
Frontiers in Aquaculture

OPEN ACCESS

EDITED BY

Kevin Gerald Heasman,
Cawthron Institute, New Zealand

REVIEWED BY

Alec Torres-Freyermuth,
Universidad Nacional Autónoma de México,
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The effect of site exposure index
on the required capacities of
aquaculture structures
Tobias Dewhurst*, Samuel Rickerich, Michael MacNicoll ,
Nathaniel Baker and Zachary Moscicki

Kelson Marine Co., Portland, ME, United States
This study investigates the relationship between an ocean site's Exposure Index

and the required capacity of finfish, shellfish, and seaweed aquaculture

structures. This study provides insights into the efficacy of combining the

design significant wave height, peak periods, horizontal wave orbital velocity

amplitudes, horizontal current speeds, and water depth into a single index

representing exposure. The research builds upon exposure indices proposed

previously, and uses Hydro-/Structural Dynamic Finite Element Analysis (HS-

DFEA) to quantify the required structural capacities for cultivation structures as a

function of exposure index based on representative sites in the German Bight of

the North Sea. The selection of 36 sites in this region was based on extreme

hydrodynamic and mean bathymetric conditions, utilizing a k-means clustering

approach to identify a collection of sites within a broad range of environmental

conditions. Through a detailed analysis of the dynamic simulations of each farm

type under 50-year storm conditions, we calculated the required capacities of

each system for each site. We then evaluated the performance of significant

wave height, depth, distance to shore, and the proposed exposure indices as

linear predictors of the normalized required capacities. No meaningful linear

relationship existed between structural loads and water depth or distance to the

nearest coastline. While there is still uncertainty about the utility of exposure

indices as a linear predictor of structural loads, this research found that Exposure

Velocity was the best linear predictor across structure types by a slim margin,

followed closely by the Specific Exposure Energy, Exposure Velocity at a

Reference Depth of 5 m, and the Structure-centered Drag-to-Buoyancy Ratio

(R2 = 0.69, 0.61, 0.60, 0.60 respectively). This investigation indicates that these

exposure indices can be used to communicate what physical ocean conditions

mean for an aquaculture structure's required capacity.
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exposure index, aquaculture, ocean engineering, shellfish, macroalgae, finfish,
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1 Introduction

Aquaculture is the fastest growing animal food production sector

in the world (FAO et al., 2020). It has the potential to be sustainable

and environmentally friendly compared to land-based agriculture

(Nijdam et al., 2012; Gephart et al., 2014; Troell et al., 2014) and

even has major ecological benefits (Theuerkauf et al., 2022).

Aquaculture is a proven alternative to conventional capture fisheries

and can become a stable economic engine for coastal communities that

have had to deal with overfishing (Hilborn and Hilborn, 2012), ocean

warming (Oremus, 2019), acidification (Byrne, 2011), more restrictive

catch quotas (NOAA, 2017), and declines in migrating species

(Limburg and Waldman, 2009).

Technologies and production methods for nearshore aquaculture

exist, but suitable sites in protected waters are limited (Marra, 2005;

Duarte et al., 2009; Sanchez-Jerez et al., 2016). There is a significant

opportunity and necessity to expand aquaculture in the open ocean.

According to National Institute of Standards and Technology, if

industrial scale offshore production could be achieved, the farm gate

value would be approximately $1.5–2B USD (Browdy and

Hargreaves, 2009). In response to the the potential benefits, NOAA

Fisheries developed a permitting process for developing open-ocean

aquaculture in the Gulf of Mexico (NOAA, 2016).

However, the costs of venturing into large-scale offshore operations

will be substantial, involving considerable upfront capital expenditure

typically driven by the required structural capacities of mariculture

structures. To support new ventures in aquaculture and ensure sound

site selection, the levelized cost of production must be considered.

Earlier insights into the challenges of “offshore aquaculture” or site

exposure point to the importance of water depth, significant wave

height, and distance from the coast (Ryan, 2004; Lovatelli et al., 2013;

Froehlich et al., 2017). Site suitability studies, which often are based on

a Geographic Information System, account for socio-economic and

marine use constraints, distance from a port or harbor, environmental

impact, applicable biological and physical ocean conditions for growth,

species and structure survival, and farm operations (Falconer et al.,

2013; Puniwai et al., 2014; Porporato et al., 2020). The mariculture

structure technology for exposed offshore environments is still in

development (Goseberg et al., 2017; Moscicki et al., 2024) and a

generalized relationship between the required structural capacities of

mariculture structures and the physical characteristics that define a site

(e.g. depth, current velocity, wave environments) is not defined.

Defining this relationship in a digestible manner supports site

suitability studies as well as estimates of capital expenditures

associated with aquaculture structures.

Lojek et al. (2024) developed and presented six different indices

(“exposure indices”) to quantify the hydrodynamic exposure of various

ocean sites, combining the effects of current velocity, significant wave

height, peak wave period, depth, and structure characteristics into

single characteristic values. Therein, extreme exposure indices with a

50-year return period were spatially evaluated within the German Bight

of the North Sea using data products obtained from the EasyGSH-DB

portal (Hagen et al., 2021; Sievers et al., 2021; www.easygsh-db.org).

However, no relationship between 50-year exposure indices and the

resultant structural loads on aquaculture structures was investigated.
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Defining how the proposed exposure indices relate to required

structural capacities is necessary to understand their utility. To

address this gap in knowledge, this study investigates the relationship

between the required structural capacities and exposure indices across a

range of exposed sites and a series of aquaculture structures.

This study places emphasis on understanding if an exposure

index is approximately proportional to maximum loads on an

aquaculture structure; the existence of this quality supports both

(a) the utility of the exposure index and (b) its interpretability by

subject matter experts and non-experts alike. This research

demonstrates that select exposure indices can effectively quantify

ocean site exposure and its implication for the required capacity of

aquaculture structures through a linear relationship. While this

approach provides a general and accessible framework, there

remains uncertainty in the relationship.

This manuscript is one of a suite of papers compiling a Research

Topic, “Differentiating and defining ‘exposed’ and ‘offshore’

aquaculture and implications for aquaculture operation,

management, costs, and policy”. The Research Topic includes

manuscripts focused on aquaculture policy and regulation in marine

environments, the definitions of terms regarding aquaculture in marine

systems, the derivation of the energy index, trends required to advance

aquaculture into high energy marine zones, costs and implications in

aquaculture of using the index and social science aspects relating to

marine aquaculture (Buck et al., 2024).
2 Materials and methods

The proposed exposure indices in Lojek et al. (2024) each provide

an indication of any ocean site's exposure to hydrodynamic energy or

forcing. In the present study, we aim to evaluate the relationship

between extreme 50-year exposure indices and design mooring line

loads (proportional to the required capacity) of select mussel,

macroalgae, and finfish aquaculture structures. Here, we evaluate

relationships between exposure indices and mooring line capacities at

representative sites in the German Bight of the North Sea by:
1. Selection of representative physical ocean conditions at aquaculture

sites (n=36) through a k-means clustering approach,

2. Engineering design of aquaculture cultivation structures at

each site with common geometries across structure types

characterized by a 200-meter-long mussel backbone

growline, a 38 m by 187m tensioned macroalgae array,

and a 12 m diameter and 6 m deep finfish net pen,

3. Hydro-/Structural-Dynamic Finite Element Analysis (HS-

DFEA) numerical modeling of the aquaculture structures

under static calm-water and dynamic extreme load cases,

4. Calculation of the normalized required capacity of each

aquaculture structure,

5. Calculation of the extreme values of exposure indices, and

6. Linear regression of (i) normalized required capacity on each

of the parameters that previously designated sites as “offshore”

and (ii) normalized required capacity on each of the extreme

exposure indices.
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2.1 Definition of hydrodynamic variables
and exposure indices

Lojek et al. (2024) developed and proposed six exposure indices:

Exposure Velocity (EV), Exposure Velocity at a Reference Depth

(EVRD), Specific Exposure Energy (SEE), Depth-integrated Energy

Flux (DEF), Structure-centered Depth-integrated Energy (SDE),

Structure-centered Drag-to-Buoyancy Ratio (SDBR). Definitions

of exposure indices consider (i) hydrodynamic variables

describing design waves, currents, and depths and (ii) structural

properties such as characteristic diameter or solidity. For the

derivation and further description of each exposure index, readers

are directed to Lojek et al (2024), Section 2.

Hydrodynamic variables considered in the definition of exposure

indices include: vertical position z (positive up), depth d (d = −z at

seabed), horizontal current velocity Uc

*
(z) and speed Uc(z) = ∥ Uc

*

(z)2 ∥, significant wave height Hs, peak wave period Tp, wave energy

period TE , horizontal wave orbital velocity amplitude uw(z) =
pH
T

cosh k(z+d)
sinh kd (in application, Hs = H and T = Tp). Structure based

variables include: non-dimensional structural component solidity S,

structural component surface area surface area Astructure, structural

component characteristic lengthD. Assumed constants in application

include seawater density, r, and gravitational acceleration, g .

Of these metrics, EV, EVRD, SEE, and DEF are independent of

structural properties, whereas SDE and SDBR incorporate the

structural components characteristics. The EV and EVRD (or EV

at a depth of 5 m),

EV =  Uc(z) + uw(z) (1)

EVRD = Uc5 + uw5 (2)

have units of distance per unit time and were proposed to take into

account the loads on aquaculture structures depend on the
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combined current and wave-induced fluid speeds. The SEE,

SEE = 1=2   (Uc(z)   +   uw(z))
2 (3)

which has units of energy per unit mass, was constructed to be

proportional to the square of the sum of current and wave-induced

fluid velocity, which is proportional to the drag force in the classical

drag equation. The DEF,

DEF =  
rg2(H2

s )TE

64p
+  

1
2
rd(Uc)

3 (4)

has units of power per unit distance and was adapted frommeasures

of wave- and current-energy flux used in marine renewable energy

applications. The structure-dependent SDE,

SDE = (1=8 · g · H2
s + 1=2 · d · U2 ) · r · S · Astructure (5)

has units of energy times mass per volume and integrates wave and

current energy from the seafloor to the water surface. The SDBR,

SDBR =
U2

2gD
(6)

is a non-dimensional number to represent the ratio of drag forces to

buoyancy forces on a structure, using classical equations for a

slender cylinder.
2.2 Study area characterization: German
Bight of the North Sea

2.2.1 Study area description
The nearshore and coastal ocean of the German Bight of the North

Sea (Figure 1) is characterized by tidal and atmospheric forcing from

the North Sea and North Atlantic Ocean connection, which interact

over a shallow, gently sloping seabed and within the estuaries, tidal
FIGURE 1

The (A) North Sea and German Bight study area (red box) in relation to (B) the computed 50-year Specific Exposure Energy (SEE). Adapted from Lojek et al.
(2024). Graphic made with M_Map (Pawlowicz, 2020) with data products from Hagen et al. (2020), Sievers et al. (2020) and Wessel and Smith (1996).
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inlets, and ~10 km wide intertidal mudflats of the Wadden Sea along

the coast. Low pressure systems of winter storms in the North Sea

produce storm surges and energetic wind waves in the German Bight.

Oscillations in tidal currents and water levels, which enter through the

Strait of Dover in the southwest and through an open-ocean

connection in the northwest, are non-linear and reflect a co-

oscillating response (Hagen et al., 2020). Semidiurnal tides dominate,

with currents that propagate counter-clockwise about the German

Bight and are deflected towards the coast, reaching maximum

amplitudes in the center of estuarine channels (Hagen et al., 2020).

Residual tidal circulation forms a counter-clockwise pattern along the

German Bight coastline (Klein and Frohse, 2008). Variations in sea

surface temperatures and salinity in the German Bight generally follow

a positive and negative land-to-sea cross shore gradient respectively,

driven from continental river run-off and the atmospheric warming of

the shallow waters of theWadden Sea. On shorter time scales of 1 to 10

days, fronts with a length scale of 5 to 20 km are observed and are

known to concentrate the density of marine life.

Aquaculture within the German Bight is primarily focused on

shellfish cultivation of mussels and oysters (Clawson et al., 2022).

Scientific case studies have demonstrated that the German Bight is a

suitable region for the cultivation of macroalgae (Buck, 2007).

Historically, finfish aquaculture is not a common practice due to

the regions extreme hydrodynamic conditions and shallow nearshore

depths (Rosenthal and Hilge, 2000). However, future expansion into

open ocean regions further from shore may be facilitated through the

development of new technologies and co-location with offshore wind

farms (Buck et al., 2018). Constructed, commissioned, and planned

offshore wind park areas within the German Bight are available in

Hannemann (2024) to provide further context to the body of

literature that discusses multi-use concepts involving offshore wind

and aquaculture production (Buck et al., 2008; Gimpel et al., 2015;

Buck and Langan, 2017; Przedrzymirska et al., 2021).

2.2.2 High-resolution regional datasets
The characterization of surface currents, significant wave

heights and associated peak periods, and mean depths follows

that of Lojek et al. (2024). Analysis of hydrodynamic parameters

was facilitated through EasyGSH-DB. EasyGSH-DB maintains

open access to a 20-year 100 m gridded dataset of bathymetry,

100 m gridded wave parameters, and 1 km depth averaged current

velocities in the German Bight—the latter two are derived from a

spectral wave model hindcast and a 3D regional ocean model

hindcast, respectively (Hagen et al., 2021). The EasyGSH-DB

products (Hagen et al., 2020; Sievers et al., 2020) and metadata

were obtained from the EasyGSH-DB portal (www.easygsh-db.org).

2.2.3 Extreme values of
hydrodynamic parameters

Univariate extreme value analysis of significant wave heights and

depth averaged current speeds follows that of Lojek et al. (2024), who fit

series of annual maxima to the Gumbel distribution to derive extreme

values at the 2% exceedance probability (50-year return period) for

each parameter. The 50-year depth averaged current speeds were
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interpolated to the same 100 m grid as Hs and bathymetry, using

linear interpolation throughout most of the domain and nearest

neighbor interpolation along the coastline. 50-year surface current

speeds were estimated from 50-year depth average current speeds by

assuming current profiles followed a power law in the vertical with an

exponent of 1/7 and no-slip at the bottom boundary.
2.3 Aquaculture site selection

To ensure that the breadth of possible site characteristics was

considered, a subset of important hydrodynamic variables were

sampled and used as criteria for representative site selection. The

objective of aquaculture site selection was to define a representative

subset of hydrodynamic variables that exist within the German Bight.

The authors acknowledge the site selection methodology does not

represent the full breadth of hydrodynamic variables that coexist in the

coastal ocean.

A set of 36 representative sites across the German Bight were

selected from the 100 m regular gridded values of extreme

hydrodynamic variables and mean depth. Variables considered

include (1) significant wave height HS, (2) peak wave period Tp, (3)

horizontal wave orbital velocity amplitude uw, (4) horizontal current

speed uc, and (5) water depth d at mean sea level. Selected

hydrodynamic variables were used both in the evaluation of exposure

indices (e.g. Specific Exposure Energy, Figure 1) and in load cases for

numerical simulation of aquaculture cultivation structures.

The selection of 36 representative sites in the 5D parameter

space C with dimensions corresponding to variables (1)–(5) was

achieved through k-means clustering in two discrete phases. The k-

means algorithm seeks to identify clusters in an n-dimensional

variable space by grouping (or clustering) data such that the sum of

within-cluster variances is minimized (Hartigan and Wong, 1979).

Each variable x ∈ C was normalized by its mean m and standard

deviation s , to define xn =
x−m
s such that equal scales of variables

are considered against one another when computing the sum of

variances in the k-means algorithm. The centroid of each identified

cluster in the normalized variable space was then transformed back

into the original variable space by multiplying centroids by s and

then adding m. This implementation of the k-means algorithm does

not explicitly account for spatial autocorrelation, since it does not

directly consider the spatial arrangement of data points. In the first

phase, the selection process considered all points with depths

greater than 10 m. In the second phase, sites reflecting lower

energy regions that were at least 1.5 km away from the coast were

selected through k-means clustering of a subset of C defined by all

locations where the horizontal wave orbital velocity amplitude and

the horizontal current speed   were below their respective 5th

quantiles and a relaxed minimum depth of 7 m.

The cluster centroids, or the mean value of each cluster, are

shown in Figure 2 with respect to C . The representative locations of

each cluster defining the 36 sites are overlaid on maps of each key

metocean variable in Figure 3. Lastly, the distance to the nearest

coastline was calculated for each site.
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2.4 Aquaculture structure design
and engineering

The design and engineering of finfish, macroalgae, and shellfish

cultivation structures incorporated existing industry and

government engineering standards. Several industry and

government engineering standards exist, some specific to

aquaculture, including: Floating aquaculture farms–Site survey,

design, execution and use (NS9415) (Standards Norway, 2022),

“A Technical Standard for Scottish Finfish Aquaculture”

(Ministerial Group for Sustainable Aquacultures Scottish

Technical Standard Steering Group, 2015), “Guidance Notes on

the Application of Fiber Rope for Offshore Mooring” (ABS, 2011),
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“Design and analysis of station keeping systems for floating

structures” (API, 2005), and Basis-of-design technical guidance

for offshore aquaculture installations in the gulf of Mexico

(Fredriksson and Beck-Stimpert, 2019).

NS9415 and the Scottish standard mandate that structures be

designed to withstand 50-year storms. No agreed-upon standard

exists for non-finfish aquaculture. For uniformity, the 50-year

storm condition was used as the design standard for the

present study.

For each site selected in Section 2.3, the following procedure

was followed: (1) design of cultivation structure with a site-specific

mooring design, (2) simulation of cultivation structure under

dynamic 50-year conditions (the 50-year storm) based on
FIGURE 2

Cluster centroids of the 36 sites (cyan and magenta crosses denote phase one and two of site selection described in Section 2.3) that represent a
wide range of water depths and metocean parameters in the German Bight. Blue and grey points denote the full German Bight dataset and the
subset from which samples were selected.
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extreme values of hydrodynamic parameters found in Section 2.2.2,

and (3) quantification of the required loading capacities of mooring

lines and anchors under 50-year conditions.

2.4.1 Numerical modeling approach
The hypothetical farms are located in exposed ocean sites

subject to waves and currents. Each cultivation system is

comprised of flexible components subject to nonlinear wave and

current forces. Therefore, static analysis of the structure was not

sufficient for determining the required structural capacity. Instead,

numerical models of the proposed backbone systems were

developed using a Hydro-/Structural Dynamic Finite Element

Analysis (HS-DFEA) approach. This HS-DFEA approach solves

the equations of motion at each time step using a nonlinear
Frontiers in Aquaculture 06
Lagrangian method to accommodate the large displacements of

structural elements, as described in Fredriksson and Beck-Stimpert

(2019) and as applied previously in Coleman et al. (2022) and

Moscicki et al. (2024a). Wave and current loading on buoy and line

elements (including mussel rope elements) is incorporated into the

model using a Morison equation formulation (Morison et al., 1950)

modified to include relative motion between the structural element

and the surrounding fluid. For elements intersecting the free

surface, buoyancy, drag, and added mass forces are multiplied by

the fraction of the elements volume that is submerged.

2.4.2 Mussel farm design
The mussel farm consists of a single 200-meter-long backbone

line with anchor lines on either end (Figures 4, 5). Mussels are grown
FIGURE 3

The German Bight in relation to the nearest x ∈ C   to each of the 36 selected sites black crosses in (A–E). From left to right, columns represent the
variables: mean depth, 50-year horizontal surface current speed, 50-year horizontal wave orbital velocity amplitude at surface, 50-year significant
wave height, and peak wave period associated with 50-year significant wave heights. In (F–J), the selected sites are represented in relation to the
histogram and kerel density estimate (KDE) of the PDF by the red vertical points. In (K–O), the histogram and KDE of the sample of 36 selected sites
is visualized similarly in comparison to the best fit-fit normal distribution.
FIGURE 4

Dimensioned profile view of evaluated backbone system in still water.
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on hanging growlines attached to the backbone line, with large floats

at anchor line connection points and dropper floats spaced along the

backbone line. The structural and hydrodynamic parameters of the

mussel lines were taken from Dewhurst (2016) and Dewhurst et al.

(2019). The diameter of the mussel ropes was set so that the dry

weight of mussels was 12 kg per m of mussel rope. This was based on

observations of typical maximum growth on mussel farms in the Gulf

of Maine. The net in-water weight of the mature mussel ropes was

taken to be ¼ of the dry weight (Bonardelli et al., 2019). Since each

backbone in the array has its own anchors and is independent of the

other backbones, an individual backbone system was examined with

components as defined in Table 1.

2.4.3 Macroalgae farm design
For macroalgae, a tensioned array with 18 growlines (i.e.

substrate for macroalgae growth) and four mooring lines was

evaluated (Figures 6, 7) The structural layout was similar to that

described in (Coleman et al., 2022) but designed to have

approximately the same amount of biomass as on the mussel

backbone system. The farm is anchored with lines at each corner.

A pair of header lines connect the anchor lines and serve as end

attachments for the growlines. As with the mussel farm, large buoys

are located at each header-anchor line junction and dropper floats are

spaced along growlines to maintain buoyancy. Loads on the structure

were evaluated using a methodology as described in Moscicki et al.

(2024) and validated against the dataset in Fredriksson et al. (2023).
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2.4.4 Finfish farm design
The finfish structure considered was a single net pen whose

properties were based off a prototype built and tested by Gansel

et al. (2018). The structure properties as evaluated are given in

Table 2. The net hydrodynamics were simulated using a method

developed and validated by Kelson Marine that accounts for net

solidity, instantaneous relative fluid speed, and incident flow angle

on the net panels. This model was validated to within 25% RMS

error of the full-scale field measurements reported by Gansel et al.

(2018). In the present study, this cage system was embedded in a

single-bay, four-mooring line mooring grid as shown in Figures 8, 9.

2.4.5 Load cases considered
NS 9415 and the Scottish finfish standard mandate that

structures be designed to withstand 50-year storms. They

stipulate that two 50-year events should be examined in each of

the eight compass directional sectors: (1) 50-year wave conditions

combined with 10-year current conditions (the wave-dominated

case) and (2) 50-year current conditions combined with 10-year

wave conditions (the current-dominated case). For simplicity, the

present study considered coincident in time and co-directional 50-

year wave and 50-year current conditions with no wind loading.

Since the seabed is planar and the aquaculture structures are

symmetric about at least one axis, three 50-year load cases are

evaluated for each farm design, with waves and currents directed at

0, 45, and 90 degree angles relative to their axis of symmetry.
TABLE 1 Mussel backbone components as analyzed in HS-DFEA simulations.

Component Material Qty Length
each
m

Net Buoyancy
total for material

kgf

Volume
each
m3

Mooring Line PPE* 2 84 14.4 5.77E-02

Backbone
PPE*

(weighted)
1 200 5 2.04E-01

Surface Floats 220L Float 26 1.20 5102 2.20E-01

Surface Float Tether PPE* 26 8.00* 10 3.16E-03

Mooring Midline Float 800L Float 2 0.55 125 8.00E-02

Mooring Midline
Float Tether

PPE* 2 2.00 1 7.89E-04
*Polypropylene, polyethelene blend. Surface float tether length and resulting backbone depth, z, were dependent on water depth, such that z = maxð− 1
2 d − 10 mÞ, − 8 mÞð .
FIGURE 5

Dynamic HS-DFEA simulation of the mussel backbone system in 50-year storm conditions at Site 27.
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2.4.6 Calculation of required structural capacities
The maximum design loads on all anchoring lines were

evaluated based on the results of the dynamic simulations of the

cultivation systems at maximum biomass in the 50-year storm

conditions. Each of the three farms was simulated for either 900

seconds (finfish) or 1800 seconds (seaweed and shellfish) at each

representative site and with three incident wave/current directions.

The expected 1-hour extreme loads were calculated from these

results using a Peaks-Over-Threshold statistical approach (Coles,

2001). The maximum design load at each representative site is

reported as a normalized required capacity (NRC), or

NRC = T=Tmax (7)

where T is the maximum 1-hour extreme loads from each load

case at the site and Tmax is the maximum load over all sites and

load cases.
2.5 Calculation of exposure indices

Exposure indices were computed for each selected aquaculture

site. Calculations employed the regional data products described in

Section 2.2.2 and 2.2.3 using the mean depths, design
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hydrodynamic variables defined by the 50-year return values,

structure solidity S = 0.25, and structure characteristic length/

diameter D = 1.0 m. The z coordinate for the evaluation of the

current velocity and wave-induced horizontal orbital velocity

amplitudes was set based on the aquaculture structure geometry

(see Section 2.4.2, 2.4.3, 2.4.4). The finfish system z coordinate was

set halfway down the net-pen to z   =  −3 m, the shellfish z

coordinate was set to be the backbone depth and the macroalgae

z coordinate was set to a constant depth of the growline or z   =  −2

m. An example map showing the SEE at the surface evaluated over

the German Bight is provided in Figure 1. For maps of the full list of

proposed indices, see Lojek et al. (2024).
2.6 Linear regression: exploring linear
predictors of required structural capacities

The efficacy of exposure indices as a single metric that is

approximately proportional to loads on aquaculture structures

was evaluated through simple linear regression. Simple linear

regression considered the relationships between site specific

exposure indices or hydrodynamic variables (i.e. the independent

variable or predictor) and sampled normalized required capacities
FIGURE 7

Dynamic HS-DFEA simulation of the macroalgae cultivation system in 50-year storm conditions at Site 18.
FIGURE 6

Plan view diagram of the macroalgae cultivation system evaluated.
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(i.e. the dependent variable or response) (Montgomery et al., 2012;

The MathWorks, 2024). Each combination of independent variable

x = x1,   x2,  …, xnf g and dependent variable y = y1, y2,  …,   ynf g
was fit to the linear model,

y = b0 + b1x + e (8)

for model coefficients b0 and b1 through minimizing sum of

squared residuals in e = e1,   e2,…, enf g . This assumes: (1) a linear

x − y relationship, (2) homoscedasticity or equal variance of

residuals, (3) normality of residuals, (4) independence of

residuals, and (5) absence of outliers. To assess the quality of each

regression, results were visualized, the coefficient of determination

R2 was calculated to assess the proportion of variance in NRC that is

explained by the linear regression with x, and bootstrapped

confidence interval estimates of regression coefficients and of the

line of best fit were calculated. Nonparametric bootstrapping

utilized percentile interval confidence intervals at a 0.05

significance level through case resampling (n=1000) to avoid

breaking assumptions (3)–(5) (Fox, 2002). Assessment of the

normality of the residuals was facilitated by the Anderson-Darling

test at a 0.05 significance level (Stephens, 1974; Trujillo-

Ortiz, 2007).
FIGURE 8

Finfish net-pen and mooring layout considered, showing the design in plan view and in profile view.
TABLE 2 Parameters of finfish net pen system evaluated.

Parameter Value

Cage diameter [m] 12

Cage depth [m] 6

Net solidity [Sn] 0.27

Component Type Dimension

Net, sides Nylon (Egersund Net Nr 20) 15 mm (half mesh), 2 mm
(thread diameter)

Net, bottom Nylon (Egersund Net Nr 20) 15 mm (half mesh), 2 mm
(thread diameter)

Top rope Danline 14 mm

Main rope Danline 14 mm

Bottom rope Lead-line 0.5 kg

Cross rope Danline 14 mm

Side rope Danline 14 mm

Weight tethers N/K 10 mm

Weights Concrete 8 x 35 kg in water
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TABLE 3 Site hydrodynamic parameters and aquaculture structure normalized required capacity.

Site Uc Hs Tp uw d
Distance
to coast

Normalized required capacity

Finfish Shellfish Seaweed

– m/s m s m/s m km – – –

Calm Water 0.00 0.0 0.0 0.00
17.6

–
0.00 – 0.01

45.6 – 0.02 –

1 1.41 5.7 7.5 2.45 29.3 26 0.82 0.8 0.84

2 1.18 4.9 7.3 2.38 16.8 4 0.69 0.74 0.8

3 0.85 5.8 7.7 2.52 24.0 110 0.64 0.56 0.71

4 1.91 3.2 5.7 1.85 15.7 3 0.30 0.93 0.97

5 0.97 6.1 7.7 2.52 39.0 104 0.50 0.62 0.72

6 1.05 6.5 7.9 2.59 40.5 1 0.78 0.67 0.74

7 2.14 2.4 4.8 1.57 17.6 9 0.47 1 1

8 1.24 4.9 7.8 2.55 12.3 31 0.68 0.77 0.87

9 1.13 6.0 7.6 2.49 42.4 78 0.61 0.67 0.76

10 1.05 5.7 8.0 2.61 17.5 4 0.59 0.74 0.83

11 0.91 5.4 7.6 2.49 18.6 54 0.41 0.61 0.74

12 1.17 5.9 7.6 2.48 34.9 51 0.78 0.68 0.77

13 1.02 5.7 7.4 2.43 36.4 20 0.65 0.58 0.73

14 1.04 6.7 8.1 2.62 45.6 78 0.75 0.67 0.74

15 1.39 4.8 7.4 2.40 14.4 15 1.00 0.85 0.89

16 0.81 6.4 7.9 2.58 41.9 6 0.42 0.55 0.67

17 1.18 5.2 7.3 2.37 23.6 88 0.67 0.71 0.78

18 0.89 6.3 7.8 2.55 39.9 27 0.67 0.56 0.69

19 1.50 5.5 7.4 2.41 25.9 22 0.42 0.86 0.88

20 1.13 5.3 8.1 2.63 13.7 31 0.72 0.79 0.86

21 0.96 5.9 7.9 2.59 21.1 41 0.68 0.65 0.76

22 1.06 6.1 7.7 2.52 36.5 40 0.69 0.61 0.74

23 1.61 2.2 4.6 1.51 13.5 16 0.33 0.73 0.84

(Continued)
F
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FIGURE 9

Dynamic HS-DFEA simulation of the finfish net-pen in 50-year storm conditions at Site 19.
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3 Results

3.1 Site selection: hydrodynamic
parameters and normalized
required capacities

Selected mean depths and 50-year hydrodynamic parameters

that define representative sites within the German Bight span a

range of depths, surface current speeds, and wave environments.

These values and the resultant normalized required capacity for

each aquaculture structure are reported in Table 3. To place the sites

in context from the perspectives of farm operations and to decouple

the ideas of “offshore” and “exposed”, the representative distance to

coast of the site is reported as well. Normalized required capacities

are not reported for sites where the minimum depth exceeds the

characteristic length of the aquaculture structure in the

z-dimension.

Figure 3 visualizes the representative selected sites with respect

to the German Bight, including normalized histograms and kernel

density estimates of the probability distribution functions of the

German Bight dataset and representative sites.

Across sites 1–36, depth and hydrodynamic parameter sample

distributions are further described by sample means, standard

deviations, and measures of skewness. Mean seabed depths across

sites range from 7.05 to 45.64 m with a sample mean, standard

deviation and skewness of 24.73 m, 11.73 m, and 0.21. Significant

wave heights across sites range from 1.5 to 6.7 m with a sample

mean, standard deviation and skewness of 5.0 m, 1.6 m and −1.2.
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The associated peak wave periods range from 3.8 to 8.1 s with a

sample mean, standard deviation and skewness of 7.0 s, 0.4 s and

−1.3. Wave-induced horizontal wave orbital velocity amplitudes—

which depend on depth, significant wave height, and peak wave

period—range from 1.26 to 2.63 m/s with a sample mean, standard

deviation and skewness of 2.39 m/s, 0.42 m/s and −1.4. Surface

current speeds range from 0.72 to 2.14 m/s across sites, with a

sample mean, standard deviation and skewness of 1.28 m/s, 0.32 m/

s, 1.3. The distance to coastline of representative sites extend from

the nearshore to offshore settings, ranging from 0.1 to 110.4 km

with a sample mean of 31.1 km, standard deviation of 30.4 km, and

positive sample skewness of 1.1.

Across sites 1–32, surface current speeds generally increase with

decreasing significant wave heights while the greatest surface

current speeds occur at sites with a depth less than 20 m. The

associated peak wave periods align with the wave steepness limit.
3.2 Linear regression results: assessing
linear predictors of required
structural capacities

Linear regression of individual combinations of finfish, shellfish,

and seaweed NRCs against Hs, d, distance to coast, EV, EVRD, SEE,

DEF, SDE, and SDBR yielded varying results (Table 4; Figures 10, 11).

Presentation of linear regression results are grouped based on linear

predictors; results in Section 3.2.1 cover Hs, d, and distance to coast

and Section 3.2.2 cover EV, EVRD, SEE, DEF, SDE, and SDBR. The
TABLE 3 Continued

Site Uc Hs Tp uw d
Distance
to coast

Normalized required capacity

Finfish Shellfish Seaweed

– m/s m s m/s m km – – –

24 0.88 6.7 8.1 2.63 44.4 49 0.68 0.61 0.7

25 0.96 6.3 7.9 2.57 33.0 37 0.71 0.62 0.72

26 1.53 3.9 6.4 2.09 14.3 0 0.48 0.81 0.89

27 1.13 5.4 7.3 2.38 29.0 16 0.61 0.65 0.76

28 1.00 5.0 7.5 2.46 14.4 2 0.58 0.7 0.77

29 1.31 5.8 7.6 2.47 32.1 49 0.58 0.72 0.81

30 0.81 6.0 7.7 2.52 29.6 32 0.63 0.55 0.68

31 0.97 6.1 7.8 2.56 27.3 8 0.71 0.62 0.73

32 1.35 5.2 7.2 2.37 22.1 55 0.75 0.78 0.84

33 0.76 1.5 3.9 1.27 7.1 2 0.26 – 0.54

34 0.78 2.0 4.5 1.49 7.7 3 0.31 – 0.66

35 0.80 1.5 3.8 1.26 7.8 2 0.30 – 0.54

36 0.72 2.1 4.7 1.54 7.5 4 0.30 – 0.67
Sites 1–32 and 33–36 correspond to the first phase and second phase of k-means sampling. Normalized required capacity with no data means that the site exceeded the minimum tolerable depth
of the aquaculture structure.
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quality of best-fit regression coefficients b0 and b1 in Table 4 is

qualitatively assessed by their lower and upper confidence interval

estimates. The 95% confidence interval estimates for b0 and b1
indicate the uncertainty and the significance of coefficients to the

linear regression model. Generally, linear regressions fail to satisfy the

assumptions of the homoscedasticity (not shown) and normality of

residuals (Table 4 p-values of the Anderson-Darling test for the

normality residuals).
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3.2.1 Significant wave height, depth, and distance
to coast as NRC linear predictors

Overall, across the sample sites and structure designs considered,

Hs, d, and distance to coast were not found to be linear predictors of

NRC. The relationship between Hs and finfish NRC was the one

exception, with the line of best fit explaining up to 60% of the

variance. The R2 of remaining relationships was poor, ranging from

0.00 to 0.36 (Figures 10B–I). Near-zero values of b1 indicates that
TABLE 4 Linear regression coefficients and associated statistics for finfish, shellfish, and seaweed structures NRCs for each independent variable considered.

Hs depth
Distance
To Coast

EV EVRD SEE DEF SDE SDBR

Finfish

n 37 37 36 37 37 37 37 37 37

R2 0.60 0.19 0.09 0.60 0.61 0.60 0.51 0.51 0.60

b0(best-fit) 0.14 0.39 0.53 −0.03 −0.00 0.13 0.28 0.26 0.13

b0(lower) 0.07 0.25 0.45 −0.18 −0.13 0.04 0.19 0.17 0.02

b0(upper) 0.26 0.55 0.63 0.04 0.07 0.23 0.40 0.40 0.23

b1(best-fit) 0.09 7.43e-03 1.73e-06 0.21 0.22 0.10 2.86e-06 0.03 1.03

b1(lower) 0.06 2.56e-03 2.29e-07 0.18 0.19 0.08 1.89e-06 0.02 0.78

b1(upper) 0.10 1.17e-02 3.86e-06 0.27 0.28 0.13 3.69e-06 0.04 1.29

AD-test p-value 0.02 0.44 0.06 <0.01 <0.01 <0.01 0.02 0.04 <0.01

Shellfish

n 33 33 32 33 33 33 33 33 33

R2 0.01 0.36 0.12 0.76 0.59 0.61 0.00 0.03 0.61

b0(best-fit) 0.61 0.93 0.74 0.05 0.03 0.29 0.66 0.60 0.29

b0(lower) 0.22 0.81 0.69 −0.08 −0.66 0.13 0.35 0.28 0.12

b0(upper) 1.27 1.06 0.81 0.24 0.52 0.48 1.06 1.05 0.49

b1(best-fit) 0.01 −8.90e-03 −1.28e-06 0.24 0.24 0.11 2.02e-07 0.01 1.03

(lower) −0.11 −1.45e-02 −2.30e-06 0.17 0.07 0.06 −2.98e-06 −0.03 0.55

b1(upper) 0.08 −4.59e-03 −2.79e-07 0.29 0.48 0.16 2.67e-06 0.03 1.55

AD-test p-value 0.02 0.04 0.88 0.01 <0.01 0.09 <0.01 0.04 0.09

Seaweed

n 37 37 36 37 37 37 37 37 37

R2 0.16 0.00 0.00 0.71 0.64 0.58 0.11 0.16 0.58

b0(best-fit) 0.57 0.75 0.77 0.20 0.27 0.38 0.64 0.61 0.38

b0(lower) 0.31 0.61 0.71 0.04 0.09 0.16 0.46 0.43 0.15

b0(upper) 0.96 0.88 0.83 0.47 0.55 0.58 0.86 0.84 0.59

b1(best-fit) 0.04 −3.13e-05 −2.05e-07 0.18 0.18 0.08 1.05e-06 0.01 0.77

b1(lower) −0.03 −3.82e-03 −1.08e-06 0.10 0.09 0.04 −7.21e-07 −0.00 0.37

b1(upper) 0.08 3.51e-03 8.78e-07 0.23 0.25 0.12 2.55e-06 0.03 1.18

AD-test p-value <0.01 <0.01 0.35 0.02 0.01 <0.01 <0.01 <0.01 <0.01
fr
In the rows of the table, n is sample size, R2 is the coefficient of determination, b0 and b1are reported for the best-fit and for the lower and upper 95% confidence interval, and the normality of the
residuals is assessed by the Anderson-Darling test statistic p-value (>0.05 indicates residuals are normal).
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there is not a linear relationship between x and NRC—as shown in

Figures 10B, C, F, G, H, I). Further, confidence intervals of b1 that

cross 0 indicates both uncertainty about the nature of the relationship

between x and NRC and that the linear model does not describe the

relationship between variables adequately. This pattern is present in

linear regression results for shellfish NRC against Hs and seaweed

NRC against Hs and d. Within the region of German Bight

considered, Hs, d, and distance to coast were not found to be good

linear predictors of the finfish, shellfish, and seaweed structures NRC.

3.2.2 Exposure indices as NRC linear predictors
The linear relationships between proposed exposure index and

the NRC of finfish, shellfish, and seaweed cultivation structures are

shown in Figure 11. Linear regression of NRC against EV, EVRD,

SEE, and SDBR explained the greatest proportion of the variance.

Across structure types, mean R2 values were 0.69 for EV, 0.61 for

EVRD, 0.60 for SEE and SDBR, 0.23 for SDE, and 0.21 for DEF.

While all best-fit relationships yielded positive b1 values, there exists
uncertainty about the true values of b1 as ranges in confidence

intervals are of similar magnitudes as the best-fit values. Linear

regression of shellfish and seaweed NRC against DEF was not found

to generate a suitable model, as noted by the low R2 values and b1
estimates alternating sign within the 95% confidence interval.

Similarly, there is uncertainty surrounding b0 estimates, with a

suggested lack of significance for regressions of finfish NRC against

EV and EVRD and shellfish NRC against EV and EVRD. Visual

assessment of residuals (not shown) and the p-values of the
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Anderson-Darling test for the normality of residuals indicate that

the linear regression did not satisfy the assumptions of residual

homoscedasticity and normality. Bootstrapped 95% confidence

intervals for the line of best fit show considerable uncertainty,

with greater ranges associated with lower values of the predictor.
4 Discussion

One purpose of an exposure index is to provide a single metric

that is approximately proportional to maximum loads on an

aquaculture structure. Thus, the efficacy of such an index depends

on its positive linear relation to maximum loads on a structure.

While structural and operational costs would be more indicative of

the relative implications of selecting one site over another, in the

absence of a comprehensive costing analysis, the required structural

capacity is a reasonable proxy for relative capital expenditure for

aquaculture structures. Often mooring line loads are the highest-

loaded structural members of a farm. Because component costs are

generally proportional to their load capacity, and installation costs

are related to the size of the component, the relative structural costs

are approximated by mooring line loads.

Previous attempts to define the challenges of “offshore

aquaculture” or site exposure have relied heavily on water depth,

significant wave height, and distance from the coast (Ryan, 2004;

Lovatelli et al., 2013; Froehlich et al., 2017). While these factors may

be more influential with respect to operation and maintenance
FIGURE 10

Linear regression of NRC against significant wave height Hs , depth d , and distance to coast; in (A–I) the samples are blue circles, the line of best fit
is the dashed black line, and the bootstrapped 95% confidence interval estimates are the dotted black lines. Results are grouped as: (A–C) NRC
against Hs in m, (D–F) NRC against d in m, and (G–I) NRC against distance to coast in m.
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challenges, these metrics were found to be poor predictors of the

structural requirements for aquaculture cultivation structures

(Figure 10). Required structural capacity and significant wave

height demonstrated a linear relationship for finfish structures,

yet the same relationship did not exist for shellfish or seaweed

structures. Within the region of the German Bight considered, the

required structural capacity was found to be negatively related to
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water depth for shellfish structures, weakly positively related for

finfish structures, and independent of depth for seaweed structures.

This is because (1) ocean currents are often higher near estuary

outlets and nearshore constrictions due to tidal hydrodynamics, and

(2) when wind waves with large heights and long wavelengths enter

shallow water depths, the resulting horizontal wave-induced

particle velocities increase, creating large loads on the cultivation
FIGURE 11

Linear regression of NRC against exposure indices; in (A–R) the samples are blue circles, the line of best fit is the dashed black line, and the
bootstrapped 95% confidence interval estimates are the dotted black lines. Results are grouped as NRC against: (A–C) Exposure Velocity EV in m/s,
(D–F), Exposure Velocity at a Reference Depth EVRD in m/s, (G–I) Specific Exposure Energy SEE in J/kg, (J–L) Depth-integrated Energy Flux DEF in
W/m, (M–O) Structure-centered Depth-integrated Energy SDE J kg/m3, (P–R) Structure-centered Drag-to-Buoyancy Ratio SDBR (non-dimensional).
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structures considered. The wave shoaling process is captured by the

linear relationship between significant wave heights and the

required capacities on finfish structures. No similar relation was

found for shellfish or seaweed structures, which may be related to

the shorter peak wave periods associated with smaller 50-year

significant wave heights as defined by the wave steepness limits

used in this analysis (DNV, 2010). In regions of the world where

extreme wave environments are better characterized by longer peak

wave periods, a different relationship may exist. Future work is

needed to better define the relationship between the wave

environment and structural requirements for aquaculture

cultivation structures. Likewise, Depth-integrated Energy Flux

(DEF) and Structure-centered Depth-integrated Energy (SDE)

were not found to be good predictors of structural requirements

and the resulting capital expenditure.

The Exposure Velocity (EV), Exposure Velocity at Reference

Depth (EVRD), Specific Exposure Energy (SEE), and Structure-

centered Drag-to-Buoyancy Ratio (SDBR) were found to predict

design loads on aquaculture structures through a positive linear

relationship. Of the sample sites considered in the German Bight,

linear models based on EV, EVRD, SEE, or SDBR explained 58% to

76% of the variance in NRC, whereas the classical definitions of

offshore sites (greater depths, significant wave heights, and

distances to coast) explained 0% to 36% of the variance (with the

exception of finfish NRC against Hs which explained 60%). All four

of these indices are proportional to the combined wave and current

fluid velocities or the square of velocity. The EV was the best

predictor of required structural capacity in general, though the

uncertainty associated with model coefficients still needs

improvement (Table 4). The EV performed better than EVRD

since the EV was evaluated at a structure-dependent position in

the water column whereas the EVRD was evaluated at the constant

reference depth of 5 m. Conversely, depth and distance to coast

served as poor predictors for structural load in an easily

interpretable way.

The linear relationships between all independent variables and

shellfish, finfish, and seaweed structure NRCs reflect the nature of

the extreme hydrodynamic conditions of the German Bight. Lower

values of the independent variables, such as Hs samples less than 4

m or EV samples less than 2 m/s, implicitly carry more weight in the

linear regression. However, all variables considered exist over a

continuum; in other seas or coastal ocean regions of the world,

extreme values of hydrodynamic variables and their associated

exposure indices exist within the lower ranges omitted from this

analysis. Further exploration across this full parameter space would

better characterize the nature of relationships with NRCs, either

through a systematic study of synthetic but feasible site conditions

or through repeating this analysis procedure across dynamically

different regions of the coastal ocean.

Again—the basis of the exposure indices is such that it should

provide a positive linear indication of exposure. In this context, a

negative linear relationship is clearly undesirable, as is a non-linear

relationship. Hence, the linear regression used for evaluation and

the favoring of results that best characterize positive linear

relationships. Though more work is needed to more accurately

characterize the nature of the relationship of exposure indices with
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design loads on aquaculture structures, this study provides evidence

that the EV, EVRD, SEE, and SDBR can support or improve site

suitability assessment methods.

Inherent assumptions of the HS-DFEA analysis method could

bias agreement towards certain variables or indices over others.

Assumptions about hydrodynamic interaction with the structure

and the physics incorporated in these models may be better

replicated by some indices. While the aquaculture systems chosen

for this analysis were selected based on their representative

qualities, the specific design choices inherent to these systems

may bias the results of this study. Substantial differences in

system characteristics, such as mooring line axial stiffness, can

result in significantly different loading in the same environmental

conditions. The computational resources required to simulate a

wide variety of system designs for all sites and load cases were

prohibitive in the context of this study. Further, exposure indices do

not account for loads related to system inertia in the dynamic

scenarios. Due to these nuances and specific design choices, use of

exposure indices to estimate structural load does not replace a true

engineering study.
5 Conclusion

The Exposure Velocity (EV), Exposure Velocity at Reference

Depth (EVRD), Specific Exposure Energy (SEE), and Structure-

centered Drag-to-Buoyancy Ratio (SDBR) can provide a coarse

estimate of the required capacity of an aquaculture structure across

a range of sites. These exposure indices yielded the strongest

performance as a positive linear predictor of the normalized

required capacities of finfish, shellfish, and macroalgae

aquaculture structures at potential sites within the German Bight

of the North Sea, with R2 values of 0.69, 0.61, 0.60, and 0.60 for EV,

EVRD, SEE, and SDBR, respectively. Though none of the linear

relationships exhibit adequate precision to be used as the basis for

engineering design or detailed cost estimation, the findings suggest

that EV, EVRD, SEE, and SDBR and other proposed indices based

on fluid speed hold significantly more meaning than depth, distance

from shore, or significant wave height when communicating about a

site's exposure between developers, regulators, investors, insurers,

farmers, and technology providers. Structural loads and costs are

only a part of the larger siting process; these factors are often

misinterpreted or completely left out of the decision-making

framework due to the practical barrier of a comprehensive

engineering evaluation of all potential sites and structure designs

of interest. Though they do not replace a true engineering study,

these indices can be generated quickly from widely available public

data to inform siting, risk assessment, and relative costs of

aquaculture structures.
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