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EXECUTIVE $UM~y

Considerable effort is presently being invested iri making measurements of
hydrodynamic, water-quality, and benthic parameters in art effort to control and identify
the environmental impacts of net-pen aquaculture. However, discrete measurements over
limited time periods at specific sites do not give a truly representative overall picture;
they cannot address spatial variations within lease sites ar the cumulative effects of
several operations within a coastal embayment. ln addition, field measurements are
expensive and time-consuming. To overcome these difficulries, mathematical computer
models are developed in this study to simulate tidal and wind-driven currents, waves, and
the resulting dispersion of fish food/fecal matter. These models are considerably more
comprehensive than previous modeling methods used in the prediction of net-pen waste
distribution. Cobscook Bay and Toothacher Bay in Maine were chosen for this study.
Field data were obtained to force, caHbrate, and verify the various models. We find that a
systematic site-specific step-by-step modeling strategy thar. involves the use of numerical
models to simulate the overaH hydrodynamic environment  viz. tidal and wind-driven
flows and wave-induced velocities! in combination with a waste-particle transport model
can be an extremely powerful method of determirung a priori whether commercial-scale
operations will cause high rates of net-pen waste accumulation at a particular sire. The
examples considered here demonstrate that the models can provide more comprehensive
information on the hydrodynamic envirorunent, without which it is difficult to make
sound regulatory decisions. The data needed for these rriodels are relatively easy to
obtain, and additioriaHy, they can examine such characteristics at several sites within a
bay simultaneously. Therefore, the use of these models, if accepted by regulatory
agencies, can result m significant cost savings to the indus~-
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l. INTRODUCTION

The last fcw years have seen an exponential gro~ in ~on'd net-pen crriturc m
Maine- According to the Maine Department of Marine resources  DMR! there are 511
net-pens in the state. Thc 1990 landings from over 30 l~~e +~ ~ c~t~ gf 5 QQQ
metric tons  Bettencourt and Anderson, 1990!, and involved over 200 Ml-t- c and 7Q
part "c jobs; thc value of the landings was second only to the lobster industry.
regulatory agencies  DMR, US Army Corps of Engineers  USACOp! Maine ~artrncnt
of Environmental Protection  DEP!, National Marine Fishcrics Service, US Fish and
Wildlife Service, ctc.! are under increasing pressure to regulate thc expansion and limit thc
environmental impacts of these operations, the industry has identifie delays in permitting
and increasing costs of site monitoring as a major constraint to expansion and profrtnbihty-
Indeed Bcttcncourt and Anderson �990! state: "the future growth of the salmoaid nct-pen
culture production in northeastern US will depend in large part on thc regulatory constrairrts
faced by the industry". There is still confusion bctwccn various agencies concerning the
types of net-pens, and their effects since the cumulative impacts of several pens within a
given site have not been systematically addressed. Meanwhile, the state of Maine has
identified in its Aquaculture Development Strategy  Fcrland ct al. 1990! the need for a
coordinated development strategy for aquaculture and traditiona1 fisheries, and has noted
that thc high cost of meeting regulatory requirements  estiinatcd to be as much as $100,QOQ
to obtain a lease and all necessary permits and scvcral thousand dollars for an.rinal
monitoring! form a significant barrier to the future entry of local fisherme into the net-pen
aquaculture business.

A SignifiCant compOnent Of the reguhtory proceSS deals with thc intcractior1 of thc
fish-farms with the hydrodynanucs and thc resultmg environmental unpacL '11te abrhty of
the area to accornmodatc aquaculture operations without adverse impact has to bc
examined. Fish farm wastes, composed primarily of fish feed and fecal pellets, often
adversely affect water quality and the benthic community; for instance. enhanced
concentrations of ammonia lowered dissolved oxygen, or bacteria mats are found art some
sites.  Deterioration of the environmental condirions can in turn affect the viabihty o f the
farm also ! Factors influencing the sedimentation and accumulation of organic mnrcaial
the vlCLmty Of Sajmorud net pen OperationS iri thc rrutmlc cnvUonment have beCri the, Strbject
of numerous studies and reviews  c.g. Ennel and Lof, 1983, Gowen and Bradbrtry 1987.
Fox, 1988; Ackcrfors and Enncl, 1989. Hall et aL 1990; Gowcn et aL, 1989a,b; Glen

ds 1990. Hansen et ai 1991- Pilhy, 1~ Sil~ 19&!. ~ of deIio



rely on scvcral factors such as the settling rates of feed, the biomass of fish and their
metabolic rates, the settling rates of fecal pellets, rates of feeding and amount of excess
 waste! feed, hydrodynamic parameters like the current speeds, local bathymetry, and wave
conditions at the site, the distance from the pens to the sea floor and their effect on the
currents at the site, the consumption of waste feed by other species  crabs, fish, etc.!, the
rate of decay of organic particles on thc bottom, including grazing by the benthos and
bacterial decomposition, and rcsuspension of organic particles by currents and waves,
which may vary seasonaHy and with differences in particle adhesion or "stickiness".

The regulatory process should be governed by the degree of environmental
deterioration wrought by one or tnorc net-pen operations in a region; however this is uot
easily ascertained, since a given amount of waste loading is influenced by tidal flushing,
rcsuspension by waves, and decay. While the assimilative capacity of the benthos is
generally poorly known, regulators have generally used guidelines based on a rniriimum
current speed and water depth, in the hope that the particulate wastes are dispersed
sufficiently away from the pens. For example, Parametrix lnc. �990! have recently
examined regulations, monitoring requirements, etc. for fish-faxming in several regions of
the world. Their report to the Maine Department of Marine Resources rccomrnends that the
rnininiurri separation bet Amen the bottom of the pen and the sea- floor be between 10 and 60
feet  depending on water depth! and the mean current velocities halfway between the sea
floor aud the bottom of the pens bc greater than 0.1 knots. Specific recommendations of
how and where measurements must be made arc given. For instance, water velocities are
to be measured at the site by current rnetcrs and drogues. The recommended guidelines
 see the report by Paramctrix Inc. to DMR! state: "Characterizing the current velocities and
directions is accessary for applying depth/current siting guidelines and for predicting the
dilution and dispersion of excess feed and fecal matrer. At the center of the farm,
measurerncnts should be made six feet below the surface and thrcc feet above the bottom.

Ten evenly spaced measurements should be taken throughout one tidal cycle during a
periods of average tides  neither neap nor spring!".

In addition to velocities and elcvations, water quality and benthic data are also

required as part of thc leasing/monitoring process. Benthic data in a 1000 foot radius from
thc farm are required, with sampling stations being chosen on thc basis of the prevailing
currents, and the anticipated drift of waste rmsterial. ~e recorenmdations by Paramctrix
Inc. �990! give .guidance on the horizontal spacing of these stations.! Water-quality
sarnplcs also should bc taken at 0.1m and lm above the sediment and at the bottom of the



nets, at 5 plan locations: one up-cmrent of the pens, one directly within the pens, and three
down-current of the pens. In addition, the leasing program requires drogue tracking to
estimate the fate of particulate rnatter and the potential for excess feed and feces to get
trapped in eddies. The drogues should be tracked for at least eight hours, and should be
reset if they are transported beyond a practical tracking range.

5!

6}

Measurements for leasing and monitoring are expensive and timewonsuruiug.
A considerable degree of arbitrariness acccerrpanies the criteria discussed in the
above paragraphs  e.g. blanket minimum velocity, etc.! and even the specified
memuernent locations. For instance, ate they adequate for sites with sever31 peus?
Several researchers have emphasized, not surprisingly, that the environmental
impacts are "site-slmcific" and depend also on husbandry techniques which dictate
waste output.

Considerable ef'fort is therefore being invested by the Maine salmonid net-pen
industry in making measurements of hydrodynamic, water quality, and benthic parameters,
and although they are immensely useful, there are several difficulties:

1! It is not clear how regulations can be developed using these measurements alone.
For instance, does requiring certain minimum velocity at the pen ensure that excess
feed/fecal matter concentrations in some region wiH nein below tolerable leveas?
Flow patterns in many coastal regions  such as Cobscook Bay in Maine! are
complex, and it would be difficult to predict the required dilution and dispersion of
this matter. A more detailed description than a "blanket" minimum velocity or depth
is needed. Also, water quality samples axe to be taken from up-current and down-
current locations etc. For this too, one needs a more detailed velocity field, since
even the prevaiTing current direcbon itself is often difficult to establish.

2! The concentration of particulate matter is not governed only by currents, but also by
dispersion, settling, and resuspension. For this, depth-varying velocity profiles
may be needed, not just beneath the pens, but in the overall vicinity.

3! Current measurements are made on a certain day, and do not represent the
variations due to winds  ie. wind-driven currents and wave activity} and different
tidal conditions  spring, neap!.

4! Water quality or benthic sampling locations may not be truly reprmmtative, since
currents, dispersion, settling, interaction with boundaries  i.e. bathymetric
features!, and other mechanisms influence the concentration levels of particulate
matter.



Pmject Goals and Objectives

As described above, discrete measurements on their own cannot give a complete

representative picture that can assist in developing guidelines. In fact, some fish-farmers
have informed us that it is dif6cult to make much sense of isolated measuremcnts. In such

conditions, computer modeling, in conjunction with some field measurements, represents
an eminently rational and powerM tool to investigate the hydrodynamics and dispersion of
fecal and waste feed pellets at pen culture sites. Indeed, the report by Parametrix Inc.

�990! to DMR recommends thc usc of this approach to assess thc effect of the farm on the

surrounding waters. A rigorous effort was therefore undertaken to model thc overall

hydrodynamic and other aspects that influence nct-pen waste distribution. Two sites in
Maine  Toothachcr Bay and Cobscook Bay! werc selected for this study  Fig. 1.1!. These

sites were also the focus of the investigations of Dr. R Findlay, Dr. L. Watling, and Dr.

R. Blake of the University of Maine.

Cornputcr modeling techniques for estimating the environmental impacts of

aquaculture have been devised in recent years. Pioneering work. in this area was done by

Gowen et.al. �989a! who constructed a "simple" modeling technique for the dispersion of

net-pen wastes. This involves simply tracking the horizontal and vertical motion of the

wastes, and determining where they settle  Fig. 12!. This type of model was used to

quantify environmental impacts under two separate net-pens in Pugct Sound, Washington

 Weston and Gowen, 1988!. Essentially the same procedure was applied by Fox �988! at
these sites, emphasizing thc confqpzation, the orientation, and the density of the net-pens

to determine how they influenced thc predicted deposition rates. These studies have shown '

the potential of such models for deomniaing the spatial extent of the net-pen waste

distribution and for site-selection from an environmental viewpoint. Howcvcr, wastc-

distribution in these models is assumed to be governed by horizontal velocity data  C�!

from only one location only, these data do not describe thc spatial variation in velocities. If
one wished to do this, a large number of current rnetcrs would be required. Also thc bottom

topography in the area of interest is not ~ into account. In a discussion of these models,

Fox �9&8! states: " a very detailed Seld investigation of the spatial distribution of

currents near each site would be required ". In addition, some of these models do

not account for post-depositional processes. All models ignore wave activity
 resuspcnsion! and suspension of fish wastes in the ver6cal column, which are noted as

"valuable future research topics" by Fox �988!.



A simple analytical mode} for controlling the pos»ble impacts has recentl
proposct} by $iivert �992! u~g ~ p~cipies. He combined the mean curxent velocity
V with a "diffusion term" q and determined that the ann affected is 4t} V+tl!Z IS, where
S = the sett}ing velocity, and Z = v~~ faII distance Thc abihty of thc bottom in this area
to handle the waste loading depends on both thc graairxg rate of thc benthos and the rate at
which bottom currents rcmove the particulates. These two effects were combined to form
the "assimilative capacity"  B! expressed in gIm2/d. If the waste output of a fish farm is
assumed to be proportional to its annual production V  through a constant proportionality
p!, the roM ~ I MK4xlg from the net-pen should be Icss than the pollution threshold. ie.
p Y ~ 48' V+@!Z IS2, in m~ to } ~ the ~ ~poIIum. Us' g th's equation, SHveg
�992! obtMned the results presented in Fig. 1.3. Although the xnodel is quite elegant, it is

cu}t to apply generally, since the parameter B cannot be detexxnined easily. It depends
on the hydrodynamics as well as the time-varying waste load on the bottom As such, it is
site-specific. A morc genera} model is, therefore, rcrlixired-

The goal of this study was to systematically investigate, in a "pilot study" at two
contrasting sites  Toothacher Bay and Cobscook Bay!, thc use of computer models to
simulate the flushing characteristics and dispersion of the fecal pellets and excess feed.
The specific objective was to develop and usc models that eliminate the deficiencies noted
above. In particular, a systcrnatic attempt to model aU of the relevant hydrodynamic aspeM
was made, c.g. spatial variations in thc currents, resulting from both winds and tides, and
waves werc modclcd as appropriate. Field data were also gathered during this project and
were used with data gathered by other rcscarchers and aquacultuxists to force, ca1ibratc, or
verify the rnodcls. Our case studies may provide regulators with a reasonably
comprehensive modeling strategy that is more systematic than the guidelines described
earlier.

In Chapter 2, we describe thc overall modeling mcthodo}ogy for simulating
tidaLtwind-driven cuxxents, dispersion of contaminant, inch'}ing resuspension of settled
wastes, and the effect of wave activity. In Chapter 3, ~c descnb our efforts to obtain
xe}cvant fieM data that are needed to adequately force axxr} cxrhhrate th ~~ Appiit~ans
of these models to Cobscoo}t Bay and Toothachcr Bay are described in Chapters 4 and 5
respectively. Our 6ndings are surninarized in Chtlxacr 6



Fig. 1.1 The Gulf of Maine  after Brooks RChurchill,1991!;
For detail of the study areas shown in the boxes, see Fig.4.1 & Fight. 1
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2. MODELING METHODOLOGY

For studies dealing with the environmental impacts of aquaculture, it is necessary
to first simulate the tida1 and wind-driven ctnrents an+or the wave field that is responsible
for transporting the net-pen ~s. Once the water velocities are obtained, waste particle
motion is simulated by a transport model to determine their eventual dispersion
characteristics.

2.1 Modeling the flow veiocities

Numerical models to compute the tidal or wind-driven currents are developed from
the 3-d hydrodynMnic equations which provide complete spatial and temporal information
on the currents for the entire computational domain. However, 3-d schemes require
intensive computer resources, especially when the computational domain is large. 1n our
study, for example, it is extremely difficult to run a 3-d model for Cobscook Bay, which
has an area of approximately 200 krn2. Although not impossible, we feel that the high
level of effort required to run a 3-d model is not warranted for the task at hand. A
reasonable alternative is to use the 2-d model obtained by vertically averaging the 3-d
equations; such a model yields the depth-averaged cotnponents of velocity. The
computational resources required in this approach are far less than in the 3-d approach.
However, the information provided by 2d models is not suf'ficient in some cases, e.g.
when the surface or bottom velocities differ considerably from the depth-averaged velocity.
Such variations are likely to affect the dispersion of wastes, since it is the bottom velocities
that cause resusptmion of settled ~astes.

An intermediate approach developed by Lardner & Cekirge �988! relies on a
"verticaVhorizontal splitting" of the 3M equations. The basic procedure of this method is to
Grst use the 2M schemes to compute the surface elevations and the depth-averaged velocity
components  i.e. variations in the horizontal only!. Mesc values are then used as input to a
simple  Eltman-type! scheme to calculate the vertical variations at a given  x, y! location.
Compared with a M model, this procedure requires much less computational effort, since
the velocity profile can be calculated' only where required rather than in the entire domain.
Larcener & Cekirge �988! have shown that this approach compares very favorably with the
full 3-d model for many apphcations, and Lardner and Das �991! have applied it in the
Arabian Gulf. A variation of this appnmch has also been used in the Gulf of Maine by Tee
�979, 1982!. In this study, therefore, we used this intermediate approach. We feel that



this method is suf6cieutly practical and reliable for use by regulatory agencies. The details
of the 2-d vertically-averaged flow model and the vertical variation model are discussed
below.

2.1.1 2M Flow Model

This model is based on the two-dimensional shallow water equations which al1ow
us to calculate the surface elevation and depth-averaged velocities. These variables are
functions of the horizonta1 coordinates  x, y! aud time  t!. The model equations are:

aq aI H+rl!tq aI Help@3i ' � Bx � ' � 3y� -'
�-1!

3U 3vaU av �s ! 4  U~v'+v' ~"4' +"4> "~+ v~+ v~ CV =-g~ + + " +z,
H+rl Bx By

�-2!

a N� ~!! a N� ~!!
K''3 + M+~ � -gW

H+TL
+ ~ + + t

Y

�-3!

where g

C

H

shear ou the water surflme in the y~ction

f

U

V

X

gravitational acceleration

Corialis co@Scient

depth 6am mean sca level to the bottom

deviation of the Gce surface from mean sea leve1
bottom Reaction coef5cient

horizontal eddy viscosity

depth-intcN~ velocity iu x~cction
depth-integrated velocity in y~~on
wrnd shear an the vrater surfa w in the x-direction



This model may be forced by tides  specified at the open boundaries of the domain! and/or
surface wind  specified over some or ail grids in the domain!. The surface wind stress is
specified as:

~,=p,C, Iw~%�

~�=p,C, ~Vr~ Wy
�A!

Pa = fhe mass density of air, W = wind velocity  with components %'x and %'y!,
and Cd = drag coefficient, which can be p~terized as a function of the 10-meter
windspeed  e.g. Demirbilek et al. 1993!.

Equations 2-1, 2-2, and 2-3 are solved by numerical methods on a discretized grid.
An Alternating Dire&on Implicit  ADI! funtc~erence model developed by Booij �989!
at the Technical University Delft  Holland! was used in this study. This model, called
DUCHESS, has been used by us for other fisheries-related applications in coastal Maine
 e.g. Neweii, 1991!. The model is very sophisticated, with options such as unsteady
boundary conditions, nested grids, and the floodingfdrying of shallow regions. The
bathymetry of the computational domain is required as input to the model. In regions
where the ~ater level goes down and the calculated depth is smaller than the input depth
 i.e. the depth becomes negative!, points are taken out of the computational domain and are
considered to be dry. When the water level increases, these paints become flooded and are
included in the computation. 1hese features ate particularly applicable to our study sites.

2.1.2 Modelirtg the vertical variation of velocities

Following Lardner and Cekirge �988!, we use the following linear mornenturn
equations to model the vertically-varying currents:

�-6!



These equations may be solved at any  x, y! location for the velocities n z, t! and v z,
t!. They are forced by the surface slopes calculated in the 2-d model and/or by wind stress
 described later!.

Eq. 2-5 and 2-6 may be written in complex form as

qt-  Nq ! + i C q = -  g � + i g � !
Brl

Bx By
�-7!

where q z,t! = u + i v and i =  -1�~. A program based on the foOowing Crank-Nicolson
finitedif'ference scheme  with a grid spacing = dz! was used to solve eq. 2-7:

t+1 2dz . 2 t+1 t+1- Oqjl+ Nl+ dt + Cdz !q -N2q.

=2dz  -g � -ig � !+Npq-1+ -Nl+ -iCdz !q +N2q+12 Brl . 4 t 2dz . 2 t t+1

Bx By �-8!

where

N0 = 0-5  Nj-1+ Nj ! Nl =0~  Nj-1+ 2Nj+ Nj+1! and N2 = 0.5  Nj+ N>+1!.

Venice eddy viscosity

M'uch uncertainty surrounds the values of the vertical eddy viscosity N. Although
panchang and Richardson �993! have developed inverse modeling strategies for
estirtrating this paraneter, they rely on the availability of at least some data. In addition,
application of such strategies was beyond the scope of this project We therefore used
empirical estitr tates of the eddy vjs~gr.

where u z,t!, v z,t!

N z!

C

Bri Brl
Wx g3y

= horizonta1 velocities at a given location  x,y! of the 2-d model

= vertical eddy viscosity
= Coriolis parameter

= presure force per unit mass due to x and y dxrected surface slopes

from 2-d flow model



Bowden and Fairbairn �952! and Bowden et aL �959! indicated that N has a
maximum value near mid-depth; they estimate the mardmum value Ãm as:

N~=2.5 ~ 10 U~D

where Um is the amplitude of the depth-mean tida1 current. Using eq. 2-9, Tee �982!
constructed four profiles:

1! N z! is constant, Le. N z! = Nm.

2! N z! is a parabolic profile, given by
z

N z! =Nm Rt+4 Rt-1!@+4 Rt-1! tl !

where tl = z/D, Nm ~ maximum vertical eddy viscosity at ri = 03, and
RI = Nsurface / Nm

3! N z! increases rapidly in a thin laminar sublayer from the bottom to a uniform value Nm
in the turbulent layer, ie.

2
N z! =vo�+R>D Tl+1!!, q<tl,

2.
Nm vo  1+Rz~,!, 1 >tl,

where vp = molecular eddy viscosity �.4 ~ 10 6 m /s!, tlz = ~ - 1, and R2 and 5z
are two parameters to be adjusted to provide the best rnatch with field data.

4! N z! is a combination of �! and �!, i.e. N z! is described by �! for ri > rlz and by �!
for rl <tlz.

These profiles, shown in Fig. 2.1, were selected for our study.



Fig. 2. l Vertical eddy viscosity proftles  from Tee, 1982!

a. Homogeneous

Nm N

b. Patabolic

c. Sobber

N~ N



Boundary eondinorrs for Eq. 2-5 k 24

Wind shear at the surface of the water influences the solution of eq. 2-5 and 2-6.

Me boundary condition at the surface may be stated as;

pNu<~g; p Nv,=g �-10!
where the right hand sides, representing the x- and y- components of the wind shear stress,
may be related to the wind speed as in eq. 2-4.

The bottom boundary conditions can be specified in two ways: one could require
that the velocities produced by cq. 2-5 and 2-6 have the same average as that obtained in the
24 model  Lardncr and Cekirge, 1988!, in which case the bottom shear stress is the same
as that calculated in the 2M flow model; or, the shear stress at the bottom may be spccified
 through a friction coefficient! in terms of the local bottom velocity. These procedures are

described below.

Three sets of velocity values at the bottom  grid point j = 1! are selected as:

u  ! = 1, v  ! = P; u  ! = P, v�! = 1; u< ! = P, v  ! = 0
1 ' 1 ' 1 ' 1 ' 1 ' 1 �-11!

�! �! p!u! = cl u + rxZQJ + ct3u3

 !! �! p!
vi = al vj + a2vj + e3vj

�-12!

�-13!

The constants rx], exp and R3 may be obtained fram the foHowing relationships:

a 1+ a2+ rx3 � 1

a U"!+a V~!+a V"! =V
1 2 3

al v +rx2V + a3V =VAl! �! �!

�-14!

�-15!

�-16!

~ model runs using thc Qank-Nicolson scheme  eq 2-8! with the above three bottom

velocity combinations are made to obtain the dummy vertical profiles u-, u  p = 1, 2, p!  p!

3!. Lct thc ultixnatc velocity proKc be related to these three profiles through the relation:



where cq. 2-14 is a result of the linearity of the governing e:q. 2-7, and eqs. 2-15 k 2-16
result f'rom the requirement that the average of the velocity profile be equal to that obtaijied
in the 2-D model.  U<>! and V+! represent the vertical averages of the three dummy
profiles!.

Method 2:

The bottom shear stress may be specified as foHows

pNu, = 0» pNu, = 8 �-17!

For linear friction   w, x ! = ill p  u, v!~b b
�-18!

For quadratic friction  w, x ! = xp p  u2 + v2	+  u, v!~ hb b
�-19!

UJ and vj can be solved by substituting cqs. 2-17, 2-18, and 2-19 in the finitediffererice
form of the governing equation  i.e. eq. 2-8! at the lowest grid point.

Although Method 2 is easier to implement, we have found its solutions in earlier
studies in the Gulf of Maine to be unsatisfactory. In particular, it was unable to reproduce
opposing fiows in the surface and bottom layers  observed, for example, by Tee, 1979!.
The average velocity of thc profile also is not the same as that obtained in the 2-d fiow
modeL Furthermore, this method introduce additional parameters icI and Kp  to describe
the bottom friction! in addition to f. While methods ate available to eliminate some of

these limitations  Laniner 4 Cejcirge, 1988; Jin and Kranenburg, 1993!, they neutralize the
advantages of the interim approach. In our studies, therefore, we have chosen to rely on
Method 1, which was also used by Tee �979! in the Gulf of Maine.

2.2 Modeling net-pen waste movement

15

The flow velocities calculated by the above models are used as input to a
contaminant transport model which calculates the transport of the uneaten fish food and
fecal pellets and determines their concentration levels on the bottotrL We use a simple
particle tracking model, without a random waHc component", since thc particles arc tnostly
advccted by thc flow and practica31y no diffusion takes place. The basic procedure is that



ed at the local current velocity and movethe waste particles are horizontally ad"~
sition of a particle at the end of a discrete

downwards at the settling velocity- The new p
of particles that accumulate at a location is atime step is then determined. The num 0 p

onverted to a concentration. A model ismeasure of the contamination, and can be converted
developed according to the following equations:

x   t+1! ~ x   t ! + u   x, y, z, t! lkt
y t+1! =y t!+v x,y,z�t!ht
z   t+1! � z   t ! + s r 2! 5t �-20!

s represents the settling velocity for uneaten fish food or fecal pellets, u and vere s  $ or 2!
are the spatial and time-varying flow velocities, and x, y, and z represent the position of
parucle at every time step. The relationship is illustrated in Fig. 1.2.

The entire model domain is divided into grids with the same mesh size as that of the
2-d flow rnodeL The velocities  which vary in time! and the bottom bathymetry for each
grid point are stored in a fQe. For each tracking time step, the required current velocity at
the location of the particle is obtau!ed by interpolating from the four horizontal adjacent grid
points. Interpolation in time is also performed if the time-step for the transport rnode1 is
different from thar for the flow models. This model can account for both constant or

varying velocity profiles in the vertical  as needed; see Chapter 4!. Settling velocities for

6sh food particles and fecal peQets were estimated experimentally  as discussed in Chapter
3!.
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Our transport modeling studies examined two scenarios. The first scenario avows

the particle to be transported in the horizontal and vertical till it seules down on the bottom.

The concentration levels can then be calculated. The second scenario deals with the

resuspension problem, i.e. settled particles may be picked up into the water again and
moved around when the current velocity is higher than some thresho1d velocity-
Resuspension of material on the bottom is extremely diffinxlt to model; it depends on the
amount of waste material already present, their composition and adhesive properties, type
of bottom, etc Models for the transport of even uniform sediments in the coastal or
riverine environment are fraught with a large numbe. of unknown para'~, such as the
critical shear stress at which material is resuspended and the amount that is resuspended-
Modeling the resuspension of net-pen wastes is compounded by the fact that the bottom
contains a mixture of the foreign mabmial  Le. net-pen wastes! and the native material not



only is no information available on the resuspcnsion and subsequent transport when thc
bottom is composed of only organic nct-pen wastes, but the motion of the native material
creates the possibility of the submergencc of nct-pcn wastes by thc native materiaL In view
of these difficulties, we made the assumption that when thc bottom currents exceed a
certain threshold, settled net-pen wastes arc resuspended and advected by the currents.
When the currents are below this threshold velocity, the particles rerruun on the bottom.
The uncertainties and assumptions associated with a more rigorous sediment transport type
model justify thc use of this assumption for the present investigation. Thc threshold
velocities werc of course unknown, and hcncc treated as a parameter in the modeling
exercises; a range of values was considered based on thc advice of divers who made
observations. For most cases, zesuspension occurs only periodicaQy, mostly as a result of
wind~vcn and/or wave-gcncratcd velocities, and results in a redistribution of settled
sediments, including the possibility that most of the wastes are flushcd out of the
crnbayrnent. A particle tracking rnodcl of the kind used here has thc advantage  over finite-
differcnce or finit-elcmcnt models! of being able to provide the tracks of thc particles  ie.

to sec if they eventually leave thc bay!.

2.3 Estimating Decay of Settled Wastes

We assume thc net pen wastes are cornplctely organic and that they decay
cxponcntiaUy. The combination of ncw wastes  S! and thc decay of existing wastes yields.

where C = concentration level  g/m2! at time t. S is the loading rate {g/m /time!, and k is
the decay coefficient {titne l!. The concentration level at tirnc t is obtained by integrating
eq. 2-21:

C t! ~ Coe + � �-e !
-kt S -Jr.c

k

When thc decomposition rate matches thc loading rate, a steady state is reached. From eq.
2-22, the maxinunn steady state value  at time goes to infinity! is:

S
C g m eo! �-23!
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2.4 Modeling wave-induced velocities

tt H cosh k z+ d!!u ~gyc T ~ kd! cos kx - Qx!
�-24!

where d is the total water depth, z is the vertical distance  z = 0 at the surface and z = - d at
the bottom!, s is the wave &equcncy, and k is the wave number determined from the wave

dispersion relationship   oP = g k tanh  kd! !.

Surface waves cause motion of the water on short time scales, and wave-induced

velocities near the bottom can cause resuspcnsion of settled wastes. Ocean waves can

experience energy input from the wind, inter-frequency energy exchange, and energy loss
by dissipation and wave breaking. Jn addition, they are influenced by bathymetric
variations that can cause refraction, diNraction, reflection, etc. and by currents that can

cause refraction. It is not appropriate to give detailed descriptions here of the many wave

models that simulate these various complex mechanisms. We refer the reader to Ge et al.
�990! for a rcvicw of some coastal wave transformation rnodcls and to Bondzie k.

Panchang �993! for a discussion of other models. In many cases, these models require a
very high level of computational effort and wave/wind data to force and calibrate them.
Such data are lacking in the Gulf of Maine. Our objective is not to accurately simulate the

wave climate in a bay  as needed for coastal engineering applications!, but only to

determine if wave conditions strong enough to cause rcsuspension can occur, and if so,

with what frequency For this goal, then, it is adequate to use a reasonably simple model
to estimate the wave conditions from the somewhat Rnitcd wind data available. We have

used the US Army Engineers model  SPM, 1984! as contained in the Automated Coastal

Engineering System Package  ACES, l992!. These models, though not very

sophisticated, are convenient to apply and have been verified rcccntly in Lake Balaton
 Hungary! by Lnettich and Harlernann �990!. The actual apphcation depends on fetch and

wind information and is described further in Chapter 5. Rc estimated wave heights  H!

and periods  T! werc then used with Airy theory to estimate the wave-induced velocity
u~~ as follows-



3. FIKLD MEASUREMENTS

Considering the importance of water flow on environmental impacts, the use of
site-specific  ernbayment! mathematical computer models in conjunction with 6eld
measurements represents a rational and powerful tool to investigate the hydrodynamics
and dispersion of waste fecal and feed pellets at pen culture sites. In this investigation,
we attempted to demonstrate the usefulness of computer rnodcls in the environxncntal
evaluation of salmon net-pen aquaculture in coastal ernbayments. In this chapter, we
describe field measurements made at commercial net-pen sites in Cobscook Bay and
Toothacher Bay which werc used to calibrate and validate flow and particle-tracking
computer models. Data were obtained on current speed and direction, current variation
with depth, tidal phase variations within embayments, wind and wave conditions, settling
rates of feed and fecal pellets, and rates of fecal pellet production.

Current mcasurernents

Field measuxements were made using an Interocean S4 electromagnetic current-
meter with sampling frequency varying from 0.5 seconds  profiling and burst sampling
for waves! to 30 seconds  tidal-cycle measuxerncnts!. The $4 meter rneasurcd cuxrent
speed, current direction, and water depth. The current-meter was factory-calibrated prior
to deployment, and has about 0.1 crn/s accuracy. Periods of deployment ranged from 30-
mmute sequences of velocity profiles off the edges of the net-pens to 4-5 day periods at
the major study sites, Broad Cove and Toothacher Bay.

A summary of the data collected with the current-meter is presented below:

QgQQQQ

S4 cuxrent meter

S4 current meter

S4 current meter

S4 cuxrent meter

S4 cuxxent meter

15 Pro6les

17 Tidal Cycle

17 Profiles

16 Burst

16 Tidal Cycle

7/7/92

7/7-7/11/92

8/27/92

12/16-12/18/92

12/18-12/23/92

Broad Cove 0.5

Broad Cove 60/600

Broad Cove 0.5

Swan's Island 0.5

Swan's Island 60/600
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During the sarnpbng periods, the $4 was moored 4m off the bottom at Broad
Cove �/7-7/I 1/92! and 3m of'f the bottom in Toothacher Bay �2/16-12/23/92!. pro files



made on July 8, 1992 are suznmariaed in Table 3.1; see also Chapter 4. Thc current-
mcter was lowered off a boom 2 meters from the platform of the net-pen  Connors Bros.
64M, Fig. 4.14 and 4.15! in thc middle of a pen array of 20 cages at the mouth of Broad
Cove. There were about 1 million fish in grow-out at the site investigated. The meter
was slowly raised and lowered to thc bottom for rephcate profiles at each time sampled.
The total time for replicate profQes ranged between 3 and 5 minutes. Measurements of
current speeds, current directions, and water depths were plotted using S4 application
software  e,g. Fig. 4.13!. As discussed in Chapter 4, these data were influenced by the
presence of the nct-pen  e.g. Fig. 4.13b!. On August 27, 1992, a boat was moored with 2
anchors and current profile  e.g. Figure 4.13a! were made in a region of Broad Cove
outside of thc net pens.

Table 3.1. Files and sample limits of vertical profiles off pen array 6400 in Broad Cove
on July 8, 1992.

Broad 2

Broad 3

On December 16, the current meter was set to burst sampling cuxrent speeds,
current directions, and water depths at a 1-second frequency for 60 seconds every hour in
Toothacher Bay. Direct mcasuremcnts of wave height and period  e.g. Fig. 5.12! were
used to compaze with model calculations of wave velocities. On December 18, thc
current-meter was reset to longer period sampling for tidal cycle variations at the edge of
thc net-pen and was also used to investigate the effects of wind on current speeds and
directions in Toothacher Cove. The locations of these zneastzzezncnts are shown in Fig.
5.2.

20

150-750

815-1400

1450-2050

2100-2900

470-820

2070-29�

2900-3260

edge of net pen

edge of net pen

edge of net pcn
edge of net pen

flow parallel to pen

middle of pcn array

edge of net pcn



Tide Gauges

Four VEMCO tide gauges moored at the bottom were used to calibrate the

DUCHESS flow model in Cobscook Bay and Toothacher Bay.

Zari!4 D@ShQmm

6/17-7f7/92 Cobscook Bay

12/18-12/23/92 Toothacher Bay

120 35, 25, 25, 15

120 18, 16, 9

Gauges

In Cobscook Bay, tide gauges were located near Eastport, Goose Island, Denbow
Point, and South Bay  Fig. 4.3!. As noted carlicr, in Toothachcr Bay the gauges were

located off Irish Point, in Toothachcr Cove, near the salmon lease site, and at the head of

Toothacher Cove  Figure 5.2!. The tide gauge data were examined for time lag between
water elevations of grid locations within the model. In Cobscook Bay, elevatioras from
the 1992 Maine Tide Calendar  with time and height comparisons of 5 Maine substations

within Cobscook Bay! were also used to compare model output with observed time lags.

Particle Settling Rates

During the fieldwoCk involving the current-meter and tide ganges, samples of
commercial salmon feed were also exarrrined for settling rates with graduated cylinders
and a stopwatch. Settling rates of feed were found to be 10 cm/s, which compares
favorably with measurcrncnts by other workers  e.g. Findlay and Watling, 1993; Warrcn-
Han!en, 1982!.
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Measurements of the settling rates of fecal peHets and food were made in July and

August, 1992. In cooperation with Dr. Kling of thc Department of Animal, Veterinary
and Aquatic Sciences of the University of Maine, the bio-deposits of 746 sahnon smolts

fed on a commercial dried feed were collected and used for settling experiments. During
this time, fecal pellets were also collected by gently siphoning and resuspending in a
graduated cylinder. Settling rates of 50 observations resulted in a mean settling rate of
3.2 cm per second  Fig. 3.1! with 70% of thc observations between 2 and 4 czn per
second.



Rates of Fecal Production

The rate of fecal production was studied in a recirculating system with 1/4 lb.
salmon smolts at thc University of Maine with 23.5 kg of fish in each system  A and B!
with 373 fish in each. 1be 6sh werc fed Moore-Clark dried feed over a 3.2 day period at
10.1 to 10.7 degrees C, and the bio-deposits were coQected in a settling tank. From a 3.7
liter  system A! and 6.0 liter  system B! samples obtained as a wet slutry, 200 ml sub-
samples were spun down with a centrifuge, dried, weighed, and sub-sampled for
deternnnations of carbon, protein, fat, and ash. The results are given in Table 3.2.

Table 3.2. Bio4eposits &om salmon stnalts over 32 days in a recirculating system.

RMurll

Industry interviews were made with commercial growers in the Cobscook Bay
region to investigate fish stocking rates and feeding rates  which are based on fish size
and seawater temperature!, with 20% added for satiation feeding. Feeding rates were
obtained from tables of the percent body weight per day for diferent fish sizes over a
range of water ~iperatnres. Except at cold temper3~g fish consumed about 1%% of
their body weight per day using moist fish pellets of 5-12 mm diameter  Fig. 3.2,
courtesy of Connote Bros. Limited Aquaculture Division!. The niaxnnum consumption
was by smaH fish during the wimmm water temleratures.

Grams dry wL kg-t dayl
Grams carbon kg > day'
Percent carbon  dry wt.!
Percent protein
Percent fat

Percent ash

1.7

0.47

27.9

30.9

8.6

32.9

2.1

098

34.8

25.3

3.8

40.4



Typical riet-pen dimensions and stocking rates were:

10 kg m-s
15 kgm-~

Stocking density Year 1

Year 2

Cage size

Cage volume

15m x 15rrr x 7m deep

1400 m

Number of fish per cage 10,000
5,000

Year 1

Year 2

Pellet sizes depend on fish sizes, with usuaQy 2 sizes being fed to the different
 year 1 and year 2! year classes. Feed wastage varies with site-speMc husbandry, but
with hand  demand! feeding, rates of 1.4% have been observed ~orpe et al. 1990! and
values of 2.5% have been mentioned by the industry as a typical wastage factor. The
levels are one order of magnitude below early published values  e.g. Gowen and

Bradbury, 1987!.
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4. AQUACULTURE ~ASTE DISTRIBUTION IN COBSCOOK BAY

Cobscook Bay is located in the northern part of thc Gulf of Maine, adjoining
PassamaQuoddy Bay and thc mouth of the Bay of Fundy. It lies to the east of the
international border separating the state of Maine, USA, from the Province of New
Brunswick, Canada  Fig. 4.1!. This region is weH-known for its resonant tidal activity,
with a tidal range greater than 15 m at the head of the Bay of Fundy during the spring tide.
For the lunar semi-diurnal constituent  MMg, thc mean tidal range in this area is about 5.5 m
 Fig. 1.1!. Cobscook Bay is a relative]y closed region with an opcrung betwecrl Easlport
and Lubec. Thc water depth is greater than 30 m in the main channel; the western part of
the bay is much shallower. Tidal exchange between Cobscook Bay and the Gulf of Maine
occurs through the confined and shaHow Lubec Narrows, where tidal speeds can reach 4 to
5 mts  Brooks and Churchill, 1991!. Thc bathymetry in Cobscook Bay at low tide is
shown in Fig. 4.2.

On account of the large tidal range, the northern Gulf of Maine has for long been
considered to have the potential for the tidal power development. This has led to several
numerical modeling studies  to examine possible impacts of tidal darns!, but they have
mostly dealt with the overall Gulf of Maine system  e.g. Greenberg, 1979; Sucsy et al.
1993! The scale of these studies was too coarse for their results to be directly applicable to
the estimation of the environmental impacts of aquaculture in Cobscook Bay. A recent
study by Brooks 4 ChurchiH �991! was the first to model Cobscook Bay specificaHy.
They used a hydrodynamic model caHcd MECCA  Hess, 19S9!, with 10 vertical levels and

a horizontal resolution of 225 rn. Although thc modeled tidal movement is generally
consistent with many of the known aspects of the tidal regime in the bay, there was no
detailed validation with data- Also the resolution used was too coarse to simulate certain

features like eddies, ctc. which are known to exist and which can influence the disper.ion
of aquaculture wastes. Indeed, Brooks and Churchill �991! noted that a study on a finer
scale  with grid sizes approaching 100 rn! is necessary for such snnulati.otL

Because of its high current velocities and low temperature, fish-farming in
Cobscook Bay is widespread with net-pens located in Broad Cove, Comstock Point, Deep
Cove, Goose Island, Sheep Cove and elsewhere  sce Fig. 4.3!. Of these, three sites, viz.
Broad Cove, Comstock Point, and Deep Cove were examined in detail in this study.



FIg. 4. l Cobscook Bay  after Brooks 4 Chort.-gg $99/!
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Fig. 4.2 Bathymetry io Cobscook Bay, in feet
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Region

Fig. 4.3 Model domain in Cobscook Bay
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1 Eastport
2 Broad Cove
3 Comstock Point
4 Deep Cove
5 Goose Island
6 Sheep Cove
7 East Bay

8 South Bay
9 Denbow Point
10 Horan Head
11 Reversing Fall
12 Coffins Point
13 Birch Mand

A B C
elsewhere

Friction
Coefficient
0.0008
0.008
0.001
0.03



4.1 2-d Flow Model Application

A bottom topography file containing depths digitized from NOAA Chart 13328 was
provided to us by Dr. David Brooks of Texas ARM University. This file contained a total
of 70x60 grids with a grid size of 225 m. Since this resolution was too coarse for our
purposes  as discussed above!, these data werc interpolated onto a 75 m grid. Thus our
study enhanced thc resolution by a factor of 9 and used a total of about 208 x 178 = 37,024
grids. The coastal boundary was taken as the high-water land-sea interface  as done by
Brooks and Churchill, 1991!. The open boundary was taken on thc eastern edge of the
domain near Eastport. The overall model domain is about 153 x 13.7 km.

Thc ZM model DUCHESS was forced by the M-2 serru-diurnal tide along the open

boundary near Eastport. The amphtude was specified as 3.54 rn  spring tide! and assuxned
to be uniform along thc boundary. A maximum time step of 40 seconds was used to meet
the stability critcriou of the model  for a grid size of 75 m!. The computation takes about
1.2 hours of CPU time ou thc University of Maine IBM 3090 for each tidal cycle, and
model spin-up required about two to three tidal cycles  i.e. about 3 hours of CPU time!.
As anticipated by Brooks and Churchill �99 l!, modeling Cobscook Bay on this scale is
extremely computer-intensive, even with a 2-d model. Flooding and drying were not
included for the simulation initially, since this feature necessitates an adjustment of the

available bathymetry file from mean low water to mean sea level or to mean high water.
%Ms was therefore done for later rurrs on smaUer subdomains only.

Model Validation and Results

There are two parameters in the 2-d flow model that can be used for tuning: the
horizontal eddy viscosity  Nh! and the bottom friction coefficient  f!. Lacking the benefit
of experience of other modeling studies in Cobscook Bay, we initially used a constant Nh
of 10 rn2/s. Subsequent runs were made to determine the sensitivity of the results to this
parameter and to obtain results that matched datrL Wc found that ruodcl results were quite
insensitive to the eddy viscosities. When Nh was vaxied over a range between 10 rn /s to
100 m /s, the rruutirnum modeled velocity differences werc of thc order of only 5%. A
va1ue of 100 rn /s was therefore used for the subsequent runs.

On the other hand, the modeling exercise was considerably influenced by the value
of thc bottom friction. With a constant bottom friction of 0.03, wc werc unablc to obtain
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successful model runs. Difficulties were encountered near the model boundaries where the

depths change rapidly or are small. Lower friction factors, in the range of 0.0008-0 001,
were therefore assigned to the central deeper parts of the bay. The higher values in this
range generally produced lower velocities in the central channel. In general, the friction
factor is spatially quite non-uniform  and possibly cvcn time-dependent!. It is influenced
by the depths as well as the geometry of the domain. Tuning such a large model with too
many degrees of freedom is extremely cumbersome. Ultimately, after several runs with
different values of friction, it was found that a combination of friction factors as shown in

Fig. 4.3 gave reasonably good simulations of observed data.

The results are shown in Fig. 4.4 a-d! in the form of 4 velocity vector plots for the

entire domain for onc tidal cycle at intervals of about three hours.

Comparison of Model Output with Data

Table 4-1 gives a comparison of modeled amplitudes and phases of the water
surface elevation with observed data at 12 locations. The phases at these locations are all
calculated relative to Eastport. Our tidal data from 4 locations  Eastport, Goose Island,
Dcnbow Point, and South Bay! showed the influence of tidal constituents other than the Mg

 as well as that of possible wind-driven effects!. The modeling study on the other hand
was restricted to thc M2 tide only  since this is adequate for the task at hand!. Thus for
comparison, only those data cycles were sclcctcd for which the tidal amplitude was
appro>imately 3.54 m at Kastport   e.g. July 2, 1992!. In addition, tidal data for the same
date at five other substations  Deep Cove, Horan Head, East Bay, Cof5n Point, and Birch
Island! werc obtained from NOAA Tide Tables. These are also presented in Table 4.1.
The comparison shows that the model produces very satisfactory simulations of the tidal
behavior.

As scen in Table 4.1, the phase diffcrcnces between the various locations range

horn several minutes to almost one hour, depending not only on the distance but also on
the bottom topography and geometry. The phase differenccs arc apparent in Rg. 4.4 as
well. Thc Reversing Fails region is an excellent example of this. This region, which
consists of a narrow passage, is characterized by a visually discernible water surface slope
that reverses direction with the tide. High velocities in this region, of thc order of 4m/s,
have been reported by Brooks R Churchill �991!. Our calculations result in a maxintum
velocity of the order of 23 m/s. The differences in the tidal amplitudes and phases before



Fig. 4.4a Modeled velocid.es in Cobscook Bay  t = T, low 6de!
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Fig. 4.4c Modeled velocities in Cobscook Bay  t = T+6hrs, high tide!
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and after thc Falls are substantial  Table 4.1!. TMs creates an clcvation difference of about

l m over a relatively short distance of about 300 m.

Fig. 4.5 shows a comparison of the inodeled velocities with our rneasurernents in
Broad Cove. Both components of the modeled velocities match the data very weil.

Additional coinparisons are made with field data obtained previously by Brooks &

Churchill �99l! in Sheep Cove. However, it is difficult to obtain a proper comparison
with these data, because the exact location of these data is not certain, and the modeled

velocities show considerable spatial variations due to the complex nature of the bathymetry

and geometry in this region. In addition, the small island  Rcd Island! in Shccp Cove is
not properly represcntcd in the model with thc resolution used. Modeled data from two
grids in the vicinity of the measured data are presented in Fig. 4.6; model results from the

study of Brooks and ChurchiD �991! are also shown. For the east-west components, our

model output and the field data have thc same magnitude and both show a higher flooding
velocity than ebbing velocity. The MECCA model results of Brooks and Churchill �991!,

on the other hand, show cornpletc symrnctry. For the north-south components, the field
data show that ebbing is much more stronger than flooding; our model output shows this
dominance, but to a smaller extent; the magnitude also is smaller. The results of Brooks

and Churchill �991! are, as before, symmetric. This is probably due to the coarser grids
used in their study, which makes it difficult to properly represent thc coastal topography,

and duc to a linear model run.

Although our 2-d model simulations of thc flow in Cobscook Bay are successful, it
is quite time-consuming to run such a large job  within thc framework of the priorities of
the University of Maine computer center!. This makes it dificult to perform repeated runs
to study local features «t particular regions of interest. For example, Fig. 4.4 shows the
presence of a gyre in Broad Cove. Such a gyre is known to exist, but previous modeling
efforts have been unable to simulate it, possibly due to the usc of a coarse resolution. To

investigate such local features, it is more convenient to make improvements to the
topography and perform simulations on a subdomain scale. This method of inaking model
runs consists of isolating various subdomains prior to a full model run. The necessary
information on thc boundaries of the subdomain arc saved and used to force a subsequent

model run for this subdomain only. This option was also used to model the effects of
flooding and drying of shanow areas. The desirability of incorporating such dynamic
boundary effects had been emphasized by Brooks & Churchill �991!. However it is too
dmewonsuming to do so for the entire Cobscook Bay model domain. To facilitate detailed
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examination of the hydrodynamic features in regions where aquaculture activities axe
located, three subdomains were chosen: Broad Cove, Deep Cove, and Comstock. Point.
For these runs, we retained the same grid size �5 m! as that for thc ovcraH model, for two
reasons. First, we wished to avoid further interpolation of the topography, which would
cause loss of accuracy around the land-sea interface, and dif6culties in redefining the
computational and non-computational yid points along the coastline. Second, a resolution
Bner than 75 m wouM require immense mcxnory to store the current and depth information
for all grids for the subsequent task of xnodeling the contaminant transport.

Rg. 4.7  a-1! shows the hydrodynamic fcaturcs m Broad Cove. The dashed line
represents thc moving shoreline. It can be seen that the dxy area gradually images to its
maxixnum at low tide and then shrinks until the shoreline coincides with the fixed land
boundary at high tide. For the model simulation, the energy of the system will te changed
as a result of such flooding and drying. This manifested itself in the form of irregularities
and rapid changes in some of thc modeled coastal velocities  not shown!.

Fig. 4.7 a-l! also shows the generation, dissipation, and reformation of a gyre in
Broad Cove.  Gyres are seen elsewhere as welL! Thc position and the flow pattern of the
gyre in Broad Cove changes in intensity: once generated in thc Cove, it moves ou~
before dissipating in the main channel of Cobscook Bay. As the tidal flow direction
reverses, it reforms with a reverse pattern. Langocn k Krancnburg  l993! recently
performed measurements and computations of the flow in a model harbor connected to a
river with an oscillatory cuxrcnt, varying sinusoidaUy in time with a period of 500 seconds.
Their measurements show the prescncc of a gyre sixnilar to that obtained in Broad Cove.
Fig. 4.8a shows thc measured flow and Fig. 4.8b shows the coxnpaxison of their
mcasuremcnts with the results of a 2-d How model along two tense~ through the center
of thc gyre. %hen the currents are at a maximum, a gyre is generated in the harbor; when
the velocity in the river decreases, thc gyre staxts to increase in size and move towards thc

river until it disintegrates. Then a ncw gyre with a reverse flow pattern develops as the
current changes direction in the river. Our results for Broad Cove show essentially aH
these features, which further instills faith in the performance of our sumrdation. Langocn
&. Kxancnburg's �993! assertion that the mesh size is ixnportant in order to simulate this
phenomenon is supported by the modeling studies in Cobscook Bay: our study was able to
sixxxulate the gyre  with a 75 m grid!, and that of Brooks Ec Churchill   with grid size of 225
m! was unable to do so.
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Subdornain model runs for Deep Cove and Comstock Point are shown in Fig. 4.9

and Fig. 4. l0, respectively.

4.2 Velocity ProA le

A model based on eq. 2-5 and eq. 2-6 to calculate the vertical variations in
horizontal velocities was developed. It uses, as input, the surface slopes  calculated by
differencing surface elevation data at adjacent grid points of the 2-d flow model! and the
vertically-averaged velocities. One location near the net-pens in Broad Cove is chosen for
this calculation. The model is started f'Mrn rest and run until time-harmonic steady-state is
reached. Eleven grid points  with a dz of about 1.2 m! and a time-step of 40 seconds were
chosen.

As noted in Section 2.1.2, the vertical eddy viscosity is a parameter in this model; a
range of values between 0.00875 m2/s to 0.065 m /s, suggested by Lardner k Celdrge
�988! and by Tee �982!, was considered. A constant eddy viscosity was initially
chosen. The results are shown in Fig. 4.11 a-c!. It is observed that the lower eddy
viscosities result in bottom velocities that are rriuch too high  about 2 0 ms 1 when the
verticaHy-averaged velocity is only about 0.3 rn/s!. The measured data in Broad Cove,
however, do not support such results; it would thus appear that the higher eddy viscosities
are inappropriate.

The effect of varying the vertical eddy viscosity was next examined. The 4 profiles
shown in Fig. 2.1 were used The results shown in Fig. 4.12 appear to be essentially the
same as that when a constant eddy viscosity of 0.065 m~/s is used, except for some
differences near the bottom. The varying eddy viscosity profiles also appear to produce

excessively large bottom velocities. A comparison of all these results with the data shown
in Fig 4-13a implies that it is sufficient  and simpler! to use a constant vertical eddy
viscosity of 0.065 m /s for further calculations.

An important feature of aII these profiles is that the velocity is largely uniform in
the vertical, except for some variation within the bottom one or two meters. 'Ihe measured
data also confirmed this. However if a location directly under the net-pen was chosen, the
nieasured data show non-uniform profiles  Fig. 4.13b!. These variations are due to the
influence of the net-pen itself. The weer depth near the fish-hxm in Broad Cove is about
14 m, and the net-pen is about 7 m deep. Thus almost half the depth is occupied by net-
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pen, influencing the velocity profile considerably. A comparison of Fig- 4-13a and Fig-
4.13b shows that the effect of the net-pen is to increase the velocity in the lower patt of the
water column. No attempt was made to model this feature

Since the modeled velocity profile is largely uniform  except immediately under the
pen!, it would appear that the effort required to store the exact velocity profile data  for each
point in the vertical and for every time-step! for modeling the waste dispersion is not
warranted. The exact velocities near the bottom are required only for calculations involving
resuspension of settled wastes.  %'ithout resuspension, the displacement of a particle
calculated with a varying velocity profile would of course be the same as that calculated
with the average!. However, there are so many uncertainties regarding resuspension  as
noted in Chapter 2! that the minor deviations from the average seen in the bottom region are
unlikely to be a significant source of error in model calculations. The uniform 2-d velocity
obtained from DUCHESS is therefore used to inodel the transport of net-pen wastes.

4.3 Contaminant Transport Model

Three aquaculture sites in Cobscook Bay were selected for studying the dispersion
of net pen wastes: Broad Cove, Deep Cove, and Comstock At these sites, the net-pens are
square �5 m x 15 m!, containing groups of 20 cages bound together � rows with 10
cages in each row!. Each group is shown by a small rectangle in Fig. 4.14  provided by
Connors Bros., Limited!. The distance between each group is about 15 tn.

According to Connors Bros., Limited, fish feeding is done from 7:00 am to 340
pm, pen by pen, twice daily. The amount of food provided is a percentage of the body
weight and also depends on the water temperatures, as discussed in Fig. 32. Estimates of
the amount of uneaten waste food entering the water as waste varies between roughly 1%
and 30%, depending on the method of feeding. Fecal pellet production is reported to be
1.7 g to 2.1 g per ling of fish per day, and the pe9ets enter the water about 4 hours after
feeding.

Based on this information, we assumed a typical summer situation and used the
following loading conditions for model input:
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Fig, 4.14 Aq'uacolture sites in Broad Cove, Deep Cove and Comstock Point
 from Connors Bros., LtcL!



Fish weight. 675 g

Number of Fish: 5000 per cage

Temperature: l P C

Fish feeding rate: 2.35% of body weight pcr day

Uneaten food ra6o: 5%

Food moisture: 36%

Fecal pellet production. 1.9 g per kg Gsh per day

Thus the net-pen wastes would consist of 2.6 kg/day/cage of  dry! uneaten food and 6.4

kg/day/cage of fecal rnatter. For modeling purposes, we assurncd that the loading rate for

both kinds of waste particles is uniform throughout a period of 8 hours everyday. This

loading was input to the model at half-hour intervals. Other model paramcms axe:

Settling velocity: 10 crn/s for 5sh food and 4 cm/s for fecal pellets

Tracking time-step: 10 seconds for the problem without particle resuspension and 10
minutes for the problem with resuspension.

Current velocities and water depths are obtained from the DUCHESS output on a
75 in grid. Application of this model and the results at the three aquaculture sites are

discussed as below.

There are 142 fish cages in Broad Cove, arranged as shown in Fig. 4.15. Thc
waste transport model was run in 2 modes, with and without rcsuspension of settled

wastes.

Model simuhm>ns without resuspeasion

Every 15 x 15 m2 cage was treated as one point source. The particles hem ail 142
cages were tracked until they settled. The results are shown in Fig. 4.16 in thc form of

contour plots of net-pen waste concentration acctunulated in eight days.

It takes about 1 - 2 minutes for the fish food and about 3 - 4 minutes for the fecal

pellets to reach the bottom. In such a short time, the particIes travel only a short distance, as
shown in Fig. 4.16. Most af them settled down right underneath the pen, and some  those



that enter the water when the currents are high! travel to a distance of about 20 m to 30 m
away from thc pen. Very low concentrations werc found at distances greater than 30 m;
these were mostly due to fecal pcQcts which take longer to settle.

Companson of model output  wi rhout resuspension! with field data

Findlay et al �993! collected aquaculture wastes using 4 sediment traps near Pcn
6200  see Fig. 4.15! during the summer of 1991. The traps, of diameter 10 crn, were
located as shown in Fig. 4.15. Particles that settled in these traps could not bc
resuspcnded. Dr. R. Findlay kindly provided these data for comparing with our model

output.

Based on thc previous model results  Fig. 4.16!, it is clear that only particles from
cages in Pen 5100, 6200, and 6000 could contribute to thc trap sites; therefore only these
pens are selected as the loading source for this run. To obtain a mnuungful comparison, the
waste loading is assumed to uniformly distributed over 9 point sources  each representing a
5m x 5m area!, instead of only onc point source for each cage.

The sediment trap data obtained by Dr. R. Findlay during 3 different periods arc
shown in Table 4.2. Thc sediment traps were placed at locations Nl and El  which are 1
m north and east of the net pcn, respectively! and locations 525 and E25  which are 25 m
north and cast of the net pen! and the data arc shown in Table 4.2. In some cases, two
measurements were made very near each other  c.g. E1A and E1B, ctc.!. The measured
data give thc weight of the total sediment in thc trap and its carbon content  Findlay et aL
1993!. To calculate thc carbon loading from the motlel, thc 6sh food and fecal rnatter were
separated, and assumed to contain 45% and 28% carbon. Since precise information on
loading rates, ctc. were unavailable, model calculations for the three periods were obtained
simply by proportionately miring the 8-day results of Fig. 4.16 for the appropriate data
duration.

An examination of the sediment trap data shows that it is very dif6cult to compare
them with model results. Sedhmat trap data are influenced by the presence of material that
cannot be dirccdy attributed to thc net-pen  Findhy et aL 1993!. Dealing with this ambient
effect is not straightforward, as can be seen by some negative data values in Table 42.
Inferences in coaemtrations derived f'rom modeling and horn sediment traps also relate to
thc method of calculating the concentrations. For modeling purposes, the particles settling
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in a 5m x 5m area were counted, and thc 25 aP area was used to calculate the
concentration. This assuxnes a uniform distribution in this area, and leads to the smooth

contour plots shown in Fig. 4.16. We field measurements, on thc other hand, are obtained

by collecting the particles falling in an extrexnely smaU area  the trap is esscntiaQy like a
coffee mug!. Wc effect of such a small target area is that several sediment traps collect no
pellets at all  as noted by Findlay and Vfatling �993! in thc context of Toothacher Bay!.
Thc mcasurcments in Table 4.2 also show similar effects: for each of the 2 traps at
locations El, the concentration levels differ significantly, and extrapolating the trap data
over large areas may lead to inconsistcncics  as confirmed by Dr. Findlay!. Mathematical
model results also experience the same pxoblem; the concentrations depends soxnewhat on

the size of thc area used to count the nmnber of pellets Since thc actual distribution is not
truly uniform, coxnparing the model concentration based on 25 m2 area to that based on a
small target area  the trap diameter is 10 cm! is difficult. Finally, thc ~advent traps near
the net-pen appear to show a lower mass accumulation than the trap farther away  c,g Nl

and N25!. In addition to the small target size and the ambient loading problem, such

effects arc likely to be caused by thc fact that the traps axe not closed to resuspcnded
wastes; resuspcnsion is not paxt of this model run.

In spite of these difficulties in cornpaxing thc smooth contour plots to thc somewhat

sporadic measurements, the overall xcsults appear to show that the xnodel simulation of the
concentration levels arc at least as xepresentative and reasonable as those obtained from the

measurements.

With resuspension

Rcsuspcnsion of scttlcd wastes by currents causes thcxn to bc redistributed.

However, as noted in Chapter 2, it is difficult to coxrectly model ail of the associated
mechanisxns; it was decided to rely on a threshold velocity and to treat it as a parameter.
Dr. R. Findlay, who has considerable diving and fieldwork experience in the vicinity of
net-pens, indicated that at about 0.20 m/s the particle are almost always eroded Four

different values, ranging froxn 0 to 03 m/s were selected as the thxcshoid velocities  Ve!

for thc particle rcsuspcnsion probicxxL  lf Ve is higher than the actual current velocity at

that location  c.g. Vc = 0.3 m/s!, particles on the bottom arc never rcsuspendctL! The
results arc shown in Fig. 4.17 and Table 4.3. lee amount of wastes accumulating within

the bay debased as Ve decreased. However, unlike the other sites, not all vrasm are

flushed out of thc computational domain even for a Vc = 0 m/s; apparently 22 % of the



waste load is rcrnain in thc bay, trapped by thc gyre.  This is verified by Fig. 4.18, which
shows the computed tracks of some of thc particles in the central part of the overall
computational domain for Broad Cove!. It is important to note from Table 4.3 that the
perccntagc of the scdimcnts that gets washed away and thc percentage that remains in thc
embayment depends directly on thc threshold velocity at a certain location. This is thus a
kcy factor in thc success of the modeling exercise.

L8KQXh>c.

The size of the fish-farm in Deep Cove is smaller than in Broad Cove, with a total
of 60 cages; Fig. 4.19 shows thc pcn locations. Thc same assumptions for waste loading
and for model pararnctcr values were used as that in Broad Cove. Sediment concentration
values without rcsuspension are shown in Fig. 4.20, and with resuspension in Fig. 4.21
 for 3 threshold erosion velocities!.

Table 4.3 shows the percentage of sediments that get advected out of Deep Cove for
different threshold velocities. Compared with Broad Cove, it is found that a higher
percentage of particles was washed out of Deep Cove, for a given threshold velocity. This
is due to the considerably different topography in these two regions. Deep Cove is a. more
open region and closer to the main channel than Broad Cove and has higher current
velocities; Broad Cove is more enclosed and has a gyre which makes it more difficult for
the particles to gct advected out.

Thc model was also used to study how the location of the net-pens affects the
distribution of wastes. Me location of the fish farm was moved 100 m to the south and
100 m to thc west, toward the open side of Dccp Cove  see Fig. 4.19!. The sediment
concentration values with the same input loadings are shown in Fig. 4.22. The percentage
of segments leaving Deep Cove is shown in Table 4.3. ln general a far greater percentage
of the mhments were carried out of the computational domain than when thc nct pens Nc at
the original  actual! location, e.g. at Vc = 0.2m/s, thc perccntagc of removal increased from
43% to 80%, and at Ve = 0.3m/s, from 21% to 75%. Wus the location of the fish farm
can make a large diffcrencc in thc environmental regulation of aquaculture. CarcM
selection of the location of the fish farm wiII greatly reduce the poHution level.



There are 40 cages in the fish farm at Comstock Point  Fig. 4.23!. The same
assumptions for waste loading and model panuneter values as before were used. Scdimmt
concentration values are shown in Fig. 4 24 and Fig. 4.25 for the runs with and without
resuspension, respectively.

One difference between Comstock Point and other two sites is that net-pen is much
closer to the main channel of Cobscook Bay than the other 2 sites, and thus has much
higher current velocities. However, there are some differences between the observed and
modeled velocities. The observed velocity is as high as 1m/s  L. Churchill, Maine
Department of Marine Resources!, whereas the modeled current velocity is about 0.5 m/s.
Ihe reason for this difference is the complex nature of the bathymetry, e.g. the depth near
the coastline increases quickly to 15 m within a distance of only 100 m. Such changes
require a better representation of the coastline and the bathymetry than that obtained by
interpolating from a coarse 225 m grid. The results shown for Comstock Point may thus
not be completely satisfactory.
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Trap Datn Model Output
Trap Site Sediment weight Carbon Sediment weight Carbon

kg/rn g/nP kg/m2 gfrn2
Date

6/20/ - 7/1 8, N 1
1991
�8 days! N25

28.3 0.200 72 2

0.2361.219 76.4 66.2

ElA
E18

0.4040.007
0.199

63.$
77.7

144.8

E25A
E258

7/18 - 9/15, N 1
1991
�7 days! N25

0.6791.266 114E1.A 243.1

ElB

E25A

116.00.3219/5 - 10/18, Nl

1991
�5 days! N25

1 684 72.1

ElA
KlB 30.00.771 0.650 232.7

18.00.06343.2
26.9

E25A
E25B

0.844
0.632

 -! negative, lower than ambientno measurement
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Table 4.2 Comparison of model output with sediment trap data in Broad Cove
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4.4 Decomposition of Accurnula< d We<ca

The concentration levels shown 'n ~ the contour plots in Ftg. 4.16 to Fig. 4.25 aU
result from a waste loading dur non" " ' 8 days. Due to lineariry of the mechanisms
modeled, the concentration level a, 4ays will be twice those shown in these figures,
etc. Theoretically the concentration i~el~e s can increase indefinitely. This is prevented by
three mechanisms: resuspension"  ~ m deled cartier and that resulting from occasioned
star even+, see Chapter 5!, grazing by other fauna  wtuch was not m&eled!. and
decomposition of the wastes. ithough tlte exact exponential decay coefficients are not
known, 5 va ues were considered. Studies of net-pen waste accumulation in fjords  e,g.

s n et al- 1991! suggest that the decay coe%cient varies
between 0.10/year and 0.51/year- Four values e th e, p 5/ 0 4/�p 3/
0.15/year, were therefore selected. In addition, a decay coefficient of p.pl/day used in
EPA �982! for sewage was considered. Assuming the initial waste concentration to be
zero, and the average loading rate  based on the mass accumulation shown in Fig. 4.16 to
Fig. 4 25! to be 6.8 kg/mz/yr �8.6 g/rnz/day!, the waste concentration levels at different
times are calculated via eq. 2-22. The results are shown in Table 4.4 and Fig 4,26,

It is thus anticipated frotn these results that it will take several years to reach a

steady state. With the highest decay rate suggested �.5/yr!. 4,6 years are needed to reach

90% of steady state value  which is considered as steady state for practical purposes!; for a
decay rate of 0.3/yr, it takes about 7.7 years- For reference, using the decomposition value
for sewer wastes �.01/day!, about 8 months are required to reach steady state. These
results  or eq. 2-24! can be easily applied to modify the plots in Fii. 4 16 to Fig. 4.25,
e.g. iri Fig. 4.16 the contour marked 180 g/rn> per 8 days corresponds to a steady state
contour of 16.4 kg/mz/yr at the decay rate of 0.5/year. etc

75



Table 4.4 Accnmnhtion of wastes as a. fnnction of decay coe
 based on the loading ra»f 6 4 kW/y

10%Cs 20%Cs 50%Cs 90%Cs

Decay Rate = 0.5/yr
1.4
6.8Tithe - yr 0.2

Concentration - kg/rn2 1.4

Decay Rate = 0.4/yr
1.7

83
Time - yr 0.3
Concentration - kg/m2 1.7

Decay Rate = 0 3/yr

Time - yr 0.4
Concentration � kg/rn2 2.3

2.3
11.5

Decay Rate = 0.15/yr

Time - yr 0.7
Concentration - kg/m2 4.5

4.6

22.7

Decay Rate = 0 01/day

TlIAe - yr 0.02
Concentration - kg/m2 0.2
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Percentage of
steady state
concentration level  Cs!

0.4
2.7

0.6
3.4

0.7
4.6

1.5

9.1

0.06
0.4

0.2
0.9

4.6

12.2

5.8
15.3

7.7

20.7

154
40.8

0.6
1.7
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5. AQUACULTURE WASTE-DISTRIBUTION IN TOOTHACHER BAY

Toothachcr Bay is located to thc south of Swans island in the Gulf of Maine. To its
south and south-cast, it is open to the Gulf of Maine; S~ans Island is to its north. To its
west and south-west are several islands within a distance of a few miles. In comparison
with Cobscook Bay, Toothacher Bay is a much smaller xcgion with an area of about 2.5 x
2.5 km2, but is far morc open to the Gulf of Maine  Fig. 5.1!. There is only one net-pcn
operation in Toothacher Bay.

5.1 2-d Flow Model Application

Since Toothacher Bay is morc exposed to the ocean than Cobscook. Bay, the 2-d
flow model DUCHESS was forced by both tides and winds in our study. To our
knowledge, no modeling studies have been performed in this area prior to this.

Tidal Flow Simularion

, Bathyvumc information obtained &em NOAA Chart 13313 was manually digitized
to construct the required input Ke. Tbc domain was discrctized into 26 x 23 grids with a
grid size of 100 m There is onc open boundary to the south of the model domain  Fig.
5.2!.

As noted in Chapter 3, three tide gages and one current-meter werc installed in
Toothacher Bay  Fig. 5.2!. One of the tide gages provided the necessary tidal elevations
along the open boundaxy to force the modeL An average tidal amplitude of 1.7 m was
applied uniformly along the open boundary.

Since the domain is fairly srnaH with relatively simple bottom topography, a
constant friction coefficient  f = 0.01! was used in thc modeL Thc time step was 80
seconds. Model simulation requixed 5 minutes of CPU time pcr tidal cycle, and about two
cycles were required for spin-up.

The somewhat simple nature of the model domain results in the modeled tidal
elcvations being spatially uniform; the phase differenc between any two points is also
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Fig. 5.1 Toothacher Bay  &om NOAA Chart l3313!



negligible. This is completely consistent with the measured data at three locations. The
modeled tidal velocities are shown in Fig. 5.3. The velocities arc very small; the nm Jmum
velocity is about 4 cm/s. Compared with thc 15 � 50 cm/s currents near the fish farms in
Cobscook Bay, thc tidal velocities in Toothachcr Bay cannot be expected to contribute
much to the transport of waste particles out of the Bay.

Although the modeled tidal velocities are smail, our measurements during 18 to 23
December 1992 show that thc velocities werc much higher. These were clearly a
consequence of strong winds that accompanied our measurement program  i.e. storm
conditions!. Twins model output resulting from thc combined influences of winds and tides
was necessary to make comparisons with our data.

Wind-driven andridallyvfriven floiv simuhuion

Wind data for 16 - 23 December 1992 obtained from Mount Desert Rock axc shown
in Fig. 5 4. These winds and the surface elcvations measured at gage 2 were used
simultaneously to force the modeL  Thc clcvations at gage 2 were essentially sinusoidal
with an amplitude of 1.7 m; compared with the velocities, the tidal elevations showed the
effect of the wind to an extremely small extent.!. Constant winds of 20 mph were applied
for a period of onc day for tnodel spin-up. The wind data shown in Fig. 5.4 were then
applied at intervals of 6 hours. Model results are influenced by the wind drag coefficient
 Cct!. Three sets of results for point 1  Fig. 5.2! with different values of C~ are shown in
Fig. 53. In general, all the modeled velocities show good correlation with the wind; aH
peaks in the wind produce peaks in water velocity. Wc magnitude of the velocities
dcpcnds on the value of the drag coefficient. For Cy = 0.00325, on calm days  e.g.
L'Ieccmber 17, 19, and 23!, the model response is essentially tidal  four peaks everyday, of
a magnitude comparable to thc results frotn tidal simulation described earlier!. When thc
winds arc higher  e.g. December 20 and 21!, the inodcled currents increased to about 10
cm/s. For higher values of Q, the influenc of the wind dominates the tidal forcing; the
smaH osciHatious due to the tide decrease aud thc magtutude of the larger peaks due to wind
increase. For Q = 0.0145, the oscillauons due to the tide mostly vanish, and thc variations
of the modclcd currents show a good correlation to that of winds  Fig. 58!. A further test
run was made with uo tidal forcing. Model results then showed no oscillations duc to the
tide. Variations in the currents are seen to be quite sinular to those of the wind  Fig. Sdb!.
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There are some periods when the correlation between the winds and the currents is
not good. Sornc peaks in the windspecd  e.g. Decexnber 16 and 17! produced no peaks or
peaks smaller than cxpectcd in the water velocities. Mesc discrepancies werc found to
result f'rom the North-South wind events and can be attributed to the bay geometzy. 'IMs
can bc vcxificd by examining the output shown in Fig. 5.6 for periods when winds of
comparable magnitude diffcrcd only in direction: they were stzictly North-South or strictly
East-West. lt can be scen that the shape of bay results in producing a stronger model
response under East-West winds than under North-South winds.

A cocfficicnt of Q = 0.00585 generated a good match of the current velocities with

measured data at near the net-pen during this period. A comparison is shown in Fig. 5.7.
While most important aspeM of the velocity variations are wcH-reproduced, the rnatch is
not perfect at some instants of titnc. Also, thc data show a strong response even to North-
South wind events. Thc mismatch can be ascribed to differences in the winds between the
net-pen site and Mount Desert Rock, wave activity not accounted for in this run, the fact
that the measurements represent velocities 3 rn above the bottom while the model resu1ts
represent verticaOy-averaged velocities, and the use of a constant wind-drag coefficient.

52 Contaminant Transport Model

There is only onc aquaculture operation in Toothacher Bay. Mere are a total of 18
round cages � rows with 9 cages in each!, as shown in Fig. 5.8. The cages are 15.25 rn
in diameter and 7.3 m deep.

Thc traxmpctrt model was applied under both conditions, i.e. with tidal currents only
and with both tidal and wmd driven currents. AH assumptions for the model mput were the
same as that for Cobscook Bay. Since the maximum  modeled and measured! current
velocity is less than the critical erosion velocity  approximately 20 urn/s!, no particle
xesuspension can be considered in these runs. The results are discussed respectively as
below.

17dal Carrents

Net-pen waste concentrations were sgeci5caHy cx;mine5 for Pen 2. The results are
shown in Fig. 5.9. Since thc tidal currents are so smaD  less than 4 cm/s !, distribution of
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settled wastes was contained in a region within 10 rn of the edge of thc pen. Me waste
concentration was quite high directly under the pen.

Tidal and Wird Driven Currenrs

The distribution of nct pen wastes under thc influence of tidal and wind driven
currents for Pen 2 was studied. %'ind data from Mount ~ Rock for 18 to 23 December
1992 were used  as described earhcr!. Thc results are shown Fig. 5.10. Although thc
current velocity now is larger than the tidal currents, thc area where the net-pen wastes
settle is larger than in Fig. 5.9. Since it takes only a fcw minutes for the particles to reach
the bottom, most of them still settle down right under the pen. Tire farthest distance
traveled by the particles is about 20 rn. Under thc influence of other events, thc velocity
field could be different from that used in this simulation, but the overall waste distribution
is not hkely to bc very different from that shown in Fig. 5.10, since thc particles arc in the
water column for such a short time. Thus, the inaccuracies in the rnodcled avind-driven

currents arc not particularly significant.

Comparison with Measurements

Findlay ct al �993! describe their efforts to obtain Geld data pertaining to net pen
wastes in Toothachcr Bay. They report sediment trap data measured during 5 deployment
period in 1991. There is general agreanent between our results and ther data in that, hkc
the model results, they found high concentration of wastes directly underneath the net pens
and little or no impact at distance greater than about 10 rrL However, the Geld data at the
sediment traps show much variability. In fact, the average daily waste accumulation in

some traps is actually higher during storm periods. This can only be explained by thc fact
that the trap does not allow material settled in it to be transported out of it, leading to
elevated amounts of waste levels. 'These and other dif'6culties noted in Chapter 4 preclude
a more systematic comparison of our model results to their data.
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Fig. 5.8 Fish cages in Toothacher Bay
parnt A: current meter
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Fig. 5.9 8 days loading from Pen 2
un.der tidal currents in
Toothacher Bay � g/m2

Fig. S. l0 8 days loading from Pen 2
under tidal and wind driven currents
in Toothacher Bay � g/m2



5.3 %'ave Effects in Toothacher gay

When orbital velocities resulting porn storms gelerated waves are large enough, .
settled waste particles can be picked up into the water coltnrm and moved back and forth
with the wave oscillations. Large storms and swell can result in waves of large height or
large period. Currents can further enhance the shear velocities experienced by bottom
sediments  Kachel & Smith, 1989!.

Possible Wave Growth in an Open Water Area

The SPM model �984! was first uMd to estimate wave conditions resulting from
hypothetical 10 to 50 miles /hr winds in an open area. The wave velocities ~ cal~ ed
via eq. 2-24. The results are shown in Table 5.1. Clearly the magnitude of the bottom
velocities is much larger than the tidal and wind-driven velocities described earlier, and
much larger than the critical erosion velocities  about 20 cm/s! used in Cobscook Bay.
Since Toothacher Bay is exposed to a large fetch to its south, expectation of wave velocities
of a magnitude comparable to thorn shown in Table 5.1 is reasonable. The SPM model
was therefore applied to the actual geometry of Toothachcr Bay in conjunction with wind
data obtained from National climatic Data Center.

Wave Conditions in Toothacher Bay

The wave model requires  as input! fetch lengths in various directions from the area

of interest, the water depths, and the wind speed and direction. Our representation of
Toothacher Bay for wave modeling is shown in Fig. 5.11.

Since our interest is in detemming the frequency with which wave turbulence can

cause resuspension of net-pen wastes we first determined minimum wind conditions
requiredforsuchremmgcnsion. Severalrunsweremade withdifferentwindspeeds. The
results, shown in Table 52, indicated that for wind speeds exceedmg 20 miles/hr  in any
direction!, resuspension is likely to result the mnnmum bottom velocity in Table 5.2 is
0.37 m/s for this wind speed.



To dctern~ thc frequency with which such events occur, climatic summaries from

the National Climatic Data Center were analyzed. The results for three years of wind data
are summmi~M in Table 53. For this analysis, it is sufficient to examine the data on the

basis of daily wad values  ie one value pcr day!. It is clear from Table 5.3 that winds

exceeding 20 miler oomred about 25% of the time.

Although wave velocities could bc altered by processes like refraction, diffmwon,
etc., an examir4ation of Tables 5.2 and 5.3 show it is still reasoriablc to expect that the wave
velocities at the bottom near thc net pen are weH above the threshold velocity  about 2{I
cm/s! during sorric time each year, resulting in periodic resuspension of settled wastes.

The higher wave velocities occur often during the winter and spring months than in thc
sumrncr months g abke 5.3!.

Comparison of W'ave Velocity With Field Data

Field data for 16 and l7 December 1992 are shown in Fig. 5.12a. 'Ihe presence of
waves about 0.2 - 0.3 m high is evident; also, the 8-second wave seems to be the

dominant component of the re+ed. This is clearly a swell component, since the wind data
show this period to bc relatively calm. Such wave conditions  e.g. wave height 0.2-0.3 m
and period of 8 seconds! result in a bottom velocity of about 0.15-0.20 rn/s frotn the cq. 2-
24. Such vclocitics are confirmed by the data shown in Fig. 5. l2  b and c!.
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TabLe 5.1 Wave growth in an open water area

Height Period Bottom Velocity
rn s m/s

Fetch Length Water Depth Wind Speeed
mile fTI mile/hr

92

15
15
15
15

30
30
30
30

50
50
50
50

15
15
15
15

30
30
30
30

50
50
50
50

10
20
30
40

10
20
30
40

10
20
30

10
20
30
40

10
20
30
40

10
20
30
40

10
20
30
40

0.36
0.88
1.42
1.98

0.37
0.92
1.52
2.18

0.37
0.93
1.55
2.24

0.55
1.51
2.29
2.97

0.55
1.75
2.89
3.98

0.55
1.83
3.15
4.49

0.24
0.69
1.33
2.14

2.52
3.69
4.46
5.08

236
3.82
4.65
5.31

2.58
3.08
4.74
5.42

3.10
5.01
6.19
7.08

3.20
5.39
6.78
7.83

3.23
5.58
7.10
8.25

2.04
3.32
4.47
5.57

0.45
0.75
1.01
1.25

0.45
0.76
1.03
129

0.45
0.95
1.03
1.30

G.56
0.96
125
1.50

0.55
1.02
1.35
1.65

0.54
1.03
1.40
1.72

0.37
0.65
0.93
1.21



Table 5.2 Wave growth Ut Toothacher gay  examttted at net pctt sitt:~

EEpttotn Velacitjj
tn/s

Wind Sleeetl
mile/ht

Wayg Height

IO

30

40

50

93

0
45
90

135
180
225
270
315

0
45
90

135
180
225
270
315

0
45
90

135
180
225
270
315

0
45
90

135
180
225
270
315

0
45
90

135
180
225
270
315

0.08
0.07
0.14
0.52
059
032
0.14
0.07

O.E8
0.16
0.71
1.72
IM
1.72
071
0.19

029
OZ7
1.48

25I
2.61
2.51
1.48
032

0.42
039
2,08
3.10
301
3.10
2.08
0.46

0.57
032
253
362
375
3.62
253
0.62

IA	
0.97
E.70
3.12
331
3.12
I.70
P.98

1.48
1.41
3.59
5S3
5.86
5.63
359
1.59

1.85
1.77
5 15
726
7.48
726
5.15
2.04

2 17
2.08
695
842
&.64
8.42
685
2.43

2.47
237
7M
934
955
934
7M
2.78

025
OZZ
027
033
0.56
0.53
OM
02I

037
036
0.63
1.00
1.03
1.00
063
037

080
04&
0.92
IM
IM
I25
0.92
0.49

0.61
0.59
1.11
1.46
180
1.46
1.11
060

0.72
0.69
126
1.66
1.70
1.66
E26
0.70



Table 53 Frequency of winds exceeding 20 mph during 1989-1991 in Portland, Maine

Month
Total0-90

26
Feb

15

3113

28

June

24

19

29
Nov

15

1810

Total 43 73 95

94

Apr

July 4

Aug

Two ycgrs

Wind Direction � Degree
90 - 180 1&0 - 270 270 - 360
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5.4 Particle movement due to the joint forces of wincUtida! crrrrents and
waves

Although wave action results in the periodic rcsuspension of settled wastes, it is
beyond the scope of this study to model net-peur waste transport due to the action of waves
only. Waves essentially causes a back-and-forth motion on a time scale of the order of
seconds and nonlinear drift For this study it is sufficient is to use the tidal and wind-
driven currents to advcct the particles, assuming they are continuously resuspended during
the period when intense storm activity occurs. To determine the effect of brief periods of
wind activity, the contaminant transport model was run for 8 days without thc effect of
winds and waves  i.e. accumulation for 8 days!. Mis was foHowcd by a simulation of 3
separate wind events that occurred during the storm in December 1992 shown in Fig. 5.4.
These events were: period 1, 24 hours starting at 1200 hours on 16 December, period 2, 24
hours starting at 0000 hours on 18 December, and period 3, 48 hours starting at 0000
hours on 20 I:Wcrnbcr. The wind/tidal currents were obtained from the flow model runs as
described previously. The particles were not allowed to settle during the period of wind
events.

It was found that during period 1, 63% of the wastes were carried out, while during
periods 2 and 3, aH of the wastes were carried out. The actual storm of December 1992
consisted of these wind events cecuxring in fairly rapid succession; the above simulations
obviously indicate a nearly total outward flux of the wastes f'rom the bay. It is fairly umain
that forcing by other storms events would lead to sunilar results, as a consequence of the
cornbinatiou of wave-induced resuspcnsion with advection by tidal and wind-drive
currents. Compared with the results in Section 5.1 and 5.2, it is clear that waves play a
very important role in reducmg the poUution levels at these sites.
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6. CONCI UDING REMARKS

From thc preceding chapters, the following observations can bc made;

Thc 2-d low model, DUCHESS, gave extremely reasonable simulations of many of
the features of the coastal circulation. The modeled tidal amplitudes and phases arc
consistent with observations at many locations in Cobscook Bay and Toothacher Bay.
Compared with a previous modehng study in Cobscook Bay  with a resolution of
225m!, this study  with a finer resolution of 75 m! was able to simulate the flow
ch rracteristics in morc detail, such as the eddy circulation in Broad Cove, thc unique
flow pattern in thc Reversing Fal1s area, and the flooding/drying of shallow regions.
These properties are significant for debmnining the net-pcn waste distribution.

Although 3-d velocities were examined, it is adequate to use 2-d  vertically-averaged!
velocities for studying aquaculture waste transport in coastal Maine. The modeled
velocity profile is largely uniform except for some variations within the bottom one or
two meters, which appear to be unrealistic. The minor diffierences between the average
and the actua1 bottom velocities do not result in sigruficant differences regarding the
waste distribution. In addition, the effect of these differences is minor compared to the
uncertainties regarding the critical shear velocity for resuspension of settled ~.

Without the effect of particle resuspeusion, most of the particles settle down very close
to the pen  within 10 to 30m from the edge! at all thc sites examined. With the effec
of resuspension, the waste particles are morc widely distributed and some get washed
out of the bay. 'Itic actual distribution dcpcnds on the current velocity and thc critical
erosion velocity. There is very little data concerning the erosion velocity in the
literature. We used a range of values from 0 to 0.6 m/s  Dr. Findlay suggested 0.15-
0.20 m/s on the basis of his cxpcrience!. The percentage of the sediments that get
washed away and percentage that remains in the embayment depends totally on the
threshold velocity at a certain location. This is a key factor in the modeling and should
be a focus of future study.

In Cobscook Bay, the tidal current velocities can reach a maxinutm of about 2.0 m/s in
the middle of the channel, 0.25 m/s near the lease site in Broad Cove, 0.25 m/s in
Deep Cove, and 05 m/s in Comstock. Under the suggested threshold velocity �.15-
0.20 m/s!, about 20% of the waste loading in Broad Cove and about 50-60% m Deep



Cove and Comstock will be washed out of bay. The gyre in Broad Cove inhibits Ihe
exit of the wastes from thc cove. Based on the assumptions regarding the input given
in Chapter 4, the loading to the benthos would be 6.5 - 10.2 kg/m2/yr close to the pen..
in Broad Cove, and 3.3 - 5.4 kg/rn2/yr close to the pen in Deep Cove and Cotnstock in
thc absence of decay. T13e evolution to steady state requires a period of several years,
depending on the decay rate.  Scc also item 8 below.!

5! In Toothacher Bay, thc tidal velocities are very small  with a maximum of 0.04 rn/s!.
WindMven velocities for a storm in Dccernber 1992 were much higher, of the order
of 0.15 m/s. However, even them higher velocities cannot be expected to cleanse the
bay of net-pcn wastes, since thc suggested threshold velocity for particle resuspcnsion
is about 02 rn/s. On the other hand, wave-induced turbulence plays a significant role
in cleansing the bay of thc wastes. Results of our application of the ACES �992!
wave model show that waves could generate much higher bottom velocities  with a
range of 0.37 - 1.03 rn/s when the wind speed is 20 mile/hr!. Under the influenc of
such high bottom velocities, waste particles on the bottom are rcsuspended, aud our
model calculation for December 1992 shows that under the joint forces of winds,
tides, and waves, most or all of the wastes settled on the bottom are washed our of the
Bay. Further, a statistical analysis of the wind data fxem Portland shows that winds
exceeding 20 miler occur about onc fourth of the time. There is a much higher
&equency of such events in the winter than in the summer. The site is thus cleansed of
much of its wastes in late winter, an observation supported by Dr. Findlay.

6! Compared with contaminant transport models used to date for determining aquaculture
waste distribution, the model developed herc incoxyoratcd many additional realistic
mechanisms. A detailed velocity field that varied in time and space, ovcraQ bottom
topography, and particle rcsuspcnsion have been taken into account. The model
generated reasonable and representative results. In addition to the critical erosion
velocity, information regarding model input  ie. waste loading to benthos from fish
pen! is a key factor in making reliable predictions of pollution on the bottom. The
reported input data have a large range  for instance, the waste food percentage ranges
&otn 1-30%!. Therefore, it is probably futile to spend much effort in making detailed
comparisons of model output with field trap data. Until accurate input data are
availab1e, further irnprovetnimts on this model may be ineffective and unnecessary.



7! The waste concentration level on the bottom is sometimes very sensitive to the location

of the nct-pen. According to model results shown here for Deep Cove, the amount of

waste could be reduced by half  or more! if the net-pens were moved about 100 m

away from its present location. This is because of increased flushing ability  due to a

different flow pattern! at thc new location This run was made for illustrative purposes

only, and in no way suggests modification of existing aquaculture activity. The utility

of models for site-selection is obvious, however. Compared with location,

orientation of the pens will in aO likelihood make little difference to the pollution level,

cspccially when the particle resuspension is considered.

8! Attainrncnt of steady state under the influencc of xegular waste loading and decay can

be expected on a time-scale that is considerably different from the time-scale of

erosional and flushing events. Thus the present uncertainty in thc actual values of the

decay coefficien is not a significant impediment at sites where the overall
hydrodynamic cnvironmcnt prevents localized accumulation of wastes. However, at

coastal sites with extremely low hydrodynamic activity, the decay cocf6cient would be

extremely important: indeed, most available estimates of the decay coefficient have

been derived from research carried out in fjords  e.g. Aure and Stigcbrandt, 1990;

Hanscn et al. 1991!. Although we have used these coefficients for our investigation in

Broad Cove, we have no knowledge about the effect of the hydrodynamic activity orx

the decay coe%cient.

This study has clearly shown the usefulness of a coxnprchensive modehng approach

to the management of net-pen aquaculture waste. We recommend the systematic use of a

suite of rnodcls that can sixnulate the overall hydrodynamic cnvironrncnt, i.c. tidal currents,

winWriven currents, and wave-induced velocities, along with a waste-transport model that

includes resuspension of settled wastes. Our modeling studies in Broad Cove and

Toothachcr Bay justify this recorrunendation. From the viewpoint of existing guidelines

for xeguMon, Broad Cove is, in all likelihood, a reasonably attractive site, since the tidal

velocities obtained from isolated measuxemcnts would be high. Yet our model sixnulaxions

 Table 4.3! show that a high pcrccntagc of thc wastes would xem:m in the bay. +his is

true in spite of thc unccrutintics in the resuspcnsion threshold velocity-. even with Vc = 0
m/s, 22% of thc wastes carmot leave.! In spite of the high velocity, the high level of waste
retention is duc to thc presence of a gyre in Board Cove: as demonstrated in Fig. 4.18,
some net-pen wastes axe trapped in the cove. This clearly demonstrates thc importance of
obtaimng thc ovcraN 6ow pattern through the use of an apprcgniate model.



Toothachcr Bay, on the other band, is likely to be rejected as an aquaculture site
under the guidelines presently used ox even by previous modeling methods. Like our
model simulations, isolated measurements would yield low tidal velocities. Indeed under
the influence of tidal currents alone, Toothacher Bay should be rejected. However, the
systematic approach that wc recommend calls for the modeling of episodic cvcnts such as
wind-driven currents in such cases.' If the modeled currents are strong enough to initiate
rcsuspension, the percentage of wastes leaving the bay should be calculated. Our model
results for Toothacher Bay showed that wind-driven cuxrcnts were probably inadequate.
Wave mobbing tnust then be xesortcd to; in Toothachcr Bay, modeled wave velocities were
found to bc high enough to initiate rcsuspcnsion, and the tidal and wind-driven velocities
arc found to flush the bay fairly regularly. Our modeling work predicts minixxuQ pollution
by late winter each year, which is confuxxuxl by thc observations of Dr. R. Findlay.

A step-by-step modeling strategy as described above is well within the xeach of
regulators. Models sixnilar to those used in our study are availablc either corxuncrcialiy or
&om US Government agencies and modern workstations faciTitate their convenient
implementatiotL Alternatively, soxne of the more relevant hydrodynamic parameters in
several candidate areas can be obtained a priori by modeling and stored within a GIS; e.g.

Ross et al �993! dctnonstratc the application of geographic information systems  GIS! to

site selection for salmonid cage culture. Using depth, currents, and water quality

parameters  texnpcrature, salinity, dissolved oxygen! they determined the best 1.3 he~

in a Scottish sca loch based on both husbandry and environmental impact criteria. Data
bases may be sorted for ranges and optimal environmental parameters, resulting is non-
subjective rating useful to both the manager and farmer. Site evaluation in this rnanncr

should reduce the monitoring required of the individual faxmer, and provide the manager
with a powerful tool to evaluate differen scenarios of husbandry activities by the fatmer.

One question that has not been addressed is what constitutes an acceptable ixnpact.
As a participant in the workshop on "Aquaculture and the Marine Environment: the Shapnql
of Public Policy" in Woods Hole in November 1993, one. PL.  C. Ncwcil! participated m
the waste management working group chaixed by John Pitts and Robert Bowen. The fxrst

l Ideally we shouM have followed this agymach for Cohstxol Bay as welL However, Broad Cove is fir
less exposed than Toothacher Bay. and Dr R Findhty's experience suggested little wind-indead
hydtodyuamie activity. Also, our modeling of such events would have to account for the activities af

drapers on a regular basis in this area Further, time constraints did not allow aMitiostal
itp~gations af a large domam hhe Cohgxeh Bay.



recommendation was: "Federal and state regulators need to better coordinate efforts, using
the best available scientific information to determine cnteria for acceptable or unacceptable
mariculture sites. Indeed, participant Chris Hernrg noted that when scientists and
managers observed the same videos under fish pens, the tvvo groups had different
subjective criteria of what was "acceptable".

There are other issues that must be addressed in order to rrtake the modeling more
reliable. Model estimates of the hydrodynamics are adversely affected by the paucity of
wind data  e.g. for a state with over 3XQ miles of coastline, there axe very few buoys in
coastal Maine!. A correct representation of the coastal bathyxxM:try with Boer xesolution
would also be of benefit. Research to estimate critical shear velocity that causes erosion of
organic deposits beneath the pens is needed Finally, better estixrrates descxibing husbandry
practices  feed rates, fish stocking rates, percentage of waste food! axe required tu enhance
the reliability of models  although the results given in Chapters 4 R 5 can easily be adjusted
for other input loading rates!.

As the U.S. representative on the ICES Worhng Group oxr Environmental Impacts
of Maxiculture  see working group reports ICES C.M. 1988 F 32, ICES C.M 1990 F 12,
ICES C.M. 1992 F 12!, one P.I.  C. Newell! noted the considerable research performed in
Europe and Canada, during which few, if any, environmental disasters asm~ted with net-
pen culture were observed even in enclosed fjords; their work illustrates the importance of
good site selection and husbandry to reducing impacts. The new focus of the Working
Group is on integration of mariculture with coastal rnanagem~t plans of the EEC, with a
future focus on modeling the effects of fish farm efHuents orr the exrvironment  ICES C.M.
1993 F:6!. In this context, we have illustrated the usefuhress of' a site-specific modeling
strategy which incorporates the local bathyxnetxy, currents. winds and waves, in
combination with a contaxninant transport mode to represent the sedixnentation and net
accumulation of organic waste in two contrasting Maine estuaxies Modeling results, using
typical values for waste loading from Maine cage culttxre sites, demonstrate a priori
whether comxrum:ial-scale operations will cause high rates of net waste accuxnulation at a

particular site. As policy leaders in the U.S. deal with aquaculture waste management
issues, it is expected, on the basis of " study. that modeling wiII become an incn~gly
powerful tool to rrunimise the impact of sahnonrd net-pen efBxxesr~ in

101



References

Ackefors, H. k M. Ennel, 1990: Discharge of uutrients from Swedish fish farrniug to
adjacent sea areas. Ambio, voL 19, pp.28-35.

Aure J. and A. Stigebrandt, 1990: Quantitauve estimates of the eutrophication effects of
fish farining on Fjords. Aquaculture, vol. 90, pp. 135-156.

ACES  Automated Coastal Engineering System!, 1992. Coastal Engineering Research
Cetiter, Dept. of the Army, Waterways Experiment Station, Corps of Engineers,
Vicksburg, MI 39180-6199.

Bettcncourt, S. U. aud J. L, Anderson, 1990: Pen-reared salmonid industry in the
Northcastcm United States. Northeast Regional Aquaculture Center Publ 100. Available
&om College of Resource Development, Dept. of Resource Economics, URI, Lippitt HaII,
Kingston, RI 02881.

Bondzic C. and V.G. Panchang, 1993: Effects of bathymetric complexities and wind
generation in a coastal wave propagation model Coastal Engineering, to appear Dec.
1993.

Bowden, K. F. and L A. Fairbaizn, 1952: A determination of the frictional forces in a tidal
current. Proc. of the Royal Society of London Series, A 214, pp,371-392.

Bowden, K. F, L A. Fairbairn, and P. Huges, 1959: louie distribution of shearing s~
in a tidal current. Geophysical I of the Royal Astronomical Society, vol. 2, pp. 288-305.

Brooks, D. and L. Churchill, 1991: Experiments with a terrain-following hydrodyn;imic
model for Cobscook Bay in the, Gulf of Maine. Proc. 2nd Int. Conf. on Estuarine and
Coastal Modeling, Ed. Spariding, Tampa. pp. 215-225.

Demirbilek Z., S. M. Bratos and E. F. Thomas, 1993: Wind products for use in coastal
wave and surge models. CERC, Wat«rways Exlcriment Station, Corps of Engineers,
Vicksburg, MI 39180-6199.

Ennei, M and J. Lof, 1983: Environmental impact of aquaculture-sedimentation and
nutrient loadings from fish cage culture farming. Vatten, vol. 39, pp. 346-375.

EPA. 1982: Revised Section 301 h! Technical Support Document, by Tetra Tech. Inc.,
EPA Pub. No. 430/9-82-011.

I'erland, J. G., C. R. Ncwell, and J. A. Wilson, 1990: An aquaculture dcvelopmcut
strategy for the state of Maine. Maine State Planning Of5cc, Augusta, ME.

Frid, C.L3. k T.S. M«reer, 1989: Environmental monitoxing of caged fish farming in
macrotidal euvironmcntals. %anne Polhdfon Bull., vol. 20, pp. 379-383.

Findlay RH�L Watling and I M. Mayer, 1993: Environmental impact of salmon nct-
p«o culture on Maine rnaritic bcrithic comnuiruties: a case study. &ovaries, in press.

102



Findlay R.H., and L. Warling, 1993: Toward a process level model to predict the effects
of salmon net-pen aquaculture on the benthos. Modeling benthic impacts of organic
enrichrncnt from marine aquaculture. In Press.

Fox, W. P., 1988: Modeling of particulate deposition under salmon net-pens. Rep. to
Washington Dept. of Fisheries. Parametrix, Inc., WA

Gowen, R. J. and A. Edwards, 1990: The interaction between physical and Biological
processes in coastal and offshore fish-farming: an overview Engineering for ~shore
Fish Farming, Thomas Telfard, London. pp. 39-47.

Gowen, R. J., N. B. Bradbury, and J. R. Brown, 1989a: The usc of simple models in
assessing two of the interactions between fish-farming and thc marine environment.
Aquaculture - a BiorechIrology in Progress. DePauw, N., E Jaspers, K Ackerfors and
N. Wilkins  Eds!. European Aquaculture Society, Belgium pp. 1071-1.080.

Gowcn, R. J., H. Rosenthal, T. Makiuen and L Ezzi, 1989b: Environmental impact of
aquaculture activities. Aquaculture Errrope '89 - Business Joins Science. DePauw, and R.
Biilard  Editors!. European Aquaculture Society, SpcL Publ. No. 12, Belgium pp. 257-
283.

Gowen, R. J. and N. B. Bradbury, 1987: 'Ae ecological impacts of salrnonid farming in
coastal waters; A Review. Ocean Mar. Bio. Ann-Review, voL 25, pp. 563-575.

Grecnberg, D. A, 1979: A numerical model investigation of tidal phenomena in the Bay of
Fundy and Gulf of Maine. Marine Geodesy, vol. 2 �!, pp 161-187

Hali, P. O. J., L. G. Anderson, O. Holby, S. Kollberg, and M. Samuelsson, 1990:
Chemical Fluxes and mass balances in a marine fish cage farm. I. Carin. Mari jre Ecology
Progress Series, voL 61, pp. 61-73.

Hansen, P.K., K.Pittrnan and A. Ervik, 1991: Organic waste from marine fish farms-
effects on the seabaL Marine Aquaculture and Environrncnt. T Makinen  ed.!. Nord 1992:
22. Nordic Council of Mnistcrs, Copenhagen. pp. 105-119.

Hess, K.W., 1989: MECCA program documentation. NOAA Tech. Rep. NESDIS 46,
Washington, D.C., pp. 258.

Jin, X. and C. Kranenburg, 1993: Quasi-3d numerical modeling of shallow-water
circulation. Hydr3ulic Engineering, voL 119, pp. 458-472.

Kachel, N. B. and J. D. Smith, 1989: Sediment transport and deposition on the
Washington continental shelf. Coastal Oceanography of Washington and Oregon, pp. 2&7-
343.

Lardner, R. W. and H. M Cekirge, 1988: A new algorithm for thrav9imensionai tidal and
storm surge computations. AppL Math. Modeling, voL 12, pp. 471-480.

Lardner, R.W. and S.K.Das, 1991: On the computation of flows driven by density
gradient: residual currents in the Arabian Gulf. Appl. Math. Modeling, voL 15, pp. 2&2-
294.

103



Langendoen, E. J. and C. Kranenburg, 1993: Simulation of unsteady flow in harbors-
Advances in Hydro-Science and -Engineering, Ed. S. Wang, Univ. of Miss., voL I, pp-
1612-1617.

Luettich, R. A., and D.F. Harlcmann, 1990: A comparison between measured wave
properties and simple wave hindcasting models in shallow water. J. Hydratdtc lilesmrck.
vol. 28, 3, pp. 299-308.

Lumb, C. M., 1989: Self-pollution by Scottish salmon farms. Marine Polluriort BrdI
vol. 20, pp. 375-379.

Ncweli, C. R., 1991: Developement of a model to seed mussel bottom leases to their
carrying capacity, Phase 2 report, NSF SBIR, ISI8809760

Panchang, V.G. and J.E. Richardson, 1993: Inverse adjoint estimation of eddy viscosity
for coastal flow models. J. Hydratdic Eng, vol. 119, No.4, pp. 506-524.
Parametrix Inc., 1990: State of Maine aquaculture monitoring program. Rept. prepared far
Maine Dept. of Marine Resources.

Pillay, T.V.R., 1992: Aquaculture and the environment. Halstcd Press, Ncw York.
Ross. E. A., E. A. Meridza and M. C. M. Bencridge, 1993: The application af
geographical information systems to site selection for coastal aquaculture: an example based
on salmonid cage culture. Aquaculture vol. 112, pp. 165-178.

Silvert, W., 1992: Assessing environmental impacts of finfish aquaculture in marirre
waters. Aquaculture, voL 107, pp. 67-69.

SPM  Shore Protection Manual!, 1984, US Army Corps of Engineers, CoastalEngineering Research Center, %'aterways Experiment Station, Corps of Engineers,
Vicksburg, MI 39180-6199.

Sucsy, P.V., B. Pearce aud V.G.Panchang, 1993: Comparison of Two-and Tbree-
dimeusional Model Simulation of thc Effect of a Tidal Barrier on the Gulf of Maine Tides.
J. Phys. Ocean., voL 23, No.6, pp. 1231-1248

Tec, K.T., 1979: The structure of three-dimensional tide-generating currents: Part I.'Oscillating currents.J. Physt'cal Oceanography, vol. 9, pp. 930-944.
Tee, K T., 1982: The strucrure of three-dimensional tide-generating currents: experimentalverification of a theoretical rnodeL Estuarine, Coastal and Shelf Sci, voL 14, pp. 2748.
Tee, K. T., 1985: Depth-dcpcndcnt studies of tidally mduced residual currents on thc sites
of Georges Rank. J. Physictd Oceanography, voL 15, pp. 1818-1845.
Thorpe, J. E, C. Talbot, M. S. Miles, C. Rawlings, and D. S. Kcay, 1990: Food
consumption in twenty four hours by Atlantic salmon  Salmon salar L! in a sea cage.
Aqrtactdtrtre, voL 90, pp. 41-47.

Warren-aansen, L, 1982: Report on EIFAC Workshop on Bsh-farm cNucnts. Evahmdimof matter discharged fmrn trout farming in Denmark, J. S. Alabaster  Ed.!. pp. 57-63.



Weston, D3'. and R3.6owen, 1988: Assessment and prediction of the effects of salmon
net-yen culture on the benthic environment. Prep. for Washington Dept of I'"ishxies.

Wei, G., Panchang, V. G. and B. R Pearce, 1990: Some numerical models for predicting
wave conditions around aquaculture sites. Engineering for Offshore Fish-Fanning,
Thomas Telford, London. pp. 119-136.


