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COST-EFFECTIVENESS OF THE
U.S. GEOLOGICAL SURVEY STREAM-GAGING PROGRAM
IN CENTRAL FLORIDA

By Robert A. Miller, Warren Anderson, and Larry D. Fayard

. ABSTRACT

This report documents the results of a study of the cost-effectiveness of
the stream-gaging program in central Florida. Data uses and funding sources
were identified for the 94 continuous-record gaging stations currently being
operated in central Florida with a budget of $462,000. The average standard
error in estimating instantaneous discharge for the present operation is 27.8
percent.

Given a budget of $550,000 the average standard error could be reduced to
17.8 percent. However, this would require that one-third of the stations be
visited at a frequency greater than monthly, with the remainder being visited
less frequently. The logistics required for assigning personnel and vehicles to
the field at this frequency would prohibit this approach from actually being
used. By limiting the maximum number of visits to 12 per year, a budget of
$550,000 would reduce the average standard error to 20.2 percent.

No stations were identified as unnecessary in the present network and no
stations could be replaced by data simulation using alternative methods (flow
routing or regression analysis).

In performing the analysis, it was found that one presently operating site
in the Withlacoochee River basin should be replaced with dam-monitoring equip-
ment, and that telecommunication equipment should be placed at remote sites in
the Kissimmee River basin for the purpose of determining operating status of
the recorder.



INTRODUCTION

The U.S. Geological Survey is the principal Federal agency collecting
surface~water data in the Nation. The collection of these data is a major
activity of the Water Resources Division of the Survey. The data are collected
in cooperation with State and local governments and other Federal agencies.
The Survey is presently (1983) 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, should 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 Survey is
presently (1983) undertaking another nationwide analysis of the stream-gaging
program that is planned for completion over a 5-year period 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 furnishing streamflow
information,

For every continuous-record gaging station, the analysis identifies the
principal uses of the data and relates these uses to funding sources. Gaged
sites for which data are no longer needed are identified, as are deficient or
unmet data demands. In addition, gaging stations are categorized as to whether
the data are available to users in near-real-time sense, on a periodic basis,
or at the end of the water year (October through September).

The second aspect of the analysis is to identify less costly alternative
methods of furnishing the needed information; among these are flow-routing
models and statistical methods. The stream-gaging activity no longer is con-
sidered a network of observation points, but rather an integrated information
system in which data are provided both by observation and simulation.

The final part of the analysis involves the use of Kalman-filtering and
mathematical-programing techniques to define strategies for 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 error of estimate of instantaneous
discharge to the frequency of visits to the gaging stations) for all stations
in the analysis. A steepest-descent optimization program uses these uncer-
tainty 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 that minimizes the overall uncertainty in
the streamflow data. The stream-gaging program that results from this analysis
will meet the expressed water-data needs in the most cost-effective manner.

This report is organized into five sections; the first being an introduc-
tion to the stream-gaging activities in Florida and the present program in
central Florida. The middle three sections each contain discussions of an
individual step of the analysis. Because of the sequential nature of the steps



and the dependence of subsequent steps on the previous results, conclusions and
suggestions are made at the end of each of the middle three sections. The
study, including all conclusions and suggestions, is summarized in the final
section.

History of the Stream-Gaging Program in Florida

The U.S. Geological Survey has made water-resources investigations in
Florida since the latter part of the 19th century (Claiborne and others, 1983).
These consisted of data collection at intermittent intervals at a few springs
(Peale, 1886), and at river sites on the Suwannee and Withlacoochee Rivers.

The first discharge measurements were also made during the latter part of
the 19th century. jlver Springs near Ocala was measured on December 20, 1898
(discharge of 828 ft”/s); and Rainbow Springs near Dunnellon (then called Blue
Springs) was measured on December 22, 1898 (discharge of 778 ft°/s).

Gaging stations were first established in 1906 on Silver Springs near
Ocala (the largest noncoastal spring in Florida), and on the Suwannee River at
White Springs. The latter was the first stream-gaging station established in
Florida. Only fragmentary records were collected at these stations and at
other sites in the Suwannee, Withlacoochee, and Peace River basins.

During the following 20 years, until 1926, the only streamflow records
collected in Florida were measurements of the Everglades canals in 1913, flow
of some of the larger springs in 1913, and daily stage and discharge at the
gaging station on North Prong St. Marys River (January 1921 to December 1923;
published as St. Marys River at Moniac, Ga.).

The first systematic stream-gaging program was begun in 1926 when con-
tinuous-record gaging stations were established on a few streams in the
northern part of Florida. The Florida district office of the Survey was
officially established on August 4, 1930, and all work in this State was
transferred from the Chattanooga, Tennessee, office to the Ocala, Florida,
office. A few observation stations were established in the K1ss1mmee River
basin and in the Lake Okeechobee area in 1930 and 1931.

The drought of 1939 was the principal cause for the beginning of an
enlarged program by the Geological Survey in the Everglades and Lake Okeechobee
area. Because of the areal interrelations of surface waters in southeastern
Florida, the program necessarily covered all so-called basins of "Lake
Okeechobee and the Everglades." Gaging stations were established on most of
the major canals in the Everglades irrigation and drainage system by 1940.
Establishment of stations on the major tributary to Lake Okeechobee (Kissimmee
River with its upper chain of lakes and connecting channels that contribute to
the main river), was completed for the most part in 1942, following the
earlier stream gaging initiated on Fisheating Creek, Indian Prairie Canal, and
other Lake Okeechobee tributaries.



Other programs developed between about 1935 and 1940, in cooperation with
State and Federal agencies, to study many of the large natural streams relative
to the compilation of basin runoff information and flood data. Gaging stations
were established at this time on the St. Johns River, which drains about 8,800
square miles in the northeastern part of the peninsula.

In 1941, the Geological Survey began special hydraulic investigations of
the more prominent springs of Florida in cooperation with the State.
Presently (1983), the outflows from 27 springs are being measured.

Collection of stage records of lakes began in the mid-thirties. Stage
data were obtained for about 15 lakes in 1940, 85 in 1950, and 115 in 1960. By
1970, the network included about 150 lake stations (most being an integral part
of stream systems). During this period (1940-70), considerable stage data
were collected on the larger streams and canals (Rabon, 1970), relative to
obtaining profile information under Federal cooperation.

Only 17 stream-gaging stations were established during the World War II
years, bringing the total to 114 in 1945 (Rabon, 1970).

During 1946 to about 1956, the first three-way cooperation (among county
or local agency, the State, and the U.S. Geological Survey) was initiated.
These programs were designed to obtain "bench-mark" data including streamflow,
stage records on streams and (interconnecting) lakes, and rainfall and
evaporation measurements.

In 1954, the first tidal discharge station on a major coastal river was
established on the St. Johns River at Jacksonville (23 miles upstream from the
mouth). Initial computations of daily discharge were in volumes of flow for
each ebb and flood tide, based on tidal integrated measurements of discharge
and data from three recording tide gages.

Other stream-gaging activities in the lower St. Johns River basin and its
tributary, Oklawaha River, included the establishment of stations associated
with the construction of the cross-Florida canal. Some of the continuing
long~term sites were in operation as early as 1930 (including a few on the
Withlacoochee River which would be connected by a canal with the Oklawaha
River).

Upon beginning construction in 1964 of a new design of a "Cross-Florida
Barge Canal,” reestablishment of old stations and establishment of additional
stream-gaging stations were made. These stations are presently (1983) on a
continuing basis even though the canal project was halted in 1971 after more
than a third of the construction was completed.

By 1956, the number of active discharge stations had increased to 169.
During the next several years the Geological Survey and the State of Florida
together recognized the urgent need for a more systematic program to evaluate
the water resources of the State. A classification system for streamflow



stations in a hydrologic network consisting of primary (long-term duration),
secondary (short-term duration), and partial-record stations was therefore
instituted.

The partial-record network in Florida includes, essentially, stations
classified as crest stage, low flow, periodic streamflow, and lakes. After a
modest beginning in 1953, the crest-stage program by 1970 included about 100
stations; most were located in northern and northwestern Florida. The low-flow
program was started in the mid-1960's, and consisted of about 50 data-
collection sites by 1970 (which were also located mostly in northern and
northwestern areas). As a result of the State and Federal programs, the number
of active continuous-record stations increased steadily to 1966 when about 300
stations were in operation (Rabon, 1970).

In 1967 a program was begun to develop a data base to extend short-term
flood-peak records for small basins by use of the U.S. Geological Survey rain-
fall-runoff model (Dawdy and others, 1972). Long-term flood records for small
basins, especially those basins of less than 10 square miles, were almost
nonexistent in Florida. By 1971, 30 rainfall-runoff stations were in operation
(Bridges, 1977).

The first computerized analysis of flow characteristics for Florida
streams and canals was completed in 1971 (Heath and Wimberly), and included
254 stream-gaging station records through 1965. The analysis provided tables of
flow duration, lowest mean discharge, and highest mean discharge for selected
consecutive periods within each year. Stream-gaging records for 161 selected
continuous-record stations with 7 or more years of data through 1977, were used
in a low-flow frequency study (Hughes, 1981).

Flood peaks from data for 159 stream-gaging stations and 23 rainfall-
runoff stations have been used in developing regional equations relating peak
discharge to basin characteristics (Bridges, 1982). This study on estimating
magnitude and frequency of floods on natural-flow streams in Florida supersedes
previous Survey reports (Pride, 1957; Barnes and Golden, 1966).

In 1958 about 40 percent of the funds for water-resources investigations
in Florida were derived from cooperating State, county, and city agencies, and
about 60 percent from Federal sources. Because of the increased demand by
1970 for water information by State and other local agencies, about 80 percent
came from cooperative Federal-State sources and omly about 20 percent came from
exclusively Federal sources (Rabon, 1970). Total funds allocated for 1970 were
about four times those for 1958.

Current (1983) cooperation with the U.S. Geological Survey in Florida in
water-resources investigations includes 19 State agencies (which include 3
water-management districts), 19 counties, 19 cities, and 3 Federal agencies.



Present Stream-Gaging Program in Central Florida

The Orlando subdistrict was formed about 1968 when personnel were moved
from the Ocala office and combined with the already existing Orlando field
office. This change was a part of the general reorganization that occurred
when the three technical disciplines (surface water, ground water and quality
of water) were merged to form the Florida district. The subdistrict area
includes the drainage areas of four major rivers (fig. 1)--the St. Johns, the
Oklawaha (tributary to the St. Johns), the Withlacoochee, and the Kissimmee.
Within the subdistrict area are many small closed basins which, from a
strictly technical point of view, are not a part of the drainage areas of the

major rivers., The total area covered by the subdistrict is approximately
14,000 square miles.

Continuous stream-gaging activity in the Orlando subdistrict began when
the Okeechobee Flood Control District installed a staff gage on the Kissimmee
River at Cornwell. Readings of this gage were subsequently used to compute
daily discharge of the Kissimmee River near Okeechobee beginning January 1,
1929. As of December 1930, the station at Trilby on the Withlacoochee River,
four stations on the Oklawaha River, and the station on the Kissimmee River
near Okeechobee constituted the continuous-record stream-gaging program within
the present Orlando subdistrict boundary. Subsequent expansion of the
continuous-record stream-gaging program in the Orlando subdistrict to the
current 94 stations is shown in figure 2.

Today, 1983, there are within the Orlando subdistrict over 250 sites at
which surface-water data are collected. They are as follows:

94 continuous-record discharge

15 low-flow discharge

38 periodic discharge (6-12 measurements/year)

16 spring discharge

20 crest stage (random discharge measurements)

87 lake stage (20 continuous-record, 67 read weekly)

In addition, ground-water sites include 67 continuous-record, 92

bimonthly, and 1,200 semiannual stations. Quality-of-water sites include 7
NASQAN sites and 26 sites sampled quarterly.

Figure 3 shows the locations of the 94 continuous-record gaging stations
in the Orlando subdistrict area. Locations of other stations can be found in
the annual Water-Data Report (U.S. Geological Survey, 1981).

The present (1983) budget of the Orlando subdistrict is about $2 million,
with $462,000 allotted to the 94 continuous-record gaging stations and $700,000
covering the total surface-water program. About 25 people are involved in
collecting, processing, and publishing surface-water data.
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Selected hydrologic data, including drainage area, period of record, and
mean annual flow, for the 94 stations are given in table 1. Station identifi-
cation numbers used throughout this report are the last six digits of the
Survey's eight-digit downstream-order station number; the first two digits of
the standard station number for all stations in the Orlando subdistrict are 02,
signifying the area containing coastal streams from Virginia southward and

westward to Mississippi. The map reference number used in all illustrations
throughout the report are shown in table 1.
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USES, FUNDING, AND AVAILABILITY OF CONTINUOUS STREAMFLOW DATA

The relevance of a gaging station is defined by the uses that are made of
the data that are produced from the station. The uses of the data from each
stream-gaging station in the Orlando program were identified by a survey of
known data users (table 2). Also recorded as part of the survey were the
source of funding and the frequency of data availability for each station. The
survey documented the importance of each station and identified gaging stations
that may be considered for discontinuance.

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

Data-Use Classes

The following definitions were used to categorize each known use of
streamflow data for each continuous-record gaging station.

Regional Hydrology

To be useful in defining regional hydrology, the data from a gaging
station must be largely unaffected by manmade storage or diversion. In thie
class of uses, the effects on streamflow are limited to those caused primarily
by land-use and climate changes. Large amounts of mammade storage may exist in
the basin providing the outflow is uncontrolled. These stations are useful in
developing regionally transferable information about the relations between
basin and climatic characteristics and streamflow. In the Orlando subdistrict,
81 stations are classified in the regional hydrology category.

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 stations used to gage diversions and return
flows, and stations that are useful for defining the interaction of water
systems. In the Orlando subdistrict, 86 stations are included in this
category.

The bench-mark and index stations are included in the hydrologic systems
category because they document current and long-term conditions of the
hydrologic systems that they gage. Federal Energy Regulatory Commission (FERC)
stations and international gaging stations, located on significant rivers that
cross national boundaries, also are included. No stations in central Florida
are found in the latter two categories.
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St. Johns River Water Management District, Greater St. Johns River Basin.
2 U.S Army Corps of Engineers, Jacksonville, Florida District, redesign o

3 City of Cocoa, Florida.
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in.

f structural controls, upper St. Johns River bas

4 National Stream Quality Accounting Network.

the Oklawaha River and

in

Florida, water control

5 Oklawaha Basin Recreation and Water Conservation and Control Authority in Lake County,

chain of lakes.
6 St. Johns River Water Management District, Oklawaha River Basin Board, water control in the Oklawaha River and chain of lakes.

A Annually.
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Table 2.--Data use
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St. Johns River Water Management District, Greater St. Johns River Basin, redesign of structural controls, upper St. Johns River basin.

2 U.S. Army Corps of Engineers, Jacksonville, Florida District, redesign of structural controls, upper St. Johns River basin.

4 National Stream Quality Accounting Network.
8 South Florida Water Management District, water control in the upper K

9 Reedy Creek Improvement District, water control in the upper K
10 Southwest Florida Wate: Management, Green Swamp Basin Board.

A Annually.

P Periodically.

T Instantaneously via telemetry.
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Legal Obligations

Some stations provide records of flows for the verification or enforcement
of existing treaties, compacts, and decrees. The legal obligation category
contains only those stations that the Geological Survey is required to operate
to satisfy a legal responsibility. There are no stations in the central
Florida program that exist to fulfill a legal responsibility of the Geological
Survey.

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. Currently, 27 stations in the central Florida program are being
operated for planning or design purposes.

Project Operation

Gaging stations in this category are used, on an ongoing basis, to assist
water managers in making operational decisions such as reservoir releases,
hydropower operations, or diversions. The project-operation use generally
implies 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. There are 21 stations in the central Florida program that are used
in this manner. :

Hydrologic Forecasts

Gaging stations in this category are regularly used to provide information
for hydrologic forecasting; including 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 implies
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. Only one
station in the central Florida program is included in the hydrologic forecast
category.

Water—Quality Monitoring
Gaging stations where regular water-quality or sediment-transport monitor-
ing is being conducted and where the availability of streamflow data

contributes to the utility, or is essential to the interpretation, of the
wvater-quality or sediment data are designated as water-quality-monitoring
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sites. Twenty—three such stations are a part of the program. Seven are
National Stream-Quality Accounting Network (NASQAN) stations, part of a
countrywide network designed to assess water—quality trends of significant
streams.

Research

Gaging statioms in this category are operated for a particular research or
water-investigations study. Typically, these are only operated for a few
years. No stations in the central Florida program are used in the support of
research activities.

Other

Stations in this category provide streamflow information for recreational
planning, primarily for canoeists, rafters, and fishermen. No stations in
central Florida are found in this category.

Sources_of Fundin

The two sources of funding for the Florida streamflow-data program are:

1. Other Federal Agency (OFA) program.--Funds that have been transferred
to the Geological Survey by OFA's.

2. Cooperative program.--Funds that come jointly from Geological Survey
cooperative-designated funding and from a non-Federal cooperating
agency. Cooperating agency funds may be in the form of direct services
or money.

In both categories, the identified sources of funding pertain only to the
collection of streamflow data; sources of funding for other activities, par-
ticularly collection of water-quality samples that might be carried out at the
site, may not necessarily be the same as those identified herein.

Twelve entities currently are contributing funds to the central Florida
stream-gaging program.

Frequency of Data Availability

Frequency of data availability refers to the times at which the stream-
flow data may be furnished to the users. In this category, three distinct
possibilities exist. Data can be furnished by direct—access telemetry equipment
for immediate use, by periodic release of provisional data, or in publication
format through the annual data report for Florida (U.S. Geological Survey,
1981). These three categories are designated T, P, and A, respectively, in
table 2, In the current central Florida program, data for all 94 stations are
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made available through the annual report, data from 2 stations are available on
a real-time basis, and data from 7 stations are released on a periodic, pro-
visional basis.

Conclusions Pertaining to Data Uses

There is no known reason to eliminate any stations from further analysis
because: all stations have been identified as having valid and needed uses
(table 2); all stations are properly funded; and no short-term project stations
exist within the stream-gaging program. Therefore, all gaging stations will be
considered in the next analysis-—flow routing and regression.

Based on consultation with cooperating agencies, the distribution of
gaging stations shown in figure 3 is believed to be sufficient tc describe
hydrologic conditions in the area at this time. Several sites at Inglis Dam on
the Withlacoochee River could be unified into one station through the use of
new equipment and communication lines, known collectively as dam monitoring
equipment. Telecommunication equipment would probably prove beneficial in the
Kigssimmee River basin for determining if recorders are working properly. This
would prevent excessive downtime, which at present can be determined only by
physically driving to the site. :
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ALTERNATIVE METHODS OF DEVELOPING STREAMFLOW INFORMATION

The second step of the analysis of the stream-gaging program is to inves-—
tigate alternative methods of providing daily streamflow information instead of
operating continuous-record gaging stations. The objective of the analysis is
to identify gaging stations where alternative technology, such as flow-routing
or statistical methods, will provide information about daily mean streamflow in
a more cost-effective manner than operating a continuous-record gaging station.
No guidelines exist concerning suitable accuracies for particular uses of the
data; therefore, judgment is required in deciding whether the accuracy of the
estimated daily flows is suitable for the intended purpose. The data uses at a
station will influence whether a site has potential for 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 candi-
dates for the alternative methods. Likewise, there might be a legal obligation
to operate an actual gaging station that would preclude utilizing alternative
methods. The primary candidates for alternative methods are stations that are
operated upstream or downstream of other stations on the same stream. The
accuracy of the estimated streamflow at these sites may be suitable because of
the high redundancy of flow information between sites. Similar watersheds,
located in the same physiographic and climatic area, also may have potential
for alternmative methods. .

All stations in the central Florida stream-gaging program were categorized
as to their potential utilization of alternative methods and selected methods
were applied at 11 stations that best meet the criteria as candidates for
simulation. The categorization of gaging stations and the application of the
specific methods are described in subsequent sections of this report. This
section briefly describes the two alternative methods that were used in the
central Florida analysis and documents why these specific methods were chosen.

Desirable attributes of a proposed alternative method are (1) the proposed
method should be computer oriented and easy to apply, (2) the proposed method
should have an available interface with the Geological Survey WATSTORE Daily
Values File (Hutchinson, 1975), (3) the proposed method should be technically
sound and generally acceptable to the hydrologic community, and (4) the pro-
posed method should permit easy evaluation of the accuracy of the simulated
streamflow records. The above selection criteria were used to select two
methods--a flow-routing model and multiple-regression analysis.

Description of Flow-Routing Model

Hydrologic flow-routing models use the law of conservation of mass and the
relation between the storage in a reach and the outflow from the reach. The
hydraulics of the system are not considered in hydrologic models. The method
usually requires only a few parameters and treats the reach in a lumped sense
without subdivision. The input is usually a discharge hydrograph at the up-
stream end of the reach, and the output is a discharge hydrograph at the down-
stream end. Several different types of hydrologic models are available, such
as Muskingum, Modified Puls, Kinematic Wave, and the unit-response.
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The unit-response model was selected for this analysis because it fulfills
the criteria noted above. Calibration and verification of the unit-response
flow-routing model is achieved using observed upstream and downstream hydro-
graphs, and estimates of tributary inflows. Downstream hydrographs are pro-
duced by the convolution of upstream hydrographs with their appropriate unit-
response functions. The convolution technique treats a stream reach as a linear
one-dimensional system in which the output (downstream hydrograph) is computed
by multiplying the ordinates of the upstream hydrograph by the unit-response
function and lagging the results appropriately. The model has the capability
of combining hydrographs, multiplying a hydrograph by a ratio, and changing the
time base of a hydrograph, although in this analysis, the model is only used
to route an upstream hydrograph to a downstream point. Routing can be accom-
plished using hourly data, but only daily data are used in this analysis. An
advantage of this method is that it can be used for flows through regulated

stream systems, as well as reservoirs, if the operating rules of the reservoir
are known.

Two mathematical concepts can be used to produce convolution within the
unit-response method: storage-continuity (Sauer, 1973) and diffusion analogy
(Keefer, 1974; Keefer and McQuivey, 1974). The objective in either case is to
calibrate two parameters that describe the storage-discharge relation 1in a
given reach and the traveltime of flow passing through the reach. 1In the
storage-continuity concept, a response function is derived by modifying a
translation hydrograph technique developed by Mitchell (1962) to apply to open
channels. A triangular pulse (Sauer, 1973) is routed through reservoir-type
storage and then transformed by a summation curve technique to a unit response
of desired duration. The two parameters that describe the routing reach are
Kg, a storage coefficient which is the slope of the storage-discharge relation,
and Ws, the translation hydrograph time base. These two parameters determine
the shape of the resulting unit-response function.

In the diffusion analogy concept, the two parameters requiring calibration
are K_, a wave dispersion or damping coefficient, and C_, the floodwave celeri-
ty. R controls the spreading of the wave (analogous to K, in the storage-
continuity method) and C, controls the traveltime (analogous to W_ in the
storage-continuity method). Two methods are available within the diffusion
analogy for defining the system's response function: single response and
multiple response. Selection of the appropriate response depends primarily
upon the variability of wave celerity (traveltime) and dispersion (channel
storage) throughout the range of discharges to be routed. Adequate routing of
daily flows can usually be accomplished using a single unit-response function
(linearization about a single discharge) to represent the system response.
However, if the routing coefficients vary drastically with discharge, lineari-
zation 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. A single unit-response function may not provide acceptable results in
such cases. Therefore, the approach of multiple linearization (Keefer and
McQuivey, 1974), which uses a family of unit-response functions to represent
the system response, is available. In the single linearization method, only one
K, and C  value are used. In the multiple linearization method, C,o and K,
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are varied with discharge so that a table of wave celerity (C_ ) versus
discharge (Q) and a table of dispersion coefficient (Ko) versus discharge (Q)
are used.

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

Determination of the system's response to the input at the upstream end of
the reach 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. Such flows may be unknown but
they can usually be estimated using some combination of gaged and ungaged
flows. An estimating technique that proves satisfactory in many instances 1is
the multiplication of known flows at an index gaging station by a factor, such
as a drainage-area ratio.

Description of Regression Analysis

Simple-~ and multiple-regression techniques can also be used to estimate
daily flow records. Regression equations can be computed that relate daily
flows (or their logarithms) at a single station to daily flows at a combination
of upstream, downstream, and (or) tributary stations. This statistical method
is not limited, like the flow-routing modeling, to stations where an upstream
station exists on the same stream. The explanatory variables in the regression
analysis can be stations from different watersheds, or downstream and tributary
watersheds. The regression method has many of the same attributes as the flow-
routing method in that it is easy to apply, provides indices of accuracy, and
is generally accepted as a good tool for estimation. The theory and
assumptions of regression analysis are described in several textbooks such as
Draper and Smith (1966) and Kleinbaum and Kupper (1978). The application of
regression analysis to hydrologic problems is described and illustrated by
Riggs (1973) and Thomas and Benson (1970). Only a brief description of regres-
sion analysis is provided in this report.
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A linear regression model of the following form was developed for
estimating daily mean discharges in central Florida:

P
yi=B°+_§Bj Xj + ei (1)
j=1
where
vi = daily mean discharge at station i (dependent variable),
X3 = daily mean discharges at nearby stations (explanatory
variables),
B, and B. = regression constant and coefficients, and
e; = the random error term.

The above equation is calibrated (B, and B. are estimated) using observed
values of y. and x.. These observed daily mean discharges can be retrieved
from the W&TSTORﬁlDaily Values File. The values of x: may be discharges
observed on the same day as discharges at station i or may be for previous or
following days, depending on whether station j is upstream or downstream of
station i. Once the equation is fitted and verified, future values of y; are
estimated using observed values of x:. The regression constant and coeffi-
cients (B, and B.) are tested to deteriine if they are significantly different
from zero. A given station j should only be retained in the regression equa-
tion if its regression coefficient (Bj) is significantly different from zero.

The regression equation (statistical model) should be fitted (calibrated)
using data from one time period and then verified or tested on data from a
different period of time to obtain a measure of the true predictive accuracy.
Both the calibration and verification period should be representative of the
range of flows that could occur at station i. The equation should be verified
by (1) plotting the residuals e; (difference between simulated and observed
discharges) against the dependent and all explanatory variables in the
equation, and (2) plotting the simulated and observed discharges versus time.
These plots are used to identify if (1) the linear model is appropriate, or
whether some transformation of the variables is needed, and (2) there is any
bias in the equation, such as overestimating low flows.

It should be noted that the use of a regression relation to synthesize
data at a discontinued gaging station entails a reduction in the variance of
the streamflow record relative to that which would be computed from an actual
record of streamflow at the site. This is because the variance of the original
data which can not be explained by the regression equation, will not be found
in the newly generated data. The reduction in variance expressed as a fraction
is approximately equal to one minus the square of the correlation coefficient
that results from the regression analysis.
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Categorization of Gaging Stations by their
Potential for Alternative Methods

An analysis of the data uses (presented in table 2) identified 35 statioms
at which the needed streamflow data could possibly be provided by alternative
methods. Simulation of the flow at eight of these stations and of the sum of
the three stations comprising the outflow from Lake Rousseau was attempted
using flow-routing techniques or regression methods or both. Listed below are
the stations for which simulation of the flow was attempted, with the stations
used for model input indented under the station simulated.

232500 St. Johns River near Christmas
232400 St. Johns River near Cocoa
231600 Jane Green Creek near Deer Park

240000 Oklawaka River near Conner
238500 Oklawaha River at Moss Bluff
239500 Silver Springs near Ocala
243000 Orange Creek at Orange Springs

240500 Oklawaha River at Eureka
240000 Oklawaha River near Conner
239500 Silver Springs near Ocala
243000 Orange Creek at Orange Springs

243000 Orange Creek at Orange Springs
242451 Orange Lake Outlet near Citra
242500 Lockloosa Slough near Lochloosa
245500 South Fork Black Creek near Penney Farms

312500 Withlacoochee River at Croom
312000 Withlacoochee River at Trilby
312200 Little Withlacoochee River at Rerdell

312645 Jumper Creek Canal near Wahoo
312640 Jumper Creek Canal near Bushnell

312720 Withlacoochee River at Wysong Dam at Carlson
312500 Withlacoochee River at Croom
312640 Jumper Creek Canal near Bushnell
312700 Outlet River at Pamacoochee Retreats

313000 Withlacoochee River near Holder
312700 Outlet River at Panacoochee Retreats
312720 Withlacoochee River at Wysong Dam
312975 Tsala Apopka Outfall Canal at S-353
313100 Rainbow Springs near Dunnellon
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313230 Withlacoochee River at Inglis Dam

313237 Cross Florida Barge Canal at Inglis Lock

313250 Withlacoochee River Bypass Canal near Inglis

(Sum of above 3 stations equals Lake Rousseau surface outflow)
313000 Withlacoochee River near Holder
313100 Rainbow Springs near Dunnellon

Calibration of Models

The best result obtained for calibration periods ranging from 1 to 3 years
using flow-routing techniques and regression methods for each station is given
in table 3.

Under the heading "Accuracy of field data and computed results" in "Water
Resources Data for Florida, 1981," the following categories of accuracy and
their meanings are stated. "Excellent'" means that about 95 percent of the
daily discharges are within 5 percent; "good" within 10 percent; "fair" within
15 percent; and "poor" greater than 15 percent. An evaluation of the modeling
results can be performed by comparing the group of rows in table 3 labeled
"percent of days with errors not more than" against the above standards. For
each station find the row having the value of 95 percent, which is the percent
of days mentioned in the standards. Move horizontally to the leftmost column
to determine the percentage of error in the simulated data. For example,
station 240500, when simulated using the flood-routing technique, had 95 per-
cent of days within 15 percent error.

Table 3 indicates that simulated discharges obtained using flow-routing
and regression techniques for calibration periods could not meet the criteria
for "excellent" or "good" accuracy. In fact, only four of the nine stations
could approximate the criterion for "fair" accuracy, — 15 percent. All of the
stations for which the best simulated discharges qualified as "fair" are sta-
tions that have very high and stable base flow and are subject to rapidly
changing discharge on a relatively small percentage of days. A brief discus-
sion of each of the four stations that approximated the "fair" accuracy rating
for at least one year follows.

240000 Oklawaha River near Conner, Florida.——The majority of the flow at
this site is gaged at Moss Bluff 13.3 miles upstream, and in Silver River,
which joins the Oklawaha River 0.2 mile upstream of the station (fig. 4).
Silver River conveys to the Oklawaha River the flow of Silver Springs and a
small amount of surface inflow from the intervening area along Silver River.
The flow at Silver Springs (239500) includes the flow from the main vent at the
head of the river and the flow from numerous secondary vents between the head
and the measuring section 3 miles downstream. The flow at Moss Bluff is com-
pletely regulated by a moveable gate structure, whereas the flow of Silver
River is unregulated and relatively uniform, with extremes of flow differing
from the mean by about 50 percent. The records for this station are rated as
"good. n
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The reach was modeled two times, first by using Moss Bluff and Silver
Springs as input with intervening inflow added as a percentage of Silver
Springs flow; and second by using Moss Bluff and Silver Springs as input, but
intervening inflow was computed as a percentage of the flow for Orange Creek at
Orange Springs. There was little difference in the results of the calibration
of the two models. Therefore, both models were used for the verification
process.

As shown in table 4, the daily mean simulated flows using Silver Springs
for estimating intervening flow meet the criterion for "fair" records for each
of the 7 years and have a single-year minimum of 91 percent at the l5-percent
level. Simulated flows for water years 1978, 1979, and 1981 are shown in
figures 5, 6, and 7. As can be seen in the figures, most of the errors
exceeding the 10-percent "good" rating occur during periods of rapidly changing
discharge. This indicates the lack of a good estimate of the ungaged inflow.

240500 Oklawaha River at Eureka, Florida.--This station is 17.9 miles
downstream from the station at Conner (fig. 4). Intervening inflow is derived
from swamps at elevations from 5 to 30 feet higher than the river and from the
Floridan aquifer. The surface-water component of intervening inflow is much
more variable than the ground-water component. Thus, the proportion of the
total inflow from the two sources changes in relation to hydrologic conditions
with surface water predominating during and immediately following periods of
heavy rainfall, and ground water predominating during periods of sparse rain-—
fall., The observed records for this station are rated "good."

Flow at this station was simulated by flow-routing techniques using the
Conner station and Orange Springs station to estimate intervening flow, with
the Conner station giving a slightly better result. The flow was also simu-
lated using regression methods with less success than achieved by flow routing.

In the calibration process the simulated flow met the criterion for "fair"
records with 95 percent of the values within 15 percent (table 4). But during
verification the results for 1933, 1981, and 1982, were less than "fair." Most
of the error exceeding 5 to 10 percent was concentrated on days when the
discharge was changing rapidly, as can be seen in figures 8, 9, and 10. This
indicates the lack of a good basis for estimating the ungaged inflow.

313000 Withlacoochee River near Holder, Florida.~--This station is 17
miles downstream from the major input station at Wysong dam (fig. 11). The
river overflows its banks at medium stage and spreads out over a wide wooded
flood plain. When the river rises quickly, water from the river probably
enters the limestone aquifer over which it flows in this reach. Thus, there
may be two dispersion factors which are difficult to evaluate. The celerity of
flood waves are probably highly dependent on the rate of change in stage for
any given discharge. Records for this station are rated "good."

Flow at this station was simulated using flow-routing techniques for a wet
period and a dry period using three stations for estimating ungaged inflow.
The best result, which nearly satisfied the criterion for "fair" records, was
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Figure 11.--The Holder study area.
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achieved by using data from the Wysong station to simulate surface inflow and
Rainbow Springs to simulate ground-water inflow for the wet year 1970. How-
ever, when this model was applied to the dry year, 1977, the results were
extremely poor. None of the other models gave acceptable results for either
wet or dry periods. Most of the larger errors occurred during periods of
changing discharge (figs. 12-14).

313230, 313237, 313250 Lake Rousseau outflow.~~Flow just downstream of
Lake Rousseau is obtained by summing the flows for stations 313230, 313237, and
313250 (fig. 15). Records for these stations are rated "good." Most of the
flow is derived from the Withlacoochee River, upstream from Holder, and from
Rainbow Springs. Inflow between Holder and Inglis Dam exclusive of Rainbow
Springs, probably is less than 15 percent of the outflow from Lake Rousseau.
The Holder station is 27 miles upstream from Inglis Dam and 13 miles upstream
from Rainbow Springs. Because of the high and fairly uniform base flow of the
Withlacoochee at Dunnellon, outflow from Lake Rousseau can be simulated fairly
well except during periods of rapidly changing inflow or periods when the
control structures at the outflow stations are manipulated, or both (fig. 16
and 17). For the years 1970-81, 95 percent of the daily flows were commonly
simulated within 25 percent error (table 4).

Results of Application of the Models

The results of the calibration periods and the results of year-by-year
application of the model for each of the sites discussed above are shown in
table 4. The l5-percent level, which indicates the acceptability of the
results as "fair," was used in evaluating the application of the models. Only
in the case of Oklawaha River near Conner, when Silver Springs was used to
estimate inflow, was the model successfully applied with "fair" result for the
entire period of record.

Conclusions Pertaining to Alternative Methods of Data Generation

The simulated data from both the flow-routing and regression methods for
all of the gaging stations tested were not sufficiently accurate to warrant
their use instead of data obtained by operating continuous-record gaging
stations. It is suggested that all of the stations currently in operation be
continued.

The primary cause of failure of the flow-simulating techniques is lack of
adequate input data for determining ungaged inflow. A study to determine the
efficacy of establishing stations capable of indexing ungaged inflow accurately
enough to provide acceptable simulated data may be warranted. The justifica-
tion of such a step lies in the utility of having records at two or more sites
for little more than the cost of one site.

In summary, no stations in the Orlando subdistrict area may be discon-
tinued, and all of the stations will be included in the next step of this
analysis.

40



*aesk Is3em (/6T 24yl 103
BPTIOT €JIOPTOH JBOU ISATY 99UD000BTYIIM 103J S23IBRYDSTP ursuw A[TBP PaAILSqO PuR palp[nuI§---7] 2In3T4

OL6l 696l
d3s | onv nr NAr AVIN | HdV | VN | 83d | Nvr | ©O3A | AON | LOO

LN3IOH3d Sl NvHL 3HONW LON A8 /!
H3441a S3INTIVA 4O LN3DOH3d +6 \ \ |

\ 1 —_
| SYAY

V4 'H3ANI0H HV3AN H3AIE 33HOOODVTIHLIM OO0OO0EIE
| | l _ _ | _ | | | _

OOl

o0s

OOOI

oosl

(ole e~

oose

Oo0o0oe

o0ose

OOOP

ANOO3S Y3d 1334 218nO NI ‘39odvHOSIAa

41



*a1e9hk I93BM 7/6T OUl 103
ePTIOTA ‘AIPTOH IBOU IDATY 99YD000BTYITM 107 S°8ABYDSIpP UeBdW ATIBP POAIDS]O PUBR DPIIBTNUWES—-'¢T 2and1g

ZL6l 1261
das|onv | nr | NAr | Avn | gav [ avw [a3a [ Nve | o3a | Ao | oo
lole)
— N
[ 0os
|
A |
. A3 LVINNIS J 000l
AIAINE3EFSYHO
- 0O0SiI
- — oooz
- —{ oosz
- , — ooos
ANITIOMH3IA Si NVHL 3HOW LON A8 H3441AQ S3NIVA dO AN3IAODH3d s8
— Vo4 ‘Y3A10H V3N H3AI1N IIHO0OOODVIHLIM 000SIS — ocose
| ] | |

ojole)

ANODO3S H3d L334 218ND NI ‘3odvHOSIA

42



*ae9k I93BM G/6T 943 ioJ

BPIIOTd “AOPTOH 1B9U I9ATY 99YD00DBTYITM 103 SO8aeYDISTP uesw ATIEP POAISSqO pUB polBTNWIS--°4T 2In3Tg

SL6| .V.PQ_,

d3S

oNv anr NP AV | "HdV | dVIN | 834 | NVvr O3a | AON

100

aA3a.Llvinnis

LN30OY3d SI NVHL 330OW LON A8 ¥344ia S3INTIVA 4O ALN3IDH3d 2P

'V ‘Yd3AN0OH HV3AN H3AI 3F3HOOOODVIHLIM O00EIE

ole]

o0os

OOOI

(olel=]

o002

oose

Oo00E

oose

OoOoOot+

ANOD3S ¥3d L334 219ND NI ‘IONVHOSIA

43



313250
BYPASS CANAL 313237 1
INGLIS LOCK

X UROSS FLORIDA
BARGE CANAL

EXPLANATION

—==— DIRECTION OF FLOW
A 313250 GAGING STATION AND NUMBER

313230
INGLIS DAM

313100
RAINBOW SPRINGS
DUNNELLONSR  gLe ?\)V‘

’ §MEASURING SECTION AND
® 3 AUKILLARY GAGE FOR 313100
b
Q
Qo
Q
T
m
m
MAP LOCATION )
313000
0 | 2 3 4  S5MILES HOLDER
| | 1 1 ] ]
3
TSALA APOPKA / , N
OUTFALL CANA b

Figure 15.--The Lake Rousseau study area.

44



-1eok 193BAM /6T 22Ul i03J
epTa0Td ‘STTSUI JE9U MOTJINO NEISSNOY BT 103 $981eydSTP uesw ATTEp PIAISSqO pue pajeTnUIS--"9T 2an8T14

iL6el

odLséil

d3S

onNv anre

NAr

AVIN | HdV | JIVIN

a3d

Nwvr

O3a

AON | LOO

LN3IOH3d SI NVHL 3HOW LON A8 d344Id S3NIVA 4O 1LN3OH3d 06

V4 ‘SITONI V3N ‘MOTNHLNAO NVISSNOY 3AXV LeESEIS

a3andgd3IsSgo

A3LvVINNnIS

oscele
ogecele —

oos

OO0l

OO0oSsi

o002

oose

OoOo0oP

oosv

O00S

o0ss

ANOOD3S dH3d 1334 218N NI ‘39odvHOSIA

45



*aeok I193eM (86T @943l 103

epTiOTd ‘STTSUl ieeU MOTJINO NEISSNOY BT 103 S9ZIeYDSTp Uesw ATIep PoAlasqo pue palB[NUI§--*/T 2In3TJ

o8l 6.L6I

d3S

oONv anr NNr AVN | AV | JdVYIN | B34 | Nvr O3a | AON | L.O0O

— —
(
|
- / —
T —
Aa31lviInnIsS
aA3AY3S8O0
— \
/
-1
— \
AN3FOM3d SI NVHL 3YHOW LON A8 H344dIad S3NTIVA 40 LN30OH¥3d SL Jf /
B \
v
oszsle \
— V4 ‘SIMONI HV3IN ‘MOT141LNO NVISSNOY 3XV LeSsIs —
| oszele
L | _ _ _ | _ 1 | l _

o0os
OO0l
oosi
o002
oose
o00e
oose
o, 0/e) 4
Oom.v
O00s

00ss

ANODO3S ¥H3d 1334 219ND NI ‘39dvHOSIa

46



COST-EFFECTIVE RESOURCE ALLOCATION

Introduction to Kalman-Filtering for Cost-Effective
Resource Allocation (K-CERA)

In a study of the cost-effectiveness of a network of gaging stations
operated to determine water consumption in the lower Colorado River basin, a
set of techniques called K-CERA was developed (Moss and Gilroy, 1980). Because
of the water-balance nature of that study, the measure of effectiveness of the
network was chosen to be the minimization of the sum of variances of errors of
estimation of annual mean discharges at each site in the network. This measure
of effectiveness tends to concentrate stream-gaging resources on the larger,
less stable streams where potential errors are greatest. While such a tendency
is appropriate for a water-balance network, it is not appropriate for most
networks operated by the Geological Survey, where many uses for the streamflow
data exist.

Therefore, the original version of K-CERA was extended 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 percentage, average instan-
taneous discharge in cubic feet per second, or average instantaneous discharge
in percentage. The use of percentage errors does not unduly weight activities
at large streams to the detriment of records on small streams. In addition, the
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 dis-
charges at all continuous-record stream-gaging stations as the measure of the
effectiveness of the data-collection activity.

The original version of K-CERA used in the lower Colorado River basin 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 gaging
station increases. A procedure for dealing with the missing record has been
developed and was incorporated into this study.

Brief descriptions of the mathematical program used to optimize cost—
effectiveness of the data-collection activity and of the application of Kalman
filtering (Gelb, 1974) to the determination of the accuracy of a stream-gaging
record are presented below. For more detail on either the theory or the
applications of K-CERA, see Moss and Gilroy (1980), Gilroy and Moss (1981), and
Fontaine and others (1984).

Description of Mathematical Program

The program, called "The Traveling Hydrographer," attempts to allocate
among gaging stations 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
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available to the manager is the frequency of use (number of times per year) of
each of a number of routes that may be used to service the stations 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
stations and the least cost travel that takes the hydrographer from his base of
operations to each of the stations and back to base. A route will have asso-
ciated with it an average cost of travel and average cost of servicing each
station 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 gaging station with that station as the lone
stop and return to the home base so that the individual needs of a station can
be considered in isolation from the other station.

Another step in this part of the analysis is the determination of any
special requirements for visits to each of the stations for such things as
necessary periodic maintenance, rejuvenation of recording equipment, or
required periodic collection of water—quality data. Such special requirements
are considered to be inviolable constraints in terms of the minimum number of
visits to each station.

The final step is to use all of the above to determine the number of
times, N., that the :th route for i =1, 2, ..., NR, where NR is the number of
practlcai 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 18
represents this step in the form of a mathematical program. Figure 19 presents
a tabular layout of the problem. Each of the NR routes is represented by a row
of the table and each of the stations is represented by a column. The zero-one
matrix, (w, J) defines the routes in terms of the stations that comprlse it. A
value of ome 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, B,, are the per—trip costs of the hydrographer's traveltime and
any related per diem and operation, maintenance, and rental costs of vehicles.
The sum of the products of Bl and N1 fori=1, 2, ..., NR is the total travel
cost associated with the set of decisions N = (Nl, Ny, ooy NNRL

The unit-visit cost, a:, is comprised of the average service and
maintenance 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 A:, j =1, 2, .., MG, where MG is the number of gaging
stations. The row of 1ntegers MJ, j=1, 2, ..., MG specifies the number of
visits to each station. M. is the sum of the products of w;. and N:. for all i

and must equal or exceed A for all jif N is to be a feasible solution to the
decision problem.

The total cost expended at the stations is equal to the sum of the
products of a: and M. for all j. The cost of record computation,
documentation, and publication is assumed to be influenced negligibly by the
number of visits to the station and is included along with overhead in the
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MG
Minimize V= % QO .(Mﬁ)

N =17

V = total uncertainty in the network

N = vector of annual number times each route was used
MG = number of gages in the network
Mﬁ = annual number of visits to station j
Oj = function relating number of visits to uncertainty

at station J

Such that

Budget z_Tc Ztotal cost of operating the network

MG NR
Tc = F(3 + X a.M ) Bz,N’l:
j=19 Y i=1
Fc = fixed cost
aj = unit cost of visit to station J
NE = number of practical routes chosen
B; = travel cost for route 7
Ni = annual number times route 7 is used

(an element of V)

and such that

M. > A.
Jd — dJ
Aﬁ = minimum number of annual visits to station j

Figure 18.--Mathematical-programing form of the optimization
of the routing of hydrographers.
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Figure 19.--Tabular form of the optimization of the routing of hydrographers.
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Unit
Gage , Travel
Route 1 2 3 . J .« MG| Cost Uses
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