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Estimation of Low-Flow Duration Discharges in

Massachusetts

By Kernell G. Ries llI

Abstract

Physically based mathematical models were
developed to estimate the natural yields of basins
in Massachusetts during times of low flow.
Streamflow statistics used in the models to express
basin yields are the discharges that were equaled
or exceeded 95, 98, and 99 percent of the time
during a base period of 25 years (October 1, 1962,
through September 30, 1987; water years 1963—
87). These duration discharges for 41 sites were
related to the physical characteristics of the sites
by use of weighted-least-squares multiple-
regression analyses. All physical characteristics
were measured by use of a computerized
geographic information system. Record-extension
techniques were used to adjust duration discharges
for sites with incomplete records to the base-
period conditions. Weights were determined by
use of a function that corrects for length of record
at each site and for nonconstant variance of the
regression residuals. Basin characteristics used in
the models included drainage area, the amount of
stratified drift per unit length of streams in the
basin, and a surrogate measure of the effective
head of the aquifer in stratified-drift deposits.
Standard errors of estimation were 34.1 percent,
41.4 percent, and 37.9 percent, and standard errors
of prediction were 39.3 percent, 47.5 percent, and
44.4 percent, for the equations predicting the 95-,
98-, and 99-percent duration discharges,
respectively.

The models were used to predict duration
discharges for the base period for 72 selected sites
in the Boston Harbor Basin and in the Blackstone,
Charles, and Taunton River Basins in eastern

Massachusetts. Ninety-percent prediction
intervals were computed for the estimates at each
site. Estimates of the duration discharges during
water years 198081, the most recent drought in
Massachusetts, were obtained by multiplying the
estimates from the regression equations by
averaged ratios of duration discharges for water
years 1980-81 to those for the 25-year base period
for streamflow-gaging stations in or near the study
basins.

INTRODUCTION

Supplies of water in most of Massachusetts are
adequate to meet demands during periods of normal
hydrologic conditions. The distributions of water and
population are not coincident, however, and several
areas experience severe water shortages during
droughts. The eastern one-third of the State, where
about 75 percent of the population resides, is particu-
larly vulnerable to water-supply shortages during
droughts. With expected continued population growth
and industrial expansion, adequate planning and man-
agement of water resources, including water
conservation, will be required to ensure that water-
supply shortages and unreasonably low streamflows
do not become more severe in the future.

The most recent significant drought in Massa-
chusetts occurred during 1980-81. This drought, with
recurrence intervals' ranging from 30 years in east-
ern Massachusetts to 10 years in western parts of the
State, caused serious minimum streamflow and
water-supply problems for many communities (U.S.

1A drought having a recurrence interval of 30 years will
occur, on average, once in 30 years.
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Geological Survey, 1991). The drought contributed to
increased public concern for responsible management
and development of water resources. Responding to
this concern, the Massachusetts legislature passed the
Interbasin Transfer Act and the Water Resources
Management Act into law in 1983 and 1985, respec-
tively. The Interbasin Transfer Act required that
significant new or increased transfers of water
between basins be approved by the Massachusetts
Water Resources Commission (MWRC) and that rea-
sonable instream flow be maintained in the source
basin. The Water Resources Management Act
directed the MWRC to prepare and approve manage-
ment plans for each of the State's 27 major river
basins. The Massachusetts Office of Water Resources
(MOWR, formerly the Division of Water Resources),
of the Division of Resource Conservation, Depart-
ment of Environmental Management, provides
technical staff support to the commission and has
been directed to prepare the basin management plans
(Massachusetts Office of Water Resources, written
commun., 1990).

The river-basin planning process consists of five
steps: (1) development of an inventory of the basin's
water supply and demand, (2) analysis of streamflow
and water-use data and identification of the future
water needs of the basin, (3) development and analy-
sis of alternatives to meet projected water needs, (4)
preparation of a water resources management plan,
and (5) adoption of the plan by the MWRC. In pre-
paring the plans, the MOWR attempts to develop and
recommend ways to meet projected water demands
for the year 2020 under drought conditions similar to
those of 1980—81. The plans incorporate require-
ments for water conservation and protection of
instream flows, provide a basis for community and
regional water-resource management, and allow the
Massachusetts Department of Environmental Protec-
tion, Division of Water Supply (MDWS) to make
informed decisions for permitting new withdrawals
and interbasin transfers.

Inherent in the planning process is the establish-
ment of minimum streamflow thresholds (MST’s)
within each planning basin. The MST is recommended
by MOWR and must be approved by the commission.
It is developed by an interactive process that attempts
to balance the water needs of users with available
streamflow. The MST goal is to meet water demand
while preserving or enhancing the habitat of fisheries,
recreation, wetlands, agriculture, and wildlife. Part of
the information needed by the MOWR to determine

the MST for a basin is an estimate of the natural yield
of the basin under low-flow conditions. To aid in deter-
mining MST's, the U.S. Geological Survey (USGS)
began a series of studies in cooperation with the
MOWR to provide yield estimates for sites within
each of Massachusetts’ 27 major river basins (fig. 1).
Estimates of the 95-, 98-, and 99-percent duration dis-
charges were chosen by the MOWR to express basin
yields at the sites. The estimates will be used by the
MOWR, along with known and predicted water use
information, to determine MST’s for streams within
each basin. After approval by the commission, the
MST’s will be used by the MDWS to aid in deciding
whether to license new water-use applicants.

For this first of a planned series of 3-year stud-
ies to estimate basin yields for the MOWR, the
USGS produced low-flow estimates for sites in four
basins in eastern Massachusetts (fig. 1). The esti-
mates were produced primarily from physically based
models developed by use of weighted-least-squares
regression analyses. A computerized geographic
information system (GIS) was used to measure all of
the physical features that were used as the indepen-
dent variables in the regression models. The physical
features were obtained in digital form and were
either available on a national scale from various
sources, or developed on a statewide basis for this
and other studies.

Purpose and Scope

The purpose of this report is to (1) document
physically based regional regression models that can
be used to estimate natural basin yields in Massachu-
setts, in the form of the 95-, 98-, and 99-percent
duration discharges for a base time period of suffi-
cient length to represent long-term flow conditions,
(2) provide estimates of natural basin yields for
selected sites along streams located in the Black-
stone, Charles, and Taunton River Basins and the
Boston Harbor Basin, and (3) provide basin yield
estimates for water years 1980-812 (October 1, 1979,
through September 30, 1981) by adjusting the base-
period estimates for local conditions during 1980-81.

This report describes (1) the physical, climato-
logical, and hydrological characteristics of
Massachusetts in general and of the study basins in

2A water year begins October 1 of the previous calendar
year and ends September 30 of the year specified.
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(Williams and others, 1973). Major tributaries to the
Taunton River include the Segreganset, Threemile,
Mill, Town, and Matfield Rivers, which flow from the
north into the main channel. The Assonet, Nemasket,
and Winnetuxet Rivers drain southern and eastern parts
of the basin. Maximum elevation in the basin is 490 ft
above sea level at Bluff Hill in Sharon.

The Taunton River Basin is bounded to the west
by the Tenmile River Basin and small subbasins of
the Narragansett Bay Basin, to the south and south-
east by the Buzzards Bay Basin, to the east by the
South Coastal Basin, and to the north by the Charles
River Basin and the southern part of the Boston Har-
bor Basin. About 48 percent of the Taunton River
Basin is underlain by stratified-drift deposits. These
deposits are mostly confined to narrow valleys in
northern and southern sections of the basin where the
topography is generally rolling. Drift deposits in
these areas form small aquifers that often become
depleted as a result of pumping during droughts. In
central and eastern parts of the basin, which are com-
paratively flat, stratified drift deposits predominate.
Because of the extensive drift deposits in these areas,
the topographic boundaries between adjacent basins
and between subbasins within the Taunton River
Basin may not correspond exactly with the ground
water divides in several locations.

About 200 lakes and ponds make up more than
4 percent of the surface area of the basin. Water from
many of these lakes and ponds is regulated by dams
and (or) has been diverted for municipal, agricultural,
and (or) industrial uses. Almost 18 percent of the
basin is classified as wetland. In addition to the natu-
ral wetlands, large areas are flooded annually for
harvesting cranberries, the major crop in the basin.

Of the 36 communities that are at least partially
within the basin, 19 depend on ground water for their
sole water supply. Most of these communities are in
the northern one-half of the basin (Lapham, 1988).
Six municipalities depend solely on surface water for
their supplies, including four of the five cities in the
basin. The remaining city, Attleboro, and the towns
of Somerset, Swansea, Raynham, and Abington
obtain their water supplies from a combination of
ground-water and surface-water sources. Significant
amounts of water are diverted out of the Taunton
River Basin to supply 11 cities and towns that are
located at least partially in adjacent basins. Some of
this water is returned as wastewater through treat-
ment plants in the basin. Water is diverted into the
basin for the supplies of Abington and Fall River. In

addition, there are several diversions between subba-
sins within the Taunton River Basin.

PRINCIPLES OF LOW-FLOW ANALYSES

The term “basin yield” has several definitions in
hydrologic literature. Generally, a basin yield refers to
a quantity of streamflow that is available at a given
point on a stream over a specified time interval (Ayers,
1970). Researchers in different fields of hydrology
have defined specific values for the yields of basins.
For instance, Freeze and Cherry (1979) defined basin
yield as the maximum rate of withdrawal from water
wells that can be sustained without causing unaccept-
able declines in the hydraulic head in an aquifer or
causing unacceptable changes to any other component
of the hydrologic cycle in the basin. Hydrologists and
engineers interested in watershed management and the
design of reservoirs often use basin yield to mean a
minimum value available for use during some critical
period, such as the worst drought of record (Linsley
and others, 1982). The MOWR defines a basin yield as
the “maximum dependable withdrawals that can be
made continuously from a water source including
ground or surface water during a period of years in
which the probable driest period or period of greatest
water deficiency is likely to occur” (Massachusetts
Office of Water Resources, written commun., 1990).

The MOWR chose the drought of water years
1980-81 as the reference period to determine the MST
(its expression of basin yield). The MOWR determines
MST's by balancing known or estimated water use
with estimates of available discharge under “natural-
flow” conditions. The estimates of available stream-
flow that are provided in this report are expressed in
terms of discharges, in cubic feet per second, that are
equaled or exceeded under natural-flow conditions 99,
98, and 95 percent of the time at a specified point on
a stream during a period hydrologically similar to
water years 1980-81. These statistics are further
explained in the section “Development of Low-Flow
Statistics Used to Express Basin Yields.”

In the strictest interpretation, natural-flow condi-
tions occur only in basins where there is no effect of
human activity on streamflows. According to this
interpretation, almost no basins of significant size in
densely populated Massachusetts could be said to
have natural flow conditions. For this study, it was
necessary to broaden the interpretation: Flow condi-
tions in a basin are considered to be natural if

Principles of Low-Flow Analyses 15



diversions to, from, or within the basin, or regula-
tions by dams or other manmade controls have no
significant effect on the daily mean discharges of the
stream during low-flow periods.

Effects of Regulations and Diversions on
Low-Flow Analyses

Streamflow for most of the larger streams and
rivers in the four study basins is significantly affected
by dam regulations or by diversions for water supplies
of municipalities and manufacturers. Regulations
affect the temporal pattern of streamflows on rivers
where dams are present. Flood-control dams that
impound water only during times of peak flow, such as
the West Hill Dam on the West River near Uxbridge,
generally have little effect on low flow. Many dams
operated by manufacturers, and some dams operated
for hydroelectric power, have small storage capacities
and are controlled on a diurnal or a more frequent
cycle. Regulations of this type do not substantially
affect daily mean discharges. Dams that control large
reservoirs can have substantial effects on river flow.
These effects often take the form of reduced peak dis-
charges and sometimes increased low discharges,
which are augmented from storage in the reservoir.
Total annual discharges in a basin may be reduced
because of increased evapotranspiration and seepage
from the impounded water bodies.

In southeastern Massachusetts, extensive areas
of bogs are flooded each fall to harvest cranberries.
Low flows in these areas are usually not dramatically
affected because the bogs are usually flooded after
the low-flow season has ended. Irrigation of cranber-
ries during the growing season, however, can reduce
low flows because of pumping directly from the
streams or adjacent aquifers, and also because of
increased evapotranspiration.

Diversions by manufacturers are commonly con-
fined to short distances along rivers. Water is generally
taken from the river channel; passed through the man-
ufacturing plant for use in processing, cooling, dilution
of wastes, or other uses; and then returned to the river.
In many cases, consumptive losses from diversions by
manufacturers are negligible. Diversions by municipal-
ities generally affect streamflow distribution to a
greater extent than diversions by manufacturers. The
consequences of diversions to the flow regime of the
river are variable and depend not only on where the
diversions occur, but also on the final fate of the
diverted water.

Water that is diverted from a stream or adjacent
aquifer for municipal supplies and is returned to the
basin as effluent from individual septic systems, or
from sewage treatment plants within the basin, gener-
ally causes little loss of water to the basin, but such
diversion may affect the temporal pattern of stream-
flows. Diversions from one basin to another reduce
streamflow in the donor basin and increase it in the
receiving basin. Diversions between subbasins of a
larger basin can dramatically affect streamflows in
the subbasins, but if consumptive losses are negligi-
ble, streamflows for the larger basin may be nearly
unaffected.

Development of Low-Flow Statistics Used to
Express Basin Yields

Statistics used to describe low-flow characteristics
of streams are generally of two categories: those based
on frequency of occurrence, such as the Q; 1o, and
those based on the duration of occurrence, such as the
95-percent duration discharge. Low-flow-frequency
statistics for a gaged site (streamflow-gaging station)
with at least 10 years of record are computed from the
annual series of observed minimum discharges aver-
aged over a specified number of days. Low-flow-
frequency statistics are used to estimate the probability
of future occurrences of the specified event on the basis
of an assumed probability distribution. The accuracy
of the computed statistics depends on the length of
record at the site. Regardless of record length, how-
ever, the interpretation of low-flow frequency statistics
as estimates of the likelihood of future occurrences of
specified events does not change.

Flow-duration percentiles are computed from the
cumnulative distribution function (CDF) of the mean
discharges at a site for a given time step during a
specified period. A CDF is a function that gives the
probability of a given value of a random variable
being equaled or exceeded (Iman and Conover, 1983,
p- 75). The random variable is not fit to an assumed
probability distribution.

Flow-duration percentiles are usually computed
with a daily time step, but weekly, monthly and
annual time steps are sometimes used. A flow-dura-
tion curve is a graphical representation of the CDF.
Flow-duration curves are constructed by ranking the
n observed discharges, g;, where k = 1,2,3,...n, such
that g, is the largest streamflow for the specified
period and g,, is the smallest. An empirical curve is

16  Estimation of Low-Flow Duration Discharges in Massachusetts



constructed by plotting each ordered observation
against its plotting position, p,. The plotting position,
which is an estimate of exceedence probability, is
usually calculated by use of the Weibull formula
P = kl(n+1), k =1,2,3,...n, 1
where k is the rank of the observed value, or by use
of one of several similar formulas (Loaiciga, 1989).
An example of a flow-duration curve of daily
mean discharges for a site with natural flow condi-
tions is shown in figure 7. The curve is plotted on a
logarithmic-probability graph, which results in a
straight line when the data are log-normally distrib-
uted. When done manually, a smooth line is usually
drawn through the plotted points for the specified
discharges (Searcy, 1959, p. 2); however, computer
programs that have been developed to calculate and
plot duration curves, such as figure 7, often connect
the selected points along the curve and interpolate

between them with straight lines (Lumb and others,
1990, p. 123).

Strictly interpreted, flow-duration curves repre-
sent only the period for which they are calculated.
Duration discharges computed for different periods at
a single site are not considered equivalent because
climatic conditions and subsequent streamflows during
the different periods are not the same. For example, all
daily mean discharges that were less than the 95-
percent duration flow for a 10-year period may have
occurred during a single 6-month period. The 95-
percent duration discharge for the 10-year period then
is equal to the 50-percent duration discharge for the
year encompassing that 6-month period. Likewise, if all
daily discharges in the 6-month period were the lowest
in 20 years, the same discharge may have been equaled
or exceeded 97.5 percent of the time during the 20-year
period. Although flow-duration statistics computed for
different periods are not considered equivalent under
the strict interpretation, the flow-duration curve can be
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Figure 7. Example of flow-duration curve for gaged site under natural flow conditions: Mill River at Northampton,

1963-87.
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used to estimate the percentages of time that future
discharges will be equaled or exceeded if the period of
record used to compute the flow-duration curve is suf-
ficiently long and if discharges during that period are
considered to adequately represent long-term condi-
tions (Searcy, 1959, p. 2). When the period of record
at a site is not sufficient to represent long-term condi-
tions, record-extension procedures can be used to
adjust the short-term record to a longer period. (These
procedures are discussed in the “Record-Extension
Techniques” section.)

Water-supply and planning agencies in Massachu-
setts have found that use of flow-duration curves has a
distinct advantage over the more widely used low-
flow-frequency statistics when assessing the effect of
a proposed diversion. Water users have varying stream-
flow needs, requiring that the effect of diversions be
assessed at different levels of flow. Because flow-dura-
tion curves can be easily adjusted up or down to
account for a proposed diversion, they are more flexi-
ble than low-flow frequency statistics, which are
usually computed for single extreme events, such as

the Q7,10.

METHODS USED TO ESTIMATE LOW-
FLOW DURATION DISCHARGES

Streamflow-data-collection sites were selected
from a data base consisting of all currently operating
and discontinued streamflow-gaging stations, low-flow
partial-record sites, and miscellaneous measurement
sites in Massachusetts for inclusion in multiple-regres-
sion analyses to obtain equations for use in estimating
the 99-, 98-, and 95-percent duration discharges.
Streamflow data for each site were used to obtain the
duration discharges for a selected base period. Record-
extension techniques were used to estimate the
selected duration discharges for sites with incomplete
records during the base period; otherwise, the duration
discharges were computed directly from the gaged
record. Criteria were set to ensure that estimated dura-
tion discharges for sites with incomplete records
during the base period were reasonably precise. Sites
that did not meet these criteria were omitted from the
analyses. Basin characteristics were selected for use in
the analyses, and were measured for all sites included
in the analyses. Weighted-least-squares (WLS) multi-
ple-regression analyses were then performed to relate
duration discharges for each site to their measured
basin characteristics. Equations obtained from the

WLS regression analyses were used to estimate the
duration discharges for selected ungaged sites. The
following subsections discuss these procedures in
greater detail.

Streamfiow Data Base

During the 1987 water year, the latest year for
which data were available when this study began, the
USGS operated 81 continuous-record streamflow-
gaging stations within Massachusetts. Periods of record
for these stations ranged from less than 2 years
(Whetstone Brook at Depot Road at Wendell Depot) to
84 years (Connecticut River at Montague City). In
addition to the 81 stations gaged during 1987, 46 addi-
tional sites were gaged continuously for at least one
year, but were not active during 1987. To supplement
the continuous data collected at the streamflow-gaging
stations, the USGS obtained at least one discharge
measurement at about 1,000 miscellaneous-measure-
ment and low-flow partial-record sites within the State.
Discharge measurements were generally obtained at
these sites to provide data for specific studies, such as
aquifer assessments or hydrologic atlases, or as part of
networks for various low-flow investigations.

At most of these gaging stations, miscellaneous
measurement sites, and low-flow partial record sites,
discharges are affected by regulations or diversions
and are not useful for regression analyses without con-
current knowledge of upstream water use. With few
exceptions, such data are not available. Discharge data
for all gaged sites, and most other sites, are stored in
data bases at USGS offices in Albany, N.Y., and
Reston, Va. Information regarding the availability of
data and statistical analyses can be obtained from the
U.S. Geological Survey, 28 Lord Road, Suite 280,
Marlborough, MA 01572.

Selection of a Base Period

Climatic patterns and, consequently, patterns of
streamflow are not entirely random. Recorded dis-
charges for any given period are related to those of a
previous or subsequent period because wet periods
(days, months, years, and so forth) tend to be followed
by wet periods, and dry periods tend to be followed by
dry periods. This dependence between periods tends to
diminish, but is not completely eliminated, as the time
period chosen for analysis increases. Because the dis-
tribution of streamflows is not constant with time,
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percentile discharges obtained from flow-duration
curves vary for different periods of computation.

Time-sampling errors are the differences between
the observed values of a statistic computed from a
sample and the true values that would be obtained if
the statistic were computed from the entire popula-
tion. Flow-duration statistics computed for a specified
period have no time-sampling errors because the sta-
tistics are obtained from the entire population of daily
mean discharges for the period; however, when those
statistics are used to estimate conditions during peri-
ods different from the period for which they were
computed, time-sampling errors become a factor in
the quality of the estimates.

Estimates of flow-duration statistics obtained
from regression analyses that include sites with differ-
ent record lengths have larger time-sampling errors
than estimates produced from site records of identical
length. To minimize time-sampling errors, all sites
used in an analysis would ideally have the same period
of record, thus ensuring that differences in streamflow
characteristics are due to differences in climatic or
drainage-basin characteristics rather than in the periods
of record (Searcy, 1959, p. 12). This ideal is rarely met.

Time-sampling errors in the estimates of flow-
duration statistics for future or long-term conditions
can be reduced by using data only from stations
whose records are long enough to be representative of
long-term conditions. This can be a problem where
few stations have long record lengths. If additional
sites are needed in regression analyses for such areas,
streamflow statistics for sites with short periods of
record can be adjusted to represent a longer period by
use of record-extension techniques. When records for
several sites are to be extended, it is convenient to use
a base period to which all short-term records can be
extended. Use of a base period also helps to reduce
time-sampling errors that result from inclusion of
short-term sites in the regression analyses.

A base period of 25 years (water years 1963-87,
October 1, 1962, through September 30, 1987) was
chosen for use in regionalizing streamflow character-
istics. The base period was selected to (1) be long
enough to represent long-term conditions, (2) include
the 1962-66 drought, the most extreme drought of
record at most long-term gaging stations in Massachu-
setts, and (3) include the 1980-81 drought, which is
the most recent drought of significance. The MOWR
uses the 1980-81 drought as its planning drought;
concurrent water-use data for this drought are superior
to those available during previous droughts.

initial Site Selection

The occurrence of natural flow was the primary
criterion used in selecting sites for the regression anal-
yses. This status was determined on the basis of the
absence of regulations or diversions noted in the
remarks listed for each site in USGS annual data
reports (U.S. Geological Survey, 1976-89). In addi-
tion to conditions that affect the natural flow, these
remarks sections include an accuracy statement, a
description of special methods of computation, and
other pertinent information for each streamflow-
gaging station (Novak, 1985, p. 61). Municipal water-
supply wells, sewage-treatment plants, or dams within
the basin that were not discussed in the remarks sec-
tion of the annual data reports, and the appearance of
the flow-duration curve, also could disqualify sites.
Flow-duration curves for sites with natural flow con-
ditions generally plot as a straight line or smooth
curve on log-probability graphs (fig. 7). Flow-dura-
tion curves for sites affected by dam regulations or
diversions sometimes exhibit sharp breaks or bends
(fig. 8). Duration discharges computed for sites such
as these may not be representative of the natural
response of their drainage basins to changes in cli-
matic conditions. Sites where streamflows are affected
this way should not be used in the regionalization
analyses without corrections.

Of the 127 past and presently operated stream-
flow-gaging stations in Massachusetts, 44 were
initially selected. Of these, 29 were considered to
have entirely natural streamflow conditions. The
remaining 15 stations were only slightly affected by
regulations.

Although the regionalization models developed
for this study are intended for statewide use, accurate
estimates of percentile discharges are desired primarily
for the four study basins, all in eastern and southeastern
Massachusetts. Of the gaged sites initially selected for
possible use in the regression analyses, only 13 are
within 40 mi of the coast and only 3 are within any of
the study basins.

Because of the unique surficial geology of south-
eastern Massachusetts, and because so few of the
initially selected sites were in eastern and southeast-
ern Massachusetts, regression equations produced
from data for only those sites were not expected to
yield satisfactory estimates of percentile discharges in
these areas. Indeed, preliminary analyses using these
sites produced poor results for southeastern areas. It
thus became evident that either alternative methods
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would be necessary to estimate low-flow durations for
sites in southeastern Massachusetts or additional data
from low-flow partial-record stations would be neces-
sary to adequately represent this region in the
regression analyses.

The data for all low-flow partial-record stations
in southeastern Massachusetts contain eight sites that
were suitable for possible inclusion in the regression
analyses. Record-extension techniques, discussed in
the following section, were used to estimate base-
period duration discharges for these stations, and five
stations yielded adequate estimates of the selected
duration discharges. All partial-record stations and
short-term streamflow-gaging stations used in the
regression analyses are identified in the “Final Site
Selection” section of this report.

Record-Extension Techniques

Thirteen of the streamflow-gaging stations used
in the regression analyses were operated continuously
throughout the 25-year base period. Duration dis-
charges for the 13 stations were computed directly
from the daily mean discharges recorded during the
base period. Records for all other sites to be used in
the regression analyses were extended to reflect con-
ditions during the base period by use of record-
extension techniques. In applying these techniques,
relations were established between the available data
at the short-term sites and concurrent data from
nearby, hydrologically similar sites (index stations).
Estimated base-period values for the short-term sites
were obtained from these relations and the known

10,000 [ T T T T T T T T 7
. | i
e J
5 A
(&)
]
w
o 1,000 - 7
w B R
a. L 4
— C ]
]
| - ]
w L ]
Q
m i 4
]
(&) L i
Z
£
9 100 -
L C ]
= F 2
< L ]
w L ]
E |
(73] | i

10 1 1 1 1 I | 1 I L L 1 L 1 1 1 1 1 ! 1
0.01 0.1 1 5 10 20 40 60 80 90 95 99 99.9

99.99

PERCENTAGE OF TIME DISCHARGE WAS EQUALED OR EXCEEDED
SWIFT RIVER AT WEST WARE, MASSACHUSETTS, 1963-87

Figure 8. Example of flow-duration curve for gaged site affected by dam regulations and diversions: Swift River at

West Ware, 1963-87.
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base-period values for the index station. The specific
technique used for record extension depended on
whether the site was a streamflow-gaging station
(continuous data collection) or a partial-record station
(intermittent data collection).

Streamflow-Gaging Stations

Two techniques were used to extend records for
streamflow-gaging stations that were not in operation
throughout the base period (short-term gaged sites).
These methods were the graphical-correlation method,
described by Searcy (1959, p. 14) as the index-station
method, and the Maintenance Of Variance Extension,
Type 1 (MOVE.1) technique (Hirsch, 1982). The two
extension techniques are based on the assumption that
the relation between discharges at the short-term gaged
site and the index station is the same for any specified
period of time. Thus, a relation established for a period
of concurrent record can be used to predict the dura-
tion discharges for the specified longer period at the
short-term gaged site from the known duration dis-
charges for the longer period at the index station. The

methods are explained in detail in the references cited.

The initial procedures used were the same for
both the graphical-correlation technique and the
MOVE.1 technique and were as follows:

1. Discharges for selected durations from the lower
half of the flow-duration curve (the 50-, 55-, 60-,
65-, 70-, 75-, 80-, 85-, 90-, 93-, 95-, 97-, 98-, and
99-percent duration discharges) were computed
for the period of record for the short-term gaged
site; only complete years of record were used.

2. Duration discharges for the concurrent period
were computed for selected index stations, of
which there were usually three or more.

3. The correlation coefficient was calculated be-
tween the natural logarithms of the discharges for
the specified durations for the short-term site and
each selected index station. Potential index sta-
tions with correlation coefficients less than 0.8
were not used for record extension.

4. Concurrent duration discharges for each pairing
of short-term gaged site and index station were
plotted in log-space to detect curvature in the re-
lation between the two sites.

When curvature was detected, as was most often
the case, the graphical-correlation technique was
used. The technique is begun by drawing a smooth

curve through the plotted points of the concurrent
duration discharges. Discharges for the short-term
site corresponding to the known duration discharges
for the base period at the index station are then read
off the graph. These values become the estimated
duration discharges for the base period at the short-
term site. The data were often replotted on arithmetic
paper before drawing the curve of relation to reduce
extreme low-end curvature and to avoid long down-
ward extrapolations that would sometimes be
necessary with plots on log-log paper.

Figure 9 and table 2 provide an example applica-
tion of the graphical-correlation technique. Figure 9 is
a plot of pairs of discharges at the selected durations
for the concurrent period of record (water years 1964—
74) for Bassett Brook near Northampton (station
01181800), the short-term site, and for Cadwell Creek
near Belchertown (station 01174900), the index sta-
tion. A curve of relation was drawn through the points
for the concurrent discharges in figure 9. The concur-
rent discharges are listed in the second and third
columns of table 2. Discharges for Bassett Brook cor-
responding to the duration discharges for the base
period at Cadwell Creek (table 2, column 4) are
obtained from the curve. These discharges are the esti-
mates of the duration discharges for the base period
for Bassett Brook (table 2, column 5).

When there was little or no curvature evident in
the plotted curve, the MOVE.1 technique was used.
The technique is begun by plotting the concurrent
daily mean discharges for the short-term station and
for the index station on a log-log scale to confirm
that a linear relation exists between the daily values
at the two sites. The correlation coefficient is also
computed to confirm linearity. If a log-linear relation
is indicated, the concurrent daily mean discharges for
the two sites are transformed to base-10 logarithms.
The means (Y and X) and the standard deviations (s,,
and s,) of these logarithms are then calculated. The
transformation to logarithms generally produces a
bivariate normal distribution, which is a required
assumption for use of the MOVE.1 technique. Esti-
mates of the base-period discharges for the selected
durations (¥; where i = 99, 98,..., 50 percent) are
obtained by entering the known logarithms of the
base-period duration discharges for the index station
(X)) into the MOVE.1 formula:

]
<

P, =7+2 X, -3, @
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®
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and then retransforming the estimates by exponenti-
ating the values of ¥; to convert the estimates into

their original units of measurement—cubic feet per
second.

An example of record extension done with the
MOVE.1 technique (fig. 10) uses the Green River near
Colrain as the short-term station and the North River
at Shattuckville as the index station. The graph of con-
current daily mean discharges for the two sites (water
years 1968-87) and the computed correlation coeffi-
cient in the graph confirm a linear relation between
the daily values for the Green River and the North
River. The means and standard deviations of the loga-
rithms of the daily mean discharges for the two sites,
listed in the top table, are inserted into their appropri-
ate locations in the MOVE.1 formula. Log-space
estimates of the selected base-period duration dis-
charges for the Green River (¥,) are obtained by
substituting the logarithms of the base-period values

for the North River (listed in the second table) for the
X; in the MOVE.1 equation. The log-space estimates
are exponentiated (10%4) to obtain the real-space esti-
mates of the base-period duration discharges for the
Green River (listed in the second table).

Partial-Record Stations

The graphical-correlation and MOVE.1 tech-
niques were modified to estimate base-period duration
discharges for partial-record stations. Instead of relat-
ing computed duration discharges for the concurrent
period of record between a short-term gaged site and
an index station, estimates for partial-record stations
were obtained by relating measured discharges at the
partial-record station to concurrent daily discharges
recorded at the index station. These concurrent dis-
charges were plotted and correlated in the same
manner as described above. The graphical-correlation
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Figure 9. Graphical correlation of concurrent duration discharges for water years 1964—74 between Bassett
Brook near Northampton, Mass. (short-term site), and Cadwell Creek near Belchertown, Mass. (index station).
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Table 2. Concurrent-period duration discharges for Bassett
Brook near Northampton, Mass. (the short-term site) and
Cadwell Creek near Belchertown, Mass. (the index station),
base-period duration discharges for Cadwell Creek, and
base period duration discharges for Bassett Brook estimated
by use of the graphical record-extension technique

[Discharges are in cubic feet per second]

Duration discharges

Percent e Years 196474 water years 1063-67

Cadwell Bassett Cadwell Bassett

Creek Brook Creek Brook

99 0.10 0.58 0.11 0.62
98 12 .65 13 i
97 13 72 15 .80
95 .16 .89 21 1.01
93 21 1.00 25 1.13
90 .28 1.20 33 1.32
85 A3 1.50 51 1.65
80 .60 1.80 71 1.97
75 .82 2.10 95 2.30
70 1.10 2.50 1.20 2.67
65 1.40 3.10 1.60 3.32
60 1.90 3.80 2.00 3.97
55 2.30 4.40 240 4.66
50 2.60 5.00 2.80 5.34

technique or the MOVE.1 technique of record exten-
sion was then selected based on the appearance of
curvature in the plots.

Final Site Selection

A minimum correlation coefficient of 0.80
between the natural logarithms of the concurrent
duration discharges was the criterion for choosing
index stations to extend the records for short-term
gaging stations to base-period conditions. When one
index station had a substantially higher correlation
coefficient than all other potential index stations,
only that station was used for record extension. For
example, three gaging stations with complete records
during the base period (Green River at Williamstown,
North Branch Hoosic River at North Adams, and
Salmon River at Lime Rock, Conn.) were potential
index stations for extending the records for Town
Brook at Bridge Street, Lanesborough to base-period
conditions. Correlation coefficients between the
selected duration discharges for Town Brook and the

potential index stations were 0.977, 0.897, and 0.889
for Green River, North Branch Hoosic River, and
Salmon River, respectively, so only Green River was
used to extend the records for Town Brook.

This method did not always ensure the best pos-
sible estimates of the selected low-flow duration
discharges for the short-term site. The correlation
coefficient measures the strength of the linear relation
between all of the selected pairs of duration dis-
charges for an index site and a site for which record -
extension is required. The duration discharges esti-
mated for this study, however, are at the extreme low
end of the duration curves for the sites. Although the
duration discharges used to test correlation between
the index and short-term sites were limited to values
below their median discharges, the computed correla-
tion coefficient may not adequately reflect the degree
of relation between the two sites for the extreme low
flows being estimated. This is especially true when
curvature is present in the relation. Using the mini-
mum correlation coefficient of 0.8 as the criterion for
choice of index sites reduced but did not eliminate this
problem.

When the correlation coefficients and plots of
the data for the potential index sites were similar,
there was little confidence that the index site with the
largest correlation coefficient would yield the best
results. In these instances, which were predominant,
records were extended by using all index stations
having a correlation coefficient greater than 0.8. The
estimates obtained from each of the index stations
were then averaged to obtain single estimates of the
selected duration discharges for the base period at the
short-term site.

Occasionally, there were large disparities
between the estimates for the short-term site from
multiple index stations. This was true for short-term
gaging stations and for partial-record stations. When
there is little confidence in the estimated duration dis-
charges for a short-term site, it is unlikely that use of
the site in the regression analyses will improve the
models. Thus, a criterion was necessary to include in
the regression analyses only those short-term sites
with reasonable agreement between the estimated
duration discharges obtained by use of multiple index
stations. The criterion used was based on the differ-
ences between individual estimates of the base-period
99-percent duration discharge, Qgoi (=1,2, .., 1,
where n is the number of different index stations), and
the mean of those estimates, Qqg . The maximum
allowable difference, D, ,,, is then defined as
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CONCURRENT DAILY MEAN DISCHARGES, WATER YEARS 1968-87
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