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CONVERSION FACTORS

Multiply By To obtain

cubic foot per second (ft’/s) 0.02832  cubic meter per second :
cubic foot per second per square mile [(ft%/s)/mi?] 0.01093  cubic meter per second per square kilometer
foot (ft) 0.3048 meter
foot per second (ft/s) 0.3048 meter per second
inch (in.) 254 millimeter
square mile (mi2) 2.590 square kilometer
Temperature in degrees Fahrenheit (°F) can be converted to degrees Celsius (°C)
as follows: °C = 5/9 (°F- 32).

VERTICAL DATUM

Sea Level: In this report, "sea level” refers to the National Geodetic Vertical Datum of 1929 (NGVD of
1929)—a geodetic datum derived from a general adjustment of the first-order level nets of the United States
and Canada, formerly called Sea Level Datum of 1929.
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Relations Between Discharge and Wetted
Perimeter and Other Hydraulic-Geometry
Characteristics at Selected Streamflow-Gaging

Stations in Massachusetts

By Philip C. Mackey, Paul M. Barlow, and Kemell G. Ries lll

Abstract

Relations between discharge and wetted
perimeter and other hydraulic-geometry characteristics
(channel top width, channel depth, and flow velocity)
were developed from streamflow and stream-channel
data collected at 24 U.S. Geological Survey
streamflow-gaging stations in Massachusetts. In
addition, the applicability of the use of the wetted-
perimeter threshold method, which is based on the
relation between discharge and wetted perimeter
at a streamflow-measurement site, to the determination
of instream-flow requirements for Massachusetts
streams was evaluated. The 24 stations selected for
analysis are distributed fairly uniformly throughout
Massachusetts and have drainage areas that range
from less than 5 to nearly 300 square miles.

Power-function cregression models (equations)
of theform Y = ¢,Q 2 (where the dependent variable
Y is wetted perimeter, channel top width, channel
depth, or flow velocity; Q is discharge; and ¢, and
c, are coefficients) were used to define relations
between discharge and hydraulic-geometry
characteristics. The regression models between
discharge and wetted perimeter were similar to those
between discharge and channel top width because
wetted perimeter and channel top width were highly
correlated at each station. Mean values of the
exponents (¢, ) for the 24 stations were 0.16 for wetted
perimeter and channel top width, 0.30 for channel
depth, and 0.55 for flow velocity. These results indicate
that at the individual stream sections used in this study,
wetted perimeter and channel top width tend to change
very little with discharge, channel depth changes
moderately with discharge, and flow velocity changes

most substantially with discharge. The goodness of fit
of the discharge and wetted perimeter regression
models, as measured by the adjusted coefficient of
determination (R%,4), tends to be low; values of R,
range from 0.05 to 0.73, with a mean of 0.48 for all
24 models.

Graphs of wetted perimeter as a function of
discharge generally show a transition from steep slopes
at very low discharges to more gentle, gradual slopes at
low to moderate discharges, which is consistent with
results of previous investigations. The transition from a
steep slope to a gradual slope at higher discharges is
identified by a single pair of discharge and wetted-
perimeter values at a point that is referred to as the
point of maximum curvature. An analytical method
used to determine the point of maximum curvature for
each of the discharge and wetted-perimeter relations
indicated that at 16 of the 24 gaging stations, the point
of maximum curvature is at the discharge that is
equaled or exceeded 99 percent of the time or greater
for the period of record, and all of the points of
maximum curvature are at discharges that are equaled
or exceeded 88 percent of the time or greater. Although
all of the calculated points of maximum curvature are
in the region of lowest discharges, the range of
exceedence probabilities is large enough that use of a
single, regional flow-duration value to estimate the
point of maximum curvature for all stream sections in
Massachusetts would be inappropriate. Because the
point of maximum curvature is, overall, relatively
insensitive to discharge, use of the wetted-perimeter
threshold method may not be a useful criterion for
determining instream-flow requirements for streams in
Massachusetts.

Abstract 1



INTRODUCTION

Maintenance and enhancement of instream flows
for riverine ecosystems is becoming a focal point of the
debate on the economic benefits and environmental
costs of water-resource development. Instream flows
are defined as those flows that remain in the stream
channel after diversions for off-stream uses such as
public and industrial supplies (McMahon, 1993). Many
State and Federal environmental agencies have
attempted to define instream-flow requirements to
ensure maintenance of riverine ecosystems, including
habitat for flora and fauna, fish passage, and acceptable
water-quality conditions. Definition of instream-flow
requirements, however, can be a complicated task
because of the difficulties in assessing the hydrologic
needs of riverine ecosystems. Methods for determining
instream-flow requirements can be grouped into three
general classes (McMahon, 1993): (1) historical
discharges or rule-of-thumb methods that use only
streamflow data; (2) threshold methods that account for
the availability of habitat at various discharge levels
and that specify a flow below which the habitat is not
considered adequate for instream-flow needs; and
(3) instream-habitat simulation models that combine
hydraulic characteristics of a reach (such as flow
velocity, channel depth, wetted perimeter, and
substrate) with data on habitat preferences of a given
species to estimate the amount of habitat available over
a range of discharges. The cost of determining

(A)

instream-flow requirements generally increases from
the first to the third class of methods because
increasing amounts of data are required.

The wetted-perimeter method is a threshold -
method that was developed to assess instream-flow
requirements for salmon (Gordon and others, 1992).
Wetted perimeter is used as a measure of the
availability of aquatic habitat over a range of
discharges (Annear and Conder, 1984; Nelson, 1984;
Gordon and others, 1992; O’Shea, 1995). The wetted
perimeter of a stream is the cross-sectional distance
along which the streambed and stream banks contact
water (fig. 1A). Wetted perimeter is measured over a
range of stream discharges at a particular stream
transect and a graph of the relation between discharge
and wetted perimeter is made. The slopes of such
discharge and wetted-perimeter graphs commonly
show a transition from a steep, positive slope at small
discharges to a more gentle, gradual slope at larger
discharges (fig. 1B). A single pair of discharge and
wetted-perimeter values is used to identify the point at
which this transition occurs. This point is referred to in
this report as the point of maximum curvature of the
graph (fig. 1B), but has been referred to by previous
investigators as the "inflection point" of the graph or
first break in slope of the graph (Gordon and others,
1992, p. 431). The discharge at which the point of
maximum curvature occurs is taken as an indication of
the minimum discharge to be maintained during
rearing of salmon young (Gordon and others, 1992).

~ Above this point, increases in discharge result in small

Point of
maximum curvature

\

5

IN FEET

WETTED PERIMETER,

DISCHARGE, IN CUBIC
FEET PER SECOND

(Linear axes)

Figure 1. (A) Hypothetical stream channel cross-section and (B) graph of relation between discharge and
wetted perimeter. (Modified from Gordon and others, 1992.)
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increases in wetted perimeter, whereas below this
point, decreases in discharge result in large decreases
in wetted perimeter.

The availability of aquatic habitat also has been
related to stream characteristics other than wetted
perimeter, including channel width (Wesche and
Rechard, 1980) and channel depth and flow velocity
(Singh and Broeren, 1989). Fundamental relations
between discharge and the hydraulic-geometry
characteristics of a stream channel, including channel
top width (which is a general measure of channel
width), channel depth, and flow velocity have been
established by previous investigators (Leopold and
Maddock, 1953; Leopold and others, 1964; Park, 1977,
Williams, 1978; Hedman and Osterkamp, 1982; Bleed,
1987; Leopold, 1994; Allen and others, 1994). Because
wetted perimeter, channel top width, channel depth,
and flow velocity all are related to discharge and the
availability of aquatic habitat, it is logical to study the
relations between discharge and these four stream
hydraulic-geometry characteristics simultaneously.

Three Massachusetts State environmental
agencies (Department of Environmental Management;
Department of Environmental Protection; and
Department of Fisheries, Wildlife, and Environmental
Law Enforcement) have begun to evaluate methods for
establishing instream-flow requirements for
Massachusetts streams. One method that is being
considered is the wetted-perimeter method. In 1995,
the U.S. Geological Survey (USGS), in cooperation
with these State agencies, began a study to develop and
evaluate discharge and wetted-perimeter relations for
their applicability in determining instream flows for
Massachusetts streams, and to determine relations
between discharge and other hydraulic-geometry
characteristics including channel top width, channel
depth, and flow velocity. The relations were developed
from data collected at 24 selected USGS streamflow-
gaging stations that have all or most of their drainage
areas in Massachusetts. The results of the study
permitted a comparison of the wetted-perimeter
threshold method with other methods used in New
England.

Purpose and Scope

The purpose of this report is to describe relations
between discharge and wetted perimeter and other
hydraulic-geometry characteristics at selected USGS
streamflow-gaging stations in Massachusetts. In
addition, the applicability of the use of the wetted-

perimeter threshold method, which is based on the
relation between discharge and wetted perimeter

at a streamflow-measurement site, to the determination
of instream-flow requirements for Massachusetts
streams was evaluated. Methods used and results found
at each selected gaging station are described,

and limitations of the analysis are discussed.

Physical Setting

Massachusetts has a land area of 8,093 miZ in the
northeastern United States. The State has been
subdivided into 27 separate basins by the
Massachusetts Department of Environmental
Management, Office of Water Resources (MOWR) for
planning purposes (fig. 2). Planning-basin boundaries
generally follow major river-basin boundaries. The
climate of Massachusetts is humid, and annual -
precipitation, which is fairly evenly distributed
throughout the year, averages about 45 in. throughout
the State. Average temperatures range from 45°F in the
western mountains to 50°F in coastal areas. Mean
elevation and topographic relief generally increase
from low-lying coastal areas in eastern Massachusetts
to the western mountains, where the maximum
elevation is nearly 3,500 ft above sea level.

Surficial geology and topography control to a
large extent the physical characteristics of streams in
Massachusetts. Two primary types of surficial
materials are present—stratified drift and till. Stratified
drift, which was deposited and sorted by meltwater
from retreating glaciers at the end of the last ice age,
consists of coarse sand and gravel that also may
contain layers of fine sand and clay. Stratified drift is
commonly present in low-lying areas along major
valley floors of inland river basins and in the coastal
areas of southeastern Massachusetts. Streambeds in
stratified drift are typically sand and gravel in which
aquatic plants grow abundantly. In many areas,
streambeds are armored by cobbles and boulders that
originally may have been in the stratified drift or were
carried by the stream from upland areas. Streams in
stratified drift tend to have lower slopes and flow
velocities than streams in till because stratified drift
generally is in low-lying areas. Till is unsorted glacial
material that ranges in size from clay to large boulders.
Streams in till usually are armored by cobbles and
boulders or flow directly on bedrock. These streams are
characterized by greater slopes and velocities than
streams in stratified drift.

Introduction 3
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METHODS OF INVESTIGATION

The methods used in this study can be divided
into five primary steps: (1) selection of streamflow-
gaging stations; (2) calculation of wetted perimeter,
channel top width, channel depth, and flow velocity
from discharge data; (3) calculation of summary
statistics and discharge-exceedence probabilities at
each streamflow-gaging station; (4) determination of
at-a-station relations between discharge and wetted
perimeter, channel top width, channel depth, and flow
velocity; and (5) determination of the point of
maximum curvature for the discharge and wetted-
perimeter relations. As used in this report, the period of
record is the period for which published discharge
records for the station are available; the period of study
is the period for which discharge measurements were
used for the analysis of discharge, wetted perimeter,
and other hydraulic-geometry characteristics.

Selection of streamflow-gaging stations.--
Streamflow-gaging stations were selected for analysis
on the basis of the following criteria: (1) the period of
record at the stations should be as long as possible;
(2) the number of measurements at the stations should
be as large as possible; (3) the measurement locations
should be as consistent as possible; (4) the distributions
of size (area) and surficial materials of drainage basins
of the stations should be representative of as many
streams in Massachusetts as possible; (5) the stations
should be distributed among the State’s 27 planning
basins; and (6) the stations should have nearly natural
flow conditions. In all, 24 USGS streamflow-gaging
stations on streams that have all or most of their
drainage areas in Massachusetts were selected
(table 1). Seventeen of the selected streamflow-gaging
stations are predominantly unregulated. Regulation at
the remaining seven stations is not of sufficient extent
to affect channel geometry.

Discharge measurement records used for
the analysis are available at the Marlborough,
Massachusetts, USGS office and, for the most part,
were made during water years 198695 (table 1).
Discharge measurements made before water year 1986
were not used (with the exception of those for North
Branch Hoosic River at North Adams, Massachusetts)
because available measurements generally were
adequate to define the wetted perimeter and other

hydraulic-geometry characteristics. Discharge
measurements at streamflow-gaging stations often are
taken at different cross-section locations, depending on
flow conditions and the judgment of the person making
the measurement. Because channel characteristics are
different at different locations, discharge
measurements at each streamflow-gaging station were
examined to determine if all measurements were made
at the same cross-section location. Measurements were
not included in the analysis if they were made at a
different location from that normally used, were made
during times of high discharge or ice cover, or were
affected by backwater.

Calculation of wetted perimeter, channel top
width, channel depth, and flow velocity.--Wetted
perimeter of a stream channel is calculated from the
channel-width and channel-depth data collected as part
of a discharge measurement. Channel-width, channel-
depth, and flow-velocity measurements are typically
made at 25 to 30 measurement stations along a cross
section of the river to determine the discharge. The
wetted perimeter between each measurement station is
the hypotenuse of the right triangle defined by the
horizontal distance between stations and the difference
in streambed elevation between two stations (Benson
and Dalrymple, 1967). Wetted perimeter for the entire
stream cross section is determined by summing the
individual wetted-perimeter values calculated between
measurement stations:

n
= 2 2
WP =Y /zi +b?, ()
i=1
where
WP is wetted perimeter of the stream channel,

in feet;

l i is horizontal distance between measurement
stations i and i - 1, in feet;

b ; s difference in streambed elevations between
measurement stations { and i - 1, in feet;
and

n is total number of measurement stations.

A computer program was written to automate the
calculation of wetted perimeter from discharge
measurements.

Methods of Investigation 5
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Channel top width, channel depth, and flow
velocity also were calculated from each discharge
measurement. As used in this report, channel top width
(W) is the width of the channel section at the stream’s
free surface at the time of measurement; (mean)
channel depth (D) is the total cross-sectional area of
the stream channel at the measurement site divided by
the top width of the channel at the time of
measurement; and (mean) flow velocity (V) is
calculated by dividing total discharge by the cross-
sectional area of the stream channel at the time of
measurement.

Calculation of summary statistics and
discharge-exceedence probabilities.--Several
summary statistics were calculated for each of the 24
streamflow-gaging stations for the period of study.
These include mean discharge, mean wetted perimeter,
mean channel top width, mean channel depth, mean
flow velocity, and mean unit discharge. Unit discharge
was calculated by dividing each discharge
measurement by the drainage area of the streamflow-
gaging station. Sample correlation coefficients, which
are a measure of the linear relation between two
pardmeters, were determined for discharge and wetted
perimeter and wetted perimeter and channel top width.
All statistical analyses were done using the SAS
statistical software (SAS Institute Inc., 1990).

Discharge-exceedence probabilities were
calculated for the period of record at each streamflow-
gaging station. For example, the 99-percent
exceedence probability is the discharge equaled or
exceeded 99 percent of the time during the period of
record. Exceedence probabilities were calculated using
mean daily discharges.

Determination of at-a-station relations
between discharge and wetted perimeter, channel
top width, channel depth, and flow velocity.--
Regression analyses were used to evaluate the relations
between discharge and wetted perimeter, channel top
width, channel depth, and flow velocity at each
streamflow-gaging station for the period of study. The
regression analyses were based on a power-function
relation, Y = ¢,Q 2, between the dependent variable
Y (wetted perimeter, channel top width, channel depth,
or flow velocity) and independent variable Q
(discharge), where ¢, and c,are coefficients. These
relations (termed "at-a-station" hydraulic-geometry
relations) are based on the work of Leopold and

Maddock (1953), who were the first to show that at a
particular stream cross section, channel top width,
channel depth, and flow velocity can be described by
power-function relations of discharge. As originally
developed by Leopold and Maddock, these power
functions are:

W = aQb, 2

D = cQ/, 3)
and

V = k0™, C))

where q, ¢, k and b, f, m are numerical constants. These
power-function relations are straight lines on
logarithmic-scale graphs of the independent and
dependent variables. The exponents b, £ m quantify the
rate of change of the dependent variables with change
in Q. They describe the geometry of the channel and
the resistance of the streambed and stream banks to
erosion (Leopold, 1994). For example, a box-like
channel with straight steep sides, which is
characteristic of a channel composed of cohesive
materials, would have a low value for b and a high
value for f (Leopold, 1994). Derivations and
evaluations of the hydraulic-geometry relations have
been made from a theoretical basis by Leopold and
Langbein (1962), Langbein (1964), Smith (1974), and
Williams (1978), among others.

Because the wetted perimeter of a stream
channel also is a function of discharge, the assumption
was made that a power-function relation also could be
used to relate wetted perimeter and discharge:

WP = g0k, )

where g and h are numerical constants.

By taking the logarithm of each side of equations
2-5, a linear relation between the logarithms of the
stream-channel characteristics and discharge can be
determined. For example, for channel top width and
discharge (eq. 2), the logarithmically transformed
relation is:

Methods of Investigation 7



logW = loga + blogQ, ©)
where log represénts the base-10 logarithm. These
transformed logarithmic relations then form the basis
for log-log regression models, which are written in
general form as: :

logY = logcy+c logQ +¢, Q)

where Y is the dependent variable (either wetted
perimeter, channel top width, channel depth, or flow
velocity), cyand c, are regression-model coefficients,
and € is the residual error of the model.

Determination of the point of maximum
curvature for the discharge and wetted-perimeter
relations.--The final step in evaluating discharge and
wetted-perimeter relations was the determination of the
point of maximum curvature on the discharge and
wetted perimeter graphs. One difficulty in using the
wetted-perimeter method is the subjectivity in
choosing the point of maximum curvature on a graph
made from sparse field data (commonly, fewer than 20
data points), particularly when there are few
measurements in the area of the maximum curvature.
Previous investigators (such as Nelson, 1984; O’Shea,
1995) have either visually determined or used a
computer program to choose mathematically the point
of maximum curvature. A drawback to the visual
determination that was identified during this
investigation is that the point chosen depends on the
scales used to graph the discharge and wetted-
perimeter data. To reduce the subjectivity of choosing
the point of maximum curvature, a mathematical
method was used to determine this point.

The mathematical method chosen for this
analysis links the statistical regression model of
discharge and wetted perimeter (eqs. 5 and 7) with an
analytical equation that finds the point of maximum
curvature, which is taken as the first break in slope of
the discharge and wetted-perimeter graph. This method
differs from that used in previous investigations (such
as O’Shea, 1995) because all discharge and wetted-
perimeter data are used to determine the point of
maximum curvature from a best-fit statistical model of

the discharge and wetted-perimeter relation at each
streamflow-gaging station. The point of maximum
curvature was found for each discharge and wetted-
perimeter relation by calculating the curvature (k) of a
two-variable mathematical model (for example,
variables x and y; Anton, 1980, p. 784)

d2

, -3 ‘
c = ldx o ®)
where

dy) 27372 °
[1 +(dzc ] :
K is curvature; ’

y is the dependent variable, which equals WP
(wetted perimeter, in feet);

x is the independent variable, which equals Q
(discharge, in cubic feet per second);

d’y

dx2
dy .
dx

is the absolute value of the second derivative of -
y with respect to x; and

is the first derivative of y with respect to x.

The first and second derivatives are determined
from the power-function model (eq. 5):

dy _ dWP hel
7= G = @meh-h, )

and

d%y _ d*wp

dx?  dQ?
A computer program was written to find the point of
maximum curvature for each discharge-wetted
perimeter relation using equations 8-10 and the values
of g and h that were determined for each streamflow-
gaging station from the regression analyses (eq. 7).

An example of the calculated discharge and
wetted-perimeter function (eq. 5) and curvature
function (eq. 8) for Squannacook River near West
Groton, Massachusetts (streamflow-gaging station
number 01096000) is shown in figure 3. The calculated
parameters for the model (which are discussed in the
next section) are g=26.9 and h=0.15:

= (gM(h-1)Qk-2 . (10)

8 Relations Between Discharge and.Wetted Perimeter and Other Hydraulic-Geometry Characteristics, Massachusetts
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Figure 3. Graph relating wetted perimeter and curvature to discharge for Squannacook River near West Groton,
Massachusetts (station 01096000).

WP = 269Q015. (11)
Curvature decreases rapidly beyond the point of
maximum curvature, which is at a discharge of
2.90 ft3/s and wetted perimeter of 31.6 ft (see fig. 3).

Ninety-five-percent confidence intervals were
determined for wetted perimeter at the point of '

maximum curvature. Confidence intervals provide a

measure of the reliability of the calculated point of

maximum curvature. The values of wetted perimeter at
the 95-percent confidence intervals were then used to
find corresponding values of discharge at the 95-

percent confidence intervals by rearrangement of
equation S:

Q _ (_u_/f)l/h .

12
2 (12)
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ANALYSIS OF RELATIONS BETWEEN
DISCHARGE AND WETTED PERIMETER
AND OTHER HYDRAULIC-GEOMETRY
CHARACTERISTICS

The 24 streamflow-gaging stations selected for
analysis are distributed fairly uniformly throughout
Massachusetts and lie within 17 of the State’s 27 major
river basins (fig. 2). On average, 57 discharge
measurements were used at each station; the minimum
number of measurements used was 22 and the
maximum was 92 (table 1). Drainage areas for the 24
stations range from less than 5 mi? to nearly 300 mi?
(table 1), and the percentage of each drainage basin
underlain by stratified drift ranges from a minimum of
2.8 at station 01180500 (Middle Branch Westfield
River at Goss Heights, Massachusetts) in the western
part of the State to a maximum of 100.0 at station
011058837 (Quashnet River at Waquoit Village,
Massachusetts) in the southeastern part of the State

(fig. 2).

Correlations Among Discharge, Wetted
Perimeter, and Channel Top Width

The mean wetted perimeter at each streamflow-
gaging station ranged from 10.8 to 98.3 ft and the mean
channel top width ranged from 9.8 to 97.7 ft (table 2).
Wetted perimeter and channel top width were highly
correlated at all streamflow-gaging stations (table 2).
All streamflow-gaging stations have ratios of mean
channel top width to mean channel depth (W/D) greater
than 9.8 for the period of study (table 2), and the mean
value of W/D for the 24 stations is 31.6. Because
channel top width is so much greater than channel
depth at the 24 stations, the terms in equation 1 that
account for the horizontal distance between -
measurement stations (/ i) dominate over those that
account for the vertical distance between measurement
stations (bi) and, consequently, wetted perimeter is
largely a function of channel top width at each station.
The dependence of wetted perimeter on channel top
width can be shown for a generic, rectangularly shaped
channel section by the equation (Chow, 1959, p. 21):

WP = W+2D. (13)

In equation 13, when channel top width greatly
exceeds channel depth (that is, W>>D), wetted
perimeter approximately: equals channel top width.
Correlations between discharge and wetted
perimeter are not as strong as those between wetted
perimeter and channel top width. Graphs of wetted
perimeter as a function of discharge for each
streamflow-gaging station are shown in figures 4
through 27 (at back of report). Data at most stations
show that wetted perimeter tends to increase sharply
with increases in discharge at very low discharges and
to increase gradually at low to moderate discharges,
which is consistent with results of previous
investigations. Some of the stations, however, had a
nearly constant value of wetted perimeter at all
discharges (such as Charles River at Dover, fig. 8;
Quashnet River at Waquoit Village, fig. 11; Ten Mile
River at East Providence, fig. 13; and Housatonic River
near Great Barrington, fig. 25). Most of the stations for
which wetted perimeter is nearly constant are those at
which discharge measurements are made in pools or in
stream reaches with little or no bed slopes, and where
the streambanks are nearly vertical at water levels up to
bankfull conditions. Stations at which wetted perimeter
increases substantially with increases in discharge
(such as the stations at South River near Conway,
fig. 18 and Green River near Colrain, fig. 19) tend to be
in riffle reaches of the streams that have gradual-sloped
streambanks.

Regression Models

The power-function regression models
calculated for discharge and wetted perimeter, channel
top width, channel depth, and flow velocity for the 24
streamflow-gaging stations are shown in table 3. In
addition, the adjusted coefficients of determination
(R%44j, the percentage of the variation in the dependent
variable explained by the model, adjusted for the
number of measurements and parameters used in each
model) and the root mean squared error (S¢) for each
regression model are included in table 3. Plots of the
discharge and wetted-perimeter power-function models
are shown in figures 4 through 27.

10 Relations Between Discharge and Wetted Perimeter and Other Hydraulic-Geometry Characteristics, Massachusetts
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Coefficients for the discharge and wetted-
perimeter regression models are nearly equal to those
for the discharge and channel top width models
(table 3) because of the close correlation between
wetted perimeter and channel top width at each station
(table 2). The R%,4j values, however, are generally low
for both model types. For example, the discharge and
wetted-perimeter models have Rzadj values that range
from 0.05 to 0.73, with a mean of 0.48 for all 24
models. This indicates that, on average, only 48 percent
of the variation in wetted perimeter is explained by the
models. Values of Rzadj are better for the channel depth
and flow velocity power-function relations than for the
wetted-perimeter and channel top width relations.
Mean values of Rzadj for the channel-depth and
discharge relation and the flow velocity and discharge
relation are 0.70 and 0.83, respectively.

Some correlation is apparent between the
goodness of fit of the discharge and wetted-perimeter
regression models (as measured by the Rzadj values)
and the quadrant of the State within which the
streamflow-gaging station lies. The mean Rzadj values
for the 11 streamflow-gaging stations north of latitude
42°20’ (which approximately divides the State into
north and south halves) is 0.58, whereas the values for
the 13 streamflow-gaging stations south of latitude
42°20’ is only 0.40. The lowest R%,; values are for the
eight streamflow-gaging stations in the southeastern
quadrant of the State (south of latitude 42°20" and east
of longitude 72°00°); the mean Rzadj value for these
eight stations is only 0.35. The generally poor
correlation between discharge and wetted perimeter at
these stations may be a result of the generally low .
stream slopes of these basins.

The slopes of the power-function regression
models for discharge and wetted perimeter (variable 4
in table 3) and for discharge and channel top width
(variable b in table 3) tend to be small compared to
those for discharge and channel depth and discharge
and flow velocity. Slopes for the power-function
regression models for discharge and wetted perimeter
and discharge and channel top width range from 0.04
to 0.33 for wetted perimeter and 0.04 to 0.34 for
channel top width. These small slopes indicate that
wetted perimeter and channel top width generally vary
less with discharge than do channel depth and flow
velocity. For the case of channel top width, this
conclusion is consistent with the work of Leopold and
Maddock (1953), Park (1977), and Leopold (1994),
who have determined that the general tendency is for

channel top width to show little change with an
increase in discharge at a particular measurement
station.

The exponents b, f, and m in the power-function
regression models for channel top width (W), channel
depth (D), and flow velocity (V), respectively, can be
used to compare stream-channel characteristics in
different physiographic regions. Channel width,
channel depth, and flow velocity are related to
discharge through the continuity relation (Leopold and
Maddock, 1953):

Q=areaxvelocity= WDV . (14)

Substituting definitions for W, D, and V from equations
2 through 4 into equation 14 gives:

0 = aQbxcQf xkQ™ = ackQ®b+f+m)_ (15)

Furthermore, because the left- and right-hand sides of
equation 15 must be equal, it follows that:

axcxk =1.0 (16)

and

b+f+m = 10. (17

Several investigators have evaluated the at-a-
station hydraulic-geometry exponents b, f, and m for

- many representative physiographic regions. Leopold

and Maddock (1953) found average values of b=0.26,
f=0.40, and m=0.34 for 20 rivers in the Great Plains
and southwestern United States. Williams (1978) found
ranges of 0.00 < b < 0.82 (top width), 0.10 < f< 0.78
(depth), and 0.03 < m < 0.81 (flow velocity) for cross
sections on 165 streams throughout the United States.
Park (1977) compiled the results of investigations from
several physiographic regions of the world. His
analysis indicated wide ranges in the values of the
exponents, even within a particular physiographic
region. For all physiographic regions evaluated, he
found the width exponent (b) ranged from 0.00-0.59
with most observations in the modal class 0.00-0.10.
The channel depth exponent (f) showed a similar range
to that of the width exponent, and the largest number of
observations were in the modal class 0.30-0.40. The
flow-velocity exponent (m) ranged from 0.07-0.71, and
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values were more normally distributed than either the
channel width or channel depth exponents; the largest
number of values were in the modal class 0.40-0.50.
Park (1977) found considerable scatter in the
exponents reported for humid, temperate regions
similar to the northeastern United States, with a general
tendency toward a low to medium width exponent and
medium channel-depth and flow-velocity exponents.

The ranges and mean values of the hydraulic-
geometry exponents determined for the 24 streamflow-
gaging stations in this study are similar to those
reported by Park (1977) and Williams (1978).
Summary statistics for the exponents b, f, and m, for
the product a X ¢ X k, and for the sum b + f + m for
the 24 streamflow-gaging stations are:

Variable, produc : Coefficlent of
or szm t Range Median Mean Standard deviation _ variation
b 0.04-0.34 0.15 0.16 0.08 0.50
f 0.18-0.43 .30 30 .06 .20
m 0.42-0.73 53 .55 ‘ .08 15
axcxk 0.92-1.11 1.01 1.01 .05 .05
b+f+m 0.97-1.03 1.00 1.00 01 .01

Table 4. Discharge and wetted-perimeter values at the point of maximum curvature and at the 95-percent confidence intervals
for discharge and wetted perimeter power-function relations for selected streamflow-gaging stations in Massachusetts

[Discharge is in cubic feet per second, wetted perimeter is in feet; >, greater than]

95-percent confidence interval below
point of maximum curvature

Point of maximum curvature

95-percent confidence interval above

Station point of maximum curvature
No. . Percent . W W
Discharge exc:e?ence pg:::::’er Discharge exzeeer?e':ce perler:::’er Discharge ex::c:lee'::ce perlel::::’er

01096000 1.10 >99 273 2.90 >99 315 7.60 98 364
01097000 1.10 >99 18.8 2.50 99 220 5.60 99 25.9
01097300 .80 95 7.60 1.10 93 8.30 1.60 90 9.10
01101000 30 99 12.6 .60 96 13.2 1.20 93 13.8
01103500 40 >99 76.5 240 >99 82.1 149 >99 88.2
01105600 .70 94 11.1 1.00 88 11.8 1.60 83 12,5
01105730 .30 >99 - 215 1.10 >99 235 4.00 97 25.7
011058837 .02 >99 © 5.80 .50 >99 7.80 142 50 10.6
01109000 .70 >99 19.4 1.50 >99 213 3.40 98 233
01109403 .08 >99 24.0 1.10 >99 28.2 16.0 99 33.2
01111200 .14 >99 16.9 240 99 25.8 40.1 40 394
01111300 1.50 92 16.0 210 88 17.2 3.00 84 18.5
01162500 .60 99 11.3 1.10 97 124 2.00 93 13.5
01166105 .80 >99 8.40 1.60 94 10.5 3.20 78 133
01169900 1.62 >99 16.8 2.50 >99 18.7 - 433 98 21.5
01170100 2.50 >99 324 4.10 >99 35.6 6.50 99 39.1
01171500 1.00 >99 15.1 2.10 >99 17.7 430 >99 20.6
01175670 .60 95 9.00 1.00 91 9.70 1.70 86 10.6
01176000 .30 >99 56.3 3.30 >99 67.5 48.1 87 81.0
01180500 1.75 99 323 4.00 97 374 9.00 88 433
01197000 1.25 >99 30.8 2.60 >99 33.7 5.50 >99 36.8
01197500 1.50 >99 59.3 4.30 >99 65.8 12.2 >99 73.0
01332000 .89 >99 12.0 2.10 >99 - 151 5.00 >99 19.1
01333000 .80 >99 16.6 240 7.10 96 - 25.7 .

>99 20.7
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The mean value of the exponent 4 in the discharge and
wetted-perimeter relations equals that of the exponent
b in the discharge and channel top width relations
because of the close correlation between wetted
perimeter and channel top width. The mean value of
the product of the coefficients a, c, and k (1.01) is close
to the theoretical value of 1.00, and the mean value of
the sum of the exponents b, f, and m equals the
theoretical value of 1.00. The results at the individual
stream sections used in this study indicate that channel
top width tends to change very little with discharge,
channel depth changes moderately with discharge, and
flow velocity changes most substantially with
discharge. These results imply that, for the most part,
the stream sections generally are rectangular and have
channel widths that greatly exceed mean channel
depths. At all but the lowest flows, the full base width
of the stream channels is wetted. As discharge
increases, channel width remains virtually constant or
increases very gradually up to bankfull conditions, and
depth remains small relative to width.

Point of Maximum Curvature for the
Discharge and Wetted-Perimeter Relations

Data shown in figures 4 through 27 indicate that
the transition from a steep to a gradual slope on the
discharge and wetted-perimeter curves generally is in
the region of the lowest discharges. The analytical
method used to determine the point of maximum
curvature for each of the discharge and wetted-
perimeter relations indicated that at 16 of the 24
stations, points of maximum curvature are at the
discharge equaled or exceeded 99 percent of the time
or greater for the period of record (table 4). Previous
investigators generally have found breaks in slope at
higher discharges than those found in this study. The
highest point of maximum curvature in terms of the
flow duration for the 24 stations is at the 88-percent
exceedence probability (stations 01105600 and
01111300). -

The point of maximum curvature determined by
use of the analytical method was lower than the lowest
measured discharge for 11 of the stations. In fact, the
point of maximum curvature was below the minimum
discharge for the period of record for seven of the
stations (01105730, 01109403, 01171500, 01176000,
01197000, 01332000, 01333000). Though the curves
for these stations are not defined by discharge

measurements in the vicinity of the point of maximum
curvature, the curves generally were defined
adequately in the very low range by discharge

- measurements made at-or near the 99-percent duration

flow. The measuring sections for many of the stations
were in pools, where even at the lowest flows the
channel width does not substantially decrease with
decreasing water level. In these areas, there may almost
always be adequate wetted perimeter to sustain biota,
although other stream conditions may have deleterious
effects.

Though the calculated points of maximum
curvature are in the region of lowest discharges, the
range of exceedence probabilities is large enough that
use of a single, regional flow-duration value to estimate
the point of maximum curvature for all stream sections
in Massachusetts would not adequately represent the
variability in flow-duration values at the points of
maximum curvature seen in this study. However,
because all of the calculated points of maximum
curvature are in the region of lowest discharges, the
point of maximum curvature is, overall, relatively
insensitive to discharge. Also, the discharges at the
points of maximum curvature for the 24 streamflow-
gaging stations are all less than the 0.5 (ft3/s)/mi2
Aquatic Base Flow (ABF) guideline used by the U.S.
Fish and Wildlife Service (1981) as an estimate of the
summer-time minimum discharge per square mile of
drainage area required for maintenance of habitat for

- biota in New England streams. Though the ABF is not

used as a formal policy by the Massachusetts
Department of Fisheries, Wildlife, and Environmental
Law Enforcement (K.R. Simmons, Massachusetts
Department of Fisheries, Wildlife, and Environmental
Law Enforcement, written commun., April 1997), it
has been used for water-resource planning and
management at various times by most New England
States. For these reasons, use of the wetted-perimeter
threshold method may not be a useful criterion for
determining instream-flow requirements for streams in
Massachusetts.

Limitations of Analysis

The primary limitation of this study is the
assumption that the wetted perimeter and other
hydraulic-geometry characteristics measured at
individual USGS streamflow-gaging stations are
representative of the riffle reaches of the streams where
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the wetted-perimeter criterion is meant to be
applicable. In this study, gaging stations in both riffle
and non-riffle reaches were selected for analysis to
evaluate wetted perimeter and other hydraulic-
geometry characteristics at different stream-channel
environments at which the gaging stations are located.
The locations of USGS streamflow-gaging stations are
selected primarily for reasons of gage and section
control, accessibility, and position of the site in
reference to downstream confluences. Stream reaches
selected for aquatic-habitat evaluation, however,
should reflect the habitat requirements of the species
of interest. In a study of hydraulic-geometry relations
near 14 USGS streamflow-gaging stations in the
Sangamon and South Fork Sangamon River basins in
central Illinois, Singh and Broeren (1989) concluded
that hydraulic-geometry relations derived from the
USGS measurements generally reflected near-riffle
conditions; however, adjustment factors for the USGS
channel top width, channel-depth, and flow-velocity
measurements were needed to convert the USGS
measurements to reach-average values. Because no
assessment was made during this investigation of the
representativeness of the stream reaches at the 24
USGS streamflow-gaging stations, it is difficult to draw
conclusions about the discharge, wetted perimeter, and
other hydraulic-geometry characteristics at other
reaches along the streams. Collection of discharge and
wetted-perimeter data at a variety of stream-reach
types along several representative streams in
Massachusetts would be needed to evaluate the
representativeness of such data collected at USGS
streamflow-gaging stations. Nevertheless, the close
correlation between the exponents calculated for the
power-function models of channel top width, channel
depth, and flow velocity at the 24 stations with those
calculated by previous investigators (for example,
Leopold and Maddock, 1953; Park, 1977; Williams,
1978) would indicate that the reaches in which the
USGS stations are located may be typical of streams in
Massachusetts, at least with respect to the discharge
and hydraulic geometry relations.

An additional limitation of the analysis is that
the types of sediments comprising the streambeds and
stream banks and the character of the sediment load at
the 24 stations were not evaluated. These factors have

been shown to affect the hydraulic geometry of stream
channels (Hedman and Osterkamp, 1982; Leopold,
1994). A , :

The low values of discharge at the points of
maximum curvature calculated by the analytical
method may reflect, in part, the limitations of assuming
a power-function relation between discharge and
wetted perimeter and the use of the point of maximum
curvature as the first break in slope on the discharge
and wetted-perimeter graphs. These power-function
relations were assumed on the basis of previous
theoretical studies on the hydraulic geometry of stream
channels (Leopold and Maddock, 1953; Leopold and
Langbein, 1962; Langbein, 1964; Smith, 1974; and
Williams, 1978). A more complicated, perhaps
multiple-parameter or nonlinear, function might better
represent the discharge and wetted-perimeter relations
and lead to somewhat higher values of discharge at the
point of maximum curvature than does the power-
function relation, but would be contrary to theory.
Nevertheless, the calculated points of maximum
curvature are generally consistent with the low
discharges at which the transition from a steeply rising
to a very small increase in wetted perimeter is seen on
the graphs.

No attempt was made during this study to
evaluate aquatic-habitat availability at or ecological
responses to different discharge and wetted-perimeter
conditions at individual stream sections. Future field
investigations would be needed to evaluate the
response of aquatic biota of streams in Massachusetts
to changes in discharge and wetted perimeter.

SUMMARY AND CONCLUSIONS

Relations between discharge and wetted
perimeter and other hydraulic-geometry characteristics
(channel top width, channel depth, and flow velocity)
were developed from streamflow and stream-channel
data collected at 24 U.S. Geological Survey
streamflow-gaging stations in Massachusetts. In
addition, the applicability of the use of the wetted-
perimeter threshold method, which is based on the
relation between discharge and wetted perimeter
at a streamflow-measurement site, to the determination
of instream-flow requirements for Massachusetts
streams was evaluated. The wetted-perimeter method is
one of the methods being considered for establishing
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instream-flow requirements for Massachusetts streams.
The 24 stations selected for analysis are distributed
fairly uniformly throughout Massachusetts and have
drainage areas that range from less than 5 to nearly
300 miZ. |

Wetted perimeter has a strong positive
correlation to channel top width at each of the 24
stations. Linear correlations between discharge and
wetted perimeter also are positive but not as strong
as those between wetted perimeter and channel top
width. Data at most stations show that wetted perimeter
tends to increase sharply with increases in discharge
at very low discharges and to increase gradually at
low to moderate discharges, which is consistent with
results of previous investigations. At other stations,
wetted perimeter is nearly constant at all discharges.
Stations at which there is a substantial increase in
wetted perimeter with increases in discharge tend
to be in riffle reaches of the streams that have gradual-
sloped streambanks. The stations for which wetted
perimeter is nearly constant are those at which
discharge measurements are made in pools or in stream
reaches with little or no bed slopes, and where the
streambanks are nearly vertical at water levels up to
bankfull conditions.

Power-functign regression models (equations) of
the form ¥ = ¢,Q 2 (where the dependent variable Y
is wetted perimeter, channel top width, channel depth,
or flow velocity; Q is discharge; and o and c,are
coefficients) were used to define relations between
discharge and hydraulic-geometry characteristics. The
regression models between discharge and wetted
perimeter were similar to those between discharge and
channel top width because wetted perimeter and
channel top width were highly correlated at each
station. Mean values of the exponents (c, ) for the 24
stations were 0.16 for wetted perimeter and channel top
width, 0.30 for channel depth, and 0.55 for flow
velocity. The mean values for channel top width,
channel depth, and flow velocity are consistent with
previously determined at-a-station hydraulic-geometry
exponents. These results indicate that at the individual
stream sections used in this study, wetted perimeter and
channel top width tend to change very little with
discharge, channel depth changes moderately with
discharge, and flow velocity changes most substantially
with discharge. This implies that for the most part, the
stream sections generally are rectangular and have

channel widths that greatly exceed mean channel
depths. At all but the lowest flows, the full base width
of the stream channels is wetted. As discharge
increases, channel width remains virtually constant or
increases very gradually up to bankfull conditions, and
depth remains small relative to width. The goodness of
fit of the discharge and wetted perimeter regression
models, as measured by the adjusted coefficient of
determination (Rzadj), tends to be low; values of Rzadj
range from 0.05 to 0.73, with a mean of 0.48 for all 24
models.

The transition on the discharge and wetted-
perimeter graphs from a steep slope at very low
discharges to a gradual slope at higher discharges is
identified by a single pair of discharge and wetted-
perimeter values at a point that is referred to as the
point of maximum curvature. Above this point,
increases in discharge result in small increases in
wetted perimeter, whereas below this point, decreases
in discharge result in large decreases in wetted
perimeter. For the 24 stations evaluated, this point
generally occurs in the region of lowest discharges. An
analytical method used to determine the point of
maximum curvature for each of the discharge and
wetted-perimeter relations indicated that at 16 of the 24
gaging stations, the point of maximum curvature is at
the discharge equaled or exceeded 99 percent of the
time or greater for the period of record, and all of the
points of maximum curvature are at discharges equaled
or exceeded 88 percent of the time or greater. Overall,
the point of maximum curvature is somewhat
insensitive to discharge, as all of the calculated points
are in the lowest region of discharge. Use of a single,
regional flow-duration value to estimate the point of
maximum curvature for all stream sections in
Massachusetts, however, would not adequately
represent the variability in flow-duration values at the
points of maximum curvature seen in this study. In
addition, all of the points are at discharges that are less
than the 0.5 (ft3/s)/mi? Aquatic Base Flow guideline
used by the U.S. Fish and Wildlife Service as an
estimate of the summer-time minimum discharge per
square mile of drainage area required for maintenance
of habitat for biota in New England streams. For these
reasons, use of the wetted-perimeter threshold method
may not be a useful criterion for determining instream-
flow requirements for streams in Massachusetts.
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Massachusetts (station 01096000).
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Figure 10. Discharge, wetted perimeter, and flow duration for Indian Head River at Hanover, Massachusetts
(station 01105730).
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DISCHARGE, IN CUBIC FEET PER SECOND

Figure 11. Discharge, wetted perimeter, and flow duration for Quashnet River at Waquoit Village,
Massachusetts (station 011058837).
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Figure 12. Discharge, wetted perimeter, and flow duration for Wading River near Norton, Massachusetts
(station 01109000).
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DISCHARGE, IN CUBIC FEET PER SECOND

Figure 13. Discharge, wetted perimeter, and flow duration for Ten Mile River at Pawtucket Avenue at East
Providence, R.l. (station 01109403).
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Figure 14. Discharge, wetted perimeter, and flow duration for West River below West Hill Dam near Uxbridge,
Massachusetts (station 01111200).
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Figure 15. Discharge, wetted perimeter, and flow duration for Nipmuc River near Harrisville, R.I. (station
01111300).
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Figure 16. Discharge, wetted perimeter, and flow duration for Priest Brook near Winchendon, Massachusetts
(station 01162500).
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Figure 17. Discharge, wetted perimeter, and flow duration for Whetstone Brook at Depot Road at Wendell
Depot, Massachusetts (station 01166105).
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Figure 18. Discharge, wetted perimeter, and flow duration for South River near Conway, Massachusetts
(station 01169900).
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Figure 19. Discharge, wetted perimeter, and flow duration for Green River near Colrain, Massachusetts (station

01170100).
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Figure 20. Discharge, wetted perimeter, and flow duration for Mill River at Northampton, Massachusetts
(station 01171500).
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Figure 21. Discharge, wetted perimeter, and flow duration for Sevenmile River near Spencer, Massachusetts

(station 01175670).
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Figure 22. Discharge, wetted perimeter, and flow duration for Quaboag River at West Brimfield, Massachusetts
(station 01176000).
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Figure 23. Discharge, wetted perimeter, and flow duration for Middle Branch Westfield River at Goss Heights,
Massachusetts (station 01180500).
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DISCHARGE, IN CUBIC FEET PER SECOND

Figure 24. Discharge, wetted perimeter, and flow duration for East Branch Housatonic River at Coltsville,
Massachusetts (station 01197000).
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DISCHARGE, IN CUBIC FEET PER SECOND

Figure 25. Discharge, wetted perimeter, and flow duration for Housatonic River near Great Barrington,.
Massachusetts (station 01197500).
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Figure 26. Discharge, wetted perimeter, and flow duration for North Branch Hoosic River at North Adams,
Massachusetts (station 01332000).

Figure 4-27 43



80 [T ¥ M I 1 1 ! L] I 1 ] 1
: a
Ll o 92
w
TH
Z
o
T
-
w
=
o
T
o
(a]
=
=
(D [ + - ==~ PERCENT EXCEEDENCE 1%
[ !
[ 1 CALCULATED WETTED PERIMETER AND
" DISCHARGE MODEL ]
( | +  MEASURED WETTED PERIMETER 90
[}
15F ! (O  95-PERCENT CONFIDENCE INTERVALS ]
! FOR POINT OF MAXIMUM CURVATURE ]
[ 1 - 95
10f1 A\ POINT OF MAXIMUM CURVATURE ]
i+
[
5 -: L
- ' -
[ ! ]
0 J 1 1 Il " L PR | " n A i n A A ] PO R T | n 2 n 99
0 0 80 120 160 200 240 280 320
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Flgure 27. Discharge, wetted perimeter, and flow duration for Green River at Williamstown, Massachusetts

(station 01333000).
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