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CONVERSION FACTORS AND VERTICAL DATUM

CONVERSION FACTORS

Multiply By To obtain
Length
inch (in.) 2.54 centimeter
inch (in.) 254 millimeter
foot (ft) 0.3048  meter
mile (mi) 1.609 kilometer
Hydraulic gradient
foot per mile (ft/mi) 0.1894  meter per kilometer
Area
acre 4,047 square meter
acre 0.4047  hectare
acre 0.004047 square kilometer
square mile (mi%?)  259.0 hectare
square mile (mi2) 2.590 square kilometer

Volume

million gallons (Mgal) 3,785

cubic meter

gallon per day (gal/d) 0.003785 cubic meter per day
inch per hour per acre (in/h/acre) 10.28 meter per hour per hectare
Flow rate
cubic foot per second (ft3/s) 0.02832  cubic meter per second
million gallons per day (Mgal/d) 0.04381 cubic meter per second
inch per hour (in/h) 0.0254  meter per hour
million gallons per day per square mile [(Mgal/d)/mi?] 1,461 cubic meter per square kilometer
inch per year (in/yr) 25.4 millimeter per year

Hydraulic conductivity

foot per day (ft/d) 0.3048  meter per day
Diffusivity
foot squared per second (ft*/s) 0.09290 meter squared per second

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:

°F=(1.8x°C)+32

Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:

°C=(°F-32)/1.8

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.

Altitude, as used in this report, refers to distance above or below sea level.
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A Precipitation-Runoff Model for
Analysis of the Effects of Water
Withdrawals on Streamflow, Ipswich

River Basin, Massachusetts

By Phillip J. Zarriello and Kernell G. Ries,

Abstract

Water withdrawals from the 155-square-
mile Ipswich River Basin in northeastern
M assachusetts affect aquatic habitat, water quality,
and recreational use of the river. To better under-
stand the effects of these withdrawals on stream-
flow, particularly low flow, the Hydrological
Simulation Program-FORTRAN (HSPF) was used
to devel op a watershed-scal e precipitation-runoff
model of the Ipswich River to simulate its
hydrology and complex water-use patterns.

An analytical solution was used to compute
time series of streamflow depletionsresulting from
ground-water withdrawals at wells. The flow
depletions caused by pumping from the wellswere
summed along with any surface-water withdrawals
to calculate the total withdrawal along a stream
reach. The water withdrawals, records of precipita-
tion, and streamflow records on the I pswich River
at South Middleton and at Ipswich for the period
1989-93 were used to calibrate the model. Model-
fit analysisindicates that the simulated flows
matched observed flows over a wide range of con-
ditions; at a minimum, the coefficient of model-fit
efficiency indicates that the model explained 79
percent of the variance in the observed daily flow.

Six aternative water-withdrawal and land-
use scenarios were simulated with the model.
Three scenarios were examined for the 1989-93
calibration period, and three scenarios were exam-
ined for the 196195 period to test alternative
withdrawals and land use over awider range of

climatic conditions, and to compute 1-, 7-, and
30-day low-flow frequencies using a log-Pearson
Type 1l analysis. Flow-duration curves computed
from results of the 1989-93 simulations indicate
that, at the South Middleton and Ipswich gaging
stations, streamflows when no water withdrawals
are being made are nearly identical to streamflows
when no ground-water withdrawal s are made.
Streamflow under no water withdrawals at both
stations are about an order of magnitude larger at
the 99.8 percent exceedence probability than simu-
lations with only ground-water withdrawals.
Long-term simulations indicate that the differ-
ences between streamflow with no water with-
drawals and average 1989-93 water withdrawalsis
similar to the difference between simulations for
the same water-use conditions made for the 1989—
93 period at both sites. The 7-day, 10-year
low-flow (7Q10, awidely used regulatory statistic)
at the South Middleton station was 4.1 cubic feet
per second (ft3/s) with no water withdrawals and
1991 land use, 5.8 ft3/s no withdrawals and unde-
veloped land, and 0.54 ft3/s with average 1989-93
water withdrawals and 1991 land use. The 7Q10 at
the Ipswich station was about 8.3 ft3/s for smula-
tions with no water withdrawals for both the 1991
land use and the undevel oped land conditions, and
2.7 ft3/s for simulations with average 1989-93
water withdrawals and 1991 land use. Simulation
results indicate that surface-water withdrawals
have little effect on the duration and frequency of
low flows, but the cumul ative ground-water
withdrawals substantially decrease low flows.
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INTRODUCTION

Water use in the Ipswich River Basin has been a
subject of contention since the early 1900's, when sev-
eral surrounding towns were first granted rights by the
Commonwealth of Massachusetts to transfer water
from the 155-sguare-mile basin for municipal supplies.
The debate over water intensified during the 1990's as
development and demand for water increased. The
debate centers on whether water withdrawals have
decreased or will decrease flows of the Ipswich River
enough to cause degradation of water quality, 1oss of
wildlife habitat and diversity, and diminished capacity
for use of the river as arecreational and scenic
resource. The debate is particularly focused on condi-
tions during summers, when at times nearly half of the
45-mile-long river goes dry.

Dry conditions during the summer of 1997 may
have prompted the national environmental organiza-
tion, American Rivers, to designate the |pswich River
as one of the 20 most threatened riversin the United
States during that year. American Rivers cited water
withdrawals, development, and pollution as reasons for
the designation, stating that "so much water isremoved
from the Ipswich River watershed for municipal water
supply, industry, and irrigation that the river can liter-
aly run dry” (American Rivers, http://www.amriv-
ers.org/). Theriver islisted under Section 303(d) of the
Federal Clean Water Act as awater body that isnot in
compliance with the Massachusetts Water Quality
Standards. Thereasonsfor thelisting are impairment of
flow, low concentrations of dissolved oxygen, high
concentrations of nutrients, and the presence of patho-
gens (Massachusetts Department of Environmental
Protection, 1999). The U.S. Environmental Protection
Agency (USEPA) requires Massachusetts to develop
management plans for the Ipswich River to address
non-compliance with water-quality standards.

Recognizing that any solution to bring the river
into compliance with water-quality standards will
reguire cooperation among the many stakeholders, a
group of representatives from several Federal, State,
and local environmental agencies, non-governmental
environmental groups, water suppliers, and private citi-
zens formed the I pswich River Task Force in 1996,
herein referred to as the Task Force. The goals of the
Task Force are to assess the water-resource problemsin
the basin and to facilitate solutions.

The Task Force determined that a watershed
model was needed to serve as a basis for water-
resources-management decisionsin the basin (Peter
Phippen, Massachusetts Department of Environmental
Management, written commun., 1997). A watershed
model would allow State planning and regulatory agen-
ciesto: (1) determine potential effects of actions asso-
ciated with increased human development on water
resources, (2) make decisions on permitting of existing
and new water withdrawals, (3) set streamflow stan-
dards to protect biotain the river, (4) determine safe
yields of water-supply reservoirsin the basin, and
(5) develop a management plan that will lead to com-
pliance of the river with the Massachusetts Water
Quality Standards.

The U.S. Geologica Survey (USGS), in coop-
eration with the Massachusetts Departments of
Environmental Management (MADEM) and
Environmenta Protection (MADEP), began develop-
ing awatershed model for the Ipswich River Basin
in September 1997. The goal of this effort wasto
provide atool that could be used by the various
stakeholders to assess water-resources issuesin
the basin.

Problems associated with water use and urban-
ization in the Ipswich River Basin are not unique.
Recent State |egidlation (Senate Bill No. 2006 and
House Bill No. 4791) established ‘A Water Resources
Conservation Act and Efficiency Program’ and identi-
fied the |pswich River Basin water-management
program as a model for other basins throughout the
State in recognition of the efforts already undertaken
by the Task Force. This legidation requires water-
management programs for estimating long-term water
needs and determining discharges sufficient to protect
aguatic life. The development of watershed simulation
models will help address these issues.

Purpose and Scope

This report describes the development, calibra-
tion and limitations of a precipitation-runoff model of
the Ipswich River Basin, and simulations made with
the model to determine the effects of water-use and
land use patterns on streamflows. The report also
describes the study area, which consists of the 150-
square-mile drainage area above the SylvaniaDam in
Ipswich; the data used in the model and the methods
used to obtain those data; and the methods used to
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estimate the effects of the pumping of wells on stream-
flow. Results of the simulation of six scenarios that test
different water-withdrawal operations and land-use
patterns are described; three scenarios were simulated
for the 198993 calibration period and three were sim-
ulated for the 1961-95 period to examine the effects of
withdrawals and land-use change over awider range of
climatic conditions.

Previous Investigations

Numerous reports have been written on the water
resources of the Ipswich River Basin by State environ-
mental agencies, regional-planning agencies, non-
governmental environmental organizations, and the
USGS. Relevant reports are summarized bel ow.

Baker and others (1964) described the geology
and ground water of the Wilmington-Reading area.
They identified areas within the towns where there was
potential for installing municipal wellswith substantial
yields, and they also described potential negative
effects on well yields of a then-proposed draining of
adjacent wetlands.

Sammel and others (1964) provided a synopsis
of the water resourcesin the basin. Their synopsis
included information on precipitation, streamflows,
ground-water levels, and water use, and amap showing
availability of ground water and locations of municipal
wellsin the basin. In alater report, Sammel and others
(1966), provided a more detailed analysis of the water
resources than in the earlier report. The later report
included arevised map of ground-water availability
and locations of municipal wells, and maps of surficia
geology and depth to bedrock. They indicated that the
basin could sustain water withdrawals of about five
times the 1960 rate of 7.6 ft3/s, but that these withdraw-
alswould need to come primarily from downstream
reaches of the river. They aso noted that a basin-wide
approach to the hydrologic problems of the basin was
needed along with a better understanding of the hydro-
logic connection between ground- and surface-water
resources.

Burns and James (1972) devel oped a streamflow-
accounting model of the basin to address many of the
same issues described in this report. The model was
simplistic by comparison with current standards, how-
ever, and its ability to address complex hydrologic

problems was limited. For example, the model calcu-
lated streamflow in subbasins with the streamflow per
unit drainage area that was measured at the gaging sta-
tions, and thus, the model did not account for differ-
encesin the land use or physical properties of the
subbasins. Further, the model simulated streamflow
with a monthly time step that is inadequate for eval uat-
ing the magnitude and frequency of low flows.

Reports by state agencies include those by the
MADEM (1987a, 1987b, and 1999), which produced a
three-volume management plan for the Ipswich River
Basin in the late 1980s. Volume | of the plan contained
an inventory and analysis of current and projected
water use. Volume |1 contained hydrologic analyses
and recommendations for minimum streamflow thresh-
olds. The report recommended a streamflow of
0.14 (Mgal/d)/mi? of drainage area. This translates to
flows of 9.6 ft3/s at the South Middleton gaging station,
27 ft3/s at the Ipswich gaging station, and 33.5 ft3/s at
the SylvaniaDam in Ipswich. Volume 11 of the plan
recommended alternatives for meeting water demands.
Relevant reports by regional planning agencies
included those by the Metropolitan Area Planning
Council (1977) and the New England River Basins
Commission (1975).

The Ipswich River Watershed Association has
released several reports on water-resources conditions
in the basin. The Association releases an annual report
on activities of the River Watch volunteer monitoring
program, which monitors flow and water quality at
about 25 |ocations. In the summer of 1997, the
Association documented the absence of flow along
large stretches of the river, reversed flow toward
upstream municipal wellsin some areas, and depleted
dissolved oxygen at several locations (Ipswich River
Watershed Association, 1998).

Bratton (1991) summarized water use by town
for the Commonwealth of Massachusetts, including
that for towns that obtain water from the Ipswich River
Basin (p. 53, 56-59). Simcox (1992) summarized water
resources and streamgaging activitiesin the state
including those in the I pswich River Basin (p. 31-33).
In addition, nearly al the townsin the area have reports
by consulting engineers describing potential water
supply and distribution alternatives.

Introduction 3
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DESCRIPTION OF THE BASIN

The Ipswich River Basin encompasses a 155-
square-mile areain the Atlantic coastal plain in north-
eastern Massachusetts about 20 miles north of Boston
(fig. 1). The western headwaters of the Ipswich River
begin in northern town of Burlington in the Mill Brook
tributary, about 25 miles southwest of its mouth at the
Atlantic Ocean near the southern tip of Plum Island
(fig. 2). Thebasinisgeneraly 5 to 10 mileswidein the
north-south direction. The Ipswich River is affected by
tide below the Sylvania Dam (fig. 2); this reach of the
river and its associated drainage area were not included
in the study area.

A number of constructed features affect the
hydrology of the basin. Most of the large water bodies
in the basin were built for water-supply storage near the
headwaters of several small tributaries (fig. 2). Several
moderate-size reservoirs were built along the major
tributary streamsto supply water or power to former
mills, or for recreation. These impoundments store
waters during periods of high flow and increase the
potential for evaporation.

Climate: The climate in the basin is humid with
an average annual air temperature of 49°F for the
period 1961-95. Monthly mean temperatures during
this period ranged from 25°F in January to 71°F in July.
During the study period of 1989-93, the average air
temperature was also 49°F; the monthly mean tempera-
tures for this period ranged from 28°F in February, to
70°F in July and August.

Precipitation during the period 1961-95
averaged 45 in/yr. Precipitation was distributed fairly
evenly throughout the year, with average monthly pre-
cipitation ranging from 3.2 inchesin July to 4.8 inches
in November. Precipitation during the study period was
very similar. Annual precipitation during 1989-93
averaged 46 inches, and monthly precipitation ranged
from 3.0 inchesin May and July, to 4.8 inchesin
October. Annual snowfall during 1989-93 averaged
37 inches, and ranged from 22 inchesin 1991 to
83 inchesin 1993.

Towns. The Ipswich River Basinincludes all or
parts of 22 municipalities (fig. 2). Of these, only three
(Middleton, North Reading, and Topsfield) are entirely
within the basin. Boxford, Hamilton, Ipswich,
Lynnfield, North Andover, Wenham, and Wilmington
are mostly within the basin. About half or lessthan half
of Andover, Beverly, Burlington, Danvers, Peabody,
and Reading are in the basin, and less than 1 mi2 of
Billerica, Essex, Georgetown, Rowley, Tewksbury, and
Woburn are in the basin. These municipalities obtain
water supplies from various sources both inside and
outside of the basin.

4 A Precipitation-Runoff Model for Analysis of the Effects of Water Withdrawals on Streamflow, Ipswich River Basin, Massachusetts
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Drainage and Gaging Sations: The USGS has
operated two streamgaging stations in the basin since
the 1930's (fig. 2). The upstream station at South
Middleton (station no. 01101500), operated since
1938, isafew hundred feet below the South Middleton
Dam and has a contributing drainage area of 44.5 miZ2.
This station isreferred to in this report as the South
Middleton station. Major tributaries above the station
include Maple Meadow Brook, Lubbers Brook and
Martins Brook. Averageriver slope abovethisstationis
about 6.0 ft/mi. Mean annual streamflow at South
Middleton for the period of record is 63.7 ft3/s
(Socolow and others, 1998).

The downstream station at | pswich (station no.
01102000), operated since 1930, is afew hundred feet
bel ow Willowdale Dam and has a contributing drainage
areaof 125 mi2. Thisstation isreferred to in this report
as the Ipswich station. A small area (about 0.6 mi?)
drains directly to a supply reservoir that exports water
from the basin. Major tributaries between the South
Middleton and | pswich stations include Boston Brook,
Fish Brook, and Howlett Brook. The average river
slope between stations is about 1.5 ft/mi. The mean
annual streamflow at Ipswich for the period of recordis
189 ft3/s (Socolow and others, 1997).

The drainage between the Ipswich station and
the Sylvania Dam (25 mi2) is ungaged. Contributing
drainage to Sylvania Dam is 150 mi2 and includes
inflows from Miles River. Average river slope below
the Ipswich station is 2.8 ft/mi.

Topography: TheAtlantic coastal plainischarac-
terized by low relief. The lpswich River elevation drops
from about 110 ft at its headwaters to sealevel at its
mouth, and has an average slope of 3.1 ft/mi. Stream
gradients are influenced by numerous wetlands and
three low-profile dams that create flat-water conditions
in many reaches along the river’s 36-mile length. Wet-
lands and dams also affect tributary stream gradients.
Upland areas of the basin are generally low-rounded
hillswith amaximum elevation of 420 ft, but most hills
are under 300 ft.

Surficial Geology: Glacial till covers about 54
percent of the basin, stratified sand and gravel deposits
cover about 43 percent of the basin, and aluvia depos-
its cover about 3 percent of the basin (fig. 3). Upland
areas of the basin are mostly underlain by till, which
consists of unsorted and unstratified materials ranging
in size from clay to large boulders that were trans-
ported and spread over the land surface by glaciers
(Sammel and others, 1966). Tills are highly variable in

their material content and compactness and, thus, the
permeability will also differ widely. Melvin and others
(1992) report that the median hydraulic conductivity of
tills derived from crystalline-rock in southern New
England range from 2.7 ft/d for loose surface till to
0.6 ft/d for compact drumlin till. Till deposits also vary
in depth but generally arethin, and bedrock is at or near
the surface in some areas mapped astill (fig. 3).

Lowland areas of the basin are generally under-
lain by stratified drift, which consists of well-sorted
fluvial sands and gravels deposited from glacial melt-
water streams. The permeability of stratified drift typi-
cally islarger than that of till. Baker and others (1964)
report amedian hydraulic conductivity of 53 ft/d for
coarse-grained sand and gravel. Precipitation generally
infiltrates rapidly into stratified drift and then is slowly
released to streams as base flow. Stratified drift forms
the major aquifersin the basin, many of which are
developed for municipal water supply.

Post-glacial aluvial deposits are found mainly
along stream channels. These deposits are typically
fine-grained and have alow to moderate permeability.
Melvin and others (1992) report hydraulic conductivi-
ties of 0.82 to 0.0001 ft/d for fine-grained drift depos-
its, which are probably similar to the rangein hydraulic
conductivities of the aluvia deposits because their
particle size distributions are similar.

Wetlands: Wetlands cover about 21 percent of
the Ipswich Basin (fig. 4), of which 6 percent is non-
forested and 15 percent is forested. The wetland distri-
bution is nearly the same for the drainage areas of the
two streamgaging stations and for the entire basin. The
largest of the wetlands is Wenham Swamp, which
occupies an area of about 3 mi2 along the Ipswich
River near the border of Hamilton and Wenham.

Wetlands, especially those along the Ipswich
River, play an important role in the hydrology of the
basin. Wetland soils generally have a high organic con-
tent, high porosity, and low permeability, thus they can
store large volumes of water but do not transmit it
easily to underlying deposits. Wetlands generally
become inundated during floods and in the spring,
retarding the magnitude and timing of peak discharges.
Wetlands in the Ipswich Basin are typically densely
vegetated with awater table within afew feet of the
land surface; these factors maximize the potential for
evapotranspiration.

Description of the Basin 7



NOILV.LS ONIOVO-INVAYLS
HOVD OL AYVANNOL NISVIdNS
AdVANNOL NISVd

WNIANTIV

3D0YAFd ANV TIIL

THAVED ANV ANVS

NOILLVNVIdXH

S~ e
m, .._, .\. Jv 2
. < 3 /¢
p’ ~ (NI
5 S
D) (I‘
N s
a N TN
\-a.'u . 1\\]
J \..F
& )
: ¢ N
) L .
\ D)
R \
m -
{ )
q
Y 3
.\. ~— }.\A\
vk A
T R
05,02

ol

AL s

SYHILHNOTI 9
|

‘(T "By Ul umoys sI uoned0T) 'SSeN ‘uiseg Janly yoimsd| ayi Jo A60oj0ab eions pazielauas ‘g ainbi4

SHTIN 9 ¥
P AN
/,. AN &
N, \..
J/, o5
2 r
bl 7
¢ r
? N
& )
= A
£ !
)
RN
J
\\|JL
T —— oveey
4
9

ol o

8 A Precipitation-Runoff Model for Analysis of the Effects of Water Withdrawals on Streamflow, Ipswich River Basin, Massachusetts



"SSeIN ‘uiseq JaAlY yaimsd| syl Ui Spueisp ‘v 84nbiq

NOILVLS ONIOVO-INVHILS W SYHLINOTI 9 14 [4
| | |
N [ I T
HDVD OL AYVANNOI NISVEdNS STTIN 9 b z

AYVANNOLI NISVH —--— 7

o-Llo

SANV1LIM AaLSTIOA _H_ N——

SANVTLAM QILSTIOANON [ ] : N
YHLVMNEdO [ | 4 \ ¢ 3

NOILVNVTdXA «\ i

0ToTL

05,0

Description of the Basin 9



Land use: Land usein the basin is shownin
figure 5. The land use as a percent of the basin areais
dightly different above South Middleton station than
above the Ipswich station and Sylvania Dam. Land use
as apercent of the basin area above the |pswich station
and Sylvania Dam are nearly identical. Land useis
predominantly residential above the South Middleton
station; residential areas comprise about 38 percent of
the area above the station and about 28 percent of the
area below the station. Commercial areas comprise
about 6 percent of the basin area above the South
Middleton station and about 4 percent of the area
below the station. Forests and open space comprise 34
percent of the basin area above the South Middleton
station and about 44 percent of the area below the sta-
tion. Open water is also somewhat less prevalent above
the South Middleton station (1.7 percent) than below
the station (2.5 percent).

Stream Habitat: The stream habitat along
most of the Ipswich River and its major tributariesis
characterized by sand-size bed material, slow-water
velocities, and smooth, unbroken water surfaces. Fast,
turbulent water riffle habitats are few and tend to be
short. The largest naturally occurring riffles are
downstream of dams. About a dozen smaller riffles
are associated with structures such as highway and
railroad bridges, old mills, or areas of fill. Riffles
have a substantial effect on water levelsin the basin
because the backwater conditions above the riffle can
extend hundreds to thousands of feet upstream.
Riffles are also important because the aeration of
water across them increases the dissolved oxygen in
stream water and provides critical habitat for many
aquatic species. Six critical riffle habitats were identi-
fied along the main-stem of the Ipswich River. Ina
related hydrologic study, habitat assessments and dis-
charge measurements were made over arange of flows
at these riffles to better understand habitat availability
under various streamflow conditions (D.S. Armstrong,
U.S. Geological Survey, Northborough, Mass, 1999,
written commun.).

WATER WITHDRAWALS

The Ipswich River Basin supplies water to about
330,000 people (R. Tomczyk, Ipswich River Watershed
Team Leader, written commun.,1999) in 21 municipal-
itieswithin or partly within the basin and 2 municipali-
ties (Salem and Lynn) entirely outside the basin (fig. 2).
In addition, the towns of Essex, Gloucester, Manches-
ter, and Rockport, which are either mostly or entirely
outside the basin, have legid ative rights to withdraw
water from the Ipswich River, but these rights are
not currently used (Massachusetts Department of
Environmental Management, written commun., 1997).

Thetotal cumulative withdrawals and the portion
obtained from surface- and ground-water sources
above the South Middleton station, Ipswich station,
and Sylvania Dam are summarized in table 1 and
shown in figure 6 along with streamflow at the stations.
Ground-water withdrawal s exceed surface-water
withdrawals at all times above the South Middleton sta-
tion because most withdrawals are from ground-water
sources above this station. Below the South Middleton
station, ground-water withdrawals often exceed sur-
face-water withdrawals from June through October of
each year, but surface-water withdrawal s exceed
ground-water withdrawals from about November
through May of each year.

Municipal surface-water diversions from the
I pswich River include the city of Lynn above the South
Middleton station, and the towns of Peabody, Salem,
and Beverly below the South Middleton station. The
State has regulated these diversions by water-use per-
mits since the early 1900’s. In general, withdrawals are
only permitted between December and May, and only
when streamflow at the South Middleton station
is greater than 15.5 ft3/s, except in emergency situa-
tions. In 1998, the minimum streamflow threshold
before water can be diverted from the river was
changed for the Salem-Beverly supply to 43 ft3/s at
the Ipswich station (Duane LeVangie, Massachusetts
Department of Environmental Protection, oral
commun., 1999).

10 A Precipitation-Runoff Model for Analysis of the Effects of Water Withdrawals on Streamflow, Ipswich River Basin, Massachusetts
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Table 1. Monthly mean streamflow at the South Middleton and Ipswich stations, and cumulative monthly mean water
withdrawals to the stations and Sylvania Dam, Ipswich River Basin, Mass. 1989-93

[Values arein cubic feet per second. STRMDEPL, program used to compute the delayed effects of ground water withdrawals on streamflow; --, indicates no
data)

Withdrawals

Month Streamflow Actual ground Surface water Surface water
Surface water

water plus actual STRMDEPL plus STRMDEPL
ground water

South Middleton station

66 0 8.8 8.8 9.1 9.1
87 16 8.8 10 8.6 10
92 3.6 84 12 8.4 12
153 41 9.4 13 8.8 13
78 2.8 11 13 9.2 12
39 .52 11 12 10 10
1.7 .58 12 12 11 11
23 .50 11 11 10 11
13 .27 11 11 11 11
51 A2 9.1 9.3 10 10

78 .03 8.8 8.9 9.3 9.3
88 12 10 11 10 11
65 13 10 11 9.5 11

Ipswich station

January .......ccoeceveninnenn, 175 18 11 29 11 29
February .......ccooeeevirennnen. 242 15 11 26 11 26
March ..o 245 20 11 31 11 31
APIT e 467 22 12 34 11 33
May ..o 232 16 13 30 12 28
June ..., 112 10 15 25 13 23
JULY e 32 7.0 16 23 14 21
AUgust ..., 63 6.4 14 21 14 20
September........oveeeinenns 42 54 14 19 14 19
October.......ccovvvveeninenes 113 10 12 21 12 22
November.........cccevvrernnnee. 174 23 11 34 11 34
December ........ccccevveneee. 212 40 12 52 12 51

Mean........ccceeceviiiiniinns 176 16 13 29 12 28

Sylvania Dam

January .......ccceeeeeeniiieins -- 24 11 35 11 35
February .......cccooeevvrennnee -- 24 11 35 11 35
March ... -- 29 11 39 11 40
APHT e -- 27 12 38 11 38
May ..o, -- 21 14 35 12 33
JUNE ... -- 13 16 29 13 27
JUY v -- 8 17 25 15 23
AUQUSL.....ooeiiie -- 9 15 24 14 23
September ... -- 7 14 21 14 21
October......ccveeverreiirennes -- 15 12 27 13 27
November........cccceervrnnee -- 30 11 41 12 42
December ........cccovrennee. -- 47 12 59 12 59

Mean........ccccevveeinne. -- 21 13 34 12 34

12 A Precipitation-Runoff Model for Analysis of the Effects of Water Withdrawals on Streamflow, Ipswich River Basin, Massachusetts
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Figure 6. Monthly mean streamflows and cumulative monthly mean withdrawals at (A) South Middleton station, (B) Ipswich
station, and (C) cumulative monthly mean withdrawals at Sylvania Dam, Mass., 1989-93. (Location is shown in fig. 2).

Surface waters can be withdrawn from reservoir
storage between May and October, but these with-
drawals are not included in table 1 or figure 6 to avoid
double counting withdrawals from the basin. This
includes transfers of water into Wenham Lake from
Putnamville Reservoir and out of Wenham Lake for the
Salem-Beverly supply, transfers of water out of Swan
Pond and Emerson Brook Reservoir to Middleton Pond
for the Danvers-Middleton supply, and transfers of
water out of Winona Pond and Suntaug Lake for the
Peabody supply. These rates do not include some small
commercia withdrawal s because data was not avail-
able, however, their total withdrawals are believed to
be minor relative to the water use data summarized
in the study.

The net effect of the withdrawals on the river
flow at any given time depends on the timing of
surface-water withdrawals, along with the delayed

effects of ground-water withdrawals, which are gov-
erned by aquifer properties and the location of the well
relative to the river. Therefore, depletions of stream-
flow caused by ground-water pumping generaly are
less than actual pumping rates during the spring and
summer, and greater than actual pumping rates during
the fall. In addition, some of the withdrawn water is
returned to the basin through discharges from septic
systemsin areas that have municipal water supplies but
do not have municipal sewer systems.

The withdrawal rates described above can be
compared to the flow at the gaging stations as an indi-
cation of their relative magnitude (fig. 6); however,
these flows reflect the effects of withdrawals on stream-
flow. The cumulative mean monthly total withdrawals
above the South Middleton station exceed the mean
monthly streamflow at the station during July and
approach the mean monthly streamflow during
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September. The cumulative mean monthly total with-
drawals above the Ipswich station approach the mean
monthly streamflow at the station during July. Results
of model scenarios presented later in the report will
provide a better indication of the effects of the
withdrawals on flows in the river.

PRECIPITATION-RUNOFF MODEL

The Hydrological Simulation Program-
FORTRAN (Bicknell and others, 1997), hereafter
referred to as HSPF, was used to simulate runoff in
response to precipitation and water withdrawalsin the
Ipswich River Basin. HSPF is well documented and
can adequately represent the hydrology and complex
water- withdrawal patternsin the basin. Computer code
for HSPF and its companion programs are public
domain, which can be modified when necessary to sim-
ulate unique features of individual watersheds and to
add capabilities.

The steps followed to complete the Ipswich
River Basin modeling study were to: (1) compile, col-
lect, and process heeded data, (2) use HSPF and associ-
ated computer softwareto build the model, (3) calibrate
the model, (4) incorporate the model into GenScn
(Kittle and others, 1998), a user-friendly decision sup-
port system, (5) examine selected water-withdrawal
scenarios, and (6) document the model and results.
Time series of streamflow, meteorologic, and water-
withdrawal datawere needed as input to the model.
Hydraulic and land-surface data were needed to config-
ure the stream reaches and land surface in the basin and
to set parametersin the model.

Functional Description of the
HSPF Model

HSPF is a continuous simul ation model based on
the principle of conservation of water mass, that is,
inflow equals outflow plus or minus any changein stor-
age. In HSPF, the land surface and the surface water
bodies (Iakes and streams) of the watershed are seg-
mented into hydrologic response units (HRUs) and
reaches (RCHRESS), respectively. Water budgets
(inflows, outflows, and changes in storage) are calcu-
lated for each time step specified in the model for each
HRU and RCHRES.

HRUs reflect areas of relatively homogeneous
hydrologic response based on similar land use, soil,
subsurface geology, and other factors considered
important in the hydrology of the watershed. HRUs are
divided into pervious area land segments (PERLNDSs)
and impervious area land segments (IMPLNDs).

RCHRESs are lengths of stream channels or res-
ervoirs. The downstream end of each RCHRES is
referred to as anode. Nodes are typically placed in the
model to define channel segmentswith similar physical
properties such as slopes and widths, at tributary
streams, at |akes and reservoirs, at data-collection sites,
and at other locations where estimates of streamflow
are desired, such as upstream and downstream from
municipal well fields, water diversions, or discharges
of pollutants.

HSPF requires two primary input files for its
operation, the User Control Input (UCI) file and the
Watershed Data Management (WDM) file. The UCI
file directs the process actions used by the model and
setsinput parameter variables. Process actions or algo-
rithms in the model cal culate the movement of water
and changesin storage. The UCI fileis structured in
blocks that simulate different processes. The three
main blocks of the UCI file simulate (1) PERLNDs,
(2) IMPLNDs, and (3) RCHRESs. Within each block
are modules and sub-modules, some of which are man-
datory for ssmulations and others are optional . For
example, the PWATER modules are required to simu-
lated the hydrology of pervious areas, but the SNOW
moduleis optional for simulating snowpack buildup
and melt. A number of modules are used for adminis-
trative functions, such as controlling the operational
sequence of the program and directing the model to
external sources and output of time-series data.

TheWDM file contains the time-series data used
to simulate streamflow or output simulation time-series
results. Simulations require precipitation and evapo-
transpiration as input time series. Meteorologic time
series of air temperature, dew-point temperature, solar
radiation, and wind speed are required to calculate
snowpack buildup and melt. Output time series can be
generated for any component in the simulation process
that is defined in the Time Series Catal og section of the
users manual, but time-series are mostly output for
streamflow.

Water budgets calculated on PERLNDs consider
infiltration and storage in the subsurface, whereas
IMPLND water budgets do not. PERLND and
IMPLND water-budget calculations include surface
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runoff, but only PERLND water budget calculations
include interflow (shallow ground-water flow that
responds rapidly to precipitation), baseflow (deep
ground-water flow that remains relatively constant),
and optionally a deep ground-water flow component
that discharges outside of the basin. Process actions
that control the rate of infiltration and changein
subsurface storage make simulation of PERLNDs
considerably more complex than the water-budget
calculations for IMPLNDs. A complete description of
the process actions and input model parameters are
givenin the ‘HSPF Users Manual’ (Bicknell and
others, 1997).

Precipitation is the principal inflow to awater-
shed; however, inflows can also include septic effluents
and other sources. Precipitation and other sources of
moisture supply on impervious and pervious areas can
be retained at or above the surface as interception stor-
age and as snowpack storage, but only pervious areas
retain water in the soil matrix. HSPF considers soil-
water storage in two-zones. (1) the upper-zone storage,
generally considered the upper-soil horizon, and (2) the
lower-zone storage, a deep-soil zone that only allows
outward movement of water through evapotranspira-
tion by deep-rooted vegetation. Stream channels and
lakes also have a storage component defined by their
geometry.

Precipitation that is not held in storage or islost
to evapotranspiration (or optionally exits through deep
ground-water) is discharged to RCHRESs as surface
runoff from IMPLNDs and PERLNDs and as subsur-
face outflows from PERLNDs. The areaof IMPLND
and PERLND that drainsto aRCHRES and the linkage
of one RCHRES to another are specified in the
SCHEMATIC block and associated MASSLINK block
or NETWORK block, or both. The schematic or net-
work blocks are used to represent the physical layout of
the watershed. Relations among stage, storage, surface
area, and discharge are specified for each reach in user-
supplied function tables (FTABLES). Primary inflows
to areach are (1) surface runoff from PERLNDs and
IMPLNDs, (2) interflow and base flow from
PERLNDs, and (3) inflow from other reaches. Inflow
as direct precipitation and outflow as evapotranspira-
tion, or inflows and outflows from other sources, such
as wastewater effluent or water withdrawals, also can
be simulated for RCHRESs when specified by the user.

The inflows to and outflows from a stream reach
areillustrated in figure 7. Surface runoff entersthe
reach from impervious surfaces (SURI) and pervious

surfaces (SURO). Infiltrated precipitation can flow to
the reach as shallow quick responding interflow
(IFWO) or a slow responding active ground water
(base flow) component (AGWO). Inflow can also be
from upstream reaches (1VOL ). Two outflow exits (or
gates) areillustrated (areach can have up to 5 exits).
Thefirst gate (OVOL 1) isthe volume time-series of
water withdrawals (OUTDGT 1) for each reachread in
by the EXTERNAL-SOURCE block. Specifying the
first outflow gate for water withdrawal s requires that
these withdrawal s be satisfied before water is routed
through successive outflow gates. In the Ipswich River
Basin model, water usually is routed downstream
through the second outflow gate (OVOL 2), asillus-
trated, but in some instances athird outflow gate is
used to route water downstream as described later in
the report.

Data Base

Time-series data required for simulations and
time series generated by the model are stored in the
Watershed Data Management (WDM) file. The WDM
data base is accessed by ANNIE, an interactive text
interface to store, manage, display, transform, plot, or
analyze time-series data (Flynn and others, 1995) or by
GenScn, agraphical user interface that has many of the
features of ANNIE but improves the ability to generate
and analyze model scenarios and compare model
results (Kittle and others, 1998). Data in various for-
mats are entered into the WDM data base by use of the
IOWDM program (Lumb and others, 1990).

The WDM data base is organized by data sets
with a unique data set number (DSN) assigned to sepa-
rate time series. Each data set also has attributes that
describe the data type, time step, location, and other
important features. In the Ipswich WDM file, the first
100 DSNs are used for input meteorologic time-series
and observed streamflow. Data sets with numbers
larger than 100 are generally organized by reach.
Table 2 describes the general organization of the WDM
file.

The sum of individual ground-water withdrawals
plus any surface-water withdrawal s provides the total
water withdrawal time seriesfor each reach (OUTDGT
linfig. 7). Thesetime series were entered into the
WDM file in data set numbers 101 to 166 where the
last two digits correspond to the reach number. In
GenScn, these time series are identified as ExDemand
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Figure 7. Schematic of inflows to and outflows from a stream reach (RCHRES) in the Hydrological Simulation

Program-FORTRAN (HSPF).

in the Constituent window, OBSERVED in the
Scenario window, and have alocation identified with
the appropriate RCHRES segment.

Streamflow depletions resulting from ground-
water withdrawals were determined for wellsin the
basin by use of the STRMDEPL program, which is
documented in Appendix A. Time series of streamflow
depletions by individual wells and surface-water
withdrawals are stored in the WDM filein data sets
1010 to 1679; the second and third digits correspond to
the reach number and the last digit correspondsto an
individual well. This scheme allows identification of up
to 10 wells along areach. In the Ipswich Basin HSPF
model, only reach 8 had more than 10 wells simulated;
therefore, the 11th well was numbered with the succes-
sive reach number (1090) because no withdrawals were
simulated in this reach. In GenScn, the Constituent
window identifies streamflow depletions by individual
wells by DEPL and surface-water withdrawals by

SWDL. Actua well-pumping rates are stored in the
WDM file in data sets 2010 to 2679 using the same
numbering scheme described above for the individual
depletions. The actual pumping rates are identified in
the GenScn Constituent window by PUMP. All with-
drawals and streamflow depletions are identified in the
GenScn Scenario window by OBSERVED.

Streamflow Data

Observed daily-flow data were obtained for the
USGS gaging stations at South Middleton (1939
through 1995) and I pswich (1931 through 1995), Mass.
These stations provided the primary data used to cali-
brate the model. Records from the South Middleton
station are generally rated fair (85 percent of the daily
discharge are within 15 percent of the true discharge)
and those from the I pswich station are generally rated
good (within 10 percent of the true discharge) for the
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Table 2. Organization and description of Data Set Numbers
(DSNs) in the Watershed Data Management (WDM) system
for the Ipswich River Basin, Mass.

[STRMDEPL, stream depletion by ground-water withdrawals; HSPEXP,
Hydrological Simulation Program Expert System].

DSN Purpose
1-100 Observed data
101 - 167 Input total water withdrawals for areach input to

the model (OUTDGT 1)

200 — 267 Output of simulated streamflow for areach
301 - 367 Output of total water withdrawals satisfied by
streamflow for areach
1010-1679 Individual surface-water withdrawal or stream
depletion from ground-water withdrawal
computed by STRMDEPL, where
101x —167x  corresponds to reach number and
Ixx0—1xx9  corresponds to individual withdrawal point

(maximum 10 per reach)

2010-2679  Actua withdrawals for individual wells, where
201x —267x  corresponds to reach number and
2xx0—2xx9  corresponds to individual withdrawal point

(maximum 10 per reach)

5000-5100 Simulated flow components for HSPEXP

6000 — Simulation results from different scenarios,
where
60xx —6xxx  second digit corresponds to a unique scenario
and
6x01—6x67 last two digits corresponds to reach number

1989 to 1993 water years (Socolow and others, 1989—
93). Streamflows for the South Middleton station arein
DSN 19 and those for the |pswich station arein DSN
56 in the WDM file; these DSNs correspond to the
reach numbers in the model (fig. 8) in which these
stations are |ocated.

Meteorologic Data

Meteorol ogic data, including precipitation, air
temperature, dew-point temperature, solar radiation,
and wind speed for the Ipswich River Basin were pro-
vided by the Marine Biological Laboratory (MBL) in
Woods Hole, Mass. These data are in hourly time steps
and span the period January 1, 1961 through December
31, 1995. Hourly precipitation records were al so pro-
vided by Robert Lautzenheiser (retired state climatolo-
gist, written commun., 1998) for Reading, Mass.,, for
the period January 1, 1983 to December 31, 1998.

The MBL selected 30 National Weather Service
(NWS) weather stations in and around the |pswich
River Basin to develop their database (fig. 1). Some of

the stations used are a substantial distance (as much as
45 mi) from the basin because only NWS first-order
stations collect data other than precipitation and daily
extreme air temperature, and those stations are sparsely
distributed. Table 3 lists the stations used to develop
the MBL data base, the types of data collected, their
locations, and periods of record.

The MBL provided meteorologic datain a spa-
tial grid of the Ipswich River Basin that was popul ated
by aweighted linear spatial interpolation of hourly and
daily values from the individual stations into each grid
cell (Luc Claessens, Marine Biological Laboratory,
1999, written commun.). All hourly meteorologic data
wasin agrid matrix of 4- by 3-cellsthat are 38.6 miin
area. Hourly precipitation and air temperature time
series were devel oped from 9 stations with hourly data
and 26 stations with daily data during 1961 to 1995.
The hourly precipitation data for Reading supplied by
Robert Lautzenheiser were included in the MBL data-
base. The hourly stations were used as a basis for esti-
mating hourly values for stations where only daily
values were available using METCMP (Lumb and
Kittle, 1995). The hourly values at each station were
then spatially interpolated to obtain hourly values for
the 12 grid cells.

Dew-point temperature, air temperature, solar
radiation, and wind speed were obtained from three
first-order NWS stations listed in table 3. Solar radia-
tion was unavailable for 1991 through 1995 at these
stations and was estimated from cloud cover by use of
amethod reported by Morton and others (1985).

The daily and hourly values of the meteorologic
variables obtained from the MBL grids were averaged
to obtain a single value for each variable and time step
for the basin. The basin-wide average was computed
because use of the grid data would have required the
complete set of pervious (PERLND) and impervious
(IMPLND) land units devel oped for the model to be
duplicated in the UCI file for each grid cell. Inclusion
of the additional land units would have increased tre-
mendously the size and complexity of the UCI file and
slowed processing time. The basin-wide average values
were considered to be adequate for running the model
because the annual spatial variation among the cells
was small. Mean annual precipitation varied by 8 per-
cent or less among the cellsin the basin. Thisis consid-
ered asmall variation in comparison to the large
sampling errors associated with precipitation data.

All other meteorological variables varied less than
precipitation.
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Table 3. Meteorologic stations and data used to develop grid-cell data for the Ipswich River Basin, Mass.

[Locations are shown in fig. 1. NWS, National Weather Service; No., number; °, degrees; ', minutes; ", seconds; e indicates available datal

Precipitation

Temperature

Period of record

NWS . Solar \yind  cloud
Station Station name Latitude Longitude ] Mini- Maxi- Dew- rgdla— speed  cover
No. Hourly Dally mum mum pOint tion Start End
190535  Bedford, Mass. 42° 29 00" 71° 17 00" o . . 1/01/61 12/31/95
190770  Boston, Mass—Logan Airport 42° 22 00" 71° 02 00" . . . 1/0ove1 12/31/95
14739 Boston, Mass.—L ogan Airport 42° 22 00" 71° 02 00" . . . . . 1/0v61 12/31/95
191447  Chestnut Hill, Mass. 42° 20 00" 71° 09 00" o . . 1/01/61 4/30/86
191992  Dracut, Mass. 42° 42 00" 71° 17 00" o . . 1/ou71 6/15/78
193276  Groveland, Mass. 42° 45 00" 71° 03 00" . . . 9/01/92 12/31/95
193276  Groveland, Mass. 42° 45 00" 71° 03 00" . 9/01/92 12/31/95
193505  Haverhill, Mass. 42° 46 00" 71° 04 00" . . . 1/01/61 12/31/95
193876  Ipswich, Mass. 42° 40 00" 70° 52 00" . 1/01/61 12/31/95
194105  Lawrence, Mass. 42° 42 00" 71° 10 00" . . . 1/01/61 12/31/95
194313  Lowell, Mass. 42° 39 00" 71° 22 00" . . . 1/01/61 12/31/95
194502  Marblehead, Mass. 42° 30 00" 70° 52 00" . . . 9/01/84 12/31/95
194502  Marblehead, Mass. 42° 30 00" 70° 52 00" . 9/01/84 12/31/95
194744  Middleton, Mass. 42° 36' 00" 71° 01 00" . . . 1/01/61 12/31/95
195175  Natick, Mass. 42° 18 00" 71° 22 00" . . . 4/01/78 12/31/95
195285  Newburyport, Mass. 3 WNW 42° 50 00" 70° 56' 00" o 1/01/61 12/31/95
196245  Peabody, Mass. 42° 32 00" 70° 59 00" . . . 1over 12/31/95
196783  Reading, Mass. 42° 31' 00" 71° 08 00" . . . 1ovel 12/31/95
196783  Reading, Mass. 42° 31' 00" 71° 08 00" . 12/01/80 12/31/95
196977  Rockport, Mass. 1 ESE 42° 39 00" 70° 36' 00" . . . 1ovel 1/16/83
196977  Rockport, Mass. 1 ESE 42° 39 00" 70° 36' 00" o 1/ove61 12/31/83
197124  Sadem, Mass—Coast Guard Station ~ 42° 32" 00" 70° 52 00" J o o 1/ove61 12/31/66
198030  Spot Pond, Mass. 42° 27 00" 71° 05 00" J 1/ove61 713177
199360  Weston, Mass. 42° 23 00" 71° 19 00" J o . 1/ove61 6/30/68
94746 Worcester, Mass Municipa Airport  42° 16 00" 71° 52" 00" . . . 1/01/61 12/31/95
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Table 3. Meteorologic stations and data used to develop grid-cell data for the Ipswich River Basin, Mass.—Continued

NWS Precipitation Temperature Solar ) Period of record
Station Station name Latitude Longitude Mini- Maxi- Dew- radia- Wind - Cloud
No. Hourly Daily ; tion Speed cover Start End
mum  mum  point

14745 Concord, N.H. Municipal Airport ~ 43° 12 00" 71° 31 00" . . . 1/01/61 12/31/95
14745 Concord, N.H. Municipal Airport ~ 43° 12 00" 71° 31 00" . 1/01/95 12/31/95
272174 Durham, N.H. 43° 09 00" 70° 57" 00" . 1/01/61 12/31/95
272800 Epping, N.H. 43° 02 00" 70° 05 00" . . . 12/01/63 12/31/95
273626 Greenland, N.H. 43° 01' 00" 70° 50 00" . . . 8/01/73 12/31/95
274234 Hudson, N.H. 42° 47 00" 71° 26' 00" . 1/01/61 12/31/72
275072 Manchester, N.H. 43° 00" 00" 71° 29 00" . . . 1/01/61 9/30/72
275211 Massabesic Lake, N.H. 42° 59 00" 71° 24 00" . . . 1/01/61 12/31/95
275705 Nashua, N.H. 2 42° 47 00" 71° 30 00" . 12/01/72 2/28/85
275712 Nashua, N.H. 2 NNW 42° 47 00" 71° 29 00" . . . 1/01/61 12/31/95
275712 Nashua, N.H. 2 NNW 42° 47 00" 71° 29 00" . 2/01/85 12/31/95
276980 Portsmouth, N.H. 43° 04 00" 70° 43 00" . . . 1ovel 5/31/73
279740  Windham, N.H. 3 NW 42° 49 00" 71° 20 00" . . . 1ovel 713176




Potential evapotranspiration (PET) was calcu-
lated from daily high and low temperatures, and solar
radiation by the Jensen-Haise (1963) method using
METCMP (Lumb and Kittle, 1995). Near-fina
calibration results indicated a seasonal bias that can
be attributed to the use of a constant monthly variable
coefficient (CTS) in the Jensen-Hai se computation.
PET estimates were subsequently recalculated with a
variable CTS value to correct for seasonal bias. Meth-
ods that were used to develop the CTS value are

explained in the model-calibration section of the report.

Water-Withdrawal Data

Water-withdrawal information was obtained by
guestionnaire from water suppliersfor 18 of the 22
townsin the Ipswich River Basin or obtaining water
from the basin. Water suppliers were asked to provide
information on their drinking-water and waste-water
infrastructure and time series of withdrawal rates and
waste-water discharges for the period beginning
January 1, 1989, through the most-recently available
data. Information was not requested from the towns of
Woburn, Billerica, Rowley and Georgetown because
their areas within the basin are small and they do not
have municipal water supplies or their municipal water
supply comes from an adjacent basin.

The information provided by each town differed
considerably, and thus required various degrees of
processing to format the data for input to the model.
Table 4 summarizes water-use information obtained
from the towns. Water-use data for Hamilton, North
Reading, Peabody, and Topsfield were obtained from
monthly water-use records reported to the MADEP. In
addition, the MADEP provided monthly time seriesfor
seven private water usersin the basin. All other water-
use information was obtained directly from the water
suppliers. In someinstances, copies of hand-written log
books provided by the water suppliersindicated peri-
ods when water meters were not in service. Recorded
withdrawals for adjacent time periods were used to
estimate withdrawals for the missing periods. This
could result in small differences between the with-
drawals reported to MADEP and the withdrawals
used in the model.

Table 5 summarizes the 96 registered or permit-
ted public and commercia water withdrawalsin the
basin. Several towns have large areas served by munic-
ipa water supplies, but with no municipal wastewater
systems. These areas rely on onsite septic systems for

waste treatment. Discussion of how these areas were
treated in the model is provided in the section on
‘Hydrologic Response Units.” The municipal water-use
data and methods used to process them are described
below (locations of the areas described, river reach
numbers and withdrawal locations are shown in fig. 8).
Generally, the town water-use data are presented in
order of downstream reach number (as listed in

table 5), but some towns have been grouped because of
similarities in water-use patterns and methods used to
process the data.

Burlington. The town of Burlington has a stor-
age reservoir at the headwaters of Maple Meadow
Brook. Water is pumped to the reservoir from outside
the Ipswich Basin, stored, and released for later use
outside the basin; therefore, the surface area of the res-
ervoir was not included in the model. Water from the
land area that would normally drain to the reservoir is
piped under the reservoir and contributes to Maple
Meadow Brook. Within the basin, the town is served by
municipal water and sewer, which isdischarged outside
the basin.

Wilmington. The town of Wilmington obtains
water from 5 wells adjacent to Maple Meadow Brook,
2 wells adjacent to Lubbers Brook, and 3 wells adja-
cent to Martins Brook. One of the wells was not
pumped during the calibration period, but was included
in the model with no withdrawals specified. The town
provided combined total monthly withdrawal rates for
1969 through part of 1997 and average annual with-
drawal ratesfor individual wellsfrom 1991-96. Ratios
of theindividual average annual well withdrawalsto
the total average annual withdrawals for the 1991-96
period were used to apportion the total monthly with-
drawalsto individual well withdrawalsfor the 1989-90
period. The daily withdrawals were obtained by disag-
gregating monthly withdrawal s using Wenham records
as described below. The combined average withdrawal
from these wells during the calibration period was
2.53 Mgal/d. Wilmington is partialy served by public
Sewer.

Hamilton, Reading, North Reading, and
Topsfield. These townsrely solely on ground water for
their water supplies except North Reading, which
imports up to 1.5 Mgal/d of additional water during
summers from the Merrimack River Basin. Several pri-
vate surface-water withdrawals from within these
municipalities were also included in the model.
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Table 4. Summary of municipal water-use information in the Ipswich River Basin, Mass.

[-- indicates not applicable]

Water supply Wastewater Source Datain model
Municipality pypjic Source  Public Discharge _ 9318 Begin  End Remarks
system in basin system in basin time step year  year

Andover Yes No Yes No - - --  Nowithdrawals from or returns to the basin

Beverly Yes Yes Yes No Daily 1989 1998 Waste discharged to South Essex Sewage-
Treatment Plant

Billerica Yes No Yes No - - -- No withdrawals from or returns to the basin

Boxford No -- No - - - --  No public supply or sewer system

Burlington Yes No Yes No - - --  No withdrawals from or returns to the basin

Danvers Yes Yes Yes No Monthly 1987 1997 Waste discharged to South Essex Sewage-
Treatment Plant

Georgetown  Yes No No - - - --  No withdrawals from or returns to the basin

Hamilton Yes Yes No Yes Monthly 1989 1993 Waste al goesto septic systems

Ipswich Yes Yes Yes No Daily 1989 1998 Ipswich wastewater is discharged to the Ipswich
River below Sylvania Dam. About 50 percent of
the population is unsewered.

Lynn Yes Yes Yes No Daily 1989 1997 Noland areain basin; waste discharged to Lynn
Wastewater Treatment Plant

Lynnfield Yes Yes No Yes Daily 1989 1998 Waste all goesto septic systems

Middleton Partial Yes No Yes Monthly 1987 1997 About 60 percent of the population has public
water; waste all goes to septic systems

North Yes No Yes No - - --  No withdrawals from or returns to the basin

Andover
North Yes Yes No Yes Monthly 1989 1993 Wasteal goesto septic systems
Reading

Peabody Yes Yes Yes No Monthly 1989 1993 Waste discharged to South Essex Sewage-
Treatment Plant

Reading Yes Yes Yes No Monthly 1987 1997 Waste discharged to Mass. Water Resources
Authority

Rowley Yes No No - - - --  No withdrawals from or returns to the basin

Salem Yes Yes Yes No Daily 1989 1998 Noland areain basin; waste discharged to South
Essex Sewage-Treatment Plant

Tewksbury Yes No Yes No - - --  No withdrawals from or returns to the basin

Topsfield Yes Yes No Yes Monthly 1989 1993 Waste al goesto septic systems

Wenham Yes Yes No Yes Daily 1989 1998 Waste all goesto septic systems

Wilmington  Yes Yes Partial Partiadl  Daily 1989 1998 Wastewater from 16 percent of population goesto
Mass. Water Resources Authority

Woburn Yes No No -- -- -- --  No withdrawals from or returns to the basin
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Table 5. Massachusetts Department of Environmental Protection registered or permitted public and commercial water withdrawals in the Ipswich River Basin

[Reach number shown in fig. 8; Dept., Department; Mass. DEP, Massachusetts Dept. of Environmental Protection; No., number; WDM, Watershed Data Management; °, degrees; ', minutes; ", seconds,

-- means not included or not applicable]

WDM Distance
Reach data Mass. DEP . Inclluded . . from
No. set source Source name Water supplier name in Latitude Longitude Town stream
No. No. model (feet)
1 -~ 3048000-02S  Mill Pond Reservoir intake Burlington Water Dept. No 42° 30 54" 71° 10 18" Burlington --
1 1012  3342000-03G  Chestnut Street well Wilmington Water Dept. Yes  42°31' 48" 71° 10 08" Wilmington 560
1 1013  3342000-04G  Town Park well Wilmington Water Dept. Yes 42°32 05" 71°09 39" Wilmington 560
1 1014 3342000-07G Butters Row well 1 Wilmington Water Dept. Yes 42°31'58" 71°09 58" Wilmington 490
1 1015 3342000-09G Butters Row well 2 Wilmington Water Dept. Yes 42°32 02" 71°09 59" Wilmington 280
1 1016 3342000-10G  Chestnut Street well 1A Wilmington Water Dept. Yes  42°31 48" 71° 10 09" Wilmington 560
1 --3342001-01G  Millbrook well 1 Millbrook Country Day Schooal, Inc.  No 42° 31' 43" 71° 10 48" Wilmington --
5 1051 3342000-05G  Shawsheen Avenue well Wilmington Water Dept. Yes  42°33 30" 71° 11 29" Wilmington 120
5 1052 3342000-06G  Aldrich Road well Wilmington Water Dept. Yes  42°33 01" 71° 12 30" Wilmington 420
8 1080 3213000-06G  Stickney well North Reading Water Dept. Yes  42°33 50" 71° 08 01" North Reading 3,300
8 1081 3246000-02G  Revay well 2 Reading Water Dept. Yes  42° 32 14" 71° 07 39" Reading 5,980
8 1081 3246000-03G  Revay well 1 Reading Water Dept. Yes  42° 32 16" 71° 07 37" Reading --
8 1082 3246000-04G  Well 2 Reading Water Dept. Yes  42° 32 58" 71° 07 60" Reading 1,340
8 1083 3246000-05G  Well 3 Reading Water Dept. Yes  42° 32 56" 71° 07 59" Reading 1,250
8 1084 3246000-06G Blinewsll Reading Water Dept. Yes  42°33 06" 71° 07 54" Reading 490
8 1085 3246000-07G  Town Forest well Reading Water Dept. Yes 42°33 14" 71° 07 38" Reading 140
8 1086 3246000-08G  Well 82 20 Reading Water Dept. Yes 42°33 11" 71° 07 48" Reading 140
8 1087 3246000-09G Well 66 8 Reading Water Dept. Yes 42°33 05" 71° 08 02" Reading 490
8 1088 3246000-10G  Well 13 Reading Water Dept. Yes 42° 3259 71° 08 11" Reading 1,110
8 1089 3246000-11G  Well 15 Reading Water Dept. Yes 42°32 56" 71° 08 10" Reading 970
8 1091 31724602-01G Well 1 Meadow Brook Golf Club Yes  42° 32 34" 71° 07 44" Reading 550
8 1092 31724602-01S Surface-water withdrawal 1 Meadow Brook Golf Club Yes  42° 32 32" 71° 07' 51" Reading --
12 -~ 3009003-01G  Harold Parker well Harold Parker State Forest No 42°36' 35" 71° 05 31" Andover --
12 -~ 3009004-01G  Camp Evergreen well Camp Evergreen No 42° 36 20" 71° 05 23" Andover --
12 1125 3213000-04G  Central Street wellfield North Reading Water Dept. Yes 42°35 56" 71° 06 44" North Reading 100
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Table 5. Massachusetts Department of Environmental Protection registered or permitted public and commercial water withdrawals in the Ipswich River Basin—

Continued

Reach Vo\lls?ttll| Mass. DEP . Incl_uded . . lesrts\:qce

No. set source Source name Water supplier name in Latitude Longitude Town stream
No. No. model (feet)

12 1126  3213000-05G  Route 125 well North Reading Water Dept. Yes 42°35 58" 71°08 06" North Reading 1,550
12 1127 3213000-02G  Lakeside Boulevard well 2 North Reading Water Dept. Yes 42° 35 46" 71° 07 51" North Reading 140
12 1127 3213000-03G Lakeside Boulevard well 3 North Reading Water Dept. Yes  42° 35 48" 71° 07 50" North Reading 140
12 1127 3213000-07G  Lakeside Boulevard well 4 North Reading Water Dept. Yes  42° 35 48" 71° 07 50" North Reading 140
12 1128 3342000-01G  Browns Crossing well Wilmington Water Dept. Yes  42° 34 56" 71°08 44" Wilmington 150
13 1131 3213000-01G Railroad bed tubular wells North Reading Water Dept. Yes  42° 34 42" 71°07' 52" North Reading 140
13 1132 3342000-02G  Barrowswellfield Wilmington Water Dept. Yes  42°34' 20" 71° 08 35" Wilmington 100
13 1133 3342000-08G  Salem Street well Wilmington Water Dept. Yes  42° 34 42" 71° 07 60" Wilmington 150
17 1171  3164000-02G  Main Street well Lynnfield Center Water District Yes  42°33 24" 71° 02 41" Lynnfield 1,060
17 1172 3164000-05G  Glen Drivewell 1 Lynnfield Center Water District Yes  42°33 33" 71° 02 58" Lynnfield 1,650
17 1173  3164000-06G  Glen Drive well 2 Lynnfield Center Water District Yes  42°33 33" 71°02 58" Lynnfield 1,650
17 1174 3164000-07G  Glen Drivewell 3 Lynnfield Center Water District Yes  42°33 33" 71°02 58" Lynnfield 1,650
17 1175 3164000-08G  Glen Drive well 4 Lynnfield Center Water District Yes  42°33 33" 71° 02 58" Lynnfield 1,650
17 1176  31716402-01G WEell 1 - Clubhouse Sagamore Springs Golf Club, Inc. Yes  42°33 26" 71° 02 18" Lynnfield 350
17 1177 31716402-02G WEell 2 - Maintenance Sagamore Springs Golf Club, Inc. Yes  42°33 39" 71°02 29" Lynnfield 350
17 1178 31716402-03G WEell 3 - Residence Sagamore Springs Golf Club, Inc. Yes  42°33 32" 71°02 30" Lynnfield 100
17 1179 31716402-01S Surface-water withdrawal 1 Sagamore Springs Golf Club, Inc. Yes 42°33 30" 71°02 28" Lynnfield --
17 1170 31716402-02S Surface-water withdrawal 2 Sagamore Springs Golf Club, Inc. Yes 42°33 30" 71°02 28" Lynnfield --
17 --  3164005-01G  Pocahontas well Pocahontas Spring Water No 42° 33 11" 71° 02 20" Lynnfield
18 1181 3163000-05S Ipswich River Lynn Water and Sewer Commission  Yes  42°34' 17" 71°02 57" Lynn --
18 1182 31721303-01S Surface-water withdrawal 1 Thomson Country Club Yes  42°34 16" 71° 02 09" North Reading --
18 1183 31721303-02S Surface-water withdrawal 2 Thomson Country Club Yes  42°34 16" 71° 02 09" North Reading --
20 -- 3184007-01G  Legion Post well American Legion Post 227 No 42° 34 12" 71° 00 37" Middleton --
20 1201 3229000-03S  Ipswich River Peabody Water Dept. Yes 42°33 39" 71° 00 16" Peabody -
21 - 3229000-02S  Suntaug Lake Peabody Water Dept. No 42°31' 17" 70° 59 54" Peabody -
22 --3229000-04S  Winona Pond Reservoir Peabody Water Dept. No 42° 32 09" 71° 00 46" Peabody --
23 1231 3229000-01G  Pine Street well Peabody Water Dept. Yes  42°32 38" 71° 00 02" Peabody 800
23 1232  3229000-02G  Johnson Street well Peabody Water Dept. Yes  42° 32 43" 70° 59 57" Peabody 100
25 1251 3071000-01G Well 1 Danvers Water Dept. Yes  42° 34 29" 70°59 40" Middleton 100
25 1252 3071000-02G  Well 2 Danvers Water Dept. Yes  42°34 08" 70°59 48" Middleton 100
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Table 5. Massachusetts Department of Environmental Protection registered or permitted public and commercial water withdrawals in the Ipswich River Basin—

Continued
Reach Vo\lls?ttll| Mass. DEP . Incl_uded . . lesrts\:qce
No. set source Source name Water supplier name in Latitude Longitude Town stream
No. No. model (feet)
25 -- 3184004-01G  Middleton Golf Course well Middleton Golf Course, Inc. No 42° 35 12" 71° 00 46" Middleton --
26 1261 3071000-01S  Middleton Pond Reservoir Danvers Water Dept. Yes 42°35 41" 71°01' 15" Middleton --
28 -~ 3071002-01P  DanversWater Dept. Danvers State Hospital No 42° 34 58" 70° 58 28" Danvers --
30 1301 3071000-02S  Swan Pond Reservoir Danvers Water Dept. Yes 42°35 19" 71°02 50" Middleton --
30 1302 3071000-03S  Emerson Brook Reservoir Danvers Water Dept. Yes 42°36 12" 71° 02 04" Middleton --
30 -- 3184011-01G Candlelite well Candlelite Motor Inn No 42° 37 21" 71° 03 05" Middleton --
36 1361 - Surface-water withdrawal 1 Tara Country Club Yes 42° 36 10" 70° 58 24" Danvers --
39 --3038009-01G  Cole School well Harry Lee Cole School No 42° 39 37" 71° 00 10" Boxford --
39 --3038011-01G  First Church Rock well First Church Congregation No 42° 39 52" 70° 59 58" Boxford --
39 -- 3038013-01G  Boxford Community Store well Boxford Community Store, Inc. No 42° 39 45" 70° 59 55" Boxford --
40 - 3038020-01G Wl 1 Andrews Farm Water Co., Inc. No 42° 38 36" 70° 58 31" Boxford --
44 1441 3030001-04S  Ipswich River to Wenham Lake Salem Beverly Water Supply Board ~ Yes  42° 36" 24" 70° 54' 05" Wenham --
44 1442 3030001-04S  Ipswich River to Putnamville Reservoir Salem Beverly Water Supply Board ~ Yes  42° 36' 24" 70° 54' 05" Wenham --
45 1451 3030001-03S  Putnamville Reservoir to Wenham Lake Salem Beverly Water Supply Board ~ Yes  42° 36' 08" 70° 56' 24" Danvers --
46 -~ 3298002-01G  Sleepy Hollow well Eagle Tor Trust No 42° 36 51" 70° 56' 22" Topsfield --
49 1491 3119000-04G  Caisson well Hamilton Water Dept. Yes  42° 37 06" 70° 53 50" Hamilton 100
49 1492  3119000-05G Idlewild 1 well Hamilton Water Dept. Yes  42° 37 12" 70° 53 50" Hamilton 300
49 1493  3119000-06G Idlewild 2 well Hamilton Water Dept. Yes  42° 37 13" 70° 53 45" Hamilton 720
49 1494 3320000-01G Wl 1 Wenham Water Dept. Yes  42°36' 37" 70° 53 40" Wenham 400
49 1495 3320000-02G Wl 2 Wenham Water Dept. Yes  42°36' 39" 70° 53 41" Wenham 300
50 1501 3119000-03G  Patton well Hamilton Water Dept. Yes  42°38 01" 70° 54 04" Hamilton 920
50 1502 3298000-02G  Perkins Row well Topsfield Water Dept. Yes  42°38 50" 70° 55 33" Topsfield 300
51 -~ 3038001-01G Wl 1 Four Mile Village No 42° 41 07" 71° 00 13" Boxford --
51 -~ 3038001-02G  Well 2 Four Mile Village No 42° 41' 07" 71° 00 14" Boxford --
51 -- 3038001-03G Bedrock well 3 Four MileVillage No 42° 41’ 07" 71° 00 08" Boxford --
53 1531 3298000-01G  North Street well Topsfield Water Dept. Yes  42°39 12" 70° 56 34" Topsfield 100
53 -~ 3298005-01G Wl 1 New Meadows Golf Club No 42° 39 50" 70°55 34" Topsfield --
57 1571 3144000-04G  Winthrop well 2 I pswich Water Dept. Yes  42°39 26" 70° 53 07" Ipswich 250
57 1571 3144000-05G  Winthrop well 3 I pswich Water Dept. Yes  42°39 26" 70°53 05" Ipswich 380
59 1591 3144000-03G  Winthrop well 1 and tubular wells I pswich Water Dept. Yes  42°39 20" 70°52 38" Ipswich 70
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Table 5. Massachusetts Department of Environmental Protection registered or permitted public and commercial water withdrawals in the Ipswich River Basin—

Continued
WDM " \tass. DEP Included Distance
Reach data . ) . . from
source Source name Water supplier name in Latitude Longitude Town
No. set stream
No. model

No. (feet)
61 1611 3030001-02S Longham Reservoir to Wenham Lake  Salem Beverly Water Supply Board ~ Yes  42° 35 27" 70° 52 17" Wenham --
61 1612 3030001-02S Longham Reservoir to Miles River Salem Beverly Water Supply Board ~ Yes  42° 35 27" 70°52' 17" Wenham --
62 1621 3030001-01S  Wenham Laketo Beverly Salem Beverly Water Supply Board ~ Yes  42° 35 03" 70° 53'16" Beverly/Wenham --
62 1622 3030001-01S  Wenham Laketo Salem Salem Beverly Water Supply Board ~ Yes  42° 34 59" 70° 53 24" Beverly/Wenham --
64 1641 31711902-01S Surface-water withdrawal 1 Myopia Hunt Club Golf Course Yes 42°36 35 70°51 38" Hamilton --
65 -~ 3119000-01G  Bridge Street well Hamilton Water Dept. No 42° 36 57" 7050 35" Hamilton --
65 1651 3119000-02G  School well Hamilton Water Dept. Yes  42° 36 44" 70° 50 07" Hamilton 200
66 1661 3144000-06G  Essex Road well | pswich Water Dept. Yes  42°39 27" 70° 49 37" Ipswich 150
66 1662 3144000-07G  Fellows Road well I pswich Water Dept. Yes 42°39 05" 70°49 30" Ipswich 350
67 --  31714401-01S Surface-water withdrawal 1 Corliss Brothers Farm No 42° 39 48" 70° 49 52" Ipswich --




During the calibration period, Hamilton obtained
water from two wells along Idlewild Brook (one new
well has since been installed and is included in the
model, but with no withdrawals specified during the
calibration period), and awell each aong the Ipswich
River and Miles River. The combined average annual
withdrawal from these wells during the calibration
period was 0.79 Mgal/d.

Reading has one of the most developed well
fields aong the Ipswich River —11 wells have a com-
bined annual withdrawal of 1.96 Mgal/d. North
Reading obtains water from 7 wells; 6 of these are
along Martins Brook and 1 is along the I pswich River.
These wells had a combined average annual with-
drawal of 0.87 Mgal/d during the calibration period.
One of the wells along Martins Brook and the well
along the I pswich River were not pumped during the
calibration period, but they were included in the model
with no withdrawals specified during the calibration
period.

Topsfield obtains water from awell along the
Ipswich River and awell along Howlett Brook. These
wells have a combined average annual withdrawal of
1.36 Mgal/d. Total monthly withdrawals were reported
for each well.

Withdrawal rates for wellsin Hamilton, North
Reading, and Topsfield were obtained from the
MADEP. Withdrawals in 1989 were unavailable and
estimated from the average 1990-93 monthly with-
drawals. Daily withdrawals were obtained by disaggre-
gating monthly withdrawal s using Wenham records as
described below.

Of these four towns, only Reading has a munici-
pal wastewater system, which discharges to the ocean
through the Massachusetts Water Resources Authority
system; the other three towns rely on onsite septic
systems for waste disposal.

The Thomson Country Club in North Reading
operates 2 surface-water withdrawals for private use
that take water directly from the Ipswich River just
upstream of the South Middleton station. The com-
bined average withdrawal from the two surface-water
sources was 0.023 Mgal/d during the calibration
period. The withdrawals generally were taken only
during April through November each year.

Lynnfield. Lynnfield obtained its entire water
supply from 1 well in the Wills Brook headwaters
during the calibration period. Thiswell had an average
withdrawal of 0.31 Mgal/d during the period. The town
provided daily withdrawal data from the well for the

period 1989-97. The town installed 4 new wellsin the
Wills Brook headwaters during 1997. These wellswere
included in the model with no withdrawals specified
during the calibration period.

The Sagamore Spring Golf Club, Inc., operates 3
wells and 2 surface-water withdrawals for private use
in the Wills Brook headwatersin Lynnfield. Pumping
rates for these supplies were provided by the MADEP,
and were included in the model. The combined average
withdrawal from the three wells was 0.006 Mgal/d,
and the combined average withdrawal from the two
surface-water sources was 0.053 Mgal/d during the cal-
ibration period. The surface-water withdrawal s gener-
aly were taken only during April through November
each year. Lynnfield relies on onsite septic systems for
wastewater disposal.

Lynn. Lynn (completely outside the basin)
obtained water directly from the Ipswich River just
above the South Middleton station during 1989 and
1993. Withdrawals averaged 3.1 Mgal/d in 1989 and
0.39 Mgal/d in 1993.

Peabody. Peabody obtains water from 2 wells
along Norris Brook and directly from the | pswich River
about 1 mile downstream from the South Middleton
station. Water from the Ipswich River is pumped sea-
sonally to Suntaug Lake and from there, re-distributed
to Winona Pond or other reservoirs outside of the
Ipswich Basin. Under normal operation, all water from
Suntaug Lake and Winona Pond is exported from the
basin (Peter Smyrnios, Peabody Water Department,
oral commun., 1999). Only the water withdrawn from
the Ipswich River isincluded in the model. Direct
runoff to Suntaug L ake and Winona Pond were mod-
eled, but did not contribute to the Ipswich Basin.
Municipal wastewater is discharged to the ocean.

Only one of the two wells was active during the
calibration period. The monthly withdrawals from the
active well were obtained from the MADEP for 1990—
93. Monthly withdrawalsfor 1989 were estimated from
the average monthly withdrawal s for 1990-93 period.
Daily withdrawal s were estimated by transforming the
withdrawal for each month into a daily value that aver-
aged 0.07 Mgal/d during the calibration period.

Danversand Middleton. Danvers and
Middleton obtain water from two wells and three
water-supply reservoirs: Swan Pond, Emerson Brook
Reservoir, and Middleton Pond. Water is diverted
from Swan Pond and Emerson Brook Reservoir into
Middleton Pond, and from there, water is diverted into
the water-supply system. Swan Pond is pumped only
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during October and November; at other times, the
water level in the pond is maintained to help prevent
dewatering of nearby residential wells. Emerson Brook
Reservoir is pumped only when water is available (it
usually driesin the summer) and there is storage avail-
able in Middleton Pond (Donald DeHart, Danvers
Department of Public Works, written commun., 1998).
Monthly water levels and curves for water level, stor-
age volume, surface area, discharge were provided for
each reservoir.

The two wells are adjacent to the I pswich River
and had a combined average withdrawal of 0.11 Mgal/d
during the calibration period. Monthly withdrawals
were reported for 1989 through part of 1998. Daily
withdrawal s were obtained by transforming monthly
valuesinto daily values. Municipal wastewater from
Danversis discharged to the ocean. Middleton is
mostly unsawered and septic effluent in these areas that
is not lost to evaporation is returned to the Ipswich
River Basin.

Boxford. The town of Boxford has no municipal
water-supply or wastewater systems. Residentsrely on
individual wells and onsite septic systems; thus no
water-use activities were included in the model for the
town.

Wenham. The town of Wenham obtains water
from 2 wells adjacent to Idlewild Brook. Wenham pro-
vided total daily well withdrawals for 1989 through
part of 1998. The combined daily withdrawals from
thesewellsaveraged 0.32 Mgal/d during the calibration
period and are evenly divided between the two wells.
Wastewater discharges to onsite septic systems.

Withdrawal s from the Wenham wells were used
to estimate daily withdrawals for some towns (as
noted) where only monthly withdrawal rates were
available. The Wenham records were considered to
reflect the day-to-day water-supply demandsin other
towns in response to climatic conditions. Wenham
records were not used to estimate daily ground-water
withdrawals for Peabody, Danvers, and Middleton
because their water supplies use both surface- and
ground-water supplies. In systems such as these, the
day-to-day fluctuations in ground-water pumping
would not be the same as for a system that relies solely
on ground-water supplies because short term increases
in demand can be obtained from reservoir storage
rather than increased well withdrawals.

Large day-to-day fluctuations in the Wenham
withdrawals were probably caused by the operation of
the town's water supply rather than user demandsin

response to climatic variations. These operational-
related fluctuations were therefore removed by using a
15-day moving average, centered on the 8th day before
using the record to estimate the pattern of daily
demands for towns where only monthly records were
available. The smoothing period was determined
empirically to maintain areasonably large variation in
the daily values while eliminating the large operational
fluctuations. Daily withdrawals were computed for
wells with only monthly values by (1) computing
monthly mean withdrawal rates from the smoothed
daily values at Wenham, (2) computing the ratio
between the daily withdrawals and mean monthly with-
drawals for each day at Wenham, (3) computing the
average daily withdrawal by month for towns where
only monthly values were available, and (4) multiply-
ing the average daily values by the daily ratios
computed from Wenham data.

The variation in streamflow depletion caused
by ground-water withdrawals is substantially less
than actual well pumping rates because of the
damping effect of aguifer storage. Figure 9 shows the
combined daily pumping of the two Wenham wells for
1989, the smoothed daily pumping rate (pattern used
to estimate daily pumping rates in other towns), and
the calculated depletion of flow in Idlewild Brook
(RCHRES no. 49, fig. 8) caused by ground-water
withdrawals. The streamflow depletion is computed
using the STRMDEPL program described in
Appendix A.
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Figure 9. Combined actual and 15-day moving average
daily ground-water withdrawals from two Wenham water
supply wells, and the calculated streamflow depletion of
flow in Idlewild Brook, Mass., 1989.
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Salem and Beverly. Salem and Beverly obtain
their water from the Salem-Beverly Water-Supply
Board (SBWSB), which depends entirely on surface-
water sourcesin the Ipswich River Basin. The SBWSB
maintains three reservoirs in the basin: Putnamville
Reservoir, Longham Reservoir, and Wenham L ake.
Water iswithdrawn from the |pswich River through the
3-mile long Salem-Beverly Canal to an intake that
pumps water into the Putnamville Reservoir and
Wenham Lake for storage and later use. Water in
Putnamville Reservair is diverted to Wenham Lake
when Wenham L ake storage runs low. Water isalso
diverted from L ongham Reservoir, near the headwaters
of the Miles River subbasin, to Wenham Lake.

The SBWSB supplied daily time series for the
period 1989 through 1997 of diversions from the
Ipswich River to Putnamville Reservoir and Wenham
Lake, diversions from Putnamville Reservoir and
Longham Reservoir to Wenham Lake, and releases
from Longham Reservoir to the Miles River. The
SBWSB provided monthly time series of pumping
from Wenham Lake, and water levels and capacity
tablesfor its reservoirs. During the calibration
period, the SBWSB diverted an annual average of
1,787 Mgal from the Ipswich River, and 1,187 Mgal
from Longham Reservoir. Wastewater for Salem and
Beverly is discharged to the ocean.

I pswich. The town of Ipswich obtains water
from three wells adjacent to Ipswich River and two
wells adjacent to Miles River. Monthly withdrawals
were reported for 1989, and daily withdrawals were
reported for 1990 through part of 1998 for each well.
The town aso uses water sources in the Parker River
Basin, but these were not modeled. Daily withdrawals
were obtained for 1989 by disaggregating monthly
withdrawal s using Wenham records as described
above. The combined average withdrawal from
Ipswich wells in the Ipswich River Basin during the
calibration period was 0.21 Mgal/d. Municipal sewers
serve about half the population and the treated effluent
is discharged to the Ipswich River below Sylvania
Dam.

Andover, Billerica, North Andover, and
Tewksbury. No municipal water supplies or wastewa-
ter returns were modeled for the towns of Andover, Bil-
lerica, North Andover, and Tewksbury. These towns
obtain municipal water supplies outside of the Ipswich
Basin and in areas that are sewered, wastewaters are
discharged outside of the basin.

Representation of the Basin

The physical and spatial representation of the
basin in the model is defined by the combination of
HRUs (PERLNDs and IMPLNDS), their contributing
areato areach, and the linkage of one reach to another.
The process of defining HRUS, their linkage to reaches,
and the linkage of reachesto each other oftenis
referred to as the schematization or discretization of a
basin. A Geographic Information System (GIS) was
used to discretize the watershed. Basin boundaries for
many of the reachesin the model were available from a
state-wide digital datalayer constructed by the USGS
and MassGI S (Massachusetts Geographic Information
System). Basin boundaries for reaches that were not
available from this data layer were delineated from
1:25,000-scale Digital Elevation Model (DEM) dataor,
in some cases, they were digitized by hand from
1:25,000-scale USGS topographic maps. Other data
layers used in the discretization process were obtained
from MassGI S, and include 1:125,000-scale surficia
geology, 1:25,000-scale land use, 1:25,000-scale
hydrography, and 1:5,000-scale wetlands. These data
layers, including detailed descriptions, can be obtained
at MassGI S (http://www.state.ma.usmgis/).

The spatial data were simplified and grouped to
obtain categories that were considered important to the
hydrology of the watershed. The surficial-geology data
layer was simplified from 7 types of materialsinto 3 on
the basis of permeability and storage characteristics:
(1) sand and gravel, (2) till and bedrock, and (3) fine-
grained or alluvial deposits. The land-use data layer
was combined with the wetland data layer and then
simplified from 62 categories to 8 land-use categories:
(1) forest, (2) open irrigated, (3) open-non-irrigated,
(4) open water, (5) forested wetland, (6) non-forested
wetland, (7) low-density residentia, (8) high-density
residential, and (9) commercial. HRUs were obtained
by combining the surficial geology and the simplified
land-use data layers. Intersection of the combined
surficial-geology and land-use data layers with the sub-
basin delineations yielded the area of each HRU for
each subbasin.

Hydrologic Response Units

Fourteen out of 27 possible combinations of
surficial geology and land use covered areas suffi-
ciently large to warrant unigue HRUs. Combinations of
surficial geology and land use with areas less than
about 1 percent of the basin areawere grouped into the
HRU with the most similar characteristics. For
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instance, open-non-irrigated land accounted for about 1
percent of the watershed area; therefore, this category
was combined with the open-irrigated category. From
theinitial 14 HRUSs, four additional HRUs that repre-
sent residential areas on public water and septic sys-
tems and two HRUSs that represent impervious areas
were developed as described below.

Impervious Areas (IMPLNDSs)

Impervious areas are any surfaces that prohibit
infiltration of water into the ground, such as building
roofs, paved roads, and parking lots. Water on some
impervious surfaces can eventually infiltrate into the
ground because these surfaces drain onto pervious
surfaces that allow infiltration. In the HSPF mode!,
IMPLNDs are used to simulate effective impervious
areas, which are impervious surfacesthat drain directly
to streams, and thus produce only surface runoff. Non-
effective impervious areas, which are impervious sur-
faces that drain to pervious surfaces, are incorporated
into one of the disturbed PERLND types as described
later. In large basins such as the Ipswich, values for
imperviousness, and particularly effective impervious-
ness, are difficult to obtain. Initial estimates of the
effective impervious areawere made as a percentage of
commercial land use and different classes of residential
land use as indicated in table 6. High-density residen-
tial land use represents multi-family residential and
single-family residential on lotswith areas smaller than
or equa to 0.5 acre. Low-density residential land use
represents single-family homes on lots larger than
0.5 acre.

Table 6. Estimated effective impervious area by land use,
Ipswich River Basin, Mass.

[MassGI'S, Massachusetts Geographic Information System)]

Area of Estimated Effective
basin as percentof area impervious
Land use classified thatis effective area
classification by impervious (acres)
MassGIS
(acres) Initial  Final Initial ~ Final
Commercid ....... 3,586 79 63 2,844 2275
High-density
residential ...... 11,492 27 14 3,157 1,579
Low-density
residentia ...... 14,483 5 25 724 362
Tota ...cocvveveeeee 29,562 6,725 4,216

Initial estimates of effective impervious areaare
similar to those reported by Dinicola (1990) and Alley
and Veenhuis (1983) for similar land-use types. The
final effective impervious area was obtained primarily
by calibration of small summer stormsthat generate
runoff mostly from effective impervious surfaces, how-
ever, other factors including the overall responsiveness
of the hydrograph to precipitation and water budgets
were considered because small summer storms can also
be affected by surface retention, widely distributed
small flow-control structures, precipitation variability,
and other factors.

Two IMPLND types were used in the model:
(1) commercial, and (2) residential which represents
the combined impervious area from high- and
low-density residential areas. The calibrated effective
impervious area was decreased from theinitial esti-
mated values by 20 percent for commercial areas and
by 50 percent for residential areas. Although, about 30
percent of the basin is classified as devel oped, the esti-
mated total effective impervious area as a percent of
the total basin areais 6.8 at the South Middleton sta-
tion, 4.6 at the Ipswich station, and 4.4 at Sylvania
Dam.

Pervious Areas (PERLNDs)

Pervious areas are any surface that allows
infiltration and are represented by 14 HRUs initially
obtained by the intersection of datalayersfor surficial
geology and land-use types, plus the 4 new HRUs
to represent different residential areas on public
water and onsite septic systems (described later).
Water and wetlands (nos. 16, 17, and 18 in table 7)
were not used as PERLND types in the final model,
but are included in the table for reference. General
descriptions and areas of each PERLND for the
drainage area above the South Middleton station,

I pswich station, and the Sylvania Dam are presented
intable 7. Areas of HRUs as a percentage of the drain-
age area to each station and the Sylvania Dam are
shown in figure 10. This plot indicates that most of
the HRUs are evenly distributed throughout the water-
shed. A small area (about 0.6 mi?) that drains to the

I pswich station was excluded from the model because
it drains directly to a supply reservoir that exports
water from the basin.
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Table 7. Hydrologic Response Units (HRUs) used to represent the Ipswich River Basin and their contributing areas to the
South Middleton and Ipswich stations and to Sylvania Dam, Mass.

[Shaded rows indicate areaincorporated into model as river reaches (RCHRES); mi2, square mile]

Areain acres

Surficial
U ddieton  Powch  sywenia RS geology senduse
station station Dam of basin
PERLND 1 2,990 9,312 12,534 13 Sand and gravel ~ Forest
PERLND 2 377 1,762 3,554 3.7 Sand and gravel  Open
PERLND 3 675 2,391 3,879 41 Sand and gravel ~ Open, low density residential
PERLND 4 1,416 2,461 3,028 32 Sand and gravel ~ Open, low density residential on public water
and onsite septic
PERLND 5 1,456 2,761 3,687 39 Sand and gravel ~ Open, high density residential
PERLND 6 1,102 1,864 2,250 24 Sand and gravel ~ Open, high density residential on public water
and onsite septic
PERLND 7 626 1,125 1,280 1.3 Sand and gravel Open, commercial
PERLND 8 4,777 20,202 22,118 23 Till Forest
PERLND 9 328 2,170 2,658 2.8 Till Open
PERLND 10 1,023 3,667 4,238 4.4 Till Open, low density residential
PERLND 11 1,814 3,154 3,373 35 Till Open, low density residential on public water
and onsite septic
PERLND 12 989 1,991 2,290 24 Till Open, high density residential
PERLND 13 1,391 2,259 2,374 25 Till Open, high density residential on public water
and onsite septic
PERLND 14 939 1,273 1,630 17 Alluvia Forest
PERLND 15 121 171 400 4 Alluvid Open
16 403 1,683 2,384 25 Water
17 1,765 5,293 6,680 7.0 Wetland, non-forested
18 4,228 11,691 13,119 14 Wetland, forested
IMPLND 1 817 1,707 1,941 20 Impervious residential
IMPLND 2 1112 2,000 2,275 24 Impervious commercial
Total (mi?) 443 124.2 1495

Development of PERLND Types

Twelve PERLND types were devel oped for open
space: 3 for undeveloped open areas on different surfi-
cial deposits and 9 for open areas associated with
development (table 7). Open area associated with
development represents the green space between build-
ings and paved surfacesthat likely receives runoff from
adjacent impervious surfaces. These areas are consid-
ered disturbed; therefore, infiltration and soil-water
storage was decreased relative to undeveloped open
HRUs for similar surficial geology types. Four
PERLND types were created for open residential areas
to represent two different development densities over
two types of surficial geology. One PERLND type

was created for open commercial areas. Duplicate
PERLND types are specified for each of the four open
residential area PERLNDSs to represent areas on public
water and onsite septic systems described below. Other
PERLND types include forested areas over sand and
gravel, till, and alluvial deposits.

Hydrologic characteristics are generally similar
for PERLNDs with similar surficial geology; however
upper- and lower-zone storage and infiltration is less
for disturbed open PERLNDs relative to similar undis-
turbed open PERLNDs. L ower-zone evapotranspira-
tion ishighest in forested PERLND types and lowest in
undisturbed open PERLND types. The calibrated
parameter values for each HRU are given in the UCI
filelisted in Appendix B.
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Figure 10. Areas of hydrologic response units in the Hydrological Simulation Program-FORTRAN (HSPF) model of the
Ipswich River Basin, Mass. as a percentage of the drainage area above the South Middleton and Ipswich stations and

above Sylvania Dam, Mass.

Residential Areas on Public Water and
Onsite Septic Systems

Residential areas on public water and onsite
septic systems were considered to represent a net
inflow of water to the area, whereasresidential areason
public water and public sewer and residential areas on
private wells and onsite septic systemswere considered
to have no net water gain or loss. To account for resi-
dential areas on public water and septic systems, 1990
TIGER census-tract data (http://www.census.gov/)
were used to determine the number of houses on public
water but not public sewer. The census-tract data were
used because public-utility maps were not readily
available across the basin. The census-tract data indi-
cated that about half the householdsin the basin are on
public water but not public sewer. Several assumptions
were made to relate the census-tract data with land-use
information to develop HRUs served by public water
but not public sewer.

The original MassGI S land-use cover had 4 cate-
gories of residential land use: (1) multi-family, (2) less
than 1/4 acre, (3) 1/4 to 1/2 acre, and (4) greater than

1/2 acre. Households on public water and onsite septic
systems were assumed only to be associated with resi-
dential areas of 1/4 to 1/2 acre and greater than 1/2 acre
(moderate and low density residential development,
respectively). Multifamily residential and high-density
residential areas (lots less than 1/4 acre) were assumed
to have both public water and public sewer.

Low- and moderate-density residential land-use
areas were obtained for each census tract. The number
of homes on public water and onsite septic systemsin
each census tract were apportioned to that tract’s areas
of low and moderate-density residential development.
It was further assumed that the average lot size for
moderate-density development is 1/3 acre and for low-
density development is 2/3 acre, and that houses on
more than 1 acre were not classified asresidentia. The
residential areas affected by public water and onsite
septic systems were then calculated by census tract.

Subbasin areas of residential land use with
public water and onsite septic systems were calcul ated
by aweighted average of the census tract areas within
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each subbasin. The portion of areas on public water and
onsite septic systems that overlay different types of
surficial geology were calculated using the portion of
area of different residential development densities over
different surficial geology typesin each subbasin.
Minor adjustmentsin the calculated area were made to
correct for imprecision in the method, so that the total
residential area by subbasin and surficial geology
remained the same as the area originally derived from
the MassGI S land-use data.

Four new HRUs were added to the model to rep-
resent residential areas on public water and onsite
septic systems: (1) high-density development over sand
and gravel, (2) low-density development over sand and
gravel, (3) high-density development over till, and
(4) low-density development over till. These HRUs are
identical to four corresponding residential HRUs that
are not affected by public water and onsite septic sys-
tems; the difference between the two groups of HRUs
isthat asmall quantity of water is added to the lower-
soil zone as inflow from septic effluent to represent the
average household water use. Low-density residential
areas on public water and onsite septic systems were
shifted from the area of low-density residential HRUs
with similar surficial geology. Moderate-density
residential areas on public water and septic were
shifted from the areas of high-density residential HRUs
with similar surficial geology.

The quantity of septic effluent was cal cul ated
by multiplying the average occupancy per household
(average of 3 persons occupancy for homes on public
water and onsite septic systems from the census-tract
data) by the average water use of 79 gal/d per person
(Massachusetts Department of Environmental
Management, 1987a). The resulting 237 gal/d per
household was distributed over the 1/3 and 2/3 acres
for moderate- and low-density residential devel opment,
respectively. This value was converted to inch per
hour per acre and was added to the affected HRUs -
1.09x10°3 in/hr/acre for moderate-density residential
areas and 5.45x10# in/hr/acre for low-density residen-
tial areas. Thissmall quantity of water was added to the
applicable HRUs as inflow to the lower-zone storage
(LZL1) by means of an external time-series. Applying
the septic effluent to the lower-soil zone was consid-
ered the most appropriate because septic leach fields
aretypically installed in this part of the soil horizon.
Inflow to the lower-soil zone is not available to runoff
or discharge as interflow or active ground water flow.
Rather, septic effluent directed into the lower-zone

storage means there is less opportunity for infiltrated
moisture to be held in the lower-zone storage because
the added inflow from the septic effluent will keep this
storage closer to its capacity then would otherwise
occur. As aresult, more infiltrated atmospheric mois-
ture will reach the active ground-water storage in areas
with septic effluent then in similar areas without septic
effluent.

Water added to the basin in areas on public water
and onsite septic systemsis not linked to any particular
source. Thus, the public water-supply source, whether
inside or outside the basin, isinconsequential to the
water added as septic effluent. For example, the town
of North Reading, which is not sewered, supplements
its water supply during the summer from the town of
Andover system, which obtains water from the adja-
cent Merrimack River Basin. The septic effluent for
North Reading is treated by the model as an inflow to
the Ipswich Basin all year round, whether the water
originated from the Merrimack Basin in the summer or
from within the Ipswich Basin.

The estimated septic effluent rateis 9.6 in/yr on
high-density residential areas and 4.8 in/yr on low-
density residential areas; these rates represent about 20
and 10 percent of the average annua moisture-supply
to these areas, respectively. Residential areas on public
water and onsite septic compose an estimated 21, 13,
and 12 percent of the drainage area to the South
Middleton and | pswich stations, and the Sylvania Dam,
respectively. If the septic effluent were to reach the sta-
tions and Sylvania Dam this would comprise about 8
percent of the total runoff to the South Middleton sta-
tion and about 4 percent each of the total runoff to the
I pswich station and to Sylvania Dam, but these values
do not consider the septic effluent lost to evapotranspi-
ration. Septic effluent is estimated to be 3 percent of the
total moisture supply to the South Middleton station
and about 2 percent each of the moisture supply to the
Ipswich station and to Sylvania Dam.

Stream Reaches

The Ipswich River and its main tributaries
were segmented into 67 reaches (fig. 8). Thereach
segmentation was determined based on hydrology,
water use, and in some cases, habitat considerations.
A list of these reachesis provided in table 8. Water
from RCHRES 21 (Suntaug Lake) is diverted out of
the basin for the town of Peabody water supply. This
reach was included in the model, but water does not

Precipitation-Runoff Model 33



contribute to the Ipswich River, so that the model can
be used for firm yield analysis of this supply in the
future. RCHRES 22 (Winona Pond) was not explicitly
simulated because all water is diverted into the
Peabody supply. The natural drainage to the Winona
Pond is diverted around the pond; therefore, the over-
land drainage areain RCHRES 22 was combined with
RCHRES 23. Methods used to define the reach geome-
try that control the storage-discharge characteristics of
reaches and the incorporation of wetlands as RCHRES
are described below.

Hydraulic Characteristics (FTABLES)

FTABLEs define the relations among depth,
surface area, volume, and discharge of reaches used in
the kinematic wave routing of flow downstream.
FTABLEs are specified for the outflow gate used to
route water downstream; thefirst outflow gate was used
for reaches with no water withdrawals, and typically
the second outflow gate was used for reaches with
water withdrawals.

Therelationsin the FTABL Es depend on the
hydraulic properties of the reaches. The relation
between depth and discharge is usually defined by the
hydraulic properties at the downstream end of the
reach, but the discharge-volume relation is afunction
of the hydraulic properties of the entire reach. Hydrau-
lic properties such as channel geometry, length, slope,
and roughness, were determined from available data
for each reach, or estimated on the basis of the proper-
ties of similar reaches. The hydraulic properties were
used to solve Manning's equation for open-channel
flow to develop the FTABLEs.

Reach lengths and slopes were determined from
digital map layers. Node locations were digitized into a
map layer. This layer was intersected with the stream
map layer to determine the distances between nodes,
and intersected with the DEM data to determine the
elevation at each node and at the stream sourcein head-
waters areas. Differences in elevation between nodes,
or between stream sources and nodes, were divided by
stream lengths to obtain reach slopes.

Channel cross-section data were obtained mostly
from Federal Emergency Management Agency
(FEMA) flood-prone area maps and survey data. Cross-
section data were also obtained from streamflow mea-
surements at the gaging stations and partial-record
sites, site surveys, and ratings of structures provided by
water suppliers. Datawere available for severa
hundred cross sections in the basin from FEMA stud-
ies. The Channel Geometry Analysis Program (CGAP)
(Regan and Schaffranek, 1985) was used to calculate
the stage-storage-discharge relations from multiple
cross sections and estimates of channel roughness. The
stage-discharge relations obtained from CGAP com-
monly were adjusted on the basis of rating curves
developed for the gaging stations and partial-record
sites that coincided with node locations (table 8). The
measurements defined the low-flow end of the relations
better than the FEMA data because usually few depth
readings were taken in the low-flow channel for the
FEMA studies, whereas discharge measurements
usually contain at least 25 such readings.

FEMA cross-sections and discharge measure-
ments often were not available for the small tributaries
and in the headwater areas of the basin. In these areas,
FTABLEs were constructed for the reaches by use of
the XSECT program (AquaTerra Consultants, 1998,
written commun.) XSECT assumes a trapezoidal chan-
nel configuration, and solves Manning's equation based
on channel slope, length, height, bottom and top width,
flood-plain slope, and channel and flood-plain rough-
ness. Channel length and slope for these reaches were
determined from GIS analysis like all other cross sec-
tions. Other parameters for XSECT were determined
from site inspections and by transfer of information
from similar reaches where the parameters were
known. X SECT also was used to develop FTABLESsfor
some sections of the main channel of the Ipswich
River, where FEMA cross-sections were inadequately
spaced to provide reasonable results with the CGAP
program.
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Table 8. Stream reaches (RCHRES) in the Hydrological Simulation Program-FORTRAN model of the Ipswich River Basin,

Mass.

[Total drainage areaincludes the direct drainage area to the reach plus the drainage area above the reach. Areaisin square miles; No., number; USGS, U.S.
Geological Survey; --, means station number not assigned or no upstream reach;°- degrees, ' - minutes, "- seconds)

Downstream node

Reach USC_SS location Di‘rect Tgtal Upstream
No. station Reach name drainage drainage reach
No. Latitude Longitude area area No.
1 01101300 42°32 13" 71° 09 40" Maple Meadow Brook at Route 38, Wilmington 4.03 4.03 --
2 - 42° 33 07" 71° 09 27" Maple Meadow Brook above mouth, Wilmington .66 4.69 1
3 - 42° 33 08" 71° 09 28" Mill Brook above Maple Meadow Brook, Wilmington 351 351 --
4 - 42° 33 13" 71° 08 41" Mill Brook above Lubbers Brook, Wilmington .49 8.68 2,3
5 01101320 42°33 50" 71°11' 05" LubbersBrook above Main Street (Route 38), Wilmington ~ 2.83 2.83 --
6 - 42° 34 12" 71° 09 31" Lubbers Brook above Middlesex Avenue, Wilmington 1.89 471 5
7 - 42° 33 14" 70° 08 41" Lubbers Brook above mouth, Wilmington .90 5.61 6
8 - 42° 33 40" 71° 05 40" Ipswich River at Mill Street near Reading 419 185 4,7
9 - 42° 33 58" 71° 06 16" Bear Meadow Brook above mouth near Reading 4.83 4.83 --
10 - 42° 34 15" 71° 06 03" Ipswich River above Martins Brook, North Reading 42 237 8,9
11 01101380 42° 36 42" 71° 05 58" Skug River at Harold Parker Road, Andover 251 251 --
12 01101395 42° 34 47" 71° 08 22" Martins Brook at Route 62, North Reading 7.85 10.4 11
13 01101400 42° 34 16" 71° 06 04" Martins Brook above mouth, North Reading 297 133 12
14 - 42° 34 35" 71° 04 14" Ipswich River above unnamed tributary, North Reading 1.02 38.1 10,13
15 01101460 42° 34 36" 71° 04 15" Ipswich River Tributary at North Reading 2.08 2.08 --
16 -- 42° 34 16" 71° 02 58" Ipswich River above Wills Brook, North Reading 1.10 41.2 14,15
17 01101480 42° 34 13" 71° 02 57" Wills Brook near North Reading 1.76 1.76 --
18 - 42° 34 11" 71° 01 51" Ipswich River at South Middleton Dam, near Lynnfield .78 43.8 16,17
19 01101500 42° 34 10" 71° 01 39" Ipswich River at South Middleton gaging station .61 44.4 18
20 - 42° 34 01" 70° 59 56" Ipswich River above Norris Brook, Danvers 1.18 45.6 19
21 - 42° 31' 33" 71° 00 30" NorrisBrook at Suntaug Lake Outlet, Peabody .50 .50 --
22 - 42° 32 14" 71° 00 28" Norris Brook at Winona Pond Outlet, Peabody .93 1.44 21
23 01101510 42° 33 14" 71° 00 15" Norris Brook above Russell Street, Peabody 2.66 4.10 21
24 -- 42° 34 00" 70° 59 54" Norris Brook above mouth, Danvers 42 4.52 23
25 - 42° 34 40" 70° 59 37" Ipswich River at Old Log Bridge Road near Middleton 192 52.0 20,24
26 - 42° 35 40" 71° 01' 13" Middleton Pond Outlet, Middleton 153 153 --
27 - 42° 35 18" 71° 00 03" Middleton Pond Brook, Middleton .66 2.19 26
28 01101540 42° 35 45" 70° 59 49" |pswich River at Maple Street (Route 62), Middleton 164 55.8 25, 27
29 - 42° 36 38" 70° 59 53" Ipswich River above Emerson Brook, Middleton 74 56.6 28
30 - 42° 36' 14" 71° 02' 06" Emerson Brook Reservoir, Middleton 471 471 --
31 01101550 42° 36 37" 70° 59 56" Emerson Brook above mouth, Middleton 1.66 6.37 30
32 01101610 42° 37 58" 71° 02 35" Boston Brook at Sharpners Pond Road near North Andover  5.59 5.59 --
33 01101650 42° 37 15" 71° 01 14" Boston Brook at Liberty Road near Middleton 2.57 8.16 32
34 - 42° 36' 40" 70° 59 55" Boston Brook above mouth, Middleton 2.76 10.9 33
3B - 42° 37 17" 70° 58 52" Ipswich River above Nichols Brook, Middleton 1.54 75.4 29,31,34

Precipitation-Runoff Model 35



Table 8. Stream reaches (RCHRES) in the Hydrological Simulation Program-FORTRAN model of the Ipswich River Basin,
Mass.—Continued

Reach  YSGS Dowr}ztcr:t??nnode Direct Total  Upstream
No. station Reach name drainage drainage reach
No. Latitude Longitude area area No.
36 - 42° 37" 16" 70° 58 51" Nichols Brook, Middleton 3.09 3.09 --
37 - 42° 37 35" 70° 58 07" Ipswich River above Fish Brook, Topsfield 77 79.3 35,36
38 01101720 42° 39 53" 71° 01 42" Fish Brook near Boxford 9.86 9.86 --
39 01101740 42° 38 93" 70° 59 20" Fish Brook at Lockwood Lane near Boxford 4.09 14.0 38
40 - 42° 37" 36" 70° 58 07" Fish Brook above mouth 3.88 17.8 39
41 - 42° 37 03" 70° 56 32" Ipswich River at riffle site above Route 97, Topsfield 151 98.6 37,40
2 - 42° 37 37" 70° 56' 24" Cleveland Brook, Topsfield 1.07 1.07 --
43 - 42° 37 25" 70° 55 56" Ipswich River above Salem—Beverly Canal, Topsfield .64 100 41,42
4 - 42° 36 24" 70° 54 05" Salem-Beverly Canal intake, Wenham .85 .85 --
45 - 42° 36 10" 70° 56' 24" Putnamville Reservoir Outlet, Topsfield .87 .87 --
446 - 42° 37 03" 70° 55 20" Putnamville Reservoir Brook above Salem-Beverly Canal, 2.76 3.63 45
Wenham

47 - 42° 37 24" 70° 55 55" Salem-Beverly Canal outlet to |pswich River, Topsfield .18 4.67 44,46
448 - 42° 37" 50" 70° 54’ 26" Ipswich River above Idlewild Brook, Hamilton 1.03 106 43,47
49 - 42° 37 49" 70° 54'25" Idlewild Brook, Hamilton 2.60 2.60 --
5 - 42° 39 12" 70° 54 55" Ipswich River above Howlett Brook, Topsfield 2.35 111 48,49
51 01101840 42°40 17" 70° 58 52" Pye Brook at Lowe Pond Outlet, East Boxford 2.85 2.85 --
52 01101850 42°3917" 70°57 12" PyeBrook near Topsfield 3.80 6.65 51
53 01101900 42° 39 17" 70° 54 54" Howlett Brook at mouth, Topsfield 4.22 109 52
54 01101950 42° 39 37" 70° 54 14" Gravelly Brook, Ipswich 2.28 2.28 --
55 - 42° 39 34" 70° 53 40" Ipswich River at Willowdale Dam, Ipswich .73 125 50,53,54
56 01102000 42° 39 34" 70° 53 39" Ipswich River at Ipswich gaging station .01 125 55
57 - 42° 39 15" 70° 52 55" Ipswich River above Black Brook, Hamilton 42 125 56
58 - 42° 39 14" 70° 52 54" Black Brook, Hamilton 3.19 3.19 --
59 01102008 42° 39 29" 70°51' 45" Ipswich River at Mill Road near Ipswich 111 130 57,58
60 -- 42° 39 50" 70° 50 49" Ipswich River above Miles River, Ipswich .52 130 59
61 - 42° 35 26" 70° 52 12" Longham Reservoir Outlet, Wenham 3.58 3.58 -
62 - 42° 35 41" 70° 53 19" Wenham Lake Outlet, Wenham 2.20 2.20 --
63 01102009 42° 36 01" 70° 52 29" Miles River above Larch Row, Wenham 1.78 7.56 61,62
64 01102010 42°36' 58" 70°51' 09" Miles River above Bridge Street at Hamilton 215 9.71 63
65 - 42° 38 43" 70° 49 54" Miles River above Gardner Street, Hamilton 3.86 13.6 64
66 -- 42° 39 49" 70° 50 47" Miles River above mouth, Ipswich 3.49 171 65
67 -- 42° 40 39" 70° 50 17" Ipswich River above dam, Ipswich 2.33 149 60,66
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Stage-discharge ratings were supplied for reser-
voirs operated by Danvers and Middleton, and by the
SBWSB. These ratings were used to construct the
FTABLEsfor reservoir outlets. Site surveys were also
used to develop FTABLEsfor some structures, such as
node 12 (aweir on Martins Brook) and at node 51 (the
dam outlet from Lowe Pond on Pye Brook).

Wetlands

In theinitial model development, wetlands were
simulated as two unique PERLND types: (1) forested
wetland, and (2) non-forested wetlands. Early calibra-
tion results indicated that the simulated hydrographs
were much more responsive to precipitation and snow-
melt than the observed flows at both stations, even after
PERLND storage- and infiltration-parameter values
were set beyond reasonable limits. These results indi-
cate that the wetlands and open water, which account
for about 21 percent of the total basin area, are an
important storage component in the watershed. To
account for this storage, wetlands and open water were
treated as “virtua” RCHRESs, RCHRESs with no
atmospheric water gains or losses. Virtual RCHRESs
were developed for most subbasins, and represent the
combined storage of al wetlands and open water in the
subbasin not already considered in the reach FTABLE.
All PERLNDs and IMPLNDs in the subbasin were
assumed to drain into the virtual reach before draining
into channel RCHRES.

Simulation of wetlands and open water as virtual
RCHRESs yielded good results for flows at the South
Middleton station, however, low flows at the I pswich
station were initially oversimulated. It was hypothe-
sized that because outflows from Massachusetts's wet-
lands are dominated by evapotranspiration (ET) and
ground-water seepage (Lent and others, 1997) more
water needs to be lost through ET than could be
obtained by simulating wetlands as PERLNDs and

virtual RCHRES. In these simulations, ET lossislim-
ited to precipitation falling directly on wetlands (simu-
lated as PERLNDs) minusthe water that outflows from
the wetland. The available moisture for ET loss in wet-
lands is typically much larger than just the direct pre-
cipitation because wetlands receive both surface and
subsurface lateral flows from surrounding upgradient
areas. Thiswas evident in the over-simulated flows at
the Ipswich station because ET from the large, perenni-
aly wet, Wenham Swamp (fig. 4) appears to have been
artificially limited by the available water.

Wetlands and open water were subsequently
simulated as RCHRESs (numbered 101 to 167) with
atmospheric gains and losses and inflows from
adjacent overland PERLNDs and IMPLNDs. To
account for the combined area of wetlands and open
water, the surface areain the RCHRES FTABLE was
set equal to the corresponding area of wetlands and
open water previously simulated as PERLNDs (nos.
16, 17, and 18 in table 7) for that reach. Storage-dis-
charge characteristics of the wetland RCHRES were
obtained empirically by matching the simulated and
observed hydrographs. Wetlands simulated as
RCHRES yielded a good fit between simulated and
observed flows at both stations; however, low flows at
both stations were under simulated instead of over sim-
ulated as previously described. This under-simulation
resulted because the model treated all water entering
the wetland RCHRES as available for ET with arela-
tively large surface areato evaporate from. As a conse-
guence, during periods of low precipitation and high
potential ET (low flow periods), aimost all the water
draining to the wetland RCHRES was lost to ET. In
actuality, water drains to wetlands as surface runoff,
interflow, and base flow; hence ET from interflow and
base flow would be limited.
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Within the model, ET from RCHRES can be lim-
ited only by decreasing potential ET or decreasing the
surface areain which ET is acting. A variable surface
areawas believed to represent actual conditions better
because the free-water surface area likely decreases
during periods of low flow. This approach yielded good
results after an empirical adjustment was made of the
FTABLE surface areafor wetland RCHRES for flows
below 0.5 ft3/s.

Wetlands are an important influence on stream
hydrology, as evidenced in the extensive literature
on wetland functions (Lent and others, 1997; Hunt
and others, 1996; Krabbenhoft and Webster, 1995;
Anderson and Cheng, 1993; Mills and Zwarich, 1986).
The effects of wetlands on stream hydrology in the
Ipswich River Basin are evident in the different results
obtained by the variety of methods used to simulate
this feature, as described above. Wetlands simulated
as RCHRES yielded good results, but the wetland
storage-discharge characteristics, flow-path character-
istics, and the interaction between ground water and
surface water in these wetlands are largely unknown
and should be considered in future hydrologic investi-
gations of the Ipswich River Basin. Also, simulating
wetlands as a RCHRES with a variable areaintroduces
astructural error into the model because the drainage
areathat receives precipitation decreases during peri-
ods of low flow. As additional data on the hydrology of
the wetlandsin the basin become available, the use of a
new module (HSPF version 12 beta, Aquaterra, Inc.,
written commun., 1999) for simulating water budgets
in areas with high water tables and low gradients could
be considered. Use of this module requires time-series
datafor ground-water levelsin wetlands, which were
not available for this study.

Water Withdrawals

Time series of total ground-water and surface-
water withdrawals were devel oped for each reach
where withdrawal s were known to be substantial
(table 5). The total water withdrawal was entered as a
single data set for each affected reach in the WDM file
(DSNs 101 to 167 are used to specify the total water
withdrawal corresponding to RCHRESs 1 to 67,
respectively). The model calibration included 23
RCHRESs (1, 5, 8, 12, 13, 17, 18, 20, 23, 26, 30, 37,
44, 45, 49, 50, 53, 59, 61, 62, 63, 64, and 66) with
water withdrawals. The WDM file and model UCI files
have been designed so that additional withdrawals can
be added easily to other RCHRESS.

Water withdrawals are read into the model in the
EXT SOURCE block (external source) of the UCI file
and are the time-dependent volume demands passed to
thefirst outflow gate in a RCHRES. These withdrawals
must be satisfied before water can exit from the next
outflow gate, which, in most cases, is the water routed
to the downstream reach. Water in reaches with no
water withdrawals exits through a single outflow gate.
Severa reaches (RCHRESs 30, 44, and 61) used three
outflow gates. In RCHRES 30 separate outflow gates
were specified for withdrawals from: (1) Swan Pond,
(2) Emerson Brook Reservoir, and (3) downstream
routing.

Flowsinthe Salem-Beverly Canal (RCHRES 44,
fig. 8) can reverse if withdrawals from the Salem—
Beverly Water-Supply Board (SBWSB) are high
enough. When the SBWSB is not pumping or if the
pump rate is less than the flow of water into the canal
from its 4.7 mi2 drainage area (subbasins for
RCHRESs 44, 45, 46, and 47), water flows into the
I pswich River at the upstream end of RCHRES 48.
When the SBWSB is pumping and the flow into the
canal from its drainage areais less than the withdrawal
rate, water will flow into the canal from the Ipswich
River. Water withdrawn from the Ipswich River is
taken from the downstream end of RCHRES 43
(upstream end of RCHRES 48). SBWSB demands
are further complicated because water is diverted to
both Wenham Lake (RCHRES 62) and Putnamville
Reservoir (RCHRES 45).

HSPF cannot simulate flow reversals; therefore
the representation of the SBWSB withdrawals was
simplified in the model by taking the entire withdrawal
directly from the Ipswich River at RCHRES 43 and
routing flows from the drainage area to the canal into
the Ipswich River at RCHRES 48. The net flow in the
Ipswich at RCHRES 48 isthe same as if the SBWSB
withdrawals were taken from the Ipswich River only
when withdrawal s exceeded supply from the canal con-
tributing area. Simulated flows at RCHRES 43 on the
I pswich River can differ from the actual flows, how-
ever, because diversions do not account for the water
fromthe 4.7 mi2 drai nage areaof RCHRESs 44, 45, 46,
and 47. Three outflow gates were specified for
RCHRES 43: (1) withdrawal s diverted to Wenham
Lake, (2) withdrawals diverted to Putnamville
Reservair, and (3) downstream routing.

Three outflow gates were also specified for the
Longham Reservoir (RCHRES 61): (1) withdrawals
diverted to Wenham Lake, (2) time series for outflow
over the spillway into Miles River (RCHRES 63), and
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(3) an FTABLE that specifies the volume-discharge
characteristics of the reservoir and spillway. The third
outflow gate is needed for this reach to route flow
downstream for long-term simulations when time-
series of discharge over the spillway isunavailable. The
time series of the reported discharge to Miles River are
used when available because the spillway can be
manually adjusted by three flashboards.

Streamflow Depletion by Ground-Water Withdrawals

The effects of ground-water withdrawals on
streamflow are calculated for each well with the
program STRMDEPL described in Appendix A.
STRMDEPL produces atime series of the total stream-
flow depletion in response to pumping, which consists
of captured discharge or induced infiltration, or both.
Thetime-varying streamflow depletion is calculated on
the basis of the daily pumping rate, distance of the well
from the stream, aquifer properties, and the hydraulic
connection of the stream and the aquifer. Because
STRMDEPL providesadirect measure of the effects of
ground water withdrawal s on streamflow, ground-water
withdrawals are taken directly from reaches, which
providethe spatia referencefor thewell or well fieldin
the basin.

STRMDEPL variablesfor al the pumped wells
in the Ipswich Basin were assigned a diffusivity
(DIFFUS) of 10,000 ft2/d (based on aquifer properties
reported by Baker and others,1964, and Samuel and
others,1966) and a streambank material (IBANK) of
zero to indicate no semi-impervious material is present.
Other STRMDEPL variables depended on the distance
of the well from the stream (given in table 4) and the
initial pump rate. The pumping rates for individual
wells are available in the WDM file (DSNs 2010
through 2679).

Ground-water flow to awell is affected by many
factors, including (1) transmissivity and storage prop-
erties of the aquifer, (2) types and relative position of
boundary conditions, (3) withdrawal rates, and (4) tran-
sient conditions such as a change in recharge (Theis,
1940). Detailed analyses of factors that affect flow to
wells have been described by many authors and have
been summarized by Reilly and Pollock (1993) and
Franke and others (1998).

Although flow to a pumped well occurs in three
dimensions, asimplified cross-section schematic of
ground-water flow in a homogeneous aquifer to a
stream illustrates the effects of pumping on streamflow
(fig. 11). The ground-water flow system before

development, in which the stream gains flow from
ground-water discharge sustaining base flow in the
stream, is shown in figure 11A.

The hypothetical effects of a pumped well are
shown in figure 11B for the case of an initial water-
table surface similar to the undeveloped aquifer in
figure 11A. A cone of depression forms around the
pumped well; flow is diverted toward the well
(forming a contributing area) resulting in aflow divide
between the well and the stream. In this case, flow in
the stream is decreased by the amount of ground-
water flow diverted toward the well (captured base-
flow). The size of the contributing areais affected
by the factors mentioned previously, but can also
include the influence of other ground-water
withdrawals.

The ground-water flow paths when the contribut-
ing area extends below a wet stream channel and the
head in the aquifer is below the head in the stream are
shown in figure 11C. The downward gradient between
the stream and the aquifer inducesinfiltration of stream
water into the aquifer. If the captured baseflow
(fig. 11B) and induced infiltration (fig. 11C) arein
equilibrium with withdrawals, the water table surface
will remain unchanged.

When ground-water withdrawal s exceed cap-
tured baseflow and induced infiltration, water is
removed from ground-water storage, as shown in
figure 11D. The water-table surface continuously
lowers while the well is being pumped and is consid-
ered atransient or unsteady-state condition that typi-
cally occurs only during extended dry periodsin the
I pswich River Basin. Changes in ground-water storage
that result from withdrawal s in excess captured base-
flow and induced infiltration require special consider-
ation in the Ipswich Basin HSPF model to preserve a
mass balance of water.

Water Withdrawals in Excess of Streamflow

During extended periods of dry weather, ground-
water withdrawal s can exceed streamflow in ariver
reach. A comparison of actual withdrawals and the
withdrawals satisfied by streamflow in the HSPF simu-
lations in reaches above the South Middleton station
indicates that this condition occurs mostly in reaches 1
and 17 and mostly between June and September of
each year. These are headwater reaches with multiple
pumped wells. Water withdrawals commonly exceed
streamflow in these reaches by 50 percent or more for
periods of several days or more during late summer.
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A. Ground-water flow paths under undeveloped conditions

Ground water —
discharges to stream

B. Ground-water flow paths with a pumped well
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C. Ground-water flow paths to a pumped well (low-water table condition) that
intercepts ground water and induces infiltration from the steam

Losing
stream

Pumped well intercepts ground water and
induces infiltration from flowing stream

D. Ground-water flow to a pumped well that intercepts ground water and
depletes ground-water storage (low recharge and dry stream condition)
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Figure 11. Ground-water flow paths illustrating captured recharge and induced infiltration

in a hypothetical aquifer: (A) undeveloped aquifer, (B) pumped well with a high water table,
(C) pumped well with a low-water table surface, and (D) changing storage when withdrawals
exceed captured recharge and induced infiltration.
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In other reaches, water withdrawal s seldom exceed the
streamflow. For example, water withdrawalsin reach 8
are about twice those in reach 1, but the cumulative
withdrawalsin the reach rarely exceeded streamflow in
the reach during the calibration period, except in the
summer of 1993. The reason for this differenceis that
the drainage areafor reach 8 is about 4.5 times that of
reach 1 and the runoff from this drainage areais nor-
mally sufficient to satisfy withdrawalsin this reach.
Table 9 summarizes the average difference between the
actual withdrawals and the withdrawal s satisfied by
streamflow in the HSPF simulations for the 1989-93
model calibration period. Table 9 also summarizes the
number of days during which the withdrawals
exceeded streamflow during this period.

When water withdrawal s exceed the flow in the
reach, an error wasintroduced in the hydrol ogic budget
in the model with the original implementation of the
STRMDEPL program. The error in the hydrologic
budget in the HSPF simulations as aresult of the deficit
between actual withdrawals and the withdrawals satis-
fied by streamflow is generally minor, but can be appre-
ciable during periods of low flow in some reaches. The
error caused by the deficit between actua withdrawals
and satisfied withdrawal s will be exacerbated during
periods of extended drought and cause deficitsin
reaches further downstream as flows decrease.

In nature, when ground-water withdrawals
exceed streamflow, the excess demand is satisfied from
ground-water storage, as previously described. Neither
the HSPF model, or the STRMDEPL program,
accounts for changes in ground-water storage that
result from withdrawals in excess of streamflow. A
‘Special Action’ was developed in the Ipswich River
Basin HSPF model to correct for this inadequacy.

Special Actions can be introduced into the HSPF
model to increase its power and flexibility. The special
action (herein referred to as SA) developed as part of
this study accounts for a running deficit between the
actual withdrawals and the withdrawals satisfied by
streamflow in the simulation. The SA then replenishes
this deficit when streamflow exceeds demands, thereby
maintai ning the hydrol ogic mass balance of the system
over the simulation time period. In effect, replenishing
the deficit by the SA is analogous to recharging the
diminished ground water storage shown in figure 11D.

The SA tracks deficits for each reach with
ground-water withdrawals. The following user-defined
variable quantities (UVQUAN'’s) are used where:

nn isthereach number;
defnn isthe current deficit in the reach;

cdemnnisthe current time interval demand
(withdrawal specified in the input time
series);

pdemynis the previous timeinterval demand

(withdrawal specified for the previous
interval);

withpn isthe ssmulated withdrawal that was
satisfied by streamflow for the previous
interval; and

deffrc isthe fraction of deficit that must be
satisfied before streamflow can pass
through areach.

The variables def,, and deffrc require atarget
address (UVNAMEsS) for referencein action lines. The
UVNAMEs DEFp, and DEFFRC correspond to the
quantities def, and deffrc, respectively.

Table 9. Deficit between actual water withdrawals and the withdrawal satisfied by streamflow in the Hydrological Simulation
Program-FORTRAN (HSPF) for Ipswich River reaches above the South Middleton station, Mass.,1989-93

[Percent: Percent difference between the actual water withdrawal and the satisfied withdrawal by streamflow. Days: Number of days when withdrawals

exceeded streamflow. No., number; ft3/s, cubic foot per second]

1989 1990 1991 1992 1993 Average
Reach .
N withdrawal
°. Percent Days Percent Days Percent Days Percent Days Percent Days (ft3/s)

1 11 43 8.3 26 17 56 45 28 31 88 2.0

5 0 0 0 0 0 0 0 0 0 0 A

8 3 4 12 7 5 5 0 1 15 52 38
12 0 0 0 0 A 1 0 0 13 48 21
13 5 6 5 5 33 18 0 0 29 72 15
17 18 54 15 36 21 53 7.8 34 50 101 V4
18 5 1 0 0 12 3 10 2 7 2 2
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DEFFRC represents the hydraulic connection
between the stream and the agquifer (often referred to as
leakance) by designating the fraction of the deficit sat-
isfied before streamflow can pass downstream. In the
Ipswich River Basin, DEFFRC was set to 1.0 for all
reaches (the entire deficit must be replenished before
any water isrouted downstream) because the stream
and the aguifer are believed to be well connected. In
systems with a poor hydraulic connection, DEFFRC
values less than 1.0 could be used, thus alowing some
flow to pass downstream before the deficit is satisfied.

A GENER operation is associated with each
reach for which a deficit is computed. The valuein
each GENER corresponds to the deficit in the reach
plus the current withdrawal in the reach. The deficit
(defnn) isincremented each time step by adding the
previoustime interval's actual demand (pdemyn) minus
the previousinterval's satisfied withdrawal (withpp). If
the deficit is greater than zero, the Operation Status
Vector (OSV) variable K in the GENER operation is
set equal to the deficit times the fraction allowed to
pass through a reach (deffrc). The current demand
(cdemyp) isthen added to the value of K. If thereis
no deficit, K is set equal to zero. The NETWORK
block passes the GENER K valuesto the time-series
specified for the first outflow gate (OUTDGT 1) in
reaches that have water withdrawals.

Initial simulations with the SA indicated model
run times on a400mHz Pentium |1 processor in excess
of 2 hours as compared to run times of about 3 minutes
with no SA when the model was run within GenScn.
The SA causes adramatic increase in run time because
the model is required to work up and down the opera-
tion sequence to compute variables used in the SA.
Subsequently, the SA was modified to decrease the
main swapping by afactor of 24 by setting pdempn,
equal to the demand 25 hours ago and withp, equal to
the actual withdrawal 24 hours ago. These values are
then used to update the current deficit (def,n) as above,
but with values that have a 24-hour lag time. The
revised SA no longer uses the variable cdempy, but
rather reads the current outflow demand directly from
the WDM file (targeted to the first outflow gate-
OUTDGT 1). The GENER K valueis passed to
OUTDGT 1 as above to produce the current outflow
demand plus any deficit.

Figure 12 shows the actual withdrawal and the
withdrawal satisfied by streamflow in the HSPF simu-
lation in reach 1 for June through August 1991. In July,
the withdrawal beginsto exceed streamflow, and thus
the withdrawal is only partly satisfied. During several
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Figure 12. Actual water withdrawals and the withdrawals
satisfied by streamflow in the Hydrological Simulation
Program-FORTRAN (HSPF) in reach 1 of the Ipswich River
Basin, Mass. for the period June 1, 1991 through August 31,
1991.

periods the streamflow meets withdrawals, but stream-
flow does not exceed withdrawal s until the end of
August. At this time, the deficit between actual with-
drawal and the withdrawal that is satisfied by stream-
flow in the simulation is replenished over a 6-day
period.

Model Calibration

The Ipswich River Basin model was calibrated
for the period January 1, 1989 to December 31, 1993
using an hourly time step. The 1989-93 period was
used for calibration because water withdrawals could
be obtained or estimated for the major water-supply
demands on the system during that time, and because
land-use data for 1991 were used to define the
PERLNDs. The water-withdrawal data were needed to
cdibrate the model, and were not availablefor all water
suppliers prior to 1989, at which time the suppliers
were required to report their monthly water use to the
State. Water-use data were available for years more
recent than 1993, but because land use has changed
rapidly in the basin since 1991, a calibration period
centered on 1991 was believed to best represent the
basin.

By calibrating to a period when water withdraw-
als were quantified, the effects of these withdrawals
could be included in the simulation so that values of
hydrologic parameters would not be skewed. In effect,
this normalizes the simulated hydrograph so that the
values of hydrologic parameters are calibrated to unaf-
fected flows and hence reflect the natural hydrologic
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response of the watershed. If the water withdrawals had
been ignored in the calibration, then the hydrologic
parameter values would have been skewed to include
the effect of these withdrawals on flows.

Model parameter values were calculated from
available spatia datato the extent possible. For exam-
ple, the average slopes of the PERLNDs were calcu-
lated from the digital elevation data. M ost parameter
values could not be measured directly, however, and
were derived by means of an iterative calibration pro-
cess. HSPF modeling reports for the nearby Charles
River watershed by Socolofsky (1997) and Munson
(1998) provideinitial values for some parameters that
could not be measured. An iterative process (calibra-
tion) was then used to adjust the initial values to mini-
mize the difference between simulated and observed
flows.

Flows at the South Middleton station and the
I pswich station, which correspond to RCHRESs 19 and
56 (fig. 8), provided the principal datafor calibration.

The model was calibrated in accordance with guide-
lines by Donigian and others (1984) and Lumb and
others (19944). This generally entailed adjusting the
parameter values to improve the model fit for annual
and seasonal budgets, then adjusting values to improve
the model fit for daily flows while maintaining the
annual and seasonal budgets. Storm flow and snowmelt
were not given detailed consideration because of the
study time constraints and the primary purpose of the
model for simulating low-flow periods.

Precipitation data at Reading, Mass. and the
averaged datafrom the 12-grid cell data provided by
MBL (herein referred to as the centroid) were used for
calibration because it was uncertain which data best
represented precipitation in the basin. Model-fit
statistics are summarized in table 10 and generaly
were similar for simulations made with precipitation
from each source. The quality of the model fit was
examined by: (1) the coefficient of determination ()
of the linear regression between simulated and

Table 10. Summary of annual, monthly, and daily model-fit statistics at South Middleton and Ipswich stations for Hydrological
Simulation Program-FORTRAN (HSPF) simulations made with centroid and Reading precipitation data, Ipswich River Basin,

Mass., 1989-93

[ft3/s, cubic feet per second; >, less than; %, percent]

Annual Monthly Daily
Model-fit statistic
Centroid Reading Centroid Reading Centroid Reading
South Middleton station
Number of years, months, or days.............. 5 5 60 60 1,826 1,826
Coefficient of determination (r9)................. .85 .99 .96 .95 .92 .92
Coefficient of model-fit efficiency .............. .72 .98 .92 .90 .85 .84
Standard error (ft3/8) ....vvveveeereeeerererrenneenn. 35 8 2.0 22 6 11
Root mean square error (percent)................ 9.1 31 42 37 94 100
Percent time simulated value <10%............ 80 100 37 32 23 24
Percent time simulated value <25%............ 100 100 65 63 51 49
Median percent error..........ccoevveeeeererreeenes 24 24 -1 8.2 -4 56
Minimum percent error .........ccveerereereeene -17 -1.7 -42 -41 -82 -89
Maximum percent error ............cceeeeeeeereene 7.4 52 185 122 1,588 2,122
Ipswich station
Number of years, months, or days.............. 5 5 60 60 1,826 1,826
Coefficient of determination (r9)................. .92 .97 .98 .95 .94 .89
Coefficient of model-fit efficiency .............. .82 .92 .95 .90 .88 .79
Standard error (f13/S) .........ovvevveveerresrirnenn. 6.6 47 4.3 6.6 16 18
RMSE (DEFCENt) ....covvveeererrereerereereesesreeeens 75 5.4 32 27 51 54
Percent time simulated value <10%............ 80 100 38 43 24 26
Percent time simulated value <25%............ 100 100 68 72 56 58
Median percent error........cceeeveeereeneecreene -4 16 -4.4 1.0 -4.2 18
Minimum percent error ..........ccoeeeereecrene -12 -8.3 -41 -48 -88 -86
Maximum percent error ..........c.ceceeereeereene 4.9 44 115 106 369 628
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observed discharge; (2) the coefficient of
model-fit efficiency, which measures the
proportion of variance in the observed dis-
charge explained by the simulated discharge
(Nash and Sutcliffe, 1970). The coefficient
of determination (r) and the coefficient of

Table 11. Observed and simulated annual discharge at South Middleton
and Ipswich stations for Hydrological Simulation Program-FORTRAN
(HSPF) simulations made with centroid and Reading precipitation data,
Ipswich River Basin, Mass., 1989-93

[Discharge values in cubic foot per second. Precipitation valuesin inches]

. .. .. Centroid Readin
model-fit efficiency are similar because both ’
provide a measure of the variation in the Vear Observed Simu- oo o o SImU- e cent Precipi-
simulated value explained by the observed discharge lated gy, - Precipi-ated e tation

u valu p y Vv is- tation dis-

value. The coefficient of model -fit charge °"¢€ charge  °"¢¢
efficiency, however, provides a more rigor- outh Middleton <tati
ous evaluation of the fit quality than does uth Middieton station

5 o 1989 47 48 24 442 48 24 447
the r* because the model-fit efficiency mea- o 83 69 17 49.3 85 15 543
sures the magnitude of the differences 1901 59 63 64 476 58 17 448
between simulated and observed values, 1992 57 54 61 438 59 32 460
whereas the r2 measures the difference 1993 76 81 7.4 44.9 80 5.2 4.7
between mean values (Duncker and Mean 64 63 21 469 66 22 459
Melching, 1998). In casesin WhICh the | pswich station
observed values and model residuals 1989 126 133 49 442 133 50 447
are normally distributed, the value of the 1990 212 186 12 493 229 69 543
r2 and the mpdel -fit efficiency S|:10u|d be 1991 164 163 -4 476 151 83 44.8
equal. The difference between simulated 1992 158 143 -95 438 157 -8 460
and observed dischargeswere also reported 1993 214 223 39 449 219 16 447
asthe (1) standard error, in cubic feet per Mean 175 170 -31 469 178 11 459

second; (2) root mean square error, in per-

cent; (3) percent of time differences were

within 10 percent, and (4) percent of time differences
were within 25 percent; (5) median percent error,

(6) minimum percent error, and (7) maximum percent
error.

Mean Annual Discharge

Observed and simulated mean annual discharge
at the South Middleton and Ipswich stations for simula-
tions made with centroid and Reading precipitation
datafor the 1989-93 calibration period are summarized
intable 11. Mean annual discharge at the South
Middleton station are undersimulated on average by
2.1 percent for simulations made with centroid precipi-
tation data and oversimulated by 2.2 percent for simu-
lations made with Reading precipitation data. Mean
annual discharge at the I pswich station are undersimu-
lated on average by 3.1 percent for simulations made
with centroid precipitation data and oversimulated on
average by about 1.1 percent for simulations made with

Reading precipitation data. Donigian and others (1984)
suggest that simulated total water budgets within 10
percent of the observed represent a very good mode fit.
Simulated versus observed mean annual dis-
chargeisshownin figure 13. The linear regression line
(fig. 13) closely matches the line of equality and the
coefficient of model-fit efficiency indicates that the
model explained 92 percent, or more, of thevariationin
the mean annual discharge for simulations made with
the Reading precipitation data at both sites. The coeffi-
cient of model-fit efficiency indicates that the model
explained 72 percent, or more, of the variation in the
mean annual discharge for simulations made with the
centroid precipitation data at both sites. The overall
model-fit statistics (table 10) and regression fit (fig. 13)
are somewhat better for simulations with the Reading
preci pitation than with the centroid precipitation at
both stations, largely because of the simulations with
the centroid data are undersimulated by more than 10
percent at both stations in 1990 (table 11). The total
annual precipitation in 1990 with the centroid datais

44 A Precipitation-Runoff Model for Analysis of the Effects of Water Withdrawals on Streamflow, Ipswich River Basin, Massachusetts



A. SOUTH MIDDLETON STATION

B. IPSWICH STATION

100/| TR S T I T T T A NN SN TR N

EXPLANATION

—O— SIMULATION WITH
CENTROID DATA AND
REGRESSION FIT

—--4A-- SIMULATION WITH
READING DATA
AND REGRESSION FIT

---------- LINE OF EQUALITY

uf
O] 100 — T T T T T T T T T T 250
€ i /] -
T2 L
g [ i -
ag I . i

n L i
22 80 200
S L i -
Za L
20T :
=8 1 .f
¢ 60 4 150}
S =

o L i L
[
23 L 10
3= L . i
g 40 1 1 1 1 1 1 1 1 1 1
%) 40 60 80 100 100

150 200 250

OBSERVED MEAN ANNUAL DISCHARGE, IN CUBIC FEET PER SECOND

Figure 13. Relation of simulated mean annual discharge to observed for simulations made with centroid and Reading
precipitation data for the Ipswich River, Mass., at (A) South Middleton station, and (B) Ipswich station, 1989-93.

about 10 percent less than the Reading data, thus the
centroid data appears to under-represent precipitation
in the basin during this year.

Monthly Mean Discharge and
Seasonal Water Budgets

Observed monthly mean discharges ranged from
lows of 1.0 and 8.1 ft3/s (August 1993) to highs of 343
and 1,070 ft3/s (April 1993) at the South Middleton and
I pswich stations, respectively. Simulated discharge for
the same periods ranged from lows of 1.0 and 5.0 ft3/s
to highs of 347 and 974 ft3/s at the South Middleton
and Ipswich stations, respectively, for simulations
made with the centroid precipitation data. Simulated
monthly mean discharges for the same periods made
with the Reading precipitation data ranged from lows
of 1.3 and 5.9 ft3/s to highs of 297 and 833 ft3/s at the
South Middleton and | pswich stations, respectively.
The coefficient of model-fit efficiency indicates that at
aminimum the model explained 90 percent of the vari-
ation in the observed monthly flows at both stations
when the flows are simulated with either set of precipi-
tation data. Regression linesindicate little biasin the
simulated monthly mean discharge (fig. 14); however,
theregression fit is slightly better for simulations made
with the centroid precipitation datathan for smulations
made with the Reading precipitation data because the
regression lineisleveraged by an outlier (high runoff in
April 1993) that was better simulated with the centroid
data than the Reading data.

A seasonal bias was observed during calibration
of flows at both the South Middleton and Ipswich sta-
tions (fig. 15 dashed line). This appearsto reflect the
seasonal bias reported in the Jensen-Haise PET compu-
tations by Winter and others (1995), who compared 11
methods for calculating free-surface evaporation for a
small lake in Minnesota. They report that the Jensen-
Haise method, and other equations with a solar radia-
tion component, overestimate evaporation during May
through July and underestimate evaporation in
September in comparison to values computed from an
energy budget. Winter and others (1995) also reported
alarge scatter in the Jensen-Haise PET computed
values for August. Leavesley and others (1983) report
that the Jensen-Haise and Hamond methods tend to
underestimate PET during the winter period. PET
values computed by equations that are based on solar
radiation data tend to exhibit a seasonal bias because
they do not account for latent heat in the water body;
thisresultsin overestimated PET values during the
spring and early summer period and underestimated
PET values during the early fall through early winter
period. The Ipswich River Basin model simulated dis-
charges made with unadjusted Jensen-Haise PET
values reflect this bias by undersimulating discharge
in the spring and early summer and oversimulating
discharge in the fall and winter.

Initial Jenkins-Haise PET values were adjusted
empirically during the calibration by modifying the
monthly variable coefficient (CTS) to minimize sea
sonal bias (fig. 15 solid line). These changesinthe CTS
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Figure 14. Relation of simulated monthly discharge to observed for simulations made with centroid and Reading
precipitation data for the Ipswich River, Mass. at (A) South Middleton station, and (B) Ipswich station, 1989-93.

values are within guidelines described in METCMP
(Lumb and Kittle, 1995). Figure 15 indicates that most
of the seasonal bias at both stations was removed by
adjusting the PET data. The percent mean monthly
discharge error departs from the zero line for several
periods, but these departures are largely dueto outliers.
The coefficient of model-fit efficiency indicates that

at aminimum the model explained 75 percent of the
seasonal flow variability for simulations made with
the centroid precipitation data. The coefficient of
model-fit efficiency values for monthly seasonal dis-
charges were generally less for simulations made with

Reading precipitation data than for simulations made
with centroid data (table 12). Typically, a seasonal
model-fit efficiency with alow value for simulations
made with one precipitation source had a substantially
higher model-fit efficiency for the same season for
simulations made with the other precipitation source.

Daily Flow

Observed daily mean discharges for the calibra-
tion period ranged from 0.3 ft3/s (August 29, 1993) to
670 ft3/s (April 2, 1993) at the South Middleton station,
and from 2.5 ft3/s (September 4, 1993) to 2,490 ft3/s
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(April 2, 1993) at the Ipswich station (fig. 16). Simu-
lated daily mean discharges for the same period made
with the centroid precipitation data ranged from 0.3
ft3/s to 657 ft¥/s at the South Middleton station, and
from 2.8 ft3/sto 1,710 ft3/s at the |pswich station. Sim-
ulated discharges made with the Reading precipitation
data ranged from 0.3 ft3/ to 580 ft3/s at South Middle-
ton station and from 3.5 ft3/sto 1,500 ft3/s at the

I pswich station. The coefficient of model-fit efficiency
indicated that at a minimum, the model explained 85
percent of the variation in the observed daily mean dis-
charge at both stations for simulations made with the
centroid precipitation data. The coefficient of model-fit
efficiency was dlightly less for simulations made with
the Reading precipitation data (table 10).

In general, the simulated hydrographs at the
South Middleton and Ipswich stations parallel the
observed hydrographs over awide range of flow condi-
tions and seasons (figure 17A and 17B) for ssimulations
made with the centroid precipitation data. The hydro-
graphs for simulations made with the Reading precipi-
tation data were similar to those for simulations made
with the centroid precipitation data and, therefore,
were not included in figure 17. The simulated spring
hydrograph recession generally matches the observed
hydrograph recession; this match indicates that storage
in the Ipswich River Basin, and physical properties
that affect storage, are reasonably represented in
the model.
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Table 12. Summary of seasonal model-fit statistics at South Middleton and Ipswich stations for Hydrological Simulation
Program-FORTRAN (HSPF) simulations made with centroid and Reading precipitation data, Ipswich River Basin, Mass.,

1989-93

[ft3/s, cubic foot per second; >, less than; %, percent]

Winter
Model-fit statistic

Spring Summer Fall

Centroid Reading

Centroid Reading

Centroid Reading Centroid Reading

South Middleton station

Number of months.........c.c.ccceevveienene 15 15
Coefficient of determination (19 .......... 96 96
Coefficient of model-fit efficiency........ 91 .89
Standard error (ft3/S) ........oevcveeereees 2.9 31
Root mean square error (percent)......... 11 21
Percent time simulated value <10%..... a7 47
Percent time simulated value <25%..... 80 80
Median percent error ..........ccocveeerenne -1 4.7
Minimum percent error..........coeeeeennne -32 -26
Maximum percent error ..........coeeeeerennne 33 43
Ipswich station

Number of months.........cccccccvineinenene 15 15
Coefficient of determination (r2) .......... 96 96
Coefficient of model-fit efficiency ........ .92 .87
Standard error (ft3/8) ........coevverveerrenns 7.4 8.1
Root mean square error (percent)......... 39 35
Percent time simulated value <10% ..... 53 47
Percent time simulated value <25% ..... 73 67
Median percent error ........cccceeeeeeeeenene. 15 7.7
Minimum percent error..........cccceeeeeueee. -27 -42

Maximum percent error ............cccceeeuee.. 101 73

15 15 15 15 15 15
97 .93 .90 .94 .93 .98
.94 .86 .76 .52 75 .88
4.7 7.0 2.3 2.7 5.0 34
19 25 79 67 43 36
47 40 20 7 27 33
87 80 47 27 47 67
-1.6 -1 14 39 -8.9 -2.0
-21 -42 -28 -6 -41 -28
41 52 179 122 86 45
15 15 15 15 15 15
97 .92 .94 .90 .97 .98
.93 .84 .88 .58 .93 .95
15 24 4.6 8.0 5.3 4.4
38 26 36 37 27 19
33 40 33 40 33 47
73 73 53 60 73 87
-11 -3.0 -4.4 6.4 -4.8 -15
-31 -48 -38 -27 -41 -37
113 46 70 106 53 34

Differences between simulated and observed
flows are shown in figure 18 as afunction of time and
in figure 19 as a function of discharge. These figures
were developed from results of simulations made with
the centroid precipitation data. Figure 18 indicates that
the largest errors (at both the South Middleton and
I pswich stations) are during the winter period, proba-
bly because of differences between actual and simu-
lated snowpack buildup and melt. Thisis underscored
by the errors shown as a function of the magnitude of
flow (fig. 19), which indicatesthat the largest errors are
during the highest flows. The annual peak dischargeis
often during the spring and usually includes snowmelt
runoff. A comparison of the simulated and observed
hydrographs at the Ipswich station, and the smulated
snowpack water (fig. 20) during the peak of record for

the calibration period (early April 1993) suggests that
water was retained in the snowpack longer and then

rel eased more rapidly than simulated; thisincreased the
simulated discharge earlier than observed which
resulted in asmaller simulated peak discharge than
observed.

Flow Duration

Flow-duration curves show the percentage of
time a specified discharge is equaled or exceeded, and
reflect the combined effects of climate, topography, and
hydrogeol ogic conditions on the distribution of flow
magnitude through time (Searcy, 1959). A comparison
of flow-duration curves computed from observed mean
daily discharges at the South Middleton and I pswich
stations for the 1989-93 calibration period with those
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Figure 16. Relation of simulated daily mean discharge to observed for simulations made
with centroid and Reading precipitation data for the (A) South Middleton, and (B) Ipswich

stations, Ipswich River, Mass., 1989-93.

from simulated mean daily discharges made with either
set of precipitation dataindicates a similar magnitude
and frequency of daily flows (fig. 21). The flow fre-
guency curve of simulated daily discharges deviates
from the curve of the observed discharges for flows
greater than 1,500 ft3/s (0.5 percent probability of
being equaled or exceeded) at the Ipswich station for
simulations made with either precipitation data; this
reflects the difference in the timing of snowmelt runoff
as previously mentioned.

Low Flows

Simulated and observed flows that have
exceedence probabilities of 98 percent and 90 percent
or more at the South Middleton and Ipswich stations
were compared. These are flows |ess than about 0.7
and 6 ft3/s for flows with a 98-percent exceedence
probability, and 7 and 22 ft3/s at the 90-percent
exceedence probability at the South Middleton and
Ipswich stations, respectively (flow duration curves,
fig. 21). The computed error statistics between simu-
lated and observed flows within the 98- and 90-percent
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Figure 17. Simulated and observed daily-mean-discharge hydrographs for simulations made with centroid precipitation
data at the (A) South Middleton, and (B) Ipswich stations, Ipswich River, Mass., 1989-93.

probability range are given in table 13 for simulations quality of thefit because a small absolute difference
made with the centroid and Reading preci pitation data. can be alarge difference when expressed as a percent-

Note that some values, such as the root mean square age of the low-flow value. In general, the model fit for
error, are reported in cubic feet per second instead of simulations made with precipitation data from the cen-
percent as reported previously. Model-fit statistics troid are comparable to simulations made with the
reported as a percent can be a poor indicator of the Reading precipitation data.
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Figure 18. Difference between simulated and observed daily mean discharges as a function of time at the (A) South
Middleton, and (B) Ipswich stations, Ipswich River Mass., 1989-93.

The coefficients of determination and model-fit
efficiency have decreased considerably from the model
fit for al daily flows. This decrease is largely because
of the scatter between simulated and observed dis-
charges at thisrange in flow, particularly at the South
Middleton station (fig. 16). Table 13 indicates that the
model fit improves considerably for flows at the 90-
percent exceedence probability compared to those at
the 98-percent exceedence probability. The model fit
for simulated low flows is also somewhat better at the
I pswich station than at the South Middleton station. In
general, the standard error and root mean sguare errors
are small and within plus or minus the flow magnitude
at the given exceedence probability at both sites.

For the 1989-93 period, the median observed
flow at or below the 98-percent exceedence probability
was 0.6 ft3/s at the South Middleton station and
5.4 ft3/sec at the |pswich station; the median observed
flow at or below the 90-percent exceedence probability
was 1.8 ft3/s at the South Middleton station and 11 ft3/s
at the I pswich station. For the same period that the
observed flows were at or below the 98-percent
exceedence probability, the median simulated flow
made with either set of precipitation datawas 1.0 ft3/s
at the South Middleton station and 5.4 ft%/s at the
Ipswich station. For the same period that the observed
flows were at or below the 90-percent exceedence
probability, the median simulated flow made with
either precipitation datawas 2.5 ft3/s at the South
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Figure 19. Difference between simulated and observed daily mean discharges as a function of observed discharge at the

(A) South Middleton, and (B) Ipswich stations, Ipswich River

Middleton station and 11 ft3/s at the Ipswich station.
At the South Middleton station, the median simulated
flow during the time the observed flows were at or
below the 90- and 98-percent exceedence probahilities
were about 50 percent larger than the observed median
flows. At the I pswich station, the median simulated
flows during the time the observed flows were at

or below the 90- and 98-percent exceedence
probabilities were the same as the observed median
discharges.

, Mass., 1989-93.

Miscellaneous Discharge Measurements

Miscellaneous discharge measurements have
been made at a number of locationsin the Ipswich
River Basin for the river habitat assessment study
(David Armstrong, USGS, person. commun., 1999).
Discharge measurements were made at only Fish
Brook at Lockwood Lane near Boxford (fig. 8,
01101740), which is represented by reach number 39,
during the calibration period. Fish Brook near Boxford
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Figure 20. Observed and simulated daily mean discharge at the Ipswich station for simulations made with the centroid
precipitation, air temperature, and simulated snowpack water for the Ipswich River Basin, Mass., February through April 1993.

drains a15.5 mi2 areathat is 40 percent forest and 23
percent wetland. Three discharge measurements were
made at this site in July 1993. Figure 22 indicates that
the simulated discharges are dightly greater than mea-
sured discharges; however, the simulations appear rea-
sonable given the fact that no direct calibration was
performed for thislocation. Simulated flows made with
either set of precipitation data appear to closely match
the measured flows at the stations during this time.

Summary of the Differences Between
Simulations with Reading and
Centroid Precipitation Data

A number of factors affect the match between the
simulated and observed discharge, especially the repre-
sentativeness of precipitation data over the basin.
Although results for simulations made separately with

the Reading and centroid precipitation data are similar,
simulations made with one data set improved some
measures of the model fit, but caused others to worsen.

In general, simulations made with the Reading
data appear to represent the precipitation in the upper
part of the basin (to the South Middleton station) better
than the simulations made with the centroid data. Con-
versely, simulations made with the centroid data appear
to represent precipitation in the lower basin (to the
Ipswich station) better than simulations made with the
Reading data. These differences in the model fit that
result from use of different precipitation data sets are
expected because of the spatial position of the source
datain the basin (fig. 1). The small gainsin the good-
ness of the model fit probably do not warrant using sep-
arate precipitation data for different parts of the basin
because this would double the number of HRUs and
there are no long-term differences between these data.
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A sensitivity analysis provides an indication of
the effects of changesin the parameter values repre-
senting watershed properties on the response of the
model-simulated values. An iterative process, whereby
the value of a given parameter is varied while all other
parameters are held constant, indicates the degree to
which that parameter can affect simulation results.
The sensitivity analysis applied constant changesin
parameter values equally over seasons and among the
hydrologic response units. A discussion of the flow
0512 510 30 50 70 909598 995 components and evapotranspiration losses simul ated by
the Ipswich River Basin model for each of the hydro-
logical response unitsis given below. The relative
differences between HRUSs provide an understanding
of the model response (sensitivity) to changesin
parameter values.

100

10k

B. IPSWICH STATION
10,000:|||| L T T T L T T T 13

1,000F

DISCHARGE, IN CUBIC FEET PER SECOND

Response of Pervious (PERLNDSs)
and Impervious (IMPLNDs)
Land Segments

100

10¢ The hydrologic response of pervious and imper-

vious land segments are important to understand the

b v effect that HRUs have on the model results. Examina-
0512 510 30 50 70 909598 99.5 tion of flow components and evapotranspiration losses
PERCENT CHANCE DISCHARGE EXCEEDED for each HRU indicate the predominant sources and

losses of water in the model and which model parame-
EXPLANATION terswill be most influential in the simulation process.
— OBSERVED Flow components and evapotranspiration |osses for
SIMULATED PERLNDs and IMPLNDs are plotted in figure 23 for
-~~~  Centoiddata (1) the mean annual water budget during 1989-93,

------ Reading data .
(2) awet month (April 1993), and (3) adry month

owd or ob 4 and (August 1993). Flow components (discharge to streams
Figure 21. Flow-duration curves for observed an : : ; ;

simulated daily mean discharges for simulations inthe Ipswich Rlver Basin model) gre ShOWh as bars
made with the centroid and Reading precipitation above the zero line and evapotranspiration losses are

data for the (A) South Middleton, and (B) Ipswich shown as bars below the zero line.
stations, Ipswich River, Mass., 1989-93.

Surface runoff from an IMPLND is equal to the

Simulation results made with the two precipita- moisture supply minus asmall evaporation oss from
tion data sets do not clearly indicate that one precipita- interception storage. Although the total runoff per unit

tion station better represents precipitation over the areafrom an IMPLND is larger than a PERLND
entire basin than the other. Daily flows simulated with ~ (which has evapotranspiration losses from subsurface
the centroid precipitation data were slightly “better” storages), the timing and magnitude of runoff from an
overall than daily flows simulated with the Reading IMPLND is not moderated by subsurface storage, asis
precipitation data and, therefore, were used for all flow from aPERLND. Thus, IMPLNDs produce larger
scenario simulations. storm flows and smaller low flows then a PERLND.
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Table 13. Summary of low-flow model-fit statistics at the South Middelton and Ipswich stations for Hydrological Simulation
Program-FORTRAN (HSPF) simulations made with centroid and Reading precipitation data, Ipswich River Basin, Mass.,

1989-93

[ft3/s, cubic foot per second:; <, less than; %, percent]

98-Percent exceedence probability®

Model-fit statistic

90-Percent exceedence probability?

Centroid Reading Centroid Reading
South Middleton station
Number of days......cccooevirinrirere e 41 41 229 229
Coefficient of determination (1) ...... -11 -.10 54 58
Coefficient of model-fit efficiency.... -169 -323 -54 -31
Standard error (ft3/s).........co....... 20 1.7 45 36
Root mean square error (ft3/s) ..........cco.evvererennns 15 21 4.9 4.0
Percent time simulated value <10%.................... 5 7 9 10
Percent time simulated value <25%.................... 10 10 21 23
Median error (Ft3/S) ........vveeveeereieeeeeeeeseeeseeeseenens 50 5 4 5
Minimum error (F3/8) ....o.uevveveeeeeeeeeeseseseeeneennns -3 -3 -5.0 -4.9
Maximum error (Ft3/S) ......evveveeeeeeeeeiereeeseeesennns 5.2 6.4 28 25
Ipswich station

Number of days.......cccoevvveveiiccese e, 75 75 222 222
Coefficient of determination (%) ..........cocceueneee. 42 61 .60 .60
Coefficient of model-fit efficiency .........cccuneee. -4.9 -2.2 -2.0 -2.8
Standard error (F13/S) ........vvveeeeeeeeree s 3.0 70 9.4 11
Root mean square error (ft3/s) ..........coevveereee, 33 24 9.9 11
Percent time simulated value <10%...........c.c.... 21 27 18 21
Percent time simulated value <25%..........cc.c.... 52 49 43 49
Median error (Ft3/9) ......c.oeeeeereeereeeeeeeseeee e, 1 11 -1.0 1.0
Minimum error (ft3/s) 2.9 21 -17 -16
Maximum error (ft3/s) 11. 8.3 45 55

1Discharges less then or equal to: 0.7 ft3/s at the South Middleton station, 6.0 ft3/s at the Ipswich station.
2Discharges less then or equal to: 7.0 ft3/s at the South Middleton station, 22 ft3/s at the |pswich station.
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Figure 22. Discharge simulated with centroid and Reading
precipitation data and instantaneous discharge
measurements made at Fish Brook near Boxford, Mass.,
July 1993.

No surface runoff (as a percent of the mean

annual runoff or during awet or dry month) was indi-

cated from PERLNDs representing sand and gravel
(nos. 1 through 6). Mean annual surface runoff asa

percent of total runoff from PERLNDs representing till
(nos. 8 through 13) ranged from 1.5 to 5.9 percent and
was greatest in high-density residential areas (nos. 11

and 13). Surface runoff represented less than 1 percent

of the total runoff from PERLNDs representing allu-
vium (nos. 14 and 15) and commercial areas (no. 7).

Surface runoff represented 4 percent or less of the total

runoff during the wet month (April 1993) for
PERLNDs representing till (nos. 8 through 13) and

commercia areas (no. 7) and no surface runoff isindi-
cated for any PERLND during the dry month (August

1993).
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Figure 23. Runoff as surface-flow, interflow, and base-flow, and evapotranspiration losses from surface storage, upper-zone
storage, lower-zone storage, and ground-water storage from each hydrologic response unit for: (A) mean annual water budget,
(B) wet-month water budget for April 1993, and (C) dry-month water budget for August 1993, Ipswich River Basin, Mass.
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Mean annual interflow as a percent of total
runoff ranged from 2 to 11 percent in PERLNDs
representing sand and gravel (nos. 1 through 6), 46
to 58 percent in PERLNDs representing till (nos. 8
through 13), and 25 to 34 percent in PERLNDs
representing aluvium (nos. 14 and 15). Interflow
was generally smallest in PERLNDs representing
forest (nos. 1, 8, and 14). During the wet month
(April 1993), interflow as a percent of total runoff
ranged from 14 to 33 percent in PERLNDs
representing sand and gravel, 68 to 76 percent in
PERLNDs representing till, and 55 to 60 percent in
PERLNDs representing alluvium. It should be noted
that some differencesin runoff during this period result
from uneven moisture supply distribution from
snowpack water carried over from the previous month.
During the dry month (August 1993), interflow asa
percent of total runoff was lessthan 1 percent in
PERLNDs representing sand and gravel, 2.6 to 6.3
percent in PERLNDSs representing till, and 0 to 2.2
percent in PERLNDs representing alluvium.

Mean annual baseflow as a percent of total runoff
ranged from 89 to 98 percent in PERLNDSs represent-
ing sand and gravel (nos. 1 through 6), 36 to 52 percent
in PERLNDs representing till (nos. 8 through 13),
and 65 to 74 percent in PERLNDs representing allu-
vium (nos. 14 and 15). During the wet month (April
1993), baseflow as a percent of total runoff ranged
from 67 to 86 percent in PERLNDs representing sand
and gravel, 21 to 32 percent in PERLNDS representing
till, and 40 to 45 percent in PERLNDs representing
aluvium. During the dry month (August 1993), base-
flow represented nearly the entire runoff from all
PERLNDs.

Mean annual evapotranspiration (ET) losses are
relatively evenly distributed among PERLNDs. ET
losses from the surface, and upper- and lower-zone
storage represent about 24, 30, and 45 percent of the
total mean annual ET loss, respectively. Active ground
water ET islessthan 1 percent of the total annual ET
from any PERLND. During the wet month (April
1993), ET losses are primarily from upper-zone storage
(averages 68 percent of thetotal ET loss) and surface
ET (averages 25 percent of the total ET loss). During
the dry month (August 1993), ET losses are primarily

from the lower-zone storage (averages 70 percent of
thetotal ET) and surface ET (averages 24 percent of
thetotal ET).

Severa general findings can be drawn from this
comparison. Surface runoff is generated primarily by
IMPLNDs and to asmall extent by PERLNDs simulat-
ing areas of till (nos. 8 through 13). Surface runoff
from these till PERLNDs generally occurs during peri-
ods of heavy precipitation or snowmelt, or both, during
the winter and spring, when evapotranspiration losses
are small and subsurface storageis at or near satura-
tion. Surface runoff generally represents asmall com-
ponent of the hydrologic budget; thus, parameters that
affect surface runoff havelittle effect on the uncertainty
of the model predictions.

Interflow isamajor runoff component from
areas overlying till and this component becomes a
larger portion of the total runoff during wet months.
Model parameters that affect interflow will have a
greater effect in PERLNDs representing till (nos. 8
through 13) than in other PERLNDs and interflow
model parameters will have alarger effect on runoff
during wet months than dry months. Baseflow isa
major runoff component from areas of sand and gravel
and is the dominant runoff component during dry
months for all PERLNDs. Model parameters that
affect baseflow will have a greater effect on PERLNDs
representing sand and gravel (nos. 1 through 6) than
in other PERLNDs, and baseflow model parameters
will be the dominant model parameters during periods
of low flow.

ET losses are primarily from upper-zone
storage during the non-growing (cooler) months and
from lower-zone storage during the growing season.
Model parameters that affect the amount of upper-
zone storage and the rate of ET loss from the upper
zone will have a greater effect in the cooler months
than during the growing season. Conversely, model
parameters that affect the amount of lower-zone
storage and the rate of ET lossfrom the lower zone will
have a greater effect in the growing season than in
the non-growing season.
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Parameter Values

Model sensitivity to eleven PERLND parame-
ters, and storage associated with wetland reaches,
(tables 14 and 15) were examined by sequentially
doubling and then halving the calibrated parameter
or storage values and measuring the effect of these
changes on the simulated (1) total runoff volume,

(2) high- and low-flow distribution, (3) seasonal

and summer runoff, (4) peak stormflow, and

(5) proportion of interflow and surface runoff. These
flow characteristics were examined using HSPEXP
(Lumb and others, 1994a); however, the inflow from
septic effluent was redirected as lateral surface inflow
(LSURLI) dueto limitations of HSPF version 11.
The special action (SA) component of the [pswich
River Basin model, which accounts for deficits
between water withdrawals and the withdrawal that
was satisfied by streamflow, was not used for these
simulations. Tests indicated that flow characteristics
generated at the South Middleton and Ipswich
stations did not appreciably change when the SA
was included in the simulations used for sensitivity
testing.

Severa parameters (IRC, LZETP, and AGWRC)
could not be doubled because they would exceed the
model’s maximum allowed value; for these parameters
the upper values were set at the maximum allowed
value or by half the difference between the base value
and the maximum allowed value, depending on which
value best reflected the change in the value relative to
other PERLNDs. The effect of altering the calibrated
valuesisexpressed in table 14 asthe rel ative sensitivity
(RS), in percent, and in table 15 as the absolute error
(AE) relative to the observed value. The sensitivity
values are calculated from a single flow characteristic
value generated by the HSPEXP for the entire calibra-
tion period. The relative sensitivity (RS) is computed
using the following equation:

Vp =V Po—P
_ Vo= Val, b~ a]
RS = D\/b+vaD/EPb+panloo ()

where

isthe value of the flow characteristic (inches),
isthe parameter value;

isthe calibrated value, and

isthe altered sensitivity value.

o o UL

The absolute error is calculated by the following
equation:

-V
AE = EV"VO Hx100 ©)
where
V, isthe value of the observed flow characteristic
(inches); and
Vs isthevalue of the ssimulated flow characteristic
(inches).

The AGWRC variable, the rate that water is
released from active ground-water storage, is close to
its maximum permitted value. As aresult, even asmall
changein the flow characteristic from anincreasein
AGWRC (table 14) produces alarge changein the RS
value because the denominator in the RSequation is
small. IRC, the interflow recession constant, is also
highly sensitive to increases in its value for similar
reasons.

In generdl, the relative sensitivity analysis indi-
cates that the most influential model parameters are
those that affect ground water (AGWRC and KVARY)
and to alesser extent, parametersthat affect interflow
(INTFLW and IRC). In addition, model simulation
results are sensitive to changes in parameters that influ-
ence the amount of precipitation that eventualy dis-
charges from ground water or interflow (INFILT,
LZSN, UZSN). Asindicated previously, ground-water
discharge to stream reaches is the dominant flow com-
ponent in the Ipswich River Basin, followed by inter-
flow. Hence, uncertainties in the parameters that affect
ground water will have the largest influence in model
performance, followed by uncertainties in interflow
parameters. In general, model results are insensitive to
wetland storage, possibly because the calibrated stor-
ageis set sufficiently high that changesin storage vol-
umes within the range tested do not produce much
changein the flow characteristics examined.

The absolute error in the flow characteristics
(table 15) indicates that some perturbations improved
the model fit, compared to the base calibration.
Changes in parameter values that decrease error for
some flow characteristics, however, also increased
error for other flow characteristics. In addition,
decreases in runoff error at one station typically results
inincreased runoff error at the other station. In general,
the calibrated parameter val ues appear to yield the best
overal model fit, that is, the least overall runoff error.
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Table 14. Relative sensitivity of simulated flow characteristics to HSPF model parameter or storage change, Ipswich River Basin, Mass., 1989-93

[HSPF, Hydrological Simulation Program-FORTRAN. Val ues represent the relative change in the flow characteristic in percent. 2x indicates the calibrated value doubled except when limited by the per-
mitted value range, 0.5x indicates the calibrated value was halved. 10-percent flow indicates the flow that is equaled or exceeded 10 percent of the time (high flow). 50-percent flow indicates the flow that
is equaled or exceeded 50 percent of the time (low flow). Storm statistics determined from an average of 10 storms: 4/2/1990, 7/23/1990, 10/10/1990, 4/20/1991, 8/17/1991, 9/22/1991, 11/20/1991,
3/10/1992, 9/25/1992, 12/10/1993. M odel parameters: INFILT, Infiltration rate of soil; LZSN, Lower zone nominal storage; UZSN, Upper zone nominal storage. INTFLW, Interflow parameter; IRC,
interflow recession constant; LZETP, Lower zone evapotranspiration; INTCEP, Interception storage; NSUR, Roughness of surface plain; LSUR, Length of surface plain; KVARY, ground water behavior
constant; AGWRC, Active ground water recession constant; FVOL, reach storage.]

Relative sensitivity (percent)

[8PON Hjouny-uoireldioaid
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pa'\rA:r:ier Change Total peitc:)ént pe?gt::‘nt trgxzzﬂ-a- Storm Peak Base Interflow  Surface volume
volume flow flow tion volume flow flow runoff Summer Winter Summer
storm
South Middleton station
INFILT 2X 19 -34 18 -2.6 -15 -27 1.6 -58 -9.3 10 0.10 -2.9
.5x =11 5.8 -13 15 45 0 0 44 20 -8.2 1.8 5.6
LZSN 2X -6.2 -6.0 -6.3 40 -5.6 -27 0 -31 -19 -85 -5.6 -5.8
.5x 5.2 4.2 7.8 -4.8 4.9 0 0 26 12 11 3.6 5.6
UZSN 2X -9.7 -10 -12 -7.2 -33 -60 1.6 -19 70 -22 -7.8 -93
.5x 5.2 .25 13 -19 -17 -27 1.6 31 72 10 31 -61
INTFLW 2X .02 -.86 .63 -.08 -6.1 -27 0 8.2 -9.9 0 -.10 -29
.5x .03 2.2 -2.2 .15 13 0 0 -19 24 -.29 46 8.3
IRC 2X -8.8 -91 119 0 11 0 17 .66 0 93 -32 -64
.5x 73 13 -15 0 23 23 0 2.0 0 -43 2.8 33
LZETP 2X -16 -71.6 -29 16 -11 0 0 -15 18 -7.3 -23 19
.5x 23 17 33 -29 36 23 0 45 8.1 19 26 39
INTCEP 2X -25 -.40 -85 3.0 -25 -27 0 13 0 -9.3 -.92 -2.9
.5x 15 .35 51 -1.9 15 0 0 .65 -.09 5.6 .76 0
NSUR 2X -.03 -.25 .09 .02 -15 -27 0 2.9 -31 -.14 .05 0
.5x .06 .40 -1.0 -.02 15 .05 0 -54 3.0 0 .10 0
LSUR 2X -.03 -.25 .09 .02 -15 -27 0 2.9 -31 -.14 .05 0
.5x .06 40 -9.8 -.02 15 0 0 -5 5.9 0 .10 0
KVARY 2X 18 6.1 -8.1 0 -3.0 -27 0 12 0 -9.0 6.2 -5.8
.5x -1.7 -54 7.2 0 25 0 0 12 0 7.8 -5.0 5.6
AGWRC 2X -425 -699 387 0 331 0 0 132 0 685 -927 617
.5x 6.5 29 -43 -.03 22 23 -4.8 1.2 0 -6.3 19 50
Wetland 2X -.08 45 -1.6 0 6.4 0 0 12 0 2.1 =72 16
FvOL .5x .03 .30 .36 0 -6.7 -27 1.6 12 0 -25 11 -21
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Table 14. Relative sensitivity of simulated flow characteristics to HSPF model parameter or storage change, Ipswich River Basin, Mass., 1989-93—Continued

Relative sensitivity (percent)

pa'\rA:r:zler Change Total 10- 50- Evapo- Storm Peak Base Surface volume
volume percent percent tran_splra— volume flow flow Interflow runoff ] Summer
flow flow tion Summer Winter storm
I pswich station
INFILT 2X 16 -3.7 11 -2.3 -.60 -33 0 -59 -12 11 -47 5.7
.5x 18 6.2 -12 1.0 35 0 0 44 26 -9.5 21 -59
LZSN 2X -15 -14 -11 3.7 0 0 0 -40 -6.3 -10 -17 16
.5x -3.6 -16 22 -8.6 13 0 0 -22 -18 23 -11 40
UZSN 2X -6.1 -59 -6.3 5.0 -5.5 0 0 -31 -29 -8.1 -5.6 -59
.5x 51 4.24 8.1 -4.7 5.9 0 0 25 16 10 34 5.7
INTFLW 2X -2.6 -.58 -8.6 29 -3.6 0 0 41 A3 -10 -1.0 -12
.5x 17 37 53 -2.0 24 0 0 0 0 6.3 .78 5.7
IRC 2X -10 -100 111 0 39 0 0 -4.6 0 123 -35 0
.5x .94 14 -14 0 21 27 0 16 0 -1.5 34 40
LZETP 2X -17 -8.5 -28 16 -24 -40 0 -20 15 -7.3 -23 0
.5x 23 17 34 -29 42 27 0 45 9.6 19 26 60
INTCEP 2X -2.6 -.58 -8.6 29 -3.6 0 0 41 13 -10 -1.0 -12
.5x 17 37 53 -2.0 24 0 0 .35 0 6.3 .78 5.7
NSUR 2X -.02 -.32 .19 0 -1.8 0 0 23 -4.0 -.16 0 -5.9
.5x .06 37 -.39 -.15 18 0 0 -.95 4.1 -.16 .05 0
LSUR 2X -.02 -.32 19 0 -1.8 0 0 23 -4.0 -.16 0 -59
.5x .06 37 -.39 -.15 18 0 0 -.95 4.3 -.16 .05 0
KVARY 2X 17 6.1 -9.0 0 -5.5 0 0 .70 0 -11 6.2 -25
.5x -1.6 -5.5 7.8 0 4.7 0 0 .70 0 8.5 -4.9 16
AGWRC 2X -423 -726 464 0 587 0 0 78 0 703 -898 1,818
.5x 6.1 28 -44 -.15 9.8 27 -3.2 70 0 -17 21 26
Wetland 2X .29 .26 12 0 3.0 0 0 .70 0 22 -.16 11
FvOL .5x -.39 .05 -2.2 0 -3.0 0 0 .70 0 -2.8 .16 -18
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Table 15. Sensitivity of runoff characteristics as the percent error from the observed value to selected model PERLND parameters and wetland storage values in the
HSPF Ipswich River Basin model, Mass., 1989-93

HSPF, Hydrological Simulation Program-FORTRAN. 2x indicates the calibrated val ue doubled except when limited by the permitted value range, 0.5x indicates the calibrated value was halved. 10-percent
flow indicates the flow that is equaled or exceeded 10 percent of the time (high flow). 50-percent flow indicates the flow that is equaled or exceeded 50 percent of the time (low flow). Storm statistics deter-
mined from an average of 10 storms: 4/2/1990, 7/23/1990, 10/10/1990, 4/20/1991, 8/17/1991, 9/22/1991, 11/20/1991, 3/10/1992, 9/25/1992, 12/10/1993. Model parameters: INFILT, Infiltration rate of
soil; LZSN, Lower zone nominal storage; UZSN, Upper zone nominal storage; INTFLW, Interflow parameter; IRC, interflow recession constant; LZETP, Lower zone evapotranspiration; INTCEP, Intercep-
tion storage; NSUR, Roughness of surface plain; LSUR, Length of surface plain; KVARY, ground water behavior constant; AGWRC, Active ground water recession constant; FVOL, reach storage.]

Runoff error (percent difference from observed value)
Percent of total runoff

Modeler Change Total 10- 50- Evapo- Storm Peak  Base volume
parame volume ~ Percent . percent transpira- . o flow flow : Summer Surface
flow flow tion Summer Winter storm Interflow runoff
South Middleton station

Base calibration -1.7 -55 22 -19 -14 11 0 18 -2.9 83 25 16
INFILT 2X -5 -7.6 37 -20 -15 -7.4 11 27 -2.9 79 17 15
0.5x -1.8 -1.8 11 -18 -11 11 0 12 -1.8 90 34 19

LZSN 2X -5.7 -9.2 17 5.9 -17 -74 0 12 -6.5 76 21 16
.5x 18 -2.8 28 -22 -11 11 0 27 -.56 90 30 16

UZSN -7.8 -12 12 -23 -31 -26 11 1.9 -7.9 -3 22 26
.5x 18 -54 33 -28 -23 -7.4 11 27 -.93 21 31 27

INTFLW 2X -1.7 -6.1 22 -19 -17 -14 0 18 -3.0 79 27 15
.5x -1.7 -4.1 20 -19 -5.8 11 0 18 -2.6 93 22 19

IRC 2X -2.2 -11 31 -19 -13 11 11 25 -4.8 76 25 16
.5x -1.2 3.0 10 -19 3 30 0 18 -1.1 128 26 16

LZETP 2X -10 -94 3.2 -11 -19 11 0 14 -14.8 103 23 18
.5x 14 57 52 -33 9.5 30 0 34 154 138 34 17

INTCEP 2X -3 -5.8 15 -17 -15 -7.4 0 11 -35 79 25 16
.5x -7 -53 26 -20 -13 11 0 23 -2.4 83 25 16

NSUR 2X -1.7 -5.7 22 -19 -15 -74 0 18 -29 83 26 16
.5x -1.6 -53 21 -19 -13 11 0 18 -29 83 25 17

LSUR 2X -1.7 -5.7 22 -19 -15 -7.4 0 18 -29 83 26 16
.5x -1.6 -53 14 -19 -13 11 0 18 -29 83 25 17

KVARY 2X -5 -1.6 15 -19 -16 -14 0 12 12 76 25 16
.5x -2.8 -8.8 28 -19 -12 11 0 25 -6.1 90 25 16

AGWRC 2X -4.2 -94 25 -19 -12 11 0 23 -8.2 90 25 16
.5x 2.7 15 -8.6 -19 0 30 -3.2 14 104 155 25 16

Wetland 2x -1.7 -5.2 20 -19 -10 11 0 20 -34 103 25 16
FvVOL .5x -1.7 -5.3 22 -19 -18 -14 11 16 -2.2 59 25 16
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Table 15. Sensitivity of runoff characteristics as the percent error from the observed value to selected model PERLND parameters and wetland storage values, in
the HSPF Ipswich River Basin model, Mass., 1989-93—Continued

Runoff error (percent difference from observed value)
Percent of total runoff

a,:’A;rssler Change Total 10- 50- Evapo- Storm Peak  Base volume
P volume percent percent transpira- volume flow flow _ Summer Surface
flow flow tion Summer Winter storm Interflow runoff
Ipswich station
Base calibration -3.3 -4.9 5.6 -24 34 69 0 -2.1 20 70 26 11
INFILT 2X -2.3 -7.1 14 -25 33 35 0 5.2 17 76 17 11
.5X -3.2 -.83 -2.6 -24 37 69 0 -8.1 34 63 34 14
LZSN 2x -13 -13 -2.0 -22 34 69 0 -8.6 -9.0 90 20 11
.5X -5.6 -14 22 -29 45 69 0 14 -5.5 122 22 10
UZSN 2X -7.2 -85 13 -22 29 69 0 -7.3 -1.7 63 21 11
.5X .08 -2.1 11.4 -27 39 69 0 4.9 4.3 76 30 12
INTFLW 2x -3.3 -5.5 6.2 -24 27 35 0 -2.1 19 63 27 11
.5X -3.3 -3.3 4.1 -24 44 69 0 -2.3 2.3 83 23 14
IRC 2X -39 -10 13 -24 37 69 0 54 -11 70 25 11
.5X -2.7 4.5 -3.7 -24 54 102 0 -3.1 4.3 122 26 11
LZETP 2x -11.8 -9.3 -9.6 -17 17 35 0 -6.0 -10 70 23 12
.5X 12.7 6.3 322 -38 e 102 0 11 21 155 35 12
INTCEP 2X -5.0 -5.2 -.27 -23 30 69 0 -8.4 13 57 26 11
.5X -2.2 -4.6 9.4 -25 36 69 0 21 25 76 26 11
NSUR 2x -3.3 -5.1 5.8 -24 32 69 0 -2.2 20 63 26 11
.5X -3.2 -4.6 54 -24 35 69 0 -2.2 20 70 25 12
LSUR 2X -3.3 -5.1 5.8 -24 32 69 0 -2.2 20 63 26 11
.5X -3.2 -4.6 54 -24 35 69 0 -2.2 20 70 25 12
KVARY 2x -2.2 -.90 -.54 -24 29 69 0 -9.2 6.3 44 26 11
.5X -4.3 -8.3 11 -24 38 69 0 3.6 -1.3 90 26 11
AGWRC 2X -5.7 -89 8.6 -24 38 -83 0 21 -3.4 90 26 11
.5X .12 15 -21 -24 43 102 -2.1 -13 17 103 26 11
Wetland 2x -3.1 -4.7 6.5 -24 36 69 0 -.6 19 83 26 11
FvOL .5x -35 -4.8 4.1 -24 31 69 0 -39 21 50 11 11




Model Limitations

Mathematical models that are used to represent
complex natural systems are simplified by necessity,
both in terms of the processes simulated and the physi-
cal representation of the system. Hence, there are
inherent limitations to the types of questions that can
be appropriately addressed by the model. The Ipswich
River Basin precipitation-runoff model was conceptu-
alized and calibrated to evaluate the effects of water
withdrawals from relatively shallow ground water and
surface sources on streamflow. The model can be used
to evaluate many water-resource management ques-
tions by providing information about the effects of
alternative management scenarios, or by generating
data that would be difficult to obtain otherwise. The
model may not be an appropriate tool to evaluate some
management questions, however, and the simulation
results could be incorrect or misleading, which could
lead to poor management decisions. Therefore, the use
of the model and results of simulations should always
be weighed in the context of the inherent limitations of
the model.

For example, the use of this model may not be
appropriate to evaluate the effects on streamflow of
wells tapping fractured bedrock, because ground water
in fractured bedrock can have awidely variable area of
recharge and natural discharge. One of the underlying
assumptions in the streamflow depletion program
(STRMDEPL) developed for this study is that the
pumped well is completed in a uniform aquifer with a
fully-penetrating stream. The accuracy of streamflow
depletion calculated by STRMDEPL depends closely
on how well the actual aquifer conditions fit the under-
lying assumptions. Without detailed geohydrologic
investigations of bedrock aquifer conditions, applica
tion of the STRMDEPL program to determine any
streamflow depl etions caused by bedrock wells would
have a high degree of uncertainty.

Another consideration in evaluating model simu-
lation resultsis the degree to which the model was cali-
brated. A good fit was obtained between simulated and
observed flows over awide range of conditions for the
I pswich River at the South Middleton and Ipswich sta-
tions; however, most reaches were ungaged and the
model could not be calibrated for stream reaches below
the Ipswich station. Furthermore, the calibration
reflects the combined effects of various hydrologic
response units (PERLNDs and IMPLNDSs) and reach
characteristics. Hydrologic judgment was used to

represent the response of different PERLNDs and
IMPLNDs, but no information was available to explic-
itly calibrate the unigue HRUs. Therefore, simulation
results from ungaged areas or changes in flow pro-
duced by the variation of the properties of HRUs are
uncertain, and the results should be viewed as evidence
of arelative change instead of an absolute change.
Stage, storage, and discharge characteristics of reaches
(including wetlands) are determined from measured
channel geometry to the extent possible, but many fac-
tors, such as channel roughness and the large number
of changes in channel geometry along a stream reach,
could not be measured within the scope of this project.
The stage, storage, and, discharge characteristics of a
stream reach affect the flow routing in the model and
the stream stage at a given discharge.

APPLICATION OF THE MODEL.:
EFFECTS OF WATER WITHDRAWALS
ON STREAMFLOW

The Ipswich River Basin model was developed
as atool to evaluate the response of streamflow to
various water withdrawal scenarios. Results of the
simulation of these scenarios, along with those of
any future scenarios that might be tested, will help
water-resource planners develop management strate-
giesto satisfy water supply needs while simultaneously
maintaining flows to protect the river ecosystem. Six
hypothetical scenariosidentified by the Ipswich River
Task Force Science and Data Committee as important
to understanding the effects of water withdrawals
were simul ated:

1. Stopping al withdrawals during the 1989-93
calibration period,

2. Only ground-water withdrawals for the
calibration period,

3. Only surface-water withdrawals for the
calibration period,

4. Simulate long-term (1961-95) streamflows with
1991 land-use conditions as developed in the
calibrated model, and stopping all withdrawals,

5. Simulate long-term streamflow conditions by
reverting developed HRUs to undevel oped
HRUs and stopping all withdrawals, and

6. Simulate long-term streamflows in response to
average 1989-93 water withdrawals.
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A new model run file (uci) and unique scenario
identification was created for each scenario. Simulation
results for each scenario were targeted to a unique data
set in the WDM file so that the scenarios could be com-
pared. Table 16 summarizes the scenarios, model run
files, and output data sets.

All scenarios required modification of the base
model run file (ips.uci) to change withdrawal ratesin
the external source block (EXT SOURCES) and to
output streamflow to unique DSNs in the external
target (EXT TARGET) block. The GLOBAL block was
also modified in the last three scenarios to change the
simulation period. Scenario 5 converted all developed
HRUs (PERLNDs 3 through 7 and 10 through 13, and
IMPLND 1 and 2) to forested HRUs (PERLNDs 1 and
8) with smilar surficial geology by changing the drain-
age areas from devel oped HRUs to undeveloped HRUs
inthe SCHEMATIC block. This scenario approximates
the natural flow of the river by stopping withdrawals
and reverting land use to undevel oped conditions.
Scenario 6 required streamflow depletion from ground-
water and surface-water withdrawals over the 1961-95
period; however, these data were generally unavailable
except for the calibration period (table 4). Water with-
drawals were estimated for periods of missing data for
each reach by averaging daily withdrawals for each

Table 16. Alternative water withdrawal and land-use scenarios
simulated for the Ipswich River Basin, Mass.

Scenario Output data
Scenario Model run file identifi- P
. set numbers
cation
1. Stop all with- No _demd.uci  No_demd 6001 to 6066
drawals

2. Ground-water
withdrawals only

3. Surface-water
withdrawals only

4. Long-term with
no water-supply
demands

5. Long-term unde-
veloped land use
and no water
demands

6. Long-term with
1989-93 average
water withdrawals

No_GWdem.uci No_ GWdem 6101 to 6166
No_SWdem.uci No_SWdem 6201 to 6266

LT-NoDem.uci LT-NoDem 6301 to 6366

LT-Undev.uci LT-Undev 6401 to 6466

LT-Demd.uci LT-Demd 6501 to 6566

month that data were available and generating asimilar
daily withdrawal for each month for periods of no
record.

Simulation results for the scenarios provide rela
tive differences between streamflows under different
water withdrawals and land uses. Results are best com-
pared in groups of scenarioswith similar time spans so
that the differences between model runs represent dif-
ferences between scenarios and not the differences
between climatic conditions. The first three scenarios
span the 198993 period used to calibrate the model;
water withdrawals during this period are mostly from
reported records. The last three scenarios span the
1961-95 period; water withdrawals (when included in
the ssimulation) are mostly estimated from the reported
withdrawals for the 1989-93 period and do not reflect
changing water use over this period. The reported
ground-water withdrawals were relatively constant
from year to year for similar months. The reported
surface withdrawal s are often dependent on streamflow,
and thus, are subject to wider variations in monthly
values.

Calibration-Period Simulations

Flow-duration curves for simulations of the
1989-93 period are shown in figure 24 for the base
simulation and for scenarios with (1) no withdrawals,
(2) only surface-water withdrawals, and (3) only
ground-water withdrawals. Flow-duration curves are
nearly identical for the base simulation and simulations
with only ground-water withdrawals at both the South
Middleton and |pswich stations. Flow-duration curves
are also nearly identical for simulations with no with-
drawals and simulations with only surface-water
withdrawals at both the South Middleton and | pswich
stations. The two sets of curves differ by about an order
of magnitude at the 99.8 percent exceedence probabil-
ity at both sites. Thisindicates that surface-water
withdrawals have little effect on the duration and fre-
guency of low flows and that the ground-water
withdrawals have a large effect on the magnitude,
duration, and frequency of low flows. The relative
difference between curvesis somewhat larger at the
South Middleton station than at the Ipswich station
because of the relatively greater rate of ground-water
withdrawal with respect to streamflow above the
South Middleton station than above the |pswich
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Figure 24. Flow-duration curves developed from simulated
daily flows for current conditions (base simulation) and three
scenarios—no withdrawals, only surface-water withdrawals,
and only ground-water withdrawals—for the Ipswich River at
the (A) South Middleton and (B) Ipswich stations, Mass.,
1989-93.

station. The differences between curves diminish as
the exceedence probability decreases; little difference
between curvesisindicated below the 50 percent
exceedence probability at both sites. Thisindicates
that water withdrawals have little effect on high

and medium flows at either station.

Hydrographs of simulated daily flows further
illustrate the effect of ground-water withdrawals
on low flows (fig. 25). During most of the year
hydrographs for the various scenarios are nearly
identical; during periods of low flow (especially
during the summers of 1991 and 1993), however,
the hydrograph with no withdrawals and the
hydrograph with only surface-water withdrawals are
sustained at a higher discharge than the hydrographs
for the base simulation or that with only ground-water
withdrawals.

Long-Term Simulations

Long-term simulations (1961-95) indicate
that the differencesin streamflow between scenarios
with no withdrawal s and those with average water
withdrawals (fig. 26) are similar to the differences
in streamflow for the 1989-93 simulations for similar
types of scenarios. The flow-duration curve for unde-
veloped land use with no withdrawalsis similar to
the flow-duration curve with no withdrawals with
1991 land-use conditions (fig. 24). Small differences
can be noted in the flow-duration curves between
simulations with undevel oped land use with no with-
drawals and simulations with no withdrawals with
1991 land-use conditions for medium- to low-flow
conditions at the South Middleton station and
medium- to high-flow conditions at the Ipswich
station. The differences in duration curves for
low-flow conditions at the South Middleton station
reflect the greater infiltration and increased base
flow under undevel oped conditions than devel oped
conditions, whereas the lack of difference at the
Ipswich station (which has less developed land use
than above the South Middleton station) reflect
greater lower zone evapotranspiration between
forested and open land which offsets any gainsin
base flow.
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Figure 25. Discharge for current conditions (base simulation) and three scenarios—no withdrawals, only surface-water
withdrawals, and only ground-water withdrawals—for the Ipswich River at the (A) South Middleton and (B) Ipswich stations,
Mass., 1989-93.

66 A Precipitation-Runoff Model for Analysis of the Effects of Water Withdrawals on Streamflow, Ipswich River Basin, Massachusetts



A. SOUTH MIDDLETON STATION
1,000 pr————————————————

100

oqbo v v o
05 2 510 20 50 70 90 95 98 995
B. IPSWICH STATION
10,000 f——————————

[~
1,000

DISCHARGE, IN CUBIC FEET PER SECOND

100§

10

05 2 510 20 50 70 90 95 98 995
PERCENT CHANCE DISCHARGE EXCEEDED
EXPLANATION
—————— NO WATER WITHDRAWALS
AND 1991 LAND USE

====NO WATER WITHDRAWALS
AND UNDEVELOPED LAND USE

AVERAGE 1989-93 WATER WITHDRAWALS
AND 1991 LAND USE

Figure 26. Flow-duration curves for average water
withdrawals with 1991 land-use conditions, no withdrawals
with 1991 land-use conditions, and no withdrawals with
undeveloped land-use conditions, for the Ipswich River at
the (A) South Middleton, and (B) Ipswich stations, Mass.,
for long-term simulations (1961-95).

Long-term simulations enabl ed the computation
of low-flow-frequency probabilities by fitting annual
series of low flows to the log-Pearson Type I11 distribu-
tion. Low-flow frequency probabilities were computed
from annual series of minimum 1-day, 7-day, and 30-
day mean flows for each of the long-term simulation
scenarios using SWSTAT, a program designed to com-
pute surface-water statistics (Lumb and others, 1994b).
The low-flow frequency curves computed from the
simulated daily discharges for each of the long-term
scenarios are shown for each period of minimum flow
infigure 27.

The 1-day low-flow probability curve indicates
the minimum daily discharge that is likely to occur in
the specified recurrence interval (bottom x-axis), which
isthe reciprocal of the probability of non-exceedence
(top x-axis). For instance, streamflow at the South
Middleton station for simulations with no water with-
drawals and 1991 land use indicate that the minimum
daily flow with arecurrence probability of 50 yearsis
2.9 ft3/s. Flows might not fall below 2.9 ft3/sin agiven
50-year period or could fall below this level more than
oncein a50-year period; over along period of time,
however, this minimum daily flow would be expected
to occur, on average, once in 50 years if no water
withdrawal s were being made.

Minimum daily flows for simulations with no
withdrawals with 1991 land-use conditions and no
withdrawal s with undevel oped land-use conditions
were comparable. At the South Middleton station,
flows ranged from 2.7 and 3.5 ft3/s at the 100-year
recurrence interval to 9.9 and 15 ft%/s at about the
1-year recurrence interval for simulations with
(1) no withdrawals with 1991 |and-use conditions
and (2) no withdrawals with undevel oped land-use
conditions, respectively. At the Ipswich station,
flows ranged from 5.8 and 5.5 ft3/s at the 100-year
recurrence interval to 23 and 21 ft3/s at about the
1-year recurrence interval for simulations with
(1) no withdrawals with 1991 land-use conditions
and (2) no withdrawals with undevel oped land-use
conditions, respectively. Simulations with no with-
drawals with 1991 land-use conditions and those
with undevel oped |and-use conditions indicate that
undevel oped land-use conditions resulted in
increased discharge above South Middleton station, but
dlightly decreased discharge at the Ipswich station.
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Figure 27. Log-Pearson Type Il low-flow exceedence probabilities and recurrence intervals for (A) 1-day,
(B) 7-day, and (C) 30-day annual minimum mean streamflows based on long-term (1961-95) simulations of
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undeveloped land-use conditions, for the Ipswich River at the South Middleton and Ipswich gaging stations,
Mass.
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Thisindicates that the imperviousness above the South
Middleton station under the 1991 land-use condition
was sufficient to inhibit infiltration and, thereby,
decrease baseflow. This is underscored by the fact

that under relatively less developed conditions at the

I pswich station, the undevel oped condition resulted

in lower flow through evapotranspiration than the
developed condition.

Minimum daily flows for simulations with aver-
age 1989-93 withdrawals were considerably less than
the minimum daily flows for simulations with no with-
drawals for either land-use condition. At the South
Middleton station, flows with water withdrawals
ranged from 0.32 ft3/s at the 100-year recurrence inter-
val to 2.0 ft3/s at about the 1-year recurrence interval.
At the Ipswich station, flows with water withdrawals
ranged from 0.84 ft3/s at the 100-year recurrence inter-
val to 13 ft3/s at about the 1-year recurrence interval.

The 7-day low-flow frequency represents the
minimum flows over a continuous 7-day period. The
7-day low-flow probabilities are similar to, but slightly
greater than, the 1-day low-flow probabilities. At the
South Middleton station, flows ranged from 2.9 and
3.8 ft3/s at the 100-year recurrence interval to 11 and
16 ft3/s at about the 1-year recurrence interval for sim-
ulations with (1) no withdrawals with 1991 land use
conditions, and (2) no withdrawals with undevel oped
land conditions, respectively. At the I pswich station,
flows ranged from 6.0 and 5.7 ft3/s at the 100-year
recurrence interval to 25 and 22 ft3/s at about the
1-year recurrence interval for simulations with (1) no
withdrawals with 1991 land-use conditions and (2) no
withdrawals with undevel oped land conditions, respec-
tively. Minimum 7-day flows for simulations with
water withdrawals ranged from 0.38 ft3/s at the
100-year recurrence interval to 3.0 ft3/s at about the
1-year recurrence interval at the South Middleton sta-
tion, and from 1.5 ft3/s at the 100-year recurrence inter-
val to 15 ft3/sec at about the 1-year recurrence interval
at the Ipswich station.

The 7-day, 10-year, low-flow (7Q10), which rep-
resents the probable minimum flow over a 7-day period
that will occur on average once in 10 years, isawidely
used regulatory statistic. At the South Middleton sta-
tion, the 7Q10 flows were 4.1 ft3/s, 5.9 ft3/s, and
0.54 ft3/s for simulations with (1) no withdrawals
with 1991 land-use conditions, (2) no withdrawals
with undeveloped land-use conditions, and (3) average
water withdrawals with 1991 land-use conditions,

respectively. At the Ipswich station, the 7Q10 flows
were 8.3 ft3/s, 8.2 ft3/s, and 2.7 ft3/s for simulations
with (1) no withdrawals with 1991 land use conditions,
(2) no withdrawals with undeveloped land conditions,
and (3) average water withdrawals with 1991 land-use
conditions, respectively.

The 30-day low-flow frequency represents the
minimum annual flow over acontinuous 30-day period.
The 30-day low-flow probabilities are similar, but
larger, than flows at the 1- and 7-day low-flow proba-
bilities. At the South Middleton station, flows ranged
from 3.4 ft3/s and 4.7 ft3/s at the 100-year recurrence
interval to 17 ft3/s and 21 ft3/s at about the 1-year
recurrence interval for simulations with (1) no with-
drawals with 1991 land-use conditions and (2) no
withdrawals with undeveloped land conditions, respec-
tively. At the Ipswich station, flows ranged from
7.6 ft3/sand 6.6 ft3/s at the 100-year recurrence inter-
val to 50 ft3/s and 37 ft3/s at about the 1-year
recurrence interval for simulations with (1) no with-
drawals with 1991 land use conditions and (2) no
withdrawal s with undeveloped land conditions, respec-
tively. Minimum 30-day flows for simulations with
water withdrawals ranged from 0.52 ft3/s at the
100-year recurrence interval to 17 ft3/s at the 1-year
recurrence at the South Middleton station, and from
3.1 ft3/s at the 100-year recurrence interval to 40 ft3/s
at the 1-year recurrence interval at the Ipswich station.

Low flows for simulations with no water with-
drawals and undeveloped land use tend to decrease rel-
ative to simulations with no water withdrawals and
1991 land-use conditions for return interval s of about 2
yearsor lessfor all duration periods, and especially for
the 30-day low-flow period. At the Ipswich station, the
30-day low flow for no withdrawal s with undevel oped
conditions was | ess than the 30-day low flow with aver-
age water withdrawals as the return period approached
1 year. This suggests that the evaporation losses, which
are greater in forested PERLNDs than in other
PERLND types, become increasingly important in
establishing the long-duration (e.g., 30-day interval)
low-flow characteristic for short return intervals.

Because the amount of effective impervious
areain the basin is uncertain, another simulation
was made (LT-imp.uci) for the 1961-95 period with
average 198993 withdrawals, but with the effective
impervious area set equal to theinitial estimated values
of effective imperviousness shown in table 6. This
simulation required shifting area from disturbed open
PERLNDs into the corresponding IMPLNDs and
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represents about a 50 percent increase in the effective
impervious areain the Ipswich River Basin model.
Results of this simulation can be used to assess the
hydrologic effects of changes in effective impervious
area and can provide a reasonable upper limit to the rel-
ative hydrologic change from a undevel oped to an
developed land-use condition.

Flow duration curves for ssmulated daily flows
made with increased effective impervious area are
nearly identical to the flow duration curves for smu-
lated daily flows with the calibrated effective impervi-
ous area at both the South Middleton and Ipswich
stations. Small changes in the computed |og-Pearson
low-flow-frequency probabilities were noted, however,
between simulated flows made with the different effec-
tive impervious areas. Simulation results with the
larger effective impervious areaindicated that the mini-
mum annual daily flow decreased by about 7 percent
over the entire range of recurrence intervals compared
to the minimum annual daily flow for simulations made
with the calibrated effective impervious area at the
South Middleton station. At the Ipswich station, the
minimum annual daily flow decreased by about 6 per-
cent for return periods that approached 1-year, but
increased by about 5 percent for return periods of 5
or more years. Thus, the differencein the 1-day low
flow between simulations made with undevel oped
land-use conditions and developed land-use conditions
would generally be larger, particularly at the South
Middleton station (more devel oped) when the effective
imperviousnessisincreased to a reasonable upper
limit.

Simulations made with increased impervious
areaindicated that the 30-day low flow increased by
1.3 percent for a 100-year recurrence interval to 13
percent for about a 1-year recurrence interval at the
South Middleton station compared to flows simulated
with the calibrated impervious area; a similar, but
smaller increase was noted at the Ipswich station. This
increase in the 30-day low flow reflects the increased
runoff from storms that likely occur during a 30-day
period, but as previously noted, the flow between
storms will generally be less as aresult of increased
imperviousness. In general, the differences between

flow characteristics for simulations made with the cali-
brated effective impervious area and the initial effec-
tive impervious area are small at the stream-gaging
stations, but changes in the effective imperviousness
will have agreater impact in subbasins that are more
developed than in subbasins with less devel opment,
which is evident from the relatively large change in
flow characteristics at the South Middleton station
compared to those at the I pswich station.

SUMMARY

The Ipswich River Basin supplies water to
about 330,000 residentsin 23 municipalitiesin or
near the basin. Urbanization and decreases in stream-
flow resulting from water withdrawals in the basin
are of concern because of the potential effects on
aguatic habitat, water quality, and recreationa use
of theriver. Impaired flow, low dissolved oxygen con-
centrations, high nutrient concentrations, and the pres-
ence of pathogensintheriver have led regulatorsto list
the river under Section 303(d) of the Federal Clean
Water Act as non-compliant with the Massachusetts
Water Quality Standards. Thislisting requires that
Massachusetts devel op a management plan to address
the impairments.

During the 198993 study period, average
monthly water withdrawals from all sources exceed
monthly mean streamflow above the South Middleton
gaging station during July and approaches monthly
mean streamflow during September. Average
monthly pumping above the | pswich gaging station
approaches the mean monthly streamflow during July
during the 1989-93 period. During 198993, ground-
water withdrawals always exceeded surface-water
withdrawal s above the South Middleton station, but
ground-water withdrawals exceeded surface-water
withdrawals only during June through October above
the I pswich station because the state water-use permits
restrict surface-water withdrawal s between May and
October.

The Hydrological Simulation Program-
FORTRAN (HSPF) was used to simulate the hydrol-
ogy and complex water withdrawalsin the basin.
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Model development involved (1) collecting and assem-
bling data on climate, streamflow, and water-use or
estimating this data when necessary, (2) subdividing
the land surface into units of similar hydrologic
response (HRUs) and the streams into reaches,

(3) determining the hydraulic characteristics of each
reach, and (4) determining the effects of water
withdrawals on streamflows.

Time series of climate, streamflow, and water
withdrawals were compiled and entered into the
Watershed Data M anagement system data base. Spatial
grids of climate datafor the basin were devel oped by
the Marine Biological Laboratory (MBL) from
National Weather Service data. Grid cells were aver-
aged to obtain asingle set of climatic time series (cen-
troid) for use in the model. The climate data generally
are hourly and date back to 1961. Daily streamflow
observations on the Ipswich River at South Middleton
and at Ipswich gaging stations began in the 1930's.
Daily water withdrawal data (often estimated from
monthly values) generally began in 1989.

Land-surface and hydraulic data were compiled
to discretize the basin and set model parameters. The
model includes 15 pervious HRUs (PERLNDSs), and 2
impervious HRUs (IMPLNDs), that were developed
from unique combinations of land use, surficial geol-
ogy, and water-use practicesto represent the basin. The
I pswich River and its main tributaries were segmented
into 67 stream reaches (RCHRES) based on hydrol ogy,
water withdrawals, and in afew cases, on habitat con-
siderations. Wetlands cover about 21 percent of the
Ipswich River Basin, and because of their effects on the
hydrology of the basin, additional RCHRES were
defined for most channel segmentsto represent wetland
storage.

Streamflow depletions resulting from ground-
water withdrawals were calculated using STRMDEPL,
a computer program that analytically computes the
delayed effects of ground-water withdrawals on
streamflow based on daily pumping rate of wells, aqui-
fer and streambed properties, and the distance of the
pumped well from the stream.

The model was calibrated to measured stream-
flow at the South Middleton and Ipswich stations for
the period 1989-93 because water-use information
could be obtained or estimated, and because 1991
land-use data were used to define the HRUs. Model-
parameter values were cal culated from available spatial
datato the extent possible, and then an iterative process
was used to adjust values to minimize the difference
between simulated and observed flows. Parameter
values were calibrated using precipitation datafrom
Reading, Mass. and from the MBL centroid data
because of uncertainty in which data best represented
precipitation over the basin. The model was calibrated
to annual, monthly, and daily flows to provide the best
model fit, particularly during low-flow periods.

Mean annual discharge at the South Middleton
station is undersimulated on average by 2.1 percent for
simulations made with centroid precipitation data and
oversimulated by 2.2 percent for simulations made
with Reading precipitation data. Mean annual dis-
charge at Ipswich is undersimulated on average by 3.1
percent for simulations made with centroid precipita-
tion data and oversimulated on average by about 1.1
percent for simulations made with Reading precipita-
tion data. The coefficient of model-fit efficiency indi-
cates that at a minimum, the model explained 90
percent of the variance in the observed monthly flow
and 79 percent of the variance in the observed daily
flow for simulations made with either precipitation
source. Hydrographs of simulated daily mean dis-
charge for 1989-93 at the South Middleton and
I pswich stations parallel the observed hydrographs
over awide range of flow conditions and seasons.
Flow-duration curves computed from simulated and
observed daily discharge at the South Middleton and
I pswich stations for 1989-93 indicate a similar magni-
tude and frequency of flow. In general, the model-fit
was slightly better for simulations made with the
centroid precipitation data than for simulations made
with the Reading data; therefore, the centroid precipita-
tion was used to evaluate various water-withdrawal
scenarios.
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The GenScn decision-support-system software
was used to facilitate examination of six water-use
scenarios for this report. Three scenarios each were
examined for the 1989-93 period and three for the
1961-95 period. The calibration-period scenarios were
compared to the base scenario of calibrated flows
resulting from existing water-use practices to evaluate
the effects of water withdrawals on streamflow. The
calibration-period scenarios included (1) stopping all
withdrawals, (2) only ground-water withdrawals, and
(3) only surface-water withdrawals. The long-term
simulations (1961-95) were used to test the effects of
withdrawal s on streamflow over awider range of cli-
matic conditions and to compute 1-, 7-, and 30-day
low-flow frequencies using log-Pearson Type |11 analy-
sis. The long-term simulations included: (1) stopping
all withdrawals under 1991 land-use conditions as
developed in the calibrated model, (2) stopping all
withdrawals and reverting developed HRUs to undevel -
oped HRUs to predict what the natural streamflow
would have been, and (3) simulations of average 1989
93 water withdrawals and 1991 land use.

Flow-duration curves and hydrographs devel-
oped from the various withdrawal scenarios for the cal-
ibration period indicate that surface-water withdrawals
have little or no effect on low flows but the ground-
water withdrawals have alarge effect on low flows. At
both gaging stations, flow-duration curves are about
an order of magnitude lower at the 99.8 percent
exceedence probability for the 1989-93 water with-
drawals and the simulation with only ground-water
withdrawal s as compared to the simulations with no
water withdrawals and with only surface-water with-
drawals. The relative difference between curvesis
somewhat larger at the South Middleton station than
at the Ipswich station because the ground-water
withdrawals are alarger proportion of the streamflow
at South Middleton than at Ipswich. Differences
between curves diminish as the probability of
exceedence decreases to 50 percent. During periods
of low flow (especially during the 1991 and 1993 sum-

mers), hydrographs for the simulations with no water
withdrawals and only surface-water withdrawals are
sustained at higher discharges than the hydrographs
for the base simulation and the simulation with only
ground-water withdrawals. The surface-water
withdrawals have little effect on the flow duration
because they are restricted to times of relatively high
flow when the withdrawals are only a small portion
of the total flow.

Results of long-term simulations were similar to
those for the same scenariosfor 1989-93 simulations at
both sites. Low flows for simulations with average
calibration-period water withdrawal s were substan-
tially lower than ssmulations with (1) no water with-
drawals with 1991 land use, and (2) simulations with
no water withdrawal s with undevel oped land use. For
example, at the South Middleton station the 7-day, 10-
year low-flow (7Q10), awidely used regulatory statis-
tic, was 0.54, 4.1, and 5.9 ft3/s, for simulations with
(1) average 198993 water withdrawals and 1991 land
use, (2) no withdrawals and 1991 land use, and (3) no
withdrawals and undevel oped land use, respectively. At
the Ipswich station, the 7Q10 was 2.7 ft3/s for simula-
tions with average 1989-93 water withdrawals, and
about 8.3 ft3/s for simulations with no withdrawals
with either 1991 land use or undevel oped land use.

The Ipswich River Basin precipitation-runoff
model was conceptualized and calibrated to evaluate
the effects on streamflow of water withdrawals from
shallow ground-water wells and from surface sources.
Assuch, the model can be used to evaluate a number of
management scenarios or to predict flow under condi-
tions that would be difficult or impossible to obtain
otherwise. Although the model iswell calibrated to the
observed data, consideration should be given to the
inherent uncertainty of the model simulations.
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APPENDIX A
Documentation of Computer Program
STRMDEPL—A Program to Calculate Streamflow
Depletion by Wells Using Analytical Solutions

By Paul M. Barlow
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SUMMARY

The computer program STRMDEPL calcu-
lates time-varying streamflow depletion caused by
pumping at awell. The program is based on two
analytical solutionsto the ground-water flow equa-
tion for the condition of a pumping well in a semi-
infinite, homogeneous, and isotropic aquifer in
direct hydraulic connection with a straight and
fully penetrating stream. One solution assumes
unimpeded connection between the stream and
aquifer (Jenkins, 1968); the other solution
accounts for resistance to flow at the boundary
between the stream and aquifer caused by semi-
pervious streambed and streambank materials
(Hantush, 1965). Superposition isused to calculate
the influence of time-varying daily pumping rates
on streamflow depletion. This document summa-
rizesthe analytical solutionsonwhich the program
is based, describes the program and its input
requirements, and presents a sample problem
based on a pumped well near the Ipswich River,

M assachusetts.

ANALYTICAL SOLUTIONS FOR
STREAMFLOW DEPLETION BY WELLS

Several analytical solutions are available for the
determination of streamflow depletion by wells. These
include steady-state solutions by Newsom and Wilson
(1988) and Wilson (1993) and transient solutions by
Theis (1941), Conover (1954), Glover and Balmer
(1954), Glover (1960), Theis and Conover (1963),
Hantush (1964, 1965, and 1967), Jenkins (1968), and
Weeks and Appel (1984). The most often applied ana-
Iytical solution for determining time-varying rates of
streamflow depletion by wellsis that presented in
Jenkins (1968). For application of this solution, severa
simplifying assumptions concerning the aquifer and
adjoining stream must be made. These assumptions,
which are described in Theis (1941), Glover and
Balmer (1954), and Jenkins (1968), are listed here for
reference:

1. Theaquifer isisotropic, homogeneous, and
semi-infinitein areal extent;

2. Thetransmissivity of the aquifer does not change
with time. Thus, for awater-table aquifer,
drawdown is considered to be negligible when
compared to the initial saturated thickness of
the aquifer;

3. Thestream that forms a boundary to the aquifer is
straight, fully penetrates the aquifer, and isin
direct hydraulic connection with the aquifer;

4. The stage of the stream (as well as the ground-
water head at the stream boundary) remains
constant with time;

Water is released instantaneously from storage;

The well is open to the full saturated thickness of
the aguifer; and

7. The pumping rate is steady during any period of
pumping.

o u

The analytical solution presented in Jenkins
(1968) is

Qg = Q,erfe() 1)

L= [
4Tt

Q, Istherate of streamflow depletion (cubic length
per time);
Q, Isthepumping rateof thewell (cubiclength per
time);
d isthe perpendicular distance from the well to
the stream (length);
S isthe storativity (or specific yield) of the
aquifer (dimensionless);
T isthetransmissivity of the aquifer (square
length per time); and
t istime.

Inspection of equation 1 indicates that at small
time, the argument of the complementary error func-
tion (U ) becomes large, and the function itself
approaches zero. This indicates that immediately after

where
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withdrawal begins, the source of water to the
well isaquifer storage, and thereislittle or no
streamflow depletion. Astime increases, the
proportion of streamflow depletion contribut-
ing water to the well will increase, ultimately
approaching the rate of withdrawal of the well
as steady-state conditions are achieved and
contributions from aquifer storage approach
zero (that is, Q,=Q, ast o).

Streamflow depletion consists of two
components. Thefirst is captured ground-water
discharge, which is ground water that would
have discharged to the stream and contributed
to the total amount of streamflow had the well
not been pumping. The second component is
induced infiltration, which is streamflow that is
drawn out of the stream and into the aquifer.
The analytical solutions presented here do
not differentiate between these two compo-
nents of streamflow depletion, they simply
provide atotal depletion that consists of both
captured ground-water discharge and induced
infiltration.

Three of the parametersin equation 1
that affect streamflow depletion are often
combined into asingle parameter that charac-
terizes aparticular stream-aguifer-well system.
This parameter has been referred to as the
streamflow depletion factor (sdf )

2
_d’s
sdf——T .

Theratio of transmissivity to storativity is
defined as the hydraulic diffusivity of the aqui-
fer (1/s). When awell islocated very closeto
astream (that is, asmall d), or when the diffu-
sivity of the aquifer is very large, streamflow
depletion will begin soon after withdrawal
begins. Conversely, when awell islocated far
from a stream, or the diffusivity of the aquifer
isvery small (such as occurs for water-table
aguifers where the storativity, s, isassumed
equal to the specific yield of the aquifer), there
may be a substantial time lag between when
the well begins to pump and the beginning of
streamflow depletion.

The amount of streamflow depletion that occursin
response to pumping can be reduced by resistance to flow
through streambed and streambank materials at the stream-
aquifer boundary. In such cases, the streambed and stream-
bank materials arereferred to as being semipervious. Hantush
(1965) derived an analytical solution for streamflow depletion
by wells that accounts for the presence of semipervious mate-
rials at the stream-aquifer boundary for the same aquifer,
stream, and well conditions used to derive equation 1. His
solutionis

Q = Qw{erfc(U)—exp[—U2+(U+W)2]erfc(U+w)} , (2

where

and a, the streambank leakance term (units of length), is
defined by

Kb’
a= W f
where
K ishydraulic conductivity of the aquifer (Iength per
time);
K' ishydraulic conductivity of the streambank (length
per time); and

b isthickness of the streambank (length).

Asthe value of the streambank |eakance term
increases (that is, resistance to flow at the stream-aquifer
boundary increases), streamflow depletion responds more
slowly to pumping and streamflow depletion rates are smaller
than those that would occur in the absence of semipervious
streambank materials.

The amount of streamflow depletion that occursin
response to pumping also can be reduced by partial penetra-
tion of the stream in the aquifer. The effect of partial penetra-
tion is accounted for in the analytical solutions by replacing
the actual distance from the well to the stream (d) by an
effective distance from the pumped well to the streambank
(x,). Guidelines for determining x, are provided by Hantush
(1965) and Spalding and Khaleel (1991). Spalding and
Khaleel show that the effective distance of the well from the
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stream isafunction of the actual distance from the well
to the stream and the penetration of the stream into the
aquifer.

One of the assumptions that was made in the
development of equations 1 and 2 is that the pumping
rate of thewell is steady during any period of pumping.
However, the equations can be used in conjunction
with the method of superposition to calculate stream-
flow depletion that occursin response to time-varying
pumping rates at the well. The use of superpositionis
appropriate here because the underlying ground-water
flow equation on which each solution is based is linear.

In the superposition approach, incremental
changesin streamflow depletion that occur in response
to time-varying pumping rates are accounted for by
summing the depletions that occur in response to each
pumping rate. A superposition equation (Stallman,
1962; Moench, 1971; Butt and McElwee, 1985) can be
written for total streamflow depletion as

i
Qu(t) = Qultg)F(tg) + H AQtF(tiisn) s (3)
k=1
where

Q (1) istherate of streamflow depletion at time step i
(cubic length per time);

Qo(ty) istheinitial pumping rate of the well during t,
(cubic length per time);

AQ, (ty) isthe change in pumping rate of the well
during interval k (cubic length per time);

F(ty), F(ti_x+1) arethevauesof either erfc(u) or
{ erfc(U) — exp[— U% + (U +w)? erfc(U +w)}

(depending on whether equation 1 or
equation 2 is selected) at times t, and
ti_w+ 1. respectively (dimensionless);

t; isthelength of time from the beginning of
pumping to the time of interest;

t, isthetime corresponding to time step k;

to isthelength of time of theinitial pumping rate
prior to the start of the analysis;

i isthe number of time steps (dimensionless);
and

k isthetime step number (dimensionless).

Equation 3 assumes a constant time-step size of one
time unit, such as 1 day. Streamflow depletions are cal-
culated for each time of interest (t;), and each time of
interest isequal to the product of the constant time-step
size (for example, 1 day) by the number of time stepsii .

DESCRIPTION OF COMPUTER
PROGRAM STRMDEPL

Computer program STRMDEPL was writtenin
FORTRAN-77 to implement equations 1-3, which cal-
culate streamflow depletion caused by time-varying
pumping at awell. STRMDEPL uses a constant time-
step size of 1 day; therefore, pumping rates must be
specified for each day of analysis. For example, if
streamflow depletions are to be calculated for the one-
year period January 1, 1999 through December 31,
1999, atotal of 365 pumping rates must be specified in
the input file, one for each day of the year. Further-
more, the user must specify the value of theinitial
pumping rate (variable QWINIT) and the length of
time for which that initial pumping rate occurred prior
to the start of the analysis (variable INTIME). These
values are specified so that the program will calculate
an initial, constant streamflow depletion that accounts
for the effects of pumping that occurred prior to the
start of the analysis. Streamflow depletions that are cal-
culated for the period of simulation are added to or sub-
tracted from thisinitia rate of depletion. Theinitial
pumping rate and length of time during which that
pumping rate occurred can be empirically adjusted to
obtain the desired initial streamflow depletion. For
example, if aninitial streamflow depletion equal to the
previous 12-month average pumping rate was desired,
the user would specify QWINIT to the average pump-
ing rate during the previous 12-months and vary the
value of INTIME in a series of simulations until the
initial streamflow depletion was equal (or nearly equal)
to the 12 month average pumping rate.

The program reads data for a particular simula-
tion from an input file and writes the results of the sim-
ulation to result and plot files. Line-by-lineinstructions
for creating the input file follow; example input and
program output files are provided in the next section.
Variable names that are used in the input file and com-
puter program are shown in upper-case text. The type

Appendix A 81



of each variable (character, integer, or real) islisted
after the variable's definition. All data specified in the
input file are read using free format and all real-valued
variables are double precision in the program. For
example, areal-valued variable of 1.33x 10-3 could be
entered as 1.33D-3 or as 0.00133. The program is
designed for specific unitsfor each of the variables; the
units for each variable are:

Well distance to stream (variable XWELL): feet

Diffusivity of aquifer (variable DIFFUS): square feet
per second

Streambank |eakance term (variable SLEAK): feet

Pumping rates at well (variables QWINIT and
QWELL): cubic feet per second

Linel:

TITLE--Title of simulation, which can be up to 70
charactersin length. Leavethislineblank if notitle
is specified. (Character variable)

Line2;

WELLID--An identifier for the well that is being
simulated, which can be up to 20 charactersin
length. (Character variable)

Line3:

XWELL--Distance of well to stream, in feet. (Real
variable)

DIFFUS--Diffusivity of the aquifer, in square feet per
second. (Real variable)

IBANK--A code that specifies whether or not
semipervious streambank materials are present.
(Integer variable)

IBANK = 0: Semipervious streambank materials
are absent (equation 1 is used)

IBANK = 1: Semipervious streambank materials
are present (equation 2 is used)

SLEAK--The value of the streambank |eakance term,
infeet, if IBANK = 1. Enter 0.0DO0 if IBANK =0.
(Real variable)

Line 4: See discussion on these two parameters at the
beginning of this section.

INTIME--Number of pumping days prior to start of
analysis. (Integer variable)

QWINIT--Pumping rate prior to start of analysis, in
cubic feet per second. (Real variable)

Line5:

NPD--Number of pumping daysin analysis. If NPD is
greater than 30,000, parameter IMAXX in
program STRMDEPL must be increased to avalue
greater than or equal to NPD and the program must
be recompiled. (Integer variable)

Line 6: Date and pumping rate for each day of
analysis. Repeat this line of input data NPD times:

CDATE(l)--Date of day | (8 characters, such as
19990101). (Character variable)

QWELL(1)--Pumping rate for day I, in cubic feet per
second. (Real variable)

An exampleinput filefor STRMDEPL, which is
used in the sample problem described in the next sec-
tion, is shown in figure 1. Result and plot files created
by STRMDEPL using the input file shown in figure 1
are given in figures 2 and 3, respectively.

SAMPLE PROBLEM FOR
IPSWICH RIVER BASIN

The streamfl ow-depl etion program wastested for
a hypothetical pumped well 486 feet from theriver's
bank, using pumping rates for Wenham Well 1 for the
period January 1, 1989 through December 31, 1997
(3,287 days). The diffusivity of the aquifer near the
well and river was assumed to be 10,000 sguare feet
per day (0.1157 square feet per second) based on
hydraulic properties of the aquifer in the Ipswich River
Basin given in Baker and others (1964) and Sammel
and others (1966). The streambed materials are very
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coarse in the vicinity of the well and, accordingly, it
was assumed that there would be no resistance to flow
at the streambank caused by semipervious materials.
Asaresult, equation 1 was used to calcul ate stream-
flow depletions (IBANK = 0). Burns and James (1972)
also used equation 1 in their analysis of the Ipswich
River Basin.

Aninitia streamflow depletion was desired that
was as close as possible to the pumping rate on January
1, 1989, which was 0.1903 ft3/s (0.123 Mgal/d). As
aresult, an initial pumping rate of 0.1900 ft3/s (vari-
able QWINIT) and number of pumping days prior to
the analysis of 10,000 (variable INTIME) were simu-
lated. This combination of initial pumping rate and
pumping days prior to the start of the analysis (January
1, 1989) resulted in an initia streamflow depletion of
0.1848 t3/s, which is 97.3 percent of theinitial pump-
ing rate. Theinitial streamflow depletion does not
reach theinitial pumping rate of 0.1900 ft3/s, even after
10,000 days of simulation, because the complementary
error function in equation 1 asymptotically approaches
unity. Asaresult, for this combination of well distance
from the stream and aquifer diffusivity, it isdifficult to
obtain aninitial streamflow depletion equal to the
initial pumping rate.

Specified daily pumping rates at the well and cal-
culated streamflow depletionsin the river for the period
of analysis are shown in figure 4. As seen in the figure,
daily pumping rates are quite variable over the period
of analysis, ranging from 0.0 to about 1.0 ft3/s. The
pumping rates also show seasonality—generally
increasing during the spring and summer months and
decreasing during the fall and winter. Finally, the
pumping rates show a genera trend upward during the
9-year period. The range and variability of calculated
streamflow depletion, however, is much less than the
range and variability of the daily pumping rate, which
results from the diffusivity of the aquifer and distance
of the well from the stream. Variability of the daily
pumping ratesis effectively damped by the aquifer,
which resultsin aless variable rate of streamflow
depletion throughout the year. The calculated stream-
flow depletions also exhibit a general increasing trend
during the 9-year period of analysis.
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Depl etion for Wenham Wel | 1
3320000- 01G
486.00 0.1157 0 0.0

10000
3287
19890101
19890102
19890103
19890104
19890105
19890106
19890107
19890108
19890109
19890110
19890111
19890112
19890113
19890114
19890115
19890116
19890117
19890118
19890119
19890120
19890121
19890122
19890123
19890124
19890125
19890126
19890127
19890128
19890129
19890130

0

[eNeoNeoNoNoNoNoNoNololoNoNolololoNoNoNoNololoNoNolNolololNoNoNe]

3,250 lines

19971225
19971226
19971227
19971228
19971229
19971230
19971231

[eNeoNeoNeoNoNoNel

. 1900

. 1903
. 1864
. 0982
. 1470
. 3133
. 1377
. 2754
. 1648
. 0897
. 2352
. 1857
. 1818
. 1748
. 2011
. 1230
. 2769
. 1122
. 3056
. 1973
. 0982
. 3644
. 0967
. 1253
. 2143
. 1849
. 1601
. 2066
. 2004
. 1942
. 1578

of input deleted here

. 1800
. 2730
. 2590
. 1625
. 2315
. 2080
. 2025

Li ne
Li ne
Li ne
Li ne
Li ne

Figure 1. Example input file for program STRMDEPL.

QU R wn

VELLI D

XWELL DI FFUS | BANK SLEAK
INTINE QW NI T

NPD

CDATE(1) QWELL(I)
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khkkhkkhkkhkhhkhkhhhhhdhhhdhhdhhdhhddhhddhhddrdhdddhddrdrrdddrdrrdxx*x

* *
* *kx% U 'S, GEOLOG CAL SURVEY **** *
* *
* **% STRVDEPL: PROGRAM OUTPUT *** *
* *
*  ONE-DI MENS| ONAL MDDEL OF STREAMFLOW DEPLETION *
* *
* BY WELLS, BASED ON ANALYTI CAL SOLUTI ONS *
* *
*  DEVELOPED BY JENKI NS (1968) AND HANTUSH (1965) *
* *
* VERSI ON CURRENT AS OF 04/12/99 *
* *

Rk Sk Sk bk R R R Sk R S R R R S S o ko R O S SR

Depl etion for Wenham Wl | 1

SUMVARY OF | NPUT DATA

VEELL | DENTI FI ER: 3320000- 01G

VELL DI STANCE TO STREAM ( XWELL) : 0. 486D+03 f eet

Dl FFUSI VI TY (DI FFUS) : 0. 116D+00 square feet per second
STREAMBANK CODE (| BANK) : 0 (semi pervious streanbank absent)
INITIAL TI ME (I NTI ME): 10000 days

I NI TI AL PUMPI NG RATE (QAYNIT) : 0. 190D+00 cubic feet per second
NUMBER OF PUMPI NG DAYS ( NPD) : 3287

Figure 2. Example result file generated by program STRMDEPL.
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STREAMFLOW DEPLETI ON AT BEG NNI NG OF ANALYSI S
0. 1848 cubic feet per second

DAY
19890101
19890102
19890103
19890104
19890105
19890106
19890107
19890108
19890109
19890110
19890111
19890112
19890113
19890114
19890115
19890116
19890117
19890118
19890119
19890120
19890121
19890122
19890123
19890124
19890125
19890126
19890127
19890128
19890129
19890130

3,250 |ines of

19971225
19971226
19971227
19971228
19971229
19971230
19971231

Figure 2. Example result file generated by program STRMDEPL—Continued.

PUMPI NG RATE

[eNeoNoNolNoNoNe

COOLLLLLLLLOLLLOOOLOOLOO000000000O

results

. 1800
. 2730
. 2590
. 1625
. 2315
. 2080
. 2025

RESULTS

del et ed here

[eNeoNoNolNoNoNe

COOLLLLOLLLLOLLLOOOOLOLO000000000

STREAMFLOW DEPLETI ON
(cubic feet per second)

. 2375
. 2371
. 2373
. 2385
. 2388
. 2382
. 2379
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DATE QNELL (03]

19890101 0. 1903 0.1848
19890102 0. 1864 0.1848
19890103 0. 0982 0. 1847
19890104 0. 1470 0.1833
19890105 0. 3133 0.1812
19890106 0.1377 0. 1815
19890107 0.2754 0. 1827
19890108 0. 1648 0. 1840
19890109 0. 0897 0. 1851
19890110 0. 2352 0. 1840
19890111 0. 1857 0.1828
19890112 0.1818 0. 1829
19890113 0.1748 0.1829
19890114 0.2011 0. 1827
19890115 0.1230 0. 1826
19890116 0.2769 0. 1820
19890117 0.1122 0.1821
19890118 0. 3056 0.1824
19890119 0.1973 0. 1833
19890120 0. 0982 0. 1852
19890121 0. 3644 0. 1850
19890122 0. 0967 0. 1860
19890123 0.1253 0.1871
19890124 0.2143 0. 1855
19890125 0. 1849 0. 1842
19890126 0. 1601 0.1838
19890127 0. 2066 0.1833
19890128 0. 2004 0. 1830
19890129 0. 1942 0. 1833
19890130 0. 1578 0. 1837

3,250 lines of results del eted here

19971225 0. 1800 0. 2375
19971226 0.2730 0.2371
19971227 0. 2590 0.2373
19971228 0.1625 0. 2385
19971229 0. 2315 0. 2388
19971230 0. 2080 0. 2382
19971231 0. 2025 0. 2379

Figure 3. Example plot file generated by program
STRMDEPL.
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1.2 IR R R R R R R R R AR AR

PUMPING RATE AND STREAMFLOW DEPLETION,
IN CUBIC FEET PER SECOND

[IERRERENENIRERERRERENRA RRRRERRENENI RN RERENE SR ARRRRRNRRERI RRRRRRRNENRE RERRRERENEN] RERNRNRRERNA RERRREREREN
1989 | 1990 | 1991 | 1992 | 1993 | 1994 | 1995 | 1996 | 1997
YEAR
EXPLANATION

—— CALCULATED STREAMFLOW DEPLETION
SPECIFIED DAILY PUMPING RATE AT WELL

Figure 4. Specified daily pumping rates at well Wenham Well 1, 1989-97, and calculated streamflow depletion.
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APPENDIX B
Ipswich River Watershed Model (HSPF) User Control
Input File for PERLND and IMPLND Blocks







***  HSPF nodel run for Ipswich River Basin, M

* k *

*** | Base simulation |
* k% %

*** Docunentation - HSPF Users manual release 11 (Bicknell and others, 1997)

hkhkhkkhhkhkhhhkhhhhhhhhhhhdhhhdhhhdhhhdhhhdhhhdhhhdhdhdhhhdhhhdhhhdhhhdhhhdhhhdhdhddrhdddhddrdrrdrrdrxsk

* ok PERLND - Pervious land surface Principles 4.2(1).1 pg 37 * ok
*xk Coding 4.4(1) pg 300 *xk
khhkkkhhhkkhhhkhkdhhhdhhkhdhhdhhhdhhddhhdhdddhhdhdxddhhdhdxdddrddhdxdddxddhdxddkdxrdh*xddkxrdh*x%x%
PERLND
ACTI VI TY
<PLS > Active Sections (1=Active; 0O=lnactive) * ok

# - # ATMP SNOW PWAT SED PST PWG PQAL MSTL PEST NI TR PHOS TRAC ***
1 15 0 1 1

END ACTIVITY
PRI NT- | NFO
<PLS > <-*** Print-flags: 2-PIVL, 3-dy, 4-mm, 5-yr, 6-never ***-> PIVL PYR
# - # ATVMP SNOWPWAT SED PST PWG PQAL MSTL PEST NI TR PHOS TRAC *xk
1 15 5 4 1 12
END PRI NT- | NFO
GEN- | NFO
<PLS ><------- Name- - - - - - - >NBLKS Uni t-systemns Printer ***
#it#- - #Hit# User t-series Engl Metr ***
in out *xk
1 S&G For est 1 1 1 1 15 0
2 S&G Open 1 1 1 1 15 0
3 S&G Opn |l owresid 1 1 1 1 15 0
4 S&G pn | owres PW 1 1 1 1 15 0
5 S&G pn hi-resid 1 1 1 1 15 0
6 S&G pn hi-res PW 1 1 1 1 15 0
7 Open Conmerci al 1 1 1 1 15 0
8 Till Forest 1 1 1 1 15 0
9 Till Open 1 1 1 1 15 0
10 Till OCpn lowresid 1 1 1 1 15 0
11 Till Opn lowres PW 1 1 1 1 15 0
12 Till Opn hi-resid 1 1 1 1 15 0
13 Till Opn hi-res PW 1 1 1 1 15 0
14 Fi ne Dep Forest 1 1 1 1 15 0
15 Fi ne Dep Open 1 1 1 1 15 0
END GEN- | NFO
K K K L L o o o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e, .- *
* ok PERLND - Section SNOW Principles 4.2(1).2 pg 40 *
*xk Coding 4.4(1).3 pg 309 *
K K K L L o o o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e, .- *
| CE- FLAG
<PLS > 0= Ice formation not simulated, 1= Sinulated ***
#i## - ###| CEFG *xk
1 15 1
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END | CE- FLAG

SNOW PARML

<PLS > Snow input info: Part 1 * ok
#itH - HH# LAT VELEV SHADE SNOWCF COVI ND ***

1 42. 60. 0.50 1.60 0.25

2 42. 60. 0. 05 1.60 0.25

3 7 42. 60. 0. 15 1.60 0.25

8 42. 60. 0.50 1.60 0.25

9 42. 60. 0. 05 1.60 0.25

10 13 42. 60. 0. 15 1.60 0.25

14 42. 60. 0.50 1.60 0.25

15 42. 60. 0.10 1.65 0.25
END SNOW PARML
SNOW PARM2

<PLS > Snow input info: Part 2 * ok
#itH - #HH# RDCSN TSNOW SNOEVP CCFACT MMTER MGVELT ***

1 0. 15 32. 0. 15 0. 05 0.90 0.1100

2 0. 15 32. 0. 15 0. 05 0.90 0.1100

3 7 0. 15 32. 0. 20 0. 07 1.00 0. 1300

8 0. 20 32. 0. 15 0. 05 0.90 0.1100

9 0.15 32. 0.15 0. 05 0.90 0.1100

10 13 0.15 32. 0. 20 0. 07 1.00 0. 1200

14 0.15 32. 0.15 0. 05 0.90 0.1100

15 0.15 32. 0.15 0. 05 0. 90 0.1100
END SNOW PARM?
SNOW | NI T1 ***

<PLS > Initial snow conditions: Part 1 *oxk
### - ###  PACKSNOW  PACKI CE PACKWATER RDENPF DULL PAKTIMP ***

*rxoq 15 2.27 0.0 0. 49 0.29 35.6 31.6

END SNOMI NI T1 ***

SNOW I NI T2 ***
<PLS > Initial snow conditions: Part 2 ***
HH#H - #H#H COVI NX XLNM.T SKYCLR * ok
*xko ] 15 0.10 0.01 0. 15
END SNOWMI NI T2 **=*

K K K L L o o e e o e e e o e e e e e e e e e e e e e e e *

***  PERLND - Section PWATER Princples 4.2(1).3 pg 54 *

ok Coding 4.4(1).4 pg 317 *

K K K L L L o o e o e e e e o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e *
PWAT- PARML

*oxk l=varies nmonthly O=does not

*** <PLS > <PWATER fl ags><nont hly paraneter val ue flags>
*rxps - ### CSNO RTOP UZFG VCS WVUZ VNN VIFWVIRC VLE

1 6 1 0 0 1 1 1 1 1 1
7 1 0 0 1 1 1 1 1 1
8 13 1 0 0 1 1 1 1 1 1
14 15 1 0 0 1 1 1 1 1 1

END PWAT- PARML
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PWAT- PARM?
<PLS > *** PWATER i nput info: Part 2

#itH - ### *** FOREST LZSN I NFI LT LSUR SLSUR KVARY AGARC
***(none) (in) (in/hr) (ft) (none) (1/in) (1/in)

1 0. 550 14. 20 0. 286 500. 0. 024 0.50 0. 996
2 0. 020 14. 20 0. 287 300. 0. 025 0.50 0. 996
3 0. 050 11.10 0.242 300. 0. 025 0.50 0. 992
4 0. 050 11.10 0.242 300. 0. 025 0.50 0. 992
5 0. 050 10. 70 0.212 200. 0. 025 0.50 0. 990
6 0. 050 10. 70 0.212 200. 0. 025 0.50 0. 990
7 0. 030 8. 20 0. 080 100. 0. 024 0.50 0. 980
8 0. 550 9.20 0. 038 400. 0. 026 0.50 0. 988
9 0. 020 9. 00 0. 038 200. 0. 028 0.50 0. 988
10 0. 050 8.70 0. 028 300. 0. 026 0.50 0. 984
11 0. 050 8.70 0. 028 300. 0. 026 0.50 0. 984
12 0. 050 8. 20 0. 022 200. 0. 026 0.50 0. 982
13 0. 050 8. 20 0. 022 200. 0. 026 0.50 0. 982
14 0. 550 8.70 0. 095 300. 0. 023 0.50 0. 985
15 0. 030 8.70 0. 092 200. 0. 024 0.50 0. 985

END PWAT- PARM?

PWAT- PARMB
<PLS > *** PWATER input info: Part 3

#it# - ### *** PETMAX PETM N | NFEXP | NFI LD DEEPFR BASETP AGNETP
1 15 40. 35. 3.0 1.8 0. 00 0. 00 0.001

END PWAT- PARMB

PWAT- PARMA

<PLS > PWATER i nput info: Part 4 *oxk
Fl ag PARML VCS vuz VUR VWN VI FW VLE ***
H#Hith - HHH CEPSC UZSN NSUR | NTFW | RC LZETP ***
(in) (in) (none) (none) (1/da) (none) ***

1 0. 080 0.28 0. 230 1.00 0.75 0. 88

2 0. 020 0.22 0. 250 1.00 0.75 0.18

3 0. 040 0.16 0. 210 1.00 0.75 0.28

4 0. 040 0.16 0. 210 1.00 0.75 0.28

5 0. 040 0.16 0. 210 1.00 0.75 0. 28

6 0. 040 0.16 0. 210 1.00 0.75 0. 28

7 0. 030 0.12 0. 200 1.00 0.75 0.22

8 0. 080 0.22 0. 230 1.00 0.75 0. 88

9 0. 020 0.19 0. 250 1.00 0.75 0.18

10 0. 040 0.14 0. 210 1.00 0.75 0.18

11 0. 040 0.14 0. 210 1.00 0.75 0.18

12 0. 040 0.14 0. 210 1.00 0.75 0.18

13 0. 040 0.14 0. 210 1.00 0.75 0.18

14 0. 080 0. 26 0. 230 1.00 0.75 0. 88

15 0. 020 0.22 0. 250 1.00 0.75 0.18

END PWAT- PARVA
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MON- | NTERCEP

Monthly interception storage capacity * ok
<PLS> Only required i f VCSFG=1 i n PWAT- PARML *xk
### -### Interception storage capacity at start of each nonth * ok
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC ***
1 0.04 0.04 0.04 0.04 0.06 0.12 0.14 0.16 0.17 0.16 0.04 0.04
2 0.02 0.02 0.02 0.03 0.03 0.04 0.04 0.04 0.04 0.03 0.02 0.02
3 7 0.02 0.02 0.02 0.03 0.03 0.05 0.05 0.05 0.05 0.03 0.02 0.02
8 0.04 0.04 0.04 0.04 0.05 0.12 0.14 0.16 0.17 0.16 0.04 0.04
9 0.02 0.02 0.02 0.03 0.03 0.04 0.04 0.04 0.04 0.03 0.02 0.02
10 13 0.02 0.02 0.02 0.03 0.03 0.05 0.05 0.05 0.05 0.03 0.02 0.02
14 0.04 0.04 0.04 0.04 0.05 0.12 0.14 0.16 0.17 0.16 0.04 0.04
15 0.02 0.02 0.02 0.03 0.03 0.04 0.04 0.04 0.04 0.03 0.02 0.02

END MON- | NTERCEP

MON- UZSN
Upper zone nomi nal storage * ok
UZSN i nversly affects peak flow - as UZSN goes up peaks go down * ok
<PLS> Only required i f VUZFG=1 i n PWAT- PARML *xk
### - ### Upper zone storage at start of each nonth * ok
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC ***
1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
2 6 .77 .77 .77 .77 .77 .77 .77 .77 .77 .77 .77 .77
7 .56 .56 .56 .56 .56 .56 .56 .56 .56 .56 .56 .56
8 .50 .50 .50 .50 .50 .50 .50 .50 .50 .50 .50 .50

9 13 .62 .62 .62 .62 .62 .62 .62 .62 .62 .62 .62 .62

14 15 .60 .60 .60 .60 .60 .60 .60 .60 .60 .60 .60 .60
END MON- UZSN

MON- MANNI NG
Manni ng's "n" for overland flow plans * ok
<PLS > Only required i f VNNFG=1 i n PWAT- PARML *xk
### -### Manning's n for overland flow at start of each nonth * ok
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC ***
1 0.28 0.28 0.28 0.28 0.29 0.29 0.29 0.29 0.29 0.29 0.28 0.28
2 0.25 0.25 0.25 0.25 0.27 0.30 0.30 0.30 0.30 0.27 0.25 0.25
3 7 0.22 0.22 0.22 0.22 0.23 0.26 0.26 0.26 0.26 0.25 0.23 0.22
8 0.28 0.28 0.28 0.28 0.29 0.29 0.29 0.29 0.29 0.29 0.28 0.28
9 0.25 0.25 0.25 0.25 0.27 0.30 0.30 0.30 0.30 0.27 0.25 0.25
10 13 0.22 0.22 0.22 0.22 0.23 0.26 0.26 0.26 0.26 0.25 0.23 0.22
14 0.25 0.25 0.25 0.25 0.27 0.27 0.27 0.27 0.27 0.25 0.25 0.25
15 0.25 0.25 0.25 0.25 0.27 0.30 0.30 0.30 0.30 0.27 0.25 0.25

END MON- MANNI NG
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MON- | NTERFLW

Monthly interfl ow paraneter * ok
<PLS > Only required if VIFWG=1 i n PWAT- PARML *xk
### -### Monthly interflow at start of each nonth * ok
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC ***

1 8.60 8.60 8.60 8.65 8.65 8.65 8.65 8.65 8.65 8.70 8.70 8.70

2 8.50 8.50 8.50 8.50 8.55 8.55 8.55 8.55 8.55 8.50 8.50 8.50

3 7 8.30 8.30 8.30 8.30 8.35 8.35 8.35 8.35 8.35 8.30 8.30 8.30

8 5.90 5.90 5.90 5.95 5.95 5.95 5.95 5.95 5.95 5.90 5.90 5.90
9 5.80 5.80 5.80 5.80 5.85 5.85 5.85 5.85 5.85 5.80 5.80 5.80
10 13 5.70 5.70 5.70 5.70 5.75 5.75 5.75 5.75 5.75 5.70 5.70 5.70

(¢]
(¢]
(¢]
(¢]
(¢]

(¢]
(¢]
(¢]
(¢]
(¢]
(¢]

14 6.50 6.50 6.50 6.55 6.55 6.55 6.55 6.55 6.55 6.50 6.50 6.50

15 6.40 6.40 6.40 6.40 6.45 6.45 6.45 6.45 6.45 6.40 6.40 6.40
END MON- | NTERFLW
MON- | RC

Monthly interfl ow recession * ok

<PLS > Only required if VIRCFG=1 i n PWAT- PARML (max < 1.0) *xk
### -### Monthly interflow at start of each nonth * ok

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC ***

1 2 0.90 0.90 0.90 0.90 0.91 0.92 0.92 0.92 0.91 0.90 0.90 0.90

3 4 0.88 0.88 0.88 0.88 0.89 0.90 0.90 0.90 0.90 0.88 0.88 0.88

5 6 0.86 0.86 0.86 0.86 0.87 0.88 0.88 0.88 0.87 0.86 0.86 0.86

7 0.82 0.82 0.82 0.82 0.84 0.86 0.86 0.86 0.84 0.82 0.82 0.82

8 9 0.90 0.90 0.90 0.90 0.91 0.92 0.92 0.92 0.92 0.90 0.90 0.90

10 11 0.88 0.88 0.88 0.88 0.89 0.90 0.90 0.90 0.89 0.88 0.88 0.88

12 13 0.86 0.86 0.86 0.86 0.87 0.88 0.88 0.88 0.87 0.86 0.86 0.86

14 15 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90
END MON-1 RC

MON- LZETPARM

Lower zone ET *okx
<PLS > Only required if VLEFG=1 in PWAT-PARML (max < 1.0) *xk
### - ### Lower zone ET paraneter at start of each nonth * ok

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC ***

1 .73 .73 .73 .78 .82 .87 .92 .92 .83 .78 .73 .73
2 .18 .18 .20 .22 .24 .26 .27 .27 .22 .21 .20 .18
3 6 .40 .40 .40 .42 .44 .50 .54 .54 .52 .44 .42 .40
7 .35 .35 .35 .37 .39 .43 .45 .45 .44 .39 .37 .35
8 .73 .73 .73 .78 .82 .87 .92 .92 .83 .78 .73 .73
9 .18 .18 .20 .22 .24 .26 .27 .27 .22 .21 .20 .18

10 13 .40 .40 .40 .42 .44 .50 .54 .54 .52 .44 .42 .40
14 .73 .73 .73 .78 .83 .87 .92 .92 .83 .78 .73 .73

15 .22 .22 .25 .27 .28 .32 .33 .33 .32 .28 .25 .22
END MON- LZETPARM

Appendix B 97



PWAT- STATE1
<PLS > *** |nitial conditions at start of simulation

#H# - #H## *** CEPS SURS UzZS | FW6 LZS AGN\S GWws
1 0.04 0. 00 0.39 0. 000 15. 62 5.93 1. 07
2 0.02 0. 00 1.24 0. 007 21.08 7.56 1.77
3 6 0.02 0. 00 1. 07 0. 001 14. 35 3.05 1.78
7 0.02 0. 00 0.91 0. 007 10. 62 0.99 1.27
8 0.04 0. 00 0.76 0. 015 10. 06 1.41 0.81
9 0.02 0. 00 1.23 0.112 12. 38 1.69 1.04
10 13 0.02 0. 00 1.10 0. 040 10. 00 1.00 1.00
14 0.04 0. 00 0.79 0. 002 9.76 1.21 0.91
15 0.02 0. 00 1.03 0. 003 11.76 1.48 1.38

END PWAT- STATE1

END PERLND

hkhkhkkhkhkhhkhkhhhhhhhhhhhhhhdhhhdhhhdhhhdhhhhdhdhhhdhhhdhhhdhhhdhhhdhhhddhddhddrdhddrdrrdrxdk

* ok I MPLND - Inpervious |land 4.2(2) Principles 4.2(2) pg 114 **x*
*xk Coding 4.4(2) pg 457 *xk
khhkkkhhhkkhhhkkdhhkhhhhdhhhdhhdhhhdhdddhddhdxddhddhdxddhddhdxddhxddhkdxddhx*ddh*x*dhx***x*%x
| MPLND
ACTI VI TY
<ILS > Active Sections (1-active, 0O-inactive) * ok
#H## - ### ATMP SNOW | WAT  SLD IWG | QAL *xk
1 0 1 1
2 0 1 1
END ACTIVITY
PRI NT- | NFO
2-PIVL, 3-dy, 4-mm, 5-yr, 6-never user end * ok
<ILS > <------ Print-flags -------- > PIVL PYR *xk
#H## - ### ATMP SNOW | WAT  SLD | WG | QAL ####  ## *xk
1 4 4 1 12
2 4 4 1 12

END PRI NT-1 NFO

GEN- I NFO
<ILS ><------- Name- - - - - - - > Uni t-systemns Printer * ok
#i# - Hit#H User t-series Engl Metr * ok
in out i/o# * kK
1 Resi dent i al 1 1 1 15 0
2 Conmrer ci al 1 1 1 15 0
END GEN- | NFO
S *
*kk | MPLND- Sanme as PERLND Section SNOW *
* kK see 4.4(1).3 pg 309 *
* k% *
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| CE- FLAG

<PLS > 0= lce formation not sinul ated,
### - ### CEFG
1 2 1
END | CE- FLAG
SNOW PARML
<PLS > Snow input info: Part 1
H#H - HitH LAT MELEV SHADE
1 2 42. 60. 0. 20
END SNOW PARML
SNOW PARMR
<PLS > Snow input info: Part 2
H#tH - HHtH RDCSN TSNOW SNOEVP
1 2 0. 20 32. 0.02
END SNOW PARM?
SNOW I NI T1 ***
<PLS > Initial snow conditions: Part

#H# - ###  PACKSNOW  PACKI CE PACKWATER

*Ex ] 2 2.2 0.0 0.61
END SNOW I NI T1 ***
SNOW I NI T2 ***
<PLS > Initial snow conditions: Part
HitH - HH# COVI NX XLNMLT SKYCLR
*Ex ] 2 0.10 0.01 0. 15

* k *

END SNOW I NI T2

* k *

* kK | MPLND - Section | WATER i nput
* k%
* k%
| WAT- PARML
<ILS > Fl ags * ok
H### - ### CSNO RTOP VRS VNN RTLI ***
1 1 1 0
2 1 1 0
END | WAT- PARML
| WAT- PARM2
<ILS >
HitH - HH# LSUR SLSUR NSUR
1 400. .014 . 010
2 200. . 010 . 010
END | WAT- PARVR
| WAT- PARMB
<| LS > * k%
HitH - HH# PETNVAX PETM N ***
1 40. 35.
2 40. 35.

END | WAT- PARMB

END | MPLND

1= Simul ated ***
* % %

* k *

SNOWCF COVI ND ***
1.80 0.15
CCFACT MMTER MGVELT
0. 05 1.00 0. 1100
1
RDENPF DULL PAKTMP
0.29 35. 31.5
2 * k%

* k *

4.2(2).3 pg 114

* k *

RETSC ***
.04
.08

* k *

* k *

* k *

* k *

Pri nci pl es
Coding 4.4(2).4 pg 464

* %k X X
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	Abstract

	Water withdrawals from the 155-square- mile Ipswich River Basin in northeastern Massa�chusetts af...
	An analytical solution was used to compute time series of streamflow depletions resulting from gr...
	Six alternative water-withdrawal and land- use scenarios were simulated with the model. Three sce...
	INTRODUCTION

	Water use in the Ipswich River Basin has been a subject of contention since the early 1900’s, whe...
	Dry conditions during the summer of 1997 may have prompted the national environmental organizatio...
	Recognizing that any solution to bring the river into compliance with water-quality standards wil...
	The Task Force determined that a watershed model was needed to serve as a basis for water- resour...
	The U.S. Geological Survey (USGS), in coop�eration with the Massachusetts Departments of Environ�...
	Problems associated with water use and urbanization in the Ipswich River Basin are not unique. Re...
	Purpose and Scope

	This report describes the development, calibration and limitations of a precipitation-runoff mode...
	Previous Investigations

	Numerous reports have been written on the water resources of the Ipswich River Basin by State env...
	Baker and others (1964) described the geology and ground water of the Wilmington-Reading area. Th...
	Sammel and others (1964) provided a synopsis of the water resources in the basin. Their synopsis ...
	Burns and James (1972) developed a streamflow- accounting model of the basin to address many of t...
	Reports by state agencies include those by the MADEM (1987a, 1987b, and 1999), which produced a t...
	The Ipswich River Watershed Association has released several reports on water-resources condition...
	Bratton (1991) summarized water use by town for the Commonwealth of Massachusetts, including that...
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	DESCRIPTION OF THE BASIN

	The Ipswich River Basin encompasses a 155- square-mile area in the Atlantic coastal plain in nort...
	A number of constructed features affect the hydrology of the basin. Most of the large water bodie...
	Climate: The climate in the basin is humid with an average annual air temperature of 49˚F for the...
	Precipitation during the period 1961–95 aver�aged 45 in/yr. Precipitation was distributed fairly ...
	Towns: The Ipswich River Basin includes all or parts of 22 municipalities (fig. 2). Of these, onl...
	Drainage and Gaging Stations: The USGS has operated two streamgaging stations in the basin since ...
	The downstream station at Ipswich (station no. 01102000), operated since 1930, is a few hundred f...
	The drainage between the Ipswich station and the Sylvania Dam (25 mi2) is ungaged. Contributing d...
	Topography: The Atlantic coastal plain is characterized by low relief. The Ipswich River elevatio...
	Surficial Geology: Glacial till covers about 54 percent of the basin, stratified sand and gravel ...
	Lowland areas of the basin are generally underlain by stratified drift, which consists of well-so...
	Post-glacial alluvial deposits are found mainly along stream channels. These deposits are typical...
	Wetlands: Wetlands cover about 21 percent of the Ipswich Basin (fig. 4), of which 6 percent is no...
	Wetlands, especially those along the Ipswich River, play an important role in the hydrology of th...
	Land use: Land use in the basin is shown in figure 5. The land use as a percent of the basin area...
	Stream Habitat: The stream habitat along most�of the Ipswich River and its major tributaries is c...
	WATER WITHDRAWALS

	The Ipswich River Basin supplies water to about 330,000 people (R. Tomczyk, Ipswich River Watersh...
	The total cumulative withdrawals and the portion obtained from surface- and ground-water sources ...
	Municipal surface-water diversions from the Ipswich River include the city of Lynn above the Sout...
	Surface waters can be withdrawn from reservoir storage between May and October, but these with�dr...
	The net effect of the withdrawals on the river flow at any given time depends on the timing of su...
	The withdrawal rates described above can be compared to the flow at the gaging stations as an ind...
	PRECIPITATION-RUNOFF MODEL

	The Hydrological Simulation Program- FO�RTRAN (Bicknell and others, 1997), hereafter referred to ...
	The steps followed to complete the Ipswich River Basin modeling study were to: (1) compile, colle...
	Functional Description of the HSPF Model

	HSPF is a continuous simulation model based on the principle of conservation of water mass, that ...
	HRUs reflect areas of relatively homogeneous hydrologic response based on similar land use, soil,...
	RCHRESs are lengths of stream channels or reservoirs. The downstream end of each RCHRES is referr...
	HSPF requires two primary input files for its operation, the User Control Input (UCI) file and th...
	The WDM file contains the time-series data used to simulate streamflow or output simulation time-...
	Water budgets calculated on PERLNDs consider infiltration and storage in the subsurface, whereas ...
	Precipitation is the principal inflow to a watershed; however, inflows can also include septic ef...
	Precipitation that is not held in storage or is lost to evapotranspiration (or optionally exits t...
	The inflows to and outflows from a stream reach are illustrated in figure 7. Surface runoff enter...
	Data Base

	Time-series data required for simulations and time series generated by the model are stored in th...
	The WDM data base is organized by data sets with a unique data set number (DSN) assigned to separ...
	The sum of individual ground-water withdrawals plus any surface-water withdrawals provides the to...
	Streamflow depletions resulting from ground- water withdrawals were determined for wells in the b...
	Streamflow Data

	Observed daily-flow data were obtained for the USGS gaging stations at South Middleton (1939 thro...
	Meteorologic Data

	Meteorologic data, including precipitation, air temperature, dew-point temperature, solar radiati...
	The MBL selected 30 National Weather Service (NWS) weather stations in and around the Ipswich Riv...
	The MBL provided meteorologic data in a spatial grid of the Ipswich River Basin that was populate...
	Dew-point temperature, air temperature, solar radiation, and wind speed were obtained from three ...
	The daily and hourly values of the meteorologic variables obtained from the MBL grids were averag...
	Potential evapotranspiration (PET) was calculated from daily high and low temperatures, and solar...
	Water-Withdrawal Data

	Water-withdrawal information was obtained by questionnaire from water suppliers for 18 of the 22 ...
	The information provided by each town differed considerably, and thus required various degrees of...
	Table 5 summarizes the 96 registered or permitted public and commercial water withdrawals in the ...
	Burlington. The town of Burlington has a storage reservoir at the headwaters of Maple Meadow Broo...
	Wilmington. The town of Wilmington obtains water from 5 wells adjacent to Maple Meadow Brook, 2 w...
	Hamilton, Reading, North Reading, and Tops�field. These towns rely solely on ground water for the...
	During the calibration period, Hamilton obtained water from two wells along Idlewild Brook (one n...
	Reading has one of the most developed well fields along the Ipswich River —11 wells have a combin...
	Topsfield obtains water from a well along the Ipswich River and a well along Howlett Brook. These...
	Withdrawal rates for wells in Hamilton, North Reading, and Topsfield were obtained from the MADEP...
	Of these four towns, only Reading has a municipal wastewater system, which discharges to the ocea...
	The Thomson Country Club in North Reading operates 2 surface-water withdrawals for private use th...
	Lynnfield. Lynnfield obtained its entire water supply from 1 well in the Wills Brook headwaters d...
	The Sagamore Spring Golf Club, Inc., operates 3 wells and 2 surface-water withdrawals for private...
	Lynn. Lynn (completely outside the basin) obtained water directly from the Ipswich River just abo...
	Peabody. Peabody obtains water from 2 wells along Norris Brook and directly from the Ipswich Rive...
	Only one of the two wells was active during the calibration period. The monthly withdrawals from ...
	Danvers and Middleton. Danvers and Middle�ton obtain water from two wells and three water-supply ...
	The two wells are adjacent to the Ipswich River and had a combined average withdrawal of 0.11 Mga...
	Boxford. The town of Boxford has no municipal water-supply or wastewater systems. Residents rely ...
	Wenham. The town of Wenham obtains water from 2 wells adjacent to Idlewild Brook. Wenham provided...
	Withdrawals from the Wenham wells were used to estimate daily withdrawals for some towns (as note...
	Large day-to-day fluctuations in the Wenham withdrawals were probably caused by the operation of ...
	The variation in streamflow depletion caused by�ground-water withdrawals is substantially less th...
	Salem and Beverly. Salem and Beverly obtain their water from the Salem-Beverly Water-Supply Board...
	The SBWSB supplied daily time series for the period 1989 through 1997 of diversions from the Ipsw...
	Ipswich. The town of Ipswich obtains water from three wells adjacent to Ipswich River and two wel...
	Andover, Billerica, North Andover, and Tewksbury. No municipal water supplies or wastewater retur...
	Representation of the Basin

	The physical and spatial representation of the basin in the model is defined by the combination o...
	The spatial data were simplified and grouped to obtain categories that were considered important ...
	Hydrologic Response Units

	Fourteen out of 27 possible combinations of surficial geology and land use covered areas sufficie...
	Impervious Areas (IMPLNDs)

	Impervious areas are any surfaces that prohibit infiltration of water into the ground, such as bu...
	Initial estimates of effective impervious area are similar to those reported by Dinicola (1990) a...
	Two IMPLND types were used in the model: (1)�commercial, and (2) residential which represents the...
	Pervious Areas (PERLNDs)

	Pervious areas are any surface that allows infil�tration and are represented by 14 HRUs initially...
	Development of PERLND Types

	Twelve PERLND types were developed for open space: 3 for undeveloped open areas on different surf...
	Hydrologic characteristics are generally similar for PERLNDs with similar surficial geology; howe...
	Residential Areas on Public Water and Onsite Septic Systems

	Residential areas on public water and onsite septic systems were considered to represent a net in...
	The original MassGIS land-use cover had 4 categories of residential land use: (1) multi-family, (...
	Low- and moderate-density residential land-use areas were obtained for each census tract. The num...
	Subbasin areas of residential land use with public water and onsite septic systems were calculate...
	Four new HRUs were added to the model to represent residential areas on public water and onsite s...
	The quantity of septic effluent was calculated by�multiplying the average occupancy per household...
	Water added to the basin in areas on public water and onsite septic systems is not linked to any ...
	The estimated septic effluent rate is 9.6 in/yr on high-density residential areas and 4.8 in/yr o...
	Stream Reaches

	The Ipswich River and its main tributaries were�segmented into 67 reaches (fig. 8). The reach seg...
	Hydraulic Characteristics (FTABLEs)

	FTABLEs define the relations among depth, sur�face area, volume, and discharge of reaches used in...
	The relations in the FTABLEs depend on the hydraulic properties of the reaches. The relation betw...
	Reach lengths and slopes were determined from digital map layers. Node locations were digitized i...
	Channel cross-section data were obtained mostly from Federal Emergency Management Agency (FEMA) f...
	FEMA cross-sections and discharge measurements often were not available for the small tributaries...
	Stage-discharge ratings were supplied for reservoirs operated by Danvers and Middleton, and by th...
	Wetlands

	In the initial model development, wetlands were simulated as two unique PERLND types: (1) foreste...
	Simulation of wetlands and open water as virtual RCHRESs yielded good results for flows at the So...
	Wetlands and open water were subsequently sim�ulated as RCHRESs (numbered 101 to 167) with atmosp...
	Within the model, ET from RCHRES can be limited only by decreasing potential ET or decreasing the...
	Wetlands are an important influence on stream hydrology, as evidenced in the extensive literature...
	Water Withdrawals

	Time series of total ground-water and surface- water withdrawals were developed for each reach wh...
	Water withdrawals are read into the model in the EXT SOURCE block (external source) of the UCI fi...
	Flows in the Salem-Beverly Canal (RCHRES 44, fig. 8) can reverse if withdrawals from the Salem– B...
	HSPF cannot simulate flow reversals; therefore the representation of the SBWSB withdrawals was si...
	Three outflow gates were also specified for the Longham Reservoir (RCHRES 61): (1) withdrawals di...
	Streamflow Depletion by Ground-Water Withdrawals

	The effects of ground-water withdrawals on streamflow are calculated for each well with the pro�g...
	STRMDEPL variables for all the pumped wells in the Ipswich Basin were assigned a diffusivity (DIF...
	Ground-water flow to a well is affected by many factors, including (1) transmissivity and storage...
	Although flow to a pumped well occurs in three dimensions, a simplified cross-section schematic o...
	The hypothetical effects of a pumped well are shown in figure 11B for the case of an initial wate...
	The ground-water flow paths when the contributing area extends below a wet stream channel and the...
	When ground-water withdrawals exceed captured baseflow and induced infiltration, water is removed...
	Water Withdrawals in Excess of Streamflow

	During extended periods of dry weather, ground- water withdrawals can exceed streamflow in a rive...
	When water withdrawals exceed the flow in the reach, an error was introduced in the hydrologic bu...
	In nature, when ground-water withdrawals exceed streamflow, the excess demand is satisfied from g...
	Special Actions can be introduced into the HSPF model to increase its power and flexibility. The ...
	The SA tracks deficits for each reach with ground-water withdrawals. The following user-defined v...
	nn is the reach number;
	defnn is the current deficit in the reach;
	cdemnn is the current time interval demand (withdrawal specified in the input time series);
	pdemnn is the previous time interval demand (withdrawal specified for the previous interval);
	withnn is the simulated withdrawal that was satisfied by streamflow for the previous interval; an...
	The variables defnn and deffrc require a target address (UVNAMEs) for reference in action lines. ...
	DEFFRC represents the hydraulic connection between the stream and the aquifer (often referred to ...
	A GENER operation is associated with each reach for which a deficit is computed. The value in eac...
	Initial simulations with the SA indicated model run times on a 400mHz Pentium II processor in exc...
	Figure 12 shows the actual withdrawal and the withdrawal satisfied by streamflow in the HSPF simu...
	Model Calibration

	The Ipswich River Basin model was calibrated for the period January 1, 1989 to December 31, 1993 ...
	By calibrating to a period when water withdrawals were quantified, the effects of these withdrawa...
	Model parameter values were calculated from available spatial data to the extent possible. For ex...
	Flows at the South Middleton station and the Ipswich station, which correspond to RCHRESs 19 and ...
	Precipitation data at Reading, Mass. and the averaged data from the 12-grid cell data provided by...
	Mean Annual Discharge

	Observed and simulated mean annual discharge at the South Middleton and Ipswich stations for simu...
	Simulated versus observed mean annual discharge is shown in figure 13. The linear regression line...
	Monthly Mean Discharge and Seasonal Water Budgets

	Observed monthly mean discharges ranged from lows of 1.0 and 8.1 ft3/s (August 1993) to highs of ...
	A seasonal bias was observed during calibration of flows at both the South Middleton and Ipswich ...
	Initial Jenkins-Haise PET values were adjusted empirically during the calibration by modifying th...
	Daily Flow

	Observed daily mean discharges for the calibration period ranged from 0.3 ft3/s (August 29, 1993)...
	In general, the simulated hydrographs at the South Middleton and Ipswich stations parallel the ob...
	Differences between simulated and observed flows are shown in figure 18 as a function of time and...
	Flow Duration

	Flow-duration curves show the percentage of time a specified discharge is equaled or exceeded, an...
	Low Flows

	Simulated and observed flows that have exceedence probabilities of 98 percent and 90 percent or m...
	The coefficients of determination and model-fit efficiency have decreased considerably from the m...
	For the 1989–93 period, the median observed flow at or below the 98-percent exceedence probabilit...
	Miscellaneous Discharge Measurements

	Miscellaneous discharge measurements have been made at a number of locations in the Ipswich River...
	Summary of the Differences Between Simulations with Reading and Centroid Precipitation Data

	A number of factors affect the match between the simulated and observed discharge, especially the...
	In general, simulations made with the Reading data appear to represent the precipitation in the u...
	Simulation results made with the two precipitation data sets do not clearly indicate that one pre...
	Sensitivity Analysis

	A sensitivity analysis provides an indication of the effects of changes in the parameter values r...
	Response of Pervious (PERLNDs) and Impervious (IMPLNDs) Land Segments

	The hydrologic response of pervious and impervious land segments are important to understand the ...
	Surface runoff from an IMPLND is equal to the moisture supply minus a small evaporation loss from...
	No surface runoff (as a percent of the mean annual runoff or during a wet or dry month) was indic...
	Mean annual interflow as a percent of total runoff ranged from 2 to 11 percent in PERLNDs repre�s...
	Mean annual baseflow as a percent of total runoff ranged from 89 to 98 percent in PERLNDs represe...
	Mean annual evapotranspiration (ET) losses are relatively evenly distributed among PERLNDs. ET lo...
	Several general findings can be drawn from this comparison. Surface runoff is generated primarily...
	Interflow is a major runoff component from areas�overlying till and this component becomes a larg...
	ET losses are primarily from upper-zone storage�during the non-growing (cooler) months and from l...
	Parameter Values

	Model sensitivity to eleven PERLND parameters, and storage associated with wetland reaches, (tabl...
	Several parameters (IRC, LZETP, and AGWRC) could not be doubled because they would exceed the mod...
	, (1)

	where V is the value of the flow characteristic (inches), P is the parameter value; b is the cali...
	, (2)

	where Vo is the value of the observed flow characteristic (inches); and Vs is the value of the si...
	The AGWRC variable, the rate that water is released from active ground-water storage, is close to...
	In general, the relative sensitivity analysis indicates that the most influential model parameter...
	The absolute error in the flow characteristics (table 15) indicates that some perturbations impro...
	Model Limitations

	Mathematical models that are used to represent complex natural systems are simplified by necessit...
	For example, the use of this model may not be appropriate to evaluate the effects on streamflow o...
	Another consideration in evaluating model simulation results is the degree to which the model was...
	APPLICATION OF THE MODEL: EFFECTS of Water WITHDRAWALS on Streamflow

	The Ipswich River Basin model was developed as a tool to evaluate the response of streamflow to v...
	A new model run file (uci) and unique scenario identification was created for each scenario. Simu...
	All scenarios required modification of the base model run file (ips.uci) to change withdrawal rat...
	Simulation results for the scenarios provide relative differences between streamflows under diffe...
	Calibration-Period Simulations

	Flow-duration curves for simulations of the 1989–93 period are shown in figure 24 for the base si...
	Hydrographs of simulated daily flows further illustrate the effect of ground-water withdrawals on...
	Long-Term Simulations

	Long-term simulations (1961–95) indicate that�the differences in streamflow between scenarios wit...
	Long-term simulations enabled the computation of low-flow-frequency probabilities by fitting annu...
	The 1-day low-flow probability curve indicates the minimum daily discharge that is likely to occu...
	Minimum daily flows for simulations with no withdrawals with 1991 land-use conditions and no with...
	Minimum daily flows for simulations with average 1989–93 withdrawals were considerably less than ...
	The 7-day low-flow frequency represents the minimum flows over a continuous 7-day period. The 7�d...
	The 7-day, 10-year, low-flow (7Q10), which represents the probable minimum flow over a 7-day peri...
	The 30-day low-flow frequency represents the minimum annual flow over a continuous 30-day period....
	Low flows for simulations with no water withdrawals and undeveloped land use tend to decrease rel...
	Because the amount of effective impervious area�in the basin is uncertain, another simulation was...
	Flow duration curves for simulated daily flows made with increased effective impervious area are ...
	Simulations made with increased impervious area indicated that the 30-day low flow increased by 1...
	SUMMARY

	The Ipswich River Basin supplies water to about�330,000 residents in 23 municipalities in or near...
	During the 1989–93 study period, average monthly water withdrawals from all sources exceed monthl...
	The Hydrological Simulation Program- FOR�TRAN (HSPF) was used to simulate the hydrology and compl...
	Time series of climate, streamflow, and water withdrawals were compiled and entered into the Wate...
	Land-surface and hydraulic data were compiled to discretize the basin and set model parameters. T...
	Streamflow depletions resulting from ground- water withdrawals were calculated using STRMDEPL, a ...
	The model was calibrated to measured streamflow at the South Middleton and Ipswich stations for t...
	Mean annual discharge at the South Middleton station is undersimulated on average by 2.1 percent ...
	The GenScn decision-support-system software was used to facilitate examination of six water-use s...
	Flow-duration curves and hydrographs developed from the various withdrawal scenarios for the cali...
	Results of long-term simulations were similar to those for the same scenarios for 1989–93 simulat...
	The Ipswich River Basin precipitation-runoff model was conceptualized and calibrated to evaluate ...
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	Figure 2. Towns, drainage network, and stream-gaging stations in the Ipswich River Basin, Mass.
	Figure 6. Monthly mean streamflows and cumulative monthly mean withdrawals at (A) South Middleton...
	Figure 7. Schematic of inflows to and outflows from a stream reach (RCHRES) in the Hydrological S...
	Table 2. Organization and description of Data Set Numbers (DSNs) in the Watershed Data Management...
	[STRMDEPL, stream depletion by ground-water withdrawals; HSPEXP, Hydrological Simulation Program ...

	DSN
	Purpose
	Figure 3. Generalized surficial geology of the Ipswich River Basin, Mass. (Location is shown in f...
	Figure 4. Wetlands in the Ipswich River Basin, Mass.
	Figure 8. Model reaches, subbasin boundaries, and water withdrawal locations in the Ipswich River...
	Table 3. Meteorologic stations and data used to develop grid-cell data for the Ipswich River Basi...
	NWS Station No.
	Station name
	Latitude
	Longitude
	Precipitation
	Temperature
	Solar radiation
	Wind speed
	Cloud cover
	Period of record
	Hourly
	Daily
	Minimum
	Maximum
	Dew- point
	Start
	End
	l
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	l
	l
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	l
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	l
	l
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	l
	l
	l
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	l
	l
	l
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	l

	Table 3. Meteorologic stations and data used to develop grid-cell data for the Ipswich River Basi...
	[Locations are shown in fig. 1. NWS, National Weather Service; No., number; °, degrees; ¢, minute...

	Table 4. Summary of municipal water-use information in the Ipswich River Basin, Mass.
	[-- indicates not applicable]

	Municipality
	Water supply
	Wastewater
	Source data time step
	Data in model
	Remarks
	Public system
	Source in basin
	Public system
	Discharge in basin
	Begin year
	End year
	Figure 5. Generalized 1991 land use in the Ipswich River Basin, Mass.
	Table 1. Monthly mean streamflow at the South Middleton and Ipswich stations, and cumulative mont...
	[Values are in cubic feet per second. STRMDEPL, program used to compute the delayed effects of gr...

	Month
	Streamflow
	Withdrawals
	Surface water
	Actual ground water
	Surface water plus actual ground water
	STRMDEPL
	Surface water plus STRMDEPL
	South Middleton station
	Ipswich station
	Sylvania Dam
	Table 5. Massachusetts Department of Environmental Protection registered or permitted public and ...
	Reach No.
	WDM data set No.
	Mass. DEP source No.
	Source name
	Water supplier name
	Included in model
	Latitude
	Longitude
	Town
	Distance from stream (feet)
	Table 5. Massachusetts Department of Environmental Protection registered or permitted public and ...
	[Reach number shown in fig. 8; Dept., Department; Mass. DEP, Massachusetts Dept. of Environmental...

	Figure 9. Combined actual and 15-day moving average daily ground-water withdrawals from two Wenha...
	Table 6. Estimated effective impervious area by land use, Ipswich River Basin, Mass.
	[MassGIS, Massachusetts Geographic Information System]

	Land use classification
	Area of basin as classified by MassGIS (acres)
	Estimated percent of area that is effective impervious
	Effective impervious area (acres)
	Initial
	Final
	Table 7. Hydrologic Response Units (HRUs) used to represent the Ipswich River Basin and their con...
	[Shaded rows indicate area incorporated into model as river reaches (RCHRES); mi2, square mile]

	HRU
	Area in acres
	Surficial geology
	Land use
	South Middleton station
	Ipswich station
	Sylvania Dam
	Total as a percent of basin
	Figure 10. Areas of hydrologic response units in the Hydrological Simulation Program-FORTRAN (HSP...
	Table 8. Stream reaches (RCHRES) in the Hydrological Simulation Program-FORTRAN model of the Ipsw...
	Reach No.
	USGS station No.
	Downstream node location
	Reach name
	Direct drainage area
	Total drainage area
	Upstream reach No.
	Latitude
	Longitude
	Table 8. Stream reaches (RCHRES) in the Hydrological Simulation Program-FORTRAN model of the Ipsw...
	[Total drainage area includes the direct drainage area to the reach plus the drainage area above ...

	Figure 11. Ground-water flow paths illustrating captured recharge and induced infiltration in�a�h...
	Table 9. Deficit between actual water withdrawals and the withdrawal satisfied by streamflow in t...
	[Percent: Percent difference between the actual water withdrawal and the satisfied withdrawal by ...

	Reach No.
	1989
	1990
	1991
	1992
	1993
	Average withdrawal (ft3/s)
	Percent
	Days
	Percent
	Days
	Percent
	Days
	Percent
	Days
	Percent
	Days
	Figure 12. Actual water withdrawals and the withdrawals satisfied by streamflow in the Hydrologic...
	Table 10. Summary of annual, monthly, and daily model-fit statistics at South Middleton and Ipswi...
	[ft3/s, cubic feet per second; >, less than; %, percent]

	Model-fit statistic
	Annual
	Monthly
	Daily
	Centroid
	Reading
	Centroid
	Reading
	Centroid
	Reading
	Table 11. Observed and simulated annual discharge at South Middleton and Ipswich stations for Hyd...
	[Discharge values in cubic foot per second. Precipitation values in inches]

	Year
	Observed discharge
	Centroid
	Reading
	Simulated discharge
	Percent difference
	Precipitation
	Simulated discharge
	Percent difference
	Precipitation
	Figure 13. Relation of simulated mean annual discharge to observed for simulations made with cent...
	Figure 14. Relation of simulated monthly discharge to observed for simulations made with centroid...
	Figure 15. Percent error between simulated flow made with the centroid precipitation data and obs...
	Table 12. Summary of seasonal model-fit statistics at South Middleton and Ipswich stations for Hy...
	[ft3/s, cubic foot per second; >, less than; %, percent]

	Model-fit statistic
	Winter
	Spring
	Summer
	Fall
	Centroid
	Reading
	Centroid
	Reading
	Centroid
	Reading
	Centroid
	Reading
	Figure 16. Relation of simulated daily mean discharge to observed for simulations made with centr...
	Figure 17. Simulated and observed daily-mean-discharge hydrographs for simulations made with cent...
	Figure 18. Difference between simulated and observed daily mean discharges as a function of time ...
	Figure 19. Difference between simulated and observed daily mean discharges as a function of obser...
	Figure 20. Observed and simulated daily mean discharge at the Ipswich station for simulations mad...
	Figure 21. Flow-duration curves for observed and simulated daily mean discharges for simulations ...
	Table 13. Summary of low-flow model-fit statistics at the South Middelton and Ipswich stations fo...
	[ft3/s, cubic foot per second; <, less than; %, percent]

	Model-fit statistic
	98-Percent exceedence probability
	90-Percent exceedence probability
	Centroid
	Reading
	Centroid
	Reading
	Figure 22. Discharge simulated with centroid and Reading precipitation data and instantaneous dis...
	Figure 23. Runoff as surface-flow, interflow, and base-flow, and evapotranspiration losses from s...
	Table 14. Relative sensitivity of simulated flow characteristics to HSPF model parameter or stora...
	Model parameter
	Change
	Relative sensitivity (percent)
	Total volume
	10- percent flow
	50- percent flow
	Evapotranspiration
	Storm volume
	Peak flow
	Base flow
	Interflow
	Surface runoff
	Volume
	Summer
	Winter
	Summer storm
	South Middleton station
	Ipswich station
	Table 14. Relative sensitivity of simulated flow characteristics to HSPF model parameter or stora...
	[HSPF, Hydrological Simulation Program-FORTRAN. Values represent the relative change in the flow ...

	Table 15. Sensitivity of runoff characteristics as the percent error from the observed value to s...
	Model parameter
	Change
	Runoff error (percent difference from observed value)
	Percent of total runoff
	Total volume
	10- percent flow
	50- percent flow
	Evapotranspiration
	Storm volume
	Peak flow
	Base flow
	Volume
	Summer
	Winter
	Summer storm
	Interflow
	Surface runoff
	South Middleton station
	Ipswich station
	Table 15. Sensitivity of runoff characteristics as the percent error from the observed value to s...
	HSPF, Hydrological Simulation Program-FORTRAN. 2x indicates the calibrated value doubled except w...

	Table 16. Alternative water withdrawal and land-use scenarios simulated for the Ipswich River Bas...
	Scenario
	Model run file
	Scenario identifi- cation
	Output data set numbers
	Figure 24. Flow-duration curves developed from simulated daily flows for current conditions (base...
	Figure 25. Discharge for current conditions (base simulation) and three scenarios—no withdrawals,...
	Figure 26. Flow-duration curves for average water withdrawals with 1991 land-use conditions, no w...
	Figure 27. Log-Pearson Type III low-flow exceedence probabilities and recurrence intervals for (A...
	SUMMARY

	The computer program STRMDEPL calculates time-varying streamflow depletion caused by pumping at a...
	ANALYTICAL SOLUTIONS FOR STREAMFLOW DEPLETION BY WELLS

	Several analytical solutions are available for the determination of streamflow depletion by wells...
	The analytical solution presented in Jenkins (1968) is
	, (1)

	where
	and
	is the rate of streamflow depletion (cubic length per time);
	is the pumping rate of the well (cubic length per time);
	is the perpendicular distance from the well to the stream (length);
	is the storativity (or specific yield) of the aquifer (dimensionless);
	is the transmissivity of the aquifer (square length per time); and
	is time.
	Inspection of equation 1 indicates that at small time, the argument of the complementary error fu...
	Streamflow depletion consists of two components. The first is captured ground-water discharge, wh...
	Three of the parameters in equation 1 that affect streamflow depletion are often com�bined into a...
	The amount of streamflow depletion that occurs in response to pumping can be reduced by resistanc...
	, (2)

	where
	is hydraulic conductivity of the aquifer (length per time);
	is hydraulic conductivity of the streambank (length per time); and
	is thickness of the streambank (length).
	As the value of the streambank leakance term increases�(that is, resistance to flow at the stream...
	The amount of streamflow depletion that occurs in response to pumping also can be reduced by part...
	One of the assumptions that was made in the development of equations 1 and 2 is that the pumping ...
	In the superposition approach, incremental changes in streamflow depletion that occur in response...
	, (3)

	where
	is the rate of streamflow depletion at time step i (cubic length per time);
	is the initial pumping rate of the well during (cubic length per time);
	is the change in pumping rate of the well during interval (cubic length per time);
	are the values of either or
	(depending on whether equation 1 or equation 2 is selected) at times and , respectively (dimensio...
	is the length of time from the beginning of pumping to the time of interest;
	is the time corresponding to time step ;
	is the length of time of the initial pumping rate prior to the start of the analysis;
	is the number of time steps (dimensionless); and
	is the time step number (dimensionless).
	DESCRIPTION OF COMPUTER PROGRAM STRMDEPL

	Computer program STRMDEPL was written in FORTRAN-77 to implement equations 1-3, which calculate s...
	The program reads data for a particular simulation from an input file and writes the results of t...
	TITLE--Title of simulation, which can be up to 70 characters in length. Leave this line blank if ...
	WELLID--An identifier for the well that is being simulated, which can be up to 20 characters in l...
	XWELL--Distance of well to stream, in feet. (Real variable)
	DIFFUS--Diffusivity of the aquifer, in square feet per second. (Real variable)
	IBANK--A code that specifies whether or not semipervious streambank materials are present. (Integ...
	SLEAK--The value of the streambank leakance term, in feet, if IBANK = 1. Enter 0.0D0 if IBANK = 0...
	INTIME--Number of pumping days prior to start of analysis. (Integer variable)
	QWINIT--Pumping rate prior to start of analysis, in cubic feet per second. (Real variable)
	NPD--Number of pumping days in analysis. If NPD is greater than 30,000, parameter IMAXX in progra...
	CDATE(I)--Date of day I (8 characters, such as 19990101). (Character variable)
	QWELL(I)--Pumping rate for day I, in cubic feet per second. (Real variable)
	An example input file for STRMDEPL, which is used in the sample problem described in the next sec...
	SAMPLE PROBLEM FOR IPSWICH RIVER BASIN

	The streamflow-depletion program was tested for a hypothetical pumped well 486 feet from the rive...
	An initial streamflow depletion was desired that was as close as possible to the pumping rate on ...
	Specified daily pumping rates at the well and calculated streamflow depletions in the river for t...
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	Figure 1. Example input file for program STRMDEPL.
	Figure 2. Example result file generated by program STRMDEPL.
	Figure 2. Example result file generated by program STRMDEPL—Continued.
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