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ABSTRACT

This report documents the development, calibration, and application of a water
quality model of Massachusetts and Cape Cod Bays. The report summarizes the
evaluation of existing data; describes the development of a time-variable eutrophication
model of the Bays system and its calibration to existing water quality data; and analyzes
the results of model projections made for various Massachusetts Water Resources

Authority (MWRA) wastewater treatment alternatives using the calibrated model.

The water quality model uses the results of a three-dimensional time-variable
hydrodynamic model of the Bays system, developed for MWRA by the United States
Geological Survey. The hydrodynamic model was used to develop realistic circulation
patterns for the water quality model calibration periods of October 1989 through April
1991 and January through December 1992. As judged by model versus observed data
comparisons, the water quality model provides a realistic representation of the physical,
chemical, and biological processes that determine eutrophication within the study area.
The water quality model has been used to investigate and define the relationships between
bay circulation, nutrient loadings, primary productivity, and dissolved oxygen in

Massachusetts and Cape Cod Bays.

Sensitivity analyses have been performed to investigate the relative impact of
anthropogenic nutrient inputs, the influx of nutrients from the Gulf of Maine, and
atmospheric sources on primary production within the Bays system. The calibrated water
quality model has also been used to project future water quality conditions to be expected
when the new MWRA wastewater treatment facilities have been completed and the
effluent wastewaters are discharged to Massachusetts Bay. The results of these
projection runs indicate: the upgrade to secondary treatment and outfall relocation will
provide significant improvement to water quality within Boston Harbor; the outfall will have

localized impacts on water quality within the immediate vicinity of the outfall, but will not

result in serious deterioration of present water quality; the relocation of the outfall will .

have almost imperceptible affects on water quality in Cape Cod Bay and Stellwagen Basin.
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SUMMARY

Introduction

The City of Boston and Boston Harbor are located in the northwest portion of
Massachusetts Bay. Together Massachusetts Bay and Cape Cod Bay combine to form a
roughly 100 X 50 km semi-enclosed basin in the western Gulf of Maine. Serving a
population of over two million people in the Greater Boston Metropolitan Area, the waters
of Boston Harbor and nearshore Massachusetts Bay provide an important recreational as
well as commercial resource. The waters of Boston Harbor have also served as a recipient
of the region’s sewage. Historically, the input of this sewage had an adverse impact on
the water quality of Boston Harbor. Significant efforts to improve the water quality of the
Harbor were begun in 1952 when a primary sewage treatment plant was built on Nut
Island. This facility treated at least a portion of the sewage that had been previously
discharged untreated into the Harbor. In 1968, construction of a much larger facility on
Deer Island was completed. The completion of these two facilities permitted the major
portion of the region’s sewage to receive disinfection, thus reducing the input of disease-

causing microorganisms to the Harbor’s waters.

However, the discharge of other wastewater constituents, such as solids,
oxygen-consuming organic material, and nutrients, still presented a problem to the water
quality of the Harbor. After a series of lawsuits were filed in the early 1980’s against the
City of Boston and the Metropolitan District Commission (the agency then responsible for
the sewage system), the Massachusetts Water Resources Authority (MWRA) was created
and charged with a mandatory schedule for meeting the secondary treatment standards
of the Clean Water Act, and hence improving the water quality of Boston Harbor. To date,
as part of this clean up effort, the MWRA has ceased the discharge of scum and sludge
associated with wastewater and wastewater treatment and completed construction of a

new primary treatment facility.

Also on the federally court mandated schedule is the construction of a new

secondary treatment facility on Deer Island and a new outfall tunnel to carry the treated
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effluent out to the deeper waters of Massachusetts Bay. It is expected that these
improvements in wastewater treatment and effluent outfall relocation will provide
improvements to water quality within Boston Harbor. Concerns have been raised,
however, about the effect that the outfall relocation will have on water quality within
Massachusetts and Cape Cod Bays. While previous modeling efforts suggest that the
discharge of effluent organic carbon and nutrients to northwest Massachusetts Bay will
have little effect on the environment of the Bays, these studies used relatively simple

frameworks for their analyses and are therefore subject to some uncertainty.

In an effort to develop a more rigorous and detailed understanding of the potential
impact of the outfall relocation on the water quality of Massachusetts and Cape'Cod Bays,
the MWRA has funded a number of studies within Boston Harbor and Massachusetts Bay.
Included in these efforts have been a number of hydrographic and water quality surveys
of the Bay. Also included is funding to support the development of time-variable
three-dimensional hydrodynamic and water quality models of the Bay. The hydrodynamic
model is being developed by the U.S. Geological Survey (USGS) under a cooperative
agreement with the MWRA.

This work is directed primarily towards the development of a mathematical model
of the eutrophication processes of Boston Harbor and Massachusetts and Cape Cod Bays.
The resulting water quality model can then be used as a management tool to address
questions concerning the water quality impacts in Boston Harbor and Massachusetts and
Cape Cod Bays resulting from the outfall relocation. The purpose of the Bays
Eutrophication Model (BEM) is twofold: (1) to obtain further understanding of the
processesrelating eutrophication, nutrients, and dissolved oxygen within the Bays system,
and (2) to use the resulting modeling framework as an aid in understanding the potential
impacts of wastewater treatment and outfall relocation. The BEM is developed herein on
the basis of (a) incorporation of known relationships of phytoplankton growth and
nutrients, and (b) calibration of the model to observed data for the period October 1989
through April 1991 and January through December 1992.
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Other than exchange with the Gulf of Maine, the principal inputs of oxygen

demanding material and nutrients entering Boston Harbor and the Bays system are:

Groundwater loadings, and

o0k wb =

Point source discharges from municipal wastewater treatment plants,
inputs from combined sewer overflows {CSOs),
Loadings associated with the various tributaries draining to Boston Harbor,

Nonpoint source inputs from study area rainfall runoff,

Atmospheric inputs impinging directly on the water surface.

Data necessary to make estimates of the various pollutant loadings to the system

were obtained from reports prepared by
MWRA and by Menzie-Cura and
Associates. These data allowed the
generation of monthly estimates of the
point source inputs associated with the
Nut Island and Deer Island facilities and
atmospheric inputs. Although these data
were not sufficient to generate monthly
estimates of pollutant inputs for the other
municipal facilities, CSOs, tributaries,
rainfall runoff, or groundwater loadings,
they were sufficient to provide
yearly-average estimates. Figure S-1
provides a comparison of the
annually-averaged daily inputs of organic
carbon, total nitrogen and total

phosphorus delivered to the study area

Carbon ({kg/day}

Nitrogen {kg/day)

Phosphorus  (kg/day)

HWRA MWRA Non-MWRA Non-Point Riverine  Atmos.
WWTP Sludge HWTE Source Source Source

Figure S~1. LOADING COMPARISONS OF POLLUTANT SOURCES FOR 1990 VERSUS
1992

from each of the aforementioned sources. As can be seen the major sources of these
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pollutants are the wastewater treatment plants, and the MWRA facilities in particular.
With the exception of atmospheric nitrogen, the remaining sources of these inputs are
distributed, approximately equally, between non-point sources, riverine sources and
atmospheric sources. It should also be noted that in December of 1991, the MWRA
ceased discharging sludge into the Harbor, and therefore, this loading input is not included

in the organic carbon and nutrient loading estimates for the 1992 period.

Database

The credibility of model calculations are judged, to a large degree, by their
agreement with observed data. Besides the obvious constraints that a eutrophication
model should behave reasonably well and predict general patterns such as spring-summer
phytoplankton growth, comparison of model calculations against observed data is perhaps
the only external criterion which is available to determine the validity, and hence the utility,
of a complex eutrophication model. The comparison of model computation to actual data
indicates whether the assumptions and approximations used in the model adequately

represent the "real world."

The principal sources of data for this study were:

1. For the period October 1989 through April 1991, the Bigelow Laboratory for
OceanSciences; ajoint University of Massachusetts at Boston (UMB)/Woods
Hole Oceanographic Institution (WHOI!)/University of New Hampshire (UNH)

team; the New England Aquarium; and

2. For the period January through December 1992, the MWRA funded outfali
monitoring program conducted by researchers from the Battelle Ocean
Sciences, the University of Rhode Island, the University of Massachusetts
at Dartmouth and the Marine Biological Laboratory located in Woods Hole,

Massachusetts.
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Although the purpose and scope of each of the hydrographic and water quality
studies conducted by these researchers differed from one another, the data from these
efforts provided sufficient coverage with respect to the space and time scale of the water
quality model calculation. The spatial coverage of these surveys ranged from 1 to 10 km
within the immediate vicinity of Boston Harbor and the proposed outfall location, to 5 to
20 km for the remaining portions of Massachusetts Bay and Cape Cod Bay. The temporal
coverage varied considerably between the early Bigelow and UMB/ WHOI/UNH cruises and
the MWRA outfall monitoring program. The latter sampling program was conducted on
an approximately monthly basis for stations located in the nearfield vicinity of the proposed
outfall and on a semi-monthly basis at farfield stations. The MWRA monitoring program
also included more measurements of the principal state-variables considered in the water

quality model framework, than did the earlier water quality surveys.

Chlorophyll-a -- An important measure of the eutrophication status of the
Massachusetts and Cape Cod Bays system is the concentration of chlorophyll-a.
Chlorophyll-a is an indirect measure of the overall phytoplankton population, and as such
it does not distinguish between desirable phytoplankton groups that are important to the
Bays’ food chain and nuisance groups such as toxic dinoflagellates. Nevertheless, it is a

widely accepted indicator of the standing algal crop.

Within the Boston Harbor and Massachusetts and Cape Cod Bays study area there
is marked temporal and spatial variability in chlorophyll-a levels. This variability is due not
only to the spatial variability of available nutrients, but is also dependent on the temporal
and spatial variability of other environmental parameters. These parameters include water
temperature, incident solar radiation, light transparency, and grazing pressure from higher
trophic levels. Two of the more important parameters which influence phytoplankton

growth, water temperature and solar radiation, have strong annual cycles.

Figure S-2 presents the annual cycle of chlorophyll-a and chlorophyll fluorescence
for three stations within the study area. These data are from the 1992 MWRA monitoring

program. Panel (a) shows surface (O to 5 meter depth) chlorophyli-a for a station located
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near the entrance to Boston Harbor. As 0. 01—
. . - 0 - Chl hyll- -
can be seen for this station the annual — 8o % - Fluorescence. ]
|
cycle of chlorophyll-a has its maximum > 6 o' , * iy
3 r o
concentrations during the summer months. - - ¢ 8 o .
© 4.0 * -
This is in contrast to panels (b) and (c), % i 89 | |
. Q 2.0L o
which show the annual cycles of i 8 ]
chlorophyll-a for stations located in 0 - Ot— et t——+—+
- b .
northern Massachusetts Bay and southern — 8.0f .
-
Cape Cod Bay. The chlorophyll-a data for E; 6.0l
the Massachusetts Bay station, panel (b), o ‘ 0' 3 .
1 Ve [] -
indicate a small algal bloom in late 2 L ¥ A
I
. . o 2.0p 6* »* % ¥ ¥* o
February; followed by a decline in March | Q . 5 : %
. . . . 0.0_}_.__&":_%1 1 ’s’é 113 1
and April; low concentrations during the L B R A
S c -
summer months; and, finally a fairly large - 8.0 -
. ~ ~ -
bloom in early October. Data for the Cape 2 & ]
Cod Bay station, panel (c), indicate a © aol ]
similar pattern, except that the February Li; , J .
.ol o .
bloom is much larger in Cape Cod Bay than - Q i
. . 0.0l 1 O, ILJ q a1
in Massachusetts Bay and the fall bloom is JF MAMUUJASG OND
Figure S-2. Annual Cycle of
much smaller. Chlorophyll-a
ga Boston Harbor
b) northern Mass. Bay
c) southern Cape Cod Bay

Nitrogen -- Nitrogen is an important
nutrient for phytoplankton growth. In excessive amounts, however, nitrogen can stimulate
growth until excessive quantities of algae accumulate. The potential exists for the water
column to be depleted of dissolved oxygen when these algae die and decompose. An
analysis of the available data within Massachusetts and Cape Cod Bays indicates that
nitrogen is the key nutrient limiting phytoplankton growth within these waters. Figure S-3
presents time series plots of surface (0 to 5 meter) dissolved inorganic nitrogen and the
ratio of dissolved inorganic nitrogen (DIN) to dissolved inorganic phosphorus (DIP) for two
locations within Massachusetts Bay; one station (panels (a) and (b)) is near the entrance

to Boston Harbor, while the other station (panels (c) and (d)) is in northern Massachusetts



Bay. The DIN/DIP ratio indicates the potential
for either nutrient to limit algal growth. Based
on an analysis of phytoplankton cellular
composition (the Redfield ratio), DIN/DIP ratios
less than or equal to seven, generally indicate
that nitrogen is the potentially limiting nutrient;
ratios of DIN/DIP greater than seven, indicate

phosphorus as the potentially limiting nutrient.

As can be seen in panel (a) for the
station near the entrance to Boston Harbor
concentrations of DIN are, with the exception
of August, above the levels (i.e., 10 ug N/L)
that would limit algal growth. Panel (b)
indicates that nitrogen is the potentially limiting
nutrient with DIN/DIP ratios less than seven.
A very low DIN/DIP ratio was observed in
June, the period of time corresponding to the
near depletion of DIN. The concentrations of
DIN observed for the northern Massachusetts
Bay station, panel (c), are at or near levels
which limit algal growth during the summer
months and in October. As can be seen in
panel (d) the DIN/DIP ratios are almost always
less than three and are less than one during the
summer months, indicating a strong nitrogen
limitation. Therefore, concerns have been
raised about the possible stimulation of
phytoplankton growth in Massachusetts Bay
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that may result after the construction of the new outfall is completed and additional

nitrogen is introduced into the Bay.

Dissolved Oxygen -- The dissolved oxygen of a water body is one of the more
important water quality indicators. The dissolved oxygen reflects the general health of a
water body and is a quality variable that indicates the capacity of the water body to
support a balanced aquatic habitat. When dissolved oxygen levels are low the propagation
of fish and other aquatic life may be impaired and large mortalities may occur. For this
reason, states usually set water quality standards for dissolved oxygen (DO) for most
water bodies. For most of Boston Harbor the state standard (Class SB) is set to 5 mg/L;

for the waters of Massachusetts and Cape

Cod Bays the state standard (Class SA) is 13'0_1' L el:-
6 mg/L. Figure S-4 presents time-series 3 “° ' o":
plots of bottom water DO for three water & 9o o 'I.. ]
quality monitoring stations. Panel (a) g 700 ﬁ% L
presents DO data for a station located 2 . ﬁl’o
within Boston Harbor for 1990; panel (b) - -
presents 1992 data for a station near the 3'0_ : o: e é .
entrance to Boston Harbor; while panel (c) = H °: o o J
presents 1992 data for a station in 3“ 8.0 ° .
northern Massachusetts Bay. Also shown g o ° o
on these plots (as a dotted line) are model g  Ld
estimates of DO saturation. The DO N L 7
saturation has a strong seasonal cycle, L © c 1
strongly driven by water column J "’ o: """ ¢0¢0¢¢¢
temperature. The bottom water DO also s o °: o o | ¢° o:
tends to follow a similar seasonal cycle, g 7-0r .
although as can be seen (panel (a)), the a 5.0: :
concentrations of bottom water DO are N
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Figure S-4. Bottom Water DO
g} Boston Harbor 1990

well under saturation and occasionally

violate the state standard during the Bostan Harbor 1890 . aeo

c) northern Mass. Bay 1992
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summer months. As shown in the remaining panels, bottom water DO concentrations are
generally near or above saturation for most of the winter and summer months in which
data are reported. Minimum DO levels are usually observed to occur during October.
These lower levels reflect the oxidation of detrital algal biomass that was generated during
the spring and summer months that now has begun to die and decompose in the lower
layers of the water column, while the water column is still stratified due to salinity and
temperature. This physical stratification limits the exchange of oxygen enriched surface
waters with oxygen deficient sub-pycnocline waters. Because the future outfall plume wiill
be trapped below the pycnocline in the summer, concerns have been raised with respect
to the impacts that the relocation of the MWRA outfall might have on DO within
Massachusetts Bay.

The Massachusetts/Cape Cod Bays Eutrophication Model - BEM

The underlying framework of the analysis detailed in this report is based upon the
principle of conservation of mass. Simply stated, the conservation of mass accounts for
all of a material entering or leaving a body of water, transport of material within the water
body, and physical, chemical and biological transformations of the material. The modeling
frameworkincorporates, then, three components -- external pollutant inputs, transport due
to freshwater flow and tidally-induced advection and dispersion, and the kinetic interaction

between the water quality variables.

The kinetic equations employed in the BEM framework are designed to simulate the
annual cycle of phytoplankton production, its relation to the supply of nutrients, and its
effect on dissolved oxygen. The model considers the following twenty-four

state-variables, which are space and time dependent:

salinity
winter functional phytoplankton group

summer functional phytoplankton group

howbd -

refractory particulate organic phosphorus (RPOP)
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11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24,
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labile particulate organic phosphorus (LPOP)
refractory dissolved organic phosphorus (RDOP)
labile dissolved organic phosphorus (LDOP)
dissolved inorganic phosphorus (DIP)
refractory particulate organic nitrogen (RPON)
labile particulate organic nitrogen (LPON)
refractory dissolved organic nitrogen (RDON)
labile dissolved organic nitrogen (LDON)
ammonia nitrogen (NH,)
nitrite + nitrate nitrogen (NO, +NO;)
biogenic silica (BSi)
dissolved inorganic silica (DSi)
refractory particulate organic carbon (RPOC)
labile particulate organic carbon (LPOC)
refractory dissolved organic carbon (RDOC)
labile dissolved organic carbon (LDOC)
reactive dissolved organic carbon (ReDOC)
algal exudate dissolved organic carbon (ExDOC)
aqueous sediment oxygen demand (O;)

dissolved oxygen (DO)

The area of interest of the model includes Boston Harbor, Massachusetts Bay, and

Cape Cod Bay. The study area is divided into a 20 X 25 grid, ranging in size from

approximately 1.5 km?2 to about 15 km?2, as shown in Figure S-5. The model is also

vertically segmented using 10 o-levels.

The circulation and dispersion fields are obtained from a fine-grid hydrodynamic

model developed by the U.S. Geological Survey. In order to address the role that the

sediments play in the overall nutrient and DO balance, an active sediment layer was

included in the modeling framework. This was accomplished by introducing a sediment
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segment directly under each bottom layer
water column segment. A total of 2,970

active water column segments and 297

active sediment segments are included in . GWLF OF

the model grid used to calibrate the

model.

Calibration - Once the model
inputs (organic carbon and nutrient
loadings and exogenous variables such as
solar radiation, water column
transparency, etc.) were defined, the
BEM was then calibrated against the
observed water quality and sediment flux

data. The calibration procedure consisted

of a number of iterative runs wherein )

Figure S-6. Water Quality
adjustments were made to various model Model Grid
inputs and coefficients in such a way as to improve the comparisons between model
output and observed data. The initial set of model coefficients were those determined
from similiar model calibration analyses for Long Island Sound and Chesapeake Bay. The
iterative runs of BEM were continued through adjustments and "tuning" of the model

parameters and constants until a satisfactory calibration was achieved.

The final calibration is the result of approximately 100 hydrodynamic and water
quality model runs, which were made to obtain a set of model coefficients that are
reasonable and consistent across the periods of time for which data sets were available
and that reproduce, as well as possible, the observed data for all state-variables

considered.

As stated previously, a critical requirement for establishing the credibility of the

analysis is a complete calibration which compares the model computation to the available
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observations. A few representative comparisons for the water quality model calibration
of the water column are presented in Figures S-6, S-7, and S-8. Figure S-6 presents a
time series comparison of model computations versus observed 1992 data for a station
in northern Massachusetts Bay. Surface data are shown as an open circle; bottom data
are represented using a filled circle; and model computations are shown using solid and
dashed lines to represent surface and bottom respectively. The model reproduces the
observed data fairly well. The salinity and temperature model computations are from the
hydrodynamic model. The hydrodynamic model reproduces the annual cycle of surface
water heating and stratification. The hydrodynamic model also reproduces the spring
freshet associated with the Merrimack River and other northern rivers discharging to the
Gulf of Maine. The water quality model provides a reasonable reproduction of the annual
cycle of phytoplankton biomass as represented by chlorophyll-a, fluorescence and
particulate organic carbon, although it appears to under-estimate the magnitude of the fall
bloom in October. The model also reproduces the annual cycle of surface and bottom
water nutrients, including the marked stratification between the surface and bottom
waters. The model reproduces the near depletion and algal growth limiting concentrations
of surface dissolved inorganic nitrogen (DIN) and the non-limiting surface dissolved
inorganic phosphorus (DIP) concentrations. The model also reproduces the observed
surface dissolved inorganic silica (DSi) concentrations, including the marked decline that
occurs between April and late June, followed by the gradually increasing DSi levels
throughout the rest of the summer and fall months. Finally, the model provides a
reasonable comparison to the observed dissolved oxygen data, reproducing the observed
stratification and minimum concentrations that are observed in October and November.
The model does not, however, reproduce the decrease in DO levels that occurs between

early April and late May.

Figure S-7 provides additional calibration results for a station located in the
southwest corner of Cape Cod Bay. Although the data for comparison purposes are not
as extensive for the Cape Cod station as for the Massachusetts Bay station, it appears that
the BEM also performs reasonably well for this region of the study area. The model is

partially able to reproduce the February bloom, although the model bloom is computed a
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little late. The model does, however, compute a bloom in Cape Cod which is larger than
that computed in Massachusetts Bay, which is in agreement with the observed data. The
model also provides a reasonable calibration to the observed annual cycle of inorganic
nutrients. Both the model and data suggest that the winter bloom becomes limited first
by DSi depletion, rapidly followed by DIN depletibn. The model also reproduces the
observed seasonal cycle’for DO reasonably well. The model approximately reproduces the
fall stratification. However, since the model fails to reproduce the early portion of the
winter bloom, it also fails to reproduce the super-saturated DO conditions observed in

February.

Figure S-8 presents a depth profile of model computations versus observed data for
the same Cape Cod Bay station for late June 1992. This figure illustrates the ability of the
hydrodynamic and water quality models to reproduce the observed vertical gradients in
water quality. The local depth of the model segment for this location is approximately 23
meters. Since the water quality model uses 10 o levels, the depth of each vertical cell is
approximately 2.3 meters. The observed data have then been binned into 2.3 meter
intervals as well. As can be seen the hydrodynamic model computation is quite good for
this date, as indicated by favorable comparisons to salinity, temperature and density
(sigma-t). The water quality model also reproduces, in part, a number of features of the
observed data. These include the generation of a sub-surface chlorophyll-a maximum
between 15 and 20 meters. Below-surface phytoplankton productivity is also indicated by
higher concentrations of particulate organic carbon and particulate organic nitrogen at
depth. The model also reproduces in part the sub-surface DO maximum. Finally, the
model approximately reproduces the observed gradients in NH,, DIP and DSi. Since
NO, + NO; data were not available in the surface waters for this period, it was not possible

to make a comparison of model versus data for surface DIN,

As has been noted earlier, the water quality model includes a coupled sediment
nutrient flux and sediment oxygen demand submodel. Figure S-9 illustrates representative
calibration results for the sediment submodel. This figure presents a time-series

comparison of computed and observed measurements of sediment oxygen demand (SOD)
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for two stations within Boston Harbor and a station located in Massachusetts Bay. As can
be seen the model approximately reproduces the annual cycle of SOD, with low values
occuring during the winter and early spring, followed by increasing levels during the
summer months, followed by diminishing values into the late fall. The model also
reproduces the observed spatial gradient in SOD, with high levels of SOD within Boston

Harbor as contrasted to very low levels of SOD for the Massachusetts Bay station.

Projections - A number of management scenarios were run using the calibrated
version of BEM. These projections considered the following: outfall relocation with
upgrade of MWRA facilities to secondary treatment; outfall relocation with no upgrade at
the treatment facilities; and, upgrade to secondary treatment but continued discharge at
the current discharge sites. A summary of these results is presented in Figure S-10. Each
panel presents comparisons between the base calibration run; i.e., primary treatment at
the current outfall locations (upper left sub-panel), the future outfall with secondary
treatment (upper right sub-panel), current outfalls with secondary treatment (lower left
sub-panel) and future outfall with current primary treatment (lower right sub-panel). Panel
A illustrates surface dissolved inorganic nitrogen (DIN) averaged over a 5-day period in
early March, a period of time during which the spring bloom is occurring. This figure
shows that DIN is virtually depleted in Cape Cod Bay. This occurs because the spring
bloom usually takes place in Cape Cod Bay before Massachusetts Bay. As can also be
seen outfall relocation does not significantly affect the distribution of DIN in either Cape
Cod Bay or Massachusetts Bay. The only significant change is a reduction of DIN in

Boston Harbor.

Panel B presents a comparison a surface chlorophyll-a for Boston Harbor and
northwestern Massachusetts Bay, in the vicinity of the future outfall location. These
results represent a 5-day average in mid-August. The results indicate a significant
reduction in chlorophyll-a concentrations in Boston Harbor for both scenarios which include
outfall relocation. Coincidentally, there is no increase in surface chlorophyll-a near the

future outfall for either of these scenarios. This result occurs because the effluent plume
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from the future outfall is effectively trapped below the pycnocline, due to water column

stratification during the summer months.

Minimum values of bottom water dissolved oxygen in late October are presented
in Panel C. The results show that dissolved oxygen concentrations are significantly
improved in Boston Harbor for any one of the three management scenarios considered.
However, while outfall relocation alone improves dissolved oxygen concentrations in
Boston Harbor, it results in a slight degradation in dissolved oxygen in the immediate
vicinity of the future outfall. However, it is important to know that even for this scenario
State of Massachusetts water quality standards for dissolved oxygen are still met. The
slight degradation in dissolved oxygen introduced with the outfall relocation is remediated

by upgrading to secondary treatment at the MWRA facilities.



CONCLUSIONS AND RECOMMENDATIONS

A coupled hydrodynamic/water quality model was developed to determine the
relationships between nutrient inputs, primary production, and dissolved oxygen in
Massachusetts and Cape Cod Bays. The coupled model was also developed to enable
water quality managers to project the effects of relocating the effluent from the
Massachusetts Water Resources Authority (MWRA) wastewater treatment facilities on

water quality in Massachusetts and Cape Cod Bays.

The water quality component of the coupled model represented the physical
features of the Bays system using ten vertical layers and a moderately fine scale of 2.8
to 5.7 km in the horizontal plane. Twenty-four state-variables--salinity, phytoplankton,
various forms of particulate and dissolved nutrients, and dissolved oxygen--were
incorporated in the water quality analysis, for which the circulation and transport were

provided by the hydrodynamic model.

The model was calibrated using data from two periods, October 1989 through April
1991 and January through December 1992. Comparisons of the observed and computed
values of the relevant variables indicate that both the hydrodynamic and water quality
models realistically portray the physical, biological and chemical processes present in the

Bay and the spatial distributions of the respective parameters.

CONCLUSIONS

Based on data analysis, model results, and sensitivity analysis, the following

conclusions and inferences may be drawn.
Hydrodynamic
1) Although the details of the hydrodynamic model are presented in a separate

analysis, the use of circulation and transport information, provided by the

hydrodynamic model, in the water quality model appears to reproduce the observed
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2)

temporal, horizontal and vertical gradients of salinity within the Bays system as
judged by model versus data comparisons. These comparisons suggest that the
hydrodynamic model, representing the state-of-the-practice, can reproduce the
time-dependent, three-dimensional stratification, and circulation in Massachusetts
and Cape Cod Bays. As with most model applications of this caliber, the major
model versus data discrepancies and uncertainties relate to the inability to exéctly

specify the forcing and boundary conditions for the model simulations.

The hydrodynamic model appears to reproduce the plume dynamics of the future
outfall when comparisons are made against state-of-the-practice plume models.
The plume dynamics produced by the hydrodynamic model are specified directly in

the water quality model, at the same spatial scale as the hydrodynamics.

Water Quality

1)

The water quality model appears to reproduce or partially reproduce the principal
temporal and vertical features of the water quality within the Bays. These features

include:

L the onset of the winter/spring phytoplankton bloom earlier in Cape Cod Bay
than the rest of the Massachusetts Bay system

o the decrease in phytoplankton biomass, as indicated by chilorophyll-a and
fluorescence, in Massachusetts Bay as one moves further away from Boston
Harbor

o the limitation of the winter/spring phytoplankton bloom in Cape Cod Bay by

silica

L the non-limiting concentrations of inorganic phosphorus, which suggest that

the bays are not phosphorus limited



2)

3)
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L the limitation of summer primary productivity by inorganic nitrogen

o the observed vertical gradients in the inorganic nutrients with low levels in
the surface (due to algal uptake) and higher levels in the bottom waters of
the Bays (due to remineralization of detrital algal biomass and less algal

uptake)

L the annual cycle of dissolved oxygen, with super-saturated conditions
occurring between late winter/early spring and late summer and with

minimum levels occurring in late September and October.

® the annual cycle of primary productivity in northwest Massachusetts Bay.

The water quality model represents the state-of-the-science in applying
time-dependent, multi-dimensional water quality models to primary productivity in
estuarine and coastal systems. Because these models are not true depictions of
what occurs in natural systems and because there are limitations in the data sets
that are available, we have to expect that the model results will not completely
reproduce the data. However, the model results do reproduce the major processes

that occur in the Bays as judged by model versus data comparisons.

The validity of a model can be judged to some extent by the degree that it
reproduces the observations to which it is calibrated. A model which canreproduce
observations in different estuaries with essentially similar structure and coefficients
has a higher level of credibility, since this indicates that it can properly scale
between different locations. The Massachusetts Bay model has been successfully
applied to Chesapeake Bay, Long Island Sound, and currently New York Harbor with
essentially no change in model structure and little change in model coefficients.
The degree of calibration for these studies is similar to that achieved in
Massachusetts Bay. Therefore, it appears that the model has demonstrated a

general level of validity. Based on this feature of the Massachusetts Bay model, as
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well as those enumerated above, we believe that the model projections to be

described below can be relied on as the best available estimates.

PROJECTIONS

1

2)

3)

4)

The effect of the new outfall on water quality is predicted to be limited to the
nearfield. Nearfield effects include: (1) improved bottom dissolved oxygen, which
results from reduced primary productivity, and (2) an increase in particulate organic
carbon (POC) flux to the sediment, which results from enhanced solids deposition
associated with effluent suspended solids conveyed to the nearfield via the future
outfall. The latter, however, remains well below the deleterious effects levels. In
addition it was projected that outfall relocation would not reduce dissolved oxygen
concentrations in Stellwagen Basin, a region of the Bays system traditionally having

the lowest dissolved oxygen concentrations within Massachusetts Bay.

Projections indicate that the combination of secondary treatment and new outfall
location meet all water quality standards with respect to oxygen and benthic
enrichment. Therefore, it is unlikely that further treatment will necessary.
Specifically, the dissolved oxygen standards of 6 mg/l in the Bays and 5 mg/l in
Boston Harbor are predicted to be met, and the POC flux is well below the 301(h)

level of concern of 1.5 g C/mz-day.

The water quality in Boston Harbor will greatly improve for any of the projection
scenarios. The dissolved oxygen standard should generally be met in the harbor
with secondary treatment plus relocation of the outfall, although there may remain

localized problems not resolved by this model.

In all of the projection scenarios that were conducted, no adverse changes from
present conditions (the 1992 calibration simulation) were predicted for Cape Cod
Bay. There were no substantial changes in Cape Cod Bay concentrations of

dissolved oxygen, DIN, DIP, or chlorophyll, or in POC flux. Sensitivity analysis
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indicates that Cape Cod Bay and most of Massachusetts Bay are relatively

unaffected by changes in wastewater inputs into or near Boston Harbor.
RECOMMENDATIONS

b)) The water quality model should continue to be applied and refined using water
quality data provided by the ongoing Outfall Monitoring Program. As with any
water quality model, greater confidence in its predictive capabilities would be
provided with calibration to additional water quality data sets which reflect arange

of environmental conditions within the Bays system.

2) Additional field data should be obtained which would permit better specification of

the open water boundary conditions.

3) Field and laboratory studies should be considered which would permit an
assessment of the labile and refractory components of the organic carbon and
nutrient inputs to the Bays system, both from landside sources and from advection

from the Gulf of Maine.



SECTION 1

INTRODUCTION

1.1 INTRODUCTION

The Massachusetts Water Resources Authority (MWRA) is constructing an ocean
outfall, which will divert treated effluent from the Deer Island Wastewater Treatment Plant.
The present Deer Island outfall is located at the entrance to Boston Harbor and will be
relocated into Massachusetts Bay at a distance approximately 15 km east of Deer Island
and at a water depth of 32 meters. The moving of the wastewater discharge from within
the confines of Boston Harbor, together with improved sewage treatment and the
cessation of sludge discharge to the Harbor, is expected to result in a significant

improvement in water and sediment quality within the Boston Harbor area.

Concerns have beenraised, however, about the effect that the outfall relocation will
have on water quality within Massachusetts and Cape Cod Bays. The offshore outfall
discharge will bring organic carbon and nutrients directly into northwest Massachusetts
Bay. Previous modeling efforts suggest that these additional organic carbon and nutrients
will have little effect on the environment of Massachusetts or Cape Cod Bays (U.S. EPA,
1988, Menzie-Cura, 1991). However, the previous studies used relatively simple
frameworks for their analyses and, since coastal eutrophication is a complex process,

these initial predictions must be re-evaluated.

In order to develop a more rigorous and detailed understanding of the potential
impact of the outfall relocation on the water quality of the Massachusetts Bays system
(Boston Harbor, Massachusetts Bay, and Cape Cod Bay) the MWRA has funded or partially
funded a number of studies within Boston Harbor and Massachusetts and Cape Cod Bays.
Included among these studies are a number of hydrographic and water quality surveys of
the Bays. These surveys have collected data on salinity, temperature, phytoplankton,
primary productivity, nutrients and dissolved oxygen throughout Massachusetts and Cape

Cod Bays. These data represent the most comprehensive data available for the Bays to
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date. MWRA has also funded a number of benthic nutrient flux and sediment oxygen
demand surveys for stations within Boston Harbor and Massachusetts Bay. Both of these
programs have been expanded within an overall water quality monitoring program, the
purpose of which is to provide information concerning water and sediment quality before
and after the new outfall goes on line. This program is being conducted to evaluate the
impact of the discharge of MWRA'’s effluent on the Bays system and to assist in the

evaluation of operational issues.

MWRA has also entered into a cooperative agreement with the U.S. Geological
Survey (USGS) to develop a time-variable three-dimensional hydrodynamic model of the
Bay. This model encompasses all of Massachusetts and Cape Cod Bays, and extends out,
on its eastern and northern boundaries, into the Gulf of Maine. One purpose of this model
is to be able to predict the transport of materials discharged from the submerged outfall

within the Bays.

Since the eutrophication processes vyithin the Bays system are related to
meteorological and climatic forcings, the aforementioned monitoring program would require
a number of years of pre- and post-outfall water quality data before statistically significant
inferences concerning the impact of the outfall on the water quality of the Bays could be
drawn from the observed data. Therefore, MWRA has funded the development and
calibration of a time-variable water quality model of the eutrophication processes of the
Massachusetts Bay and Cape Cod Bay system. The purpose of the water quality model
is to provide another tool to assist in the understanding, evaluation and prediction of water
quality response in the Bays subject to changes in the treatment facility’s operating
parameters, particularly related to the magnitude of organic carbon and nutrient loadings.
It is towards this objective that the present study is oriented. In order to place this study
in the proper perspective, it is appropriate to briefly review the nature of the study area

itself.
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1.2 PHYSICAL CHARACTERISTICS

Massachusetts Bay and Cape Cod Bay (Figure 1-1) combine to form a roughly
100x50 km semi-enclosed basin located in the south-western Gulf of Maine. For the
purposes of this investigation, the geographical extent of the study area, which includes
Boston Harbor, Massachusetts Bay, and Cape Cod Bay, is bounded on the north-east by
Cape Ann and on the south and south-east by Cape Cod and the northern tip of Cape Cod
at Race Point, respectively. The depth of the study area, from here on in referred to either '
as Massachusetts Bay or the Bays, varies from as much as 100 m in the deeper sections
of Stellwagen Basin to tidal flats that are exposed at low tide and has an average depth
of 35 m.

The major sources of freshwater to the Bays are from: municipal and industrial
sewage treatment plants located in the City of Boston and other north and south shore
communities; the Charles, Mystic and Neponset Rivers; groundwater inflow from along
Cape Cod; and waters from the Merrimack River and large rivers in Maine that are

entrained in the Gulf of Maine coastal current.
1.3 POPULATION, LAND AND WATER USES

Over 2 million people, nearly half of the State of Massachusetts population, live in
some 43 communities surrounding the City of Boston. As reported by Menzie-Cura
(1991), utilizing data from the Massachusetts Department of Environmental Protection and
the National Oceanic and Atmospheric Administration’s National Coastal Pollutant
Discharge Inventory (NCPDI), the total drainage area (excluding the Merrimack River) of
Massachusetts Bay is approximately 3700 km?2. Approximately 35 percent of the total
drainage area can be categorized as urban in use (with nearly 70 percent of the urban area
defined as residentiai and the remaining 30 percent being comprised of commercial,
industrial, transportation and mixed urban land use), with the balance of 65 percent being

categorized as non-urban.
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The principal water uses in the Bays are shipping, transportation, commercial and

sport fishing, recreational boating and recreational bathing, as well as receiving waters for

wastewater discharges and a depository for dredged sediments.

1.4 POLLUTANT SOURCES

Massachusetts Bay and Boston Harbor in particular are the recipients of domestic
and industrial wastewater effluents, combined sewer overflows (CSOs) and runoff from
urban and non-urban areas. The system also receives inputs from atmospheric sources
(dryfall and wetfall) directly impinging on the water surface of the Bays and Boston Harbor.
Presently the major discharge to the system is from metropolitan Boston’s Deer Island
facility. This facility is currently being upgraded to provide more advanced wastewater
treatment as part of an effort to reduce pollutant inputs to Boston Harbor. In an initial
phase of this cleanup effort, the discharge of sludge was halted in December 1991. In
order to quantify the magnitude of nutrient inputs to the Bay prior to 1992 the U.S. EPA
Massachusetts Bays Program funded Menzie-Cura and Associates to develop loading
estimates. This work has been completed and a summary report has been submitted to
the Bays Program. Additional loading information, specifically related to the MWRA
treatment facilities, and CSO and stormwater discharges, has been summarized by Alber
and Chan (1994).

1.5 THE EUTROPHICATION ISSUE

Of particular concern to MWRA and other regional water quality managers is how
operational changes at the wastewater treatment facilities will affect the eutrophication
processes within Massachusetts and Cape Cod Bays. Although phytoplankton production
is an essential part of the food-chain for a given water body, excessive phytoplankton
biomass resulting from high levels of nutrient enrichment can adversely affect the overall
health of the water body. This is in part due to the fact that under certain conditions
excessive phytoplankton growth (eutrophication), coupled with extended periods of vertical

stratification within the water column, can result in significant loss of dissolved oxygen,
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leading to hypoxia (defined as dissolved oxygen concentrations below 3.0 mg/L) or even
anoxia (the total absence of dissolved oxygen) in the bottom waters of the system.
Although there have been no reported instances of anoxia or even hypoxia reported for
Massachusetts Bay (nor did previous studies, which evaluated the MWRA outfall

relocation, project this to be the case), dissolved oxygen is still of potential concern to
MWRA.

1.6 PURPOSE AND SCOPE OF THIS STUDY

In order to better understand the processes governing eutrophication in
Massachusetts Bay and Cape Cod Bay, MWRA is providing funding for field, laboratory and
analytical studies and an extensive outfall sediment and water quality monitoriﬁg program.
In addition, funding has been provided to develop a series of computer models of
Massachusetts Bay and Cape Cod Bay circulation and water quality. These studies and
computer models will permit water quality managers to better understand the causes of
eutrophication and to manage nutrient inputs to assure the health of the living resources

of this marine system.

The analysis presented in this report is a follow up to an earlier effort (HydroQual,
1993), which developed a coarse resolution mathematical water quality model of the Bays.
This report summarizes work performed leading to the development and application of a
fine-grid, three-dimensional, time-variable coupled hydrodynamic/water quality model of
the Bays. This study is focused on the issue of conventional eutrophication as related to
phytoplankton biomass, nutrients, and dissolved oxygen. Itis anticipated that the resulting
fine-grid model will provide managers with a tool to make a detailed analysis of facility
operations and nutrient inputs as they relate to eutrophication processes and water quality

within the Bays.



1-7

1.6.1 Nature of a Mathematical Model

A mathematical model of water quality is a representation of the principal
components of the environment that influence a given water quality variable. A model
does not purport to represent all aspects of the actual environment, rather a model
attempts to incorporate only those features of the problem that are most relevant. Thus,
for example, a eutrophication model should incorporate such features as estuarine
circulation and mixing, the input of point and nonpoint sources, the principal mechanisms
of phytoplankton interactions with light, water temperature and nutrients, and the behavior
of the various nutrient forms themselves. Similarly, a model of the oxygen balance of
Massachusetts Bay should incorporate the same features of estuarine circulation and
mixing, point and nonpoint sources of oxygen demanding pollutants, as well as the effects
of atmospheric reaeration, photosynthetic oxygen production and algal respiration and
sediment oxygen demand (SOD). The knitting together of the various mechanisms
affecting circulation and mixing, phytoplankton behavior and dissolved oxygen is
accomplished via theoretical equations {the details of which are presented in Section 4 of

this report).

The spatial scope of this analysis encompasses Massachusetts Bay and Cape Cod
Bay, including Boston Harbor. The eastern boundary of the model is a transect which
extends from Cape Ann on the north to Race Point (on the northern tip of Cape Cod) on
the south. Figure 1-2 shows the eastern boundary of the model domain. The definition
of this boundary location. was based in part on hydrodynamic model computations
(Blumberg et al., 1993) which showed that the effluent plumes from the current and future
outfall locations were confined within Massachusetts and Cape Cod Bays and did not
extend into the Gulf of Maine. This boundary was also chosen based upon the spatial and
temporal availability of water quality data with which to specify boundary conditions for
the water quality model.

The water quality model calculates spatial variations over approximately 1 to 6 km

increments. Vertically, the model resolves spatial variations over a range of from 0.3 to
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10 m, using 10 sigma-layers in the vertical dimension. Temporally, the model computes
the annual cycle of primary productivity, resolving phytoplankton growth dynamics on a
daily basis. Information concerning the circulation in the Bay is obtained from an
aggregated version of the USGS hydrodynamic model (Signell et al., 1994). The water
quality model has been calibrated to data collected over two time periods, October 1989
through April 1991 and January through December 1992. For the purposes of this report
the first time period will be referred to as the 1990 data set and the second time period
will be referred to as the 1992 data set.

1.7 STRUCTURE OF THE REPORT

Section 2 presents an analysis of the organic carbon and nutrient loadings to Boston
Harbor and Massachusetts and Cape Cod Bays from both natural and anthropogenic
sources. Section 3 presents the data available for the calibration of the water quality
model. Section 4 discusses the theoretical basis for the water quality model. Section b
describes the calibration of the model. Section 6 discusses the sensitivity analyses from
the application of the calibrated model. Finally, projected water quality conditions for the
Bays system, generated from the application of the calibrated hydrodynamic and water
quality models, for various pollutant load reduction and outfall relocation alternatives are

presented in Section 7.



SECTION 2

POLLUTANT LOADINGS

2.1 INTRODUCTION

This section provides a review and summary of the principal inputs of oxygen
demanding material and nutrients to Boston Harbor and Massachusetts and Cape Cod

Bays. These inputs are comprised of :

municipal and industrial wastewater treatment plant discharges,
- combined sewer overflow loadings,

- nonpoint source loadings from study area rainfall runoff,

- river loadings,

- groundwater loadings, and

- atmospheric deposition falling directly on the water surface.

A further source of nutrients is via advective and dispersive exchange from the Gulf
of Maine. The effect of this latter source has been investigated via sensitivity analysis and

is discussed in Section 6.

The loading information used in this analysis was derived from several sources.
Information for the area outside of Boston Harbor came almost entirely from the
Menzie-Cura & Associates (1991) report to the Massachusetts Bay Program. This report
detailed sources and magnitudes of pollutants delivered to Boston Harbor, Massachusetts
Bay and Cape Cod Bay including total nitrogen (TN), total phosphorus (TP), and
biochemical oxygen demand (BOD). Estimates of total organic carbon (TOC) loadings were
derived using the Menzie-Cura estimates of BOD loading and an empirical TOC:BOD
relationship (TOC = 0.7 BODg + 18) developed by HydroQual (1991) for the Long Island
Sound Study. Inputs of dissolved silica were estimated using treatment plant data from
the Deer Island and Nut Island collected by Battelle Ocean Sciences as part of MWRA's

outfall monitoring program.
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Menzie-Cura developed pollutant loading estimates for the following sources:
municipal and industrial treatment facilities, CSOs, non-CSO storm sewers, non-urban
runoff, river discharge, groundwater, and atmospheric deposition. The drainage area of
Massachusetts Bays was divided into five basins (Merrimack River, North Shore, Boston
Harbor, South Shore, and Cape Cod) and annual loadings were determined for each basin.
Loading estimates for the Merrimack River basin and a portion of the North Shore basin
were not used because they were outside the model domain. The Menzie-Cura loading
estimates for Boston Harbor were not used either because more recent estimates were
developed by MWRA.

Loadings for Boston Harbor were obtained from two sources: treatment plant
effluent flow and concentration data from the Nut Island and Deer Island facilities, and an
MWRA report (Alber and Chan, 1994). The MWRA treatment plant loads were estimated
using monthly averaged flows and monthly concentrations for various parameters. The
water quality parameters sampled included total Kjeldahl nitrogen (TKN), ammonia (NH,),
nitrate (NO3), nitrite (NO,), orthophosphate (PO,), total phosphorus (TP), BOD and total
suspended solids (TSS). The monthly nutrient concentration daté were based on a single
daily composite for each month. The BOD and TSS concentrations were monthly averages
of daily samples. Sludge loading information, for the period during which discharge
occurred, included TKN, NH,, TP, PO,, and solids. The Alber and Chan report included
loading estimates for the Deer and Nut Island facilities’ effluent and sludge, CSOs,
stormwater, Logan Airport, tributaries, atmospheric deposition, groundwater, and other
NPDES dischargers. While the extent of loading information for each source varied, these
data were judged sufficient to make reliable estimates of carbonaceous and nutrient
loadings to the Harbor. Additional information necessary to compute atmospheric loadings
for the model were obtained through Normandeau Associates. This information included

precipitation data from Logan Airport.
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2.2 POINT SOURCES

2.2.1 Treatment Plants

Effluent flow and concentration data from the major municipal and industrial
wastewater treatment plants discharging into the Harbor and Bays were included in the
analysis as point source inputs. Point source inputs comprise the largest source of
nutrients to the Massachusetts Bay/Cape Cod Bay system. The major point sources of
organic carbon, total nitrogen, and total phosphorus to the Harbor and Bays are the MWRA
- operated Nut Island and Deer Island wastewater treatment plants. Monthly flows and
concentrations were available for the 1990 through 1992 period, so loadings were
estimated on a monthly basis for model input. Flows and concentrations were averaged
to compute the loadings for October through December 1989. Sludge concentrations and
volumes were available for 1990 and 1991, after which sludge discharge ceased. The
average loadings for the treatment plants are presented in Table 2-1. The Deer and Nut
Island treatment plants contributed approximately 17 m3/s on a daily average basis of

freshwater flow to Boston Harbor.

Since for the MWRA treatment plants, TKN, NH,, TP, and PO, data were available,
it was possible to estimate the concentrations of total organic nitrogen (TON) and

phosphorus (TOP) using Equations (2-1a) and (2-1b).

TON = TKN - NH4 (2-1a)

TOP

TP - PO, (2-1b)

Based on information obtained from MWRA, an average dissolved silica (DSi) concentration
of 4 mg Si/L was assumed for all plants. Effluent concentrations of particulate silica were
assumed to be negligible. An effluent dissolved oxygen concentration of 1.0 mg O,/L was
assumed for all treatment facilities using information from MWRA treatment plant records.
This is a conservative estimate, and initial DO deficit is generally a small component of the

total oxygen deficit.
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TABLE 2-1. DAILY AVERAGE LOADINGS FROM DEER ISLAND AND NUT ISLAND
TREATMENT PLANTS
{kg/day)
Total organic 2,364 290.3 2,073
phosphorus (TOP)
PO, 3,110 128.7 2,930
Total organic 15,932 1,600.0 13,042
nitrogen (TON})
NH, 15,081 1,338.0 16,5614
NO, +NO; 3,306 0.0 911
Dissolved Silica 6,193 0.0 5,614
(DSi)
Total Organic 151,252 9,934.0 150,225
Carbon (TOC)
Dissolved Oxygen 3,095 0.0 2,805
{DO)
Daily Average 17.7 16.25
Eff&uent Flow
{m*/sec)
*Sludge discharge ended in December 1991

Loadings for the remaining municipal and industrial treatment plants were estimated
on an annual basis using information from Menzie-Cura (1991). Seven municipal facilities,
which discharge directly to the Bays, were included as point source inputs. Other facilities
which discharge to the tributaries were included in the riverine loadings. Effluent data for
carbon, nitrogen and phosphorus were available for only four of the other dischargers.
These facilities were the South Essex Sewage District, the towns of Gloucester and
Manchester in the North Shore drainage basin and the Hull Wastewater Treatment Plant
in the South Shore drainage basin. Five additional facilities which had only carbon data
available were the Lynn Water and Sewer facility and Swampscott in the North Shore
drainage basin and Plymouth, Rockland, and Marshfield in the South Shore drainage basin.
Where estimates of nitrogen and phosphorus were not available, typical municipal
treatment plant estimates of 22.0 mg N/L and 4.0 mg P/L were used. Estimates of silica
loadings were based on reported effluent flows and an assumption that the effluent silica

concentrations of the other facilities were similar to those measured at the MWRA
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facilities. The nitrogen and phosphorus loadings, reported by Menzie-Cura, appeared to
be in error for the South Essex treatment plant when concentrations were back calculated.
These values were replaced by typical South Essex plant values (Camp, Dresser and
McKee, 1995). Table 2-2 lists the daily loadings associated with each point source.
Figure 2-1 displays the location of each point source with the exception of electric power
plants. All of the facilities in this study area with NPDES permits were included in

determining pollutant inputs to the Massachusetts Bays system.
2.2.2 River Discharge

Estimates of tributary discharges to Boston Harbor were developed by Alber and
Chan (1994). MWRA separated the Boston Harbor drainage area into the North Harbor
and South Harbor for analysis. Flows were estimated using USGS gaging station
information for water years 1990 through 1992. Total flow was then computed by
multiplying the gaged flow by the ratio of the entire drainage basin area to the drainage
area above the gage. This was done so as to estimate the flow at the mouth of the river.
For the Charles and Mystic Rivers the mouth of the river was considered the site of the
Charles River and Amelia Earhart dams, respectively. Concentrations were estimated by
MWRA from measurementstaken by the Department of Environmental Quality Engineering
(DEQE, now Department of Environmental Protection, DEP) and Metcalf and Eddy. Mean
loading estimates were used as input to the model. The origins of the silica load in the
Charles River are upbasin wastewater treatment plants above the Charles River Dam. The
magnitude of the load was based upon STP effluent flows reported in Menzie-Cura and
assuming an effluent Si concentration similar to the Deer and Nut Island facilities and also
assuming no net loss of silica between the points of effluent discharge and entry to Boston

Harbor.

For tributaries outside of Boston Harbor Menzie-Cura estimates were used. To
estimate tributary loadings, Menzie-Cura first made estimates of the annual average flow.

To do this, a coefficient of 1.7 cfs per square mile (0.0186 m3/sec per square kilometer)
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of drainage area was used. Estimates of pollutant concentrations were developed using

historical measurements made by the Massachusetts DEQE.

Tables 2-3 and 2-4 list the flows and loadings used in the model. Since sufficient
information was not available to specify riverine loads on a daily or even a monthly basis,
all river loads are constant throughout the calibration periods with the exception of the
Charles, Mystic, and Neponset Rivers. For these rivers, loadings were weighted according

to the monthly average flow from USGS gage data.

TABLE 2-3. ANNUAL AVERAGE RIVER
FLOWS

North Shore

Annisquam 0.11
Bass 0.07
Danvers 0.59
Crane 0.28
Pines 0.48
Saugus 2.32
Boston Harbor

Mystic 2.40
Charles 12.30
Neponset 5.30
Weymouth Fore 0.10
Weymouth Back 1.50
Weir 0.10
South Shore

South 1.15
North 3.90
Green Harbor 0.35
Jones 1.42
Town Brook 0.43
Eel 0.71
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TABLE 2-4. DAILY (AVERAGE RIVER LOADING

Annisquam 0.78 0.50 3.08 0.86 4.76 0.0 28.5
Bass/Danvers/ 7.21 4.76 39.64 11.29 62.19 0.00 243.5
Crane

Pines/Saugus 21.41 14.29 118.10 33.70 185.43 0.00 724.9
Mystic 16.82 11.20 97.80 27.99 153.77 0.00 724.9
Charles 86.42 b57.15 502.58 143.47 789.26 718.50 1,535.0
Neponset 37.06 24.68 216.56 61.69 340.20 0.00 3,388.4
Weymouth Fore 0.75 0.45 4.08 1.18 6.40 0.00 64.0
Weymouth Back 6.32 4.17 36.74 10.48 57.61 0.00 576.0
Weir 0.75 0.45 4.08 1.18 6.40 0.00 64.0
South/North 45.90 30.66 225.34 57.70 316.97 0.00 1,405.5
Green Harbor 2.68 1.77 14.60 4.17 23.04 0.00 90.7
Jones 13.03 8.66 71.68 20.50 112.49 0.00 444.5
Town Brook 2.40 1.59 13.08 3.72 20.50 0.00 80.3
Eel 3.90 2.59 10.75 6.12 33.75 0.00 132.3

2.2.3 Combined Sewer Overflows

Estimates for CSO loadings were made by both Alber and Chan and Menzie-Cura.
The Alber and Chan loading estimates were used for CSOs discharging within Boston
Harbor. The Alber and Chan CSO flows were estimated using results from two modeling
studies; one based on a Boston Water and Sewer Commission (BWSC) CSO model, and
the other from a CSO model developed for MWRA by Metcalf and Eddy (MWRA, 1993).
The average of these two estimates was used as input in this modeling effort; CSO flows
were estimated to be 0.203 m3/s. While this estimate is an order of magnitude lower than
reported by Menzie-Cura, it reflects the results of a more detailed modeling analysis than
was available at the time of the Menzie-Cura analysis. Concentrations for the various
water quality constituents were measured by Metcalf and Eddy, BWSC, and MWRA.
Pollutant loadings were input into the model by spatially distributing the total CSO loading
according to the percentage of the total volume of flow discharged at each location on an
annual basis. Small errors associated with this approximation should have only a localized

effect on the model computation within Boston Harbor.
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North Shore CSO loading estimates were taken from the Menzie-Cura loading report
for Massachusetts Bay which are the most up-to-date estimates available. A fraction (75
percent) of the Menzie-Cura loading estimate was used because only a portion of the North
Shore drainage basin falls with the water quality model domain. This fraction was
determined based on the number of miles of coastline within the model domain.
Menzie-Cura’s loading estimates were based on flows and concentrations developed by
NOAA’s National Coastal Pollutant Discharge Inventory (NCPDI). Due to a lack of
information concerning the actual CSO locations in this area, the CSO loads were
distributed evenly across the entire North Shore. No CSO information was reported for the
South Shore and Cape Cod Bay. Daily average CSO loadings for Boston Harbor and the
North Shore are presented in Table 2-5.

TABLE 2-5. DAILY AVERAGE CSO LOADINGS
(kg/day)
TOP 13.9 70.6
PO, 10.2 70.7
TON 18.2 120.8
NH, 39.2 184.4
NO, +NO; 5.4 0.0
TOC 1,306.3 9,258.3

2.3 NONPOINT SOURCES

Storm sewers collect runoff and discharge it directly into the Bays. Uncollected
stormwater can also flow into the Bays directly via overland flow. Also, stormwater can
seep into the ground and eventually enter the Bays as groundwater. Loading estimates
were made using measured or estimated flows and concentrations. Estimates of
stormwater flow rates were made using drainage basin area, precipitation data and a
runoff coefficient based on the imperviousness of the land. The latter was based on land

use type. Alber and Chan split non-CSO runoff loadings into stormwater, airport and
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groundwater sources. Menzie-Cura computed non-CSO, nonurban, and groundwater
sources. Another nonpoint source considered in the model is from atmospheric deposition.
This pollutant source includes wet deposition and dry deposition onto the water surface

of the Bays.

2.3.1 Stormwater

The following paragraphs discuss the stormwater and airport loads calculated by
Alber and Chan and the non-CSO and non-urban loads calculated by Menzie-Cura. MWRA
split the Boston Harbor area into the North Harbor, South Harbor, and Logan Airport. For
the South Harbor a runoff coefficient of 0.26 was used to estimate the flow of stormwater
to the Harbor. For the North Harbor, three runoff coefficients were used ranging from
0.23 to 0.43. Nutrient and BOD concentrations were available from a BWSC sampling
program conducted in 1993. The mean calculated loads were used in the water quality
model. Flow estimates for Logan Airport were generated from work performed by Rizzo
Associates in 1992 (Massport, 1992). The airport was divided into three sections
according to land use and runoff characteristics: north outfall, west combination outfall
and airfield outfall. Stormwater was measured at these sites during five storms in March,
May, and June 1991. Runoff coefficients were then estimated from this information.
Pollutant concentrations were also measured by Massport during the sampling events. The
mean estimated loadings of nitrogen and phosphorus were used in the water quality model.
Carbon loadings were adjusted seasonally to account for the higher winter BODs

associated with deicing chemicals. Loadings are presented in Table 2-6.

TABLE 2-6. DAILY AVERAGE STORM SEWER/RUNOFF LOADINGS

TOP 9.8 7.7 0.0 149.9 35.5 6.5
PO, 9.5 7.6 2.4 100.0 22.7 3.8
TON 93.2 70.2 21.0 272.4 132.0 22.8
NH, 85.7 65.8 9.6 77.6 38.1 5.7
NO, +NO, 20.0 15.9 8.5 425.7 208.3 0.0
TOC 953.5 731.4 1,253.2 4,714.2 2,469.0 402.0
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Stormwater loading estimates for the regions outside of Boston Harbor were
obtained from the Menzie-Cura Massachusetts Bay loading report. For areas without
CSOs, the total annual precipitation was multiplied by a land-use-specific runoff coefficient
for each land use type. Loads were calculated using mean urban runoff concentrations for
different types of land use compiled for the NCPDI from National Urban Runoff Program
(NURP) (USEPA, 1983) and Stenstrom et al. (1984). Nonurban runoff was calculated using
the Simulator Model for Water Resources for Urban Basins (SWRRB) which was developed
by the U.S. Department of Agriculture’s Agricultural Research Service. Runoff estimates
from areas that drain directly into coastal waters were calculated by assuming that such
runoff occurred from land within 0.5 miles of the shore. The percentage of the total
drainage area of this region was calculated and then used to compute the runoff load.

Loadings are presented in Table 2-6.

Menzie-Cura also calculated loads for Boston Harbor. These loadings were an order
of magnitude higher than MWRA’s more recent estimate. The MWRA report (Alber and
Chan 1994) attributed the lower loading rates to better model estimates of runoff flow as

well as to better estimates of pollutant concentrations.

2.3.2 Groundwater

Loading information associated with groundwater flow was available only for Boston
Harbor and Cape Cod. Menzie-Cura provided the loading for Cape Cod and Alber and
Chan estimated the loading for Boston Harbor. Groundwater loads for the North Shore and
South Shore were estimated by MWRA using the same method as Menzie-Cura (MWRA,
1995). On a bay-wide basis, groundwater contributes only a small portion of the nitrogen
loads. However, in the localized Cape Cod region, groundwater is a major contributor of
nitrogen. Menzie-Cura provided estimates of groundwater nitrogen loads which were
assumed to be composed entirely of NO, + NO5. Alber and Chan estimated both NO3 and
PO, loads.
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The groundwater flow in Boston Harbor was estimated by assuming that half of the
rainfall that does not run off via surface flow becomes groundwater. Mean annual loads
were used in the model. They were calculated assuming a NO; concentration of 2.556 mg
N/L and a PO, concentration of 0.255 mg P/L based on values reported by Valiela et al
(1 990): The annual average groundwater flow rate was estimated to be 0.75 m3/s for the
North Harbor and 0.40 m3/s for the South Harbor. Groundwater loadings for Cape Cod
were estimated by assuming a flow equal to the annual rechérge in Cape Cod Bay and
using NO3 concentrations from private well samples in Cape Cod. A flow of 4.06 m3/s
and a NO; concentration of 2.5 mg N/L were estimated. Daily average groundwater loads

are presented in Table 2-7.

TABLE 2-7. DAILY AVERAGE GROUNDWATER LOADING

PO, 16.2 8.7 88.9 10.0 10.0
NO, 165.7 88.5 884.0 100.0 100.0

2.3.3 Atmospheric

Dry deposition and wet deposition of nitrogen, phosphorus and carbon resulting
from direct impingement to the surface waters of the study area are included as
atmospheric inputs. In this modeling effort, deposition was considered to be spatially
constant. Estimates of atmospheric dryfall flux rates for inorganic phosphorus were taken
from the Menzie-Cura report, while atmospheric dryfall fluxes of inorganic nitrogen were
taken from Zemba (1993). Using this information, together with the surface area of the
model domain, dry deposition loadings were estimated. Similarly, for wet deposition
loading estimates, observations of inorganic phosphorus and inorganic nitrogen
concentrations in precipitation were used together with monthly rainfall data from Logan
Airport. To account for atmospheric sources of organic nitrogen, phosphorus, and organic

carbon, data from the Long Island Sound Study were used. No estimates of organic
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carbon dry deposition were available. The concentrations used to estimate dry deposition
and wet deposition loads for each pollutant can be found in Table 2-8. The observed

monthly rainfall is shown in Table 2-9. Mbnthly average loadings are presented in Table
2-10 for the 1990 period and Table 2-11 for the 1992 period.

TABLE 2-8. WET DEPOSITION NUTRIENT CONCENTRATIONS AND AREAL

TON 116. 42.80
PO, 3.74 0.66
TOP 3.06 0.54
TOC 1300. -
TABLE 2-9. MONTHLY RAINFALL AT LOGAN AIRPORT FOR
CALIBRATION AND VERIFICATION PERIODS
: :Montl ) cormeMoentho : 1
October 1989 5.70 January 1992 3.10
November 4.14 February 2.28
December 0.81 March 3.59
January 1990 3.78 April 2.34
February 3.61 May 1.40
March 1.71 June 4.62
April 5.94 July 2.67
May 6.54 August 4.25
June 0.69 September 3.45
July 4.09 October 1.61
August 6.57 November 6.15
September 1.59 December 8.25
October 7.35
November 1.59
December 3.19
January 1991 3.26
February 1.67
March 4.34
April 4.83




TABLE 2-10. ATMOSPHERIC DEPOSITION (1990)

October 1989
November
December
January 1990
February
March

April

May

June

July

August
September
October
November
December
January 1991
February
March

April

76.4
59.1
16.9
53.1
55.7
27.9
81.7
86.5
15.8
56.8
86.9
27.1
96.3
27.1
45.9
46.7
28.2
59.8
67.7

93.4
72.2
20.7
64.9
68.1
34.0
99.8
105.8
19.3
69.5
106.2
33.1
117.7
33.1
56.1
57.0
34.5
73.1
82.8

(kg

/day)

3,191
2,636

939
2,307
2,407
1,362
3,391
3,677

895
2,450
3,591
1,323
3,948
1,323
2,036
2,065
1,366
2,564
2,863

3,999
3,480
2,216
3,299
3,379
2,543
4,157
4,304
2,182
3,412
4,315
2,521
4,598
2,521
3,085
3,108
2,555
3,503
3,740

14,700
13,380
10,160
12,920
13,120
11,000
15,100
15,470
10,080
13,200
15,500
10,940
16,220
10,940
12,370
12,430
11,020
13,440
14,040

29,410
22,060
4,165
19,600
20,670
8,789
31,640
33,720
3,676
21,100
33,880
8,470
37,880
8,470
16,460
16,780
8,949
22,380
25,730




TABLE 2-11. ATMOSPHERIC DEPOSITION (1992)

January 1992 44.8 54.7 1,994 3,051 12,290 15,980

February 36.9 45.1 1,694 2,014 11,680 12,630
March 50.8 62.1 2,222 3,232 12,740 18,540
April 36.5 44.6 1,680 2,803 11,650 12,470
May 24.1 29.4 1,209 2,431 10,710 7,192
June 656.1 79.6 2,764 3,660 13,840 24,610
July 39.6 483 1,794 2,893 11,880 13,750
August 58.7 71.7 2,621 3,469 13,350 21,900
September 50.4 61.6 2,208 3,221 12,720 18,380
October 26.7 32.7 1,309 2,510 10,910 8,310
November 84.3 103.3 3,491 4,236 15,300 32,760

December 107.2 131.1 4,361 4,922 17,600 42,510




2.4 LOADING SUMMARY

Figure 2-2 presents a loading summary of the carbon, nitrogen and phosphorus
entering the Boston Harbor and Massachusetts and Cape Cod Bays system from various
sources and provides a comparison between the 1990 and 1992 periods. Excluding
exchange with the Guilf of Maine, the Deer Island and Nut Island treatment plants
contribute the majority of the carbon, nitrogen, and phosphorus to the system. These
plants discharged similar quantities in 1990 and 1992. Cessation of the sludge discharge
in December 1990 provided only a minor change in the total loadings to the system.
Outside of Boston Harbor, non-MWRA treatment plants contribute the most carbon and
phosphorus to the Bays. Atmospheric deposition is the second largest source of nitrogen
to the Bays. Non-point and riverine sources contribute similar amounts of carbon, nitrogen
and phosphorus to Massachusetts and Cape Cod Bays. In Figure 2-2, non-point sources

include storm sewers, CSOs, other runoff, and groundwater.

Figure 2-3 presents a spatial distribution of the total loading from each area within
the Massachusetts and Cape Cod Bays system, for the 1990 and 1992 periods. The filled
triangles on the figures separate the drainage areas into the North Shore, Boston Harbor,
South Shore, and Cape Cod. Atmospheric deposition is shown as a separate category
because it impacts all regions. This figure shows that Boston Harbor is the source for the
majority of carbon, nitrogen, and phosphorus that enters Massachusetts and Cape Cod
Bays from the shore and the atmosphere. The North Shore drainage area and atmospheric
deposition also contribute a significant fraction of the loadings to the Bays. The South
Shore and Cape Cod drainage basin contribute a minute fraction of carbon, nitrogen, and
phosphorus to the Bays. The difference in percentage contribution between the 1990 and
1992 periods results from the cessation of sludge discharge, the inherent variability in

treatment plant loads and differences in precipitation.
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SECTION 3

WATER QUALITY DATA

3.1 INTRODUCTION

The credibility of model calculations is judged, to a large degree, on the basis of the
agreement of the model with observed data. Beyond the constraint that the model must
behave reasonably well and conform with general scientific principlés, obser\}ed data offer
perhaps the only external criteria available to assess the validity and, hence the utility of
a complex hydrodynamic/water quality model. A properly validated deterministic model
is a powerful tool because it represents, as closely as possible, the mechanisms which

affect the problem.

The monitoring programs which provided the available data base for model
calibration were not designed specifically for use in a water quality model. As a
consequence, there are some gaps in the data desired for model calibration. However, the
monitoring programs were extensive enough to provide a reasonable data set for
calibration purposes. The scope, logistics, and results of the sampling programs used for

model calibration are introduced and discussed below.
3.2 1990 DATA SET

The major sources of data used for the initial model calibration were obtained during
a series of synoptic cruises extending in time from October 1989 through April 1991.
These data were collected by the Bigelow Laboratory for Ocean Sciences (Townsend et
al., 1990) and a joint University of Massachusetts at Boston/Woods Hole Oceanographic
Institution/University of New Hampshire/United States Geological Survey
(UMB/WHOI/UNH/USGS) team (Geyer et al., 1992).

Figure 3-1 shows the station locations for the Bigelow cruises, while Figures 3-2
and 3-3 show the station locations of the two sets of UMB/WHOI/UNH cruises. Note that
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the nutrient stations for the UMB/WHOI/UNH cruises are defined with squares around
them. A third data set which contains data within Boston Harbor was obtained from the
New England Aquarium (Robinson et al., 1990). The station locations for these data are
found on Figure 3-4. The final data set is the MWRA combined sewer overflow receiving
water quality monitoring data set. This data set contains data within Boston Harbor. The

station locations are found on Figure 3-4.

The six Bigelow Laboratory cruises covered 18 stations in the northern portion of
Massachusetts Bay. Four of these stations (2, 4, 14, and 16) were hydrographic stations
where only salinity, temperature, fluorescence and beam attenuation were measured. Nine
stations (1, 3, 5, 9, 11, 13, 15, 17, and 18) were nutrient stations where hydrographic
casts were taken as well as discrete bottle samples for NO, + NO3, NH,, DSi, POy,
dissolved oxygen (DO), spectral absorption, phytoplankton pigments, particulate organic
carbon (POC), and particulate organic nitrogen (PON). The remaining five stations (6, 7,
8, 10, and 12) were productivity stations which included all the analyses listed for the
nutrient stations plus primary productivity, phytoplankton community structure and
zooplankton. Sampling cruises were conducted on October 24, 1989, February 6, March
6, April 70, June 5, and August 14, 1990; weather conditions caused abbreviated
sampling for March and April 1990. A detailed account of the data and the methods used
for analysis is available in a series of four reports written by the Bigelow Laboratory for
MWRA (Townsend et al., 1990a,b,c, 1991).

A team consisting of researchers from WHOI, UMB, UNH, and the USGS conducted
12 hydrographic surveys from April 1990 through June 1991. These data are reported
in Geyer et al. (1992). Six of these cruises also included baywide nutrient sampling. All
cruises included measurements of temperature, salinity, fluorescence, light transmission
and dissolved oxygen. The nutrient sampling cruises measured NH,, NO, + NO,, PO,4, DS;i,
and suspended solids. These samples were taken at several depths within the water

column.
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The first three WHOI/UMB/UNH water quality surveys were conducted in April,

June, and October of 1990. These cruises followed the tracks shown on Figure 3-2. A
total of 74 stations were sampled, 29 of which included nutrient measurements (as
indicated by a square). The three remaining water quality surveys followed the path
indicated on Figure 3-3. These cruises extended farther into the Gulf of Maine and
consisted of 96 sampling stations, 39 of which included nutrient measurements. These

field studies were conducted in February, March, and April of 1991.

A third data set contains data from the New England Aquarium for Boston Harbor
(Robinson et al., 1990). The data set contains surface and bottom samples taken monthly
from March 1988 to November 1991 excluding December, January, and February. Eleven
stations were sampled for temperature, salinity, density, DO, secchidepth, pH, suspended
solids, TKN, PO,4, TP, DSi, chlorophyll-a, and phaeophytin. The data set also includes nine
stations which were sampled from August through December 1989. The final data set
from MWRA contains data for Boston Harbor from September 1989 through August 1991
(MWRA, 1991; Rex, 1993). This data set contains temperature, salinity, and DO

measurements.

3.2.1 Physical Water Quality Parameters

3.2.1.1 Introduction

A number of physical water quality parameters are important to the hydrodynamic,
eutrophication, and dissolved oxygen processes that affect the Massachusetts Bays
system. Among the more important physical parameters are temperature, salinity, and
transparency. Water temperature strongly affects phytoplankton growth rates, nutrient
recycle kinetics, and temperature-mediated biological decomposition in the water column
and in the sediment. Temperature, and to a lesser degree salinity, influence the solubility
of dissolved oxygen in water. Differences in water temperature can create temporal and
spatial gradients in dissolved oxygen saturation. Temperature and salinity also affect

water column density, an important driving force in estuarine circulation. Density
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stratification within the water column can exacerbate the occurrence of hypoxia in the
bottom waters because it limits the exchange of surface oxygen-rich water with oxygen-
deficient water below the pycnocline. Conversely, density stratification can limit

phytoplankton growth by trapping nutrient-rich water below the pycnocline.

Water transparency affects the extent of sunlight penetration into the water
column. Reduced water transparency reduces the euphotic zone, the region within the

water column where photosynthesis is possible.

The following paragraphs present a portion of the available data in order to gain
insight into the processes occurring within the Massachusetts Bays system both spatially
and temporally. Five representative stations have been chosen to illustrate the available
data. These stations were chosen for their location, quantity of observations, and
proximity to stations which were monitored in 1992. Boston Harbor is represented by two
stations located near the entrance to the harbor, close to the Deer Island outfall. One
station is the Bigelow Station 6 (see Figure 3-1) the other is Station MBH9 from the New
England Aquarium data set (Figure 3-4). These stations are plotted together in the first
panel of the data figures. The northern portion of Massachusetts Bay is represented using
Bigelow Station 8. For the central portion of Massachusetts Bay, UMB/WHOI/UNH station
HU4 is used. Finally, eastern Cape Cod Bay is represented using UMB/WHOI/UNH station
MAG. The data shown are surface and bottom samples, using open circles and filled
circles, respectively. Lines emanating from the circles present the standard deviation of
the data if more than one measurement was available for that time. Additional data are
available vertically within the water column, but are omitted from the figures in order to
make the figures less cluttered. One thing to note during the review of these data is the
relative paucity of data in terms of temporal coverage. The paucity of the data makes it
very difficult to draw any inferences concerning short-term events within the study area.
However, there is, in general, sufficient data with which to determine the seasonal

dynamics of primary productivity within the Bays system.



3-9

3.2.1.2 Water Column Temperature

Water column temperature is recognized as an important parameter affecting both
the hydrodynamic and biological processes that occur in all water bodies. The water
column temperature distribution in Massachusetts Bay is a function of both surface heat
flux and the transport of water into and out of the system. Figure 3-5 displays 1990

temperature data observed at the stations previously mentioned.

These data show a seasonal cycle of heating and cooling as well as vertical
stratification and destratification. Temperatures are lowest in February and March,
reported at about 2 to 4°C; surface temperatures peak in August in the low twenties. The
Boston Harbor station differs from the other stations in that there is less temperature
stratification. This is due to its shallow depth, large tidal range and high tidal current
velocities at the narrow mouth of the harbor, all of which act to cause high vertical mixing.
Signell and Butman (1992) observed these higher tidal velocities in their modeling analysis
of Boston Harbor. Other regions of the Bays are observed to be well mixed during the
winter and become thermally stratified during the summer. As the year progresses beyond
the summer and into the fall both air and surface water temperatures begin to cool
resulting in the fall overturn (which occurs in October or November) wherein the water
column becomes well mixed again. During the summer stratification period the difference
between surface and bottom water temperature can be as much as 15°C , as can be
observed in the data from Cape Cod Bay. The degree of stratification depends a great deal
on the depth of the water column. Deep water off-shore locations in central
Massachusetts and Cape Cod Bays tend to have greater temperature stratification than do

near-shore shallow water locations.

3.2.1.3 Salinity

Massachusetts Bay has a large open boundary with the Guif of Maine. In addition,
Massachusetts and Cape Cod Bays have only a few small tributaries that discharge

freshwater. Therefore, most of the water within the Bays is coastal ocean water with a
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relatively constant salinity. There are occasions, however, when a pulse of freshwater,
or freshet, enters the northern portion of the Massachusetts Bay. These freshets originate
from the Merrimack River and other northern rivers flowing into the Gulf of Maine. They
are transported south along the Maine/Massachusetts coastline by the Gulf of Maine

coastal current and enter Massachusetts Bay just south of Cape Ann.

The effect of these events can be observed in the salinity data presented on Figure
3-6. The Boston Harbor entrance is again shown to be well mixed with salinity
stratification less than one part per thousand (ppt). With the exception of some low
surface salinities observed in December 1989, salinities at this location range from 30 to
32.5 ppt. In the remainder of the system salinity is unstratified during much of the fall,
winter, and spring, with surface and bottom salinities between 32 and 33 ppt. During the
summer period salinity stratification of approximately one ppt is observed in the central
and southern stations shown. The northern station shows more stratification, as much
as two ppt in late May/June. This increase in stratification may be due to freshwater
entering from the Gulf of Maine, as evidenced by a decrease in surface salinity.
Summertime surface salinities across the Bays range from 30.5 to 32 ppt, and bottom

waters range from 32 to 33 ppt.
3.2.1.4 Water Transparency and Light Extinction Coefficient

Water transparency blays an important role in the growth of phytoplankton. The
extinction coefficient is a measure of the vertical light attenuation through the water
column. Light extinction increases markedly with the presence of suspended solids and is
a strong function of phytoplankton density. As the concentration of phytoplankton
increases, the extinction coefficient increases as well, particularly at photosynthetically
active wavelengths. This process is known as self-shading and can have a marked effect

on reducing the phytoplankton growth rate.

During the Bigelow Laboratory cruises several optical measurements were collected:

particle absorption, dissolved material absorption, vertical profiles of beam attenuation and
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photosynthetically active radiation, and secchi depth. Secchi depth was measured at only
the center transect stations (6 through 12). Secchi depth measurements can be converted

to extinction coefficients via the following relationship (Sverdrup et al., 1942; Beeton,
1958):

ke = 1.7 / SD (3-1)

where k, is the extinction coefficient (m") and SD is the secchi depth (m).

During the late winter and early spring period, secchi depths of 4.0 to 6.0 m were
measured at the western stations and 10.0 to 16.0 m at the eastern stations yielding
extinction coefficients of 0.28 t0 0.43 m™ ' and 0.11 10 0.17 m™?, respectively. In the late
spring and summer periods, secchi disc depths of 2.0 to 3.8 m were measured (k, = 0.44
- 0.85 m’') at the western stations and from 8.0 to 10.5 m (ke = 0.16 - 0.21 m’') at the

eastern stations.
3.2.2 Chemical and Biological Water Quality Parameters
3.2.2.1 Introduction

The various programs, which collected data used for this study, analyzed water
samples for chemical and biological parameters, as well as physical parameters. These
parameters included measurements of algal biomass, various forms of nutrients, and
dissolved oxygen. Generally, the observed data showed variation between surface and
bottom measurements and, therefore, will be presented in the same manner as the

temperature and salinity data.
3.2.2.2 Chlorophyll
A commonly used measure of algal biomass is chlorophyll-a. Both the New England

Aquarium and Bigelow Laboratory data sets include chlorophyil-a and these values are
plotted in Figure 3-7. The WHOI/UMB/UNH data set includes measurements of chlorophyll



30.0

(ug/L)

Chlorophyll

30.

(ug/L)

Chlorophyll

Boston Harbor Entrance

25.

20.

15.

10.

Bigelow B o
MBHS

® o

o O (o]

ol%ae 1 O gy g i

o 00

ONDJFMAMJJASONDJIFMA

Central Mass. Bay

25.

20.

15.

10.

HU4

7Y
IIIIIIAIIAIJIIIIAJiL

U
ONDJFMAMJUJASONDUJIFMA

(ug/L)

Chlorophyll

(ug/L)

Chlorophyll

30.0

25.

20.

15,

10.

30.

25.

20.

15.

10.

Northern Mass. Bay
Bigelow 8
(o}
(e}
o}
lllpllllllollllllll

ONDJFMAMJIUJASONDJIFMA

Eastern Cape Cod Bay

0L A .

MAG

L
A

ONDJFMAMJUJASONDUJIFMA

o +/~
a std dev

Surface Chl-a
Surface Fluor.

FIGURE 3-7. OBSERVED 1989 THROUGH 1991 CHLOROPHYLL AND FLUORESCENCE
DATA FOR SELECTED STATIONS



3-15
fluorescence, as determined via calibration to discrete chlorophyll measurements (Geyer
et al, 1992). The Boston Harbor station has low levels of chlorophyll-a at the end of 1989
into early 1990, one ug/L or less. During March chlorophyll concentrations begin
increasing, coincident with increasing water column temperature and increasing solar
radiation. The chlorophyll-a concentrations peak during June and July with concentrations
near 7 ug/L and one value above 25 ug/L. The concentrations then decrease in late

summer into the fall and winter.

The northern Massachusetts Bay station shows a similar pattern. Chlorophyll-a
concentrations decrease between October 1989 and early February 1990 during the
reduced light and colder period of the year. By late February/early March 1990 the spring
bloom develops. Chlorophyll levels continue to increase until June when chiorophyll-a
reaches a maximum value of approximately 13 uyg/L. Concentrations then decrease to

less than 1 ug/L by August.

Fluorescence data in central Massachusetts Bay show low levels of algal biomass.
Measurements are relatively constant throughout the year. A peak value of 2.5 ug/L is
observed in October. In eastern Cape Cod Bay the limited fluorescence data show a peak
concentration of b yg/L in early February. This peak occurs a few weeks before the bloom

begins in northern Massachusetts Bay.
3.2.23 Organic Carbon

The New England Aquarium and Bigelow Laboratory data sets contain particulate
organic carbon (POC) data. However, none of the 1990 data sets contain measurements
of dissolved organic carbon (DOC). Particulate organic carbon can be used as an indicator
of algal biomass in regions removed from anthropogenic inputs. Figure 3-8 dispIaYs the
available surface POC data. These stations show temporal patterns similér to the
chlorophyll-a data, with moderate POC concentrations in October decreasing to near zero
values by early February. This trend reflects the low population of phytoplankton in the

winter. By late February/early March POC levels increase as the phytoplankton bloom
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develops. Concentrations of POC peak in August near 0.8 mg C/L at the Boston Harbor
station. In northern Massachusetts Bay the maximum POC concentration of approximately
1 mg C/L, is observed in June. Concentrations of POC at this station then decrease to
March levels by early August. It should be noted that some of the POC measured near the
Boston Harbor entrance can be attributed to the discharge of wastewater effluent and

sludge from the Nut and Deer Island treatment plants.

3.2.24 Phosphorus

Measurements of dissolved inorganic phosphorus (reported as orthophosphate, PO,)
were taken in all of the nutrient surveys. However, no total or organic phosphorus
measurements are made during the 1990 period. Inorganic phosphorus is an important
nutrient for phytoplankton growth. Figure 3-9 presents PO, measurements at four
locations. The PO, data at the Boston Harbor entrance range from 0.02 to 0.10 mg P/L.
Maximum concentrations are observed during the summer for this station. The remaining
stations show relatively constant bottom concentrations ranging from 0.02 to 0.04 mg
P/L. Surface PO, concentrations are comparable to bottom water PO, concentrations
during the winter. However, during the spring and summer months, PO, concentrations
are found to be significantly lower, ranging from near zero to 0.01 mg P/L. These low

surface concentrations are a result of inorganic phosphorus uptake by phytoplankton.

3.2.25 Nitrogen

Measurements of nitrogen are available in the forms of NH,, NO,+NO3; and
particulate organic nitrogen (PON). Figure 3-10 presents NH, data available for the four
chosen locations. The Boston Harbor entrance station shows a continuous reduction in
NH, levels, associated with algal uptake, between October 1989 and July 1990.
Ammonium concentrations decrease between 0.08 to 0.16 mg N/L to minimum
concentrations of approximately 0.015 mg N/L. Concentrations then increase in the early
fall to their previous winter levels. The following April (1991), concentrations again begin

to decrease as a consequence of algal uptake. It is interesting to note the considerable
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variation in observed concentrations for this station. This may be due to the point of the
tidal cycle when the measurements were made. If sampling was performed on an ebb tide
NH, concentrations would be typical of Boston Harbor and high; if sampled on flood tide

concentrations would be more typical of Massachusetts Bay and therefore lower in value.

Data for the remaining stations are somewhat sparse. The available data suggest
that surface concentrations remain low for most of the year from near zero during the
summer to 0.02 mg N/L. Bottom water concentrations are also lower at these stations
than those found near the Boston Harbor entrance at corresponding times of year. Bottom
water NH, concentrations tend to be higher when the water column is most stratified

during the spring and summer.

NO, + NO; concentrations also have a strong seasonal cycle as shown in Figure 3-
11. The available data show increasing NO, + NO; concentrations between October 1989
and February 1990. There is then a rapid decrease in surface NO, + NO5 concentrations
from approximately 0.18 mg N/L to below 0.01 mg N/L by July at the Boston Harbor
entrance and to near zero in June and August at the surface in northern Massachusetts
Bay. These changes are due to algal uptake. Similar decreasesin NO, +NO; are observed
in the spring of 1991 at both the central Massachusetts Bay and eastern Cape Cod
locations. During the fall, an increase in NO, + NO3; levels can be observed for the Boston
Harbor entrance and eastern Cape Cod Bay stations, as primary productivity decreases and

there is less uptake by phytoplankton.

The seasonal trends observed in NH, and NO,+NOj concentrations can be
explained by considering the cycle of algal productivity. During the winter when water
temperatures are cold and solar radiation is at a minimum, algal productivity is low. As
water temperatures and solar radiation increase so does algal productivity and nutrient
uptake. Since NH, and NO,+NO; are used by photoplankton for growth, NH, and
NO, + NO; concentrations tend to be inversely correlated to algal productivity, i.e. they are

high during periods of low productivity (late fall/early winter); during periods of high
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productivity (late winter, spring and summer) surface concentrations of both NH, and
NO, + NO3 are low.

Figure 3-12 displays PON data for the Boston Harbor entrance and northern
Massachusetts Bay location. These data show an inverse cycle to NH, and NO, + NOg4
concentrations. Concentrations of PON are near zero in February when conditions are less
favorable to phytoplankton growth. However, during the spring, as the algal population

blooms, NH, and NO, + NO3 are converted to algal biomass and hence PON increases.

3.2.2.6 Silica

Dissolved silica measurements were available at all four locations as shown on
Figure 3-13. Dissolved silica is an important nutrient required by diatomaceous
phytoplankton. Dissolved silica follows a similar pattern to the other nutrients as dictated
by the phytoplankton growth cycle. Higher dissolved silica concentrations are found in the
winter while lower concentrations are found in the spring and summer. As the water
column becomes stratified, silica rich bottom waters become trapped beneath the

pycnocline and surface water concentrations are depleted.

3.2.2.7 Dissolved Oxygen

The dissolved oxygen (DO) of a water body is one of the more important water
quality parameters. Since DO is necessary to maintain aquatic life, it reflects the general
health level of a water body and indicates the ability of an aquatic ecosystem to support
a balanced habitat. When periods of hypoxia occur, the ability of fish and other aquatic
life to reproduce may be impaired. Under extreme hypoxia or anoxia, large mortalities of

fish may occur.

Figure 3-14 presents temporal profiles of DO at four locations in the study area.
Dissolved oxygen concentrations in the water column behave in a seasonal fashion, due

to changes in DO saturation as well as due to biological and chemical reactions. As the
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water temperature decreases, the saturation concentration of dissolved oxygen within the
water column increases. The opposite is true for increasing temperature; i.e., DO
saturation decreases. In addition, as water temperaturesincrease, biological activity (i.e.,
phytoplankton photosynthesis and respiration and biological oxidation of organic carbon)
increases. These coinciding factors act to produce the annual cycle of DO observed. The
highest DO concentrations are observed in March, near 12 mg O,/L, when the water
column temperature is still low and when phytoplankton have begun to increase their
photosynthetic production. As water temperaturesincrease, DO concentrations decrease,
in part due to decreasing DO saturation and degassing to the atmosphere. The decrease
is even greater in the bottom waters due to increased biological oxidation of organic
carbon and detrital algal biomass. A minimum DO concentration of approximately 5 mg
O,/L is observed in Boston Harbor in September; a minimum of about 6 mg O,/L is
observed in October in central Massachusetts Bay. It should be noted that for some
locations in Boston Harbor lower concentrations have been observed. There is
considerable variation in the observed DO for the Boston Harbor entrance station. Some
of this variation may be due to the point within the tidal cycle at which the data were

taken.

An area of concern for possible low concentrations of DO is Stellwagen Basin.
During periods of strong stratification and weak horizontal mixing, there is little exchange
between the bottom waters of the Basin and the surrounding bottom waters located in the
shallower waters of Stellwagen Bank, eastern Massachusetts Bay and northeastern Cape
Cod Bay. It is possible that low oxygen levels could result from the settling and oxidation
of particulate organic matter generated in the surface waters of the Basin. Figure 3-15
presents DO data for four locations within the Stellwagen Bésin. As can be seen these
stations do not violate the Massachusetts state standard of 6.0 mg O,/L at any time
during the period of October 1989 through April 1991.
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planned outfall. These data (Kelly et al., 1993; Kelly and Turner, 1995) afforded the
opportunity to calibrate the model against an additional data set. The 1992 monitoring
program included 46 stations: 21 nearfield, i.e., in the vicinity of the planned outfall, and
25 farfield. Routine monitoring included measurements of temperature, salinity, dissolved
oxygen, fluorescence, dissolved nutrients and light attenuation. Data on biology and
primary productivity including chlorophyll-a and particulate nutrients were collected at 10
stations. During the course of the year, from February through December, 15 nearfield
surveys were conducted, which measured only hydrography/nutrient data. An additional
6 surveys were conducted, which measured biology/productivity data at 9 nearfield/farfield
stations and hydrography/nutrient data at the remaining 21 farfield stations. Figure 3-16
displays the location of the sampling stations. Station names that begin with N are
nearfield. Station names that begin with F are farfield. Stations names that end with P

are biology/productivity stations.

Routine hydrography/nutrient surveys included measurements of salinity,
temperature and dissolved oxygen (CTD casts), dissolved inorganic nutrients (NO,, NO3,
NH,, PO, and DSi), chlorophyll fluorescence, optical beam transmittance, in situ and
surface irradiance. Sampling at biology/productivity stations was more comprehensive.
Sampling at these stations included: the same suite of measurements as the hydrography
and nutrient surveys; chlorophyll-a and phaeopigments in extracts of filtered water;
measurements of total suspended solids (TSS) and DO in discrete water samples; and
measurements of organic nutrients including POC, PON, dissolved organic carbon (DOC),
dissolved organic nitrogen (DON) and dissolved organic phosphorus (DOP). Phytoplankton
and zooplankton species were also identified and enumerated and rates of water-column
respiration and production versus irradiance were determined. Sampling at non-
biology/productivity farfield stations included measurementsof dissolved organic nutrients,
chlorophyll-a and phaeopigments in extracts of filtered water for calibrating the
fluorometer, oxygen samples for titration and calibrating the DO probe and phytoplankton
samples for archival purposes. The nearfield surveys also included high resolution "tow-yo"

profiling to sample various physical parameters and phytoplankton fluorescence.
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Six stations were chosen to illustrate typical data for 1992. These stations were
chosen to cover the spatial extent of the Bays and for the quantity of data collected.
Station F23P is located near the entrance to Boston Harbor. Stations N10OP, NO4P, NOG,
and NO7P reflect conditions in the nearfield area. Station F13P is located in shallow
waters near Scituate. Station FO8 in the center of the Massachusetts Bay/Cape Cod
system and station FO1P is located in southwest Cape Cod Bay. As this project
progressed, additional data from the monitoring program became available. Although data
from the 1993 surveys were not used for model calibration, they are presented here in
comparison to the 1992 data in order to characterize the year to year natural variability of
the Massachusetts Bays system. In the figures to follow, open symbols represent surface
(roughly the upper 10 percent of the station depth) and approximate mid-depth (12.5 to
17.5m) data, while filled symbols are used for bottom data (roughly the lower 10 percent
of the water column depth). Circles represent 1992 data and triangles are used for 1993
data. It was not possible to include comparisons to 1990 data due to the differences in

sampling locations.

3.3.1 Physical Water Quality Parameters

3.3.1.1 Temperature

The 1992 and 1993 data sets show similar patterns in the annual cycle of
temperature as shown in Figure 3-17. For the Bay stations, the seasonal cycle of stratified
and unstratified waters is much more evident than for the Boston Harbor stations.
November through April is a period during which the water column is well mixed.
Beginning in the spring, as the air temperature and solar radiation increase, water
temperatures increase, with the surface warming more quickly than the bottom. Deeper
waters in central Massachusetts Bay take longer to warm than shallower bottom waters
in Cape Cod and Massachusetts Bay. With the onset of colder weather in the fall, surface
water temperature drops. Fall overturn occurs between late October and early November
in both 1992 and 1993.
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As was observed in the 1990 data set, the 1992 and 1993 temperature data
indicate that the Boston Harbor entrance (F23P) is well mixed due to its relatively shallow
depth and high tidal velocities. The temperature differences between surface and bottom
generally do not exceed 3°C. Temperature stratification is very pronounced at the mid-
Massachusetts Bay segment (NO6, NO7P). Temperature gradients between surface and
bottom waters are on the order to 8 to 12°C during June, July and August. Temperature
data for 1992 and 1993 are very similar, although some differences can be observed in
the winter, with 1993 being 1 or 2°C colder. The 1990 and 1992 temperature data also
show similar patterns as can be seen by comparing Figures 3-5 and 3-17. Itis also worth
noting that the 1992 and 1993 data sets have better temporal coverage than does the
1990 data set.

Figures 3-18 and 3-19 present seasonal and annual probability plots of surface and
bottom water temperatures, respectively, for the nearfield and farfield stations. The
surface data were taken from the top ten percent of the station depth while the bottom
data were taken from the bottom ten percent of the water column. These figures indicate
that the winter (i.e. the months of February and March, since no surveys were conducted
in the month of January) water temperatures were approximately 1.5°C colder in 1993
relative to 1992. The spring (April, May, and June) surface water temperature
distributions are approximately the same in both years, while the nearfield bottom waters
appear to have warmed slightly faster in 1993 versus 1992. The nearfield summer (July,
August, and September) surface waters appeared to be quite similar for both years with
median temperatures of about 17°C and maximum temperatures of approximately 20°C.
The data also indicate that the bottom water temperatures were lower in 1992 versus
1993 with 1992 having median summer temperatures of approximately 7°C versus 11°C
in 1993. The fall (October, November, and December) surface temperatures were
approximately 2°C warmer in 1992 relative to 1993, while bottom water temperatures
were about 1°C warmer in 1992. On an annual basis the surface water temperatures are
quite similar except for the lower temperature, which represent winter observations. There
is more of a contrast between the two years in the bottom waters, with 1993 having both

lower temperature (winter values) and higher temperature (representing summer values).
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The farfield temperature data are quite similar between the two years, although 1993 had

slightly lower wintertime temperatures.

3.3.1.2 Salinity

Salinity data for 1992 and 1993 are presented in Figure 3-20. The seasonal cycle
of salinity stratification is weaker than that observed in the temperature data. Maximum
surface to bottom differences in salinity are on the order of 0.5 ppt during the summer
months versus about 10°C for temperature. The relatively small differences in salinity
stratification are in part due to the limited freshwater inputs into the Bays. Salinities are
highest at the beginning of the year and decrease in the spring and summer in response
to the spring freshet. In the fall, the salinities increase towards levels observed at the
beginning of the year. Again, the two years show similar patterns, except that the 1993
spring freshet appeared to occur earlier in the year (April versus May) and appeared to be

larger in magnitude.

Figures 3-21 and 3-22 present seasonal and annual probability plots of surface and
bottom water salinities, respectively, for the nearfield and farfield stations. These figures
show that the winter (February/March) salinities were approximately the same in both
years. As was noted in the temporal plots the magnitude of the spring freshet appears to
have been stronger in 1993 than in 1992, as is evidenced by the 0.5 to 1 ppt difference
in spring (April, May, and June) surface salinities between the two years. The summers
(July, August, and September) and falls (October, November, and December) are quite
similar in terms of surface and bottom salinity, although there appears to be some residual
effects of the 1993 spring freshet in the summer bottom waters. On an annual basis the
salinities are quite similar in both the nearfield and farfield data in both years. The only
difference appears to be related to the magnitude of the 1993 spring freshet which yielded
slightly fresher waters in the spring of 1993.
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3.3.1.3 Extinction Coefficient

Figure 3-23 displays estimates of the vertical light attenuation or extinction
coefficients. These values were determined using estimates of the 1 percent surface light
level depth and k, = 4.6/H, where H is the depth of the 1 percent light level. These are
the raw in-situ values uncorrected for phytoplankton effects. The k, observed at station
F23P is higher than the rest of the study area indicating that light does not penetrate as
deeply into the water column at this location due to algal and inorganic solids effects.
Station N10P, which is in the immediate vicinity of the Boston Harbor plume, also has
slightly higher, 0.3 to 0.4 m™t, ke values as compared to the other stations. At station
FO1P the effect of the late winter/early spring algal bloom can be seen in February and
March, when extinction coefficients are between 0.4 and 0.6 m™ versus 0.2 t0 0.3 m’’
for the rest of the year. In areas of lower algal productivity and away from the effects of
coastal runoff, i.e., stations NO4P, NO6, NO7P and FO8, the extinction coefficients are
observed to be lower, about 0.15 to 0.3 m™.

3.3.2 Chemical and Biological Water Quality Parameters
3.3.2.1 Chlorophyll

Figure 3-24 presents time series pIofs of surface chlorophyll for 1992 and 1993 at
selected locations in the study area. The 1992 data set shows elevated chlorophyll levels,
6 to 9 wg/L, occurring in late February at stations NO4P and FOTP. Chlorophyli
concentrations then decrease rapidly through April and remain at low levels less than 1
ug/L through the summer, before a moderate increase is observed in October. In 1992
station F23P chlorophyll concentrations increase during the spring, reaching approximately
5 ug/L during the summer months before declining in the fall. Phytoplankton populations
in this area are closer to the major sources of nitrogen, phosphorus and silica and as will
be shown subsequently do not appear to be nutrient limited. Station N1OP has low
concentrations of chlorophyll in the late winter/spring before increasing to concentrations
of 4 to 7 ug/L in the summer. The other nearfield stations show low concentrations of

chlorophyll-a throughout most of the year, save for a moderate bloom in October. The
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pattern of chlorophyll concentrations differs in 1993. The spring bloom is much less
evident, observed only at Station FO1P; summer concentrations are about equal.
However, in 1993 there is a larger fall bloom than was observed in 1992. The highest

chlorophyll concentrations are observed at stations N10OP and NO4P with levels reaching
9 to 16 ug/L.

Figure 3-25 presents a series of seasonal and annual probability distributions of
nearfield and farfield chlorophyll-a and fluorescence data. These figures show that for the
winter period the maximum discrete chlorophyll-a and fluorescence values for 1992 and
the maximum discrete chlorophyll-a data for 1993 were about the same, at approximately
3 to 7 ug/L. The majority of the 1992 chlorophyll-a and fluorescence data, however, were
greater than the 1993 chlorophyll-a data, 1 to 3 yg/L for 1992 versus 0.5 to 1.5 ug/L for
1993. Chlorophyll distributions for spring and summer of both years appear to be similar.
Maximum nearfield surface chlorophyll-a concentrations of approximately 6 ug/L are
observed in the spring, while summer maxima are between 12 and 15 pyg/L. Median fall
concentrations are approximately the same for both years, about 3 yg/L. However, fall
maximain 1993 are near 20 ug/L versus 6 yg/L in 1992. On an annual basis the nearfield
chlorophyll-a and fluorescence data are approximately the same for both years. The
farfield median chlorophyll levels were slightly higher in 1992 versus 1993; maxima for

both years were approximately the same, at about 10 ug/L.

Sporadic mid-depth chlorophyll blooms have been observed during the stratified
spring/summer period. These blooms occur near the pycnocline where nutrients are
available and light is not limiting. Figure 3-26 presents vertical profiles of chlorophyll-a
fluorescence, and discrete chlorophyll data from 1992 for two nearfield stations and a
farfield station in Cape Cod Bay for four months of the year. The chlorophyll fluorescehce
data representing an almost continuous vertical cast were calibrated for each survey by
Battelle Ocean Sciences using discrete chlorophyll data (shown as open circles on the
plots) and linear regression analysis. The February data show the water column to be well
mixed with similar concentrations from the surface to the bottom. The highest chlorophyll

concentrations are observed at stations NO4P, off Marblehead, and FO2P in eastern Cape
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Cod Bay. In April, sub-surface chlorophyll maximums are observed in the fluorescence
data at stations NO4P and FO2P; the discrete chlorophyll data also show a maximum at
depth for station NO4P. It should also be noted that three vertical fluorescence profiles

obtained over a three day period are presented and all three casts are fairly consistent.

Data from August show the patchiness of algal biomass as the two nearfield
stations show slightly different patterns. One of the August vertical casts for station
NO4P shows both a surface maximum and a subsurface maximum at about 20 m depth,
while the second vertical cast taken one day apart shows a fluorescence maximum at
about 15 m depth; the discrete chlorophyli-a data also show a maximum at depth. At
station NO1P maximum fluorescence levels are observed near the surface with high
discrete chlorophyll measurements as well. Three vertical fluorescence casts are plotted
for NO1P and all shown a consistent vertical pattern. The farfield station, FO2P, has a
maximum fluorescence value at approximately 15 meters. The fluorescence data
measured at this depth are about twice as high as the observed discrete chlorophyll-a data.
In October, the nearfield stations show higher chlorophyll levels to be found near the water
surface, while station FO2P shows a sub-surface maximum. The fluorescence data at the

9 to 12m depth at station NO1P varied by a factor of two among the three October casts.

Figure 3-27 presents probability plots of seasonal subsurface or "mid-depth"” (12.5
to 17.5 m) chlorophyll-a concentrations for the nearfield stations, as well as annual
subsurface concentrations for the nearfield and farfield stations during 1992 and 1993;
1992 chlorophyll fluorescence data are also included. The discrete chlorophyll data at this
depth are more sparse, therefore limiting the ability to detect meaningful change between
the two years. However, the mid-depth data appear to follow trends similar to the surface
data in terms of inter-annual variation. The winter (February and March) chlorophyl! levels
are quite different between 1992 and 1993. The 1992 chlorophyll and fluorescence data
indicate a median of between 1.5 and 2 ug/L; in 1993 a median of about 0.5 ug/L is
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observed. The data, however, indicate that maximum chlorophyll levels were

approximately the same, between 3 and 6.

The spring (April, May, and June) and summer (July, August, and September)
probability figures show similar chlorophyll concentrations for 1992 and 1993. Median
spring concentrations are between 1 and 2 yg/L with maxima of 10 to 12 ug/L; summer
median chlorophyll concentrations are between 1 and 2 yg/L with maxima of 5 to 7 ug/L.
Although there are very few data in the fall of 1993 with which to make comparisons it
appears as if the magnitude of the fall 1993 bloom was considerably larger in 1993 versus
1992. The chlorophyll data for the farfield stations suggests that 1992 chlorophyll-a
concentrations were 0.5 to 1.5 ug/L higher than 1993 levels. It is also interesting to note
that there is slightly more variation in the mid-depth nearfield chlorophyll data than the
surface data in the spring; in the summer, however, there is significantly greater variation

in the nearfield surface data then is observed in the mid-depth data.
3.3.2.2 Organic Carbon

In areas removed from anthropogenic sources, POC is produced largely as a
consequence of algal primary productivity. Therefore, it might be expected that POC and
chlorophyll-a would be correlated to some degree. Comparing Figures 3-24 and 3-28
indicates that for 1992 this is generally the case. The Boston Harbor entrance POC data
(station F23P), show an increase in concentration from 0.2 mg/L in February to about
0.65 mg/L in April, following a trend similar to that observed in the chlorophyll data. POC
concentrations then gradually decrease through October, again similar to the changes
observed in chlorophyll concentrations. POC concentrations also follow similar patterns
at the other data stations. POC concentrations tend to be slightly higher in the spring and
fall at stations NO4P, NO6, and NO7P as compared to the summer levels, similar to the
temporal pattern observed in the chlorophyll data. The Cape Cod station (FO1P) also
shows evidence of the spring bloom, but POC concentrations do not decrease as rapidly

as the chlorophyll data do in March and April.
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Figure 3-29 presents a series of seasonal and annual probability distributions to
illustrate the inter-annual variability in POC data. Although there is limited POC data with
which to make meaningful comparisons on a seasonal time-scale, on an annual basis the
two years do not appear to be markedly different. The degree of variability appears to be
the same on an annual basis for both nearfield and farfield stations. Median and maximum

nearfield POC concentrations are approximately 0.1 mg/L higher in 1992 versus 1993.
3.3.2.3 Phosphorus

Figure 3-30 presents temporal plots of surface and bottom water inorganic
phosphorus (PO,). The 1992 surface phosphate concentrations show a seasonal cycle
affected by phytoplankton levels. The highest surface PO4 concentrations are observed
during the winter when uptake by phytoplankton is at a minimum. Surface phosphorus
levels decrease rapidly during the spring and remain low during the summer due to algal
uptake. Bottom water phosphorus concentrations also decrease during the late
winter/early spring, before stratification develops. This is due to vertical exchange with
the surface waters where uptake by phytoplankton occurs. As density stratification
occurs no further exchange between surface and bottom waters occurs at the deep water
stations (N14P, NO6, NO7P, and FO8) and a vertical gradient in PO, develops. This
gradient remains until the fall overturn of the Bays system which occurs between mid-

October and mid-November.

The 1993 data set shows a similar pattern to the 1992 data set, but concentrations
differ from station to station. At Station F23P, with the exception of the beginning of the
year, phosphorus levels tend to be lower at both the surface and the bottom. In Cape Cod
Bay, at Station FO1P, surface phosphorus concentrations tend to be higher in 1993 except
during October when a fall algal bloom occurs. At the nearfield stations, during the
summer months, surface concentrations of phosphorus are lower in 1993, while bottom
water concentrations are generally higher. Station FO6 also shows higher bottom water

concentrations in 1993.
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FIGURE 3-29. SEASONAL AND ANNUAL PROBABILITY DISTRIBUTIONS FOR 1992
AND 1993 SURFACE POC DATA AT NEARFIELD AND FARFIELD STATIONS
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Figures 3-31 and 3-32 present seasonal and annual probability distributions for
nearfield and farfield stations for surface and mid-depth (12.5-17.5 m) PO4, respectively.
The nearfield surface and mid-depth PO4 distributions for winter are virtually the same for
both years, with median concentrations of 0.015 mg P/L. The median nearfield surface
PO4 concentrations are slightly higher in 1992 as compared to 1993; however, mid-depth
concentrations are about the same for both years. It is interesting to note that
approximately 10 percent of the surface PO4 concentrations are at levels (0.001 mg/L or

1 ug/L) that are commonly thought to limit phytoplankton growth.

Summer nearfield surface and mid-depth PO4 distributions are similar for both years.
Median surface PO4 concentrations average approximately 7 yg/L, while mid-depth median
concentrations are about 12 yg/L. The summer surface PO4 data also indicate that only
2 to 3 percent of the observations are at growth limiting concentrations. Nearfield surface
PO4 data for the fall of 1993 show greater variability than observed in the fall 1992 data
and have a higher median value. On an annual basis both the nearfield and farfield surface

and mid-depth data are quite similar, particularly in terms of their median values.
3.3.24 Nitrogen

Measurements of NH,;, NO, +NO5;, PON and total dissolved nitrogen (TDN) are
available for the 1992 and 1993 data sets. Since phytoplankton use both NH, and
NO, + NOj for cell growth, the sum of these two variables, dissolved inorganic nitrogen
(DIN) will be presented (Figure 3-33) rather than the individual nitrogen forms. In 1992
and 1993 the highest DIN concentrations in the study area are found in the winter/early
spring and the late fall near the present outfall, at stations F23P and N10P. As surface
DIN is used by phytoplankton for cell growth, lower DIN concentrations result in the late
spring and through the summer. As stratification develops during the spring and continues
through the summer months, bottom water DIN concentrations increase slightly over early
spring levels. This occurs because of low light availability in the bottom waters of the Bay,

which precludes phytoplankton productivity, and because of remineralization of detrital
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algae, which settle from the surface layer. One can also note that surface DIN

concentrations decrease as a function of distance from Boston Harbor.

Figures 3-34 and 3-35 present seasonal and annual probability distributions of 1992
and 1993 nearfield and farfield DIN data for surface and mid-depth (12.5-17.5 m),
respectively. The surface and mid-depth winter data are similar, although the 1993
surface data are slightly higher. There is a significant decline in surface DIN between
winter and spring in both 1992 and 1993. Approximately 85 percent of the 1992 surface
and mid-depth data and about 50 percent of the 1993 surface DIN concentrations are
below 0.01 mg N/L or 10 ug/L, a value commonly thought to limit phytoplankton growth.
Spring 1992 mid-depth DIN data are similar to the surface values. However, 1993
mid-depth DIN concentrations are not quite as low as are observed in the surface layer of
the water column. By summer approximately 85 percent of the surface DIN
concentrations are at or below 10 ug/L in both years. Mid-depth DIN concentrations are
also low, but not as low as the surface values. This probably reflects reduced DIN uptake
by algae, due to lower light availability, increased mineralization of organic nitrogen and
some exchange of DIN across the pcynocline.  There is a significant increase in fall DIN
levels as primary productivity begins to decline. Median DIN concentrations of 15 to 40
ug N/L are observed in the surface waters and between 20 and 50 ug N/L are observed
at mid-depth. Annually the surface DIN data are quite similar for both years, while
mid-depth DIN concentrations are slightly higher in 1993. The farfield concentrations of
surface and mid-depth DIN are significantly higher in 1993 as compared to 1992.

Observed PON data are presented in Figure 3-36. PON is another measure of the
local algal biomass. The 1992 PON data follow a similar trend to that of POC. As the late
winter/early spring bloom occurs the PON concentration increases. At stations closer to
the Deer and Nut Island outfalls, the PON concentrations drop slightly or leve! off in the
summer and fall. At Station FO1P the PON concentrations decline more dramatically as
this area of the Bays system becomes strongly nutrient limited. There is also the
appearance of a fall algal bloom as PON concentrations increase in October at a number

of stations.



WINTER
°'2m T T 1 T 7
0.1: .
Q o ]
[} - -
@© L d;.ﬂ‘ ]
N T - e
O
53 [0 ]
p=4
w3 R (o] 4
v? °
T~ 0.0t
3] 0. o 3
oy - -
Z - 3
5 [ o ]
C o -
mD o -
(] = -4
z i o - 1992 |
a - 1993
0.001 TS IS BTN I
0.1 1 10 20 50 80 90 99 99.
Probability
SUMMER
o'a_l'm L T 1T LU RS LY
0.1f 4
Q o 3
%H C 2 ]
cd [ éoo i
=
n<Z N -
(o))
—E
© 0.01: .
ot - Z
w Z C 3
A - .
o O B -
[0} L s
Z M
- o p 4

0.001 .AA
0.1 EpAba o

80 S0
Probability
0'2-l1'lI‘III_I"I'I"I'W'I'II T AININUIAILI A“

(=]
=
T T T 11117
Sl J 111l

Farfield Surface

i

0.01

Nearfield Surface
DIN (mg N/L)

99 99.

0. 001 jgumac

- 50 80 90
Probability

99 99.

Nearfield Surface
DIN (mg N/L)

(mg N/L)

Nearfield Surface
DIN

DIN (mg N/L)

0.2

0.01

0.001

0.

0.01

0.001

0.2

0.001

3-67

SPRING
SALL  EEEELLIL] 1T ™ TNTT T T )
; $o 3
[ A
B Oo -

1 10 20 50 80 90 89 99.9
Probability
FALL -
SRELIL S ALl
L a J
24
3 ?96’ 3
6’2‘
Probability
ANNUAL ~a
[“TTRE 7 T ™77 T 7T Wﬂrﬂ—
6§p19°
- g? ]
[ & 1
F I3 ]
10 EIOI .SOI l alo 90 99 g8.9
Probability

FIGURE 3-34. SEASONAL AND ANNUAL PROBABILITY DISTRIBUTIONS FOR 1992

AND 1993 SURFACE DIN DATA AT NEARFIELD AND FARFIELD STATIONS



3-58

Nearfield Mid-depth
DIN (mg N/L)

0.001

0.

0.2

Nearfield Mid-depth
DIN {mg N/L)

0.001

0.2

(mg N/L)

0.01

Nearfield Mid-depth
DIN

0.001
0

Nearfield Mid-depth

WINTER
[T e v v T T 1 T 1 7 TNOTI T RANIT )
I o - 1992 |
a - 1993
1 1 10 2IOI I5(’)I l B.O 90 99 99.
Probability
SUMMER
YT =TT T T 1T T 1 7 T T T )
F v T
[ £
E dg? 6p ]
F A 68 .
- & S ]
- 0o® -
-I-HWM L1l L1l AT L UL
! 10 20 50 80 90 99 99.
Probability
ANNUAL
BLALL . BRI ™71
R 5 4
._;JM'O 2I0I I50. ‘ B'O 80 899 99,
Probability

Nearfield Mid-depth
DIN (mg N/L)

(mg N/L)

DIN

Farfield Mid-depth
DIN (mg N/L)

0.01

0.001

0.001

0.2

0.01

0.001
0

SPRING
[~TTIVN™ 3 TTTITT T 17 T™TTY7 Mt T Bmir ]
é s
i 2% ]
i & ]
4 &
K a .
3 & ]
- a 9 ]
i 2o ]
Amuggﬁﬁf
.1 1 10 20 50 80 g0 99 99.9
Probability
FALL
T T T TV T T T IAIAW
: ale®
F Jeof' ofF ]
[ A @ ]
n A f o
: ad :
i o .
A 1 10 E‘IOI I50‘ I BIO 90 99 99.9
Probability
ANNUAL
BALL BRERRLLILL] T T3
L 8 .
8
F &f :
: A 9 ;
s Aésﬁpfa -
5 e .
2o
m 1 L1 Ll L
% 20 50 80 90 g9 99.9

Probability

FIGURE 3-35. SEASONAL AND ANNUAL PROBABILITY DISTRIBUTIONS FOR 1992
AND 1993 MID-DEPTH DIN DATA AT NEARFIELD AND FARFIELD STATIONS



3-59

SNOILVLS @312313S HO4 V.Lvd NOd 30V44NS €661 ANV 2661 Q3AHISEO "9€-€ 3UNOId

O NOS Y P M A Y W 4T

I v1iva ON ]
804
8 NOSVY PP WV W 41
i v .
i v -
N v .
B v o o} i
i v O ]
o
i o .
dZON 'GON

g N o0 S VvV P P H VY W JdP

ov”

v

- mw B

or”’

00"

20”

y0*

30"
80"

oF”

co.
€0’
vO"
90"

80"

00°
20"
0"
90"

80"

(/N Bw]) NOd [(N/N Bw] NOd

(/N Bw] NOd

g NOS VY PP R Y KW JT

v
o
ajejung

£667
2661
Jeaj

(*A2Q°PIS -/+ ueaw) ejeq
........ ON393) —-—-—-—-

skeg pon aden

dtod

aNo S VP r R Y R 47

dON

a No S VvV PP R Y KW JdPP

pue s3}jasnydessep

00"

20’

14N

90"

80"

()

00"

20"

0"

90"

80"

ot -

el

00°

€0°

80"

60"

=22

1

2

(/N 6w] Nod (1/N Bw] NOd

(/N Bw) NOd



3-60

The 1993 PON data show seasonal patterns and station to station variability similar
to the 1992 data. Near Boston Harbor, there is an initial increase in PON concentrations
into March, followed by a gradual decline through the summer and fall. At the nearfield
stations, late winter/early spring concentrations of PON are lower than observed in 1992.
In Cape Cod, there is a decrease from springtime levels into the summer and an increase
in the fall.

3.3.2.5 Silica

The dissolved silica data for 1992 and 1993 are presented in Figure 3-37. The
1992 data show higher concentrations at the beginning and end of the year. Lower
surface DSi concentrations during the spring and summer months are a consequence of
uptake by diatom phytoplankton. It has generally been observed in Cape Cod (Kelly et al.,
1993; Kelly and Turner, 1995) that surface silica becomes the limiting nutrient in the early
spring before nitrogen becomes limiting and before the algal population shifts from winter
diatoms to a mixed summer assemblage. This phenomenon is observed in April 1992 at
Station FO1P. Other areas of the Bays show low levels of surface silica in the summer
months with a gradual increase into the fall. The bottom water DSi concentrations

generally remain higher than the surface concentrations throughout the year.

In the beginning of the yearin 1993, silica concentrations are observed to be higher
in both the surface and bottom waters, as compared to 1992. By June, the observed
concentrations at most of the stations are comparable for 1992 and 1993. In the later
portion of the year, surface silica concentrations measured in 1992 appear to be higher
than those observed in 1993. This may be related to the larger fall phytoplankton bloom
that occurred in 1993.

Seasonal and annual probability distributions of 1992 and 1993 surface and
mid-depth DSi are presented on Figures 3-38 and 3-39, respectively, for nearfield and
farfield stations. Winter 1992 surface and mid-depth DSi concentrations are lower than

observed in 1993, possibly being related to the winter diatom bloom in 1992. Spring
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median and maxima concentrations of DSi increased by 0.05 to 0.1 mg Si/L over winter
values. In contrast spring 1993 surface DSi concentrations showed a marked decrease
below winter values. Similar patterns were also observed for mid-depth concentrations.
Summer 1992 surface and mid-depth silica concentrations were slightly below spring
levels. Summer of 1993 surface DSi concentrations were slightly lower than 1992
concentrations while 1993 summer mid-depth concentrations were virtually the same as
observed in 1992. Fall DSi concentrations increased slightly over summer levels in both
years. Annually surface and mid-depth silica concentrations were similar in 1992 and
1993 for nearfield and farfield stations, except at the lower concentration levels, where
in 18992 was higher than 1993.

3.3.2.6 Dissolved Oxygen

Surface and bottom water dissolved oxygen measurements are shown for six
locations for 1992 and 1993 in Figure 3-40. Dissolved oxygen concentrations show a
strong seasonal cycle with highest concentrations observed in the winter and early spring,
followed by decreasing levels into the summer and fall. This cycle is related to water
temperature, primary productivity and community respiration. For the 1992 farfield
stations, the highest concentrations of DO are observed in February, with surface and
bottom concentrations between 12 and 13 mg O,/L. For the remainder of the year there
is a general downward trend observed in the data with some stations reaching minimum
values of 7 mg O,/L in October. The nearfield stations, where more data were available,
show a sharp decline in DO concentrations between February and May, an increase in
June, and then a second decreasing trend into October. Dissolved oxygen levels then
increase in November and December as the water temperatures decrease, thereby
increasing DO saturation and reducing biological processes. It is also worth noting that
at the deeper stations in the Bay, bottom water DO is as high or higher than the surface

data, suggesting lower levels of community respiration.

The 1993 DO data show a somewhat different pattern than was observed in the
1992 data. The highest DO concentrations in 1993 are observed in April after a slight
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increase above February levels. After April there is a trend of gradually decreasing DO
levels which continues into October. The largest decreases are observed to occur between
March and June and between August and October with only small decreases in June and
July. November and December bottom water DO is also slightly lower in 1993 compared
to 1992. The sharp decline in DO concentrations observed in May 1992 is observed in
1993 only at station N10P; the remaining stations show DO concentrations to be 1 to 2
mg G/L higher in 1993 for May.

Figure 3-41 presents a series of probability plots comparing the seasonal differences
in bottom water dissolved oxygen between 1992 and 1993 for the nearfield stations and
on an annual basis for the nearfield and farfield stations. The 1992 winter DO data (with
the exception of one value) are higher by approximately 1 mg G/L than observed in 1993.
This may be due in part to the larger algal bloom that occurred in the late winter of 1992.
Although phytoplankton would not have been expected to produce oxygen at depth, the
fact that the water column was well mixed at this time would have allowed oxygenated
water to reach the bottom. In the spring, lower DO values are observed in 1992 with
minimum values slightly below 8.0 mg G/L. In the summer, the DO distributions appear
quite similar although minimum DO concentrations are slightly lower in 1993. In the fall,
the two years appear comparable. The effect of the fall bloom in 1993 is not observed
in the bottom water DO data. This may be due to the water column stratification still
prevalent at that time. On an annual basis, at the nearfield stations, 1992 and 1993 are
very similar. On an annual basis, the 1992 farfield DO data are lower than the 1993 data;
the median DO in 1992 is approximately 0.5 mg/L lower than 1993. However, in terms
of the minimum DO concentrations there is not a significant difference between the two

years.

Figure 3-42, presents comparisons of surface DO concentrations for 1992 and
1993. As was observed in the bottom water dissolved oxygen distributions the winter of
1992 generally had higher oxygen concentrations than 1993. The springtime DO
distributions show areversal; the spring of 1993 had higher DO concentrations than 1992.

Dissolved oxygen concentrations in 1993 were on average 0.5 to 1.0 mg G/L higher than






