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ABSTRACT

This study examines the potential impact of offshore wind energy facilities on the local and regional circulation, stratification, and scallop larval dispersal and
settlement over the U.S. Northeast continental shelf. A coupled high-resolution (up to ~ 1.0 m), wind turbine-resolving hydrodynamical (NS-FVCOM) and scallop
individual-based (Scallop-IBM) model was employed. Comparisons were made for scenarios with and without wind turbine generators (WTGs), encompassing three-
dimensional flow fields, water temperature, bottom stress/vertical mixing, scallop larval dispersal, settlement, and distributions. The interaction of M tidal currents
with monopiles generates significant horizontal flow shear on the downflow lee side. The fluid-structure interaction-induced mesoscale currents deviate substantially
from the idealized flow fields examined typically in the device-scale laboratory or coarse-grid hydrodynamical models with subgrid-scale explicit parametrizations.
Stratification induces noteworthy changes in the flow around individual monopiles throughout the water column, with the maximum bottom stress primarily ori-
ented in the onshore-offshore direction and vertical eddy viscosity occurring around all directions of individual monopiles. The deployment of a WTG array amplifies
offshore low-frequency subtidal flow around 40 to 50-m isobaths, forming mesoscale eddies over the shelf. This enhanced flow contributes to offshore water
transport, redirecting scallop larvae toward the Nantucket Lightship Closed Area (NLCA). The accumulation of larvae in the NLCA is attributed to eddy-induced

retention.

1. Introduction

A significant concern within the fishing community revolves around
the potential impact of mesoscale flow generated by offshore wind en-
ergy facilities on water transport and mixing over the southern New
England Shelf (NES). This concern stems from the potential re-
percussions on scallop larval transport, settlement distribution, and,
consequently, overall abundance and landings of scallops in the U.S.
Northeast.

The U.S. northeast continental shelf is a vital support system for
numerous fisheries. Notably, sea scallops (Placopecten magellanicus)
harvested in this region contribute approximately 28% of global
scallop production (Naidu and Robert, 2006; Shumway and Parson,
2016; NFSC, 2018). Annually, New England witnesses the landing of
over $500 million worth of sea scallops, totaling around 50 million
pounds (Larsen and Lee, 1978; Stokesbury and Bethoney, 2020).
Similar to many marine living resources, scallop fishery stocks face
challenges posed by envi-ronmental changes and exploitation pressure,
leading to fluctuations in fishery landings (Hart, 2006; Hart and
Chute, 2004; Hart and Rago, 2006; Davies et al., 2015).

Despite sea scallops being a sedentary species with limited migratory

ability (Posgay, 1981; Melvin et al., 1985), their pelagic larvae are
easily advected by ocean currents, establishing an effective
connection be-tween geographically separated populations from
Georges Bank (GB) to the southern Mid-Atlantic Bight (MAB)
(Tremblay et al., 1994; Gallager et al., 1996; Chen et al., 2021a). Given
the influence of flow variability on sustaining high scallop
concentration and providing a dispropor-tionately large number of
recruits to the commercial fishery, there is apprehension that offshore
wind energy development could alter flow patterns, potentially
impacting regional scallop population and recruits.

The Bureau of Ocean Energy Management (BOEM) mandates a
thorough assessment of the impact of prospective wind energy facilities
on small-scale coastal (local) and regional offshore physical and bio-
logical environmental processes. Addressing local small-scale consider-
ations necessitates a state-of-the-art coupled atmospheric-ocean-
physical model with a horizontal resolution capable of discerning the
geometric scale of individual wind turbines. In response to BOEM’s re-
quirements, we developed a wind turbine-resolving, high-resolution
(up to ~ 1.0 m) subdomain FVCOM ocean model within the offshore
wind farm development regions in Massachusetts (MA) and Rhode
Island (RI) waters. This subdomain model was nested with the
Northeast Coastal Ocean Forecasting System (NECOFS), enabling the
linkage of regional
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Fig. 1. The leasing areaz in the federal waters of Maszachusetts and Bhode Island owverlapped with the schematic pattern of the flow from the Cape Cod coast on the
north and southern Georges Bank on the east (the white arrows) and eddies from the Gulf of Stream (red color ringz). Heavy dashed lines reprezent the clozed areas in
the Great South Channel {CA-I) and the Mantucket light (NLCA). The right-lower panels are the layout designs (D] and D2) proposed initially by Vingyard Wind LLC.
(For interpretation of the references to color in this figure legend, the reader iz referred to the web wersion of thiz article.)

ocean regponses to locally indueed changes by wind turbines.

Selecting a hundred-year extratropical storm (Nor'easter in February
1979) and Hurricane Bob in August 1991 as scenanos, we executed the
nested model for cases with and without the inelusion of 136 wind
turbines covering the entire BOEM-approved MA and Rl lease areas. Qur
assessment focused on investigating the impact of future offchore wind
energy resource development on surface waves, ecirculation, water
transport, and bottom stress across local and regional seales (Chen et
al, 2016a). A key finding of our study revealed that durng storms,
the environmental changes induced by the wind turbine facility
exhibited spatial and temporal variabions in response to alterations in
wind in-tensity and wind direction fields. Despite these changes, our
simulations, based on a 56 naubical miles (nm) monopile separation
geale, mndicated that fish larvae could navigate through the offshore
wind turbine areas during storms without sigmficant impediments.
However, it iz note-worthy that current industry standards mandate a
1-nm separation scale between monopiles. This raises the crucial
question of how the current and planned 1-nm monopile separation
layout may potentially impact local and regional enwvironmental
changes, specifically itz effects on the transport and distnbution of fish
and shellfish larvae.

MNantucket Sheoals iz a flow-through region characterized by two
distinet water sources: the southward flow from the Cape Cod coast
and the westward flow from the southern Georges Bank (GB) and shelf
break (Fiz. 1) (Shearman and Lentz, 2003). The water flowing
through the southern NES maintaine itz southward trajectory toward
the southern MAB. Additionally, Nantucket Sheoals 1z identified az a
high tidal energy dissipation area (Shearman and Lentz, 2004,
where the southward- propagating tidal energy flux from the western
Gulf of Maine (GOM) along Cape Cod meets the northeastward tidal
energy flux from the NES (Chen =t al, 2011). The pivotal question
revolves around the potential impact of offshore wind facilibies on the
western side of this region on the tidal energy flux in the conversence
zone. Specifically, the inquiry aims to understand whether such
facilitiezs could alter the tidal energy flux from the NES and
subsequently mnfluence sediment distnbution in Mantucket Shoals. The
presence of wind turbines, potentially acting as barriers, prompts
consideration of whether they may generate

mesoscale or even emall-seale eddies and currents within and arcund the
wind enersy area. Consequently, the question centers on whether the
leading to potential alterations in sediment transport and distribution
Given the eritical dependence of secallop larval settlement and recruit-
ment on their habitat, it becomes imperative to assess the potential
impacts of offshore wind energy facilities on local and regional envi-
ronments. This question underscores the need for an assesement that
aime to provide optimal design options, striking a balance between the
nation’s renewable energy development goals and the sustainability of
commercial fisheries.

The MAB, spanning from Cape Cod, MA, in the north to Cape Hat-
teraz, NC, in the south, iz known for its charactenistic “cold pool™ near
the bottom during spring through fall (Lentz, 2017). This cold pool
emerges with the seazonal development of the thermocline in spring,
creating a favorable enwvironment for fishenies, particularly scallops.
Concerns have been raized by Miles et al (2021) regarding potential
changes in stratification due to cffthore wind farm development that
could impact the seazonal formation and degradation of the ecold pool,
consequently affecting fichery production in the region.

The northeast coastal commumnities are grappling with the impacts of
climate change, particularly the effects of heatwaves and rizing sea
levels on storm-induced coastal inundation, coastal ecosyetems, and
fisheries. The growing concern iz that these impaets will be
exacerbated by inereasing global warming in the U5, Northeast region
{Chen et al, 202]a). The warming trend iz evident in the satellite-
derived sea surface temperature (S5T) change ower the US
northeastern shelf Im recent decadez (Fig. 2), with a significant
warming event occurring in 2012, The warming rate of the SST
averaged over the shelf bounded at the 300- m isobath was
approximately 0.04 “C/year from 1982 to 2020. Assuming 2012 a=s
a year for warming regime shift, the mean 55T sub-sequently rose by
about 1.0 °C compared to the climatological SST mean averaged over
1982-2011.

Thiz warming trend iz captured in the NECOFS. The warming rate
obeerved around the shelf break off GB. Az detected in the NECOFS-
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Flg. 2. Upper-right panel: The yeardy Sea Surface Temperature (S5T) increaze rate over the period 1982-2020. Thiz rate was estimated bazed on satellite-derived S5T
data in the region shown in the lower-right panel. Solid black dotz represent the yearly averaged SST for each year, while the thick red line indicates the linear
regression fitting line. Lower-right panel: The distribution of the yearly S5T increase rate averaged over the period 1982-2020. Upper-left panel: Observed zcallop
abundance versus autumn-mean bottom water temperature zampled over the northeast U.S. continental shelf from 1978 to 2016. Lower-left panel: The spatial
distribution of scallops overlapped with NECOFS-simulated autumn-mean bottom water temperamure in the US. Mortheast over the period 1978-2016. (For
interpretation of the references to color in this figure legend, the reader iz referred to the web version of this article )

simulated temperature and flow fields, the warming has intensified the
cross-1sobath gradient of water temperature on the southern flank of GB,
consequently strengthening the clockwise gyre over the bank When
combining mulb-source scallop abundance data with NECORS-
assimilated bottom temperatures over the period 1978-2017, a high
geographic correlation between bottom temperature and seallop abun-
dance distnbution iz evident (Fig. 2). Given that bottom temperature 1z
a primary factor directly impacting scallop growth in the benthic stage,
regional warming may play a crucial role in the scallop recruitment.
Moreover, warming iz anticipated to enhance water stratification,
resulting in a thinner surface ocean mixed layer (OML). Chen et al

(2021a) highlighted that the secttlement of seallop larvae 1=
signifieantly influenced by larval behaviors in the OML. The thin OML
tends to reduce the larval retention in the water column An essential
question emerges: How will the impact of warming change after
the development of offshore wind farms in the region? This question
remain: unexplored, particularly using a wind turbine-resolving,
high-resolution coupled phyzsical and fishery model.

In 2018, the BOEM granted approval for Vineyard Wind LLC s [VW)
Site Assessment Plan (SAP) within the lease area of OCS-A-0501. VIV
proposed the installabon of up to 100 wind turbine generators
(WTGs), each with a capacity ranging from 8 to 10 megawatts (MW)
(OCS Els/
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Fig. 3. The model grid of wind turbine-resolving regional- NECOFS and local subdomain M5-FVCOM coupled model system. Upper left panel: NECOFS, an atmo-
zpheric (WRF)-ocean (FVCOM) coupled model system. Blue boxes: Mested domainz 1 and 2 for WRF. Red mesh: FWCOM grid with a horizontal resolution up to ~ 100
m_ Upper right: The subdomain N5-FVCOM grid with a horizontal resolution up to ~ 1.0 m. Black beox: the Vingyard Wind LLC s lease area of OCS-A-0501. Lower left
and middle panels: Enlarged wiews of the model grids designed based on layouts D] and D2. Lower-right panel: An enlarged view of the grid around a monopile. (For
interpretation of the references to color in this figure legend, the reader iz referred to the web version of this article )

EA, BOEM2018-060). The proposed layout mncluded two alternatives,
D1 and D2, with a separation spacing of approxamately 0.75-1.0 mm
between mdividual WTGs (Fiz. 1). In the D1 layout, WTGs were
planned to be aligned in a northwest-southeast orentation, while the
D2 layout featured an east—west aliznment. The towers of WTGs have
diameters of approximately 20 feet (~6.1 m) and 28 feet (~8.5 m),
respectively. VW proposed to mount mdividual WTGs with either a
monopile foundation or a Jacket (Pin piles) foundation. For
monopiles, the proposed foun-dation diameter size ranged from a
minimum of 25 feet (~7.5 m) to a maxamum of 34 feet (~10.3 m). In
the case of Pin piles, the proposed foundation diameters varied from 5
feet (~1.5 m) to 10 feet (~3.0 m).

Offchore wind turbines form a complex three-dimensional habitat,
resembling intentionally constructed artificial reefe. Studies in Europe,
ae well ag research on the Block Island Wind Farm (BIWF) off RI, USA,
have documentsd a rapid growth of marine life following wind farm
construction (Carey et al, 2020). Encrusting organisms like muessels
and barnacles, along with structure-loving fish epecies such az tautos
and black seabass, are often attracted to these structures. In
Europe, re-searchers observed an inerease in the density of piscivorous
groundfich, such az Atlantic cod, and reef-associated specics, like
goldsinny wrasse, in close proxamity to the foundations of wind
farms one year after installation (Bersstrom et al., 2013). They also
noted that hard substrate from scour protection ereated new habitats
for species that preferred such conditions (Van Hal et al , 2017). Since
2019, ongomng research has been conducted to assess the potential
impact of wind farms on fisheries resources off the south coast of MA
and RI. The ressarch emplove wvanous methods, ineluding trawl
surveys, drop camera optical imaging, lobster pot surveys, and
surveye focusing on highly migratory specics (e.z., Rillahan and He,
2021). These surveys aim to collect data before and after wind farm
constructions, facilitating impact evaluation through the Before-and-
After-lmpact (BACI) analysiz (Underwood,1991; Sto-kesbury et al,
2023). Wilber et al (2024) utlized a meticulously

designed BACI sampling strategy to evaluate the influence of the BIWF
on lobster catches. Their findings revealed a 30% decrease in lobster
catches near the wind farm and an 18% reduction at a reference location
compared to pre-construction levels. However, for the wind farm over
MNantucket Shoal, data for the after-construction period iz unavailable,
and the impact on ficheries resources remains unknown. Significantly,
prior to thiz study, no fine-scale modeling had been executed to project
potential changes in fisheries.

Building upon the suceess of developing the nested NS-FYCOM and
NECOFS syetem, we extended our efforts by coupling N5-FVCOM with
a escallop individual-based model (Scallop-IBM) (Chen et al,
2021b). Using the VW's lease area OCS-A-050 as a pilot site, we
extensively examined the impacts of offthore wind farm development
on local and regional flow fields, mixing via stratification, and seallop
larval trans-port and settlement over the southern NES. The model
simulations comprehensively considered the wind and heat flux
changes nduced by WTGe, two layout designs, and anticipated climate
change.

This paper concisely summarizes the primary findings derived from
the modeling assessment results. The subsequent sections are
orgamzed as follows. Section 2 details the models and numerical
designs employed In our studies. Section 3 presents the results of
model simulations, encompassing (a) the atmospheric and ocean
environment changes mmduced by WTGs and b) the impacts of
WTGs, layout designs, and climate change on scallop larval
dispersal and settlement. Section 4 elucidates the physical processes
atiributed to the changes in regional water transports mdueed by the
WTG array and underscores the arcaz that necessitate future
exploration to understand the cumulative impact of WTGes on the
region. Finally, section 5 synthesizes the findinge and provides
concluding remarks.
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2. The models and numerical dezigns

The assesements ublized an updated coupled model system
comprising a wind turbine-resolving, local-regional nested hydrody-
namic model known az NS-FVCOM/NECOFS and an individual-bazed
seallop population model known as Scallop-IBM. NECOFS stands az an
integrated atmosphere, surface wave, and ocean forecast model system
designed for the northeast U_S. coastal region. The upgraded computa-
tional domain of NECOFS encompasses the entire northeastern shelf,
stretching from Cape Hatteras to the Scoban Shelf melusive of the
southern MAB (Fig. 3). The existing regional-domain system consists of
three key components: 1) a community mesoscale meteorological
model named “Weather Research and Forecasting (WRE-
AWR)"” (httpe: / Awww2 mmm wear. edu/wrf/ users/download /
get_sources hitml), 2) the regional occan model of FVCOM (Chen et
al, 2003, 2006, 20]13a), and 3) the unstructured-grid surface wave
model (FVCOM-SWAVE), modified from SWAN (1 et al, 2009),
charing the same domain as

FVCOM. The ocean model in the upgraded NECOFS has evolved into a
global-regional-river nested system, incorporating the Gulf Stream-chelf
interaction (eg, warm-core rings), volumes and mass transporte
entering the U.S. MNortheast over the Mova Scotia shelf from the
upstream Lab-rador Sea or even the Arctic Ocean (Chen et al , 2016b;
Zhang et al, 2016a, 2016b, Zhang =t al., 2020a), and river discharges
from the Water Balanee Model (WBM) or National Water Model
(NWM). NECOFS has undergone validation through comparnzons with
numerous available obeervations spanming the last 41 years (1978
2018). These validations encompass water levels (Chen et al, 2011],
stratification (Li et al., 2015), currents (Sun et al | 2016; Cowles et al |
2008), extreme events such as hurncanes, extratropic storms, surges,
and coastal mundations (Beardeley et al, 2013; Chen et al, 201 3b; Sun
et al | 2013; Li et al, 2020; Li and Chen, 2022), and the impacts of the
gea level rise on storm- induced coastal inundations (Zhang et al,
2020b; Chen et al., 2020).

NS-FVCOM iz a subdomain wind turbine-resolving ocean model
nested through the boundary to NECOFS. The computational domain of
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NS-FVCOM encompasses the shelf regions off MA, RI, Block Island,
Block Island Sound, and Long-Island Sound (Fig. 3). This model was
initially configured to assess the potential impact of offshore wind fa-
cilities in the BOEM-issued lease areas in the waters of MA and RI,
including the five operated WTGs on the eastern shelf of Block Island.
The configuration of WTGs was upgraded by including the two layout
designs proposed by VW in the lease area of OCS-A-0501. To resolve
WTGs, we configured NS-FVCOM with a horizontal resolution of ~
1.0 1.3 m around the WTG tower (Fig. 3). Even -levels (10 layers)
with a uniform thickness were specified in the vertical, maintaining a
reso-lution of 4 m on the 40-m isobath and up to about 0.5 m on the
5-m isobath. This vertical resolution was sufficient to resolve the
vertical stratification in the lease area of OCS-A-0501 (Chen et al.,
2021Db).

NS-FVCOM was driven by surface forcing (wind stress, surface heat
flux plus short-wave irradiance, precipitation minus evaporation) with
lateral boundary conditions specified through one-way nesting with
the regional FVCOM. The regional FVCOM provided the initial
and boundary conditions for hydrodynamics variables (sea level,
velocity, temperature, salinity, horizontal diffusion coefficient, and
vertical eddy viscosity). The surface forcing data were provided by the
WRF model (Grell, 1993). In NECOFS, the WRF model was
configured with a regional domain (covering the Northeast U.S.)
and a local domain (covering the Scotian Shelf, GOM, GB, and NES)
with a horizontal grid spacing of 9.0 and 3.0 km, respectively. In this
study, we considered two types of WRF forcing for the cases with
and without considering the wind and heat flux changes due to
WTGs. In the case with WTGs, we utilized the sub-grid-scale WTG
power curve module available in WRF by adding a 1.0-km subdomain
(Fitch et al., 2012). The parameteriza-tions used in the turbine-
resolving WRF simulation were based on VW s proposed installation
plan with a turbine hub height of 121 m, a rotor diameter of 180 m, a
turbine nominal power of 10 MW, and a standing thrust coefficient of
0.13. NS-FVCOM can be operated under either hy-drostatic or non-
hydrostatic conditions. In this study, we utilize the hydrostatic
approximation.

Scallop-IBM, as previously delineated in our prior publication
(Chen et al., 2021a), comprises four pelagic phases: egg, trochophore,
veliger, pediveliger, and benthic stage with feeding, predation,
starvation, resuspension, and natural/fishing mortality (Tian et al.,
2009a, 2009b, 2009c; Chen et al., 2021a) (Fig. 4). During pelagic
phases, develop-mental stages are classified based on age: eggs 2
days, trochophores 2 4 days, veligers 5 40 days, and pediveligers
40 days (Stewart and Arnold, 1994; Pearce et al.,, 2004; Cragg,
2006). The model relies on fixed development times for pelagic
stages, assuming that minor inter-annual changes in water
temperature insignificantly influence larval development times.
Similarly, we disregard food limitation, pre-supposing ample food
availability during pelagic stages.

The response of scallop larvae to light, currents, turbulence levels,
and oceanic mixing are well-documented for each behavior-life stage.
Our approach to modeling larval behavior and vertical migrations is
grounded in an observational understanding of each life stage. For
instance, eggs, spawned on the seabed, neutrally drift passively via
vertical currents and turbulence without vertical migration (Culliney,
1974). Trochophores exhibit random spinning without directional
swimming (Tian et al., 2009a) and are consequently treated passively.
Once the larvae form the first shell (prodisoconch), they swim upwards
across the thermocline because the gravity centers are below the
velum (Gallager, 1993). Veligers experience horizontal drift in the
surface Oceanic Mixed Layer (OML) above the thermocline, actively
switching between upward swimming and sinking, resulting in a
distinct vertical migration pattern. Sensitivity to light transitions,
rather than prolonged light intensity states like day or night,
influences veliger behavior (Gallager et al., 1996). Larvae aged
between 5 and 40 days exhibit various vertical migration
patterns within the OML, such as thermocline-seeking diel or

semidiurnal cycling (Tremblay and Sinclair, 1990a; Tremblay and

Sinclair, 1990b; Gallager et al., 1996; Manuel et al., 1996).

Observations and laboratory mesocosm experiments

Table 1
Types of Physical Model Experiments.
Cases Physical Physical WREF forcing WRF
Model model resolution
resolution
Case NECOFS- Up to ~ 100 WRF without 3 km
1 FVCOM m considering the wind
change due to WTGs
Case NS-FVCOM Upto~ 1.0 WRF without 1 3km
2 without m considering the wind
WTGs change due to WTGs
Case NS-FVCOM Upto ~ 1.0 WRF without 1 3km

3 with WTGs m considering the wind

change due to WTGs

WRF with considering 13m
the wind and heat flux

changes due to WTGs.

Case NS-FVCOM Upto ~ 1.0
4 with WTGs m

supported such diel and semidiurnal migration cycles (Tremblay and
Sinclair, 1990b; Manuel et al., 1996). Larvae also respond to
turbulence pulses greater than 107 W/kg by withdrawing their velum
and sinking rapidly until the turbulent energy subsides (Pearce et al.,
1998).

Throughout the benthic phase, age undergoes incremented changes
at each time step, while shell height and weight evolve through simu-
lations driven by trophodynamics and metabolism. Starvation mortality
is intricately linked to metabolism and food assimilation, where an
inadequate supply of assimilated food to meet metabolism energy con-
sumption leads to mortality due to starvation. Food sources include
phytoplankton, biogenic detritus, and suspended terrestrial sediment.
Each food compartment is characterized by a distinct nutritional value,
parameterized as a growth efficiency coefficient. Suspended sediments,
although lacking nutritional value, play a crucial role in interfering
with the scallop s filtration performance. This compartment is
designed to address the impact of suspended terrestrial detritus on the
scallop s food intake system, as well as the filtration clogging that
arises at elevated concentrations of suspended matter.

This paper focuses specifically on the pelagic stages, while the
results regarding the impacts of offshore wind farm facilities on
scallop recruitment during the benthic stages will be presented in a
separate paper. Scallop-IBM was driven by the merged physical
fields of NS- FVCOM and NECOFS. The larval tracking equations
used in Scallop- IBM were detailed by Chen et al. (2021a). The
simulation incorpo-rated diel and semidiurnal vertical migration
behaviors in the OML during the pelagic stages. Various physical
conditions were provided by the NS-FVCOM experiments, as outlined
in Table 1. Adult sea scallops undergo spawning over GB and the
Great South Channel (GSC) areas (Fig. 4) during fall (Posgay and
Norman,1958). In alignment with the methodology employed by Chen
et al. (2021a), the scallop spawning pattern was annually defined,
with a modeled normal distribution starting at 00:00 GMT on
September 1 and ending at 24:00 GMT on October 10 (Fig. 4).
Notably, the peak spawning period was set on September 20, with a
1-week standard deviation. The primary spawning event, accounting
for 95 % of total spawning, spanned four weeks. This timeframe aligns
with field measurements as reported by Posgay and Norman (1958),
Posgay (1976), Mullen and Morning (1986), and DiBacco et al.
(1995). The simulation was conducted annually, with the Scallop-IBM
model integrated over three months from September 1 to November
30. This timeframe accommodates a larval settlement time scale of
approximately 40 days.

Numerical experiments were done for selected years 2009, 2010,
and 2013, chosen based on the percentage of larvae settled over GB/
GSC, southern NES, and the southern MAB in the last 39 years from
1978 to 2016 (Chen et al., 2021a). In 2009, a notable southward larval
transport occurred from GB/GSC to the NES and the southern MAB. In
2010, there was abundant larval settlement in the VW s leased area.
Additionally, the water temperature in the U.S. Northeast has seen a
significant in-crease since 2012, and we selected 2013 to represent
the warming
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period. Four types of physical model experiments were conducted
(Table 1), with a simulation period covering three months, from
September 1 to November 30. For the Case |1 experiment, the NECOFRS-
FVCOM coversed the entire U.S. Mortheast. To compare the scenarios
with and without WTGs, Casez 2 and 3 experiments were conducted by
running the NS-FVCOM with the same resolution of up to ~ 1.0 m.
Furthermore, the impact of the wind and heat flux changes due to
WTGs on the physical environment was examined through the
Case 4 experiment.

3. The simulation results
3.1. Changes in physical fields

demonstrate that monopiles can considerably enhance the eddy cireu-
lation and wveloeity shear or vorticity within and around the turbine
area (Fig. 5). In such an M:; tidal cwrents-dominant and stratified
region (Lentz et al., 2003), the interactions of tdal currents with
monopiles generated complex patterns of the honzontal flow
chear on the

downflow lee side of mdividual WTGs. The downstream maximum
horizontal velocity shear rotated clockwise with the Ms tidal current,
during which the eddy shedding appeared almost randomly as shear
instability occeurred. The water movement within the WTG array,
resulting from the Auwd-structure interaction, represented a significant
departure from either the idealized flow fields driven generally by
uniform, steady freestream flow in the device-scale laboratory or
Computational Fluid Dynamics (CFD) studies or the flow pattern pre-
dicted by coarse-grid hydrodynamical models with subgrid explicit
wind turbine parameterizations (Johnson et al , 2021).

In the scenario with WTGe (see Pig. 5; upper panel), we obeerved a
high-frequency oscillation, approximately a one-hour period, in both
the M tidal eycle, was stimulated by tidal-dominant flow arcund indi-
vidual monopiles and associated with internal waves. Further exami-
nation iz needed to understand the underlying phyeical mechanizms.

The wvortex wake 1= a widely recognized phenomenon in fluid dy-
namics, particularly when studying the flow around a circular eylinder
(&chhichting, 1979). In scenarios without friction, the fwd undergoes
aceeleration on the upstream side and deceleration on the downstream



C. Chen &t al

R, <40

R, ~ 40

1 _,/ - .

R ~ 300+ Coriolis
.Y 1

Fig. 6. Vorticity fields simulated from FWCOM wvortex wake experiments with a
steady fow around an idealized circular island. Experiments were done for the
cages with Reynold numbers (R, ) of < 40, ~40, ~300, and ~ 300 plus Coriolis.
The transition from laminar flow to a Karman vortex street appears when Ry =
40. The wortex shedding becomes asymmetric when a constant Corioliz fre-
quency (f= 10 s~ ) iz added.

gide, rezulting in a separation point at the midpoint As the Reynolds
number (Re), calculated as the product of flow speed and characteristic
length divided by kinematie viscosity, inereases, the initially laminar
flow transforme into a Karman wvortex street on the lee side (Chang,
1970). In the hydrodynamic equation, Re reflects the ratio of the hori-
zontal advection term to the diffusion term, with the wvortex wake
oceurring when the advection significantly outweighs diffusion
Before applying FVCOM to simulate wind turbine-induced fow, we
conducted validation experiments to confirm itz capability to generate
a wvortex etreet downstream of an ndividual monopile. These
experiments involved subjecting an idealized circular izland to a steady
flow within a broad, fat-bottom channel The outcomes affirm
that FVCOOM's unstructured-grid fimte-volume algorithm faithfully
reproduces  the transition from laminar flow to a vortex street under
conditions where Re exceeds 40 (refer to Fizg. 6). Introducing a

t:mtantﬂnrj.olisfmqumqr{f:lﬂ"s '}r:sultsinas;unm.ct:icvurb:x
chedding.
Remarkably, the simulated worticity feld around mdividual

monopiles showed no discernible regular vortex wake. This suggests that
the clockwize-rotating Mz tidal currents and wind-indueed mixing did
not create conducive conditions for a well-defined vortex street in the

CFD models were utilized to establish drag coefficient and =ddy
viscosity parameterization within the offshore wind farm area for a
regional hydrodynamics model confizured with a turbine-unresolvable
grid. Thiz approach was mmstrumental in assessing the impact of
offshore wind facilities on the regional marine environments (Johnson
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et al., 202]1). The wind turbine-resolving N5-FVCOM simulation results
indicate a notable temporal and spatial variability in the vorticity field
from turbine to turbine. Resolving such variability through parameter-
ization presents a significant challenge.

Mantucket Shoal was strabified dunng the fall season. The flow
around an individual WTG wvaried significantly throughout the water
column, particularly during flood and «bb tidal periods. An illustrative
example 1z presented In Fig. 7, depicting the distributions of the near-
surface and near-bottom eurrents around a randomly selected WTG In
the center of the array. When the near-surface flow was westward, the
near-bottom flow exhibited a distinet northwestward direction (Fig.
7a), with a flow direction difference of approximately 70° or more.
Conse-quently, the maximum welocity shear on the downstream
lee side appeared at the surface on the west, but at the bottom on the
northwest side. A similar phenomenon oecurred during the «bb tidal
period, where the downstream lee side was situated to the south for
the near-surface flow, and to the east for the near-bottom flow (Fig.
7d). Thie dispanty diminished during the Mz tidal current transition
period (Fig. 7b, ¢). The vertical structure of the stratified flow posed a
challenge to be resolved through the subgrid-scale parameterization,
necessitating the use of a wind turbine-resolving model

We computed the mean and maximum bottom etress, as well as
vertical eddy wiscosity for the scenarios imwvelving WTGs over
September-November of 2009, 2010, and 2013 (Fig. 8). The vanations
in bottom stress predominantly manifested in the onshore-offchore di-
rection, with a three-month mean peak value reaching up to 0.15 N/
mz.DuringxbmmpuindB,chmmdmmbutbummmumi
individual WTGs could soar to 2.0 N/m®, approximately ten times
greater than the seasonally averaged wvalue. The alteration iIn wertical
eddy wiscosity occurred throughout the water column swrounding
individual WTGs mn all directions. However, the intensification was
confined to a narrow area within a 5m range around monopiles.
Stormes induced energic mixing around a monopile. Owing to the
absenee of a convechon mechanism in the  hydrostatic
approximation, the model-simulated maxmum eddy  viscosity
experienced a  sudden inerease during storms. Turning on the
nonhydrostatic dynamics 1= crucial to accurately capture the mixing
phyzice around WTGs, particularly under stratified condibons.

We conducted a comparative analysiz of the wvariation in the
maximum bottom stress over a regional scale between the scenarios with
and without WTGs. The observed significant changes were found to be
contingent on wind intensity and direchion, primarily within the lee
side areas of WTGs. While the regional distnbutions of the bottom
stress remained consistent between the cases with and wathout
WTGe, the downwind impact extended acroes a relatively expansive
area. The maximum difference reached uptuD.ZN.r'mzamundﬂ:u:SD—
m izobath (Fig. 9: upper panels). In a closer iInspection focused on the
WTG array, the disparity in bottom stress vaned from one wind turbine
to another, exhibiting positive or negative values within the range of <
0.05 N/m” (Fig. 9: lower panels).

Similar features were observed in the vertically averaged viscosity.
Varations between the scenarios with and without WTGe were contin-
gent on wind intensity and direction. A notable distinetion was evident
in the lee side areaz of WTGs, with the maximum impact extending
around the 50-m isobath (Fig. 10: upper panels). Upon closer exami-
nation of the WTG array, it was apparent that the sign of the difference
in vertical viscosity significantly fluctuated from one WTG to another
(Fig. 10: lower panels). The maximum peositive value was concentrated
around the outer edge area of the WTG array, although itz magnitude
was considerably less than 0.01 m?/s.

The NES-FVCOM smmulation incorporated tidal and wind forcings. To
further understand the individual contributions of these foreings, we
allowed us to quantify the relative impact of the interactions of wind
and tidal-driven currents with monopiles on changes In wertical
viscosity and bottom stress. The results revealed that, for the
changes In wertical
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Flg. 7. The dismibutions of the near-surface (red color vectors) and near-bottom (black color vectors) around a monopile at four phaszes (a: the westward How; be
transition from the westward to northward flow; ¢ eastward flow, d: ransition from the eastward to southward flow) over a semidinrnal Mz tidal cycle. The top-left
plot presentz the locations of a, b, ¢, and d over an M, tidal cycle, where u and v are the east- and north components of the near-surface hourly welocity near the
monopile. Eastward and northward: positive. (For interpretation of the references to color in thiz fgure legend, the reader iz referred to the web wversion of

thiz article.)

viscosity, the interaction of wind-drven ecurrentz with monopiles
accountsd for approximately 33 % around individual monopiles and
about 55 % in the broader region. Regarding bottom stress, the contri-
bution was about 53 % around individual monopilez and 48 % owver
the regional seale.

The alteration in bottom stress and wvertical viscosity induced by
WTGz had a direct impact on the regional water temperature. Az an
illustrative case, we selected the year 2013 to compare the monthly
averaged temperature differences at the surface and bottom between
the scenanos with and without WTGs. Our findinge revealed that the
extent of influence due to WTGe varied with both wind intensity and
direction (Fig. 11). In September, a period characterized by stratified
water, the

temperature difference was more pronounced at the bottom than the
surface (Fig. 11: left column). The maximum influenced areas were
concentrated in the downwind lee side region, with a broader
influence observed at the surface compared to the bottom. While the
temperature change due to WTGs was less than 0.5 “C at the surface, it
reached 1.0 °C around the 50-m isobath at the bottom. In October,
vertical mixing gradually intensified as the wind strength inereased.
The distnibutions of the WTGs" influenced areaz on temperature
between the surface and bottom were smmilar (Fig. 11: maddle
column). The maximum difference oceurred in the downwind lee side,
reaching a maximum of < 1.0 “C near the 50-m iscbath In
MNovember, characterized by considerably strengthened wind speed
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Flg. 8. Distributions of mean and maximum bottom stresses (upper panels) and vertical thermal diffusion coefficients (lower panels) around a monopile over

September-Movember. 2009, 2010, and 2013.

advection and mixing around WTGs significantly expanded the influ-
enced temperature area at the surface. The temperature difference was
at a level of 1.0 °C or even larger.

3.2. Changes in scallop larvae dispersal and settlement

3.2.]. Experimentz disregarding the tmpact of WTGs on winds and heat
fluces

The comparicons of super individuals and larvae densities between
the cases with and without WTGe revealed a significant alteration in
larval transport due to changes in the flow field within the deployed
WTGs" area in 2009, 2010, and 2013. Throughout these three years,
the flow tended to push the larvas offthore from September to
MNowvember. An illustrative example 1= presented in Fig. 12 for the
year 2013. We obeerved a notable reduction in horizontal dispersion
within and around the wind enersy development area., resulting in
the offshore advection of numerous seallop larvae into the Nantucket
Lightship Closed Area (NLCA). While larval behaviors played a eritieal
role in larval disperzal and settlement by modifying the fow-induced
advection at different depths, they did not alter the WTG-induced
enhancement of the offehore larval transport in that particular year.
Thiz characteristic remained consistent for 2000 and 2010 as well

Dividing the model domain into 2 = 2 km boxes, we conducted a
statistical analysiz of the mean, percentage, and standard deviation of
the ensembled larval density for the cases with and without WTGs
over
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2009, 2010, and 2013 (Fig. 13). Thiz calculation accounted for sem-
defined as the ratio of settled vears to the total ensembled years in in-
dividual boxes. Considering diel and semidiurmal migration cases, the
total ensembled years are 6. The settled years indicated the years in
which larvae suceessfully settled in a specific box. Changes in the flow
field induced by WTGs tended to aggregate larvae and transfer them
offehore az a eohesive group. Consequently, the deployment of WTGs
in the lease area sigmificantly increased the mean larval abundance in
the MLCA compared to a scenario without WTGs. The settling
percentage in the NLCA experienced a notable nize of 2040 % when
considering the presence of WTGe. The existence of WTGes also
reduced the spatial de-viation of ensembled larval density, with a
maximum variation oceur-ring within the NLCA.

3.2.2. Experiments incorporating the impact of WTGs on winds and heat
flioces

We examined the influence of downwind wake on cceanic currents
and secallop larval transport by considering the impact of WTGs on
winds and heat fluxes. As an illustrative case, we selected the year
2013 and conducted a re-run of the high-resolution (1.0 km) WRF,
incorporating the sub-grid WTG power curve module az outlined by
Fitch et al (2012). The parameterizations applied in the turbine-
resolving WRF were based on VW's proposed installation plam,
featuring 10 MV WTG towers with a turbine hub height of 121 m, a
rotor diameter of 180 m, and a standing
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Flg. 10, Upper panels: Vertically averaged mean thermal diffozion coefficients and their difference over September to Movember 2009, 2010, and 2013 for the
cases with and without wind turbines. Lower panels Zoom-in views of the upper-panel figures around the wind turbine array area.

thrust coefficient of 0.13. The impact of the dewnwind wake on the
variations (Fig. 14). The most pronounced alterations oceurred on the
lee gide in areaz corresponding to the scazonally domanant wind
directions: southeastern in  spring, northeasterm In  summer
through fall, and southeastern in winter. The magmitude of these
changes correlated with wind intensity, reaching ite maximum during
winter. Howewer, despite the potential of WTGs to generate a
substantial dowrmwind wake at the
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hub height, their influences on the surface wind were notably dimin-
iched. The maximum change in wind speed attributed to WTGs at the
10- m height was 0.2-0.3 mss, primarly during winter, and a
directional shift of 1.0-1.2° in direchon, occurring predominantly
in summer through autumn.

The downwind walke increased the spatial variation of oceanie cur-
rents, consequently altering the movement of scallop larvas. This
alteration resulted in a significantly different distribution of the settled
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Fig. 14. Seasonally averaged changes in wind zpeed (images) and directions (contours) due to wind mrbines owver 2013. The surmmounding wind rose plots represent
the wind intensity and frequency over spring (upper-left), summer (upper-right), auwmomn (lower-left), and winter (lower-right].

seallop larvas in the region, despite the flows in both scenarios downwind wake effect. The alteration in wind speed caused by WTGs
pushing the larvas offchore towards the NLCA (Fiz. 15). In both did not sigmificantly impact the mixed layer depth, o0 most changes in
semidiurnal and diel migration behavior cases, the flow influenced by larval trancport were attributed to the vanation in flow caused by
downwind wakes enhanced the larval convergence on their journevs downwind walkes.

to the NLCA, leading to a higher larval density in the eastern

portion of the closed area Meanwhile, az most scallop larvae 3.2.3 Comparizon of D] and D2 layour designs

orginated from the closed area of the GB3C, changes in the flow VW proposed two alternative layout designs (D1 and D2) within
patterns due to downwind wakes significantly reduced southwestward the lease area of OCS-A-0501, featuring a separation spacing of
larval transport during the fall Thiz was the reason for the lower approxi-mately 0.75-1.0 nautical miles between mdividual WTGs.
density in the NLCA when accounting for the In the D]
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Flg. 16. The swimming behavior-ensembled, means, percentages, and standard deviations of zettled scallop larvae over 2009, 2010 and 2013 for the D1- and D2-
layout cazes. Black lines are the 50, 100, and 200-m izobath contours. A black box is the Nantucket Lightship Closed Area (NLCA).

layout, WTGs follow a northwest-southeast onentation, while the D2
layout adopts an cast—west alisnment.

We conducted a comparative analyeiz of larval dispersions and set-
tlements between the D] and D2 layout designe for the years 20009,
2010, and 2013. For these cases, statishics analyees were performed to
calculate ensemble larval swimming-averaged means, percentages, and
deviations of settled scallop larvae. The ensemble considered all ex-
both diel and semi-divrmal larval swimming behawviors. The results
indicated that the two alternative layout designs would not signaficantly
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influence the overall distnbution of seallop larvae in the region, except
for noticeable differences in larval abundance in the NLCA (Fig. 16).
Both D1- and D2-layout arrangements could considerably alter the flow
field and enhance offshore water transport. Interestingly, these changes
were not markedly influenced by the onentation of WTGs" lavout.

3.2.4. Impact of regional warming on zcallop larval transport considering
the presence of WTGs
the OML depth. Thiz study explores the impact of warming on secallop
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Filg. 17. The swimming behavior-ensembled, means, percentages, and standard deviations of settled scallop larvae ower 2009, 2010, and 2013 for the 10- (upper
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larval transport under the influence of WTGs by comparing two exper- finding 1z about 1.0 “C higher than the projection by the Bedford Insti-

imental seenarios with different OML depthe, specifically 10 and 30 m. tute of Oceanography North Atlantic Model (BNAM) (Brickman =t al ,

Wang (2023) projected changes in sea surface temperature (S5T) In 2021), but aligns with the 2.25-2.75 “C projechion by the Reglonal
the US Northeast region through downsecaled regional climate expen- Ocean Modeling Svetem (ROMS) (Brickman et al., 2021).

ments using WRF and FVCOM. The results indicated a projected The downscaled regional climate WRF and FYVCOM experiments
increase of approximately 2.5 “C in 55T by 2050 compared to the suggest that warming significantly increases water stratification in the
present. This
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Flg. 18. Monthly-averaged currents at the surface (upper) and bottom (lower) for the caze with wind turbinez for September, October, and Movember 2013.
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U. & Northeast region during spring through summer. Under a warming
conditton, OML depths vary in a range of 10-30 m over the southern NES
during fall (Chen et al, 202]a; Wang, 2023). We consider the 10-m
OML case az an intensive warming scenario and the 30-m OML case
az a moderate warming scenario. The experiments were conducted
using the flow field produced by the 2000, 2010, and 2013
simulations with WTGs, taking into account both the diel and semi-
diurnal larval swim-ming behaviors.

The distnbutions of ensemble larval swimming-averaged means,
percentages, and deviations of settled seallop larvae for the 30-OML
case resemble those shown with WTGs in Fig. 13 (Fiz. 17). When the
OML depth reduced to 10 m, the scallop larvas moved mgnificantly
onshore, southward, and northward. A large percentage of seallop
larvae could settle around the WTGs" area (Fig. 17). The reduction in
OML depth due to warming could enhance the interannual variability
of scallop larval dispersal and settlement over the southern NES. This
result suggeste that az warming continues, the impact of offshore
wind farmsz on escallop larval transport could exhibit significant
ll:l.tﬂ- nahmal- Eal-lﬂ.b]].l.ty-- -

4. Discussions

The comparizon of the scallop larval movement between the cases
with and with WTGs suggests that installing a WTG array in the lease
area of OCS-A-0501 could enhance the offshore water transport over
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Mantucket Shoal. Such change in flow 1= mainly atiributed to the cu-
mulative effects of the mesoscale flow around mdrvidual WTGe.

We calculated the 40-h low-pass filtered currentz and their
difference for the cases with and without WTGs. The result indicates
that fluid- monopile interactions generate a net offchore mesoscale
flow around individual WTGs (Fig. 18). Under stratified
conditions, thiz low- frequency subtidal flow wvaries significantly
with depth. In 2013, for instance, the monthly average subbidal flow
around mndividual WTGs in September through Movember was
southeastward near the surface and northeastward near the bottom
The monthly subtidal flow around WTGs was approximately 2-3
em/s In September and October, but it increased to ~ 10 em/s In
MNovember. Thiz flow directed the scallop larvae offeshore in the WTG
areas.
low- frequency subtidal flow within and around WTGs. We calculated
the monthly-averaged 40-hour low-passed, near-surface flow
difference between the cases with and without WTGs for September,
October, and November 2013 (Fig. 19). In September, the speed
difference varied around the WTG array, reaching larger values (up to
~ 2-3 em/e) in the southwestern area and smaller values in the
northeastern region. Howewver, the flow directon difference was
significant, up to 100° in the offthore area around 40-m isobath In
October, the most considerable speed difference ocowrred In the
northwestern comer of the WTG array and around the 50-m iscbath,
with a maximum difference of ~ 3-5 em/
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g. The current direction difference reached 120-160° in the region of
significant flow change. In November, a substantial change in flow
speed ocourred on the northeastern and southwestern sides of the WTG
array, even though the flow direction change was less than 10°.

We further examined the regional-seale low-frequency subtidal flow
changes over Nantucket Shoal, discovering that these changes varied
with the wind intensity and direchon. The most substantial flow
change
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oceurred around the 40 to 50-m isobath region (Fig. 20), consistent
with the temperature difference obeerved between the cases with and
without GTWs (Fiz. 11). To visualize the welocity changes on a
regional scale, we plotted the monthly-averaged subtidal flows with a
2.0-km horizontal resolution. In September, varying wind directions,
with a higher per-centage from the northeast or southwest,
intensified the anticyelomic subtidal flow around the 40 to 50-m
ieobaths in the southwestern area of



the WTG array. This created an eastward flow toward and inside the
NLCA, enhancing the anticyclonic eddy inside the NLCA and strength-
ening the local scallop larval retention. In October, the northwesterly
and northeasterly winds prevailed. The downwind wake due to WTGs
generated an anticyclonic eddy in the northeastern area at the outer
edge of WTGs and a cyclonic vortex in the southeastern region in the
WTG array. The eastward flow and anticyclonic eddy around the 40 to
50-m isobaths and inside the NLCA were significantly intensified, with
speeds potentially ~ 5.0 cm/s or greater. In November, the dominance
of northwesterly winds, especially during storms with speeds up to ~ 15
m/s, led tothe disappearance of eddies around the WTG array. However,
the eastward flow toward the NLCA on the 40 to 50-m isobaths still
persisted, albeit weaker than in October.

Similar changes in the subtidal flow were also observed during
September through November in 2009 and 2010. It suggested that
regardless of variations in wind intensity and direction, the downwind
wake caused by the WTG array could consistently produce and enhance
offshore water transport, particularly around the 40 to 50-m isobaths.
This phenomenon explains the observed offshore shift of scallop larvae
and their accumulation in the NLCA when the WTGs were included in
the model.

It is important to note that our modeling experiments focused solely
on one wind farm development site within the lease area of OCS-A-0501.
However, there are eight other lease areas in MA and RI waters where
offshore wind farm development is ongoing. According to the updated
Construction and Operation Plans (COPs) obtained from the nine
offshore wind companies, approximately 962 WTGs are slated for
deployment, with a separation scale of 1.0 by 1.0 nautical miles in the
region (information received through personal communication with Dr.
Gregory DeCelles at Orsted). As the spatial scale of offshore wind ex-
tends, the cumulative impacts of WTGs on scallop larval dispersion and
transports could undergo significant changes. To offer model projections
for the New England Fishery Management Council regarding the
changing marine environment due to the regional wind farm develop-
ment, it is imperative to conduct assessments considering all leased
areas in MA and RI waters. Our current modeling experiments have
demonstrated the effectiveness of the coupled Scallop-IBM and NS-
FVCOM/NECOFS model system in resolving mesoscale flow and mix-
ing generated by an offshore wind farm. By nesting NS-FVCOM with
NECOFS, this model system can also be utilized to examine the broader
impact of the offshore wind farm development on regional scallop larval
dispersal and settlement. This comprehensive approach is crucial for
understanding the cumulative effects and potential ecological implica-
tions of multiple wind farms across the entire region.

We conducted numerical experiments using NS-FVCOM under the
hydrostatic approximation. In cases where the vertical-to-horizontal
scale ratio is in O(1), nonhydrostatic processes may play a crucial role
in generating high-frequency internal waves due to fluid-monopile in-
teractions and vertical convection caused by extreme surface cooling
during storms. NS-FVCOM demonstrated that fluid-monopile in-
teractions produced high-frequency internal waves with a period of
approximately 1.0 h around individual monopiles. However, it is worth
noting that the frequencies of these waves may differ when non-
hydrostatic processes are considered. Meanwhile, the hydrostatic model
tended to exaggerate the maximum vertical viscosity during storms.

To gain a comprehensive understanding, further examination should
be undertaken to quantify the contributions of non-hydrostatic process-
induced high-frequency internal waves and convection. This analysis
will help elucidate the impact of these processes on changes in water
transport and stratifications induced by WTGs.

5. Summaries and conclusions

A high-resolution model, with a grid resolution of up to ~ 1.0 m, was
developed to couple a wind turbine-resolving hydrodynamical model
(NS-FVCOM) with an individual-based scallop model (Scallop-IBM).
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This coupled model aims to evaluate the potential impact of offshore
wind renewable energy facilities on the local and regional circulation,
stratification, and dispersal and settlement of scallop larvae in the U.S.
Northeast. Within the turbine array, a body-fitted grid was employed to
meticulously resolve each monopile and its consequent influence on
flow fields and turbulent mixing. As a pilot site, we focused on the
Vineyard Wind lease area (OCSOA-0501). Our examination involved
assessing changes in the flow field, mixing via stratification, and their
effects on scallop larval transport and settlement over the southern NES.
The model simulations took into account variations in wind and heat
flux changes caused by WTGs, two layout designs, and projected climate
change scenarios.

The primary results indicate that within the M, tidal currents-
dominant and stratified Nantucket Shoal, the interaction of tidal cur-
rents with monopiles produces intricate patterns of horizontal flow
shear on the lee side. The mesoscale currents, induced by fluid-structure
interaction, deviate significantly from the idealized flow fields typically
examined in the device-scale laboratory or coarse-grid hydrodynamical
models with subgrid-scale explicit parametrizations.

Stratification played a crucial role in altering the flow around indi-
vidual WTGs throughout the water column. The maximum bottom stress
is primarily oriented in the onshore-offshore direction, and vertical eddy
viscosity is observed throughout the water column around all directions
of individual WTGs. The weakening of vertical stratification, resulting
from enhanced mixing around monopiles, is mainly confined to the wind
farm development area.

The local monopile-fluid interaction can intensify the offshore low-
frequency subtidal flow around 40 to 50-m isobaths, forming meso-
scale eddies over the shelf. This enhanced offshore water transport leads
to the displacement of scallop larvae offshore towards the NLCA. The
accumulation of larvae in the NLCA is primarily attributed to eddy-
induced retention.
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