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FOREWORD
In order to understand hydrological systems and to manage water resources elfectlve!y, networks of monitoring
stations are set up to keep account of surface-water flows, of changes in the levels of lakes and the dimensions of
glaciers and snowpacks, and of variations in groundwater levels, and to monitor the meteorological elements which
control them.
The gauging of streams is, in most places, the most fundamentai of hydrological monitoring practices and, in
many countries, extensive networks of monitorIng stations have been set up and have been providing invaluable data
over periods of many years. Stream-gauging networks comprise stations installed for differing purposes. Regional
hydrological stations provide representative sampling of watershed characteristics and flow regimes and are useful in
developing regionally-transferable information about the relationships between physiographic characteristics and
streamflow regimes. Water management stations provide site-specific information related to water resource usage of

various types and, because the monitoring is often on streams which are artificially regulated, data from these sites are
usually not very useful for regional analyses.
The elfectiveness of networks must be continually analysed. The most cost-elfective procedures must be
adopted when limited resources are available to the water manager. Choices have to be made both between alternative
gauging locations and on the types of data to be used; the frequency of data collection and the adequacy of the length
of the data records must be assessed. These analyses must be undertaken in times of significant technological change
and often under rapidly changing socio-economic circumstances.
This report was prepared by Mr W. O. Thomas, Jr. (United States) in his capacity as associate Rapporteur on
Networks of the Commission for Hydrology. It brings together, under one cover, a review of the techniques currently
employed in evaluating and designing stream-gauging networks and illustrates their use.
I take this opportunity to place on record the appreciation of the World Meteorological Organization to
Mr Thomas for the time and elfort that he has devoted to the preparation of this report.

-----'

G. O. P. Obasi
(Secretary-General)

SUMMARY
This report provides an overview and examples of selected techniques that can be used to evaluate and design a
surface-water network. The objectives of the report are to document the need for network analysis, to describe briefly
the techniques, and to provide examples of how the techniques can be used. The examples are based on data from
surface-water networks in the United States and Canada. This report should be useful for those analysts involved in the
operation and analysis of surface-water networks since several different types of techniques are summarized in a single
document. The techniques are applicable for on-site andlor regional analyses. A few suggestions are provided for the
future direction of network analysis.

L'auteur du rapport passe en revue, exemples i\ I'appui, differentes techniques pouvant etre utilisees pour I'evaluation
et la conception d'un Ieseau de mesure des eaux de surface. Sa demarche comporte trois etapes : deffiontrer la DeCessite
d/une analyse des feseaux, decrire sommairement les techniques d'analyse/ et citer des exemples d'utilisation de ces
techniques. Les exemples choisis se rappartent a des Ieseaux mis en place aUK Etats-Unis et au Canada. Comme il
regroupe differents types de techniques, ce rapport devrait eire utile i\ tous ceux qui s'occupent de faire fonctionner et
d'analyser des feseaux de mesure des eaux de surface. Les techniques presentees peuvent etre utilisees pour des analyses
regionales et/on sur les sites. L'auteur formule aussi des suggestions pour l'orientation future des travaux d'analyse de
reseaux.

PE310ME
B HacromneM

QTqere npe.llCfaBJUleTCJI 0630P U npuBQlUITCJI npuMepDl OTlI.erIbHbIX MeTQll.OB. KOTOpble M01KHO HCnOJIb30BaTb )VIR oueHKU U

npoeKTuponaHIDI cern CTaHllUH nooepxuOCTHbIX BQIl.

3a.a.alJu OTlJeTa COCTOHT 8 GJ1eAYIOmeM:

OTpa3UTb HeOOXQlUiMOCTb 8 auilJUf3e CeTH.

onucaTL KpaTKO· MeTQ!UiI U npe.n.ocraBH'I'b npHMepDl TOm. KaKHM 06pa30M HCnOJIh30BaTb 3TH MeTQlU>l.
cereH nooepXHOCTIfW( BQIl B Coell.UHeHHbIX llhaTax "K'aHaae.

3roT

fipuMepDl OCHOBaHI:.I Ha .llilHHUX 0'1'

OTlJeT .llillDKeH OblTb nOJle3HblM ,llJ1JI aHaJlUTUKoB. 3aHHTUX B

3KcnnyaTa.QUU Ii aHaJlU3e cere" nOBepXHOCTHbIX BQlI.. nOCKOJIbKY B QilHOM .n;OKYMeHTe 0606meHo HCnOJlh30BaHHe MeTQll.OB pa3JlHQHI:lX
TUnOB.

MeTQlI.'bI npuMeHUMDI .lVlJI aHaJlH3a Ha MecTe WIUlIf ,llIIH perUOHaJlbHblX aHilJIU30B.

OTHOCH:~TflIlbHO .llaJIbHeHIIIerD HanpaBJ1eHMH pa3BIITHH aHaJIU3a

npe.llCTaBJIHeTCH HOCKOJlbKO npeJJ,J10XeUUH

cere:H.

RESUMEN

En este informe se consideran, dando ejemplos, diferents tecnicas que pueden utilizarse para evaluar y concebir una red

de medici6n de las aguas de superficie. Su finalidad es: demostrar la necesidad de efectuar aniilisis de redes, describir
brevemente las tecnicas, y dar ejemplos de como pueden utilizarse estas. Los ejemplos se basan en datos procedentes de
redes de aguas de superficie de Estados Unidos y Canada. Como se resumen en un solo documento varios tipos de

tecnicas distlntas, el informe debe ser util para los analistas que se ocupan del funcionamiento y el aniilisis de redes de
medici6n de aguas de superficie. Las tecnicas pueden aplicarse en aniilisis en determinados lugares ylo regionales.
Tambh~n

se formulan algunas sugerencias para Ia futura orientacion de los analisis de redes.

CHAPTER I

INTRODUCTION
1.1

Purpose and scope

The purpose of this report is to document and describe
several techniques for evaluating and designing a streamgauging network. Most of these techniques have been
described in other reports, but this effort attempts to
compile and illustrate these techniques in one report.
These techniques have generally been applied only to
stream-gauging networks but they could be applied to
other data-collection networks such as water-quality or
sediment networks. The term network analysis will be
used in this report to imply evaluation of an existing
network, the planning of a future network, or changes to
the existing network. Furthermore, the use of the word
II

networkll is used to mean a collection of stream-gauging

stations operated for either a single purpose or a variety
of purposes.
1.2

The need for network analysis

In the first half of the twentieth century, analysis of
hydrological networks in North America was relatively
simple because:
(a)

There was little information about the temporal and
spatial variation of hydrological data, so any
accumulation of data was worthwhile;

(b)

The stream-gauging programmes developed and
expanded based on the need to have data at specific
locations for irrigation, water supply and
hydropower uses;

The water resources of Canada and the United States
were not overly stressed by development, so the
choices for data-collection sites were not as difficult
to make.
Because of the ever-present budgetary
constraints and the time required to collect hydrological
(e)

information, intelligent decisions about gauging station
locations and duration of data collection have now

become a necessity. Network-analysis techniques can be
used to plan and operate more effectively the network to
use better the available resources (manpower and
money). Surface-water network analysis should be
oriented toward providing the needed streamflow
information in the most cost-effective manner.

Because site-specific demands for hydrological
data cannot be anticipated perfectly, the basic
hydrological information network is composed of two
parts: (a) The set of stations at which hydrological data
are collected: and (b) A mechanism for transferring
information from gauged to ungauged sites. If saturation
gauging (collecting lengthy records at every conceivable
source of information demand) were economically
feasible, the information transfer mechanism and

network analysis wouid be superfluous. This is not the
case in practice, hence the need for network analysis.
1.3

The objectives of network analysis

The primary objective of a network analysis is to examine
the adequacy of an existing network and detennine if datacollection activities need to be modified. A network analysis
should attempt to answer one or more of the follOWing
questions: (a) Are data being collected at the proper
locations? (b) What types of data should be collected? (e)
What Is the sufficient duration of each data-collection
activity? and (d) What is the proper frequency of data
collection for each type of data? This report will describe
techniques for answering these important questions.
The techniques required to answer these
questions depend on the type or purpose of the gauging
station. The overall stream-gauging network is composed
of regional hydrology and water management gauging
stations. The regional hydrology stations are defined to
be those stations that proVide a representative sampling
of watershed size, physiographic and geologic
differences, and streamflow regimes. These stations are
useful in developing regionally-transferable information

about the relations between physiographic and
streamflow characteristics. On the other hand, stations
that provide site-specific information for operation of
water-resources projects, apportionment of water supply,

and hydrological forecasting are considered water
management stations. These stations are often regulated
and l if sal do not provide information suitable for

developing regional transfer methods.
The objective of regional hydrology stations is
to collect streamflow data at representative sites in a
region so that streamflow characteristics can be estimated
at ungauged sites. The site-specific information is not as

important as the fact that this information can be
transferred to ungauged sites where information might
be needed. Therefore l statistical techniques are more

appropriate for evaluating the regional hydrology
network, because the objectives are ususally to identify
the density and duration of data collection at gauging
stations in a given region.
In contrast, data collection at water manage-

ment stations are decided primarily through interaction
with the data users on a site-specific basis. The proper

locations and duration of data collection are dependent
on the intended usuage of the data.
A combination of statistical techniques and
interaction with the data users is needed to plan effectively
the stream-gauging network. The different objectives of
network planning can be addressed with the qualitative
and quantitative techniques described in this report.

CHAPTER 2

IDENTIFYING DATA USES AND REQUIREMENTS
Frequent Interaction with the data users is a good way to
ensure that the surface-water data-collection network

remains responsive to data needs, such as providing
accurate <:lata in a timely manner. Frequent interaction

implies some type of contact on approximately an
annual basis. This contact can be through telephone
conversations, meetings, or more formal written
questionnaires. An example of such a questionnaire is
given In Appendix A. This questionnaire was developed
by the Water Resources Branch, Environment Canada) as

part of the 1985 hydrometric network analysis for the
Western and Northern Region for the Provinces of
Manitoba, Saskatchewan, Alberta, and the Northwest
Territories.

that can be discontinued or of sites where stations
should be installed, if potential sites were included in
phase two.
The phase one summary describes the lengths of
record, purpose of the data-collection activities,
assessments of the quality of recorded data as related to
purpose, and the relative difficulty (accessibility, cost,
and so forth) of collecting the data at the sites. This
summary is required for phase two in order to assign
point values for the factors dealing with each site's
characteristics.
TABLE 1

Summary of gauging station factors and points
(from Wahl and Crippen, 1984)

Any questionnaire} such as the example shown

in Appendix A, should strive to answer the following
questions:
(a) Why are the stream-gauging stations being operated
(i.e., who Is using the data and for what purposes)?
What types of data are actually needed (e.g., annual
peak discharges, dally mean discharges, etc.)?
(b) Are there stations where the data are no longer
needed for the original purpose? How have the
purposes changed?
(e) Are there new stations needed to provide either onsite data for water management purposes or regional

information from areas where the gauging density is
sparse?
(d) What are the accuracy requirements of the data
users? Is It possible that dally or monthly data could
be provided by alternative methods, such as
multiple regression analysis? and
(e) How available are the data? Are the data available
on a monthly, annually, or in near-real time? Do the
data users need more near-real-time data? What
temporal resolution Is required (hourly, dally, etc.)?
These questions can usually be answered by
Interaction with the data user. It is Important to
maintain this contact on a continual basis. Hopefully,
certain data requirements can be anticipated in advance

so that adequate time will be available to collect the
needed data.
Data-use surveys tend to be qualitative, but
serve a very important function in network analysIs. As
streamflow data at a given gauging station are generally
used for a variety of purposes, It is Important to evaluate
these uses in the assessment of the networks. Wahl and
Crippen (1984) described an evaluation process that
reflects the relative worth of gauging stations In a multipurpose network. The evaluation process can be
described as a three-phase activity. The first phase is a
review and systematic summary of all gauging stations
that have been, and are now being, operated. In the
second phase, point values are assigned to individual
stations for each factor in Table 1. If the evaluation is
being done only to select stations for discontinuance,
then only active stations will be included in the second
phase. However, prospective stations could also be rated
during this phase and, thus, be compared to existing
stations. The third phase is the identification of stations

Station evaluation factor

Possible point range

1. Characteristics of site

A. Quantity of water (not

2.
3.
4.
5.
6.

measured elsewhere)
B. Areal coverage
C. Data accuracy
D. Length of record
E. Correlation efficiency
F. Unimpaired flow
Existing and potential beneficIal
uses of water
MagnItude of waterresource problems
Data uses for planning
Data uses for management
Economic considerations
A. Value of water
B. Cost of station, operation, and
maintenance

1-7
1-6
1-4
2-6
0-4
0-4
0-15
0-15
0-15
0-15
0-6
1-3

The second phase involves the development of a
table that gives relative rankings for each gaugIng station
(or potential station) included in the analysis. The factors
evaluated and the gUidelines used in assigning point
values for each factor are given in Table 2. This phase
produces a table listing the point totals for each gauging
station. The assumption is that those stations with the
largest total point scores should also have the greatest
potential value.
The third phase is the identification of current
gauging stations that can be eliminated, based primarily
on the rating points derived from the second phase, but
also with consideration of the summary prepared In the
first phase. Stations with the smallest total point scores
are candidates for discontinuance if budget constraints
require a reduction in the network. Changes may also be
indicated in the mode of operation at certain stations; for
example, data may need to be obtained only at times of
high flow, or low flow, or during certain seasons.
However, this is a decision that needs to be made based
on the known needs for data. The rating criteria are not
structured to make di~tinctions between needs for
different flow characteristics.
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The preceding discussion presumes that this
procedure will be used to select stations for
discontinuance. The procedure could also be used to
prioritize potential gauging station locations and would
permit comparing potential sites to existing sites.
However, the items under IIcharacteristics of site" that
deal with quantity of water and data accuracy would
have to be estimated.

The values shown in Table 2 under "length of
record ll require some explanation. The standard error of
estimate of a particular streamflow characteristic is
inversely related to the number of years of record
(Hardison, 1971; Benson and Carter, 1973). However,
after 20 to 30 years of record are obtained, the

incremental reduction in standard error decreases
appreciably as record length increases. Therefore, this

TABLE 2

Guidelines for assigning point ratings (from Wahl and Crippen, 1984)

Station factors

Numerous beneficial uses, of regional
importance
Numerous beneficial uses, of local importance
Few beneficial uses, of regional importance
Few beneficial uses, of local importance

A. Quantity of flow, not measured at

1000
300
50
10
2
0

-3000
-1000
- 300
SO
10
2
-

7
6
S
4
3
2
1

maps, by state, prepared by the U.S.
Geological Survey)
hydrological region
hydrological subregion
hydrological accounting unit
hydrological catalogUing unit
major part of cataloguing unit
small area

6
S
4
3
2
1

Major known problems of regional
importance exist
Lesser problems of more than local
importance exist

Only local problems exist

Excellent (data accurate under all flow
conditions)
Good (data less accurate under some flow
conditions)
Fair (accuracy limited by site conditions)
Poor

40-or more

planning
Important to regional planning

10-15
8-13
5-10
0- 4

4
S. Data uses for management (flood control}
3
2
1

6
4
2
4
6

water rights} water-quality control,
water conservationl power, monitoring,
fishery} recreation} and others)
Important to several management needs
Important to one management need and
useful for others
Useful for several management needs
Useful for a single management need

High value (for municipal} industrial}
power, and required irrigation of crops)
Moderate value (supplemental irrigation

4
2
0

of crops)

B.

or ability to, compute unimpaired flow)

4
2
0

15
10-15
S-IO
0- 5

6. Economic considerations
A. Value of water

F. Unimpaired flow (direct measurement of,
Excellent (85-100 per cent)
Fair (70-85 per cent)
Poor (less than 70 per cent)

0-5

Important to both regional and local

E. Correlation efficiency
Excellent
Fair
Poor

10-15
8-12
5- 8

rightsl water~quality control} water conservation,
power, monitoring, fishery, recreation} and others)

No importance or of slight use to local
or regional planning

D. Length of record, in years
O- S
5 -10
10-25
25-40

15

4. Data uses for planning (flood control, water

Important to local planning
C. Data accuracy

10-1S
5-10
8-12
0-5

3. Magnitude of water-resource problems

Potential problems may exist or arise
No problems or very minor problems
anticipated

B. Areal coverage (based on hydrological unit
Outflow from
Outflow from
Outflow from
Outflow from
Outflow from
Outflow from

Points

2. Existing and potential beneficial uses of water

l. Characteristics of site

another gauge, that reaches the site mean
annual unmeasured flow, in cubic feet
per second
3 000 - or more

Station factors

Points

Low value (for small seasonal uses and
little or no irrigation of crops)
Cost of station and operation and maintenance
Inexpensive
Average
Expensive

5-6
2-4
0-2
3
2
1
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factor was decreased as record length increased until
record length reached 2S years. However, records longer
than 2S years were believed to be increasingly Important
as indicators of long-term trends, so the factor was
increased with increasing record length after 2S years.
The table of factors and guidelines for use in
assigning point values is only an example. The factors
and point values can be modified by the analyst to meet
the needs of a particular network or region. Mades and
Oberg (1986) modified these guidelines slightly in a
recent evaluation of the stream-gauging network in
the State of lllinois (United States). The results of their
analysis are shown in Figure 1. As can be seen in the
figure, there are 26 stations where the total point rating
is less than 26 points. Mades and Oberg (1986) point out
that these stations would be likely candidates for some
kind of action if budgetary limitations so demand. The
types of action that might be appropriate include
operating the stations only during part of the year to
collect the most pertinent data, converting the station to
a peak-flow, or low-flow station or discontinuing the
station entirely. As illustrated by Mades and Oberg
(1986), the pragmatic approach described by Wahl and
Crippen (1984) is a straightforward way of identifying
the relative worth of each gauging station. As described
by Mades and Oberg (1986), there are alternative
methods of proViding streamflow information in lieu of
operating a continuous-record station. Several alternative
methods are discussed in the next part of this report.
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Figure 1 -

Histogram of total point ratings for gauging stations
in 1983 in the Illinois (United States) gaugingstation network.

CHAPTER 3

ALTERNATIVE METHODS OF PROVIDING STREAMFLOW INFORMATION
Considerable resources (manpower and money) are
required to operate a continuous-record gauging station.
Therefore, it is worthwhiie to consider alternative
methods of providing the needed streamfiow
information in lieu of operating a continuous-record
(daily flow) gauging station. These alternative methods
may range from operating some type of partial-record
station to using flow-routing or statistical methods to
estimate the streamflow data. The data-use survey
discussed in the previous section should identify the data
actually needed. For example, is a daily flow record
needed or would a monthly flow record be sufficient? is
it sufficient to collect only data on annual flood peaks
for flood-frequency analysis? What accuracy of the daily
flow record is considered acceptable? Depending on the
answers to these and other questions, one or more of the

following alternative methods may be acceptable.
3.1

Partial-record stations

The term partial-record stations may imply different
things to different people. It could mean the operation of
a continuous-record station during periods of high flow
or low flow or it could mean the operation of a
continuous-record station on a seasonal basis, such as
during the irrigation season. These are costReffective ways
of providing the needed streamfiow information.
However, in the context of this report, partial-record
stations imply nonrecording gauges used to collect data
on streamflow extremes - fioods or low flows. These
non recording stations are a cost~effective way of
obtaining data on the areal distribution of droughts and
floods. As utilized in the U.S. Geological Survey, there are
two types of partial-record stations - crest-stage and
low-flow stations.
A crest-stage station is used to determine flood-

peak stages for computation of annual peak discharges.
The gauge consists of a two-inch metal pipe with a
wooden stick and cork to determine the flood-peak stage.
The water level rises within the pipe during floods
carrying with it the granulated cork. Once the water
recedes, the cork adheres to the wooden stick leaVing a

high-water mark. The station is visited approximately
four times a year to replenish the cork aI!-d obtain the

flood-peak stages. Additional visits are needed to make
high-water measurements or to run indirect measurements.
A stage-discharge relation is established by using
direct discharge measurements or indirect measurements
(slope areas, contracted openings, theoretical culvert or
weir ratings or step-backwater techniques). The annual
peak discharge is determined from the stage-discharge
relation. The date of the annual peak discharge is
determined by noting the dates of peak discharges at
nearby continuous-record stations. The annual peak
discharge and stage and date of occurrence are published
in the annual data report. A range of watershed
characteristics should be sampled when establishing
these stations to fill in any missing gaps in the network.
After about 10 years of data collection, flood-frequency

curves should be defined and the network should be
evaluated with respect to its adequacy for defining
regional relations.
A low-flow partial-record station is a station
where only discharge measurements are made
throughout the year during periods of base flow (Riggs,
1973). Approximately three discharge measurements are
made per year over a range of base-flow conditions. The
base-flow measurements are also published in the annual
water-resources data report. The goal is to obtain 10-15
base-flow measurements over a three-to-f1ve year period.
No actual gauge is installed at the site. A range of watershed characteristics should be sampled when establishing
these stations. Base-flow measurements at the partialrecord station and concurrent daily flows at nearby
continuous-record (index) stations are used to define a
regression relation. This regression relation and low-flow
statistics at the nearby index stations are used to estimate
low-flow characteristics (such as the seven-day, 1G-year
low flow) at the partial-record station. Stedinger and
Thomas (1985) describe the statistical techniques in
detail. The low-flow characteristics defined for the
partial-record stations should be published in a report
and included in the development of procedures for
estimating low-flow characteristics at ungauged sites.
These partial-record stations are a very cost
effective way of obtaining spatial information on flood
and low-flow characteristics. The regionalization of
streamflow characteristics can be improved by including
data from partial-record stations.
3.2

Hydrological flow-routing models

Hydrological flow-routing methods use the law of
conservation of mass and the relationship between the
storage in a reach and the outflow from the reach. The
hydraulics of the system are not considered. The
methods usually require only a few parameters, and the
reach is not subdivided. A discharge hydrograph is
required at the upstream end of the reach, and the
computations produce a discharge hydrograph at the
downstream end. Hydrological routing methods include
the Muskinguffi, Modified PuIs, Kinematic Wave, lag
routing, and the unit-response flow-routing methods.
The unit-response method uses one of two
routing techniques - storage continuity (Sauer, 1973)
and diffusion analogy (Keefer, 1974; Keefer and
McQuivey, 1974). The U.S. Geoiogical Survey has
developed computer programs (Doyle, et aI., 1983) using
both of these techniques for routing upstream
hydrographs to downstream locations. Fontaine, et al.
(1984) provide examples of using this technique for
network analysis for selected watershed systems in the
State of Maine (United States).
For illustration purposes within this report, the
simplest of hydrological flow-routing methods was
chosen. The lag-routing approach implies that data for
the upstream stations are lagged by an appropriate
number of days and modified by an appropriate scalar
valt~e to account for intervening flow. An example of a

6

AN OVERVIEW OF SELECTED TECHNIQUES FOR ANALYSING SURFACE-WATER DATA NETWORKS

lag-routing technique is given in the Streamflow
Accounting Program described by Shiau and Steingass
(198Sa). Before applying this technique to a given
watershed system, another alternative method, multiple-

nonlinearity or bias requires that the data be transformed
(for example, by converting to logarithms) or that a
different form of model be used.
The use of a regression relation to produce a

regression analysis, will be described.

simulated record at a discontinued gauging station causes

3.3

Multiple-regression analysis

Simple- and multiple-regression techniques can also be
used to estimate daily flow records. Unlike hydrological
routing} regression methods are not limited to locations

where an upstream station exists on the same stream.
Regression equations can be computed that relate daily
flows (or their logarithms) at a station (dependent variable) to daily flows at another station or at a combination of upstream, downstream, or tributary stations. The

the variance of the simulated record to be less than the
variance of an actual record of streamflow at the site. The
reduction in variance is not a problem if the only concern
is with deriving the best estimate of a given daily mean
discharge record. If, however, the simulated discharges are
to be used in additional analyses where the variance of the
data are important] least-squares regression models are not

appropriate. Hirsch (1982) discusses this probiem and
describes several techniques, such as MOVE. 1, that
preserve the variance of the original data.
Orthogonalization of the regression problem
using principal components analysis can be utilized
when there is multicollinearity (correlation) in the
independent or explanatory variables. Regression on

independent variables in the regression analysis can
include stations from different watersheds.
The regression method is easy to apply, provides
indices of accuracy, and is widely used and accepted in
hydrology: the theory and assumptions are described in
numerous references, such as Draper and Smith (1981)
and Pilon and Condie (1983). The application of regres-

principal components is described in several sources

sion methods to estimating streamflow characteristics is

Application ofalternative methods

described and illustrated by Benson (1962, 1964), Riggs
(1973), and Thomas and Benson (1970). Only a brief
description of regression analysis is provided in this
report.

A linear regression model of the following form
is commonly used for estimating daily mean discharges:
p

Y, ~ Bo +

L
i'"j

BjX J + e,

(1)

where Y, is the daily mean discharge at station i
(dependent variable) and X j is the daily mean discharge(s)
at up to p station(s) (independent varIables). These values
may be lagged to approximate travel time between stations
i and j. Bo and Bj are the regression constant and
coefficients, and ej is the random elfor term.

The above equation is calibrated (B o and BJ are
estimated) using observed values of Y, and XJ' The values
of discharge for the independent variables may be
observed on the same day as discharges at the independent station or may be for previous or future days,
depending on whether station j is upstream or downstream of station i. During calibration, the regression
constant and coefficients (B D and Bj) are tested to
determine if they are significantly different from zero. A
given independent variable is retained in the regression
equation only if its regression coefficient is significantly
different from zero.
The regression equation needs to be calibrated
using one period of time and verified or tested using a
different period of time to obtain a measure of the true
predictive accuracy. Both the calibration and verification
periods need to be representative of the expected range
of flows. The equation can be verified by: (a) Plotting the
residuals (difference between simulated and observed
discharges) against both the dependent and the
independent variables in the equation: and (b) Plotting
the simulated and observed discharges versus time. These
tests are needed to confirm that the linear model is
appropriate and that there are no time trends reflected in
either the data or the equation. The presence of either

(Haan, 1977; Pilon, 1981: Kendall, 1975) and, thus, will
not be reiterated here.

Three regression models and a lag-routing model were
developed for the Qu'Appelie River near Lumsden,
Saskatchewan, Canada, (05]FOOl) which drains an area of
18 200 km z. Two upstream sites of potential influence
were identified:
(a) Qu'Appelle River below Moose Jaw River,
Saskatchewan (05]G007) draining 12 700 km2 ; and
(b) Wascana Creek near Lumsden, Saskatchewan
(OS]FOOS) draining 4 600 km 2 .
Figure 2 shows a schematic of the sites.
Three years were used for model calibration,
with an additional three years of data being used for
model validation. The perIod 1973-1975, inclusive, was
used for calibration, while 1976-1978 was used for
validation. Table 3 lists the various models and their
respective standard errors of estimate in untransformed

space (m3 s-l). A summary of the estimation of mean
daily discharge for the Qu'Appelle River near Lumsden,
Saskatchewan (OS]F001) is given in Table 4. This table
summarizes the accuracies of the models for both the
three-year calibration and the three-year validation
periods.

_____- "

-----..

ungauged area

uncontrolled lateral
inflow

OSJFOOS
4 600 km 2

= (18 200-12 700-4 600) km 2 = 900 km 2
-OR-

~ (100) =4.9 per cent of area is ungauged
Figure 2 -

Drainage schematic of the target station - QU' Appelle
River near Lumsden, Saskatchewan, Canada (OS}F001).
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TABLE 3

Summary of models developed for the estimation of
daily mean discharges for the QU' Appelle River near
Lumsden, Saskatchewan, Canada (05]FOOl)
(LAG!, LAG2 imply daily mean discharges, Q in m 3 5. 1, and are
lagged in time by one and two days, respectively.)
Standard error

ofestimate
1m3 ,-1)

(untrans{ormed
space)
Type of
model

Model

Model

number
I

19731975

Regression

QoS1F001 = -.139

3.746

19761978
2,127

+ .46 (Qo51F005)
+ ,56 (LAG2 Qo51F005)
+ .526 (LAGI Qo51G007)
+ .575 (LAG2Qo51G007)
2

low flows at Lumsden. These can range from the
construction of beaver dams to their destruction, to the
consumptive use of water through irrigation, to
groundwater recharge, to freeze-up and thaw processes,
and flnally to discharge measurement error.
FIgures 3 and 4 show a marginally better
relation between observed and estimated flows during
the spring runoff period. Table 5 summarizes the
accuracy of the models for both the calIbration and
validation periods when daily discharge rates exceeded
2 m 3 s-l. A comparison of Table 4 with Table 5 suggests
an improved percentage accuracy of estimation when
discharges are modelled above a prescribed threshold of
2 m 3 5. 1 •

"o

J

N

~

o

~

Regression

Log Qo51F001 = .363

7.456

2.256

Id

I~
00

:~

.

~

6,092
Log Qo51F001 = .3724
rKegression
on principal
+ .2465 (Log Qo51F005)
+ .2484 (Log LAG2 Qo5)F002) components
+ .244 (Log LAGI QoS)G007)
+ .2432 (Log LAG2 QoS1G007)

4

QoS1F001 = LAGI QoS)'OOS

Lag-routing

7.41

1.85

"'0

I

I

"

".

:

~~

..

'00

v

200

'50

,

,

,

50

~O

300

250

. C'
I

.00

350

TIME (DAYS)
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Figure 3 -

Hydrograph for 1974 showing the estimated and
historic discharges using the best regression model
(model 1) for the Qu' Appelle River near Lumsden,
Saskatchewan, Canada.
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05JFooi QU'APPIlLLB RlVER NEAR LUMSDEN (HISTORIC)

~

+ .207 (Log Qo51F005)
+ .239 (Log LAGI Qo51F005)
+ .527 (Log LAGl Qo5)G007)
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TABLE 4
05JFOOI QU'APPELLE RIVER NEAR LUMSDEN

Percentage of the total number of estimated discharges
within the given range of the observed values

18 200,0 sq. km.

----

OBSEA VEO

ACCOUNTED

,

Calibration period model

~

Validation period model

11\ I

N

1

2

3

4

1

2

3

4

5%

18.1' 15.3

15.1

17.7

19.6

19.9

19.3

17.4

10%

33.8 28.9

29.2

31.7

35.5

36.9

38.6

36.4

o

~

\

,

20%

61.9 55.9

54.3

64.1

62.8

62.6

62.2

67.5

50%

94.9 92.6

92.7

94.8

95.5

92.5

92.0

94,8

"'0

~o

* 18.1 per cent of the total estimated flows of 1973 to 1975 were
within ± S 5 per cent of actual flows using modell,

~
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TIME (DAYS)
STARTING DATE'" 1974 1 2 (DAY 2) ENDING DATE == 1974 1231 (DAY 365)

Figure 4 -

Figures 3 and 4 5how 5emilogarithmic plots of
the estimated and observed daily discharges for modei I
(the best regression model) and model 4 (the lag-routing
model) for 1974. Although both models appear to be
unbiased! the errors of estimation are greatest for the low
flows. The estimated discharges at Lumsden can be
noticeably higher or lower than the observed discharges
during the5e low-flow periods. These differences may be
indicative of several factors potentially influencIng the

'00

,

,

-- -'.
"

50

"

Hydrograph for 1974 showing the estimated and
historic discharges using the lag-routing model
(model 4 - SAP2) for the Qu' Appelle RIver near
Lumsden, Saskatchewan, Canada.

The estimated data from both the lag routing
(SAP2) and the regression modelling approaches, above
or below a prescribed threshold, are not sufficiently
accurate to recommend their use in lieu of stream-gauge
data. When mean dally discharge exceeds 2 m 3 s-l, the

o
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discharge can be eslimated to within 10 per cent of the
observed discharge approximately 50 per cent of the
time. The discharge can be estimated to within 20 per
cent of the observed discharge approximately 80 per cent
of the time, and to within 50 per cent of the observed
discharge approximately 98 per cent of the time.
TABLE 5

Percentage of estimated discharges within the given
range of the observed values for observed discharges
exceeding 2 m 3 S·l
Calibration period model

~

1

2

3

4

Validation period model
1

2

3

4

5%

21.3 16.4

17.6

18.8 37.9

30.9

25.1

18.0

10%

34.0 34.0

33.7

33.7 57.2

55.0

52.4

41.8

20%

59.9 59.9

57.9

68.7 81.4

81.7

80.4

84.2

50%

94.1 94.1

93.4

97.3 98.1

96.8

96.8

97.1

flood peaks were simulated using long-term (60-70 years)
precipitation and evaporation data at nearby climatic
stations. Flood-frequency curves were, then, defined

using the long-term simulated data. The objective of this
analysis was to develop a more accurate flood-frequency
curve by collecting only a few years (five to 10) of actual
data. Thomas (1986) proVides an evaluation of this
record extension approach.
There are numerous models available for
estimating daily mean flows on the basis of climatic data
(Leavesley, et al., 1983; Shiau and Steingass, 1985b). The
avallabillty of suitable climatic data and the time to
calibrate the model can limit the utility of watershed
models in large-scale network analysis. The necessary
climatic data to calibrate the watershed models are
commonly collected by agencies other than the agency
collecting the streamflow data and might not be
representative of the rainfall over the given watershed.
The incompatibility of data files and computer hardware
and the availability of the climatic data within a suitable
time frame commonly preclude using watershed models
for estimating daily mean streamflow. However, if these
problems can be overcome, a calibrated watershed model

could be used to proVide the needed streamflow in a costNOTES: 1. The calibration period had 409 days ~ 2 m 3 s·l,
2. The validation period had 311 days 2: 2 m 3 5-1.

effective manner.

3.5
Note that these results are not exhaustive and
are based on regression models and on the simplest of
hydrological models. it is possible that greater accuracy
could be attained through the use of more complex
hydrological models or through the use of hydraulic
models. More complex statistical approaches may also
lead to more accurate models. The results of this study
are based on one target site. The extrapolation of results
to similar scenarios is not possible.

The results indicate that the variability of daily
discharges at Lumsden is simply too great to be estimated
accurately by the proposed regression equations or the
simple hydrological model. These methods are best suited
for larger streams with less variability of flow and larger
mean flows. Because of these constraints, regression and

flow-routing techniques are best suited to sites where
consumplive uses are small relative to the total flow.
3.4

Watershed models

Watershed models can be used to estimate dally mean
flows or hydrographs of selected storm events. For many
years, the U.S. Geological Survey has used a model
described by Dawdy, et al. (1972) to extend flood records
in time. The model was calibrated using short-term
concurrent streamflow and climatic data, and annual

Hydraulic flow-rouling models

Hydraulic flow-routing methods utilize the laws of
conservation of mass and momentum to represent
unsteady flow condltions. These equations may be solved
using finite difference, method of characteristics, or
finite element computational procedures. Hydraulic
methods require subdividing the river reach into
subsections and obtaining a description of channel
geometry and roughness and upstream and downstream
boundary conditions. Often, there is not sufficient time
or money to obtain the necessary channel geometry data
to use hydraulic flow-routing methods in a network
analysis. However, if the channel geometry data were
available from a previous study or if the importance of
the streamflow data warranted obtaining the channel
geometry data, a hydraulic flow-routing method could be
effectively utilized. These techniques would generally
only be used for a few stations in the network due to the
effort required in coliecting the necessary input data and
the effort required in calibrating the model. The
calibration of a hydraulic model for a river reach would
permit the estimation of daily streamflow data at several
locations within the reach. Also, these methods are very
suitable for providing daily streamflow data for river
reaches subject to variable backwater where conventional
gauging procedures may be inadequate.

CHAPTER 4

COST-EFFECTIVE OPERATION OF THE STREAM-GAUGING PROGRAMME
The alternative methods discussed in the previous
section can sometimes be used to provide the needed
streamflow at a iesser cost than operating a continuousrecord gauging station. Another approach for making the
stream-gauging programme more cost effective is to vary
the number of visits and/or discharge measurements at
gauging stations as a function of the accuracy of the
streamflow records. It may be possibie to produce the
same quality of streamflow records at a reduced cost by
visiting/measuring those streams with unstabie channels
more frequently and those streams with stable channels
less frequently. Conversely, it may be possible to produce
more accurate streamflow records for the same operating
budget by modifying the visitation/measurement
frequency. The production of more accurate streamflow
records per dollar expended exemplifies a more costeffective operation of the stream-gauging programme.
Techniques developed by Moss and Gilroy
(1980) can be used to determine the cost-effective
operation of the stream-gauging programme. Kalmanfiltering and mathematical-programming techniques are
used to define strategies for the operation of the
necessary gauging stations to minimize the uncertainty
in the streamflow records. Kalman-filtering techniques
are used to develop uncertainty functions that relate the
error of instantaneous streamflow to the number of
visits/measurements made per year or season. Kalman-

and the rating-curve discharge. An example of a
logarithmic stage-discharge relation for the East
River at St. Margarets Bay, Nova Scotia, is given in
Figure 5. The residuals are indicated as horizontal
deviations from the stage-discharge relation;
(b) Analyse the time-series of residuals to determine the
one-day autocorrelation coefficient (RHO) and the
process variance (P), two of the parameters required
to compute the uncertainty function. Both RHO and
p are defined in Appendix B. An example of a timeseries of residuals for the East River at St. Margarets
Bay is shown in Figure 6. Note that one rating curve
proVides an unbiased rating for the period of record
from 1925 to present;

•

as the travelling hydrographer programme, uses the
uncertainty functions, information on the cost of
operating the stations, and travel costs to decide how
many times a given gauging station should be visited per
year in order to minimize the total uncertainty of all
stations. In this approach, those stations with the most
unstable stage-discharge relations are visited/measured
more frequently than those with stable relations. These
techniques will be illustrated using selected gauging
stations in the Province of Nova Scotia, Canada.
4.1

Developing uncertainty functions at
individual stations

The theoretical development of uncertainty functions is
described in AppendiX B. Additional details are provided
by Fontaine, et aI. (1984). The process of computing
uncertainty functions will be briefly outlined. Computer
programs for defining the uncertainty functions are
described by Thomas, et aI. (1985) and Thomas and
Gilroy (written communication, 1984). The computation
of the uncertainty functions requires the follOWing steps:
(a) Define a long-term stage-discharge relation (rating
curve) using about 50 discharge measurements
indicative of present channel conditions. Compute a
time-series of residuals as the difference in

logarithmic units between the measured discharge

RESIDUAlS
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filtering techniques are applicable when the water-ievel
measuring recorder is working and the stage-discharge
relation is used to compute the streamflow records.
When there is missing stage record, the uncertainty in
the missing discharge record is estimated by multipleregression analysis. A mathematical programmel known
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Stage-discharge relation for the-East River at St.
Margarets Bay, Nova Scotia, Canada (OlEH003).
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(e)

Tirne~series of residuals for the East River at
St. Margarets Bay, Nova Scotia, Canada (OlEH003).

Determine the discharge measurement standard
error using procedures in Carter and Anderson

(1963), in International Standards Organization
(1983) Handbook 16 or other similar studies. An

AN OVERVIEW OF SELECTED TECHNIQUES FOR ANALYSING SURFACE-WATER DATA NETWORKS

10

estimated standard error of 5.0 per cent was used for
all measurements to account for any unusual
measuring conditions. This is the standard error that
would result if each measurement had about 20
sections and used the 0.6-depth method of
determining mean velocity. Twenty sections are
usually the minimum number used in making
discharge measurements. The measurement
variance, RHO, and p are used to compute the
uncertainty function when stage record is available
and the stage-discharge relation is applicable;
(d) Determine the coefficient of variation (CV), the
cross correlation coefficient (CROSS), and the
percentage of lost stage record for a given visitation
frequency. These parameters are needed to compute
the uncertainty function during periods of lost stage
record. The parameters CV and CROSS were
computed using daily mean discharges selected at
random throughout the 1982 calendar year. Each of
the five stations were correlated with two nearby
stations and the maximum value of CROSS was
selected. Based on information in Wiebe and Terzi
(1985), 4.0 per cent lost stage record was used for a
visitation frequency of 10 times per year;
(e) With the parameters computed in steps (a)-(d)
above, generate the uncertainty functions using the
programmes described by Thomas, et al. (1985) and
Thomas and Gilroy (written communication, 1984).
An example of an uncertainty function for the
East River at St. Margarets Bay, Nova Scotia, Canada
(station 01EH003), is shown in Figure 7. Two curves are
shown in this figure. The curve labeied SE for standard
error represents the square root of the variance of the
instantaneous discharge when the water-level recorder
malfunctions 4 per cent of the time. The parameters used
to compute this uncertainty function are RHO = 0.984,
P = 0.008359 (loglO units)Z, CV = 1.407, and CROSS =
0.992. The process variance (p) represents the error or
uncertainty in 'estimating the discharge' as a function of
the observed stage data without consideration of lost
stage record. For example, the process variance for
station 01EH003 is 0.008359 squared logarithmic units.
This converts to a standard error of ±21.3 per cent using

,,,
~
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Cost-effective resource allocation

The purpose of the travelling hydrographer programme is
to determine the number of times each feasible route
should be used in order to minimize the total uncertainty
(variance) of all stations with respect to the operating
budget. The travelling hydrographer programme is
described in AppendiX C (adapted from Fontaine, et al.,
1984). Uncertainty functions were computed for four
more stations in Nova Scotia in addition to station
01EH003. All flve stations are summarized belOW:
Station name and number
Roseway River at Lower Ohio (OlECOOl)

cv. C<MIlfIcMM " ' _

\
\

•

\
25

4.2

\
\
\
\
\

~

the expression (lOZ.303p - 1)0.5 • 100, where p is the
process variance. The standard error of the instantaneous
discharge is within ±21.3 per cent two-thirds of the time
if no measurements are made to update the stage~
discharge relation and if there is no lost stage record.
However, since the water-level recorder malfunctions 4
per cent of the time, the curve labeled SE in Figure 7 has
a standard error higher than 21.3 per cent for zero
measurements.
The curve labeled standard error in Figure 7
does not represent the errors that are expected to occur
two-thirds of the time. This arises because errors in the
estimated discharge arise from three different sources
with widely varying preCisions. Therefore, the resultant
distribution of those errors may differ significantly from
a normal or lognormal distribution. This is why the
parameter equivalent Gaussian spread (EGS) is
introduced. The values of EGS are reported in units of per
cent and are briefly defined to be the errors in the
instantaneous discharge occurring two-thirds of the time
when lost stage record is considered in the computation
of the uncertainty function. This parameter is defined
further in Appendix B. As can be seen in Figure 7, the
EGS values are less than the computed standard errors.
The uncertainty functions shown in Figure 7
can be used to determine the number of times station
01EH003 must be visited to achieve a certain accuracy of
the streamflow records. To evaluate the cost effectiveness
of the entire stream-gauging network, uncertainty
functions must be developed for all stations in the
network, certain cost information must be developed for
operation of the network, feasible routes for servicing the
stations must be developed and all this information must
be combined into a mathematical programme known as
the travelling hydrographerc This process will be
illustrated using a hypothetical network in Nova Scotia.

EGS
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\

,
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NUMBER OF MEASUREMENTS OR VISITS PER YEAR

Figure 7 -

Example of an uncertainty function for the East
River at St. Margarets Bay, Nova Scotia, Canada

(OlEH003).

Mersey River below George Lake (OlEDOOS)
East River at St. Margarets Bay (OlEH003)
Liscomb River at Liscomb Mills (OlEN002)

Drainage area (km 2)
495

723

26.9
389

Southwest Margaree River near Upper

Margaree (OlFB003)

357

These stations are representative of a range in
channel conditions and accuracy of the rating curves.
Most of these stations have fairly long records, with
Mersey River (station 01ED005) having the shortest
length of record, 1968 to present. The long periods of
operation for these stations ensure that sufficient
discharge measurement data are available for defining
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the uncertainty functions. About SO discharge
measurements are needed to define adequately the
statistical parameters for the uncertainty functions. The
avallability of discharge measurements for the five
stations is summarized below:

Number of
measurements

Station
number

available

Number of
measurements
deleted

used in the analysis

Number of

measurements

OIECOOI

269

7

262

0lED005

51

I

50

0lEH003

136

I

135

OlEN002

76

2

74

OlFB003

238

3

235

The discharge measurements were obtained
from the Measurements FlIe of the Water Survey of
Canada (EnVironment Canada, 1984). Measurements
obviously affected by backwater from ice or with obvious
input errors were not used in the anaiysis. As shown in
the table above, only a small percentage of the total
number of measurements were affected in this way.

Uncertainty functions were developed using
programmes described by Thomas, et al. (1985) and
Thomas and Gilroy (written communication, 1984). The
parameters for the uncertainty functions afe summarized

below:
RHO

P (log unlts)2

cv

CROSS

OIECOOI

0.9945

0.005578

0.915

0.946

OlED005

0.8014

0.001165

1.024

0.901

0lEH003

0.9836

0.008359

1.407

0.992

OlENOO2

0.8447

0.001797

1.251

0.974

0lFB003

0.9778

0.000799

0.972

0.847

Station
number

The following uncertainty functions were·
computed by using the above parameters:
Number ofmeosurements or visits peryear
Silltionllumber

1

3

S

I

10

20

30

Errors expressed III per cent

intervals throughout the year, I.e., 36.5 days apart. The
error in the instantaneous discharge is determined by
averaging the variances at 400 points in each 36.S-day
period or about 11 times per day. Therefore, the values
shown in the above table are similar to the errors in the
daily mean discharges.
Both the standard errors and EGS vaiues in the
above table are computed assuming a measurement is
made on each visit to the station. This assumption is
made for simplicity purposes because there are numerous
combinations of measurements and visits that could be
investigated. Once the uncertainty function is computed
and stored In a data file, the standard error or EGS value
can be computed for any combination of visits and
measurements. Furthermore, the errors shown in the
above table are for open-water conditions only. Due to
ice, there was not a sufficient number of discharge
measurements made during backwater conditions to
develop uncertainty functions for this condition. The
lack of backwater measurements indicates that the rating
curve is affected by backwater from iCe only a small
portion of the year.
The five stations were assumed to be a complete
stream-gauging network for illustration purposes. Figure
8 is a schematic diagram shOWing the relative location of
the stations to each other and to the Dartmouth, Nova
Scotia office from which they are serviced. It was
assumed that the five stallons were presently serviced on
two stream-gauging routes with 10 visits per year. For the
cost-effective analysis, five additional routes were
developed. The total budget was assumed to be
US $20 000 with 40 per cent of the budget needed for
overhead. The fixed costs and minimum visit constraints
are summarized below:
Station
number
OIECOOI
0lED005
0lEH003
0lEN002
OlFB003

Fixed
costs (US $)
1250
1250
1250
1500
1100

Measurement
costs (US $)

Minimum
visits

17
20
25
30
22

4
4
4
4
4

SE

36.7

18.1

13.1

8.6

5.9

4.8

EG5

18.3

9.8

7.4

5.2

3.7

3.0

OllIDl105

SE

41.9

21.8

16.6

12.2

9.5

8.3

ReS

13.5

9.1

'.4

7.7

7.0

6.5

O1EHOO3

SE

53.2

25.7

18.6

12.2

'.2

6.6

ReS

22.6

16.5

13.8

10.2

7.3

6.0

SE

47.0

22.0

16.2

11.9

9.S

8.3

ReS

14.8

10.8

10.1

'.3

'.3

7.S

SE

41.7

22.3

16.8

11.6

'.1

6.6

lOA

200

0IECOOI,0IED005,0IEH003

ReS

11.4

6.3

S.2

3.9

2.B

2.3

20A

250

01EN002,01FB003

30A

175

0IECOOI,0IED005

OIECOOl

OlENOO2

OlFBOO3

The standard errors and EGS values given in the
above table lllustrate the reduction in the uncertainty of
instantaneous discharge as additional measurements or
visits are made to each station. The errors in the
instantaneous discharge are about the same as the errors
in daily mean discharge by virtue of the way the errors
are computed. The error in the instantaneous discharge
for a given measurement frequency is computed by
averaging the errors of instantaneous discharge at 400
points in time between the discharge measurements. If
10 discharge measurements are made per year, it is
assumed that these measurements are made at equal

The fixed costs are for computing and
publishing the streamflow records and the measurement
costs are the unit costs for making one discharge
measurement. The route costs and stations visited on
each route are shown below:
Route

Route costs (US $)

Stations visited

40B

25

0lEH003

508

ISO

OIECOOI

60B

175

0lFB003

70B

75

0lEN002

The data in the two tables above are used as
input to the travelling hydrographer programme. The
programme must first be "calibrated" using data for the
current conditions, Le., how the network is currently
being operated. Figure 9 shows output from the travelling
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TIMES USED

10

10

V-_....... .._ ...-1

\

Figure 9 -

t

I

,
" ,"

O-'EDOOSe\

'-

OlED005
2
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4
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5
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8

11.570
3.851
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\
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\
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THERE ARE SEVEN PRACTICAL ROUTES THAT MAY BE USED TO SRRVICE TIlE STATIONS.

EXPLANATION
•
FIELD OFFICE
•
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HIGHWAY

I

/

Output from the travelling hydrographer programme
for current operating conditions for the hypothetical
stream-gauging network in Nova Scotia, Canada.

l

,'
01ECOO1.:

OUTPUT FOR TRAVELLING HYDROGRAPHER PROGRAMMB
WITH A BUDGI'.T OF US $2.0 000, TIlE HYDROGRAPHER MUST SERVICE FlVE STATIONS.
OVERHEAD FOR THB NETWORK IS 40 PER CENT OF THE BUDGET.

'--------_ ..,

OBJECITVE FUNCTION IS THB TOTAL VARIANCE OF THE INSTANTANEOUS DISCHARGE IN
(PER CENT) 2 OVER ALL STATIONS.

Schematic diagram showing the relative locations of
stations in a hypothetical stream-gauging network
in Nova Scotia, Canada.

hydrographer for these current (initial) conditions. Under
current conditions, all stations are visited 10 times per
year using just routes lOA and 20A. The standard errors
range from 8.6 to 12.2 per cent and the EGS values range
from 3.9 to 10.2 per cent. The largest difference between
standard error and EGS occurs at station 01FB003, which
has the lowest CROSS value (0.847) or the highest
variance during periods of lost stage record. Conversely,
station 01EH003 has the smallest difference between
standard error and EGS values due to the highest value of
CROSS. The average standard error for the network is
(648.2/S)0.S = 11.4 per cent. Figure 10 shows output from
the travelling hydrographer programme when the five
new routes are' added and the programme is allowed to
select optimally the most cost-effective routes. Under
these conditions, the original two routes are not used but
other more cost-effective routes are used. In order to
reduce the overall uncertainty for the network, station
01EH003 is visited more frequently but station OlFB003 is
visited less frequently. As a result, the standard error for
station 01FB003 is slightly increased but the average
standard error for the entire network is decreased slightly
to (610.4/5)0.5 = 11.0 per cent.
A relation can be developed between average
standard for all stations in the network and the operating
budget by repeatedly running the travelling hydrographer
programme with different operating budgets. Two such
relations are shown in Figure II, one assuming 4 per cent
lost stage record and the other assuming no lost stage
record. The difference in the two curves is related to the
standard error in estimating the missing record.
This analysis was based on a hypothetical
network in Nova Scotia, Canada. However, information
and data used in the analysis were realistic and indicative
of the stations in the analysis. A small hypothetical
network was chosen to illustrate the technique without
overwhelming the reader with the analysis.

u** MINIMUM VISIT CONSTRAINTS ARB IN EFFECT.
INITIAL CONDmONS
TOTAL VARIANCE::: 610.4
STANDARD DEVIATION = 24.71
TOTAL COST = 19996

****

EGS

FOR THE WHOLE NlITWORK:::

ROUTE NUMBER
TIMF.S USED

SEQ. NUMBER
STA. NUMBER
VISITS
STA. ERROR

EGS

lOA

6.651945

20A

10
01EeOOI

10
01ED005

1
1

10
8.633
5.184

30A
0

40B
0

60B

SOB

°

01EH003

OlEN002

2
2

3
3

10
12.210
7.732

18
8.729
7.698

4
4
10
11.860
9.305

0

70B

o

OlFB003
S
5
8
13.030
4.256

NO VARIANCE REDUCTION AFTER CYCLE 1
u** SEARCH HALTED. ****

Figure 10 -

Output from the travelling hydrographer programme
if new stream-gauging routes are utilized in the

hypothetical stream-gauging network in Nova Scotia,
Canada.
20
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Figure 11- Relation between average standard error and
budget for a hypothetical stream-gauging network
in Nova Scotia, Canada.

CHAPTERS

ANALYSING THE REGIONAL HYDROLOGY NETWORK
The cost-effective analysis techniques described in the
previous chapter were appropriate for the analysis of
networks having water-management and regional
hydrology stations. In this chapter, techniques are
described for analysing only the regional hydrology
network.
As defined earlier, the regional hydrology
network is composed of stations that are usefui in
developing regional relations for estimating streamflow
characteristics at ungauged sites and at gaugIng stations.
Since it is not possible to gauge at all locations where

of record is available to estimate the on site variability.
The stations used are summarized in a subsequent
section of the report.
The objective of the study is to illustrate the
technique and not to define the variability of ali
physiographic regions within Manitoba. Therefore, oniy
a llmited number of physiograhic regions were studied
and oniy a llmited number of stations in each region
were used to define the on site variabillty. This study
could be used as an exampie for a more detailed study
utilizing a greater number of stations and more than two

streamflow data are needed, these regional relations are

streamflow characteristics.

very important in proViding information on bridge and
culvert design, water supply, flood-plain management,
etc.
Two approaches to analysing the regional
hydrology network will be discussed. First, the accuracy
of on site streamflow characteristics will be used to
determine how long to operate a station to characterize
regional hydrology. These techniques are applicable to
individual gauging stations. Secondly, generalized least
squares regression analysis will be used to determine
which stations are most important in providing regionai
information. This technique prOVides guidance, not only

on how long to operate a station, but also on the spatial
density of stalions.

5.1.1

Description ofthe technique

The standard error of the mean is related to record
length, as follows:
SE

m

W

=--L

(2)

where s is the standard deviation of the annual events
and N is the number of years of record. Equation 1 holds
regardless of the distribution of the annual events. The
standard error of the mean in Equation 2 will be in the
same units as 5, the standard deviation. It is ,often more
convenient to express the standard error of the mean in

per cent of the mean, as follows:
5.1

Accuracy of streamflow characteristics at
gauging stations

Statistical techniques can be utilized to decide how long
to operate gauging stations in the regional hydrology
network. One statistical technique that can be utilized is
to relate the variance or standard error of a given
streamflow characteristic to record length and on site
variability. This variance or standard error is the timesampling error in the given streamflow characteristic and
is a function of record length and the on site variability
of the streamflow characteristic. For this study only the
stanpard error will be evaluated. The relationship
between standard error and record length will
demonstrate the improvement in the estimation accuracy

of the streamflow characteristic as additional years of
data become available. The on site variability,

exemplified by the standard deviation or coefficient of
variation} becomes a factor because streamflow
characteristics, such as the IOO-year flood) are subject to

greater error at those sites where streamflow is highiy
variable. Also, the relationship between standard error
and record length can be used to decide how long to

SE = 100 SEw
X

(3)

where X is the mean of the annual events and SEm comes
from Equation 1. By substituting Equation 2 into
Equation 3, we obtain the following equation:
SE =

~

(4)

where CV is the coefficient of variation (standard
deviation divided by the mean). The coefficient of
variation is a dimensionless index of on site variability
and, when averaged over several stations in a region, can

be assumed to be a measure of regional variabillty. The
objective is to use sufficiently long records so that an
unbiased average value of CV is obtained. Using Eq\!i!!ion 4
and a regional average coefficient of variation (CV) the
desired relation between standard error and record length
can be developed for any value of N. In the next section,
the technique is lIIustrated for the mean annual
discharge using data for stations in Manitoba, Canada.

regions across Manitoba, Canada. Two streamflow
characteristics, mean annual discharge and the lOo-year
annual maximum daily discharge, were chosen to

The standard error of a T-year event, such as the
100-year annual maximum daily discharge, is a function
of the chosen frequency distribution and the method of
determining the parameters of the distribution. The
iogical choices for a distribution for the study were the
three-parameter lognormal and the Pearson Type III
because they are three-parameter distributions with the
flexibility to fit skewed hydrological data, the standard

illustrate the difference in accuracy for a mean value and

error of a T-year event estimated from these distributions

in a relatively frequent event. The annual maximum

is well documented (Hardison, 1969, 1971; Bobee, 1973;
Condie, et 01., 1976; Condie, 1977; Kite, 1988), and both
distributions are frequently used in Canada and the

operate a station to achieve a certain accuracy.

The technique is illustrated using data from 25
unregulated stations in three different hydrological

dally discharge rather than the annual maximum
instantaneous discharge was used because a longer period
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United States for estimating T-year events. For this study,
the Pearson 'IYpe III distribution using the logarithms of
the data and the method of moments was chosen
because of the author's familiarity with the method and
the ease of expressing the standard error as a function of
record length and at site variability. If the threeparameter lognormal distribution had been chosen, the
results would not have been significantly different. On
the average, the Pearson 'JYpe III distribution using the
method of moments gives slightly higher standard errors
than the three-parameter lognormal using maximum
likelihood.
For the Pearson 'JYpe III frequency distribution,
the T-year flood event, in logarithmic units, can be
computed as:

this study using Equations 6 to 8. Values of 0 for return
periods of two, five} 10, 20 1 SO, and 100 years and

skewness between -2.0 and 2.0 are given in Table 6. The
values of 0 in Table 6 are appropriate for T-year events
above the median. If 0 values are needed for T-year
events below the median, such as the lO-year low flow,
simply interchange the 0 values for negative and positive
skew and make the 0 value negative. For example, if
determining the accuracy of the lO-year low-flow event
with nonexceedance probability of 0.10 when the skew is
-2.0, use a 0 value of -2.4525. This value was obtained
from Table 6 by selecting the 0 value for skew = 2.0,
return period 10 years (0 = 2.4525) and changing 0 to a
negative value.
TABLE 6

Parameter 0 for determining standard error in the
Pearson 'IYpe III distribntion

(5)

XT=X+Ks

Return Period, T, in years

where X and s are the mean and standard deviation,
respectively, of the natural logarithms of the annual
events, and K is the Pearson Type III deviate, which is a
function of recurrence interval T and the coefficient of
skewness of the natural logarithms (g). Using the method
of moments for determining the parameters of the
distribution, the standard error of the T-year flood event
from Equation 5 is as follows (Bobee, 1973; Condie, et al.,
1976; Kite, 1988):
SE(XT ) =

1;:; [1+ Kg+ ~2 (~+1) +

3K~(g+ ~J +3(~~r (2+ +¥Jr

(6)

2

3g

aK

where: ag is the derivative of K with respect to g and
defines how K varies as a function of g. This quantity can
be determined from the following equation:
aK = ~ + 4(t -6t) g_
ag
6
63
3

2

3(t - 1) g 2 +-g
4t 3

64

63

_10 g4

6

(7)

6

where t is the standard normal deviate. The value of K
has been tabled by several investigators such as Harter
(1969, 1971) or can be found in Appendix 3 of BulIetin
17B of the Interagency Advisory Committee on Water
Data (1982). Otherwise, the values of K can be
approximated by the following equation:

K"

t + (t

2 _ 1)!l + !!....=...ot (q)2
63;;-

(t

2
-

1)

(;r (;r
+ t

(8)

+ { (;)'

Equation 6 can be rewritten as follows if we let the
quantity in the brackets raised to the one-half power be
represented by 0:
SE(XT ) =

,5/

(9)

Kite (1988) computed values of 0 for positive value of g.
Values of 0 for negative values of g were generated for

Exceedance probability, p
Skewness
T=

p=

2
.50

5
.20

10
.10

20
.05

50
.02

100

.01

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0,7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.0

1,0801
1.0808
1.0830
1.0866
1.0918
1.0987
1.1073
1.1179
1.1304
1.1449
1.1614
1.1799
1.2003
1,2223
1,2457
1.2701
1.2952
1.3204
1.3452
1.3690
1.3913

1.1698
1.2006
1.2309
1.2609
1.2905
1.3199
1.3492
1.3785
1.4082
1.4385
1.4699
1.5030
1.5382
1,5764
1.6181
1.6643
1.7157
1.7732
1.8374
1.9091
1.9888

1.3748
1.4367
1.4989
1.5610
1.6227
1.6838
1.7441
1.8032
1.8609
1.9170
1.9714
2.0240
2.0747
2.1237
2.1711
2.2173
2.2627
2.3081
2.3541
2.4018
2.4525

1.6845
1.7810
1.8815
1.9852
2.0915
2.1998
2.3094
2.4198
2.5303
2.6403
2.7492
2.8564
2.9613
3.0631
3.1615
3.2557
3.3455
3.4303
3.5100
3.5844
3.6536

2.1988
2.3425
2.4986
2.6656
2.8423
3.0277
3.2209
3.4208
3.6266
3.8374
4.0522
4.2699
4.4896
4.7100
4.9301
5.1486
5.3644
5.5761
5.7827
5.9829
6.1755

2.6363
2.8168
3.0175
3.2365
3.4724
3.7238
3.9895
4.2684
4.5595
4.8618
5.1741
5.4952
5.8240
6.1592
6.4992
6.8427
7.1881
7.5339
7.8783
8.2196
8.5562

-0.1
-0.2
-0.3
-0.4
-0.5
-0.6
-0.7
-0.8
-0.9
-1.0
-1.1
-1.2
-1.3
-1.4
-1.5
-1.6
-1.7
-1.8
-1.9
-2.0

1.0808
1.0830
1.0866
1.0918
1.0987
1.1073
1.1179
1.1304
1.1449
1.1614
1.1799
1.2003
1.2223
1.2457
1.2701
1.2951
1.3202
1.3450
1.3687
1.3907

1.1385
1.1067
1.0744
1.0416
1.0081
0,9740
0.9392
0.9037
0.8675
0.8310
0.7943
0.7582
0.7236
0.6920
0.6652
0.6458
0,6368
0.6413
0.6617
0.6995

1.3134
1.2529
1.1937
1.1366
1.0821
1.0314
0.9858
0.9471
0.9172
0.8987
0.8939
0.9049
0.9333
0.9796
1.0432
1.1231
1.2173
1.3240
1.4409
1.5660

1.5929
1.5074
1.4292
1.3600
1.3019
1.2571
1.2281
1.2173
1.2263
1.2563
1.3070
1.3775
1.4658
1.5695
1.6860
1.8124
1.9459
2.0835
2.2225
2.3596

2.0691
1.9556
1.8606
1.7866
1.7361
1.7112
1.7132
1.7422
1.7970
1.8752
1.9736
2.0886
2.2160
2.3519
2.4920
2.6321
2.7680
2.8953
3.0093
3.1052

2.4783
2.3452
2.2395
2.1638
2.1200
2.1090
2.1301
2.1814
2.2594
2.3598
2.4776
2.6078
2.7450
2.8838
3.0189
3.1449
3.2562
3.3469
3.4109
3.4418

By using Equation 9 and 0 values in Table 6, the
standard error of selected T-year flood events can be
determined as a function of record length. It is assumed
that values of sand g are unbiased estimates of their
population values. The uncertainty in sand g Is reduced
by using long-record stations in the analysis. Since s
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(expressed in log units) and g often do not vary
significantly over a region (5 sometimes varies as a
function of drainage area), they can be averaged to
obtain a measure of regional variability. The analyst
should be aware that the standard error given in
Equation 9 does not take into consideration the error in
determining the annual maximum daily discharge or the
fact that the logarithms of the annual events may not be
Pearson Type 1lI distributed. In the next section, the
technique is illustrated for the 100-year annual
maximum daily discharge using data for stations in
Manitoba, Canada.

5.1.2

In some cases, more detailed physiographic
regions were combined into a larger physiographic region
because streamflow variability was similar. The stations
in each region and their drainage areas are summarized
Drainage area
Region 1

04ABOOI
04AD002
05UH002
06DA002
06FB002
06FCOOI
06FD002
06GBOOI
06GDOOI

13000
65500
2280
25000
4250
5800
1880
17800
48200

Region 2

04AC005
05PB014
05PCOll
05PD023
05REOOI
05TDOOI

25900
4870
461
3.9
6790
15400

Region 3

05LC004
05LH005
05LJ007
05MD005
05ME003
05MF008
05MGOOI
050A007
05SA002
05SD003

Application of the technique

The application of the technique will be illustrated using
data in Manitoba, Canada. Figure 12 is a map showing
the various physiographic regions within Manitoba. A
total of 25 unregulated stations with five or more years of
record were used in the study.
The relationship between standard error and
record length was developed for three hydrological
regions in Manitoba using data from 25 stations. The
three regions are identified below.
Hydrological
region

Physiographic

Subregion on

region

map

Region 1

Kazan Upland &
Hudson Bay Lowland

99A, 99D, 99E,
99G, 116A, 116B

Region 2

Severn Upland

127A, 127B J 127E,

(km 2)

Station number

143000
55200
974
2000
1120
759
671
1520
1580
1480

below.
127G, 1271, 127K

Manitoba Lowlands &
Saskatchewan Plain

Region 3

'<ORTIlWF.ST

87L, 87N, 870,
87p, 870, 8E, 88F,
88G, 88H, 8BI, 88L

TERRITORIES

···r-''I'~'--------'1~'l
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<
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~
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,,
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\

,,
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,
,,

,,
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Figure 12 -
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~ilDKlLOIdE1ERS

Physiographic regions in Manitoba, Canada.
(Adapted from Water Resources Branch, 1986).

For each region, the average coefficient of
variation (CV) of the mean annual discharge was
computed and Equation 4 was used to compute the
standard error of the mean annual discharge as a
function of record length. The results are shown in
Figure 13. Likewise, the average standard deviation (S)
and coefficient of skewnessrg) of the logarithms of the
annual maximum daily discharges were determined for
each region. Equation 9 was used to compute the
standard error of the 100-year annual maximum daily
discharge as a function of record length. The results are
shown in Figure 14.
The statistics for Manitoba used to compute
Figures 13 and 14 are summarized below:

S (log units)

Region number

CiT

Region 1

0.290

0.389

0.0

Region 2

0.371

0.467

-0.2

Region 3

0.652

0.B51

-0.25

g

Figures 13 and 14 and the table above illustrate
that streamflow characteristics in region 3 are more
variable than in regions 1 and 2. This implies that
stations in region 3 must be operated longer than those
in regions 1 and 2 to obtain the same accuracy for the
streamflow characteristics. For example, to obtain a
standard error of 10 per cent for the mean annual
discharge requires about eight to 14 years of record for
regions 1 and 2, while approXimately 43 years of record
are needed for region 3 (see Figure 13). A 10 per cent
standard error seems to be a reasonable goal for the
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Figure 13 - Standard error of the mean annual
discharge as a function of record length and

Figure 14 - Standard error of the 100-year annual
maximum daily discharge as a function of
record length and average standard

average coefficient of variation for three
regions in Manitoba, Canada.

accuracy of the mean annual discharge. Likewise, to
obtain a standard error of 30 per cent for the 100-year
annual maximum daily discharge requires about 13-15

deviation and coefficient of skewness for
three regions in Manitoba, Canada.

high variability to achieve the same accuracy as in
regions of low variability. In this study, the regional

years of record in regions 1 and 2, while apprOXimately

variability was estimated using the average coefficient of

46 years of record are needed to obtain the same accuracy
in region 3 (see Figure 14). The 30 per cent standard error
is a reasonable goal for the accuracy of a T-year event,
such as the 100-year annual maximum daily discharge,
since standard errors of regional models for ungauged
sites often approximate this value. The choice of the
accuracy criteria, however! is dependent on the purpose
or intended usuage of the T-year flood estimates.
The graphs in Figures 13 and...!.4 are based on

variation of the annual discharges and the average
standard deviation and coefficient of skewness of the
natural logarithms of the annual maximum daily
discharges. Regional values of variability were developed
to show the variation across different physiographic
regions and to develop standard error relationships that
were applicable to all stations in a given physiographic or
hydrological region. The same techniques could be
applied to a single gauging station by using the on site
estimates of C-v, 5, and g. In this single-station approach
the analyst should evaluate whether the values of Cv, s,
and g are unbiased.
The primary objective of this analysis was to
demonstrate a technique for developing a relation
between accuracy and record length. The technique is
primarily applicable to regional hydrology stations whose
duration of data collection is not usually dependent on
the data uses at the station. The criteria of 10 per cent
standard error for the mean annual discharge and 30 per
cent standard error for the 100-year annual maximum
daily discharge are reasonable guidelines but should be
varIed to meet the needs of a given study. It is important
to note that given a predetermined accuracy criteria it is
possible to use Figures 13 and 14 to determine the
required duration of data collection.
This study could be used as an example for a
more detailed study using more stations per region or
more streamflow characteristics. Also, different frequency
distributions or parameter estimation methods could be
utilized to produce the same type of standard error
relations. Regardless of the distribution or parameter
estimation method, the concept of relating standard

the assumption that the values of CV, 5, and

g are

representative of the streamflow variability in the
respective regions. To check this assumption, additional
stations could be used in the computation of CV, S, and g.
Figures 13 and 14 illustrate how standard error varies
with record length and on site variability. A more
detailed study utilizing more stations is required to prove
conclusively that the results shown in Figures 13 and 14
are not a function of the sample of stations chosen for
the study.
A relationship can be developed between the
standard error of streamflow characteristics and record

length and on site variabillty. The techniques for
developing such a relationship were demonstrated using
data for 2S unregulated stations in three hydrological
regions in Manitoba. These relationships were developed
for two streamflow characteristics - mean annual
discharge and the 100-year annual maximum daily
discharge. The results indicated that significantly longer
records were needed to estimate the 100-year annual
maximum daily discharge with the same accuracy as the
mean annual discharge. Furthermore l the results

indicated that longer records are needed in regions of

l
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error to record length is useful in deciding how long a
gauging station should be operated.
5.2

Assessment of regional information

An important part of the hydrological information
network is the mechanism for transferring Information
from gauged to ungauged sites and to gauged sites with
limited data. One procedure that has been used as a
transfer mechanism for streamflow information is
multiple regression analysis (Benson, 1962, 1964; Benson
and Matalas, 1967; Thomas and Benson, 1970). In this
approach, streamflow characteristics at gauging stations
are related to a variety of physiographic and climatic
parameters that describe the drainage basin and climatic
conditions upstream from the station. A logarithmic
transformation of the streamflow, physiographic and
climatic characteristics is often used to linearize the
regression model and to satisfy other assumptions of
regression analysis. This analysis results in a relation of

the following form for the untransformed data:
Q ~

boX,., x·.b2
2

_.

.....

x;

(10)

in which Q is an estimate of a streamflow characteristic

such as the W-year flood discharge or the annual mean
discharge, X 1,X2, .. .xk are physiographic and climatic
parameters that are measurable from topographic maps
or are readily available from climatic reports, and
bO,bltb21 ...bk are regression coefficients that are defined
by regression analysis using data collected at existing
gauging stations. As more streamflow data are collected
in the region, the accuracy of the regression coefficients
will improve and, therefore, Equation 10 will tend to
become a better predictor of streamflow characteristics at

ungauged sites.
This logarithmic regression approach has been
extended to hydrometric network analysis in an attempt
to determine "optimal/} record lengths and spatial
density of gauging stations (Solomon, et al., 1968;
Solomon, 1972; Moss and Karlinger, 1974; Moss, et al.,
1982; Tasker, 1986; Moss and Tasker, 1990; Moss and
Tasker, 1991). Since limited resources are generally
available for hydrometric data collection, the objective of
the network analysis is to evaluate the trade-off between
duration of data collection and the number of sites. A
regional regression equation can be used to evaluate
regional information in a given network.
The method traditionally used for computing
the regional regression equation is the ordinary least
squares technique. Two of the assumptions required for
this method are the homoscedasticity (constant varIance
over the data range) and independence of the residuals in
the regression analysis. These two assumptions are
usually violated to some degree In hydrological regession
analysis because streamflow records for various
watersheds are of different lengths and, therefore, the
resultant streamflow characteristics have unequal
variances/ and because streamflow characteristics for
nearby watersheds are correlated due to experiencing
similar climatic events.
More recently, Stedinger and Tasker (1985,
1986) have described a new regression technique generalized least squares - that may be more appropriate
for hydrological regression and network analysis than

ordInary least squares regression. Generalized least
squares regression eliminates the need for the two
assumptions noted above because each watershed in the
regional regression analysis is weighted appropriately to
take into consideration the variance (time-sampling
error) and spatial correlation structure of the streamflow
characteristic being regionalized. In addition, the timesampling error in the streamflow characteristic is
accounted for in evaluating the accuracy of the
regression equation. A more realistic evaluation of the
accuracy of the regression equation permits the analyst
to evaluate better the worth of addItional data collection
and to assess improvements In regional information.
5.2.1

Description ofthe technique

Stedinger and Tasker (1985, 1986) proVide a detailed
comparison of ordinary and generalized least squares and
describe the theoretical background for the generalized
least squares technique. Only a minimum of
mathematical detail will be provided here to explain the
technique. Furthermore, Tasker and Stedinger (1989)
describe an operational generalized least squares
regression programme that is being used within the
United States and Canada. If the natural logarithms are
taken of both sides of Equation 10, then the following
linear relationship results:

,
InQ= Inb o + LbjlnX j
j;l

(11)

where In Q and In X j are the natural logarithms of the
streamflow characteristics and physiographic and
climatic parameters defined for Equation 10. In matrix
notation (the underscore indicates a matrix), the
regression coefficients for a sample of n gauging stations
are estimated by generalized least squares as:

where (l11.JSF is the transpose of the matrix of natural
logarithms of the physiographic and climatic parameters
and A-l is the inverse of a weighting matrix. This
weighting matrix is defined as:
(13)

r

in which
is a diagonal matrix of order n, and E. is a
covariance matrix (n x n) with elements:
(rjjmjjs;s;IL;Lj! (.5kjk;(rij + .75gtsj! + c(1 + .5kj%j +
.5ktsJJ for i = 1, ...,n and i = 1, ... n
(14)

where Tj; is the estimated cross correlation between
annual flows at sites i and i, m;j is the length of
concurrent record between sites i and ;, L i and Li are the
record lengths at sites i and ;, 5, and 5j are regression
estimates of the standard deviations at sites i and;, gj and
gj are the skew coefficients at sites i and;, and kb k; and c
are constants that depend upon which streamflow
characteristic is the dependent variable. The elements of
II shown in Equation 13 resuit from the assumption that
the logarithms of the streamflow characteristic are
Pearson Type III random variables. Other distributions
could be assumed, but Equation 14 would be slightly
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different. The diagonai elements of lJ. are the variances of
the streamflow characteristic (time-sampling error) and
the off-diagonal elements are the covariances of the
streamflow characteristic at pairwise sites. The matrix f
is the underlying model error and will be defined later.
The weighting matrix J is determined by a trial and error
solution of:
(1l1.Q - In X l2.)TJ- 1 (lJJ..Q - In X Ii.! = n-(v+ 1)

(15)

where v+ 1 is the number of regression parameters to be
estimated.
The model error y2 is defined to be the
underlying error in Equation 11 even if an infinite
number of gauging stations with inflnite record lengths
were used in the regression analysis. It is a measure of
how well Equation 11 approximates the real world
hydrology and is not a function of the data deficiences.
The sampling error is defined to be the error in
determining the regression coefficient l2. and includes
both time and spatial-sampling errors. Only the sampling
error can be reduced by additional data collection. The
only way to reduce the model error is to specify another
form for Equation 11. By virtue of the way J is
determined in Equation 15, the generalized least squares
estimate of model error does not include the timesampling error in the streamflow characteristic. However,
the ordinary least squares estimate of model error is the
total variation about the regression equation and does
include this time-sampling error.
The prediction error or variance of prediction
for an ungauged site is the sum of the model error and
the sampling error. By considering the model and
sampling error separately, the generalized least squares
regression technique offers a better chance of evaluating
the worth of additional data collection. The sampling
error can be approximated by the following expression:

~(V,-,-+...:1,,-)y!.-2_ + _;;_2 [1+_7Z_p_2)
n

n1

2

(16)

where nj is the length of long concurrent records, V is
the number of independent variables, n is the number
of stations, T is the average cross correlation coefficient,
'52 is the average variance of the annual peak
discharges, "f is the model error and Zp is the standard
normal deviate for exceedance probability p. By adding
many short-record stations to the regression analysisl
the first term in Equation 16 wili be reduced. This
corresponds to reducing the spatial-sampling error. By
increasing the length of record, particularly the longrecord stations, the second term in Equation 16 will be
decreased. This corresponds to reducing the timesampling error. Therefore, the objective of the gauging
strategy is to obtain the largest reduction in sampling
error and, hence} the most improvement in regional
information. The options are to operate the present
network or a subset of the present network each for a
longer period of time, add additional gauging stations
to the present network and operate this modified
network for a period of time, or some combination of
these options. The regional information, a reCiprocal of
the sampling error, can be improved by operation of
these stations.

5.2.2

Application of the technique

The application of the generalized least squares
technique wlll be illustrated using a stream-gauging
network in western Kansas (Medina, 1987). Regression
equations were developed for estimating three
streamflow characteristics - mean flow, the 30-day, twoyear low flow, and the one-day, 100-year high flow. The
watershed and climatic characteristics that were most
significant in estimating these streamflow characteristics
were drainage area in square miles, channel slope in feet
per mile, stream length in miles, average annual
precipitation in inches, and the SO-year, 24-hour
precipitation in inches. The actual regression equations
are not given because they are not consIdered the best for
predictive purposes because the analysis did not consider
all feasible combinations and transformations of the
independent variables. The purpose of the analysis was to
illustrate the effectiveness of the generalized least squares
technique for evaluating the relative impacts of adding
or deleting stations from the network. This impact was
measured by the relative changes in network average
sampling error.
The selection of a data network depends on the
future value of information obtained from a set of
stations. Therefore, it is necessary to define the period of
time into the future (called the planning horizon) for
which the value of the added information would be
determined. Three planning horizons were selected for
this analysis - the zero year for the present condition,
one at five years to represent short~term information
needs, and another at 20 years to represent long-term
information needs.
Each gauging station contributes a share of the
overall information provided by the network. However,
the amount of information provided by each station
depends upon the variability of streamflow, the
combination of physical and climatic characteristics, and
the length of record at the end of each planning horizon.
Therefore, the data at each station will have a unique
impact on the sampling error for the network. Also, the
cost of obtaining the information varies among stations.
Therefore, the results of the network analysis indicates
the relative contribution to reducing the sampling error
versus cost.
Pertinent features of the graphs that summarize
the results for the different streamflow characteristics
and network strategies are presented in Figure 15. A
graph including new stations has been used as the
example in order to show the features. The stations are
plotted as points of sampling error versus the ratio of
total annual cost to 1984 cost. Each point represents the
sampling error that would result and the annual cost if
the station represented by the plotted point, plus all
stations plotted to the left of it, were operated after 1983
for the number of years of the planning horizon. The
cost ratio is the sum of the individual station costs
expressed as a ratio to the summation of all station costs
for the currently operated stations used in the analysis
for the particular flow characteristic. The zero-year
horizon (status at the end of the 1983 water year) is
shown as a plotted point on the y-axis.
The points representing sampling errors are
arranged on the graphs so that the station that is most
effective in reducing the sampling error Is at the left
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Results of surface-water network analyses for
western Kansas are illustrated in Figures 16-18. Figure 16
illustrates the results of three network strategies to
proVide regional Information on mean flow and shows
the effectiveness of the stations in reducing the sampllng
mean-square error. Figure 16A shows the currently
operated stations In the order of their effectiveness
(Ignoring requirements to continue certain stations for
purposes other than regional information). If the shortterm (five year) planning horizon is considered, most of
the annual data-collection cost would provide little
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(after the stations that must continue in operation), and
each station toward the right is progressively less
effective. Stations that must be operated for purposes
other than regional information (such as project
operation, hydrological forecasts, and interstate compact
administration) are not plotted individually because they
are considered as a group that must be operated, In
contrast to stations that could be indiVidually selected
for discontinuance. Included in the group of stations that
cannot be discontinued are unregulated stations that are
used to identify long-term trends and stations that are
used to collect data at a site for a specific and current
purpose. The point plotted within the space reserved for
stations that must be operated represents the total
contribution of that group of stations.
The series of symbols plotted on each graph will
be referred to as curves, even though the implied curves
have not been drawn. The steep part of each curve
illustrates those stations which are the most effective in
reducing the sampling mean-square error} and in this
example, some of those stations are new. The flat part of
the curve indicates those stations whose future operation
would contribute very little to the reduction of the
sampling error and could be considered for
discontinuance and their costs applied toward new
stations that would contribute more toward the
reduction of the sampling error.
Fifty-five stations were used in western Kansas
to develop the regression equations. Of these SS stations,
17 must be operated to provide data for hydrological
forecasts, project operation} etc. In addition, 11 new
stations were added to the network by creating new
stations with watershed and climatic characteristics
similar to present or former stations whose watershed
and climatic characteristics deviated the most from the
mean for all stations.
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Figure 16 - Results of three network strategies to provide
regional information on mean flow in western
Kansas, United States (from Medina, 1987).
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Figure 17 - Results of three network strategies to provide
regional information on low flow in western
Kansas, United States (from Medina, 1987).
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information as the principai purpose are more effective
for that purpose than the stations operated for other
purposes. FIgure 17C shows the dramatic effect of adding
new stations for low-flow information. The stations for
mean and high flow were aiso effective in reducIng the
sampling error.
Figure 18 shows the three network strategies for
providing regional information on high flow in western
Kansas. The three graphs indIcate that, If high flow is the
regional information desired, then continuation of all
stations plus new stations wouid be benefIcial in
reducing the sampling error, partIcuiarly In the long-term
(20 year) planning horizon. The new stations for mean
and low flow were also effective in reducIng the samplIng
error.

The results of the analyses in FIgures 16-18 are

HI. o'otloo

::IG-yeAR ,LANNIlUI HORIZON
4
CU.lnt 01011011

summarized in Table 7, where the stations are ranked in

reduction in the sampling mean-square error. The longterm (20 year) planning horIzon IndIcates more
reduction of error, yet many of the stations would

order of Importance. As shown in the table and in Figures
16-18, the 11 new stations are the 11 most Important
stations for redUcing the sampling error across all three
fIow characteristics. The analysIs further Indicated that,
for each flow characteristic, some stations could be
dIscontinued without signifIcantly affecting the sampling
error. Funds from the dIscontinued stations could then
be used for the addition of new stations that would
contrIbute more effectively toward reducing the
samplIng error. The anaiysis also Indicated the amount of
additional funding necessary fo attain the maxImum
reduction of samplIng error by continuIng the present

contribute much less regional information than others.

stations and adding some new stations.
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Figure 18 - Results of three network strategies to provide
regional information on high flow in western
Kansas, United States (from Medina, 1987).

FIgure 16B shows the relative effectivenss of the
current stations that are operated only for regional
information and, therefore, are candidates for
discontinuance. Those stations that must be operated are

TABLE 7

Station ranking in order of importance in providing
regional information for western Kansas, UnIted States

not shown but do contribute regional information that
reduces the samplIng mean-square error in addItion to
providing Information for other data uses. This graph
shows that the annual data-collectIon cost could be
reduced to about 80 per cent of the 1984 cost by

stntiaJ
I1Iil11bIt

discontinuing several stations, without sacrificing a
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signIficant amount of reduction of the sampling error.
Figure 16C shows that new stations, selected for
theIr particular combinations of physical and clImatic
characteristics, wouid have a dramatic effect on the
reduction of the samplIng error. Since a new gaugIng
station would provide Information for all three
streamflow characteristics, the new stations for low and

high flow were also considered. For the short-term (fIve
year) plannIng hOrizon, the new stations would provide
virtually all the reduction of error that could be achIeved.
For the long-term (20 year) planning horizon, existing
stations would provide some of the reduction but the
new stations wouid be by far the most effective. The new
stations that were deemed to be most effective for iow
and hIgh flow were also effective in the error reduction.
FIgure 17 shows the results of three network
strategIes to provIde regional information on low flow In
western Kansas. Although the sampling error (0.152) Is
substantially higher than for mean flow, there is lIttle
difference between the fIve-year and 20-year results. The
curves in Figures 17A and 17B are relatively flat,
indIcating that little additional Informatlon on low flow
can be gaIned by continuing the current stations.
FIgure 17B, when compared to Figure 17A, shows that
the stations currently being operated for regional
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(a) New station haVing basin characteristics similar to indicated
station.
(b) Station records not used in indicated analysis.

ANALYSING THE REGIONAL HYDROLOGY NETWORK

The preceding analyis was oriented toward
reducing the sampling error by collecting longer records
at existing sites and/or installing new sites to reduce the
spatial-sampling error. If the model error is large relative
to the sampling error, then little improvement can be
expected in the standard error of prediction by additional
data collection. Therefore, it is important to reduce
model error so that the value of additional data
collection can be properly evaluated.
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The generalized least squares regression
technique, as described in this report, is one of the
network technologies that is being evaluated in the
World Meteorological Organization's project HYNET. The
objective of the HYNET project is to develop criteria and
methodology for comparing various network-analysis
techniques. Moss and Tasker (1990, 1991) describe the
scope of this intercomparison project and the computer
programs for performing this comparison.

CHAPTER 6

FUTURE DIRECTIONS FOR NETWORK ANALYSIS
Several network analysis techniques were discussed in
this report. Many of these techniques can and need to be
improved. For example, the Kalman-filter model used to
develop uncertainty functions requires the assumption
that the departures (residuals) from the stage-discharge
relation follow a first-order Markovian process. Moss and

Gilroy (1980) verified that this was a reasonable
assumption using data for a station on the lower
Colorado River, but this assumption needs further
verification. Indications are that residuals from stagedischarge relations on sand-channel streams might
violate the assumption of a first-order Markovian
process. A more sophisticated Kalman-filter model needs
to be developed for sand-channel streams where the
stage-discharge relation changes after every major flood.
Research into the statistical properties of the residuais
from the stage-discharge relation could lead to the
deveiopment of a more appropriate Kalman-filter model
for sand-channel streams.

Real-time data is becoming more important for
making decisions about the operation of a water-resources
project, for hydrological forecasting, and for monitoring
water-quality conditions. Kalman-filtering techniques can
be used in a real-time mode to provide more accurate
streamflow data. Kitanldls, e1 al. (1984) describe such a
model that can be used to decide when to make a discharge
measurement in order to maintain some predefined
accuracy. The Kitanidis model, as well as other statistical
models, need to be evaluated as to their utility in operating
a stream-gauging network in a real-time mode.
Also, Kalman-filtering techniques and other
statistical models can be used in water-quality network
analysis to determine sampling frequency and accuracy
of constituent load computations. Effort needs to be
expended In the future In developing water-quality
network analysis techniques and techniques for the
coordinated analysis of meteorological, water-quality and
streamflow networks.
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APPENDIX A

QUESTIONNAIRE FOR WESTERN AND NORTHERN REGION (WNR)
Hydrometric Network Review (from Water Resources Branch, 1986)
Provinces of Manitoba, Saskatchewan and Alberta and the Northwest Territories, Canada
Responding Agency:
Signature:
A.

WNR HYDROMETRIC NETWORK REVIEW
QUESTIONNAIRE: WATER QUANTITY ASPECTS

I.

ACTIVITY IDENTIFICATION
1. Most agencies or groups have a specific activity
or activities to deal with in terms of surface
water. In order to Identify these activities and
their relative significance, please rank the issues
of interest to you:

Now
1985

Near Future
1990

Activity

(a) Regional hydrology/baseline

inventory
(i) Unregulated stations haVing
transfer value to ungauged
locations
(Il) Long-term extraneous factors
(e.g., climate change)
(b) Planning and design of water

resources projects
(I) Domestic or Industrial water
supply
(Il) Recreational or other nonconsumptive use
(iii) Stream diversions
(Iv) Irrigation projects
(v) Construction near rivers
(vi) Construction in rivers
(e) Hydrological forecasting generally

requiring near-real-time data
(d) Operation and monitoring/

management
(i) Stations (possibly regulated)

2.

used for accounting or
apportionment of water
(e) Research and special
investigations
(I) Agriculture
(Il) Forestry
(iii) Aquatic habitat concerns
(tl Legal obligations
(I) Stations on international or
interprOVincial streams
where there is a Federal or
Provincial requirement to
operate them
(g) Other (specify)
With regard to your preViously identified activities,
describe the type of problems encountered or that
will be encountered and what Impacts have occurred

or are likely to occur. A partial list of problems
follows. Please use this as a guide only. Respond on
the "1985" and "1990 and beyond" planning
horizons and use a separate sheet for responses.
Types of Problems
Research programmes
Evaluation of agricultural land use Impacts
Evaluation and prediction of the Impacts from
human Intervention (urban, industrial-small scale)
Water pollution and water quality
Project design and feasibility studies
Determination of violation of environmental laws
Establishing a basis for subsequent legal actions
3. With regard to your preViously Identified activities,
please indicate on what rivers} lakes or reservoirs
these activities have occurred and are expected to
occur in the future:
(a) 1985:
_

(b)

II.
1.

1990

DATA AND INFORMATION REQUIREMENTS
Please indicate the types of surface-water data
required. Possible types are:
(a) Daily mean discharges
(b) Monthly mean discharges
(e) Flood-peak discharges
(d) Low-fiow discharges
(el Flood discharge hydrograph
(fJ Flood stage hydrograph
(g) Daily stream stage only
(h) Other (specify)
2. Specifics of data collection programmes can be
expected to vary according to the intended data use
and conditions at the gauging site. Please identify
your present (1985) and future (1990 and beyond)
needs, with regard to the hydrometric gauging
network according to the aspects listed below and
add others if required.
Length of record in years
Spatial coverage
Required accuracy
Other
With regard to the hydrometric gauging network, are
your present programme needs, as identified above/
being met successfully by the Water Survey of Canada?
Please discuss:

APPENDIXB

THEORETICAL DEVELOPMENT OF UNCERTAINTY FUNCTIONS
As noted earlier, uncertainty in streamflow records is
measured in this study as the variance of estimation of
instantaneous discharges. The accuracy of a streamflow
estimate depends on how that estimate was obtained.
Three situations are considered: (a) Streamflow is
estimated from observed stage data using the stagedischarge (rating curve) relation which is subject to error;
(b) Streamflow is reconstructed using data from nearby
sites because observed stage data are missing; and
(e) Streamflow is estimated from the expected value of
discharge for the period of missing record. The variances
of the estimates of streamflow that would be employed
in each situation was weighted by the fraction of time
each situation is expected to occur. Thus, the total

E[dJ = (ks + e- ks -l)/k
'r =

Time to failure

s
d
d

=

Service interval

=

Downtime (missing stage record)

(21)

= S-'r

8" = Time of the nth visit

I
I•
I

I

s,-----~._!I

I

I

estimation variance would be:
(17)

with:
where:
VT is the expected total error variance of the streamflow
estimates;

is the fraction of time that the stage recorders are
functioning;
Vf is the variance of flow estimates when the stage
reCOrdf;'IS are working;
e,. is the fraction of time that secondary data are
available to reconstruct streamflow records given
that the stage data are missing;
Vr is the variance of flows reconstructed from
secondary data;
Ee
is the fraction of time that stage and secondary data
are not available to compute streamflow records; and
V e is the variance of the third situation.
The fractions of time that each source of error is relevant
are functions of the frequencies at which the recording
Ef

equipment is serviced.

The time 't' since the last service visit until
failure of the stage recorder or recorders at the site is
assumed to have a negative exponential probability
distribution truncated at the next service time; the
distribution's probability density function is:

f(r) = ke-ktl(l-e-kS;
(18)
where:
k
is the average time to failure in units of (day)-!;
e is the base of natural logarithms; and
is the interval between visits to the site in days.
s
It is assumed that, if a recorder fails, it
continues to malfunction until the next service visit.
Thus, the fraction of time, Er that the recorder can be
expected to operate properly is:
ef= l-E[dJls

as is shown in Figure 19. The expected value of the
downtime, EfdJ, can be evaluated using Equation 18 and
the results in the following equation:

(19) .

where E [.J is the expected value of the random variable
contained in the brackets and d is the downtime of the
recorder between visits. Downtime Is defined as:
d = s-r if a failure occurs;
(20)
o
if no failure occurs

~
r
I
I.
I

T

I
I

I
I
I

I

.5 0 +1
TIME
Figure 19 - Definition of downtime for a single station.

Substituting Equation 21 into Equation 19 and
simplifying results in:
Ef =

(l-e-ks)/ks

(22)

In application k, the average time to failure, is
determined from Equation 22 by substituting values for
s, the service Interval, and er the fraction of time the
recorder is working. The values of sand Efare determined
from a known visitation frequency by analysing the lost
stage record. Once k is determined for given values of s
and ef' then ef can be determined for any desired
visitation frequency.
The fraction of time ee that no records exist at
either the site of interest or a nearby site can also be
derived assuming that the time between failures at both
sites are independent and have negative exponential
distributions with the same rate constant. It then follows
that:
Ee = 1 - [2(J-e- ks) + O.5(l-e-2ks)JI(ks)
(23)
Finany, the fraction of time er that records are
reconstructed based on data from a secondary site is
determined by the equation:

e, = 1 - Ef- Ee = [(l-e-ks) + O.5«(l-e-2ks)J/ks)

(24)

The variance, Vf , of the error derived from the rating
curve is determined by analysing a time-series of
residuals that are the differences between the logarithms
(In this application using base 10) of measured discharge
and the rating curve discharge. The rating curve
discharge is determined from a relationship between
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discharge and some correlative data, usually watersurface elevation (stage) for the gauging station. The
measured discharge qm(t) is the discharge determined by
field observations of depths, widths, and velocities. Let
q,,{t) be the true instantaneous discharge at time t and let
qR(t) be the value that would be estimated using the
rating curve. Then:
x(t)

= log q,,{t) - log qR(t) = log [q,,{t)/qR(t)]

(25)
x(t) = z(tl ) e -pl'rtl /(1+r/p)

is the instantaneous difference between logarithms of the
true discharge and the rating curve discharge.
In computing estimates of streamflow, the rating
curve may be continually adjusted on the basis of
periodic measurements of discharge. This adjustment
process results in an estimate q,(t), that is a better
estimate of the stream's discharge at time t. The
difference between the variable ~(t), which is defined:
~(t) = log qlt) - log qR(t)

(26)

and x(t) is the error in the streamflow record at time t.
The variance of this difference over time is the desired
estimate of
Unfortunately, the true instantaneous discharge
q,,{t) cannot be determined so that the values of x(t) and
the difference, ~(t) - x(t), can never be determined.
However, the statistical properties of ~(t) - x(t),
particularly its variance, can be inferred from the
available discharge measurements. Let the observed
residuals be z(t) so that:

V,.

z(t) = x(t) + vet) = log qm(t) - log qR(t)
(27)
where:
vet) is the measurement error, and log qm(t) is the
logarithm of the measured discharge equal to log qT(t)
plUS vet).
In the Kalman-filter analysis, the z(t) time-series

was analysed to determine three site-specific parameters.
The Kalman filter used in this study assumes that the
time residuals x(t) arise from a continuous first-order
Markovian process that has a Gaussian (normal)
probability distribution with zero mean and variance
(subsequently referred to as process variance) equal to p.
The process variance is the variability about the rating
curve assuming no error in the discharge measurements.
A second important parameter is [3, the reciprocal of the
correlation time of the Markovian process giving rise to
x(t); the correlation between x(tl ) and x(t:J! at Itr t21 days
apart is exp [-[3ltrt21}. The one-day autocorrelation
coefficient (RHO) is defined as exp [-[3}. Fontaine, et al.

(1984) also define q, the constant value of the spectral
density function of the white noise which drives the
Gauss-Markov x-process. The parameters} P, q, and pare
related by:
Var[x(t)} =p

=q/2[3

(28)

The variance of the observed residuals z(t) is:
Var[z(t)} = p + r

component of the uncertainty relationship. The Kalman
filter utilizes these three parameters to determine the
variance of the errors of discharges estimated from the
rating curve (VrJ as a function of the number of discharge
measurements per year (Moss and Gilroy, 1980). For
example, if there is only one measurement qm(tl ) then
the optimal estimator of the true residual x(t) at any
future time t would be:

(29)

where r is the variance of the measurement error vet). The
three parameters, p, 11, and f, are computed by analysing
the statistical properties of the z(t) time-series. These

three site-specific parameters are needed to define this

(30)

where the resultant variance of the actual flow estimates
satisfies:
In [1+V,} = p[l - e -2PI'-',1 /(1+r/p)}
(31)
When a sequence of residuals z(t) are available, closed
form expressions for x(t) and the error variances are quite
complex. However, a Kalman filter can be used to
calculate the optimal linear smoother, which provides
the reqUired numerical values (Moss and Gilroy, 1980).
If the recorder at the site of interest fails and
there is no concurrent data at other nearby sites that can

be used to reconstruct the missing record, there are two
ways of estimating discharges at the site of interest. A
recession curve could be applied from the time of
recorder stoppage until the gauge was once again
functioning, or the expected value of discharge for the
period of missing data could be used as an estimate. The
expected value approach is used in this study to estimate
Ve, the error variance during periods of no concurrent
data at nearby sites. If the expected value is used to
estimate discharge, the value that is used should be the
expected value of discharge at the time of year of the
missing record because of the seasonality of the
streamflow processes. The variance of streamflow, which
is a seasonally-varying parameter, is also an estimate of
the error variance that results from using the expected
value as an estimate. Thus, the coefficient of variation
squared (C.P is an estimate of the required error variance
Ve• Because Cy varies seasonally and the times of failures
cannot be anticipated, a seasonally-averaged value of Cy
is used:
365 (
c--l-I~

v -

[

365

i=I

J.l

)2ll,

(32)

i

where:
(1,
is the standard deviation of daily discharges for the
Ith day of the year; and
III is the expected value of discharge on the jth day of
the year.
«(;.P Is used as an estimate of V,.
The variance V, of the error during periods of
reconstructed streamflow records is estimated on the
basis of correlation between daily mean discharges at the
site of interest and daily mean discharges from other
nearby sites. The correlation coefficient (CROSS) between
the streamflows with seasonal trends removed at the site
is a measure of the goodness of their linear relationship.
The fraction of the variance of streamflow at the site of
interest that is explained by data from the other sites is
equal to (CROSS)2. Thus the error variance of flow
estimates at the site of interest obtained from second-ary
information will be:
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v, = (l-(CROSS)2) (CV)2

(33)

Since errors in streamflow estimates arise from three
different sources with widely varying precisions, the
resultant distribution of those errors may differ significantiy
from a normai or lognormal distribution. This lack of
normality causes difficulty in the interpretation of the
resulting total estimation variance. When stage and
secondary data are unavailable, the error variance Ve may be
very large. This couid yield correspondingiy large values of
VT in Equation 17 even if the probability that stage and
secondary data are not available, fe' is quite small (say 10-3).
A new parameter, the equivalent Gaussian
spread (EGS), is introduced here to assist in

interpreting the results of the analyses. Assuming that
the various errors arising from the three situations
represented in Equation 17 are lognormally distributed,
the value of EGS was determined by the probability
statement:
Pr [e-EGS ,; qm(t) / qy(t) ,; e+EGS] = 0.683

(34)

Thus, if the residuals log qm(t) - log qy(t) were normally
distributed, (EGS)2 would be their variance. Here EGS is
reported in units of per cent because EGS is defined so
that nearly two-thirds of the errors in instantaneous
streamflow data will be within plus or minus EGS per
cent of the reported values.

APPENDIXC

DESCRIPTION OF A MATHEMATICAL PROGRAMME
The programme, called "The travelling hydrographer,"
attempts to allocate among stream gauges a predefined
budget for the collection of streamflow data in such a
manner that the field operation is the most co.steffective possible. The set of decisions available to the
manager is the frequency of use (number of times per
year) of each of a number of routes that may be used to
service the stream gauges and to make discharge
measuremen ts. The range of options within the
programme is from zero usage to daily usage for each
route. A route is defined as a set of one or more stream
gauges and the least cost travel that takes the
hydrographer from his base of operations to each of the
gauges and back to base. A route will have associated
with it an average cost of travel and average cost of
servicing each stream gauge visited along the way. The
first step in this part of the analysis is to define the set of
practical routes. This set of routes will frequently
contain the path to an individual stream gauge with that
gauge as the lone stop and return to the home base so
that the individuai needs of a stream gauge can be
considered in isolation from the other gauges.
Another step in this part of the analysis is the
determination of any special requirements for visits to
each of the gauges for such things as necessary periodic
maintenance] rejuvenation of recording equipment, or
required periodic sampling of water-quality data. Such
special reqUirements are considered to be inviolable
constraints in terms of the minimum number of visits to
each gauge.
The final step is to use all of the above to
determine the number of times! Nil that the ith route
(i = 1, 2, ..., NR, where NR is the number of practical
routes) is used during a year such that the budget for the
network is not exceeded, the minimum number of visits
to each station are made, and the total uncertainty in the
network is minimized. Equation 35 represents this step in
the form of a mathematical programme. Figure 20
presents a tabular layout of the problem. Each of the NR
routes is represented by a row of the table and each of
the stations is represented by a column. The zero-one
matrix, (OJj~, defines the routes in terms of the stations
that comprise it. A value of one in row i and column j
indicates that gauging station; will be visited on route i;
a value of zero indicates that it will not. The unit travel
costs, Pj, are the per-trip costs of the hydrographerJs
travel time and any related per diem and operation,
maintenance, rental costs of vehicles, and the average
cost of servicing the surface-water equipment. The sum
of the products of Pi and N i for i = 1, 2, ..., NR is the total
travel cost associated with the set of decisions N = (Nv
N2, ..., NRJ·
The unit-visit cost, aj, is the average cost of
making a discharge measurement. The set of minimum
visit constraints is denoted by the raw At, j = 1, 2, ..., MG,
where MG is the number of stream gauges. The row of
integers M;, j = 1, 2, ..., MG specifies the number of visits
to each station. M j is the sum of the products of OJi; and
N i for all i and must equal or exceed A; for all j if N is to
be a feasible solution to the decision problem.
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Tabular form of the optimization of the routing of
hydrographers.

Minimize:
MG

v~

I

(35)

'1>i(M.)

j=l

J

where:
V
is the total uncertainty in the network;
N. is the vector of annual number of times each route
was used;
MG is the number cif gauges in the network;
M; is the annual number of visits to station j;
w; is the function relating number of visits to
uncertainty at station j;
such that: Budget> T" which is the total cost of
operating the network:
NR

MG

F, +

I
j",l

a;M i +

I

jJ,N,

(36)

j",l

where:
is the fixed cost;
IX; is the unit cost of visit to station j;
NR is the number of practical routes chosen;
Pi is the travel cost for route i;
Nj is the annual number of times route i is used (an
element of i'l);
and such that M; > At! where At is the minimum number
of annual visits to station j.
The total cost expended at the stations is equal
to the sum of the products of aj and M; for all j. The cost
of record computation, documentation, and publication
is assumed to be influenced negligibly by the number of
visits to the station and is included along with overhead
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in the fixed cost of operating the network. The total cost
of operating the network equals the sum of the travel
costs, the on site costs and the fixed cost, and must be
less than or equal to the avaiiable budget.
The total uncertainty in the estimates of
discharges at the MG stations is determined by summing
the uncertainty functions, <Pj' at the value of M; from the
row above it, for j

= I, 2,

.", MG.

As pointed out in Moss and Gilroy (1980), the
steepest descent search used to solve this mathematical
programme does not guarantee a true optimum solution.

However, the locally optimum set of values for N. obtained
with this technique specify an efficient strategy for
operating the network, which may be the true optimum
strategy. The true optimum cannot be guaranteed without
testing all undominated, feasible strategies.

