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Abstract. The Marine Institute, Ireland, runs a suite of op-
erational regional and coastal ocean models. Recent devel-
opments include several tailored products that focus on the
key needs of the Irish aquaculture sector. In this article, an
overview of the products and services derived from the mod-
els are presented. The authors give an overview of a shellfish
model developed in-house and that was designed to predict
the growth, the physiological interactions with the ecosys-
tem, and the level of coliform contamination of the blue mus-
sel. As such, this model is applicable in studies on the carry-
ing capacity of embayments, assessment of the impacts of
pollution on aquaculture grounds, and the determination of
shellfish water classes. Further services include the assimila-
tion of the model-predicted shelf water movement into a new
harmful algal bloom alert system used to inform end users of
potential toxic shellfish events and high biomass blooms that
include fish-killing species. Models are also used to identify
potential sites for offshore aquaculture, to inform studies of
potential cross-contamination in farms from the dispersal of
planktonic sea lice larvae and other pathogens that can infect
finfish, and to provide modelled products that underpin the
assessment and advisory services on the sustainable exploita-
tion of the resources of marine fisheries. This paper demon-
strates that ocean models can provide an invaluable contribu-
tion to the sustainable blue growth of aquaculture and fish-
eries.

1 Introduction

According to the Food and Agriculture Organisation of the
United Nations, aquaculture is the fastest-growing food-
producing sector in the world (FAO, 2014). World capture
fisheries production in marine waters has remained at stable
levels over the last c. 30 years following steady growth in

the preceding decades. The same report stresses the impor-
tance of implementing an ecosystem approach to fisheries.
The most recent report published in Ireland shows that the
total shellfish production doubled in the years 1990-2007
(Browne et al., 2008). Aquaculture is one of the five sec-
tors targeted for further development under the European
Union (EU) Blue Growth Initiative (European Commission,
2012); the fisheries sector has also been identified as crucial
for jobs and value under this agenda.

In this context, one of the key needs of the aquaculture and
fisheries sectors is the implementation of effective analyses
and management methods to ensure the sustainability, eco-
nomic viability, minimization of negative impacts on the en-
vironment, and risks to human health. Today, the above mea-
sures can be effectively supported by mathematical models,
which can vary in complexity The examples include highly
aggregated tools with low data requirements (e.g. ASSETS,
Bricker et al., 2003), tools addressing the production and eco-
logical sustainability at a finer spatial scale (e.g. Ferreira et
al., 2007), and more detailed and complex research models.
The latter comprise box models for the analysis of mussel-
carrying capacity (Filgueira and Grant, 2009), ecosystem
models to determine food depletion (Grant et al., 2008),
and 2-D or 3-D biogeochemical models coupled with shell-
fish models (e.g. Brigolin et al., 2009; Cugier et al., 2010;
Dabrowski et al., 2013 and the references therein; Grangeré
et al., 2009, 2010; Guyondet et al., 2010; Maar et al., 2009;
Nunes et al., 2011; Ren et al., 2010). Numerical models used
in studies on aquaculture and fisheries can themselves vary
in complexity, from general ocean circulation models to so-
phisticated coupled physical-biogeochemical-shellfish eco-
physiological models, such as that presented in Dabrowski et
al. (2013).

The authors developed and maintain a suite of operational
forecasting regional and coastal ocean models of Irish wa-
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ters. Several downstream services, driven by end-user re-
quirements, have been developed in recent years to address
some key needs of the aquaculture and fisheries industries in
the region. This paper presents an overview of these model-
based products and services. In particular, those that relate
to shellfish growth and carrying capacity, shellfish micro-
bial contamination, harmful algae bloom warnings, offshore
aquaculture site selection, cross-contamination of farms, and,
fisheries assessments. The overview is preceded by a brief
description of the operational models’ set-up.

It should be noted that this paper is part of the Special Is-
sue on operational oceanography in support of blue and green
growth. Since sustainable growth across various marine sec-
tors requires timely delivery of high-quality oceanographic
products and services, the aim of this Special Issue is to in-
form the reader about the existing and ongoing developments
in this regard. Within this context, the authors present the re-
search results and the products and services that are at the
different stages of advancements; some have already been
published or are being published, as indicated throughout the
paper, whereas others are still preliminary.

2 Description of the models

The 3-D operational models implemented by the Marine
Institute are based on the Regional Ocean Modelling Sys-
tem (ROMS) which is a free-surface, hydrostatic, primi-
tive equation ocean model described in Shchepetkin and
McWilliams (2005). It uses orthogonal curvilinear coordi-
nates on an Arakawa-C grid in the horizontal while utiliz-
ing a terrain-following (sigma) coordinate in the vertical. The
prognostic variables of the hydrodynamic model are surface
elevation, potential temperature, salinity, and horizontal ve-
locities.

The local model of southwest Ireland, hereafter called the
Bantry Bay model, consists of 557 x 419 grid cells relating
to a horizontal spacing of 200-250m and 20 vertical lev-
els. The model is nested offline in a regional northeast At-
lantic (NE_Atlantic) model run operationally at the Marine
Institute and is a refinement of the latter by a factor of 5.
Time series of water levels, 2-D and 3-D momentum, tem-
perature, and salinity are provided every 10 min. The Bantry
Bay model was initialized in February 2010 from the par-
ent model output interpolated onto a child grid. Surface forc-
ing is taken from the half-degree Global Forecasting Sys-
tem (GFS) that is available at 3-hourly intervals and the
model interpolates data onto its current time step. Heat fluxes
are calculated from the bulk formulae and surface freshwater
fluxes are obtained from the prescribed rainfall rates and the
evaporation rates calculated by the model. Freshwater dis-
charges from five rivers are included in the model.

Some of the products and services presented in this paper
concern another Irish coastal model that runs operationally
and covers the midwest coast of Ireland, called the Con-
nemara model. The set-up is analogous to that of the Bantry
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Bay model. As regards to the works presented herein, this
model has been used in the studies related with the off-
shore aquaculture planning (Sect. 3.4) and in the modelling
of cross-contamination modelling between the aquaculture
sites (Sect. 3.5). Model outputs utilized in the above stud-
ies consist of predicted currents. Hence, Fig. 2 presents rel-
evant validation results. An acoustic Doppler current pro-
filer (ADCP) was deployed in October 2011 at the location
shown in Fig. 2a. Figure 2b presents a comparison of the
depth integrated currents components in west—east (U ve-
locity) and south—north (V velocity) directions between the
model and ADCP.

The parent model domain (NE_Atlantic) covers a signifi-
cant portion of the northwest European continental shelf and
has a variable horizontal resolution, ranging from a value
of 1.1-1.6 km in Irish coastal waters to 3.5km in the south
of the domain. There are 40 sigma levels in the vertical
with a concentration of levels at the surface and the bot-
tom. It is nested within the high-resolution (1/12°) Mercator
Ocean PSY2V4R2 operational model of the North Atlantic,
whereby daily values for potential, temperature, sea surface
height, and velocity are linearly interpolated from the parent
model onto the NE_Atlantic model grid at the boundaries.
Tide forcing is prescribed at the model boundaries by ap-
plying elevations and barotropic velocities for 10 major tide
constituents, which are taken from the TPXO7.2 global in-
verse barotropic tide model (Egbert and Erofeeva, 2002). The
GFS atmospheric forcing is applied at the surface. The above
model domains are presented in Fig. 1.

The Bantry Bay and northeast Atlantic models con-
tain the biogeochemical module, which is based on the
nutrient—phytoplankton-zooplankton—detritus model devel-
oped by Fennel et al. (2006). The model-governing equa-
tions remain the same as in Fennel et al. (2006); however,
the rates of the following processes have been altered by
the authors to achieve better model skill for Irish waters
(see Dabrowski et al., 2014b): zooplankton grazing, nitrifica-
tion rate, coagulation rate of small detritus and phytoplank-
ton, small detritus remineralization rate and vertical sink-
ing velocities of small detritus, large detritus, and phyto-
plankton. At the open boundaries of the Bantry Bay model,
all biogeochemical model state variables are provided ev-
ery 3h and are interpolated from the “parent” northeast At-
lantic biogeochemical model. The “parent” biogeochemical
model is analogously set-up to the NE_Atlantic model de-
scribed above, but is of coarser resolution (~ 5km) for com-
putational efficiency reasons. The physical-biogeochemical
coupling is “online”, meaning it is a self-contained physical-
biogeochemical model.

The authors also developed a wave model based on SWAN
(Simulating Waves Nearshore) (Booij et al., 1999) to es-
timate wave climate on the west coast of Ireland for off-
shore aquaculture sites. The model domain encompasses
Irish coastal waters from 12.000 to 7.500° W and 50.000 to
56.500° N at a horizontal resolution of 0.004°. The model
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Figure 1. The Marine Institute operational general ocean circulation models domains: (a) NE_Atlantic, (b) Bantry Bay, and (c) Connemara.

is forced with winds from the GFS model and wave data at
the boundaries from the Wave Watch 3 model developed by
the U.S. Navy Fleet Numerical Meteorology and Oceanog-
raphy Center (Tolman, 2009). Figure 3 presents scatter plots
of modelled and observed significant wave height (Hs) and
wave period (Tz) from the south of the domain (M3) and
towards the north of the domain (Inner Belmullet). The
presented validation covers the time period January 2012—
February 2013 at a 1-hourly frequency. The observational
data are available from the Marine Institute’s ongoing opera-
tional observational programmes and can be accessed online
(http://data.marine.ie/).

3 Products and services
3.1 Shellfish ecophysiological model

This biogeochemical module is further coupled to the shell-
fish ecophysiological model developed and implemented by
Dabrowski et al. (2013). This shellfish model has been writ-
ten for the species of Mytilus edulis (blue mussel) and Cras-
sostrea gigas (Pacific oyster) and comprises two modules,
namely the shellfish growth and the shellfish—ecosystem in-
teractions. In Bantry Bay it has been implemented for the
rope cultures of M. edulis. The growth model is a Fortran 90
implementation of the Dynamic Energy Budget (DEB) algo-
rithm (Kooijman, 2010) and the shellfish—ecosystem coupler
is a new model developed by the authors and presented in
detail in Dabrowski et al. (2013). The following processes
are included: food uptake and assimilation of nitrogen and
carbon in bivalve, egestion of faeces, NHz excretion, oxygen
utilization, and CO» production. The food comprises phyto-

WwWw.ocean-sci.net/12/101/2016/

plankton and small detritus and the model dynamically ad-
justs food preferences through the inclusion of the food se-
lection factor, and the egestion of faeces adds to the large
detritus pool in the model.

The shell length, L, and dry weight, DW, are derived from
the model, as these are important parameters from the farm
operations and management perspectives and they have an
impact on the price. Dabrowski et al. (2013) present the dis-
tribution of predicted L after c. 1-year simulation carried out
for the period 2010-2011 (Fig. 7 therein). Results were val-
idated and compare well with data collected in the bay over
the same time period. The areas offering good growth poten-
tial (i.e. greater L) can be distinguished from poorer growth
areas (i.e. lower L) using this model.

The presented model can thus answer two overarching
questions: what is the spatial distribution of growth potential
in the bay? Secondly, what impacts on the ecosystem are ex-
erted by the farms (e.g. depletion of phytoplankton, dissolved
inorganic nitrogen enrichment)? The above studies are there-
fore useful for the estimation of production and ecological-
carrying capacities enabling informed management decisions
to be made by the authorities responsible for the aquacul-
ture sector. The production and ecological-carrying capac-
ities are interlinked and concern the studies on maximum
production that the environment can sustain. Since the pre-
sented model is implemented in 3-D and includes ecological
interactions, the carrying capacity issues can be addressed,
for example, by running the experiments with alterations to
standing stocks, relocation or removal of the existing farms,
addition of new farms or change to farming practices (e.g.
time of harvesting, rope vs. bottom cultures)
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Figure 2. Results from the validation of the Connemara model: (a) location of ADCP, (b) comparison of modelled and observed depth

integrated U and V velocity components.

3.2 Shellfish microbial contamination

The model described in Sect. 3.1 has been further extended
to include a microbial module developed by and presented
in Dabrowski et al. (2014a). In the above paper the authors
present a new method to simulate an uptake of E. coli from
seawater and subsequent depuration by M. edulis that dy-
namically predicts E. coli concentration in the mussel tissue.
Concentration of E. coli in water is determined by its die-off
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rate (dependent on light, temperature, and salinity following
Canteras et al. (1995) and recently successfully used by Ma-
teus et al. (2013)), the rate of uptake by mussels, and the rate
of input from the point sources in Bantry Bay. Depuration in
the mussel tissue follows a first-order decay and assumes a
constant Tgg of 3h, which yields a decay rate of 18.4 day 1.
Dabrowski et al. (2014a) derived an equation for the filtration
rate using the energy ingestion rate predicted by the DEB
model for M. edulis. This energy ingestion rate is converted
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Figure 3. Results from the validation of the wave model: (a) model domain and locations of buoys, (b) and (c) scatter plots of modelled vs.
observed significant wave height and wave period at Inner Belmullet site and M3 sites, respectively.

to carbon ingestion rate and its uptake in food is subsequently of the ratio of phytoplankton carbon ingestion rate to phyto-
calculated. Phytoplankton is one of the food sources in the plankton carbon concentration.
model; therefore the filtration rate can be expressed in terms
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The above approach proved to be successful in the mod-
elling study of the rope mussel coliform contamination in
Bantry Bay as presented in Dabrowski et al. (2014a). Shell-
fish water classes defined in the EC directive (European
Commission, 2006) and based on coliform concentration in
shellfish flesh were derived from the model. In the above pa-
per, the authors present the distribution of these water classes
in Bantry Bay (Fig. 6 therein); these compare well with the
classes established based on the national monitoring pro-
gramme.

Some overarching questions that can be addressed by the
presented model include the following.

— How does new/existing outfall have an impact on shell-
fish waters?

— ls it a safe location for a new farm?

— What is the best time for harvesting (based on short-
term forecasts if implemented operationally)?

3.3 HAB warning

A number of customized products are generated from the
Bantry Bay model and are intended to improve the knowl-
edge on driving forces behind harmful algae bloom (HAB)
events off southwest Ireland. Dabrowski et al. (2016) pro-
vides in-depth details on the validation of the Bantry Bay
model that is deemed suitable for operational use in a HAB
nowcast/forecast system. The products include Bantry Bay
cross sections at the mouth of the bay and midway between
the mouth and the head, showing 3-day averaged volumet-
ric flows and their vertical structures as well as the temper-
ature, salinity, and density profiles. The magnitudes of the
current inflows are also compared to their long-term means
in order to identify pronounced events. These products along
with other (e.g. satellite data: sea surface temperature and
chlorophyll, data from the national harmful algal bloom and
shellfish biotoxin monitoring programme) constitute part of a
weekly HAB bulletin published online. Cusack et al. (2016)
show how this model is used in the HAB forecast and how
all of the above products provide information on the likeli-
hood of HAB outbreaks in the bay. Table 1 summarizes the
products that are currently used by local expert to generate
the bulletin.

Another operational product is based on the predicted
tracks of the particles released at the surface layer, at 20m
depth and at the bottom layer across the mouth of Bantry
Bay and a transect perpendicular to the coast, through off-
shore waters, southeast of Bantry Bay at Mizen Head. The
passive particles are released at the above transects over the
first 12 h and at 30 min intervals upon the execution of each
simulated 3-day forecast. The end products are maps (one per
transect and release depth) presenting the total time spent by
all particles at each model computational cell over the du-
ration of the forecast, the so-called particle-hours, and the
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maps are available online (http://vis.marine.ie/particles). An
example map is presented in Fig. 4. The maps aim to quantify
the strength of shelf water inflow into Bantry Bay, highlight
upwelling/downwelling events, and depict the strength of the
Irish coastal current. Furthermore, a set of Matlab scripts has
been developed allowing the execution of the particle trans-
port model upon natification of suspected toxic bloom loca-
tions from the observational platforms and from institutions
in other countries that provide forecasts of harmful algae tra-
jectories based on particle tracking, which allows for inter-
regional forecasts. The data exchange is facilitated by KML
format and e-mail alerts are issued when particles cross the
respective model boundaries.

Ireland’s southwest coast frequently experiences shellfish
farm closures due to HABs. Contaminated shellfish can take
many months, especially in winter, to depurate the HAB
biotoxins. Depuration times can be highly variable and are
likely related to food availability among other things, such as
the metabolic rate of the bivalves (Marcaillou et al., 2010;
Jauffrais et al., 2012). A HAB warning system will give
farmers the opportunity to extract product before long clo-
sures occur. In 2013, one or more farms were closed when
biotoxins in shellfish were above the EU regulatory limit for
a period of 35 weeks (Cusack et al., 2016). A diarrhoeic
shellfish poisoning (DSP) event occurred in July and lasted
~ 9 weeks, while an azaspiracid shellfish poisoning (AZP)
event in October lasted ~ 11 weeks. Biotoxin levels in the
bay’s blue mussels increased quickly when the causative or-
ganisms, Dinophysis (DSP biotoxins) and Azadinium-like
species (AZP biotoxins), increased in the bay. Figure 5 shows
that both events were linked to downwelling when offshore
surface water masses entered the bay.

Another economic threat to the Irish shellfish industry is
a biotoxin called domoic acid (DA). It can cause a seri-
ous human illness called amnesic shellfish poisoning that
can induce, in extreme cases, symptoms of memory loss
and even death. The rate that DA is excreted from shellfish
is species-specific. For example, the blue mussel (Mytilus
edulis) quickly clears DA (Novaczek et al., 1991, 1992;
Wohlgeschaffen et al., 1992). This is evident in the rapid in-
crease and decline of a small Pseudo-nitzschia bloom and as-
sociated DA in long-line mussel cultures after an upwelling
event occurred in Bantry Bay in April 2013 (Fig. 5). Overall,
from April to October 2013, five downwelling events were
evident in the volumetric flux simulations; three were linked
to harmful algal blooms and diarrhoeic shellfish poison-
ing (DSP) and azaspiracid shellfish poisoning (AZP) threats
(Fig. 5b—c). Modelling results showed 11 upwelling events;
two were associated with potentially toxic diatom blooms,
Pseudo-nitzschia and ASP threats, and one was linked to
the appearance in Bantry Bay of a fish-killing dinoflagel-
late called Karenia mikimotoi (Fig. 5a). As can be seen in
Fig. 5d—e, increased inflows into the bay relate well with
identified strong upwelling and downwelling events. Cusack
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Table 1. List of products used to generate weekly HAB bulletin.

Product

Description

Current conditions and
predictions

Harmful and/or toxic algal bloom and biotoxins national monitoring programme data
are presented.
The products include the following:

a. biotoxin report for the last week (whole tissue long-line mussels and oysters);
b. HAB report for the last week;

c. Ireland historic trends (What happened this week over the past 10 years?); 2003—
2012 harvesting closures (biotoxins above regulatory levels);

d. biotoxin prediction for the current week; includes a rationale.
e. biotoxin and HAB distribution maps of importance for the last 3 weeks;

f. data plotted on a weekly basis from week 1 to the current week to allow the user
to view upward and downward trends in the national data set.

Satellite observations

The most up-to-date daily satellite map is presented to provide large-spatial-scale infor-
mation on surface phytoplankton blooms (chl a measurements) and sea surface temper-
ature (SST). Karenia mikimotoi cell densities from the national data set are overlayed
on a weekly chl a anomaly map. The composition of near-shore phytoplankton com-
munities are described in detail with some highlights for the most recent week. In situ
national weather buoy network SST data for the week in question (includes the weekly
anomaly from a 10-year mean) are presented alongside the satellite SST maps.

Bantry Bay model

Bantry Bay model is a hydrodynamic model of the shelf sea off southwest Ireland with
horizontal resolution of 200-250 m and 20 vertical levels. It is an application of a widely
used primitive-equation, free-surface, hydrostatic ROMS model and its prognostic vari-
ables consist of surface elevation, potential temperature, salinity, and water velocities.
A number of ASIMUTH-tailored products are derived from the model:

a. prediction of Lagrangian water transport from the Mizen Head (south of Bantry
Bay) and the Bantry Bay mouth transects based on particles released at the surface,
at 20 m, and at the bottom

b. prediction of Eulerian water transport at the Bantry Bay mouth and inner Bantry
Bay transects

c. cross section through water temperature, salinity, and density at Bantry Bay mouth

d. current total volumetric inflow of water into Bantry Bay through the cross section
at the mouth and in inner Bantry Bay

Northeast Atlantic
model

The northeast Atlantic model encompasses all of Ireland’s territorial waters and beyond.
It became operational in 2008, and, similarly to the Bantry Bay model is an implemen-
tation of ROMS. The model domain covers a significant portion of the northwest Euro-
pean continental shelf and also the Porcupine and Rockall banks and the Rockall Trough
at a variable horizontal resolution, ranging from 1.1-1.6 km in Irish coastal waters to
3.5km in the south of the domain. There are 40 sigma-coordinate vertical levels with a
concentration of levels at the surface and the bottom.

Within ASIMUTH, the model is primarily used as the boundary conditions provider for
the Bantry Bay model and for predicting the transport of Dinophysis spp. blooms by
water currents across the region based on particle tracking (including the interregional
transport).

107

et al. (2016) showed that the model provides reliable esti-
mates of water exchange events in Bantry Bay.

The model-derived products are integrated and used as
part of a “toolkit” to estimate the risk to inshore shellfish
farms. The current HAB warning system for Ireland includes

WWw.ocean-sci.net/12/101/2016/

historical data (time of past toxic events) used to determine
the seasonal temporal window for HABs; HAB and shellfish
biotoxin maps for the most recent 3 weeks, used to show tem-
poral and spatial changes at more than 100 stations around
the Irish coast; and daily spatial remotely sensed sea surface
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Figure 4. The particle-hours map from the 3-day forecast starting on 27 April 2015: (a) and (c) particles released at the bottom layer, (b) and
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temperature (SST) and chlorophyll, used to detect and mon-
itor the surface appearance of high biomass nuisance HABs.
As can be seen in Fig. 5, false positive alerts can, however,
occur for Bantry Bay when a water exchange event is pre-
dicted by the model, but HABs are not transported inshore.
It is therefore evident that a shelf ocean observing system is
needed to provide the offshore HAB abundance data. More
detailed discussion can be found in Cusack et al. (2016).

3.4 Offshore aquaculture

Offshore aquaculture development requires accurate knowl-
edge of environmental conditions (e.g. weather and wave

Ocean Sci., 12, 101-116, 2016

climate; characteristics of water currents) at proposed sites.
Knowing the environmental conditions over a large area fa-
cilitates intelligent, targeted site selection for offshore aqua-
culture development. Site classification can be achieved by
considering a number of factors such as exposure (e.g. wave,
wind, currents), accessibility (which is related to exposure),
and distance to shore/infrastructure.

The literature has a number of examples of attempts to
classify sites, usually based on a combination of exposure
(e.g. wave, wind, currents), accessibility (which is related to
exposure), and distance to shore/infrastructure (e.g. Agusts-
son, 2004; Perez et al., 2003; Ryan, 2004). There does not
seem to be a strong consensus on the number of classes and
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Figure 5. Harmful algal bloom events and model results, Bantry Bay, April to October 2013; concentrations of (a) Pseudo-nitzschia (“0”),
Karenia mikimotoi (“A”) and DA (“x”), (b) Dinophysis (“0”) and OA and equivalents (“x”) and (c) Azadinium-like dinoflagellates (“0”) and
AZAs (“x”); (d) upwelling and downwelling events in the bay, (e) volumetric inflow to the bay; blue and red boxes overlaid on panels (a—c)

relate to upwelling and downwelling, respectively.

the exact criteria to use, but Holmer (2010) describes three
classes of sites and these are presented in Table 2.

A geographical information system (GIS) is the ideal plat-
form for this type of decision support tool. A GIS-based
model can incorporate and analyse large amounts of spa-
tial data and produce simple visual displays of the results.
The authors created a number of GIS raster layers for north-
west coast of Ireland. The layers were (i) water depth;
(ii) maximum tidal velocity (based on harmonics derived
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from a 1-year run of the NE_Atlantic model); (iii) 90 %
percentile value of a significant wave height (Hs), Hs_P90,
and (iv) maximum max_Hs. The wave parameters (Hs_P90
and max_Hs) were derived from a 13-month simulation of
the wave model (January 2012—February 2013) described in
Sect. 2. The layers were imported into ESRI’s ArcGIS to fa-
cilitate spatial analysis.

Simple raster analysis was used to apply rules to the in-
dividual layers to isolate areas where certain exposure cri-
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Table 2. Classification of aquaculture sites (after Holmer, 2010).

T. Dabrowski et al

.. Ocean modelling for aquaculture and fisheries in Irish waters

Coastal farming

Off-coast farming

Offshore farming

Physical setting

<500 m from shore
<10 m water depth

Within sight of shore users

500 m to 3 km from shore

10 to 50 m water depth
Usually within sight

>3 km from shore

> 50 m water depth
On continental shelf
Not visible from shore

Exposure

Waves <1m

Local winds

Local currents
Strong tidal currents
Sheltered

100 % accessibility

Waves <3to4m
Localized winds
Localized currents
Weak tidal currents
Somewhat sheltered
>90 % accessibility

Waves upto 5m
Ocean winds
Ocean swell

No tidal currents
Exposed

>80 % accessibility

Legal definitions

Within coastal baseline

Within coastal baseline

Outside coastal baseline

National waters

National waters National/international waters

Examples of major producers  China Chile USA (Hawaii)
Chile Norway Spain (Canaries)
Norway Mediterranean
With the addition of more geographical information (e.g.
@ ® location of infrastructure) this type of GIS model can become
a powerful decision support tool to aid in the selection and
development of offshore aquaculture sites. The GIS model
can be improved by including more raster layers, for exam-
ple 50/100 return periods for wave height and wind speed,
- and environmental impact data such as location of Special
» = gr——— Areas of Cons_erva_tion, in which case the en_vironmfental im-
N 3 ):’g" pact of potential sites can also be included in the site selec-
% Y tion process.
Lot e 3.5 Cross-contamination of farms
>, e 9
Bl o . - A . The risk of infection to salmon stock by sea lice is recognized

Figure 6. Spatial extents of (a) depth > 15m, (b) maximum tidal
velocity <1m s, (c) max_Hs<4m, and (d) Hs_P90 <2 m for the
west coast of Ireland.

teria were met. Using the “Off-coast farming” classification
of Holmer (2010) as a rough guide, the following simple
model to highlight potential sites was enforced: water depth
>15m, maximum tidal velocity<1ms™1, max_Hs<4m,
and Hs_P90<2m. Figure 6 visually demonstrates the spa-
tial extent resulting from the application of each rule sepa-
rately for the northwest coast of Ireland. The superposition
of the four layers shown in Fig. 6 was used to create a new
raster. The resulting raster contains binary data: cell values
of 1 where all the criteria are met and cell values of 0 where
one or more of the criteria failed. Figure 7 shows the spatial
extent of the cells with value of 1. These equate to the lo-
cation of potential offshore aquaculture sites for this simple
model.
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as a serious issue for the salmon farming industry. Infection
of salmon within and between farms occurs during the plank-
tonic copepodid stage of the louse life cycle. Since the dis-
persal of planktonic larval salmon lice is largely controlled
by surface currents, it is possible to simulate their dispersal
using hydrodynamic modelling. The results can be used to
indicate infection pressure risk in bays where salmon farms
are situated or proposed.

For this study, the Connemara model was run with La-
grangian particle tracking activated. This allows the intro-
duction of model particles into the domain at a location of the
user’s choosing (e.g. a salmon farm) and the particles are ad-
vected around the domain by the model currents. The model
particles behave as passive drifters with neutral buoyancy.
The particles were released near the surface at the locations
of the aquaculture farms in the region every 3 h for 35 days
and the location of each particle was recorded over the dura-
tion of 14 days (the particles were assumed to have a “lifes-
pan” of 14 days, after which they were considered “dead”,
i.e. excluded from the analysis). The particle-hours, defined
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Figure 8. Sea lice infection risk map from Daonish farm located in the west of Ireland (after Jackson et al., 2012).

in Sect. 3.3, were then calculated for each model cell and
from this the authors derived maps of relative infection risk
for fish in each cell of the model domain. An example map
for the infection risk from Daonish farm on the west coast of
Ireland is presented in Fig. 8.

The results of the particle track analyses can also be used
to create a cross-contamination matrix for a collection of
salmon farms in a bay. In this study, each salmon farm was
defined as a 500 m square centred on the particle release site
used for the Lagrangian particle tracking. Then the cumula-
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tive particle-hour value for that salmon farm due to particles
released from each of the other sites in the bay was calcu-
lated. The numbers derived from this analysis were placed
in a matrix in order to quantify the relative risk of infection
from one farm to another. Table 3 is an example of a ma-
trix developed from three release sites (locations visible in
Fig. 8). Referring to the Daonish release site in Table 3, the
high value (1359) for Casheen indicates that this farm has an
elevated risk of sea lice infection from Daonish compared to
the other farms in the vicinity. The cross-contamination ma-

Ocean Sci., 12, 101-116, 2016
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Table 3. Cross-contamination matrix for salmon aquaculture farms
in the west of Ireland.

. Receiving sites
Release sites 9

Casheen Cnoc Daonish Golam Red flag
Cnoc 129 202 111 525
Daonish 1359 129 73 439
Golam 155 37 206 237

trix along with the risk maps are potentially useful tools in
sea lice management strategies and in the selection process
for new farms. More results from the presented study can be
found in Jackson et al. (2012).

A very similar approach has been used by the authors in
a project, Aquaplan, that brought together key stakeholders
from the aquaculture industry and state agencies in Ireland,
and which aimed at providing the basis for the development
and implementation of a Strategic Plan for Fish Health Man-
agement in Ireland. The authors conducted the disease con-
nectivity modelling for a total of 23 sites in the west of Ire-
land and developed the cross-contamination matrix. The re-
port from the project was published in 2015 (Ruane et al.,
2015).

3.6 Products for fisheries

Output from the Marine Institute operational models also un-
derpins the assessment and advisory services on the sustain-
able exploitation of the resources of marine fisheries in the
waters around Ireland and on the impacts of fisheries on the
ecosystem. Monthly and annual averages of selected mod-
elled state variable from the ocean circulation and wave mod-
els are produced routinely. These include surface and bottom
temperatures, surface and bottom salinities, surface veloc-
ity, bottom shear stress, mixed layer depth, significant wave
height, mean wave direction, and mean wave period. Most
of the above products are published on the centralized Ma-
rine Institute data portal at http://data.marine.ie/ and on the
ERDDAP http://erddap.marine.ie/ and THREDDS servers,
allowing a data download in variety of formats to suit the end
users’ individual requirements. ERDDAP (Simons, 2015) is
a data server that gives a simple consistent way to download
subsets of gridded and tabular scientific data sets in com-
mon file formats and make graphs and maps. The authors
also maintain an archive of 3-hourly model prognostic vari-
ables from a hindcast run for 3-D currents and temperatures
in Irish waters from the NE_Atlantic model, which is used
to force an offline particle tracking model LTRANS (Schlag
and North, 2012), used to investigate fish larvae transport.
Readers are referred to O’Sullivan et al. (2015) for details on
the study of the potential dispersal fields of Nephrops larvae
from individual fishing grounds and the assessment of stock
connectivity using the output from the models.
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The above model-derived outputs are supplemented by
further products from the observational platforms, namely
the satellites and the Marine Institute marine observation net-
work, that are tailored to the fisheries’ research requirements.
Daily optimum interpolation SST for the period 1982 to 2014
produced by the USA National Oceanic and Atmospheric
Administration (Reynolds et al., 2007) were downloaded for
processing. This data set also uses the in situ data from ships
and buoys and includes a large-scale adjustment of satellite
biases with respect to the in situ data. Validation of monthly
SST data derived from the above product against monthly
in situ temperatures from the buoy networks operated by the
Marine Institute around Ireland is presented in Fig. 9. Annual
SST averages were derived by the authors and exported in the
GeoTIFF and NetCDF formats. The annual averages were
then spatially averaged for the International Council for the
Exploration of the Sea (ICES) subareas and divisions in Irish
waters. ICES divisions considered in this study are presented
in Fig. 10a. Figure 10b also shows a time series of annual
SST in ICES subareas west of Scotland (divisions Vla-b)
and the Celtic Sea (divisions Vlla—k). The analyses revealed
that there is a clear increasing SST trend in both zones. If
the most recent 10 years are taken into account, the SST in
the Celtic Sea has undergone an annual increase of 0.33° C
(£0.02), while in the west of Scotland the average annual in-
crease is 0.54° C (£0.04). These results are coincident with
the global SST trend and with the general trend in other
studies carried out in Irish waters (Cannaby and Husrevoglu,
2009; Nolan et al., 2010; Olbert et al., 2011, 2012). Annual
anomalies referenced to the 1971-2000 climatologies along
with the error standard deviations for every year were also
produced. The authors also developed analogous data sets for
chlorophyll a separately for various ocean colour sensors i.e.
CZSC (1982-1986), SeaWIFS (1997-2010), MERIS (2002-
2012) and MODIS-Agua (2002-2014). Since chlorophyll a
concentrations derived from the many sensors vary, work is
ongoing to produce a consistent long-term data set for Irish
waters, also taking different algorithms for Case 1 and Case 2
waters into account. Further details of this work can be found
in Casal et al. (2015).

Monthly SST observations and anomalies at Marine Insti-
tute fixed ocean observation stations are also of interest to
the fisheries. The authors produce graphs of current monthly
mean SST along with the standard deviations and minimum
and maximum temperatures recorded in a given month since
records began at the individual stations that are part of the
Irish National Weather Buoy Network. These graphs are in-
cluded in the Monthly Oceanographic Bulletin, currently an
internal Marine Institute publication, and Fig. 11 shows the
example of the product for the M3 (51.216° N, 10.550° W)
and M4 (55.000° N, 10.000° W) buoys in 2014. The M3 sta-
tion data have been included in the ICES Report on Ocean
Climate 2012 (Beszczynska-Mdller and Dye, 2013).
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Figure 10. (a) ICES divisions around Ireland and (b) time series of annual SST for the west of Scotland (divisions Vla—b) and the Celtic Sea

(divisions Vlla—k) subareas (after Casal et al., 2015).

4 Summary and conclusions

There is an increased interest in using computer models as
tools for sustainable management of coastal ecosystems, ac-
counting for multiple uses, including aquaculture and fish-
eries. The numerical models remain an appropriate vehicle
to further our understanding of the complex interactions be-
tween ecological processes in marine ecosystems and thus
enable end users to make more informed management de-
cisions. The level of spatial and temporal detail offered by
these models, their forecasting and hypothesis, and scenario-
testing capabilities are virtually unachievable through the
monitoring programmes alone. Cost-effective solutions in
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social and economic dimensions and measures aimed at pro-
tection of marine environments can be then implemented.
Risks such as losses in ecosystem services, greater inci-
dence of diseases, and increased occurrence of harmful algal
blooms can be mitigated or reduced with the aid of modelling
services. The contribution that ocean models can make to the
sustainable blue growth of aquaculture and fisheries is thus
invaluable.

The authors presented an overview of numerous products
and services based on the operational ocean modelling sys-
tem developed in recent years at the Marine Institute, Ire-
land, and which have been tailored to address several key
needs of the aquaculture and fisheries sectors in Irish waters.
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Figure 11. Monthly average seasonal cycles with 2014 monthly temperatures at the (a) M3 (51.2166° N, 10.55° W) and (b) M4 (55° N,

10° W) weather buoys west of Ireland.

These developments have been driven by the end users’ re-
quirements and many are still evolving; e.g. the weekly HAB
bulletin has an increasing uptake by the aquaculture farm-
ers, whose feedback is used to reformat the presentation of
data and information, including that which is model-based.
The expansion of the database consisting of the observational
and modelled data and products from the operational service
also improves our understanding of the ecosystem function-
ing that in turn stimulates further development of these prod-
ucts and pinpoints current deficiencies that need to be ad-
dressed; e.g. there is a need for HAB monitoring on the shelf
to improve the forecast skill in coastal embayments.

Presented products and services are relatively easily trans-
ferable to other geographical locations. Some will require
a programming effort, e.g. coupling the shellfish ecophysi-
ological and microbial contamination model to the ocean cir-
culation and biogeochemical model of choice, whereas oth-
ers will only need post-processing of standard ocean circu-
lation models output and dissemination to stakeholders via
user-friendly data servers, such as ERDDAP.
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