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Abstract Along the coast of Maine, USA, there are
numerous wastewater treatment plants that discharge
their treated effluents into a river estuary which is shared
by commercial fishing and shellfish harvesting. Occa-
sionally, there can be failures or bypasses of treatment
plants that lead to untreated or partially treated sewage
flowing into shellfish harvesting waters. To prevent any
toxic contamination of harvested shellfish, a prohibitive
zone is established around the treatment plant where
shellfish harvesting is prohibited. The U.S. Food and
Drug Administration has conducted numerous dye stud-
ies on both coasts of the USA to determine these pro-
hibitive zones, based on the guidelines of the National
Shellfish Sanitation Program. In May 2010, the FDA
conducted such a dye study at the Yarmouth, Maine
wastewater treatment plant. The results are compared
with a numerical coastal model that provides the veloc-
ity field for the currents around the treatment plant. This
model includes a diffusion equation to simulate dye
dispersion from a point source which is used to deter-
mine the prohibitive zone. The numerical model shows
good correlation with the FDA dye study report and
establishes a prohibitive zone for commercial harvesting
in keeping with that of the FDA study. The benefits of
the numerical model include sampling at thousands of
locations simultaneously, seasonal changes in river vol-
umes, and changes in plant discharge volumes.
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1 Introduction/Background

Every wastewater treatment plant in the USA is subject
to strict federal and state regulations. The National Pol-
lutant Discharge Elimination System (NPDES) is a pro-
gram within the U.S. National Environmental Protection
Agency (EPA). The NPDES issues permits to wastewa-
ter treatment plants which establish discharge limits and
conditions based on the standards of the U.S. Clean
Water Act of 1972 and the Water Quality Act of 1987.
The Maine Department of Environmental Protection
(MDEP), Division of Water Quality Management, has
been authorized by NPDES to issue permits for operat-
ing a wastewater treatment plant in Maine, which must
be renewed every 5 years (https://www.epa.gov/npdes-
permits). The Maine Department of Marine Resources
(MDMR n.d.), Bureau of Public Health, is ultimately
responsible for ensuring that the receiving waters around
a wastewater plant meet all standards of the U.S. Clean
Water Act of 1972 and State water quality standards as
described in Maine’s Surface Water Classification Sys-
tem (https://www.maine.gov/dep/water/wqs/index.
html). MDMR also uses criteria from the National
Shellfish Sanitation Program (NSSP) to determine safe
areas for commercial shellfishing (http://www.issc.org).
Shellfish filter large volumes of water and can
concentrate toxic microorganisms from nearby sewage
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systems. The treatment plant in Yarmouth, Maine is
typical of many plants that discharge their effluent into
a tidal estuary where commercial fishing and shellfish
harvesting share the same waters and mud flats.
Yarmouth’s treatment plant permit requires the plant to
monitor and sample all operations on a regular basis to
ensure that the receiving waters of the effluent are not
being polluted as a result of faulty discharges, such as a
loss of disinfection (see Permit-Yarmouth 2017). A Goo-
gle Earth map of all wastewater treatment plants in
Maine is at http://www.maine.gov/dep/gis/datamaps/
index.html.

A treatment plant that is operating normally is capa-
ble of reducing fecal and total coliform to levels well
below the standards set by the NPDES. But some enteric
viruses such as Norwalk-like viruses are not adequately
reduced during the plant’s disinfection process. Conse-
quently, the MDMR must provide zones around the
outfall of a treatment plant in an effort to maximize the
harvesting area for shellfish, while satisfying all grow-
ing area standards of the NSSP. A zone may be classi-
fied as Approved, Conditionally Approved, Restricted,
Conditionally Restricted, or Prohibited. The descrip-
tions of these zones are available at the MDMR website
(Maine.gov/dmr: http://www.maine.gov/dmr/shellfish-
sanitation-management/programs/growingareas/
howclassified.html). The FDA, after numerous studies
related to wastewater treatment plants, has established a
prohibitive zone for shellfish harvesting around a
treatment plant outlet based on a dilution of 1000 parts
of receiving waters to every part of effluent. In addition
to the 1000:1 dilution criteria, there must also be an
alarm system and notification procedures in place in
the event of a plant failure to close the area to
harvesting before the discharged untreated effluent can
travel to the boundaries of the prohibitive zone. The
identification of this prohibitive zone and conditionally
approved zone is the focus of this work. It should be
established to protect consumers from infected shellfish,
but minimize the area that would be off limits to
shellfishing.

The United States Food and Drug Administration
(FDA) Center for Food Safety and Applied Nutrition
participates in monitoring the operations of wastewater
treatment plants (WWTP) along the coasts of the USA
to ensure that the standards established by the NSSP are
fulfilled. In May 2010, at the request of the MDMR, the
FDA conducted a hydrographic dye study of the waste-
water treatment plant in Yarmouth, Maine (Goblick
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et al. 2017), which discharges its effluent into the Royal
River which, in turn, flows into Casco Bay (Fig. 1). The
study consisted of injecting the water-tracing red dye
Rhodamine WT into the outflow pipe of the treatment
plant at a continuous rate for one tidal cycle of 12.42 h,
beginning at 7:15 UTC on May 24. The dispersion of
the dye throughout the estuary was then tracked during
the daylight hours of May 24-26 with two boats oper-
ating towed fluorometers and Trimble GPS units to
record the dilution of the dye at various locations. For
this study, FDA also deposited oysters in cages at the
five stations shown in Fig. 1 along the river. Each station
also had a submersible fluorometer so that a microbio-
logical analysis of the oysters could later be compared
with the dye dilution at that location to determine if a
relationship exists between dilution and viral impacts on
shellfish. An outside firm collected soft-shell clams
from three other locations near the outflow pipe which
were later tested for fecal coliforms (FC), male-specific
coliphage (MSC), and Norovirus (NoV). Three days
prior to the study, three winged drogues made of two
perpendicular aluminum sheets attached to a PVC pipe
and two other winged drogues with GPS units attached
were placed in the river near the plant outflow pipe to
determine the path of the effluent plume and select the
best locations for their five stations. The drogues were
deployed at a depth of 1 to 2 ft at different times near the
beginning of ebb tide for about 3 h. The FDA report for
this study addresses four objectives: (1) determine the
bacterial conditions that could arise under a short-term
lapse in treatment and disinfection, (2) determine the
steady-state bacterial conditions in the shellfish growing
waters that could arise in the event of a long-term
elimination or lapse in disinfection, (3) attempt to deter-
mine the location of a 1000:1 dilution area and provide
guidance to the MDMR regarding WWTP closure
zones, and (4) research the dilution level needed to
achieve a sufficient reduction in viruses to ensure the
safety of shellfish harvested in proximity to WWTPs as
part of FDA’s dilution policy guidance. The questions to
answer here relate to objective 3: Is it possible to imple-
ment a numerical coastal ocean model to reproduce the
same prohibitive zone of the Yarmouth WWTP that was
established by the FDA study of May 2010? Can the
sampling of fluorometer readings by two boats over
3 days to determine the prohibitive zone by the FDA
be replaced with the results of a numerical hydrographic
model? Can such a model provide more temporal and
spatial information than that sampled by the FDA and be
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Fig. 1 The five FDA station and diffuser locations in the Royal River. The inset is Casco Bay, Maine

used to determine a prohibitive zone when the discharge
from the plant meets or exceeds its capacity, or if river
volume discharges change with precipitation or snow
melt? The data available from this comprehensive study
by the FDA provides an ideal opportunity to assess the
results of a hydrodynamic numerical coastal model
using the same local forcing that occurred during
May 2010.

In the past decade, numerical hydrodynamic and
ecological ocean models have made major advances in
accuracy, complexity, and robustness. They have been
applied to a large variety of coastal applications
throughout the world with impressive success (for
example, see Ganju et al. 2016). Liu et al. (2007) applied
the three-dimensional hydrodynamic eutrophication
model, HEM-3D (Hamrick 1996), to study the marine
outfall in Keelung Harbor, Taiwan, and recommended
an optimal offshore location for a wastewater treatment
plant to handle discharges on the order of 1.47 m?/s.
Some large treatment plants discharge their treated
effluents far offshore with long lines of diffusers. In
Antalya City, Turkey, the treatment plant discharges
about 1 m*/s of effluent to Antalya Bay about 2.6 km

offshore at a depth of 48 m. The diffuser system is
315 m long with 120 ports. Muhammetoglu et al.
(2012) applied the model set Visual Plumes (Frick
et al. 2003; Frick 2004) to determine bacteriological
pollution from the Antalya outfall. Visual Plumes pro-
vides separate models for both near-field and far-field
dynamics. In Worli village, Mumbai, India, Gupta et al.
(2006) used the DIVAST model (Depth Integrated Ve-
locity and Solute Transport) developed by Falconer
(1984, 1986) to study dispersion patterns and far-field
dilutions around the outfall which discharges about
5 m*/s through a pipe that extends 3.5 km offshore into
the Indian Ocean. Gupta used a radio tracer and Rhoda-
mine WT dye in his model to investigate the plume
dynamics, but the 2-dimensional model was not able
to provide acceptable results far from the outfall.

One of the most comprehensive modeling investiga-
tions of large treatment plants has been with the reloca-
tion of the Boston, Massachusetts outfall from Boston
Harbor to a new site 15 km offshore ata depth of 30 m in
Massachusetts Bay in September, 2000. Signell et al.
(1996, 2000) applied the semi-implicit version ECOM-
si of the three-dimensional hydrographic model ECOM
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(Blumberg 1991) to examine and recommend the
benefits of moving the Boston sewage effluent
discharge from Boston Harbor to the new site. Later,
Zhao et al. (2016) applied a local version of Finite
Volume Community Ocean Model (FVCOM) to drive
the circulation for the water quality model UG-RCA.
The many papers regarding the Boston Harbor Project
are available at http://www.mwra.state.ma.
us/harbor/enquad/trlist.html. One very important by-
product of the Boston Harbor Project is the ideal oppor-
tunity for modelers to use over 20years of comprehen-
sive time-series data to repeatedly calibrate and validate
their models, which has greatly improved performances
that are being applied to other investigations.

For every large wastewater treatment plant, there are
hundreds of smaller plants that serve towns along the
east and west coasts of the USA. The lessons learned by
modelers on the larger plants described earlier are in-
corporated in this study to monitor and predict the
performance of these smaller plants. For this study, the
Yarmouth WWTP discharges its effluent through its
outfall pipe into the Royal River in Yarmouth, Maine.
The Royal River is a narrow channel that flows into
Casco Bay. Tidal excursions are restricted by a dam near
Route 88 through Yarmouth. The distance from this dam
to a line about halfway from the River mouth to Lanes
Island in Casco Bay is about 3.86 km (Fig. 1). The plant
outfall pipe is 1.24 km downstream from the dam. The
River is mostly protected from wind and waves from the
dam to the River mouth. At high tide, the width of the
river bed near the plant outfall pipe is about 245 m, and
480 m wide at the River mouth. However, the main
channel is only about 50 m wide at depths of 4 m or
less. The flow in the Royal River can vary greatly in
May, even during the course of a day, due to snow melt
and precipitation. The historical gauge data for the River
is available at the Gulf of Maine Watershed Information
and Characterization System (http://www.gm-wics.sr.
unh.edu). The data only covers the years 1950-2004
and shows a monthly mean discharge for May that
varies from 2.6 m’/s in 1985 to 30.7 m*/s in 1989. The
mean of the monthly discharges for May during 1950—
2004 is 9.2 m*/s. For May 2010, an effort was made to
correlate stream flow for the Royal River by comparing
its flows with the Kennebec flow rates which are known
for May 2010. By comparing flow rates at times when
monthly data is available for both rivers, an estimate is
made for a flow rate of 9 m*/s for the Royal River for
May 2010, nearly the same as the May monthly mean
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discharge rate for 1950-2004. The mean tidal range in
the river in spring is about 3.4 m. From the dam to the
river mouth, the volume of water at mean sea level is
about 10,497,160 m® and only about 3,101,397 m® at
low tide. By comparison, the daily effluent volume from
the treatment plant is about 2272 m>. One can expect
considerable variation in dilution values of the outflow
from the treatment plant into the estuary over each tidal
cycle. This section of the river is mostly vertically mixed
by the tides with a slightly fresher surface flow during
ebb tide. The dynamics of the outfall discharge are
mainly dominated by river flow, tidal excursions, and
dispersion.

1.1 FDA Studies

Two major reports through the FDA are used here to
compare the results of a numerical model with the FDA
study. The final report submitted to the MDMR (U.S.
Food and Drug Administration 2013) includes all bio-
logical and hydrographic findings of the study during
May 24-31, 2010. The second report by Goblick et al.
(2017) addresses an improvement of the superposition
method that leads to an update of some of the data from
the 2013 study. The results and methods from this later
work are used here when comparing FDA results with
the numerical model. The MDMR has provided all the
FDA data sets that were collected by the boat transects,
CTD, and fluorometer readings from the five stations.

There are some differences in the distances of the five
FDA stations from the diffuser (Fig. 1). In the FDA
study, the five stations, after converting from miles to
kilometers, are at distances 0f 0.48, 1.45,2.41, 3.86, and
5.79 km, respectively, from the treatment plant diffuser
(Table 1). Apparently, these were the original distances
laid out in the design stage and appeared in the final
study document. The final latitude/longitude locations
for each station are included in the MDMR data set.
These distances have since been checked by the FDA
(personal communication with G. Goblick), corrected,
and found to be 0.40, 1.04, 1.77, 2.62, and 4.06 km from
the diffuser. These distances also coincide with the same
distances used in the model calculations. When compar-
ing FDA distances with model distances, adjustments in
the FDA study will be made where possible. These
distances were measured along the narrow Royal River
channel to each station, where current speeds are
maximum.
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Table 1 Station distances and dye comparisons between FDA and
model results. Numbers in parentheses in the last column are the
ratios of the model 1.5 to 0.6 MGD dye concentrations

Station Distance from Steady-state
the diffuser ~ peak 1-h dye
(km) concentrations
(ppb) 0.6 MGD

Steady-state peak 1-h
dye concentrations
(ppb) 1.5 MGD

FDA Model FDA Model FDA Model

1 048 04 7.51 7.92 18.78 20.2 (2.55)
2 145 1.04 7.73 7.07 19.33  16.76 (2.37)
3 241 1.77 447 476 11.18  6.64 (1.39)
4 3.86 2.62 3.23 3.67 8.08  7.75(2.11)
5 5.79 4.06 0.44 1.23 1.10 1.78 (1.45)
2 Methods

2.1 Numerical Model

For this study, FVCOM is applied on an unstructured
triangular grid of Casco Bay, Maine. FVCOM, devel-
oped by Chen et al. (2003), is a prognostic, unstructured
grid, finite-volume, free surface, three-dimensional
primitive equation coastal and estuarine model. It has
been tested and applied to oceans and estuaries all over
the world with very satisfactory results. The default
setup applies the Mellor and Yamada (1982) level 2.5
turbulent model scheme for vertical mixing and the
Smagorinsky (1963) scheme for horizontal mixing.
The wet/dry treatment in the intertidal zone is available
in FVCOM and is applied in this study. The computa-
tional domain is a triangular unstructured mesh
consisting of two zones: the outer zone which includes
all of Casco Bay and a higher resolution zone which
covers the Royal/Cousins Rivers (Fig. 2). The Royal/
Cousins zone consists of triangles whose edges are of
length 50 m or less. The triangular grid was created
using Triangle (Shewchuk n.d.) and BatTri (Smith and
Bilgli n.d.), a graphical Matlab interface for Triangle.
The vertical structure is represented by using 11 terrain-
following equally spaced levels at each nodal depth.
This means that the dye concentration, as well as tem-
perature and salinity, is being computed at 10 depths at
each node and saved every 15 min. Likewise, the current
velocities are also computed at the center of each trian-
gle at each of the 10 depths. The shoreline and islands of
the outer zone are sampled with nodes at intervals of
150 m or less and generally at intervals of 900 m along

the outer boundary. The National Geophysical Data
Center (NGDC), an office of the National Oceanic and
Atmospheric Administration (NOAA), developed an
integrated topographic-bathymetric digital elevation
model of Casco Bay, Maine (DEM, https://www.ngdc.
noaa.gov/metaview/page?xml=NOAA/NESDIS/
NGDC/MGG/DEM/iso/xml/606.xml&view=
getDataView&header=none). This high-resolution
bathymetric data provides water depths on 10-m squares
for all of Casco Bay and provides the bathymetry for this
numerical model study.

FVCOM includes a tracer tracking module to simu-
late the injection of a dye at one or more point sources.
The equation for the dye tracing as described in the
FVCOM manual is similar to the temperature equation
and is of the form

oDC L oDuC L oDvC
ot Ox oy

owC 1 0 oC
o ‘55(’%5)‘1’ Fe

=D Cy(x,y,0,1) (1)

where the normalized o coordinate is a linear transfor-
mation of water depth and varies from — 1 at the bottom
to 0 at the surface. C is the concentration of the dye as a
function of x, y, o, #; D is the total water depth; u, v, and
w are the x, y, and o components of water velocity at
time ¢, Kj, is the vertical thermal diffusion coefficient
calculated here with the Mellor-Yamada 2.5 closure
scheme; F is the horizontal diffusion term calculated
with the Smagorinsky eddy parameterization method;
and Cj is the concentration of dye injected from one or
more point sources over a specified time period.

A Lagrangian particle tracking module is also includ-
ed in FVCOM. It applies the explicit Runge-Kutta
fourth-order scheme to solve a coupled system of ordi-
nary differential equations. The 3-dimensional velocity
field from an FVCOM run is used to passively move a
particle from some initial position to a final position in
the velocity field through a sequence of time steps. The
tracking module can be used offline, which is conve-
nient for experimenting with numerous initial particle
positions and time intervals while using the same veloc-
ity field generated with FVCOM. A particle tracking
module that is coupled with a hydrodynamic model has
become an important tool in estuarine studies to

@ Springer


https://www.ngdc.noaa.gov/metaview/page?xml=NOAA/NESDIS/NGDC/MGG/DEM/iso/xml/606.xml&view=getDataView&header=none
https://www.ngdc.noaa.gov/metaview/page?xml=NOAA/NESDIS/NGDC/MGG/DEM/iso/xml/606.xml&view=getDataView&header=none
https://www.ngdc.noaa.gov/metaview/page?xml=NOAA/NESDIS/NGDC/MGG/DEM/iso/xml/606.xml&view=getDataView&header=none
https://www.ngdc.noaa.gov/metaview/page?xml=NOAA/NESDIS/NGDC/MGG/DEM/iso/xml/606.xml&view=getDataView&header=none

Water Air Soil Pollut (2018) 229: 267

267 Page 6 of 21
KR
K S
VAVAN XY, v h AV
B K7 AV‘}‘VA"
S LEHOK
CRRRIK]
Ag‘ %‘577
NS
g VA4V
i P %WA" ‘%NA
Cousins R. IR f% f"«"‘e“LVAVA'
BB,
P g YAVAVAV
RS
SRRSO KN
PSS NAYAYAY ) R s WAVAVAYAY S
TIPSO
A v SVAVAY.v,y SIAC S,y
NN RTA
P DO N SRR RAAY
Lavas D AT A AN A A Vav A RAyAl
K AVAYAVAY. AV iy VAV
Aﬁi‘ﬁvﬂﬂﬂghhﬂﬁﬂy“ WAV N KR
DRSO RO
IR ISOFAKIROR DR 0]
BRI S R A ey SRR
R AR R AK PRI OR ]
PRPDAK RN A (M}"A"vﬂb(ﬂA‘><
A e A AVAVAV.S (SRR
A AIRAGRENRS ggggm‘mu>4y‘,ﬂ"4h§
SR s KKK A AN
S T @O OO BISEEE
s AR ORISR0
ROSSRAAK AR
- PR e DRI
N A K S PO i tﬂé“§7§<§'¢‘g§¢“'&‘
Atk NAVAVAV, AV S D aVAv O v
ORI £ bR BRS

Fig. 2 The FVCOM mesh of the Royal/Cousins estuary and outlet to Casco Bay

determine such parameters as transit times, flushing
times, turnover time, and other timescales with different
freshwater and tidal flow rates (Lemagie and Lerczak
2015). In particular, particle tracking is used to deter-
mine residence times of a pollutant entering an estuary,
which would then need to be closed to shellfish harvest-
ing until the estuary is sufficiently cleansed. Here, par-
ticle tracking is being used with the objective of esti-
mating travel times of particles through the estuary.

2.2 Model Forcing

The FVCOM model provides the inclusion of river
discharge as a point source with separate temperature/
salinity assignments, hourly wind stress applied uni-
formly across the surface of the computational domain,
and surface heat flux. Hourly wind data from the NOAA
buoy # 44007 in Casco Bay for May 2010 is applied
uniformly across the computational domain. During

@ Springer

May 24-26, average wind speed was a mild 4.0 m/s
primarily from the southwest. The National Ocean Ser-
vice Center (NOS) of NOAA provides historical hourly
tidal recordings at the Portland tide gauge (NOS station
8418150), which is located on the Maine State Pier in
Portland harbor (https://tidesandcurrents.noaa.
gov/waterlevels.html?id=8418150). The major tidal
constituent in Casco Bay is the semidiurnal lunar tide
(M2) with a period of 12.42 h. The water levels at this
gauge have a range of about 3.4 m. The amplitudes and
phases for seven tidal constituents, S2, M2, N2, K1, K2,
01, and Q1, were interpolated from the ADCIRC Tidal
Constituent Database (Mukai et al. 2002) onto the 97
nodes of the outer boundary of the model domain. The
ADCIRC tidal data slightly overestimates the M2 and
K1 amplitudes at the Portland tide gauge, so these
amplitudes were adjusted accordingly.

The Friends of Casco Bay (FOCB n.d.) maintains 10
profile stations that provide a synoptic survey of
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temperature and salinity for Casco Bay, as well as 30
shoreline sites where surface temperature and salinity
are recorded monthly. Temperature/salinity data from
two fixed buoys in Casco Bay (see Buoys-
BowdoinD02, NDBC44007, http://gyre.umeoce.
maine.edu/data/gomoos/buoy/html/D02.html;
http://www.ndbc.noaa.gov/station_page.php?station=
44007) are also included. All this 7/S data for May 2010
was kriged onto the nodes of the numerical model to
initialize temperature and salinity throughout the
computational domain, including the open boundary.
Heat flux files were acquired from the National
Centers for Environmental Information (NCEI) Climate
Forecast System Reanalysis (CFSR) at https://nomads.
ncdc.noaa.gov/data/cfsr/. This data set has a horizontal
resolution of about 56 km and provides surface heat flux
data over two locations in Casco Bay.

For small volumes of water, freshwater input from
rivers and streams can influence current flows, tem-
perature, and salinity. As explained earlier, a flow
rate of 9 m’/s for the Royal River is used in this
study. The May monthly mean river discharges into
Casco Bay from the Cousins, Presumpscot, and
Androscoggin/Kennebec rivers are also included in
the model. Finally, the wastewater treatment plants in
Yarmouth, Freeport, South Portland, and Portland
discharge freshwater into Casco Bay and their mean
flows of 0.0263, 0.014, 0.274, and 0.876 m’/s, re-
spectively, are included in the model. Constant tem-
perature and salinity assignments from all river and
treatment plant input are continuously injected in the
model. Throughout Casco Bay for May, the density is
fairly uniform offshore, with sigma-¢ values ranging
from 22 to 25 kg/m>. In The Royal River, the surface
sigma-f varies from 5.5 kg/m® near the dam to 16 kg/
m?® at the river mouth.

2.3 Model Initialization and Execution

FVCOM applies a mode-split method, using an internal/
external time step. These two time steps must be chosen
to ensure mass conservation at each time step. Here, the
internal/external time steps are 4/0.5 s, respectively. The
model is ramped up for 2 days. The density field and
velocity field reach near steady state in about a week
before the model is applied beginning May 24, 2010.
The results of temperature, salinity, velocity field, and
dye concentrations are saved at 15-min intervals.

2.4 Dye Injections and Comparisons

The records of the Yarmouth WWTP during
May 2010 show that the average discharge to the
Royal River was about 0.60 million gallons per day
(MGD) or 0.0263 m*/s. The permit allows the plant to
process and discharge 1.31 MGD. The conditions
during this period were somewhat dry with little rain-
fall, so the amount of stormwater that is also treated by
the plant was easily managed. The treatment plant was
recently improved with a new 20-in. outfall pipe lead-
ing to a new diffuser at the end with seven ports 6 in. in
diameter spaced about 10 ft apart at a depth of 4 m.
The new diffuser is able to disperse the plant outflow
to the estuary and improve dilution near the outfall.
For this study, a mixture of three gallons of the Rho-
damine WT dye and three gallons of deionized water
was injected at a constant rate into the plant effluent
pipe following dechlorination for 12.4 h beginning at
7:15 UTC on May 24 near the beginning of ebb tide.
This resulted in a continuous discharge with a mean
dye concentration of 1924 parts per billion (ppb) as
measured at the diffuser.

In some earlier dye studies of treatment plants by the
FDA, the dye might be injected at a rate proportional to
the volume flow of the plant in order to attempt to
maintain a uniform dye concentration at the outflow
pipe. The dye might be injected steadily for 3 days,
and two or three boat crews with fluorometers would
follow the dye and record readings that would then be
used to establish the prohibitive zone for that plant. But
in this study, the FDA injected the dye during the first
12.4 h only, and then used the fluorometer readings at
the five stations to initialize a superposition principle
developed by Yotsukura and Kilpatrick (1973) and
Kilpatrick (1993) to estimate the dye concentrations
for the period May 24-31. This superposition method
was used to reduce the cost of injecting the dye over
many days and also to determine when the dye concen-
trations at each of the five stations would reach a near
steady state. Briefly, the superposition method is based
on a linear convective diffusion equation whose solution
provides the dye concentration at a specific location.
The equation itself is not solved. The superposition
principle relies on the knowledge that, since the equa-
tion is linear and homogeneous, any sum of solutions is
also a solution to the equation. For each of the five
stations, the fluorometer readings during the first
12.4 h are used as the solution to the diffusion equation
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for this time interval. This solution, along with the
fluorometer readings for the next 12.4 h, is used to
initialize and extend the solution for the next 12.4-h
period. The process is continued until May 31, when a
near steady state is achieved at each station.

The dye from the model was injected into the Royal
River at a single node nearest the plant diffuser, whereas
the FDA dye was dispersed more uniformly through the
seven ports of the diffuser. Since the distance between
model nodes near the diffuser is about 37 m (121 ft), it
seemed better to inject the dye at a single node in the
model. The dye in the numerical model was injected
continuously during May 24-31 with a concentration of
1924 ppb.

3 Results
3.1 Variability in Model Initial Conditions

As described earlier, the flow in the Royal River can
vary greatly in May. Flow rates may also vary during the
course of a day due to snow melt and precipitation, but
data is not available on such short time intervals. The
volume flow through the outfall pipe of the treatment
plant also varies throughout the day. Goblick et al.
(2017) reports that average daily flow rates from the
plant can range from 0.022 to 0.088 m*/s. During the
dye injection period, the flow rate from the plant reached
as high as 0.0577 m*/s. The model assumes a constant
mean flow rate of 0.0263 m>/s. These hourly fluctua-
tions about the mean can lead to differences when dye
concentrations from the FDA study are compared with
those of the numerical model in space and time.
Smoothing of bathymetry near FDA stations, bottom
friction, and horizontal diffusion parameters can also
have an effect on circulation.

3.2 Comparison of Dye Concentrations with FDA Boat
Transects

Since the superposition method was used in this study,
the actual dye concentrations in the receiving waters can
only be compared with the results of the numerical
model during the first 12.4 h from 7:15 to about 19:40
UTC on May 24 when the FDA injected the dye into the
outflow pipe of the treatment plant. At about 13:15 on
May 24, two boats with fluorometers and GPS began
tracking the dye along the Royal/Cousins Rivers above
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and below the outfall pipe to locate the leading edge of
the dye. Fluorometer readings were recorded near the
surface usually every second for a total of about 13,000
readings. A five-point moving average was then applied
to smooth the data. A method for comparing the fluo-
rometer readings with model results was performed. For
each node of the numerical model, the dye concentra-
tions from the boat tracking fluorometer readings were
searched to find the corresponding fluorometer dye
concentration at the nearest node and nearest time. The
comparison between the boat surface fluorometer read-
ings and the numerical model are shown in Fig. 3. The
mean difference between fluorometer readings and
model readings was 0.74 ppb, with a standard deviation
of 1.7 ppb, so model dye readings on this first day
overall are slightly higher than the FDA fluorometer
readings. However, Fig. 3 shows that the FDA readings
include higher dye concentrations in the interval 0.5—
1.5 ppb extending out to station 5. Since the model dye
was injected at a single node nearest the plant diffuser,
this may partly explain the larger differences in dye
concentrations within about 200 m of the diffuser. Be-
yond 200 m, the model results were within 1 ppb farther
upstream and downstream of the diffuser. Overall, these
results are encouraging and show consistent dispersion
agreement in space and time downstream from the out-
fall pipe, which is where the prohibitive zone is to be
determined.

3.3 Comparison of Model Dye Concentrations
at the Five FDA Stations

As mentioned earlier, the FDA set out oyster cages at the
five stations with submersible fluorometers to measure
dye concentrations throughout the study. All five sta-
tions are downstream from the treatment plant. Station 5
is about 1.5 km southeast of the mouth of the Royal
River. The velocity field from the numerical model
shows that the currents there are more complex. On
the ebb tide, water from the Royal River fans out as it
leaves the mouth of the river, with much of it moving
toward station 5 and continuing southeasterly through a
narrow channel between the north end of Cousins Island
and Little Moshier Island (Fig. 1). On the flood tide, this
flow is reversed and water from offshore moves back
through this channel between Cousins Island and Little
Moshier Island toward the entrance to the Royal River.
This particular current can return some effluent from the
Yarmouth treatment plant back to station 5 and the
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Fig.3 Dye concentrations during
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Royal River. But another source of water between Cous-
ins Island and the mainland flows northward on the
flood tide under the Cousins Island bridge and joins
the first flow as it enters the Royal River. This water is
essentially free of effluents from the Yarmouth treatment
plant and contributes to the dilution of effluents in the
Royal River.

The FDA used the superposition principle to calcu-
late the 12.4 tidal cycle maximum, peak 1 h, and average
dye levels at each of the five stations. An extended
application of the superposition method was also used
to predict the dye concentrations for the period May 24—
31 to determine when the dye concentrations at each
station reached a near steady state, which was about
6 days. This is because the fluorometer readings at the
five stations showed little or no dye concentrations after
about 6 days, so no additional concentrations would be
added to the initial conditions in the superposition meth-
od. By comparison, the numerical model was run for a
full 3 weeks with continuous dye injection and is also in
agreement that the dye concentrations for this estuary
reached a near steady state after about 6 days. The week
of May 24-31 is also the period of the spring tide when
the tide reached about 2 m above mean sea level on

-70.15° -70.12°

May 27, resulting in greater dye dilution and spreading
farther from the diffuser. The neap tide followed during
the first of June where the maximum tidal range only
reached about 1.5 m above mean sea level, leading to
less water volume for dye dilution in this tidal river. This
led to some minor alterations due to current speeds and
dispersion. The neap tide intrusion on the flood tide did
not penetrate up the river as far as the spring tide. At the
dam near Rte. 88, the fresher river water rose above the
incoming tidal water, forming a more pronounced tem-
porary wedge of length about 300 m at the surface. From
the dam to the diffuser, the dye concentration increased
slightly in the lower layers compared to the concentra-
tions during the spring tide. However, there was little
difference in dye concentrations at the five stations in
the transition from spring to neap tide.

At each of the five FDA stations, the dye readings
from the station fluorometers are compared with those
of the numerical model. The fluorometers are positioned
about 30 cm from the bottom, since the objective here is
to determine the effect that effluent concentrations will
have on shellfish harvesting. First, since the FDA dye
was only injected during the first 12.4 h, the maximum
dye concentrations at each station during this initial
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period are compared with the corresponding maximum
dye concentrations from the model. The maximum FDA
dye concentrations at stations 1 through 5 were 6.10,
5.93, 2.80, 1.83, and 0.57 pbb, respectively. The corre-
sponding maximum concentrations from the numerical
model at the five stations were 5.92, 5.77, 2.81, 1.09,
and 0.37 ppb. These initial dye values from the model
compare favorably with the FDA data and indicate that
the initializing process for the model is performing
properly. Next, the FDA dye concentrations at each
station as computed with the superposition method are
compared with those of the model concentrations. As an
example, Fig. 4 compares the 6-day dye injection in the
numerical model with the FDA data at station 2 as
recorded by the fluorometer at that station. Figure 4 also
shows how the dye concentrations attain their maximum
during low tide, and can vary by as much as 6 ppb
during one tidal cycle. In the FDA study, the steady-
state peak 1-h concentrations were more conservative
and deemed to be preferred to the other measurements.
Thus, the peak 1-h concentrations are compared in
Table 1. At the end of 6 days, the FDA steady-state peak
1-h dye concentrations at stations 1 through 5 were
computed in Goblick et al. (2017) to be 7.51, 7.73,
4.47, 3.23, and 0.44 ppb, respectively, using the

Fig. 4 Comparison of FDA and

modified superposition method. It should be noted from
Fig. 4 that the maximum model dye concentrations do
not increase monotonically but fluctuate slightly up and
down as a response to the tidal elevations from one 12.4
tidal cycle to the next. This means that the model calcu-
lated peak 1-h concentrations will also not increase
monotonically through the May 24-31 time period. (In
such a tidal environment, Yotsukura and Kilpatrick
(1973) recommends that the dye should be injected for
a full 24.8-h period to catch this oscillatory tidal behav-
ior when using the superposition method.) By compar-
ison, the superposition method can only increase the
peak 1-h concentrations or leave them unchanged from
one tidal cycle to the next. One way to determine the
steady-state peak 1-h concentrations from the numerical
model is to combine the last two peak 1-h concentra-
tions after 6 days to obtain a mean peak 1-h concentra-
tion. Using this approach, the model results for stations
1 through 5 were 7.92, 7.07, 4.76, 3.67, and 1.23 ppb,
respectively (Table 1). As expected, the model concen-
trations decrease with distance from the diffuser. Except
for station 2, the model concentrations after 6 days are
higher than the FDA data. The peak 1-h model reading
of 7.92 ppb at station 1 is about 0.41 ppb higher than the
FDA results, perhaps due to the model dye being

Sta #2: FDA Dye in red, Model dye in blue
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station 2 (a) and water depth
relative to mean sea level (b) 6

Dye in ppb
-

mﬂ"\»—\/’l_‘ =

25/06 26/07 27/08 28/09 29/11 30/12

Water Depth Relative to MSL

-1F

Elevation in meters
o

@ Springer

_2 L L L L L L L
24/04 25/05 26/06 27/07 28/08 29/09 30/11

Day/Hour



Water Air Soil Pollut (2018) 229: 267

Page 11 of 21 267

injected at a single point near the diffuser, rather than
dispersed more uniformly by the seven ports from the
diffuser. The model dye concentrations at stations 1, 2,
and 4 are nearly identical at every depth throughout
May 24-31, so this portion of the river channel is well
mixed vertically. Some reasons for the differences be-
tween the FDA study and the model results are present-
ed in Section 4. Considering the dramatic differences in
the two methods used here, the model results are in close
agreement with the FDA study, with the exception of the
differences in steady-state peak 1-h concentrations at
station 5. These differences play an important role in
determining the prohibitive zone by the FDA.

The comparison of the model and superposition
method for dye concentrations at station 5 is of par-
ticular interest (Fig. 5). The model steady-state peak
1-h concentration is 0.79 ppb higher than the FDA
value of 0.44 ppb after 6 days. However, the dye data
from the FDA boat tracks on the first day show higher
dye concentrations ranging from 1.23 to 1.65 ppb
within 0.2 km of station 5. As a check, the model peak
1-h concentrations were computed at several other
locations near station 5 and found to be similar to
the 1.23 ppb at station 5. Rhodamine WT dye is not
a conservative substance. The dye concentration can

decrease over time due to photochemical decay from
long daily exposures of sunlight, quenching agents
such as chlorine which may have been released in
small amounts from the treatment plant or other
sources, and sediment absorption due to turbidity
caused by tidal flows over the river bed. The details
of the superposition method as described by
Yotsukura and Kilpatrick (1973) allow for this dye
decay in the superposition method and were applied in
the FDA report. For an estuary like the Royal River,
experimental investigations in similar estuaries sug-
gest a dye loss of about 3% per tidal day. The FDA
study adjusted for this decay in their calculations. In
Fig. 5, a number of “spikes” are seen in the fluorom-
eter readings at station 5. These are usually caused by
turbidity (or bubbles) in the lower water column that
can interfere with accurate fluorometer readings. Note
that the spikes generally seem to occur at the begin-
nings of the flood and ebb tides. It is not clear if these
spikes have a significant effect in the superposition
method. By comparison, the numerical model dye
concentrations are passive and are not affected by
decay. Further discussion of the high steady-state
peak 1-h concentrations from the model at station 5
will appear later.

Fig. 5 Comparison of FDA and Sta #5: FDA Dye in red, Model dye in blue
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3.4 Conditions Required for a Prohibitive Zone

The FDA uses the following scenarios to establish the
size of a prohibitive zone around a wastewater treatment
plant when the plant is operating under normal condi-
tions (see http:/www.issc.org/2015-nssp-guide).
Scenario 1:  In consideration of effluent discharged
from a WWTP under failure conditions
(such as a loss of disinfection), the
prohibitive zone must provide a suffi-
cient amount of dilution to dilute the
effluent discharged under failure con-
ditions to the fecal coliform standard of
14 MPN/100 ml within the prohibitive
zone (MPN is most probable number, a
statistical estimate of the number of
organisms which most likely produced
the laboratory results noted in a partic-
ular sample)

OR
Scenario 2:  In order to reduce the size of the pro-
hibitive zone, a conditionally approved
zone may be operated if a factor of at
least a 1000:1 dilution of effluent is
achieved within the prohibited area,
and there is sufficient amount of time
to close the conditional area to the har-
vesting of shellfish before the effluent
discharged at the onset of a failure can
travel to the boundaries of the prohib-
itive zone.

Note: The additional area beyond the prohibitive
zone to be closed under WWTP failure conditions must
provide a sufficient amount of dilution to dilute the
effluent discharged under failure conditions to the fecal
coliform standard of 14 MPN/100 ml within the closed
(due to failure) zone (consistent with scenario 1).

This study will focus on determining a prohibitive
zone and a conditionally approved zone as described in
these two criteria. The three properties to examine are
the determination of the 1000:1 dilution zone, time of
travel of effluents through a prohibitive zone in the
event of a treatment plant failure, and amount of dilution
necessary under failure conditions to meet the fecal
coliform standard of 14 MPN/100 ml.
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3.5 Determining the 1000:1 Dilution Zone

The first criterion for establishing a prohibitive zone for
commercial shellfish harvesting around a treatment
plant is that the effluent from the treatment plant must
be diluted with 1000 units of receiving waters to every
unit of effluent, a dilution of 1000:1. During the FDA
study, a continuous discharge with a mean dye concen-
tration of 1924 ppb was measured at the diffuser. The
model provides the concentrations in parts per billion, so
the corresponding dilution is obtained by dividing the
mean injected flow rate (1924 ppb) by the concentration
at a particular location. For a 1000:1 dilution at a par-
ticular location, the dye concentration would be
1.924 ppb. The FDA study used the near steady-state
peak 1-h dye concentrations at stations 4 and 5, which
were 3.23 and 0.44 ppb (Table 1), with the idea that the
1.924-ppb location would be somewhere between these
two stations. The dilutions increase somewhat exponen-
tially with distance from the diffuser. By using the
original FDA station distances (Table 1), linear regres-
sion was performed in the FDA study on the log of the
steady-state peak 1-h dilutions, y, versus station distance
from the diffuser, yielding log(y) =0.2328 * x +2.1167
with an R? value of 0.86, and x is the distance from the
diffuser in kilometers. But with this regression line,
when dilution = 1000, the distance from the diffuser
would only be 3.8 km, which is closer to the diffuser
than station 4 by 0.06 km (Fig. 6a). That is because this
regression line does not adequately fit the logs of the
dilutions at the five stations, and underestimates the
distance from the diffuser for station 4. A better regres-
sion curve might be a cubic polynomial of the dilution,
vy, which was calculated to be y =80.64 * -
482.24 * x* +851.59 * x —88.14, with an R* value of
0.99. When dilution = 1000 for this curve, the distance
from the diffuser is 4.24 km, which is beyond station 4
by 0.38 km. For comparison, by using the corrected
model station distances (Table 1), the regression equa-
tion becomes y =216.10 * x> —884.42 * x* +
1118.84 * x—96.57, with an R* value of 0.99. When
dilution = 1000, the distance is 2.9 km from the diffuser
and 0.28 km beyond station 4. So regardless of which
set of distances is used here with the FDA dilutions, note
that the 1000:1 dilution line lies just beyond station 4 by
about 0.28 to 0.38 km.

Finally, using the model station distances and model
steady-state peak 1-h dilutions, the cubic regression

equation becomes y =47.59 * x*—182.12 * x* +


http://www.issc.org/2015-nssp-guide

Water Air Soil Pollut (2018) 229: 267 Page 13 of 21 267
Fig. 6 A log regression curve . log(y)=0.23"x+2.12
used by FDA (a) and the cubic — - — a
regress,}i,on curves (b) to estimate O Circles=FDA station log(dilutions) o
the distance from station 4 to the g 3501 Stars=regression log(dilutions) |
nearest boundary of the 1000:1 g s y=log(1000)
dilution zone a °f |
S o
o L N
25 o)
2 Il 1 Il 1 L
0 1 2 3 4 5 6
Distance from diffuser (km)
5000 T T I I T T b
O Circles=FDA station dilutions le)
40001 % stars=Model dilutions il
§ 3000 1
3
0O 2000 1
_ *
1000+ y=1000 |
0 Il 1 1 1 1 L Il
0 0.5 1 1.5 2 25 3 3.5 4 4.5

308.28 * x —127.54, again with an R? value of 0.99.
When dilution = 1000, the distance is 3.77 km from the
diffuser and 1.1 km beyond station 4. These last two
regression curves are compared in Fig. 6b. Using these
last two regressions with the same distances between
stations, the FDA study would recommend a prohibitive
zone to include all waters within 2.9 km of the diffuser,
while the model results would recommend a slightly
larger prohibitive zone to include all waters within
3.77 km of the diffuser.

The model data can be used here to determine the
prohibitive zone in a much more comprehensive, mul-
tidimensional way. The benefit of using a numerical
model here is that the model computes the dye concen-
trations at more than 1600 locations (nodes) in the
Royal/Cousins River estuary simultaneously, each at
10 depths for each node from surface to bottom for a
total of 16,000 locations, and is saved every 15 min. The
entire computational domain includes over 30,000
nodes in Casco Bay for a total of 300,000 locations
where dye concentrations can be measured, if needed.
As a minimum, the outer boundaries of the prohibitive
zone must encompass all areas where the dilution is at
least 1000:1, i.e., where the dye concentration would be
1.924 ppb or more. So the entire model output data for
the period May 24-31 was searched for all those loca-
tions near the bottom where the dye concentration was
1.924 ppb or more at least once. In Fig. 7, each dot
shows where the dye concentration was 1.924 ppb or

Distance from diffuser (km)

more, so the prohibitive zone would extend to the outer
boundary of these dots, with occurrences from the north
end of Cousins Island to Lanes Island. The figure also
shows the two 1000:1 circular arcs of radii 2.9 and
3.77 km corresponding to the FDA and model bound-
aries, respectively. This zone of dots would extend
around station 5 to a maximum of about 3.8 km from
the treatment plant diffuser, almost identical with the
previous model distance of 3.77 km obtained with the
regression polynomial. This result is more convincing
than the previous methods using just the dye readings at
stations 4 and 5, because it identifies locations that were
not recorded at the stations or in the boat tracking data.
In a recent publication by Ao and Goblick (2016), the
FDA applied the Mike 21 hydrodynamic model to the
Yarmouth WWTP for the same period of May24-31,
2010, but with a lower Royal River flow of 5.41 m’/s.
The Mike 21 two-dimensional model also showed a
more conservative prohibitive zone which extended
about 3.4 km from the treatment plant diffuser.

The FDA also included the upper reaches of the
Royal River as part of the prohibitive zone all the way
to the dam near Route 88, which agrees with the model
results seen in Fig. 7. The model results also include the
area above Lanes Island, which was not sampled in the
FDA study, but it is included in the official prohibitive
zone that was established by the MDMR. To summa-
rize, using the model distances between stations, the
1000:1 dilution zone by the FDA study would include
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Fig. 7 Circles mark all locations where model dilutions are 1000:1 or less. Circular arcs mark the 1000:1 dilution boundaries of the FDA

2.9 km and model 3.77 km distances from the diffuser

all waters within 2.9 km of the WWTP diffuser, just
beyond station 4. Using the results from Fig. 7, the
model would include all waters within 3.8 km of the
diffuser, just short of station 5.

3.6 Travel Time

To satisfy the second criterion in scenario 2, it is neces-
sary to determine the time of travel of the effluent from
the treatment plant to the outer boundaries of the 1000:1
prohibitive zone. If a malfunction occurs at the plant
which may release partially treated or untreated effluent
to the river, the MDMR would need to be notified in time
to announce a temporary closure of commercial harvest-
ing perhaps beyond the prohibitive zone. In the FDA
study, the leading edge of the dye was tracked on the ebb
tide from stations 1 to 3, which took 0.93 h. Using this
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and the distance between stations 1 and 3, a mean speed
was computed at the surface of about 58 cm/s. At 58 cm/
s, it would take about 1.4 h for sewage from the treatment
plant to flow 2.9 km to reach the edge of the 1000:1 FDA
dilution zone. By comparison, the numerical model pro-
vides a velocity field sampled near the same places as the
dye readings. At a single node midway between stations
1 and 3, the model mean speeds during the first 2-h
period at ebb tide were 55 cm/s at the surface and
38 cm/s near the bottom. The surface speed for this
single node is in good agreement with the FDA speed.
At 55 cm/s, it would take about 2.0 h for sewage from the
treatment plant to flow the farther distance of 3.8 km to
reach the boundary of the model 1000:1 dilution zone. It
should be noted that these times are based on a plant
discharge rate of 0.0263 m>/s. A higher discharge rate
could reduce the time of travel.
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The two times of 1.4 and 2.0 h computed above are
based only on surface speeds at a single location during
ebb tide. But once a particle leaves a location, it enters
another location in the velocity field and experiences a
different speed and direction. A more comprehensive
method to determine travel times can be accomplished
with the FVCOM particle tracking module described
earlier. To investigate the travel times from the diffuser
with the particle tracking module, a set of 50 particles
was placed around the diffuser, some just upstream and
some downstream, and across the entire river bed to
capture as much variability in flow rates as possible.
The particles were released at the beginning of ebb tide,
which is when a plant malfunction would have the
greatest impact out to and beyond the mouth of the
Royal River and into Casco Bay. The results in Fig. 8

show that 16 of the 50 particles moved beyond station 4
and the mouth of the Royal River in 3.0 h. All particles
stayed within the FDA 1000:1 dilution zone. Other
particles only moved a few meters, and the rest remained
between the diffuser and station 4. The particle tracking
module also showed that after 4 h all 50 particles stayed
within the model 1000:1 prohibitive zone and terminat-
ed well short of station 5. The particle tracking result
produces a longer travel time than the previous travel
times that were based on speeds between stations 1 and
3. Once a particle moves past the river outlet, its speed
can decrease by 10 to 20 cm/s, resulting in a longer time
to reach the 1000:1 boundary. This means that the
Yarmouth treatment plant would need a management
plan with adequate monitoring, recording devices, and
alarm systems to close a conditionally approved area to

3 hour trajectories Ebb tide, May 24,2010

43.82°
43.8°
300 meters
43.78°
43.76° .

-70.18°

-70.15° -70.12°

Fig. 8 Distances traveled by 50 particles from the diffuser in 3 h. Red asterisks mark the terminal points of each particle. Circular arcs mark
the 1000:1 dilution boundaries of the FDA 2.9 km and model 3.77 km distances from the diffuser
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harvesting shellfish in the event of a plant malfunction.
Assuming a conservative notification time of 3.0 h or
less, the transition from a prohibitive zone to a condi-
tionally approved zone could occur just beyond the
model 1000:1 dilution zone. Most treatment plants to-
day are carefully monitored around the clock with per-
sonnel and current technologies. A faulty discharge,
such as a loss of disinfection, can usually be identified
in a matter of hours.

3.7 Meeting a Fecal Coliform Standard of 14 MPN/
100 ml

Finally, there must be an adequate amount of dilution
within the conditional area to dilute effluent
discharged under failure conditions to meet the FC
standard of 14 MPN/100 ml. In the event of a short-
term failure, it is necessary to determine the distance
from the diffuser where the FC concentrations are
within the 14-MPN/100-ml standard. This may de-
pend on the influent values coming into the plant
before processing. The FDA uses a typical literature-
based value of 1.4 x 10° FC MPN/100 ml of a fecal
coliform count for raw, untreated wastewater for a
worst-case total failure scenario. This is the typical
anticipated FC count that would enter a treatment
plant prior to processing (U.S. Food and Drug
Administration 2013). Normally, the FC counts of
the influent to a WWTP are not recorded periodically,
but some samples were taken just prior to and during
the FDA study. Six weeks before the FDA study, the
plant records showed FC and E. coli (EC) influent
readings of only 7 x 10° MPN/100 ml. During the
FDA study, FC readings of 7 x 10° FC MPN/100 ml
were recorded, five times the literature value, but a
long-term mean is not available. In order to meet the
14-MPN/100-ml standard using the literature-based
value, the corresponding dilution value would be
1.4 x 10%/14 = 100,000:1, resulting in a dye concen-
tration of 0.019 ppb. Again, as with the 1000:1 dilu-
tion zone, the entire model output data for the period
May 24-31 was searched for all those locations near
the bottom where the dye concentration was 0.019 ppb
or more at least once. The 100,000:1 dilution zone is
shown along with the 10,000:1 and 1000:1 dilution
zones in Fig. 9. As expected, this zone is considerably
larger than the 1000:1 dilution zone. It extends out to a
line from the east coast of Great Chebeague Island to
the southern tip of Whaleboat Island. It also extends
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northward to include the lower half of the Harraseeket
River and down the coast to the northern tip of
Sturdivant Island. This is the conditional zone that
would need to be closed under failure conditions of
the treatment plant. The FDA study had a smaller
conditional zone that extended out to a line from
Blaney Point on the northern tip of Cousins Island to
the southern tip of Little Moshier Island (U.S. Food
and Drug Administration 2013). The model condi-
tional zone extends beyond the region where the
FDA 3-day study collected dye concentrations. In
addition to the dye samples from the five fixed sta-
tions, the FDA boats also collected dye concentrations
for 3 days. During this period though, the locations of
the samples collected by the boats are essentially
displayed in Fig. 3, which focuses on and around the
channels of the Royal/Cousins Rivers out to about
300 m beyond station 5. As mentioned earlier, the
dye data from the FDA boat tracks on the first day
show dye concentrations ranging from 1.23 to
1.65 ppb within 200 m of station 5. These are more
in line with the model steady-state peak 1-h concen-
tration of 1.23 ppb at station 5. It is not known how
much farther the FDA boundaries would have been for
the conditionally approved zone if more data had been
collected beyond station 5. With limited resources and
only two boats, it would not have been possible for the
FDA to cover all directions from the outlet of the
Royal/Cousins Rivers out to a point where dye con-
centrations reached 0.019 ppb. Moreover, the limit of
detection of the fluorometer instruments is close to
0.01 ppb, so it would be difficult for the boat fluorom-
eters to map the outer boundaries for a conditionally
approved zone. Thus, more observational dye data
would be needed beyond station 5 to make a suitable
comparison of the size of a conditionally approved
zone with the results from the model. The condition-
ally approved zone as determined from the model may
seem large, but the mean depth within this zone is only
about 3.3 m at mean sea level, resulting in a low
volume of water for a 100,000:1 dilution.

In some cases, the conditionally approved zone may
be reduced, depending on the time the treatment plant
has to notify the MDMR in case of a plant failure. If an
untreated discharge remains within the 1000:1 zone
during the first 4 h, and the plant has the ability to notify
the MDMR to close the zone to harvesting, it may be
possible to reduce the conditionally approved zone out
to the 10,000:1 boundary (Fig. 9).
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Fig. 9 A map of the three model dilution zones with a plant discharge rate of 0.6 MGD. The 1000:1 zone in dark gray is the model

prohibitive zone

3.8 The Prohibitive Zone Under Higher WWTP Flow
Rates

In the FDA study, a simple ratio was used to address
dilutions at the five FDA stations for higher treatment
plant discharge rates. For example, if the discharge rate
at the plant increases from 0.6 MGD (0.0263 m’/s) to
1.5 MGD (0.0657 m’/s), this represents a 2.5-fold in-
crease. Thus, the steady-state peak 1-h dye concentra-
tions in Table 1 would be multiplied by 2.5 to obtain the
concentrations for the higher rate. For example, at sta-
tion 1, 7.51 * 2.5=18.78 ppb. These new concentra-
tions could then be used to determine the boundaries for
the prohibitive zone. This method assumes that in-
creases in the Royal/Cousins River flow would have
minimal impact on downstream dilutions.

To compare this method of ratios, the model was run
again with a discharge rate of 1.5 MGD (0.0657 m?/s)
from the plant, just above the 1.3 MGD maximum permit
rate. With this change, the model steady-state peak 1-h
dye concentrations were computed again at each of the
five stations (Table 1). The new concentrations at stations

1 through 5 are 20.2, 16.76, 6.64, 7.75, and 1.78 ppb. The
ratios, however, are not consistent at 2.5, but instead are
2.55,2.37,1.39,2.11, and 1.45 (last column of Table 1 in
parentheses). Stations 1, 2, and 4 are close to the 2.5 ratio,
but dye concentrations at stations 3 and 5 rose only
slightly. Station 3 is located just north of the main channel
of flow out of the Royal River (note in Fig. 8 how all
particle tracks starting around the diffuser lie south of
station 3). As a result, an increase in the plant discharge
had only a small influence on dye concentrations at this
station. The more complex velocity field dynamics
around station 5 contributes to higher dilutions, which
may explain only a slightly higher dye concentration
there. To determine how the higher flow rates from the
treatment plant affect the boundaries of the prohibitive
zone, the cubic polynomial was used again to regress the
new FDA dilutions at the five stations. When the dilution
is 1000:1, the FDA distance from the diffuser to the outer
boundary of the prohibitive zone moved from 2.9 to
3.5 km, an increase of 0.6 km. As before for the model
results, the more comprehensive method of locating all
model nodes where the dye concentrations were
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1.924 ppb or higher was employed. The new 1000:1
dilution zone for the model would move from 3.8 to
4.6 km, an increase of 0.8 km. Figure 10 shows the
1000:1, 10,000:1, and 100,000:1 dilution zones for the
higher plant discharge of 1.5 MGD.

4 Discussion

The comparison of the FDA study and model study
presented here applies to a given wastewater treatment
plant which discharges its effluent into the Royal/
Cousins River estuary. The objective has been to deter-
mine the prohibitive zone around the Yarmouth WWTP
using two very different methods.

In each method, dye concentrations were used to
determine the boundaries of the prohibitive zone. There
can be many causes for differences between model dye

Dark Gray=1000:1 dilution
Medium Gray=10,000:1

43.84°
Light Gray=100,000:1

43.82°

Yarmouth Cousins R.

43.8°

43.78°

43.76°

43.73°

43.71°

 he

readings and those of the FDA study. The model as-
sumes a plant mean discharge of 0.0263 m?/s, but there
were times during the study when the flow rate in-
creased to 0.0577 m>/s. The flow rate in the Royal/
Cousins River was assumed to be at 9 m*/s but could
vary in the course of a day. In the model, the coefficient
of bottom friction can alter dilutions and may be too
small. The vertical and horizontal diffusion parameters
in the tracer tracking module for this estuary may need
further examination. The five FDA stations are in shal-
low waters close to the shoreline, and the model ba-
thymetry, after smoothing, may not be exact there. This
is an important consideration when comparing dye con-
centrations, which will vary with depth. In comparing
model dye readings with the boat tracking fluorometers,
a model node could be as much as 25 m from the
corresponding fluorometer readings, with a maximum
time difference of 8 min. There are also readings in the

-70.18° -70.15°

-70.12°

-70.09° -70.05° -70.02°

Fig. 10 A map of the three model dilution zones with a plant discharge rate of 1.5 MGD. The 1000:1 zone in dark gray is the model

prohibitive zone
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boat tracking data where dye concentrations vary great-
ly: one reading lists the dye concentration jumping from
8.6 to 13.1 ppb within 1 s. The discharge of dye from the
plant diffuser is more uniformly distributed, whereas the
model dye discharge is at a single node. The superposi-
tion principle does not fully address daily tidal variabil-
ity, or any nonlinear effects that are included in the
hydrodynamic equations of FVCOM. These are all typ-
ical of assumptions that are encountered when a model
is applied to a changing environment. Nevertheless, the
model results strongly coincide with those of the FDA
study, where the major objective has been to determine a
prohibitive zone around a treatment plant.

The FDA prepared a dilution model based on ratios
to create a table of dilutions associated with changes in
plant outfall flow rates. A major benefit of the model is
that it can be run with different flow rates to construct a
similar table, with corresponding graphs of the prohib-
itive and conditionally approved zones. A complete and
applicable model study would need to include a number
of model runs to encompass all possible events that can
occur under different diffuser flow rates, river flow rates,
precipitation, and other environmental conditions. Since
these model runs would only repeat the same processes
discussed so far, only the increase in the plant discharge
rate to 1.5 MGD is included here as an example.

The locations of the five stations as chosen by the
FDA appear to be very well placed for determining the
prohibitive zone, at least when comparisons are made
with the results of the model. Perhaps, station 3 was
located north of the main channel of the Royal River to
obtain more isolated readings from the Cousins River.
The model prohibitive zone extends farther east than the
FDA zone, but its outer edge is still between stations 4
and 5. However, a conditionally approved zone from the
model is larger and extends farther east than that of the
FDA conditional zone. As mentioned earlier, dye samples
from the two boats stayed close to the river channels and
stopped about 300 m east of station 5. If a hydrodynamic
model for a treatment plant could be constructed and run
first under various flow rates and environmental condi-
tions, perhaps the resulting information could be used in
preparing future FDA hydrographic studies that might,
for example, include placing fluorometer stations in ideal
locations where dilutions can reach as little as 100,000:1.
The FDA is developing such hydrodynamic models (cur-
rently Mike 21) which will hopefully provide the prelim-
inary information to prepare future treatment plant studies
that produce more information at lower cost.

Supplementary material regarding this study can be
found at the author’s website, www.casconorwich.
org/pages/YarmouthWWTP.html. One video displays
the dye dispersion from the beginning of the injection to
the final steady state. The 1000:1, 10,000:1, and 100,000
:1 contours move with the tides; another shows a vertical
transect of the dye from the dam at Route 88 to the
diffuser, with the formation and decay of the salt wedge
near the dam. The most recent shellfish closure map from
the MDMR website is also available on this webpage.
The MDMR must include additional criteria when
constructing its closure maps, based on their own
“sanitation survey” (see Sanitation-Survey 2018). It
would have included the microbiological analysis of the
oysters in the five FDA cages and the FC and MSC
concentrations of the soft-shell clams that were harvested
near the diffuser. Additional samples taken beyond the
Royal/Cousins outlet would also be examine, and could
alter the size of the conditionally approved zone. In
addition to the discharge from the Yarmouth WWTP,
there are 26 mi of the Royal River watershed above the
dam where various agricultural runoff contaminants can
affect water quality and be detrimental to commercial
shellfish harvesting. These waters do not pass through
any treatment plants, and the MDMR must also include
these contaminants when preparing its closure map. The
closure map displays the final official prohibitive and
conditionally approved zones, including closing criteria
related to precipitation and seasons. Part of the prohibitive
zone is classified as conditionally restricted, which allows
for harvesting subject to depurated and/or relay harvest-
ing under specific environmental conditions, such as
excessive rainfall or a sewerage treatment plant bypass.

5 Conclusion

An FDA hydrographic dye study and the numerical
hydrodynamic coastal model FVCOM have been applied
to a wastewater treatment plant in the Royal/Cousins river
estuary in Yarmouth, Maine. The main objective has been
to determine if the numerical model can reproduce the
same prohibitive zone of the Yarmouth WWTP that was
established by the FDA study. The FDA dye study aided
in the calibration and validation of the model with regard
to dye concentrations and diffusion. The dye concentra-
tions from the two methods during the first day when the
dye was injected in the FDA study were in close agree-
ment at each of the five FDA stations and along the
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transects of the boat tracking fluorometers. The superpo-
sition method applied by the FDA and the model results
were in agreement that the near steady state of the dye
distribution from the treatment plant diffuser was about 6
days for this estuary. The surface speeds at selected
locations from both studies were within a few centimeters
per second of each other. The outer boundary of the
prohibitive zone for the treatment plant determined by
the model was about 0.9 km farther from the diffuser than
the FDA study. When the effluent discharge from the
plant was increased to 1.5 MGD, the FDA data and
methods would increase the distance from the diffuser
to the outer boundary of the prohibitive zone by 0.6 km,
whereas the model data would increase its distance by
0.8 km. For the conditionally approved zone that requires
a 100,000:1 dilution, the dye data collected by the FDA
was not available spatially to compare with the model.

An objective of this study has been to demonstrate the
advantages of using the tools of a numerical model to
provide a high-resolution velocity field vertically and
horizontally where pollutants may be discharged to a
coastal estuary. The results show that this numerical
model is capable of replicating the observational data
provided by the FDA study. The tracer tracking module
is integrated with the velocity field to produce dye dis-
persion throughout an estuary with more spatial and
temporal information than can be obtained with limited
observational data. The particle tracking module provides
important information about transit times and flushing
times for the estuary. The model can easily be modified
to alter river flow rates, discharge rates from a treatment
plant, precipitation, and seasonal environmental factors to
produce a comprehensive report on prohibitive and con-
ditionally approved zones for the estuary.
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