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

Multiply inch-pound units

foot (ft)
mile (mi)

Square mile (miZ2)

cubic foot (ft3)

cubic foot per second (ft3/s)

by

Length

0.3048
1.609

Area
2.590
Volume
0.02832
Flow

0.02832

To obtain SI units

meter (m)
Kilometer (km)

square kilometer (km?2)

cubic meter (m3)

cubic meter per second (m3/s)



COST-EFFECTIVENESS OF THE STREAM-GAGING PROGRAM
IN NORTH CAROLINA

By Robert R. Mason and N. Macon Jackson, Jr.

ABSTRACT

This report documents the results of a study of the cost-
effectiveness of the stream-gaging program in North Carolina. Data uses
and funding sources were identified for the 146 continuous stream gages
currently being operated in North Carolina with a budget of $777,600.
Nine stations were identified as being operated solely to provide data
for developing regional relations and having 20 years or more of record;
seven of these stations were nominated for discontinuance. Data col-
lected at fourteen stations were identified as having uses specific only
to short-term studies; four of these stations are scheduled for dis-
continuance, and five for downgrading from recording to partial-record
status. The remaining 130 stations should be maintained in the program.

Large parts of North Carolina's Coastal Plain were identified as
having sparse streamflow data. This sparsity should be remedied as
funds are made available. Efforts should also be directed toward de-
fining the effects of drainage improvements on local hydrology and
streamflow characteristics.

The average standard error of estimation of streamflow records in
North Carolina is 18.6 percent. The overall level of accuracy of the
146 station network could be improved under the present budget if the
number of visits in excess of the minimum required to service recording
equipment were targeted to stations where additional measurements would
most reduce the uncertainty of the network. The average standard error
could be reduced to about 12 percent if there were no lost record due
to equipment failure or other cause. Likewise, this says that stream-
flow records based on actual stage data have a standard error of 12
percent.



A minimum budget of $762,000 is required to operate the l46-gage
program; a budget less than this does not permit proper service and
maintenance of the gages and recorders. At the minimum budget, and with
the optimum allocation of field visits, the average standard error is
17.6 percent. The maximum budget analyzed was $972,000, which resulted
" in an average standard error of 11.8 percent.

The standard errors of estimate given in this report are those that
would occur if daily discharges were computed through the use of methods
described in this study. No attempt has been made to estimate standard
errors for discharges that are computed by other means. Such errors
could differ greatly from the errors computed in the report. The magni-
tude and direction of the differences would be a function of methods used
to account for shifting controls and for estimating discharges during
periods of missing record.

INTRODUCTION

The U.S. Geological Survey is the principal Federal agency collect-
ing surface-water data in the Nation. The collection of these data is a
major activity of the Water Resources Division of the U.S., Geological
Survey. The data are collected in cooperation with State and local
governments and other Federal agencies. The Survey is presently (1984)
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 (1984) undertaking another nationwide analysis of
the stream-gaging program that will be completed over a 5-year period;
20 percent of the program is analyzed each year. The objective of this
analysis is to define and document the most cost-effect{ve 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.
Gaging stations for which data are no longer needed are identified, as
are deficient or unmet data demands. In addition, stations are categorized
as to whether the data are available to users in a real-time sense, on a
provisional basis, or at the end of the water year.

The second aspect of the analysis is to identify less costly alter-
native methods of furnishing 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 obser-
vation and synthesis.



The final part of the analysis involves the use of Kalman-filtering
and mathematical-programming techniques to define strategies for opera-
tion of the necessary stations that minimize the uncertainty in the
streamflow records for given operating budgets. Kalman-filtering tech-
niques are used to compute uncertainty functions (relating the standard
errors of computation or estimation of streamflow records to the frequen-
cies of visits to the stream gages) for all stations in the analysis. A
steepest descent optimization program uses these uncertainty functions,
information on practical stream-gaging routes, the various costs associ-
ated with stream gaging, and the total operating budget to identify the
visit frequency for each station that minimizes the overall uncertainty
in the streamflow, 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 sectionsj the first being an
introduction to the stream-gaging activities in North Carolina and to
the study itself., 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 are drawn at the end of each of the middle three
sections. The complete study is summarized in the final section.

History of the Stream—Gaging Program in North Carolina

The streamflow data-collection program has evolved through the
years as the Federal and State interests in surface-water resources have
increased and funds for operating the stream-gaging network have become
available. Cooperative agreements between the U.S. Geological Survey
and the State of North Carolina for the systematic collection of stream-
flow records began in 1895 and continued until 1909. After a lapse of 9
years, State cooperation resumed in October 1918, and has continued to
date without interruption. This cooperative program, together with
agreements with other Federal agencies, principally the U.S. Army Corps
of Engineers and the Tennessee Valley Authority, and with many munici-
palities and other agencies, permitted the gradual expansion of the
network of streamflow stations to a total of 177 in 1969. A study by
Goddard and others (1970) described the development of North Carolina's
surface-water program and proposed a program to meet the future needs of
water-data users. Sixty-five stations were recommended for discontinu-
ance and five new stations were proposed. After consultation with
cooperative agencies, the network was reduced and the total number of
active stations has remained in the 140 to 155 range since that time.
Currently, there are 146 active stations_in the network and continuous
records are available for various periods of time at 203 discontinued
stations. The number of continuous stream gages historically operated
within the state of North Carolina is given in figure 1.
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Figure l.--History of recording stream gaging in North Carolina, 1900-84.



Prior to about 1950, gaging stations were established mainly to:
(1) meet needs for planning or managing developments along streams, such
as hydroelectric or flood control reservoirs, and (2) achieve some
degree of areal hydrologic sampling. Most gages were located on larger
streams; little was known about the flow characteristics of smaller
streams draining less than about 50 square miles.

In the late 1940's, network operations were expanded to include
"low-flow, partial-record" stations. Stations in the low-flow network
were routinely replaced after several years of operation during which
time active low-flow stations increased from about 100 in the mid-
fifties to 225 in 1964. About 200 stations were in operation when the
program was discontinued in 1968. Currently, data are available for
approximately 515 low-flow partial-record stations.

In 1968 network operations were further expanded to provide time-
of-sample discharges, at more than a thousand sites, where ambient water
quality conditions were to be defined. Currently, this part of the net-
work contains 212 stations, including 101 located at existing continu-
ous-record stations.

Discharge measurements are made at miscellaneous sites during
extreme floods and droughts, or to obtain data for a special need. The
number of measured sites vary from a few in '"mormal" years to a large
number in flood or drought years, such as 1954. One or more discharge
measurements have been made at more than 3,300 miscellaneous sites
across the state.

A network of 120 high~flow partial-record stations, located on
predominately small, rural streams, was established during the period
1952-54. Most of these stations were discontinued in 1971, after suffi-
cient data was collected to define flood-frequency distributioms.

A study of the effects of urban development on flood magnitude and
frequency was started in 1962. An initial network, consisting of four
continuous-record and seven high-flow partial-record stations in Char-
lotte was expanded in 1966-67 to cover the Piedmont Province; 35 ad-
ditional stations were established in the cities of Charlotte, Winston-
Salem, Durham, Lenoir, and Morganton. All of these stations were dis-
continued in 1970, except for five continuous-record stations in Char-
lotte. Currently,‘five urban stations in several cities'in the Coastal
Plain are operated to obtain data to develop areal-flood relatiomns for
developing areas in the Coastal Plaim.



Current North Carolina Stream—-Gaging Program

North Carolina has three major physiographic Provinces--the Blue
Ridge, the Piedmont, and the Coastal Plain. The locations of these
Provinces and continuous record stations in operation (1984) are shown
on figure 2. Twenty-six stations are in Blue Ridge, 80 are in the
Piedmont, and 40 are in the Coastal Plain. Areal distribution of sta-
tions is generally even across most areas of the Provinces, except the
eastern Coastal Plain, where few stations exist.

The cost of operating the 146 statioms in 1984 is $777,600.

Selected hydrologic data including drainage area, period of record,
and mean annual flow, for active stations are listed in table 1 in down-
stream order., Mean annual flows are not listed in table 1 for stations
having less than 5 years record.
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USES, FUNDING, AND AVAILABILITY OF CONTINUOUS STREAMFLOW DATA

The relevance of a station is defined by the uses that are made of
its data. The uses of the data for each active station were identified
through discussions with known data users. Results of these discussions
were used as an aid in evaluating the relative importance of each
station; those that may be considered for discontinuation were identi-
fied.

Data uses for active stations are listed in table 2 by sources of

funding and the frequency at which data are provided. Nine data uses
and 4 funding categories are provided.

Data-Use Classes

Data~use classes include regional hydrology, hydrologic systems,
legal obligations, planning and design, project operation, hydrologic
forecast, water quality monitoring, research and other. Definitions for
each data class are provided below. It should be noted that these
classes are not mutually exclusive. Data from most stations has multi-~
ple uses.

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 uses, the effects of man on streamflow are not necessarily
small, but the effects are limited to those caused primarily by land-use
and climate changes. For example, large amounts of manmade storage may
exist in the basin providing the outflow is uncontrolled. These sta~
tions are useful in developing regionally transferable information about
the relationship between basin characteristics and streamflow.

One hundred fifteen stations fall under regional hydrology; ten of
these are hydrologic bench-mark or index stations. One of these sta-
tions is located in a watershed relatively free of manmade alteration;
the other nine stations are located in different regions of the State,
and are used to monitor long-term hydrologic trends.

Hydrologic Systems

Stations that can be used for accounting, that is, to define cur-
rent 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.
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Twenty-nine stations are in this category. Hydrologic bench-mark
and index stations are included because they account for current and
long-term conditions of the hydrologic systems they gage. Six Federal
Energy Regulatory Commission (FERC) stations are also included. FERC
stations monitor the compliance of control structures to downstream flow
requirements.,

The U.S. Army Corps of Engineers uses ten stations to define hydrologic
conditions of the systems gaged.

The remaining three hydrologic system stations have other primary uses,
but are included in this category because they offer information on either
the hydrologic conditions of a system or its interaction with other systems.

Legal Obligations

Some stations provide records of flows for the verification of enforce-
ment of existing treaties, compacts, and decrees. The legal obligation
category contains only those stations that the Survey is required to operate
to satisfy a legal responsibility. There are no stations in this category.

Planning and Design

Stations in this category of data use are used for the planning and
design of a specific project (for example, a dam, levee, floodwall, navi-
gation 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 wvalid.

Currently, 12 stations are being operated for planning or design
purposes. Seven of these stations are used by the U.S. Army Corps of
Engineers in ongoing studies. The other five are used for water-supply
planning by municipalities.

Project Operation

_ Stations in this category are used, on an ongoing basis, to assist
water managers in making operational decisions such as reservoir re-
leases, 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.
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Thirty~-seven stations are used for project operations. Twenty-one
of these stations aid operators managing flood control structures; eleven
are used to monitor the effluents of industrial operators or steam
generating plants. Eight stations are used to aid operators of hydro-
power structures, while three are used by municipal water-supply oper-
ators.

Hydrologic Forecasts

Stations in this category are regularly used to provide information
for hydrologic forecasting, such as 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 fore-
casters on a rapid-reporting basis. On large streams, data may only be
needed every few days.

Twenty-five stations are in this category. Data produced by these
stations are used by the U.S. National Weather Service (NWS) to predict
floods at downstream sites.

Water-Quality Monitoring

Stations where regular water-quality or sediment-transport monitor-
ing is being conducted, and where the availability of streamflow data
contribute to the utility or is essential to the interpretation of the
water-quality or sediment data, are designated as water-quality-
monitoring sites. One hundred nine stations are used for water—quality
monitoring; eleven of these are national network stations.

National network stations include one bench-mark, eight National
Stream Quality Accounting Network (NASQAN), one sediment-transport, and
one national trends network. Bench-mark stations monitor water-quality
characteristics of streams that have been and will continue to be
relatively free from manmade influence. NASQAN stations are used to
assess water-quality trends. Sediment-transport stations provide sedi-
ment transport and sediment loading data for planning and management
programs. National trend network stations monitor acid deposition.

One hundred and one stations are used by the North Carolina De-
partment of Natural Resources and Community Development to monitor the
ambient water-quality of streams. Four stations monitor the water
quality of major streams and detect changes and trends in quality. Four
stations, are used to monitor water-quality changes resulting from
stream channel restoration and modification. Eight stations monitor
nutrient loads of inflow to two lakes.
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Research

Twenty stations are included in this category; they support a par-
ticular area of research and special studies to determine various hydro-
logic relations. Typically, research stations are only operated for a
few years.

Nine stations monitor the effects of urban development on flood
magnitude and frequency. Four stations monitor the effects of stream
channel modification on flow characteristics and one station supports a
long~term national study of the effects of atmospheric deposition on
stream quality. Six stations monitor the quality of water flowing into
two major reservoirs.

Funding

The sources. of funding for the streamflow program are The U.S. Geo-
logical Survey Federal program, other Federal agencies (OFA), U.S. Geo-
logical Survey Federal-State cooperative program, and other non-Federal
entities., Each source is discussed below:

1. TFederal program.--Funds directly appropriated to the Survey,
Federal program.

2. Other Federal Agencies (OFA).--Funds provided to the Survey by
other Federal agencies, such as the U.S. Army Corps of Engineers, Ten-
nessee Valley Authority, and so forth.

3. U.S. Geological Survey Federal-State Cooperative Program (Coop
program)--Funds provided from Survey cooperative-designated funding and
from non-Federal cooperating agencies. Contribution of a non-Federal
cooperating agency may be in the form of direct services or cash, or
both.

4. Other non-Federal.--Funds provided entirely by a non-Federal
agency or a_private entity under the auspices of a Federal agency. In
this study, funding from private concerns was limited to licensing and
permitting requirements for hydropower development by the Federal Energy
Regulatory Commission. Funds in this category are not matched by 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 carried out at the site may not necessarily be the same as those
identified herein.

Twenty-one entities currently are contributing funds to the North
Carolina stream-gaging program.
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Frequency of Data Availability

Frequency of data availability refers to the times at which the
streamflow data may be furnished to the users. In this category, four
distinct possibilities exist. Data are available by direct-access tele-
metry equipment for immediate use, by periodic release of provisional
data, in publication format through the annual data report published by
the Survey for North Carolina (U.S. Geological Survey, 1983), or obtained
directly by on-~site observers. Data for all currently active stations
are published annually; data for 41 stations are available on a real-
time basis, and data for 73 stations are released on a provisional
basis.

Data-Use Presentation

Data-use and ancillary information are presented for each active
station in table 2, which is replete with footnotes to expand the in-
formation conveyed.

Data-Use Conclusions

A review of the data-use and funding information presented in table
2 indicates that most stations have multiple data uses and are currently
funded. However, 13 regional hydrology stations are operated only for
developing regional relations. Goddard (1970) illustrated that the ac-
curacy of streamflow characteristics at a station is little improved with
records longer than 20 years and proposed that stations operated to col-
lect regional hydrology information be discontinued after 20 years oper-
ation. The following nine regional hydrology stations have 20 or more
years of record and should be comsidered for discontinuance:

Station
No. Station

02084540 Durham Creek near Edward

02099000 East Fork Deep River near High Point
02112360 Mitchell River near State Road

02114450 Little Yadkin River near Dalton

02125000 Big Bear Creek near Richfield

02142000 Lower Little River near All Healing Springs
02149000 Cove Creek near Lake Lure

03448000 French Broad River at Bent Creek

03500240 Cartoogechaye Creek near Franklin

Conetoe Creek near Bethel was channelized before the gage was in-
stalled, and Durham Creek near Edward is in the eastern Coastal Plain in
an area of large ground-water withdrawals. These stations provide current
information about the impacts of development in the Coastal Plain. Very
little long-term hydrologic information exists in these situations.
Therefore, operations of these stations should continue.
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Fourteen stations currently support short-term hydrologic research
projects. Four of these stations, Juniper Branch near Simpson (02084164),
Chicod Creek at Secondary Road 1760 near Simpson (02084160), Nahunga
Creek at SR 1301 near Warsaw (0210782005), and Grove Creek near Kenansville
(0210789100), support research on the hydrologic effects of stream
channelization. Continuation of these stations after the short-term
project objectives have been met is desirable to assess the long-~term
impact of channelization on streamflow characteristics. Green Mill Run
at Greenville (02084070), Big Ditch at Goldsboro (02088682), Hominy
Swamp at Wilson (02090512), and Hewletts Creek at SR 1102 near Wilming-
ton (02093229), are operated to assess the effect of urban development
on the magnitude and frequency of floods in the Coastal Plain province
and are tentatively scheduled for discontinuance September 30, 1984,

Five stations previously used in the urban flood hydrology study in
the City of Charlotte continue in operation. These stations, Irwin
Creek at Charlotte (02146300), Little Sugar Creek at Archdale Drive at
Charlotte (0214650), McAlpine Creek at Sardis Road near Charlotte
(02146600), McMullen Creek at Sharon View Road near Charlotte (02146700),
and McAlpine Creek below McMullen Creek near Pineville (02146750), could
be converted to high-flow partial-record stations and meet project
objectives at a lower cost.

Jordan Creek near Silver Hill (0213228795), used in a long-term
national study of the effects of atmospheric deposition on water
quality, will be operated until project objectives are met.

Collection of additional streamflow data is needed in a number of
areas across the state. The most important area is the eastern Coastal
Plain where almost all stream channels have been altered to some degree
by drainage projects and data availability and transferability are
limited. The few long-term stations in the Coastal Plain are on larger
rivers and most were installed after 1950. Current short-term stations
operated as part of channelization projects are insufficient for de-
veloping regional relations for estimating streamflow characteristics.
If the regional hydrology stations listed above are discontinued, the
funding could be shifted to new stations in the Coastal Plain sited to
collect the information for better definition of the impacts of de-—
velopment.
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ALTERNATIVE METHODS OF DEVELOPING STREAMFLOW INFORMATION

The second step of the stream-gaging program analysis is to inves-
tigate alternative methods of providing daily streamflow information in
lieu of operating continuous-flow 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 oper-
ating a continuous stream gage. 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 candidates 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 alternative
methods.

A flow-routing model and multiple-regression analysis were selected
as alternative methods of analysis for developing streamflow information
using the following criteria. The alternative should be: (1) computer
oriented and easy to apply, (2) have an available interface with the
USGS WATSTORE Daily Values File (Hutchinson, 1975), (3) technically
sound and generallyv acceptable to the hydrologic community, and (4)
permit easy evaluation of the accuracy of the simulated streamflow
records.

All stations were categorized as to their potential utilization of
the selected methods; six stations were identified for study. The cate-
gorization of gaging stations and the application of the specific
methods are described in subsequent sections of this report.

Description of Flow-Routing Model

The flow-routing model uses 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 model
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 upstream end of the reach and the output, a discharge hydrograph at
the downstream end. The model uses the unit-response flow-routing method.
This method uses two techniques--storage continuity (Sauer, 1973) and
diffusion analogy (Keefer, 1974; Keefer and McQuivey, 1974).
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The unit-response method routes streamflow from one or more upstream
locations to a downstream location. Downstream hydrographs are produced
by the convolution of upstream hydrographs with their appropriate unit-
response functions. This method can only be applied for stream reaches
having streamflow hydrographs at the beginning and end of the study reach.
The method can be used for regulated stream systems; reservoir routing
techniques allow routing of flow through reservoirs if the operating rules
are known. Calibration and verification of the flow-routing model is
achieved using observed streamflow hydrographs and (estimates of) tributary
inflows.

The convolution process treats a stream reach as a linear one-
dimensional system in which the system output (downstream hydrograph) is
computed by multiplying (convoluting) the ordinates of the upstream
hydrograph by the unit-response function and lagging them appropriately.
In this study upstream hydrographs are routed to downstream points using
daily streamflow data.

Three options are available for determining the unit (system) response
function. Selection of the appropriate option 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; whereas, 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 option of multiple linearization (Keefer and
McQuivey, 1974), which uses a family of unit-response functions to represent
the system response, is available.

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 totally
unknown or estimated by some combination of gaged and ungaged flows. An
estimating technique that should prove satisfactory in many instances is
the multiplication of upstream hydrograph ordinates by a factor such as
a ratio of drainage areas of the downstream to upstream sites.
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The objective in either the storage-continuity or diffusion analogy
flow-routing method is to calibrate two parameters that describe the
storage-discharge relationship in a given reach and the traveltime of
flow passing through the reach. 1In the storage-continuity method, 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 K , a storage coefficient which is the slope of the storage-discharge
relation, and W , the translation hydrograph time base. These two
parameters detemine the shape of the resulting unit-response function.

In the diffusion analogy theory (Keefer and McQuirey, 1974), the
two parameters requiring calibration in this method are Ko, a wave
dispersion or damping coefficient, and Co’ the floodwave celerity. K0
controls the spreading of the wave (analogous to KS in the storage-
continuity method) and CO controls the traveltime (analogous to WS in
the storage-continuity method). In the single linearization method,
only one K0 and Co value are used., In the multiple linearization method,
C0 and Ko are varied with discharge so a table of wave celerity (Co)
versus discharge (Q) and a table of dispersion coefficient (Ko) versus

discharge (Q) are used.

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

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
method, 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 as-
sumptions of regression analysis are described in several textbooks such
as Draper and Smith (1966) and Kleinbaum and Kupper (1978). The appli-
cation of regression analysis 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 was developed for

estimating daily mean discharges:

P
¥y = By + 3 Bj %y + ey (1)
j=1
where
vy = daily mean discharge at station i (dependent variable),
Xj = daily mean discharges at nearby stations (explanatory
variables),
Bo and B, = regression constant and coefficients, and
e, = the random error term.

The above equation is calibrated (B0 and Bj are estimated) using observed

j.
trieved from the WATSTORE Daily Values File. The values of xj may be

values of v and x These observed daily mean discharges can be re-
discharges observed on the same day as discharges at station i or may be
for previous or future days, depending on whether station j is upstream
or downstream of station i. Once the equation is calibrated and veri-
fied, future values of y; are estimated using observed values of xj.

The regression constant and coefficients (Bo and B,) are tested to

h|
determine if they are significantly different from zero. A given

station j should only be retained in the regression equation if its
3

regression equation should be calibrated using one period of time and

regression coefficient (B,) is significantly different from zero. The
then verified or tested on 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

i
discharges) against the dependent and all explanatory variables in the
equation, and (2) plotting the simulated and observed discharges versus
time. These tests are intended to identify if: (1) the linear model is

appropriate or whether some transformation of the variables is needed,
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and (2) there is any bias in the equation such as overestimating low
flows. These tests might indicate, for example, that a logarithmic
transformation is desirable, that a nonlinear regression equation is
appropriate, or that the regression equation is biased in some way. In
this report these tests indicated that a linear model with Y4 and Xj’

in cubic feet per second, was appropriate. The application of linear-
regression techniques to six watersheds in North Carolina is described
in a subsequent section of this report.

It should be noted that the use of a regression relation to synthe-
size data at a discontinued gaging station entails a reduction in the
variance of the streamflow record relative to that which would be com-
puted from an actual record of streamflow at the site. 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,

Categorization of Stream Gages by their Potential for Alternative Methods

All stations or station groups were considered for the use of
alternative methods to provide the needed streamflow information and

each was ranked in order of the greatest perceived chance that alternative

methods might apply. Three station groupings, as shown in table 3, were
considered to have excellent potential for the 'use of alternative methods,
and both the flow-routing and regression techniques were tested.

Table 3.~--Gaging stations included in the alternative-methods analysis

Drainage
Station no. Station name area Period of record
(mi™)

02 0875 00 Neuse River near Clayton 1150 July 1927 -

02 0875 70 Neuse River at Smithfield 1206 October 1970 -
02 0880 00 Middle Creek near Claytqn 83.5 October 1939 -
02 0884 70 Little River near Kenly 191 July 1964 -

02 0885 00 Little River near Princeton 232 February 1930 -
03 4515 00 French Broad River at Asheville 945 October 1895 -
03 4535 00 French Broad River at Marshall 1332 October 1942 -
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The accuracy requirements of any data depend upon the intended use
of that data. For many uses a level of accuracy substantially less than
actual streamflow records is satisfactory. However, the purpose of this
analysis is to test the feasibility of using alternative methods in lieu
of operating a station. Consequently, the accuracy level for acceptance
must remain high to protect most, if not all, uses. For the purpose of
this report, acceptance criteria for an alternative method will be for
that method to generate a streamflow record within + 10 percent of the
gaged record 95 percent of the time.

Neuse River Flow-Routing Analysis

The purpose of the Neuse River Flow-Routing Analysis was to evalu-
ate the unit-response model for simulating daily mean discharges at
Neuse River at Smithfield (02087570). A best-fit model for the entire
flow range was desired.

A schematic diagram of the Neuse River study reach is shown in
figure 3. The Smithfield gage is located 14 miles downstream from the
next upstream gage, Neuse River near Clayton (02087500). 1In this reach
there are no major impoundments. However, the city of Smithfield di-
verts an average of about 3.5 ft3/s for municipal water supply, most of
which returns downstream as sewage effluent. This diversion is negli-
gible except during extreme low flow. The intervening drainage area
between the gages is 56 mi2? or about 5 percent of the total drainage
area contributing to the Smithfield gage. There are no stream gages in
the intervening area. Streamflow for the intervening area was estimated
using data from a gage on a nearby, hydrologically similar basin, Middle
Creek near Clayton (02088000).

Daily streamflows were routed downstream from Clayton to Smith-
field. The streamflow contributed by the intervening area was estimated
using daily discharge data for Middle Creek, adjusted by a ratio of the
intervening area to the drainage area of the Middle Creek gage. Thus,
the total daily discharge at Smithfield is the sum of the routed daily
discharges for Clayton and the adjusted daily discharge for Middle
Creek.

Eleven years of record are available for the Smithfield station;

water years with the highest and lowest daily mean flows at Smithfield
were used to calibrate the model.
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Model parameters Co’ the floodwave celerity, and Ko’ the wave dis-
persion coefficient were estimated using equations 2 and 3. The coef-
ficients Co and K0 are functions of channel width (wo) in feet, channel
slope (So) in feet per foot, the slope of the stage discharge relation
(on/dYo) in square feet per second and the discharge (Qo) in cubic
feet per second representative of the reach. The parameters are deter-

mined as follows:

I )
Co‘w dy (2)
[0} (o]
Q
o) -
K =75 W 3
O O

The discharge, Qo’ for which initial values of Co and Ko were
linearized was the annual mean discharge for the Clayton and Smithfield
gages for the 1982 water year (U.S. Geological Survey, 1982). The
channel width, WO, was calculated by averaging stream widths during
flows approximating the annual mean discharge, Qo' Channel slope, So’
was determined by converting the corresponding gage heights of the dis-
charges, Qo’ taken from the stage-discharge relationships at each gage,
to a common datum. The difference between these values divided by
channel length, is slope. The slope of the stage discharge relations,
on/dYo, was determined from the rating curves at each gage by using a
1-foot increment that bracketed the mean discharge, Qo. The difference
in the discharge through the 1-foot increment then represents the slope
of the function at that point. The resulting model parameters as de-

termined above are listed in table 4.
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Table 4.--Selected reach characteristics used in the Neuse River
flow-routing study

dQ

(o]
Site Q, W S, _d—i c, K
(ft3/s) (ft)  (ft/ft) (ft2/s) (ft/s)  (ft2/s)

Clayton 1,171 4 600 4.50 13,060
131 3.37x10

Smithfield 1,206 350 2.69 13,765

For the first routing trial, average values for the model para-
meters, Co of 3.60 and Ko of 13, 412, were used. Using the water year
with the highest instantaneous flow, 1973, and the water year with the
lowest instantaneocus flow, 1977, as a calibration data set, several
trials were made adjusting both the values of Co, Ko’ and the drainage
area adjustment factors. The model proved quite insensitive to adjust-
ment of C0 and KO. The best fit, single-linearization model was de-
termined to be that with CO = 1.70, KO = 2000, and a drainage area
adjustment factor of 0.74. Daily mean discharge at Smithfield was simu-
lated for the entire 11 years (1971-82) of observed data using the best

fit parameters.

A summary of the simulation of mean daily discharges at Smithfield

for the 11 water years (1971-82) is given in table 5.

Table 5.--Results of routing model for Smithfield

8.64 percent
7.95 percent
9.19 percent

Mean absolute error for 4383 days
Mean negative error (1939 days)
Mean positive error (2444 days)

Total volume error = -0.40 percent
13 percent of the total observations had errors < 1 percent
44 percent of the total observations had errors < 5 percent
72 percent of the total observations had errors < 10 percent
86 percent of the total observations had errors < 15 percent
93 percent of the total observations had errors < 20 percent
95 percent of the total observations had errors < 25 percent
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Overall, simulated and observed discharges match fairly well; peak
flows and recessions are generally underestimated and low flows are
overestimated. The hydrographs of simulated and observed flows at
Smithfield for the fall of 1974 shown in figure 4 are typical for the
model results.

Little River Flow-Routing Analysis

The purpose of this analysis was to evaluate the unit-response
model for simulating daily mean discharges at Little River near Prince-
ton (02088500). A best-fit model for the entire flow range was desired.
Streamflow data available for this analysis are summarized in table 3.

A diagram of the Little River study reach is shown in figure 5.
The Princeton gage is located 12 miles downstream from the next upstream
gage, Little River near Kenly (02088470). There are no impoundments in
this reach. The intervening drainage area between Kenly and Princeton
is 41 mi2, or 18 percent of the total drainage area contributing to the
Princeton site. There are no stream gages located within this 41 mi?
area. The discharge record for Kenly is the shorter with 18 years.

Often during late summer and early fall, the upstream Kenly gage
indicates greater flow than the downstream Princeton gage. Discharge
measurements during the months of Nov. 1975, Oct. 1976, and Aug. 1980,
confirm the phenomenon. No satisfactory explanation for the phenomenon
has ever been documented, and no attempt to account for its effects was
included in this analysis.

The approach used in the model was to route the flow downstream
from Kenly to Princeton. There are no stations gaging the area between
Princeton and Kenly and no stations are close enough to use in estim-
ating the ungaged contribution to streamflow. Consequently, the inter-
vening drainage area was not taken into account. The routing parameters
C0 and K0 were determined using the same techniques applied in the Neuse

River analysis and are summarized in table 6. Average values for the
model parameters, Co = 1.76 and KO = 3948, were used for the first
routing trial. Refinement of the model determined the best fit values

of Co and Ko as 4.50 and 5000, respectively.
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Figure 4.--Simulated and observed streamflow hydrographs for
Neuse River at Smithfield, October-November, 1974.
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Table 6.--Selected reach characteristics used in the Little River
flow-routing study

dQ0
Site Q W S dy C K
o (o] (o] o} (o] o
(££3/s) (ft) (ft/ft) (ft2/s) (ft/s) (ft2/s)
Kenly 184 4 95 1.48 3783
72 3.8x10
Princeton 250 163 2.04 4112

Concurrent flow records are available for Kenly and Princeton for
1965-82. Data for the 1965 and 1969 water years were used for cali-
bration. These years contained the highest and lowest flows for the
Princeton gage during the period of concurrent flow records. Daily mean
discharges at Princeton were simulated for the period, (1965-82), using
the best fit parameters.

A summary of the simulation of mean daily discharge at Princeton
for the water years 1965 through 1982 is given in table 7.

Table 7.--Results of rbuting model for Little River near Princeton

Mean absolute error for 6574 days = 17.88 percent
Mean negative error (4076 days) -14.32 percent
Mean positive error (2498 days) 23.69 percent

Total volume error = 1.40 percent
25 percent of the total observations had errors < 5 percent
45 percent of the total observations had errorsi{ 10 percent
62 percent of the total observations had errors < 15 percent
74 percent of the total observations had errors < 20 percent
81 percent of the total observations had errors 5:25 percent
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