for developing an original method-
ology for planning the natural-regime network. The
latter is based on the use of an interfacing data
bank, which makes possible the combined use of physio-
“graphical, land-use land-cover, and hvdrometeor-
ological information (Shawinigan, 1968, 1970; Ingel-
dow, 1970; Solomon, 1972c¢c). Optimization technigues
which permit a rational allocation of funds between
the wvariouns activities which may improve the accuracy
of the hydrometeorclogical information were applied
within the framework of these studies (Shawinigan, 1970;
Solomon, 1972¢). The use of models for information
transfer was investigated in two of the studies (Sha-
winigan, 1970; CEQEAU, 1971) and the significance of
this technique for natural-regime network planning was
analysed by Solomon (1972c). Methods of hydrological
regionalization based on the use of the interfacing
data bank, which can be applied in an objective manner
and used for cbtaining indications on the rational dis-

tribution of new gaugings were also developed in these
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studies (Shawinigan, 1968, 1970). Currently the
Water Survey of Canada is carrying out a project for
combining the various regional square-grid data
banks developed within the framework of the various
studies mentioned into a national one to be used
in practical problems of information transfer and
hydrological forecasting. Furthermore, the Water
Survey of Canada is considering the extension of the
natural-regime network from the present 1,200
stations to the 2,000 stations recommended in the
various studies. The recommended number of stations
of the natural-regime network would correspond
roughly to one station per 1,500 sq. mi.

I+ should be noted however, that the methodology
of the network planning has evolved gradually in
the studies carried out in Canada, which werenot based
on a systematic approach available before the studies
were initiated. This is reflected by some variation
in the conclusions presented in the various reports of
the successive studies. A systematization and con-
solidation of the theoretical and practical work done
in the area of hydrological network planning in Canada

is, therefore, highly desirable.
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2. PLANNING FRAMEWOREK

The development of a rational planning method-
ology of the natural-regime network requires the
definition of the planning criteria, objectives, and
decision variables. Furthermoxe, it requires the
gselection of the appropriate mathematical techniques
for determining the values of the decision variables,
i.e. the optimization technigues. These problems
are discussed in this section. In addition this
section contains supplementary considerations on
social-environmental factors which cannot be directly
included in the mathematical planning analysis
but may influence the selection of the decision

variables.

2.1 Criteria, Objectives, and Decision Variables.

We define in the framework of this study as
criteria those hydrological characteristics which are
used to inaicate the adeguacy or otherwise of the
hydrological network. We define as objectives the
levels of accuracy of estimating the criteria which
are required in order to consider the hydroleogical
network as adequate. Accuracy is expressed in per-—
cent and is defined in the present thesis as the
difference between 100% and the relative standard
error of estimate in percent. Decisien variables

are those numerical and/or operaticnal character—



istics of the network which are determined in the
planning process in such a way that they make it

possible to achieve the planning objectives.

2.1.1 Criteria.

Current international practice.and literature
indicates a wide variation in the selection of the
criteria. Thus in the U.S.A. (Thomas and Benson,
1970) , a number of 71 criteria (called indices of
streamflow characteristics) were used. These criteria
ranged all the way from the long-term average flow
to the 10 year peak flood flow to the lag-one serial
correlation coefficient. One could obviously
increasé ad infinitum the number of criteria, using
for example floods with various probabilities, or
the serial correlation coefficients with various lags.
As indicated by Karasev (1968), in the USSR the main
criterion is the long-term average flow. In Canadian
practice the criteria used have been the long-texm
average f£low, the coefficient of variation of the
annual flow, monthly average flows (Shawinigan, 1970;
Solomon, 1972c), and occasionally maximum and mini-
mum flows with various probabilities (Ingeldow, 1970;
CEQEAU, 1971).

In fact it would be impossible to select criteria
which should be considered valid for all situations.
The criteria may well vary from one country to another,

or even within a country from one region to another.



In regions in which the flows vary smoothly and

can be readily regulated,; as for example in some
areas of Canada and the USSR, the most important
from the viewpoint of the natural-regime network may
appear to be the long-term average flow and the
coefficient of variation of the annual flow which
determine the amount of water available and the
volume necessary for full regulation. 1In very arid
areas both the above-mentioned criteria may loose
their significance. In such areas the criteria may
become the number of days with measurable river
flow, or the proportion of surface supply water
which is infiltrating to the ground water during a
rainy sesason, etc. A trulg flexible method should
be capable of using for the planning of the network
any criterion selected in accordance with the part-
icular problems of the area considered. The method-
‘ology used in this thesis offers this flexibility.
Although the practical applications presented are
limited to a few criteria considered significant for
Canada, the methodology is developed to a level
which permits the use of any criterion, provided that
the required relationships for the determination of
the errors of estimate and of the related costs can
be established well enough empirically. Empirical -
relationships werxe preferred over theoretical ones

since most hydrological data do not satisfy the basic



statistical assumptions on which are based the
currently used theoretical derivations of relations
between error of estimate and the decision variables.
It should be noted that with the change in the
selected criteria the decision variables may also
change; for example if the criterion is suspended
sediment, the decision variables would have to include
the number of stations with sediment measurements;

if the criterion is maximum annual level, the decision
variables would have to include the number of stations

with partial record of maximum annual levels.

2.1.2 Objectives.

As has been indicated in Section 1.3, the inter-
national literature and practice is extremesly vague
with respect to the objectives of the natural-regime
network. The WMO publications give indications of
desirable station densities in lieu of objectives
(WMO, 1960, 1965 . In the U.S. the level of accuracy
which is considered as the desirable objective is
equated to that obtainable from a given number of
years of direct observations, and this number is
determined on the basis of experience and engineering
judgment (Thomas and Benson, 1970; Jordan and Hedman,
1970). Obviously experience and judgment come to a
large extent after the network has been in operation
for a certain period of time, as is the case in the

U.8., and it is doubtful that this experience could



be successfully transferred to other countries. In
the USSR Karasev (1968) sets out the objective of
keeping the error of interpolation within the limits
of the order of magnitude of the error of measurement,
which assumes that the stations have been already
operated for a very long period of time to eliminate
the error due to the limited period of sampling.
Obviously networks in the development stage do not
fulfil this condition. In Canada two possible ways
of establishing the objectives were considered:

one is based on the maximization of the incremental
information per unit cost, and the other on the

idea that the definition of the objective should be

a matter of administrative decision based on the
knowledge of the minimum cost to achieve this object-
ive and on the Govermnment's priorities based on its
economic and socico—environmental policy (Shawinigan.
Engineering 1970, Solcmon, 1972C)

We consider in this thesis two complementary
methods of determining the network objectives. The
first refers to the natural-regime network proper,
the second to the development phase of a natural-
regime network into a transitional one in relation
to economic development planned in the area.

The basic objective of the planning of the nat-
ural-regime network is considered in this thesis to

be the achievement of the maximum possible accuracy



of the interpolated information for a given budget.
In addition, according to the existence of various

constraints regarding the desirable acecuracy, such

as time limits, the objective of the natural-regime
network can be formulated in various manners as

indicated in Takle 2.1.

TABLE 2.1
Accuracy, cost, and time considerations for establish-

ing the objectives of the natural-regime netwerk.
A = o

No. Accuracy Cost Time £ 3
[

1 -Af = Ao Results Results Maximized

2 Af = AO Results T< TD Maximized

3 Maximized C = C0 T = To Results

4 Af - Ao Minimized T = TO Results

In the above table Af and A; represent the final

and initial accuracy.

In the case of the transitional network, actually
of that portion of the natural-regime network which is
transformed into a transitional network in connecticn
with planned economic development, the objective
accepted in this study is formulated as follows: to
maximize the incremental net benefit from the projects
included in the planned development due to increased
accuracy of the hydrological information, taking into
account the incremental hydrolcogical network costs
involved in the increase of the accuracy;

The mathematical technicues reguired for the



application of these objectives are discussed in
principle in Section 2.2 and in more detail in

Chapter 6.

2.1.3 Decision Variables.

The definition of the objective of network
planning in conjunction with an analysis of its
struckure and operation makes it possible to detexr-
mine the basic decision variables. These are
selected from the various network characteristics,
taking into account the possible impact on accuracy
and costs ( the basic elements of the objective form-
ulation). A more detailed analysis of these two
elements is given inChaptexrs 4 and 5. On the basis
of these considerations the following list of decision
variables has been compiled:

- number, location, instrumentation, and date
of installation of new gauging station;

- number, location, and date of discontinuation
of existing stations;

- the method of information interpolation;

- frequency of observations and measurements;

- changes in instrumentation at existing stat-
ions; and !

- {he time horizon of the planning operation.

As will be shown in Chapters 4 and 6, for
practical considerations, only a few of the decision

variables are determiped in the framework of the



planning analysis proper. Others could be deter-
mined more readily in the framework of subsegquent
detailed design and operation optimization comput-

ations.

2.2. Optimization

From the discussion of the objectives and
decision variables in Sub-sections 2.1.2. and 2.1.3,
it follows that the problem of the planning of the
natural-regime network is relatively simple, whereas
that of the transtional network is more complicated
both from the viewpoint of the mathematical tech-

niques and of the background information required.

2.2.1 Optimization Technique for the Planning of the
Natural-Regime Section.

In the case of the planning of the natural-
regime section the problem is reduced to the minimi-
zation or maximization of a function F of the decision
variables relating cost to accuracy
min.,

ox
max.

F (Decision variables) *>

subject to a series of constraints.

The two major problems related to the solution
of the problem are the determination of the shape of
the function F and of the constraints, and the find-
ing of a suitable optimization technigue. The develop-

ment of relationships between the decision variables



on one hand and accuracy and cost on the other, to

be used for the definition of the function F is
discussed in Chapters 4 and 5. It can be seen from
these Chapters that, allowing for some simplifications,
it is possible to write the function F explicitly in
terms of the numerical decision variables for any of
the objectives 1 to 4 given in Table 2.1, as well as ¢f

the constraint functions, i.e. the relations between

the constraints and the decision variable

1t

o

Ao

C (Decision variables)

and A (Decision variables)
which are required in the case of the objectives 3
and 4 in Table 2.1.

Analytical solutions based on the computations
of first and second order derivatives with respect
to the various decision variables were tried first
and found complicated and expensive. The solution
used finally was the Cauchy gradient or steepest
descent (ascent) method which employs Rosenbrock's
algorithm (Wilde and Beightler , 1967). Several
computer subroutines for the application of the method
are available (e.g. Subroutine RNK 7 at McGill
University and Subroutine CLIMB at the University of
Waterloo). These subroutines will minimize or max-
imize a function of several variables subject to a
series of constraints, indicating also the cases when

there is po minimum or maximum within the searched



domain, The application of the technique is straight-
forward in the case of objectives 1 and 2, Table 2.1.

In the case of cbjectives 3 and 4 shown in the same
table, it is required to use Lagrange multipliers in
order to obtain the objective function. The principles
of the application of Lagrange multipliers to the solut-
ion of such problems can be found in any standard book
on optimization technigues (e.g. Wilde and Beightler, 1967).
A particularly clear presentation of the theoretical
bagsis and principles involved in the application of the
technique can be found in Cooper, L. and D. Steinberg,
Introduction to Methods of Optimization, W.B. Saunders,
1970, pp. 119-124,

Since in the application of the steepest descent
technigue there is occasionally a danger of finding
a local instead of a general minimum, the application
of the technigue was checked on several occasions by
means of the mapping of the functions in terms of a
reduced number of decision variables (3). The results
were found to be correct in all cases.

Because of the simplicity of application, the
technique can be readily used in sensitivity analyses
and regional studies which reguire a large number of
changes in the constants of the objective and constraint
functions. The results of such sensitivity analyses

are discussed in Section 8.1.
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2.2.2 Transitional Section

Tangible economic benefits can be obtained from
the natural-regime network only to the extent to
which this is included in the transitional network,
i.e. to the extent to which economic development is
planned and occurs in areas covered initially by the
natural-regime network. These economic benefits
represent actually the economic justification for
the expenses incurred with the natural-regime net-
work.

Several methods were investigated in relation
to the optimization of the network in the phase
when the natural-regime section is transformed into
the transitional section. These investigations led
to the conclusion that the problem could be solved
best by means of dynamic programming (Solomon, 1972c,
d). The following information is required for the
application of the technique (in addition to the
information reguired for the planning of the natural-
regime section):
a) A forecast for the area concerned of the planned
econonic development primarily in fields reguiring
hydrological information;
b) Relationships between errors in estimation of
hydrological information and losses due to such errors
in various types of projects.

If this information is available, the optimi-

zation of the hydrological network in the area



designated for develcpment can proceed according to
the following steps:

1) Select stages (points in time) preferably to
coincide with points in time when significant new
developments are forecast to occur; egual time inter-
vals between stages are preferable but not essential;
2) Select range of error of estimate which may be
expected to characterize the natural-regime network
at the beginning of each stage in the area; divide
these ranges into several (4 to 8) intervals. The
average of each of these intervals is considered in
the following as a state;

. 3) Compute for each time interval between two stages
the minimum cost of increasing the accuracy corres-
ponding to each state at the beginning of one
interval to the accuracy corresponding to that state
at the end of the interval (objective 4 in Table 2.1);
4) Compute estimated economic losses due to errors
in the hydrologic data for each stage and for each
transition from one state at the beginning of the
stage to each of the possible states at the beginning
of the next stage;

5) Add cost of network development tc losses due to
errors corresponding to the transition from one state
to the next and use the currently available dynamic
programming techniques to determine the path corres-
ponding to the minimum total costs (cosf of network

plus cost of losses).



2~13
The optimum path determined in this manner
would indicate for each stage the decision variables
and consequently will give the basic information for
the optimization of the network development plan.
Further elaboration of the technique is given in
Section 6.2, and the results of a practical applic~

ation are discussed in Sub-Section 8.1.2.

2.3 Economic and Other Considerations

Although the primary purpose of the natural-
regime hydrological network is the obtaining of
hydrological information in areas not affected
significantly by man (or in areas where man's ac-
tivity has a steady pattern), its planners have to
recpgnizé that sooner or later some of these areas
#ill bBe developed. In connection with this,the
planning of the natural-regime hydrological nstwork
has to consider two additional problems; the priority
development of the network in connection with
development potential and the conservation of certain

areas of hydrological and environmental interest.

2,3,1 Priority Development

The planning objectives of the natural-regime
network as defined in Sub-Section 2.1.2. do not make any
distinection between regions with higher and lower
development potential, except for areas already

designated for development. Nevertheless, it is



advisable to consider in the network planning the
possibility of giving priority to areas in which
development is likely to occur sooner than in others.
There are two reasons for this: the first is
economic, the provision of a better hydrological
background to develcpment plans when these will be
considered; the second is hydrological, to provide
a denser network in areas in which the duration of
operation of the natural network will be shorter and
thus compensate by areal sampling for the deficiency
in time sampling.

in order to proceed with priority planning in
areas with higher development potential it would be
advisable to separate these areas and apply different
constraints in the planning objectives. If for
example,lobjectiVes 1, 2, or 4 Table 2.1 are con-
sidered, one could use higher values than in the
other areas for Ao in the definition of the objective.
If objective 3 is used, then the budget constraint
Co could be divided between the regions in accord-
ance to their areas and development potential.
Obviously this differentiated distribution of con-
gtraints or funds has to be based on judgment and
rigourous rules cannot be offered. However, the
following suggestion can be used in a first approxi-
mation:

If objectives 1, 2, or 4 are used, select for

the various regions values of Al proportional to the



reciprocal of the square root of the number of years
for which each region is expected to remain undevel-
oped.

If objective 3 is used, distribute Co among the
various regions proportional to the product between
their area and the reciprocal of the square root of
the number of years for which the corresponding

region is expected to remain undevelopad.

2.3.2 Conservation.

As development proceeds, certain areas are
allocated for perpetual conservation as natural parks,
wild-life reserves, etc. One criterion for the
selection of certain areas for conservation could be
the unigueness of their hydrological features, their
"riverscape" (e.g. particular water falls, part-
icular areas of interchange between surface and
ground waters, lakes and their supply areas, ete.)
in combination with particular ecological conditions
(unique vegetatlon-faunal eco-systems, vanishing
species, etc.). The delineation of such areas has
to bea done in the early stages of network plann-
ing, using maps, aerial survevs, &nd any other pert-
inent sources of information. After the delineation
of areas of potential interest from this viewpoint,
it is adviséble to complete the information to the
largest extent possible with ground surveys.

It is advisable to plan the hydrological network



in such areas in cooperation with the organizations
responsible for conservation in order to arrange that
the conservation areas include whole hydrological
basins to make possible the establishment of bench~
mark gauging stations in the conservation areas.
These should be complemented with other hydrological
programmes which may be of interest in such areas to
the organizations involved in water resources and/or
conservation problems. This problem is discussed

further in Section 7.3.



3. DATA RVAILARILITY AND PATA HANDLING

From the interpretation of the definition of a
natural-regime hydrological network accepted in this
thesis,according to which the hydrological network
should be designed and operated tc provide hydrolog-
ical information at any point of the area covered
by the network, it follows naturally that the data
with which the natural-regime network operates are
not limited to the classical hydrometric data (levels,
velocities, flows, sediment concentrations). The
sphere of the data which are pertinent for the hydro-
logical network extends much further to include data
required for the development of models ta inter-
polate hydrological information. Regardless of the

type of model used* all take advantage to a certain

* We consider in the framework of this thesis three

basic types of models: Statistical, in which relat-

ionships between hydrological phenomena and causative
factors are determined basically through a trial and

error process, with physical analysis being used only
as a means of making the process more efficient;

deterministic-emoirical, in which relationships are

determined on the basis of physical-mathematical
considerations or in which empirical (statistical)
relationships determined elsewhere are considered

valid in the study area; and parametrical, in which

deterministic, empirical and statistical technigues

are conbined.



extent of the fact that hydrological phenomena are
an arc of the hydrological cycle, and that the areal
variability of this and all the other arcs of the
hydrological cycle dependsto a large extent on the
physiography of the area. Conseguently the data
available to the hydrological network fox fulfilling
its tasks can be grouped into three main categories;
1) Hydrometric dataj

2) Hydrological cycle data;

3) Physiographical data*;

TIn most countries, including Canada from which
the examples illustrating this thesis are taken,
data included in the two latter groups are collected
normally by agencies other than those running the
hydrological network. The above have to solve in
this case, the problem of co-ordination between
networks and surveys for obtaining the desired data
in the appropriate amount, distribution, and form.
This together with the problem of overall efficiency
are not simple matters by any means. These aspects
of the controversial problem of overall design of
networks and surveys extend far beyond the scope of

this thesis, although it is conceivable that the

% In this thesis the physiographical data are con-
sidered to include topographical, geomorphological,
pedological and land cover data, and surficial and
bedrock geclogical data, as well as climatic data.
whereas terrain data include all of the above, except

climatic data.



methodology developed in this thesis might be expanded
later to the analysis of the more gensral problem.
For the purpose of this thesis the assumption is
made that the hydrometric network initially uses the
hydrological cycle and physiographical data as
provided by the other agencies, and - on the basis
of its internal optimization = recommends changes

to the other agencies. The latter could then opt-
imize their operation on the basis of these require-
ments and of those from other users, and by an
iterative process some form of overall optimum

design could be finally reached.

3.1 Dbata Availability.

On the basis of the foregoing discussion, data
availability for the planning of the natural—régime
section of the hydrological network could be defined
by means of an inventory of data collected by various
agencies which would indicate:

a) The number of hydrometric gauging stations,
average density and density per statistical-hydro-

logical and physiographical-hydrological region as

defined in Chapter 7 (initially a preliminary. tentative

regionalization could be used), instrumentation, per-
iod of record, types of observations, freguency of
measurement for wvarious intervals of the phenomena

measured, the statistics of the error of measurement,



and the regional distribution of the characteristics
listed above. This should be supplemented by a
description of the format of data storage, computer
readability, and soft and hardware indications on
possibilities of direct computer access to the data.
h) Similar information on networks for the arcs of
the hydrological cycle other than the hydrometric
one (meteorological, soil moisture, groundwater,
evaporation, snow, and glacier networks and surveys).
c) Information on the physiographical (topographical,
_geomorphological, pedological and land cover, and
_geological) surveys, including average and regional
density of observations, statistics of measurement
and interpolation errors of various map representat-
ions, the storage characteristics, availability of
digitized maps.

d) Delineation of research basins and information
as in a), b), and c) above for each research basin,
and summaries of pertinent research reports.

Unfortunately, this information is not yet

available in the format required for efficient data
handling. Development of an interfacing data bank
for water resource planning, now in a preliminary
stage of development in Canada by the writer for the
Department of the Environment, is intended to f£ill
this important gap. For the purpose of this thesis
we used the available hydrometeorological, physio-

_graphical, and land cover data bank described by

Ha



Solomon and Qureshi (1572).

3.2 Data Handling

‘The elaboration of a methodology of planning
the development of natural-regime networks which
¢ould have applicability in areas other than the
one for which it was initially designed required
the development of an objective system of handling
the data, and of applying models for information
transfer. Several technigues of achieving this
could be imagined. One such techniguve is that
developed in Canade for the Water Survey descrilbed
by Solomon and Qureshi (1972). A series of studies
for improving it are currently under way, but even
at the present level of development it serves in a
satisfactory manner the needs of natural-regime
network planning. Therefore, this technique was
used in the present thesis for the illustrative
examples of the methodology developed.

This technigue consists of the development of
an interfacing data hank providing a systematic
framework for storing and processing hydrological,
physiographical and land-use land-cover data and
for the objective application of wvarious methods of
information interpolation. It censists basically
of the folleowing components (Fig. 3-1):

a) The space-time reference system;
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b) Data storage including data screening;
c) Data processing;

d) Information transfer techniques;

e) Information retrieval,

The space-time reference system consists in
turn of a geo-hydrological reference system and a
time co-ordinate system.

The geo-hydrological reference system contains
two elements: the first is a square grid system
which consists of a matrix of sguares covering the
area investigated and corresponding to the-UTM* yefer—
ence gystem, The grid interval as used at present
is uniform (10 x 10 km in Northern and Western
Canada, 5 x 5 km in Southern Ontario), but a +echnique
bazed on digitized maps and making it possible to
use a system with variable grid intervals was devel-
oped recently. (Solomon, 1374)

The index number of the row and coclumn of the
square which is uniquely related to the UTM ident-
ification system provides the required information
on the location of each square. A sub-system of
coordinates within each square can be added and may
provide the possibility of locating further details
regarding the gauging stations, the main river channels,
etc.

The second element of the geo-hydrological
reference system consists of a technigue of ident-

ifying the runoff path starting with the divide

* Universal Transverse Mercater



between basins and ending at the sea. This enables
the determination within each square containing a
divide between basins of how many distinct basins

are supplied by the runoff from the square considered,
and the corresponding areas and direction of outflow
with respect to the adjacent squares. For those
squares which do not contain divides, the "inflowing
areas or squares" and the square in whichk the out-
flow occurs are indicated (Fig. 3-2). This permits
the determination at any point of the area of the
drainage basin above it, the composition of sguares
and square sub-divisions constituting it, and the
flow path of any surface runoff. A system of auto-
matically delineating the flow directions, flow paths
and watershed boundaries based on digitized maps was
develcped recently by the writer and his co-workers
(Sclomon. 1973, 1974).

The time coordinate system consists of an origin
and reference time intervals, koth of which can be
selected arbitrarily according to the reguirements
of the problem at hand. Current research in conn-
ection with the time reference system is aimed
toward introducing a variable time interval in accord-
ance with the rate of variation of the time series
investigated, in line with techniques of data
acquisition used in communication theory.

Component b) data storage, consists of hydro-

metric and metecrological data, and of digitized
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Fig. 3-2 SQUARE GRID SYSTEM SUPERIMPOSED
ON BASIN TOPOGRAPHY FOR AUTOMATIC DETERMIMATION
OF DRAINAGE BASIN AREA ALONG A RIVER

Note: 1) Capital letters indicate the subareas
included in each sguare draining in
different basins

2) Arrovs indicate main direction of
runcff as determined by the computer
program

3) For details on the computer program,
see Sclomon (1974)
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topographical, physicographical, land-use, and land-
cover maps.

The hydrometric data in the active stor-—

"age (discs) include at present only monthly flow and
sediment discharge time series recorded at the

_gauging stations. The passive storage (tapes) also
contain the corresponding daily values.

The meteorological data stored in the active
storage are limited currently to the monthly precipi-
tation and temperature time series recorded at the
gauging stations. The passive storage contains the
corresponding daily values, and also radiation
records for Southern Ontario. Other meteorological
‘data, or data regarding other arcs of the hydrolog-
ical cyéle have not been stored so far since they
are too scarce to be of any use in the interpolation
of hydrological information.

The physiographical data stored at present
consist basically of the following records:

Elevation in each grid knot;*

Percentage of square covered by forest, lake

marsh, barren land, agricultural land, urban-

ized land*

* From topographical maps 1:250,000, 1953, edition 2,
produced by the Army Survey Establishment, R.C.E.
Copies available at the Map Distribution Office,
Department of Mines & Technical Surveys, Ottawa.
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&n index of soil permeability (in Southern

Ontario only);*

The data stored are screened using various
statistical techniques (particulaxly the coefficient
of wvariation and limits, graphical and analytical
correlations, ete.).

fhe obtaining of physiographical data from maps
was initially a manual operation. At present this
operation is carried out by means of digitizers.
Further research aimed toward obtaining digital maps
from the original survey data and programmes simul-
ating the operations through which the mapping is
carried ouk or possible improvements of these opera-
tions are comtemplated. Computer digital mapping of
meteorological data (precipitation and temperature)
is currently carried out successfully using the data
bank as shown by Solomon and Qureshi (1972 ), as
illustrated —in Fig. 3.3.

Component ¢) data processing, contains three
groups of operations:

The first group includes the computation of
"derived" physiographical characteristics such as
slopes; barrier heights, shield factors, etc. These
*derived" physiographical characteristics are des-

¢ribed in Appendix A-. They can be computed readily

* From the map "Physiography of Southern Ontario”

by Chapman and Putnam-
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for each sguare from the topographical data stored,
and their computation is fully automated.

The second group of processing operations
includes the computation of the statistics of the
distributions of the physiographical characteristics
of various river basins. It is to be noted that
these computations can be made automatically for any
river basin at any point of the main stem or of the
tributaries.

The third group of processing operations is
concerned with the statistical analysis of the hydro-
metric and meteorological time series. As a result
of such operatiéns one,can obtain long term, annual,
monthly and daily means aﬁd other statistics of the
variables of interest ({flow, precipitation, temper-
ature); cross and serial correlation cosefficients
for various lags, statistics of the random components
of the time series, etc.

Component d), techniques for interpolation of
information based on the data bank are discussed in
-chapter 4. Other applications of the data bank are

discussed in Chapter 7.



4, ERRORS IN HYDROLOGICAI, INFORMATION AS RELATED
TO NETWORK PLARNING.

A complete analysis of the problem of errors in
hydrological information'is an extremely complicated
task, and as indicated by the very long list of
supplementary references on this subject, even the
review of published literature in this field would
require a whole volume. 1In view of this, the writer
decided to confine this chapter to the analysis of
errors in hydrological information as related to network
planning, i.e. to that part of the analysis which is
required for the development of the techniques of hydro-
logical network planning, in particular, of its natural
regime section.

After carrying out this analysis, the writer
arrived at two major conclusions related to errors in
hydrological information. These are advanced hére
because they help in the understanding of the subse~
guent sections. The first conclusion is that it is
necessary to divide the errors in hydrological information
into two broad classes: the first one includes errors
which relate to planning decision variables (e.g. number
of stations or density of gauging stations used for infor-
mation interpolation, duration of sampling, frequency
of measurement and type of equipment) and a second which
relates to design and operation decision variables (e.g.
actual location of gauging stations to obtain maximum
stability of stage-discharge relationship, timing of flow

measurement, and staff and equipment allocation to obtain



as wide a range of measurement as possible, numbexr

and duration of veleocity measurements, etc.). Although
consideration must be given in the network planning
process to both types of errors, one cannot include in
the planning process a complete error analysis which
relates to the second category, both because of lack of
data and of computational complexity. The influence

of the second type of errors has to be assumed, in

this case to be more or less constant and estimated
from available data, experience, and suggested changes
in equipment, personnel, station location, etc. When
design is completed and further experience from opera-
tion of the revised network is obtained, a revision of
the estimated errors related to design and operation
variables can be introduced and the planning conclusions
adjusted to the newly developed estimates. This may
require further adjustments in design and operation.
However, it is not expected that significant revisions
would result from such iteration. It is more likely
that technological advances in fields related to

network planning, such as changes in methods of inform-
ation interpolation, or in the general technology of
geophysical surveying are likely to prcduce revisions of
the decision variables involved in planning of muach
larger significance than those brought about by the
revision of the initial estimates of the effect on
errors of factors related to design and operation. This
should be carefully considered in areas where new technology
is introduced on an experimental basis.

The second cenclusion is that analytical express-

ions of relations between errers and decision variables



in planning represent only indications of a gualitative
nature and that these could be used conly as guides

to the structure of empirical relationships which

gshould be used in the planning of the hydrolegical
network, This is related to the fact that analytical
derivation of such relationships is based on a set

of assumptions about the statistical characteristics

of hydrological data which do not correspond to their
actual characteristics. As was shown by Wallis and
Matalas (1972), even when one develops a complex
analytical solution, it is impossible to solve such
relationships analytically, and the best one can do is

to simulate large numbers of data if actual observations
are not available in order to derive the required pract-
ical relationships. Since simulated data have built-in
characteristics that do not correspond entirely to those
of actual data, even such an approach may be doubtful.
The writer prefers to base the network planning tech-
nigques obtained to the extent possible on recorded hydrol-
ogicai data. Since such data may not be available in
some areas for which it is intended to plan a hydrological
network, this may produce great difficulties in practical
applications. However, the transfer of relations between
errors and decision variables is acceptable in such
applications and the problem is reduced therefore to

establishing such relationships in areas with similar



physiography. This is possible in almost all areas

of the world. Where this is not possible, the esta-
blishment of pilot study areas in conjunction with
theoretical research could probably provide the basis
for at least preliminary planning, to be adjusted

after a number of years of operation, as the initially
presumed relationships are corrected on the basis of
the accumulated data.

4.1 Errors of Hydrological Information Related to
Planning Decision Variables

As will be shown in Section 4.2.1, there are
several techniques for interpolation of hydrologic
information which are based on very different hydro-
logical and mathematical considerations. Although
almost all of these technigues (except the isoline
method) can be expressed in the form of some algorithms,
it is practically impossible to subject thenm to a
rigorous statistiecal analysis. However, since most of
these techniques rely on least squares optimization
procedures, they are similar to the multiple
regression technique for which Matalas and Gilroy
(1968) have derived the fellowing expression for the
estimated error variance V!, of a prediction at a

Tt
site not used in the multiple regression analysis:

T = ....!‘-. n 2
Vtt {1+ N 5 ¢tt)c (6)
' 4 ! =pt W 2] ]
+ {p'+ —---E’--»N + (1-p')e] to" (e). (4.1)
s



where Ns is the number of data used to develop the
multiple regression between the hydrological
characteristic and the independent variables
considered;
¢;t is the (t,t) element of the matrix ¢";
" = $'(¢*)7; ana
¢' = x' A" xT, an N' x N matrix,
in which
N' is the number of ungauged sites for which
estimates are made;
X = |{xjk—§k)| is an N, X m matrix,
m being the number of independent variables
{physiographical characteristies) used in the
multiple regression;
X5 is the k-th independent variable for the j-th

gauged basin;

X = I[xﬁk-ik)l is an N' X m matrix;
X3k is the k-th independent variable in the j-th

ungauged basin;

A = X°X

A-l = the inverse of A



6°(8) is the average error variance due to

space sampling error in a given regression,

o (&) is the average error variance associated
with the time sampling error at the stations

used in the regression;

p is the average correlation between the
series of data 2z used to define the

1]
given hydrological characteristic yj (a

Z 3 s 1
mean, a variance) where zij is the 1i

observation at station j (the cross-
correlation cosfficients).
Eguation 4.1 is based on a series of assumptions

in accordance with classical regressicn analysis namely:

(1) TFoxr any set e = X e v | the

3
variance of y is homoscedastic i.e. the variance
is the same,

. ) T
{2) For a given set Xm the associated Y s are

normally and independently distributed with mean , E

B oylxX = e+

bl =]

{-6k‘xk-xk}}i
=1
where
¢ is the multiple regression constant and Bk are
the multiple regression coefficients, and

variance V { & +elx ) = ol(6) + a2 (e).

(3) The elements of Xm are fixed (error-free varia-

bles).



As indicated in the introductory discussion

to this section, none of the above assumptions holds
for the hydrolegical variables which form the object
of our analysis. However, Eg. (4.1) gives some
insight in the causes of increased error variance at
an ungauged site, which are related particularly to
the differences between the physiographical character-
istics (independent variables) of the ungauged basin
considered and the average characteristics of the
sample used to establish the correlation. This indi-
cation is important and will be considered in the
delineation of model-homogenous hydrological regions
(Section 7.1 ) The further implication of Eq. &s
is that the total error variance is smaller when the
cross correlation is smaller, an indication first
that dense networks are inefficient,and that sampling be
should be done in such manner that cross correlation
avoided as much as possible. This shows that from
a planning viewpoint it is interesting to obtain a
decrease of the cross correlation by stratified sampling,
that is by installing gauges in basins having distinct
hydrological regimes. This can be arrived at by means
of delineation of physiographically homogenous regions
(Section 7.2).

1If the error variance due to interpolation is

determined by split sampling, the expected value of

(1+ 3+ Fp ) 02(8)

[ =4
*
can be estimated by p 2 {§), the error variance determined

from the validation portion of the sample.



Numerous cemputations of the value of ¢;t made on
_the basis of sets of physiographical characteristics
‘obtained within "model-homogenecus regions" as defined

in Sub-sectien 7.1.1 show that ;t is proportional to
*

and has values which oscillate arcund an average of

+3 - ‘Conseguently:

et l n - 235 (X=p ')
ST (NS + gl -————-———Ns
Furthermore, in the variance component oz(e} we shall

consider, in addition to the error variance due to time-
sampling error {62[t}]; also the error of measurement
{czfmj}. Thus, for our purposes, Eg. 4.1 will be used

d ok

ass i

=a"2 (8) + {p' +3;%Jl:£ll} fuz(t}+02(mﬂ

v
) o ¥

tarting from the generally accepted assumption
tliat the error variance of estimate of an expected value
ls proportional to the reciprocal of the number of independ-

ent measurements, we introduce the following notations:

*32 X2
Nso (&) o R
2 XL F2
Ntﬂ {t) = Et
2 *2
Nmu (m) = Em

in which

* Hardison and Gilroy (personal communication) indicate that;,
on the basis of the assumption that the physiodraphical
characteristics are normally distributed, the expected
value of gy, is =222 |
actual distributiofie of the physiographical characteristics,

the coefficient of proportionality is closer te 1.5.

Because of the skewness of the

*#%  g({t) and o¢{m) are assumed to be uncecrrelated,



E_. is an error variance parameter characterizing the
error due to information transfer;

E, is an error variance parameter characterizing the
error due to limited sampling in time;

Nt is the average number of independent* observations
in time carried out at the hydrological stations;

Em is an error variance parameter characterizing the
error due to the limited number of flow measurements;
Nm is the average number of independent** flow measure-

ments carried out at the hydrological stations.

With the above notations, Eq., 4.2 can be written as:

E*2 E*Z E*z
=5
= 550 = ASES e +E.-_I§_Q_°_J_} (4.3)
s t m s

(in which for the sake of simplicity we replace the symbol
Vtt by E). The values of all the error variance parameters
depend on the hydrolegical characteristic considered,; the
network configuration, and the hydrology of the avrea. 1In
addition, E; depends on the method of information transfer
considered, and E; on the operatien policy of the network

and on the stability of the measurement sections. 1In view

of the specific character of the values of the error variance
parameters it was suggested by the writer that, for the

purpose of hydrological network planning, these parameters

should be determined empirically by split sampling techniques. j

It should be noted that, in the discussion which follows,
the error variance parameters will be considered in terms of

"relative error variance parameters" as the absolute error

* gee Sub-section 4.2.2 for the meaning of independent
observations in this case and on the related problem
of auto-correlation.

**% Seg Sub-section 4.2.3 for further discussion of the

problems related to the error of measurement.
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obtained from the empirical calculation: is always divided
by the actual value of the variable considered. For

the sake of brevity, however, we shall generally use

the term, "error variance parameter". To facilitate

the interpretation of the relative error wvariance para-
meters, the following guite realistic example is given.

Let us assume:

n; =3, EBf=0.3, EX=1, NS = 100,
N, = 20, N = 200, and p' = 0,5.

Then Eq. (4.3) gives the following expected relative

error:

3

£ oz ne)
E =4y 50t (0.5+

1.25, ,0.09 1o
100’ 30 * Zo0)

0.308 or 30.8% .

3|
II

4,2 Estimation of Error Variance Parameters

As was mentioned in the previous section, the
method suggested for estimating the error variance parameters
*
E, E:,
sampling technigue and consists of the following:

and B; is based on the application of a split

The sample of data available is divided into
two parts: A calibration sample, which is used to
derive the given model for information transfer; a set
of validation samples, which is used to estimate the

expected value of the error variance, and from this



the variance parameter. The data on dependent and
independent variables used for validation as well as
for calibration are assumed to be error-free, the
only error being related to the model. Of course,
this assumption is very far from being true. How-
ever, any consideration of errors in the data would
make the problem lntractable from a practical view-
point. As will be shown in Sections 4.2.2 and 4.2.3,
some allowance is made in the estimation of the error
variance paramaters to account to some extent for

such simplifying assumptions.

4.2.1 Frror Due to Information Transfer
in Space.

Valuesof E*5 for various techniéues of inter-
polating hydrologic information were estimated using
results obtained mainly from the writer's work
(Solomon, 1972c), although occasionally results of work
carried out by others were also used. The work carried
out by the writer has indicated that there are signi-
ficant differences between the values of E*B obtained
by using various techniques of information interpola-
tion. 1In fact, these results indicate that differences
- in the technique of information interpolation
represent in some cases the most significant factor
to be considered in hydrological network planning.

It should be noted that in the analysis of E;
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onz has to consider Ns corresponding to a certain
reference area. In the following Ns is considered
to be included in a reference area of 100,000 square
miles. When an area A different from 100,000 sguare
miles is considered, Eg has to be multiplied by
“=\/‘1T6‘€:%W
to obtain the eguivalent variance parameter for the
given area.

The various methods of information interpolation
discussed further are presented in order of increasing
sophistication. It should not be considered that the
more sophisticated methods are necessarily preferred
by the writer to the simpler onas, or that the most
sophisticated method is presented as the end of a line
beyond which further progress is not possible, On the
¢ontrary, the writer considers that each method may have
its usefulness under certain circumstances, and can be
improved upon or replaced by a better one. In the
planning process the choice of one or another of the
methods is determined by economic considerations which
will be discused in Chapters 5 and 6, and by data avail-
ability. The fact that in most cases the more sophig~
ticated methods lead to greater economy of the network
operation as a whole than the simpler ones give an
indication on the economic value of hydrological

research.

a) Interpolation by maps.

One of the simplest and widely used methods of



interpolation of hydrological information is the use
of isoline maps. The usual procedure is to trace the
isolines on the basis of the information available at
the gauging stations, but using as supporting informa-
tion maps of related physiographic (topographic,
meteorologic) information. An interesting example of
the application of the method is that given by Coulson

(1967). In his paper Coulson presents a map of the

isolines of long-term average runoff in Southern Ontario

using data from 75 hydrological gauging stations (N e
200 stations per 100,000 square miles) and an ischyetal
map based on about 80 meteorological stations. The
corresponding variance parameter is E; = 208

A more sophisticated approach is used by Norden-

son (196 8)who applies an .iterative approach for the

co. ~ordinated preparation of precipitation, evaporation,

and runoff maps. In fact, the iterative approach is

applied only in humid areas where a map of precipitation

is prepared first on the basis of precipitation records
and topography, then a map of actual evaporation is
estimated using basically the assumption that actual
evaporation = precipitation - runoff, plus data on
topography and temperature. Where the map of actual
evaporation thus derived shows inconsistencies, the map

of precipitation is adjusted up to the point at which

these inconsistencies are eliminated. A map of runoff is

derived subseguently as the difference between precipi-

tation and actual evaporation values. The runoff map

4-13



is then compared with the recorded runoff. The

obgerved discrepancies are then corrected by again
adjusting the precipitation and actual evaporation maps.
In arid areas, where according to Nordenson actual
evaporation and runoff depend basically on precipitation
and soil characteristics, and runoff in addition on the
areal distribution of the precipitation (storm character-
istics), Nordenson suggests a procedure based on the
estimation of a relationship between storm rainfall and
soil characteristics on one hand and direct runoff on
the other, of the t¥pe developed earlier by the U.S.
Soil Conservation Service (1971). Unfortunately,
Nordenson does not give any indications on the stabtist-
ics of the error of estimate and therefore it is not
possible to estimate the variance parameter E*_. The
technigue suggested by Nordenson for humid areas has the
merit of recognizing that isohyetal maps can be used for
improving runcff maps and vice versa. His techniques
involve a great deal of subjective decisions, and con-
sequently reguire an experienced hydrolegist to obtain

good results.

The Soviet literature abounds in examples of applic-
ations of isolines as a technique for interpeolating
hydrological characteristics (see for example Uryvaev,
1965). 'The Soviet literature available to the writer
does not ¢ontain data on the statistics of the error
of information interpolation of the estimates made
by means of isolines. Most Soviet hydrologists

recognise that the isoline technigue is



applicable only for interpolation of hydrological
acteristics of large basins (of the order of several
thousands of square miles), and that the estimates
interpolated for smaller basins have to be corrected
using coefficients which take into account the differ-
ences between the physiographical characteristics of
the respective basin and those of the region in which
the basin is located. This leads naturally to the
application of more rigorous techniques such as
correlations between hydrological and physiographi-

3 *
cal characteristics which is discussed next.

b} Correlation with physiographical characteristics.
Correlations betwesn physiographical and hydro-

logical characteristics have been used for

many years, particularly by means of graphical techni-

ques, but their analytical application has been expanded

widely during the last decade owing to the availability

of computers. A new dimension has been added to this

technique as applied in hydrology by the introduction

of computerized data banks (see Chapter 3), which

makes possible the rapid inclusion computation of

physiographical (particularly of terrain) characteristics.

The technique assumes basically that there is

* By physiographical characteristics we shall under-
gtand in this thesis,location, topographic, land-use
and land cover, pedological, geological, hydromorpho-~
logical, and meteorological characteristics. We shall
designate as terrain characteristics all the ahbove
except the meteorological ones.
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either a linsar or log-linear relationship between the
hydrolegical characteristic considered (the'dependent"
variable) and the physiographical characteristics (the
"independent" variables). The computational method
used is usually the stepwise multiple regression
technique in which the "independent" variables are
entered in the relationship in decreasing order of the
amount of the total variance of the dependent variable
explained by the respective "independent" wvariable. If
the ratio. between the explained variance and the resi-
dual (unexplained) one is smaller than a given pre-set
value for any of the "independent" variables not
included yet in the relatiocnship, the computation is
stoppad.

‘Correlations between hydrological and physiograph-
ical characteristics have been used widely in the U.S.A.
and in Canada both for infermation interpolation and
in the frame of hydrological network planning. How-
‘ever, there are significant differences in the prac-
tical application of the technigue in the two countries
as outlined further.

The application of the multiple regression
technigue in the U.S.A. has been described in detail
by Thomas and Benson (1970). The hydrological charac-
teristics used as dependent variables in the U.S. studies
include low flows with various probabilities and
durations, peak flows with various probabilities, flood

volumes with various probabilities and durations, long-



term means of the annual and monthly flows, the
standard deviations and coefficients of skew of the
annual and monthly flows, and the serial correlations
of the annual and monthly flows with a one-year lag.
It is worth mentioning that in the U.S. studies

the hydrological characteristics were expressed in
terms of total basin discharge (cfs), that the depend-
ent variables displayed a large variance in connection
with the variance of the drainage areas considered,*
and that the variance of the specific runoff (flow

per square mile) represented only a very small
fraction of the total variance. However, the variance
of the specific runoff is of larger significance in

information interpolation than the variance of the

total basin discharge. Note also that the hydrological

characteristics which are expressed in probabilistic
terms are affected by a supplementary error in addition
to the error of measurement and error of limited period
of sampling, namely an error related to the discrepancy
between the'actual probability curve of the given
variable and the type of probability curve used. to
estimate it.

The physiographical characteristics used in the

U.S. studies can be grouped into four categories:

* 1In the Eastern region, one of the regions used in

the study by Thomas and Benson to illustrate the applic-

ation of their method, the drainage basins used varied from

11,560 sgq. mi. to 5.9 sg. mi.



hydromorphological, comprising drainage area, main
channel length, basin width, channsl characteristics
(main channel entrenchment, channel width, median

size of stream-bed material, meander ratio defined as
the ratio of the main channel length to the length

of the valley), bifurcation ratio as definsd by Horton
(1932) ;, mean flow distance defined as the average
distance that a particle of water must travel to leave
the drainage area as streamflow; topographical, compri-
sing surface storage defined in terms of percentage of
total drainage area covered by lakes, ponds and swamps,
a soil index related to the potential maximum infil-
tration as determined by the U.S. Soil Conssxrvation
Serviece (19 71) and the area of alluviel soiis; and
meteorological, containing mean long—term precipitation,
mean long—-term snow pack, storm precipitation indexes,
an evaporation index, and temperature indexes. The
technigue was illustrated through applications in four
regions, but there is a significant wvariation in the
way in which the technigue is actually applied in

these four regions, both from the viewpoint of the
"independent" variables considered and of the methods
used for estimating the "independent" variables, fThus,
the evaporation and temperature indexes and the alluvial
area are used as "independent' variables only in the
Central region where the storage index is not used.
Lohg-tefm annual precipitation was determined for

two regions (Southern and Western) from isochyetal maps,

4-=138
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for one region (Central) from Thiessen polygons,

and for one region (Eastern) partly from an isohyetal
map and partly from a “"precipitation anomaly map"
derived for this region. The results of the study

are summarized in Tables 6-9 of Thomas and Benson
(1970) which gives the regression coefficients,
standard errors of estimate (for the calibration
sample) and the coefficients of correlation for each
step of each correlation. The data required for the
computation of the variance parameter E*S based on a
validation sample are not presented in the paper, but
the writer estimated from additional data obtained from
the U.S.G.S. long-term flow data that for two of the
four regions considered ( the Central and Western) the
variance parameter E: is higher than that obtained
for the isohyetal technique. This might be related to
the particular conditions of the two regions., However,
it is gquite possible that the high values of the error
variance parameters obtained are related to the way

in which the technique was applied, and which could
have had an adverse effect on the results. We refer
particularly to the possible effect of multicollin-
earity between the independent variables (i.e, the
existence of significant multiple correlation between
one "independent variable" and several other$ » for
example between drainage area on one hand and drain-
age elevation, precipitation, and snow on the other) .

Multicollinearity is probably responsible for the fact



that about two-thirds of the 182 correlations
presented in the paper include only three independent
variables or less. The drainage area is included in
all correlations, the average precipitation in 128
correlations and snow in 55 correlations. Since
drainage area is included in most caseslsimply as a
proportionality factor and as such is an irrelevant
variable, and precipitation and snow estimates are
frequently affected by significant erroxrs, the practi-
cal usefulness of the correlation developed for the
interpolation of hydrological information may be in
some doubt. The techniques used for the estimation of
gome of the "independent variables" also casts some
doubt on the results of the studies. Thus, the mean
basin elevation in the Central and Southern Regions
was estimated as the mean of the elevations at the 10%
and 85% points along the main stem channel. It is not
surprising that the elevation determined in this way
was not included in any of the correlations determined
for the Central Region, and only in one of the 45
correlations determined for the Southern Region.

The technique described above was used widely in
the U.S.A for assessing the adequacy of the existing
hydrological networks, and for planning the extension or
contraction of the network, in the manner described by
Jordan and Hadman (1970). The assessment was made by

developing multiple coxrelations as described above and



by comparing the standard error of estimate of

these correlations with the standard error of estimate
due to the sampling error resulting from the limita-
tion of the record duration. The sampling error
corresponding to a l0-year record was considered as
the accuracy target for minor basins, and that
corresponding to a 25-year record as the accuracy
target for major basins. The network is considered
adequate and its contraction might be considered if
the standard error of estimate obtained from the
multiple correlations is lower than the target

error, and inadequate and requiring extension in the
contrary case. The writer considers the basic philo-
-gsophy and the practical application of the suggested
approach to network planning as doubtful for the

following reasons:

ry

i) the target accuracy cannot be considered
to be uniform independently of the regional
conditions and priorities; in addition, it
is obviously not simple to define in a

~general manner the difference between a

ninor and major river basin;

tEd) without the use of split sampling techniques
it is not possible to provide realistic
estimates of the errors of information inter-

polation since the assumptions made about the



(iidi)

{iv)

(v)

statistical characteristics of the varia-
bles in the development of the correlations
do not correspond to their actual character-
istics, and therefore the standard error of
estimate of the calibration sample will be
different, in the general case, from the
standard error of estimate of an indepen-

dent sample;

the target accuracy test suggested does not
take into account that the error of information
interpolation is just one component of the
total error of estimate; without considering
the other components it is not possible to
design and/or operate the hydrclogical network

efficiently;

there is so large an amount of subjective
decision making involved in the selection of

the "independent variables" and of the techni-

ques that it requires a very experienced hydrol-
ogist to estimate these variables;

although it is obvious that the accuracy of

the interpolated information is dependent on
the accuracy of information obtained from other
networks, the methodology suggested does not
include any indications on the co-ordinated
planning of hydrological, meteorclogical and

other related natworks.
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A somewhat different approach to the problem of
information interpolation by multiple regression tech-
nigque was adopted in Canada. This approach was essen-
tially developed by the writer. It uses as "indepen~-
dent variables" terrain characteristics estimated as
described in Appendix A. The independent variables are
screened for multicollinearity and only those which do not
display a multiple-correlation coefficient significant
at the 1% level are retained., The multiple correlations
are developed using as independent variables only terrain
characteristics because meteorclogical characteristics
are affected by significant errors and since they are

closely correlated to the terrain characteristics,

cannot be used as "independent variables". The
meteorological information is nevertheless used for

the interpolation of hydrolegic characteristics but in
the frame of an iterative technigue in which hydrological
and meteorological information successively play the role
of independent variables, as will be shown further.

In actual applications, because of time and budget
limitations, the suite of dependent variables was limited
to the long-term mean annual and mean monthly runoff,
their standard deviations (coefficient of variation)
and coefficients of skew. Calibration samples of
various sizes were used in each case to obtain indica-

tions in the variation of the standard error of inter-



polation with the specific density (number in
reference area) of the gauging stations, The
parameter E;, was established in each case from
validation samples,

The application of the technique for interpola-
tion of ﬁydrological information reguires the applic-
ation of the model homogeneous hydrological regional-
ization method described in Section 7.1. Afier
application of this method and computation of the
relative error variance obtained in interpolation of

. the various independent variables for various sample
sizes in Southern Ontarioc (which is completely inclu-
ded in one model homogeneous region) and Western and
Northern Canada (where five model homogeneous regions
were delineated), it was possible to estimate the
values of E; for various hydrological characteristics,

These are summarized in Table 4-1,

The best graphical relationship which could be
obtained between error and number of stations (station
density) in the case of the multiple regression tech-
nigue applied to the mean annual runoff is shown in
Figure 4~1, from which, for the sake of clarity, the

*
data points were omitted.
¢) Square grid simultaneous interpolation of average

runoff and precipitation.
It was recognized in the early stages of the applic-

ation of the sguare-grid data bank that it would be

* pigure 4-1 including data points and similar figures for

other hydrological characteristics can be obtained on request.



of the leng-term mean annual runoff by using the

meteorological data as an additional dependent variable,
rather than considering them as part of the "independent"
variables, because of the multicollinearity between
the meteorological and terrain variables. Two different
nmethods of using the meteorological data in this manner
have been developed by the writer and applied so
far®. The first method refers to the simultaneous
interpolation of the areal distribution of long-term
mean annual runoff and precipitation, and is described
in this paragraph. The second method is concerned with
the synthesis of time series of monthly runoff (flow)
data and is discussed under (d) below.

The method described here for the definition
of the distribution of mean annual runoff using a data
bank of terrain characteristics and the available
meteorological data was presented initially by Scleomen
et al (1968) and was extensively applied by the writer,
and also by others (Cuthbert, 1970, Ingledow, 1970,
Obdekoff, 1970, Foyster, 1973) in various hydrological
studies.

The basic assumption required for the applica-
tion of the method is that in the area investigated

the losses to groundwater from precipitation or runoff

%# A third method which is a further refinement of
the method described in this subsection is being

currently developed by €. Cavadias.



TABLE 4-1

*
VALUES OF Es for the Sguare Grid - Multiple
Regression Technique of Hydrological

Information Interpolation

Long Coefficient

Term of
Mean Variation
Annual of

Runoff Runoff

Annual flow 135 1:3
January 3.2 1.6
February 2.5 1.9
Mareh 2.6 .7
April X3 1.8
May i3 1.2
June 3.3 1.7
dJuly 3.5 1.3
August 3.7 1.8
September 3.3 1.6
October 3.3 1.6
November 3.2 1.6

December 3.3 1.6
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are either negligible compared to the surface runoff
or can be estimated from data or techniques indepen-
dent of the one described here. The method consists
basically of an iterative procedure in which estimates
of the distribution of precipitation made initially
without considering runoff data are successively
improved by considering the latter data. In the first
step of the technique one computes two correlations:
one between precipitation as dependent variables and
those terrain characteristics which are considered
relevant (location, topographic, and topographic
location, See Appendix A) as independent variables,
the other between temperature as dependent variable
-and the same independent variables. On the basis of
these two correlations one estimates in each square the
long~term mean annual precipitation and temperature,
and, from them, the values of the long-term mean annual
evaporation by means of Turc's formula, (Turc, 1954]*
or of Langbein's graph (Langbein, 1948) for estimating
mean annual actual evaporation from precipitation and
temperature data. Using the results of the above
computations, one estimates in a square i the long-

term mean annual runoff as:

* A correction of the temperature value to be used in
Turc's formula has to be introduced when this is applied
in climatic conditions with large temperature variations,
such as those encountered in Canada. The method for
computing this correction is deseribed in Solomon,

1972b.



(4.4)

in which Pir Ego and Gw; , are respectively the long-
term mean annual values of precipitation, actual evap-~
oration, and losses to the groundwater in square i.

A calibration sample of N basins is then selected,
and for each basin j of this sample one éomputes the

estimated runoff as:

Yl e e SIS S NS WL

(4.5}

where a, is the area of the portion of sguare i
included in the basin j, and bj is the number of
sgquares included in basin j. The factor kj is compu-

ted then for each basin using the formula:

in which Rrj is the long-term mean annual runoff

recorded in basin j.
If k # 1, it is assumed that all the erxor is
in the precipitation estimate and the precipitation

is corrected in each square i of the basin j using the

formula:
(4.6)
= (i) - .
Pi = k 5 (Pi Ei) + Ei + Gwi

Where the index in brackets represents the number of the



iteration. The computation is then repeated starting
from the correlation between precipitation and physio-
graphic characteristics, but using this time, in
addition to the precipitation records at the precipi-
tation gauging stations, the estimated values of the
precipitation Pili in each of the squares of each of
the bj calibration basins. The iteration;_are repeated

as long as necessary to reduce the expression

.below a pre-established limit. After reaching this
limit, a correlation is couwputed betwesen the unexplained
errors in the estimation of the runoff as the dependent
variable and the terrain characteristics which were not
used in the correlation between precipitation and
temperature on one hand and terrain characteristics on
the other, namely land-cover and land use, pedological,
and geological characteristics. A final correlation
between runoff and terrain characteristics is then
obtained by combining the correlation between precipi-
tation - actuwal evaporation - ground-water and related
terrain characteristics with the correlation of unéxplain—
ed error of runoff and the remaining terrain character-
istics mentioned above. An example of the results
obtained by applying the technique in Southern Ontario

is given in Appendix B.



It is obvious ( at the coefficient of corre-
lation and the standard error of estimate obtained
in this case deoes not give any indication on the
error of interpolation which will be obtained, since
one can repeat the iteration process as long as
desired to reduce the standard error of estimate
as much as desired. For this technique particularly,
only a check by means of an independent validation
sample can indicate to what extent the runoff-
terrain correlations derived as described above can
be used foxr the purpose of interpolation of runoff
values. In the case of the Southern Ontario
application a 13 basin validation sample was used.
The runoff for these 13 basins was computed using the
correlation obtained between mean annual runoff and
terrain characteristics shown in Appendix B. The
results of the computation are given in Tabie 4.2.

In the same table we show, for comparison purposes,
the relative errors made in the estimation of the
runoff from Coulson's isohyetal map (Coulson, 1967)
for nine of the river basins which belong both to

our validation sample and to the caiibration sample
used by Coulson., M~As can be seen from Table 4-2,

the standard error of estimate for these nine basins
is about 50% higher in the case of the isohyetal
technique than in the case of our technique, although
these stations belong to the calibration sample in

the case of the isochyetal technique, and to the valid-



TABLE 4-2

COMPARTISON BETWEEN ERROR OF ESTIMATE OF MEAN ANNUAL

RUNOFF OBTAINED FROM AN ISOHYETAL MAP (CALIBRATION

*
SAMPLE) AND SQUARE GRID TECHNIQUE (VALIDATION SAMPLE).

Error(in &) =

(Estimated - Recorded

9 Estimated

xlOGi

siver guation |- 2a8 iachyetii | cuvucs orts
Saugeen Walkerton 1,080 +1.0 9.4
Maitland Donnybrook 812 +6.2 =10.1
 Grand Galt 1,360 - 48.2
Speed Guelph 199 =136 =27
Grand Brantford 2,010 < +3 T
Noxrth Fanshawe 560 = +2.5
Thames Dam
Nerth London = Bl
Thamas
Credit Erindale 262 | —18.7 -1.3
Etobicoke Summerville 41 +2.4 +0.7
Humber Weston 204 | -14.7 +10.5
Little Don | Lansing 41 | -19.6 =6.1
Thames Ealing 478 +6.5 +5.5
Big Otter Vienna 256 +9.4 -1.9

* From Coulson,

1967, Table 4.



ation sample in the case of our technique.

The application of the technique to the various
provinces and territories of Canada showed similar
results, and a remarkable good relation was obtained
between the relative standard error of estimate corres-
ponding to the validation samples and the specific
number of hydrological gauging stations. -This relation-
ship is shown in Fig. 4-1. The value of the error
variance parameter for interpolation of mean runoff
accepted by the writer for this method is E; = 0,75,

A comparison of this value and the graphical relation-
ship given in Fig. 4.1, obtained on the basis of
data from Northern and Western Canada and Southexrn
Ontario,shows that the value of E; is overestimated

in this case for the lower network densities, We
prefer to have an overestimation of this parameter in
areas of low densities, since in practical applications
this would provide a safety factor against unexpected

difficulties in applying the technigue in such areas.

d) Models

A large number of papers related to the application
of hydrological models to the synthesis of time series
of flow data on the basis of recorded or synthesised
time series of meteorological data, or on the basis of
purely statistical considerations has been published
during the last few years. Some of these papers include
also discussions on possible applications of such hydro-

logical models to hydrological network design,



However, a review of all these papers would require the
extension of this paragraph beyond reascnable limits,
and we shall confine our discussion on this subject to
one recent Ph.D Thesis by Barton (1971) which dwells
specifically with the synthesis of monthly runoff
records for ungauged basins and includes_some consider-
ations regarding hydrmdogical network design., Other
papers related to the subject and having some relevance
to the problems debated in this subsection are listed
in "Supplementary References o

Barton uses 2 combined deterministic-statistical
model and correlates the model parameters with the pedo -
logical-geological and topographical characteristics of
the basin. This enables him to interpclate the model
parameters for ungauged basins. Then, by using synthe-
tically developed precipitation data, he synthesizes
time series of flow data for ungauged rivers. Barton's
procedure, although more advanced than similar ones devel-
oped earlier by others,raises some problems from the view-
point of its application to network design such as: the
use of a subjective technique for optimizing the model
parameters; the lack of possibility of synthesizing time
series of flow data at several river basins which would
display a cross-correlation pattern similar to the recor-
ded one; and lack of clear indications on the relation-
ship between specific number of hydrological and meteor-
olegical gauging stations and the standard error of esti-
mate of the interpolated informaticn. Because of these
problems, it is guestionable that the results of Barton's

study could be used directly in hydrological network desiagn,



The writer suggests that most of these problems
encountered in the application of models for infor-
mation interpolation and in related hydrological net-
work planning can be solved much more easily if the methods
are developed in conjunction with the sguare-grid data
bank described in Chapter 3. Preliminary results of
such applications were discussed by Soiomon and Qureshi(1971)
Since the publication of this paper the writer has
carried out a series of supplementary studies on this
subject for the purpose of this thesis which have contri-
buted further to the analysis of the possibilities
offered by the application of hydrological models to
hydrological network design.

The study reported by Solomon and Qureshi was based
on 34 river basin models developed in Western and Hor-
thern Canada in an area assumed to be extremely scarce-
1y gauged from the hydrological viewpoint (15 hydro-
logical stations per million sqguare miles) and scar-
cely gauged from the meteorological viewpoint (430
meteorological stations per million square miles).

The studies carried out by the writer for the purpose
of this thesis are based on the development of 33 river
basin models in an area assumed to have a moderately
dense hydrological and meteorological network ( 130
hydrological stations and 300 meteorological stations
per 100,000 square miles).

For both studies the deterministic-statistical model

used was almost identical and was described by Solomon



and Qureshi. The use of this model does not imply

in any way that it is considered "better" by the

writer than any of the other models available. The
experience of the writer and of others tends to indi-
cate that almost all reasonable models give comparable
results which depend mainly on the accuracy of the

input and output data used for calibration, and that the
capacity of the model to be used for interpolation of
information decreases with the number of true ( endogenous)
model parameters. Because of this, the number of model
parameters was limited in the applications discussed to
8. The model was designed to suit Canadian conditions,
in the sense that it requires as input only precipita-
tion and temperature data, the only meteorological data
which can be reasonably interpolated at any point of the
Canadian territory. FPFurthermore, to facilitate the use
of the model in practical applications of hydrological
network planning, it was designed in such manner as to
make possible its application by any hydrologist with-
out requiring subjective decisions of any sort.

As indicated above, the model is designed to accept
as inputs mean monthly precipitation and temperature
time series of data and to.produce corresponding mean
monthly runoff time series of data. The input data are
estimated using the precipitation and temperature records
at the meteorclogical stations and monthly correlations
between these data and the terrain characteristics which

are relevant from a meteorolegical viewpoint (leocation,



topographic, andcombined topographic-location characteristics)
in the squares corresponding to the meteorological

stations. For each basin j and month i, the estima-

ted precipitation Peij is computed as the weighted aver-

age of the precipitation estimated from the correlation
equation in each of the squares of the basin, corrected

for local bias using the formula:
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where Pcij is the corrected precipitation fer basin j
and month i;

P is the recorded precipitation at station k,

rkiji
month i, station k being one of the m stations included
in the rectangle circumscribed to the basin j; and
Pekji is the precipitation estimated from the corre-
lation between precipitation and terrain characteristics
in the month i, at station k.

For interpolation of hydrological information the
models developed are transferred to ungauged sites by
correlating the parameters of the models used in the
calibration sample with the terrain characteristics.

The correlations between the monthly precipitation and
temperature data and the terrain characteristics makes
it then possible to synthesize time series of precipi-
tation and temperature in the ungauged basins and then,

time series of runoff data by means of the transferred

models. Because of the inherent correlation between the



meteorological data estimated at the ungauged sites,
the synthesized flows at various stations in the areas
display also cross correlations similar to those
observed in nature. The meteorological input used may
be based on recorded or synthetic data, but is intro-
duced always in the same way, i.e. on the basis of
correlations between the meteorclogical data and the
terrain characteristics. The meteorological data
synthesis is carried out by synthesizing time series of
regress on coefficients of correlations between
precipitation and temperature as dependent variables and
physiographic characteristics as independent cnes.

In both the Northern and Western Canada and in
the Ontario studies an error - network density analysis
was carried out by successively reducing the size of
the calibration sample. In all cases the error variance
parameter was computed using validation samples. The
error analysis was carried out for the long-iterm mean
annual and mean monthly runoff and for their coefficients
of variation. 1In addition, for the Southern Ontario study
we have computed the error of estimate of serial and
cross correlation of the monthly flows. The values of E;
obtained for the two regions are different and are shown
in Table 4.3.

The reason for the differences obtained is related
probably to the very different ratios between number of
meteorological and hydrological stations used in the

two regions. Whereas this ratio (considering the whole



TABLE

4.3

%
EXPECTED VALUES OF E5 OBTAINED FROM

PARMAMETRIC MODEL - SQUARE GRID

TECHNIQUE
Long-Term Coefficient
Mean of Variation
Annual Runoff of Runoff
Northern  Southern Northern  Southern
wes:ern Ontario Wesiern Ontario
Canada Canada
Annual Runoff 0. 53 1.4 0. 82 1.2
January 4 1.60 3.1 172 1.5
FPebruary " 1.61 2.4 1.83 > )
March “ 1,08 2.6 1.29 17
April H 1.08 1.2 1:33 1.2
May 3 0.45 2.1 0.69 153
June S 1.08 3.1 L 40 1.6
July i 0.54 3.3 0.75 1.4
August ! 1.08 345 1.40 > T
September " 1.51 3.1 1.94 oS
October X 3 A 3.2 1.72 1.6
November " 1,72 3.2 2.04 1.6
December " 1.29 3l 1.50 157



set of hydrologic stations) was 13 for Western and
Northern Canadz, it was only 2.3 for Southern Ontarioc.
Because of the lower ratio in Socuthern Ontario, the
ampunt of information introduced through the model

in the hydrological time series is relatively lower

in that area than the one in Western and Northern
Canada. It is likely that a more rational technigue
for estimating E; would have to consider in the case
of models a value of N; which would consist of the
number of gauging stations augmented by an amount
representing a function of the number of metorological
stations in the area. Other technigues of intexrpolation
of hydrological information would probably benefit also
by considering this "eguivalent hydrological value of
the meteorological stations". Research in this direction
in the framework of co-ordinated meteorological network
planning is recommended. However, for the purpose of
the practical application carried out in this thesis
(Section 8), the values of E; considered were those
obtained for Western and Northern Canada since it

was felt that they are closer to the average Canadian

conditions, in areas of natural hydrological regime.

4,2,2, Error Due to a Limited Sampling Period.

A special study was carried out for the purpose of
this thesis to develop a relationship for the estimation
of errors due tc a limited sampling period which

would be suitable for planning purposes. The study had
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as its initial point results obtained by others
regarding the variance of the error of estimate of
statistics of hydrolegical characteristics obtained
from time series of auto-correlated data and time
sariés of flow data extended by correlation with other
time series of flow data obtained at long-term gauging
stations (Wallis and Matalas, 1972). Because of the
unavailability of an analytical solution for estimating
the variance of the error of estimate of hydrological
characteristics obtained from auto-correlated data
augmented by multiple correlation, Wallis and Matalas
used a Monte Carlo technique for obtaining such esti-
mates.

As the technigue used by Wallis and Matalas is based
on several assumptions on the statistical character-
istics of the time series of dats which do not correspond
entirely to the actual properties of the data, and as
their work is not providing a complete analytical
solution, the writer decided to use an empirical approach
for the derivation of E:, based on the following consi-
derations:

It is practically impossible to determine the time
sampling error because one does not have an "erroxr=
free" infinite length value to compare with in the general
case of time series of hydrological data. Furthermore,
the "effective number of years of record" is reduced
and the error variance accordingly increased because of
‘the effect of serial correlatien (Yevijevich, 1972) .

In most cases in Canada,data for a period of record



lenger than 50 years are not available. TIf one uses a
50-year record to cobtain the "error-free" data, then

one underestimates to & certain extent the error due to
limited time sampling. Furthermore, the use of the
coefficient of serial correlation to decrease the number
of years of record is guestionable, sincé_this coefficient
varies and frequently decreases as the period of record
increases, and values obtained from available records
would over-estimate the error values if the results are
applied to longer periods. However, if one uses the
actual number of years of record as the "effective
number of years of record", this leads to another undexr-

estimation of the error variance.

In summary, if one elects to estimate the error
variance parameter Eg assuming that the longest period
of record, e.g. a 50 - year pericd, produces the error-
free data (from the viewpoint of time sampling error)
and uses the actual number of years of reccrd as the
"effective number of years of record", an underestimation
of the actual value of Ei would be obtained. Let k

denote the ratio between the sguare of the actual error

o
£

basis of the above mentioned assumptions Egzso‘ The

variance parameter EX” and the value estimated on the
value of k is larger than one and experience shows that it
has most fregquent values between 1.50 and 2.0. It was
shown that in Poguation 4.3 giving the total error variance

in terms of its components, the error variance para-
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%2 : ! _“_:é__~
meter E, is multiplied by a factor {p¥% 2.5N{1 ) ¥
s

Since for the usual values of p'and N (p'=0.5 - 0.7
N = 40 -~ 50), the value of this factor varies between

0.525 and 0.72, we can write:

*2 %2
Et = (1.5 + 2.0) Et,SU

g ' * 7
(0.525 +0.72) Etz

it

S

' 2 2
P, * *
(v, 2:500 ~ply 2
N% : v £,50 (4.7)

e

On the basis of the above considerations, the
writer decided that, for planning purposes, it would

be acceptable to replace in Eq. 4.3 the term

' -2 2
i i *
{Q{f;ééi_“ﬂh)}E: by Et'50 + computed using the

above stated assumptions. Consequently, the computa-
tion of E:,SO was carried out as follows:

S8ix stations located in various regions of Canada
and having a period of record of at least 50 years were
selected and the hydrologic characteristics (long~
term mean, long-term means of monthly flows, etc.)
estimated, considering the most recent 50~year period.
The assumption was made that a S50-year period of record
represents the "true" values of the hydrologic statis-

tics, and the statistics obtained from ten five-year
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samples, five ten-year samples, etc., were compared

to the "true" statistics &nd the corresponding
relative standard errors. The expected values of the
relative standard errors were then plotted against

the length of the period of record as can be seen

from the four series of graphs on Figure 4.2. There
is a relatively smooth continuous reduétion of the
relative standard error, except in some cases, for

the 25-year period for which the number of samples
(two) makes the standard error computation inconclu-
sive. A period of record of five years results in
hrelative standard errors of estimate of the mean of
12-15%, while a period of 15 years reduces it gen-
erally to below 5%. The error in the determination of
CV is about two to thres times larger than that of the
mean flow, while the error in the determination of the
coefficient of skew is about ten times that of the
mean flow.

In order to obtain indications of the improvement

(or otherwise) of the estimation of the flow statistics which
may result from synthesizing a longer period of record
by correlation with a neighbouring station, all the
‘ghort period samples considered were completed to 50
years of monthly data by using a correlation with the
closest station having a 50-year period of record,

The flow statistics were then derived for each expanded
sample, and the relative standard error computed. The

results are also shown on Figure 4-2. It should be
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noted that monthly log correlations were used
according to the technique described by
Langbein (1960). The correlations for synthesi-
zing data at stations 2FC1 and 2FC2 were good
(coefficients of correlation higher than 0.9),
while the correlations for synthesizing data at
stations 2HBl and 2601 were poor (coefficient of
correlation varying between 0.6 and 0.8. The improve~
ments obtained in the estimation of the mean were
most of the time insignificant and occasionally an
error increase was observed at stations where the co-
efficients were poor, as expected also from the sim-
ulated analysis carried out by Wallis and Matalas
(1872) . It is noteworthy that for a period of 15
years of record at all stations investigated, after
synthesizing the data by correlaticn, the errors of
the means became larger than those cobtained from the
use of the actual record data only. However,
significant improvements were generally obtained for
the other statistics (the coefficients of variation
and the coefficients of skew) with one significant
exception regarding the coefficient of variation at
one station, the one with the lowest coefficient; of
correlation where the error increased drastically.
Although these investigations are too limited to
allow definite conclusions to be drawn, they seem to
indicate that a period of record of about 15 vears

would produce the best return for short-term stations



EXPECTED VALUES OF E

TABLE 4.4

*
t,50

SIX GAUGING STATIONS IN CANADA

OBTAINED FROM DATA AT

Annual Runoff

Spring
Summer
Fall
Winter
January
February
March
April
May
June
July
August
Sept.
October
November

December

"

Long-
term
mean Coefficient of Variation
0.10 0,40
0.36 0.45
0.46 0.42
D333 0.60
0.33 0.54
0.31 0.65
0.33 0.54
0.31 0.60
0.45 0.75
0.48 0.27
0.51 0.48
0.48 0.40
0.33 0.40
.33 0.60
0.40 0.96
0.40 0.66
0.60

0.35
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in this area, and that information synthesis by correlation
should concentrate on synthesis of other statistics than
the average. It is unlikely that correlation co-
efficients less than 0.8 can be accepted for exten-
ding data for any of the statistics In any case,
further investigations, both theoretical and empirical,
are warranted on this problem.

*

The expected values of B¢ 50 obtained from data at 6
r

stations are given in Table 4.4.

4.2.3. Error of measurement

The error of measurement is assumed to consist
of two parts, cne related to the error of flow measure-
ment (Emf}, the other (Emm ) related tc the numbher of
flow measurements availablﬁ for obtaining the stage
discharge relationship. Other socurces of error
{such as errors in stage records) can be
ignored in the planning process since they are related
mainly to operational problems, and since many sources
of error of such type are currently eliminated by
introducing automated and more reliable equipment.
Assuming independence between the two sources of

errors, one can write

s e 2
En = Eme * Fny
m
The first component of the error of measurement
was studied in three significant studies on errors of flow

measurement that have been carried out during the last



few years by Dickinsen (1967), Burkham and Dawdy
(1969) and Goldstein (1968).

Dickinson's study is most comprehensive and
hig conclusions are significant mainly from the view-
point of design and operation of the network. Most
relevant from the viewpoint of network pianning are
the following conclusions:

"The magnitude of measurement error in a single
discharge measurement and the degree of minor random
shifting of a rating curve are reflected in the
co-efficient of variation (relative standard errox)
from regression for the sample data. The average
coefficients for the upper portion of the curve are
+9.37 and -8.40 percent; and the average coefficients

+17.3 and -10.9 percent on the lower portion.

Summer mean daily discharge values can be expec-—
ted to be estimated within +2.40 and -2.33 percent
error bounds, at the 80 percent confidence level; and
within 4+3.82 and -3,65 percent, at the 95 percent level,
Mean daily estimates in the winter months can be said
to be within + 8.60 and ~8.34 percent error bounds,
at the 80 percent confidence level; and +13.7 and -13.1
percent, at a 95 percent level.

*
TFuture summer discharge measurements may be

* These are equivalent to validation data in our

terminoleogy.
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expected to lie within +12,9 and -11.2 percent of
the rating curve values, 80 percent of the time, and
within +21.5 and -16.9, 95 percent of the time. §Single
discharge measurements made in the winter months can
be expected to fall within +47.6 and -39.6 percent of
the curve, with 80 percent confidence; or within +76.9
and ~59.6 percent, within 95 percent confidence.

If a single rating curve is employed to estimate
all mean daily discharges during the summer, the per-
centage error bounds on the total summer flow, on each

monthly flow, and on each mean daily value are equivalent

During the winter months, when daily flows are
estimated independently, the percentage error bounds
on a monthly flow estimate are a function of the percen=
tage error bounds on a summer mean daily flow estimate,
and the relative magnitude of the monthly estimate and
the divisive discharge valus,

The percentage error bounds on an annual discharge
estimate are negligibly affected by the errors in winter
flow estimates. They are approximately equal to the
product of the ratioc of summer to a total annual £low
and the percentage error bounds on a mean daily discharge
estimate in the summer months."

From a planning viewpoint, the important conclusion
ig that the error of an average does not depend in the

‘case of summer flows*on the number of data averaged.

*pickson understands by "summer" the ice free period of the

year.



Dickinson's conglusion on the errors during the winter
months is slightly confusing and difficult to apply
practically because of the introduction of the concept
of "divisive discharge value" (which is defined by
Dickinson as the discharge arising from velocities less
than one foot per second and/or depths less than one
foot). In fact, most methods of determining daily flows
in winter in Canada (see for example, Rosenberg and
Pentland,1966 ) do not imply an independent estimation
of each flow, and consequently in this case also the
errors are strongly correlated and independent of the
number of days used for the computation of the given
statistics.

An element which has not been investigated by
Dickinson, but was considered by the writer because of
its significance for planning, was the error due to
differences betwesen the true rating curve and the rating
curve obtained from a limited number of flow measure-
ments. Although for particular cases this difference
will depend on a large number of factors, such as the
range of the measurements, the shape of the cross—-section,
the hydraulic conditions at the cross-section, etc.,
on the average the most important factor is probably
the number of flow measurements, At any rate, the.
lattex factor is the one which is most important from
the viewpoint of planning the network, whereas the
others are design and operation factors.

In view of this, a special investigation was carried



out to estimate the relationship between the error
of estimate of a daily flow and the number of flow
measurements used for the estimation of the stage—
discharge relationship. The investigation was based
on flow values determined at stations with well defined
stage~discharge relationships which were compared with
flow values obtained by using stage~discharge relation-
ships determined on the basis of varioussamples of
flow measurements drawn from the "population" of flow
measurements available. This made it possible to
determine the error of f£low estimate as a function of
the number of flow measurements.

The stage-discharge curves were computed using the

game equation as that used by Dickinson,

= = b
0 = b (H -~ H,) 2
where Q is the discharge, H, the stage, Ho the stage

at zero discharge, b1 and b2 parameters; bl and b

2
were determined by trial and error, using an optimi-
zation technique (the 0 selected was that for which
the coefficinent of correlation of the regression of
log Q versus log (H-Ho) was a maximum).

The investigation was carried out at 5 stations
where the conditions were appropriate. It was found
that an equation relating the standard error of

measurement E and Nm’ having the form:

mi
L a3
2 m ¥
1mNm f N

can be obtained in each case,
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*
The walues obtained for EmN were:
m *
River and station E

mNm

Saugeen R. near Port Elgin 0.27

Otter Creek at Tilsonburg 0.92

Young Creek near Victoria 0.74
Thames R, at Byron 0.20
Gull R. at Norland 0.07 °

*
mNm
obtained at the various stations, it is recommended

Given the large variation of the value of E

that further research should be carried out on this
subject. However, for the practical applications

%*
presented in this thesis, an average value Em = 0,44

N
m

was selected. A further simplification of the analysis

was introduced based on the above guoted conclusions of
bickinson's work from which it would appear that the error
of flow measurement is approximately egual to the error

due to limited number of flow measurements for the

usual number of flow measurements at a station (200 to

300). On this basis it was decided that in further analysis

Ll
the term ' 2.5 (1-p ) *2  yhich for most frequent
p+"_'-ﬁ__][:

ml’
values of p' and Nfcan be estimated to be approximately
#2 *2
equal to (0.525 to 0.72) Em' be replaced by EmN y 8ince
m
Pl o2 2 e oi,41 &S
Em EmN 1/ hhf - mi
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)
, 2 2 5 Exlin
and. (0.525 to 0.72) E 2 B T e
m mNm Nm

In summaxry, the analysis carried out in the last
three sub-sections indicates that it is acceptable
to estimate the total error variance at an ungauged

gtation from the following relationship:

*2 *2 2
E E E*
gl 0D ity mN, (4.8)
Ng o B Ry

with the variance parameters estimated as shown in sub-
sections 4.2.1, 4.2.2. and 4.2.3.

It should be emphasized that this formula represents
an estimation of the expected value of the error
variance acceptable for application for planning purposes
and not for individual estimates of the error at a given
gite. In this latter case, one has to consider a formula
of the type suggested by Matalas and Gilroy (1968}, which
takes into account the deviation of the characteristics
of the given basins from the average characteristics

of the sample used to calibrate the model.



Planning of the hydrological network is carried
out either in the framework of a budgetary constraint
if the purpose of the network is for inventory and
research, or for maximizing returns in the case when
the data from the network are used for the design
and operation of projects. In both cases it is
essential to have data on the costs of installing and
operating the network and on the processing of data,
and for the development and application of models
for interpolation of information.

In discussing the problem of costs one has to
keep in mind that these costs can vary rapidly in all
countries of the world for two basic reasons: cost
escalation and changes in technology. We suggest
"that in network planning analyses cost escalation can
be neglected as long as there are no reasons to bel-
ieve that the cost escalation for the given activity
has a different rate from the average, since the
average cost escalation represents basically only an
adjustment of numerical values to a variable (but
common) unit of measurement. Changes in technology,
however, may significantly affect the costs by
continuously reducing the ratio between labour and
investment costs. Specific labour costs have the
tendency to rise much faster than specific investment
costs. In areas of fast technological progress, the

ratio labour costs/investment cosis may in fact



decrease significantly. One can, therefore, expect that in
areas where significant technolegical progress is currently
being made, unit costs will decrease as the technological
advances are implemented. Since such progress is being
made in the area of the hydrological network due to the
application of computers and data bank techniques, remote
sensing, modelling, etc., one can reasonabl? expect that
specific costs in this area will be at least stable
within the next decade, corresponding in fact to a
relative decrease in these costs.

We shall discuss in this Chapter basically the
Canadian ccsts on which the writer has some inform-
ation (Section 5.1). A brief discussion on problems
of costs of hydrological networks in other countries is
given in Section 5.2. This discussion is of a very
-géneral nature only since, due to the more or less
confidential nature of this type of costs we did no*
have any factual data available for a guantitative

analysis,

5.1 ' Canadian Costs.

There are several types of hydrological networks
in Canada: Federal, Provincial, networks of the hydro-
electric companies, etc. Specific costs of various
components of these networks vary widely in relation

to the size of the network, the natural conditions



access, and occasionally to the level of technology,
etc, In addition, there are problems related to the
accounting system used, some of the costs being
reported inclﬁsive of overhead expenditures, sone
others excluding such costs. The costs as estimated
in this study represent costs incurred by the Federal
network exclusive of overhead resulting from the

activity of the central offices in Ottawa.

5.1.1 Installation Costs.

Hydrometric stations in Canada usually consist
of a simple structure which supports a staff gauge,
in the case of a non-recording station*, or a con-
crete well connected with the river which
protects the level-recorder in the case of
recording stations. More xecently, with the intro-
duction of pressure gauges, a new type of structure
which is slightly less expensive than the classical
recorder well, has been put in use.

Because of the scarce population in most areas
and of the relatively low cost and higher accuracy

obtained from recording devices, the trend in Canada

* Occasionally, where possible, the staff gauge used
to be mounted on an existing structure, often a bridge
pier or abutment. Since in many cases the bridge
interferes with the natural conditions of the river,

this practice has been discouraged in recent years.



is to install recording gauges at all sites independ-
ently of the size of the river basin. In order to
obtain a stable stage-discharge relationship, where
possible, the gauging stations are installed immed-
iately upstream of natural control sections which,
in Canada, are the head sections of rapid reaches.
When no contreol is available, an attempt is usually
made to solve the problem of instability of the
stage-discharge relationship, which is usually
related to sedimentation-erosion, ice, and veget-
ation, by means of very freguent discharge measure-
ments. The construction of artificial controls,
which is practised widely in some areas of the world,
is not accepted practice in Canada, where such
controls are built only for small experimental and
research basins. However, as is indicated by simple
caleculations, for small rivers the construction of
artificial controls might be a more economical
solution than frequent measurements. Even if one
assumes that the cost of a flow measurement for a
small river is as low as $200 (in actual fact with
the cost of processing, etc., it is much higher)

and that one has to carry out about 25 flow measure-
ments per year over and above those which would be
carried out in the case of a stable control to
obtain a comparable accuracy; one comes to the con-
clusion that costs of artificial controls even as

high as 20-30 thousand dollars per structure wounld

%21



be acceptable if the maintenance costs do not

exceed 2% per year, FHowever, such control struact-—
tures could be considered only for river basins with
drainage areas of up to 200 square miles since for
larger basins the costs of the structures would exceed
the economical limit mentioned. 1t is true that such
structures may produce some disturbance of the natural
sediment and goundwater regime, but with proper

design such disturbances could be reduced signifi-
cantly.

Whenever possible the flow measurements are
carried ount without special installations, by wading,
walking over the ice or, at higher levels, from the
nearest bridge. When this is not possible, a
cable-way or a similar installation has to be included
in the gauging station and this considerably increases
the costs.

Installation costs are different in southern
and northern regions because of differences in climatic
and foundation conditions, and in the difficulty of
access, transporting materials, etec. On the average,
one can consider in preliminary calculations the
following installation costs for stations provided
with recorders (Rnalog recorders are cheaper than
digitizing recorders, but the trend is for the latter

to become cheaper).



Northern Regions

(North of the 55°
parallel)

(dollars)
Without cable-
way or other
installation for
crosging the

river 2,500

With cable-way
or with special
installation for
crossing the

river 4,000

5.1.2 Operation and Maintenance.

Scuthern Regions

(South of the 55°
parallel)

(dollars)

1,500

2,500

Costs of operation and maintenance, including

the costs of equipment for flow measurement, vary

also with the climatic and accessibility conditions,

the stability of the station, the size of the river,

etc. The primary problem in operation and maintenance

is related to the necessity of carrying out flow

measurements more fregquently during peaks which occurx,

particularly in spring, simnltaneously over large

areas. Currently the main transportation mode for

the flow measurement teams is the airplane, part-

icularly in northern areas, large costs being



invelved in the waiting time during the measurement.
A drastic change in flow measurement technology.
involﬁing the use of remote sensing techniques which
would make it possible to carry out the operation
mainly from the air will probably significantly
increase the efficiency of operation of the network.
Currently the average cost of operation ahd mainten—
ance of a station is of the order of $1,500 per year
for a station located in the southern portion of
Canada and of $4,000 per year for stations located
in the northern arvea.

One may expect that with the increase in the
density of the network which occurs steadily in
relation to economic development, the specific
operation and maintenance costs will also decrease,

or at least will not increase.

5.1.3 Data Processing.

Data processing is currently done partly manually
and partly by computer. Basically, the computation
of flow measurements and the tracing of stage dis-
charge relationships is done manually. In some dist-
ricts the computation of daily flows on the basis of
stage recorder log-sheets and stage discharge relation-
ships is done manually, whereas in others some of
tﬁese operations are done by computer. Computation
of monthly and yearly means and preparation for

printing is done by computer. In fact, the "Water



Resources Papers" which publish daily flow data, are
-copies of computer printouts of the data which are
stored on magnetic tape as a result of the last stage
of the processing of the data. Because part of the
operations are carried out in the field and in the
district offices and part in the central offices of the
Water Survey of Canada, it is very difficﬁlt to make
an accurate estimate of the costs involved in process~
ing the data for one hydrometric station. A rough
estimate of these costs is $500 per station per year.
It is reasonable to expect a decrease of these costs
during the next few years as a result of increasing
avtomation of data processing, e.g. the introduction

of digital recorders and digital chart readers.

5.1.4 Data and Information Interpolation.

Data and information interpolation 1is not done
currently on a routine basis by the Canadian agencies
operating hydrological networks. However, the Water
Survey of Canada which operates the Federal netwozk,
is working toward integrating the data bank
described in Section 3 in its system of operation
with the purpose of using it for data and information

interpolation. Experience accumulated so far in the

various offices which have used the data bank for
information interpolation indicates a large

variation of specific costs.



For a small number of stations (less than 10) the

cost of information interpolation by means of a para-
metric model based on monthly time intervals is approx-
imately equal to the cost of interpolation by means of
nultiple regression technigues, and represents about
2,000 dollars per station for a period of 10 to 20 years.*
The specific costs may decrease to abou£ $600/station
if the number of stations increases to one hundred or
more because the parametric model does not present any
supplementary complications when applied to a larger
number of stations, and there is a significant element
of econemy of scale when the number of river basins

for which it is applied increases. The costs and
complications generated by programs for simultaneocus
data interpeolation by multiple regression - Markov
model technigues at a larger nuwber of stations (over
10) appear to be very significant, and we did not have
data available for estimating the related costs.

The costs involved in the use of lumped parametric
models with daily intervals are about 3 times higher
than those for a model with monthly intervals. The
costs involved in applying the multiple regression

Markov-model technigue with daily intervals are about

* Cost estimates refer to the synthesis of time
series of data taking into account autocorrelation

and cross gorrelation.
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10 times higher than those involved in the appli~
cation of the technigue using monthly averaged data.
Distributed models with small time and space inter-
vals are still in the development stage and it is
not yet possible to estimate their cost. Currently,
these costs appear to be many times higher than the
costs of simple, lumped models X ‘

All the above-guoted cost figures are based on
the assumption that the programmes required are
available and that all input data are stored in a
comprehensive hydrometeorological land-use land-

cover and physiographical data bank and can be
retrieved readily on the basis of available
programmss.,

The available experience indicates that the cost
of setting up such a data bank varies from 1 dollar -
per square mile for areas of the order of a few tens
of thousands of square miles, to 15-20 cents per
square mile for areas of two million square miles,
or more., It is likely that the further development
of remote sensing technigues and of digitizing equip-
ment and the availability of user-oriented programmes for
comprehensive, interfacing data banks will signifi-
cantly reduce the costs of setting up such data
banks and of using parametric models before the end

of the current decade.

* The writer developed and applied a distributed model
in 1974 (Solomon, 1374) for a basin of 110 sq. mi.
The cost of running such a model is about $10,000

per vear.
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5.1.5 Other Costs.

These are mainly administrative (overhead)
costs or costs of research and development. It is
extremely hard to realistically separate such costs
from the total budget of an organization operating

‘a hydrological network. Although these costs
probably vary slightly with increases anﬁ decreases
in the number of gauging stations, it is more likely
that their variation is related mainly with the
extent and nature of the research and development
activity. This in turn depends on the budgetary
congtraints, level of economic activity, and priority

,given by the administration to water resources
problems. A very rough estimate of these costs for
Canada is that they are of the order of 3 million
dollars per year.

If the fiqures given above are of a correct
order of magnitude, it appears that the annual costs
of the Canadian Federal hydrological network are of
the order of 10 million dollars per year. Consequent-
ly, efforts to improve the efficiency of this operat-
ion even by a few percent will be worthwhile in

economic terms.

. 5.2 Costs in Other Countries.

Data on the number of hydrometric stations in

various countries of the world can be obtained from



Rodda et al., 196%. A rough estimate of the number
of hydrometric stations for other countries could be
obtained from Fig. 5.1, taken from Shawinigan, 1970.
This figure gives the relationship between gross
income per capita and hydrological network density
for various areas of the world. .

As already mentioned, information on costs of
hydrological networks were not available for the
purpose of this thesis. Judging from the general
economic and geographical-hydrolegical conditions,
it can be inferred that specific costs in the U.S8.
are lower than in Canada, and in the U.K. and Western
Furope much lower (probably 60-70% of the Canadian
costs). However, due to the larger number of
stations in the U.S8. (where there are about 20,000
hydrometric stations), the annual operation and
maintenance costs are of the order of one-hundred millions
of dollars. Using the data on the number of hydro-
metric stations obtained from the above mentioned
gources, it may be inferred that in the U.K. and
Western Europe the annual costs of operating and
maintaining the networks are also of the order of
millions of dollars, or tens of millions of dollars
in the larger countries such as the U.K. or France.
In the U.S.5.R. and Eastern Eurcpe the specific
costs are probably lower than in Western Europe

because of lower costs of labour. Nevertheless, the
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total costs in these countries are probably of the
same order of magnitude as in Western Europe.
Specific costs in developing countries may still be
lower than in Eastern Eurcpe and the U.S.S.R. because
of much lower labour costs. However, in many of
these countries the existing networks are completely
inadequate, and it is probably required ﬁo spend
significant amounts of money to bring them to a
satisfactory if not optimum level. As an example
which should be mentioned, the Central American
Countries have spent during the last 4 years about

7 million dollars on the expansion of their network
(UN, 1970). All this seems to indicate that the
world's total costs of operating, maintaining, and
expanding hydrological networks represents many
hundreds of millions, if not billions, of dollars and
emphasizes again the economic significance of

improving their efficiency.
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6. ORPTIMIZATIORN

The error analysis carried out in Chapter 4
indicates that there are basically two types of
sources of error: sources related to network
pianning decision variables such as number of
gtations, duration of sampling, number of flow
measurements, technique of information iﬁterpolatinn;
and errors related to the detailed design and
operation of the network, such as selection of
station sites, distribution in time of the flow
measurements, etc. The analysis carried out in
Chapter 4 indicates that an attempt to include
simultaneously both types of sources of error in
an optimization analysis would be a practically
impossibie task because of the large number of
relationships, unknowns, variables, and constraints.
To make the problem manageable, a step-wise
optimization is suggested in which the decision
variables are divided into planning variables and
design and operation variables. The planning
variables are optimized first using assumed values
for the design and operational variables and for
their effect on the combined error. The results
obtained are then used with the relationships between
the errors and the design and operation variables
to optimize the latter. If the results obtained are

significantly different from the initially assumed



values, an iteration of the first stage is dqne, and
‘the operation is continued until convergence is
obtained.

55 was shown in Chapter 4, some of the relation-
ships between error and decision variables cannot be
determined analytically and require the determination
‘of empirical coefficients. Since these coefficients
may be in turn affected by errors, it is necessary
to carry out a- sensitivity analysis to determine the
sensitivity of the decisjon variables to the errors
in these coefficients, so that research is directed
toward the improvement of the definition of the more
significant coefficients. 2As resulis from such
research become available, adjustments to the values
of the decision variables will be made as indicated
by the consideration of these new results.

We shall discuss in this section the optimizat-
ion of the planning variables,namely the number of
stations, the duration of the sampling, number of
flow measurements, and the technique of interpolation
of information. As we have indicated in Chapter 2,
we consider separately the optimization of the
natural regime network in areas not designated for
economic development during the planning interval
(Section 6.1) and in areas designated for economic
development (Section 6.2). Some of the problems of
design of the network (particularly the problém of
distribution in space of the stations) are discussed

in Chapter 7.



6.1 Planning of the Natural-regime Network in Arveas
not Designated for Development

A tenative solution to this problem was
presented by the writer in earlier papers and
reports (Solomon, 1971, 1972c¢, d). The followin
treatment of the problem represents an improved
version of the earlier solution.

From the discussion in Chapter 4, it was
concluded that the relative error at an ungauged site

is given by the following relationship (Eq. 4.7)

%2 *2 *2
E2 b ES 3 EL’ 50 T+ EmNm
Ns H1: .Nrn

The explanation of the symbols used in the above

equation was given in Chapter 4.

6.1.1 Error Reduction

Assuming that the network consisting at present
LBE Nog stations has been already operated for an
average number of Nti years, and that an average
number Nmi'of flow measurements was already carried
out; the problem is to investigate the planning
strategy for a supplementary number Nts of years.
During this period a percentage p of stations will be
discontinued, but the total number of stations will
be inereased up to N gr and the total number of flow
measurements per station up to Nmf by making no flow
measurements per year at each station during the

‘period Nts'
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The error reduction can be estimated from the

expression:
2 ®2 *2 %2
AR e %ir:_.}_ 4 _E__L, 5041 + Hn!Nmi -ﬁSf
Nsi Nt:i Nmi st
where
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current conditions can be readlly estimated using

calibration-validation techniques.

The values of EY

(6.2)

(6.3)

t 504 andiE N 3 correspondlng to the

sff

*
Et,SOfand E £ for various possible changes in data

N
m

processing and interpolation techniques have to be

r estimated together with the costs of such changes from

research work carried out on methods of interpolation

of hydrological information in areas with dense networks

and at stations with frequent measurements,

6.1.2 Additional Costs

The additional cost AC for operating the network

during the Nts

AC = Co + ACl + 602 + AC3

years will consist of four componentsg:

(6.4)

(641)
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in which:

C0 are annual costs which congist of a fixed
portion (administration overhead) and a
variable cost (which depends on the extent
and nature of studies for information
interpolation, stage—discharée_extrapola—
tion, ete.};

acl is the cost of installing new stations;

AC, = (N_e~N_;)Cy (6.5)

where C1 is the average cost of installing new
stations (a simplification of the study requires the
assumption that all new stations are installed at
the beginning of the planning period!);

acz is the cost of operating the network

(excluding flow measurements and instrumentation).
PN _.
Ay = AN .~ —oIN,  C, (PWN, ) (6.6)
where C2 is the cost of operating one station one
year and FPUN, is the average current vorth of one
dollar over a period of N, years.

A = AC

PN
3 - —==)N {PWNts}C3 (6.7)

03* Mas™ ~T00 Vs

where AQ°3 being the cost of new instrumentation, and
03 the cost of one flow measurement.
In the above equations st, Nts' N ¢ Pr and C0

represent the kasic planning decision variables for

. As shown in Section 6.2 this assumption is
not necessary if the dynamiec programming technigue
is applied.
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- bt:501' and tmle represent

the initial network characteristics in the area consi-

planning the network; E;i
*
~ad: RE® 2 o % 8o i
dered; Ecgr }t,SOf and %m frepreaent together with Cy
mn
the technical-economic improvement potential in the
planning and cperation of the network =nd the avail-

ability of data from other networks: and PWN {6

£a 0"
Cl, and Cz, reflect the prevailing technical-financial

conditions.

6.1.3 Objectives and Optimization
The various objectives of the planning of the
natural regime network can be expressed by the follow-

ing relationships:

AC -
& * min (a)

if we wish to obtain a minimum cost per unit of error
reduction without any further constraints:

ts (b)

b-lb’-
=Hia

+ min, with Hts s N

if we wish to obtain a minimum cost per unit of error

reduction within a given period of operation of the

network Nts;

-+ min, with AE 2 ﬁEi (c)

b'b
=i [9]

if we wish to obtain a minimum cost per unit of error
reduction but for an error reduction larger than a

given value AR,



AE + max, with Nta < Nés {a}

if we wish to reduce the error as much as possible

within a given number of years Nl i

AE » max, with AC = AC, (e)

if we wish to reduce the error as much as possible

within a given total budget;

5 i = 1
AE =+ max, with AC &Cj and Nts < mts (£)

for same conditions as above, but within a time limit

1 -
Nts'

AC = min, with AE = an (g)

if we wish to obtain a certain error reduction &Ej

at a minimum cost;

AC + min, with AE = AE, and N s N (h)

k ts ts

if we wish to obtain a certain error reduction at a
minimum cost and within a certain time interval.

Other constraints could be intrcduced according
to particular circumstances, e.g. an upper limit for
D the number of flow measurements per year per
station in connection with manpower limitations, etc.

The application of the technique is straight-

forward in cases (a), (b), (c) and (d) since it

involves the optimization of a function which has some



of its variables subject to constraints. In the

cases (e), (£), (g) and (h), for which, in addition

to obtaining an optimum value of the function we have

to also satisfy an equation, e.g. 4C = hco and which

are in fact most interesting from a practical viewpoint,

the solutions require the introduction of.lLagrange's
multipliers. Thus, for example, in case (e) the

function to be optimized is written as

e = AE +A(AC-2C)) (6.8)

in which A is a Lagrange multiplier.* With this the

problem is reduced to the previous case. This optimi-
zation can be done by means of a steepest descent {(ascent)
technigue of multi-variate optimization for which there
are well-documented computer programmes (e2.g. CLIMB
at the University of Waterloo). The technigue is capable
of circumventing difficulties related to the fact that
some of the parameters of the functions to be optimized
are not constant and cannot be eipressed analytically.
Inlthis case, these parameters can be inputted in a
tabular form.

The application of the technigue reqguires initial

values of the parameters to be optimized. If the
initial values are not appropriately selected, it

is possible that a local instead.of an overall

*See Wilde and Beightler (1967) for details on this technique.
A very clear explanation of the principles of the technigue
can be found in Copper, L. and D. Steinberg (1970} Intro-

duction to Methods of Optimization, W.B. Saunders, pp.119-124 .



maximum is obtained. This may represent a signifi-
cant drawback to the method. To circumvent this,
it is necessary to obtain an initial "mapping" of the
objective function by computing its values for various
selected combinations of the values of the variables
within their limits of variation. Although the number
of such combinations increases rapidly wi;h the numbex
‘of variables and intervals considered, the computation
is not excessively expensive since the computer time
involved is not significent (of the order of a few
seconds for several thousands of values on the IBM
360-75). This aspect of the problem is further dis-
cussed in Chapter 8 in connection with the application
of the method described in this section to an actual
study.

One of the major advantages of the method
consists of the fact that it enables one to estimate
- the error reduction caused by changes in techniques
of information interpolation or other improvements in
the planning or operation of the hydrological network
over the usual methods of increasing the accuracy by
installing new stations, measuring more frequently and
for a longer period of -time, etc. The practical relevance

and replacement value of research thus become ¢bvious.
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6.2 Plarning of the Natural-Regime Network in Areas
bDesignated for PBevelopmentwithin® the Planning
Horizon,

6.2.1 General Considerations
In such areas one could produce an argument for

making a certain set of decisicns with respect to the
natural-regime network, on the basis of the economic
value of the hydrological information which is used

for the design of the development projects. The
literature contains several technigues of approaching
such a problem either from the viewpoint of individual
gauges and projects (Dawdy et al., 1970; Moss, 1970;
Shawinigan Engineering, 1970; Davis and Dvoranchik,
1970) or from the viewpoint of the network for the
degign of a certain type of structure (Wilson, 1972).

In this section, we suggest a method for planning

the natural-regime network in developing areas by

means of dynamic programming. The method is based on
the combined application of the method of planning

the network in non-developing areas (Section 6.1), and
con estimates of the monetary value in design and
operation of projects due to incremental accuracy of
hydrological information as estimated by means of any
one or a combination of methods included in the references
mentioned above. In addition, the application of the
method requires a forecast of the economic development
in the area considered, particularly of water resources-
related development. The suggested method is discussed

in the next sub-section.
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6.2.2 Dynamic Programming Applied to Hydrological
Network Design

The application of dynamic programming to the
planning of the natural-regime hydrological network
in areas designated for development can be carried
out only if sufficiently detailed forecasts on the
planned development are available. This is usually
the case for periods of up to ten years since for
projects of significance, feasibility studies are
usually carried out with a lead time of 5-10 years.

If a period of 10 years is considered,! for
the purpose of computation this period is divided into
two 5-year intervals. The limits of the intervals
constitute the stages. A series of values for the
error of estimate of the hydrometric characteristics
chosen as the planning criterion are then selected for
each stage and these constitute the states (Fig.6.1).
. The transition from one state to another within a time
interval is always along a path which minimizes the
expenses, using the steepest descent technique des-

cribed in the previous section. It is obvious that,

The planning interval cannot realistically exceed 10
years and stages of 5 years each appear reasonable to
use. The application of the technigue with more than
3 stages is complicated and short cuts have to be used
in this case, as explained in the application presented
in Chapter 8. However, the use of more than 3 stages
might be necessary because of the lag between the install-
ation of new stations and the moment when the benefits
from these stations (in terms of increased accuracy) are
obtained.



as indicated in TFig.6.1; one can consider only transi-
tions from a larger to a smaller error. From the
results of the optimization computations for the tran-
gition from one state to another within each interval,
one can estimate the related costs and their present
worth (Fig.6.2a).

One can then consider all the devélopments which
are planned to occur within each interval and by using
one of the techniques available (e.g., Dawdy et al.,
1970; Moss, 1970; Shawinigan Engineering, 1970) one
can estimate a relationship between error of estimate
of the hydrological characteristics and losses (from
investment and operation) due to these errors for
each of the planned develcpments. If one assumes that
the error of estimate of the hydrelogical characteris-
tics affecting a development is approximately egual to
the average error at the beginning and end of the
- corresponding interval, it is possible then to estimate
the losses due to such errors for each transition from
one state to another within each interval. (Fig.6.2b)The present
worth of these losses is then added to the corres-
ponding present worth of the extension and operation
of the hydrological neftwork and the total costs (actual
costs plus losses) are thus estimated for the transi-
tion from one state to another for each interval (Pig.
6.2¢). It is easy then to compute the total costs

for each possible path which could be fellowed from
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Stage 1 to Stage 3 and choose that path which would
correspond to a minimum combined cost and losses
(Fig.6-2¢c).

In some cases, difficulties may be encountered
in the application of the technigue because of the
probabilistic character of some, if not-all, economic
forecasts. These difficulties could be circumvented
by using expected values instead of "deterministic"
values with respect to the losses.

The main practical problem in the application
of the technique consists in the determination of
the relationship between error of estimate of the
hydrometric characteristics and losses incurred in
investment and operation of variocus types cof projects.
In spite of the work dones so far in this area, the
problem requires further attention, particularly the
-development of such relationships for a series of typi-
cal projects, and methods of adjusting the results
to various conditions, thus making possible an in-
expensive estimate of the error-loss relationship for
a large variety of potential projects. As long as such
relationships are not available, the application of the
technique described in the present section will be
limited to hypothetical cases of the type described
in Chapter 8. MNevertheless, as will be shown in

Chapter 8, the application of the technique in the
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framework of sensitivity analysis can be a useful
tool for planning purpeses even if well defined
error-loss relationships are not available to the

planner.

e [T



7. STATION DISTRIBUTION.

Once the pumber of stations which correspond to
the optimum conditions according to the selected
eriterion has been determined, the next step con-
giets in selecting the location of the stations in
such a manner that the actual operation_of the net-
work satisfies as closely as possible the assumptions
made in the optimization computations. In a first
stage the location of the station is selected in a
regional manner, i.e. decisions are made on the
number of stations within a certain region and on
_ the approximate size of the basins to be gauged.
This first stage is discussed in this Chapter. 1In
a second stage the selection of the appropriate
locations of gauging stations has to be made from
the viewpoint of the hydraulic and hydrological
conditions (stability of the section, the presence
of a hydraulic contrel, ice conditions, vegetation,
etc.), acceseibility, etc. This second stage is
beyond the scope of this thesis.

The regional distribution of the gauging stations
requires the examination of geophysical, economic,
and environmental-aesthetical considerations, as

discussed in Sections 7-1, 7-2, and 7-3 respectively.

7.1 Geophysical Considerations.

From a geophysical viewpoint, the distribution

of the optimal number of stations has two basic aspects.



The first is related to ensuring within a region

which is "model-homogeneous", i.e. a region in which
one can apply basically the same model for interpola-
tion of hydrological characteristics (or synthesis

of hydrological time series), the minimum number of
stations which will make it possible to interpolate
(synthesize time series of flow)with the éccuracy
determined in the frame of the optimization process
(Section 7.1.1). The second aspect is related to the
necessity of avoiding the installation of redundant
stations within an area which is physiographically and
hydrologically homogeneous, i.e, in which the various
river basins have almost identical input, physio-
_graphical characteristics, and outputs. The information
gained by installing more than one or two stations
within such an area is small and, other conditions being
equal, it is much more advisable to distribute the
stations more or less uniformly between such areas

(6ection 7.1.2).

7.1.1 Model-homogeneous Regions
The concept of the model-homogensous region
arises from the intention of delineating regions in
which the term 0{ in Eg.(4.1) is minimized, and thus
the error of information interpolation is also reduced.
The delineation of a model-homogeneous region
can be done as suggested by Solomon (12872a) din the

following manner:



a) The hydrological characteristic for which the
regionalization is made is chosen and a model of
information transfer is selected for the given
characteristic on the basis of available data on
obtainable accuracy and costs as shown in Section 6.1.
The existing hydrometric stations are équally divided
into a calibration sample and a validation sample,
and the parameters of the model determined from the
calibration sample.

b) If the model parameters correlate directly with
the physiographical characteristice of the correspond-
ing basins, as for example in the case of multiple
regression technigues, one can proceed directly to
the estimation by means of the model of the hydro-
logical characteristic at the validation and calibra-
tion stations, and estimate the errors. If the model
parameters do not correlate directly to the physio-
graphical characteristics, as for example in the case
of parametric models, one first correlates model
parameters with physiographical characteristics,
synthesizes the former at the validation stations
and then proceeds to estimate the errors at the cali-
bration and validation stations.

) One then separates the whole area into two
"super-regions":

(i) The "gauged" super-region which includes all

basing which actually have gauges or whose

physiographic characteristics fall within the



range of the corresponding physiographic
characteristics of the gauged river basiné.

(ii) The "ungauged" super region containing all

other basins.
A first approximation of the number of new gauging
stations {n;) which should be allocated to each "suner-
region" (or region) can be then obtained by using the
formula

n, =5 }{: ——L"Ci"c"si - n, (7.1)

vp1i

where k is the number of significant and potentially
significant physiographic characteristics. Significant
physiographic characteristics are those included in
the correlations used for direct and indirect
modeling. Potentially significant are those physio-
graphic characteristics which have not been selected
as significant in the model, but for which the coeffi-
cient of variationfor the gauged basins cvsi is less
than 0.5 of the population coefficient of variation
CVpi' and ng is the number of existing stations,

d) The "gauged" super-region is then examined for
possible further subdivision. This is done by examining
the geographical distribution of the validation errors.
If the geographical distribution of the errors as
established by visual inspection or preferably by
statistical tests (e.g. run tests) can be considered
random, then the region is considered homogeneous (the

whole "gauged super-region" is considered to belong



to one model-homogeneous region). If the geographical
distribution of the errors indicate a geographical
trend for grouping in various ranges, then this result
is construed as an indication that the selected model
does not apply to the whole "gauged" super-region,

and that further second order subdivision is indicated.
A second order subdivision defined at thig stage
includes all basins which have their physiographical
characteristics within the range of the physiographical
characteristics of the basins whose errors were included
within the chosen error range used as a criterion for
subdividing the "gauged super-region”.

e) After defining the second order subdivisicn the
procedure is iterated in the sense that the model is
applied separately to each second order subdivision
and step (d) applied again for peossible third order
subdivision, etc.

Figure 7-1 shows the result of the application
of this technigue by the writer to Western and Northern
Canada (Solomon, 1972a) using the mean annual runoff
as the planning criterion and a multiple regression
as the model applied. The significant effect of
topography in relation to the surrounding oceans on
the delineation of model-homogencous regions is obvious
in this case. It is interesting to note that the
application of the same technique to the Island of New-
foundland for the same ecriterion and model as above

lead to the delineation of only two regions, and of one
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single region for the whole of Southern Ontario (for
the area shown in Figure 7-2).

It should be noted that the procedure requires
that each subdivision includes a large number of
stations to make the correlations between model para-
meters and physiographical characteristics maaningful.*
It is also reguired that a large portion (at least
50%) of the stations are reserved for validation, to
avoid the influence on the regionalization process of
the fact that one obtains a better "curve fitting"
effect as the size of the subdivision and the corres-
ponding number of stations (data) decreases. If the
regionalization process indeed reflects the regional
difference in the hydrological conditions not covered
by the hhysiographical conditions considered and by
the model of information interpolation chosen, a
continuous reduction and randomi zation of the
errors of estimate will be observed for the valid-
dation sample. In the contrary case, one usually
obtains an increase in the errors of the validation
sample, although randomization is not ruled out.

The need for many regions is generally an
indication of an unsatisfactory statistical model and/
or unsatisfactory suite of physiographical characteris-

tics. Possible improvements in the physiographical

* If the number of gauges in a gauged region is not
sufficiently large (at least 3-4 times the number of
significant physiographical characteristics in the
model) that region is attached to the "ungauged
super-region" and treated accordingly.
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characteristic suite and in the model should ke
investigated.

Differences in region delineation for
various hydrological characteristics should be
expected because of the different physiographical
characteristics which determine them (e.g. in the case
of maximum and minimum flow). However, large differences
between region boundaries of the same area when they
are delineated for different hydrological characteris-
tics are probably in most cases also an indication
of the weakness of the model and suite of physio-
graphical characteristics considered.

Once the subdivision (regions) has been deter-
mined and the number of new stations estimated for
each in accordance with Eq. (7.1), one can check if the
total number of stations corresponds to that deter-
mined in accordance with the optimization technique
applied to the whole area (Chapter 6). If the number
of stations determined is different from that obtained
from the optimization computations, one can change the
number of stations allocated in a proportional manner,
so as to obtain the optimum number of. stations. If a
‘significant increase (more than 20%) is necessary,
this may indicate that the model used in the
optimization computations is not applicable and an

iteration of these computations may be necessary.



The practical application of this regional-
isation procedure is facilitated very much by the use
of the square grid interfacing bank of physiographical
land-cover land-use, and hydrometeorological data
described in Chapter 3. This data -bank makes it possi-
ble to apply the procedure in a completely computerised

manner.

Tl Physiographical-hydrological Regionalisation
Physiographical=-hydrological regicnalisation
is carried out with the purpose of achieving the equiv-
alent of stratified sampling. Physiographical-
hydrological regions are regions within which the
significant physiographical factors as defined for
example from correlations between hydrological and
physiographical characteristics or between model
parameters and physiographical characteristics vary
within narrow limits. One can expect that within
regions detfined in this manner the hydrological
characteristics which have been used in the selection
of the significant physiographical characteristics
vary also within narrow limits.
The technique for delineation of physiographical
regions can be applied using the following steps:
a) Define correlations between various hydrological
characteristics (selected as criteria for the region-
alisation or for network planning) or model para-
meters and physiographical characteristics and select

2ll significant physiographical characteristics;



b) Analyze the coefficilents of variation of each
non~significant physiographical characteristic of
the sample used and for those physiographical charac-
teristics for which the sample Cv is less than 0,2
. campute also the Cy of the population for the given
physiographical characteristic., If the population
Cv is larger than 0.4 include the corresponding
physiographical characteristic in the list of poten-
tially significant physiographical characteristics;
c) Select ranges (shades) for each significant
and potentially significant physiographical character~

istics (at least three shades for each characteristic),

e.g. Shade 1: X > X + %—de

Shade 2: X +

N =
m
=1
v
b
v
b
1

b=
w0
=7

and Shade 3: X < X - % sd

where X is the average value of the physiographical
characteristics and de its standard deviation;

d) Define the Nr =m" physiographical regions
where m is the number of shades and n the number of
characteristics included in the regionalization,
and delineate the area of each region by overlaying
the corresponding maps of the physiographical

characteristics subdivided into the selected ranges.



The last operaltion is best achieved by means of
computers using data bank techniques as described in
Chapter 3. An example of such physiographical
ragionalization carried out in Southern Ontario is
illuptrated in Figure 7.2.

Once the physiographical regions‘hgve been
defined, one should test the assumption that basins
located in the same physiographical-hydrological
region have a similar hydrological regime by comparing
the hydrological characteristics (in dimensionless
or comparable terms such as runoff) for all basins
located within the same physiographical region. Follow-
ing this wvalidation test, the new stations allocated
are then distributed to obtain as uniform a distribu-
tion between the physicgraphical-hydrological regions

as possible.

7.2 Fconomic Considerations

Two distinct sets of economic considerations
have to be taken into account in connection with the
distribution of the new stations within the
optimized design:

a) considerations related to the costs of install-
ing and operating the stations;
b) considerations related to economic planning

in the area covered by the network.
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7.2.1 Costs of Installation and Operation
The average costs of installing and operating

a mtation have been discussed in Chapter 5, 2s was
painted oué there, these costs vary with many factors,
of which the most important are the size of the river
and accessibility. Since costs increase significantly
with the size of the river basin, and since from the
Iviawpoint of accuracy of information interpclation
technigues it is more advantageous to have data from
‘basing of small sizes (a few hundred square miles) for
which the average physiographical characteristics do
not display excessive varilation, one should prefer,
other considerations being egual, the installaticn of
gauging stations on small rivers for the extension

of the natural regime network, Furthermore, it is also
obvious that from the viewpoint of the installation and
operation costs, other conditions being egual, it is
preferable to install stations in more accessible areas,
However, in practice, there is a tendency to over-
emphasize the reguirement of accessibility, resulting
in the installation of stations too close to éach other
and failing to meet the requirements of a regionally
balanced distribution as indicated by the statistical=-
hydroleogical and physiographical-hydrclogical regions
(section 7.1). 1In all cases considerations of balance
in station distribution should take precedence over

those of accessibility, the latter criterion being



applied only for choosing between two locations of
equal merit from the viewpoint of regionally balanced

and physiographically stratified sampling.

A

7.2.2 Economic Development

This problem is analysed in detail in Section
' 8.1.2. We note here only that in areas designated for
development the emphasis may shift from the small rivers
to the larger, but sampling considerations must not be

neglected.

o AP Environmental and Aesthetic Considerations

A significant group of factors which has to be
considered in the selection of sites for hydrometric
stations is that related to environmental and aesthetic
considerations, As stated by Langbein (1972b,) "many
decisions on river and reservoir development are
beginning to be influenced as much by environmental
factors as by hydrological factors. There appears,
therefore, to be justification for river data to include
information on such matters in order that they may be
considered in water resources planning in its initial
stages,"

The problem has two aspects in relation to
hydrological networks: a major one related to the
relationshiﬁ between the environment as a whole and
the water resources as a part of this whole, and a
minor one related to the integration of the structure

and eguipment of the hydrological station and of the



activity related to it into the corresponding
environmental setting. The latter problem is related
to actual station site selection and design and is
outside the scope of this thesis. It has to be
congidered alongside all other problems of the
practical selection of a gauging site after the
regional site was selected, such as the problem of
gite accessibility, section stability etc. The only
reason for which this problem was mentioned here is
because it is often overlooked in practice. The
first aspect is relevant to the Planning of the
hydrological network and deserves further discussion.
The relationship between environment and water
resources has regional as well as local implications,
The regional implications are related to the complex role
played by water in molding the environment, e.g. its
role in the determination of the vegetation and animal
life of the region, erosional and sedimentation patterns
etc. The planning of a hydrological network which
should be useful for envirommental assessment requires,
as indicated by Langbein (197 2b), "an inquiry among
landscape specialists, ecologists, and conservationists
on the facts which are significant® from an environ-
mental-hydrological viewpoint. Once these facts have
been ‘selected, i: might become feasible to delineate
"hydrological-environmental® regions or "physiographical-

environmental” regions in a similar manner as for the

th f T —
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delineation of the "physiographic-hydrological"

regions (Section 7.1.2). Data banks and environmental-
hydrological models could also play a significant role
in such regionalization. Once the regions have been
delineated it would then be necessary to organize the
network so that each region is gauged so as to satisfy
hydrological reguirements.

The local implications are related to the
aesthetical value of the river valley landscape - the
"riverscape" to use a word coined by Leopold (1969).
The local problem could be treated in a manner similar
to the regional one, with the difference that
in this case the elements which have to be considered
are those which in the opinion of various people have
significance from an aesthetical viewpoint. Because
of this, regionalization would have a subjective
character. This is further complicated by the diffi-
culty of rating these factors and attaching figures to
their qualitative variation. Because of this, as
pointed out by Howe (1971), "techniques for environmental
description are just in their infancy". Nevertheless,
one can ascertéin that there are a series of physical,
chemical, biological, and human factors which can be
measured and which certainly have a significant influence
on the aesthetic perception of riverscapes by human
beings. These factors were listed by Langbein (1972b).

If one could regionalize the river valleys according
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to the space variation of these factors and, on this
basis, set up a network to measure those factors which
vary in time, the results of such measurements could
be used with subjective ratings set up according to
the nature of uses and user preferences to produce
information needed in decision-making in ;his area. A
technigue of producing such information by means of
factor analysis with application to the recreational
use of reserveir shorelines has been developed by Jaakson
{1970) , and could also be of some use in the regional-
ization process. However, such regionalization
currently requires expensive and time-consuming ground
surveys. It is,therefore, suggested that research be
carried out on the possibility of "environmental-
hydrological regionalization" by means of interfacing
data banks and remote sensing, particularly aerial

photography.



8. PRACTICAL APPLICATIONS

The methodology described in the previous
sections was applied by the writer for planning the hydro-
logical network in various areas of Canada. Preliminary
results of this application were described by Solomon
(1972c). Some results obtained in the area of hydrolo-
gical regionalization have already been presented in
Chapter 7. We shall, therefore, in this section discuss
only the results of the application of the methodology
to the estimation of optimum planning variables as
described in Chapter 6. Since there are uncertainties
related to many input data, a large portion of these
practical applications is devoted to the analysis of the

sensitivity of the results to these uncertainties.

The methodology described in Section 6.1 was
applied to the natural regime section of the hydrological
network in an area of Canada covering about 2.2 million
sq. mi. assuming in a first approximation that no signi-
ficant development will take place in the natural regime
section. The results of this application are described in
Section 8.1. In a second approximation, the hypothesis
of significant development in these areas was made and the
corresponding planning variables determined using the dyna-
mic programming technique described in Section 6.2. The

results of this application are discussed in Section 8.2.



8.1 Application to Natural Regime Section Assuming no
Economic Development

This part of the practical application assumes
that the objective of the analysis is to estimate the
optimum planning variables for Western and Noxthern
Canada (i.e. the Prairie Provinces, British Columbia,
Northwest Territories and the Yukon). Because of the
incomplete level of the supporting studies required for
the application of the optimization technique and the
statistical character of the relationships between error
of estimate of hydrological characteristics and network
parameters, the results of the analysis are not exact.

In order to investigate the order of magnitude of the

effects of the approximation involved, a sensitivity analysis
was carried out to examine the effect of variation in

the basic relationship betwesn the error of information
interpolaticn and number of stations on the optimum

network strategy, considering various planning objectives,
‘Furthermore, the sensitivity analysis has been extended

to examine the effect of changing the hydrological
characteristic which is considered as the planning

criterion on the optimization results.

8.1.1 Brror Variance Parameters

The error variance parameters to be used in
Eq.4.7 were determined on the basis of the results
presented in Chapter 4. For the error variance parameter

E; two methods of information interpolation were considared:
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(1) The parametric model
(2) Correlations between physiographical and

hydrological characteristics.

It should be noted that the analysis was carried
out in both cases on the assumption that the above two
methods are applied in conjunction with the physio-
.graphical, land-use land-cover and hydrometeorological
data bank described in Chapter 3. This makes both
methods more efficient than the ones in current use.
That the correlation method is more efficient when used
in combination with the above mentioned data bank was
demonstrated in the Network Planning Study for Western
and Northefn Canada (Shawinigan Engineering, 1970).

A similar increase in efficiency has not yet been demon-
strated for the parametric model technique. However, it
is unlikely that this method could be even attempted
without the use of the square grid technique in areas
such as the Canadian North where meteorological data
are very scarce, In the writer's opinion, only
such a technique can provide a practical and objective
procedure of estimating the reguired input data for
setting up a parametric model. Therefore, in order to
emphasize that the two methods are used in conjunction
with the physiographical, land-use land-cover and
hydrometeorological data bank which uses a square grid
system for storing the data, the designations employed

for them subsequently in this chapter are parametric



model - square grid technigue and correlation-square
grid techniqﬁe.

To provide a basis for sensitivity analysis
the graphical relationship between error of information
interpolation B and number of stations N, was used
to produce three sets of values for the error variance

parameter E; : @a high value corresponding to the

upper envelope of the data points, an average

value and a low value corresponding to the lower
envelope. The values of E; were adjusted to take into
account that the area considered is 2,200,000 square
miles (Section 4.2.1, third paragraph). The values

thus obtained are summarized in Table 8.1.

TABLE 8.1

Values of Error Variance Parameter E;

Hydrological s Method of Information transfer

Characteristic Level Paerametric Model Correlation
sg. grid sq. qgrid

Average annual high 3.70 9.00
runoff average 2.50 7.30

low 1.30 5.00
Coeff. of varia~ high 5.00 Twlh
tion of annual average 335 6.00
runoff low 2.50 4.00
Mean May high A 8.00
runoff average 2.00 6.00

low 125 4,00




*
The error variance parameters E, 5o Were
r

obtained from the results shown in Table 4.4. The
error variance parameter E;Rgas assumed to be equal to
0.44 (see sub~section 4,2.3).
8.1.2 Costs

The following assumptions were made in consul-

tation with the Water Survey of Canada, and on the basis

of the discussion included in Chapter 5:

i}

C0 .annual costs of network operation including
overhead, data processing and studies, but
excluding costs of new stations, station
operation and flow measurement

C0 = 800,000 dollars/year if the data transfer method
used is the correlation-square grid method, and

C0 = 1,200,000 dollars/year if the data transfer
method used is the parametric model - square

~grid technique.

The basic estimates are that the administration
and other fixed costs at each of the four districts are
of the order of $180,000/year, and that the costs of studies
for the correlation - square grid technique would be of

the order of $80,000/year and for the parametric model -



square grid technigue of the order of $480,000/year’.

In both cases it is assumed that these costs include
costs for obtaining detailed grid data in areas where
the variation of the physiographical characteristics and
the size of the river basins would require such detail,
‘and that the analysis of flow data is based on daily or

at least weekly time intervals.

¢y (cost of installing a new station)
C1 = 3,000 dollars/station
cz (cost of operating one station for one year
excluding administrative and fixed costs)
C, = 700 dollars/year per station
03 (cost of carrying out one measurement)
03 = 100 dollars/measurement
AC03 (cost of new instrumentation)
hc03 = 500,000 dollars (only once at the beginning

of the study period)

Note that ﬁco3 is of no consequence in the optimization

process, this being a constant.

! This amount is overestimated on purpose. It is

unlikely that such studies cost more than $250,000 to
$300,000/year for the pericd of time investigated. The
overestimation is introduced to emphasize the advantages
of the model - square grid technigue even if it is assumed
that the cost of the related studies is very high.



The above figures are of necessity average ones
and do not reflect the large variation of costs which
characterize the study area because of the variation
of station density and of the geographic and economic
conditions. Because of the lack of detailed data it
is not possible to apply the planning analysis separately
to various regional subdivisions of the area, e.g. a
northern and a southern region. However, if such
details become available, it would be perfectly feasible
to carry out such regional analyses in a similar way
as for the whole area. This would provide information
for regional planning which to a certain extent may
affect the network design. 1In addition, it would also
be useful to compare the results of such regional
analyses with those obtained for the area as a whole,
to obtain an estimation of the approximations involved
in the results obtained because of the use of averaged

values.

8.1.3 Results

Using the data assumed above the methodology
described in Section 6.1 was applied to determine the
optimum values of the planning variables for various
criteria as shown in that section, for the two basic
methods of data transfer, viz. the correlation - square
grid and the parametric model~ square grid techniques. The

following objectives were examined:



Minimum cost per unit of error reduction i.e.
objective a in sub-section 6.1.2, and 1 in Table §8.2.
Maximum error reduction within a given time
interval (8 years) i.e. objective d in sub-section 6.1.2
and 2 in Table B.2.
Minimum cost per unit of error reduction for
a given error reduction (3%), i.e. objective ¢ in
ﬁub—section 6.1.2 and 3 in Table 8,2.
L Minimum cost per unit of error reduction within
a given period of operation (5 years) i.e, objective
b in sub~section 6.1.2 and 4 in Table 8.2.
Three different hydrological characteristics
were considered as planning criteria:
= the mean annual flow (criterion A in Table
8.2)
~ the coefficient of variation of the mean
annual flow (criterion B in Table 8.2)
- the mean flow of the month of May (criterion
C in Table 8.2)

As the currently available optimization routine
(CLIMB) requires significant computer time when the number
of variables to be optimized is large and as the influence
of the measurement error on long term averages is not large,
it was decided to consider that the number of flow measurements
per year should be considered as fixed (nmsa 10)%  For

the same reason the percentage of gauging stations




to be discontinued was considered only for three given
values (p = 0, p = 25% and p = 50%). In the first
stage of the analysis the value of E; in the relation-
ship between error of information transfer and number
of stations was considered to correspond to the average
vaiues shown in Table 8.].

The results summarized in Table 8.2 (in which
the optimum number of stations was rounded up to the
nearest 50) indicate the following:

I The error reduction with increased nﬁmher of
gauging stations is smaller for the model - sguare grid
technigque than for the correlation-square grid
technique, but this occurs because the applﬁcation of
the technique reduces drastically the initial error.
Reducing the error becomes more difficult as the start-
ing error decreases.

Tﬁe objective of least cost per error reduction
is useful only for the very short range strategy,
because it indicates the optimum only for one year of
operation, disregarding the optimization of a longer
period, since the maximum error per unit cost objective
is always obtained at the beginning of the period
considered.

The objective of largest error reduction within
a time interval leads to the upper limit of number of
stations in most cases (except for May - model technique)
indicating also that this criterion is not a very good
one for planning. The fact that for May and the model

technique the criterion does not lead to the maximum



number of stations seems to indicate that the model
is more efficient for the interpolation of monthly
values that have a large variability.

Most useful for planning purposes appear to he
the eriteria of least cost for a certain error reduc-
tion, and least cost per error reduction for a given
time period. By combining results obtained from the
application of these two criteria, and considering
the budgetary constraints one can find the most adequate
combination of number of stations to be operated for a
certain time, when a certain annual budget ig available
and a certain level of error reduction is desired,
However, since we do not yet have very clearly defined
relationships between errors and the planning variables,
actual applications of the methodology described would
benefit most from sensitivity analyses which would
indicate which elements of the decision process would
have the largest influence on the decision variables.

This is discussed in the next sub-section.

8.1,4 Sensitivity Analysis

A sensitivity analysis was carried out to
ascertain primarily the influence of possible variations
in the relationship between error of information inter-—
polation and number of stations. Three different values
of the corresponding error variance parameters for each
of the two methods of data transfer were used as

described in sub-section 8.1.1 (Table 8.1).



TABLE 8.2

Optimum Values of Planning Variables for Various Objectives

(Interest rate 7% p.a.)

A. Parametric Model-Square Grid Technique

Final

Cost

i o Error o * % N * % 2 * % ‘I'I .
Objective” Criterion” reduction s t P ‘éfHP%E]**(Present Worth)
f s
A 1.6 650 1 25 132 343
1 B 1.3 550 1 0 22.4 2.9
(2. 1.4 400 2 0 18.1 1.4
A 6.5 20002 8 0 8.3 35.2
2 B 7.6 2000 8 0 16.1 A5
C 3.9 500 8 0 15.6 15.5
A 3.0 800 3 0 11.8 8.9
3 B 3.0 650 3 0 20.7 TeT
C 3.0 400 6 0 16.5 10.9
A 3.8 900 5 25 11.0 13.6
4 B 4.0 750 5 25 19.7 12.1
(e 2.8 400 5 0 16.7 9.3

! millions of dollars
2 the maximum limit of N_ was set at 2000.

* gee section 2.1 for definition and p.8.8 for identification

of objectives and criteria.

** See sub-section 6.1.1 for definitions.

(Ei — Error at the beginning of the stu

dy periocd.)

1
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TABLE 8.2 (cont'd)

Optimum Values of Planning Variables for Various Objectives
(Interest rate 7% p.a.)

B. Correlation - Square Grié Technigue

Error - Final Cost
* * Lk NEw Nr* SpgrE 5 s Ls 1

3 2 ¥ h

Objective” Criterion re?gg$1or Se t (E?rEOEEf (Present Woxrth)
A 10.5 900 1 0 25.3 4.2
1 B 4.7 700 1 0 28.6 4.7
C 37 650 il 0 30.6 3.0
A 13.0 20002 8 0 16.8 32.0
2 B 14.1 2000 8 0 18.2 32.0
e 13.4 2000 B 0 20.9 32.0
A 3.0 750 I 0 32.8 3.6
3 B 3-8 700 1 0 30.3 3.3
C 3.0 650 1 0 31.3 % |
A 12.7 1000 i 0 23.3 11.9
4 B 8.7 800 5 0 24.6 123
C 1.6 800 4] 0 26.7 I11%6

1 millions of dollars

2 $he maximum limit of N, was set at 2000.

* See section 2.1 for definition and p.8.8 for identification
of objectives and criteria.

** See sub-section 6.1.1 for definitions.
(Ei = Error at the beginning of the study period.)

£I=8



In addition, the influence of the following
factors was investigated in the sensitivity analysis:
“ - level of sophistication of data transfer

. technique (high: corresponding to models, low:

# corresponding to multiple correlations);

- and the level of variability of the hydrolo-
gical characteristic considered in the plan-
ning analysis: low ( long-term average flow),
medium (standard deviation of mean annual
flow)and high ( average monthly flow in May).

The results of the sensitivity analysis are summarized
in Table 8.3.

As can be seen from this table, the number of
supplementary stations required increases rapidly with
the decreéase of the sophistication of the technique of
data transfer, but the increase is much slower if the
relationships adopted reflect a lack of confidence in
the possible success and further improvement in the
techniques of information transfer. Table 8.3 indicates
also a rapid increase of the supplementary number of
stations as the variability of the hydrological
characteristics used in the planning process decreases.

Although some of these results are to be
expected from the simple analysis of the survey process,
in some instances the influence on the rational decision=-
making process of the adoption of a given information
transfer technique or the use of one or another hydro-

logical criterion is somewhat surprising.



TABLE 8.3

VARIATION OF OPRTIMUM NUMBER OF SUPPLEMENTARY STATIONS

CORRESPONDING TO LARGEST ERROR REDUCTION PER DOLLAR

SPENT WITHTN A FIVE YEAR PERIOD (WESTERN + NORTHERN

*
CANADA CONDITIONS)

Level of sophisti- Level of confid- Level of
cation of informat- encein success of variability
ion transfer application of of hydrologi-
technique information cal charact-
transfer technigque eristic con-
sidered

High Medium Low

(May (S.dev. (Long
aver.) of term
anpnual aver.
flow) £flow)
High high (lower envel-
ope) 100 150
(models) medium (best fit) 0 350 500
low (upper envel-
ope) 50 500 600
Low
(correlation) high (lower envel-
ope) 250 350 600
medium (best £it) 400 500 G600
low (upper envel-
ope) 500 600 600

% The computations were carried out assuming Ppg = 10,

(For definition of symbols see Sub-section 6.1.1).




To investigate the effect of the variation of
p, the percentage of discontinued stations, a
further sensitivity anelysis was carried out, in which
significantly different values of p (p = 0, p = 25%
and p = 50%) were considered.

Although the discontinuation of 50% of the
stations is not a realistic proposition, this was
nevertheless investigated to obtain an extreme case
which would point out clearly the potential benefits
or otherwise which may be derived from such discontinua-
tion. In order to simplify the computer programme,
the hypothesis was made that all stations designated
for discontinuation would be removed from operation in
the very first year of the planning period. This is
matched by the hypothesis that all new stations are
installed in the same year. Any other hypothesis would
have involved various alternatives to be considered,
increasing significantly the computational complexity.
As shown in Table 8.4 this analysis has indicated
that discontinuation of stations does not produce any~
thing more than insignificant differences in the results
for both methods of information interpolation.

These results indicate that the advantages of
station discontinuation are minimal at least in the
short range. This is probably due to the low cost of
station operation compared to the other costs. The
analysis of the cost and accuracy formula indicates
that for a long range analysis the significance of

station discontinuation becomes larger.



TABLE 8.4

Summary Data on Effect of Station Discontinuation?

A) Model - sguare grid

Minimum cost per

Minimum cost unit of error
per unit of reduction for a
Objective error reduction 5 year period
Percentage of
stations
discontinued ,p 0 25 50 0 25 50
Final error, Ef% 13.1 132 13.3 10.7 0.9 il
Cost per unit of
error reduction 22 2:2 2 d et 3.6 3.6

Total No. of

stations for optimum

cost per unit of

error reduction: N_g 650 650 650 900 900 900

No. of stations
in operation at
end of period, 650 488 325 900 675 450
INgg = PN_;/100
B) Correlation - square grid

Percentage of

stations
digcontinued,p 0 25 50 0 25 50
Pinal error, Ef% 26+5 26«5, AEabl 23,2 23,2 23.3

Cost per unit of _
errox reduction 0.4 0.4 0.4 & P I 1.0 1.0

No. of stations

for optimum cost per

unit of error

reduction, Hsf S00 800 8GO0 1000 1000 121000

No. of stations in

operation at end

of period 900 600 400 1000 750 500
st = B Nsi/lOO

1 potal number of stations N_. = 400



A sensitivity analysis to check the influence
of the rate of interest on the planning variables
indicates that this rate has an extremely small
influence on the planning variables.

The conclusion of the above analyses is that the
factor which has the largest influence on the plan-
ning variables, particularly the number of stations,
is the technique of information interpclation used,
followed in importance by the hydrological characteristic
ugsed as the planning criterion. Further research is ,
therefore, reguired to establish more reliable relation-
ships between error of information interpslation and
number of stations for various technigues of information
interpolation and various criteria.

8.2 Application to Natural Regime Section Assuming

Significant Economic Development (Transitional
Section)

8.2.1 Basic Assumptions

Iﬁ this hypothetical application the very extreme
assumption was made that all forecast development in
the water resources field will take place in river
basins which may be classified as belonging to the

natural regime section.’?

} In fact during the period investigated a large part of
this development will take place in Northern Regions

which are basically included in the natural regime section.
It appears now that the forecast of Bruce and Maasland was
conservative and that development particularly in hydro-
electric plants and resource exploitation will be faster
than forecast . Thus, the assumption made might net be
in fact far from the actual figures.



In the hypothetical application made which
simulates very roughly the Canadian conditions, the
year 1985 was considered as the planning horizon and
the year 1971 as the sta;ting point. The interval was
divided into three five-year periods. The forecast of
investment in water resources related development used
in this application was obtained from Bruce and
Maasland (1968, p.48). The estimates given by Bruce
and Maasland were multiplied by a factor of 1,26/ to
take into account the difference in cost estimates
in 1968 and 1971 due to inflation. Note that the
estimates given by Bruce and Maasland do not include
costs related to water pollution control, except for
costs of sewers. We did not include an estimate for
such costs since it is presumed that water pollution
control projects will be designed only in areas with
non-stationary hydrological conditions. Since this is
not always the case, this compensates to a certain
extent for the hypothesis that the remaining develop-
ment takes place entirely in areas with stationary
(natural) hydrological regimes., The effect of possible
errors in the forecast of economic development is
analysed in sub-section 8.2.5.

Based on the studies carried out by Shawinigan
Engineering (1970) and by Wilson (1972) a rough relationship
between error in the standard deviation of yearly
flows Es{%} and annual economic losses due to erroneous

design L was accepted in the form



1S 2 LYy
L-—aESI {(8.1)

where a is a constant depending on the type of project
and I is the investment., Obviously, not all projects
are affected by an error in standard deviation of the
annual flow, but an errer in this lhydrological charac-
teristic corresponds to a network configuration which
is usually associated with errors in all other hydro-
logical characteristics; Since the errors in various
hydrolegical characteristics are, in most cases,
g¢trongly correlated and since any type of project
affected by the hydrology of the area will be affected
by errors in at least one hydrological characteristic
it may be assumed that the losses affecting any type

of project are directly related to errors in the

estimation of the standard deviation of the annual f£low.

From the Shawinigan study mentioned above, the
value of a was estimated to be 0.00016, i.e. an error
of 10% in the standard deviation would result in an
annual loss of 1.6% of the investment. The effect of
uncertainty in estimating the value of a is discussed

in sub-section 8.2.5,

8.2.2. 8Steps Involved in the Hypothetical Application
The dynamic programming technigue was applied
basically as described in Section 6.2., but with some
slight modifications which are explained further. The
steps required for the application of the technique

are: (see also flowchart,p.8.21).



Step 1l: Select stages (time steps) and states
{error levels). The beginning of each five-year
interval (1971, 1976, 1981) and the end of the last
period (1985) were considered as stages (4 stages) and
various levels of error attainable in each stage, as
states (Fig.8-1).

Step 2: Determine minimum cost and decision
variables to reach a given state (error level) at end
of first time interval (stage 2). If one accepts that
the average level of the error in the period between
two étagés is the average of the corresponding error
levels of the two states considered, it is possible to
estimate from Eq.8.1 the losses for the transition
from one state to a given stage to another state of
the follﬁwing stage due to the error in hydrological
information for any possible transition path.* It is
also possible to compute for each path followed from
the initial stage (1) to the various states of stage 2
the minimum cost required for obtaining the correspond-
ing accuracy level by means of the method presented in
Section 6.1, considering the objective of minimum cost
for a certain error reduction and a given time interval.

By adding the minimum cost for reaching the

* Although the analysis is shown as being carried out
in a lumped manner, i.e. by assuming average conditions
for the whole area, there is no reason why it could

not be applied in a distributed manner, i.e. separately
for various regions having various hydrological and/or
economic development characteristics, provided that the
data required are available.



SCHEMATIC FLOW CHART OF APPLICATION

OF DYNAMIC PROGRAMMING TECHNIQUE

TO HYDROMETRIC NETWORK PLANNING

Select Stages (time steps)

and States (error levels)

¥

Determine minimum cost and
decision variables to reach
any given state of Stage 2
from initial state of Stage 1

Obtain forecast of
investment in
water resources
related projects.

{

}

Determine minimum cost and
decision variables to reach any
given state of Stage 3 from
any given state of Stage 2.

Determine losses
associated with
errors in hydrologic
data

y

Select path which minimizes
cost + losses to reach any
state (error level) at end of

Stage 3,
Y

Determine minimum cost and
decision variables to reach any|
given state at the end of

Stage 4.
¢

Compute network costs + losses
to reach any given state at
end of Stage 4 and find path

of minimum total cost + loss
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Figure 8-1— STATES AND STAGES USED
IN THE DYNAMIC PROGRAMMING
APPLICATION TO NETWORK PLANNING.
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corresponding error level to the associated losses

one determines the minimum overall cost of getting from the
iﬂitial state to any state (error level) of Stage 2,
Fig.8.2a. .

Step 3: Determine minimum cost and decision
variables to reach any of the states (error levels) at
end of second interval (Stage 3) starting from any
state of Stage 2. Once the decision variables (N =
number of stations, p = percent of existing stations
to be discontinued, R number of flow measurements
per station per year) have been determined for Stage 1 -
Stage 2, it is possible to determine the same minimum
costs and the corresponding decision variables for
getting from any of the states of stage 2 to any
of the states of stage 3, using the same technique
as for Step 2, Fig.8.2b.

Step 4: Select path which minimizes network
costs and project losses to reach any state (error
level) at end of second interval (Stage 3) and note
corresponding decision variables. For the transition
from Stage 3 to Stage 4 the computation could become
very complicated since one could arrive to each state
of Stage 3 along several paths, which means that the
transition from states of Stage 3 to states of Stage 4
must consider various initial values of the pertinent
variables Nsi,ﬂmi,p . In order to avoid this compli-
cation, it was decided to use a somewhat unorthodox
procedure, in the sense that the computation for the

transition from Stage 3 to Stage 4 was computed only



for those initial conditions which correspond to the
economically optimal path of arriving at the states
of Stage 3. This decision was taken because
the economic forecast for the last pericd of

five years is so uncertain, and technological

changes could be so significant at that time, that a
decision which would optimize the whole i9?0—1985
périod,but not the 1970-1980 period taken separately,
would not be acceptable.

Step 5: Determine minimum costs and losses to
reach any state (error level) at end of third time
interval (Stage 4). Consequently, before computing the
transition from Stage 3 to Stage 4, the optimum
(minimum cost and losses) obtained paths for Stage 1 ~
Stage 3 were determined as illustrated in Fig.8.2c,
by combining minimum costs of expanding and operating
the network with the corresponding project losses dué
to errors in data. Using the decision variables obtain-
ed for the optimum (minimum) paths for reaching any
state of Stage 3 it is then possible to compute the
minimum costs of expanding and operating the network
for all possible transition paths from Stage 3 to
Stage 4, and the corresponding losses (Fig.8.2d). On
this basis, it is then possible to derive the optimum
path for the whole period as illustrated in Fig.8.2e.

Because of the simplicity of the dynamic

programming computations these can be carried out by
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hand. The determination of the decision variables
correspending to a minimum cost, to get from one state
{error level) to another within a given time interval,
has been carried out for this study using a steepest
descent technique based on Rosenbrotk's algorithm for
which there are several standard programs available.
In the case of the present study the “CLfMB" program
available at the University of Waterloo has been used.
A complete illustration of the application of the
technique to Canadian conditions based on the assump-
tions desecribed at the beginning of this sub-section

is presented in the next sub-section.

8.2.3 Application to Canadian Network

The computations which simulated roughly the
Canadian conditions were made considering an initial
number of natural regime stations Ng = 2000, and an
interest rate of 6%. The area with stationary hydro-
logical regime was estimated to be 2,000,000 sg. mi.,
and the corresponding density of the existing network
was thus estimated at one station per 1,000 sg. mi.

The errox function was determined from the =

results obtained in Chapter 4 to be

g% = 240000 , 1600 , 1936 (por cent) (8.2)
s £ pu

‘where NS is the number of stations in the area

considered, N, is the average duration of operation

£
in years and “m is the average number of flow measure-

ments per station. For the assumed initial conditions

* The conservative assumption of a value E corresponding

to its higher possible value was accepted in these
computations.,



(N, = 2000, N

" = 10 and Nm = 100) this corresponds to

t
an error of 21.2%. The method of interpolation assumed
is correlation between hydrological and physiographical
characteristics. Switching from this method to a
parametric model method would result in significantly
higher benefits and this should be further investigatied.

The network investment and operation costs were
estimated assuming that the cost of installing a new
station is $3,000, that of operating a station
(exclusive of measurement costs) is $700/year, and that
the cost of a flow measurement is $100. With these
assumptions the cost of operating a station, assuming
an average of 8 flow measurements per year is $1,500/year.
New stations were assumed to be installed at the begin-
ning of each period. All costs were "present worthed!
Other network operation costs (central administration
overhead, studies, etc.) were estimated at
$2,000,000/year.

On this basis and using the techniques of
optimization for achieving minimum cost in reducing
the error of estimate by a given amount described in
Section 6.2, the required number of supplementary
stations, the required number of discontinued stations,
and required number of flow measurements per year per
station were estimated for the transition from the
assumed initial state of Stage lto any state of Stage 2

and from any stage of Stage 2 to any state of Stage 3



as shown in Fig.8.3. The dotted lines in Fig.8.3
indicate impossible transitions, i.e. transitions
which require an increase in accuracy which is not
possible within the corresponding time interval.

On the basis of the results indicated in Fig.8.3,
the corresponding costs of the network were computed
and "present worthed"using the unit costs indicated
above. The results of these computations are indicated
in Fig.8.4. In this figure we have indicated by dotted
lines and eliminated from consideration, in addition to
the impossible transitions, the transitions implying a
complete interruption of the network operation for a
period of 5 years or more. Next, on the basis of the
erxors corresponding to the various states and using
Eq.8.1 with a = 0.0016, we have computed the losses
due to errors in the hydrological estimates affecting
the investment and operation of projects related to
water resources for the periods 1971-1975 and 1976~1980.
The estimated investment considered for the first
period was 11.2 billion and for the second, 13.8
billion. The resu}ts of these computations are
summarized in Fig.B.5.

Finally, the cost of expanding and operating the
network was added to the value of the losses due to
errors in hydrological estimates affecting projects
related to water resocurces, for each transition from
the initial state, Stage 1, to the various states of

Stage 2, and further, from the states of Stage 2 to
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the states of Stage 3. The results of these computations
are summarized in Fig.8.6. On the basis of these results
the optimum minimum cost paths for arriving at any state
of Stage 3 were determined, These paths are indicated
with thick lines in Fig.8.6.

On the basis of the results thus obtained, it
was possible to determine the number of stations and
the other network parameters which would characterize
the network in any state (error level) at Stage 3, if an
optimum path is selected to reach this state. With
this information it was then possible to compute the
optimum (least cost) network characteristics for transi-
tions from any state of Stage 3 to any state of Stage 4
(Fig.8.3) énd the corresponding present worthed costs
(Fig.s.él.

The losses corresponding to transitions from
any state of Stage 3 to any state of Stage 4 were
computed in a manner similar to that described for
losses from Stage 2 to Stage 3, assuming an investment
of 16.4 billion dollars. The present worth of the estimates
of these losses is shown in Fig.8.5.

The cost of expanding and operating the network
was added to the value of the losses due to errors in
hydrological estimates for each transition from any
of the states of Stage 3 to any of the states of Stage 4
as shown in Fig.8.6. On this basis, it was possible
to choose the optimum (minimum cost and losses) for
a complete path from Stage 1 to Stage 4. This corres-

ponds to a decrease of the error of the standard
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deviation of the annual flow from 21.2% in Stage 1 to
18% in Stage 2, to 16% in Stage 3 and 15% in Stage 4,
A complete discussion of the implications of these
results is given in Table 8.5, which indicates the
economics of the network operation and the main deci-
eion variables considering one, two or three five-year
periods. The table indicates benefits/cost ratios from
the operation of the network, This ratio increases
significantly as the period considered is extended,
since most benefits from investment in the network
will be reaped in the future. The results indicate
that the obtaining of the optimum returns from the
network would regquire an expansion of the network by
about 1500 stations for the period 1971-1975, a further
addition of about 3000 stations for the period 1976-1980,
while discontinuing about 250 stations, and finally
for the period 1581-1985 a displacement of 3000
stations from old to new sites. Since the results
indicate the necessity of a significant effort for
the network expansion during the first two periods, we
have examined further in sub-section 8.2.5 the effect
on these conclusions of various departures from the
basic assumptions, to ascertain their sensitivity to
the errors in the basic assumptions.
8.2.4 Optimum Path for Reaching a Certain Level of

Accuracy

A by-product of the previous analysis is the

possibility of determining by dynamic programming



TABLE 8.5

Results of Optimization by Dynamic Programming of
Simulated Canadian Natural Regime
Network for the 1971 -~ 1985 Period

(A1l values in millions of dollars, "present worth"

to 1971, except net benefit per dollar which is dimen-
sionless and decision variables which have the stated
dimensions, Nl = 2000 stations, interest rate: 6% p.a.)

Results for:

the 1971-75 the 1971-80 the 1971-80
period only period only period only

Losses due to errors

in standard deviation

of mean annual flow

assuming that hydro-

logical network

ceased operation in

1971 766 1667 2663

Losses due to errors

in standard deviation

of mean annual flow,

assuming hydrometric

network operating at

optimum level 659 1240 1773

Cost of operating the
network at optimum
level 36 86 126

Net benefits 71 341 754

Net benefits per

dollar spent for hydro-

logical network

operation (%) 197 396 599

Decision variables:

Number of supplementary

stations required at

end of period 1475 4463 6420

No. of stations to be
discontinued in this
period 0 253 2911

No. of flow measure-
ment per station/year 8 10 18

Error of standard
deviation of annual flow
at end of period (%) 18 16 15



techniques the optimum (least cost) path for reaching
stepwise a certain level of accuracy during a certain
period of time or,conversely, the optimum level of
accuracy which can be obtained for a given amount of
money over a given period of time in non-development
areas. For such areas, one has to consider only the
cost of network operation and expansion in relation to
the error level and arrive at the cost of reaching a
certain accuracy in a given period of time. The solu-
tion of this type of problem is illustrated clearly by
the following dynamic program examples, based on the
data obtained from Fig.8.4.

The example assumes that one is interested in reach-
ing an error level of 172 during the period 1971~1880,
#s indicated in Fig.8.4 one can reach this level along

the following paths and at the following costs:

Path (Brrors %) Costs (millions of dollars)

1971 1975 1980 1971-75 1975-80 Total

21.2 20 17 20 35 55
21.2 19 17 25 29 54
21.2 18 17 36 21 L

It is obyious that in this case the path corresponding
to a gradual decrease of the error from 21.2 to 19

and 17% would be optimum, although the difference from
a 21.2 ~ 20 - 17% path is not large., However,

gince the optimum path obtained is also closer to the
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path which would be obtained in the case when economic
development is taking place in the area, the difference
between the two solutions becomes more significant from
a practical point of view.

Thus, the dynamic programming technique appears
to be also applicable to areas of the stationary regime
network in which economic development is not taking
place within the planning horizon, but for which certain
accuracy objectives or budgetary allocations have been

established.

8.2.5 Sensitivity Analysis
Since many of the basic assumptions may be
subject to significant errors, a sensitivity analysis
was carried out to estimate the influence of these
errors on the results, and make possible the selection
of the significant assumptions which should be further
investigated to consolidate the preliminary results
obtained above. The sensitivity analysis examined the
effect on the basic recommendations on network expansion
of the following factors:
a) variation in investment in projects related to
water resources;
b) variation in cost of expansion and operation
of the network;

c) variation in interest rates;
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d) variation in the relationship between losses

due to errors in the estimate of hydrological

characteristics affecting the design and

operation of projects related to water resources
and the size of such errors.

In addition, the sensitivity analysis examined
the effect on optimum network expansion of cyclicity
in economic development.

Because of the large number of cases to be
analysed and of the corresponding enormous number of
computations, the sensitivity analysis was carried out
using an approach different thanthat used previously,
namely:

- only three stages were considered

~ the states were characterized by number of

stations rather than error level
\ -.the number of flow measurements per year were
assumed constant (10) since it did not appear
-to be a significant decision variable and it
showed little variation in the analysis
described in sub-section 8.2.3.

- no allowance was made for station

discontinuation.

With these simplifications the computations were
carried out otherwise as described in sub-section 8.2.3

for a number of 81 cases representing combinations of:



3 interest rates (4%, 6%, 8%);

3 levels of costs of network expansion and
operation (as assumed in sub-section 8.2.3,
80% of costs assumed in sub-section 8.2.3,
120% of costs assumed in sub-section 8.2.3);
= 3 levels of investment (as assumed in sub-~
section 8.2.3, 70% of investment assumed
in sub-section 8.2.3, 130% assumed in sub-
section 8.2.3);
= 3 levels of relationships between errors in
estimation of hydrological characteristics
and investment and operation losses in projects
related to water resources (350%, 1l00% and

150% cf losses assumed in sub-section §.2.3.)

The results of the sensitivity analysis are
sumnarized in Table 8.6, which gives the optimum number
of stations for the transition from Stage 1 to Stage 3
for each combination of assumptions regarding the
interest rate, cost of expansion and operation of _
network, level of investment, and relationship between
exror and losses. The results summarized in Table 8.6
indicate the following:

a) The optimum total number of stations for the

accepted asgumptions oscillates around 5500

for the total period.



b)

c)

d)

e}

£)

B.2.6

A reduction in network expansion and operation
costs of about 20% does not affect significant~
ly the number of stations, whereas an increase
of about 20% will reduce the optimum number by
about 500 stations (10%).

A reduction in the loss function of 50% will
reduce the optimum number by about one
thousand (20%) and an increase of the loss
function of 50% will increase the number of
stations by 500 (10%).

Changes in interest rate affect very little
the optimum number of stations.

A decrease of 30% of the economic development
forecast will reduce by about 500 (10%) the
optimum number of stations and an increase of
308 would have the opposite effect.

The detailed computations indicate that even
under most conservative assumptions (highest
interest rate, lowest investment level, highest
network costs, lowest relationship between
error and losses) the benefit investment ratio
is higher than 100%, i.e. each dollar invested
in the network produces one dollar return
during the first five years of operation.
Sensitivity Analysis Assuming Cyclic Economic
Development

Since Canada in common with many other countries

presents a cyclic economic development, a second sensi-

tivity analysis was done to examine the effects of
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cyclicity on the optimum number of stations. In

this analysis the ten year economic development fore-
cast was first considered to be 30% lower than that
given by Bruce and Maasland for the first five-year
period, and 30% higher for the second five-year period,
In a second set of computations the inverse situation
was considered: for the first period of five years

the forecast was increased by 30% relatively to the
reference values, and in the following period the
corresponding figures were reduced by 30%. All other
variables considered in the preceding analysis were
allowed to vary in exactly the same way as described
in Sub-section 8.2.5. The results of this sensitivity
analysis are summarized in Table 8.7, and indicate

the following:

a) The optimum number of stations oscillates in
this case also around 5500.

b) The variation in the loss function of %50% has
the same effects as previously indicated
(sub-section 8.2.5).

c) Interest rates have little effect on the optimum
number of stations.

d) In the case of a cyclic development of the
economy with a recession followed by a boom it
is more advantageous to have a larger number
of stations installed in the first period

{about 500 stations) than in the case of a
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boom followed by a recession. As is known,

the reverse policy is usually being applied.

It is interesting to note that the computations
described above indicate that if the planning horizon
is only 10 years, the results of the computations show
invariably that the number of stations &hould be main-
tained approximately constant during the éecond five-
year period, whereas an increase is indicated for this
period if a 15-year period is considered. This
difference is related to the fact that an increased
accuracy is obtained from new stations only after a
certain period of operation (about 5 years) and conse-
quently, by truncating the study period to 10 years
only, the effects of the expansion of the network
during the second five-year period are not accounted
for. Because of this it is advisable that a plan for
the expansion of the network for a period of n years
should use a dynamic programming analysis covering n+5,
or, preferably n+l0 years.

8.2.7 Recommendations with Respect to the Application
of the Dynamic Programming Technique to Network
Planning
In the light of the results obtained from the

sensitivity analysis it appears that one could make

the following recommendations:

1, To expand vigorously the natural regime hydro-
logical network in areas where economice develop~-
ment is planned, since such expansion is Justi=
fied even under most conservative assunptions

regarding the economic and technical conditions _
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To carry out studies to define as precisely

ag possible the relationship between error in
estimating hydrological variables and the
related losses in investment and operation

for various types of projects since it is the
most important factor in the selection of
optimum decision variables.

To refine further the application of the dynamic
program technique to network planning in such a
manner as to eliminate the constraints and

simplifications encountered in the current

application. This refers particularly to the

constraints imposed in defining the states which

in the current applications are limited in number

‘and have to take given values and to the

‘simplifications included in the sensitivity

analysis.
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9,  (CONCLUSIONS AND RECOMMENDATIONS

The main conclusion of this thesis is that hydro-
logical networks can be planned according to given basic
criteria. The planning process here envisaged covers
the number and regional distribution of gauging stations,
the method of interpolation of information, the duration
of observation and the frequency of measurements. How-
ever,additional research is needed before it will be
possible to obtain the full return from the planning
principles developed here. In view of this, we give in
Section 9.1 the conclusions and recommendations for
current network planning and in Section 9.2. recommen-=

dations for further research.

9.1 Conclusions and Recommendations for Network Planning

The hydrological network should be planned in
such a waf as to incorporate the pessibility of synthesi-~
zing hydrological data and information at any point
{(gauged or ungauged) in the most efficient manner, i.e.
at least cost per unit of supplementary accuracy achieved.
The hydrological network should be considered
as consisting of three sections. Section 1, the natural
regime section, is the basic one which provides data
for broad national planning to hedge against the develop-
ment of unanticipated needs, and to provide background
information for the design of more intensive data
collection programmes. Sections 2 and 3 correspond to the
levels of information required for water resources and

water-resource management respectively. It is



clear that Sections 2 and 3 develop on the basis of
Beciion 1.

For Section 1 the basic principles of netwoerk
planning are:

1) &2 network operated on a fixed budget should
be planned to minimize the error of estimation of
the hydrological variables involved;

2) A network operated on a criterion of a given
minimum acceptable accuracy should be planned for a
minimum cost.

In the case of Sections 2 and 3, the costs to
be minimized include network costs and also the
expected opportunity loss, i.e. the difference between
net returns from a project designed and operated on the
basis of the available level of accuracy of the data
and on the basis of a higher level of accuracy which
can be obtained by additional data collection.

Errors in the values of hydrological data have
three basic sources: errors of sampling in space,
errors of sampling in time, and errors of measure-
ment. Errors of sampling in space and in time can be
reduced by adequate planning of the network. Errors
of measurement are related mainly to the operation of
the network.

Adequate planning of sampling in space requires
hydrological regionalization to avoid the over-sampling
of basins having similar characteristics, and under-

sampling of basins having distinctive characteristics.



Hydrological regionalization can be achieved by
interfacing a physiographic, land-use, land-cover
data bank with a hydrameteorological data bank.

Adequate planning of sampling in space requires
also the use of efficient technigues of data transfer.
A parametric model based on the sguare grid technigue,
although its potential has not yet been fully explored,
appears to be one of the most efficient data transfer
techniques. The application of the technique
indicates the usefulness of the interfacing of
data bahks and the necessity of co-ordinated plann-
ing of inter-related networks.

The efficiency of sampling in time is reduced
by the autocorrelation of the time series of record-
ed flowﬁ. Efficient sampling requires that, other
conditions being comparable, the river sections
selected for gauging sites should be located on
rivers having low autocorrelation, i.e. rivers with
small areas and small natural storage. However, this
consideration should not detract from the necessity
of obtaining an adequate space sampling in which
rivers of various autocorrelation characteristics
should be included. Adequate technology for remov-—
ing the autocorrelation effect from the time series
of flow data could also improve the efficiency of
time sampling. This emphasizes again the potential

usefulness of good hydrological models.



If station locations are selected acceording to
the indications obtained from the hydrological
regionalization analysis and in suchk manner as to
reduce as much as possible the effect of auto-
correlation, the space sampling error is primarily
a function of the number of stations and of the
method of data transfer used, and the time sampling
error is primarily a function of the length of
record and cross correlation (which in turn is a
function of station density). However, it is extreme-
ly difficult to cbtain realistic analytical relation-
ships between error of sampling in space and time
on one hand, and station density and length of
recoxd on the other. Pecause of this, it is necessary
to use in network planning calculations empirical
relationships between the above mentioned variables
developed on the basis of data obtained from densely
gauged areas and from long-term flow records.

Planning of the natural regime section of the
hydrological network can be done by means of a variety
of techniques of which the steepest descent techniques
are currently the best. However, these techniques are
8till not very efficient and it is desirabie to develop
more efficient techniques for this purpose,

The optimum number of stations obtained in
planning the natural regime section of the hydrological
network is very sensitive to the type and reliability

of the data transfer technigue considered in the planning



analysis. The number of supplementary stations
which correspond to the optimum conditions decreases
sharply with an increase in the sophistication and
reliability of the technique of data transfer. It
appears, therefore, that returns from hydrological
research carried out to increase the reliability of
such techniques are important.

Planning of the transitional regime section
of the hydrological network may be achieved by means
of dynamic programming. The application of the tech-
nique requires the availability of economic fore-
casts, and of relationships between error of estimate
of hydrological characteristics and losses incurred
by various water resources or related projects because
of such errors. Such relationships are available so
far only in a very general and theoretical form, and
work to obtain realistic relationships of this type
should be encouraged. Because of the lack of precis-
ion of the relationships between errors and related
losses, planning for the transitional regime section
has to be carried out in the framework of a sensitiv-
ity analysis.

The results of sensitivity analyses for the
planning of the transitional regime section indicate
that the main planning variable -- the supplementary
number of stations -- is sensitive only to a limited
extent to the variations in the error-lcss function

and to the economic forecast. This seems to indicate



that the method could be used for a preliminary plann-
ing analysis even without precise relationships
between errors and losses. However, the results are
sensitive te the length of the planning period
congidered: the number of stations decreases as the
pariod of time over which the analysis is extended
bacomes shorter. The analysis indicatés that the
planning period should be extended by 5 to 10 years
beyond the time horizon for which planning is being
attempted, e.g. 15 years, to obtain stable indications
for the first five years.

The sensitivity analysis indicate that in the
case of a cyclic econcmic development it would be
preferable to increase the number of stations during
the recession period of the cycle and wvice-versa,
because of the lag between the time when new stations
‘2re installed and the time when the benefits from
such new stations are reaped. The practice of
discontinuing stations during economic recession
periods is very inefficient.

The annual costs to the international community
of all hydrological networks is of the order of
several hundred millions of dollars. Implemen-
tation of the planning technigues described in this
thesis, particularly in conjunction with the para-
metric model - sqguare grid technique of data transfer
and of other techniques based on interfacing data

banks, can improve significantly the efficiency of



the hydrological betworks of various countries and
produce savings of many millions of dollars in the
network and large additional returns from water resources
and related projects.

Since high benefit/cost ratios are obtained
from the hydrological network even under most
conservative assumptions in areas in which economic
development isrplanned, vigorous development of the
network taking into account both the physiography
and the reguirements of the planning and design

process is recommended.

9.2, Recommendations for Further Studies.

In each Chapter a number cf detailed suggestions for
further research have been made and need not be repeated
here, The following recommendations, however, are of
an altogether higher order of importance.

This thesis indicates that it is possible to increase
significantly the efficiency of hydrological networks
by interfacing hydrometeorological, physiographical,
land-cover, and land-use data banks, and by applying
suitable models for information interpolation. This
increased efficiency results in significant savings if
the network is planned along the lines of the methodology
developed in this thesis. 1In connection with the applic-
ation of this methodology it is necessary to pursue further
research in three main directions.

The first direction leads to research to ascertain

if it would be possible to further increase the efficiency



of the hydrological network by improving the models forx
information interpolation. Improvements could probably

by obtained by reducing the parametric and/or statistical
components of the models, by decreasing the time intervals
considered in the models; and by using areally distributed
models, However, in order to obtain new models of practical
significance, it would be necessary to obtain models

which could use data from interfacing data banks without
excessively increasing the requi;ements with respect to
these data banks and for which the monetary and time
expenses would compare favourably with those involved

in the existing models.

The second direction of research to be pursued in
relation to the major finding of this thesis relates to
the planning of other geophysical networks and surveys.
Research should be carried out to investigate the
possibility of using the methodology developed in this
thesis for planning co-ordinated networks and surveys.
Attention should be paid in the framework of such
research to the interfacing of ground networks with
remote sensing surveys which, in the opinion of this
writer, hold great promise in relation to co-ordination
and increased linking of geophysical surveys,

The third direction of research which shonld be
followed up in relation to the findings of this thesis
is on the possible benefits of international co-operation

in planning and setting up geophysical and socio-economic



surveys and data banks. Research should include the
comparison of benefits of large-scale (continental or
world-wide) systems with those of national systems,

in relations to economy of scale, increased possgibil-
ities of information interpolation, and an earlier
introduction of advanced technology in developing

countries.
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APPENDIX A

Physiographical Characteristics by Sauare Grid
Technique

Many of the applications presented in this
thesis are based on examples obtained from the
analysis of the hydrology of Southern Ontario in
conjunction with the physiographical characteris-
tics of this area. We give in this Appendix the
maps with the square grid values of the physiograph-~
ical characteristics (terrain and climatic characs
teristics) of this area and the corresponding
definitions of these characteristies. A general
description of the technique used to determine the
values of the physiographical characteristics is
given in Solomon et al, (1968). A very detailed
description of the technigue can be found in Gupta
{1974) .

The physiographical characteristics were compur-

ted for a 5 x 5 km square grid, each square represented

one guarter of the 10 x 10 km square of the Universal

Transverse Mercator Projection grid which is érinted

on the 250,000 topographical maps produced by the

Canada Department of Energy, Mines and Resources.

The terrain characteristics include:

l. Average elevation of each square (ELE), estimated
as the average of the elevations of its four
corners and stored as tens of feet. The sguare
grid map of the elevations of the region is shown

in Pig.. Al
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Local slope (SLO), estimated as slope of a
plane defined by the elevations of the two southern
corners and the left hand northern corner; stored

as the tangent of the angle of inclination x 10°
(Fig. A.2)

Azimuth . of the slope (AZI) defined as the angle
in degrees x 10 between the north direction and

the horizontal projection of the line of

steepest descent of the local slope plan, (Fig. A.3)
Barrier in the south direction (BHS), defined as
the difference between the average elevation of the
square considered and the highest elevation
encountered in the south direction from this point
until the ocean is reached; actual values used

were determined for each square as the weighted
average of the barrier height for the square
considered and of the two pairs of adjacent squares
on each side in a direction perpendicular to that
for which the value of the barrier height is sought
(stored as tens of feet, Fig. A.4.)

Barrier heights in the southwest, west, north-west,
north, north-east and south-east (BSW), BHW, BNW, BHN,
BNE. BSE) are defined similarly to the barrier height in the
south direction. (Figs. A.5, A.6, A.7, A.8, A.9

and A.10).

Distance to the Great Lakes in south direction

(DLS) defined as the distance from the Great Lakes in the



12:13;
14,15,
16, &
17

18

19

20

21

south to the given square; actual values were
computed as weighted averages of the distances
to the gea of the given square and of two pairs

of adjacent squares on each side in a direction

perpendicular to that for which the value of the

distance is sought (stored in km. Fig. A.11)
Distance to Great Lakes in south-west, west, north-
west, north, north-east and south-east directions
(DSW, DL¥, DNW, DLN, DNE, and DSE), defined in a
similar manner as distance to the sea in the north
direction. (Figs. A.12, A.13, A.l4, A.15, Als

and Al7).

Shortest distance to the Great Lakes defined

as the shortest distance to one of the Great

Lakes independently of the direction (Figure A.18)
Longitude index (LON) defined as the co~ordinate

of the square in the west-east direction starting
from the most western column of the grid squares
{stored as the number of squares).

Latitude index (LAT) defined as a co-ordinate of
the square in the south-north direction starting
from the most southern line of squares (stored as
the mumber of sguares).

Area of of small lakes (ALA) defined as the area
of small lakes (excluding the Great Lakes)
ineluded in a given square (stored as square kilor

meters x4; Fig. A.19.)



22 Area of bogs gnd swamps (ABS) dc?ined_previously as the
area covered by swamps, marshes, and bogs in the
(stored as square kilometers x4; Fig. A.20).

23 Area of forest definéd as the area covered by
forést in the grid sguare (stored as square
kilometers =x=4; Fig. A.21)

24 Built-up land area index (ABL) defined as the
areas covered by urban and large rural centers

ih the square (as shcwn on the 1:250,000 map)
(stored as square kilometers x4; Fié. A.,22)

25 Number of small dams in a sguare (NSD) defined

as the number of small retention dams (with a
- retention volume of less than 100 acre f£t.)
stored -as a number (Fig. A.23)

26 Permeability index (PIN) defined as a weighted
average of soil indexes; the soil indexes are based
on the ranking of the soils in order of increasing
permeability as defined by Chapman and Putnam
(1960). (Fig. A.24).

Note that in the case of other areas of Canada

other terrain characteristics (such as shield effect, re-

gional - slope, area of glaciers, etc.,)were added. The

definition of these additional factors is given by Solomon

(1972a) . .

The climatic characteristics used in the study were
long=-term mean precipitation, temperature, and actual

evaporation. (Figures A.25, A.26 and A.27).



Temperature values were obtained directly from a
correlation between temperature data at meteoro-
logical stations and terrain characteristics. Precipi-
tation and actual evaporation data were obtained through
an iterative process in which these characteristics

were considered to be interdependent with the runoff

.(Section 4.2.1c)
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APPENDIX B

Saare Grid Definition of Runoif

in Southern Ontario.

To illustrate further the technique for inter-
polation of runoff data by the square grid tech-
nique (Sub-Section 4.1.2.c), we give in this
Appendix some details on the results obtained in
applying the technigue to Southern Ontario.

Table B-1 shows the results of the regression
equation obtained after the final analysis. The
table gives the regression constant, the regression
coefficients and their standard error, the standard
error of the dependent variable (in inches) and
the correlation coefficient. Table B-2 presents
a comparison between the measured (actual) and
estimated (predicted) runoff data and their ratio
for the 33 river basins used as the calibration
sample. Table B-3 gives the same data for the 13
river basins used as the validation sample. Figure
B-la presents the sguare grid distribution of the
runoff obtained from the regression equation defined
in Table B. 1 and Figure B-1b, the runoff distri-
bution as determined using the isoline (isorhets)

Technique (Coulson, 1967).
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STATION NQe

A T e W ST N S SFD A A

74
75
76
77
78
79
80
81
8e
83
84
65
86
87
g8
89
S0
21
92
$3
94
e5
96
97
98
99
100
101
102
103
L04
105
106

TABLE B-2 :

ACTULAL
17260
1751
1684
14087
1569
12.08
12043
11,68
12,83
1277
1195
12019

G998
12.06
14,05
1547
13633
12049
1457
11.08
1178

8098
11,80
1093

Q066

Y272
12,03
10045
11,91
1067

Qe 83

Te2l

867

, ==RUNOFF { INCHES ) ==
PREDICTED (ACTo/PREDs)

1727
16039
16074
15073
15050
12:69
13,03
12,08
1488
1196
11.64
1207
1134
12655
1272
132,07
12,91
12:29
13.78
1151
1180
10.84
10669
10091
11071

9e72
1085

930
1096
10039
11,54

2661

Be69Y

1018
1,068
1,005
0o944
1,011
1014
06953
02966
0229
1067
1:025
1009
0e879
0:960
10104
10183
le032
i¢015
12056
00961
00997
0.828
1103
1,001

- Deb24

06999
1107
1123
10086
1026
Qo851
0e750
00997

STATION
02FAOQ1
02FBUO7
02FCO01
V2FCUll
02FELQS
02FF00<Z
02FF003
02GA01L0
V2GAU0LY
02GA02Y
02GB0O0E
V2GHBOUY
02GB010
02CC0I0
02GL004S

02GDO0Y

0e&hbolo
02601
02Gho1ls
U2GEUVUV3
V2GG0V2
02GG00%
02HAQUL
U2HAOQT
02HBOO1
02HBOO4
02HBOOS
02HC0US
02HCO06
02HCO13
02HCU1E
02HCULZZ
02HCU23

SAUBLE RIVER AT SAUBLE FALLS
SYDENHAM RIVER HWEAR OWEN SQUND
SAUGEEN ReNEAR PORT ELGINIBELOUW 2FC2)
CARRICK CREEK NEAR CAKLSRUHRE
MAITLAND RIVER ABOVE WINGHAM
AUSABLE RIVER NEAR SPRINGBANK
PARKHILL CHREEK NEAR PARKHILL

NITHH ReNEAR CANnINGIBELOW 02GAQL18)
CONRESTOGO RIVER AT DRAYTOMN

ERAMOSA RIVER ABUVE GUELPH

HORNER CRK NEARK MOUNT VERNUNIBELOWw <£Gu
KENNY CReER NEAR BURFURVD

MCKERZIE CREEKR HEAR CALEDONIA

BI1G OTTER CREEK AT TILLSONBURG
MIDDLE THAMES ®RIVER AT THAMLSFOKD
TROUT CREEK NEAR STeMARY'S

FISH CREEK REAKR PROSPECT nlILL
THAMES RIVER AT wQOUSTOCK

AVON RIVER BELOW STRATFORD

THAMES ReAT THAMESVILLE{BELOW U2CGEVV2)
SYDENHAM RIVER AT ALVISTON

BEAR CKREEK ABOVE wILKESPORT
TWENTY siliit CREEKR AT BALLS FALLS
WELLAND KIVER AT MERRITTS CHURCH
CREVDIT RIVER NEAR CATARACT

EAST OAKVILLE CREEK NEAR OMAGH
wEST CKRELIT RIVER AT NOKVAL

DON RIVER AT YORK MILLS

DUFFIN CikeER AT PICKERING
HIGHLANWD CKReiK nNEAR WEST oflLL
LYinDE CREEK AT whlTeY

KOUGE KIVER HNEAR MARKHAM

COLL CREER nEAR BOLTO:

COMPARISON BETWEEN MEASURED (ACTUAL ) AND ESTIMATED (PREDICTED) RUNOFF FOR

THE CALIBRATION SAMPLE (RUNOCFF ESTIMATES FROM CORRELATION - SQUARE CRID
TECHNIQUE)

(vl
i
w



==RUNCFF ( INCHES ) ==

TATION NOo ACTUAL PREDICTED (ACTo/PREDs] STATION

3 16461 150,06 10102 02FC002 SAUGEEN RIVER NEAR WALKERTON

4 1599 1537 lell2 02FECO04 MAITLAND RIVER NEAR DONNYEBROOK

7 11077 1276 0923 02GA003 GRAND RIVER AT GALT

8 1126 1196 0e941 02GAVL1S SPEED RIVER BELOW GUELPH

11 12022 12068 00963 02GBO0L GRANDL RIVER AT BRANDFORD

15 12092 13025 0:974 02GD003 NORTH THAMES RIVER BELOW FANSHAWEDA
¥ 1400 1324 1057 02GDCOT NORTH THAMES RIVER AT LONDON
2% 1064 10650 10012 02HBO02 CREDLIT RIVER AT ERINDALE

25 8084 8090 00993 02HC002 ETOBICUKE CREEK NEAR SUMMERVILLE
26 821 907 0904 02HCO03 HUMBER RIVER AT WESTON
27 1006 9eb4l 1,068 02HCOO04 LITTLE DON RIVER NEAR LANSING

29 12647 1316 00947 02GD001 THAMES RIVER NEAR EALING

30 13.16 12091 1.018 02GC004 BIG OTTER CREEK NEAR VIENNA

TABLE B-3 : COMPARISON BETWEEN MEASURED (ACTUAL) AND ESTIMATED

(PREDICTED ) RUNOFF FOR THE VALIDATION SAMPLE (RUNOFF
ESTIMATES FROM CORRELATION - SQUARE GRID TECHNIQUE )
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