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Measured and Simulated
Runoff to the Lower Charles
River, Massachusetts,
October 1999-September 2000

By Phillip J. Zarriello and Lora K. Barlow

Abstract

The lower Charles River, the water body
between the Watertown Dam and the New Charles
River Dam, is an important recreational resource
for the Boston, Massachusetts, metropolitan area,
but impaired water quality has affected its use. The
goal of making this resource fishable and swimma-
ble requires a better understanding of combined-
sewer-overflow discharges, non-combined-sewer-
overflow stormwater runoff, and constituent loads.
This report documents the modeling effort used to
calculate non-combined-sewer-overflow runoff to
the lower Charles River.

During the 2000 water year, October 1,
1999-September 30, 2000, the U.S. Geological
Survey collected precipitation data at Watertown
Dam and compiled data from five other precipita-
tion gages in or near the watershed. In addition,
surface-water discharge data were collected at eight
sites—three relatively homogenous land-use sites,
four major tributary sites, and the Charles River at
Watertown Dam, which is the divide between the
upper and lower watersheds. The precipitation and
discharge data were used to run and calibrate
Stormwater Management Models developed for
the three land-use subbasins (single-family, multi-
family, and commercial), and the two tributary
subbasins (Laundry and Faneuil Brooks). These
calibrated models were used to develop a sixth
model to simulate 54 ungaged outfalls to the lower
Charles River. Models developed by the U.S.
Geological Survey at gaged sites were calibrated
with up to 24 storms. Each model was evaluated
by comparing simulated discharge against mea-
sured discharge for all storms with appreciable

precipitation and reliable discharge data. The
model-fit statistics indicated that the models gener-
ally were well calibrated to peak discharge and
runoff volumes. The model fit of the commercial
land-use subbasin was not as well calibrated
compared to the other models because the mea-
sured flows appear to be affected by variable condi-
tions not represented in the model. A separate
Stormwater Management Model of the Stony
Brook Subbasin previously developed by others
was evaluated with the newly collected data from
this study; this model had a model fit comparable to
the models developed by the U.S. Geological
Survey.

The total annual runoff to the lower
Charles River during the 2000 water year, not
including contributions from combined-sewer-
overflows except from the Stony Brook Subbasin,
was 16,500 million cubic feet; 92 percent of
the inflow was from the Charles River above
Watertown Dam, 3 percent was from the Stony
Brook Subbasin, 2 percent was from the Muddy
River Subbasin, and less than 1 percent was from
the combined inflows of Laundry and Faneuil
Brooks. The remaining ungaged drainage area con-
tributed about 2 percent of the total annual inflow
to the lower Charles River. Excluding discharge
from the Charles River above Watertown Dam,
total annual runoff to the lower Charles River was
1,240 million cubic feet; 39 percent was from the
Stony Brook Subbasin, 27 percent was from the
Muddy River, which includes runoff that drains to
the Muddy River conduit, 7 percent was from the
Laundry Brook Subbasin, and 4 percent was from
the Faneuil Brook Subbasin. Flow from the
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ungaged areas composed about 23 percent of the
total annual inflow to the lower Charles River,
excluding discharge from the Charles River above
Watertown Dam.

Runoff to the lower Charles River was calcu-
lated for two design storms representing a 3-month
and a 1-year event, 1.84 and 2.79 inches of total
rainfall, respectively. These simulated discharges
were provided to the Massachusetts Water
Resources Authority for use in a receiving-water
model of the lower Charles River. Total storm
runoff to the lower Charles River was 111 and
257 million cubic feet for the 3-month and 1-year
storms, respectively. Excluding discharge from the
Charles River above Watertown Dam, total runoff
to the lower Charles River was 30 and 53 million
cubic feet for the 3-month and 1-year storms,
respectively. Runoff from the various tributary
areas for the design storms was about in the same
proportion as that for the annual runoff.

INTRODUCTION

The lower Charles River, which flows between
the Watertown Dam and the New Charles River Dam,
has long been recognized as an asset to the surrounding
metropolitan area of Boston, Massachusetts, but
impaired water quality has adversely affected this
resource. As early as 1859, parts of the lower Charles
River were described as “practically a cesspool”
(Pritchett and others, 1903), and discussions began
regarding construction of a dam to flood the tidal mud
flats. In 1870, the Metropolitan Parks Commission,
predecessor to the Metropolitan District Commission
(MDC), was created to improve conditions in the lower
Charles River. Nathan Matthews, a former Mayor of
Boston, recommended creating a water park and
appointed the Charles River Improvement Commission
to develop this concept. In 1892, Charles Eliot, a prom-
inent landscape architect, transformed the concept of a
water park into a grander vision of a metropolitan-park
system centered on the Charles River waterfront area.

Much of the land surrounding the lower Charles
River was acquired in the late 1800s as part of the
metropolitan-park system. In 1901, engineering studies
were undertaken to investigate the extent of sewage
contamination and to assess the feasibility and costs of
constructing a dam to mitigate the noxious odors and
adverse health effects associated with the polluted tidal

flats (Pritchett and others, 1903). The Old Charles
River Dam, constructed by 1908, resolved many of
these problems and created a recreational resource for
the Boston metropolitan area (Jobin, 1998).

The lower Charles River continues to serve as a
recreational resource for thousands of boaters and
many thousands more who enjoy the parks along its
embankments. The largest 1-day rowing regatta in the
world, the Head of the Charles, brings over 5,400
rowers and 300,000 spectators to the lower Charles
River each fall. In addition, annual Fourth of July fes-
tivities attract more than 500,000 people (Massachu-
setts District Commission, 2000). Unfortunately,
Charles River water can pose a health risk at times
because of excessive levels of fecal bacteria, which can
exceed Massachusetts water-quality standards, even for
secondary-contact recreation (such as boating).

Just as citizens and organizations in the past have
identified and resolved environmental hazards associ-
ated with the lower Charles River, work to resolve
water-quality issues that affect its recreational use con-
tinues today. The U.S. Environmental Protection
Agency (USEPA) has led the effort to improve water
quality by setting a goal of making this resource safe
for fishing and swimming by Earth Day 2005. To meet
this goal, accurate assessments of inflows and constitu-
ent loads from combined-sewer overflows (CSOs) and
non-CSO stormwater are needed to develop sound
management plans.

The Massachusetts Water Resources Authority
(MWRA) has monitored and worked toward the elimi-
nation or treatment of CSO discharges to the lower
Charles River for more than a decade. These efforts
have substantially improved water quality, but a better
understanding of non-CSO stormwater loads would
enhance efforts to improve water quality. In 1999, the
USGS, in cooperation with the Massachusetts Water
Resources Authority (MWRA), the USEPA, and
the Massachusetts Department of Environmental
Protection (MADEP), initiated a study to quantify non-
CSO stormwater runoff loads to the lower Charles
River. This cooperative study was designed to provide
information to regulatory agencies and others on how
stormwater affects water quality in the lower Charles
River.
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Purpose and Scope

This report describes the five StormWater Man-
agement Models (SWMM) developed to simulate
runoff to the lower Charles River, Massachusetts. The
modeling effort described supports a companion study
conducted by the USGS to calculate non-CSO contam-
inant loads to the lower Charles River (Breault and
others, 2002). Runoff models were used to (1) simulate
discharge at ungaged sites during the 2000 water year,
(2) simulate discharge at gaged sites where data are
missing or suspect during the 2000 water year, (3) sim-
ulate discharge at all outfalls for the July 15-18 and the
July 26-31, 2000, storms for the MWRA and (4) simu-
late discharge at all outfalls for two design storms. Data
and results obtained from this study and the companion
USGS loads study will be used by the MWRA, the
USEPA, and the MADEP to address the transport and
fate of contaminants within the river.

This report describes hydrologic and meteoro-
logic data collected at the three small relatively
homogeneous land-use subbasins (single-family, multi-
family, and commercial), four tributary subbasins
(Laundry Brook, Faneuil Brook, Muddy River, and
Stony Brook), and the Charles River at Watertown
Dam; the development and calibration of the SWMM
at the three land-use subbasins and at two tributary sub-
basins (Laundry and Faneuil Brook); and the model fit
at these sites. The report also describes the model
(SWMM) fit to the newly collected discharge data for
the Stony Brook Subbasin previously developed by
Metcalf and Eddy, Inc., consultants to the MWRA.

Description of the Lower
Charles River and Its
Watershed

The lower Charles River is the 9-mi long
water body between the Watertown Dam and the
New Charles River Dam in Boston where it empties
into Boston Harbor (fig. 1). This part of the river is
known locally as the “basin.” The drainage area to
the lower Charles River is located within Middlesex,
Norfolk, and Suffolk Counties, Massachusetts.
Native Americans aptly named its sinuous course
“Quinobequin” for “Meandering River” (Brickford and
Dymon, 1990). The drainage area to the lower river
below Watertown Dam is estimated as 36.6 mi?, but
drainage divides are complicated by a highly altered,

man-made drainage system. The lower Charles River
Watershed is one of the oldest urban areas in the
Nation; its natural drainage system has been modified
for more than three centuries. Municipalities within
the lower Charles River Watershed include parts

of Cambridge, Boston, Brookline, Newton, and
Watertown. The modeled area covers the lower Charles
River Watershed, but does not include CSO drainage
areas except for those in the Stony Brook Subbasin.
The Charles River Watershed above the Watertown
Dam drains an area of 268 miz; runoff from this area
was measured directly or estimated from discharge
records from the upstream gaging station at Waltham.

Climate

The climate of eastern Massachusetts is charac-
terized as humid temperate (Gadoury and Wandle,
1986). Precipitation generally is distributed evenly
throughout the year, although variations can be large
from month to month (fig. 2) and from year to year
(Trombley, 1991). Precipitation at Logan Airport in
Boston averaged 41.8 in. for the 1920-2000 period.
Precipitation at six gages in and near the lower Charles
River Watershed averaged 42.8 in. for water year 2000,
but total precipitation at each of the gages varied from
50.7 to 40.1 in. Precipitation during the 2000 water
year was above the long-term average during the
months of April and June (1.02) because of a single
large storm in each of these months; precipitation also
was above normal during July because of a greater than
usual number of small storms. Precipitation from
November 1999 through February 2000, and during
August 2000 were below the long-term average.

Air temperature reported for Boston by the
Northeast Regional Climate Center for the 80-year
period 1920-2000 ranged from a low of 29.3°F in
January to a high of 73.2°F in July and averaged 51.2°F
annually. During the 2000 water year, the mean
monthly air temperature reported at Logan Airport in
Boston was similar to the long-term monthly mean air
temperature; from a low of 27.5°F in January to a high
of 70.3°F in August, it averaged 51.6°F in the 2000
water year. The Boston area receives an average of
42.4 in. of snow each year; the 24.9 in. of snowfall
during the 2000 water year was considerably below
average.
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Figure 2. Climate characteristics in the lower Charles River Watershed, (A) total monthly precipitation averaged from six gages in and near the
watershed during the 2000 water year and the average total monthly precipitation from January 1, 1920, to December 31, 2000, at Logan Airport in
Boston, Massachusetts, and (B) average monthly air temperature and snowfall during the 2000 water year and for the 1920-2000 period at Logan

Airport. [Locations are shown in fig. 1.]

Land Use

The lower Charles River Watershed is within a
major metropolitan area and is highly urbanized. The
majority of land use in the watershed (fig. 3) is repre-
sented by single-family residential (38 percent) and
multifamily residential (13 percent) uses. Other land
uses include urban open space, such as athletic fields,
cemeteries, parks and institutional green space (12 per-
cent), commercial (9 percent), forest (7 percent), open
water (4 percent), transportation (3 percent), spectator
recreation (3 percent), and industrial (2 percent). Other
land-use types each compose less than 1 percent of the
watershed area. Most new development in recent years

can be classified as redevelopment; hence, the 1991
land-use conditions represented in figure 3 had not
changed appreciably at the time of this study.

Soils

Soil surveys for Middlesex (U.S. Department of
Agriculture, 1995), Norfolk and Suffolk Counties
(Peragallo, 1989) indicate (fig. 4) that most soils in the
watershed are derived from till (48 percent) or are dis-
turbed urban land (35 percent). Soils classified as dis-
turbed urban are found mostly near the river in areas
filled to eliminate tidal marshes and mud flats. The
remaining soil types are derived from glacial outwash
(16 percent), post-glacial alluvium (1.4 percent) and
aeolian sand and silt (0.4 percent).
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Soil permeability ranges from 0.6 to more than
6.0 in/h Highly permeable soils derived from well-
sorted glacial outwash often exceed 2.0 in/h. Till-
derived soils typically are less permeable than glacially
outwash soils and range in permeability from 0.6 to
2.0 in/h. Permeability may be less in till soils that con-
tain fragipans (U.S. Department of Agriculture, 1995;
Peragallo, 1989).

Topography

Skehan (1979) describes two geomorphic dis-
tricts in the watershed: the Boston Lowland, and the
Needham Upland (fig. 5). Most of the watershed is in
the Boston Lowland, which generally is less than 50 ft
above sea level and historically comprised large areas
of mudflats and tidal marsh. Tidal marshes were filled
or flooded largely by 1910 when the Old Charles River
Dam was completed (Seasholes, 1999). The Boston
Lowland also contains small elongated hills or drum-
lins that range from 50 to 140 ft above sea level. The
Needham Upland is in the southwestern part of the
watershed and is characterized by greater relief than the
Boston Lowland. Drumlins also are common in the
Needham Upland and some of them exceed 300 ft
above sea level (Skehan, 1979).

Hydrology

The lower Charles River Watershed has many
named tributaries that appear on early maps of the area,
such as the 1893 USGS 15-minute topographic map of
Boston (Seasholes, 1999). The four largest tributaries
to the lower Charles River, excluding the watershed
above Watertown Dam (upper watershed) are Laundry
Brook, Faneuil Brook, Muddy River, and Stony Brook
(fig. 1). Most of the stream channels in these tributar-
ies, with the exception of parts of the Muddy River, are
enclosed in conduits. The underground storm-drain
system of the watershed includes about 585 mi of con-
duit that varies in size, shape, and building material.
The storm-drain systems were compiled into a
common geographic information system (GIS) from
digital engineering drawings supplied by the munici-
palities of Boston, Cambridge, Brookline, Newton, and
Watertown.

Ninety-eight major outfalls have been identified
that discharge to the lower Charles River (fig. 6); 72
outfalls are upstream of the Museum of Science. Six-
teen of these outfalls are CSOs; 3 were closed and 13
were still active as of the year 2000. Discharges from
the CSO outfalls are not included as part of this study,
but the outfalls are shown on figure 6 for reference.
Areas tributary to the CSOs of Boston and Cambridge
are excluded from the study area (figs. 1 and 6); these
areas are being modeled separately by the MWRA.
Various small outfalls are not included in the above
count; these outfalls typically drain small street or
parkway areas.

Outfall identification numbers are ordered from
upstream to downstream; outfall 1 is just below
Watertown Dam and outfall 81 is below the Museum of
Science. Areas that drain by direct sheet runoff or from
small unnumbered outfalls to the lower Charles River
were assigned the same outfall number as the next clos-
est known upstream outfall with an added letter suffix.
For example, three drainage areas downstream of out-
fall number 41 drain by sheet runoff. These drainage
areas were identified as 41a, 41b, and 41c, and are
labeled at the midpoint between drainage divides at the
shoreline. Seventeen areas that drain by sheet runoff
are identified in figure 6.

Previous Investigations

Quantification of runoff to the lower Charles
River began during the engineering studies for the Old
Charles River Dam in the early 1890s (Pritchett and
others, 1903). Recent studies, summarized below, have
focused primarily on quantifying runoff from the
Muddy River and Stony Brook tributaries for the pur-
pose of separating combined sewer areas. Measured
discharge records from these studies are limited to spe-
cific events or short time periods, generally less than
2 months duration.

To assess the water quality of the Muddy River
Subbasin, a model (SWMM) was developed in 1989 by
Metcalf and Eddy, Inc. (M&E), for the Massachusetts
Executive Office of Environmental Affairs (Metcalf
and Eddy, Inc., 1989). The report describes the physical
hydrologic features of the Muddy River Subbasin.
Model simulations were limited to a synthetic 1-year,
6-hour design storm.

8 Measured and Simulated Runoff to the Lower Charles River, Massachusetts, October 1999-September 2000
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In 1992, a SWMM application was developed for
the North System of the Massachusetts Water
Resources Authority (MWRA) by M&E (Metcalf and
Eddy, Inc., 1994). The North System includes all of the
lower Charles River Watershed and portions of the
Mystic and Neponset River Watersheds. The model
was used to calculate CSO volumes in support of
MWRA CSO facilities planning. The MWRA’s recom-
mended CSO control plan included a screening and
disinfection facility to remove floatables and disinfect
discharges from the Stony Brook conduit. The model
was discretized coarsely to represent runoff because of
the large geographic area represented and because it
was intended for use as a planning tool. For example,
the model represented the entire Stony Brook Subbasin
as a single subcatchment with no channel routing.
Models simulated (1) four actual storms that ranged
from 0.73 to 0.95 in., with data collected from Novem-
ber 1992 to November 1993, (2) design storms for 3-
and 6-month, and 1-, 2-, and 5-year storms, and
(3) continuous simulation for 1992.

The U.S. Army Corps of Engineers (USACE)
developed a new SWMM application of the Muddy
River Subbasin following the October 1996 flood that
caused damage to lower parts of the subbasin. The
USACE used the SWMM RUNOFF module for subba-
sin runoff, SWMM TRANSPORT module for channel
routing, and the USACE UNET model for unsteady-
flow routing and to calculate floodwater elevations.

In 1997, MWRA provided the Boston Water and
Sewer Commission (BWSC) a SWMM of the Stony
Brook Subbasin. The BWSC Stony Brook model was
based on the MWRA North System model and was
used by Camp, Dresser, and McKee (CDM) and BWSC
to develop alternatives to the MWRA plan of
a screening and disinfection facility (Camp, Dresser,
and McKee, 1997). From these analyses, BWSC identi-
fied sewer separation as a potential cost-effective
alternative to the proposed screening and disinfection
facility. MWRA and M&E conducted further evalua-
tions that resulted in revising the CSO control plan to
include separation of the 12 active regulators in the
Stony Brook System. The CDM study included contin-
uous discharge monitoring from April 22 to June 16,
1996, at 34 locations through the subbasin. During the
monitoring period, discharge data were collected for
eight storms that ranged in size from 0.26 to 1.72 in.;
the largest was about a 3-month storm.

The BWSC Stony Brook model subsequently
was expanded by CDM to include additional detail of
the Stony Brook System (Camp, Dresser, and McKee,
1998). For example, the area upstream of Forest Hills,
tributary to the Stony Brook conduit, which originally
was modeled as a single 5,091-acre subcatchment, was
discretized into 20 subcatchments. In addition, CDM
further analyzed the flow capacity of the Muddy River
by modifying the USACE SWMM model for the
BWSC. CDM replaced the UNET model with the
SWMM EXTRAN module for unsteady-flow routing
and incorporated the physical characteristics of the
Muddy River conduit into the model to split flow into
separate outfalls to the lower Charles River (fig. 6).
Model simulations of the Muddy River included hyeto-
graphs from actual storms that represent 1-, 2-, and
100-year storms and a synthetic hyetograph of a 25-
year storm. CDM combined the Stony Brook and
Muddy River models into one SWMM model, which is
referred to herein as the Muddy River-Stony Brook
model.

The Muddy River-Stony Brook model was
refined further by M&E in 1998 for use in the design
of the Stony Brook sewer-separation project (Metcalf
and Eddy, Inc., 1999). Additional detail included an
extensive representation of building and roof drains
connected to the combined-sewer system to evaluate
the effects of disconnecting roof drains on CSOs. This
version of the Muddy River-Stony Brook model was
provided to the USGS for use in this study.

Other information on storm runoff was collected
in parts of the lower Charles River by other consultants.
CH2M Hill (1990) collected discharge data at Electric
Avenue in Brighton for two storms in May and July
1988 for the MWRA CSO facilities plan; however, it
was noted that these data had a high degree of uncer-
tainty because of instrument fouling from debris. Rizzo
Associates (1993) monitored discharge at a low-density
residential area in West Roxbury and at an industrial
area in Brighton for nine storms from April through
July 1992 for the BWSC.
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GAGED SUBBASINS

The gaged subbasins include three relatively
homogenous land-use subbasins and the four largest
tributary subbasins to the lower Charles River, and
Charles River at Watertown Dam (table 1, fig. 1). The
upper watershed (Charles River above Watertown
Dam) represents about 88 percent of the total drainage
area to the lower Charles River. The gages on the tribu-
taries, excluding the upper watershed, collectively mea-
sured runoff from about 66 percent of the drainage area
to the lower Charles River.

The land-use subbasins are 0.36 mi or less in
size and drain areas that predominantly are (1) single-
family residential—01104630, (2) multifamily residen-
tial—01104673, and (3) commercial—01104677
(table 1). The gaged areas of the four tributary subba-
sins range in size from 1.42 to 11.8 mi2. Land use in
the tributary subbasins predominantly is single-family
residential, but generally is less residential in the east-
ern subbasins than in the western subbasins (table 1).
The eastern subbasins and the areas nearer to the river
tend to have more commercial land use than other
areas. Gaged tributary subbasins included (1) Laundry
Brook—01104640, (2) Faneuil Brook—01104660,

(3) Muddy River—0110483, and (4) Stony Brook—
01104687.

Roads often are coincident with the storm-
drainage system and have a large effect upon the
hydrologic response of a drainage basin. Road density
is similar among land-use subbasins and averages
about 30 mi of road per square mile of drainage area;

storm-drain density averages 25 mi/mi? and is slightly
higher in the multifamily subbasin than in the commer-
cial and single-family subbasins (table 1). Road densi-
ties are similar among the tributary subbasins, which
average about 21 mi/miZ; storm-drain densities average
18 mi/mi? and are slightly higher in Laundry and
Faneuil Brooks than in Muddy River and Stony Brook.
The characteristics of the gaged tributary subbasins are
similar to the characteristics of the ungaged areas.

Discharge

Discharge data were collected during the 2000
water year (October 1, 1999, to September 30, 2000)
unless otherwise noted. These data were used to com-
pute contaminant loads described in a companion
report (Breault and others, 2002), to calibrate the runoff
models, and to evaluate the model fit described in this
report. Specific information about the measurement
and development of the discharge data collected at each
station is reported in downstream order.

Charles River at Watertown
Station—01104615

The upper Charles River Watershed drains an
area of 268 mi2. River stage was measured in the pool
above the dam by a bubble gage and pressure sensor at
15-minute intervals. A stage-discharge relation was
developed with the use of standard techniques (Carter
and Davidian, 1965; Buchanan and Somers 1965;
Kennedy, 1983, 1984). Four discharge measurements
that ranged from 30 to 1,230 ft3/s were used to define
the rating during the water year; the computed dis-
charge ranged from 24 to 1,350 ft3/s during the water
year. Discharge records are considered excellent
(meaning that measurement error is within 5 percent)
except for a short period of missing record (August 18
through September 1, 2000). The missing record esti-
mated from the upstream USGS gage at Waltham is
considered fair (the error is between 10 and 15 per-
cent). Records for discharges below 200 ft3/s are con-
sidered poor (measurement error is greater than 15
percent) because the Watertown Dam, which is flat and
wide (190 ft), causes a large percent change in dis-
charge for small change in stage at lower discharges.
Daily mean discharge for the 2000 water year was pub-
lished in the USGS MA-RI Water Resources Data
Report (Socolow and others, 2001).
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Discharge at the Charles River at Watertown station for the
two design storms, based on actual storms of July 20, 1982, and
September 20, 1961, were calculated from discharge data avail-
able from the upstream gage at Waltham, Massachusetts
(01104500). Hourly data were obtained from the original strip
chart record for September 20, 1961 (1-year design storm), and
from primary computation printouts for July 20, 1982 (3-month
design storm). Concurrent hourly discharge data collected during
the 2000 water year at the Waltham and Watertown Dam stations
were related (fig. 7) by two non-linear power functions:

Owatertown Dam = 6-8097QWaltham0'7334, (D)

when discharge is at or below 450 ft3/s at Waltham;

Owatertown Dam = 3.6605 QWaltham0'8341, ()

when discharge is above 450 ft3/s at Waltham;

where
OWatertownDam 18 the discharge at Watertown Dam in
cubic feet per second, and
Owaltham 1s the discharge at Waltham in cubic
feet per second.
The difference between the discharge computed from the
equations and the observed discharge had a root mean square
error (RMSE) of 24 ft3/s for hourly values and 16 ft3/s for daily
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Figure 7. Relation of hourly discharge of Charles River at Waltham (01104500) to
Charles River at Watertown Dam (01104615), Massachusetts, 2000 water year.

values. Discharge equations (1 and 2) reflect
the total drainage area to the Watertown gage.
Part of the drainage area, 23.6 miz, usually
does not contribute to the Waltham and
Watertown streamgaging stations because
discharge from it is usually diverted into

the Cambridge water-supply reservoirs.
However, during the 2000 water year, runoff
from this drainage area was not diverted from
the watershed because of construction in the
Cambridge reservoir system.

Single-Family Land-Use
Station—01104630

Runoff from a single-family land-use
area was measured in the headwaters of
Laundry Brook Subbasin at Newton Center.
Stage was measured at 2-minute intervals by a
submersible pressure transducer mounted near
the bottom of a brick-lined 5.5-ft diameter
pipe about 0.2 ft upstream from where it dis-
charges into an open rectangular mortared
field-stone channel. A shallow, 3.32-ft long
v-notch weir was used at this site for a low-
water control. The bottom of the v-notch was
0.29 ft above the bottom of the pipe, and the
top of the weir was 0.66 ft above the bottom of
the pipe.

The stage-discharge relation was devel-
oped from eight discharge measurements and
continuous velocity measurements made with
an electromagnetic sensor over a period of 22
days. Combined, these data provide a good
stage-discharge relation between 0.14 and
13 ft3/s. Above 13 ft3/s (0.53 ft), Manning’s
equation was used to develop a theoretical
rating from measured channel slopes and
roughness coefficients estimated from field
observations and the literature. The roughness
coefficient was adjusted slightly until the the-
oretical rating matched the highest measured
discharges. An iron security gate at the pipe
exit, which is prone to blockage by debris, has
an unknown effect on the hydraulics of the
channel at high discharges.

The computed 2-minute discharges
ranged from 0 to 428 ft3/s. For discharges
below 13 ft3/s, discharge is considered good
except for a short period of missing record
from August 14 through 23, 2000. The
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accuracy of the discharge above 13 ft3/s is unknown
because the theoretical stage-discharge relation could
not be verified above this discharge. Therefore, the
higher the computed discharge is above the verified
part of the theoretical rating, the greater the uncertainty
of its value. Duration analysis of the 2-minute data
indicates that 13 ft3/s is exceeded 0.31 percent of the
time, 50 ft3/s is exceeded about 0.02 percent of the
time, and 100 ft3/s is exceeded less than 0.01 percent of
the time; however, flows greater than 13 ft3/s represent
about 25 percent of the measured runoff volume.

At least one high-intensity storm, on July 18,
2000 (maximum rainfall exceeded 0.5 in. in a 15-
minute interval measured at several rain gages),
appears to have generated full-pipe flow (pressurized
flow). Full-pipe flow may have been caused by sur-
charging or backwater due to debris on the security
grate. Debris was found lodged in the transducer
mountings at the top of the pipe after the storm. The
stage-discharge rating does not account for pressurized
flow or backwater; thus, the peak discharge computed
for this storm could be overestimated.

Laundry Brook
Station—01104640

Laundry Brook streamflow was measured near
the confluence with the lower Charles River. Stage was
measured at 2-minute intervals by an ultrasonic trans-
ducer mounted in the roof of a 7-ft-high by 10-ft-wide
concrete-box culvert about 50 ft upstream of the culvert
outlet. The culvert discharges into an open channel
about 50 ft from its confluence with the lower Charles
River. A shallow v-notch weir about 4 ft downstream of
the transducer was used for a low-water control. The
bottom of the v-notch was 0.2 ft above the bottom of
the culvert. The top of the weir was 1.0 ft above the
bottom of the culvert.

A theoretical rating was developed by use of the
HEC-RAS steady-state hydraulics model for open
channels (Brunner, 2001). The friction slope was
assumed to be equal to the culvert slope. Fifteen chan-
nel cross sections, positioned from 60 ft downstream of
the v-notch weir to about 100 ft upstream of the weir,
were used to describe the conduit geometry. Cross sec-
tions were spaced closely near the weir and near the
stage sensor. A roughness coefficient of 0.011 was used
for the sides of the culvert and 0.013 was used for the
bottom of the culvert.

Water-surface elevations were computed at each
cross section for discharges of 1, 5, 10, 50, 100, 200,
400, 500, and 600 ft3/s. At the cross section that corre-
sponds to the transducer location, the computed Froude
number changes from 0.52 at 200 ft3/s to 1.98 at
400 ft3/s, which indicates a transition from critical to
supercritical flow. Stage-discharge relations between
200 and 400 ft3/s are, therefore, unstable. Five dis-
charge measurements were made at this site that ranged
from 0.41 to 75 ft3/s. The hydraulic model rating
agrees with the highest measured discharge (76 ft3/s) to
within 1 percent and generally agrees with the mea-
sured stage-discharge values at low flows. However,
measured stage-discharge values were used solely for
developing the rating below 20 ft3/s.

Discharge records began October 28, 1999, and
are considered good. The computed discharge ranged
from 0.10 to 216 ft3/s and likely was not high enough
to become supercritical flow. Discharge at the station
can be affected by the regulation of Bulloughs Pond,
which at times is partially drained by the City of
Newton in anticipation of large storms.

Faneuil Brook
Station—01104660

Faneuil Brook streamflow was measured at
Brighton about 0.3 mi upstream from its confluence
with the lower Charles River; the drainage area to this
point composes about 80 percent of the total Faneuil
Brook drainage area. Stage and velocity were measured
at 2-minute intervals by a submersible pressure trans-
ducer and electromagnetic-velocity sensor, respec-
tively. Sensors were mounted near the bottom of a 9-ft-
diameter concrete pipe. Discharge was computed
directly from stage and velocity measurements; the
data logger converted the stage to an area and adjusted
the point velocity taken near the bottom of the pipe to a
theoretical average velocity for a given stage. The com-
puted discharge during base-flow periods (generally
about 1 ft3/s or less) was erratic because of insufficient
water depth over the velocity sensor. During base
flow, a stage-discharge relation was developed from
velocity-stage readings and from three cross-sectional
discharge measurements.

Suspect velocity measurements were observed
during some storms, particularly during the recession,
as indicated by an inconsistency in discharge values
obtained by a stage-dischargeS relation and the veloc-
ity measurements. For example, the area-velocity
discharge was consistent with the discharge computed
from a stage-discharge relation during the first part of a
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storm on December 6, 1999 (fig. 8), but during the later part
of the storm the area-velocity discharge quickly dropped
while the computed stage discharge oscillated and recessed
over about a 10-hour period. Fouling of the velocity sensor
by debris carried during storms is believed to cause this
problem. Site visits during non-storm periods indicate the
presence of trash in the conduit, such as plastic bags, that
could easily foul the transducer. For this reason, the stage-
velocity discharge measurements were compared against the
computed discharge made from the stage-discharge relation.

The computed discharge ranged from 0.33 to

179 ft3/s. Discharge records generally are considered good
except for occasional erratic readings and two short periods
of missing record (October 19-27, 1999, and April 28—-May
1, 2000). To the extent possible, erratic readings were edited
so that they were consistent with neighboring readings.
During several storms, the discharge computed from the
stage-velocity reading appear inconsistent with the dis-
charge obtained from the stage-discharge relation. This
inconsistency may be a result of debris fouling the velocity
sensor. For example, a plastic bag caught on the velocity
sensor could disrupt or weaken the penetration of magnetic
field in the column and cause an erroneously low velocity
measurement. During periods when the velocity sensor
appeared fouled, the stage-discharge rating was used to

compute discharge.
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Figure 8. December 6-8, 1999, storm hydrographs at Faneuil Brook streamgaging
station (01104660), lower Charles River Watershed, Massachusetts, determined by
three methods (4) area-velocity measurements, (B) stage-discharge relation, and

(C) simulated by the StormWater Management Model (SWMM).

Multifamily Land-Use
Station—01104673

Runoff from a multifamily land-use area
was measured at 2-minute intervals in a bricklined
2.8-ft-high oval storm drain on Broadway in
Cambridge by a submersible pressure transducer
mounted near the floor of the pipe. Manning’s
equation was used solely to develop the stage-
discharge relation. The data from the stage-
velocity sensor installed at this site for 56 days was
erratic and could not be used. Slope was deter-
mined from invert elevations supplied by the City
of Cambridge drainage network digital data layer.
A roughness coefficient of 0.015 was used, which
was similar to the roughness coefficient obtained
when Manning’s equation was applied to other
brick-lined pipes in the study area.

The computed discharge ranged from O to
26 ft3/s since the station became operational in
November 23, 1999. The stage-discharge rating
could not be verified, thus, discharge records are
of unknown quality. Data are missing between
February 3 and March 22, 2000. Erratic discharge
was observed during storms at the beginning of
April 2000; discharge would increase in response
to rainfall then drop suddenly to zero. This dis-
charge pattern would be repeated over the course
of the storm several times for no apparent reason;
the data are suspect during these periods.

Commercial Land-Use
Station—01104677

Runoff from a commercial land-use area
was measured at 2-minute intervals in a 3.0-ft-
diameter concrete storm drain on Mt. Auburn
Street in Cambridge by a submersible pressure
transducer mounted near the bottom of the pipe.
A water stage and velocity sensor temporarily
installed in the storm drain for a 2-day period pro-
vided discharge data between 0.1 and 6 ft3/s. These
data provided a good stage-discharge relation
below a 1.0-ft stage. A theoretical rating was
developed for stages above 1.0 ft from Manning’s
equation. Slope was determined from invert
elevations supplied by the City of Cambridge
digital coverage of the drainage network. A
roughness coefficient of 0.019 was determined by
slightly adjusting the literature value for a smooth
concrete pipe until the theoretical rating matched
the highest measured discharges.
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Computed discharges ranged between 0 and
25 ft3/s since the station began operation in January 20,
2000. Stage measurements during the first 2 months of
operation were noisy, but appeared to respond to storm
precipitation. Discharge records are considered good
below 6 ft3/s, but above this discharge the accuracy of
the theoretical rating is unknown. Hence, the larger the
computed discharge is above the verified part of the
theoretical rating (6 ft3/s), the greater the uncertainty of
its value. Duration analysis of the 2-minute data indi-
cated that 6 ft3/s was exceeded 0.42 percent of the time,
which represented about 10 percent of the measured
runoff volume; 10 ft3/s was exceeded 0.02 percent of
the time; and 20 ft3/s was exceeded less than 0.004 per-
cent of the time. Discharge records are missing from
April 3 through 19, 2000.

Muddy River
Station—01104683

Muddy River streamflow was measured at
Brookline about 2.1 mi upstream from its confluence
with the lower Charles River; the drainage area to this
point composes about 91 percent of the total Muddy
River drainage area. Stage was measured at 15-minute
intervals by a bubble-gage transducer in an open chan-
nel. Muddy River is a low-gradient stream with heavily
vegetated banks. Variable backwater can result from
debris in and along the channel, and from blockage of a
trash grate 0.6 mi downstream of the gage, where the

channel enters a culverted section for 400-500 ft prior
to its discharge point at the Charles River. In addition to
backwater from these factors, stage at the gage is
affected highly by the water level in the lower Charles
River, which is regulated daily to maintain desired sea-
sonal water levels. The relation between the stage at the
Muddy River gage and the stage of the lower Charles
River over a 3-day period is shown in figure 9. The
figure also illustrates how water levels in the lower
Charles River are dropped during low tide and how reg-
ulation prevents high tide from raising water levels in
the lower Charles River. In addition, large pumps are
used during some storms to maintain water levels in the
lower Charles River even when the tidal cycle is high.
As a result of these variable backwater conditions, dis-
charge estimates for the Muddy River Subbasin are
poor (more than 20-percent measurement error) and
have a high degree of uncertainty.

A rating was developed for the Muddy River
gage from 11 discharge measurements that ranged from
1.8 to 230 ft3/s. The stage for each discharge
measurement was adjusted to an estimated stage if the
water levels in the lower Charles River were at the
average low-water level. For example, if the stage
during the discharge measurement was at 8.8 ft, and the
water level in the lower Charles River was 0.4 ft above
its average low-water level, a correction of -0.4 ft was
applied to the measurement stage. The adjusted stage
had less scatter around the best-fit, stage-discharge
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Figure 9. Relation of stage at the Muddy River streamgaging station to water levels in the lower Charles River and Boston Harbor, Massachusetts.
(Stage is based on the reference to the Metropolitan District Commission datum.)
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relation line than did the unadjusted stage; however, the
scatter still is higher than acceptable for standard rating
development. By use of the same technique, the
measured storm stage was adjusted to minimize the
effects of the backwater from the regulation of the
lower Charles River.

Stony Brook
Station—01104687

Stony Brook streamflow was measured at
Jamaica Plain about 2.4 mi upstream from its conflu-
ence with the lower Charles River; the drainage area
to this point composes about 90 percent of the Stony
Brook drainage area. A submersible pressure trans-
ducer mounted along the bottom arch of a 17-ft-high
brick-lined, horseshoe-shaped conduit recorded stage
at 15-minute intervals. An inverted siphon about a
mile downstream of the gage probably controls flow
during high water. However, conduit geometry and
slope control flow rates at lower flows. Iron grates pro-
trude about 4 to 5 in. at the bottom of the conduit near
the gage that likely affect the Manning’s roughness
coefficient. A small debris pile was noted above the
gage that probably formed on one of the protruding
grates, but, because of inaccessibility, the extent of sim-
ilar obstructions downstream of the gage are unknown.

A rating was developed on the basis of
Manning’s equation from surveyed geometry, one
cross-sectional discharge measurement made in the
conduit, and seven single-point velocity measurements.
The single-point velocity measurements were made by
lowering a current meter through the manhole (dis-
charge ranged from 7 to 300 ft3/s). During storm flows,
conditions are extremely hazardous and access is pro-
hibitive. High velocities in the conduit limit a conven-
tional point-velocity-current-meter measurement above
a 2-ft stage. Slope was determined from water-surface
elevations surveyed over a distance of 156 ft (the maxi-
mum distance that could be obtained by survey crews
tethered to safety lines). A roughness coefficient of
0.019 was estimated by fitting the measured velocities
to the computed velocities from Manning’s equation.

Computed discharge ranged from 0.49 to
856 ft3/s since the site became operational at the begin-
ning of April 2000. A short period of record is missing
from April 20 through 24, 2000. Discharge records are
considered good from 6.0 to 270 ft3/s where discharge
measurements confirmed the Manning rating. The
accuracy of the rating above 270 ft3/s is uncertain
because the inverted siphon could affect the rating;

however, discharges exceeded 270 ft3/s only 0.39 per-
cent of the time; these discharges represent about 12
percent of the total measured volume.

Data Management

Stage and computed discharge values for the five
tributary gaging station subbasins (Charles River at
Watertown—01104615, Laundry Brook—01104640,
Faneuil Brook—01104660, Muddy River—01104683,
and Stony Brook—01104687), and precipitation data
from the USGS-CR3, were telemetered and automati-
cally downloaded to ASCII files on a computer at the
USGS office in Northborough, Massachusetts. The
computed discharges downloaded from the data log-
gers were based on early stage-discharge relations,
except at Faneuil Brook, which computed discharge
from measurements of stage-area and velocity. The
preliminary computed discharge from the data loggers
was for display of near-real-time data over the Internet
only; final computed discharge values were used for
model calibration and model-fit statistics. At the three
land-use subbasins, data were transferred from on-site
data loggers to field computers periodically during site
visits. Data from the field computers were downloaded
to a computer at the USGS office in Northborough.

The raw ASCII files were checked for erroneous
data, corrected, and then processed with the use of a
computer program, Device Conversion and Delivery
System (DECODEYS), for entry into the USGS
Automated Data-Processing System (ADAPS). Only
stage data were entered into ADAPS for each site,
except for Faneuil Brook, which also included the com-
puted area-velocity discharge measurement. ADAPS
provides permanent storage of the data in the USGS
National Water Information System (NWIS). The
ADAPS system converted stage measurements into dis-
charge from a specified stage-discharge relation for the
stations described previously.

The recorded data entered into NWIS had either
a 2-minute or a 15-minute time step. Calibration and
assessment of the SWMM were made with 15-minute
data. The 2-minute time-step was transformed with the
ANNIE Watershed Data Management (WDM) system
(Lumb and others, 1990).
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PRECIPITATION-RUNOFF
MODEL

The precipitation-runoff model, SWMM (Huber
and Dickinson, 1988), was used to simulate runoff in
response to precipitation in the lower Charles River
Watershed because it was not possible to measure dis-
charge at all outfalls to the lower Charles River (fig. 6),
and because stormwater runoff was required for two
design storms that could not be measured directly.
SWMM was chosen for the simulation of runoff
because it was designed for use in highly urbanized
areas, such as the Boston metropolitan area. The model
is a well-documented public domain FORTRAN pro-
gram developed by the USEPA that has been used
extensively in the analysis of urban stormwater runoff.

For this study, a proprietary interface to SWMM,
PCSWMM 2000, developed by Computational
Hydraulics International (CHI), was used for simula-
tion. PCSWMM 2000 is a graphical-user interface to
SWMM and has additional features not available with
the SWMM public-domain software, such as simplified
data management, model development, and stream-
lined model calibration. PCSWMM 2000 can use any
available SWMM engine; SWMM version 4.4 was
used for this study. The SWMM models can be run
independently of the PCSWMM interface with minor
modifications of input files to handle data transfer
between modules.

Modeling runoff to the lower Charles River
required the following steps: (1) collect, compile, and
process needed data, (2) build the model run files,

(3) calibrate the models to selected storm events, and
(4) calculate model-fit statistics for all storms. Because
streamflow data were collected at multiple unrelated
drainage systems, separate models were developed for
separate subbasins.

Functional Description of
SWMM

SWMM is divided into modules that simulate
many aspects of urban runoff quantity and quality;
however, only the simulation of runoff quantity was
used in the study presented here. Simulation modules
used in this study include RAIN, COMBINE,
RUNOFF, TRANSPORT, and EXTend TRANSsport
(EXTRAN). The RAIN module is for “service” to the
RUNOFF module; the COMBINE module “services”

any of the other modules; RUNOFF, TRANSPORT,
and EXTRAN are the primary computational modules
for runoff and flow routing. User manuals by Huber
and Dickinson (1988) and James and others (1999a;
1999b) provide comprehensive documentation of these
modules.

The RAIN module formats precipitation data
from 1 to 10 gages into a single binary file for input to
the RUNOFF module. The RAIN module also option-
ally provides statistical summaries of precipitation
characteristics and antecedent conditions (Woodward-
Clyde Consultants, 1989). Typically, the RAIN module
is used for continuous simulations so that the time-
series data can be called by the RUNOFF module.

The COMBINE module allows multiple inter-
face files (filename.int) generated by the process mod-
ules to be aggregated or combined. For example, large,
complex drainage systems may be partitioned for simu-
lation into smaller segments and later combined.

The RUNOFF module is one of the primary
process modules of SWMM, and is used to simulate
runoff from pervious and impervious areas. Runoff is
generated from rainfall, snowmelt, or both, and can
be simulated in either a continuous or single-event
mode. Runoff from impervious areas is generated
once impervious-area interception storage is satisfied.
Runoff from pervious areas is generated once pervious-
area interception storage is satisfied and after precipita-
tion exceeds infiltration simulated by either the Green-
Ampt or the Horton method. Infiltrated water from per-
vious areas is routed to inlets only when the ground-
water subcatchment information is provided; other-
wise, infiltrated water is included in the model hydro-
logic mass balance but is not routed from the
subcatchment.

One or more subcatchments can be specified in
the RUNOFF module to simulate a watershed. Sub-
catchments are simulated as idealized rectangular sub-
catchments with a defined width and area. The width of
the subcatchment affects the time required for precipi-
tation to reach the outflow from the subcatchment; as
width increases, the time required to reach the outflow
decreases and conversely, as the width decreases the
time it takes for precipitation to reach the outflow
increases. Surface runoff and subsurface discharge
from subcatchments also are affected by the percent
effective impervious area and soil variables of a
subcatchment.
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Runoff from a subcatchment is directed to a node
or “manhole” in the RUNOFF module. Nodes can be
linked together with conduits to form a network of
channels or pipes in the RUNOFF, TRANSPORT or
EXTRAN modules. Flow routing in the RUNOFF
module is primitive compared to that available in the
TRANSPORT or EXTRAN modules. For this reason,
flow routing usually is done outside of the RUNOFF
module.

Flow routing in the TRANSPORT module can
be performed for a number of predefined conduit
shapes or by a user-defined-conduit shape. The kine-
matic wave equations (continuity and uniform-flow
equations) route flow through the conduit system, but
neglect backwater effects. Unique node identification
numbers used in the RUNOFF module provide the
linkage to the shared node identification numbers used
in the routing modules. Nodes can represent manholes
(simple nodes), lift stations, flow dividers, storage
units, or backwater elements that can flow to other
nodes or to conduit elements (links). The assemblage
of nodes and links forms the drainage network of a
watershed. Model output can be specified at any node

in the drainage system used to represent the watershed.

Complex drainage systems and drainage systems
subject to surcharge, pressure flow, and backwater
effects can be simulated with the EXTRAN module.
EXTRAN is an extended version of the TRANSPORT
module that solves the complete dynamic-flow
equations (continuity and momentum equations), also
known as the St. Venant equations. The assemblage of
nodes and links described in the EXTRAN is similar to
that in the TRANSPORT module; however, additional
elevation information is required to solve the momen-
tum equations. The TRANSPORT module was used to
describe storage components in a drainage system such
as ponds and detention basins by a volume-discharge
relation.

PCSWMM run files (filename.dat) are linked to
related data files by data-aware objects. For example,
the RUNOFF modules in the lower Charles River
models all are linked to the binary precipitation data
file (Rain.int) created by the RAIN module. Overland
runoff computed by the RUNOFF module is written to
a single binary file (filename.int) for all subcatchments.

TRANSPORT or EXTRAN modules are linked as a
related object to the binary file to route subcatchment
runoff to nodes in the drainage network. Executive
command lines for each module run file can be
substituted for the data-object linkage provided in
PCSWMM to run the modules in SWMM without the
PCSWMM interface.

Model Development

Separate models were prepared for the three
land-use subbasins, two tributary subbasins (Laundry
Brook and Faneuil Brook), and for the remaining
ungaged drainage areas not included in a tributary sub-
basin model. Ungaged subcatchments that discharge
downstream of a gaged tributary subbasin were
included in the tributary subbasin models. An existing
SWMM model for the Muddy River—Stony Brook
Subbasins supplied by Metcalf and Eddy, Inc., was
used “as is” (without modification) except for substitut-
ing hyetographs and evaporation data for the conditions
under investigation. This report only describes the
models developed by the USGS. Documentation of
the Muddy River-Stony Brook SWMM models can
be found in unpublished reports described in the
“Previous Investigations” section.

Four separate models are needed to simulate
runoff to the lower Charles River: (1) the Laundry
Brook model, (2) the Faneuil Brook model, (3) the
Muddy River-Stony Brook model, and (4) the ungaged
area model. The Laundry Brook model and the
ungaged area model include the land-use subbasin
models that were calibrated independently; the
Laundry Brook Subbasin includes the single-family
residential land-use model and the ungaged-area model
includes the multifamily and commercial land-use
models. The ungaged area model represents about a
third of the lower Charles River Watershed. The spatial
coverage of the models is shown in figure 10 and
detailed schematics of the model elements used in the
models developed by the USGS are provided in
appendix 1.
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Figure 10. Areas of the StormWater Management Models (SWMM) developed for the lower Charles River Watershed, Massachusetts.
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The model developed for the Muddy River and
Stony Brook Subbasins differs from the models pre-
pared for the other drainage areas. The Muddy River-
Stony Brook model was prepared primarily to simulate
CSOs and to aid in the engineering of infrastructure to
minimize or eliminate these overflows. For this reason,
the EXTRAN module was used to produce a detailed
representation of the drainage system for the Muddy
River-Stony Brook model, which requires simulations
to run at a 5-second time-step for numerical stability.
This model also required a modified SWMM engine
developed by Metcalf and Eddy, Inc.

The models developed by the USGS did not
require the same level of detail because these models
were designed primarily to simulate stormwater vol-
umes for calculating constituent loads. Thus, the
TRANSPORT module was sufficient to provide storm-
flow routing through the drainage network in these
models. Peak discharge, however, could be overesti-
mated if surcharging or backwater conditions are
present. All models of the lower Charles River tributar-
ies developed by the USGS were run at a 15-minute
time step.

Data

Development of a precipitation-runoff model
requires spatial data to characterize the physical
aspects of the watershed. Input time-series data of
precipitation and evapotranspiration are necessary to
run the model. Discharge time-series data previously
described are needed to calibrate the model and
evaluate model fit.

Spatial Data

Spatial data were obtained to delineate subcatch-
ments boundaries and outfall locations from soils,
topography, and land-use data. These data were
obtained from a variety of sources including local
municipalities, consulting firms, the Massachusetts
Geographic Information System (MassGIS) office of
the Massachusetts Executive Office of Environmental
Affairs, and the Natural Resource Conservation Service
(NRCS). All spatial information was entered into
Arclnfo as digital data layers.

Subcatchment boundaries were determined from
the drainage network coverage that was developed
from Computer Aided Design (CAD) engineering
drawings at the 1 in.= 100-ft or 1 in.= 400-ft scale.
Outfalls to the lower Charles River were identified
from the storm-drain network. The CAD-attribute

information typically included average pipe slopes,
diameters, and lengths. CAD data were obtained from
local municipalities and their consultants.

Topographic and land-use data were obtained
from MassGIS. Digital Terrain Model (DTM) 1:5,000-
scale data were converted to grids using ArcInfo GRID.
GRID was used to calculate an average subcatchment
slope. Land-use data were classified into 37 possible
categories from interpretation of 1:25,000-scale 1991
aerial photos (MassGIS, 2001). Land use was simpli-
fied into 21 categories to calculate initial effective
impervious values and to select the land-use subbasin
sites.

Soils data were obtained from the NRCS
1:25,000-scale digital SSURGO (Soils Survey
Geographic) data for Norfolk and Suffolk Counties.
SSURGO data were unavailable for Middlesex County,
which had to be manually digitized from 1: 25,000-
scale county soil-survey maps. Soil units were classi-
fied by hydrologic soil groups and by soil texture.

Time-Series Data

Precipitation data were collected by tipping-
bucket instrumentation at six gages (table 2, fig. 1) for
the 2000 water year (October 1, 1999, through Septem-
ber 30, 2000). The USGS established one precipitation
gage (USGS-CR3) for this study at Watertown Dam
(fig. 1). The other five precipitation gages (CWD-PP1,
CDPW-HS2, BWSC-CS4, MWRA-WSS5, and BWSC-
WS) were established previously and are operated by
others listed in table 2. Data recorded at 5-minute time
steps were transformed to 15-minute time-steps to
develop input time-series data sets for the RUNOFF
modules.

The USGS-CR3 gage did not begin operation
until November 3, 1999. Rainfall was estimated at this
site from October 1 to November 3, 1999, by averaging
rainfall from gages BWSC-CS4, MWRA-WS5, and
BWSC-WS6. The CDPW-HS?2 gage was not operated
from November 12, 1999, to March 15, 2000. During
this period, precipitation data recorded at the BWSC-
CS4 was substituted for precipitation data at CDPW-
HS2 so that the assignment of precipitation gages to
subcatchments in the RUNOFF module did not have to
be varied at different times of the year.

The data from precipitation gages were format-
ted and read into the RAIN module of SWMM. The
SWMM RAIN module provided information on the
start hour, duration, volume, average intensity, and
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Table 2. Precipitation gages in and near the lower Charles River Watershed, Massachusetts

[Locations shown in figure 1. Latitude and longitude: In °, degrees; ', minutes; and ", seconds]

Station name Agency and location Laziflf,de Lonog/it:lde Heated
CWD-PP1 Cambridge Water Department, Payson Park Reservoir 422259 71 10 06 yes
CDPW-HS2 Cambridge Department of Public Works, Hampshire Street 422217 7105 51 no
USGS-CR3 U.S. Geological Survey, Watertown Dam 4221 54 711126 yes
BWSC-CS4 Boston Water and Sewer Commission, Cambridge Street 42 21 08 71 08 30 yes
MWRA-WS5 Massachusetts Water Resources Authority, Ward Street 4220 09 7105 46 yes
BWSC-WS6 Boston Water and Sewer Commission, Washington Street 421712 7107 42 yes

maximum intensity of each storm. In addition, the
RAIN module reformats the data into a binary file
read by the RUNOFF module.

Daily potential evapotranspiration (PET) for the
2000 water year was calculated by the Hamon method
(Hamon, 1961) with the use of METCMP (Lumb and
Kittle, 1995). The Hamon method was chosen because
SWMM requires only a total monthly PET, and data
required to compute PET by the Hamon method could
be obtained readily over the Internet. Minimum and
maximum daily air temperatures reported at Logan
Airport in Boston were obtained from the Northeast
Climate Center at Cornell University. A monthly vari-
able coefficient (CTS) was assigned a constant value of
0.0055, as suggested by Hamon (1961). Total PET for
the 2000 water year was 26.19 in. and ranged from a
monthly low of 0.46 in. in January 2000 to a high of
4.75 in. in July 2000.

Representation of
Overland Runoff

Drainage subbasins to each of the outfalls
mapped in figure 6 were represented by one or more
subcatchments in the RUNOFF module (appendix 1).
Subcatchment boundaries were determined from the
storm-drain maps and topography (appendix 1).
Many outfalls were represented by a single subcatch-
ment, others with large drainage areas had multiple
subcatchments; the Faneuil Brook Subbasin model
was represented by 19 subcatchments, the Laundry
Brook Subbasin model was represented by 17 sub-
catchments, and the ungaged area model was repre-
sented by 90 subcatchments. Individual outfalls from
the ungaged areas were represented by as many as five
subcatchments, but most outfalls were represented by

only one or two subcatchments. Each of the land-use
subbasin models was represented by a single subcatch-
ment.

Each subcatchment is assigned a 6-digit number
in the RUNOFF module that identifies the subbasin,
town, and outfall number that the subcatchment drains
to in the lower Charles River. The first digit of the sub-
catchment number identifies the major subbasin
(table 3), the second digit identifies the municipality,
the third and fourth digits are sequential numbers for
subcatchments within the same subbasin and town, and
the fifth and sixth digits identify the outfall number that
the subcatchment drains to in the lower Charles River
(fig. 6). Seventeen subcatchments have no known outlet
point and were assigned 00 in the outlet identification
field and sequentially numbered starting from 01 in the
subbasin identification field.

Assignment of Subcatchments to
Precipitation Gages

Each subcatchment was assigned to a single pre-
cipitation gage. Assignments were made by intersect-
ing Thiessen polygons of the gage network and the
subcatchment coverage (fig. 10). If more than one rain
gage was identified from the intersection of the two
coverages, the rain gage with the largest area from the
Thiessen polygon coverage was used. The CWD-PP1
rain gage (fig.1) initially was used and later omitted
from model simulations because (1) there were various
periods of missing record, (2) the data had to be disag-
gregated from an hourly time step to a 15-minute time
step, and (3) only three ungaged subcatchments were
assigned to this gage from the intersection with the
original Thiessen polygon. The three subcatchments
initially assigned to CWD-PP1 were reassigned the
USGS-CR3 gage, which was the next closest gage to
these drainage areas. Although the CWD-PP1 gage was
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Table 3. First and second digit numbers of the six-digit subcatchment
model number used to identify subbasins and municipalities in the lower
Charles River Watershed, Massachusetts

First digit of the Second digit of the

subcatchment number subcatchment number
Identifier Subbasin name Identifier Municipality

1 Laundry Brook 1 Newton

2 Muddy River 2 Watertown
3 Faneuil Brook 3 Boston

4 Hyde Brook 4 Brookline
5 Stony Brook 5 Cambridge
6 Single family

7 Multifamily

8 Commercial

9 Unnamed

not used in the final model, it was left in the binary pre-
cipitation file (rain.int) because its sequential number
indicates the time when the precipitation time-series
data were entered into the binary file. Thus, eliminating
the CWD-PP1 gage from the rain.int file would have
required renumbering the rain-gage assignment of all
subcatchments.

Subcatchment Parameterization

Model development requires initial variable
values that are measured to the extent possible, but
often are modified during the model calibration. The
variables that define subcatchment characteristics in
the RUNOFF module, and statements of how initial
variable values were determined and whether they were
modified during the model calibration are given in
table 4.

Subcatchment Width, Slope, Storage, and
Roughness: Subcatchment width initially was calcu-
lated as the average distance between the subcatchment
boundaries perpendicular to its drainage channel; how-
ever, the widths were calibrated to obtain the best fit
between the simulated and observed storm-peak
discharge and time of peak. Subcatchment widths
varied from 380 to 4,300 ft, and generally were larger
in developed subcatchments than undeveloped
subcatchments. The subcatchment slope was calculated
from a 1:5,000-scale digital-elevation grid. Slopes

Table 4. StormWater Management Model (SWMM) RUNOFF module
subcatchment variables and method used to obtain their initial values in
the models of the lower Charles River Watershed, Massachuscetts

[GIS indicates that a geographic information system was used to measure
values electronically from various data layers; minor, the value was adjused
only slightly during the model calibration. ft, foot; ft/ft, feet per foot;

in., inches; in/hr, inches per hour]

Variable Variable description Initial value Cali-
brated

WIDTH Width of overland GIS Yes
flow plain (ft)

AREA Area of subcatch- GIS No
ment (acres)

90IMP Percent impervious  Rainfall- Yes
area Runoff

relation

SLP Ground slope (ft/ft)  GIS No

IMPN Impervious area Literature ~ Minor
Manning’s
roughness

PERVN Pervious area Literature =~ Minor
Manning’s
roughness

IDS Impervious area Literature =~ Minor
depression storage
(in.)

PDS Pervious area Literature  Yes
depression storage
(in.)

Soil properties—Green-Ampt infiltration method

SUCT................ Average capillary Literature ~ Yes
suction (in.)

HYCON........... Saturated hydraulic ~ Literature  Yes
conductivity
(in/hr)

SMDMAX ........ Initial soil moisture  Literature  Yes

deficit (unitless
fraction: volume
air/volume voids)

ranged from 0 to 0.165 ft/ft. Interception storage on
pervious surfaces ranged between 0.30 and 0.50 in.
Roughness of the pervious surface varied by land use
and ranged between 0.30 and 0.40, and was highest in
open and forest areas.

Effective Impervious Area: Effective impervi-
ous area is the most sensitive of all model variables
because the runoff from impervious surfaces, such as
roads and rooftops, that drains directly to the drainage
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network has little opportunity for infiltration. There-
fore, runoff from effective impervious area is directly
proportional to rainfall minus interception and depres-
sion storage. Initial estimates of effective impervious
area were assigned by land use from values of effective
impervious area obtained from SWMM applications
developed for the Neponset River Watershed and for
Haverhill, Massachusetts (Mark Voorhees, U.S.
Environmental Protection Agency, written commun.,
1999), and are summarized in table 5. The effective
impervious area was refined for subbasins in the lower
Charles River Watershed with measured discharge by
plotting the relation between rainfall and runoff in
inches for small storms (rainfall volumes less than

0.5 in.) between May and September with dry anteced-
ent conditions (fig. 11). The slope of the rainfall-runoff
line indicates the fraction of effective impervious area
in a basin (Jennings and Doyle, 1978). The intercept of
the rainfall-runoff relation indicates the amount of rain
required to produce runoff, which is a measure of the
interception storage on effective impervious areas. A
surface roughness coefficient of 0.02 was assigned to
all impervious surfaces in the models.

Rainfall-runoff relations for the single-family
land-use site indicated an effective impervious area of
18 percent (fig. 11A). The effective impervious area
obtained from the calibrated model for this site, which
appears to be better represented by rainfall-runoff

Table 5. Estimated percent effective impervious area applied to the
StormWater Management Models (SWMM) of the lower Charles River
Watershed, Masachusetts

[Neponset: Transferred from Neponset River and Haverhill SWMM for
similar land uses. Rainfall-runoff: Calculated from rainfall-runoff plots for
small summer storms. Calibrated: Final value after model calibration.

--, value not available]

Percent effective impervious

Site Neponset Rainfall- Cali-
p runoff brated

Land-use subbasins

Single family 33 18 17
Multifamily .......... 76 63 73
Commercial..........c.c....... 56 86 86
Tributary subbasins
Laundry Brook................ 23 6 11
Faneuil Brook.................. 36 8 14
Muddy River-................... 30 -- 42
Stony Brook .................... 28 6 19

values for storms less than 0.2 in., was similar (17.4
percent). The effective impervious area in this subbasin
is about half that determined for single-family residen-
tial land use used in the Neponset River Basin. The
depression storage for effective impervious areas indi-
cated by the rainfall-runoff intercept (0.013 in.) is
considerably less than the calibrated value (0.09 in.).

Rainfall-runoff relations for the multifamily
land-use subbasin indicated an effective impervious
area of 63 percent (fig. 11B). The calibrated effective
impervious area (73 percent) was greater than that
indicated by the slope of the rainfall-runoff line, but
the calibrated effective impervious area is within 4 per-
cent of the value obtained for similar land use in the
Neponset River Basin. The depression storage for
effective impervious areas indicated by the rainfall-
runoff intercept (0.03 in.) did not change in the
calibrated model.

Rainfall-runoff relations for the commercial
land-use subbasin indicated an effective impervious
area of 86 percent (fig. 11C). The rainfall-runoff plot
was developed from selected low-intensity storms with
rainfall-runoff coefficients less than 1.0. Possible
causes for rainfall-runoff coefficients greater than 1.0
are explained later in the section “Model Fit.” The cali-
brated effective impervious area is the same as the
slope of the rainfall-runoff line, but is about 54 percent
larger than the effective impervious area for similar
land use in the Neponset River Basin. The depression
storage for effective impervious areas indicated by the
rainfall-runoff intercept (0.03 in.) did not change in
the calibrated model.

Rainfall-runoff relations for the Laundry Brook
Subbasin indicated an effective impervious area of 6
percent (fig. 11D). The wide scatter in rainfall-runoff
values likely is caused by variations in storage at
Bulloughs Pond. The calibrated effective impervious
area (11 percent) is about 80 percent higher than the
slope of the rainfall-runoff line. The effective impervi-
ous area weighted by land-use type transferred from
values used in the Neponset and Haverhill models indi-
cated an effective impervious area of 23 percent, or
about twice as large the calibrated effective impervious
area for this subbasin. The depression storage for effec-
tive impervious area, indicated by the rainfall-runoff
intercept (0.025 in.), was considerably less than the
calibrated storage, which averaged 0.072 in. over the
subbasin.

Precipitation-Runoff Model 25



010 A. Single-Family Land-use Subbasin 4 B. Multifamily Land-use Subbasin
. T T T T T T T T ] ] T | ] | ] | ]
L o | m
0.08 |
| 03 o
- 18-percent slope o
o i 63-percent slope ]
0.06 70 T \ ///
i s 1 o02F 8 ]
<> // //
| // i o 7
0.04 o - i P |
| et _ P
/// 0.1 //'/ O 1
0.02 | /<>/ . % o
_ <>/</>é | <>//<>
0 L 0T I . L L L 0Loso® 0 <|> . ! . I . ! .
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
C. Commercial Land-use Subbasin D. Laundry Brook Subbasin
0.4 T T T T T T 0.04 Y
— — — <> —
PRy
@ o3 86-percent slope / 7 0031 /5/_
5 n 7 - L 6-percent slope e o -
zZ \ s -
z o~ \ 7
= 02 4 - 0.02 - P N
- Va 7
& | /// | | </>// ¢ ]
o) 4 e O
u 7 - 001 - .
o 0.1 8 e
& 5%
B O/ ] B /0/6 o N
14 6
0 ] © | ] ] ] ] ] 0 |/<> | © I 1 ] | ] | ]
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4 0.5
E. Faneuil Brook Subbasin F. Stony Brook Subbasin
0.04 T T T T T T T T T 0.04 — 1 1 ' 1 T 1T T T 7
o o
// //
0.03- 8-percent slope s -1 0.03[ o 7T
/ 6-percent slope o 7
L ///0 | - \ /// -
// () //
0.02- L - 0.02 o -
7 o A [
A i
I O //(> ] i ///
o L7
0.01 e 4 o001k - ¢ i
<>// (o3 V7
/‘O //
L // o ] - o // 4
// 70
0 Q | L l L | L l L 0 N A | . I . | . L .
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5 0.6

RAINFALL, IN INCHES

Figure 11. Rainfall-runoff relations for small storms from May through September 2000 at gaged subbasins in the lower Charles River
Watershed, Massachusetts.
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Rainfall-runoff relations for the Faneuil Brook
Subbasin indicated an effective impervious area of 8
percent (fig. 11E). The calibrated effective impervious
area (14 percent) is about 75 percent higher than effec-
tive impervious area indicated by the slope of the rain-
fall-runoff line. The effective impervious area weighted
by land-use type, transferred from values used in the
Neponset and Haverhill models, indicated an effective
impervious area of 36 percent, or about 160 percent
larger than the calibrated effective impervious area for
this subbasin. The calibrated depression storage for
effective impervious areas (0.066 in.) was slightly
greater than that indicated by the rainfall-runoff
intercept (0.05 in.).

Rainfall-runoff relations for the Stony Brook
Subbasin (fig. 10F) indicate that the effective impervi-
ous area is 6 percent of the drainage area; this value is
considerably less than the calibrated effective impervi-
ous area (19 percent) and the estimated effective imper-
vious area for similar land uses from the Neponset
River watershed (28 percent). The effective impervious
area in the Muddy River model (42 percent) is some-
what higher than the estimated effective impervious
area for similar land use types from the Neponset River
watershed (30 percent). Although the rainfall-runoff
derived value of the effective impervious area could not
be calculated for the Muddy River Subbasin, the effec-
tive impervious area from the areally weighted model
is high relative to the other tributary subbasins. The
percent impervious values assigned in the Stony
Brook—Muddy River model were not altered for this
study.

Pervious Area Infiltration and Subsurface
Flow: Infiltration on pervious areas was simulated by
the Green-Ampt method. The Green-Ampt equation is
a physically based model of infiltration that requires
values of the soil’s capillary suction (SUCT), saturated
hydraulic conductivity (HYCON), and the initial mois-
ture deficit (SMDMAX). Initial values for these vari-
ables were estimated from the hydrologic soil group
and texture reported for the mapped soils in the
Norfolk, Suffolk, and Middlesex County soil surveys
(U.S. Department of Agriculture, 1995; Peragallo,
1989) and literature values for different soil textures
reported by James and others (1999a). In subcatch-
ments with more than one soil type, areally weighted
averages were calculated.

Values of SUCT ranged from 4.3 to 9.7 in.;
values of SUCT are lowest in sandy soils and highest in
silty soils. Values of HY CON ranged between 0.01 and

0.40 in/h and values of SMDMAX ranged between
0.30 and 0.33 (unitless); values are highest in sandy
soils and lowest in clayey soils.

Infiltrated water is routed to the drainage
network only when ground-water cards (H2, H3, and
H4) are specified in the RUNOFF module. Ground-
water discharge from the saturated zone was treated
as a simple linear reservoir in which water is drained
at a rate defined by the coefficient A1. The coefficient
Al varied from 10" in undeveloped subcatchments
down to 107 in highly developed subcatchments. The
saturated zone was allowed to vary by 10 ft in all sub-
catchments. Some water loss from the saturated zone
was allowed by deep percolation and evapotranspira-
tion. Deep percolation was assigned a rate of 0.004 in/h
for all subcatchments. The potential ground-water
evapotranspiration was assigned a value of 40 percent
of the potential evapotranspiration over a depth of 10 ft
for all subcatchments. The saturated hydraulic conduc-
tivity variable for ground-water discharge was set to the
same value as that for the soil HYCON value. Values
for ground-water variables were consistent for similar
soil and land-use types. Data on ground-water levels
relative to storm-drain elevations during storms were
not available; therefore, the ground-water variable
values were calibrated to the observed hydrograph
recessions. Data required for simulation of head-depen-
dent ground-water discharge to storm drains were not
available.

The saturated hydraulic conductivity for the mul-
tifamily land-use subbasin was set artificially low at
0.01 in/h to account for impervious areas that drain to
pervious areas (non-effective impervious area). Lower-
ing the saturated hydraulic conductivity, in effect,
increases the response of the pervious areas to rainfall
because the model does not simulate the inflow to
pervious areas from non-effective impervious areas.

Representation of the
Drainage Network

The drainage system was represented in the
TRANSPORT module of SWMM. The actual drainage
system (appendix 1) was simplified in the models to
provide sufficient connectivity between subcatchments
and to represent travel time from the headwater sub-
catchments to the outfall. For instance, the Laundry
Brook Subbasin has 85.7 mi of storm drains, but the
modeled drainage system includes only 6.2 mi of storm
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drains that represent the storm-sewer trunk lines. Pipe
lengths and diameters were taken from available
geographic data supplied by the municipalities.

In the TRANSPORT module, links and nodes
must be assigned unique identification numbers. Node
numbers identify junctions or outfalls, and link num-
bers identify conduits. Node numbers at junctions in
the TRANSPORT module were assigned in the
RUNOEFF module (NGTO) for each subcatchment.
Junction node numbers (ranging from 1 to 163) were
assigned in ascending order from upstream to down-
stream in a subbasin and from upstream to downstream
along the Charles Basin. Nodes that represent outfalls
were assigned a 3-digit identification number, where
the last two digits correspond to the outfall number
shown in figure 6. The first digit of the outfall node-
identification number generally begins with a 2, but the
first digit was numbered sequentially for subcatch-
ments that drain by sheet runoff and are identified by a
letter suffix (fig. 6). For example, nodes representing
outfalls 41 (known pipe outfall), 41a, 41b, or 41c (sheet
runoff) were assigned numbers of 241, 341, 441, and
541, respectively. Links (conduits) were assigned the
same identification number as the node that they drain
from plus one thousand. For example, the pipe that
drains from node 55 is numbered 1055.

Drainage Network Parameterization

Initial variable values for the drainage network
were obtained from spatial-coverage attribute values or
from literature values. The TRANSPORT module vari-
ables that describe the drainage system characteristics
(E1 line) are listed in table 6. Only the length of the
conduit system was changed appreciably during model
calibration to match the simulated to the observed time
of peak. Other drainage network variable values (in the
RUNOFF module) were fixed or only slightly modified
during model calibration (table 7). Only single-barrel
pipe or rectangular-box conduits were simulated in the
models developed by the USGS.

Table 6. StormWater Management Model (SWMM) TRANSPORT module
variable values used in the lower Charles River Watershed,
Massachusetts

[GIS, geographic information system—yvalues were measured or obtained
from attribute information. Minor, the values were adjusted only slightly
during model calibration; ft, foot; ft/ft, feet per foot]

Variable Vari.::lbl.e Initial Cali-
description value brated
DIST Length of conduit (ft) GIS Yes
GEOM1 Pipe diameter or GIS Minor!
rectangular conduit
height (ft)
SLOPE Invert slope of conduit Measured, No
(ft/ft) GIS 2
ROUGH Manning’s roughness value ~ Rating? No
of conduit
GEOM2 Rectangular conduit width ~ GIS Minor
(fo)

1 Applies only to pipe diameters in small ungaged subcatchments.

2 Invert slopes at gaged locations were either measured or estimated
from GIS data. Invert slopes at all other locations were estimated from the
ratio of the conduit slope at the gaging station to its nearby subbasin slope
and applying this ratio to the subbasin slope at ungaged locations.

3Manning’s roughness values were determined from ratings
developed at gaging stations. A characteristic roughness value of 0.012
was used at all ungaged locations.

Table 7. StormWater Management Model (SWMM) RUNOFF
subcatchment variable values used in the land-use subbasins, lower
Charles River Watershed, Massachusetts

[“n,” Manning’s roughness coefficient; ft, foot; ft/ft, feet per foot; in, inch;
in/hr, inch per hour]

RUNOFF variables ong :\7 x;'.t.'y Commer:

Percent impervious area ............ 17 73 86
Subcatchment width (ft) ............ 2,100 1,200 2,500
Slope (ft/ft) c.covevereneeircieeann .043 .02 .031
Impervious area depression

StOrage (M) ...covevvereererenenneene .08 .03 .03
Pervious area depression

StOrage (IN.)...ceveeveerueeeennenne .16 .04 .03
Impervious area roughness (n) .. .015 .02 .015
Pervious area roughness (n) ...... .040 .35 46
Suction (in.) ....ccveeeveeeeeenveeennen. 8.2 8.0 5.0
Hydraulic conductivity (in/hr)... .30 .01 .06
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Pond Storage

Storage nodes were used in the TRANSPORT
module to simulate discharge through Bulloughs Pond
in the Laundry Brook Subbasin model and Chandler
Pond in Faneuil Brook Subbasin model (fig. 10). Stor-
age nodes are defined by the depth-storage-discharge
relation. Chandler Pond’s storage characteristics were
obtained from an unpublished report by Fugro East,
Inc. (1996). The report does not include the discharge
characteristics of the outlet, which was estimated by
model calibration. During the 2000 water year, Chan-
dler Pond normally was empty for restoration and was
treated as a flow-through system (Timothy Smith, Mas-
sachusetts District Commission, personal commun.,
2000), except when the discharge exceeded the outflow
capacity of the drainpipe and was held in temporary
storage.

Storage characteristics of Bulloughs Pond were
estimated from the average depth (Jay Fink, Newton
Public Works, written commun., 2000); the surface
area of the pond was obtained from the land-use
coverage. The depth-storage-discharge characteristics
specified for Bulloughs Pond were estimated through
model calibration.

Model Calibration

The general approach used was to calibrate
models at the three land-use sites (single-family
residential, multifamily residential, and commercial),
then transfer the calibrated variable values from these
models (table 7) to similar subcatchments in the
Laundry Brook and Faneuil Brook Subbasin models.
Values were transferred by a weighted average because
the subcatchments in the tributary subbasin models rep-
resented mixed land use. Further adjustments of the
values in tributary subbasin models were made to mini-
mize the difference between simulated and observed
discharges. These adjustments were made proportion-
ally to the initial weighted values transferred from the

land-use subbasin models. The final calibrated values
for individual subcatchments in the tributary subbasin
models represented a wide mix of land uses; these
values were transferred to the closest subcatchment
type in the ungaged subbasin model.

Model calibration focused on selected storms (up
to 24) with the smallest spatial variation in total storm
rainfall volume among the 6 gages in and near the
study area (calibration storms are listed in appendix 3).
This approach increases the likelihood that the cali-
brated model variables reflect the subbasin characteris-
tics they are intended to represent. Measured discharge
was not available for all selected storms for some sub-
basins; therefore, the number of calibration storms
varied from site to site. Model calibration emphasized
storm-runoff volumes, but storm-peak discharge and
base flow also were considered. The model fit was
evaluated for the calibration storms and for all storms
of appreciable size at each site. All storms were used to
test or “verify” the models. Limiting the analysis to
storms not used in the model calibration would bias the
fit to storms with a large spatial rainfall variability.
Unequal rainfall distribution cannot be well repre-
sented by a few rainfall gages; therefore, the model fit
for these storms would not be a good measure of the
model’s conceptualization or calibration.

Model Fit

Model fit is a measure of how well the simulated
storm-peak discharge and runoff volumes match the
observed values. Various measures of model fit are
reported for calibration storms and for all storms
including absolute measures of model error, relative
measures of fit, and several supporting measures of fit.
Absolute error is reported as the standard error of esti-
mate (SE) and the RMSE, which were calculated by the
SWMM calibration wizard. The relative model fit is
measured by the coefficient of efficiency and the index
of agreement (Legates and McCabe, 1999).
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Other statistical measures and scatter plots of
paired simulated and observed values are provided to
assess model performance. Supporting statistics
include the median, range, and standard deviation
of the percent difference between simulated and
observed values, and the percent of the time these
values are within 10, 25, and, 50 percent. Model errors
were examined to determine if there were systematic
biases related to time of year or storm characteristics.
Causes for the largest error between simulated and
observed peak discharges and storm volumes also were
examined for each model.

Land-Use Subbasin Models

The three land-use subbasins represent 60 per-
cent of the land use in the lower Charles River Water-
shed. Variable values obtained from the calibrated
models developed at these subbasins provided the ini-
tial values for subcatchments of similar land use in trib-
utary subbasin models and the ungaged subbasin
model. The calibrated subbasin-variable values at the
three land-use subbasins are summarized in table 7.

Single-Family Residential

Calibration Storms: Twenty storms were used
for model calibration; total rainfall during these storms
ranged from 0.31 to 1.80 in. (mean 0.60 in.), which
resulted in observed discharges that ranged from 1.6 to
59 ft3/s (mean of 12 ft3/s) in peak discharge and 0.027
to 0.302 in. (mean of 0.104 in.) in runoff volume. The
simulated peak discharges had a SE of 7.2 ft3/s and a
RMSE of 17 ft3/s (table 8); the difference between sim-
ulated and observed peaks ranged between -46 and 150
percent with a median difference of -19 percent and a
standard deviation of 47 percent. Simulated peak dis-
charges were within 10 percent of the observed peak 25
percent of the time, within 25 percent of the observed
peak 35 percent of the time, and within 50 percent of
the observed peak 90 percent of the time. The scatter
plot (fig. 12A) and model-fit statistics (table 8) indicate
that the simulated peak discharge is undersimulated.

The difference between the simulated and
observed runoff volumes had a SE of 0.032 in. and a
RMSE of 0.109 in. (table 8); the difference between
simulated and observed runoff volumes ranged
between -16 and 281 percent, with a median difference

of 29 percent and a standard deviation of 67 percent.
Simulated runoff volumes were within 10 percent of
the observed volume 30 percent of the time, within 25
percent of the observed volume 45 percent of the time,
and within 50 percent of the observed volume 70 per-
cent of the time. Good agreement between simulated
and observed runoff volume is indicated for storms
with more than 0.15 in. of runoff; storms with less than
0.15 in. of runoff tend to be oversimulated (fig. 124).

All Storms: Forty-nine storms were used to eval-
uate the overall model fit; total rainfall during these
storms ranged from 0.01 to 3.64 in. (mean 0.60 in.) that
resulted in observed discharges that ranged in peak dis-
charge from 1.0 to 66 ft3/s (mean of 14 ft3/s) and vol-
umes from 0.013 to 0.862 in. (mean of 0.135 in.). The
simulated peak discharge had a SE of 46 ft3/s and a
RMSE of 97 ft3/s (table 8); the difference between sim-
ulated and observed peak discharges ranged between
-90 and 493 percent with a median difference of -18
percent and a standard deviation of 101 percent. Simu-
lated peak discharges were within 10 percent of the
observed peak 30 percent of the time, within 25 percent
of the observed peak 45 percent of the time, and within
50 percent of the observed peak 70 percent of the time
(table 8). A large variability between simulated and
observed peak discharge is indicated for most storms
(fig. 12B).

The difference between the simulated and
observed storm runoff volumes for all storms had a SE
of 0.121 in. and a RMSE of 0.362 in. (table 8); the dif-
ference between simulated and observed runoff
volumes ranged between —52 and 502 percent with
a median difference of 18 percent and a standard devia-
tion of 95 percent. Simulated storm runoff volumes
were within 10 percent of the observed volume 28
percent of the time, within 25 percent of the observed
volume 51 percent of the time, and within 50 percent
of the observed volume 72 percent of the time. Simu-
lated runoff volume is in good agreement with the
observed runoff volume over the entire range of storms
(fig. 12B).

Error: Model error, for both peak discharge and
runoff volume, was largest in the summer months
(fig. 134), which tend to be dominated by convective
storms with rainfall amounts that can vary widely over
a watershed. Model error was not correlated with
rainfall volume, intensity, or antecedent conditions
(figs. 13B, C, and D), as measured by the Spearman
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Figure 12. Simulated and observed peak discharge and runoff volume at the single-family land-use subbasin, lower Charles River Watershed,
Massachusetts, for the 2000 water year: (A) calibration storms, and (B) all storms.

rank test. The tendency to undersimulate storm peak
discharges and oversimulate runoff volumes indicated
by the plotting position of smaller calibration storms
(fig. 12A) suggests that subcatchment width and the
interception storage could be increased; this increase
was not done, however, because of the good agreement

between simulated and observed runoff volumes for
all storms. Undersimulated peak discharge for the
larger storms (fig. 12B8) could be a result of error in
the observed discharge resulting from debris on the
security gate at the pipe exit causing backwater and an
overmeasurement of the actual peak discharge.
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Table 8. Summary of StormWater Management Model (SWMM) fit statistics for storm-peak discharge and storm-runoff volume, lower Charles River
Watershed, Massachusetts

[No.: Number of storms used to compute statistics. Standard error of the estimate (SE) and root mean square error (RMSE) are in units of cubic feet per sec-
ond for peak discharge and inches for runoff volume. E: Coefficient of efficiency. d: Index of agreement. ft3/s, cubic feet per second]

Percent time simulated value is within
Site No. SE RMSE E d observed value
10 25 50

Storm-peak discharge

Calibration Storms

Land-use subbasin models

Single family 20 7.2 17 0.69 0.88 25 35 90
Multifamily 21 2.0 6.0 .84 .96 29 62 95
Commercial 13 2.0 5.1 .81 .95 23 46 85
Tributary subbasin models
Laundry Brook 24 15 48 .73 94 29 58 92
Faneuil Brook 21 8.9 27 35 .87 25 50 80
Stony Brook 17 41 120 .83 .96 18 47 71
All Storms
Land-use subbasin models
Single family 49 46 97 .81 .94 30 45 70
Multifamily 36 2.6 10 71 .93 25 58 86
Commercial 31 3.0 10 27 .83 26 52 71
Commercial 10 2.5 4.8 -.01 72 22 67 78
Tributary subbasin models
Laundry Brook 48 22 85 .70 .94 21 60 81
Faneuil Brook 48 15 64 -33 .76 19 44 65
Stony Brook 28 80 260 .84 97 14 43 79

Storm-runoff volume

Calibration Storms

Land-use subbasin models

Single family 20 0.032 0.109 0.81 0.94 30 45 70
Multifamily 21 .088 .303 94 98 43 67 95
Commercial 13 407 794 .66 27 31 69 92
Tributary subbasin models
Laundry Brook 24 .016 .061 91 97 46 67 87
Faneuil Brook 21 .029 .094 .59 92 40 75 95
Stony Brook 17 .048 139 32 74 29 53 76
All Storms
Land-use subbasin models
Single family 49 121 362 .83 .94 28 51 72
Multifamily 36 .220 .640 .93 .98 33 50 89
Commercial 31 941 2.19 40 .67 26 58 90
Commercial 10 .548 1.02 .69 .87 22 67 100
Tributary subbasin models
Laundry Brook 48 .030 .130 .90 97 33 65 83
Faneuil Brook 48 125 .602 .86 97 31 69 96
Stony Brook 28 .070 210 .90 .98 21 54 82

ISubset of storms with rainfall/runoff coefficients less than 1.3.
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A. Model error in relation to time

600 | | | | | | | | | | | ]
L o o 4
400 |- 1
- < -

| e o -
200 N i
- o o < o

L o i

2 o o og o :ho o p

0 ——ng—‘g——n ————Dg————g—nv—cr—-n—eﬂﬁo-——Eggﬁ—-n—tl'n———&n—————g—e—‘
Lo © 7o "% ©0 o o8 o o <D> > B B o © ]

- < © .

1 1 1 1 1 1 1 1 1 1 1
200 =5t Nov. Dec. Jan. Feb. Mar. Apr. May June July Aug. Sept.
WATER YEAR

L
e 500 B. Model error in relation to precipitation volume
< [ ]
&} B © e 7]
) L i
O 400f -
D - .
g N o _
i 200f B 1
7 C i
m o o® o
(¢ - o, .
[a] - e o u‘f‘ =] g o 0o o ]
zZ __t 3 -
< o%‘”g@i&gv@%@ﬂg ga 12 e s 8
[a)] lo <
= L
< 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
-200
5 0 05 1.0 15 2.0 25 3.0 35 4.0
= PRECIPITATION VOLUME, IN INCHES
Z 600 C. Model error in relation to maximum precipitation intensity
m [ T T T T T T T T T T T T T T T T T T T ]
= - o -
m L 4 EXPLANATION
m 400 i
w L | ¢ PEAK DISCHARGE
@] - .
& - = 1 @ RUNOFF VOLUME
@ 200 ° .
L - B g ° g g
TR - -, O .
5 L cBege S el.e e -
____Q g8 _ o o __= e _ _ - 5 - __
E OEEE a8 g. . co° Tef o @ Ty @
L | S <
@]
2 L
w -200 s s s ! s s s ! s s s ! s s s ! s s s
o 0 0.2 0.4 0.6 0.8 1.0
MAXIMUM PRECIPITATION INTENSITY, IN INCHES PER HOUR
D. Model error in relation to antecedent precipitation
600 T 11Tt 1111 rrrrrrrrrrrrrrrrr 11 r 11 11171
I~ o o> .
400} -
B ° ]
L o o ]
200 ¢ -
L 5 o o o i
: 0o @ o © o ° oo . :
L _ 0 g8 _ _ R = N e = |
O_ L4 {%o oﬁgg > &Egt20Q> ° 33 Hg i
o> > i
-200 L T R TN SN N TN N T T N T TN N T AN TN S N NN SN S S N TN S T N N TN N N (N NN R S ]
0 50 100 150 200 250 300 350 400

TIME, IN HOURS SINCE LAST 0.01 INCH OF PRECIPITATION

Figure 13. Percent difference between simulated and observed storm-peak discharge and runoff volume for the single-family land-use
subbasin, lower Charles River Watershed, Massachusetts, for 49 storms in the 2000 water year: (A) by month, and in relation to (B)
precipitation volume, (C) precipitation intensity, and (D) antecedent precipitation.
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The largest model errors can be attributed to sev-
eral factors. The January 31, 2000, storm had the most
oversimulated peak discharge (493 percent) and one of
the larger oversimulated runoff volumes (134 percent).
Cold weather prior to this storm may have affected the
stage readings. The storm of April 26, 2000, produced
the second highest simulated runoff-volume error
(276 percent); this storm followed a wet period
(3.54 in. of rainfall during the previous week), which
suggests that there was less available storage in the soil
then the calibrated model variables allowed. The July
22,2000, storm produced the highest simulation runoff
volume error (502 percent); this storm had one of the
highest maximum rainfall intensities and the second
highest variability in total rainfall volume among the
six gages. The June 27 storm had one of the largest
negative errors in the both peak discharge and runoff
volume; total rainfall volume during this storm mea-
sured at the six gages had the largest variability during
the 2000 water year. The USGS-CR3 gage assigned to
this subcatchment had the lowest total rainfall among
the six gages. Analysis of model error indicates that
much of the difference between simulated and
observed discharges results from variation in rainfall;
thus, further calibration would not appreciably improve
the model simulations.

Some of the largest model errors, for both storm-
peak discharge and runoff volume, were observed in
storms with more than one pulse of rainfall resulting in
multiple rises in the storm hydrograph with main peak
discharge occurring during the later part of a storm.
During these storms (March 28, May 10-11, June 6,
and June 11-12) the second peak discharge was under-
simulated, which also resulted in an undersimulation of
storm volumes. SWMM resets the soil moisture deficit
if there is a sufficient period without rainfall between
peaks; thus, more moisture is allowed to infiltrate in
pervious areas than would infiltrate if the soil moisture
deficit were not reset. An option in SWMM to allow a
maximum amount of infiltration during a storm likely
would better represent runoff during these types of
storms; however, this option currently is not available
for a continuous simulation using the Green-Ampt
infiltration option.

Multifamily Residential

Calibration Storms: Twenty-one storms from
November 25, 1999, to January 11, 2000, and from
March 27, 2000, to September 30, 2000, were used for
model calibration; total precipitation during these
storms ranged from 0.27 to 1.74 in. (mean 0.69 in.),

which resulted in observed discharges that ranged from
1.3 to 20 ft3/s (mean of 6.5 ft3/s) in peak discharge and
0.142 to 1.46 in. (mean of 0.515 in.) in runoff volume.
Storms of April 4 and April 8, 2000, were not used to
calibrate or evaluate the model fit because the observed
measurements were erratic. The simulated peak dis-
charge had a SE of 2.0 ft3/s and a RMSE of 6.0 ft3/s
(table 8); the difference between simulated and
observed peaks ranged between -41 and 90 percent
with a median difference of -0.6 percent and a standard
deviation of 30 percent. Simulated peak discharges
were within 10 percent of the observed peak 29 percent
of the time, within 25 percent of the observed peak 62
percent of the time, and within 50 percent of the
observed peak 95 percent of the time. Simulated peak
discharge generally is in good agreement with the
observed peak for most calibration storms (fig. 144).

The difference between the simulated and
observed runoff volumes had a SE of 0.088 in. and a
RMSE of 0.303 in. (table 8); the difference between
simulated and observed volumes ranged between -33
and 100 percent with a median difference of -1.2 per-
cent and a standard deviation of 30 percent. Simulated
runoff volumes were within 10 percent of the observed
volume 43 percent of the time, within 25 percent of the
observed volume 67 percent of the time, and within 50
percent of the observed volume 95 percent of the time.
Simulated runoff volume is in good agreement with the
observed volume for all calibrated storms (fig. 144).

All Storms: Thirty-six storms were used to eval-
uate the overall model fit. Discharge data were unavail-
able prior to November 25, 1999, and from January 11,
2000, to March 27, 2000. Storms on April 4 and April
8, 2000, had erratic observed discharge and were not
used in the evaluation of the model fit. Total rainfall
during these storms ranged from 0.13 to 3.58 in. (mean
0.75 in.) that resulted in observed discharges that
ranged from 0.9 to 20 ft3/s (mean of 5.9 ft/s) in peak
discharge and 0.073 to 4.44 in. (mean of 0.619 in.) in
runoff volume. The simulated peak discharge for all
storms had a SE of 2.6 ft*/s and a RMSE of 10 ft3/s
(table 8); the difference between simulated and
observed peaks as a percent ranged between -68 and
214 and with a median difference of 7.5 percent and a
standard deviation of 47 percent. Simulated peak dis-
charges were within 10 percent of the observed peak 25
percent of the time, within 25 percent of the observed
peak 58 percent of the time, and within 50 percent of
the observed peak 86 percent of the time. Simulated
peak discharge generally is in good agreement with the
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Figure 14. Simulated and observed peak discharge and runoff volume at the multifamily land-use subbasin, lower Charles River Watershed,
Massachusetts, for the 2000 water year: (A) calibration storms, and (B) all storms.

observed peak (fig. 14B), but there is more variability
between simulated and observed peak discharges than
in the calibration storms (fig. 144).

The difference between the simulated and
observed storm-runoff volumes had a SE of 0.22 in.
and a RMSE of 0.64 in. (table 8); the difference
between simulated and observed volumes ranged
between -33 and 100 percent with a median difference

of 2.8 percent and a standard deviation of 34 percent.
Simulated storm-runoff volumes were within 10 per-
cent of the observed volume 33 percent of the time,
within 25 percent of the observed volume 50 percent of
the time, and within 50 percent of the observed volume
89 percent of the time. Simulated runoff volume
closely matches the observed volume for most storms
(fig. 14B).
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Error: Differences between peak discharge and
runoff volume tended to be largest during the summer
months (fig. 154). Model error was not correlated with
rainfall volume, intensity, and antecedent conditions
(figs. 158, C, and D) as measured by the Spearman
rank test.

Errors, in percent, typically were largest for
small storms with rainfall volume less than 0.40 in.
Most model error was attributed to rainfall variability
across the watershed; for example, the storm of June 6
(the largest outlier in runoff volume shown of fig. 14B)
had a simulated volume of 3.26 in. and observed
volume of 4.44 in., and varied by + 0.5 in. at the six
rain gages. In addition, the drainage area, which has a
topographic drainage divide that differs from the storm
drain drainage divide (appendix 1), could have been
affected by the storm magnitude. During large or high-
intensity storms, such as the storm of June 6, runoff
could follow topographic divides if storm drains that
normally discharge out of the subbasin are blocked
or are at capacity; thus, the drainage-area size could
increase temporarily. The storm of January 31 had the
largest oversimulated peak discharge (214 percent).
Reported air temperatures at Logan Airport were below
32°F for part of this day, which likely resulted in some
rainfall falling as snow and, therefore, less moisture
was available for runoff.

Commercial

Rainfall-runoff (RR) relations at the commercial
land-use subbasin varied widely, often yielding coeffi-
cients greater than one, which are not typical because it
means that runoff exceeded the amount of rainfall. In a
natural flow system, runoff rarely exceeds rainfall
except in some situations where the ground-water
drainage area is appreciably larger than the surface-
water drainage area. Other explanations for the high
RR coefficients include discharge or rainfall measure-
ment error, or both, external sources of water that drain
to the storm-sewer system, a variable drainage area not
strictly defined by the subsurface drainage system, or a
combination of these factors. In a highly urbanized
area, such as this subbasin, external sources of water
such as leakage or cross connections from the sanitary-
sewer system often are an additional source of water in
storm drains. The topographic drainage area is about 50
percent larger (drainage area increases from 0.023 to
0.034 mi?) than the drainage area delineated from the
storm drainage system (appendix 1). During large or

high-intensity storms, drains that normally flow out of
the subbasin could become blocked or at capacity; thus,
runoff would follow the topographic drainage divides,
which could cause the wide variation in RR coeffi-
cients. For this reason, the commercial land-use subba-
sin model was calibrated with preference given to
storms with RR coefficients less than 1.0. Model-fit
statistics are reported for all available storms regardless
of the RR coefficient, but the effect of storms with high
RR coefficients on the model fit are also discussed.

Observed discharge is suspect for most storms
during late May through June 2000 because the
hydrograph recession is uncharacteristically gradual for
a highly impervious small subbasin; simulated runoff
volumes averaged 39 percent less than the observed
runoff volume for storms during this period. Observed
storm hydrographs during other periods of the year
indicated a return to base-flow conditions within about
an hour following the storm peak, which is expected
for this type of subbasin. Furthermore, at the commer-
cial land-use site, a nearly constant base flow of 0.2
ft3/s was observed, which also is unlikely given the
high percentage of effective impervious area and the
small drainage area (0.023 mi2) This base flow may
result because of presently unidentified discharges to
storm drains upgradient of the gage site.

Calibration Storms: Thirteen storms from late
April to September 2000 were used for model calibra-
tion; total rainfall during these storms ranged from 0.31
to 1.74 in. (mean 0.74 in.), which resulted in observed
discharges that ranged from 1.7 to 18 ft3/s (mean of
6.6 ft3/s) in peak discharge and from 0.475 to 1.90 in.
(mean of 0.908 in.) in runoff volume. The simulated
calibration storm peaks had a SE of 2.0 ft3/s and a
RMSE of 5.1 ft3/s (table 8); the difference between
simulated and observed peaks ranged between -39 and
70 percent with a median difference of 2.0 percent and
a standard deviation of 35 percent. Simulated peak dis-
charges were within 10 percent of the observed peak 23
percent of the time, within 25 percent of the observed
peak 46 percent of the time, and within 50 percent of
the observed peak 85 percent of the time. Simulated
peak discharge generally is in good agreement with the
observed peak discharge for most storms (fig. 164).
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Figure 15. Percent difference between simulated and observed storm-peak discharge and runoff volume for the multifamily land-use subbasin,
lower Charles River Watershed, Massachusetts, for 36 storms in the 2000 water year: (A) by month, and in relation to (B) precipitation volume,
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Figure 16. Simulated and observed peak discharge and runoff volume at the commercial land-use subbasin, lower Charles River Watershed,
Massachusetts, for the 2000 water year; (A) calibration storms, and (B) all storms.

The difference between the simulated and
observed runoff volumes had a SE of 0.407 in. and a
RMSE of 0.794 in. (table 8); the difference between
simulated and observed volumes ranged between -61
and 21 percent with a median difference of -11 percent
and a standard deviation of 22 percent. Simulated
runoff volumes were within 10 percent of the observed
volume 31 percent of the time, within 25 percent of the

observed volume 69 percent of the time, and within 50
percent of the observed volume 92 percent of the time.
Calibration runoff volumes with RR coefficients
greater than 1.3 accounted for three of the four storms
with poorly fit runoff volumes (fig. 16A).

All Storms: Thirty-one storms between Febru-
ary and September 2000 were used to evaluate the
overall model fit; total rainfall during these storms
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ranged from 0.13 to 3.58 in. (mean of 0.80 in.), which
resulted in observed discharges that ranged from 1.5 to
18 ft3/s (mean of 6.4 ft3/s) in peak discharge and 0.392
to 6.93 in. (mean of 1.17 in.) in runoff volume. The
simulated peak discharge had a SE of 3.0 ft3/s and a
RMSE of 10 ft3/s (table 8); the difference between sim-
ulated and observed peak discharge ranged between -
58 and 184 percent with a median difference of -4.6
percent and a standard deviation of 47 percent. Simu-
lated peak discharges were within 10 percent of the
observed peak 26 percent of the time, within 25 percent
of the observed peak 52 percent of the time, and within
50 percent of the observed peak 77 percent of the time.
The scatter plot generally indicates a good agreement
between the simulated and observed peak discharge
(fig. 16B).

The difference between the simulated and
observed runoff volumes had a SE of 0.941 in. and a
RMSE of 2.19 in. (table 8); the difference between sim-
ulated and observed volumes ranged from -66 and 33
percent with a median difference of -13 percent and a
standard deviation of 25 percent. Simulated runoff vol-
umes were within 10 percent of the observed volume
26 percent of the time, within 25 percent of the
observed volume 58 percent of the time, and within 50
percent of the observed volume 90 percent of the time.
Simulated and observed runoff volumes were in good
agreement for storms with RR coefficients less than 1.3
(fig. 16B).

Error: Of the 31 possible storms, only 10 storms
had RR coefficients less than 1.3, which were used to
reevaluate the model fit. These storms ranged in rain-
fall volume from 0.59 to 3.20 in. (mean of 1.31 in.),
which resulted in discharges that ranged from 3.6 to 8.2
ft3/s (mean of 6.2 ft3/s) in peak discharge and from
0.519 to 2.88 in. (mean of 1.33 in.) in runoff volume.

The differences between the simulated and
observed storm peak discharge for the subset of storms
declined slightly in comparison to all storms. The sim-
ulated peak discharge for the subset of storms had a SE
of 2.50 ft3/s and a RMSE of 4.75 ft/s (table 8); the dif-
ference between simulated and observed volumes
ranged between -21 and 62 percent with a median dif-
ference of -0.89 percent and a standard deviation of 30
percent. Simulated peak discharges were within 10 per-
cent of the observed peak 22 percent of the time, within
25 percent of the observed peak 67 percent of the time,
and within 50 percent of the observed peak 78 percent
of the time.

The difference between the simulated and
observed runoff volumes for the subset of storms sub-
stantially improved in comparison to all storms. The
simulated runoff volume had SE of 0.548 in., and a
RMSE of 1.021 in., which was about half the absolute
error for all storms; the difference between simulated
and observed runoff volumes ranged between -33 and
33 percent with a median difference of 0.36 percent
and a standard deviation of 22 percent. Simulated
runoff volumes were within 10 percent of the observed
volume 22 percent of the time, within 20 percent of the
observed volume 67 percent of the time, and within 50
percent of the observed volume 100 percent of the
time.

Differences between simulated and observed
peak discharges were about equally scattered from Feb-
ruary to September (fig. 174); however, runoff volumes
tended to be undersimulated in May and June when RR
coefficients tended to be high. Model error was not cor-
related with rainfall volume, intensity, and antecedent
conditions (figs. 17B, C, and D) as measured by the
Spearman rank test. Model error is largely attributed to
uncertainty in the observed discharge, or one or more
of the other factors that could cause large RR coeffi-
cients.

Tributary Subbasin Models

The model fit is described for the tributary sub-
basin models at Laundry Brook and Faneuil Brook
developed by the USGS and the Stony Brook model
developed by others. The Muddy River portion of the
Stony Brook model was not evaluated for model fit
because of the high degree of uncertainty in the
observed discharge data.

Laundry Brook

The model fit at this site can be affected by the
dynamic regulation of Bulloughs Pond. Bulloughs
Pond has a surface area of 4.7 acres and an estimated
storage volume of 0.5 to 0.75 million ft3. At times,
measured discharge at the Laundry Brook gaging sta-
tion was sustained and elevated prior to storms, possi-
bly because water was being released from Bulloughs
Pond. SWMM does not account for dynamic regulation
of storage, thus, the model fit can be affected when the
pond level is lowered in anticipation of a storm. Storms
that are affected by regulation are noted, and the effect
of this regulation on the model fit is described.
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Calibration Storms: Twenty-four storms were
used for model calibration; total rainfall during these
storms ranged from 0.35 to 1.83 in. (mean 0.76 in.),
which resulted in observed discharges that ranged from
10.9 to 100.8 ft3/s (mean of 41.7 ft3/s) in peak dis-
charge and 0.028 to 0.231 in. (mean of 0.083 in.) in
runoff volume. The simulated peak discharge had a SE
of 15.2 ft3/s and a RMSE of 47.5 ft/s (table 8); the dif-
ference between simulated and observed peak dis-
charges ranged between —38 and 103 percent with a
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median difference of 14.6 percent and a standard devia-
tion of 29 percent. Simulated peak discharges were
within 10 percent of the observed peak 29 percent of
the time, within 25 percent of the observed peak 58
percent of the time, and within 50 percent of the
observed peak 92 percent of the time. Simulated and
observed peak discharges are generally in good agree-
ment; the largest peaks were affected by regulation of
Bulloughs Pond (fig. 184).
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Figure 18. Simulated and observed discharge and runoff volume at the Laundry Brook Subbasin, lower Charles River Watershed, Massachusetts, for

the 2000 water year: (A) calibration storms, and (B) all storms.

Precipitation-Runoff Model 41



The difference between the simulated and
observed storm runoff volume had a SE of 0.016 in.
and a RMSE of 0.061 in. (table 8); the difference
between simulated and observed volumes ranged from
—-33 to 81 percent, with a median difference of 1.0 per-
cent and a standard deviation of 30 percent. Simulated
runoff volumes were within 10 percent of the observed
volume 46 percent of the time, within 25 percent of the
observed volume 67 percent of the time, and within 50
percent of the observed volume 87 percent of the time.
Simulated runoff volume is generally in good agree-
ment with the observed volume for most storms
(fig. 184).

All Storms: Forty-eight storms were used to
evaluate the overall model fit; total rainfall during these
storms ranged from 0.10 to 3.64 in. (mean 0.73 in.),
which resulted in observed discharges that ranged from
3.3 to 153 ft3/s (mean of 53.7 ft/s) in peak discharge
and 0.012 to 0.437 in. (mean of 0.081 in.) in runoff vol-
ume. The simulated peak discharge had a SE of
21.9 ft3/s and a RMSE of 85.1 ft3/s (table 8); the differ-
ence between simulated and observed peaks ranged
from —54 to 287 percent with a median difference of 11
percent and a standard deviation of 56 percent. Simu-
lated peak discharges were within 10 percent of the
observed peak 21 percent of the time, within 25 percent
of the observed peak 60 percent of the time, and within
50 percent of the observed peak 81 percent of the time.
Simulated peak discharge generally is in good agree-
ment with the observed peak, but several peaks were
oversimulated as a result of regulation of Bulloughs
Pond (fig. 18B).

The difference between the simulated and
observed runoff volumes had a SE of 0.030 in. and a
RMSE of 0.130 in. (table 8); the difference between
simulated and observed volumes ranged from -61 to
181 percent, with a median difference of -0.9 percent
and a standard deviation of 44 percent. Simulated
storm volumes were within 10 percent of the observed
volume 33 percent of the time, within 25 percent of the
observed volume 65 percent of the time, and within
50 percent of the observed volume 83 percent of the
time. Simulated runoff volume is generally in good
agreement with the observed storm volume (fig. 18).

Error: Model performance as a function of time
of year, rainfall volume, intensity, and antecedent con-
ditions did not indicate systematic bias in the simula-
tion results (fig. 19). The Spearman rank test indicates
that the model error is not correlated with rainfall
characteristics or antecedent conditions.

The dates when storms discharge appeared to be
affected by regulation of Bulloughs Pond include the
March 16-17, April 21-26, July 18-19, July 22 and
26-28, and September 15-16, 2000. The available stor-
age in the pond will affect storm-peak discharges more
than it effects storm-runoff volume if the water drained
from the pond is included in the runoff volume. For
example, if water drained from the pond immediately
prior to a storm is included in the total storm volume,
the stormwater remaining in the pond at the end of a
storm is about equivalent to what was drained; thus, the
total storm volume is unchanged. Conversely, storm
volume would appear to be oversimulated by the
volume of water drained from storage if this volume is
not included in the measured runoff volume of the
storm. The measured peak discharge is likely always
affected when the pond is lowered prior to a storm to
allow stormwater to be retained in storage.

Rainfall variability affected the model fit during
the July 22 storm, which had one of the largest over-
simulated peak discharges (110 percent) and the largest
oversimulated runoff volume (181 percent). Measured
rainfall at the USGS-CR3 was 0.97 in., but rainfall
measured at other gages varied from 0.12 to 1.32 in.
Mixed precipitation as rain and snow can also affect the
model fit, which may have caused the January 31 storm
to have the largest oversimulated peak discharge (287
percent).

Faneuil Brook

The model fit at this site was assessed with dis-
charge data computed from stage-velocity measure-
ments and by a stage-discharge relation during periods
with erratic or suspect velocity measurements, as
explained previously. If the stage-velocity discharge
appeared erroneously low, the computed discharge
determined by the stage-discharge relation was used
to evaluate the model fit. The reported model-fit
statistics do not include the storm of June 6, with a
total rainfall of more than 4 in.; the measured volume
of runoff during this storm (regardless of the discharge
method used) was comparable to runoff for storms
that ranged between 0.7 and 1.6 in. of rainfall. There-
fore, this storm was excluded from the model fit-
statistics because it exerted a large effect on them,
and the volume and peak discharge appear to be
undermeasured.
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Figure 19. Percent difference between simulated and observed storm-peak discharge and runoff volume for the Laundry Brook Subbasin,
lower Charles River Watershed, Massachusetts, for 48 storms in the 2000 water year: (4) by month, and in relation to (B) precipitation volume,
(C) precipitation intensity, and (0) antecedent precipitation.
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Calibration Storms: Twenty-one storms were
used for model calibration with total rainfall ranging
from 0.27 to 2.10 in. (mean 0.67 in.), which resulted in
discharges that ranged from 6.5 to 39 ft3/s (mean of
19 ft3/s) in peak discharge and from 0.047 to 0.207 in.
(mean of 0.091 in.) in runoff volume. The simulated
storm peaks had a SE of 8.9 ft3/s and a RMSE of
27 ft3/s (table 8); the difference between simulated and
observed peaks ranged between —33 and 89 percent
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with a median difference of 5 percent and a standard
deviation of 22 percent. Simulated peak discharges
were within 10 percent of the observed peak 25 percent
of the time, within 25 percent of the observed peak

50 percent of the time, and within 50 percent of the
observed peak 80 percent of the time. The simulated
peak discharge is generally in good agreement with the
observed when peaks are less than 20 ft3/s, but peaks
above 20 ft3/s tended to be more variable (fig. 204).
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Figure 20. Simulated and observed peak discharge and runoff volume at Faneuil Brook Subbasin, lower Charles River Watershed, Massachusetts,

for the 2000 water year: (4) calibration storms, and (B) all storms.
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The difference between the simulated and
observed runoff volumes had a SE of 0.029 in. and a
RMSE of 0.094 in. (table 8); the difference between
simulated and observed storm volumes ranged between
-21 and 64 percent with a median difference of 4 per-
cent and a standard deviation of 14 percent. Simulated
storm volumes were within 10 percent of the observed
volume 40 percent of the time, within 25 percent of the
observed volume 75 percent of the time, and within 50
percent of the observed volume 95 percent of the time.
Simulated runoff volume in relation to the observed
volume indicates that the model fit did not vary with
the size of the storm (fig. 204).

All Storms: Forty-eight storms were used to
evaluate the overall model fit; total rainfall during these
storms ranged from 0.10 to 3.39 in. (mean 0.69 in.),
which resulted in observed discharges that ranged from
2.8 to 49 ft3/s (mean of 20 ft3/s) in peak discharge and
0.040 to 0.566 in. (mean of 0.102 in.) in runoff volume.
The simulated peak discharge had a SE of 15 ft3/s and a
RMSE of 64 ft3/s (table 8); the difference between sim-
ulated and observed peak discharges ranged between —
61 and 314 percent with a median difference of 11 per-
cent and a standard deviation of 73 percent. Simulated
peak discharges were within 10 percent of the observed
peak 19 percent of the time, within 25 percent of the
observed peak 44 percent of the time, and within 50
percent of the observed peak 65 percent of the time.
Simulated peaks varied considerably from the observed
peaks, but, in general, the model fit did not vary with
the peak discharge size (fig. 20B).

The difference between the simulated and
observed runoff volumes had a SE of 0.125 in. and a
RMSE of 0.602 in. (table 8); the difference between
simulated and observed volumes ranged between -42
and 65 percent with a median difference of -3 percent
and a standard deviation of 24 percent. Simulated
runoff volumes were within 10 percent of the observed
volume 31 percent of the time, within 25 percent of the
observed volume 69 percent of the time, and within 50
percent of the observed volume 96 percent of the time.
Simulated runoff volume is generally in good agree-
ment with the observed volume for most storms
(fig. 20B).

Error: The June and July storms tended to have
larger error than the storms during other times of the
year (fig. 21A4); the storms during this period also
tended to have the greatest spatial rainfall variability.
Model error was not correlated with rainfall volumes,
intensity, and antecedent conditions (figs. 21B, C, and

D), except for a weak correlation (31 percent of the
model error is explained) with rainfall intensity as mea-
sured by the Spearman rank test.

Storms of April 22 and the July 18 had the larg-
est differences between simulated and observed peak
discharge. The April 22 storm had the second largest
rainfall volume (3.4 in.) and the July 18 storm had the
highest rainfall intensity (0.55 in/h) recorded during the
2000 water year. Upstream surcharging of the drainage
system could be a factor in limiting the observed peak
discharge during these storms.

Stony Brook

The Stony Brook model has undergone several
transformations. The model fit described is for the ver-
sion of the model that was supplied by M&E consult-
ants (Lawrence Soucie, Metcalf and Eddy, Inc.,
personal commun., February 28, 2001) who have made
the most recent revisions to the model. The model-
conduit number that corresponds to the gaging station
is 3544.

Calibration Storms: Seventeen storms were
used for model calibration; total precipitation during
these storms ranged from 0.35 to 1.83 in. (mean
0.76 in.), which resulted in observed discharges that
ranged from 16 to 350 ft3/s (mean of 126 ft3/s) in peak
discharge and 0.058 to 0.207 in. (mean of 0.118 in.) in
runoff volume. The simulated peak discharge had a SE
of 41 ft*/s and a RMSE of 120 ft¥/s (table 8); the differ-
ence between simulated and observed peaks ranged
between -72 and 100 percent with a median difference
of -22 percent and a standard deviation of 44 percent.
Simulated peak discharges were within 10 percent of
the observed peak 18 percent of the time, within 25
percent of the observed peak 47 percent of the time,
and within 50 percent of the observed peak 71 percent
of the time. The simulated peak discharge is not
affected by the peak discharge (fig. 224).

The difference between the simulated and
observed runoff volumes had a SE of 0.048 in. and a
RMSE of 0.139 in. (table 8); the difference between
simulated and observed volumes ranged between -58
and 81percent with a median difference of 5.3 percent
and a standard deviation of 35 percent. Simulated
runoff volumes were within 10 percent of the observed
volume 29 percent of the time, within 25 percent of the
observed volume 53 percent of the time, and within 50
percent of the observed peak 76 percent of the time.
Simulated runoff volume tends to agree less with
observed runoff volume than simulated with observed
peak discharge (fig. 224).
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Figure 21. Percent difference between simulated and observed storm-peak discharge and runoff volume for the Faneuil Brook Subbasin, lower
Charles River Watershed, Massachusetts, for 48 storms in the 2000 water year: (A) by month, and in relation to (B) precipitation volume, (C)
precipitation intensity, and (D) antecedent precipitation.
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Figure 22. Simulated and observed peak discharge and runoff volume at Stony Brook Subbasin, lower Charles River Watershed, Massachusetts, for
the 2000 water year: (A) calibration storms, and (B) all storms.

All Storms: Twenty-eight storms were used to 860 ft3/s (mean of 120 ft3/s) in peak discharge and
evaluate the overall model fit; discharge data were not 0.048 to 1.24 in. (mean of 0.156 in.) in runoff volume.
available prior to April 1, 2000. The April 21 storm The simulated peak discharge had a SE of 80 ft3/s and a
was not used to assess the model fit because of a meter RMSE of 260 ft3/s (table 8); the difference between
malfunction. Total precipitation during these storms simulated and observed peaks ranged between -72 and
ranged from 0.10 to 4.75 in. (mean 0.87 in.), which 430 percent with a median difference of -20 percent
resulted in observed discharges that ranged from 16 to and a standard deviation of 93 percent. Simulated peak
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discharges were within 10 percent of the observed peak
14 percent of the time, within 25 percent of the
observed peak 43 percent of the time, and within 50
percent of the observed peak 79 percent of the time.
Simulated peak discharge is in good agreement with
the observed peak for most storms, except for the two
largest, which are oversimulated (fig. 225).

The difference between the simulated and
observed runoff volume had a SE of 0.070 in. and a
RMSE of 0.210 in. (table 8); the difference between
simulated and observed volumes ranged between
—58 and 117 percent with a median difference of 18
percent and a standard deviation of 37 percent. Simu-
lated runoff volumes were within 10 percent of the
observed volume 21 percent of the time, within 25
percent of the observed volume 54 percent of the time,
and within 50 percent of the observed volume 82 per-
cent of the time. Simulated runoff volume is generally
in good agreement with observed runoff volume, but
simulated and observed volumes tend to agree less well
than simulated and observed peak discharges
(fig. 22B).

Error: Plots of model error in relation to
time of year, precipitation volume, intensity, and ante-
cedent conditions did not indicate any systematic bias
(fig. 23). The storm of July 22 had the largest oversim-
ulated peak discharge (434 percent) and the largest
oversimulated runoff volume (117 percent). The model
error for this storm is largely attributed to areal varia-
tion in precipitation that ranged from 0.12 to 1.32 in.
at the six rain gages.

In general, the Stony Brook model fit is compa-
rable to that of the other models developed for the
lower Charles River by the USGS. The Stony Brook
model was developed primarily to assist in design of
sewer-separation projects; therefore, development of
the model focused on peak-discharge calibration. The
models developed by the USGS are intended to calcu-
late stormwater runoff for calculating constituent loads,
and, thus, design and calibration of these models
focused primarily on stormwater volume. For this rea-
son, the USGS models tend to fit stormwater volumes
slightly better than the Stony Brook model does, and,
conversely, the Stony Brook model tends to fit storm
peak discharges slightly better than the USGS models.

Relative Model Fit

The relative model fit of the models developed
for the lower Charles River are quantified by the index
of agreement and the coefficient of efficiency. Values
of relative model fit can range from O to 1.0 for the
index of agreement and from minus infinity to 1.0, for
the coefficient of efficiency. Coefficient of efficiency
values less than zero indicate that the observed mean
provides a better predictor than the model; values
greater than zero indicate that the model is a better pre-
dictor than the observed mean. Interpretation of the
value of the index of agreement is similar to the coeffi-
cient of determination (R?) in a regression equation—
the closer the R? value is to 1.0, the better the agree-
ment between simulated and observed values. Unlike
the coefficient of determination, the index of agreement
does not provide a measure of the total variance
explained by the model. Both relative measures of
model fit are sensitive to extreme values. The relative
model fit for storm peak discharge and runoff volume
calculated by the index of agreement and the coeffi-
cient of efficiency for each of the models is shown in
figure 24. James and Burgess (1982) report that an
excellent calibration is obtained if the coefficient of
efficiency exceeds 0.97.

Peak discharge: The index of agreement for cal-
ibration storms ranged from 0.87 to 0.96 and averaged
0.93; the coefficient of efficiency ranged from 0.35 to
0.84 and averaged 0.71. The index of agreement for all
storms ranged from 0.72 to 0.97 and averaged 0.86; the
coefficient of efficiency ranged between -0.33 and
0.84 and averaged 0.43 (table 8). The coefficient
of efficiency at the Faneuil Brook site indicates that
the model is in less agreement with the observations
than the mean value for peak discharge. Possible expla-
nations for the relatively poor peak discharge simula-
tion at Faneuil Brook are: (1) the storage-discharge
characteristics of Chandler Pond are not well defined,
(2) Chandler Pond is dynamically regulated, and
(3) surcharging in the storm-drain system could cause
an oversimulated peak discharge. In general, the rela-
tive model fit for peak discharge was better for calibra-
tion storms than for all storms because the precipitation
variability was less in the calibration storms than in the
other storms.
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Figure 24. Relative measures of model fit calculated by the index of agreement and coefficient of efficiency at three land-use and three tributary
subbasin models in the lower Charles River Watershed, Massachusetts, for the (4) peak discharge and (B) runoff volumes.

Runoff Volume: The index of agreement for cal-
ibration storms ranged from 0.27 to 0.98 and averaged
0.80; the coefficient of efficiency ranged from 0.32 to
0.94 and averaged 0.71. The index of agreement for all
storms ranged from 0.67 to 0.98 and averaged 0.92; the
coefficient of efficiency ranged between 0.40 and 0.93
and averaged 0.80 (table 8). The index of agreement
and the coefficient of efficiency were relatively low at
the commercial land-use subbasin for reasons previ-

ously described. The relative model fit improved sub-
stantially for runoff volume at the commercial land-use
subbasin for storms with rainfall-runoff coefficients
less than 1.2. In general, the values for the coefficient
of efficiency indicated a model fit that was good to
excellent for all storms, and the values for the index of
agreement indicated a model fit that was excellent for
most sites for all storms.
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Design Storms The simulated storm peak discharges had a SE of
27 ft3/s and a RMSE of 41 ft3/s; the difference between

The model fit for the design storms was evalu-
ated as a surrogate measure by the collective model fit
at the three tributary subbasin models, Laundry Brook,
Faneuil Brook, and Stony Brook, for measured storms
with precipitation volumes roughly equivalent to the
MWRA 3-month and 1-year design storms. Collec-

107 percent with a median difference of 0.2 percent

43 percent of the time, within 25 percent of the

tively, these three tributary models represent 49 percent ~ Observed peak 71 percent of the time. Simulated peak

of the total drainage area to the lower Charles River discharge (fig. 254) is generally in good agreement

simulated and observed peaks ranged between -15 and

and a standard deviation of 46 percent. Simulated peak
discharges were within 10 percent of the observed peak

below Watertown Dam. with observed peak discharge, except for one storm that

Three storms with measured discharge and total

precipitation within + 20 percent of the 3-month and 1- The difference between the simulated and
year design storms (1.84 and 2.79 in., respectively) observed runoff volumes had a SE of 0.061 in. and a
were available. Storms with precipitation volumes RMSE of 0.110 in.; the difference between simulated

roughly equivalent to the 3-month storm occurred on
March 12, and July 27, 2000, with precipitation totals
of 1.56 and 2.10 in., respectively, at BWSC-CS4 gage
(fig. 10). Only one storm, April 22, 2000, had a total
precipitation volume roughly equivalent to the 1-year

was oversimulated (April 22 storm at Faneuil Brook).

and observed volumes ranged between -13 and 30 per-
cent with a median difference of 5 percent and a stan-

dard deviation of 17 percent. Simulated runoff volumes
were within 10 percent of the observed volume 29 per-

storm—3.39 in. measured at BWSC-CS4 gage cent of the time, within 25 percent of the observed
Measured discharge was not available for the March 12~ Volume 71 percent of the time, and within 50 percent of
and April 22 storms at the Stony Brook, thus, a the observed volume 100 percent of the time. Simu-
combined total of seven storms were used in this lated runoff volume agrees well with observed runoff
analysis. volume (fig. 25B).
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Figure 25. Simulated and observed (A) peak discharge and (B) runoff volume at Laundry Brook, Faneuil Brook, and Stony Brook, lower Charles River
Watershed, Massachusetts, for 2000 water-year storms with total precipitation within 20 percent of the 3-month and 1-year design-storm
precipitation volume.
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Model-fit statistics and scatter plots for storms
comparable to the 3-month and 1-year design storms at
the tributary subbasins indicate that these models pro-
vide a reliable simulation of the peak discharge and
runoff volume for the design storms. Although the
ungaged area model fit is unknown, the variable values
for the ungaged model are derived from the tributary
variable values for similar land use. Thus, a reliable
simulation model for the ungaged area can be inferred
from the model fit of the tributary subbasin models.

Sensitivity Analysis

Sensitivity analysis measures the response of the
model-simulated discharge to a change in a variable
value that represents watershed properties. Typically, a
sensitivity analysis is an iterative process whereby the
value of a given variable is changed while all other
variables are held constant thus indicating the degree to
which that variable can affect simulation results. The
process of varying a model variable and measuring the
effect on the simulation results is automated in the
PCSWMM 2000 Sensitivity Wizard. Variables that
were tested for sensitivity include: subcatchment
width, percent effective impervious area, impervious
area roughness, pervious area roughness, impervious
area depression storage, pervious area depression stor-
age, capillary suction, saturated hydraulic conductivity,
and the initial moisture deficit.

The Sensitivity Wizard tests the sensitivity of a
model variable to storms of different durations and
intensities—long, medium, and short duration (10-
hour, 1-hour, and 20-minute storms, respectively), and
high, medium, and low intensity (varied from 3.0 to
0.1 in/h, dependent on the duration). Sensitivity analy-
sis was performed on peak discharge and runoff
volume with the use of hyetographs that represent each
of the different permutations of duration and intensity
(only long and short durations are presented in figs. 26
and 27) for the single-family land-use subbasin. The
single-family land-use subbasin was chosen for the
sensitivity analysis because (1) it represents the domi-
nant land-use type in the lower Charles River Water-
shed, and (2) it is more likely to demonstrate the
sensitivity of pervious area values than the multifamily
and commercial subbasins, which have a higher per-
centage of effective impervious area. Variables were
allowed to change by +30 percent during the sensitivity
testing.

Results of the sensitivity analysis (figs. 26 and
27) indicate that the percent effective impervious area
was the most sensitive variable affecting runoff vol-
umes and peak discharge for most storm types. For
storms with precipitation totals of 1 in. or more, the
value of effective impervious area was about 50 times
more sensitive than the next closest subcatchment
variable—typically impervious and pervious area
depression storage for runoff volume and subcatchment
width for peak discharge. The sensitivity gradients of
effective impervious area are proportional to the value
of storm-peak discharge or runoff volume. Decreases in
effective impervious area result in decreases in peak
discharge and runoff volume and, conversely, increases
in effective impervious area result in increases in peak
discharge and runoff volume.

Decreases in impervious and pervious area
depression storage were the most sensitive variables
affecting peak discharge and runoff volume for
medium-duration, low-intensity storms. Total precipi-
tation for this type of storm was only 0.1 in., which is
near the interception storage starting values; thus,
decreasing the values of interception storage has a large
effect on both peak discharge and runoff volume for
small storms. Other subcatchment variables have the
greatest effect on peak discharge and runoff volume
for short-duration storms (20 minutes) and medium-
duration storms (1 hour) of low intensity. Peak dis-
charge is affected mostly by the value of the impervi-
ous area roughness for the short-duration, low-intensity
storm (total precipitation of 0.03 in.).

Model Limitations

SWMM was chosen to simulate runoff to the
lower Charles River because its numerical solutions are
well suited to this type of watershed. Still, a number of
simplifications are made in the mathematical model
representation of runoff process and in the structural
representation (discretization) of the hydrologic sys-
tem. The models developed by the USGS for the lower
Charles River were conceptualized and calibrated to
represent runoff to compute stormwater loads. For
example, these models do not include the entire drain-
age network, but only a sufficient portion of the drain-
age system to provide subcatchment linkage, which
allows water to be routed by the kinematic-wave
method to its outfall. Thus, the models developed by
the USGS are not suitable for storm-sewer design or
other applications that require robust analysis of flow
hydraulics of the storm-drain system.
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values, lower Charles River Watershed, Massachusetts.
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SWMM requires a single set of variable values to
represent a subcatchment (lumped variables), but the
physical properties of the tributary subbasin model sub-
catchments are spatially heterogeneous. Although sim-
ulation results obtained from the tributary subbasin
models at the gage locations (calibration points) were
good, the model performance of individual subcatch-
ments is unknown. The ungaged subbasin model has an
even larger degree of uncertainty than the gaged model
because the variable values were obtained by transfer-
ring each value from subcatchments with similar land-
use characteristics in the tributary subbasin models.
The model performance for the aggregate of these sub-
catchments could not be evaluated as it was for the
gaged subbasins. The sensitivity analysis indicates that
even small changes in the effective imperviousness can
produce large changes in the storm peak discharge and
runoff volume. Ungaged areas, however, represent only
about 4 percent of the total drainage area to the lower
Charles River.

The performance of the models outside of the
range of storms evaluated in the calibration and model
fit analysis is unknown. The models were calibrated
and tested over a wide range of storms (0.10 to 4.4 in.),
but the majority of these storms had less than 1 in. of
total precipitation. The largest storm included in the
evaluation of the model fit, June 6, 2000, had a total
precipitation of 4.4 in. and an estimated recurrence
interval of 2 to10 years. The simulated runoff volume
error ranged between -27 and 23 percent, excluding the
model performance at the commercial land-use subba-
sin and Faneuil Brook Subbasin, which had question-
able observed discharge data as previously described.
The median simulated runoff volume error ranged
between —13 and 18 percent; thus, the simulated runoff
volume for storms of this magnitude or larger is poten-
tially greater than that reported for all storms. Flow
conditions other than those evaluated for this study
could affect the model results and, therefore, simula-
tion results outside the range of conditions used to
assess the model should be used with caution.

RUNOFF TO THE LOWER
CHARLES RIVER

The calibrated models were used to simulate
runoff to the lower Charles River from the watershed
below Watertown Dam for (1) the 2000 water year,
October 1, 1999, through September 30, 2000, (2) a

3-month design storm, and (3) a 1-year design storm.
SWMM results provided annual and design-storm
hydrographs for the calculation of constituent loads to
the lower Charles River presented in a companion
report by Breault and others (2002). The annual (water
year) runoff to the lower Charles River is summarized
in table 9.

Annual and Monthly
Water Budget

For each of the gaged subbasins, simulated flow
components are described for the annual water budget
and the simulated monthly runoff volumes are com-
pared to the measured monthly volumes. Differences
between the simulated and the observed monthly runoff
relative to the previously described stormwater-volume
error indicate the potential error associated with the
calculation of constituent loads.

Single-Family Land-Use
Subbasin

Annual precipitation simulated on the single-
family land-use subbasin was 42.0 in.—simulations
indicate about 80 percent infiltrated the ground, 14 per-
cent became surface runoff, and 5 percent evaporated

Table 9. Annual runoff observed at Charles River at Watertown Dam, and
simulated at land-use and tributary subbasins to the lower Charles River,
Massachusetts, Water Year 2000, October 1, 1999 through September 30,
2000

[WY, water year; --, not applicable]

Annual WY 2000 volume

Site (Millions of cubic feet)
To stream gage To outfall
Land-use subbasins
Single family.....c..cooeeceecveienencne 9.51 --
Multifamily .....ccccovevevenenenienenne 3.04 --
Commercial........ccceveveeeeenreneennen. 8.11 --
Tributaries and ungaged subbasins
Charles River at Watertown ........ 15,300 --
Laundry Brook......c..c.ccecceerueennee 82.3 82.3
Faneuil Brook .........ccccccevveneenen. 38.6 49.1
Muddy River ......ccccocevevereeiennene 202 157
Muddy River conduit .................. -- 183
Stony Brook ........ccceceeeeieiennnn 478 489
Aggregate of ungaged -- 284
SUbDASINS ...evveeereeeeeeieieeieenene
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from surface storage. Of the water that infiltrated the
ground, 46 percent entered deep ground-water storage
and is considered lost from the subbasin, 41 percent
was lost to evapotranspiration, and 14 percent entered
the drainage systems as ground-water discharge. The
simulated runoff volume for the 2000 water year was
9.51 million ft3 (table 9), the average discharge was
0.30 ft3/s, the minimum discharge was 0.001 ft3/s, and
the maximum discharge was 79 ft3/s.

Simulated monthly runoff volumes (fig. 284)
differed from the observed runoff volume by -37 to
18 percent. Monthly runoff was generally undersimu-
lated by about 12 percent, but storm-runoff volumes
are oversimulated by 18 percent on average. Hence,
the difference in the monthly runoff is largely attrib-
uted to differences in base flow. The observed base
flow generally was between 0.02 and 0.05 ft3/s,
whereas simulated base flow was typically zero.
Therefore, constituent loads calculated from the simu-
lated discharge values can be expected to underesti-
mate base-flow loads by an average of 12 percent and
overestimate storm loads by about 18 percent on
average.

Multifamily Land-Use
Subbasin

Annual precipitation simulated on the multi-
family land-use subbasin was 40.95 in.—simulations
indicate about 13 percent infiltrated the ground, 77 per-
cent became surface runoff, and 10 percent evaporated
from surface storage. Of the 6.66 in. of water that infil-
trated the ground or was lost from the subsurface stor-
age over the simulation period, 60 percent entered deep
ground-water storage (considered lost from the subba-
sin), 39 percent was lost to evapotranspiration, and 1
percent entered the drainage systems as ground-water
discharge. Total runoff volume for the 2000 water
year was 3.04 million ft3, the average discharge was
0.10 ft3/s, the minimum discharge was zero, and the
maximum discharge was 25 ft3/s.

Simulated monthly runoff volumes differed from
the observed volumes by -24 to 39 percent (fig. 28B).
The model slightly undersimulated runoff in December
and January, and slightly oversimulated runoft in May,
July, August, and September. The month of June was
undersimulated by 24 percent largely because of the
undersimulation of the June 6 storm, but storm-runoff
volumes were oversimulated by 3 percent on average.
On average, base-flow constituent loads can be

expected to be underestimated slightly and stormwater
constituent loads can be expected to be oversimulated
by 3 percent.

Commercial Land-Use
Subbasin

Annual precipitation simulated on the commer-
cial land-use subbasin was 40.95 in.—simulations indi-
cate about 80 percent became surface runoff, about 11
percent infiltrated the ground, and about 9 percent
evaporated from surface storage. Of the 5.83 in. of
water that infiltrated into the ground or drained from
subsurface storage over the simulation period, about 24
percent was lost to evapotranspiration, and most of the
rest (about 76 percent) entered deep ground-water
storage. The simulated total runoff volume for the 2000
water year was 8.11 million ft3, the average discharge
was 0.26 ft3/s, the minimum discharge was zero, and
the maximum discharge was 19 ft3/s.

The constant base flow of 0.20 ft3/s that was
added to the TRANSPORT module is not included in
the water budget above. A base flow of this magnitude
would require a ground-water discharge of 71 in/yr, or
about twice the amount of annual precipitation over the
subbasin. A small portion of the base flow (about 5 per-
cent) could be gained by eliminating the loss to the
deep ground-water system; however, this rate of loss is
consistent with the calibrated ground-water loss used in
other subbasins models.

Simulated monthly runoff volumes differed from
the observed runoff by -51 to 25 percent (fig. 28C); the
month of June (-51 percent error) was appreciably
undersimulated primarily because measured discharge
during the June 6 storm had a prolonged elevated reces-
sion. This type of recession is atypical for this type of
subbasin and is likely caused by measurement error or
the possible conditions that caused high RR coeffi-
cients in this subbasin as previously explained. After
the station was made operational in mid-January, the
measured discharge was noisy and undersimulated
compared to the observed discharge until early April.
Measured discharge is missing from April 2 to 20.
Therefore, constituent loads calculated from simulated
discharges are expected to overestimate base-flow
loads during the late summer and overestimate storm
loads by -13 percent, on average; however, the error in
the load estimate is expected to be minor if runoff is
unaffected by the variable source area or the cross
connections.
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Laundry Brook Subbasin

Annual precipitation simulated on the Laundry
Brook Subbasin was 42.05 in.—simulations indicate
about 86 percent infiltrated into ground, about 10 per-
cent became surface runoff, and about 4 percent evapo-
rated from surface storage. Of the 36.06 in. of water
that infiltrated into the ground, 47 percent entered deep
ground-water storage, 42 percent was lost to evapo-
transpiration, 10 percent entered the drainage systems
as ground-water discharge, and 1 percent was added to
subsurface storage over the simulation period. Total
runoff volume for the 2000 water year was 82.3 million
ft3, the average discharge was 2.60 ft/s, the minimum
discharge was 0.36 ft3/s, and the maximum discharge
was 194 ft¥/s.

Simulated monthly runoff volumes differed from
the observed volumes by -25 to 52 percent (fig. 29A).
Monthly runoff was undersimulated by about 1.5 per-
cent on average and storm runoff was undersimulated
by 0.9 percent, on average. The model undersimulates
runoff in February, March, April, May, August, and
September; and oversimulates runoff in November,
December, January, June, and July. Slightly underesti-
mated annual loads and storm loads are expected
when constituent loads are calculated from simulated
discharges.

Faneuil Brook Subbasin

Annual precipitation simulated on the Faneuil
Brook Subbasin was 42.2 in.—simulations indicate that
about 81 percent infiltrated the ground, 15 percent was
surface runoff, and 4 percent evaporated from surface
storage. Of the 34.13 in. of water that infiltrated the
ground, 42 percent entered deep ground-water storage,
40 percent was lost to evapotranspiration, 17 percent
entered the drainage systems as ground-water dis-
charge, and 1 percent was added to the subsurface stor-
age over the simulation period. Total annual-runoff
volume to the gaging station for the 2000 water year
was 38.6 million ft3, the average discharge was
1.22 ft3/s, the minimum discharge was zero, and the
maximum discharge was 136 ft3/s. Total runoff volume
from Faneuil Brook to the lower Charles River for
the 2000 water year was 49.1 million ft3, the average
discharge was 1.55 ft3/s, the minimum discharge
was zero, and the maximum discharge was 171 ft3/s.

Simulated monthly runoff volumes differed from
the observed volumes by -57 to 24 percent (fig. 29B);
the largest error is in June largely because the storm
volume on June 6 was oversimulated. Runoff volumes
during November through March were undersimulated;
storm volumes were undersimulated by 3 percent on
average. Base flow during the winter and spring gener-
ally was undersimulated because the ground water was
treated as a linear reservoir that drained to a fixed ele-
vation in the conduit. Therefore, constituent loads cal-
culated from simulated discharges are expected to
underestimate base-flow loads during the winter and
spring and slightly underestimate storm loads.

Stony Brook Subbasin

Annual precipitation simulated on the Stony
Brook Subbasin was 42.36 in.—simulations indicate
that about 67 percent infiltrated the ground, about
28 percent became surface runoff, and about 6 percent
evaporated from surface storage. Ground water was
not simulated in the Stony Brook model; therefore,
infiltrated ground water in the subbasin is not routed to
the stream. The total simulated runoff volume to the
gage for the 2000 water year was 478 million ft3, the
average discharge was 15.1 ft3/s, the minimum dis-
charge was 10.1 ft3/s, and the maximum discharge was
1,059 ft3/s. The simulated annual runoff volume to the
mouth for the 2000 water year was 489 million ft3, the
average discharge was 15.5 ft3/s, the minimum dis-
charge was 10.3 ft3/s, and the maximum discharge was
685 ft'/s.

Simulated monthly runoff volumes differed from
the observed volumes by -3 to 63 percent (fig. 29C).
The model undersimulates runoff in June, July, August,
and September and oversimulates runoff in May; on
average, monthly runoff is undersimulated by 24 per-
cent. Storm-runoff volumes were oversimulated by
18 percent, on average. Underestimated annual loads
and overestimated storm loads are expected from
constituent loads calculated from simulated
discharges.
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Total Inflows to the
Lower Charles River

Total annual inflow to the lower Charles River
was 16,500 million ft3; about 92 percent of the annual
inflow was from the upper basin, 3 percent was from
the Stony Brook Subbasin, 2 percent was from the
Muddy River Subbasin, and less than 1 percent was
from the combined inflows of Laundry and Faneuil
Brooks (table 9). These inflows do not include CSO
discharges to the river, except those entering Stony
Brook prior to its discharge to the lower Charles River.
The remaining ungaged drainage area contributed
about 2 percent of the total annual inflow to the lower
Charles River. Excluding inflows from the upper basin
(Charles River above Watertown Dam), the total
annual inflow to the lower Charles River was 1,320
million ft3; about 39 percent was from the Stony Brook
Subbasin, 27 percent was from the Muddy River Sub-
basin, which includes the area that drains to the Muddy
River conduit, 7 percent was from the Laundry Brook
Subbasin, 4 percent was from the Faneuil Brook Sub-
basin, and the ungaged areas not included in the tribu-
tary subbasin models contributed about 23 percent.

Design Storms

The MWRA selected two design storms for
their river model simulations of bacterial transport and
fate in the lower Charles River. The design storms rep-
resent a 3-month storm, based on an actual storm of
July 20, 1982, and a 1-year storm, based on an actual
storm of September 20, 1961. The 3-month storm
lasted 30 hrs, had 1.84 in. total rainfall, 0.06 in/h aver-
age rainfall intensity, and 0.4 in/h maximum rainfall
intensity. The 1-year storm lasted 26 hrs, had 2.79 in.
total rainfall, 0.11 in/h average rainfall intensity, and
0.65 in/h maximum rainfall intensity. Discharge from
the upper basin (Charles River above Watertown Dam)
was estimated from discharge recorded at the Waltham,
Massachusetts, gage (01104500) as previously
described. The models developed by the USGS and
MWRA were used to calculate runoff produced by
these storms from all other areas to the lower Charles
River, excluding CSO discharges except those to Stony
Brook.

Total storm runoff for the 3-month and 1-year
storms was 111 and 257 million ft3, respectively. The
upper basin drainage area, the largest source of water
to the lower Charles River, produced 21 and 46 percent
of the total inflow for the 3-month and 1-year design

storms, respectively (table 10). Typically, after a large
storm the discharge at Charles River at Watertown
Dam takes several days to return to base-flow condi-
tions; the prolonged recession is attributed to water
storage in upstream riparian wetlands. For this reason,
the storm volumes for both design storms were trun-
cated after about 3 days because discharges were
affected by later storms. Muddy River, Stony Brook,
and the ungaged subbasins not included in tributary
subbasin models each make up about 5 to 7 percent of
the total runoff volume for the 3-month storm and
about 3 to 6 percent of the runoff volume for the 1-year
storm. The Laundry Brook and Faneuil Brook Subba-
sins each made up less than 2 percent of the total runoff
volume for both the 3-month and 1-year storms.

Excluding inflow from the upper basin the runoff
to the lower Charles River was as follows. Total storm
runoff for the 3-month and 1-year design storms was
30 and 53 million ft3, respectively. The largest source
was Muddy River Subbasin, which contributed 34 per-
cent of the runoff for the 3-month storm and 35 percent
of the runoff for the 1-year storm. The Stony Brook
Subbasin and the ungaged subbasins, not included in
the tributary subbasin models, contribute about equal
proportions for both storms (about 26 to 30 percent of
the total runoff, respectively). Combined, the Muddy

Table 10. Storm-runoff volumes simulated for the 3-month and 1-year
Jesign storms to the lower Charles River, Massachusetts

Design storm volume
Site (millions of cubic feet)

3 month 1year

Land-use subbasins

Single family.......c.ccccoveeerenceneennne. 0.278 0.443
Multifamily .......ccoeceeeeenenenieeeene 120 208
Commercial........ccoceevevevenenenenene .104 .160

Tributaries and ungaged subbasins

Charles River at Watertown ............ 80.2 204
Laundry Brook........ccccceceeveevennenne 2.15 3.53
Faneuil Brook .........ccceceevevenenenenne .968 1.64
Muddy River conduit .................... 5.16 8.77
Muddy River.......ccccocevvevevenenenenne 4.91 9.54
Stony Brook ..........cecceeveinvenennenne. 7.91 14.9
Aggregate of ungaged
SUDDASINS ..ceeevienienieieierieseieaeen 8.99 14.3
Total..cocoiiieiiiinininiiiiicee 111 257
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River and Stony Brook Subbasins contributed about 60
percent of the design-storm runoff; these inputs are
significant because they enter the lower Charles River
in a prime recreational area. Laundry Brook contributes
about 7 percent and Faneuil Brook contributes about 3
percent of the total runoff for these design storms.

SUMMARY

The lower Charles River is an important recre-
ational resource for the Boston metropolitan area,
but contaminated stormwater and combined-sewer
overflows (CSOs) have impaired its use because at
times the river is unfit for secondary contact recreation
(boating). The U.S. Environmental Protection Agency
(USEPA) has set a goal of making the lower Charles
River fishable and swimmable by Earth Day 2005.
To meet this goal, a better understanding of the non-
CSO stormwater discharge and constituent loads to the
lower Charles River is needed. The U.S. Geological
Survey (USGS), in cooperation with the USEPA, the
Massachusetts Water Resources Authority (MWRA),
and the Massachusetts Department of Environmental
Protection (MADEP), developed and calibrated Storm-
Water Management Models (SWMM) to quantify non-
CSO stormwater loads to the lower Charles River. This
report documents the stormwater-modeling procedures
used to calculate runoff to the lower Charles River.
Constituent loads are described in a companion report.

During the 2000 water year (September 30, 1999,
through October 1, 2000), surface-water discharge data
were collected at eight sites—three relatively homoge-
nous land-use sites, four major tributaries downstream
of the Watertown Dam, and the Charles River where it
enters the lower Charles River at Watertown Dam. The
three land-use sites represent the largest land-use cate-
gories in the lower Charles River Watershed: (1) single-
family residential, (2) multifamily residential, and
(3) commercial. The major tributary sites included all
of the drainage area of Laundry Brook, and 80, 84, and
90 percent of the Faneuil Brook, Muddy River, and
Stony Brook drainage areas, respectively. The USGS
collected precipitation data at Watertown Dam and
compiled precipitation data maintained by other agen-
cies at five gages in or near the lower Charles River
Watershed.

Precipitation and discharge data were used to run
and calibrate models developed for the three land-use
subbasins, and two tributary subbasins, Laundry and

Faneuil Brook. Precipitation data were also used in a
model that simulates discharge to the lower Charles
River from numerous ungaged outfalls not included in
the tributary subbasin models. The three homogeneous
land-use subbasin models were later incorporated into
other models; the residential land-use subbasin model
was part of the Laundry Brook model, the multifamily
subbasin and the commercial subbasin models were
part of the ungaged area model. The Laundry, Faneuil,
and ungaged area models include 126 subcatchments
and 116 conduits.

The SWMM of the Stony Brook Subbasin was
developed prior to this study by others, but evaluated
with the newly collected data from this study. The
Stony Brook model also included the Muddy River
Subbasin, but variable backwater conditions at the
Muddy River stream gage resulted in poor quality dis-
charge records; therefore, the Muddy River Subbasin
portion of the model was not evaluated. To simulate
runoff from the lower Charles River Watershed requires
four separate models—(1) Laundry Brook model,

(2) Faneuil Brook model, (3) Stony Brook model, and
(4) the ungaged area model.

Model variable values were calculated from rela-
tions of rainfall to runoff, available spatial data, field
measurements, and literature values. The land-use
subbasin models were calibrated first and the variable
values obtained from these models were used as initial
values for similar land-use types in the tributary and
ungaged subbasin models. Variable values were
adjusted during model calibration to minimize the dif-
ference between simulated and observed discharges;
particularly the value of the effective impervious area,
which largely determines the storm-peak discharge and
runoff volume. Models developed by the USGS were
calibrated with up to 24 storms. This number depended
on the availability of measured discharge data; these
storms were selected because they had the least vari-
ability in precipitation measured over the six rain gages.

The model fit was evaluated for each model for
the calibration storms and for all storms with apprecia-
ble precipitation and reliable discharge data. Statistics
reported to evaluate the model fit included the standard
error of estimate (SE), the root mean square error
(RMSE), the coeftficient of efficiency (E), and the index
of agreement (d) for storm-peak discharge and runoff
volume. The first two statistics are absolute measures of
the model fit, whereas the last two statistics are relative
measures of the model fit. Model calibration
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emphasized minimizing the differences between simu-
lated and observed storm-runoff volumes rather than
storm-peak discharge, although peak discharge was
also considered in the model calibration.

Twenty storms, on average, were used for model
calibration; the number of calibration storms varied
between 13 and 24. The overall runoff volume model
fit for the models developed by the USGS for these
storms had SE values that ranged from 0.016 to
0.407 in. (average of 0.114 in.), RMSE that ranged
from 0.061 to 0.794 in. (average of 0.272 in.), E that
ranged from 0.32 to 0.94 (average of 0.78), and that
ranged from 0.27 to 0.98 (average of 0.82). For the
USGS models overall, the simulated runoff volume
was within 10 percent of the observed volume from 30
to 46 percent of the time (average 38 percent), within
25 percent of the observed volume from 45 to 75 per-
cent of the time (average 65 percent), and within 50
percent of the observed volume from 70 to 95 percent
of the time (average 88 percent).

Forty-two storms, on average, were used to test
the model fit; the number of storms ranged between 31
and 48. For the USGS models, the runoff-volume
model fit for these storms had SE that ranged from
0.030 to 0.941 in. (average of 0.209 in.), RMSE that
ranged from 0.130 and 2.19 in. (average of 0.551 in.),
E that ranged from 0.40 to 0.93 (average of 0.84), and
that ranged from 0.67 to 0.98 (average of 0.95). The
simulated storm-runoff volume was within 10 percent
of the observed volume between 26 and 33 percent of
the time (average 29 percent), within 25 percent of
the observed volume between 51 and 69 percent of the
time (average 60 percent), and within 50 percent of
the observed volume between 72 and 96 percent of
the time (average 88 percent). The SE was at least
four times larger and RMSE was at least three times
larger for the commercial land-use subbasin model
than for the other models, because measured discharge
appears to be affected by variable conditions that are
not considered in the model.

Over all storms, the USGS model runoff vol-
umes were, on average, oversimulated by 18 percent
by the single-family land-use subbasin model, under-
simulated by 3 percent by the multifamily land-use
subbasin model, oversimulated by 0.4 percent by the
commercial land-use subbasin model, undersimulated
by 1 percent by the Laundry Brook Subbasin model,
and undersimulated by 3 percent by the Faneuil Brook

Subbasin model. Model-fit statistics for storm-peak
discharges generally were comparable to the statistics
for runoff volume.

The Stony Brook Subbasin model generally had
a model fit comparable to that of the USGS models.
Twenty-eight storms were used to evaluate the model
fit. The simulated storm-runoff volume had a SE of
0.070 in., RMSE of 0.210 in., E of 0.90, and d of 0.98.
The simulated storm-runoff volume was within 10
percent of the observed volume 21 percent of the time,
within 25 percent of the observed volume 54 percent
of the time, and within 50 percent of the observed
volume 82 percent of the time. Simulated storm runoff
volumes at Stony Brook were oversimulated by 18
percent, on average. In general, the USGS models tend
to fit stormwater volumes slightly better than the
Stony Brook model, and, conversely, the Stony Brook
model tends to fit storm-peak discharges slightly
better than the USGS models, reflecting the different
purposes for which the models were developed.

The total annual runoff to the lower Charles
River, not including CSOs (except those entering
Stony Brook), during the 2000 water year was
16,500 million ft3; 92 percent of the inflow was from
the upper basin, 3 percent was from the Stony Brook
Subbasin, 2 percent was from the Muddy River
Subbasin, which includes runoff that drains to the
Muddy River conduit, and less than 1 percent was
from the combined inflows of Laundry and Faneuil
Brooks. The ungaged drainage area, not included in
the tributary models, contributed about 2 percent of
the total annual inflow to the lower Charles River.
Total annual runoff to the lower Charles River, which
excludes runoff above Watertown Dam, was
1,320 million ft3; 39 percent was from the Stony
Brook Subbasin, 27 percent was from the Muddy
River Subbasin, which includes runoff that drains to
the Muddy River conduit, 7 percent was from the
Laundry Brook Subbasin, and 4 percent was from the
Faneuil Brook Subbasin. The ungaged areas, not
included in the tributary subbasin models, contributed
about 23 percent of the total annual inflow to the lower
Charles River, excluding runoff above Watertown
Dam.

Runoff to the lower Charles River was calcu-
lated for two design storms that represent a 3-month
and a 1-year event. The MWRA used these storms in a
receiving water model to simulate the transport and
fate of bacteria in the lower Charles River. These are
actual storms on July 20, 1982 (3-month storm), and
September 20, 1961 (1-year storm), with total rainfall
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volumes of 1.84 and 2.79 in., respectively. The models
were used to simulate runoff for these storms from the
lower Charles River Watershed; a relation between the
Charles River Watertown station and the long-term
Waltham station was developed to calculate inflow
from the upper basin. Total storm runoff to the lower
Charles River was 111 and 257 million ft> for the 3-
month and 1-year storms, respectively. Total storm
runoff to the lower Charles River excluding that from
the upper basin was 30 and 53 million ft3 for the 3-
month and 1-year storms, respectively. Runoff from the
various tributary areas for the design storms occurred
in about the same proportion as the annual runoff.

Models developed and calibrated by the USGS
were designed to estimate stormwater runoff to the
lower Charles River. These models provide a planning
tool for calculating stormwater runoff, for example,
simulating runoff to compute constituent loads. The
drainage system network, however, was not represented
in sufficient detail for use in engineering design.
Although the models are well calibrated to observed
data for the 2000 water year, simulation results for
storms larger than about 4.5 in. are untested and care
should be exercised in the use of simulated discharges
for storms larger than this amount.
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Appendix 1: Model areas and schematics of the
StormWater Management Model (SWMM)
elements used to represent the model areas
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Appendix 1A. Laundry Brook Subbasin, lower Charles River Watershed, Massachusetts.
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Appendix 1B. Schematic of StormWater Management Model (SWMM) elements used to represent Laundry Brook Subbasin,
lower Charles River Watershed, Massachusetts.
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Appendix 1F. Schematic of StormWater Management Model (SWMM) elements used to represent multifamily and
commercial land-use subbasins, lower Charles River Watershed, Massachusetts.
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Appendix 2: Rainfall characteristics of storms at
BWSC-CS4, lower Charles River
Watershed, 2000 water year
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Appendix 3: Observed and simulated runoff
volume and peak discharge for calibration storms







Appendix 3A. Observed and simulated runoff volume and peak discharge for calibration storms at the single-family land-use subbasin, lower Charles River
Watershed, Massachusetts

[ft3/s, cubic feet per second]

Runoff volume (inch) Peak discharge (ft3/s)
pate Observed Simulated f’ercent Observed Simulated _Percent
difference difference
11-10-1999 0.048 0.072 50 7.5 4.6 -39
11-25-1999 .051 .078 53 9.0 6.0 -33
12-06-1999 147 185 26 21.0 16.0 -24
12-15-1999 .051 .080 57 4.8 3.2 -33
12-20-1999 .037 .055 49 8.0 5.0 -38
1-04-2000 .184 .184 0 9.7 10.0 3.1
1-10-2000 .186 .156 -16 15.0 10.0 -33
4-04-2000 .038 .075 97 3.2 3.2 0
4-08-2000 135 .140 3.7 11.0 6.2 -44
4-18-2000 118 .161 36 4.0 4.3 7.5
4-26-2000 .027 .103 281 1.6 3.0 88
5-18-2000 .080 .106 33 3.8 34 -11
6-02-2000 .089 .119 34 15.0 19.0 27
6-11-2000 .196 178 9.2 59.0 32.0 -46
7-09-2000 .091 .088 -3.3 16.0 9.8 -39
7-26-2000 302 .290 -4.0 17.0 16.0 -5.9
7-31-2000 141 142 7 14.0 8.4 -40
8-14-2000 .047 .056 19 2.2 5.5 150
9-19-2000 .070 .079 13 25.0 28.0 12
9-26-2000 .040 .093 133 4.1 4.1 0
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Appendix 3B. Observed and simulated runoff volume and peak discharge for calibration storms at the multifamily land-use subbasin, lower Charles River
Watershed, Massachusetts

[ft3/s, cubic feet per second]

Runoff volume (inch) Peak discharge (f3/s)
ate Observed Simulated !’ercent Observed Simulated !’ercent
difference difference
11-25-1999 0.142 0.284 100 2.3 2.3 0
12-06-1999 910 994 9.2 8.5 9.9 16
12-14-1999 436 313 -28 2.3 1.6 -30
12-20-1999 239 183 -23 3.5 2.6 -26
1-04-2000 904 877 -3.0 4.7 4.5 -4.3
1-10-2000 .677 .642 -5.2 6.0 5.3 -12
4-18-2000 412 551 34 1.5 2.1 40
4-26-2000 253 .169 -33 1.3 1.0 -23
5-10-2000 481 475 -1.2 5.0 5.1 2.0
5-18-2000 252 226 -10 2.0 1.8 -10
6-02-2000 408 431 5.6 12.0 10.0 -17
6-11-2000 732 .545 -26 14.0 14.0 0
7-09-2000 338 455 35 5.5 7.0 27
7-26-2000 1.456 1.402 -3.7 8.5 10.0 18
7-31-2000 419 518 24 3.9 3.4 -13
8-14-2000 .353 .300 -15 7.0 4.2 -40
8-16-2000 334 319 -4.5 12.0 7.1 -41
8-23-2000 221 280 27 5.5 7.0 27
9-15-2000 1.258 1.261 2 20.0 25.0 25
9-19-2000 338 .336 -.6 8.9 9.6 7.9
9-26-2000 235 268 14 2.1 4.0 90

Appendix 3C. Observed and simulated runoff volume and peak discharge for calibration storms at the commercial land-use subbasin, lower Charles River
Watershed, Massachusetts

[ft3/s, cubic feet per second]

Runoff volume (inch) Peak discharge (f3/s)
Date
Observed Simulated !’ercent Observed Simulated !’ercent
difference difference
4-26-2000 0.713 0.525 -26 1.7 1.1 -35
5-18-2000 972 .568 -42 3.1 2.6 -16
6-02-2000 769 672 -13 7.1 9.1 28
6-11-2000 1.896 746 -61 7.3 11.0 51
7-09-2000 775 .668 -14 7.6 4.6 -39
7-27-2000 1.749 1.256 -28 7.6 7.2 -5.3
7-31-2000 .809 717 -11 3.6 4.2 17
8-13-2000 .639 .603 -5.6 5.3 3.7 -30
8-16-2000 562 595 5.9 10.0 8.0 -20
8-23-2000 475 577 21 4.8 6.5 35
9-15-2000 1.275 1.145 -10 18.0 19.0 5.6
9-19-2000 .609 .616 1.1 7.4 7.6 2.7
9-26-2000 .559 582 4.1 2.0 3.4 70
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Appendix 3D. Observed and simulated runoff volume and peak discharge for calibration storms at the Laundry Brook Subbasin, lower Charles River
Watershed, Massachusetts

[ft3/s, cubic feet per second]

Runoff volume (inch) Peak discharge (ft3/s)
ate Observed Simulated .Percent Observed Simulated .Percent
difference difference
11-10-1999 0.028 0.050 79 15 20 33
11-25-1999 .031 .056 81 14 18 29
12-06-1999 124 122 -1.6 56 56 0
12-15-1999 .043 .057 33 13 15 15
12-20-1999 .035 .040 14 17 19 12
1-04-2000 117 122 43 57 48 -16
1-10-2000 .110 .103 -6.4 82 51 -38
4-04-2000 .053 .057 7.5 15 18 20
4-08-2000 .103 .095 -7.8 44 33 -25
4-18-2000 .092 .108 17 20 22 10
4-26-2000 .109 .073 -33 14 15 7.1
5-10-2000 133 122 -8.3 77 78 1.3
5-18-2000 .072 .074 2.8 16 16 0
6-02-2000 .059 .082 39 52 72 38
6-11-2000 .129 121 -6.2 73 96 32
7-09-2000 .046 .061 33 30 42 40
7-26-2000 231 202 -13 90 83 -7.8
7-31-2000 .099 .096 -3.0 51 45 -12
8-13-2000 .029 .026 -10 11 17 55
8-16-2000 .039 .049 26 38 77 103
8-23-2000 .034 .033 -2.9 30 34 13
9-15-2000 175 175 0 100 130 30
9-19-2000 .062 .051 -18 72 76 5.6
9-26-2000 .036 .060 67 15 22 47
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Appendix 3E. Observed and simulated runoff volume and peak discharge for calibration storms at the Faneuil Brook Subbasin,
lower Charles River Watershed, Massachusetts

[ft3/s, cubic feet per second; in, inch]

Runoff volume (inch) Peak discharge (ft3/s)
Date Observed Simulated !’ercent Observed Simulated !’ercent
difference difference
11-10-1999 0.061 0.056 -8 13.0 15.0 15
11-25-1999 .057 .059 4 15.0 11.0 -27
12-06-1999 141 .129 -9 25.0 39.0 56
12-15-1999 .075 .068 -9 8.9 8.6 -3
12-20-1999 .049 .049 0 14.0 14.0 0
1-04-2000 .159 .126 -21 27.0 18.0 -33
1-10-2000 .130 .103 -21 30.0 22.0 -27
4-04-2000 .056 .064 14 7.6 6.6 -13
4-09-2000 .077 .108 40 12.0 15.0 25
4-18-2000 .107 113 6 9.9 9.9 0
4-26-2000 .097 127 31 7.6 8.2 8
5-18-2000 .075 .087 16 6.5 7.5 15
6-02-2000 .077 .091 18 19.0 36.0 89
6-11-2000 .097 .159 64 39.0 54.0 38
7-09-2000 .093 .076 -18 20.0 21.0 5
7-26-2000 .207 .269 30 30.0 50.0 67
7-31-2000 .097 122 26 14.0 20.0 43
8-14-2000 .047 .055 17 7.4 11.0 49
8-16-2000 .059 .057 -3 36.0 29.0 -19
8-23-2000 .062 .056 -10 34.0 29.0 -15
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Appendix 3F. Observed and simulated runoff volume and peak discharge for calibration storms at the Stony Brook Subbasin,
lower Charles River Watershed, Massachusetts

[ft3/s, cubic feet per second]

Runoff volume (inch) Peak discharge (ft3/s)
Date
Observed Simulated !’ercent Observed Simulated !’ercent
difference difference
4-04-2000 0.087 0.078 -10 31 18 -42
4-09-2000 .159 177 11 120 150 25
4-18-2000 124 .098 -21 76 25 -67
4-26-2000 .192 .081 -58 65 18 -72
5-10-2000 122 115 -5.7 85 60 -29
5-18-2000 .098 .090 -8.2 47 31 -34
6-02-2000 .136 .136 0 260 200 -23
6-11-2000 185 115 -38 200 110 -45
7-09-2000 .063 114 81 65 130 100
7-26-2000 207 218 5.3 250 250 0
7-31-2000 .104 133 28 140 120 -14
8-13-2000 .058 .079 36 16 25 56
8-16-2000 .068 .102 50 89 94 5.6
8-23-2000 .071 .091 28 81 62 -23
9-15-2000 175 175 0 350 340 -2.9
9-19-2000 .088 .139 58 210 190 -10
9-26-2000 .069 .084 22 53 21 -60
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