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FOR E W0 R D

Until the 1960s, hydrologicol network design had received little attention
by the hydrologicol community. It was mainly through the activities of the World
Meteorological Organization that concepts for designing hydrological networks were
developed. Subsequently, WMO published 65 case studies on specific aspects of hydrological network design practice carried out from 1977 to 1981. Over the past few
years some advance has been made towards a full-scale design of hydrological networks
of observing stations which would incorporate the needs and the ultimate uses and
effects of the data, in spite of the complexity of the subject and its interaction
with all aspects of planning, design and operation of water-resources projects.
In view of the importance of advances in techniques to those who are engaged
in establishing and extending hydrological networks, the WMO Commission for Hydrology
(CHy) decided to have a report prepared on recent developments in the theory ond techniques of hydrological network design and requested Mr. M. E. Moss (U.S.A.) as its
Rapporteur on Network Design and Evaluotion to undertake this task.
It is with great pleasure that I express the gratitude of WMO to Mr. M. E. Moss
for this timely and voluable contribution to the WMO Operational Hydrology Programme.

A.C. Wiin-Nielsen
Secretary-General

SUMMARY

It is only since the late 1960s that important advances have been made in
the theary and practice of hydrological network design. The philosophy of operationally and technologically co-ordinated networks encompasses the complex interaction
of design factors such as the use of hydrological data in the planning, design and
operation of water-resources projects, and the cost-effectiveness of the information.
The concept of an optimum network - the ideal situation - is adapted to achieve a
realistic sub-optimum network design based on surrogate measures, objectives and
criteria. The decision theory which supports the hydrological data network is then
developed on the basis of socio-economic analysis, theories of probability, sompling
and optimization, correlation, regression and Bayesian analysis, all of which constitute the various building blocks of network design. A description of vorious
specific techniques which are available for network design is included. Finally, some
ideas on future directions in hydrological network design are briefly outlined.

RESUME

C'est seulement depuis la fin des annees 1960 que d'importants progres ont
realises dans la planification des reseaux hydrologiques, sous ses aspects theorique et pratique. La notion de reseaux coordonnes sur les plans de l'exploitation
et de la technologie englobe des interactians complexes de facteurs de conception tels
que l'utilisation de donnees hydrologiques pour la planification, la mise au point et
I'execution de projets de mise en valeur des res sources en eau et le rapport coOtefficacite de l'information. Le concept de reseau optimal - le reseau ideal - est
reduit a une conception realiste dlun reseau sous-optimal fonde sur des mesures, des
objectifs et des cri teres de substitution. La theorie de decision qui etaye le
reseau de donnees hydrologiques est ensuite developpee compte tenu de differents criteres - analyse socio-economique, theorie de probabilite, echantillonnage et optimalisation, correlation, regression et analyse de Bayes - qui constituent taus ensemble
les divers ~lements structuraux de planification des reseaux. L'ouvrage donne ensuite
une description de plusieurs techniques specifiques utilisables pour ladite planification. Enfin, il emet quelques idees generales quant aux orientations futures de la
planification des reseaux hydrologiques.
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RESUMEN
Fue 6nicamente a partir de finales de la decada de 1960, cuanda se empezaran a realizar impartantes pragresas en el sec tar de la hidralogia y la practica de
la planificaci6n de redes hidro16gicas. La noci6n de redes coordinadas, desdeelpunto de vista de su explotacian y tecnologio, encierra interocciones complejas defactores de concepci6n tales como la utilizaci6n de datos hidro16gicos con fines de planificocion, la elaboracion y ejecucion de proyectos relativos a recursos hidricos, y
la rentabilidad de la informaci6n. El concepto de red 6ptima - la red ideal - se reduce a una concepci6n realista de una red sub6ptima fundada en medidas, objetivos y
criterios de sustituci6n. La teorIa de decisi6n que sirve de apoyo a la red de datas hidrolagicos se desarralla seguidamente, teniendo presente el analisis socioeconamica, las teaTias de probabilidad, el muestreo y la optimizacian, la correlacian,
la regresion y el analisis de Bayes que constituyen, en su conjunto, 105 diversos
elementos estructurales de la planificaci6n de las redes. En esta publicaci6n se exponen las diversas tecnicas especificas utilizables para la referida planificaci6n~
Por ultimo, se dan algunas ideas generales sabre las orientaciones futures en materia de planificaci6n de las redes hidro16gicas.

1.

INTRODUCTION

During the 1960s and 70s, the term network design was used frequently by
the hydrological community. A symposium and a workshop were organized on this topic,
and related publications include the proceedings of these meetings, WMO/IHD Report
No. 12 "Hydrological network design - Needs, problems and approaches", the WMO Casebook on hydrological network design practice, and a myriad of papers in the hydrological journals. Yet how far have we came since Rodda (1969) indicated that hydrological network design has " ••• been largely neglected and even ignored"? Concepts for
rationally designing certain types of networks have been formulated and a few quantitative techniques have been developed which enable some aspects to be implemented.
However, so far no full-scale design of a hydrolagical data network has been accomplished which takes into account the ultimate effects of the data. Thus a flood of
interest has resulted in only minimal accomplishment.
The paucity of success can be attributed partially to the degree of difficulty
of the subject. Network design is perhaps the mose complex facet of hydrological
engineering. For example, it is much easier to build a hydrological model and calibrate it with whatever data are available than it is to formulate the model and then
extrapolate its data requirements far solving a particular problem. The fact that the
ultimate use of the data must be considered is a complicating factor. Use implies a
greater set of interactions than hydralogy alone. The planning, engineering, and
economics aspects which avail themselves of the data must be considered in a rational
design philosophy. Furthermore, it may be difficult to anticipate the uses to which
the data will be put at the time of carrying out the network design, and the network
designer usually takes decisions in the face of uncertainty.
A major consideration in designing a data collection network is the definition
of what the network itself constitutes. The fact that there is no unique definition
is lucidly described by Rodda (1969). Generally, the definition used by an institution
is reflected in the method it devises for categorizing its various netwarks. Basically
there are four factors according to which networks are categorized:
(a) Hydrological phenomenon ar process - for example, precipitation, streamflow, or water quality;
(b) Geographical scope - for example, national, regianal or project level;
(c) Level of water resources development - for example, virgin, transition,
or fully developed; and
(d) Intended use of the data - for example, water resources planning, policy
evaluation, or project design or operation.
Frequently these factors are combined to form joint categories, for example a national
water-quality monitoring network. Problems frequently arise because of the indiscriminate amalgamation·of many data uses into a single category and thus into a single
network. A national water-quality monitoring network will provide data which will be
used for many types of decisions. Each decision will have its own special requirements for types and accuracies of data. Therefore it is extremely difficult to specify general criteria for the type, accuracy, frequency and location of measurements
which comprise such a network.
On the other hand if a network is defined as any set of data collection activities which produce information relevant to a single decision process, the specification

- 2 of the design criteria for the network becomes a more straightforward exercise. However, if a use-related definition is accepted, any particular data-collection site or

activity must be available for inclusion in more than one network. Any data set may
have mare than one use. Multiple classification of a data site clearly demonstrates
the interactions that exist between different data networks.
Although interactions between netwarks are a complicating factor in the development of network analysis and design procedures, such interactions provide the de-

signer with the opportunity of taking advantage of other data sources. Existing data
sets from another network may provide some infarmation about the phenomena that are
to be measured by the network that is being designed; for example, precipitation
records may yield an insight into the frequency and magnitude characteristics of the
stream flow of a river system which is to be gauged. The information gained from the
precipitation data will lead to a better specification of the number of stream gauges,
their locations, and their true operating characteristics. In addition to the benefits
that accrue during the design phase of the network, a well-conceived design of the
network will frequently enable the precipitation gauges to be incorporated into the
streamflow data network and thereby decrease the cost or increase the' amount of information generated throughout the life of the network. In order to take advantage of
the benefits of interaction, a mechanism far co-ordination both among and within the
various networks must exist.

2.

THE CO-ORDINATION OF NETWORKS

The co-ordination of data networks can be divided into two levels of activity.
The first, which can be termed operational co-ordination, is the cataloguing and combining of the data bases obtained from the various hydrological networks. Operational
co-ordination may be accomplished on an ad hoc basis or it may be the continuous activity of a 'body made up of repre~entati~s~ the major data collectors and users,
as is the practice in the United States of America, where the Office of Water Data
Coordination of the U.S. Geological Survey provides the organizational structure for
such functions (Kapinos and others, 1978). Through operational co-ordination the
duplication of effort can be eliminated and, with an inventory of data needs, unfulfilled requirements for hydrological information can be identified. The shortcoming
is that it may not produce an integrated plan for remedying flaws. The technology
required to develop such a plan would need .to account for the interactions and tradeoffs which are possible between the various components gauged by the networks and between the temporal and spatial intensities of data collection.
Technological co-ordination is the use of an integrated network technology to
achieve the optimal allocation of responsibilities between the data collectors. Technological co-ordination implies the existence of incentives which will induce the data
collectors to produce their allotted data once its scope has been defined.
As an example of the potential of technological co-ordination consider a hydrolagically homogeneous region in which a regression analysis is to be used for streamflow information transfer. Stream flow statistics, .such as the mean annual discharge,
are to be regressed against the climatic and physiographic characteristics of the
drainage basins, for example drainage area, slope and average annual precipitation.

The data from existing stream gauges are used to estimate the streamflow statistics
which are the dependent variable in the regression. The climatic voriables, used as
independent variables, are estimated from maps which have been derived from the data
from existing climatic stations and thus they contain the time-sampling errors and
spatial deficiencies of the existing climatological networks. These errors in the
climatological variables limit the utility of the regressian analysis as an estimator
of streamflow characteristics in the region. The utility of the regression analysis
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is also limited by similar errors in the dependent (streamflow) variables. Thus, it
is preferable to increase the regional information on streamflow by collecting additional streamflow data, additional climatic data, or both. Technological co-ordination
between the streamflow network and the climatic network would define the optimal mix of
data from each. However, the collection of climatic data is usually far less expensive
than the collection of streamflow data. Thus, if the climatic data contain significant
information about streamflow and if the regression analysis is an efficient means of
extracting that information, substantial savings can be made by substituting climatic
data for streamflow data.
It is interesting to note that, although operational co-ordination is not
sufficient in itself as a data-management mechanism, its existence is one of the prime
requirements of technological co-ordination; integration of the components cannot be
accomplished without knowledge of the current status and future plans of each data
collector and user.
3.

THE PHILOSOPHY OF NETWORK DESIGN

The World Meteorological Organization describes hydrological network design
in the WMO Guide to hydrological practices (WMO, 1974) as an evolutionary process in
which a minimum coverage (minimum network) is established early in the development of
an area and the network is then upgraded periodically until an optimum network is attained. The Guide uses gauge-density criteria based on broad definitions of the hydrological, climatic, and topographical regions which are to be gauged to define an acceptable minimum network. These criteria have been based on experience by the world's
hydrological community and attempt to define the level of data collection which "
will avoid serious deficiencies in developing and managing water resources on a scale
commensurate with the overall level of economic development of the country".

On the other hand, no specific guidelines for what constitutes an optimum network are provided in the Guide. However, in chapter three, it is stated that "the
aim of a network is to provide a density and distribution of stations in 0 region such
that, by interpolation between data sets at different stations, it will be possible to
determine with sufficient accuracy for practical purposes the characteristics of the
basic hydrological and meteorological elements anywhere in the region". The key
phrase in this statement has to be "with sufficient accuracy for practical purposes"
for, if one can define "sufficient accuracy", it becomes feasible to design an optimum
network by means of an objective, quantitative procedure. The Guide gives further
insight into the meaning of this phrase when it states: "Since economic as well as
technical considerations are involved in the design and development of networks, the
number of stations requiring observations over an indefinitely long period cannot be
excessive". Thus it would seem that" sufficient accuracy" is a function of the cost
of obtaining that accuracy.
Wiener (1972, p. 160) introduced the term, optimal information range, and
defined it as "The amount of information whose collection and analysis is economically
justifiable for a specific decision •••• t~ He also coined the term, minimum information
threshold, which is "the minimum amount of information required to make a planning
decision". It would seem that more is implied by this latter term than its definition
actually states, for a planning decision can be made with almost a complete lack of
information. Nevertheless, in such a case it is more feasible to obtain additional
information before making subsequent (developmental) planning decisions. Minimum
information threshold seems to imply that a good developmental decision can be made
without collecting additional information. The feasibility of the decision is often
expressed in terms of its expected economic effect. If the information is generated
by a hydrological data network, optimal information range and minimum information

- 4 threshold optly describe WMO's optimum ond mlnlmum networks, respectively. Thus there
is a strong implication that, given the information available, the economic optimum is
achieved at either extreme of network design.
However, Langbein (1979) suggests that, just as political leaders aim to
obtain a consensus of opinion in decision making, the agreement of the ~ajor~ty is
frequently considered in the design of a data network. A controversial decision with
maximum returns may be overruled by a decision to accept a lesser return from an action
which is more broadly endorsed. This philosophy has manifested itself in "the more
data the better" attitude. Hydrological data collection has often been carried out
beyond an economically optimum extent because of the controversial decision required
to terminate the records. The cost of collecting the data and the opportunities forgone by making better use of the data-collection resources have deferred to. the consensus attitude.
Another political aspect is that of acceptability by the user. When criteria
for acceptability are available to a decision maker, the funding of a new datacollection activity may depend solely on whether the activity complies with these
criteria. The- decision maker's complete reliance on what may be no more than an arbitrary set of guidelines is perhaps an expression of inability to deal with the matter
in a more substantive way, a statement of lack of interest in the data problem, or it
may be a strategy for reaching agreement with those who employ the criteria. In any
case, the criteria result in a set of constraints imposed on the network as opposed

to being a set of guidelines for its development. In using WMO's criteria for a minimum network, the designer must be aware of the acceptability aspect and its possible
effect of prematurely limiting the expansion of a network.
Whereas the goals are rather braad statements of the accomplishments anticipated from the establishment of a network, specific statements of objectives, frequently in mathematical terms, provide criteria for choosing between possible designs.

For example, if the goal of a particular network is to provide data for the. economic
development of an area, the objective of that network might be to collect data which
maximize the net economic returns.- In other words, maximization of the net benefits

attributable to the data is what is desired of the network.
The network designer is not usually in a position to influence the goals which
are established for a network. At best, the goals will be relayed to the designer to
be translated into a set of quantitative objectives. The effectiveness of the resulting data in realizing the goal is the true measure of the value of the network. If
the net effectiveness is maximized, the designer has provided an optimum network
design.
At the other extreme, as discussed earlier, the goals may result in a set of
self-fulfilling objectives which can be interpreted by the designer as constraints.
The designer may then have the freedom to specify his own objectives for the network
and to optimize the design accordingly within the imposed constraints. The network
designer usually has a technical background which leads to the consideration of the
efficiency of the data collection as opposed to the effectiveness of the data
collected. Such consideration results in objectives which lead to sub-optimal networks, discussed in more detail below.

4.

THE VALUE OF THE DATA

As was implied earlier, .for hydrological data to be of value they must be
used in at least one of the many aspects of water-resources decision making. Furthermore, they must have an impact on the decision that is made. If the data are used

- 5 only in an ancillary manner and do not actually effect the decision, then they are
superfluous. The true measure of the effect of the data is the difference in the
results between a set of decisions made using the data and the same decisions made
without the benefit of the data. Obviously if the data are misused and the decisions
result in 0 worsening of conditions over those that would have existed without the
data, they would have a negative value (Moss and athers, 1978). Thus the value of
the data is not only a function of their uses, but also of the context in which they
will be used. Invariably, hydrological data are used to estimate one or more characteristics of a hydrological process such as the yield of a stream for water-supply or
energy source, or its assimilative capacity for certain wastes, or its pOTential for
flood damage. In the absence of data such estimates are usually derived by hydrologi~
cal engineering assessments. When data exist, it is theoretically possible to combine
them with the engineering assessment to arrive at a better specification of the characteri~tics. Hawever, when data are few or are of doubtful validity, the engineering
assessment will frequently dominate to the point where the dota have no effect on the
ensuing decision and thus have no value. Their existence does not guarantee their
use; there is also often 0 threshald of data availobility which must be reached before
their value can be realized.
In order to assess the precise value of a dato set, one would hove to know the
current descriptions of the hydrological characteristics of interest, their descriptions following the collection of the data, and the true characteristics. If a measure af the value of the data is to be of any use in the design af the data network,
it must be available before the network is designed and the data are collected. However, only the current description is available at a given time, and the other two
parts of the analysis must be estimated, which results in a degree of uncertainty
in the final evaluation. However, statistical decision theory provides a mathematical
framework which has been applied successfully in dealing with this particular problem
(Davis and Dvoranchik, 1971).
To date, generally applicable techniques for defining the value of data are
not available to the network designer. However, a brief discussion of the various
roles which hydrological data play in decision making and attempts to evaluate these
roles may serve as a focal point ·far the designer in studying the effectiveness of a
particular series of feasible networks. Dawdy (1979) has reviewed this subject in
greater detail than is provided here.
4.1

Planning for water-resources development

In the planning stage of water-resources development, hydrological data are
used to obtain preliminary estimates of the yields from the various hydrological components available for development. The data may also be used to identify hydrological
characteristics which are relevant in describing the costs incurred in developing the
water resources. As the yields and the costs are uncertain there is a risk that the
development plan selected will not necessarily be the best. For example, uncertainty
in the cost figures may result in the selection of a plan which actually costs more
than another plan which would accomplish the same ends, or uncertainty in the yields
may cause a supply to be developed which either exceeds or does not meet the actual
requirements. Collection of additional hydrological data can reduce these uncertainties and thus reduce their harmful effects. The value of the data is equivalent to
the expected reduction.
In choosing between plans, the need for information about the individual hydrological canponents is not as great as it will be in the later stages of the development. Planning decisions are usually not as irreversible as later decisions, and the
net effect of the decisions is not as sensitive to the available level of data. This
can be illustrated by looking at two extremes of a planning decision: (1) If two

- 6 plans which address water-resources developments are drastically different in their
yields and costs, it will necessitate few data to discern their differences; but
(2) If the companents af the plans are very similar in their casts and yields, it
makes little difference which plan is chosen and thus there is not much need for doto
in the plonning-decisian process. In the above discussion it must be remembered that
"few" and "not much" are relative terms - relative to data demands of decisions sub-

sequent to the planning stage.
Although the need for planning data at an individual site may not be great,
regional plans frequently involve the comparison of many alternative sources of
water. Each source has its own information needs, and thus the aggregate demand for

data may be substantial. Often the planning needs for information can be met by a
regionalization scheme in which data are not collected at each individual site. Information is transferred from the gauged points to the ungauged points where information is needed. By this mechanism, the value of the data at a particular site is
increased above that which could be attributed to meeting its at-site demands for
information alone.

Formal assessment of the value 0f hydrological data in planning is conceptually
feasible if the planner's decision process can be defined quantitatively. However, the
problems involved due to the number of variables which must be considered in practice
have precluded doing so to date (Moss, 1976).
4.2

The design of water-resources projects

With the finalization of the plan for development of the water resources af a
region, individual projects can be delineated and their needs for hydrological design
data can be identified. Long-term planning provides a time span between the identification of the project and time at which it must be designed. In practically all
instances this time can be used advantageously ta collect hydrological data for the
improvement of the project design. In fact, one of the major benefits of lang-term
planning is the provision af lead time for additional data callection.
The value of the data is derived from the improvements in design. Commonly
project designers faced with uncertainties will aver-design a project in order to
mitigate the effects of uncertainties. Such 0 safety-margin approach to design results in increased costs. The collection of hydrological data reduces the hydrological
uncertainties which the designer must consider, and the safety margin con thereby be
reduced. Reduced safety margins result in a reduction in project costs, which constitutes 0 significant part of the value of the hydrological data. Basso (1972) used
the concept of reducing the safety margin to evaluate streamflow data which were used
in the design of a reservoir.
In spite of the use of safety margins, occasionally the uncertainty is underestimated and a project will be designed which does not provide full use of the water
resource. In such a case the benefits which might be foregone by under-development
of the resource are potential benefits which could be recovered by collecting additional hydrological data. Dawdy and others (1970) consider the possibility of underdesign, as well as over-design, as contributors to the value of streomflow data in
reservoir design.

Statistical decision theory has been used by Davis and others (1972) and by
Attanasi and Karlinger (1979) ta measure the value of flood data in both structural
and non-structural approaches to mitigating flood damage.
A general conclusion from the value-of-data studies performed ta date is that,
in relation to planning needs, the design needs for data are concentrated and in ten-
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at the design stage than they were at the planning stage. However, the incremental
value of design data decreases as more data are collected.
4e3

The operation of water-resources projects

Hydrological data are used in two separate, but related, aspects of project
operations. Firstly, historical data are used to develop the rules by which a project
will be operated on a day-to-day or even hour-to-hour basis and, secondly, current
data are used as input to the operating rules. For example, let us suppose that a
reservoir is to be operated jointly for electrical power generation and for flood control. The availabili ty of his torical data permi ts 5 tudies to be made of optimum release patterns from the reservoir where the releases may be a function of the reservoir contents and the current streamflow into the reservoir. With the availability of
longer historical records, a wider range of experiences can be examined and a wiser
choice of the amount of water to release can be made. Improvement in the decision rule
is a measure of the value of the historical dota. However, for the historical data
to attain their full potential value, the current data must be collected; otherwise,
the well-defined operating rule is unuseable. Conversely, the value that can be attributed to the current data is also conditioned by the utility of the operating rule.
As the utility of the operating rule was controlled by the avoilobili ty of the historical data, part of the value of the current data is derived from the historical
data. Such interoctions illustrate once again the difficulties of network design.
Few examples of the value of data in an operational setting exist. Among
these are studies on the value of flood-forecasting data by Basso (1976) and Jettmar
and others (1979).
5.

THE COSTS OF OPERATION

Neither information nor the data from which it is derived are obtained freeof-charge. Someone must absorb the costs of their generation. Frequently the data
collectors and providers are governmental bodies which derive their operating funds
from sources other than the eventual data users. In such cases the data user is under
the impression that the data are essentially obtained free-of-charge and this attitude
has probably contributed significantly to the "more data the better" syndrome mentioned
earlier. In the end, however, the costs are extracted from one or more sectors of
society.

Frequently different parts of the total cost are absorbed by different sectors
of the population. For example, in the United States, it is possible that the major
part of the data used in planning a water-resources development might be collected by
the U.S. Geological Survey using federal tax funds. Subsequent design data might be
collected by the same federal agency, but with half of the funding coming from state
taxes in the area where the project is to be built. Finally, the operational data
might be collected by the project personnel, who are paid directly by those who benefit
from the project.
The discussion 50 far relates only to the actual costs of collecting and
processing the data. There is often a higher cost which falls more heavily on those
who benefit from the development; that is the cost of delaying the development so that
sufficient data can be collected. The benefits which could have accrued from the prcjects during the delay period are costs which must be credited to the collection of
the data. Moss (1970) has shown how these costs of benefits forgone can be accounted
for in analysing a data-collection programme.
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Another by no means trivial cost is that of analysing and designing the data
network, itself. As can be gathered from previous discussions, network design has
not yet advanced to the point of being a routine procedure. Much analysis, interpretation, and understanding of the hydrological and sociological setting·of the network is required to ensure that the information generated will be effective in meeting
the goal of the data-collection activity. The costs of these activities are not so
much those incurred by manpower and computer requirements, but are weighted towards
the costs of benefits forgone while these activities are taking place.
6.

DESIGNING OPTIMUM NETWORKS - THE IDEAL WORLD

Describing the steps which are required to design an optimum network is not
a difficult task. The difficulty arises in the execution of these steps, for each is
fraught with many complexities. Thus the optimum network is a target which in practice
is impossible to attain. Nevertheless, the concept of on optimum network serves a
useful purpose; understanding its framework provides the designer with a basis for
judging the surrogates and approximations that are necessary to arrive at a practical

solution to the design problem.
As was indicated earlier, the initial step in designing an optimum network is
the translation of the goals that are set for the network into specific objectives.
It is re-emphasized here that the objectives must provide a measure of the network's
accomplishment in reaching the goals. The measure of accomplishment is maximized by
the design procedure, thereby providing the sense of optimality.
Frequently, the goals are so multi-faceted that no single objective can describe all of their aspects. More than one objective is required in such cases and
it is very unlikely that each of the objectives will be optimized by the same network.
Thus the different objectives will be competing for the data-collection resources. To
illustrate the multi-objective situation, assume that a network is needed to provide
information for the development of an industrial complex in a region which has not yet
undergone improvement. Development will require information about the potential for
municipal and industrial water supply and also about the potential hazards of flooding.
One objective of the network might be to collect data which maximize the expected net
benefits to be derived from the development. A second objective could be to collect
data which would minimize the loss of property and lives caused by flooding. The
flood-hazard data can be obtained either from crest gauges or from fully equipped.
stream-gauging stations, while water-supply data can be obtained only from the latter.
If the water~supply objective is ignored, the flood-hazard objective of the data network is optimized by means of installing crest gauges only, because they cost substontially less than fully equipped stations. However, the crest gauges provide little
or no information about the water supply. Installation of streamflow stations to meet
this objective may entail financial burdens which will cause a reduction in the number
of crest gauges. If so, then both objectives cannot be optimized simultaneously. The
solution of the multi-objective dilemma is usually derived by means of someone's subjective evaluation of the relative merits or weights of each of the individual objectives.

The second step towards optimum design is to define the conditions which will
limit the available resources for data collection. These limiting conditions are
known as constraints.

There are three obvious types of constraints:

time, money,

and personnel. Often the lead times provided by a plan for water-resources development define the temporal constraints on data collection. The plan calls for certain
decisions to be made at certain times. The data which affect those decisions must be
collected before the decisions are made, otherwise the decision must be delayed or
made without the benefit of the data.

- 9 Financial constraints, usually imposed by the government or agency sponsoring
the data collection, may limit the number and types of instruments and other equipment used. They may also limit the quality and quantity of the people who collect the
data.
Personnel may be limited not only by a lack of financial inducement, but there
may·also be a limited supply of technically trained personnel. The personnel available
to run the network may not possess certain key skills, or those who do may be of a
limited number. Technological constraints include the supply and standard of equipmenti there are some situations, for example gauging the discharge in estuaries and

precipitation in mountainous settings, where readily available equipment may not provide the accuracy required of the data to generate sufficient information about the
phenomena of interest.
Political conditions, both national and international, may also contribute
towards limiting the network's extent. Streams flowing across a political boundary
are a case in point. The downstream political entity may be very desirous of data in
the upstream area of influence. Such data may nat be available.
The third step in optimum design is to enumerate the various feasible alternatives, that is, the networks which are within the limits of the constraints and
will contribute towards the stated goal. The specifications for each cansist of:
(a) The number of sites at which data are to be collected;
(b) Their locations;
(c) The types of data which are to be collected ot each site;
(d) The frequency and duration of collection of each data type at each site;
and

(e) The equipment and techniques which will be used to collect the data.
From this list of specifications arid the possible ranges for each, it would seem that
a complete enumeration of all feasible networks wauld be an impossible task. A representative sample from each dimension of the network is usually sufficient to provide
an optimum solution.

Each alternative is evaluated as a measure of the objective function. If
there is only one objective, the projects can be ranked according to their measure,
and the optimum selected. On the other hand, for multiple objectives, the optimization
step is not as easy. There may be some networks which are dominated by others in each
of the objective measures. The former can then be eliminated from further consideration, while the optimum choice between the remaining un dominated networks will be made
on a subjective basis. Although the choice must be made subjectively, the trade-offs
among the different objectives are apparent to the decision maker in that he is aware
of what must be forfeited in order to improve anyone of the objectives.
The complete performance of each of the above steps has not been accomplished
in any single study of a hydrological data network. In practice, various deviations
from this path are required. These deviations lead to sub-optimum networks, described
in the following section.
7.

SUB-OPTIMUM DESIGN - THE REAL WORLD
As described in the previous section, the steps leading to the design of an

- 10 optimum network are complex. The complexity is so great that one reason why an
optimum design has not been achieved is that the costs of doing so might well exceed
the benefits. Networks have tended to evolve with the aid of scientific and engineering assessments; only recently have objective analytical procedures been used either "to
modify existing networks or to define new ones. The new procedures permit the designer
to make more enlightened decisions but still do not permit the specificatian of the
true aptimum. Frequently the reason for this shortcoming is to be faund in the translation of the goal to the objective. Perhaps the goal cannot be stated quantitatively
as is desired of an objective; or perhaps if it can, the resulting measure is either
impossible ar too costly to evaluate. In light of such difficulties, the developers
of network-design procedures have provided means of specifying so-called sub-optimum
designs.

Sub-optimum design procedures substitute a tractable step in place of an
intractable one in the optimum-design framework in the hope that the substitution
will lead to an improved design. The substitutions can be made in several ways, as
described below.
7.1

Surrogate measures

The simplest sub-optimum procedure, and probably the one with the greatest
chance of being productive, is to formulate the optimum network strategy and then
substitute a tractable measure in place of an intractable one in the objective. The
surrogate measure should be related to the theoretically optimal measure in some
direct way. A common example of the surrogate measure is the use of information content for economic net benefits. If hydrological information is used rationally in the.
decision process, it seems likely that an increase in information will result in an
increase in the benefits derived from the decision. Thus maximization of information
is chosen in lieu of the more difficult task of maximizing economic returns.
Several words of warning should be made here. First, while information content continues to rise indefinitely as more data are collected, the net benefits
derived from the data do not. The cost of collecting additional data outweighs their
added value after a certain level of information has been attained. Thus maximization
of information may lead to an over-design of the network. Second, there is no guarantee that the data will be used in a rational manner in the decision process. Misuse
of the data can result in a negative economic impact, as pointed out by Moss and
others (1978). This fault will also result in over-design of the network.
7.2

Surrogate objectives

Another scheme for designing networks is the substitution of a more manageable
objective for one that is too unwieldly in "the optimum design. This is frequently the
case when a design is based on the minimization of the capital and operating costs of
the network, subject to the attainment of a prescribed level of accuracy Or information. Such a substitution relies on a prescribed level of accuracy in defining the
effectiveness of the information generated and optimizes the network on the basis of
the efficiency of the data collection proaramme. The minimum-cost approach thus
ignores the question of whether more or less information is desirable.
Maximum cost-effectiveness is another surrogate objective put forward recently
in hydrological literature (Ward and Vanderhold, 1973). Cost-effectiveness is the
ratio between the effect to be achieved, such as the generation of hydrological information, and the cost of causing that effect. Thus, if the proper measure of effect is
used, cost-effectiveness is a cost-benefit ratio. The major cause of sub-optimality
with the use of cost-effectiveness is that the measures of effect frequently used are
not true measures of the progress towards the goals.

- 11 An objective used by Bras and Rodriquez-Iturbe (1976a) is the minimization
of the weighted sum of the error of prediction that results from a data network and
the cost of the network. The weighting factor, which is a preselected value of the
relative worth of improved accuracy, is the key to the degree of sub-optimality that
this technique involves. If by chance the weight is close to that at the true
optimum, the resulting network will be similarly close to the optimum. If not, then
the results will not be as fortuitous.
7.3

Surrogate criteria

The process of designing a hydrological data network is often almost completely
unrelated to the principles of the optimum network. In such cases, criteria other than
those that might be derived from the goals of the network are used to specify the design variables. Frequently surrogate criteria result from a combination of a vagueness, or even a complete absence, of the stated goals and the ready availability of a
technique or set of guidelines which has the resulting criteria as its basis. In other
words, the availability of a technique becomes the controlling influence on the network as opposed to the data needs that the network is established to satisfy. Consequently, a network designer who takes the surrogate-criteria approach should be most
careful to ensure that the resulting network is compatible with the data needs.
A common form of surrogate criteria deals with the statistical nature of the
hydrological processes that are being gauged. For example, specification of a maximum
error of interpolation between or among gauged sites has been used by Van der Made
(1978). This criterion results in a maximum spacing between gauges and can be translated into a measure of areal density.
A statistical criterion which involves the opposite approach is that of measuring significant differences in the hydrological processes between two or more sites.
This criterion leads to a specification of the maximum density of stations, whereas
the error criterion leads to a definition of the minimum density. Lettenmaier (1975)
uses this approach to spacing water-quality monitors along a stream system. Karasev
(1968) uses both the criterion of error of interpolation and that of significant difference to define an upper and a lower limit for station densities. A more detailed
description of these techniques is provided in Section 9.
The above criteria have dealt with the question of how many stations are to
be included in the network. Another design problem is the location of the stations.
Geomorphological characteristics, that is the drainage patterns, have provided a means
by which streamflow-quantity and -quality stations can be located within the region of
interest. Sharp (1971) and Sanders and others (1976) have used this approach. The
U.S. Geological Survey has taken a purely geographical approach to defining both the
number of stations and their locations for their National Stream Quality Accounting
Network (Picke and Hawkinson, 1975). Hydrological, demogr~phic and other related
factors were used to sub-divide the United States into 352 accaunting units. Stations
are located within each unit so as to monitor 90 per cent of the discharge leaving
the unit.
Although the densities recommended by WMO for m'n1mum networks are based on
world-wide experience in developing water resources, they can be considered as surrogate criteria if they are used indiscriminately. This can be illustrated by an
example. Let us suppose that the water resources of a region are to be developed
and that regional regression analysis (Benson, 1972) is the intended means of transferring information from the gauged sites to the ungauged points of interest. The
gauge density which controls the amount of information generated by the network is the
number of stations used in each regression analysis; the areal density concept becomes
immaterial~
Thus if the WMO minimum network is used as a design criterion in such a
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an under-designed network for a small region. Here again, care must be exercised in

ensuring that the design criteria are compatible with the situation.
8.

THE BUILDING BLOCKS OF NETWORK DESIGN

As was implied in Section 6, there are several topics in addition to hydrology
which should be considered in designing a data network. If each topic is considered
as a basic unit or building block, the process of network design con be visualized
as a structure.

Figure 1 illustrates one version of an optimum network design; other

structures will be discussed subsequently.
Hydrology is the foundation of the network-design structure. As it is used
here, hydrology includes all the elements of the hydrological cycle; thus climatology,
meteorology and even fluvial geomorphology can all be read into its meaning. It makes
little sense to attempt to layout a network without some understanding of the physical setting in which the data will be collected. Out of physical necessity, networks
in arid regions will be operated differently from those in tropical rain forests; as
will a stream gauge on a sand-bed channel and one on a stable bed of rock. The majority of hydrological networks have been designed or have evolved under the control
of hydrologists. Therefore the hydrological backgound to the design is usually sound.
However, resting on this firm base are three topics which have not had the benefit of
broad historical interest throughout the hydrological community.
Socio-economic analysis is probably the least tangible component of the network design structure. Nevertheless, it is the key to defining and measuring the
contribution that the data make towards the solution of water-resources problems.
The hydrologist is not usually prepared either through training or experience to perform the kinds of analyses which are required to improve the socio-economic aspects
to a point where the network structure is balanced. Network design must ultimately
become an interdisciplinary, interactive process in which planners and economists

provide a substantial part of the background knowledge.
Optimization theory or operations research, as it is often called, is a com-

ponent which is frequently assumed to belong to the socio-economic sector. It is
defined separately here because sub-optimal design techniques often use it in isolation, i.e. out of any socio-economic context.

Operations research is composed'of

algorithms, such as dynamic and linear programming; which use the set of decision
variables (for example, the number of gauges and their frequency of observation) to
optimize an objective function (for example, minimize the error of estimation of an
areal precipitation volume for a storm). Each optimization algorithm has a welldefined set of requirements for the type of problems it can solve. In order to use
optimization theory, the designer should define his problem and locate the appropriate
algorithm. Failing that, the designer must then attempt a compromise by making simplifying assumptions in the specification of the problem to suit the requirements of
the technique available. The compromise requires considerable care on the part of
the analyst in order to ensure that the result is not "the right solution to the
wrong problem".
Probability theory is a basic element in network design. Although there has
been a long history of interest in hydrological research, there still remain large
areas of uncertainty. These areas are therefore best described in a probabilistic
manner.

The direct effect of data from the network is to alter the probabilistic
description of the phenomena of interest. For example, the so-called lOO-year flood
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is the hydrologist's way of expressing an estimate of the magnitude of flooding which
will be exceeded within 0 given year with only a one per cent probobility. If additional flood data are collected at the site where the estimate is applicable, the
hydrologist's estimate of the lOO-year flood will invariably change. The same statement can be made concerning any other hydrological parameter.
The hydrologist uses various statistical techniques to develop the required
probabilistic descriptions. These are found at the third level in Figure 1 and are
represented by the sampling-theory and the correlation and regressian blocks, but
anyone of several statistical pracedures or theories can be substituted in this
stratum. The substitutions may only be superficial (that is, no real change in the
analysis will result) or they may result in actual structural changes in the networkdesign scheme. Structural changes entail a major shift in the design philosaphy and
probably result in a very different network design. Examples of these two types of
substitutions are given at the end 'of this section.
Sampling theory attempts to quantify the differences which might be expected
in a parameter which is estimated repetitively from recurrent samples af data. For
example, the most widely used equation from sampling theary is

v-x = Vx

(1)

N

where Vx is the variance of the average of N randomly chosen observations of the
variable X, and Vx is the variance of all possible observatians of X. If Vx is large,
there is considerable variability in X; if Vx = 0, X is a constant. To illustrate a
use of Equatian 1 in hydrology, let us assume the X values represent the peak annual
.discharges at a stream gauge which h2s been in operation for N years. The average
af the N annual peaks is den£ted by X. If many samples of length N years were available at the gauge site, the X values would have a variance given by Equation 1. Thus
Equation 1 provides an estimate of how good the average of N floods might be in relation to the true average annual flood. As N gets larger, V- gets smaller which indicates that a longer record provides a better estimate of th~ average flood. In the
broader context of sampling theory, relations similar to Equation 1 are developed for
statistics other than the mean and for sampling techniques other than purely random
ones. Each relation provides a means of estimating the accuracy of the statistic as
a function of the record length. The utility of sampling theory in designing hydrological data networks derives from this ability to specify the expected increase in
accuracy obtained by extending records.
Correlation analysis is a statistical technique which attempts to measure the
feasibility of a linear relation between two or more variables. The magnitude of the
correlation coefficient provides the measure; a correlation of 1 or -1 indicates a
perfect linear relation, while a correlation of 0 indicates no linear relation. The
sign of the correlation coefficient specifies whether the relation is positive (that
is, the variables tend to increase or decrease together) or negative (as one variable
increases, the other usually decreases).
Hydrological correlations occur in various ways. One of the more commonly
encountered is a spacial correlation. For example, a stream gauge will often exhibit
a strong correlation with another stream gauge on the same stream or with a stream
gauge on an adjacent catchment. Many hydrological phenomena also exhibit a correlation 'over time; for example, because of the recessional characteristics of streamflow, a high discharge today is a good indication that there will be a high discharge
tomorrow on large catchments in humid regions. Correlations also exist between hydrological phenomena; high rainfall portends high streamflow.

- 15 Each of these types af hydrological correlation permits the network designer
to take advantage of information transfer and thereby avoid the collectian of redundant information. As was mentioned earlier, the existence of precipitation data may
reduce the requirements for stream gauges. A temporal or serial correlation can
result in a reduced frequency of measurement with little loss of accuracy, just as a
spatial correlation can facilitate a reduction in gauge density.
Regression analysis is closely related to correlation analysis, and the terms
are frequently incorrectly believed to be interchangeable. Regression analysis is
the process by which the parameters of a relation are determined; this is in contrast
to correlation analysis which evaluates the linear relation. Regression analysis is
nat limited to linear relations although it is frequently used in a linear context.
In hydrology, regression is used to relate the data at one station. to thase of another
station. The resulting regression relation enables the estimation of 0 missing record
at the dependent site to be mode. Regression analysis is also used to relate hydrological parameters, such os mean annual streamflow or lOO-year floods, to the physical
and climatic characteristics of the cotchments. In each type of regression, information transfer is provided to the network designer which facilitates the increased
efficiency of the data programmes.
The three topics discussed above are a selection of the many mathematical and
statistical techniques which can comprise the third tier of the network structure.
The hydrologist must decide which techniques will best accomplish the goal of generating the desired hydrological information.
The aforementioned techniques, as well as their substitutes, suffer from one
major weakness and that is uncertainty. In sampling theory the variance of the random
process is never known with certainty nor is the correlation coefficient in correlation analysis. Each of these uncertain parameters controls the production of information and thus significantly influences the resulting network design. In the real
world such parameters can be estimated either by using existing dota or by hydrological assessment. However, the network designer should guard against the uncertainty
in the factors which control the productivity of the network. Moreover, the designer
must be able to define the uncertainty, preferably in a quantitative fashion. One
means of doing so is known as Bayesian analysis because of its reliance on the probabilistic cornerstone, Bayes ' theorem. Parameter uncertainty can be expressed probabilistically
Pro b( parm. I da t)
a =

Prob(data

arm.) Probe arm.
Prob(data

(2)

where Prob(parm.1 data) is the probability or probability density of a set of parameter
values given a set of data, Prob(datalparm.) is the prabability or density of the data
set given the parameter set, Prob(parm.) is the probability of the parameter set prior
to observing the data, and Prob(data) is the probability of the data set prior to its
being observed. Prob(parm.) is frequently evaluated by means of the analyst's assessment concerning the validity of the parameter set and thus it is called subjective
probability. The other parts on the right of Equation 2 can be evaluated either
analytically or numerically.
All of the tapics presented thus far in this section serve as a basis for the
topic, decision theory, which directly supports the hydrological data network itself.
Although most decisions are made without recourse to formal theory, such a theory
exists, and it can provide a framework for the analysis and design of data networks.
To do the topic of decision theory justice would require more space than can be allotted in this report. Suffice it to say that this theory permits a thorough exploration
of the effects of data on the various levels of a complex decision problem, such as is

- 16 often encountered in woter resources.
further reoding on this topic.

The study by Roiffo (1970) is recommended for

As was mentioned earlier various substitutions can be made in the structure

illustroted in Figure 1 and some can be accomplished without substantially altering
the resulting network. An example is the insertion of the Fisherian information
theory as a replacement for sampling theory. Fisher (1949) defines information as
1

I = Var

(3)

where I is the information on a statistical parameter, for example mean annual streamflow; and Var is the variance of the estimate of the parameter. By referring back to

Equation I, one can see that sampling theory is simply a means of estimating the
denominator af Equation 3. Thus information theory parallels sampling theory.
Actual changes to the structure of the design process can also be effected.
For example the replacement of correlation analysis by hypothesis testing would entail
a major shift in the design philosophy and in all likelihood would result in a very
different network design. A structural change may be made because of the inappropriateness of one of the blocks in the design situation. Such a change could be a move
towards optimality in the network. On the other hand, the change may be caused by an
inability to deal with a particular block in the optimum structure; this change would
result in sub-optimization of the network, discussed in the previous section.
Another change which may be imposed on the design procedure is to omit one or
more of the blocks. However, it can be seen from Figure 1 that the omission of components may well result in instability and that shifts in the remaining components
are required to balance the structure. This may be illustrated by networks which have
ignored the socio-economic aspects of network design. This usually results in the
over-emphasis of the hydrological and probabilistic aspects, producing an over-sized
network which may not be attuned to the actual problems. Many data programmes can be
described as being too ambitious, and at the same time inadequate.
9.

SPECIFIC TECHNIQUES USED IN NETWORK DESIGN

Several techniques are available which function as one or more blocks in· the
network-design structure. The utility of any particular technique will be dictated
by the compatibility of the basis of the technique and the assumptions contained
therein with information needs and the hydrological conditions. Great care should be
exercised by the network designer in selecting only those techniques which fit the
existing circumstances. To assist in this· selection, the following discussion will
concentrate on the known and potential uses, the underlying bases, the inherent
assumptions, and experience to date using various documented techni~ues.

9.1

The Karasev technique

Karasev (1968) developed a technique which can be used to specify a range in
the number of stream gauges required to estimate both the long-term average runoff
and the runoff of individual years within a prespecified level of error at any site
in an area of interest. Consideration of Horton's laws of stream orders also provides a means of locating the station systematically.
(a) Basis: A minimum distance between centroids of catchments is specified
so that the error of estimation of increments in the average streamflow
will be no greater than the prespeci fied value; and a maximum distance

- 17 is speci fied so that the error of estimation of annual flow will also
be limited. Thus Karasev attempts to balance the minimization of redundancy af the data gathered with a limit on the interpolation accuracy;
(b) Assumptions:

(i) Unit streamflow, i.e. discharge divided by drainage area, is a continuous random field composed of a long-term mean and an annual deviation from the mean (statistical stationarity);
(ii) Within the area of interest regions in which the variance of annual
streamflow is approximately constant from reach to reach (homogeneity)
can be identi fied;
(iii) Linear interpolation between centroids of catchments is a perfect
estimation scheme for both the annual unit streamflow and its longterm meam

(iv) There is no cross-correlation between the errors of estimation of
average streamflow at the two gauges used in the interpolation;
(v) There is no serial correlation in the annual streamflow records;
(c) Case studies: Karasev (1972) demonstrates the use of his technique in
the Oka river basin in the U.S.S.R., which requires four homogeneous
regions. Figure 2 presents the results of his analysis. The technique
has also been used in Quebec, Canada (Villeneuve and others, 1973).
9.2

Optimal Interpolation

Gandin (1965) developed a technique which can be used to specify a minimum
spatial density of observation points (stations) so that linear interpolation between
observation points will result within a prespecified accuracy of estimation.
(a) Basis: The spatial correlation structure of the hydrological process
being measured is used to derive a relation for specifying the optimal
weights which are to be applied to the measurements so that the error of
estimation of the process will be at a minimum at any unmeasured site.
The optimal weights provide a definition of the error of estimation and
the geometry of the data network specifies the points at which the error
will be at a maximum. Limiting the maximum errors is the design criterion
used in this technique;
(b) Assumptions:

(i) The hydrological process is homogeneous over the area of interest
with respect to its variance;
(ii) The average value of the process is known for each point in the area
of- interest;

(iii) The spatial correlation structure is known;
(iv) The observational errors (measurement errors) are independent of one
another and independent of the magnitude of the variable being
measured;

(y) The average observational error is zero;
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(Karasev, 1972)
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(c) Case studies: Optimal interpolation has been used in the province of
Quebec to analyse the precipitation network for the Eaton River Basin,
which was established as part of the International Hydrological Decade
(Morin and others, 1979). Cislerova and Hutchinson (1974) have analysed
annual precipitatian for Zambia by aptimal interpolation and identified
areas where the network needs to be strengthened.
9.3

MIT studies

In a series of studies which began with Eagleson (1967), the Massachusetts
Institute of Technology (MIT) has also looked at the correlation structure of precipitation with the aim of designing precipitation-data networks. Rodriguez-Iturbe
and Mejia (1974) compare the relative efficiencies of establishing precipitation
gouges randomly within the area of interest with a strategy of allocating gauges to
various sub-areas (stratified sampling). An example af their results is provided in
Figure 3. Bras and Rodriguez-Iturbe (1976b) reformulated the precipitation-network
question to include the Kalman-Bucy filter to remove some of the restrictions encountered in earlier studies, and Lenton and Rodriguez-Iturbe (1977) present 0 mathematical programming approach which con be described as a surrogate-objective approach
occording ta the definitian given above in Section 7. Bras and Colon (1978), the
latest of this series of studies, remove a major obstacle found in previous studies;

that is, the requirement for complete information on long-term average precipitation
over the entire area of interest.

(0) Basis: The spotial and temparal correlation structures of the precipitation process are used to specify the relationship of error of estimation
of storm event precipitation, long-term areal average precipitation or
modelled runoff as a function of the number of precipitation gauges,
their pattern of location, ond the length of time in which they hove been
in operation;

(b) Assumptions:
(i) Precipitation isa smooth random field within the area of interest;
(ii) The spatial and temporol correlation structure is known;
(iii) Other assumptions vary according to the study, but the most recent
study (Bras and Colon, 1978) gives its generality os on advontage of
the procedure. This cloim is quolified by saying that it is doubtful whether it con be extended to include non-stationary ond nonhomogeneous situations in practice;

(c) Case studies: Rodriguez-Iturbe has used these procedures to design precipitation data networks for the Andeon region of Venezuela. The precipitotion data will be used to optimize the generation of hydroelectric
-power.

9.4

Kriqing

Another technique which depends on the spatiol-correlation structure of the
process to define optimal station locations is known os Kriging. This technique was
first developed for the mining industry by Matheron (1971) and has been shown to be
applicable in hydrolagy by Delhomme (1976).
(a) Basis: The spatial-correlation structure of the hydrologicol process
being measured is used to derive a relation for specifying the optimal
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weights which are to be applied ta the measurements so that the errar of
estimation of the process will be at a minimum at any unmeasured site.

The optimal weights provide a definitian of the errar of estimation and
the geometry of the data netwark specifies the points at which the errar
will be at a maximum. Subjective evaluation of the improvement in maps
of the errors of estimation of the hydralogical variable is the criterian
for station location;

(b) Assumptions:
(i) The differences (increments) between observations af the hydralagical
variable at any two points is statistically stationary. The assumption of incremental stationarity, in contrast to the strict station-

arity assumed by techniques (a), (b) and (c) provides a considerably
wider scope for the application af this technique;
(ii) The carrelatian structure af the increments is known;
(c) Case studies: Kriging has been used to locate additional raingouges in an
arid watershed in Chad (Delhomme and Delfiner, 1973). A map of the percentage reduction in error of estimation for a single raingauge added to
the network in an optimal locatian is shown in Figure 4. Delhomme (1976)
presents several studies of piezometric surfaces which are analysed by
Kriging. The estimates of surface water variables have been regionalized
by Kriging in Quebec by Villeneuve and others (1979).
9.5

Station discontinuance

The U.S. Geological Survey (Maddock, 1974) has developed a technique to opti-.
mally choose a set of stations for discontinuance when budgetary or other pressures
require a reduction in stream-gauging activities.

(a) Basis: This technique takes advantage of the correlation between records
at pairs of stream gauges to transfer information from the retained
station to the discontinued station. Information about the average streamflow or annual flood is estimated both with and without each of the
stations (information is as defined in Equation 3 above). The selection
of stations to be discontinued·is done on the basis of maximizing the
relative information of the reduced network. An example of information
retention is shown for an hypothetical five-station network in Figure 5;
(b) Assumptions:
(i) The average streamflow or flood is the hydrological characteristic of
primary interest;

(ii) The estimate of interstation-correlation coefficient for each pair of
stations is the true measure of transferability of information; that
is, uncertainties in the correlations are not considered;
(c) Case studies: Carrigon and Golden (1975) have used the stationdiscontinuance approach to reduce the flood-data networks of three hydrologically diverse states in the.U.S.A. Matalas and Jacobs (1976) have
used a similar approach to reduce a network of water-level observations
in Israel.
9.6

The NARI technique
The U.S. Geological Survey has also develaped a technique knawn as Netwark
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- 23 Analysis for Regional Information which specifies the gain in regional streamflow
information as a function of the number of stream gauges and the length of record
available at each gauge (Moss and Karlinger, 1974).
(a) Basis: NARI relies on regression of streamflow characteristics against
physiographic characteristics as the regionalization mechanism. The
relation of the true accuracy of the regression relation to the number of
stations and the lengths of records used in the regression analysis
accounts for the temporal, spatial, and model errors which are inherent
in regional regression analysis (Moss, 1976) and for the interstation
correlation of the records. Uncertainties in the three error components
are handled by a Bayesian statistical scheme;
(b) Assumptions:
(i) Streamflow can be described by a log-normal probability distribution;
(ii) The average interstation-correlation coefficient is an index of the
effects of varying correlation coefficients which already exist in
the field of hydrology;
(iii) The temporal correlation is negligible in the streamflow variable
being analysed;
(iv) The physiographic variables (independent variables) used in the regression are not statistically related to one another;

(c) Case studies: Moss and Haushild (1978) have analysed the stream-gauging
networks in the state of Washington and found that sufficient data for
regionalization of stream flow characteristics is available. Tasker and
Moss (1979), on the other hand, have found that more data will imprave
regression relations for estimating flood frequencies in the state of

Arizona.

Figure 6 shaws the potential for improving the 50-year flaod

regression.
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9.7

The square-grid technique

The square-grid technique (Solomon, 1972) has been used in Canada as a basis
for mapping and interpolating statistics af streamflow and precipitation jointly.
(a) Basis: The square-grid technique relies on a distributed model of precipitation runoff (Solomon and others, 1968) and considers temporal,
spatial, and measurement errors as controlling the accuracy of the region-

alization (Solomon, 1972);
(b) Assumptions:

(i) The three error sources are additive and not interactive;
(ii) The underlying model is sufficiently accurate in that it contributes
no significant errors to the regionalization;

(c) Case studies: The hydrological networks of many of the provinces of
Canada have been analysed by this technique; for example, see Shawinigan
Engineering Co. (1969, 1970) and T. Ingledow and Associates Limited (1970).
The Canadian studies (Solomon, 1972) have shown that in southern Canada
the square-grid technique provided standard errors of estimation which
were considerably lower than that of the available regression models.
This is illustroted in Figure 7. Studies have been conducted in the
Amazon Basin using the square-grid technique, and a data bank based on
this method is being established.
9.8

Topological optimality

Sharp (1971) presented a technique to locate sampling sites so that a subsequent search for a source of water pollution within a catchment could be performed
with the minimum of effort.
(a) Basis: The stream system of the catchment is described according to the
stream ordering system used by Shreve (1967). Sampling sites are located

at the nearest stream reach to the centroid of the sub-networks of the
stream system;

(b) Assumption: The pollution source is located on an external link (firslorder stream) of the system;
(c) Case studies: Sharp (1973) has used this technique to locate water-quality
monitoring stations for the state of South Carolina, and Sanders and others
(1976) have used it in the Connecticut River basin.
The techniques presented above are a sample of those that can be readily
implemented. There are other quantitative .techniques which may be relevant in many
network situations. A ready source of reference to these techniques is the annotated
bibliography in the Casebook on hydrological network design practice (WHO, 1972).
10.

THE CONTINGENCY NETWORK - PROVIDING FOR THE UNKNOWN

As designers and managers of networks cannot anticipate all the needs for
hydrological data, there is a strong desire for protection ogainst unforeseen demands.
Most frequently this protection ·is achieved by a large-scale general network which is
usually national in scope. Rodda (1969) called this a level I network. However,
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for various data transfer methods
because of its insurance-like character, such a network might be more aptly named a
contingency network. As a minimum, contingency networks must have two somewhat re-

lated characteristics:

(1) The data that they produce must be robust; and (2) They

must conserve the maximum amount of information possible.

Rabustness af the data means possessing the quality of being relevant to the
solution of' many potential problems which might arise throughout the future development and control of water resources. The key to attaining robustness is the identification of effective information-transfer mechanisms and designing the data network to
complement the transfer.
The data retained from the network must conserve the maximum amount of information possible in order to be as robust as possible, but conserving the information

olso implies a facility for retrieving the information. It is physically possible to
store all the charts and measurements which are the basis for hydrological data, but
as the data base becomes larger over time, the mass of material can become overwhelming. To minimize the data user's effort in extracting the information needed, most

providers of dota have concentrated the records into daily, monthly or annual time
series. However, concentration removes some of the information that the basic records
contain. For example annual precipitation or streamflow data may contain little information that is pertinent to the design of a storage reservoir on a highly seasonal
river, nor does daily stream flow say much about the instantaneous peak discharge from

- 26 a small catchment. Thus a balance must be achieved between the costs of storing and
accessing the data and the preservation of the information that is initially available
in the records.

It may seem that this report has made a full circle by first discussing
general large-scale data networks, then advocating the use of specific networks. and

finally moving to contingency networks which also seem to be large and general.

How-

ever, the contingency network can be differentiated from the "general" network by its

consideration of the possible future uses which may be made of the data and effects
that changes in the design of the contingency network will have on those uses.
11.

FUTURE DIRECTIONS IN NETWORK DESIGN

The science of hydrological network design is relevant to all phases of the
hydrological cycle as data are collected for each phase. However, as can be seen by
examining references such as the Casebook on hydrological network design practice
(WMO, 1972), all phases are not equally as advanced. This imbalance can probably be
attributed to two factors. Firstly, the emphasis on the collection of data has not
been uniform throughout the hydrological cycle as can be demonstrated by the preponderance of streamflow data over soil moisture data. Secondly, the dimension.and thus
the difficulty of the network problems are not uniform throughout the hydrological
cycle. For example, precipitation networks usually entail only two spatial dimensions
and time, while groundwater-quality networks require consideration of three spatial
dimensions, time and a suite of interacting constituents.

As simpler concepts are

generally developed before the more complex, it follows that the design of precipitation networks is much more advanced than that of groundwater-quality networks. In
the future, network design should expand to cover even more complex phenomena.
The inter-phenomena trade-off of information is another complex process which
has not been treated with a great deal of success to date. As network design matures
steps must be taken to compensate for this shortcoming. This is an open field for
research in the coming years.

Although most work to date has been done on the simpler hydrological processes,
there are still several aspects of these phenomena which have not been fully explored.
For example, what are the effects of statistical non-stationarities in the data series?
Practically all studies have contained stationarity assumptions. What is the cost of
assuming perfect knowledge about the underlying model or structure of the hydrological
phenomena when this perfect knowledge does not exist? A better understanding of the
discrepancies between OUT assumed models and the real world is needed. More afterthe-fact auditing of the comparison between the theoretical conclusions and the
realized data products is warranted as is suggested by Langbein (1979).
The effectiveness of the information generated by the data networks in solving
water-resources problems also will be an active field of research in the near future.
Better design objectives are needed. However this is not a field the hydrologists
can handle alone. Information effectiveness incorporates aspects of policy, planning,
and engineering and the hydrologist must co-ordinate with those who perform these
activities in order to understand and account for them in the design of the hydrological data network. Thus hydrological network design must become an interdisciplinary
field.
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