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Effects of Alternative Instream-Flow Criteria and
Water-Supply Demands on Ground-Water Development
Options in the Big River Area, Rhode Island

By Gregory E. Granato and Paul M. Barlow

Abstract

Transient numerical ground-water-flow simulation and
optimization techniques were used to evaluate potential effects
of instream-flow criteria and water-supply demands on ground-
water development options and resultant streamflow depletions
in the Big River Area, Rhode Island. The 35.7 square-mile (mi?)
study area includes three river basins, the Big River Basin (30.9
miz), the Carr River Basin (which drains to the Big River Basin
and is 7.33 mi? in area), the Mishnock River Basin (3.32 mi?),
and a small area that drains directly to the Flat River Reservoir.
The overall objective of the simulations was to determine the
amount of ground water that could be withdrawn from the three
basins when constrained by streamflow requirements at four
locations in the study area and by maximum rates of withdrawal
at 13 existing and hypothetical well sites. The instream-flow
requirement for the outlet of each basin and the outfall of Lake
Mishnock were the primary variables that limited the amount of
ground water that could be withdrawn. A requirement to meet
seasonal ground-water-demand patterns also limits the amount
of ground water that could be withdrawn by up to about 50 per-
cent of the total withdrawals without the demand-pattern con-
straint. Minimum water-supply demands from a public water
supplier in the Mishnock River Basin, however, did not have a
substantial effect on withdrawals in the Big River Basin. Hypo-
thetical dry-period instream-flow requirements and the effects
of artificial recharge also affected the amount of ground water
that could be withdrawn.

Results of simulations indicate that annual average
ground-water withdrawal rates that range up to 16 million gal-
lons per day (Mgal/d) can be withdrawn from the study area
under simulated average hydrologic conditions depending on
instream-flow criteria and water-supply demand patterns.
Annual average withdrawals of 10 to 12 Mgal/d are possible for
proposed demands of 3.4 Mgal/d in the Mishnock Basin, and for
a constant annual instream-flow criterion of 0.5 cubic foot per
second per square mile (ft3/s/mi?) at the four streamflow-
constraint locations. An average withdrawal rate of 10 Mgal/d
can meet estimates of future (2020) water-supply needs of
surrounding communities in Rhode Island. This withdrawal rate

represents about 13 percent of the average 2002 daily with-
drawal from the Scituate Reservoir (76 Mgal/d), the State’s
largest water supply. Average annual withdrawal rates of 6 to
7 Mgal/d are possible for more stringent instream-flow criteria
that might be used during dry-period hydrologic conditions.
Two example scenarios of dry-period instream-flow constraints
were evaluated: first, a minimum instream flow of 0.1 cubic
foot per second at any of the four constraint locations; and sec-
ond, a minimum instream flow of 10 percent of the minimum
monthly streamflow estimate for each streamflow-constraint
location during the period 1961-2000.

The State of Rhode Island is currently (2004) considering
methods for establishing instream-flow criteria for streams
within the State. Twelve alternative annual, seasonal, or
monthly instream-flow criteria that have been or are being
considered for application in southeastern New England were
used as hypothetical constraints on maximum ground-water-
withdrawal rates in management-model calculations. Maxi-
mum ground-water-withdrawal rates ranged from 5 to
16 Mgal/d under five alternative annual instream-flow criteria.
Maximum ground-water-withdrawal rates ranged from O to
13.6 Mgal/d under seven alternative seasonal or monthly
instream-flow criteria. The effect of ground-water withdrawals
on seasonal variations in monthly average streamflows under
each criterion also were compared. Evaluation of management-
model results indicates that a single annual instream-flow
criterion may be sufficient to preserve seasonal variations in
monthly average streamflows and meet water-supply demands
in the Big River Area, because withdrawals from wells in
the Big River Area cause streamflow depletions for 6 months
to a year and the minimum allowable depletion limits total
withdrawals throughout the year.

Ground-water withdrawals from basins in Rhode Island
typically increase during the months of May through October to
meet increased water demands during the summer. Simulations
that mimicked typical patterns of increased summer demands
resulted in rates of average annual ground-water withdrawals
from the basin that were about one-half of withdrawal rates
without the seasonal constraint because peak water use during
the summer season coincides with the period of lowest annual
streamflows. Average annual withdrawals of about 6 Mgal/d
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from the network of 13 ground-water wells were determined for
these seasonal-demand patterns under an annually constant
instream-flow criterion of 0.5 ft3/s/mi?.

If the well network is reduced to nine wells by eliminating
three hypothetical wells in the Carr River Basin and one
hypothetical well in the Big River Basin, ground-water with-
drawals are reduced by about 13 percent, from 12 Mgal/d to
10.4 Mgal/d. These four wells were eliminated in the scenarios
because results of previous simulations indicated that, for the
condition of an annually constant instream-flow criterion of
0.5 ft3/s/miZ, none of these wells would produce the 1 Mgal/d
that is considered necessary to recover the cost of installing and
operating a production well. This alternative well network
would not affect the natural streamflow regime in the Carr River
upstream of Capwell Mill Pond and would minimize the poten-
tial effects of water-supply development in the upper reaches of
the Big River and its tributaries.

Introduction

Water demand is increasing throughout Rhode Island, and
the Rhode Island Water Resources Board (RIWRB), which is
responsible for developing and protecting the State’s major
water resources, is concerned that increasing demand may
exceed the capacity of current sources. In the early 1960s, the
State proposed construction of a surface-water reservoir in the
Big River Basin in central Rhode Island to meet these growing
demands. At that time, the Big River Management Area (fig. 1),
which covers about 13.4 miz, was established under the respon-
sibility of the Water Resources Coordinating Board, forerunner
of the RIWRB. To date (2004), the U.S. Environmental
Protection Agency has not given approval for construction
of this reservoir. In the meantime, the RIWRB would like to
develop the largely untapped ground-water resources of the
basin as a temporary alternative to a surface-water reservoir.

In 1998, the RIWRB initiated a technical and economic
feasibility study to determine if development of ground-water
resources of the Big River Area was necessary for future popu-
lation growth and economic development in central Rhode
Island (Beta Engineering, Inc., 1999). The results of that study
indicated that there will be a potential need for more than
16 Mgal/d of additional water supply in central Rhode Island by

the year 2020. Authors of the study also noted that water-supply
development in the Big River Area could forestall supply limi-
tations of the Scituate Reservoir, the State’s largest water-
supply source, by reducing water transfers from the reservoir to
water-supply agencies in central Rhode Island such as the Kent
County Water Authority (KCWA), which operates production
wells in the Mishnock River Basin. For example, the study
found that water use in the KCWA service area will grow to a
total of about 16 Mgal/d by the year 2020, even if moderate
water-conservation measures are put in place. The current aver-
age capacity of the KCWA wellfields, however, is only about
5 Mgal/d. The Scituate Reservoir, which supplied an average
daily water demand of about 76 Mgal/d in 2002, currently has
excess capacity to meet this future demand, but increasing water
demand in other areas of Rhode Island may reduce the supply
available to Kent County from this source (Beta Engineering,
Inc., 1999; Socolow and others, 2003; 2004). Furthermore,
availability of ground-water resources from the Big River Area
may be necessary in the event of a water-supply emergency that
affects other supplies.

In an effort to understand the hydrogeology and ground-
water-development options for the Big River Area, the U.S.
Geological Survey (USGS) and RIWRB began a cooperative
study of the area in 1995. Three reports were published: the first
report provided hydrogeologic data collected in the area from
July 1996 through October 1998 (Craft, 2001); the second
report described the glacial geology and hydraulic properties of
the glacial sediments within the area (Stone and Dickerman,
2002); the third report described the hydrogeology of the area
and simulated effects of selected ground-water-development
options on streamflow in the area (Granato and others, 2003).

In the third report (Granato and others, 2003), steady-state
and transient numerical models were developed to simulate
ground-water flow, ground-water withdrawals, and interactions
between the ground-water and surface-water systems. Ground-
water supplies cannot be developed in the area without a reduc-
tion in streamflow. The effects of ground-water withdrawals on
streamflow described in the third report were based on constant
withdrawal rates of 1.0 Mgal/d at each simulated well through-
out the year; total annual rates of withdrawal from all wells in
the area ranged from 2.0 to 11.0 Mgal/d. These models, which
are based on long-term average hydrologic conditions, provide
the basis for development of the conjunctive-management
model.
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Purpose and Scope

This report demonstrates the potential effects of alternative
instream-flow criteria and water-supply demands on ground-
water-development options in the Big River Area, Rhode
Island. The hydrogeology and previously developed numerical
ground-water-flow models of the basin are briefly described, as
well as a general description of the effects of ground-water
withdrawals on streamflow. This background information is
essential for understanding the results of the conjunctive-
management models developed in this study. Potential
instream-flow criteria and constraints on the design and
operation of a ground-water-supply network are described.
Conjunctive-management models were developed and applied
to a number of hypothetical scenarios for the Big River Area.
Results of the analysis may be used to help decisionmakers bal-
ance water-supply withdrawals with aquatic-habitat protection.

Streamflows presented in this report for streamflow-
gaging stations in the Big River Area are estimated from partial-
record-station data in each basin and data from long-term (40-
year) continuous streamflow-gaging stations in nearby basins.
The time period selected for analysis of streamflow statistics
was January 1961 through December 2000. This 40-year period
includes a wide range of hydrologic conditions (Walker, 1991),
including a number of severe or extreme droughts (as defined
by the National Climatic Data Center, 2003), as well as the
entire period of ground-water withdrawals from the Mishnock
River Basin.

In this report, the transient-simulation model developed
for the Big River Area (Granato and others, 2003) was coupled
with a linear optimization model to determine time-varying
monthly withdrawal scenarios that meet ground-water-develop-
ment goals and instream-flow criteria. The use of numerical-
simulation and optimization techniques to determine and eval-
uate alternative strategies for simultaneous management of
linked ground-water and surface-water systems is commonly
referred to as "conjunctive management" in the hydrologic lit-
erature (Barlow and Dickerman, 2001a). In the context of this
report, the term refers to the model that was developed with dif-
ferent definitions of streamflow requirements in selected
streams to determine the ground-water-withdrawal patterns that
would provide water supplies and sustain streamflows in the
Big River Area to maintain aquatic and riparian ecosystems.
The results of the study could help decisionmakers evaluate
strategies for balancing ground-water development and stream-
flow reductions. Use of the term "conjunctive management,"
however, does not imply that the USGS recommends any spe-
cific instream-flow criteria or courses of action for management
of the water resources of the Big River Area.

Location and Physiography

The Big River study area covers 35.7 mi? in the towns of
Coventry, West Greenwich, Exeter, and a small part of East
Greenwich, Rhode Island (fig. 1). The area includes the entire
Big River Drainage Basin (30.9 mi?), the part of the Mishnock
River Drainage Basin (3.32 mi?) that is upstream from a USGS
partial-record streamflow-measurement site at State Route 3
(station 01115970; fig. 1), and a small area that drains directly
to the Flat River Reservoir. The Big River drains to the north
and is tributary to the east-flowing Flat River and South Branch
of the Pawtuxet River (fig. 2). The primary tributaries of the
Big River are the Congdon, Nooseneck, and Carr Rivers, and
Bear Brook (fig. 1). The Big River flows into the Flat River
Reservoir, which is controlled by a dam that maintains the res-
ervoir’s water level at an altitude of about 248 ft. The reservoir,
which is connected to Maple Root Pond, floods the northern end
of the Big River Basin. The reservoir is the largest surface-
water body in the study area and is used for recreational pur-
poses only. The Mishnock River originates at Lake Mishnock
and flows northward through a large forested wetland called the
Mishnock Swamp. Old Hickory Brook is a tributary to the
Mishnock River. The Mishnock River joins the South Branch of
the Pawtuxet River about 1 mi north of the partial-record site at
State Route 3.

Most of the study area consists of woodlands and mead-
ows. During the 1960s and 1970s, the State acquired land
for construction of the proposed reservoir; as a consequence,
most of the land is designated as open space and protected
from development by State law. The study area is sparsely pop-
ulated, with most of the population living along the Flat River
Reservoir, Maple Root Pond, Lake Mishnock, and the upper
reaches of tributaries to the Big River. Major roadways in the
study area are State Route 3 and Interstate 95 (fig. 1).

Average annual precipitation measured at a climatological
station in Kingston, RI, approximately 12 mi southeast of the
center of the study area (fig. 2) was 50.3 in. during the period
1961-2000, and varied from 30.8 to 70.4 in. (National Oceanic
and Atmospheric Administration, 2002). Monthly total precipi-
tation measurements ranged from 0.05 to 14.4 in. The average
monthly precipitation was 4.2 in. during the 1961-2000 period
and was fairly evenly distributed throughout the year, within
arange of 3.2 to 5.1 in. Average annual air temperature at the
climatological station was 49.6°F during the 1961-2000 period,
and monthly average temperatures ranged from 28.3°F in
January to 70.7°F during July.



71°45'

| MASSACHUSETTS

4200 — |—T

01111500

ISLA

CONNECTICUT
)

G
OBRE =
r\\

D\

=
=
%,
Ln
%
©

D

AN

£
N\

v, >\

0 01114500
= Providence
N\ Scituute 4 ‘ )
Reservair 7115
J 7
STUDY | TR
\ S
F/”’Rf"e, \"*
AREA |

41300 — N
$
01118000 | =

01117500

- —

/

b

@QQ"A ]
%

o‘“& ¢
o Pav¢ n

o -

N 1
p | Soun¢
o Istane
Bloc
0 10 MILES
| | |
[ I |
0 10 KILOMETERS
Base from Rhode Island GIS ‘
Polyconic projection, North American
Datum of 1983 BLOCK
ISLAND
Figure 2.

gound

EXPLANATION

01117500 U.S. GEOLOGICAL SURVEY
A CONTINUOUS-RECORD

STREAMFLOW-GAGING STATION
AND IDENTIFIER

&  NATIONAL OCEANIC AND

14266 ATMOSPHERIC ADMINISTRATION
CLIMATOLOGICAL STATION

AND IDENTIFIER
B TOWN CENTER
W STATE CAPITAL

Location of U.S. Geological Survey continuous-record streamflow-gaging stations and a National

Oceanic and Atmospheric Administration climatological station used to estimate hydrologic conditions in the
Big River Area, Rhode Island.

| S.L.LHSﬂHD\f’SS\"W

Introduction

5



6 Effects of Instream-Flow Criteria and Water-Supply Demands on Ground-Water Development Options in the Big River Area, RI

Hydrogeology

The three major hydrogeologic units in the study area are
glacial stratified deposits, glacial till, and bedrock. The distribu-
tion of these hydrogeologic units is shown on figure 1. The
stratified sediments are composed of gravel, sand, silt, and clay
that were carried away from the glacial ice front by meltwater
streams. Thick coarse-grained stratified sediments that consist
of highly transmissive fine sand to coarse gravel have the capac-
ity to yield large quantities of water to wells, and form the prin-
cipal (or surficial) aquifer in the study area. Hydraulic conduc-
tivity of the surficial aquifer has been estimated to range from
94 ft/d to 600 ft/d at six aquifer-test sites within the study area
(Stone and Dickerman, 2002). Vertical hydraulic conductivity
of the aquifer at these sites ranged from 0.9 to 39.4 ft/d. The
estimated ratio of horizontal to vertical hydraulic conductivity
ranged from 5:1 to 125:1. The specific yield of the aquifer is
estimated to range from about 0.16 to 0.39 on the basis of mea-
surements made in similar deposits in the Pawcatuck River
Basin to the south of the study area (Allen and others, 1963).

The surficial aquifer is unconfined and in most places
is in hydraulic connection with streams, ponds, and wetlands.
The most transmissive parts of the surficial aquifer lie within a
10.9-mi? area that is the focus of this investigation. The area is
shown on figure 3 as the active area of the simulation models.
The saturated thickness of the aquifer within this area is esti-
mated to be 10 ft or greater (Granato and others, 2003). The
aquifer is recharged by precipitation, natural stream leakage,
ground-water inflow from adjacent till and bedrock uplands,
and locally by septic-system discharge. Recharge from precipi-
tation is estimated to average 26.4 in/yr in the study area, with
average monthly rates that ranged from 0.6 in. for September to
4.2 in. for March for the 1964-98 period. Ground water leaves
the aquifer by direct discharge to streams, ponds, and wetlands;
by evapotranspiration; by underflow to adjacent flow systems;
and through withdrawal at two production wells owned and
operated by the Kent County Water Authority (wells KCO1 and
KCO02, figs. 1 and 3).

Ground water moves through the surficial aquifer in
the direction of decreasing water levels. Within the 10.9-mi?
model-focus area, ground-water levels range from a maximum
of about 360 ft above NVGD 1929 in the southern part of the
study area to a minimum of about 240 ft above NVGD 1929
along the Mishnock River at State Route 3 (fig. 3). The general
direction of ground-water flow in the Big River Valley is east-
ward from the till and bedrock uplands on the western side of
the basin and northward toward the Flat River Reservoir. In the
Carr and Mishnock River Valleys, ground-water flow generally
is westward from the eastern side of the study area and northeast
toward the Mishnock River outflow point at State Route 3.
Water-table contours shown on figure 3 indicate that ground-
water flow in the Big River Valley is largely independent of
flow in the Carr and Mishnock River Valleys because of the

presence of a northwest-to-southeast-trending bedrock ridge
that extends from Hungry Hill towards Capwell Mill Pond and
continues southward through the unnamed hill south of the
pond. The water-level contours shown in figure 3 were calcu-
lated with the steady-state model of the study area and are sim-
ilar to those drawn on the basis of field measurements and
reported in Granato and others (2003).

Numerical Models of the Big River Area

Steady-state and transient numerical models were devel-
oped to simulate ground-water flow and interactions between
ground water and surface water in the Big River study area
(Granato and others, 2003). The numerical models were devel-
oped with the USGS finite-difference ground-water-flow
computer code MODFLOW (McDonald and Harbaugh, 1988;
Harbaugh and McDonald, 1996) and the associated streamflow-
routing package (Prudic, 1989). The steady-state model simu-
lates average hydrologic conditions within the aquifer that do
not change with time, whereas the transient model simulates an
average annual cycle of monthly hydrologic stresses. Models
were calibrated to ground-water levels and streamflows in the
basin that were representative of average withdrawal and
hydrologic conditions during the 35-year period 1964-98. The
calibrated model described by Granato and others (2003) was
used in the current study because the hydrologic conditions for
the 35-year period were similar to those of the 1961-2000
period that was used in this study in the development of
representative streamflow statistics for the study area.

The numerical models consist of a three-dimensional
grid of cells composed of 5 layers, 216 rows, and 204 columns
(Granato and others, 2003). The grid is aligned in the north-
south direction and is parallel to the north-trending valleys of
the Congdon, Big, and Mishnock Rivers (fig. 4). The areal
extent of the active area of the model—that is, the area of the
model in which ground-water heads are simulated—is 10.9 mi2.
Horizontally, all cells have a uniform dimension of 200 ft on
each side. The model extends vertically downward from the
water table to the contact between the surficial aquifer and
underlying bedrock. Flow within the bedrock, which is the
lower boundary of the model, is assumed to be negligible; all
recharge, therefore, is accounted for within the surficial aquifer.
Individual cells range in thickness from about 3 ft to about 40 ft.

Values of horizontal hydraulic conductivity simulated in
the model are 300 ft/d for buried sand and gravel, 200 ft/d for
sand and gravel, 105 ft/d for sand, and 15 ft/d for fine deposits
(very fine sand, silts, and clay). The ratio of horizontal to verti-
cal hydraulic conductivity for buried sand and gravel, sand and
gravel, and sand is 10:1 and for fine deposits is 50:1. Uniform
values of 0.28 and 3.0 x 10™* are specified for the specific yield
and storage coefficient of the sediments, respectively, in the
transient model. A specific yield of 1.0 is specified for the
simulated ponds, lakes, and reservoirs.
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Several types of boundary conditions were used to simu-
late inflows and outflows of water to and from the modeled area
(table 1). The sources of water to the model are recharge,
streamflow from upland areas, and lateral ground-water inflow.
Recharge was specified for the uppermost layer of the model
(layer 1), which is the water table. Recharge in the study area
consists of two components. The largest component is from pre-
cipitation, and is estimated to be 26.4 in/yr in all areas of the
model except those overlain by ponds and lakes, where recharge
was estimated to be about 22.3 in/yr. Total simulated precipita-
tion recharge to the model was 20.9 ft3/s for average steady-
state conditions. The second component of recharge is waste-
water return flow in seven small unsewered areas of the model
that are on public water supplies. Total estimated wastewater
recharge was 0.4 ft3/s. Streamflow into the model from upland
areas of till and bedrock was simulated at five locations shown
on figures 3 and 4. Total steady-state flow into the model at
these five locations was estimated to be about 30.1 ft3/s. Lateral
ground-water inflow from upland areas also was simulated at
the cells shown with an "x" along the perimeter of the model
area on figure 4; total inflow along the lateral boundaries was
15.7 ft3/s. Total model-calculated steady-state inflow to the
model area from all sources, therefore, was 67.1 ft3/s.

Water leaves the modeled area by four processes: stream-
flow out of the basin at the Big and Mishnock Rivers, evapo-
transpiration from the water table, ground-water withdrawals,
and ground-water underflow to adjoining areas in the surficial
aquifer. The largest component of outflow is to the Big and
Mishnock Rivers, which receive drainage from all upstream
sources. Streams that are simulated in the models are shown in
figure 4. Total calculated average stream outflow in the streams
was 61.5 ft3/s, of which 54.6 ft3/s was from the Big River,

6.7 ft3/s was from the Mishnock River, and 0.2 ft3/s was from
direct ground-water discharge to the Flat River Reservoir.
Evapotranspiration directly from the water table was calculated
to be 3.4 ft3/s, or about 5 percent of the total inflow to the mod-
eled area. Simulated average annual ground-water withdrawals
from production wells KCO1 and KCO02 in the modeled area
were 2.2 ft3/s (1.0 ft3/s at KCO1 and 1.2 ft3/s at KC02). A small
amount of ground-water underflow (0.1 ft3/s) was estimated for
the northern boundary of the model near where the Mishnock
River leaves the basin, but was not simulated in the models.
Total model-calculated steady-state outflow from the model
area from all sources, therefore, was 67.1 ft3/s.

Granato and others (2003) did a sensitivity analysis of the
models and found that model results may be limited by the
quantity and quality of input data. Calculated ground-water
levels and streamflows are affected by estimates of recharge,
horizontal and vertical hydraulic conductivity, and the esti-
mated specific yield of aquifer materials. Calculated stream-
flows are most sensitive to variations in values specified for
recharge.
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Table 1. Model-calculated steady-state and transient average annual
hydrologic budgets for the Big River Area, central Rhode Island.

[Modified from Granato and others, 2003. Does not include direct runoff
(about 8.3 cubic feet per second) in model area. Budget components are in
cubic feet per second, and in parentheses, million gallons per day]

Hydrologic Steady-state Transient-model
budget
model budget budget
component
Estimated inflow
Ground-water recharge from:
Precipitation 20.9 (13.5) 20.9 (13.5)
Wastewater-return flow 4 (.3) 4 .3)
Streamflow from uplands 30.1 (19.5) 30.1 (19.5)
Lateral ground-water inflow 15.7 (10.1) 15.7 (10.1)
Total inflow 67.1 (43.4) 67.1 (43.4)
Estimated outflow
Streamflow 61.5 (39.7) 61.2 (39.6)
Evapotranspiration 34 (2.2) 34 (22
Ground-water withdrawal 22 (1.4 22 (14
Total outflow 67.1 (43.4) 66.8 (43.2)
Budget error (inflow—outflow) 0.0 (0.0 03 (0.2)

Streamflow Response to Ground-Water
Withdrawals

The physical response of streamflow to ground-water
withdrawals at pumping wells determines the withdrawal strat-
egies that may be used to balance ground-water withdrawals
needed for water supply and aquatic-habitat protection goals.
The interaction of a typical stream in the Big River study
area with underlying ground water is shown schematically in
figure 5. Under conditions of no ground-water withdrawals (the
natural condition shown in fig. 5A), most of the water that is
recharged to the aquifer eventually discharges to streams and
other surface-water bodies. This discharge occurs at the bottom
of the streambed, where ground-water levels are higher than
water levels in the stream. The hydraulic gradient toward the
stream causes ground water to seep through the streambed and
into the stream. The stream is referred to as gaining because
there is a gain of water from ground-water discharge. There also
may be a small amount of additional ground-water discharge
from the aquifer caused by evaporation and transpiration in the
riparian zone near the stream where the water table is close to
the land surface. Such riparian evapotranspiration has been
found to be about 5 to 10 percent of total aquifer recharge in
southern Rhode Island and southeastern Massachusetts (Bent,
1995; Barlow, 1997; Dickerman and others, 1997).
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With the initiation of ground-water withdrawals, ground-
water levels in the aquifer are lowered and the direction of
ground-water flow near the well is altered (fig. 5B). Some of the
ground water that flowed to the stream in the absence of with-
drawals is now captured by the well and, if the pumping rate is
large enough, streamflow can be drawn into the aquifer (a pro-
cess called induced infiltration) and possibly captured by the
well. The net effect of these two processes (captured ground-
water discharge and induced infiltration) is to reduce the
amount of streamflow. Reductions in streamflow caused by
ground-water withdrawals are referred to as streamflow deple-
tions, and the source of water to the well is referred to as stream-
flow capture.

The hydrologic conditions near the pumping well and
stream illustrated in figure 5B are those that occur after a period
of time that is long enough for the hydrologic system to stabilize
to the pumping rate of the well. There is, however, a period of
time between the initiation of pumping and stabilization of the
hydrologic system during which some or all of the water cap-
tured by the well consists of ground water released from aquifer
storage. The transition from the predominance of ground-water
storage to the predominance of streamflow capture as the source
of water to the well is illustrated by the graph in figure 6. At the
start of pumping, all of the water pumped by the well comes
from ground-water storage. With time, as the hydrologic system
stabilizes to the pumping stress, the dominant source changes
from water released from aquifer storage to streamflow capture.
In the long term, the amount of streamflow capture approaches
the quantity of water pumped from the well. For example, the
transition time for wells pumping in the Big River Area lasts
from a few days to several months.

An important implication of figure 6 is that the amount of
streamflow depletion does not equal the pumping rate from the
well immediately after pumping begins. Moreover, streamflow
depletion does not cease immediately after pumping stops. This
is illustrated by the two curves in figure 7, which show the
amount of streamflow depletion that occurs with time in
response to pumping at two hypothetical wells located 250 ft
(well A) and 1,000 ft (well B) from a stream. The curves are
based on concepts of streamflow depletion discussed by Jenkins
(1968) and Barlow (1997). Each well is pumped independently
at arate of 1.0 Mgal/d for a period of 180 days and is then turned
off. After 180 days of pumping, the streamflow-depletion rate
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caused by well A, which is closest to the stream, is about 95 per-
cent of the withdrawal rate of the well, whereas that caused by
well B is only 70 percent. After pumping stops, the streamflow-
depletion rate caused by well A quickly decreases to about
0.1 Mgal/d, which is less than 10 percent of the withdrawal rate
of the well, after about 25 days without pumping (day 205). The
decrease in the rate of streamflow depletion in response to well
B being turned off, however, is much slower, with the stream-
flow-depletion rate remaining at about 0.1 Mgal/d (about 10
percent of the withdrawal rate of the well) even after 150 days
without pumping (day 330). The maximum streamflow-
depletion rate occurs about 3 to 4 days after well B is turned off
because of the distance from the well to the stream (fig. 7).
The key point to the graphs shown on figures 6 and 7 that
affects results of the ground-water development scenarios eval-
uvated in this report is that there is a delay in the response of a
stream to the initiation or cessation of pumping at a well. The
magnitude of the delay is a function of several variables, includ-
ing the three-dimensional structure and hydraulic properties
of the aquifer, the distribution and hydraulic properties of
streambed materials, the depth of penetration of the stream and
well into the aquifer, and the distance of the well from the
stream.
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Streamflow and Instream-Flow
Criteria Applied to Basins in the
Big River Area

Estimates of streamflow and definitions of instream-flow
criteria are necessary to determine potential water availability
in the Big River Area within the constraints of maintaining
streamflows that support aquatic habitat. Streamflow was esti-
mated and different instream-flow criteria were applied to four
sites of interest in the study area. Estimates of streamflow are
critical for this analysis because instream-flow criteria that have
been proposed or applied for use in New England are based on
the assumption that the quality of riparian and aquatic habitat
depends on available streamflows (Armstrong and others,
2004).

Estimated and Simulated Streamflow

Streamflow was not measured continuously on any stream
in the Big River Area during the entire 1961-2000 study period.
Therefore, it was necessary to estimate streamflows at sites in
the basin by correlating measurements collected in the Big
River Area with streamflow data collected in nearby basins. The
Lake Mishnock Outflow (station 01115965), the Mishnock
River at State Route 3 (station 01115970), the Carr River below
Capwell Mill Pond (station 01115770), and the Big River at Hill
Farm Road (station 01115835) were selected for estimation of
the potential effects of ground-water withdrawals in the basin
(fig. 1). Records from the Big River at State Route 3 (station
01115800) were used to calculate a drainage-area-ratio estimate
of streamflow in the Big River at Hill Farm Road (station
01115835). The Nooseneck River (station 01115630) was
selected for use in verification of streamflow estimates for
partial-record stations because of the availability of continuous-
streamflow records at this station for the period 1964-81.



Streamflow and Instre

Correlations between streamflow data from long-term (40-
year) continuous-record streamflow-gaging stations near the
study area (table 2, fig. 2) and data collected at partial-record
streamflow-gaging stations (table 3) were made for the purpose
of estimating streamflows and streamflow statistics at selected
points within the Big River Area for the period 1961-2000.
These correlations were made with the method of maintenance
of variance extension, type 1 (MOVE.1) (Hirsch, 1982). The
MOVE.1 method, otherwise known as the line of organic corre-
lation, is a regression procedure that minimizes the sum of the
areas of right triangles formed by horizontal and vertical lines
extending from observations to the fitted line, and so minimizes
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the effect of uncertainties in both the independent and depen-
dent variables. The Branch River at Forestdale, RI (station
01111500), Woonasquatucket River at Centerdale, RI (station
01114500), Hunt River near East Greenwich, RI (station
01117000), Pawcatuck River at Wood River Junction, RI (sta-
tion 01117500), and the Wood River at Hope Valley, RI (station
01118000), were selected for analysis from among all the
continuous-record streamflow-gaging stations in Rhode Island
because these stations are generally unregulated and have a
complete and continuous record of daily average flows for the
period from January 1961 through December 2000.

Table2. Summary statistics for streamflow-gaging stations in Rhode Island that have a continuous period of record for January 1961

through December 2000.

[Drainage areas and percentage stratified deposits from Zarriello and Socolow, 2003. Station locations shown on figure 2. ft3/s, cubic foot per second; ft3/s/miZ2,

cubic foot per second per square mile; mi2, square mile]

1996-98 1961-2000
. . Percentage
] s‘?f'““_ . Drainage ofsand  Average Average Average Average
identification Station name ared  andgravel annual  annualflow  annual  annual flow
number (mi*) ; flow per unit area flow per unit area
deposits 1 1
(f}s)  (ft¥s/mi?) (ft¥/s) (ft}/s/mi?)
01111500 Branch River at Forestdale 91.2 5.8 207 2.27 179.6 1.97
01114500 Woonasquatucket River at Centerdale 38.3 22 88.5 2.31 75.3 1.97
01117000 Hunt River near East Greenwich 22.9 51 56.0 2.45 48.5 2.12
01117500 Pawcatuck River at Wood River Junction 100 44 226 2.26 199 1.99
01118000 Wood River at Hope Valley 72.4 25 177 2.44 158 2.18
Table 3. Partial-record streamflow-gaging stations, streamflow statistics for the 1996-98 data-collection period, and estimates of

associated streamflow statistics during the 1961-2000 period in the Big River Area, central Rhode Island.

[Twenty-eight instantaneous streamflow measurements made between July 1996

and October 1998. Streamflows estimated without ground-water withdrawals

were calculated by adding the monthly streamflow depletion, which is based on ground-water withdrawal records, to measured or estimated streamflows. Station
locations shown on figure 1. ft3/s, cubic foot per second; ft3/s/miZ, cubic foot per second per square mile; miZ, square mile; --, not applicable]

MOVE.1 estimate of

Streamflow measured during streamflow during the

Station Drainage Percentage 19%6-98 19612000 period
. e . of sand
identification Station name area and gravel Average Average
number (mi?) deposits Range Average per unit Average  per unit
(f)s)  (fYs) area (ft/s) area
(#3/s/mi?) (ft%/s/mi?)
01115630 Nooseneck River near Nooseneck 8.23 30 1.96-44.6 16.0 1.94 16.6 2.02
01115770  Carr River below Capwell Mill Pond 7.33 63 0.94-289 11.1 1.51 12.7 1.73
01115800 Big River at State Route 3 23.1 47 5.83-121 41.0 1.77 441 1.91
01115835 Big River at Hill Farm Road 30.88 42 -- -- - 59.0 1.91
01115965 Lake Mishnock Outflow near Washington 29 90 2.28-833 3.82 13.2 3.96 13.7
Estimated streamflows without ground-
water withdrawals 241-8.45  3.96 13.6 4.08 14.1
01115970 Mishnock River at State Route 3 3.32 86 243-129 640 1.93 6.70 2.02
Estimated streamflows without ground-
water withdrawals 3.28-13.6  7.18 2.16 7.44 2.24

IFlows at station 01115835 estimated by the drainage-area-ratio method from station 01115800.
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Of the five continuous-record streamflow-gaging stations
initially selected, three stations—Hunt River near East
Greenwich, RI, Pawcatuck River at Wood River Junction, RI,
and the Wood River at Hope Valley, RI (table 4)—had records
that correlated best with the partial-record streamflow measure-
ments collected in the study area during 1996-98. Their corre-
lation coefficients with measurements from the Nooseneck
River, Carr River , Big River, and Mishnock River partial-
record stations were greater than 0.95 and were highly corre-
lated with the Lake Mishnock Outflow (table 4). Correlations
between streamflows at the continuous-record stations and
streamflows at the Lake Mishnock Outflow are lower than cor-
relations for the other partial-record sites because the hydrology
of the Hunt, Pawcatuck and Wood River systems is different
from the hydrology of Lake Mishnock. Natural ground-water
underflow from the Carr River Basin to Lake Mishnock aug-
ments streamflow and dampens seasonal variability in stream-
flows at the Lake Mishnock Outflow (Granato and others,
2003).

MOVE.1 estimates of daily flows during the period 1961-
2000 were used to calculate streamflow statistics necessary
to characterize historical streamflows. MOVE.1 estimates of
average monthly and median monthly streamflows for the
Nooseneck River and the Carr River for the 1961-2000 period
are comparable to statistics for continuous-record streamflows
measured during the period 1964—79 at these sites (figs. 84 and
8B, respectively). An estimate of the long-term mean monthly
streamflow for the Big River at State Route 3 was based on an
area-weighted average of streamflow in the Nooseneck and
Carr River tributaries (fig. 8C). Ries and Friesz (2000) deter-
mined that use of this type of drainage-area ratio to estimate
streamflows at different places along a stream was an accurate
streamflow-estimation method if the drainage area at the site of
interest was between 0.3 and 1.5 times the drainage area of the
data-collection site. The MOVE.1 estimates for the Big River
compare favorably to the area-weighted estimates based on the

continuous record for 1964-79 from the Nooseneck and Carr
River tributaries. This result also indicates that MOVE.1 esti-
mates at partial-record stations can be extrapolated by use of the
drainage-area ratio method (fig. 8). The Big River at Hill Farm
Road, designated as station 01115835 in table 3, is the surface-
water-outflow point from the Big River Basin to the Flat River
Reservoir (figs. 1, 3). Extrapolation by drainage area is neces-
sary to estimate streamflows at this site because the river is in
the backwater of the reservoir. Therefore, streamflows at the
Big River at Hill Farm Road (station 01115835), with a drain-
age area of 30.88 miZ, were estimated from the data collected
for the Big River at State Route 3 (station 01115800), with a
drainage area of 23.1 mi? (fig. 1).

Streamflow in the Mishnock River Basin has been reduced
by ground-water withdrawals at the two KCWA wells (Granato
and others, 2003). Estimates of streamflow unaffected by with-
drawals for the period 1961-2000 in the Mishnock River Basin
were calculated by adding estimated streamflow depletions to
the partial-record measurements before applying the MOVE.1
analysis. Estimates of average daily streamflow, which were
calculated for the 199698 data-collection period by subtracting
estimated monthly streamflow depletions from the MOVE.1
estimated streamflows without withdrawals, are comparable
to instantaneous streamflow measurements made at this site
(fig. 9). Simulation results (Granato and others, 2003) indicate
that streamflows in the Carr River and the Big River at State
Route 3 are not affected by KCWA ground-water withdrawals.
MOVE.I streamflow estimates for the period 1961-2000 were
calculated with unadjusted partial-record data for these two
streamflow-gaging stations. Granato and others (2003) also
indicate that streamflow in Big River at Hill Farm Road was
affected by KCWA ground-water withdrawals. Streamflow at
this station, however, was estimated by drainage-area ratio from
measured partial-record data collected on the Big River at State
Route 3, and, thus, reflects conditions without KCWA ground-
water withdrawals at this site.

Table 4. Correlation coefficients for log-transformed streamflow data from selected continuous-record streamflow-gaging stations and
selected partial-record streamflow-gaging stations monitored during the period 1996-98 in the Big River Area, central Rhode Island.

Station Lake Mishnock Mishnock Nooseneck  Carr Riverbelow . _.

. oy . . . Big River at

identifi- . Outflow near River at River near Capwell Mill

. Station name . State Route 3

cation Washington State Route 3 Nooseneck Pond (01115800)

number (01115965) (01115970) (01115630) (01115770)
01111500 Branch River at Forestdale 0.588 0.875 0.892 0.844 0.848
01114500 Woonasquatucket River at Centerdale 582 872 .889 .863 875
01117000 Hunt River near East Greenwich 743 .968 953 963 964
01117500 Pawcatuck River at Wood River Junction 756 955 958 962 .970
01118000 Wood River at Hope Valley 786 958 987 965 .990
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A. Nooseneck River tributary to Big River
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Figure 8. Estimated monthly streamflow statistics at the Nooseneck River, Carr River, and Big River partial-record
streamflow-gaging stations, Rhode Island, during the period 1961-2000 compared to calculated monthly flow statistics
from the 196479 period. Calculated statistics for the A, Nooseneck River; and B, Carr River stations are based on
continuous-record streamflow measurements made during the 1964-79 period. Calculated statistics for the C, Big River
are based on an area-weighted estimate of calculated monthly streamflow statistics from the Nooseneck River and Carr
River tributaries. (Station-identification information listed in table 3. Locations of stations shown on figure 1.)
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Mishnock River at State Route 3 (station 01115970)
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Figure 9. Estimated average daily streamflows in the Mishnock River at State Route 3 (station 01115970) with and
without depletions caused by documented monthly ground-water withdrawal rates at wells KCO1 and KC02 in the
Mishnock River Basin, central Rhode Island, and measured partial-record flow data collected during the period from

June 1996 through December 1998.

Wastewater return flows within the area increase total
available streamflow. Return flows were calculated as water
withdrawals minus consumptive use. Future wastewater return
flows are expected to remain at about 0.4 ft3/s (0.3 Mgal/d)
because most of the land is protected from development and
the proposed increases in withdrawals are currently (2004)
planned to meet increasing water demands outside the Big
River Area (Camp Dresser and McKee, Inc., 1999, 2000, 2001;
Granato and others, 2003). Therefore, withdrawals beyond the
0.3 Mgal/d return flow will result in streamflow depletion in the
Big River Area. Streamflow augmentation from wastewater
recharge was factored into the streamflows estimated without
ground-water withdrawals for the period 1961-2000. Stream-
flow depletions were calculated as the difference between a
predevelopment scenario (without ground-water withdrawals
or wastewater recharge) and a scenario with the KCWA
withdrawals (and wastewater recharge).

The estimated average monthly streamflow in the absence
of ground-water withdrawals for the 40-year period 1961-2000

has a strong seasonal pattern (table 5, fig. 10). Several stream-
flow statistics, including average monthly flows, the median of
average monthly flows, and the median of median monthly
flows, have been used or have been proposed for use in deter-
mining instream-flow requirements. These statistics were cal-
culated for the 1961-2000 period for each station from the
MOVE.1 estimates of daily streamflows (fig. 10). Estimates of
average monthly flows are about 10 percent higher than esti-
mates of the median of average monthly flows except during
February, when they are about equal. Estimates of average
monthly flows are about 20 percent higher than estimates of the
median of median monthly flows during the 1961-2000 period
(fig. 10). Flow-duration curves for estimated average daily and
average monthly streamflows are shown for each station in
figure 11. As expected, the extreme average daily flows diverge
from average monthly flows, but the flow-duration curves indi-
cate that the two are comparable from about the 5th to the 95th
percentiles of streamflow during the period 1961-2000.
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Table 5. Estimated average monthly streamflows without
ground-water withdrawals in the Big River Area, central Rhode
Island.

[Stations selected for analysis of streamflow depletion in the Big River Area,
central Rhode Island, shown in figure 1. Estimated average monthly
streamflow rounded to three significant figures]

Average monthly streamflow, in cubic foot per second

Lake

Mishnock Mishnock Carr River Big River at
Month  gutflow River at Ca"ev?;" Hill Farm
near State Route 3 MiIfPond Road
Washington  (01115970) (01115770) (01115835)
(01115965)
January 4.61 8.89 17.5 79.4
February 4.75 9.28 18.6 84.5
March 5.09 10.3 23.6 105
April 5.04 10.2 23.0 102
May 4.61 8.82 16.0 74.4
June 4.02 7.16 11.1 52.5
July 3.31 5.26 5.10 26.7
August 3.08 4.70 4.07 21.7
September 3.02 4.57 3.93 20.9
October 3.27 5.20 5.29 27.2
November 3.87 6.78 9.78 46.9
December 4.39 8.27 15.0 69.0

Instream-Flow Criteria

Currently (2004), the State of Rhode Island is developing
statewide instream-flow policies needed for water-supply and
aquatic-habitat protection goals to help balance ground-water
and surface-water withdrawals (Rhode Island Water Resources
Board, 2003). Instream-flow criteria are intended to protect
aquatic and riparian ecosystems, but minimum ecological
requirements are not well defined. Each flow-related habitat-
assessment technique has benefits, limitations, and applicability
issues for conditions in southeastern New England (Armstrong
and others, 2001; Ipswich River Fisheries Restoration Task
Group, 2002; Rhode Island Water Resources Board, 2003).
These techniques—whether they use channel geometry, geo-
morphological characteristics, streamflow statistics, or other
measures—are, to some degree, based on the assumption that
historical regional streamflow regimes have shaped the habitat
and defined the current ecosystem at a given site. Various mea-
sures of regional average streamflow statistics are commonly
used as surrogate measures of ecological viability for stream
habitat. Methods based on historical streamflow statistics
are widely used in New England because they are based on an

existing, available, and widely accepted data set (USGS stream-
flow-gaging data), and because the U.S. Fish and Wildlife
Service (USFWS) has used regional streamflow data to define
instream-flow criteria downstream of surface-water impound-
ments since 1981 (U.S. Fish and Wildlife Service, 1981; Lang,
1994, 1999).

Historically, assessment of the potential for acceptable
streamflow depletions by ground-water withdrawals (and,
therefore, the potential availability of ground water for
public-supply development) has been estimated by subtracting
calculated or estimated average monthly streamflows from a
value of recommended minimum monthly flows. For example,
the 7-day, 10-year low flow (7Q10) has been used to compare
potential ecological water needs and water availability (Dicker-
man and others, 1997; Rhode Island Water Resources Board,
2003). A policy of allowing water withdrawals to deplete
streamflows to 7Q10 levels in the "average year" would
increase the likelihood that withdrawals could cause drought-
like streamflow conditions on a regular basis.

The Rhode Island Water Resources Board (2003) has
formed a Rhode Island Water Allocation Program Advisory
Committee (RIWAPAC) to "develop instream-flow standards
that allow for maximum sustainable use of the State’s waters,
are protective of the biological, chemical and physical integrity
of those waters, and allow site-specific standards." The advi-
sory committee has determined that use of long-term stream-
flow statistics from USGS streamflow gaging stations in Rhode
Island may provide the most robust method to determine poten-
tial instream-flow criteria and to estimate water potentially
available for water-supply development (Rhode Island Water
Resources Board, 2003). The primary criterion throughout New
England has been the USFWS interim regional policy for New
England instream-flow criteria downstream of impoundments
(U.S. Fish and Wildlife Service, 1981; Lang 1994; 1999); this
policy continues to underlie alternative criteria that are defined
by area-based application of regional streamflow statistics.

The effects of various example instream-flow criteria on
potential allowable depletions and resultant ground-water
withdrawal options were evaluated (table 6). Potential allow-
able depletions are calculated as the difference between these
instream-flow criteria and a comparable estimate of monthly
streamflow during the period 1961-2000 in the absence of
ground-water withdrawals. These values are described as
potential depletions because the full amount of water in any
given month may not be obtainable from ground-water
withdrawals without violating instream-flow criteria in subse-
quent months (the lagged effect of ground-water withdrawals
on streamflow depletion). Each alternative instream-flow
criterion for each month of the year in cubic foot per second per
square mile and the associated potential streamflow depletion
in cubic foot per second at each of the four sites of interest
within the Big River Area is documented in the 11 tables in
Appendix 1.
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Figure 10. Estimates of average monthly flows, the median of monthly average flows, and the median of monthly median flows during the
period 1961-2000 at the A, Lake Mishnock Outflow (station 01115965); B, Mishnock River at State Route 3 (station 01115970); C, Carr River
below Capwell Mill Pond (station 01115770); and D, Big River at Hill Farm Road (station 01115835), central Rhode Island.
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Table 6. Summary of selected instream-flow criteria considered in this study.

[Abbreviations: 4B3, 4-day 3-year biologically based low flow; 4B2, 4-day 2-year biologically based low flow; 4Q3, 4-day 3-year statistically based low flow;
4Q2, 4-day 2-year statistically based low flow; 7Q10, 7-day 10-year statistically based low flow. Type: The type of criteria defines the sometimes simplified
application as described in this report—Annual, one criterion value is applied throughout the year; Monthly, criteria values are applied within each month;
Seasonal, criteria values are applied to groups of 2 or more months. --, not applicable]

I L Text Appendix1
Criterion name Abbreviation(s) Type Reference(s) table table
U.S. Fish and Wildlife Service USFWS ABF Seasonal U.S. Fish and Wildlife Service, 1981 -- 1-1
Aquatic Base Flow Lang, 1994, 1999
Historical Connecticut (1977) -- Annual  Connecticut General Assembly, 2003 -- 1-2
Minimum Flow Standard
Low-Flow Statistics 4B3, 4B2, 4Q3, Annual  U.S. Environmental Protection Agency, 2003 7 )
4Q2, 7Q10
Wetted-Perimeter Method -- Annual  Armstrong and Parker, 2003 -- 1-3
Kent County Water Authority -- Annual  Camp Dresser and McKee, Inc., 1999, 2000, -- 1-4
Mishnock River Permit 2001
R2Cross Methodology -- Annual  Armstrong and Parker, 2003 -- 1-5
Instream-Flow Incremental IFIM Seasonal Gomez and Sullivan Engineers, 2002 8 1-6
Methodology
Massachusetts Department of MDERP limit Seasonal Massachusetts Department of Environmental 9 1-7
Environmental Protection Protection, 2003; Zarriello, 2004
streamflow-diversion threshold
Ipswich River Fisheries Restoration IRFRTG limit Seasonal Ipswich River Fisheries Restoration Task 10 1-8
Task Group instream-flow criteria Group, 2002
Median of Median Monthly Flows MMM Monthly  Apse, 2000 11 1-9
Hybrid Method -- Seasonal  Apse, 2000 12 1-10
Median of Monthly Average Flows MMA Monthly  Apse, 2000 13 1-11

Low-flow statistics are approximated by the Historical Connecticut (1977) Minimum Flow Standard value.

Streamflow constraints discussed in the following sections
were selected as examples to illustrate the potential effects of a
range of instream-flow criteria on the maximum attainable
ground-water withdrawals calculated by use of the conjunctive-
management model. These instream-flow criteria and associ-
ated depletion-limit estimates should not be construed as rec-
ommendations for implementation of specific regulatory
streamflow standards. Rather, these simulations provide infor-
mation from which regulatory decisions may be made. The New
England Aquatic base flow, constant annual criteria, and sea-
sonal or monthly criteria are discussed. Alternative methods
are described in order of increasing restrictions on potential
depletions.

U.S. Fish and Wildlife Service New England
Aquatic Base Flow

The USFWS New England aquatic base flow (ABF)
default criteria are derived from the median of measured
monthly average flows in the region for the period of record.
The ABEF criteria are 0.5 ft3/s/mi® during "summer" (June
through October) to maintain habitat, temperature and dis-
solved oxygen; 1.0 ft3/s/mi? during "fall and winter"
(November through February); and 4.0 ft3/s/mi® during

"spring" (March through May) to maintain spawning and incu-
bation habitat (U.S. Fish and Wildlife Service, 1981; Lang
1994; 1999). The USFWS (1981), however, recognized the
potential for low-flow periods and specified, "when inflow
immediately upstream of a project falls below flow releases pre-
scribed for that period, the outflow be made no less than the
inflow." The seasonal ABF criteria are averages of the median
of average monthly flows from 48 USGS streamflow-gaging
stations throughout New England with at least 50 mi2 of drain-
age area. Twenty-five years of streamflow records that have
been unaffected by withdrawals or regulation at a streamflow-
gaging station are required by the USFWS to define data-based
ABF criteria for that station; otherwise, the New England area-
based ABF criteria are applied. The USFWS ABEF criteria were
designed to regulate hydroelectric-power releases to ensure
minimum streamflows for aquatic-habitat maintenance. The
criteria are based on the assumptions that the party responsible
for maintaining minimum streamflows can respond to natural
variations in streamflow on a daily basis and that a large volume
of water is available in storage and can be released to maintain
streamflows. The USFWS criteria also allow for alternative
proposals if supported by biological justification (U.S. Fish and
Wildlife Service, 1981).
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Area-based USFWS instream-flow criteria are shown with
estimates of the median of average monthly flows for the Lake
Mishnock Outflow, the Mishnock River at State Route 3, the
Carr River below Capwell Mill Pond and the Big River at Hill
Farm Road for the 1961-2000 period (fig. 12). The medians of
monthly average streamflows at the Lake Mishnock Outflow
are about four times greater than the USFWS area-based
ABEF values throughout the year (fig. 12A) because the model-
calculated ground-water-recharge area contributing to the lake
is about 5.5 times the surface-water drainage area of the lake
(0.29 mi?) (Granato and others, 2003). The medians of monthly
average streamflows in the Mishnock River at State Route 3 are
about two to three times greater than the USFWS area-based
ABEF values, except during the springtime high-flow period
when streamflows are about one-half to one-third less than the
ABEF values (fig. 12B). The medians of monthly average
streamflows in the Carr River below Capwell Mill Pond are
below the USFWS area-based ABF values during the spring-
time high-flow period (March, April, and May) and in August,
September, October, and November (fig. 12C). Streamflows in
the Carr River Basin are low relative to the ABF values because
the Carr River naturally loses ground water to the Mishnock
River Basin (Granato and others, 2003). The medians of
monthly average streamflows in the Big River at Hill Farm
Road are above the USFWS area-based ABF values except dur-
ing the springtime high-flow period (fig. 12D). Potential allow-
able streamflow depletions under the USFWS criteria were cal-
culated by subtracting the minimum streamflow standards from
the estimates of the medians of monthly average streamflows,
without ground-water withdrawals, at each station (Appendix 1,
table 1-1). Potential maximum allowable streamflow depletions
are set to zero in months when the ABF values are greater than
the median of monthly average streamflows at each station.

The USFWS criteria are, in theory, attainable for hydro-
electric reservoir projects because the reservoir provides a
substantial storage buffer and because hydroelectric-power
generation is generally an instream nonconsumptive use (U.S.
Fish and Wildlife Service, 1981; Lang 1994; 1999). Ground-
water-supply withdrawals, however, commonly represent off-
stream (sometimes interbasin) water uses, which are in whole or
in part consumptive uses (water uses that do not return water of
the same quantity, temperature, or quality to the local stream).
By definition, natural streamflows (without withdrawals) will
be below (in violation of) statistical ABF values for 50 percent
of the months that have monthly means below the medians
of monthly average streamflows. Any ground-water-supply
development in the basin will proportionally decrease flows and
increase the frequency of these violations. The USFWS
instream-flow criteria require that dam managers release waters
to maintain daily average flows that equal or exceed the median
of monthly average flows except on days when upstream inputs
are less than the median of monthly average flows. Estimated
streamflows in the absence of ground-water withdrawals were
examined to determine the potential frequency of natural viola-
tions. About 5 percent of the estimated average daily stream-
flows in the Mishnock River at State Route 3 are below the

1.0 ft3/s/mi? minimum-flow criterion and about 96 percent are
below the 4.0 ft3/s/mi2 minimum-flow criterion. About 24 per-
cent of estimated average daily streamflows in the Carr River
below Capwell Mill Pond are below the 0.5 ft3/s/miZ minimum-
flow criterion, about 43 percent are below the 1.0 £t3/s/mi?
minimum-flow criterion and about 91 percent are below the
4.0 ft3/s/mi% minimum-flow criterion. About 16 percent of esti-
mated average daily streamflows in the Big River at Hill Farm
Road are below the 0.5 ft3/s/mi2 minimum-flow criterion, about
36 percent are below the 1.0 £t3/s/mi2 minimum-flow criterion,
and about 90 percent are below the 4.0 ft3/s/mi> minimum-flow
criterion. Therefore, strict interpretation of this criterion would
have precluded all water-supply withdrawals for a substantial
amount of time during the 1961-2000 period.

The USFWS-recommended minimum springtime stream-
flow of 4.0 ft3/s/mi? is not a feasible minimum flow limit
for rivers in southeastern New England because this criterion,
which is the median of monthly average flow, is based on large
meltwater flows from winter snowpack in northern New
England basins (Ipswich River Fisheries Restoration Task
Group, 2002; Armstrong and others, 2001; Armstrong and
Parker, 2003). Furthermore, the average of the medians of the
monthly average streamflows at the 48 streamflow-gaging
stations that were used to develop the USFWS recommended
streamflows was less than the 4.0 ft3/s/mi% in March and May
(U.S. Fish and Wildlife Service, 1981; Lang 1994, 1999).
Therefore, this USFWS-recommended springtime streamflow
is not currently considered to be suitable for use as a flow crite-
rion in Rhode Island (Alisa Richardson, Rhode Island Depart-
ment of Environmental Management, written commun., 2003).

Alternative Annual Instream-Flow Criteria

An annual instream-flow criterion is a single minimum
instream-flow value that is applied throughout the year. These
annual instream-flow criteria are commonly established to pro-
vide protection of aquatic and riparian ecology during the driest
period of the year, which in New England is commonly during
the summer months. Use of an annual dry-period ABF criterion
is considered protective of aquatic habitat throughout the year
because the high temperatures, low dissolved oxygen, and lim-
ited habitat available during August are considered to be the
limiting conditions for aquatic biota (U.S. Fish and Wildlife
Service, 1981; Lang 1994, 1999; Apse, 2000). About two-thirds
of the cases subject to the USFWS low-flow criteria have been
shown to be limited by the August-median streamflow through-
out the year (Apse, 2000). Annual instream-flow criteria do not
explicitly provide for variability in seasonal or monthly flows,
but may implicitly limit ground-water withdrawals during
s