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FACTORS FOR CONVERTING INCH-POUND TO METRIC (SI) UNITS

Multiply inch- 3 wni by To obtain SI unit
Length
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
Area
2
square mile (miz) 2.590 square kilometer (km )
Yolume
cubic foot (£t3) 0.02832 cubic meter (md)
Flow
cubic foot per 0.02832 cubic meter 3per
second (ft3/s) second (m”/s)



COST~-EFFECTIVENESS OF THE STREAM-GAGING PROGRAM IN NEBRASKA

By Glenn B. Engel, Kenneth L. Wahl, and Judith A, Boohar

ABSTRACT

This report documents the results of a study of the cost-effectiveness
of the streamflow information program in Nebraska. Presently, 145
continuous surface-water stations are operated in Nebraska on a budget of
$908,500. Data uses and funding sources are identified for each of the 145
stations, Data from most stations have multiple uses. All stations have
sufficient justification for continuation, but two stations primarily are
used in short-term research studies; their continued operation needs to be
evaluated when the research studies end.

Simulation may provide information of acceptable accuracy for certain
data uses at one Niobrara River gage; present data uses, however, require
that the gage be continued.

The present measurement frequency produces an average standard error
for instantaneous discharges of about 12 percent, including periods when
stage data are missing. Altering the travel routes and the measurement
frequency will allow a decrease in standard error of about 1 percentage
point with the present budget., Standard error could be decreased to about 8
percent if lost record could be eliminated.

A minimum budget of $822,000 is required to operate the present
network, but operations at that funding level would result in an increase in
standard error to about 16 percent. The maximum budget analyzed was
$1,363,000, which would result in an average standard error of 6 percent.

INTRODUCTION

The U.S. Geological Survey is the principal Federal agency collecting
surface-water data in the Nation. The data are collected in cooperation
with State and local governments and other Federal agencies. The Geological
Survey presently (1983) is operating approximately 8,000 continuous-record
gaging stations throughout the Nation. Some of these records extend back to
the turn of the century. Any activity of long standing, such as the
collection of surface-water data, needs to be reexamined at intervals, if
not continuously, because of changes in objectives, technology, or external
constraints., The last systematic nationwide evaluation of the streamflow
information program was completed in 1970 and is documented by Benson and
Carter (1973). The Geological Survey presently (1983) is undertaking
another nationwide analysis of the stream-gaging program that will be
completed within 5 years with 20 percent of the program being analyzed each
year. The objective of this analysis is to define and document the most
cost-effective means of obtaining and providing streamflow information.

For every continuous-record gaging station, the first phase of the
analysis identifies the principal uses of the data and relates these uses to
funding sources. In addition, gaging stations are categorized as to whether
the data are available to users in a real-time sense, on a daily basis



during floods, on a periodic basis, or at the end of the water year.

The second phase of the analysis is to identify less costly alternative
methods of obtaining and providing the needed information; among these are
flow-routing models and statistical methods. The stream—gaging activity no
longer is considered a network of observation points, but rather an
integrated information system in which data are provided both by measurement
and synthesis,

The third and final phase of the analysis involves the use of Kalman-
filtering and mathematical-programing techniques to define strategies for
the operation of the necessary stations that minimize the uncertainty in the
streamflow records for given operating budgets. Kalman—-filtering techniques
are used to compute uncertainty functions (relating the standard errors of
computation or estimation of streamflow records to the frequencies of visits
to the stream gages) for individual stations. A steepest—descent
optimization program uses these uncertainty functions, information on
practical stream—gaging routes, the various costs associated with stream
gaging, and the total operating budget to identify the visit frequency for
each station so that total uncertainty in the overall network is minimized.

This report is patterned after a prototype study for the State of Maine
(Fontaine and others, 1984). Much of the material describing the general
methods is taken from the report by Fontaine and others (1984). This
report is organized into five sections; the first being an introduction to
the stream-gaging activities in Nebraska and to the study itself. The
middle three sections each contain discussions of an individual phase of the
analysis. Because of the sequential nature of the phases and the dependence
of subsequent phases on the previous results, a summary of the individual
phases is made at the end of each of the middle three sections. The entire
study, is summarized in the final section.

Hi £ st “agina in Nebras!

The stream—gaging program in Nebraska has evolved through the years as
Federal, State, and 1local needs for surface-water data have increased.
Although some records had been collected since 1891, a systematic collection
of streamflow records in Nebraska was not bequn by the Geological Survey
until 1894. On August 18, 1894, Congress appropriated funds for a
nationwide stream-gaging program, as an amendment to the Sundry Civil Bill.
Six gaging stations were established in Nebraska in 1894.

Early streamflow records were obtained for irrigation needs, but by
1912 several small plants were using water power for generating electricity
and development of more hydroelectric power was under consideration. Lack
of streamflow records for this purpose was recognized as a deterrent to
future development of water power. The State Engineer, in his report of
September 1, 1912, suggested that a survey of the potential water power
from streams and possible powerplant locations would undoubtedly stimulate
the development of water power (Brice, Shaffer, and Stuthmann, 1970).

Formal cooperation between the Geological Survey and the State of
Nebraska was started in 1906, but was terminated in 1914 by the State
because special investigations on the North Platte and Platte Rivers



required attention of the entire State hydrographic staff., At that time 14
gaging stations were being operated. By 1927, the number of continuous-
record stations had decreased to 8.

As a part of investigations for the U.S. Army Corps of Engineers
starting in 1928, the Geological Survey established 15 gaging stations. In
August 1931, the formal cooperative stream-gaging program with the State was
resumed, and the program has been continuous since that time. By 1932, 55
gaging-stations were in operation.

Major floods of 1935 in the Republican River basin, and those of 1940,
1944, 1947, 1950, and 1951 in river basins throughout the eastern part of
the State, caused residents of the valleys to seek flood-control projects.
This resulted in an accelerated collaborative stream-gaging program with the
U.S. Army Corps of Engineers to obtain data on which to plan flood-control
works (Brice, Shaffer, and Stuthmann, 1970).

With the advent of the Missouri River Basin program in Nebraska in
1946, stream—gaging activity expanded in areas where the U.S. Bureau of
Reclamation was developing irrigation projects. Funds were appropriated by
Congress to the Department of the Interior to obtain water-resources
information needed for the development of the Missouri River basin.

After streamflow data became available, the Nebraska Department of
Roads began using flood stages, discharges, and frequencies in the design of
bridges. Need for design data also led to establishment in 1951 of a
Statewide network of crest-stage gages on small drainage basins. As many as
119 crest-stage gages were operated under this program. Subsequent to the
publication of a report on the magnitude and frequency of floods in Nebraska
by Beckman (1976), operation of this network was terminated. At present
(1983) only eight crest-stage gages are operated for the U.S. Army Corps of
Engineers.

The study by Brice, Shaffer, and Stuthmann (1970) described the
development of Nebraska's surface-water program to meet the future needs of
water-data users. At the time of that study, the Nebraska program had 156
continuous~-record gages, which included 5 reservoir gages.

The number of gages decreased to 139 by 1977. 1In 1978, the Nebraska
Department of Water Resources initiated an expansion program through the
State Federal Cooperative Program. At present (1983) there are 145
continuous gages being operated on rivers and streams in Nebraska and 5 on
reservoirs. The historical number of continuous-record gages operated
within Nebraska is given in figure 1.
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Current Stream-gaging Program in Nebraska

Nebraska has an abundant water supply that generally is suitable for
all uses. The distribution, however, is not uniform; in some areas the
supply is abundant and in others it is meager. Because agriculture is the
principal industry in the State, the development of the water supplies has
been, for the most part, oriented to the land. Largest developments have
been for irrigation and for storage of flood water to prevent flooding the
land. A considerable quantity of the water supply has been allocated to
development of power, but only a small quantity to industrial use (Brice,
Shaffer, and Stuthmann, 1970). Many gaging stations are operated in the
State to monitor streamflows affected by these developments.

About 7.5 million acres are irrigated in Nebraska, with about one-fifth
by surface water and four-fifths by ground water. Nearly every stream in
the State is affected to some degree by diversions for irrigation. Some
streams, however, are affected so little that they can be considered as
natural-flow streams. Many gaging stations are operated in the State on
streams affected by irrigation development in order to define the altered
system,

For convenience, the State may be divided into 13 river basins (fig.
2). These are the same basin designations used by the Nebraska Natural
Resources Commission, previously called the Nebraska Soil and Water
Conservation Commission in preparation of the Framework Study for the State
Water Plan (Nebraska Soil and Water Conservation Commission, 1971). Some of
the basins are complete drainage units, some are parts of drainage units,
and others are groupings of small drainage units that are hydrologically
similar (Engberg, 1980). Location of the gaging stations is shown in figure
3.

The operation of the gaging-station network is shared by Geological
Survey and Nebraska Department of Water Resources personnel as part of the
cooperative program. Review and quality control responsibilities are the
Geological Survey's. The Department of Water Resources operates some
continuous stream gages as part of their own management program. Those
gages are not included in this analysis.

The distribution by basin of the 145 stream gages in the Nebraska
program and operated by the Geological Survey and the Department of Water
Resources is as follows: White River-Hat Creek-l, Niobrara-2l, Missouri
River tributaries-3, North Platte-14, South Platte-3, Middle Platte-8, Loup—
19, lLower Platte-10, Elkhorn-15, Nemaha-4, Republican-34, Big Blue-8, and
Little Blue-5. The cost of operating these 145 stream gages during fiscal
year 1983 was $908,500.

The official U.S. Geological Survey station number and name, drainage
area, period of record, and mean annual flow for the 145 stations are given
in table 1. Station identification numbers used throughout this report are
the last six digits of the Geological Survey's eight-digit downstream—order
station number; the first two digits of the standard Geological Survey
station number for all stations used in this report are 06. Also, if the
last two digits of the station number are zero they are amitted from tables
in this section.
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USES, FUNDING, AND AVAILABILITY OF CONTINUOUS STREAMFLOW DATA

The relevance of a stream gage is defined by the uses made of the data
produced from the gage. The uses of the data from each gage in the Nebraska
program were identified by a survey of known data users. The survey
documented the importance of each gage and identified gaging stations that
may be considered for discontinuation.

Data uses identified by the survey were categorized into nine classes,
defined below. The sources of funding for each gage and the frequency at
which data are provided to the users also were compiled and are defined
later.

Data-Use Classes

The following definitions were used to categorize each known use of
streamflow data for each continuous stream gage.

Regional Hydrology

For data to be useful in defining regional hydrology, a stream gage
must be largely unaffected by manmade storage or diversion. In this class
of use, the effects of man on streamflow are not necessarily small, but the
effects are limited to those caused primarily by land-use and climatic
changes. large quantities of manmade storage may exist in the basin
providing the outflow is uncontrolled. These stations are useful in
developing regionally transferable information about the relationship
between basin characteristics and streamflow.

Sixty-two stations in the Nebraska network are classified in the
regional-hydrology category. Three of the stations are special cases in
that they are designated bench-mark or index stations. Hydrologic bench-
mark stations are part of a national network of 57 stations operated in
watersheds that are relatively free from manmade alteration; the network is
intended to define long-term trends. Index stations are used to prepare a
national monthly summary of water conditions. Of the 62 stations in the
regional hydrology category, 1 also is a hydrologic bench-mark station and 2
are index stations.

Hydrologic Systems

Stations that can be used for accounting, that is, to define current
hydrologic conditions and the sources, sinks, and fluxes of water through
hydrologic systems including regulated systems, are designated as hydrologic
systems stations. They include diversions and return flows and stations
that are useful for defining the interaction of water systems.

The bench-mark and index stations also are included in the hydrologic-
systems category because they are accounting for current and long-term
conditions of the hydrologic systems that they gage. Depending on
streamflow conditions in any particular year, water may have to be allocated
among users by the Nebraska Department of Water Resources. This may be
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needed statewide or in only a few river basins. Many stations are used by
the Department of Water Resources for administration of water rights
throughout the State. These stations are included under this category.

Also included in this category are stations used for accounting of
flows in irrigation-project areas developed by the U.S. Bureau of
Reclamation and of flood control projects developed by the U.S. Army Corps
of Engineers. The Platte River and Republican River are mainly controlled,
and stations on these streams are in this category. One station, North
Platte River at Lisco, (686000) also is used as an index of hydrologic
conditions in the controlled North Platte River system.

Iegal Obligations

Some stations provide records of flows for the verification or
enforcement of existing treaties, compacts, and decrees. This category
contains those stations that the U.S. Geological Survey is required to
operate to satisfy a legal responsibility. The Republican River Compact
designates the U.S. Geological Survey to operate gaging stations needed for
the equitable distribution of water among Colorado, Kansas, and Nebraska.
Eleven gaging stations are used for this purpose. Also included in this
catgegory are three gaging stations that the Geological Survey has been
asked to operate in cooperation with other agencies., Niobrara River at
Wyoming-Nebraska State Line (454000) is used for the Upper Niobrara River
Compact and is operated in cooperation with the Nebraska Department of Water
Resources. Two gaging stations are operated in cooperation with Kansas-
Nebraska Big Blue River Compact Administration - Big Blue River at Barneston
(882000) and Little Blue River at Hollenberg, Kansas (884025).

Planning and Design

Gaging stations in this category of data use are used for the planning
and design of a specific project (for example, a dam, levee, floodwall,
navigation system, water-supply diversion, hydropower plant, or waste-
treatment facility) or group of structures. The planning and design
category is limited to those stations that were instituted for such purposes
and where this purpose is still valid.

Thirteen stations used by the U.S. Bureau of Reclamation for planning
and design of irrigation projects are in this category. Also included in
this category is one station used by the U.S. Department of Agriculture and
the U.S. Environmental Protection Agency for a project investigating
pollution control through water conservation practices - Maple Creek near
Nickerson (800000). Another gaging station included here is one that is
used by the Little Blue Natural Resources District in planning a water
project in the Little Blue River basin - Little Blue River near Alexandria
(883570) .

Project Operation
Gaging stations in this category are used, on an ongoing basis, to

assist water managers in making operational decisions such as reservoir
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releases, hydropower operations, or diversions. The project-operation use
generally indicates that the data are routinely available to the operators
on a rapid-reporting basis. For projects on large streams, data may only be
needed every few days.

Many stations are included in this category: Those used by the
Nebraska Department of Water Resources for water-rights administration as
explained under "hydrologic systems," those used by U.S. Bureau of
Reclamation and irrigation districts in project areas, those used by the
Corps of Engineers and Bureau of Reclamation in reservoir operations, those
used at hydropower facilities, and so forth.

Hydrologic Forecasts

Gaging stations in this category are reqularly used to provide
information for hydrologic forecasting by agencies other than the U.S.
Geological Survey. These might be flood forecasts for a specific river
reach, or periodic (daily, weekly, monthly, or seasonal) flow-volume
forecasts for a specific site or region. The hydrologic forecast use
generally indicates that the data are routinely available to the forecasters
on a rapid-reporting basis. On large streams, data may only be needed every
few days.

Stations in the Nebraska program included in this category are those
that have been designated by the National Weather Service as being needed
for flood forecasting. In addition to the National Weather Service, other
agencies may use the information from the stations during floods
particularly, the Nebraska State Civil Defense Agency, U.S. Army Corps of
Engineers, Nebraska Department of Water Resources, and Natural Resources
Districts in the State. Eighty—-seven stations are in this category.
Fifteen of these stations provide instantaneous data through telemetry

equipment.

Water—Quality Monitoring

Gaging stations where regular water—quality or sediment-transport
monitoring is being conducted and where the availability of streamflow data
contributes to the utility or is essential to the interpretation of the
water—quality or sediment data are designated as water—quality-monitoring
sites. Stations operated as part of the Natiocnal Stream—Quality Accounting
Network (NASQAN) are included in this category. NASQAN stations are
operated to define both areal variability and trends in stream quality.

One such station in the program is a designated bench-mark station and
seven are NASQAN stations., Water—quality samples from bench-mark stations
are used to indicate water—quality characteristics of streams that hawve been
and probably will continue to be relatively free of man's activities.

Other stations shown in this category are stations where water—quality
monitoring is being conducted through MRB funding for U.S. Bureau of
Reclamation planning and stations that are part of the monitoring network of
the Nebraska Department of Environmental Control.

18



Research

Gaging stations in this category are operated for a particular research
or water-investigations study. Typically, these are only operated for a few
years,

Three stations in the Nebraska program would be in this category: two
stations on Long Pine Creek (463080 and 463500), where the U.S. Department
of Agriculture and State agencies are involved in a study of the watershed,
and the Platte River near Kearney (770200), where interaction of the Platte
River and the ground-water reservoir is being investigated.

Other

In addition to the eight data-use classes described above, four
stations on the Lower Platte and Elkhorn Rivers are used by the Nebraska
Game and Parks Commission to provide streamflow information for canoeists.

Funding
The four sources of funding for the streamflow-data program are:

1. Federal program.—Funds that have been directly allocated to the
U.S. Geological Survey.

2. Other Federal Agency (OFA) program.—Funds that have been
transferred to the U.S. Geological Survey by other Federal agencies.

3. Federal-State cooperative program.—Funds that come jointly from
U.S. Geological Survey's cooperative—-designated funding and from a non-
Federal cooperating agency. Cooperating agency funds may be in the form of
direct services or cash.

4, Other non-Federal.--Funds that are provided entirely by a non-
Federal agency and are not matched by U.S. Geological Survey cooperative
funds.

In all four categories, the identified sources of funding pertain only
to the collection of streamflow data; sources of funding for other
activities, particularly collection of water-quality samples, that might be
done at the site may not be the same as those identified herein.

F of Data Availabilif

Frequency of data availability refers to the times at which the
streamflow data may be provided to the users. In this category, four
distinct possibilities exist, Data can be provided by direct-access
telemetry equipment for immediate use (includes both telephone-accessed
equipment and satellite data-collection platforms), by telephone calls,
usually daily, made by local observers or U,S.Geological Survey personnel
directly to the National Weather Service during floods, by periodic release
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of provisional data, or in publication format through the annual data report
published by the Geological Survey for Nebraska (U.S. Geological Survey,
1981). These four categories are designated T, C, P, and A, respectively,
in table 2, In the current Nebraska program, data for all 145 stations are
made available through the annual report, data from 15 stations are
available on a real-time basis, data from many stations are relayed directly
to the National Weather Service, and at least some data are released on a
provisional basis at the majority of stations.

Data-Use Presentation

Data-use and ancillary information are presented for each continuous
gaging station in table 2, which contains an explanation of the numerical
values used for describing information conveyed. The entry of an asterisk
in the table indicates that no explanation is required.

S f First Pl £ Analvsi

A review of the data used in funding information presented in Table 2
indicates that the data from most stations in the Nebraska network have
multiple uses. Many of the gaging stations are used on an ongoing basis for
accounting and for project operation, Although stations may have been
established for one specific purpose, the availability of the data have, in
itself, produced other uses for the data. Two stations are used primarily
for research or short-term investigation; Long Pine Creek near Long Pine
(463080), and Platte River near Kearney (770200). These two stations could
be discontinued at the end of the projects; however, Long Pine Creek
represents natural flow conditions upstream from the Ainsworth Irrigation
Project area return flows, and Platte River near Kearney will likely be a
valuable station for a continuing analysis of the gains and losses in that
reach of the Platte River. Because of these considerations, the continued
operation of these stations need to be evaluated when the research projects
end.

No stations were excluded from the second and third parts of this
analysis based only on the present uses of the data.
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ALTERNATIVE METHODS OF DEVELOPING STREAMFLOW INFORMATION

The second phase of the analysis of the stream—gaging program was to
investigate alternative methods of providing daily streamflow information in
lieu of operating continuous-flow gaging stations. The objective of this
phase of the analysis was to identify gaging stations where alternative
technology, such as flow-routing or statistical methods, could provide
accurate estimates of daily mean streamflow efficiently. No guidelines
exist concerning suitable accuracies for particular uses of the data;
therefore, Jjudgment was required in deciding whether the accuracy of the
estimated daily flows would be adequate for the intended purpose.

The data uses at a station affect whether or not information can
potentially be provided by alternative methods. For example, those stations
for which flood hydrographs are required in a real-time sense, such as
hydrologic forecasts and project operation, are not candidates for the
alternative methods. Likewise, there might be a legal obligation to operate
an actual gaging station that would preclude using alternative methods. The
primary candidates for alternative methods are stations that are operated
upstream or downstream from other stations on the same stream. The accuracy
of the estimated streamflow at these sites may be adequate if flows are
highly correlated between sites. Gaging stations in similar watersheds,
located in the same physiographic and climatic area, also may have potential
for alternative methods.

Discussion of Methods

Desirable attributes of a proposed alternative method are: (1) The
proposed method needs to be computer oriented and easy to apply, (2) the
proposed method needs to have an available interface with the U.S.
Geological Survey's WATSTORE Daily Values File (Hutchison, 1975), (3) the
proposed method needs to be technically sound and generally acceptable to
the hydrologic community, and (4) the proposed method needs to provide a
measure of the accuracy of the simulated streamflow records. Because of the
short duration of this analysis, only two methods were considered; those
methods are hydrologic routing and regression.

Stations in the Nebraska stream-gaging program were screened to
determine their potential for use of alternative methods, and selected
methods were applied at those stations where the potential was high. The
applicability of alternative methods to specific stream-gaging stations is
described in this section of this report.

Description of Flow-Routing Model

Hydrologic 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
camputations produce a discharge hydrograph at the downstream end.
Hydrologic routing methods include the Muskingum, Modified Puls, Kinematic
Wave, and the unit-response flow-routing methods. The unit-response method
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uses one of two routing techniques—storage continuity (Sauer, 1973) and
diffusion analogy (Keefer, 1974, Keefer and McQuivey, 1974).

Computer programs for the unit-response method can be used to route
streamflow from one or more upstream locations to a downstream location.
The model treats a stream reach as a linear one~dimensional system in which
the downstream hydrograph is computed by multiplying (convoluting) the
ordinates of the upstream hydrograph by the unit-response function and
lagging them appropriately. The model has the capability of combining
hydrographs, multiplying a hydrograph by a ratio, and changing the timing of
a hydrograph.

Daily flows usually can be routed using a single unit-response function
(linearization about a single discharge) to represent the system response.
However, if the routing coefficients vary significantly with discharge,
linearization about a low-range discharge results in overestimated high
flows that arrive late at the downstream site, and linearization about a
high~range discharge results in low-range flows that are underestimated and
arrive too soon. Multiple linearization (Keefer and McQuivey, 1974), in
which separate unit-response functions are defined for different ranges of
discharge, minimizes this problem.

Determination of the system's response to an upstream pulse is not the
total solution for most flow-routing problems. The convolution process
makes no accounting of flow from the intervening area between the upstream
and downstream locations. Ungaged inflows usually are estimated by
multiplying known flows at an index gaging station by an adjustment factor
(for example, the ratio of drainage area at the point of interest to that at
the index gage).

In both the storage-continuity and diffusion—-analogy methods, the
routing parameters are calibrated by trial and error. The analyst must
decide if suitable parameters have been derived by comparing the simulated
discharge to the observed discharge.

Description of Regression Analysis

Simple- and multiple-regression techniques also can be used to estimate
daily flow records. Unlike hydrologic 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 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 textbooks such as Draper and Smith (1966) and
Kleinbaum and Kupper (1978). The application of regression methods to
hydrologic problems is described and illustrated by Riggs (1973) and Thomas
and Benson (1970). Only a brief description of regression analysis is
provided in this report.
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A linear regression model of the following form commonly is used for
estimating daily mean discharges:

Y; =By + ilBj x_j + e; (1)
J=

where
= daily mean discharge at station i (dependent variable),

¥;

X; = daily mean discharge(s) at n station(s) j (independent variables);
these values may be lagged to approximate travel time between
stations i and j,

B, and B = regression constant and coefficients, and

e; = the random error term.

I
The above equation is calibrated (B, and B; are estimated) using observed
values of ¥; and Xj. These observed daily mean discharges can be retrieved
from the WATSTORE Daily Values File (Hutchison, 1975). 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 (Bp 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: (1) Plotting the residuals (difference between
simulated and observed discharges) against both the dependent and the
independent variables in the equation, and (2) 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 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 simulated record at a
discontinued gaging station causes the variance of the simulated record to
be 1less 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. 1If,
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 problem and
describes several models that preserve the variance of the original data.
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Potential for Use of Alternative Methods

A two-level screening process was applied to gaging stations in
Nebraska to evaluate the potential for use of alternative methods. The
first level was based only on hydrologic considerations; the only concern at
this level was whether it was hydrologically possible to simulate flows at a
given station from information at other gages. The first-level screening
was subjective; there was no attempt at that level to apply any mathematical
procedures. Those stations that passed the first level of screening were
then screened again to determine if simulated data would be acceptable in
view of the data uses shown in table 2. Even if simulated data were not
acceptable for the given data uses, the analysis continued. Mathematical
procedures were applied to determine if it were technically possible to
simulate data. This was done under the assumption that the data uses may
change in the future. Where data uses required continuation of gaging,
however, the result was predetermined to be that although alternative
methods were technically possible, they were unacceptable given the present
uses of the data.

Combinations of stations identified in the first level of screening are
listed in table 3. The location of these stations is shown in figqure 3.
Correlation coefficients were determined for the combinations of stations
shown in table 3 to eliminate from consideration those stations that showed
little correlation with corresponding stations. Combinations of stations
that were highly correlated were passed on to the regression analysis
described on the following pages. Hydrologic routing methods were not
applied because of the large number of combinations examined and because
data uses dictated that a gaging station must remain in operation at all
sites that showed promise for use of alternative methods.

Regression Results

Correlation and regression methods were used on all the combinations of
gaging stations shown in table 3. The initial results showed that
regression methods would be unacceptable for many of the possible sites;
stations for which the initial results were not promising were eliminated
from further consideration. Those stations included the following
combinations from table 3: Ponca Creek, upstream reach of Niobrara River,
Iong Pine Creek, both the North Platte and Platte Rivers, Dismal River,
downstream reach of Elkhorn River, Logan Creek, Republican River, and the
Big Blue River.

There were several reasons why the preceding combinations of gages
produced unacceptable results. However, the most common reasons related to
the importance of ground water discharge at several stations and to the
variable effects of diversions and return flows. The effect of ground water
is typified by the Dismal River. The upstream station (775900) derives
almost all flow from the Sandhills; as a consequence, the flow has 1little
variability, However, the downstream gage (776500) receives a 1limited
quantity of direct runoff and discharge is much more variable than at the
upstream station.
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Table 3.—Combinations of stations used in alternative-methods analysis
[Underscore indicates that data use in table 2 includes forecasting or
legal obligations]

Drainage basin Combinations of stations investigated
Ponca Creek 453500 453600

Niobrara River 454000 454100 454500

Niobrara River 461500 462000

Long Pine Creek 463080 463500

Niobrara River 465000 465310 465440 465500

North Platte River 690500 691000

Platte River 168000 770000 770500 774000

Dismal River 775900 776500

Elkhorn River 797500 798000 798300 798500
Elkhorn River 798500 799000 799100 799230 799350
Logan Creek 799450 799500

Salt Creek 803500 803510 803520 803530 803555
Republican River 821500 823000 823500 824000 824500
Republican River 824500 827500 828500

Big Blue River 879900 880000 880500 880800 881000
Big Blue River 881000 881200 881500

Little Blue River 883570 883940 884000

Little Blue River 884000 884025
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The Platte River is affected by many diversions and by return flows
from irrigated land. The relationship between flood discharges along the
mainstem is good, but low flows are only poorly correlated. The Big Blue
River is another example where diversions from the channel preclude
correlation of discharges during periods of low flow.

The results of regression analyses are presented in table 4 for
selected combinations of gages. Numerous models, including both linear and
logarithmic forms, were investigated; all that appear to yield reasonable
results are presented. All variables shown in the table are statistically
significant at the 0.01 level. The standard error of estimate for models,
in the units of cubic feet per second, is not useful directly because the
data are not homoscedastic (variance not constant throughout range of flow).
Therefore, the individual errors were converted to percentage deviations,
and the standard deviation of those percentage values was defined. That is
the value reported in the table for the linear models.

Only the Niobrara River near Verdel (465500) appears to be a true
candidate for the application of alternative methods. Two periods were used
in the calibration process, water years 1972-75 and 1980-82. Records for
several tributary stations only were available for the 1later period.
Because the model using the tributary stations appeared to be significantly
better than the model using only the Spencer gage (465000) and the 1972-75
data, a regression was run using.the 1980-82 data and only the Spencer gage.
These results also were significantly better than the model using the same
station, but with data from the earlier period of record. This indicates
that the apparent improvement results from the period of record rather than
from an improved form of the model.

Computational procedures for the Verdel station have changed in recent
years so that correlation with other stations is now used as an aid in
computing the discharge record during periods of missing or questionable
stage record. This "designed in" correlation probably is the reason that
the recent period seems to give better accuracy using the alternative-method
analysis. The hydrologic forecasting data use (table 2) now requires that
the Verdel gage be continued. If the data requirements change in the
future, the Verdel gage could be considered a candidate for alternative
methods. However, the calibrated models need to be tested against data that
is truly independent.

The models presented in table 4 for the other stations are not adequate
for synthesizing a streamflow record in lieu of operating a gaging station,
They may be useful in reconstructing records where data are missing. In
general, the logarithmic form of the model for Elkhorn River (798500), Salt
Creek (803555), and Little Blue River (884000) tends to show less bias than
the linear form.
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Table 4.—Summary of regression results for mean daily streamflow [Variable names starting with Q are mean daily
discharges, in cubic feet per second; those starting with L are in base 10 logarithms of mean daily discharge]

Percentage
Standard within indicated Calibration

Station and model ‘error _percent range  period
462000 Niobrara River near Norden, Nebraska

1462000 = 0.00463 + 1.02 (1461500) 15 - bt bt 1980-82

Q462000 = -139 + 138 (Q461500) 14 32 80 93 1980-82
465500 Niobrara River near Verdel, Nebraska

1465500 = 0,120 + 0.975 (1465000) 15 -— bt ot 1972-75

0465500 = 61.4 + 1.06 (Q465000) 23 42 78 9 1972-75

1465500 = 0.115 + 0.973 (1465000) 75 = —-= - 1980-82

Q465500 = 42.9 + 1,04 (Q465000) 7.2 68 94 100 1980-82

1465500 = 0.243 + 0.890 (1465000) + 0.045 (1465310) + 0.043 (L465440) 7.6 - - - 1980-82

Q465500 = 25.8 + 0.985 (Q465000) + 0.476 (Q465310) + 2.60 (Q465440) 7.2 72 9% 100 1980-82
798500 Elkhorn River at Neligh, Nebraska

L798500 = 0,555 + 0.500 (L797500) + 0.100 (L798000) + 0.451 (L798300) 15 -— b b 1980-82

Q798500 = 27.5 + 1.13 (Q797500) + 0.492 (Q798000) + 1.74 (Q798300) 24 24 65 83 1980-82

Q798500 = 24.6 + 1.08 (Q797500 + (798000 + Q798300) - 28 26 66 82 1980-82
803555 Salt Creek at Greenwood, Nebraska

1803555 = 0,384 + 0.791 (L803500) + 0.060 (1L803520) + 0.180 (L803530) 20 — bt bt 1980-82

Q6803555 = -21.4 + 1.23 (Q803500) + 3.52 (QB03510)

+ 3,00 (0Q803520) + 1.17 (Q803530) 27 25 64 83 1980-82

884000 Little Blue River near Pairbury, Nebraska

1884000 = —0.119 + 1,00 (L884025) 21 - bt - 1980-82

Q684000 = -53.2 + 0.896 (QB84025) 30 15 40 59 1980-82

1884000 = 0.415 + 0.565 (L883570) + 0.432 (L883940) 22 - el - 1980-82

0684000 = 22.6 + 1,11 (QB83570) + 0.817 (QBB3940) 27 16 42 61 1980-82

Q684000 = 25.8 + 1.01 (QB83570 + Q683940) 27 14 42 68 1980-82
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None of the stations investigated presently are suitable for the
application of alternative methods. Only at the Niobrara River near Verdel
(465500) is the accuracy of the regression relation sufficient to consider
discontinuing the gage, and the data uses now require that the gage be
continued., If the data uses change in the future, this gage could be
considered for the application of alternative methods. However, the
calibrated models need to be verified against data not used in the
calibration.

COST-EFFECTIVE RESOURCE ALLOCATION

Di . £ the Model

A set of techniques called K-CERA (Kalman filtering for Cost-Effective
Resource Allocation) was developed by Moss and Gilroy (1980) to study the
cost—-effectiveness of networks of stream gages. The original application of
the technique was to analyze a network of stream gages operated to determine
water consumption in the Lower Colorado River Basin (Moss and Gilroy, 1980).
Because of the water-balance nature of that study, the minimization of the
total variance of errors of estimation of annual mean discharges was chosen
as the measure of effectiveness of the network. This total variance is
defined as the sum of the variances of errors of mean annual discharge at
each site in the network. This measure of effectiveness tends to
concentrate stream-gaging resources on the large rivers and streams where
discharge and, consequently, potential errors (in cubic feet per second) are
greatest. Although this may be acceptable for a water-balance network,
considering the many uses of data collected by the U.S. Geological Survey,
concentration of effort on large rivers and streams is undesirable and
inappropriate.

The original version of K-CERA was therefore altered to include as
optional measures of effectiveness the sums of the variances of errors of
estimation of the following streamflow variables: annual mean discharge, in
cubic feet per second; annual mean discharge, in percent; average
instantaneous discharge, in cubic feet per second; or average instantaneous
discharge, in percent (Fontaine and others, 1983). The use of percentage
errors effectively gives equal weight to large and small streams., 1In
addition, instantaneous discharge is the basic variable from which all other
streamflow data are derived. For these reasons, this study used the K-CERA
techniques with the sums of the variances of the percentage errors of the
instantaneous discharges at continuously gaged sites as the measure of the
effectiveness of the data—collection activity.

The original version of K-CERA also did not account for error
contributed by missing stage or other correlative data that are used to
compute streamflow data. The probabilities of missing correlative data
increase as the period between service visits to a stream gage increases. A
procedure for dealing with the missing record has been developed (Fontaine
and others, 1984) and was incorporated into this study.
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Brief descriptions of the mathematical program used to minimize the
total error variance of the data—collection activity for given budgets and
of the application of Kalman filtering (Gelb, 1974) to the determination of
the accuracy of a stream—gaging record are presented by Fontaine and others
(1984); that description is reproduced in the Supplemental Information
section at the end of this report. For more detail on either the theory or
the applications of the K-CERA model, see Moss and Gilroy (1980) and Gilroy
and Moss (1981).

Application of the Model in Nebraska

The first two phases of this analysis showed that operation of the
current network of stream gages in Nebraska needs to be continued. The
existing stream-gage network was, therefore, analyzed by the K-CERA
technique to evaluate the current operation and to consider alternative
operating schedules. The results of this third and final phase of the
analysis are described in the remainder of this section.

The model assumes the uncertainty of discharge records at a given gage
to be derived from three sources: (1) Errors that result because the
stage—discharge relationship is not perfect (applies when the gage is
operating); (2) errors in reconstructing records based on records from
another gage when the primary gage is not operating; and (3) errors
inherent in estimated discharge when the gage is not operating and no
correlative data are available to aid in record reconstruction. These
uncertainties are measured as the variance of the percentage errors
in instantaneous discharge. The proportion of time that each source of
error applies is dependent on the frequency at which the equipment is
serviced.

Definition of Variance When Station is Operating

The model used in this analysis assumes the difference (residual)
between instantaneous discharge (measurement discharge) and rating curve
discharge is a continuous first-order Markov process. The underlying
probability distribution is assumed to be Gaussian (normal) with a =zero
mean; the variance of this distribution is referred to as process variance.
Because the total variance of the residuals includes error in the
measurements, the process variance is defined as the total variance of the
residuals minus the measurement error variance.

Computation of the error variance about the stage—discharge relation
was done in three steps. A long-term rating was defined, generally based
on measurements made during 3 or more water years, and deviations
(residuals) of the measured discharges from the rating discharge were
determined. A time-series analysis af these residuals defined the
l1-day 1lag (lag-one) autocorrelation coefficient and the process
variance required by the K-CERA model. Finally, the error variance is
defined within the model as a function of the lag-one autocorrelation
coefficient, the process and measurement variances, and the frequency
of discharge measurements.
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In the Nebraska program analysis, definition of long-term rating
functions was complicated by the fact that most stream gages in Nebraska are
affected by backwater from ice for about 3 months during the year. Rating
curves based on open-water measurements are not applicable during the ice-
affected periods.

In the pilot study for Maine, winter rating curves were replaced with
regression relations relating the discharge at the ice-affected station to
the discharge at an ice-free station. The model used this relationship in
place of a standard stage-discharge relationship, and uncertainties of the
ice-affected and ice-free periods were evaluated separately (Fontaine and
others, 1984). This approach does not work well in Nebraska because of the
distances between gages and the variability of flow resulting from the
temporary storage and subsequent release of ice. Reliable discharge records
during the winter can presently be produced only by making periodic visits
and measurements to document the degree of ice effect.

Review of past discharge records indicates that the average period of
significant ice effect lasts about 3 months in Nebraska, generally from
about mid-December to mid-March. The decision was made that, regardless of
ice-free period visit requirements, 3 visits will continue to be made during
the winter season. The model was then applied only to the approximately 9
months (275 days) that are virtually free from ice effect.

Long-term rating curves applicable to ice-free periods were defined for
each station used in the evaluation. In some cases, existing ratings
adequately defined the long~term condition and were used in the analysis.
At a majority of gages, however, this was not the case, and a new rating had
to be developed. The rating function used was of the following form:

IOM = Bl + B3 ( LOG(GHT - B2)) (2)

where
IOM = the logarithmic (base e) value of the measured discharge, and
GHT = the recorded gage height corresponding to the measured discharge.

The constants Bl, B2, and B3 were determined by a non-linear regression
procedure (Helwig and Council, 1979) and have the following physical
interpretation: Bl is the logarithm of discharge for a flow depth of 1
foot, B2 is the gage height of zero flow, and B3 is the slope of the
rating curve.

The residuals about the long-term rating for individual gages defined
the total variance. A review of discharge measurements made in Nebraska
indicated that the average standard error of open-water measurements was
about 3 percent. The measurement variance for all gages therefore was
defined as equal to the square of the 3-percent standard error. The process
variance required in the model is, thus, the variance of the residuals about
the long-term rating minus the constant measurement variance.

Time-series analysis of the process variance was used to compute sample
estimates of the lag-one autocorrelation coefficient; this coefficient is
required to compute the variance during the time when the recorders are
functioning.
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The values of lag-one autocorrelation coefficient, measurement and
process variance, length of season (275 days), and data from the definition
of missing record probabilities are used jointly to define uncertainty
functions for each gaging station. The uncertainty functions give the
relationship of error variance to the number of visits, assuming a
measurement is made at each visit. Examples of typical uncertainty
functions are given in figure 4. The uncertainty curve for station 466500
is representative of stations with a large process variance and that for
station 787000 represents stations with relatively small process variance.
Lag-one autocorrelation coefficients are approximately 0.99 for both
stations.

The residuals about rating curves for many stations in Nebraska do not
approximate a continuous first-order Markov process. These stations have
significant changes in ratings resulting from channel changes, usually
resulting from periodic floods. These may shift with each flood, but will
not necessarily return to the original rating after a change. In addition,
several stations apparently have discontinuous ratings that change as the
flow regime changes. These regime changes can occur as a result of changes
in stage, water temperature, or suspended-sediment load. 1In either case
(channel change or regime change), the process may be Markovian, but is not
continuous as there is no meaningful long-term rating. In addition, records
at 6 stations were too short to define the process variance. A total of 44
of the 145 stations analyzed were excluded from the analysis because the
records were either too short or did not appear to meet the assumptions of
the model. Those stations are listed in table 5.

Table 5.—Stations with no defined uncertainty function

454000 762500 799385 828500
457500 764880 800000 829500
459175 765500 803510 831500
461500 766500 803520 836000
464900 768000 803530 838000
465000 770200 814500 847000
465440 775900 821500 847500
465500 776500 823000 851000
687000 792500 823500 851500
690500 793000 824000 852500
691000 799350 827500 853000
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Figure 4.--Typical uncertainty functions for instantaneous discharge.
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Definition of Variance When Record is Lost

When stage record is lost at a gaging station, the model assumes that
the discharge record is either reconstructed using correlation with another
gage or estimated from historical discharge for that period. Fontaine and
others (1984, p. 24) indicate that the fraction of time a record must be
either reconstructed or estimated can be defined by a single parameter in
a probability distribution of times to failure of the equipment. The
reciprocal of the parameter defines the average time, since the last
servicing visit, to failure. The value of average time to failure varies
from site to site depending on the type of equipment at the site and on
exposure to natural elements and vandalism. In addition, the average time
to failure can be changed by advances in the technology of data collection
and recording equipment.

Data collected in Nebraska in recent years were reviewed to define the
average time to failure for recording equipment and stage-sensing devices.
Little change in technology occurred during the period examined, and stream
gages were visited on a consistent pattern of about 15 visits per year.
During this period, gages were found to be malfunctioning an average of
about 5 percent of the time. Because the K-CERA analysis in Nebraska was
confined to a 9-month non-winter period, there was no reason to distinguish
between gages on the basis of their exposure or equipment. The 5 percent
lost record and a visit frequency of 12 times in 9 months (275 days) were
used to determine an average time to failure of 221 days after the last
visit. This average time to failure was used to determine the fractions of
time, as a function of the frequency of visits, that each of the three
sources of uncertainty were applicable for individual stream gages.

The model defines the uncertainty as the sum of the multiples of the
fraction of time each error source (rating, reconstruction, or estimation)
is applicable and the variance of the error source. The variance
associated with reconstruction and estimation of a discharge record is a
function of the coefficient of cross correlation with the station(s) used in
reconstruction and the coefficient of variation of daily discharges at the
station. Daily streamflows for the last 30 water years were used to define
seasonally—-averaged coefficients of variation for each station. In
addition, cross—correlation coefficients (with seasonal trends removed) were
defined for various combinations with other stations.

In current practice, many different sources of information are used to
reconstruct periods of missing record. These sources include, but are not
limited to, recorded ranges in stage (for graphic recorders with clock
stoppage), known discharges on adjacent days, recession analysis, observer's
staff-gage readings, weather records, highwater-mark elevations, and
comparison with nearby stations. However, most of these techniques are
unique to a given station or to a specific period of lost record. Using all
the information available, short periods (several days) of lost record
usually can be reconstructed quite accurately. Even longer periods (more
than a month) of missing record can be reconstructed with reasonable
accuracy if observer's readings are available. If, however, none of these
data are available, long reconstructions can be subject to large errors.
The present study could not reasonably quantify the uncertainty associated



with all the possible methods of reconstructing missing record at the
individual sites.

Historically, operating procedures have caused most periods of missing
record to be measured in days rather than months. Given the low cross-
correlations and the relatively high variability of flow that usually occurs
in Nebraska, the model undoubtedly overstates the uncertainty associated
with short periods of missing record. Therefore, in Nebraska, a lower limit
of 0.95 was placed on the cross—correlation coefficient. In reconstructing
records, the cross—correlation coefficient was, therefore, used as a
surrogate for the knowledge of basin response that remains unquantified in
the present model. This assumption is believed to be reasonable for short
periods of missing record; it probably causes the uncertainty to be
understated for long periods of lost record.

Uncertainty functions were defined for 101 of the 145 stations operated
in the Nebraska streamflow information program. The statistics used to
define those uncertainty functions are shown in table 6.

Discussion of Routes and Costs

Although there are only 145 continuous surface-water stations in the
network, crest-stage gages (operated to record peak stages), low-flow
partial-record stations, ground-water observation wells, and water—quality
stations are serviced on the same field trips. The operating budgets for
these other types of stations are not included in the surface-water budget
being analyzed; however, the investigation could not ignore the additional
mileage required to include these stations on field trips. These stations
were, therefore, added to the 145 continuous surface-water stations to
define the mileages associated with practical operating routes. These added
stations acted as null stations in the analysis in that there were no
uncertainty functions or annual operating costs defined. There were 76 null
stations included in the analysis, and routes were defined for a total of
221 stations, including the null stations.

As indicated in a preceding section, uncertainty functions could not be
defined for 44 of the 145 continuous surface-water stations. These 44
stations were treated like null stations except that all operating costs
were included in the analysis.

Minimum visit constraints were defined for each of the 221 stations
prior to defining the practical service routes., Minimum visits are
dependent on the types of equipment and uses of the data. For example,
water-quality samples generally are required on a monthly basis, so those
stations where samples are collected must be visited at least once a month
(or 9 times in the 275-day open-water season). Nebraska personnel estimated
that visits to each gage were required about every other month just to
maintain the equipment. Therefore, unless a more stringent requirement
existed, a minimum of 4 visits during the 275-day season were specified for
all gages.
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Table 6.—Summary of statistics used to define uncertainty functions.

Station Lag-one Process Coefficient
autocorrelation ~-variance of variation

number coefficient

444000 0.990%* 0.0210 0.41
453500 .975 .1000%* 2.47
453600 992 .1000%* 2.05
454100 964 .0055 .38
454500 .940 .0069 .56
455500 .990* .0099 .89
459500 ,952 .0026 .61
461000 .968 0231 51
462000 .989 .0123 .28
462500 .990* .0623 .33
463080 .990* .0026 .34
463500 .986 .0599 .34
465310 .984 .1000** .80
465680 .990%* .0293 .80
466500 .992 .0945 1.20
478518 .955 .0514 .63
601000 971 .0924 1.76
677500 .986 .0289 .72
678000 .968 .0321 .94
679500 .966 .0196 1.05
681500 .990 .1000** .48
682000 955 .0080 .88
684500 .963 .0100 .76
685000 .856 .0059 .78
686000 .825 .0062 .72
687500 .538 .0035 .70
692000 .962 .0117 .13
693000 .988 .0217 .93
766000 .950 .0120 1.70
770000 .985 .1000%* 1.12
770500 961 .1000%* .80
772000 .990* .0294 2.00
774000 .967 .1000%** 1.15
775500 .990* .0034 .14
779000 .989 .1000** .60
783500 976 .0453 1.35
784000 .994 .0955 .89
784800 .983 .0206 1.13
785000 .986 .1000** .64
786000 .954 .0204 .40
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Table 6.—Summary of statistics used to define uncertainty functions
(continued).

Station Lag-one Process Coefficient
autocorrelation -variance of variation

number coefficient

787000 0.987 0.0050 0.15
787500 .990%* .0070 .26
788500 .989 .0603 .34
788988 .990%* .1000** .40
790500 .992 .0366 .46
791500 .990 .0112 .38
792000 .986 .0345 .68
794000 .950 .0214 .97
795500 971 .0213 1.82
796000 .969 .0409 .72
796978 .989 .1000%** .90
797500 .987 .0604 1.07
798000 .965 .0348 .64
798300 .498 .0069 .58
798500 991 .1000** .79
799000 .987 .0900 .79
799080 .978 .0207 .56
799100 .991 .0730 1.18
799230 .990%* .0125 .66
799450 .993 .0738 1.23
799500 977 .0315 1.40
800500 .985 .0292 1.03
803000 .963 .1000%** 2.33
803500 .875 0112 1.64
803555 .990 .0311 1.74
804000 .997 .1000** 1.85
805500 .976 .0473 .77
806500 .984 .1055 1.91
811500 .978 .0653 2.04
815000 .943 .0358 2.21
824500 .943 .0512 1.17
832500 .990%* .0936 1.26
834000 977 .0122 .65
835000 .985 .0094 .62
835500 961 .0653 .86
836500 .981 .0744 1.71
837000 .990%* .0244 .93
837300 .980 .0054 .71
837500 .976 .0063 1.08
840000 .994 .1000%** .60
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Table 6.—Summary of statistics used to define uncertainty functions
(continued) .

Station Lag-one Process Coefficient
autocorrelation -—variance of variation

number coefficient

841000 0.997 0.0485 0.98
842500 .990 .0275 1.25
843500 .976 .0626 .86
844000 .962 .0412 1.60
844210 .987 .0454 .55
844500 974 .0652 1.16
849500 .983 .0770 1.93
852000 .984 .0386 .50
879900 .946 .1000%* 2.78
880000 .967 .0347 1.94
880500 964 .0311 2.13
880800 973 .0161 1.43
881000 .990%* .0128 1.61
881200 .983 .1000** 2.11
881500 .990* .0493 1.20
882000 521 .0084 1.75
883000 .996 .0876 1.50
883570 .982 .1000%* 1.39
883940 .996 .0538 .80
884000 .985 .0561 1.60
884025 .992 .0324 1.10

Note: Process variance units are base e logarithms, squared.
* —Assigned value.
** —Jimited to 0.1000 based on graphical analyses.
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Practical routes to service the 221 stations were determined after
consultation with personnel responsible for maintaining the stations and
with consideration of the uncertainty functions and minimum visit
requirements, A total of 91 routes were identified to service all the
stream gages in Nebraska. These routes included all possible combinations
that describe the current operating practice, alternatives that were under
consideration as future possibilities, routes that visited certain key
stations, and combinations that grouped proximate gages where the levels of
uncertainty indicated more frequent visits might be useful.

The costs associated with the practical routes are divided into three
categories. Those categories are fixed costs, visit costs, and route costs
and are defined in the following paragraphs. Overhead is, of course, added
to the total of these costs.

Fixed costs typically include charges for equipment rental, batteries,
electricity, data processing and storage, maintenance, and miscellaneous
supplies, in addition to supervisory charges and the costs of computing the
record., Average values for Nebraska generally were applied to individual
stations. However, costs of record computation and supervision form a large
percentage of the cost at each gaging station and can vary widely. These
costs and unusual equipment costs were determined on a station-by-station
basis from past experience.

Visit costs are those associated with paying the hydrographer for the
time actually spent at a station servicing the equipment and making a
discharge measurement. These costs vary from station to station depending
on the difficulty of the measurement, size of the channel, and quantity of
and complexity of equipment serviced. Average visit times were estimated
for each station based on historical operations. This time was then
multiplied by the average hourly salary of the hydrographers in Nebraska to
determine total visit costs.

Route costs include the vehicle cost associated with driving the number
of miles required to cover the route, the cost of the hydrographer's time
while in transit, and any per diem associated with the time needed to
complete the trip.

The model was run on a 275-day period with the added requirement that 3
visits will continue to be made during the remaining 90 days of the year.
The fixed costs were computed on an annual basis, but the visit and route
costs are only applied when a trip is made. In order that all costs could
be applied on an annual basis, the visit and route costs for the three
winter visits were added to the fixed costs for each station.

Results

The "Traveling BHydrographer Program”" uses the uncertainty functions
along with the appropriate cost data, route definitions, and minimum visit
constraints to optimize the operation of the stream—gaging program. The
objective function in the optimization process is the sum of the variances
of the errors of instantaneous discharge (in percent) for the entire gaging-
station network.
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The current practices were simulated to define the total uncertainty
associated with present practice. This was done by restricting the specific
routes and number of visits to each stream gage to those now being used.
This was done only to compute the standard errors of present practice; no
optimization was done. The restrictions were then released and the model
was allowed to define optimal visit schedules for the current budget. The
optimization procedure was repeated for other possible budgets. The results
for both the present operation and the optimal solutions are shown in
figure 5 and in table 7.

The Bquivalent Gaussian Spread (EGS) shown in table 7 was introduced by
Fontaine and others (1984, p. 26); their definition is repeated in the
Supplemental Information section of this report. The approximate
interpretation of EGS is, "Two-thirds of the errors in instantaneous
streamflow data will be within plus or minus EGS percent of the reported
value."

The analysis was repeated for each budget under the assumption that no
stage record is lost. Those results, labeled "Without missing record" in
figure 5, show the average standard errors of estimate for instantaneous
discharge attainable if perfectly reliable systems were available to measure
and record stage.

The results in figure 5 and table 7 are based on the assumption that a
discharge measurement is made each time that a station is visited. The
percentage values also represent only the 9 months that are virtually free
from ice effect. No estimate is made of the probable errors during ice-
affected periods. The upper curve in figure 5 represents the minimum level
of uncertainty that can be obtained for a given budget and existing
technology.

Assumptions made in the model need to be kept in mind when interpreting
these results. Residuals about the ratings for 44 of the 145 stations in
the surface-water network were judged to not follow the first-order Markov
process assumed in the model. At about one-third of the remaining 101
stations, the assumption of a Markov process was questionable, but the
stations were retained in the analysis. This was done under the belief
that, while the absolute values of standard error may be incorrect, the
values had relative significance. Perhaps of more importance, these 44
stations without uncertainty functions had little impact on the optimization
procedure. Because uncertainty functions were undefined, the 44 stations
were treated as null stations and were visited the specified minimum number
of times (in Nebraska, this was monthly). If the budget changed, the number
of visits for these 44 stations stayed at the minimum because increasing or
decreasing the visits had no impact on the objective function. In practice,
significant parts of any budget increase or decrease would be directed
toward those stations.,
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Table 7.— Selected results of the analysis

Standard error of instantaneous discharge, in percent;
Equivalent Gaussian Spread, in percent; and

Station number of visits per season
Budget, in thousands of 1983 dollars
number Current
operation _____ Optimized values
908.5 822 908.5 999 1363
444000 5.2 8.3 6.5 5.2 3.2
4.5 7.0 5.5 4.5 2.8
12 5 8 12 31
453500 21.2 22.3 15.7 12.1 8.3
11.6 12.1 8.8 6.9 4.8
12 11 20 32 66
453600 17.9 18.9 13.3 10.3 7.0
10.3 10.8 7.8 6.1 4.3
12 11 20 32 66
454100 4.9 8.2 5.6 5.9 3.9
4.3 6.4 4.8 5.0 3.4
12 4 9 8 20
454500 6.9 10.1 7.1 5.9 3.9
5.8 7.6 6.0 5.1 3.4
12 5 1 1 41
455500 7.2 12.6 7.6 5.9 3.6
3.2 5.1 3.3 2.7 1.8
12 5 11 1 41
459500 5.5 10.4 6.4 5.5 3.6
3.4 4.9 3.7 3.4 2.4
12 4 9 12 26
461000 8.6 13.7 9.8 8.6 5.9
8.1 12.3 9.2 8.1 5.6
12 4 9 12 26
462000 4.0 4.7 4.7 4.0 2.7
3.6 4.2 4.2 3.6 2.5
12 9 9 12 26
462500 7.5 12.9 8.7 7.5 5.2
7.4 12.4 8.5 7.4 5.0
12 4 9 12 26
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Table 7.— Selected results of the analysis (continued).

Standard error of instantaneous discharge, in percent;
Equivalent Gaussian Spread, in percent; and

Station number of visits per season
Budget,_in thonsands of 1983 dollars
number Current
operation Optimized values
908,5 822 908,5 999 1363
463080 3.0 5.9 3.5 3.0 1.9
1.7 3.0 2.0 1.7 1.2
12 4 9 12 26
463500 8.7 10.0 10.0 8.7 5.9
8.6 9.8 9.8 8.6 5.8
12 9 9 1 26
465310 10.8 11.3 8.3 6.5 4.6
9.5 10.0 7.3 5.8 4.1
12 11 20 32 66
465680 7.7 8.6 6.8 8.6 5.7
5.3 5.8 4.7 5.8 4.0
12 10 15 1 21
466500 9.9 10.4 7.6 5.9 4.3
8.3 8.7 6.4 5.0 3.7
12 11 20 3 66
478518 14.2 17.4 14,2 12.2 8.5
13.9 16.9 13.9 11.9 8.3
12 7 12 17 36
601000 19.6 26.2 19.6 16.3 11.0
15.6 20.2 15.6 13.1 8.8
12 7 12 17 36
677500 7.9 11.6 6.5 5.2 3.4
6.2 8.8 5.2 4.2 2.8
12 6 17 26 61
678000 10.4 14.9 8.7 7.0 4.5
8.2 11.2 6.9 5.6 3.7
12 6 17 26 61
679500 14.3 22,2 11.5 9.0 5.6
8.1 11.4 6.8 5.5 3.5
12 6 17 26 61
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Table 7.— Selected results of the analysis (continued).

Standard error of instantaneous discharge, in percent;
Equivalent Gaussian Spread, in percent; and

Station number of visits per season
Budget, in thousands of 1983 dollars
number Current
operation Optimized values
908,5 822 908,5 999 1363
681500 9.7 16.7 9.3 7.2 4.5
9.3 16.0 9.0 6.9 4.3
12 4 13 22 58
682000  11.6 23.7 11.0 8.2 5.1
5.9 9.6 5.7 4.5 3.0
12 4 13 21 48
684500  10.4 18.1 9.9 7.9 4.9
6.0 9.1 5.8 4.8 3.1
12 5 13 19 45
685000 8.7 12.5 9.3 7.6 4.6
7.0 8.0 7.2 6.4 4.1
12 5 10 18 62
686000  10.8 12.4 10.4 8.5 5.4
7.5 7.9 7.4 6.6 4.5
12 9 13 2 60
687500 9.9 18.8 11.4 9.2 6.8
6.2 7.5 6.4 6.1 5.5
12 4 9 1 32
692000 6.0 8.5 6.7 7.0 4.2
6.0 8.3 6.7 7.0 4.2
12 4 9 8 28
693000 11.8 17.0 9.1 7.1 4.4
5.3 7.2 4.2 3.4 2.3
12 7 18 27 62
766000 21.0 33.7 16.8 13.2 7.9
7.6 10.4 6.4 5.3 3.4
12 6 17 25 60
770000  15.3 27.3 12.3 10.3 6.7
9.9 16.4 8.2 7.0 4.7
12 5 17 23 50
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Table 7.— Selected results of the analysis (continued).

Standard error of instantaneous discharge, in percent;
Equivalent Gaussian Spread, in percent; and

Station number of visits per season
Budget, in thousands of 1983 dollars
number Current
operation Optimized values
908,5 822 908.5 999 1363
770500 8.7 12.3 9.1 8.0 5.7
6.8 9.4 7.1 6.3 4,5
24 13 22 28 54
772000 17.2 18.1 13.2 10.2 6.8
9.5 9.9 7.5 5.9 4.1
12 11 19 30 65
774000 18.3 21.0 15.4 13.9 9.5
17.0 19.4 14.4 12.9 8.9
12 9 17 21 44
775500 2.1 3.7 2.6 3.7 2.8
1.9 3.2 2.3 3.2 2,5
12 4 8 4 7
779000 10.0 13.3 10.0 7.6 5.4
9.4 12.4 9.4 7.1 5.1
12 7 12 21 4
783500 13.7 12.6 10.7 8.0 5.4
10.0 9.3 7.9 6.0 4.1
12 14 19 3 70
784000 9.5 11.1 9.1 8.7 6.2
7.2 8.5 6.9 6.6 4.9
12 9 13 14 2
784800 9.9 19.6 11.8 9.1 6.2
5.8 10.2 6.7 5.3 3.8
12 4 9 14 2
785000 7.2 9.8 7.5 6.6 4.8
6.6 9.1 6.9 6.2 4.5
24 13 22 28 5
786000 9.0 12.2 9.7 7.4 4.8
8.8 11.7 9.5 7.2 4.7
12 5 10 19 4
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Table 7.— Selected results of the analysis (continued).

Standard error of instantaneous discharge, in percent;
Bquivalent Gaussian Spread, in percent; and

Station number of visits per season
Budget, in thousands of 1983 dollars
number Current
operation Optimized values
908,5 822 908.5 999 1363
787000 2.7 4.5 4.1 3.7 2.5
2.6 4.2 3.8 3.5 2.4
12 4 5 6 14
787500 3.2 5.7 5.1 4.6 2.9
2.7 4.6 4.1 3.8 2.5
12 4 5 6 14
788500 7.8 11.0 8.5 6.8 4.4
7.6 10.7 8.4 6.6 4.3
12 6 10 16 38
788988 10.0 13.0 10.0 7.5 5.4
9.8 12.8 9.8 7.4 5.3
12 7 12 2 41
790500 4.2 5.7 4.4 3.9 2.9
3.7 5.0 3.9 3.4 2.6
24 13 2 2 54
791500 4.2 7.8 4.9 3.9 2.7
3.3 5.8 3.9 3.1 2,2
12 4 9 1 28
792000 8.0 9.4 6.7 6.0 4.1
6.6 7.7 5.5 5.0 3.5
12 9 1 2 44
794000 11.5 13.2 9.7 8.8 6.1
9.5 10.7 8.2 7.4 5.2
12 9 17 2 44
795500 15.2 16.9 12.4 9.9 6.6
7.6 8.3 6.4 5.3 3.6
12 10 17 25 53
796000 11.4 13.1 9.6 8.7 6.0
10.6 12,1 9.0 8.1 5.6
12 9 17 21 44
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Table 7.— Selected results of the analysis (continued).

Standard error of instantaneous discharge, in percent;
Equivalent Gaussian Spread, in percent; and

Station number of visits per season
Budget, in thousands of 1983 dollars
number Current
operation Optimized values
908.5 822 908.5 999 1363
796978 11.2 11.8 8.5 6.7 4.7
9.5 10.0 7.3 5.8 4.1
12 11 20 32 66
797500 11.3 15.4 11.9 9.6 6.4
8.6 11.4 9.0 7.4 5.0
12 7 11 16 35
798000 10.9 13.8 11.4 9.6 6.5
10.3 12.9 10.8 9.0 6.1
12 7 11 16 35
798300 9.0 10.0 9.1 8.6 7.8
8.3 8.5 8.3 8.1 7.6
12 7 11 16 35
798500 10.2 13.7 10.7 8.8 5.9
8.8 11.8 9,2 7.6 5.1
12 7 11 16 35
799000 11.5 15.2 12.0 9.9 6.6
10.4 13.7 10.8 8.9 6.0
12 7 11 16 35
799080 7.5 9.8 7.8 6.4 4.3
6.5 8.4 6.8 5.6 3.8
12 7 11 16 35
799100 11.5 15.8 12.0 9.8 6.4
8.0 10.7 8.3 6.8 4.6
12 7 11 16 35
799230 5.9 8.2 6.2 5.0 3.3
3.5 4.7 3.7 3.1 2,1
12 7 11 1 35
799450 11.1 13.2 11.1 9.1 6.1
6.9 8.1 6.9 5.8 3.9
12 9 12 17 36
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Table 7.— Selected results of the analysis (continued).

Standard error of instantaneous discharge, in percent;
Equivalent Gaussian Spread, in percent; and

Station number of visits per season
Budget, in thousands of 1983 dollars
number Current
operation Optimized values
908.5 822 908,5 999 1363
799500 12.9 17.7 12.9 10.6 7.1
8.2 10.8 8.2 6.9 4.7
12 7 12 17 36
800500 7.1 7.1 7.1 7.1 6.2
4.9 4.9 4.9 4.9 4.3
21 21 21 21 27
803000 24.3 20.9 l6.1 13.8 9.5
18.3 15.9 12.4 10.6 7.4
12 16 26 35 71
803500 14.9 19.6 14.9 13.0 8.6
9.2 10.3 9.2 8.6 6.3
12 7 12 16 38
803555 13.8 16.6 12.1 9.9 6.7
5.5 6.5 4.9 4.1 3.0
12 9 15 21 42
804000 14.5 20.5 14.5 12.2 7.5
5.3 7.1 5.3 4.6 3.1
12 7 12 16 38
805500 8.4 8.4 8.4 8.4 6.8
7.6 7.6 7.6 7.6 6.2
21 21 21 21 31
806500 18.3 20.4 15.6 12.7 8.8
12.5 13.8 10.7 8.8 6.2
12 10 16 23 46
811500 18.4 20.5 15.6 12.8 8.9
11.4 12.6 9.8 8.1 5.8
12 10 16 23 45
815000 20.4 22,5 17.5 14.4 10.2
13.1 14.0 11.6 9.8 7.0
12 10 16 23 45

60



Table 7.— Selected results of the analysis (continued).

Standard error of instantaneous discharge, in percent;
Equivalent Gaussian Spread, in percent; and

Station number of visits per season
Budget, in thousands of 1983 dollars
number Current
operation Optimized values
908.5 822 908.5 999 1363
824500 17.0 19.2 16.5 12.9 8.6
15.4 17.1 15.0 11.8 7.9
12 9 13 22 50
832500 12.7 16.1 10.9 9.4 6.4
9.2 11.6 8.0 6.9 4.8
12 8 16 21 44
834000 6.8 8.5 5.8 5.0 3.5
5.2 6.3 4.5 3.9 2.7
12 8 16 21 44
835000 5.8 7.3 4.9 4,2 2.9
3.8 4.7 3.3 2.9 2.0
12 8 16 2 44
835500 15.4 16.7 13.5 10.4 7.1
14.6 15.9 12.8 9.9 6.8
12 10 16 27 57
836500 16.5 20.9 14.0 12.1 8.1
11.4 14.1 9.8 8.5 5.8
12 8 16 21 44
837000 8.2 9.2 7.0 5.2 3.6
4.8 5.4 4,2 3.3 2.3
12 1 16 27 57
837300 6.1 7.8 5.6 4.6 3.0
3.3 4.0 3.1 2.6 1.8
12 8 14 20 44
837500 8.8 11.3 8.0 6.5 4.2
3.9 4.7 3.6 3.0 2.1
12 8 14 20 44
840000 8.3 10.2 7.6 6.4 4.3
7.3 9.0 6.7 5.7 3.9
12 8 14 20 44
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Table 7.— Selected results of the analysis (continued).

Standard error of instantaneous discharge, in percent;
Equivalent Gaussian Spread, in percent; and

Station number of visits per season
Budget, in thousands of 1983 dollars
number Current
operation Optimized values
908.5 822 908.5 999 1363
841000 8.1 10.4 7.4 6.0 4.0
3.8 4.7 3.6 3.0 2.2
12 8 14 20 44
842500 10.4 13.3 9.5 7.7 5.0
5.1 6.4 4.7 4.0 2.7
12 8 14 20 44
843500 9.8 9.8 9.8 8.0 5.4
8.9 8.9 8.9 7.3 4.9
20 20 20 30 65
844000 16.3 19.0 12.7 10.6 7.0
11.9 13.5 9.5 8.0 5.3
12 9 19 27 59
844210 8.0 9.4 6.4 5.4 3.7
7.3 8.5 5.8 4.9 3.4
12 9 19 27 59
844500 14.5 15.1 11.1 9.5 6.1
12.4 12.9 9.5 8.2 5.3
12 11 20 27 64
849500 17.6 26.8 16.8 14.0 9.2
11.1 16.0 10.6 9.0 6.0
12 6 13 18 39
852000 8.1 11.5 7.8 6.6 4.5
7.6 10.6 7.3 6.2 4,2
12 6 13 18 39
879900 28.7 31.5 24.1 19.7 13.3
21.4 23.0 18.4 15.2 10.4
12 10 17 25 53
880000 17.2 20.3 14.1 12.5 8.4
10.2 11.8 8.6 7.7 5.3
12 9 17 21 44
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Table 7.— Selected results of the analysis (continued).

Standard error of instantaneous discharge, in percent;
Equivalent Gaussian Spread, in percent; and

Station number of visits per season
Budaet, in thousands of 1983 dollars
number Current
operation Optimized values
908.5 822 908.5 999 1363
880500 18.4 21.7 15.0 13.4 8.9
10.1 11.6 8.5 7.7 5.3
12 9 17 21 44
880800 12.1 12.8 9.6 8.6 5.6
6.4 6.7 5.2 4.7 3.2
12 11 18 22 49
881000 12.3 13.0 9.6 8.5 5.5
3.6 3.8 2.9 2.7 1.8
12 11 18 22 49
881200 19.5 20.5 15.4 13.8 9.0
12.6 13.2 10.1 9.1 6.0
12 11 18 22 49
881500 10.9 12.1 9.2 7.6 5.3
6.8 7.5 5.9 4.9 3.5
12 10 16 23 45
882000 15.5 16.9 13.8 12.1 9.9
9.3 9.4 9.1 8.8 8.1
12 10 16 23 45
883000 12.3 14.7 11.7 11.2 7.3
5.8 6.7 5.5 5.3 3.6
12 9 13 14 30
883570 15.9 14.6 15.2 11.8 7.9
12.8 11.8 12.3 9.6 6.5
12 14 13 21 45
883940 7.3 5.3 6.9 4.7 3.4
4.6 3.4 4.3 3.1 2.3
12 21 13 26 51
884000 14.4 19.9 13.7 12.2 7.5
8.8 11.8 8.4 7.5 4.8
12 7 13 16 3
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Table 7.— Selected results of the analysis (continued).

Standard error of instantaneous discharge, in percent;
Bquivalent Gaussian Spread, in percent; and

Station number of visits per season
Budget, in thousands of 1983 dollars
number Current
operation Optimized values
908.5 822 908.5 999 1363
884025 9.3 11.1 9.3 9.3 6.0
4.9 5.7 4.9 4.9 3.3
12 9 12 12 26
average 12.3 15.5 11.0 9.0 6.1
per - - - - -
station -_— —_ —_ —_ —_

Note: The average per station is the square root of the average
station variance.
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The current operating policy results in an average standard error of
estimate of non-winter streamflow of about 12 percent. This policy is based
on a budget of $908,500 to operate the 145-station stream—gaging program,
For periods without missing record, the present standard error is slightly
more than 8 percent. These figures are within about 1 percent of the
optimum values of standard error for the present budget. Average standard
errors could apparently be improved about 1 percentage point by altering
the route schedules to more frequent visits to the sites where uncertainty
is large and less frequent visits to sites where uncertainty is small.

A minimum budget of about $822,000 is required to operate the program;
a budget of less than this does not permit proper service and maintenance of
the gages and recorders, and optimal solutions could not be reached.
Stations would have to be eliminated from the program if the budget was less
than this minimum. At the minimum budget, the average standard error is
about 16 percent, an increase of about 50 percent compared to the accuracy
possible under the present budget.

The maximum budget analyzed was $1,363,000, an increase of about 50
percent compared to the present budget. This resulted in an average
standard error of estimate of about 6 percent. Thus, a 50 percent increase
in the budget would almost halve the optimum average standard error
obtainable under the current budget.

For the minimal operational budget of $822,000, the impacts of lost
record add about 7 percent to the average standard error. At present budget
levels, missing record adds about 4 percentage points to the average
standard error. With a budget of $1,363,000, stations would be visited more
frequently, and missing record would add less than 2 percentage points to the
average standard errors. Thus, improvements in equipment can have
a very positive impact on uncertainties of instantaneous
discharges.

S of Third pi ¢ Analvsi

As a result of this phase of the analysis, the following conclusions
can be made:

1. The travel routes and measurement frequencies now in use needs to be
modified to decrease the per station average standard error with the present
budget of $908,500. The average standard error can be decreased by about 1
percentage point.

2, Any decrease in budget would be accompanied by a decrease in stations;
increases in the present average standard errors would be unacceptable.

3. Attempts need to be made to increase the operating budget by 10
percent. A 10-percent increase in budget combined with modification of
travel routes and measurement frequency would decrease the average standard
error to about 9 percent from the present value of about 12 percent.
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4. Methods for decreasing the probabilities of missing record need to be
explored; missing record presently increases the average standard error by
about 4 percentage points or about 50 percent. These methods might include
improved instrumentation and increased use of local observers and satellite
relay of data.

SUMMARY

Currently, there are 145 continuous stream gages being operated in
Nebraska at a cost of $908,500. Data from most stations have multiple uses,
Present uses of the data require that operation of all gages be continued.
Two stations are used primarily for research and short-term investigations.
However, those stations are located in critical areas and will probably
prove useful beyond the duration of the research projects.

The current policy for operation of the 145-station program requires a
budget of $908,500 per year. The travel routes and measurement frequencies
now in use can be modified to decrease the average standard error by 1
percentage point while maintaining the present budget. These modifications
need to be made.

Any decrease in the current budget would be accompanied by
discontinuing gaging stations because increasing the standard error is
unacceptable. The minimum budget for which a solution could be obtained was
$822,000, but that budget results in about a 50-percent increase in the
presently attainable average standard error.

A major component of the error in streamflow records is caused by loss
of record at the stream gages because of malfunctions of sensing and
recording equipment. Upgrading of equipment and development of methods to
minimize lost record appear to be key actions required to improve the
reliability and accuracy of the streamflow data generated in the State.

Future studies of the stream—gaging program need to include
investigation of the optimum ratio of discharge measurements to total site
visits as well as investigation of cost-effective ways of decreasing the
probabilities of lost record.

One station was identified for which streamflow records probably could
be simulated based on an upstream station. However, that station, Niobrara
River near Verdel, is currently used in forecasting and must be continued.
If data uses for this station change so that simulated data are acceptable,
alternative methods could be explored.
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SUPPLEMENTARY INFORMATION

The following description of the computations and mathematical relations,
together with illustrations, is taken from Fontaine and others (1984, p. 22-26).

Description of Mathematical Program

The program, called "The Traveling Hydrographer," attempts to allocate
among stream gages a predefined budget for the collection of streamflow data
in such a manner that the field operation is the most cost-effective possible.
The measure of effectiveness is discussed above. The set of decisions avail-
able 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 gages and
to make discharge measurements. The range of options within the program is
from zero usage to daily usage for each route. A route is defined as a set
of one or more stream gages and the least cost travel that takes the hydro-
grapher from his base of operations to each of the gages and back to base.

A route will have associated with it an average cost of travel and average
cost of servicing each stream gage 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 frequently will contain the path to an individual stream gage
with that gage as the lone stop and return to the home base so that the
individual needs of a stream gage can be considered in isolation from the
other gages.

Another step in this part of the analysis is the determination of any
special requirements for visits to each of the gages 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 gage.

The final step 1% to use all of the above to determine the number of
times, Nj, that the i h route for i =1, 2, ..., NR, where NR is the number
of practical routes, is used during a year such that (1) the budget for the
network is not exceeded, (2) the minimum number of visits to each station is
made, and (3) the total uncertainty in the network is minimized. Figure 6
represents this step in the form of a mathematical program. Figure 7
presents a tabular layout of the problem. Each of the NR routes is repre-
sented by a row of the table and each of the stations is represented by a
column. The zero-one matrix, (wjj), defines the routes in terms of the
stations that comprise it. A value of one in row i and column j indicates
that gaging station j will be visited on route i; a value of zero indicates
that it will not. The unit travel costs, 8, are the per-trip costs of the
hydrographer's traveltime and any related per diem and operation, maintenance,
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Minimize V= I ¢. (M.)

: J
N g=1
V = total uncertainty in the network
N = vector of annual number times each route was used
MG = number of gages in the network
Mb = annual number of visits to station J
¢. = function relating number of visits to uncertainty
7 at station J
Such that

Budget > Tc =total cost of operating the network

MG NR

Tc = Fc + oM. + .Z BiNi

=179 =1

Fc = fixed cost

aj = unit cost of visit to station j
NR = number of practical routes chosen
Si = travel cost for route %

Ni = annual number times route © is used

(an element of X)

and such that
M. > ).
Jd — J

Aj = minimum number of annual visits to station j

Figure 6.--Mathematical-programing form of the optimization

of the routing of hydrographers.
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Unit

Figure 7.--Tabular form of tne optimization of the routing of hydrographers.
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and rental costs of vehicles. The sum of the products of gj and Nj for
i=1,2, ..., NR is the total travel cost associated with the set of deci-
sions N = (N1, N2, ..., NyR).

The unit-visit cost, aj, is comprised of the average service and main-
tenance costs incurred on a visit to the station plus the average cost of
making a discharge measurement. The set of minimum visit constraints is
denoted by the row 1j, j =1, 2, .., MG, where MG is the number of stream
gages. The row of integers M;, j =1, 2, ..., MG specifies the number of
visits to each station. Mj is the sum of the products of wjj and Nj for
all i and must equal or exceed ij for all j if N is to be a %easib]e solu-
tion to the decision problem. -

The total cost expended at the stations is equal to the sum of the
products of aj and Mj for all j. The cost of record computation, docu-
mentation, and publication is assumed to be influenced negligibly by the
number of visits to the station and is included along with overhead in the
fixed cost of operating the network. The total cost of operating the net-
work equals the sum of the travel costs, the at-site costs, and the fixed
cost, and must be less than or equal to the available budget.

The total uncertainty in the estimates of discharges at the MG stations
is determined by summing the uncertainty functions, ¢j, evaluated at the value
of Mj from the row above it, for j =1, 2, ..., MG.

As pointed out in Moss and Gilroy (1980), the steepest descent search
used to solve this mathematical program 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 with-
out testing all undominated, feasible strategies.

Description of Uncertainty Functions

As noted earlier, uncertainty in streamflow records is measured in this
study as the variance of the percentage errors of estimation of instantaneous
discharges. This uncertainty is derived from three sources: (1) an error
derived from uncertainties in the stage-discharge relationship (rating curve)
or other functions that relate discharge to primary correlative data collected
at the stream gage, (2) an error derived from reconstruction of streamflow
records when the primary correlative data are missing, and (3) an error derived
during periods when secondary data are not available to reconstruct streamflow
records. The variances of the errors from these sources are weighted by the
fractions of time that each can be expected to occur and combined to estimate
the expected error variance, which is the dependent variable of an uncertainty
function. This relation can be expressed:

VT = eV + epVp + Ve (3)
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where
V1 is the expected total error variance,
ef is the fraction of time that the primary recorders are functioning,
V§ is the variance of the first error source described above,

ep 15 the fraction of time that secondary data are available to recon-
struct streamflow records given that the primary data are missing,

Ve is the variance of the second error source,

ee s the fraction of time that no data are available to compute stream-
flow records, and

Ve is the variance of the third error source.

The fractions of time that each source of error is relevant are functions
of the frequencies at which the recording equipment are serviced. It is assumed
that the primary and secondary sites are serviced at the same frequency and at
about the same times.

The time, 1, since the last service visit until failure of the recorder
or recorders at the primary site is assumed to have a probability distribution
that is defined by the truncated negative exponential family, that is

f = ke KT/(1-e7KS) (4)
where

f: is the probability density of failure times,

k is a coefficient, and

e is the base of natural logarithms.

It is assumed that, if a recorder fails, it continues to malfunction until
the next service visit. Thus,

ef =1 - E[d]/s - (5)
where
d is downtime of the primary recorders,

E[+-] is the expected value of the random variable contained within
the brackets, and

S is the interval between visits to the site.

E[d] is derivable from equation 4, as is shown in the Appendix.
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The fraction of time, eg, that no records exist at either the primary or
secondary sites also can be derived from a bivariate application of equation 4.
It is assumed that the times to failure at the primary and secondary sites are
independent of each other and that they both have identical probability den-
sity functions for failure times.

The fraction of time, ¢,., that records are reconstructed based on data
from a secondary site is determined by the equation

ep =1 - ef - €q. (6)

The variance, V¢, of the error derived from primary record computation
is determined by analyzing a time series of residuals that are the differences
between the measured discharge and the rating curve discharge. The rating
curve discharge is determined from a relationship between discharge and some
correlative data, such as water-surface elevation for the gaging station.
The measured discharge is the discharge determined by field observations of
depths, widths, and velocities. The following variables are defined:

x2(t) = 1n (qT(t)) - 1n (qR(t)), (7)

where xp(t) is the instantaneous difference between the true discharge, qr(t),
and the rating curve discharge qp(t). The variable xp(t) represents the true
variability about the rating curve, but xp(t) is an unobservable random vari-
able because qy(t) is unobservable. The residuals that are available to the
analyst include measurement errors but also contain information about the
structure of xp(t). These residuals, z(t), are defined as:

z(t) = xa(t) + v(t) = 1n (qm(t)) - 1n (qR(t)), (8)
where
v(t) 1is the measurement error, and
qm(t) is the measured discharge.

In the Kalman-filter analysis, the time series of z(t) is analyzed to determine
three site-specific parameters for each uncertainty function. The Kalman
filter used in this study assumes that the difference xp(t) is a continuous
first-order Markovian process that has an underlying Gaussian (normal) prob-
ability distribution with a zero mean and a variance (subsequently referred

to as process variance) equal to q/2g. The variable q is the spectral

density of the white noise that drives the Markovian process, and g is the
reciprocal of the correlation time of the Markovian structure of x(t). The
1-day autocorrelation coefficient, p, of xp(t) is a function of g. The
variance of z(t), a%, is therefore defined as

o} = qfgg + T (9)

where r is the variance of the measurement error v(t). The three parameters,
q, B8, and r, are computed by analyzing the statistical properties of the time
series of residuals z(t). These three site-specific parameters are needed

to define this component of the uncertainty relationship. The Kalman filter
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utilizes these three parameters to determine the variance of the errors of
estimation of discharge as a function of the number of discharge measurements
per year (Moss and Gilroy, 1980).

If the recorder at the primary site fails and there also is no concurrent
data at other sites that can be used to reconstruct the missing record at the
primary site, there would be at least two ways of estimating discharges at
the primary site. A recession curve could be applied from the time of recorder
stoppage until the gage 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 Vo, the error vari-
ance 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 also is a seasonally varying parameter, is an estimate of the error
variance that results from using the expected value as an estimate. Thus,
the coefficient variation, Cy, squared is an estimate of the required error
variance Vo. Because Cy varies seasonally and the times of failures cannot
be anticipated, a seasonally averaged Cy is used:

1/2

365 / _.\2

c, =100( L 7 (2L (10)
365 j=1 \uj

where
o; is the square root of the variance of daily discharges for the ith
day of the year, and

u; is the expected value of discharge on the jth day of the year.

The variance, V., of the error during periods of reconstructed stream-
flow records is estimated on the basis of correlation between records at the
primary site and records from other gaged sites. The correlation coefficient,
pc» between the streamflows with seasonal trends removed (detrended) at the
site of interest and detrended streamflows at the other sites is a measure
of the goodness of their linear relationship. The fraction of the variance
of streamflow at the _primary site that is explained by data from the other
sites is equal to pcz. Thus, the fraction of unexplained variance, that
is the error in reconstructed records at the primary site, is (1 - e ). If
the error variance is expressed in units of percentage squared, as is the
case in this study, an esEimate of the potential variance of streamflow for
any day of the year is C, SS wgs defined in the paragraph above. Thus, V.
can be estimated as (1 - 'p.“)C

It is assumed in this study that the differences between the logarithms
of the computed discharges and the true discharges at each instance are nor-
mally (Gaussian) distributed with a mean of zero and a variance of either Vg,
Ve, or Vo depending on whether the at-site streamflow recorder was functioning
(f), whether the record was reconstructed (r) from another primary source of
data, or whether the record was estimated (e) without the aid of other con-
current data. Therefore, the resulting a priori distribution of errors is
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not normally distributed in terms of the logarithms of discharge data. This

lack of normality causes difficulty in interpretation of the resulting errors

of estimation, that is, the square root of the uncertainty contained in the
streamflow record. If the logarithmic errors were normally distributed, approxi-
mately two-thirds of the time the true logarithmic error would be within the
range defined by plus and minus one standard error from the mean. The lack

of normality caused by the multiple sources of error increases the percentage

of errors contained within this range above that of a Gaussian probability
distribution of logarithmic errors with the same standard deviation.

To assist in interpreting the results of the analyses, a new parameter,
equivalent Gaussian spread (EGS), is introduced. The parameter EGS specifies
the range in terms of equal positive and negative logarithmic units from the
mean that would encompass errors with the same a priori probability as would
a Gaussian distribution with a standard deviation equal to EGS; in other words,
the range from -1 EGS to +1 EGS contains about two-thirds of the errors. For
Gaussian distributions of logarithmic errors, EGS and standard error are
equivalent. EGS is reported herein in units of percentage and an approximate
interpretation of EGS is, "Two-thirds of the errors in instantaneous stream-
flow data will be within plus or minus EGS percent of the reported value."
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