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Executive Summary

Applied Science Associates, Inc. (ASA) has performed selected studies
on the transport and fate of PCB's and other materials in the Acushnet
River estuary and New Bedford inner and outer harbors. Studies described
here 1include (1) a continuous dye release from the upper harbor to
determine the dispersion characteristics (dilution versus distance) and
flushing time of the estuary, (2) estimates of the diffusive flux of PCBs
from the sediments in the upper estuary (north of Coggeshall Street Bridge)
into the water column, (3) assessment of the total PCB mass in the
sediments and water column, (4) simulations of the vertically averaged wind
driven circulation in the estuary in response to local and monlocal wind
forcing and (S) model simulation of a continuous release from the Cornell
Dubilier site. The work reported here is an extension of earlier studies
performed by ASA (1986) on modeling the circulation and pollutant transport
dynamics in the region.

The results of the studies are summarized below:

(1) Dye Release

A continuous dye release study was performed to determine the dilution
for a conservative substance (no growth or decay) released in the upper
estuary near the Aerovox facility. Also of interest are the dispersion
characteristics of the dye as it is transported toward the harbor mouth and
the flushing rate of the entire estuary (north of the hurricane barrier).
If we assume that PCBs suspended in the water column, either in dissolved
or particulate form, can be treated as a conservative substance, then the

dye release experiment presented here is a reasonable analog to the



expected water column transport and dispersion of PCBs in the system.

Rhodamine WI dye was released at a discharge rate of 29.1 mg/s (100%
Rhodamine WT by weight) to the Acushnet River estuary, approximately 50 m
eastward of the Aerovox facility mean low water property boundary. The dye
was mixed with freshwater (1580 cm’/s) to approximate the receiving water
surface density.

The release began at 0700 EST on December 15, 1986 and continued for a
period of 8 days until 1300 EST December 23, 1986. The duration of the
release was selected to ensure that the dye concentrations within the
estuary reached approximate steady state conditions.

Fluorescence levels in the estuary, from the Aerovox facility to just
south of the hurricane barrier, (45 stations) were measured using a Turner
Design Model III flow-through fluorometer. Measurements were made at
standard vertical depths (0., 0.61, 1.26, 2.44, 3.66, 6.1 and 7.32 m,
referenced to the surface).

Daily measurements were generally made at low tide (+ 2.5 hrs) from
15-29 December 1986. Fluorescence measurements were converted to dye
concentrations using laboratory calibration curves and were subsequently
corrected for background fluorescence levels, taken on December 12, 1986,
before the release was initiated. Background concentrations were generally
low (0.02 - 0.04 ppb) in the lower harbor (south of Route 6 bridge) but
were substantial, (0.27 - 0.44 ppb) north of Coggeshall Street Bridge.

By 21 December 1986 dye concentrations within the estuary ac¢hieved
steady state conditions with the estuary average concentration varying by
not more than 10% from the mean value. The day to day variability at any

one station however was considerably higher. The concentrations showed a
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the lower estuary the Cornell Dubilier discharge is significant and in the
outer harbor (just south of the hurricane barrier) clearly dominates,

Model predictions and observed PCB and dye concentrations are in good
agreement in most of New Bedford Harbor. The role of the Cornell Dubilier
discharge to PCB concentration in the lower harbor is much more uncertain
since we have extremely limited data on the observed concentrations in the
area. We also do not have direct estimates or calculations of the observed
source strengths. The analysis here relies on only one data station
(Station 1l1) where both particulate and dissolved observations were
simultaneously available (Cruise #3). The data base is clearly inadequate
to draw firm conclusions.

Estimates of the PCB source strengths for discharges from the upper
estuary, Cornell Dubilier and the New Bedford sewage treatment plant were
made. The estimates for the wupper estuary (150-200 kg/yr), although
variable, are consistent no matter which technique is used to perform the
determination. The estimate for Cornell Dubilier is more uncertain because
of the limited data available. The value however is consistent with the
upper estuary discharge and the fact that each facility purchased (handled)
about the same amount of PCBs between 1954-1977 (Appendix B, Table B.1).
The quality of the estimates for the New Bedford sewage treatment facility

is unknown, the level however is consistent with the other two discharges.

(2) Diffusive Flux of PCBs from the Sediments
Assuming that the principal mechanism transporting PCBs from the
sediments to the water column in the upper estuary is by diffusion, a

calculation was made to determine the flux rate. Using the observed mean
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PCB (Aroclor 1254) sediment concentration and a standard diffusive flux
calculation (Thibodeaux, 1979), the transport was estimated at 53.5 kg/yr.
Noting that the other PCB Aroclors combined (1016 and 1242) are observed to
have concentrations two to three times those of Aroclor 1254 (Farrington et
al, 1981; Brownawell, 1986) results in a total PCB flux from the sediments
to the water column of 160.5 - 214 kg/yr. This prediction is in agreement
with previous model estimates (189 kg/yr) (ASA, 1986) and simple
calculations based on the observed PCB concentration levels (22.7, 112.5
and 162 kg/yr). The model further shows that the flux rate of PCBs from
the sediments is primarily controlled by the pore water PCB concentrations

and the thickness of the diffusive layer.

(3) PCB Mass Balance

Calculation of the amount of PCBs in the bottom sediments and water
column were made based on the available data. Lower, average, and upper
bound estimates were made for the PCB (Aroclor 1254) mass in the sediment
for the area (1) on Aerovox property (between mean high and mean low water
levels), and (2) the entire Acushnet River estuary and New Bedford Harbor
(north of the hurricane barrier). The lower and upper bound estimates were
made wusing the lower and upper values for the observed sediment
concentration contour intervals. Estimates of the average PCBs were
calculated using the mean of the lower and upper concentration bounds. The
thickness of the bottom layer of sediments was varied between the lower,
mean, and upper bound estimates based on the variability in the

observations.
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The PCB mass (Aroclor 1254) in the total estuary sediments ranged from
132,473 to 994,590 kg with a mean estimate of 374,248 kg. This significant
uncertainty (factor of 7.5) between the lower and upper bound estimates is
caused hy the variability in the spatial gradients of the PCB concentration
fields. No matter which estimate is used however less than 1% of the PCB
mass in the upper estuary sediments is on Aerovox property.

To estimate the total PCBs (Aroclor’s 1016, 1242, and 1254) in the
sediments, we have explored two methods: scaling based on the sales
records for the Aerovox plant and observed concentration ratios of the
Aroclors in the sediments. The sales records for the Aerovox plant show
that the ratio of the sum of Aroclors 1242 and 1016 to Aroclor 1254
purchased is 8.54:1. If we assume that Aroclors 1242 and 1016 were
discharged into the Acushnet River in the same ratio to Aroclor 1254 as
they were purchased and that thay are distributed in the sediments in the
same concentration patterns, then we can estimate the total PCB mass (all
Aroclors combined) in the sediments by scaling the values above.
Farrington et al (198l) and Brownawell's (1986) observations of actual
sediment samples suggest, however, that the ratio of Aroclor 1242 and 1016
to Aroclor 1254 is typically 2 to 3. The purchase based scaling approach
is likely in error because one of the basic assumptions is violated.

Estimates of the PCB mass in the water column have been prepared using
the Battelle (1985) data. For consistency in computing the total mass we
have used only those data for which both dissolved and particulate
concentrations were measured at the same sampling depth and stage of the

tide at a particular station. All data meeting this criteria at each
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station were then averaged independent of the cruise, sampling depth and
time to give an average concentration.

A total of 10.29 kg of PCBs is estimated in the water column with less
than 1% on Aerovox property. The particulate PCB mass is approximately 2-4
times that of the dissolved.

This analysis clearly shows that the vast majority of PCBs are located
in the bottom sediments of the upper estuary; only a very small amount of

which is within the confines of the Aerovox property.

(4) Wind Forced Hydrodynamics

To assess the local wind driven circulation, a vertically averaged
hydrodynamics model was used to predict the response to local and non-local
wind forcing. For the local forcing case, the response to constant wind (1
dyne/cm?) for eight points of the compass was performed. The simulations
showed that the time to reach steady state conditions was 2 to 3 hrs with
the longer times corresponding to deeper water depths.

The steady wind forced vertically averaged hydrodynamic model
predicted a major recirculation around Popes Island and minor eddies north
of Palmer Island and the Coggeshall Street Bridge. The response is
symmetric to wind direction. The recirculation around Popes Island is
counter clockwise and strongest when the wind blows toward the northwest.
As the wind shifts to the west, the recirculation strength decreases. A
further change in the wind direction to the southwest reverses the
direction of the circulation gyre. The strength increases as the wind has
an increasing southerly component and has its maximum strength when the

wind is toward the southeast. The strength decreases again as the wind
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direction becomes more  easterly. The gyre finally rotates
counter-clockwise when the wind is toward the northeast. The maximum
currents in the gyre occur to the east of Popes Island and reach 1.6 ‘cm/s.
The spatial gradients in the currents are nginly caused by the substantial
depth differences between the eastern and western sides of the estuary.

The surface elevations reach a maximum value of 30 mm setup/setdown in
the upper estuary for winds from the south/north, respectively. Maximum
setup/setdowns for cross estuary winds (east/west) are 4 mm. The elevation
contours are generally aligned normal to the wind direction with small
deviations due to bottom topography.

An analysis of the predictions show that the principal momentum
balances are linear (e.g. hence doubling the wind stress doubles the
predicted currents and surface elevation response). For the steady state
wind driven response, the estuary remains closed; no import or export of
water through the hurricane barrier. Water is simply moved within the
system in a series of gyres or eddies. The steady state wind driven
currents are typically 5 to 10 times smaller than the tidal currents at the
same location (ASA, 1986).

Non-local forcing (imposed on the harbor by wind driven flows in
Buzzards Bay and the southern New England continental shelf) was
investigated by driving the model with a sinusoidally varying free surface
elevation amplitude of 40 cm and a period of 2 days. The current response
is similar in character to the tidal flow but with approximately one fourth
the magnitude.

(5) Continuous Release from Cornell Dubilier Site

A two dimensional vertically averaged hydrodynamics and dispersion
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model was used to predict the circulation and dispersion of a continuous
point release at the Cornell Dubilier site. The model was applied to the
area extending from the shore to a line connecting Wilbur to Round Hill
Points and included New Bedford Harbor and the Acushnet River estuary.
Model simulations of the M2 tidal circulation, which dominates the
local currents, were in agreement with the available data (CDM, 1983;
Haight, 1936) and previous model studies of the area (Spaulding and
Beauchamp, 1983; Spaulding and Gordon, 1982). The currents are generally
small in the region of the discharge site with maximum speeds of 6-8 cm/s.
A two dimensional vertically averaged finite element pollutant
transport model was applied to the study area using the same grid as the
hydrodynamic model. A unit source was continuously discharged at the
Cornell Dubilier site and the simulation run until steady state conditions
were achieved. The model shows the largest concentration gradients near
the discharge source. The highest concentrations are observed near the
western shore. The discharge plume is concentrated between the shore and
the hurricane barrier to the north. The concentrations near the hurricane
barrier are highest during high tide and lowest during ebb tide. The
concentrations decrease gradually to the south and east. Concentration
levels are reduced by a factor of two (2) by the time the material reaches
the murricane barrier. Even in the lower end of New Bedford Harbor, the
concentration levels are still significant. Concentrations predicted in
the lower harbor are approximately constant and then decrease up-estuary in

a manner similar to salinity.
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1. Introduction

Applied Science Associates, Inc. (ASA) has been retained by Ropes and
Gray, Boston, Massachusetts to perform selected studies on the transport
and fate of PCB's in the Acushnet River estuary and New Bedford Harbor.
The work reported here is an extension of earlier studies performed by ASA
(1986) on modeling the circulation and pollutant transport dynamics in the
region.

Section 2 describes a continuous dye release that was performed to
determine the‘ dilution versus distance for the estuary. The dye study is
meant to simulate the release of PCB’s in the water column in the vicinity
of the Aerovox facility and their subsequent dispersion as the material
travels down estuary. Estimates are also provided for the flushing time of
the estuary based on the dye removal rate. The flux rate of PCBs from the
sediments into the water column is estimated in Section 3 using a simple
diffusive model. To provide an assessment of the PCB mass balance, Section
4 presents calculations of the total PCB mass and concentrations in the
sediments and water column. Estimates are given for the areas north of
Coggeshall Street Bridge, for the entire estuary, (north of the hurricane
barrier) and for the area within Aerovox’s intertidal property bounds.
Hydrodynamic model simulations of wind driven flow in the area are given in
Section 5 addressing both local and nonlocal forcing. Section 6 presents
the results of a simulation of the tidal hydrodynamics of the outer harbor
and a continuous release from the Cornell Dubilier site with particular

emphasis on its influence on lower New Bedford Harbor.



2. Continuous Dye Release Study in Upper Achusnet River Estuary

A continuous dye release study was performed to determine the dilution
for a conservative substance (no growth or decay) released in the upper
estuary. Also of interest are the dispersion characteristics of the dye as
it is transported toward the harbor mouth and the flushing rate of the
entire estuary (north of the hurricane barrier). If we assume that PCBs
suspended in the water column, either in dissolved or particulate form, can
be treated as a conservative substance then the dye release experiment
presented here 1is a reasonable analog to the expected water column
transport and dispersion of PCBs.
2.1 Study Area

The study area, shown in Figure 2.1, includes the Acushnet River
estuary and New Bedford Harbor. The specific area of interest is the upper
estuary, particularly the region north of the Coggeshall Street Bridge.
This section of the estuary is of concern since it is suspected that the
PCBs in the sediments may be transported into the water column here and
ultimately move down estuary. Previous PCB water column sampling studies
(Battelle, 1985) have shown high concentrations (> 1 ppb) in this region.

A detailed description of the physical oceanography of the estuary is

given in ASA (1986). In summary, Achusnet River and New Bedford Harbor is

a small urban estuary. Freshwater inflow at the head of the estuary is
minimal with a mean annual average of 0.85 m3/s. The circulation 1is
primarily driven by the semi-diurnal tide with a range of 1.13 m. The

system displays a standing wave behavior with maximum flood/ebb currents
occurring approximately 3 hours before high/low water. Wind driven

circulation is readily seen in the lower harbor (south of Rt. 6 bridge).
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Its role in driving the circulation in the upper estuary is unknown since
very few measurements have been made in the area.

The tidal prism flushing time for the upper estuary (north of
Coggeshall Street Bridge) is 22.5 hrs. and 45.5 hrs. for the entire system.
Estimates of the total flushing time (tide and wind) have been estimated at
approximately four days (Government Request to Admit 5799). The basis for

this estimate is however unknown.

2.2 Field Program

A field program consisting of a continuous dye release at a point
approximately 50 m offshore from the Aerovox facility and field sampling of
the dye concentrations was performed. Rhodamine WT dye was selected as the
tracer because it is a conservative substance for periods of at least 20
days and is widely used for studies of this kind (Rantz et al, 1982). A
Turner Design Model III flow-through Fluorometer was used to measure the
dye concentrations. The fluorometer has a dynamic range of four decades
and a minimum sensitivity of 0.02 ppb (Rantz et al, 1982).

Initial preparations included the calibration of the fluorometer, the
determination of background fluorescence levels, and preparation of the
injection equipment. Calibration of the meter was conducted prior to the
background fluorescence survey. Three sets of standard dye solutions were
prepared in accordance with procedures given in U.S. Geological Survey
Water Supply Paper 2175 (Rantz et al, 1982) for a range of dilution from
100 ppb to 102 ppb. Each of the four sensitivity ranges, or aperatures of
the fluorometer, was checked at each dilution of the three standards.
Meter response was determined from the average of the three readings.

Temperature correction coefficients for Rhodamine WT dye fluorescence

—4=



(Rantz et al, 1982) were used to account for the wvariability of sample
temperature. Meter response was linear at all four apertures. Prior to
the dye release (December 12, 1986), measurement stations, as shown in
Figure 2.2, were established by marker buoys. Measurements were made to
establish background fluorescence levels. .Background fluorescence levels
were 0.02-0.03 ppb in the lower estuary but higher at 0.12 - 0.44 ppb in
the upper estuary. The actual values are shown in Figure 2.3.

The dye was released at a discharge rate of 29.1 mg/s (100% Rhodamine
by weight). The dye 1is nmnormally obtained at 20% solution or a
concentration of 2 x 10° ppm. A peristaltic pumping system was used to
control the dye injection rate. The Rhodamine WT dye was mixed with
freshwater in a mixing tank to assure that the dye solution was
approximately the same density as the receiving water. The freshwater flow
rate was 1580 cm3/s. The mixture was then discharged to the estuary by a
sump pump in the bottom of the mixing vessel.

The release began at 0700 EST on December 15, 1986, and continued for
a period of 8 days until 1300 EST December 23, 1986. The duration of the
release was selected to ensure that the dye concentrations within the
estuary reached approximate steady state conditions.

Dye concentrations were measured in the field at several levels in the
vertical (0.0, 0.61, 1.22, 2.44, 3.66, 6.1, and 7.32 m or 0, 2, 4, 8, 12,
20, and 24 fc.). These levels were selected based on early measurements
(15 and 16 December 1986) which showed distinct surface and bottom
concentrations. On several occassions no dye concentration measurements
were made in the wupper estuary (generally north of Coggeshall Street

Bridge) because water depths were too shallow for safe small boat operation



SAMPLING STATIONS

Figure 2.2 Dye experiment measurement stations in New Bedford Harbor.
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BACKGROUND FLUORESCENCE LEVELS (ppo)
12-12-86

Figure 2.3 Background dye concentrations (ppb) for surface and
subsurface in New Bedford Harbor, December 12, 1986.

~7-



Table 2.1 Time of dye measurements.

Time of
Measurement Time (EST) Low Tide at

Date Start End Newport+* Note

December 15, 1986 1140 1224 1302 Dye release
initiated, 0700
December 16, 1986 1205 1548 1330
December 17, 1986 1330 1630 1402
December 18, 1986 1300 1724 1434
December 19, 1986 - - %% 1506 Storm
December 20, 1986 1440 1800 1543
December 21, 1986 1430 1810 1543
December 22, 1986 1430 1905 1705
December 23, 1986 0535 0920 0523 Dye release
terminated, 1300

December 24, 1986 0522 0955 0624
December 25, 1986 - - %% 0730 Storm
December 26, 1986 0630 1058 0840
December 27, 1986 0625 0940 0949
December 28, 1986 0750 1150 1052
December 29, 1986 1030 1345 1151

* New Bedford low tide approximately 12 minutes later

*%* Data not collected due to unsafe boating conditions (storm winds)



or because of ice formation.

Concentration measurements were made on the dates and times noted in
Table 2.1. In general, measurements were made every day during low tide
conditions. The entire area could normally be surveyed in approximately 4
to 5 hours, depending on weather conditions. No surveys were conducted on
December 19 and 25, 1986 because extremely strong winds made small boating
unsafe. Surveys from the 15 to 23 December 1986 were performed to measure
the increase and final stabilization of the dye concentrations in the
estuary. Subsequent measurements (24 to 29 December 1986) were made to
determine the flushing rate of dye from the estuary.

Supplemental information on environmental conditions was also
collected. Figure 2.4 shows the wind speed and direction (vector diagram),
barometric pressure, air temperature, and rainfall rate over the study
period. The data was collected from the New Bedford Airport weather
station, with the exception of the rainfall data which was collected from
T.F. Greene Airport, Warwick, R.I. This was necessary since the New
Bedford Airport station does not routinely collect rainfall information.
Data at New Bedford airport is collected only 16 hrs. per day. The sea
surface elevation versus time, shown at the bottom of Figure 2.4, was
obtained from the permanent gauging station at the hurricane barrier.

The weather during the time period was characterized by two major
rainfall events. The first, 1400 EST, 18 December to 1200 EST, 19 December
deposited a total of 5.3 cm of rain on the area. The second, 2400 EST, 24
December to 0900 EST, 25 December, was a much smaller storm with a
cumulative rainfall of 2.2 cm. The peak Acushnet River flows estimated for

these events are 3.7 m3/s and 1.5 m /s, respectively. The normal mean
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yearly flow rate is 0.85 m3/s.

The tidal range was typical for the study area at the beginning of the
release, decreased to neap conditions on about 22-23 December 1986 and then
increased to spring conditions at the end of the month.

The winds during the 18-19 December storm came from the northeast and
reached speeds of 10-14 m/s. Winds during the 23-24 December storm were
out of the south and southwest at 8-10 m/s. They had a decided impact on
the sea level causing the height to be above mean sea level even through
the low tide. The winds during the remaining period were much weaker with

typical values of 3-5 m/s.

2.3 Results

Figures 2.5 to 2.17 show the spatial distribution of the dye
concentration in parts per billion (ppb) for each day of the survey (Table
2.1). Surface and subsurface dye concentrations are presented and
represent the surface (0 m, 0.6l and 1.22 m samples) and subsurface (3.66,
6.1 and 7.32 m samples), respectively. A simple average has been used for
the surface value. A depth weighted average, reflecting the wunequal
vertical measurement stations, has been used to give a representative
subsurface value. We have chosen to present the actual concentrations in
the figures. This approach was chosen to show the dye concentration
variability in the cross and along estuary directions.

All dye concentration measurements, corrected for background levels,
are provided in Appendix A. The data is presented in the following order:
date, station number and depth. Also included are the time the measurement
was made and any auxiliary data collected (temperature, °C or salinity, §%).

The dye release began at 0700 EST on 15 December 1986. Within two
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SURFACE CONCENTRATIONS OF DYE (ppb)
12-15-86

Figure 2.5 Measured dye concentrations (ppb) for the surface
and subsurface, December 15, 1986.
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Figure 2.6 Measured dye concentrations (ppb) for the surface and
subsurface, December 16, 1986.
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Figure 2.7

subsurface, December 17, 1986.
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SUBSURFACE CONCENTRATIONS OF OYE (ppb)

Measured dye concentrations (ppb) for the surface and



SURFACE CONCENTRATIONS OF DYE (ppb)
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SUBSURFACE CONCENTRATIONS OF DYE (ppb)
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1986.

Figure 2.8 Measured dye concentrations (ppb) for the surface and

subsurface,

December 18,
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Figure 2.9 Measured dye concentrations (ppb) for the surface and
subsurface, December 20, 1986.
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Figure 2.10 Measured dye concentrations (ppb) for the surface and
subsurface, December 21, 1986,
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Figure 2.11 Measured dye concentrations (ppb) for the surface and
subsurface, December 22, 1986.
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Figure 2.13 Measured dye concentrations (ppb) for the surface and
subsurface, December 24, 1986,
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subsurface, December 26, 1986.

=21-



SURFACE CONCENTRATIONS OF DYE (ppb) SUBSURFACE CONc'[EzNJZRTA—TgIGONS QF DYE (ppb)
12-27-886

Figure 2.15 Measured dye concentrations (ppb) for the surface and
subsurface, December 27, 1986.

-22-



0 22
L ]
p. 20
[ ]
0,27
L]
0.25
0.22%
L ]
0.26
0 23 0.26
28 0.2
0,26 0
e
41‘iiiioz7
W '
/"ﬁ 22 0,23 =
. L ]

0,26
0 25 0,27 0‘2
0.27
0 28 0..24
. !
0._28
.
0.25
.
[

SURFACE CONCENTRATIONS OF OYE (ppb)

12-28-86

SUBSURFACE CONCENTRATIONS OF DYE (ppb)
122886
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Figure 2.17 Measured dye concentrations (ppb) for the surface and

subsurface, December 29,

1986.



days, dye (Figure 2.7) reached the lower harbor. The concentrations show a
decrease with distance down estuary and a strong gradient in the wertical.
Over the next several days (Figures 2.8 - 2.10) the concentrations
generally increase at all statioms in the study area. By approximately
December 21 (Figure 2.10), the concentrations in the estuary have reached
an approximate steady state. This behavior is most clearly illustrated by
plotting the average dye concentration in the lower (between the hurricane
barrier and Popes Island, Stations 30-44, Figure 2.2) and the entire
estuary as a function of time (Figure 2.18). The dye concentration is
clearly seen to reach an approximate steady state by December 21, 1986.
The lower estuary mean concentration is about 0.25 ppb while the value for
the entire estuary is -0.53 ppb. The lower estuary response lags that for
the entire system by 2-3 days. Once steady state 1is achieved, the
concentration levels typically vary by not more than 10% of the mean value.
The variability in the dye concentration fields over the last several days
of the release is caused by changes in the tidal, wind, and river forcing
of the circulation and dispersion processes (Figure 2.4).

Looking at the approximate steady state surface concentrations (Figure
2.10) levels on December 21, 1986, the wvalues decrease by a factor of 2-2.5
in the upper pond; between the discharge site and Coggeshall Street Bridge.
In the middle section of the harbor (Coggeshall Street Bridge to Rte. 6,
Popes Island) the decrease is approximately a factor of 4 or 5. The lower
harbor (Rte. 6 Bridge to the hurricane barrier) shows little concentration
gradient with all levels typically within 10% of the mean. The
concentration decreases substantially as one leaves the harbor. The

concentration at the one station outside the harbor (Station 45) is quite
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variable (Figures 2.10-2.12) due to the 1increased variability of
circulation and dispersion processes in the area.

There 1is strong spatial variability in the upper estuary with
concentration levels varying both laterally and down estuary. In the
region closest to the dye release, and before extensive mixing has
occurred, the dye concentrations measured are strongly subject to whether
the local circulation and dispersion processes have brought dye into the
vicinity of the measurement station. As one proceeds down estuary (mid and
lower sections) the lateral variability decreases substantially due to
increased lateral mixing. The generally lower concentrations on the
western side of the mid-estuary section are caused by the more vigorous
tidal currents and hence increased dispersion in the deeper dredged turning
basin located to the west of Popes Island. |

The subsurface levels show the same general trend of concentration
gradients as the surface values; decreasing as one proceeds toward the
hurricane barrier. The variability in the mid section of the estuary is
mainly due to differences in water column depth. The 1lower harbor
concentrations are approximately uniform.

Comparison of the surface to subsurface concentrations shows a factor
of 4 or 5 decrease in the lower harbor and a factor of 10 in the
mid-estuary section. No gradients are observed in these figures for the
upper harbor or the eastern side of the estuary north of Popes Island
because no data is available in what has been defined as the subsurface.

A closer inspection of the vertical gradients of concentration is
provided by looking at the structure at selected stations proceeding down

estuary. Concentration versus depth curves for Stations 8, 20, 40 and 45
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(Figure 2.2) are shown in Figures 2.19, 20, 21, and 22, respectively.
These stations were selected as being representative of the upper, mid,
lower, and outer harbor. Vertical concentration profiles are shown from
the initiation of the release (15 December 1986) until its termination (23
December 1986).

If we compare absolute levels between the figures we see a decrease in
concentrations as one proceeds down estuary, both at the surface and
bottom. The vertical concentration gradients are strongest in the upper
estuary and decrease down estuary. The mixed layer depth is approximately
1 m in the uper and mid estuary, Stations 8 and 20, (Figures 2.19 and
2.20), and increases to 2-3 m in the lower estuary and outer harbor,
Stations 40 and 45 (Figures 2.21 and 2.22). The time evolution of the
release to steady state conditions is evident in the concentrations,
particularly in Figures 2.20 and 2.21. The time to achieve steady state is
consistent with the estuary mean concentration measure shown in TFigure
2.18. Considerable variability is noted in the figures, particularly for
the upper, lower, and outer harbor stations. The variability in the upper
harbor is primarily caused by the initial mixing of the dye. That in the
lower and outer harbor are likely caused by the variabilility in wind and
tidal forcing.

The dye release was terminated on December 23, 1986 at 1300 EST and
the dye concentrations were monitored until December 29, 1986. Figures
2.13 to 2.17 show the surface and subsurface dye concentration spatial
distributions plots for each measurement day. The dye concentrations first
decrease in the upper estuary with the termination of the release.

Concentrations begin to decrease in the lower estuary on December 26, 1986
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Figure 2.19 Dye concentration (ppb) versus depth (m) from 15 to 23 December

1986, Station 8 (Figure 2.2).
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Figure 2.20 Dye concentration (ppb) versus depth (m) from 15 to 23
December 1986, Station 20 (Figure 2.2).
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Figure 2.2]1 Dye concentration (ppb) versus depth (m) from 15 to 23
December 1986, Station 40 (Figure 2.2).
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December 1986, Station 45 (Figure 2.2).
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(f‘igure 2.14) and continue to decrease through the end of the measurement
program. The vertical gradients tend to be maintained at their typical
earlier levels; surface concentrations being 3-4 times those at the
subsurface.

The flushing of dye from the estuary is clearly shown in Figure 2.18.
The mean estuary and lower harbor concentration levels show a well behaved
decrease in time; the lower harbor lagging the estuary mean response by
approximately 2 days. Based on this concentration decrease rate, the
flushing time for the estuary is estimated to be 2.4 days with a
correlation coefficient (R) of 0.99988. This compares to a tidal flushing
time of 1.9 days and agrees with the known theoretical result (Officer,
1976) that the tidal prism flushing is the minimum for the system (i.e. the
shortest possible flushing time).

The vertical structure of the concentration field at Stations 8, 20,
40, and 45 are shown in Figures 2.23 - 2.26 and are similar in format to
those presented in Figures 2.19 - 2.22 but for the post dye release time
period. The vertical structure of the curves is similar to the "during dye
release" profiles (Figures 2.23-2.26). The concentration levels at all
stations are observed to decrease with time. The upper estuary stations
show the most dramatic decreases at the earliest times. The variability is
typical of the "during dye release" plots.

To further illustrate the vertical structure of the dye, Figures
2.27-2.37 show the dye concentration contours on a vertical transect along
the estuary centerline. The figures represent the results of the daily dye
sampling from 17-29 December 1986. The 15-16 December 1986 data sets are

not presented because they are of limited interest in the present context.
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Figure 2.31

Station

1986.

distance (km) along the estuary center line, December 22,
numbers are noted at the top of the graph (Figure 2.2).
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Figure 2.34 Vertical transect of dye concentration contours (ppb) versus longitudinal
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Vertical transect of dye concentration contours (ppb) versus longitudinal

distance (km) along the estuary center line, December 29, 1986.
numbers are noted at the top of the graph (Figure 2.2).
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Data sets for 19 and 25 December 1986 are not available. A series of
selected stations was used to describe the field. The station numbers are
given at the top of the figure (see Figure 2.2 for exact station location).
The approximate mean low water depth at each station, as determined from
NOAA/NOS Chart 13229, is noted by the solid line near the bottom of the
figure. The observed values of dye concentration are moted next to each
measurement point, marked by an "X".

During the release the concentration is clearly observed to sharply
increase in the upper reaches of the estuary and mch less so in the lower
two thirds (Figures 2.27-2.31). The concentrations north of Station 8 show
strong vertical structure (Figure 2.29-2.31). Between Stations 8 and 14
the water column is generally well mixed in the upper 1 m, probably
reflecting relatively strong tidal mixing caused by the restricted passage
under the bridges. Between Stations 14 and 17 a strong frontal zone is
observed (Figures 2.29-2.30). This area is the transition zone between the
shallow sheltered upper estuary and the deeper, more strongly tidal mixed
lower estuary. The cross sectional area also increases by a factor 4 in
this area (between Stations 17 and 20). The mixed layer depth increases
from about 1 meter at Station 17 to 2-3 m at the hurricane barrier. A
second, but mch weaker, 