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ARTICLE INFO ABSTRACT

Keywords: The interaction between local hydrodynamics conditions and salmon cages are important in disease transmission
WMLES and in the transport of waste products generated by aquaculture. We propose a modeling methodology to assess
CROCO the hydrodynamic effects of a salmon farm in a Patagonian channel. The method is based on the coupling
CFD . between a Coastal and Regional Ocean COmmunity model (CROCO) and a high resolution Large Eddy
Salmon pmdl_mnon Simulation (LES) model. A salmon farm located in the Estero Elefantes Channel (45°39’16.507S-73°35’59.40”W)
Hydrodynamics

was used as a study case. The physical coherence of the results was validated by comparison with field current
velocities measured with an Acoustic Doppler Current Profiler (ADCP). The model predictions were capable of
reproducing the tendencies of the variation although there were some differences in magnitude. The results
showed that the hydrodynamics of the Estero Elefantes Channel is dominated by two circulation modes de-
pending on the current direction in the adjacent Moraleda channel. Both circulation modes are characterized by
a highly unstable shear flow composed by turbulent structures that interact with the salmon cages. Therefore it is
not possible to select a local control volume with arbitrarily defined inlets, outlets and impermeable walls to
evaluate hydrodynamic processes relevant to the salmon farms. The presence of the cages modifies the natural
hydrodynamics of the channel, attenuating the intensity of the local velocity magnitude and generating re-
circulation and retention zones near them. However, their effect is not confined locally because the perturbations
introduced by the presence of cages are propagated far from them. The transport of material discharged inside
the cages was also analyzed. This information should prove useful both for producers and the aquaculture
management authority.

Patagonian fjords

1. Introduction

Chile is the second largest salmon and trout producer in the world
after Norway (FAO, 2016). Salmon production in Chile has grown ex-
ponentially from US$159 million in exports in 1991 to an export value
that exceeded the US$3860 million in 2016 (Central Bank of Chile,
2017). Salmon farms in Chile are located in the channels and fjords of
Chilean Patagonia due to their suitable water quality and oxygenation
conditions (Tironi et al., 2010). Despite the magnitude of the salmon
production in Patagonia, little is known about the potential impacts of
implementing fish farming systems on the hydrodynamics and

* Corresponding author.
E-mail address: pabcornejo@udec.cl (P. Cornejo).

https://doi.org/10.1016/j.aquaculture.2018.05.003
Received 31 May 2017; Received in revised form 16 April 2018; Accepted 1 May 2018
Available online 03 May 2018

0044-8486/ © 2018 Elsevier B.V. All rights reserved.

ecosystem functioning of the fjords and channels (Cornejo et al., 2014).
In terms of global food supply, aquaculture provided more fish than
capture fisheries for the first time in 2014 (FAO, 2016). Production of
higher-value species, such as salmon and trout, is projected to grow in
the next decade (FAO, 2016). However, salmon cage production has
raised concerns regarding its potential impacts on the environment
produced, for instance, by antibiotics and pesticides used for preventing
and treating fish diseases and by solid organic and nutrients wastes
from the farms that could cause degradation of local benthic habitats
and could contribute to eutrophication and increased risk of algal
blooms (e.g. Findlay and Watling, 1997; Fisheries and Oceans Canada,
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2003; Buschmann et al., 2009, 2012; Wang et al., 2012; Price et al.,
2015). Current velocity magnitude and direction is a key factor in de-
termining the exchange of water through the cage, areas over which
deposition occurs and also in the re-suspension of material
(Venayagamoorthy et al., 2011).

Salmon farms have an effect on the hydrodynamics of local currents,
oxygen content inside fish cages, and the swimming behavior of fish
(Johansson et al., 2007). Fluid dynamics can be critical in determining
the incidence of diseases in salmon farms through their influence on
dispersal, transmission and encounter rates between organisms (e.g.
Gustafson et al., 2007; Aldrin et al., 2010; Salama and Murray, 2011;
Samsing et al., 2015). Thus, farm-induced changes on local hydro-
dynamic conditions (Cornejo et al, 2014), and oxygen levels
(Johansson et al., 2007) must be considered in the design, orientation
and distribution of farms.

Sustainable global salmon production requires new technologies to
improve cage design for diminishing environmental impacts
(Chamberlain and Stucchi, 2007; Fgre et al., 2016). Technological ad-
vances have facilitated the continuous monitoring of oceanographic
variables (e.g. Lofgren et al., 2011; Terray et al., 1999; Larson et al.,
2013), which helps to understand the effect of the cages on water cir-
culation (Fredriksson et al., 2007). However this approach is costly and
requires long-term sampling effort (Langis, 2015). As a complimentary
tool to field measurements, numerical simulation studies (e.g. Finite
Element Method; Computational Fluid Dynamics, CFD) can be used to
describe physical phenomena and be calibrated and validated with in
situ measurements. Numerical simulation studies have allowed to pre-
dict scattering of the wastes produced by salmon cage farming (e.g.
Gillibrand and Turrell, 1997; Panchang et al., 1997; Doglioli et al.,
2004), to study the sanitary barriers that separate them (Olivares et al.,
2015), understand the dynamic behavior of the cages under the influ-
ence of currents (Bessonneau and Marichal, 1998; Tsukrov et al., 2000;
Lee et al., 2008), improve cages design (Fredriksson et al., 2004) and
study the effect of the thread and mesh sizes of the cages (Zhao et al.,
2007), among others. CFD studies have been oriented mainly to un-
derstand the cages effects on local hydrodynamics (Cornejo et al., 2014)
as well as the water dynamics inside the cages (Zhao et al., 2013; Bi
et al., 2014, 2015), describing explicitly the small-scale fluid dynamic
processes through and around a net panel (Patursson et al., 2010).
These type of studies cannot be carried out using ocean modeling at a
regional scale (e.g. FVCOM, Chen et al., 2003; ROMS, Shchepetkin and
McWilliams, 2005) due to the length and time scales for which these
regional models were designed. Nevertheless, studies have been per-
formed to attempt to use regional oceanographic models in length
scales close to those relevant to salmon cage structures in marine en-
vironments (Hasegawa et al., 2011; Chen et al., 2013; Wekerle et al.,
2013). The minimum resolution in the computational grids of these
studies is of O(kms), which prohibits including salmon cages, which are
of O(m).

On the other hand, studies based on Computational Fluid Dynamics
(CFD) have been restricted to idealized environments (Cornejo et al.,
2014; Winthereig-Rasmussen et al., 2016), without including a coast-
line, bathymetry, stratification of the water column, winds, etc. A re-
cent study (Winthereig-Rasmussen et al., 2016) investigated the effect
of fish farming sea cages in a bay of the Faroe Islands. The authors
compared the numerical simulation results to experimental data ob-
tained by ADCP. The velocity deficit found in the simulation over-
estimated the ADCP data by 50%. However, the control volume em-
ployed in the computational model arbitrarily includes wall boundaries
in zones where there is no a priori knowledge of current velocities, and
inlets and outlets with fixed velocity direction in a zone where the
coastline is extremely irregular, which generates turbulent structures
that modify the velocity field constantly.

This study investigates the effect of salmon farm cages on the hy-
drodynamics of a Patagonian channel using a high-resolution LES
model and taking its boundary conditions from a regional ocean model.
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Fig. 1. Flow diagram of the proposed methodology.

The LES model considers a non-idealized environment and boundary
conditions located away from the study zone, avoiding an arbitrary
definition of a bounded volume control in conditions where an a priori
definition is not possible. The physical coherence of the approach is
assessed by comparing the numerical model predictions with field
current velocities measured with an ADCP located in the vicinity of the
salmon cages. This paper is organized as follows. Section 2 describes the
theory behind CFD models, the turbulence model used (WMLES), and
the representation of salmon cages in the model. Section 3 describes the
study area, model geometry, the regional simulation used as boundary
condition, and the WMLES simulation. Section 4 presents the results,
model comparison with field measurements, and implications for ma-
terial transport. Finally Section 5 presents the discussion and Section 6
the conclusions.

2. Theory
2.1. Fundamentals

CFD models are a powerful alternative to address geophysical fluid
dynamics microscale problems such as the hydrodynamics of salmon
farms, where regional oceanographic models are incapable of including
their effect explicitly. These models are based on the solution of the
Navier-Stoke equations, which combine mass and momentum con-
servation. The following equation describes conservation of mass for an
incompressible fluid:

& olow) _

5t & @

The conservation of momentum is described by the following
transport equation:
SCow) | Slowm) _ =3p
St 5Xj 5x,-

%t
5Xj

(2)

Eq. (2) includes the source term S to allow inclusion of the Coriolis
Effect in the model and is defined as (fv — fw — fu, fu), where the
Coriolis coefficients are calculated as f = 2Qsin(¢)and f = 2Qcos(¢h),
using the Earth's rotation speed.

The energy conservation is described by the following transport

equation:
E i(oE Cp¥,
6(E) | SiE+p) _ & [, G 5_T+ui(fij)ejf
ot ox; ox; Py ) &x; 3)

For an incompressible fluid such as pure water at ordinary tem-
peratures and pressures, density may be considered as constant.
However, in the ocean density is a complicated function that depends
upon the pressure, temperature and salinity. In practice, ocean density
may be considered independently of pressure and linearly dependent on
temperature and salinity. This yields the following equation of the state
for the ocean:

p=p[l —a(T - To) + B(S — So)] 4
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Fig. 2. Estero Elefantes. The red square shows a close up of the location of the cages. The yellow arrow shows the location of the ADCP
(45°3916.50”S-73°3559.40”W). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

where po = 1028 (kg/m®), ap=1.7 e4 (K1), Bo=7.6e-4 (-),
To = 283 (K), So = 35 (—).
To include salinity in Eq. (3) we used the following generic trans-

port equation:
ép )
Sxi (5)

Spp é
el 5—xi(Pui¢ -
where ¢ is an arbitrary scalar, in this case salinity, I' is the diffusion
coefficient and S,, is a source term.
2.1.1. Turbulence model: wall-modeled large Eddy simulation (WMLES)
Turbulent flows have high spatial and temporal variability. They are
highly unstable, nonlinear and efficient at mixing themselves and the
properties they transport (energy, salinity, chemical species, etc.) due
to macroscopic fluctuations of fluid parcels. The simulation of large
eddies (LES) is based on the observation that small-scale turbulent
structures have a more universal behavior than the large-scale turbu-
lence. This allows the contribution in terms of energy and momentum
transport associated with the large turbulent structures to be calculated
directly, while the small structures are modeled, thus originating the
need of sub-grid models.
In the LES model, any flow variable U may be composed into a
filtered part U (large scales) and a non-filtered thus modeled part, U’
(small scales).

Uu=U+U (6)
The space filtered variable is defined as:
U(z, = ./]; U(7, t)G(?E I,7, A)d7 @

where D is the complete domain of the flow, G is the filter function and
7 is the vector position. The filter function determines the structure
and size of the small-scale turbulence. This function depends on the
difference (7, — 7) and on the filter width4 = (4,4,4; )%.

The filter function takes the following form:

1 .
G= F,/\Sl lr,—rl <
0, A otherwise

4
2
(8)

The derivation of the complete set of filtered Navier-Stokes equa-
tions is complex and beyond the focus of this study. After applying the

filtration process, the momentum equation is summarized as:

8 (puii)
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" p (u;1j) _
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5 ©)
where oy is the tensor of forces associated with the molecular viscosity
and 7;is the tensor of sub-grid forces that results from filtering the
Navier-Stokes equations and which must be modeled. Similar to RANS
models, the LES model uses the Boussinesq's Hypothesis to calculate the

sub-grid stresses
T = —2; S (10)

where —Sjis the strain rate of the sub-grid scales and is defined as:
—1f &, o
2 & ox

and py is the sub-grid eddy viscosity which must be modeled.
In the Smagorinsky model, the sub-grid eddy viscosity is modeled

S, =
' an

as:

pr = pLS 18] (12)
where Lg is the length of the mixture and is expressed as:

Ls = min(kd, C;A) 13)

k is the Von Karman constant, d is the nearest wall distance, Cg is the
Smagorinsky constant and A is the local grid scale, which is usually
approximated as:

A=V3 a4

where V is the cell volume.

To use a LES model to describe wall bounded turbulent flows,
computational grids must be built with sufficiently fine resolution to
capture the smallest structures generated within the boundary layers,
which implies high computational cost and calculation time. The
WMLES model, a variant of the LES model, allows describing flows
surrounded by walls without needing very fine grids in the zones as-
sociated with the boundary layers. Sub-grid viscosity is modeled in the

WMLES model as:
Hr =P (15)

where d,, is the distance to the wall, S is the magnitude of the strain
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Fig. 3. Domain used in regional simulation using CROCO.
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Fig. 4. Views of the 3-D geometric model.
rate, k = 0.41 and Cgpag = 0.2 are constants. Another advantage of calculated as in Eq. (14). However, this approximation is valid for
WMLES over the conventional LES model lies in the way the local grid isotropic or nearly isotropic grids, which implies to build computational
scale is calculated. In the conventional model, the local grid scale is grids that are too dense in number of cells and therefore result in
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Fig. 5. Computational grid with the cages installed. Close up of the area where the cages are located.

Table 1 Table 2

Porous jump boundary condition parameters. Grid convergence analysis. Distribution of aspect ratios in computational grids.
From Cornejo et al., 2014.

0-4 4-8 8-11 11-16 16-20
Net Ca(m™) a (m?) A (mm)
Coarse Grid 45.42% 30.96% 13.9% 6.09% 2.85%
Low drag 58.6 2.4e6 1.24 Fine Grid 73.57% 19.31% 7.12% -
Medium drag 103.9 5.7e5 2.05
High drag 276.4 4.2e5 1.63

Velocity [m/s]

m

& & FPPP P PP TP T

o Q 0 0

| I
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Fig. 6. Domain initialization. (A) Velocity magnitude and (B) Salinity at velocity inlet at t = Os.
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Fig. 7. Grid convergence analysis. Comparison of eulerian time series of velocity magnitude at different depths over a vertical line 1 km east of the cages.

simulations with high computational cost. The WMLES model allows
higher anisotropy, as well as using a term that includes a function of
wall damping. Thus the local grid scale is calculated as:

A = min(max (Cydy; CoPmax; Buwn) s Bmax) (16

where hp,.y is the maximum length of the cell edge, hy,, is the normal
grid spacing and C,, = 0.15 is a constant.

2.1.2. Modeling the hydrodynamic effect of the cages

From the hydrodynamic point of view, salmon cages represent a
momentum sink for the incident current. To describe the effects over
the flow by the cage installation was used a porous jump boundary
condition. The cage is considered as a thin permeable membrane in
which the correlation between drag forces (pressure drop) and inlet
velocity magnitude are known. This correlation is governed by Eq. (17),
which is a combination of Darcy's Law and an additional inertial loss
term.

u 1 2)
AP = —| —v + C,—pv= |Am
(a 5P a7

120

where p and p are respectively the viscosity and fluid density in which
the cage is immersed, a is the permeability of the medium, C, is the
coefficient of pressure loss, v is the normal velocity of the porous face
and Am is the thickness of the cage net. Both a and C, are properties of
each net and must be estimated experimentally or from some correla-
tion available in the literature. For this study we used the porosity
parameters reported by (Cornejo et al., 2014).

3. Simulation
3.1. Methodology

Fig. 1 shows the flow diagram used in the proposed modeling
methodology. Time and space-dependent data of velocity, temperature
and salinity to satisfy the boundary conditions of the high-resolution
LES model were obtained from a regional ocean simulation employing
the CROCO model. To implement this dependence of the input data on
the boundary conditions of the LES model it was necessary to use user-
defined functions (UDF) in ANSYS FLUENT. Two additional UDF were
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(B)

Fig. 8. Velocity field superimposed on contour of velocity magnitude on a plane at 10 m depth. (A) Northward current. (B) Southward current.
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Fig. 9. Contours of velocity magnitude. (A) Simulation with cages. (B) Simulation without cages.

implemented to represent density as a linear dependent function of
temperature and salinity and to initialize the model domain with a
stratified water column. The results of the ANSYS FLUENT simulation
were compared with the velocity components (u,v) obtained from an
ADCP (w,v’) located SE of the cages to verify the physical coherence of
the model predictions.

3.2. Study case

The study area is located in the Moraleda Channel (44°57’S,
73°21'W), XI Region, Chile. This is an extensive channel from which
several arms come off. The salmon cages are located specifically in one
of the arms of the channel called the Estero Elefantes (46°30’S; Fig. 2).
The study period for the regional-scale model was one moth and cor-
responds to January 2011. The high-resolution WMLES simulation in-
cluded 4 days between January 16th and 20th, 2011.
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3.3. Regional simulation

To provide the boundary conditions for the high-resolution WMLES
simulation associated with the study case, we implemented a nested
regional ocean simulation of the zone of interest using CROCO (Coastal
and Regional Ocean COmmunity model). This model is a new version of
the ROMS_AGRIF model (Debreu et al., 2012), which includes a non-
hydrostatic solver in order to resolve very fine scales (especially in
coastal zones) and their interaction with larger scales. It is a tri-di-
mensional, free-surface non-hydrostatic numerical model that solves
the primitive equations over vertical coordinates or that follow the
bathymetry (Shchepetkin and McWilliams, 2005) and an Arakawa-C-
type (Arakawa and Lamb, 1981) structured grid using the finite vo-
lumes method. It uses two modes to solve the primitive equations, an
external mode with shorter time intervals for barotropic processes and
an internal mode with less restrictive time intervals for baroclinic
processes. It can use different turbulence models to solve the vertical
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Fig. 10. Velocity field superimposed on contours of velocity magnitude. (A) Simulation with cages. (B) Simulation without cages. The black rectangle is the virtual
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Velocity
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Fig. 11. Contours of velocity magnitude. (A) Simulation with cages. (B) Simulation without cages.

mixing. Horizontal mixing is solved with a Laplace operator and a
diffusion coefficient that depends on the mean flow gradients.

We designed a nested system with two domains of different spatial
resolution, ~1.2km (parent domain) and ~400m (nested domain),
both with 32 vertical levels, using a model configuration similar to
Olivares et al. (2015). Both domains used GEBC008 bathymetry
(Sandwell et al., 2002) improved with data from nautical charts of the
Hydrographic and Oceanographic Service of the Chilean Navy (SHOA).
The coastline is edited to consider the main fjords and channels and to
represent the circulation of the zone in the best possible way. The si-
mulation period was January 2011. The lateral forcing and the initial
condition were obtained from the ECCO product (Wunsch et al., 2009).
The free surface was forced by winds and heat fluxes obtained from
NCEP2 (Kanamitsu et al., 2002). The tide was added by calculating the
tide coefficients obtained from the TPX07 database (Egbert and
Erofeeva, 2002). For the purpose of this study we only used the outputs
from the ~400 m resolution domain. Fig. 3 shows the calculation do-
main used in the simulation, as well as the bathymetry of the zone.

122

3.4. WMLES simulation

The channel geometry, the cage farm and the location of the ADCP
are shown in Fig. 4. The coastline was simplified to build the compu-
tational grid considering that the resolution of the bathymetry em-
ployed is coarser than the resolution of the coastline. The farm consists
of 18 cages positioned in tandem with dimensions of 30 X 30 X 30 m
each. The reference axes were oriented with X+ to the East and Y+ to
the North. For the grid convergence analysis we built a “coarse” grid
with 850,000 hexahedral elements and a “fine” grid with approxi-
mately 2.1 million hexahedral elements. The number of elements in
each grid was defined based on the aspect ratio which it was desired to
achieve in the discretization cells. To use the LES model or its variants is
important the degree of anisotropy of the computational grid. We
limited the maximum aspect ratio to 11 and 20 for the fine and coarse
grids, respectively. Table 2 shows the cells aspect ratios distribution of
the computational grids.

To build the computational grid including the salmon cages we
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Fig. 12. Pathlines colored by velocity magnitude in a plane at 4 m depth. (A) Southward flow with cages. (B) Southward flow without cages. (C) Northward flow with

cages. (D) Northward flow without cages.

modified the coarse grid. Approximately 1.45 million elements were
used with a maximum aspect ratio equivalent to 20. The vertical re-
solution used near the surface was 3 m in all the grids considered. Fig. 5
shows the computational grid that included the cages with a close up of
the zone where they are located. The boundary condition in open
boundaries of the channel were taken from the regional model outputs;
the walls that delimit the domain other than the upper surface were
described as walls assuming the no-slip condition and the wind forcing
in the X and Y directions were fixed on the surface of the channel by
using NCEP2 (Kanamitsu et al., 2002) database and assumed constant
in space in all the upper surface but variable in time. Cages were de-
scribed using a porous jump condition with permeability values equal
to the high drag condition given in Table 1.

Fig. 6 shows the contours of velocity and salinity generated in one of
the open boundaries of the model domain for the initial condition
t=0s.

4. Results

4.1. Grid convergence analysis

We performed two simulations without considering the salmon
cages to analyze the sensitivity of the aspect ratio and the number of

123

cells considered in the grid over the model predictions. Both compu-
tational grids were described in Table 2. The simulation period con-
sidered by simulations was January 16th-20th, 2011. Fig. 7 shows a
eulerian measurement of velocity magnitude for both grids at different
depths over a line drawn vertically from the channel surface to the
bottom 1km east of the cages. There is similarity in the temporal
variability and in the peak velocity of the two grids. A comparison of
velocity magnitude contours between the grids at 1 m depth at the
beginning of the third day also predicts a similar distribution of velocity
magnitude. Thus the simulations employing grids with different cells
density and aspect ratio describe the flow field similarly.

4.2. Hydrodynamics of the Moraleda Channel adjacent to the Estero
Elefantes

The tidal regime in the Moraleda Channel is semidiurnal (Fierro,
2001, 2008) and the current direction changes every 6 h. Fig. 8 shows a
comparison of vector fields superimposed on a contour of velocity
magnitude in a plane at 10 m depth. The current conditions were
compared in the respective maximum velocities generated during an
interval of 6 h for the last day simulated. When the current moves from
S to N (Fig. 8A) a large eddy is generated in the cage zone that rotates
counterclockwise. There is also a large water mass with high velocity
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Fig. 13. Comparison between ADCP measurement and the computational model prediction for: (A) Velocity component u. (B) Velocity component v.

that generates a detachment near the coastline produced by the division
of the main branch of the channel. In contrast, when the current moves
from N to S (Fig. 8B) two eddies are generated which rotate in opposite
directions; one clockwise eddy in the center of the channel possibly
generated by detachment of the water mass near the coastline, and a
second anticlockwise eddy located in the cage area induced by the ro-
tation of the first eddy. Thus depending on the current direction two
different circulation modes are generated in the channel with different
locations of recirculation and/or retention zones and zones of high
mixture, both characterized by a highly unstable shear flow composed
of a large number of turbulent structures.

4.3. Hydrodynamics effect of cages in the Moraleda Channel

Figs. 9, 10, and 11 show comparisons of the distribution of velocity
magnitudes in a general view and a close up in the zone near the cages
for both cases, when the current flows from N to S and from S to N,
respectively. When the current flows southwards the distribution and
the magnitudes present in the velocity field are modified due to the
installation of the cages. This difference is reflected both in the main
area of the channel and where the cages are located. Fig. 10 shows a
close up of the zone where the cages are located. Their installation
modifies the velocity field in areas adjacent to them, generating areas of
low velocity magnitude and therefore less intense mixing that are not
present in the simulation performed without cages, which is approxi-
mately one order of magnitude weaker. There is also a “shadow zone”
of low velocity magnitude behind the cages that generates a reduction
in velocity magnitude of about 50% with respect to the incident velo-
city magnitude. The same occurs when the tide moves from S to N.
There is also a general modification of the velocity field along the
channel (Fig. 11), the velocity field near the cages was also modified,
the areas of high and low velocity magnitude were displaced as a result
of cages installation and a “shadow zone” of low velocity magnitude is
formed behind the cages with a decrease in velocity magnitude similar
to the previous situation. Fig. 12 shows a comparison of the pathlines
for the current directions. When the current flows from N to S the
pathlines that pass through the cages have their trajectory modified.
This generates a recirculation and/or retention zone right behind the
cages that includes all the area near the coastline. The size of the area
where recirculation is generated is much greater than the natural re-
circulation generated when the cages are not present. When the current
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flows from S to N the path lines are modified above the location of the
cages, forming an eddy with the size of the salmon farm that is not
generated when the cages are not present. These results show that the
salmon cages not only modify the direction and magnitude of the local
velocity field generating a new recirculation and/or retention zones and
changing the circulation locally, but they also affect circulation far from
them due to the propagation of the perturbations they generate in the
natural hydrodynamics of the channel.

4.4. Comparison with field measurements

To verify the physical coherence of the model predictions we con-
trasted velocity data obtained in the zone by an ADCP located SE of the
cages with the results predicted by simulations with and without con-
sidering the installation of cages for the period of time between January
17th and 20th, 2011. Fig. 13 shows a comparative plot for the time
series of the velocity components in the ADCP location at a depth of
4 m. The model results including the cages installation predicts well the
instantaneous variations in velocity magnitude picks and in general the
tendency of the temporal velocity magnitude variations. Fig. 14 shows
four quantile plots comparing the distribution between velocity com-
ponents measured by ADCP and the predicted velocity components
obtained from the model with and without cages. The distribution of
the u velocity component from —0.15m/s to 0.15m/s was similar in
the ADCP data and model predictions. However, the v velocity com-
ponent in the model with cages had a greater range of velocities with a
distribution similar to the experimental measurements compared to the
results without cages. For all cases, the red area in the graphs indicates
the values for which the distribution predicted by the model is similar
to the distribution of the field measurements.

4.5. Potential transport of organic and inorganic materials released during
the production process

We analyzed the transport of material discharged inside the cages
by the implementation of a multiphase flow in which the phases were
the water volume initially enclosed by the cages and the remaining
water volume in the channel. Fig. 15 shows the volume fraction of
water volume initially enclosed in the cages in the whole channel every
6 h. The water transport was highly influenced by the direction of the
current spreading out in the channel. At the end of the day a large part
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Fig. 14. Q-Q plot of the velocity components (u, v) between the ADCP measurements and computational model predictions with cages (A-C) and without cages
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Fig. 15. Transport of water initially enclosed by cages. Contour of volume fraction of water initially enclosed by cages in a plane at 4 m depth every 6 h during the

last day of simulation (A) Hour 6. (B) Hour 12. (C) Hour 18. (D) Hour 24.

of the water volume originally enclosed in the cages left the channel.
However, a certain amount remained stagnant in the left side of the
channel, spreading out as the day advanced. Fig. 16 shows the evolu-
tion of the volume fraction of water initially enclosed by cages trans-
ported by currents within cages 1 and 17 at different depths. The results
indicate that after 1 h the water that was initially enclosed left the cages
completely. However, due the large eddies that are generated in this
zone it returns to the cages 6h later, although at much lower con-
centration, and slowly decreases during the day. This behavior was the
same at both depths.

5. Discussion

To assess the effect due to the installation of salmon cages on the
local hydrodynamics of a channel or fjord it is important to understand
the local circulation both around and within the cages. This may be
done by field measurements, however, this is usually associated with
long measurement times, high cost and long times of data processing
(Langis, 2015). Numerical simulations appear as a good alternative or
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complementary tool to describe the local hydrodynamics of a specific
geographic area. However, current regional ocean models cannot in-
clude the effect of fish farms in their simulation or describe the mi-
croscale fluid dynamic processes such as those associated with salmon
cages, mainly due to the restriction of the maximum horizontal re-
solution of their computational grid elements. CFD models appear as an
adequate alternative to describe geophysical fluid dynamics microscale
processes in these kind of problems, however, they need to be forcing
with realistic boundary conditions. Due to these limitations this study
examined the coupling between a regional oceanographic model with
non-hydrostatic solver and a high-resolution LES model including the
salmon cages explicitly, with which we could analyze the hydro-
dynamic effects associated with the installation of farm cages under
realistic conditions. This kind of coupling between mesoscale and mi-
croscale models is not new, it has been used, for instance, in atmo-
spheric studies considering the interaction between mesoscale atmo-
spheric models and CFD simulations (e.g. Li et al., 2010; Yamada and
Koike, 2011).

To incorporate the hydrodynamic effects of cages it was necessary to
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Fig. 16. Evolution of the volume fraction of water initially enclosed by cages at two points located within cages 1and 17 at different depths. (A) Cage 1 at 5m. (B)

Cage 17 at 5m. (C) Cage 1 at 15m. (D) Cage 17 at 15m.

describe them explicitly with a porous jump boundary condition. This
condition assumes that the relation between pressure drop and velocity
magnitude of the incident current is known a priori. Thus the porosity
parameters must be calibrated correctly by experimental measurements
(Tsukrov et al., 2011). There are a number of factors to be considered to
implement a model to describe the processes associated with the hy-
drodynamics of a fish farm in a realistic environment such as coastline,
bathymetry, wind forcing, currents, stratification of the water column,
etc. However, the definition of the control volume is even more im-
portant. It is tempting to isolate a fish farm defining a regular local
control volume with inlets, outlets and impermeable walls to study the
hydrodynamics in the neighborhood of a fish farm as proposed in the
study of Winthereig-Rasmussen et al. (2016). However, based on our
results the circulation in a fjord or channel with broken coastline
dominated by tides with temporal variability generates a highly

unstable flow field influenced by the interaction of turbulent structures
of various sizes that act and interact with the fish farm, generating a
highly turbulent flow field in their neighborhood. Thus it is not possible
to define a priori a regular local control volume imposing impermeable
walls, inlets and outlets in the natural circumstances explained above.
Instead it is recommendable to define the boundary conditions suffi-
ciently far away from the salmon cages as was done in this study.
The results on the natural hydrodynamics of the channel showed the
presence of large turbulent structures which constantly modify the
magnitude and direction of the velocity field in the area near the cages.
Thus the current impacts the salmon cages differently depending on the
time of the day, generating different intensities of diffusion and mixing.
Comparison of the simulation results to field measurements showed
that our model was capable of predicting the temporal variability of the
velocity components, including abrupt changes in magnitude. However,
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it had difficulty reproducing the magnitude of the velocity magnitude
picks for certain times of the day. This is attributable to the limitations
of the computational model in the resolution of the coastline and
bathymetry and the use of constant wind shear on the channel surface,
as well as the fact that the data taken for the boundary conditions from
the regional ocean model results have an additional associated error.

The transport of wastes from the fish cages is an important en-
vironmental issue of salmon aquaculture due to the potential de-
gradation of benthic habitats, eutrophication and risk of algal blooms
(e.g. Findlay and Watling, 1997; Buschmann et al., 2009; Wang et al.,
2012; Price et al., 2015). Hydrodynamics can also be crucial in influ-
encing the incidence of diseases in salmon farms (e.g. Gustafson et al.,
2007; Aldrin et al., 2010; Salama and Murray, 2011; Samsing et al.,
2015). Thus, the interaction between the salmon cages and local hy-
drodynamic conditions must be considered in the spatial distribution of
farms in the channels and fjords ecosystems (Cornejo et al., 2014). The
proposed modeling approach is able to describe how a volume of water
originally enclosed in the cages is transported in a given time, which is
relevant, for instance, to the design of farming centers, to epidemiolo-
gical studies and to estimate environmental impact, as a higher ex-
change could be beneficial for the fish inside the cages, but detrimental
to the environment in terms of waste dispersal and disease propagation.
This information should prove useful both for producers and the
aquaculture management authority to consider solutions such as in-
tegrated management of aquaculture (e.g. Chopin et al., 2001; Neori
et al., 2004).

6. Conclusion

We propose a modeling methodology to assess the hydrodynamic
effects of a salmon farm in a channel or fjord based on a coupling be-
tween a regional oceanographic model and a high resolution LES model
which explicitly included a fish farm. This method avoids the a priori
definition of a regular local control volume with inlets, outlets and
walls to study the hydrodynamics associated with salmon cages, which
our results show would not be possible due to the highly turbulent flow
within the channel. The proposed method is able to describe the effect
of the fish cages on the local hydrodynamics of a particular geographic
area in a realistic environment.

The circulation of the channel is dominated by a highly unstable
flow produced by the temporal variation of the tide, associated with the
coastline and the shear flow in the nucleus of the channel. The circu-
lation mode is dependent on the current direction, forming turbulent
structures that act and interact with the cages producing different ef-
fects on local hydrodynamics. The presence of the cages affects the
velocity field in direction and magnitude,. both near the cages and in
areas far from them. The reduction in velocity found behind the cages
reached 50% of the incident current.

The model is able to predict the temporal variability of the current
velocity components observed in ADCP data. However, the magnitude
of some velocity peaks found in certain time of the day show differences
between the model and field measurements attributable to the fol-
lowing limitations of the computational model: low resolution of the
coastline and the bathymetry, constant wind forcing in space on the
channel surface and possible errors in the results of the regional ocean
model.

We found that a considerable part of the enclosed volume within the
cages remains recirculating in a section of the channel during the rest of
the day. The proposed modeling approach is a promising tool to study
problems such as water reposition time within the cages, transport of
organic and inorganic materials released from farm processes, and pa-
thogens prevalence and dispersal.
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