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ABSTRACT

This report documents the application of the Bays Eutrophication Model (BEM), awater quaity
model of the eutrophication processes of Massachusetts and Cape Cod Bays, to the Harbor and Outfall
Monitoring (HOM) data set for the period 1992-1994. The report summarizes the evaluation of exigting
data; describes the application and cdibration of BEM to existing water quaity data; performs a system-
wide nitrogen baance for the Massachusetts Bays system; and describes the results of some diagnogtic
smulaions designed to evauate the relaive importance of nutrient inputs from MWRA versus those
entering the system from the open boundary.

The water qudity modd usestheresults of athree-dimensiona time-variable hydrodynamic model
of the Bays system, developed for MWRA by the United States Geologica Survey. The hydrodynamic
mode was used to develop redlidtic circulation patterns for the water quality mode calibration period of
January 1992 through December 1994. Asjudged by model versus observed datacomparisons, thewater
quality mode provides a redigtic representation of the physica, chemica, and biologica processes that
determine eutrophication within the sudy area. Thewater quality modd 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. However, some limitations of the model have been
identified and are discussed in the report.

The cdibrated water quality model has aso been used to devel op amass balancefor totd nitrogen
for the Massachusetts Bays system. Modd computations indicate that the largest input of nitrogen to the
bays is viaimport from the Gulf of Maine through the open water boundary of the sysem. Additiona
andyss indicates that the open water boundary has alarge patia and temporad effect on water quality a
the near field sations, under current or future outfal conditions.
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CONCLUSIONS AND RECOMMENDATIONS

The Bays Eutrophication Model (BEM) developed for the Massachusetts Water Resources Authority
(MWRA) and previoudy cdlibrated for the periods October 1989 through April 1991 and January through
December 1992, was gpplied to additiona water quaity datafrom the ongoing Harbor and Outfal Monitoring
(HOM) program. The modd smulation period was extended from January 1993 through December 1994.
However, due to changes required to cdibrate the Massachusetts Bays hydrodynamic model for 1993 and
1994, and due to additiond insights concerning the behavior of water quaity at the M assachusetts Bay/Gulf of
Maine boundary gained from the relocation of aHOM monitoring station closer to Cape Ann, the original 1992
cdibration period was rerun as part of thisanalyss.

The gpplication of the BEM to the Massachusetts Bays system provided an opportunity to evauate
mode performance againgt aunique set of water quality conditions observed during the 1992-1994 time period.
In particular, the ability of the mode to reproduce the occurrence of alarge phytoplankton bloominthefal of
1993 and the occurrence of low concentrations of dissolved oxygen in the fal of 1994 were considered to be
akey test of the modd.

CONCLUSIONS

Based on data andyss and modd versus data comparisons, the following conclusons and inferences
may be drawn.

Hydrodynamic

1) Based on model versus data comparisons, the hydrodynamic model appears to capture the mgor
tempord, horizontd, and vertica gradients of sdinity and temperature within the Bays sysem. These
comparisons suggest that the model is properly reproducing the time-dependent, three-dimensional
circulaion and dratification in Massachusetts and Cape Cod Bays. The mgor model versus data
discrepancies and uncertainties probably relate to the inability to exactly specify the forcing and
boundary conditions for the model smulations.



Water Quality

1

2)

3)

4)

Thewater quality model appearsto reproduce or partialy reproduce the principal temporal and vertical

features of thewater qudity within the Bays during the 1992-1994 time period. Thesefeaturesinclude:

. the onset of the winter/spring phytoplankton bloom earlier in Cape Cod Bay than therest of the
Massachusetts Bay system,

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

. the limitation of the winter/spring phytoplankton bloom in Cgpe Cod Bay by sllica,

. the non-limiting concentrations of inorganic phosphorus, which suggest that the bays are not
phosphorus limited,

. the limitation of summer primary productivity by inorganic nitrogen,

. the observed verticd gradients in the inorganic nutrients with low levelsin the surface (due to
agd uptake) and higher levels in the bottom waters of the Bays (due to reminerdization of
detrital alga biomass and reduced agd uptake),

. the annua cycle of dissolved oxygen, with super-saturated conditions occurring between late
winter/early soring and late summer and with minimum levels occurring in late September and
October, and

. the annud cycle of primary productivity in northwest Massachusetts Bay.

Thewater quality model, however, wasnot ableto fully reproducetwo of thekey featuresof the 1992-

1994 data set. In particular, the model was not able to:
. reproduce the large Asterionellopsis glacialis bloom observed in the late summer and fal of

1993, nor
. reproduce the minimum levels of dissolved oxygen observed at some near fidd stations in

September/October of 1994.

The modd also failed to reproduce the observed increase in bottom water dissolved oxygen that
occurred between May and Junein 1992 and 1993. However, thisincreasein bottom water dissolved
oxygen was not as evident in the summer 1994 data.

While the inability of the modd to reproducethefal A. glacialis bloomisdisgppointing, it isimportant
to note that the magnitude of the bloom may be overstated due to the unique carbon to chlorophyll-a
ratios specific to A. glacialis. When compared to measurements of particulate organic carbon, the



5)

6)

model does not gppear to under estimate phytoplankton biomass in the fal of 1993 as severdly as it
does when compared to measurements of chlorophyll-a

The inahility of the model to reproducethefal A. glacialis bloom doesnot appear to have an adverse
impact on the ability of the model to compute bottom water dissolved oxygen during the fal of 1993.

While the modd did not fully reproduce the minimum vaues of bottom water dissolved oxygen in the
fdl of 1994, the modd was able to compute bottom water concentrations of dissolved oxygen in 1994
that were gpproximatdy 1 mg O,/L lower than computed for either 1992 or 1993.

RECOMMENDATIONS

1

2)

3)

4)

5)

The water qudity mode should continue to be gpplied and refined using water quality data provided
by the ongoing HOM.

Whilethe current HOM program has provided someadditiona information concerning thewater quality
conditions at the open water boundary, should funding be available and opportunities arise, additiond
sampling of the boundary stations should be considered.

Consderation should be given to collecting additiond field datawhich might provide insgghts asto the
cause of the increase in bottom water dissolved oxygen that occursin some years, in particular, 1992
and 1993 of thisstudy. Firdt priority should be given to the measurement of benthic diatoms, which may
be generating oxygen through primary production inthe shalower waters (5-18 meters) of the near fied.

Should data collected as part of Recommendation 3 indicate high benthic diatom populations,
congderation should be given to expanding the BEM to include a benthic diatom sate-varigble.

If upon further review itisbelieved that it isimportant for the BEM to better predict fal diastom blooms,
consideration should be given to expanding the BEM framework to include an additiond functiond
phytoplankton group, representing fall-blooming diatoms.
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SECTION 1

INTRODUCTION

The Massachusetts Water Resources Authority (MWRA) is congtructing an ocean outfal, which
will divert treated effluent from the Deer 1dand Wastewater Treatment Plant. The present (1998) Deer
Idand outfdll islocated at the entrance to Boston Harbor and will be relocated into Massachusetts Bay at
adistance approximatdly 15 km east of Deer Idand and a awater depth of 32 meters (Figure 1-1). The
relocation of the wastewater discharge from within the confines of Boston Harbor, together with improved
sewage trestment at the Deer Idand facility, is expected to result in asignificant improvement in water and
sediment qudity within the Boston Harbor area.

Inorder to develop amorerigorous and detailed understanding of the potential impact of the outfall
relocationonthewater quality of the M assachusetts Bays system (Boston Harbor, Massachusetts Bay, and
Cape Cod Bay), the MWRA hasfunded or partidly funded anumber of studieswithin the Massachusetts
Bays system. Included among these studies are anumber of hydrographic and water qudity surveysof the
Bays. These surveys have collected data on sdinity, temperature, phytoplankton, primary productivity,
nutrients and dissolved oxygen throughout the Massachusetts Bays syssiem. The MWRA has aso funded
anumber of benthic nutrient flux and sediment oxygen demand surveysfor stations within Baston Harbor
and Massachusetts Bay. Both of these programs have been expanded and incorporated into the Harbor
and Outfdl Monitoring program (HOM) and will provideinformation concerning basdinewater qudity and
sediment conditions, as well as annud and inter-annud variability, prior to the new outfdl going online. In
addition, the HOM program will be used to detect possible changes from baseline water quaity and
sediment conditionsthat may result from the new outfall. The HOM program began in February, 1992 and

isill ongoing.

The MWRA dso entered into a cooperétive agreement with the U.S. Geologica Survey (USGS)
to devel op atime-variable three-dimensiond hydrodynamic modd of thebays(Signdll et. d., 1993, Signdll
et. d., 1996), and funded the development and cdlibration of a time-variable water quality model
(HydroQual and Normandeau, 1995). These models were calibrated for the
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periods of October 1989 through April 1991 and January 1992 through December 1992 (Signell, 1993;
HydroQual and Normandeau, 1995). As part of MWRA's permit for the new outfal, these models are
to be run as HOM data become available. Thisreport detailsthe results obtained from applying the Bays
Eutrophication Model (BEM) for the years 1993 and 1994. As will be discussed in Section 3, unique
water quaity conditions were observed in both 1993 and 1994, relative to water quality observed during
the years againgt which the BEM was origindly cdibrated. Idedlly, the BEM should be able to reproduce
observed 1993 and 1994 water quality without adjusting any of the model constants or parameters, the
only changesto themode should beto exogenousinputs such as pollutant loads, meteorological conditions
(eg., wind, solar radiation, rainfall, etc) and/or tidal circulation and dengity dratification. However, asis
often the case, as subsequent data are collected, new insights into the workings of the system being
modeled are gained. In particular, the addition of two new monitoring stations to the HOM program in
1994 provided additiona information concerning thebehavior of water quality &t the northeastern boundary
of the BEM modd, which we felt were gppropriate to incorporate in the 1992 amulation. In addition, in
the hydrodynamic mode modifications were made to the sea surface cooling in December and January to
more properly account for the observed rate at which heet was extracted from the system (Signell, pers.
comm.). Also betweenthetimeof theorigind calibration effort and the present study the numerica scheme
used in the hydrodynamic modd for scaar advection was replaced with a more accurate scheme (Signell,
pers. comm.). Asaresult, minor modifications were made to the origina hydrodynamic and water qudity
mode cdibrationsfor 1992. Therefore, themodd resultsfor 1992 are presented inthisreport. Thisreport
describes the gpplication of the BEM to hydrographic, biologicad and chemica data collected during the
period 1992-1994.
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SECTION 2

POLLUTANT LOADINGS

21 INTRODUCTION

The pollutant loadings used for this modeling andys's were developed in the same manner as for the
1990 and 1992 cdlibration periods with some minor exceptions which will be discussed below. Thereader is
referred to HydroQua and Normandeau (1995) for detail s on the procedures and assumptions used to devel op
pollutant loadings. Thissection will present information concerning year to year variability inloadings of carbon
(©), nitrogen (N), and phosphorus (P) for the period 1992 through 1994.

22 LOADING COMPARISON

Figure 2-1 presentsacomparison between thetotd carbon, total nitrogen and total phosphorusloadings
from various sources for the years 1992, 1993, and 1994. The loading sources include MWRA wastewater
trestment plants (WWTPs), non-MWRA WWTPs, non-point sources (which include combined sewer
overflows (CSOs), storm sewers and groundwater), riverine sources and atmospheric sources. Ingenerd, the
carbon, nitrogen, and phosphorus loadings to the Massachusetts Bays system were quite smilar for dl three
yearsconddered inthisanadyss. Perhgpsthe greatest differenceswerein theloading estimatesfor the MWRA
WWTPs, dthough even these varied only by 5 to 10 percent for carbon and nitrogen and about 15 percent for
phosphorus. An andysis of the average daily flows from the Nut Idand and Deer Idand facilities from 1992
through 1994 indicated that the minimum annua average daily combined effluent flow of 371.4 MGD occurred
in 1992, while the maximum annud average daily combined effluent flow of 382.5 MGD occurred in 1994.
Sincethisrangein effluent flow issmall, it would suggest thet differencesin the carbon, nitrogen, and phosphorus
loadings may have been dueto varying levelsof treestment efficienciesover timeaswel aspossibly dueto natura
sampling variahility in the effluent wastewaters.

Lacking additiond information, the non-MWRA trestment plant loads were held the samefor dl three
years. The annualy-averaged non-point sources developed for the modd did not vary sgnificantly over the
three year period (1992-1994). Again lacking additional information, the
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groundwater and ssormwater |oading were held the samefor dl threeyears. For thisanalysisthe CSO loadings
were cdculated in adightly different manner than the origind 1992 cdibration. Volumes of CSO captured and
treated by MWRA as wdll as the ratio of the total estimated CSO volume versus captured volume were
obtained from MWRA. From thisinformation, the total flow was estimated. Thetotd flow lessthe flow from
Cottage Farm, which discharges above the dam on the Charles River, was multiplied by the estimated CSO
concentrations developed by Alber and Chan (1994) to develop the CSO loads. The estimated volumeratios
were 1.96, 1.91, and 1.86 for 1992, 1993, and 1994, respectively.

Pollutant loadsfor the Charles, Mystic, and Chel seaRiversvaried year to year inresponseto freshwater
flow asreported by the USGS. Theriverineloadsoutside of Boston Harbor (but withinthe M assachusetts Bay's
system) were the samefor dl three years. The dry fdl loads for the atmospheric loads remained the same for
dl three years while the wet fal loads were modified according to annud rainfadl. The totd annud rainfall
measured at Logan Airport was 43.7, 43.3, and 47.6 inches for 1992, 1993, and 1994 respectively.

Two observations can be made after viewing Figure 2-1: (1) the MWRA effluent isthe mgor interna
source of nitrogen, phosphorus and anthropogenic carbon to Massachusetts and Cape Cod Bays, and (2) the
year to year variation in the pollutant loads are smdll, at least for the period 1992-1994. However, thisignores
the importance of the Gulf of Maine asapotentia source of nutrientsto the Massachusetts Bays system. Since
there is no way to determine the magnitude of this nutrient source by direct observation, the BEM was utilized
to evauate the magnitude of the boundary input. Results of this andysis will be presented in Section 5.
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SECTION 3

WATER QUALITY DATA

3.1 INTRODUCTION

The credibility of model caculaionsisjudged, to alarge degree, on the bass of the agreement of
the modd with observed data. Beyond the congtraint that the model must behave reasonably well and
conform with generd scientific principles, observed data offer perhaps the only externd criteria available
to assess the vdidity and, hence the utility of a complex hydrodynamic/water quality modd. A properly
vadidated deterministic model is a powerful tool because it represents, as closely as possible, the
mechanisms which affect the system.

The data used herein come from the MWRA funded Harbor and Outfall Monitoring program
(HOM). Themonitoring program was hot desgned specificaly for usein awater qudity modd, but rather
was devel oped to detect possible changesin water quality conditionsthat might resultin Massachusetts Bay
once the new WWTP effluent outfal goes on line. However, the data collected do provide sufficient
information for caibration purposes.

To date, there have been severa reports sponsored by MWRA that provide extensive andyses
of the HOM water quaity data (Kelly, 1993, Gilbin et a., 1994, Kelly and Turner, 1995, Gilbin et d.,
1995, Kely and Doering, 1995). This section will not repeat those efforts. Rather, this section will
summarize the observed differences between the water qudity conditions occurring in 1992, 1993 and
1994.

3.2 HOM WATER QUALITY DATA

The HOM water qudity monitoring program consists of 46 saions. These sations consst of 21
near fidd gationswhich arein thevicinity of thefuture outfal location, and 25 far fied stationswhich cover
the mgjority of Massachusettsand Cape Cod Bays. Figure 3-1 presentsthelocations of the stationsduring
1992 and 1993. Some modificationsto thelocations of sampling stationsweremadein 1994, in particular,
the addition of two stations l|located closer to the
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Massachusetts Bays/Gulf of Maine boundary, near Cape Ann. These dtations are shown in Figure 3-2.

3.2.1 Physical Water Quality Parameters

3.2.1.1 Temperature

Water column temperature is recognized as an important parameter affecting both hydrodynamic
and biological processes that occur in dl water bodies. The distribution of water column temperature in
Massachusetts Bay is afunction of both surface hest flux and the trangport of water into and out of the
sysem from the Gulf of Maine. Figure 3-3 displays tempora distributions of water column temperature
for the 1992-94 period at four locations in the Massachusetts Bay system. The firgt location is HOM
gation F23 in Boston Harbor; the second location is station N10 just outside Boston Harbor; the third
location is station FO1 in southwest Cape Cod Bay; while the fourth location presents the averaged data
observed at stations NO6 and NO7 which are near the future outfall location.

While theannua cycles of temperature warming and cooling and vertica temperature stratification
were smilar for the three years studied in this andyss there were dso some notable differences. For
example, during the winter, the 1992 water column temperatureswere 1-2 degrees Celsus higher than the
other years. Of thethreeyears, 1993 had the highest temperatures during thelate spring, summer and early
fdl. In 1994, the surface temperatures remained 2-3 degrees Cesius warmer in the late fall. 1n 1992,
bottom waters tended to be warmer by one degree Cdsius during the soring. During the summer and fdll
the 1992 and 1993 bottom temperatureswere very smilar. However, in 1994 the bottom waterswarmed
very rapidly towardsthe end of summer and by thefal the temperatureswere 3-5 degrees Calsuswarmer
than 1992 and 1993. Temperature dratification between the surface and bottom appeared to occur at
gpproximately the same time from year to year. Initia dratification occurred in the April/May time period
and generdly, the fall overturn occurred between late October and late November. The fall of 1992
gppeared to stay dratified dightly longer than was observed in the other years.

Figures 3-4 and 3-5 present probability distribution comparisons of surface and bottom
temperatures, respectively, for 1992-1994 a the near fidld and far fidld stations. These figures present
another way to observe the year to year and season to season variability of the
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temperature. For thisandysis winter is defined December and February (no data were collected during
January), spring is March-May, summer is June-August, and fal is September-November. While the
selection of these “seasond” averaging periods may gppear arbitrary, it attempted to recognize that the
soring diatom bloom usudly occurred in the March-May time period and the lowest dissolved oxygen
concentrations were observed in October and November just before the complete overturn of the water
columnin December. Theannud distributions should be viewed with some caution asno attempt was made
to evenly weight the data by season. Therefore the summer data contribute more to the distribution than
do the winter data

Asseenin Figure 3-4, thereisa5-7°C gap in temperature during the winter months for 1993 and
1994. Thisisin part an artifact resulting from the absence of data sampling in January 1993 and 1994.
Thisgap is not observed in 1992 because the datain February, 1992 were dightly warmer than February
1993/1994, while temperature data in December 1992 were dightly colder than December 1993/1994.
The winter surface temperature distributions show ahigher median temperaturein 1992. Ingenera, spring
surface temperatureswere smilar for dl three years, dthough 1992 had higher minimum temperaturesand
1993 had dightly higher maximum temperatures. Summer temperatures were also Smilar during thethree
years. During 1994 there were higher surface temperatures observed for part of the fal. On an annua
basis, the three years appear Smilar.

The bottom water temperature data (Figure 3-5) show a greater variation from year to year than
did the surface data. Limited data make the winter comparisons difficult, but the maximum winter
temperaturesin 1994 are gpproximeately 2 degrees Celsus higher than observed in 1993 and approximately
6 degrees Celsus higher than observed in 1992. During the spring, the 1992 bottom water temperatures
were a degree Casius or o higher than observed in 1993 or 1994. Summer bottom temperatures were
amilar for dl three years except that maximum summer temperatures were 1-2 degrees Celsius higher in
1994. Thefdl datafor 1992 and 1993 are very smilar. However, in 1994 bottom water temperatures
were on average 3-4 degrees Celsius warmer than observed in 1992 and 1993.

3.2.1.2 Sdinity

Massachusetts Bay has alarge open boundary with the Gulf of Maine. Besides freshwater inputs
from WWTPs, Massachusetts and Cape Cod Bays have only a few smadl tributaries which
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contribute fresh water to the system. Therefore, most of the water within the Baysis coastal ocean water
with ardatively congtant sdinity. During the spring, however, as a consequence of snow melt and spring
runoff, pulses of fresh water, or freshets, enter the northern portion of the Massachusetts Bay. These
freshets originate from the Merrimack River and other northern riversflowing into the Gulf of Maine. They
are transported south adong the Maine/Massachusetts coastline by the Gulf of Maine coastd current and
enter Massachusetts Bay just south of Cape Ann.

Figure 3-6 presents the Merrimack River flows for 1992-94. In generd, the highest flowsoccur
during the soring and the lowest during the summer. During 1992, the earliest high flow of the three years
was observed inmid-March. The spring flowsin 1992 werelower than the other years, but extended over
a longer period to time. The summer flows were highest in 1992. During 1993, a pesk flow of
approximately 1500 m®/s was observed and high flow lasted from late March to early May. During 1994,
peak flows were not as great in magnitude as 1993, but high flows persisted over alonger period of time.
On an annud basisthe three years did not differ greetly. The average Merrimack River flows for 1992,
1993 and 1994 were 214.1, 227.2 and 234.5 m?/s, respectively.

Tempord distributions of surface and bottom salinity dataare presented in Figure 3-7. Itisdifficult
to discern the tempord pattern of sdinity a station F23 due to the paucity of samples. However, some
evidence of sdinity stratification can be observed in March, 1992 and April of 1993 and 1994. Thereis
aso draificaion shown in the datafor August 1994. While some of the sdlinity stratification at this station
may be related to local runoff, it may dso result from the stage of the tide and/or wind conditions which
bring a freshwater sgna from the Deer Idand effluent plume into the region being sampled.  Evidence of
inity Stratification can aso be observed at tation FO1 during June and August 1992, and April and June
1994. In 1993, both the surface and bottom sdinity concentrations declined in June, possbly a
consequence of the high spring freshet.

Sdinity data were collected much more frequently at the three near field stations, namely N10,
NO06 and NO7. A more discernable pattern in seasond gratification/destratification is evident in the data
from these gations. In 1992, lower sdinities, resulting from the spring freshet, were observed in May. In
the spring of 1993, sdlinities at these station were lower than 1992 due to the higher flows associated with
the spring freshet of 1993. The Ilowest salinity concentrations
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measured during 1992-94 were observed at this time. The freshet in 1994 occurred in March, April and
May. It can dso be observed that sdinity concentrations tended to be higher in both the surface and
bottom waters during the second half of 1994 compared to the other years, suggesting perhaps, agreater
intruson of more sdine waters from the Gulf of Maine than occurred in 1992 or 1993.

Figures 3-8 and 3-9 present probability digtributions of surface and bottom sdlinity data,
respectively. The surface sdlinity in 1992 and 1993 at the near field stations gppear quite Smilar across
Seasons except that the more intense freshet of 1993 resulted in lower spring sdinities. More sdine
conditions were observed in 1994 in the surface waters of the near field Sations, especidly in the summer
and fdl. The annud digribution of sdinity e the far fidd sations do not show sgnificant year to year
vaiability. The bottom salinity datashow similar patterns aswere observed in the surface data, except that
differences due to the spring freshet are not as pronounced.

3.2.1.3 Dengty

The dengity of a parcel of water is determined by its sdinity and temperature composition.
Therefore, vertica dengty dratification is primarily a function of differences in temperature and sdinity
throughout the water column. Figure 3-10 presents the difference in density between the surface and
bottomlayersin unitsof sgmat. Density was not measured directly, but was cal culated using temperature
and sdinity data. During the winter, the water column waswell mixed and only smdll differencesin density
were observed. Inthe spring, the greatest degree of Stratification was observed in 1993 and was probably
associated with the soring freshet. The year to year variadility in the summer and fal was relatively minor.
However, it is interesting to note that the combination of higher sdinity and higher bottom water
temperatureinthefal of 1994 resulted inasmaller vertical density gradient than was observed in 1992 and
1993.

3.2.2 Chemical and Biological Water Quality Parameters
3.2.2.1 Chlorophyll-a
Annua variation in phytoplankton biomassis an important issue as MWRA reedies to discharge

at the ocean outfall. One measure of phytoplankton biomass is chlorophyll-a. Figures 3-11 and 3-12
present a series of seasond and annua probability digributions of near fidd and
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Figure 3-9. Seasonal and Annual Probability Distributions of Bottom Salinity
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far field surface and mid-depth chlorophyll-adata, respectively. A review of the surface chlorophyll-adata
(Figure 3-11) suggeststhat alga blooms occurred in different seasons during the three years. The highest
winter chlorophyll-a concentrations were observed in 1992. Spring chlorophyll-a vaues were highest in
1994. Summertime chlorophyll-a concentrations were smilar for dl three years. Generaly, the highest
surface chlorophyll-aconcentrationswere observed inthefdl, with 1993 having the highest concentrations
of the three years.

The mid-depth chlorophyll-a data are presented in Figure 3-12. In this andysis, mid-depth was
defined as occurring between 12.5 and 17.5 m from the water surface. In generd, these data show the
same seasonad pattern as the surface data. During the winter chlorophyll-a concentrations were higher a
the surface than a mid-depth. The summer chlorophyll-a surface and mid-depth chlorophyll-a data had
smilar medians, however, the mid-depth data did not show asmuch variation. Thespring and fdl surface
and mid-depth concentration data were Ssmilar to one another for the three years of data.

Edtimates of phytoplankton biomass as chlorophyll-a were measured using two techniquesin the
HOM program: (1) as discrete chlorophyll-a measurements from bottle samples taken at fixed depths
(Figures 3-11 and 3-12), and (2) using a continuous fluorometric recorder that was attached to the CTD
recorder. The latter data are presented in Figures 3-13 (surface) and 3-14 (mid-depth) as probability
digtributions. These data show smilar seasona medians and distributions when compared to the discrete
chlorophyll-adata. The highest winter fluorescence concentrations were measured in 1992, the highest
gporing fluorescence levels, were measured in 1994 and the highest fal fluorescence concentration were
observed in 1993. During the summer al three years had amilar fluorescence levels. On an annua besis,
the median fluorescence concentrations were smilar for al three years. 1993 had the highest observed
fluorescence measurements and 1994 had the highest minimum observed fluorescence concentrations.
Higher fluorescence measurementswere observed at thefar field stations during 1993 than at the near fidd
dations.

The mid-depth fluorescencedata (Figure 3-14) show moreclearly the differencesbetween seasons
and yearsthan can be discerned using the sparse mid-depth chlorophyll-adata. In generd, the mid-depth
fluorescence data have higher concentrationsthan the surface fluorescence data. Exceptionsarethewinter
of 1992 and the fall of 1993 when the levels are comparable. The mid-depth fluorescence data clearly
show a spring bloom in 1994 and afdl bloom in 1993.
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Figure 3-11. Seasonal and Annual Probability Distributions of Surface Chlorophyll-a
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Figure 3-12. Seasonal and Annual Probability Distributions of Mid-Depth Chlorophyll-a
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Figure 3-13. Seasonal and Annual Probability Distributions of Surface Fluorescence



30 30

BALLL EREELl} T 11 T T T WIiTr T .y | T T v W
| I :
10: 3 10: EE 3
g2 ¢ 5 B2t g
28 | : SER, 4
Ev o - :EV = -
=8 ¢ . S8 | 1
=23 =28

223 1L i 28 4
o F 3 =& 3
52 | z 52 5
z™  f ] z ™ ]
- A -1992 A 1
- 0-1993 - .
O‘I_Mmm L 1.1 L1t m L1 1 Lo a4 b meny |

0.1 1 10 20 50 80 90 9 999 0.1 1 10 20 50 80 90 99 999

Probability Probability
SUMMER FALL
30_I'I'I'fl'."'!ﬂ'!ﬂ'“‘ll T T T T W)
10

Near Field Mid-Depth
Fluorescence (ug/L)
Near Field Mid-Depth
Fluorescence (ug/L)

L1 L 1111}

1
1

; 1 11 1l omg Ol 3 aepum 1y 1y A ETTITe e
0.1 1 10 20 50 80 90 9 999 0.1 1 10 20 50 80 90 9 999
Probability Probability
ANNUAL ANNUAL
30"'T'|“IIIII—'|"'I"I'TII'I'I'I T T T T T WITTT T BT 30 TRl

10

T T Trrrrn
Lo L L L 1L

Near Field Mid-Depth
Fluorescence (ug/L)
Far Field Mid-Depth
Fluorescence (ug/L)

Pt 1 PERLL

1L L1111l

O
M.LLLI.NI IS BT e e 10l e mon |

01 1 1020 S0 8 S0 9 9.9 01 1 102 50 8 % 9 9.9
Probability Probability

1t 1

Figure 3-14. Seasonal and Annual Probability Distributions of Mid-Depth Fluorescence



3-21

3.2.2.2 Particulate Organic Carbon

Particulate organic carbon (POC) can be used asan indicator of dgal biomassin regionsremoved
fromanthropogenic sources. Inareaswhereagd biomass dominates the composition of the POC sample,
POC may beabetter indicator of dga biomassthan chlorophyll-abecause phytoplankton can adjust their
interna concentration of chlorophyll-a in response to certain environmental conditions.  Figure 3-15
presents the surface nearfidd and farfield POC data probability distributionsfor 1992-94. Andysisof the
POC probability distributions provides some contrast to the chlorophyll-a data. For example POC
concentrations observed in 1992 tend to be higher year-round, while the 1994 POC concentrations were
generdly the lowest year-round of the three years.

3.2.2.3 Phosphorus

Inorganic phosphorus (ortho-phosphate, PO,) is an important nutrient for phytoplankton growth.
Based on an andysis of the data, phosphorus does not appear to be a limiting nutrient in Massachusetts
Bay. Variationsin the concentrations of PO, in Massachusetts Bay appear to be associated with changes
inaga biomassand Gulf of Maineinputs associated with the spring freshet. Figure 3-16 presents seasond
and annua probability ditributions for surface PO,. A comparison of thewinter datashowsthat the 1992
PO, concentrations were lower than the other two years. This may have resulted from the fact that
chlorophyll-a concentrations were higher in 1992 compared to the other years so the uptake of PO, by
algae may account for the lower PO, concentrations observed in 1992. Comparisons of spring PO, data
show little difference from year to year. During the summer months, 1994 had the highest concentrations
of PO, while 1993 had thelowest. Itisnot clear why thisisthe case, Snce our estimates of anthropogenic
phosphorus |oads were lowest for 1994.

3.2.2.4 Nitrogen

Dissolved inorganic nitrogen (DIN) is another important nutrient for algal growth. DIN isthesum
of ammonium (NH,), nitrate (NO;) and nitrite (NO,) nitrogen. Figure 3-17 presents seasona and annua
probability distributions for surface DIN. During the winter months for these three years the DIN
concentrations were very smilar. In the spring, surface DIN concentrations decreased significantly in
response to algal growth and primary production. The median spring
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Figure 3-15. Seasonal and Annual Probability Distributions of Surface POC
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Figure 3-16. Scasonal and Annual Probability Distributions of Surface PO,
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DIN concentration in 1992 was an order of magnitude less than the median concentration in 1993
congstent with higher oring concentrations of POC, but inconsstent with chlorophyll-adata. However,
it may be congstent with the occurrence of a Phaeocystis bloom reported in the spring of 1992. In
addition, the Phaeocystis may have had alower carbon to nitrogen ratio and ahigher carbon to chlorophy
ratio than are usudly associated with “normd” spring dgd blooms. The summer surface DIN
concentrations were lowest in 1993. However, most of the summer DIN datafor dl three yearswere at
levels thought to limit aga growth. In the fal, 1993 continued to have the lowest DIN concentrations,
conggtent with the fall 1993 dga boom.

3.2.25Slica

Dissolved dlica (DS) is an important nutrient for diatom growth. During diatom blooms
Massachusetts Bay can become dlica limited. Figure 3-18 shows the seasond and annud surface DS
probability distributions for 1992-94. The lowest slica concentrations on these figures correspond very
well to periods of time when the highest chlorophyll-a concentrations were observed during a particular
year, indicating algd uptake of slicaduring these periods. Summer and fall 1993 DS concentrationswere
low, compared to the other two years, consstent with a large late summer/fal diatom bloom observed
during that same period.

3.2.2.6 Nitrogen to Phosphorus Ratio

The Redfield ratio for phytoplankton can be used to determine the potentialy limiting nutrient for
phytoplanktongrowth. For nitrogen and phosphorus, aDIN to DIP ratio of approximately 7, on aweight
basis, would indicate that both DIN and DIPlimit phytoplankton equaly. A DIN/DIP greater than 7 would
indicate potentia phogphorus limitation while a ratio less than 7 suggests potentia nitrogen limitation.
However, thisratio only indicates potentia limitation and onemust look at the actua concentrationsof DIN
and DIP. Figure3-19 presentsthe DIN to DIPratio probability distributionsfor the surface concentrations
at the near and far fidld gtations for 1992-94. The figure shows that for al three years, nitrogen is the
potentialy limiting nutrient year round with the exception of afew observationsin the oring.
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3.2.2.7 Nitrogen to Silica Retio

Determining a ratio a which nitrogen or glica is the potentidly limiting nutrient is not as
graightforward asit is for nitrogen and phosphorus. Diatoms are the only aga group that require silica,
so that when a mixed assemblage of dgae are present the silica concentration levels may only be limiting
to diatom growth. Assuming, however, that only diatoms are present, aDIN to DS ratio of lessthan 0.5
suggeststhat DIN may potentialy limit diatom growth, whilearatio grester than 0.5 suggeststhat slicamay
limit diatom growth. Figure 3-20 presents the probability distributions for surface DIN to DS ratio at the
near field and far field gations. During 1992, distom growth appears to be potentidly limited by DS in
the winter and DIN during most of the remainder of the year. In 1993, diatom growth was potentialy
limited by DIN more sothan DSi. In 1994, diatom growth was potentialy limited by DIN and DS amost

equdly.

3.2.2.8 Disolved Oxygen

The dissolved oxygen (DO) of awater body isone of themoreimportant water quality parameters.
Since DO is necessary to maintain aguetic life, it reflects the genera hedth level of a water body and
indicates the ability of an aguatic ecosystem to support abaanced habitat. When periods of hypoxia(DO
< 3.0 mg O,/L) occur, the gbility of fish and other aguatic life to reproduce and grow may be impaired.
In Massachusetts and Cape Cod Bays, the state DO standard is never less than 6.0 mg O./L.

Figure 3-21 presents seasonal and annua bottom DO probability distributionsfor 1992-94 (note
the scale differences for each season). The fact that fewer DO samples were takenin the winter of 1992
make comparisons to the other years more difficult for the winter period. The 1993 and 1994 winter
bottom DO data are smilar. The spring of 1992 had the lowest DO while the spring of 1993 had the
highest. For the summer period, the 1992 and 1993 DO data were nearly the same. Bottom water DO
data were markedly lower (1-2 mg O,/L) in 1994. Generdly, the lowest concentration of DO were
observed in thefal of each year. Datafrom thefdl of 1994 indicate that 1994 was a more critical year
with 20 percent of the near-field bottom water a or below the state standard.

It is important to recall from the loading andys's presented in Section 2 that the nutrient loads
entering Massachusetts and Cape Cod Bays from land based sources and the atmosphere did not vary
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greetly year toyear from 1992-1994. Therefore, itisimprobablethat changesin theanthropogenicloading
caused the variability observed in the bottom water DO data. 1t ismorelikely that the higher bottom water
temperaturesin the late summer and fal of 1994 resulted in higher rates of bottom water and sediment
metabolismwhich consumed oxygen at ahigher ratethat the other two years. Itisaso possiblethat weters
low in DO intruded from the Gulf of Maine into Massachusetts Bay as suggested by bottom water
temperature and sdinity data However, the one conclusion that can be made isthat thereis agood dedl
of natural year to year variation in the Massachusetts and Cape Cod Bays.

3.3 BOUNDARY DATA

The 1992 through 1994 boundary conditionswere determined using datafromthe HOM program.
Far fidd surveys were conducted in February, March, April, June, August, and October of each year.
Because of ther relative proximity to the boundary of the model domain (Figure 3-22) five sations (F21,
F22, F12, FO8, and FO4) were chosen to guide the determination of the boundary conditions for the
original 1992 cdibration. However, these stations are il adistance from the actuad model boundary and
are on the interior Sde of the boundary. Furthermore, these stations were sampled for only a limited
number water quality parameters, i.e., PO,, NH,, NO,+NO;, DS, and DO. Asaconsequencetherewas
some uncertainty in the estimations of the origina boundary conditions. Therefore, engineering judgement
and cdlibration andlyss, i.e., comparisons of model computations to observed data at these five stations,
were a so used to determine the boundary conditionsfor the origina 1992 calibration period. 1n 1993, the
same sampling stations were monitored. Based, in part, upon recommendations made by HydroQual,
additiond stations (F26, F27, F28 and F29), which were located closer to the boundary of BEM, were
added totheHOM program, while some others (FO8 and FO4) were deleted. Thesenew sampling stations
provided better data from which to assign boundary conditions. In addition, chlorophyll-a, POC, PON,
TOC, TDN, and TDP wereincluded in the congtituents being sampled at Sation F27.

As a conseguence of the new 1994 sampling locations and additiona variables sampled, the
boundary conditions for chlorophyll-a, POC, PON, DOC, DON, and DOP for al three years being
modeled were, in part, guided by the 1994 data. Figures 3-23 and 3-24 present the data collected in
1994 a dation F27. Although there was an improvement in the ability to assgn boundary conditionswith
the 1994 data, there were still many data gaps which required engineering judgement to fill.
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34  SEDIMENT DATA

Thephysica, chemical, and biologica processesthat occur inthe sedimentsof coastal environments
play animportant rolein the decomposition of organic matter and recycling of nutrients. The end-products
of these sediment processes can have an important influence on primary productivity and dissolved oxygen
in the overlying water column. During organic matter decomposition in sediments there is consderable
oxygen demand which must be supplied from the overlying water column. This sediment oxygen demand
(SOD) may comprise a substantid fraction of the total system oxygen consumption. Over lengthy time
scales (e.g., yearsto decades), the sediments can act as an ultimate sink of nutrients and other substances
discharged to the water column. Over lesser time scales (e.g., months to seasons), however, sediment
release of previoudy-deposited nutrients can be a net source to the water column. Therefore, in order to
gain insight into the potentid effects of benthic SOD and nutrient regeneration on the coastal ecosystem
resulting from the relocation of the Boston Harbor outfal, MWRA funded a series of field and |aboratory
sampling programs.  These studies included measurements of oxygen uptake, nutrient flux and sediment
pore water.

Sediment flux and pore water data are available from two sources: the Ecosystemns Center of the
Marine Biological Laboratory (Giblin et d., 1991, 1992, 1993, 1994, 1995; Tucker et al., 1993) and a
program conducted by a joint Battelle Ocean Sciences and University of Rhode Idand team (Kelly and
Nowicki, 1992, 1993). Datawere available for 1990 through 1994. Prior to 1993 data were available
only for Boston Harbor and the immediate vicinity of Boston Harbor in Broad Sound and M assachusetts
Bay. 1n 1993, some additiond nutrient flux measurements were taken in Stellwagen Basin and Cape Cod
Bay. Cape Cod Bay was not revisited in 1994.

The 1990 study, conducted by Marine Biologica Laboratory (MBL) consisted of eight Sations:
three in the Outer Harbor, two in Broad Sound and three in M assachusetts Bay near the proposed outfall.
Sediment measurements of SOD, NH, flux, NO; flux, and PO, flux weremadein September and October.
In 1991, only four stations were sampled by MBL during September, al in the Outer Harbor region of
Boston Harbor. Measurements were made for SOD as well as NH,, NO,, and PO, flux. Pore water
samples were analyzed for DIN, PO,, dkdinity, and sulfide. During 1992, a more extensve sampling
program was conducted. Boston Harbor stations were sampled in April, May, June, August, and
November. Massachusetts Bay stationswere sampled in October and November. Fluxeswere measured
for SOD, NH,, NO;, and PO,. Porewater profileswere measured for DIN, PO,, and sulfide. Sediment
denitrification was aso estimated using both direct methods (Kely and Nowicki, 1993) and indirect
goichiometric techniques (Giblin et d, 1993).
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In 1993, atotd of 11 Stes were sampled: three in Boston Harbor, six in Massachusetts Bay and
two in Cape Cod Bay. Surveys were conducted in late February/early March, May, July, August, and
October. Two dtesin Boston Harbor and two sites in Massachusetts Bay were sampled during dl five
surveys. The Cape Cod Bay steswere sampled during August. FHlux measurementswere madefor NH,,
NO;, PO,, DS, urea, DIC, SOD, and N,. Porewater profiles were determined for NH,, NO;, PO,
urea, H,S, pH, and dkdinity.

Eleven sites were sampled in 1994: four in Boston Harbor and seven in Massachusetts Bay.
Surveys were conducted in March, May, July, August, and October. Three Massachusetts Bay siteswere
sampled during al five surveys and four stations were sampled only once during 1994. The same suite of
flux and pore water measurements made in 1993 were made in 1994,

Figure 3-25 presents SOD data collected at four stations during the period of 1992 through 1994.
Station BHO2 is located in northern Boston Harbor near the Inner Harbor, while station BHO8 is a sandy
gtein Hingham Bay in southern Boston Harbor. StationMBO3 islocated in northern Massachusetts Bay
within the perimeter of the nearfield water quaity stations and station MBO5 islocated in Stellwagen Basin
where water depths are approximately 70 m. The highest SOD observed at those four sites were found
a Station BH02. The highest SOD at BH02 was observed in May 1993 when an SOD of 3.3 gm O,/i?-
d was measured. Except for this May SOD measurement, the SODs observed at this Sation generdly
followed a seasonal pattern related to bottom water temperatures, i.e., high SODs at high bottom water
temperatures and low SODs at low bottom water temperatures. At station BHO8 the observed SODs
were sgnificantly lower than observed in northern Boston Harbor. Thismay have been due, in part, to the
choice of station location for BHO8. The site chosen for BHO8 was a sandy non-depositiona area of
HinghamBay. Measurementsof SOD at stations M B03 and MBO5, in Massachusetts Bay were also low
when compared to BHO2. Maximum SOD measurements were observed in October and November at
gaions MB03 and MBO05. These seasona observations also appear to follow the seasona trend of
bottomwater temperatures. The deeper waters of Massachusetts Bay reach their maximum temperatures
in October and November.

Ammonia fluxes (J4) Mmeasured during the period of 1992 through 1994 are shown in Figure 3-
26. The J,, datafollowed asmilar trend to the SOD data. I1n northern Boston Harbor, the highest Jy4
were observed during the warmer periods of the year. Lower Jy, Were observed in Hingham Bay than
a station BHO2. At station MBO3, a clear seasona trend was observed in al three years with 3y,
generdly lower in the beginning of the year and rising steadlily into October and November. Theammonia
fluxesmeasured at station MBO5 did not display an observable seasond pattern, and were generdly lower
than ammonia fluxes measured at other sampling locations.
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SECTION 4

MODEL RESULTS

4.1 MODEL INPUTS
4.1.1 Hydrodynamics

A key factor affecting water quality conditions in Massachusetts and Cape Cod Baysisthetime-
vaidble circulation and vertical density structure of the bays. These transport processes determine the
movement of particulate and dissolved congtituents in the bays.  In order to smulate these transport
processes, a variant of the Blumberg-Mdlor (1987) hydrodynamic mode was developed and cdlibrated
by the USGS for 1992 (Signell et. a., 1996) and extended to include 1993 and 1994 (Signdll, pers.
comm.). Thistime-variablethree-dimensona hydrodynamic model iscoupled withthewater quality mode
inorder to perform mass ba ance cd culationsand water quaity smulationsin thebays. The hydrodynamic
model providesdl of thetransport information to thewater quality model aswell astemperatureand sdinity
information.  The success of the water quality model cdibration relies heavily on the success of the
hydrodynamic modd cdibration. The hydrodynamic modd grid is presented in Figure 4-1.

In order to reduce the computational burden faced by the water quaity modd if it wereto run on
the same grid as the hydrodynamic model, it was decided to use spatia aggregation. Once the
hydrodynamic model was cdibrated, the trangport, temperature and sdinity information was spatialy
aggregated to the water qudity grid by combining a 3x3 grid of horizonta hydrodynamic cells into one
water quality ssgment. However, to maintain spatia integrity in the region near Race Point on the northern
end of Cape Cod, only a2x2 aggregation was used. Theresulting water quaity gridis presented in Figure
4-2. In addition to horizontal aggregetion, a partid vertica aggregation was used wherein the top three
sgma levels were combined into one water quality segment equd to the depth of each of the bottom nine
segments.

The grid shown in Figure 4-2 was used in the origina 1992 cdlibration effort. However, as
reported in the HydroQual and Normandeau (1995) model documentation report, this grid was not
auffident to resolve the plume dynamics of the future outfal and a more detaled grid was
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used for projections. However, since projections are not being evauated as part of this anayss, the
origind cdlibration grid (Figure 4-2) was used in this study.

4.1.2 Boundary Conditions

Massachusetts and Cape Cod Bays have alarge open boundary connection to the Gulf of Maine
and the Atlantic Ocean. As a consequence, waters from the Gulf of Maine play amgor rolein the water
quality conditions within the bays. A required modd input is the specification of the tempord and spatia
digribution, dong theboundary, of dl water quaity state-variablesbeing smulatedinthemodd. However,
as was noted in Section 3, there were limited data with which to assgn boundary conditions. Data from
stations FO4, FO8, F12, F21 and F22 were used to guide 1992 and 1993, while data from stations F26,
F27, F28, and F29 were used to guide 1994. To some degree the determination of model boundary
conditions were aso guided by comparisons to interior data stations. In addition, where appropriate, an
attempt was made to keep the year to year variations of the boundary conditions a aminimum. Figures
4-3 through 4-6 present the surface and bottom boundary conditions used for the model calibration. The
thicker solid line represents 1992 boundary conditions, thethinner solid line representsthe 1993 boundary
conditions and the dashed line represents the 1994 boundary conditions.

The mgor differences in the boundary conditions from year to year are associated with the
temperature, sdinity, dissolved slica and DO. The temperature and sdinity boundary conditions come
directly fromthe hydrodynamic modd. Silicaboundary conditions varied the most between years during
the spring, perhaps in response to the timing, magnitude, and duration of the spring freshet. Dissolved
oxygenboundary conditions between the years varied seasondly, perhapsin responseto changesin water
column temperature or phytoplankton blooms in the Gulf of Maine. The lowest bottom water vaues for
DO were specified in 1994, and appear to be rdated to theintrusion of Gulf of Maine water as suggested
by bottom water temperature and sdinity.

4.1.3 TimeVariablelnputs

Figure 4-7 presents the wind, solar irradiance, and fraction of daylight information supplied to the
modd. The wind data came from the Boston buoy, which is operated by the USGS, and is used to
determine the regeration coefficient. Solar irradiance data came from the Woods Hole Oceanographic
Ingtitute’ s weether tower. Solar irradiance affects phytoplankton growth. The daily fractions of daylight
which depends on the latitude of the location of interest
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and the declination of the sun as afunction of the time of year, were caculated using amethod devel oped
by Duffieand Beckman (1970).

42  MODEL VERSUSDATA RESULTS

The origind BEM was cdibrated to data collected from October 1989 through April 1991 and
January 1992 through December 1992. The model’ sability to reproduce year to year variation wasto be
tested as additiond years of data became available. As data from 1993 and in particular the 1994
boundary data became avalable, the influence of the Gulf of Maine boundary on water qudity in
M assachusetts and Cape Cod Bays became more apparent. Subsequently, the model was recalibrated
to dl the data from 1992 through 1994. The following section compares modd results to the observed
water quality data.

The BEM is a amplification of the actual Massachusetts and Cape Cod Bays sysem. When
comparing the modd results to data it is important to understand the complexities of the system being
modeled and the inherent variahility in the measurements of the concentrations of water quality varigbles.
The variability may be due to natura processes, e.g., dga paichiness or the effects of loca cloud cover
or wind mixing on loca phytoplankton primary productivity. There is dso spatid variability introduced
when observed data from one or two randomly selected sampling | ocations are compared to the output of
a completely mixed modd segment. Findly, variability may aso be due to measurement imprecison or
measurement error. Therefore, given thisvariability it isunredistic to expect amodd to exactly reproduce
dl of the observed water quality data. However, the modd should reproduce the seasonad and spatia
trends in the data, the interrelationships between variables and some of the year to year variations in the
observed data.

The modd versus data comparisons will be presented in three ways. Fird, a series of nine-pane
figures will be presented at a specific location for al three years in order to present the interrelations
betweenthemode variables. Second aseriesof six-panel figuresfor aparticular variablewill be presented
to demondrate the mode’s ability to reproduce spatid variability. Findly a series of plots showing
probability distributions will be presented to evauate the mode’ s ability to reproduce seasond trends.
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4.2.1 Time Series Comparisons

Time-series comparisons of model versus datafor 1992, 1993, and 1994 will be presented here.
The water quality parameters included are phytoplankton chlorophyll-a, POC, DO, DIN, PO, or DIP,
and DSI. Moded versus data comparisons are aso presented for sdinity and temperature, to illustrate the
cdibrationgatus of the hydrodynamic modd. Thefigureswill present modd versus data comparisonsfor
surface (open circles) and bottom water (closed circles) data and the surface (solid line) and bottom
(dashed line) layer computations from the water quaity modd. When there was more than one sampling
gtation within a water qudity grid cdl or if multiple samples were taken on a given day the data were
averaged and mean and standard deviation are presented. The annua cycle of DO saturation for the
surface layer is aso included on these figures for reference purposes. The moded results represent atwo
day average of themode computations. Themode versusdatacomparisonsfor the nutrientsare displayed
on alog scale to better discern which nutrient is limiting during different parts of the year. The HOM
gations chosen for comparison are N16, N17, and N21 dl of which liewithin the spatia bounds of model
segment (11,18).

4.2.1.1 1992 Reaults

Figure 4-8 presents model versus data results for the 1992 cdibration period. There is a good
comparison between the hydrodynamic mode results and the observed temperature and salinity data. The
modd predicts the annua cycle of water column temperatures and the timing of temperature and sdinity
dratification and fdl turnover, as wel as the timing and magnitude of the effects of the spring freshet on
inity.

Thewater quality mode aso appears to be fairly well calibrated. The seasonal trends observed
in the water quality data are generally reproduced by the modd. In the upper left hand corner of Figure
4-8, the surface chlorophyll-a and fluorescence data show higher concentrations in late February, late
June/early July and mid-October suggesting the occurrence of short-term algal blooms. Therangesof the
chlorophyll-aand fluorescence data during the year at this station are from gpproximately 0.1t0 5.6 pg/L.
The modd does not fully reproduce the observed chlorophyll and fluorescence data, but does predict the
annud range of thedata. The high frequency variationsin the mode computed chlorophyll aredueto highly
variable patterns in wind speed and direction which, if the winds are blowing offshore for a prolonged
period of time, advect dga biomass and nutrients from Boston Harbor out to this location.
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The POC dataarerdatively sparse, taken only during biologica/productivity surveys, which occur
only six times ayear. The data appear to indicate smal algal blooms in March and October which
correspond well to the chlorophyll-aand fluorescence data. On apoint by point basisthe model matches
the data very wdll, missng only the June observation.

The DIN datafollow aseasond cycleinfluenced by density dtratification and algal growth. Inearly
March, the concentrations of DIN are relatively high and the water column appears well mixed as shown
by the amilarity between the surface and bottom water DIN concentrations. Subsequently thereisarapid
decreaseinthe DIN concentrationsin late March asthe phytoplankton populationsincrease. Kely (1993)
reported the surface concentration of NO,+NO; as being 0.0 ug N/L (or below the detection limit of 0.28
pg N/L) in late March through June. However, it is suspect that the NO,+NO; concentrations were
actudly 0.0 ug N/L for thislong a period of time. Therefore, in computing the “observed” concentrations
of DIN, we assumed aminimum vaue of 0.42 ug N/L for any value of NH, reported as zero andavaue
of 0.28 ug N/L for any vaue of NO,+NO; reported aszero. The surface DIN concentrations remain [ow,
lessthan 10 pg N/L, through the summer and early fall and then increase as the water column turns over
in November. During the summer months there is strong vertical dratification within the DIN data, with
surface concentrations generdly lessthan 10 pg N/L and bottom water concentrations ranging from 50 to
120 pg N/L. The modd reproduces this feature of the DIN datawell. In generd, the modd reproduces
the annua cycle and magnitude of DIN concentrations.

Model versusdataresultsfor DIP are presented in the center panel of Figure4-8. Ascan be seen,
there is a decrease in the surface DIP concentrations in late March/early April as phytoplankton biomass
increases. DIP concentrationsthen increase dightly as the spring freshet beginsto advect nutrientsinto the
bay. Asspring progressesinto summer, the surface and bottom DIP concentrations become siratified with
surface DIP concentrations decreasing to between 5 to 8 ug P/L. The mode reproduces this feature
reasonably well. Both the data and mode show that surface DIP concentrations do not reach levels
thought to limit dgd growth.

The seasond pattern observed inthe DS dataissSimilar to the other nutrients. Surface and bottom
DS concentrations begin to decrease in February and early March before the arriva of the spring freshet
from the Gulf of Maine. Between May and June thereis arapid decrease in surface DS concentrations
followed by agradud increase to near winter levels. The modd follows the timing of the oring dedline
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and recovery of surface DS concentrationsvery well and reproducesthe bottom water DS concentrations
reasonably well.

Dissolved oxygen in the water column is strongly influenced by temperature, since temperature
affects both the saturation of oxygen in the water column and the rates of microbid activity which can
consume dissolved oxygen. Dissolved oxygen concentrations were highest in  February, due to a
combination of low temperature (i.e., high dissolved oxygen saturation) and primary production resulting
from a February agal bloom. Concentrations of DO then decreased rapidly through May. Surface and
bottom water DO concentrations increased about 1 mg/L between May and June. Surface waters then
generdly declined through the summer into fdl, while bottom water DO remained dightly elevated before
dedining markedly beginning inmid-August. Therewasrdativdly little vertica dratification in DO until the
fal. The mode reproduces the genera trends observed in the DO data, but does not reproduce the full
range of thedata. For example the mode does not fully reproduce the high February DO concentrations.
Alsothemode only partialy reproduces the observed decline through May. Whilethe mode reproduces
the genera trend of surface DO in the summer months, it tends to underestimate bottom water DO in June,
July and early August. However, the modd does reproduce the lowest observed DO concentrations and
the verticd dratification in concentrations that occurred in the fal.

4.2.1.2 1993 Results

Modd versus data comparisons for 1993 are presented in Figure 4-9. Again the hydrodynamic
model appears to reproduce the sdinity and temperature data reasonably well. In particular, the
hydrodynamic mode reproduces the bottom water sdinity very wel. Thetiming and magnitude of change
in sdlinity caused by the spring freshet also appearsto be modeled well. However, during thefdl, sdinity
dratification is over predicted by the modd. The hydrodynamic mode temperature cdibration is very
good. In generd, the timing and magnitude of the temperature changes are reproduced by the modd.

The 1993 chlorophyll-a and fluorescence data differ somewhat from the 1992 chlorophyll-a and
fluorescence data. The 1993 chlorophyll-a and fluorescence data do not show strong evidence of a late
winter bloom nor do they indicate a Sgnificant summer bloom. However, spring concentrations were
dightly more devated in 1993 than in 1992. In addition, alarge phytoplankton bloom occurred during the
fdl of 1993 with the highest chlorophyll-a and fluorescence values observed during the 1992-94
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period. In genera, the modd follows the tempord patterns and magnitude of chlorophyll-a and
fluorescence data but fails to reproduce the fal phytoplankton bloom. The failure of the modd to
reproduce the fall bloom is aso evidenced in model versus data comparisons for other state-variables as
well, eg., surface DO, DIN, DIP, and DS

Ingenerd, themode reproducesthe magnitudes of thelimited POC datathat existsat thislocation.
It isinteregting to note that the magnitude of thefal bloom isnot as gpparent in the POC data. Thisin part
may be due to the fact (as will be discussed later in this section) that the fall bloom had lower carbon to
chlorophyll-aratios than normaly observed during the fal in the Massachusetts Bay System.

With the exception of the fal period the model compares very favorably with the DIN data.
Bottom water concentrations of DIN began the year at elevated levels before decreasing in March and
April. Thiswasfollowed by agradud increase through the remainder of theyear. Themode followsthe
trend of the bottom datanicely. Surfacewater concentrationsof DIN aso begantheyear a elevated levels
before decreasingin March and early April. Thiswasfollowed by anincreaseinlate April, coincident with
the intruson of the soring freshet from the Gulf of Maine, before decreasing again in July. DIN
concentrations remain low (< 3 pg N/L) through mid-October a which time the water column overturns
over and surface DIN concentrations once again increase. Whilethe model reproduces the surface DIN
data reasonably well, themode doesnot reproduce the lowest vaues observed in thelate summer and fall.
Thisis due to the fact that the modd failed to reproduce the fal dga bloom.

Aganwith the exception of thefall period, themodd comparesfavorably withthe DIP data(Figure
4-9, middle pandl). Thetempord trend of the bottom DIPissmilar to that observed in bottom water DIN
data. Thereisadecrease in bottom water DIP concentrationsin March and April followed by agradua
increase into the fal. The moded follows this trend, but under predicts the magnitude of the DIP
concentrations during the summer. The surface DIP data show a smilar decline and recovery in spring
concentrations that was observed in the surface DIN data. Low surface DIP concentrations are observed
in thefdl, when the fal bloom occurred. The model reproducesthe surface DIP datavery well except for
the period of the fal bloom.

The DS data dso follow a seasonad trend smilar to the DIP and DIN data. Thereis a decrease
in the bottom water concentrations of DS in the spring. The surface DS concentrations decrease in
March, againin May, and during the late summer and fall. Very low DS concentrations were observed
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in the late summer/early fdl, during the period of high chlorophyll-a concentrations. The model does not
reproduce this feature of the data, Snce the model failed to reproduce the fall bloom.

Model versus data comparisonsfor DO are presented in the upper right hand panel of Figure 4-9.
Themode tracksthe surface DO datavery well missing only the highest concentrationsthat were observed
in April and October. The modd matches the bottom DO data well from February to May. However,
the modd falls to reproduce the devated levels of DO observed in the bottoms waters from June through
Augud. Itisnot obviousasto the cause of these elevated concentrations. In September, the mode begins
to follow the bottom DO data again. The model predicts DO dratification from September through
November, consistent with the observed data.

As noted above (and for 1992 - Figure 4-8), the mode failsto reproduce the increase in bottom
water DO that occurred between May and June. While it is not obvious as to the cause of this
phenomenon afew hypotheses can be consdered. First, as has been suggested by Cibik et. a. (1998),
inthelr andyss of asmilar pattern in bottom water DO observed in 1996, the increase in bottom water
DO may occur as aconsequence of ventilation viathe mixing of the bottom water with oxygenated surface
water. However, if this was the case one would expect to see a coincident increase in bottom water
temperature, whichisnot thecase. Cibik et. d. (1998) aso suggested that advection of oxygen-rich water
could bethe cause. However, the source of this oxygen-rich water remainsto beidentified. Anadditiona
hypothesis is that the increase in bottom water oxygen may be due to production from benthic diatom
communities. Thesecommunitiescould develop inwater depthsof up to 15-18 metersgiven observed light
extinction coefficients. However, this hypothesis may not be the full answer since the late-spring-summer
increase in bottom DO does not occur every year (e.g., 1994 to follow). This feature in the seasona
change in bottom water DO merits further sudy.
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4.2.1.3 1994 Results

Figure 4-10 presents results of the BEM cdibration for 1994. Computations from the
hydrodynamic modd match the temperature and sdinity datafairly well. The effects of the pring freshet
do not appear to be as strong as those that occurred in 1992 and 1993. In particular, the surface sdinity
concentrations were generdly higher than those observed in 1992 and 1993. In generd, the model
reproduces the temporal and vertica features of the salinity data, dthough it doesover predict the bottom
inity in November and December.  The hydrodynamic modd aso matches the temperature data very
wal, dthough it does over-estimatethe bottom temperatures dightly in February and early March. Note,
the high bottom water temperatures that are observed and computed in thefal are much higher than were
observed or computed in 1992 or 1993.

The 1994 chlorophyll-a and fluorescence data (Figure 4-10, upper left panel) indicate a small
winter bloom occurring in late February and alarger fal bloom occurring in late September and October.
The model generaly reproduces the magnitude of the annua chlorophyll-a and fluorescence data and
reproduces most of thefeatures of thefall bloom. The POC data (Figure 4-10, middle panel) do not show
much of an annud trend and were fairly narrow in their range of concentration (0.06 - 0.18 mg C/L).
While the model computations of POC are consstent with the winter and spring POC data, the model
appears to overestimate observed POC during the summer and fall periods.

Model versus data comparisons for DIN are presented in the middle left panel of Figure 4-10.
While the model follows the seasond trends observed in the DIN data, the mode does not dways
reproduce the magnitude of the observed concentrations. For example, during the summer months the
mode under predicts the bottom water DIN concentrations. The model a so over-estimates surface DIN
concentrations in March and early April, while under predicting surface DIN concentrations in June and
July. Itisinteresting to notethat June and July 1994 surface DIN concentrationsare 5to 10 ug N/L higher
than observed in Juneand July 1992 and 1993. In generd though, the model does reproduce the seasonal
changesin the verticd dratification of the water column with respect to DIN.

The DIP dataobservedin 1994 (Figure 4-10 middle pand) arefairly smilar to the data observed
in 1992 and 1993. The unique feature to the 1994 DIP data set isthe marked decrease that occursin the
surface data during late March and early April. The model tends to under
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estimate both surface and bottom DIP concentrations year round. However, the model does reproduce
the gpproximate sretification between the surface and bottom data.

The modd compares favorably with the 1994 DS data (Figure 4-10, middle right pandl). While
the model over estimates the decrease in bottom water DS concentrations that occurred in March and
April, themode doesreproduce the remaining surface and bottom datavery well. The observed decrease
in the surface DS concentrations in March followed by the increase in April and subsequent decrease in
June is reproduced by the model.

The model matches the 1994 DO data at this location reasonably well (Figure 4-10 upper right
pand). The mode’s computation of surface layer DO compares favorably to the data, missing only the
highest DO concentrations observed in April. The comparison of the mode’ s computationsto the bottom
water DO dataisadso very favorable. The modd reproduces most of the seasond variability observedin
the bottom water data, missing only the lowest DO vaues that were recorded in late September.

4.2.2 Spatial Modd versus Data Comparisons

The previous cdibration figures presented the cdibration at one location to show the interaction
between the various Sate-variables in the modd. The following cdibration figures will present a single
parameter a six locations to show the modd’s ability to spatialy reproduce the water qudity conditions
throughout the bays. The ax locations include: station F23P, located near the mouth of Boston Harbor;
station N10P, located just outside of Boston Harbor; station FO1P, located in western Cape Cod Bay;
station NO4P, in northern Massachusetts Bay; stations NO6 and NO7P, near the future outfal location; and
station FO8, located in Stellwagen Basin. In 1994, station FO8 was discontinued, so station F29 will be
presented in its place. Station F29 is located near the tip of Cape Cod. The modd computations are
presented as before, astwo-day averages. Model computations for chlorophyll-aare banded by shading
that representsthe range of the maximum and minimum concentrations computed by the mode during eech
two-day interval.

4.2.2.1 1992 Results

Figure 4-11 presents model versus data comparisons for chlorophyll-afor the 1992 cdlibration
period. The mode reproduces the generd spatid pattern observed in the chlorophyll-a data. The
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data. The highest chlorophyll-aand fluorescence vaues are observed in thevicinity of Boston Harbor and
then decrease with distance from the harbor. The modd reproduces this trend. Another spatia feature
that can be observed in the chlorophyll-a data is that in Cape Cod Bay maximum chlorophyll
concentrations were observed in February and then remained low throughout the rest of the year. This
contrasts to the other stations which generally had ashigh or higher concentrations during the summer and
fal months as compared to February. Although the modd is goproximately a month late in the timing of
the bloom, it does reproduce the generd temporal trend of the data. Overall the modd does afair job
reproducing the magnitude of the observed chlorophyll-a and fluorescence data at each location.

Another feature of the Bays water quality that the model appearsto reproduceisthe tempord and
spatid digtributionof DS (Figure4-12). A number of researchers (Becker, 1992, Kelly, 1993) have noted
that the late winter/early spring diatom bloom virtualy depletes silicain Cape Cod Bay. This phenomenon
of spring sllicadepletion is generaly not observed in Massachusetts Bay. Figure 4-12 shows that station
FO1P was virtudly depleted of DS in late March/early April, as opposed to other Massachusetts Bay
gtations which were observed to have higher DS concentrations during this period. The modd appears
to reproduce this spatia feature reasonably well. A reason silica may not be depleted in Massachusetts
Bay in the spring may be due to the influx of slicarich waters accompanying the spring freshet.

Figure4-13 presentsatemporal model versus datacomparison for 1992 surface and bottom DIN.
Ingenerd, the DIN concentrationswere highest during late winter and latefal. During the spring therewas
adecrease in the surface and bottom DIN concentrations with the surface DIN concentrations declining
more sgnificantly than the bottom DIN concentrations. Stratification between the surface and bottom DIN
concentrations generaly lasted from March to November. The mode computed the highest DIN
concentrations near Boston Harbor, generaly cong stent with the observations. Themodd computeslower
DIN concentrations at station N10P and reproduces the datafairly well. A rapid decrease was observed
in DIN concentrations in February/March and the mode reproduces this feature. The model aso
reproduces the low surface DIN concentrations that were observed through October. Thetwo northern
Massachusetts Bay sites NO4P and N0O6, NO7P had similar DIN concentrations during 1992. The model
reproduces the low surface DIN concentrations and somewhat higher bottom DIN concentrations
observed at thesetwo Sites. In Cape Cod Bay (Station FO8), themodel reproducesthegeneraly low DIN
concentrations that were observed in 1992.
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Modd versus data comparisons for the water column DIN to DIPratio are presented in Figure 4-
14. The mgority of the data indicate that the MassachusettsCape Cod Bays system was potentialy
nitrogen limited during 1992 with DIN to DIPratioslessthan 7. The modd reproduces this feature while
aso reproducing the timing and magnitude of changes in the ratio of DIN to DIP throughout the bays.
Although the data are few in number, the modd and data suggest that the F23P dte is not as potentidly
nitrogen limited as are the other locations in Massachusetts and Cape Cod Bays.

The DIN to DS mode versus data comparison for 1992 is shown in Figure 4-15. From the data
it appears that the bays were more potentidly slicalimited in the spring and late winter (November and
December), while for the remainder of the year nitrogen was more potentidly limiting. In Boston Harbor,
the model over predictsthe DIN to DS ratio for thefirst haf of theyear. Atthefiveother stesdisplayed,
the modd does afairly good job matching the data. The are afew occasions where the mode computes
very low dissolved slicaconcentrations and consequently predictsvery high DIN/DSI. At the eesternmost
gations, the modd does not compute these high DIN to DS ratios.

Figure4-16 presentsmodel versus datacomparisonsfor dissolved oxygenfor the 1992 calibration
year. Themode reproduces some of the features observed from the DO data. The mode does not fully
reproduce the high DO concentrations observed in February whichwerefollowed by arapid decreasein
DO into May. Thisfeature in the DO data may be due to the breakup and rapid settling of a bloom of
colonia Phaeocystis that occurred in March and April of 1992. Occasiondly, and a some stations more
than others, the modd is able to reproduce the fact that during the early to mid-summer bottom water DO
levels are higher than surface values. However, the mode does not compute bottom water DO as high
as are observed in the data. The model aso reproduces the low DO levels observed in October and
November aswell as the degree of DO dratification observed in thefal.

4.2.2.2 1993 Results

Model versus data comparisons for chlorophyll-a and fluorescence 1993 concentrations are
presented in Figure4-17. Ingenerd, themodel reproducesthe magnitude and trends observed in the 1993
chlorophyll-aand fluorescence data. However, with the exception of Boston Harbor, therewasasystem-
wide bloom that occurred in September and October that the model does not reproduce. Further
discussion of this mis-calibration will be presented later in this report.
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Figure 4-18 presents mode versus data comparisons for dissolved slicafor 1993. Differencesin
the March and April boundary conditions account for some of the differences observed between the 1992
and 1993 mode results. Again, themodd computes nearly depleted DS in Cape Cod Bay during March
with somewhat higher DS concentrations observed throughout the rest of the bays system during March.
As has been noted previoudy, since the mode fails to reproduce the fadl dgad bloom, the mode
overestimates surface DS concentrations for al stations presented in Figure 4-18.

Model versus data comparisons for surface and bottom DIN concentrations in 1993 are shown
in Fgure 4-19. The highest DIN concentrations observed in 1993 were found in the vicinity of Boston
Harbor. On ayear round basis, higher DIN concentrations were observed in the bottom waters of the
deeper, easternmogt stations. The model matches both the tempora and spatid patterns, observed in the
DIN data, very well. Near Boston Harbor (F23P), thetiming of the seasona decline and recovery of DIN
concentrations are reproduced fairly well by the modd. At the northern stes in Massachusetts Bay, the
model to data comparisons are very favorable. The mode reproduces the lower bottom water DIN
concentrations observed in the bottom waters of the western station (N10P) and the higher DIN
concentrations observed in the bottom waters of the eastern stations (NO4P, NO6, and NO7P). Theperiod
of lower surface DIN concentrationsis also reproduced by the modd.

Figure 4-20 presents the model versus data comparisons for the surface DIN to DIP ratio for
1993. As opposed to 1992, the data indicate that for those stations (F23P and N10P) near Boston
Harbor phosphorus was potentidly the more limiting nutrient (as compared to DIN) in the soring.
However, for the remainder of the year and for the other stations presented the data indicate nitrogen to
be the more limiting nutrient. The modd reproduces most of DIN/DIP data fairly well, but misses the
higher ratios observed in the spring for the stations (F23P and N10P) near Boston Harbor. Themodd aso
under predicts DIN to DIP ratios observed in the latter part of 1993 for station N10P. However, in
generd, the modd reproduces the observed trends in the DIN to DIP ratios.

The 1993 model versus data comparisons for surface DIN to DS ratios are presented in Figure
4-21. The DIN to DS ratio dataindicate that during the winter and early spring either DIN or DS could
have been the potentidly limiting nutrient. Beginning in late soring and into the summer the DIN to DS
ratios suggest DIN to be the more potentidly limiting nutrient. In the fdl, when the fdl
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diatom bloom occurred, the DIN to DS ratios suggest DS to be potentidly more limiting. The mode
reproduces some of the features that were observed, but does not reproduce the observed DIN to DS
ratios during the fal bloom. Thisisto expected since the modd did not capture the fal diatom bloom.

Mode versus data comparisons for 1993 DO concentration data are presented in Figure 4-22.
Differences between the 1992 and 1993 model output are due, in part, to differing model boundary
conditions. The modd reproducesthe high DO concentrations observed in April and generally reproduces
the surface DO data. However, the mode does not reproduce the high bottom water DO concentrations
observed a afew locations during June and July.

4.2.2.3 1994 Results

The 1994 model versus datacomparisonsfor chlorophyll-aare presented in Figure4-23. Overal,
the modd reproduces the surface chlorophyll-a and fluorescence data fairly well. While the mode over
predicts the observed chlorophyll-a measurements at station F23P, at the entrance to Boston Harbor,
during thefdl, it comparesfavorably to the datafor the remainder of the year. The model aso reproduces
the data collected in northern Massachuseits Bay quite well. The modd aso compares favorably to the
observed chlorophyll datain Cape Cod Bay (FO1P) and near Race Point (F29), dthough the model under
estimates the chlorophyll datain late August and early October.

Comparisons of model versus datafor surface and bottom DS in 1994 are shown in Figure 4-24.
Silica concentrations were lower in the surface and bottom waters during March and April 1994 as
compared to the same monthsin 1992 and 1993. In addition, bottom waters appear to be higher in DS
inthe fal of 1994 as compared to the fall periodsin 1992 and 1993. The modd is able to reproduce the
spatid digribution of DS throughout the Bays, gpproximately reproducing the timing of increases and
decreases in dlica concentrations and the observed dratification between surface and bottom
concentrations. The lone exception is the Cape Cod Bay station (FO1P) where the model over predicts
DS during the second haf of 1994.

Figure 4-25 presents the comparisons of mode versus datafor surface and bottom DIN in 1994,
Againin 1994, the highest DIN concentrations were observed at the stations near Boston Harbor (F23P
and N10P). DIN concentrations gppear to decline more rapidly in the spring of 1994 than in the previous
two years. In addition, summer bottom water DIN concentrations were dightly higher, a the eastern
dations, than were observed during the same period in 1992 and 1993 The
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model does not reproduce the rapid decline of DIN concentrations observed in early April a F23P but
compares favorably with the data during the remainder of the year. There was consderable variaghility in
the concentrationsof DIN observed at station N10P, and themode only reproduces part of that variability.
At the remaining sites, the modd compares favorably with the surface measurements of DIN, but tendsto
under estimate the bottom water DIN concentrationsin the northern portions of Massachusetts Bay.

Figure 4-26 presents the modd versus data comparisonsfor surface DIN to DIPratios. With the
exception of one data point in April in Baston Harbor, the ratio data for these six locations indicate that
nitrogen was the more potentialy limiting of the two nutrients in the Massachusetts and Cape Cod Bays
system throughout 1994. The model clearly reproduces this feature of the system. With the exception of
July through September at F23P and N10P, the mode provides an excellent comparison to the observed
DIN to DIP ratios.

M odel versus datacomparisonsfor the surface DIN to DS ratiosfor 1994 are presented in Figure
4-27. The dataindicate that in the vicinity of Boston Harbor (stations F23P and N10P), slicawas the
more potentidly limiting nutrient for much of the year. At the remaining sites, based on DIN/DS ratios,
ether nitrogen or slica could have been potentidly limiting during the late winter and early spring, while
nitrogen was more likely to be limiting during the latter portion of theyear. In genera, the modd DIN/DS
ratios compare favorably to the observed data for stations NO4P, N06, NO7P, and F29, although the
mode may overdate the degree of potential slica limitation. For stations F23P and N10P, the model
suggedts that dlicais the more potentidly limiting nutrient for much of the year but over estimates the
magnitude of DIN/DSi. In addition, the mode computes DIN to become the potentidly limiting nutrient
in July for station N10P, which is not supported by the data

Figure 4-28 presents the model versus data comparisons for the 1994 surface and bottom
dissolved oxygen. The lowest dissolved oxygen of the three years was observed in 1994. Also, the
phenomenon of higher bottom DO concentrations than surface DO concentrations which was observed
during the summer of 1992 and 1993, was not as evident in 1994. The mode reproduces many of the
features observed in the 1994 DO data, but does not reproduce the lowest DO concentrations observed
in the bottom waters during September and October. However, the model does reproduce the fact that
1994 fd| bottom water DO concentrations were lower than the corresponding time periods in 1992 and
1993.
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4.2.3 Modd Versus Data Probability Digtributions

The modd versus data comparisons of Figures 4-8 through 4-28 tend to be rather exacting tests
of themodel since the data represent grab samples at afixed point intime and space. Kelly (1992, 1993)
has shown that there is congderable variability in both space and time in the observed data usng tow-yo
measurements.  These data show high frequency variability, which suggest that a grab sample may not
aways be representative of the water quaity conditions of a large spatia area such as would be
encompassed in amodel segment that is 4-9 kn?. Therefore, in order to evauate the model cdibration
on another leve, i.e., the degree to which the moded reproduces the variability observed in the fidd data
on aseasond basis, modd output is compared to field data using probability distribution plots.

The model versus data comparisons are separated into near fidld and far fidd andyses. The near
field data were divided seasondly as follows: winter (December and February), spring
(March through May), summer (June through August), fal (September through November), and on an
annud bag's (February through December). No data were collected in January. The modd output was
separated in the same manner.  Since tempord sampling was conducted less frequently for the far fied
dations, the far field analyss was performed only on an annud basis.

Figure4-29 presentsmodel versus data comparisonsfor surface chlorophyll-aduring 1992. The
filled circles represent discrete chlorophyll-a data while the open diamonds represent chlorophyll
fluorescence data. The mode computations are plotted asasolid line and represent the range of two day
averaged chlorophyll-a concentrations. For plotting purposes, chlorophyll-a concentrations lessthan 0.1
Mg/l were plotted at 0.1 pug/L, and chlorophyll-a concentrations greater than 20 pg/L were plotted at 20
pgL. During thewinter themode under predictsthe observed chlorophyll-a concentrations. The median
winter chlorophyll-a concentrations are under predicted by approximately 1.5 pug/L and the maximum
winter chlorophyll-a concentrations are under predicted by agpproximately 5 pg/L. During the spring the
mode over predicts the median chlorophyll-aconcentration by gpproximately 1.5 pug/L whilereproducing
the maximum observed concentrations. Thediscrepancy between the winter/spring chlorophyll-adataand
the winter/ spring mode results suggests a phasing problem in computing the timing of the late winter/early
goring agd bloom for the near fidd gations. Although it does missthe extremes, the modd does agood
job reproducing the observed summer chlorophyll-adataat the near field sations. During thefdl themodel
under predicts the median observed chlorophyll-a concentrations by approximately 2 ug/L. The bottom
two panels of Figure 4-29 present the near fidld and far field annua model versus data comparison for
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chlorophyll-a. Although the number of samples taken during each season was not consistent, no attempt
was made to weight the data or model results to account for this sampling bias. On an annud badis, the
mode performsfairly well, reproducing the chlorophyll-aand fluorescence datawithin astandard deviation
on both sides of the median. However, due in part to the fact that the present modd is not capable of
reproducing phytoplankton patchiness, the modd does not reproduce the maxima and minima observed
in the data.

Figure 4-30 presents the mid-depth (12.5-17.5 m) probability comparisons of discrete and
fluorescence chlorophyll-adatato model computationsfor 1992. Themodel has smilar cdibration biases
to the observed mid-depth chlorophyll-a data as were computed by the modd relative to the surface
chlorophyll-adata. Themoded under-estimatesthe observed chlorophyll-aconcentrationsin thewinter and
fdl, over-estimates the observed spring time chlorophyll-a concentrations, and does a good job for the
summer chlorophyll-aconcentrations. On an annua basisthemodd doesagood job for both the near fidd
and far fidd gations. Both the model and data show lessvariability at mid-depth than was observed at the
surface.

Mode versus data comparisons for the bottom water dissolved oxygen concentrations for 1992
are presented in Figure 4-31. The modd and data are presented in the same manner asfor chlorophyll-a
above. However, note that the scales change from panel to panel. During the winter, the model does a
poor job reproducing the observed bottom water dissolved oxygen concentrations, missing the median
observed concentrations by more than 2 mg Q/L. This under prediction is due, in part, to the
underestimationof the phytoplankton biomass during thewinter. [nappropriate boundary conditions could
be another reason for the underestimation of DO during the winter. During the spring, summer and fall, the
model provides reasonable comparisons to the observed bottom water DO concentrations. For the most
part, the modd predictions are within 1 mg O,/L of the data. On an annual basis, the modd reproduces
the lowest 80 percent of the DO concentrationsvery well at the near field stations, while missing the highest
observed DO vaues. At the far field dtations, the modd reproduces the median and low end DO
concentrations but, does not reproduce the high end DO concentrations.
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Figures 4-32 through 4-34 present model versus data probability distributions for surface
chlorophyll-a, mid-depth chlorophyll-a, and bottom DO respectively for 1993. Asshown in Figure 4-32
the model does a much better job reproducing the observed winter surface chlorophyll-a concentrations
for 1993 than for 1992. It should be noted, however, the differencesin mode computations between the
two years are not great. The model matches the median plus or minus one standard deviation (or 66
percent of the data) chlorophyll-a concentrations wel, while over-estimating the maximum chlorophyll-a
concentration by approximately 1 pg/L during the winter. During the spring of 1993, the modd over-
predicts the observed chlorophyll-a consstently, but never by more than 1 pg/L. The summertime near
field surface chlorophyll-a data show awide range of concentrations. The model reproduces the median
chlorophyll-a concentration fairly well, but does not fully reproduce the variability observed in the data.
Inthefall of 1993, thelargest phytoplankton bloom of the three-year calibration period wasobserved. The
mode did not reproduce the high chlorophyll-a concentrations observed during this season. On an annua
basis, the modd reproduces the median concentration at both the near field and far field Sations, but does
not reproduce the observed range of the chlorophyll-adata. In particular, the modd under estimates the
observed chlorophyll maxima by afactor of two to three,

InFigure4-33, themodd matchestheobserved mid-depth chlorophyll-aconcentrations somewhat
better than it matched the surface chlorophyll-aconcentrations. In genera the mode performs reasonably
wal for thewinter, Spring and summer periods, but missesthefal aga bloom. Onanannud basis, for both
the near and far field stations, the mode and datamedians are dightly higher a mid-depth than the surface
concentrations.

Fgure 4-34 presents the model versus data probability analyss of bottom DO concentration for
1993. Onaseasond basisthe modd doesagood job reproducing the observed DO concentration data.
During the winter the mode iswithin 0.5 mg O,/L throughout the entire dataset. During the spring and fall
there is dmost an exact match between the modd and data. During the summer the model under predicts
the observed DO concentration by lessthan 1 mg O,/L. The modd reproduces range of the DO dataon
an annud basis very well for both the near field and far fidd Sations.
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Figure 4-33. Model vs Data Probability Comparisons for 1993 Mid-Depth Chlorophyll-a
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The 1994 model versus data probability distributions for surface chlorophyll-a, mid-depth
chlorophyll-a and dissolved oxygen are presented in Figures 4-35, 4-36, and 4-37, respectively. Figure
4-35 shows the comparison between the modd and data for chlorophyll-ato be quite good. During the
winter, the mode computed surface chlorophyll-a concentrations match the observed data. During the
soring, the model computations are condstent with the mgority of the observed data, missng only the
extremesin the data. For the summer months the modd over-estimates the chlorophyll-a concentrations
by about 1 pg/L. Aswould be expected, since the seasond distributions are reasonably well matched by
the mode the annua comparisonsarefavorableaswell. Again, thedifferencein the mode resultsbetween
1994 and the other yearsis not that great.

The modd also compares favorably to the mid-depth chlorophyll-a concentrations for 1994 as
shown in Figure 4-36. The modd is within 0.2 to 0.3 pg/L of the low-end mid-depth chlorophyll-a
concentrations, within 0.5to 1.0 pg/L of the median mid-depth chlorophyll-aconcentrationsand within 0.1
to 3 ug/L of the high-end chlorophyll-a concentrations during all seasons at the near field stations. On an
annud bass, the comparison of mid-depth chlorophyll-a data to mode computations at the near field
gations during 1994 is very favorable. At the far fied stations, the model under predicts the highest 10
percent of the observed chlorophyll-a concentrations at mid-depth.

Figure4-37 presentsthe model versus data probability comparison for bottom DO concentrations
in1994. During thewinter thereisadiscontinuity in the data distribution reflecting the fact that some of the
dataisfromthe February 1994 sampling cruisesand some of the dataisfrom the December 1994 sampling
cruises. The modd reproduces the lower observed winter DO concentrations, but under-estimates the
maximum DO concentrations between 1 to 1.5 mg O,/L. During the spring the modd does a fair job of
reproducing the observed bottom water DO concentrations. Themodel doesan excellent job reproducing
the observed summer bottom DO concentrations. In the fal, the modd generdly over-estimates the
observed bottom water DO concentrations. In particular, the model computes minimum concentrations
of just under 6 mg O,/L versusthe observed minimum of just under 5 mg O,/L. However, themode does
compute fal DO concentrations to be 0.8 - 1.0 mg O.,/L lower than were computed for 1992 and 1993.
This is smilar to the observed data which show the fal of 1994 to have a median DO concentration of
goproximately 1 mg O,/L lower than 1992 or 1993. The modd aso computes the lowest bottom DO
during thisperiod, but themodel over-estimatesthe DO concentrationsby approximately 1 mg O,/L during
thistime. On an annua basis the mode reproduces the mgority of the distribution observed bottom DO
concentrations in 1994.
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4.2.4 Primary Productivity and Community Respiration

4.2.4.1 Primary Productivity

Another measure of the water quality modd calibration can be determined by comparing model
computations of system metabolism (the production and consumption of organic matter) versus observed
data. Two measures of metabolism which can be estimated from field data are primary productivity and
community respiration.

In 1992, oxygen-based light bottle-dark bottle equipment were used to estimate primary
production. In 1993 and 1994 oxygen light-dark bottleswere replaced by *4C techniques. Measurements
of primary production were made during February, March, April, June, August and October of each year.
In 1992, sx near fidd stationswere used to estimate primary productivity. 1n 1993, 10 stationswere used
to estimate primary productivity. These sationsincluded the six near field gations, two far field sations
in Cape Cod Bay, and two coadtd far field stations. However, in 1994 only two stations were used to
estimate primary productivity, namely station F23P, a coastdl station, and NO1P, a near field station.

Since there is some controversy as to whether gross or net primary production is measured by
oxygenlight-dark bottles and *4C techniques dueto (1) thelength of thetime period used for theincubation
and (2) the assumptions used to convert short and mid-length incubationsto daily production estimates, the
modd computations of both net primary production (NPP) and gross primary production (GPP) will be
compared to the data. Figure 4-38 presents a comparison between the 1992 near field estimates of
primary productivity and thewater quality mode estimatesof NPPand GPP. Thedatafigureasoincludes:
1973/1974 in situ measurements of primary productivity, as reported by Parker (1974), taken a few
kilometers south of the futureoutfall diffuser; and a 1987/1988 data set derived from incubator
measurements from three gations located in the vicinity of the current near field gations, in western
Massachusetts Bay, as reported by MWRA (1988,1990). The data presented on this panel show a
marked variability not only between data sets, but dso within individud studies. Maximum rates of
productivity in 1992 were observed in March, June and August; low rates of productivity were found
during the winter months.
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The modd results for NPP and GPP in 1992 differ by approximately 50 percent with the GPP
being higher. The mode compuitations only partiadly match the observed data. During the early part of
1992, model and data trends are smilar with apesk in primary production in March followed by a drop
off inlate soring. Themodd predictslow productivity in June while the dataindicate asmdl pesak in June.
The dataindicate high primary productivity in August followed by low productivity in October. Whilethe
mode predictsincreasing primary productivity in August it does not pesak until September and October.

A comparison of mode versus data for 1993 primary productivity is presented in Figure 4-39.
This figure provides a spatia as well as seasond picture of primary productivity throughout the
M assachusetts Bayssystem. In Cape Cod Bay the highest primary productivity was measured in February.
Lower primary productivity rates were observed in March, April, June and August followed by dightly
higher ratesin October. At the near fild and coastal Sites, low primary productivity rates were observed
in February and March, followed by devated ratesin April, June and August. The rates at the near field
and coadtd Stes diverge in October when near field rates increase and coastal rates remained smilar to
August rates.

The model matches the 1993 production data fairly well. At the nearfield stations, the model
primary productivity beginsto increase earlier than the data, peakingin Marchrather than April. Themode
computed GPP rates match the June and August observations fairly well. Both the mode and data show
the highest primary production ratesin October. In Cape Cod Bay, themode predicts higher productivity
than at the other locations for January, but both model NPP and GPP rates are lower than the February
data The model computes higher primary productivity in the summer and lower primary productivity in
the fall than were observed in Cape Cod Bay. The modd reproduces the February and March coastal
data, but misses the timing of the increase in April. Beginning in June the mode reproduces the coastal
gationdatafarly well. Againtheobservation can be madethat themode computed GPPis gpproximately
50 percent greater than the NPP.

Model versus datacomparisonsfor the 1994 primary productivity are shownin Figure4-40. The
two dtations sampled show similar patterns except that the near field station hasapeak primary productivity
rate in March and again in October, whereas the harbor edge station does not peak until April and the
October rates are not much higher than the August rates. Overal, 1993 had the highest measured primary
productivity rates and 1992 and 1994 had smilar primary productivity rates. However, the estimates of
primary productivity can vary agrest deal based on the westher conditions on the date a Site was sampled
and the patchiness of the phytoplankton biomass.
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The modd computations for 1994 for both NPP and GPP appear to be high relative to the
observed data, particularly inthelater part of the year. The model reproduces the February through April
datafairly wel, reproducing the peak observed in March. The model GPP over predicts the June and
August *C production estimates, while the model NPP computations compare more favorably. Both the
model NPP and GPP greatly over predict the October data.

4.2.4.2 Community Respiration

Figures 4-41, 4-42, and 4-43 present model versus data comparisons for bottom water DO at
near field and far field Sations (located in Stellwagen Basin) for 1992, 1993, and 1994, respectively. The
top two panels on each figure represent DO measurements taken at depths below 20 meters at the near
fidd stations and below 50 meters in Stellwagen Basin.  The bottom two panels represent model
computations (two-day averages) at the same locations and depths at which the data were taken.

Figure 4-41 presents modd versus data comparisons of bottom water DO for 1992. For the near
fidd stations, the model reproduces the general trend in the data. The highest DO concentrations are
observed and computed in the late winter/early spring. Both the modd and the data show decreasing
oxygen concentrations from the end of March through May, athough the model does not compute as
marked a decrease as observed in the data. Both the modd and data show an increase in oxygen levels
fromMay through July, although the model does not compute aslarge an increase as observed in the data.
Both the modd and data show minimum concentrations of gpproximatdy 6.5 mgO,/L in October. In
generd for the near field stations, the range of modd computations encompasses most of the observed
data. However, themode doesnot reproducethe high DO concentrations observed in February, nor does
it reproduce the magnitude of the DO decrease that is observed to occur between April and May. The
exact cause for the observed DO decline that occurred between April and May remains unclear. Kelly
(1993) attributed the sharp decline to respiration processes associated with the rapid die-off of the
Phaeocystis bloom that occurred in the spring of 1992. However, the possibility doesexist that the decline
in DO could be due to advective trangport of waters low in DO from the Gulf of Maine. The observed
dedine in DO concentrations does coincide with the freshet that occursin late April/May. Unfortunately,
there are no boundary DO data to confirm or refute this dternate hypothesis. It is dso possible that
processes associated with the two hypotheses acted together to result in the rapid declinein DO observed
in the February through early May time period.



DO (mg/L) below 20m

DO (mg/L) below 20m

—_
Iy

—
[

10

14

12

10

Nearfield Stations

DO (mg/L)

DO (mg/L)

14

12

10

14

12

1

(=]

DO in Steliwagen Basin during 1992
Stations FO8,F12,F17,F19,F22

Month

Model DO in Stellwagen Basin during 1992
Stations FO8,F12,F17,F19,F22

T T T T T T T T T

: “,...umlll||“'"“|Iluullllllllllllllmmlllll!!li

Month

Figure 4-41. 1992 Model vs Data DO Comparisons 1992



4-64

The model aso does not compute the magnitude of the increase in DO concentrations that is
observed for the nearfidd ations between the end of May and late July. Again this processis not fully
understood. Kelly (1993) offered two possible mechanisms. Firdt, primary production at low light levels
within the pycnocline may contribute.  Second, the varigbility in the dendty structure of many neer field
dations suggests that physca dratification may, on occasion, be partidly disrupted, thus permitting the
addition of oxygen to the bottom depths of the water column. However, one would expect to see changes
in bottom water temperature if the water column were to destratify and this is not observed in the data
A third hypothesis which has been mentioned earlier relates the increase in DO to primary production by
benthic dgee. This mechanism is not currently in the modd.

The model does, however, seem to compute the approximate range of DO concentrations
observed in the nearfieddd from month to month, and does reproduce the long-term decline in DO
concentrations observed between February and October. Kdly (1993) performed aregresson analysis
onthe DO data from April to mid-October and computed a decline of 0.0136 mg O,/L-d. The modd
estimates a decline of 0.0102 mg O,/L-d during this period.

In Stellwagen Basin, the modd compares reasonably well to the observed DO data. Althoughthe
model does not quite reproduce the high DO concentrations observed in February, themodel does capture
the range of much of the observed data. 1t isinteresting to note that the lowest DO concentrations are not
observed in Stellwagen Basin, the deepest part of the bays, but rather the lowest measured DO
concentrations are observed in the near field area. The model reproduces this feature of the data set.
Kelly(1993) dso performed aregresson andysson the datain Stellwagen Basin and computed adecline
of 0.015 mg O,/L -d between April and mid-October. Themode computesadeclineof 0.0109 mg O,/L-
d.

Figure4-42 presentsmodd versusdatacomparisonsfor DO at the near field and Stellwagen Basin
gationsfor 1993. The model reproduces the DO data collected at the near field stations from February
to May very well. The model does not reproduce the observed increase in DO that occurs from May to
July nor do the model computed DO concentrations decline as rapidly as do the data from July to
September. However, the range of DO concentrations computed by the model does encompass most of
the observed datacollected from August through November. Kelly (1994) repeated hisregressonandysis
for the 1993 near field data and estimated a decline of 0.0180 mg O,/L-d for the period of April to mid-
October. Asacomparison, aregresson on model results determined a decline of 0.0170 mg O,/L-d.
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The mode to data comparison in Stellwagen Basin is more favorable. The model captures most
of the range of the observed data and the dowly declining DO trend. The model does not quite compute
the highest DO concentrations observed in July 1993 in Stellwagen Basin and the moded DO
concentrations do not decline as rapidly from July to October asdo the DO data. The estimated decline
in DO concentrations from data collected between April to mid-October was 0.0181 mg O,/L-d (Kely,
1994) while the modd estimated decline was 0.0157 mg O,/L-d.

Model versus data comparisons for DO concentrations at the near field and Stellwagen Basin
gations for 1994 are presented in Figure 4-43. In generd, the mode does areasonable job reproducing
the observed DO concentrations at the near field stations. However, the mode does not reproduce the
highest DO concentrations observed in the spring nor does the mode fully reproduce the lowest observed
DO concentrationsin thefal. The model does, however, compute a range of DO concentration which
encompass most of the observed data. The May through June increase in DO concentration that was
observed in 1992 and 1993 isnot as evident in 1994. The lowest DO concentrations of the three years
wereobserved in 1994. Themode reproducesthisfeature of thethree year dataset well. Themode dso
does a good job reproducing the observed DO concentrations in Stellwagen Basin during 1994. The
model reproduces most of the observed range of DO concentrations in Stellwagen Basin. Kelly (1995)
estimated rates of decrease in DO concentrations between April and mid-October in the near field area
and Stellwagen Basin were 0.027 mg O,/L-d and 0.022 mg O,/L-d, respectively. The same andyss
performed for modd computations resulted in estimates of 0.0224 mg O./L-d and 0.0218 mg O./L-dfor
the near field area and Stellwagen Basin, respectively.
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43  SEDIMENT MODEL RESULTS

This section presents compari sons between observed sediment flux dataand model computations
for 1992-94. The modd results are compared to the data collected within the particular year being
andyzed. The mode versus data comparisons are shown for two modd segments in Boston Harbor, a
model segment located near the future outfal Site, and a segment located in Stellwagen Basin. Each
sediment figure contains a map showing the locations of the stations being presented.

Figure4-44 presentsmodel versus datacomparisonsof sediment oxygen demand (SOD) for 1992
through 1994. Panel 1 shows the SOD for a station (BHO3) in the northern portion of Boston Harbor.
Except for a high SOD recorded in May of 1993, the moded provides a favorable comparison to the
observed data. During the winter, when water temperatures are at their lowest, biologica activity in the
sediment bedisaso a itslowest level. Consequently, sediment oxygen demand islow, 0.3 gm O,/n?-day,
during thistime. Asthewater columnwarms, primary productivity increases and asaresult organic carbon
deposgition increases. In addition, biological activity in the sediment increases. These processes interact
together to contribute to an increase in sediment oxygen demand. The modd computes its maximum rates
of SOD in July 1994 of gpproximately 2.75 gm O,/mP-day, during which time bottomwater temperatures
are neax their highest levelsin Boston Harbor. The model generdly compares favorably with the highest
observed summertime SOD in each year. As the water temperature begins to decrease, both the model
and data show a decrease in SOD.

Panel 2 shows the sediment modd versus data comparison for astation located in Hingham Bay,
in the southern portion of Boston Harbor. The modd does not compare as favorably to the data in this
segment. The model and data show some evidence of a seasona cycle, but the model overpredicts the
SOD by as muchas 1.5 gm O,/né-day during portions of the year. One reason for the lack of agreement
between model and data at this Sation may be due to an artifact of the data. The data presented in Panel
2 of Figure 4-44 (and Figures 4-45 through 4-49) are from BHO8. This Site was pecificaly selected by
Anne Giblin to represent alow deposition sand environment within the harbor. This was done 0 as to
partialy bound the range of observed fluxes and to alow the congtruction of Harbor-wide flux estimates
given the known distribution of sediment types within the Harbor. However, the mgority of the sediment
bed in Hingham Bay iscomprised of deposgitiond muds (Knebd, 1993). Therefore, datafrom thisste may
not be representative of the fluxes to



SOD [gm Oy mdy ] SOD [gm Oy/ m’dy ]

SOD [gm Oy/ mdy ]

(T2,BH02)

(T8,BHO8)

(11,MB01)

4.00

0.00

Ttrtrrrrrrrrrrrrrrrrrvyvr1irrrrrrrrrvrrrrrt

O . _

lIIlllllJllilllIIlIllIIIlllllIlllll

4.00

3.00

2.00

0.00

4.00

3.00

2.00

TT T 1T T 1T 7 1T 1T 1701

T T rrrrrirreorrrrrrriord

I
| N TN T T Y TN TN W N Y N Y TN NN SN N S N W ¥

A 1 1 1 1 1 1 1 1 i

F I T TN TN T TN (S SN T N N T (NN N TN NN T T T [ |

§ T N T N N N W

JFMAMIJASONDIFMAMIJASONDIFMAMIJASOND
1992 1993 1994

SOD [gm O/ m%dy |

(MBO05)

4.00

3.00

2.00

1.00

0.00

rrrrrrrrrrrrrrrrrrrrrrrrrivrryrrrrroroad

i | z ° . o T

ITr‘rl||l|l|[l]]|1llllll'—r_?llll|‘|‘l_—;'|\

JFMAMIJJASONDIFMAMIJASONDJFMAMIJIJASOND
1992 1993 1994

Massachusetts and
Cape Cod Bays

wee- LEGEND -
O +/-range - Data

- Model

Figure 4-44. Model vs Data Temporal Comparisons for SOD (1992 - 1994)



4-70

be found in Hingham Bay. In fact, this Ste was abandoned after 1994 and flux measurement made & a
nearby depositiona mud station between 1995 and 1997 are more cons stent with the fluxes measured at
BHO3 (Ken Keay, MWRA, pers. comm.) and, therefore, provide amore favorable comparison between
model and data.

Panel 3 presents calibration results for a station located near the future outfal ste. The SOD
measurementsat thislocation are dightly lower than observed in Hingham Bay during May through August,
averaging about 0.6 gm Oy/nP-day. For 1993, the model computes dightly lower rates than were
observed but compares more favorably to the data for 1994. One reason that the model may be
computing low at this Site dso may be dueto asampling artifact. Giblin (1995) hasindicated thet dl of the
sites chosen for nutrient flux sampling in the nearfield region of Massachusetts Bay were depositiona and
were probably accumulating and concentrating organic materiad. There were other locations in the
immediate vicinity of these gations, however, which were found to be non-depositiond. The modd
segments, which are a number of square kilometers in size, encompass both depositiona and non-
depositiona bottom segments.  Since the modd spreads the organic matter over the entire are of the
sediment bed within the model cdll, it is not surprisng that the observations of SOD are dightly
underestimated. The model does, however, reproduce the festure observed in the data wherein higher
SODs are observed inthefal as compared to the summer. Thisisprobably dueto thefact that the deeper
bay waters reach their maximum temperaturesin thefal rather than the summer. Themoded computesthe
highest SODsin 1994 when the highest bottom water temperatureswere observed. Calibration resultsfor
the Stellwagen Basin segment are presented in Pand 4. At this tation the observed SODs are dightly
lower than observed at the future outfal Ste. Thismay be, in part, dueto thefact that this station islocated
in deeper waters, and therefore, it islikely that a greater portion of the particulate organic carbon will be
oxidized in the water column before it reaches the sediment. In addition, this portion of the bay is more
nutrient limited, so there may belessproduction of organic matter in the surfaceweters. Theobserved data
at this location average about 0.39 gm O,/n?-day, while the model computes an SOD rate of
approximately 0.13 gm O,/n?-day. What is encouraging, however, isthat the model does reproduce the
marked differencesin SOD between Boston Harbor and the rest of Massachusetts Bay.

Computed and observed ammonium fluxes () are presented in Figure 4-45 for the same four
mode segmentsfor 1992 through 1994. Comparisons between observed and computed NH, fluxesshow
asmilar spatia pattern to that observed for SOD. There is afavorable comparison between the model
and data in northern Boston Harbor. The highest observed NH, fluxes and model computed fluxes are
observed in northern Boston Harbor. Both the model and data show similar tempord patternsfrom year
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to year. In southern Boston Harbor, the model over estimates the NH, flux. Lower NH, fluxes are
observed a thefuture outfal steand in Stellwagen Basin than in Boston Harbor and themode reproduces
the declining spatid trend very well. The observed NH, data and flux model computations appear to be
sengtive to the water column temperature as was observed for the SOD.

Computed and observed nitrate fluxes (Jyoz) for 1992 through 1994 are presented in Figure 4-46.
The two model segments shown for Boston Harbor provide an interesting contrast to the SOD and
ammonia flux model/data comparisons. The moded over estimates much of the winter and early spring
nitrate flux data at the northern Boston Harbor segment, while model-data comparisons for the southern
Boston Harbor station are quite good. The mode does afairly good job reproducing the observed NO,
fluxes at the future outfal Ste, but in generd, the modd dightly under estimates the NO; fluxesin the first
haf of the year and dightly over estimates the NO; fluxes during the latter portion of the year. The NO;
flux deta a the future outfall Site do not appear to be as strongly correlated to bottom water temperatures
as the SOD rate or the NH, fluxes. The modd, however, digplays the same temperature sgnd as was
observed for SOD and the NH, flux. In Stellwagen Basin the model computes a smal NO; flux into the
sediment while the data indicate there wasasmall NO; flux out of the sediment when measurements were
taken in 1993 and 1994.

Figure 4-47 presents the model versus date comparisons for rates of sediment denitrification for
1992 through 1994. The modd estimates of sediment denitrification compare favorably to the observed
data with the exception of the northern Boston Harbor station, especidly in 1993. However, it should be
noted that there are also differences between the two denitrification data sets (Giblin et. d., 1992, 1993,
1995 versus Nowicki, 1994) in northern Boston Harbor. Overal there is little seasona pattern to be
observed in the dataat any of the stations and the model goes through many of the data points at the future
outfdl gte and in Stedlwagen Basin. There is some suggestion of higher denitrification rates during the
warmer months in Boston Harbor; however, the model results are counter to this observation.

The 1992 through 1994 mode versus data comparisonsfor inorganic phosphorusfluxes (Jo,) are
presented in Figure 4-48. Excluding one exceptiondly high rate observed in Boston Harbor in May of
1993, the data indicate the PO, flux rates to be correlated to temperature. The highest rates in Boston
Harbor are observed during the summer, and in Massachusetts Bay the highest PO, flux rates are observed
inthefal. Themodd reproducesthistempora pattern. Spatialy the mode results are smilar to those for
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Figure 4-45. Model vs Data Temporal Comparison for Ammonia Flux (1992 - 1994)
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Figure 4-46. Model vs Data Temporal Comparison for Nitrate Flux (1992 - 1994)
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Figure 4-47. Model vs Data Comparison for Denitrification (1992 - 1994)
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SOD and Jys. Themodd doesafairly good job reproducing the fluxesin northern Boston Harbor, while
over predicting the flux rates in southern Boston Harbor. At the future outfal site and the station in
Stellwagen Basin the PO, flux ratesare quite abit lower than in Boston Harbor and the model reproduces
these rates very well.

Comparisons of themodd versusdatafor slicafluxes(J;) are displayed in Figure 4-49 for 1992
through 1994. For the northern Boston Harbor segment, the model compares somewhat favorably to the
data except for the high rate measured in May of 1993 and the extremely high rate observed in July of
1994. The modd over predicts the July 1993 measurement in Hingham Bay. Unlike the other fluxes
measurements that were made, the silicaflux does not appear to have the same spatia trend. Slicafluxes
inMassachusetts Bay are as high or higher than those observed in Boston Harbor. The model significantly
under predicts the slica fluxes outside of Boston Harbor. During this analysis an attempt was made to
improve the sediment sub-modd cdibration of slicaflux by increasng the detritd source of slicato the
sediment. While this action increased the computed slicafluxes, it did not do so to the degree required
to fit the slicaflux data More data on the pore water and solid phase composition of the sediment may
help in the understanding of the model’ s shortcoming of computed fluxes. However, the underestimation
of slica fluxes does not appear to have a Sgnificant adverse impact on the overal water quality mode
comparison to data.
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Figure 4-48. Model vs Data Comparison for Phosphate Flux (1992-1994)
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SECTION 5

OVERALL ASSESSMENT OF MODEL
PERFORMANCE

51 INTRODUCTION

MWRA basdline monitoring has shown that there are consstent seasond trends in water quality
parameters and, as discussed in this report, the Bays Eutrophication Model (BEM) represents most of
these trends very well. However, as noted in numerous MWRA reports (e.g. Kdly and Turner, 1995),
there are severd important water quaity parameters that vary subgtantidly from year-to-year. Itisthese
extremes of variability that alow for an examination of the limits of predictability of the modd. In this
section, we shdl evduate the inability of the BEM to reproduce the unusua water qudity characterigics
that were observed in 1993 and 1994 (a strong fal dgal bloom and low bottom water dissolved oxygen
concentrations, respectively) and provide acomprehensive explanation asto the reason these events were
missed by the modd.

52 1993 FALL BLOOM OF ASTERIONELLOPSIS GLACIALIS

The mgor water quality event of 1993 was the bay-wide bloom of the diatom Asterionellopsis
glacialisinlate August through October. Themode computationsfor chlorophyll concentrationsfor 1993
captured thewinter-spring bloom at Cape Cod Bay stations (FO1 & F02) and were generally in agreement
with the monitoring data, with the exception of the high chlorophyll concentrations associated with the fall
bloom (Figure 5-1). Along the western edge of the nearfield area (Sations NO1 and N10), chlorophyll
concentrations were underestimated for most of the summer and early fdl. It isthe inability of the mode
to reproduce thiswater quaity event that is examined below.

High productivity, high chlorophyll, and high cdl counts usudly are concomitant with high biomass
concentrations, but a review of the water quality data does not show evidence of higher than normal
particulate organic carbon (POC) or nitrogen (PON). Asshown in Figure 5-2, POC concentrationswere
elevated during the winter-spring bloom in Cape Cod Bay, but in comparison to the elevated chlorophyll
observed in October thereisreatively little change in the measured POC concentrations going from spring
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through summer to fal. The exceptionis station N10P, which showsan increase of gpproximately 0.1 mg
CIL over spring/summer vaues. Given this contradiction in the biomass parameters, it is possible to argue
that even though the modd did not capture the fdl A. glacialis bloom event it was able to accurately
represent the fdl trends in carbon for this system. The questions that need to be addressed are:

. Why is there an apparent contradiction in the various biomass parameters that were
measured in October 1993?

. Why didn’t the mode capture the fall bloom of 1993?

. Is missing the bloom (chlorophyll) a problem if the modd is able to accurately reproduce
trends in the other important parameters (carbon, dissolved oxygen, etc.)?

At dl Massachusetts Bay Bioproductivity stationsthefal A. glacialis bloom was dominant at both
asurface and chlorophyll-maximum depths.  As presented in Table 5-1, the devated chlorophyll
concentrations were coincident with high phytoplankton counts (1 to 6.5 million A. glacialis cdlgL) and
very high production rates (4-8 g C/n¥/d at the nearfield stations). POC concentrations ranged from 0.10
to 0.45mg C/L at the Bioproductivity stations. In Figure 5-2, it appearsthat thereisonly adight increase
in POC during October in comparison to the large increase in measured chlorophyll concentrations.
Though the concentration of POC may be rlaively uniform, the constituents that makeup the POC were
changing from summer to fal conditions. The mixed phytoplankton assemblage (microflagellates and
cryptomonads dominating) and relatively high C/Chlaratios, due to both species characteristics and high
light intengity, were being replaced by adiatom monoculture with higher per cdll chlorophyll concentrations
due to decreasing irradiance.

To evduate this further, we have calculated an estimate of phytoplankton carbon (PPC) based on
the cdll countsof A. glacialis and a per cell carbon equivalence of 73.09 pg/cell (Lacouture, 1999). The
estimated PPC was then compared to the measured POC to evauate what percentage of the total POC
was comprised of carbon from the bloom species. At the nearfield and coastd stations, PPC represented
60% to 160% of the POC. Though the errors involved in this type of estimation may be large, the
evauation suggests that the POC concentrations that were measured are reasonable for the chlorophyll
conditions that were observed during the A. glacialis bloom in October 1993.
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Table5-1. Phytoplankton, Chlorophyll, Organic Carbon, and Productivity Data Collected at BioPr oductivity Stations
October 1993. (Phytoplankton Carbon (PPC) was calculated as#cells X 73.09 pg/cell)

Station Depth #cdls Chla Production POC PPC %PPC C/Chla
(m) A. glacidis (ugL) | (mgC/M%d) | (mgCL) (mg/L) of POC Ratio
Fo1 235 86000 461 2324 0.12 0.00 0% 26
Fo1 6.83 61000 4.46 2002 0.10 0.00 0% 23
Fo2 229 853000 5.23 2661 0.18 0.06 3% 35
Fo2 1354 808000 5.20 2194 0.17 0.06 35% 32
F13 159 4835000 1151 2334 0.28 0.35 128% 24
F13 11.09 3783000 11.28 2895 0.27 0.28 102%, 24
F23 234 1239000 482 2129 0.29 0.09 31% 60
F23 1093 1629000 4.90 2929 0.33 0.12 36% 67
NO1 0.88 5775000 1212 7973 0.34 042 126%, 28
NO1 1332 6072000 1341 7535 0.30 044 149% 2
NO4 25 4674000 9.14 4308 0.30 0.34 114% 3
NO4 1192 3669000 8.00 4227 0.37 0.27 2% 46
NO7 214 1476000 591 4715 0.17 011 63% 29
NO7 8.7 1669000 4.34 6354 0.20 0.12 60% 47
N10 1.05 5775000 17.67 4555 0.28 042 149% 16
N10 8.96 5249000 16.01 5008 0.32 0.38 119% 20
N16 116 2766000 6.82 5356 0.24 0.20 84% 35
N16 1921 5133000 12.45 5875 0.23 0.38 164% 18
N20 145 6505000 17.76) 3795 0.37 048 129% 21
N20 16.66) 6398000 20.37 4743 045 047 105%, 2

Inone senseit isrelatively easy to say why themodel did not reproducethefal A. glacialisbloom
and that is the fact that the mode was not designed to reproduce monoculture or monospecific blooms.
The question to answer before any water quality model can Smulate the growth of aspecific dgd species
is, “What causes (or caused) a specific speciesto bloom?” The complexity of the nutrient, biologica and
physicd factors that contribute to the ability of a specific phytoplankton species to outcompete other
gpecies and achieve bloom concentrations has been the focus of research for many years. The scientific
community has yet to adequately characterize these factors and their complex interactions, so we cannot
expect a modd to fully capture these ecologica responses, especially when they do not occur with
regulaity, e.g., theA. glacialis bloom occurred in thefal of 1993 but not 1992 or 1994. Thissad, there
are a number of biologicd factors that can be examined to determine if adjustments in the relationships
and/or assumptions within the model might result in more accurate representation of the monitoring data
for October 1993.
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A change in the top-down control of phytoplankton has been suggested asapotentid factor inthe
occurrence of the A. glacialis bloom. A comparison of 1992 and 1993 data indicated that the generd
zooplankton trends and species were Smilar between the two years except for much higher zooplankton
countsin August 1992. Elevated zooplankton numbersin August (and potentialy September though no
data on plankton were collected during this month) may have resulted in higher grazing pressure and lower
phytoplankton counts from August through the fal months in 1992. The lower concentrations of
zooplankton in August 1993 and the concomitant lower grazing pressure could have been afactor in the
initiationand development of theA. glacialisbloom. By adjusting theinteraction between grazing pressure
and phytoplankton growth, the mode might be able to more accurately track the development of fall
blooms. While this may be a reasonable approach, i.e., to treat the effects of zooplankton grazing as a
forcing function with year to year variability, it begs the question, “Why were the 1993 zooplankton levels
lower than 19927’

The phytoplankton assemblagesin themodd are broken down into asummer “mixed assemblage’
and awinter “diatom assemblage’. There are anumber of important rate constants that vary according to
which assemblage is being used: temperature optimum, carbon to chlorophyll-a (C/Chl-g) ratio, and
carbor/slicate (C/BS) ratio. By varying the assemblage used and the associated rate constants, the choice
of mixed or diatom assemblages effects not only the potentia production rate, but dso the chlorophyll and
dlicate concentrations (along with other parametersthat have rel ationshipsthat are more deeply imbedded
inthemode). Inthe modd, the summer assemblageis used during the summer/fal months (June-Aug) and
the winter assemblage during winter/spring months (Sept-May). Thetemperature optimum for summer and
winter assemblages are 18° and 8° C, respectively. In October 1993, surface water temperatures were
11+1°C throughout the Bays. Despite introducing the winter diatom group into the model in September,
the winter group was not able to achieve the biomassleves of thefdl A. glacialis bloom as suggested by
the chlorophyll and dissolved slicadata. In part thisis due to the fact that the BEM winter diatom group
represents a generic diatom population and not aspecific monoculture. 1n order to capture the fal bloom,
it would probably be necessary to add a third phytoplankton species to the modd.

Another factor contributing to under estimating the 1993 fal algd bloom isthe carbonto chlorophyll
ratio of theA. glacialis. The C/Chl-aratio used by the model for the summer and winter assemblages are
65 and 40 mg C/mg Chl-a, respectively. In cdculating chlorophyll concentrations, the underestimation of
phytoplankton carbon for October 1993 is compounded by the overestimate of the C/Chl-aratio. Asa
amplistic example, we usad avaue of 0.3 mg C/L for the fall phytoplankton biomass based on observed
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data at stations NO1P and N10P. By using the associated C/Chl-a ratio, we caculated chlorophyll
concentrations of 4.6 Fg Chl-alL usng the summer assemblage condition and 7.5 Fg Chl-alL using the
winter assemblage condition. Both of these vaues are below the maximum chlorophyll concentrations of
12-16 Fg/L observed at these sations.

To take this example one step further, the C/Chl-a ratio of 40 used for the winter diatom
assemblage might betoo high for the particular conditions observed in October 1993. Figure 5-3 presents
a comparison of the C/Chl-aratio and A. glacialis cell counts a the BioProductivity stations (the C/Chl-a
ratiosareasoligedin Table5-1). At thestationswherethe bloom was strongest (>5.0E+06), the C/Chl-
aratio was gpproximately 20. If we use thisratio, we calculate achlorophyll concentration of 15 ug Chl-
alLL which is more congstent with the data. Once again the caculation is smpligtic, but it does provide a
possible explanation of how the modd may have missed the bloom in chlorophyll. It dso suggests that
chlorophyll may not be the best indicator of dgal biomass, since the chlorophyll content of phytoplankton
may vary as afunction of species, aswell aslight and nutrient status.

A similar case can be made as to why the model did not accurately reproduce the draw down of
dissolved slica(DSl) that was observed in the monitoring data (Figure 5-4). The C/BSi ratios used by the
mode for the summer and winter assemblages are 7.0 and 25 mg C/ mg Si. The fact that the model
computesafdl phytoplankton population that islargely comprised of the summer mixed assemblagerather
than the winter diatom assemblage means that silica uptake is under estimated by the model.

One of the gods of the BEM isto be able to forecast potentid problems and thisis accomplished
by evauating extreme conditions for specific indicators (DO, chlorophyll, etc.). Theinability of the mode
to produce thefdl A. glacialis bloom of October 1993 does not serioudy effect thisgod. Firdt, while
comparisons of modd computations to observed chlorophyll and dissolved slica data suggest that the
mode missed the fall bloom modd, data comparisons for POC (Figure 5-2) suggest that the modd is
predicting algal biomass, as measured by organic carbon, reasonably well. Second, since the bloom
occurred in thefdl just prior to the seasond overturn of the water column, it did not appear to strongly
effect bottom water DO concentrations. During the winter-spring bloom, the increase in phytoplankton
biomass eventually leads to an increase in bottomwater respiration and adecreasein DO concentrations.
If the model were to miss astrong winter-spring bloom, it would be difficult to have any confidencein the
modd’s representation of the summer DO concentrations. However, in this case, both the modd and
monitoring data support the notion that thefall bloom (or lack thereof) had little effect on bottom water DO
concentrations.



C/Chla Ratio

80

70

60

50

40

30

20

10

0

October 1993

*e

T ——r S — T

0.0E+00 1.0E+06 2.0E+06 3.0E+06 4.0E+06 5.0E+06 6.0E+06 7.0E+06

Asterionellopsis Glacialis (cells/L)

Figure 5-3. C/Chlorophyll-a Ratio vs. A. glacialis concentration for October 1993



Si [mg/L]

Si [mg/L]

Si [mg/L]

0.60

0.50

Massachusetts and
Cape Cod Bays

(o] - Surface Si Data
- Bottom Si Data

—_— - Model Surface Avg
_— - Mode! Bottom Avg

Si [mg/L]

Si [mg/L]

Si [mg/L]

1993 Temporal Calibration Results for DSi




5-10

53 1994 OCTOBER DO MINIMA

During each of the years from 1992 to 1996, the data have shown the strong seasonal declinein
bottomwater DO over the summer and early fal. Themodd was ableto track the seasond declineof DO
concentrations reasonably well for 1992, 1993, and 1994, but was not able to achieve the extreme low
concentrations that were observed in the nearfield for October 1994 (Figure 5-5). Thedatacollected from
other regionsin October 1994 wererepresented quite accurately by the model with the exception of station
FO7, which isin the vicinity of the nearfield area (Figure 5-6). Given theimportance of understanding the
DO characterigtics of the nearfield area, we have examined the monitoring datato learn why themodd was
unable to predict the low DO concentrations that were observed in 1994.

There are anumber of physicd and biologica factors that lead to the seasond decline of bottom
water DO concentrations and control the extent of the decline. The establishment of dratification of the
water column in the spring or early summer separates the water column into a surface layer, which is
generdly saturated or supersaturated with DO, and a bottom layer that isisolated from sources of oxygen
and becomes under saturated with respect to DO. The surface layer has two sources of oxygen: 1)
autotrophic production and 2) direct aeration from the aimosphere. At the nearfield and other offshore
gtations, thein situ production of oxygen by phytoplankton isgenerdly restricted to the upper layersof the
water column (induding subsurface chlorophyll maximum near the pycnoding) due to light limitation at
greater depths. Thus the bottom layer isisolated from sources of oxygen while sratified conditions exist
and, as water temperatures increase, there is an increase in water column and sediment respiration that
leads to the decline in oxygen concentrations in the bottom water.

This process occurs each year, yet, as was indicated by the monitoring data collected in 1992-
1996 (Table 5-2) , the extent of DO decline varies. In order to determine why the model was unable to
achieve the low DO concentrations of 1994, we need to understand the factors that lead to the variations
observed in the monitoring data. Important physical and biologica factorsthat affect the magnitude of the
DO decline include:

. Initid bottom water DO concentretion at the establishment of Stratified conditions

. Biologicd processes (production and respiration)

. Vaidions in dratification (duration, strength, ventilation events, depth of pycnocline,
bottom layer thickness)
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Table5-2. Bottom Water Dissolved Oxygen Concentrations in the Nearfield Area at the Establishment of Stratified
Conditions and the Minimum Values Observed.

Y ear Mean DO (mg/L) Rate of Decline Mean DO (mg/L) DO Minimum
June Survey (mag/L/d) Survey Minimum (mg/L)

1992 9.91 -0.024 757 7.10

1993 10.18 -0.025 7.85 6.7

1994 9.06 -0.031 6.2 482

1995 ~9.2 -0.027 6.6 5.67

1996 ~9.9 -0.025 755 7.27

*1992-1994 data taken from Kelly and Doering 1998
**1995 & 1996 datataken from Cibik et al. 1996 and Cibik et al. 1998 (mean DO in June estimated from figure)

In 1994, dratified conditions were established in the nearfield by the June survey and the mean
bottom water DO concentration was 9.06 mg/L, which was about 1 mg/L lower than the DO
concentrations observed in 1992 and 1993 at the onset of Stratified conditions. It was also lower than the
mean bottom water DO concentrations observed in subsequent monitoring years, 1995 and 1996 (Table
5-2). Kdly and Doering (1995) have suggested that the rate of DO decline over the course of the summer
and fdl isrdaively conssent and therefore the concentration of bottom water DO at the early phases of
seasonal dratification is a good indicator of potentid bottom water DO problems. 1t follows thet if the
model incorrectly represents bottom water DO at the onset water column gratification (i.e. too high a
concentration), themodd may asofail to reproduce the DO minimum concentrations observed in October.
A review of the modd output for 1994 presented in Figure 5-5 shows that the mode was able to
adequatdy reproduce the bottom water DO concentrations from April through June. Therefore, though
initid bottom water DO concentrations may be a good early-warning indicator of low fal DO
concentrations, it is not the reason that the modd was unable to reproduce the minimum DO observed in
the nearfield in October 1994. It should be noted that the rate of oxygen declineisjust astraight forward
mathematical computation and does not offer any explanation asto causdlity. It should aso be noted that
the 1994 rate of declinewas 23% higher than the averagerate of declinefor 1992, 1993, 1995, and 1996.

Two processes could contribute to the observed decline in bottom water DO observed in 1994,
biologica and physicd. Biologica processescould control thereduction of DO concentrations, Sncewater
column and sediment respiration contribute to the decrease in DO concentrations in bottom waters. The
amount of organic materid that isavailable setsan upper limit on therate of metabolism and, inthe nearfidd
bottomwaters, the main sources of organic materia are primary production in the upper water column and
advection of particulate organic matter from coastal waters. 1t would be expected that the measurement
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of high biomass concentrations or production ratesin the nearfield would correl ate with low bottom water
DO concentrations, in that the more organic materid available, the higher the potential metabolism and
decrease in DO concentrations.  Biomass concentration (chlorophyll, POC, phytoplankton) and primary
production, however, were not elevated in 1994 compared to other years. As mentioned above, high
chlorophyll concentrations, phytoplankton counts, and production rates were observed in 1993, yet
unusually low DO concentrations were not detected. Thus it appears, for these monitoring years, other
factors (temperature, sedimentation rates, mixing, etc.) must have effected the extent towhich the biological
processes regulated DO concentrations in 1993 and 1994.

The relative importance of biologica and physica processes has been discussed by a number of
researchersin other forums. In this instance, however, the important point is that the monitoring data do
not indicatethat annua variationsin biologica parameters (chlorophyll, production, etc.) directly influenced
the trendsthat were observed for bottom water DO concentrationsin 1993 and 1994. With the exception
of the 1993 fdl bloom, the model adequately reproduced thetrendsin biologica parametersfor 1993 and
1994. Thissuggeststhen, asdo themonitoring data, factors other than biology contributed to the unusudly
low DO concentrations observed in 1994.

Concurrent with rdatively lower DO concentrationsin 1994, field monitoring showed high bottom
water temperatures (>12°C or 3-4°C above 1992-1993) and a deepened pycnocline prior to the fall
overturn of the water column. Kelly and Doering (1998) concluded that these factors interact with
metabolic processes|eading to the observed trendsin DO decline and the spatia/tempord variability in DO
minima The effect of temperature on the rates of metabolic processesiswell characterized and, sncethe
modd reproducesthetemperature trends accurately, variationsin temperature appear not to bethereason
the modd missed thelow DO concentrationsin the bottomwater. Variability inwater column dtratification,
however, may have an effect on bottom water DO decline that is not sufficiently captured by the modd.

The most obviousway thet ratification might vary from year to year istheduration of Stratification.
The data, however, indicate that for 1992 to 1996 the duration of Sratification and the timing of the DO
minima (October survey) arerdatively consgent. The*strength” of gratification refersto the ability of the
bottomwater to communicate with the DO rich surfacewaters. This primarily occursthrough event driven
inputs of DO rich waters or by vertical diffusion. Cibik et d. (1998) have shown that for the 1996
monitoring year there were a number of storm eventsthat led to ventilation of the nearfield bottom waters.
Thiswasnot afactor in 1994, asthe wegther wasre atively cam and the only way ventilation eventswould
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have affected the modd result would have been if therewere“ storm events’ within the moded data, which
was not the case. Kelly and Doering (1998) modd results suggest that verticd diffuson of DO from
surface to bottom water has minimd influence on the rate of DO decline in bottom waters. The eddy-
diffusion coefficient used in their andlysiswas astandard nomina rate of 0.1 cn?/sec and adoubling of this
rate had limited effect on their results. It isexpected that variationsin verticd diffusoninthe BEM did not
result in the higher than measured bottom water DO concentrations.

An interesting result from Kelly and Doering (1998) was the effect that changes in bottom layer
thickness had on DO concentrations and the rate of decline. The thickness of the bottom layer in the
nearfield area varies temporally based on the depth of the pycnocline and spatiadly based on variationsin
water column depth due to bathymetric doping and topographic irregularities. They found that the late-
season degpening of the pycnoclinein 1994 had asignificant effect on DO decline. Thedeeper pycnocline
meant that there was a thinner bottom water layer and, by default, an enhanced contribution of sediment
respirationto DO decline. They took thisastep further and suggested that, in contrast to the effect of late-
Season deepening, ashallow pycnocline a the onset of dratification may moderate seasond DO decline
by alowing mid-water primary production to introduce DO to the bottom water layer. Spatialy the
variability in bottom water DO results from changes in bottom layer thickness, aswell asdueto ageneral
west to east increase in depth, and the topographica heterogeneity across the nearfield area.

Thisfinding has interesting implications on how the BEM dedls with changes in pycnocline depth
and theresulting effect on bottom water DO concentrations. The BEM isverticaly grouped over 10sgma
levels or 10 layers of uniform thickness based on the overdl depth of the water column. In the nearfield,
the thickness of these layers range from 2.4 to 5.5 m based on the nomina station depths. The resolution
of themodd issuchthat if the pycnocline degpensthe thickness of the* bottom layer” will not decrease until
the pycnoclineentersalower sgmalevd. Toilludratethispoint, we use station NO4 asand example. This
station hasanomind depth of 50 m and themode sgmalevesareequd to5m. Assuming the pycnocline
is a 40 m, there is a 10-m thick bottom layer. If we use a moderate sediment oxygen demand of 1 g
O,/n-d, thereisa0.1 mg O,/L-d rate of DO decline within this bottom layer. If the pycnocline degpens
to 43 m, therewould bea0.14 mg O,/L -d rate of DO declinewithin the bottom layer. Sincetheresolution
of the modd will not adjust the pycnocline depth (or bottom layer thickness) until it degpens to the next
sgmaleve, the modd would ill account for a0.1 mg O,/L-d or a 30% lower decrease in bottom water
DO. Thisexample clearly illustrates that the degpening of the pycnocline during late-season dratification
can result in Sgnificant differences between the rates of in situ and modeled DO decline.
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Another physica factor that may have contributed to thelow DO concentrations observed in 1994
is the horizonta advection of low DO concentration waters from the Gulf of Maine. Some evidence to
support this hypothesisis suggested by the increases in bottom water salinity and temperature in the late
summer and fal of 1994 (Figure 4-10) versus 1992 and 1993 (Figures 4-8 and 4-9, respectively). Since
the only way bottom sdinity can increase is from import from the Gulf of Maine and Snce the increasein
bottom water temperature does not appear related to vertica exchange with surface waters, because the
bottom waters do not appear to be re-oxygenated with oxygen-rich surface waters, this might suggest a
horizontd influx from the Gulf of Maine.

Though it isimportant for the modd to accurately reproduce the low DO concentrations observed
inthe fdl, the fact that the modd was unableto achieve the unusually low concentrationsin October 1994
should not be overemphasized. Themodd represents mean trendsand may have more difficulty expressng
locaized or fleeting events. For example, the mode was able to reproduce the trend in lower DO
concentrations for the bottom watersin 1994 versus those in 1993 even though it was unable to achieve
the extreme low values observed in October 1994. The actua in situ variability in DO was quite highin
that time period. Thelowest DO concentration, 4.82 mg/L, was observed at station N10 on October 13™,
but on the previous day the bottom water DO was 6.25 mg/L. There are a number of factors that may
have caused this change (or discrepancy) including tidal diasing. Kdly et d. (1995) noted tiddl effects at
gations including N10P that are rdatively shdlow and in the midst of irregular bathymetry. The
combination of tidal changes and irregular bathymetry make repeated sampling at the same height above
bottom difficult. As discussed above, minor variations in sampling depth could sgnificantly dter the
observed DO concentration especidly during the critical season when near-bottom temperatureishigh, the
bottom layer is thin, and sediment oxygen demand is high.
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SECTION 6

MASS BALANCE ANALYSIS

6.1 INTRODUCTION

Oneissue that has been very controversd during the design and congruction of the future outfal
pipe is the question as to the impact of the MWRA effluent on the Massachusetts Bays system, including
Cape Cod Bay. An anayss of the contribution of MWRA''s effluent to the internd loading to the
M assachusetts Bay' s system estimates that approximeately 55 percent of the nitrogen and 65 percent of the
phosphorus directly entering the bay are attributable to MWRA (Figure 2-1). This anadyss ignores,
however, apotentidly large source of nutrients and organic matter entering the Massachusetts Bays system
from the Gulf of Maine. In order to evauate this contribution a globa mass balance calculation was
performed.

6.2 1992 NITROGEN MASSBALANCE

A mass baance anadysis for nitrogen during 1992 was conducted with the calibrated mode to
edimatetherelativeimportance of each source and sink of nitrogen in Massachusetts and Cape Cod Bays.
Figure 6-1 presents adiagram of the mass baance that was performed. The analysis was completed for
totd nitrogen as well as dissolved inorganic and organic nitrogen. Sourcesof nitrogen to the bay included
intheandyssweretheMWRA WWT Ps, other WW T Ps, non-point Sources, riverine sources, atmospheric
deposition, and the Gulf of Maine. Sinks of nitrogen from the entire system are burid to the sediment,
denitrification, and nitrogen associated with flow exiting Massachusetts and Cape Cod Bays. The mass
bal ance around the water column included the deposition of PON to the sediment and the flux of NH, and
NOj into or out of the sediment. In generd, the net flow was directed into M assachusetts Bay near Cape
Ann and directed out of Cape Cod Bay near Race Point.

Figure 6-2 repeats the mass diagram on the | eft Side of thefigure and includes model computations
(kg/day) for each of the sources and sinks of nitrogen on theright. The summary table presented in Figure
6-2 indicates that only 3% of the TN entering Massachusetts and Cape Cod Bays is from the MWRA
trestment plants while the boundary contributes 92% of the TN. Theremaining sources contribute 5% of
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the TN load to Massachusetts and Cape Cod Bays. The MWRA WWT Ps contribute 4% of the DIN load
to Massachusetts and Cape Cod Bays. Only 1.6% of the TN entering system islost by sediment burid
and 4.8% of the TN is logt from the system through denitrification. The remaining nitrogen exits with the
flow a Race Point dthough it may bein a different form than when it entered. It isinteresting to note, that
the mode predicts that nearly 50% of the PON that is depodited to the sediment is later lost from the
system through denitrification.

6.3 REGIONAL ANALYSIS

The andysis just presented performed a globa mass baance for nitrogen. It indicates that over
anannua cycleonly 3 percent of thetota nitrogen entering the M assachusetts Bays system originatesfrom
MWRA. However, this analyss does not provide any seasond or regiondized overview of MWRA
effluent within the Massachusetts Bays system. In order to provide some ingight into this question two
additional modd runs were performed. These runs involved the use of two conservative tracers. One
tracer represented an input along the current or future MWRA outfdl, while the second tracer represented
aninput at the northern boundary to Massachusetts Bay, near Cape Ann. Thetracer at the MWRA outfal
utilized a time-variable concentration equa to the total nitrogen effluent concentration discharged by
MWRA in 1992. Thetracer at the northern boundary utilized a time-variable concentration equd to the
total nitrogen prescribed for the 1992 calibration. The time-series of these tracer concentrations are
presented in Figure 6-3. Ascan be seen, the MWRA tracer concentration ranges between approximately
13.5 and 27 mg/L, while the boundary tracer ranges between 0.11 and 0.27 mg/L in the surface and 0.26
and 0.34 mg/L inthebottom. Inthefirst smulation, themodd wasrun using the 1992 hydrodynamics, the
MWRA effluent (Figure 6-3) discharged at the current outfal Site, the prescribed boundary conditions
(Figure 6-3), and assuming zero initid conditions. The modd aso assumed that dl of the tracer materid
entered the system in the dissolved form and that the tracer was conservative. Whiletota nitrogen entering
the Massachusetts Bays system is comprised of both dissolved and particulate forms, the latter of which
can settle, and while nitrogen is not necessarily a conservative materid, the results provided from this run
should provide some ingght into the possible spatia and tempord digtribution of MWRA'' s effluent within
Massachusetts Bay and Cape Cod Bay. In the second smulation, the model was run using the MWRA
effluent (Figure 6-3) discharged at the future outfall Site, the associated future outfal hydrodynamics, the
boundary conditions as prescribed in Figure 6-3, and assuming zero initia conditions.
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Figure 6-4 provides atime-series analysis of tracer concentrationsi.e., the current outfall location
(COL) for five locations in the Massachusetts Bays sysem. These locations included three segmentsin
northwestern Massachusetts Bay (corresponding to sampling locations N10, N21, and NO4 in the vicinity
of the future outfal) and two segmentsin Cape Cod Bay (corresponding to FO1 and FO2). The solid line
represents thetime-series of thetota tracer concentration, while the dashed line representsthetime-series
of the percent contribution of the MWRA tracer effluent to thetotal tracer concentration. Ascan be seen,
even for the stations located near the present MWRA discharge, the tracer associated with the boundary
condition dominates for much of the year. The exception is during the summer months, when the surface
tracer concentrations at the boundary decrease rlativeto the winter months. Thischangein the boundary
conditionresultsin the MWRA contribution to the tota tracer concentration increasing to between 40 and
50 percent. One can dso observe a dilution gradient for the three northern locations, with the NO4 site
having consderably lessMWRA tracer than N10. The two Cape Cod Bay |ocations show even less of
a contribution from MWRA to the totd tracer concentration, a maximum of less than 20 percent. In
addition, it appears asif tota tracer reaching these two locations is less time-variable. In fact, minimum
summer tracer concentrationsin Cape Cod Bay aredightly higher than the minimum summer concentrations
computed at the three Massachusetts Bay segments. This may be due to the circulation of the
Massachusetts Bays system, wherein the largest influx of water into Cape Cod Bay from Massachusetts
Bay occursduring thelatewinter and spring, coincident with the spring freshet entering Massachusetts Bay
from the Gulf of Maine.

The results of the second smulation runfor thefuture outfall location (FOL ) are presented in Figure
6-5. A number of interesting festures rd ative to the current outfal run (Figure 6-4) can be noted. Thefirgt
featureisthat the concentration of tota tracer islower at station N10 for the FOL run and that the MWRA
contribution is lower year round. These results occur because N10, which is close to Boston Harbor,
received a sgnificant portion of the tracer in the waters leaving Boston Harbor under the COL, while for
the FOL apparently the circulation of the M assachusetts Bays system does not advect asignificant portion
of the tracer from the FOL to N10. In addition, the MWRA contribution does not increase during the
summer monthsat N10 (aswell asthe other nearfield stations N21 and N04) dueto the fact that the tracer
is trgpped below the pycnocline during the summer months and does not reach the surface layer. The
second feature to note is that total tracer concentrations are higher during the winter/early spring and late
fdlinter months and lower during the late gpring/summer/early fdl for the FOL.
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Figure 6-4. Results of Tracer Analysis for the Current Outfall Location
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MWRA'’s contribution to the tota tracer for the FOL run follows areverse pattern to the COL run, higher
during the winter months and lower for the summer months. These results occur because N21 isin the
immediate vicinity of the future outfal Ste and during the winter months the MWRA tracer reaches the
surface waters, while during the summer it remains trapped in the subsurface waters. Thefind festure to
noteisthat thereislittle or no difference between the COL and FOL runsfor thetwo stationsin Cape Cod.
The western Cape Cod station (FO1) receives between 10 and 18 percent of the MWRA tracer, whilethe
eastern station (FO2) receives less than 10 percent (other than a short spike associated with spinning up
the modd from the zero initid conditions).
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