
  2021 Scallop RSA Share Day 

1 

 

 

Assessing Potential Impacts of Offshore Wind Facilities 
on Regional Sea Scallop Laval and Early Juvenile 

Transports 
 
PI:        Changsheng Chen  
Co-PIs: Liuzhi Zhao, Pingguo He, Robert C Beardsley, Scot Gallager, 

Kevin Stokesbury 
 
 

 
 

NOAA Grant Number: NA19NMF450023 

 

May 6 and 12, 2021 
 



  2021 Scallop RSA Share Day 

2 

 

1.0 EXECUTIVE SUMMARY  
Project Title: Assessing Potential Impacts of Offshore Wind Facilities on Regional Sea Scallop 
Laval and Early Juvenile Transports  

Year Awarded: June 1, 2019-May 31, 2021 

RSA Priorities Addressed By This Research: GENERAL RESEARCH AREAS: Research to 
assess the impact of offshore wind energy development on the Atlantic sea scallop resource, 
including larval settlement and dispersal.   

A high-resolution, wind turbine-resolving coupled physical, and scallop IBM model system 
has been developed. Contracted by BOEM, we configured a refined subdomain grid ( up to ~1.0 
m) FVCOM ocean model under the platform of NECOFS, with a computational domain covering 
the regions of the shelf off MA, RI, Block Island, Block Island Sound, and Long-Island Sound 
(Chen et al., 2016). We named this subdomain FVCOM the northeast shelf FVCOM (NS-
FVCOM). The NS-FVCOM can resolve wind turbines in the offshore wind farm development 
regions and allows a quantitative assessment of regional responses to the offshore wind renewable 
energy facility development. The Vineyard Wind LLC proposed to deploy 80-100 wind turbine 
generators (WTGs) with two alternative D1 and D2 layouts (OCS EIS/EA, BOEM 2018-060). The 
separation spacing between individual WTGs in either of these two layouts is 0.75-1.0 nautical 
miles (1.39-1.85 km),  which is about 1.4 to 2.7 times shorter compared to the BOEM original 
plan. NS-FVCOM was upgraded to include the D1 and D2 layout designs of wind turbines in the 
VW leased area.  

 
Funded by the 2017-2018 Scallop RSA program, we have developed a scallop-IBM model 

consisting of a) four pelagic phases with age/size-specific behaviors assigned to each stage and b) 
a benthic stage with feeding, predation, starvation, resuspension, and natural/fishing mortality. 
Driven by NECOFS hourly hindcast fields of temperature, salinity, 3-D water currents, vertical 
and horizontal turbulent diffusion rates, bottom shear stress, etc., we have used the scallop-IBM 
to simulate the transport and dispersal of scallop larvae in early life stages over 1978-2016 (Chen 
et al., 2021). The results demonstrate that the significant interannual variability of larval dispersal 
is driven by biophysical interactions associated with scallop larval swimming behaviors in their 
early stages. The duration, frequency, and stimulus of larval vertical migration in the ocean mixed 
layer (OML) can affect the residence time of larvae in the water column over GB. It thus sustained 
the persistent aggregations of scallops in the Georges Bank (GB)/Great South Channel (GSC) and 
Southern New England (SNE) region.  

The 39-year simulation results show that SNE is the region featuring a maximum interannual 
variability of larval settlement. Selecting 2010 and 2013 (two years with significant larval 
settlement in the SNE region) as pilot study years, we used the coupled Scallop-IBM and NS-
FVCOM/NECOFS model system to examine the impact of the offshore WTG deployment in the 
lease area of OCS-A-0501 on the dispersal and settlement of scallop larvae in the region. The 
preliminary results show that the WTGs can significantly enhance the mesoscale eddy circulation 
and turbulent mixing within and around the turbine area, reducing horizontal larval dispersion and 
pushing the larvae offshore. The model suggests that the impact of WTGs on scallop larvae in the 
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SNE region could considerably change the larval abundance in the Nantucket Lightship Closed 
Area (NLCA).  

Both satellite-derived SST and NECOFS show that the northeast U.S. shelf experienced 
climate change-induced warming. The extreme warming at the shelfbreak off GB tends to intensify 
the cross-isobath water temperature gradient and enhance the clockwise subtidal gyre over GB. 
This change can increase the larval retention rate over GB/GSC, facilitating enhanced productivity 
in the GB/GSC and SNE region. The ongoing or proposed new WTG deployments in other lease 
areas of the Mass and Rhode Island Waters will expand the turbine-covering area. Could this 
expansion eventually affect scallop larval recruitment in the GB/GSC? The spawning time of sea 
scallops varies latitudinally across its range, extending from the Strait of Belle Isle, Newfoundland, 
to Cape Hatteras, North Carolina (Posgay, 1957; Barber and Blake, 2006; Stokesbury and 
Bethoney, 2020). Semi-annual spawning is characteristic of the GB and MAB (DuPaul et al., 
1989), dominated by the autumn spawn on GB and spring spawn in the MAB. As oceanographic 
conditions change on GB, spring-spawning may become increasingly important as it is in the 
MAB. Our wind turbine-resolving, coupled physical and fishery model system has demonstrated 
its capability of addressing the questions regarding the possible potential impact of the regional 
offshore wind renewable energy facility development on scallop larval transport, dispersion, and 
the connectivity between the GoM/GB and MAB during the early life stages of sea scallop larvae. 
As more areas in the northeast and MAB will be developed for wind renewable energy facilities, 
more research will be needed to assess the cumulative impact of these wind farms on scallop larval 
dispersion.  

Industry Partners: This project does not have a field component; therefore, no industry vessels 
have been involved in research. Six industry vessels from southern Massachusetts have started 
compensation fishing. They are "Pamela Ann, Brittany Eryn, Madison Kate, Jane Elizabeth, 
Eileen Rita, and Georges Banks."  
 

2.0 PRELIMINARY RESULTS AND DISCUSSION 

• Project goals and objectives 

The project aims to assess the potential impact of offshore wind renewable energy facilities on the 
connectivity between sea scallop populations of the Gulf of Maine/Georges Bank and Southern 
New England/Middle Atlantic Bight. This overarching project goal is being achieved with 
objectives of: 

1) coupling the scallop-IBM model with a high-resolution (up to ~1.0 m), wind turbine-resolving 
subdomain FVCOM ocean model under the framework of NECOFS;  

2) identifying years that show the connectivity of sea scallop population between GB/GSC and 
SNE as well as the MAB based on NECOFS-driven scallop-IBM model results and repeat the 
scallop-IBM experiments for those years under the 3-D physical fields from the NS-
FVCOM/NECOFS system for the cases with and without WTGs;  
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3) examining the responses of larval transport/dispersion, subsequent recruitment and connectivity 
between regions (e.g., GB to MAB, GB/GSC to SNE) to the offshore WTG development as 
spawning patterns/locations and intensities change on the upstream GB/GSC;  

4) repeating the above experiments with different designs of offshore WTG development (e.g., 
cover area, locations, and distance between WTG separation) and providing an optimal design 
with a balance between renewable energy development and commercial fisheries.  

• Development of a wind turbine resolving physical and Scallop-IBM model 

NS-FVCOM/NECOFS.  

The original version of NS-FVCOM was developed based on the BOEM initial proposed WTG 
design in the region,  including 140 WTGs, 135 WTGs in the BOEM-issued lease areas in the MA 
and RI waters, and 5 WTGs on the eastern shelf of the Block Island. The separation spacing 
between individual WTGs was about ~5 km in the MA and RI waters and ~ 2.5 km around Block 
Island. The BOEM approved the Vineyard Wind LLC (VW)’s site assessment plan (SAP) for the 
lease area of OCS-A-0501. The VW proposed to install up to 100 WTGs of 8 to 10 MW capacity 
in this lease area. Two alternative layouts (D1 and D2) were proposed with a separation spacing 
of ~0.75-1.0 nautical miles between individual WTGs,  which was about 1.4 to 2.7 times shorter 

Fig.1: The model grid of wind turbine-resolving regional- NECOFS and local subdomain NS-FVCOM 
coupled model system. Upper left: the NECOFS: A atmospheric (WRF)-ocean (FVCOM)-land (WBM) 
coupled model system. Red boxes: Nested domains 1 and 2 for WRF, black mesh: FVCOM grid with a 
horizontal resolution up to ~100 m, light blue: the WBM grid with a 2-km horizontal resolution. Upper 
right: The subdomain NS-FVCOM grid with a horizontal resolution up to ~1.0 m. Lower left: an 
enlarged view of the model grid designed based on the BOEM initial plan. Blue box is the lease area of 
OCS-A-0501 by following Vineyard Wind (VW). Lower middle: The FVCOM grid based on VW-
proposed layout 1 design of wind turbines. Lower right: an enlarged view of the grid around a wind 
turbine.  
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compared to the BOEM original plan. In the D1 layout, WTGs are aligned in a northwest-southeast 
orientation (Fig. 1), whereas in the D2 layout, WTGs are aligned in an east-west orientation (Fig. 
2). The towers of WTGs with the capacity of 8 MV and 10 MV have diameters of approximately 
20 feet (~6.1 m) and 28 feet (~8.5 m), respectively. These individual WTGs are mounted with 

either Monopile foundation or Jacket (Pin piles) foundation, with minimum and maximum 
foundation diameter sizes of 25 feet (~7.5 m) and 34 feet (~10.3 m) for Monopiles and 5 feet (~1.5 
m) and 10 feet (~3.0 m) for Pin piles, respectively.  

Funded by the 2017-2018 Scallop RSA program, we upgraded NS-FVCOM by reconfiguring 
the model grid to resolve WTGs in the lease area of OCS-A-0501. The refined grid was created by 
following VW’s proposed D1 and D2 deployment designs. The modified NS-FVCOM contains 
478,640 cells and 24,956 nodes for D1 layout and 455,133 cells and 230,244 nodes for D2 layout, 
respectively. For the same horizontal resolution, the D2 layout requires fewer grids than the D1 
layout. The NS-FVCOM is a fully wave-current coupled hydrodynamic model that remains the 
same nesting boundary with either GOM3-FVCOM or GOM6-FVCOM (an upgraded version). 
For this project, we ran the model first without the inclusion of current-wave interactions. This 
model 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 GOM3-FVCOM.  The regional FVCOM provides the initial and boundary conditions 
for hydrodynamics variables (the sea level, velocity, temperature, salinity, horizontal diffusion 
coefficient, and vertical eddy viscosity). The surface forcing data were provided by the hindcast 
data-assimilated fields of the WRF model. WRF is a non-hydrostatic, mesoscale weather forecast 
model (Grell, 1993). In NECOFS, the WRF is configured with a “regional” domain (covering the 
Northeast U.S.) and a “local” domain (covering the Scotian Shelf/GOM/GB/SNE/MAB) with a 
horizontal grid spacing of 30 and 10 km, respectively. Thirty-one non-uniform sigma levels were 
specified in the vertical, with a design to have a finer resolution near the sea surface. The WRF 
uses the hydrostatic North American Mesoscale weather model fields as initial and boundary 
conditions. These two models were coupled through the two-way nesting approach. To improve 
the model-predicted surface wind stress and heat flux, we implemented the COARE 3.0 bulk 
algorithm (Fairall et al., 1996, 2003) to NECOFS-WRF and used it to re-calculate the air-sea heat 
flux and wind stress. We also integrated all coastal NDBC and C-MAN surface weather data in 
the local domain through 4-D data assimilation. 

The nesting boundary of reconfigured NS-FVCOM consists of boundary cells with two 

Fig. 2:  The model grid of wind turbine-resolving NS-FVCOM for Vineyard Wind proposed D2 
layout. A total of 106 wind turbine and suppl facilities are included. 
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boundary lines connected by the triangle’s nodes. FVCOM contains three types of one-way nesting 
boundaries: direct, indirect, and relaxed. In this project, we used the direct nesting method. 
Following this method, we first re-ran the large domain GOM3-FVCOM, output all variables at 
nodes (surface elevation, temperature, salinity, vertical velocity) and cell centers (horizontal 
velocity) at every time step, and save these variables as a nesting boundary file. This nesting 
boundary file was then used to specify the hydrodynamic boundary condition for NS-FVCOM. 
The surface elevation in the nesting boundary file contains both tidal and subtidal components.  

Scallop-IBM. The Scallop-IBM consists of a) four pelagic phases with age/size-specific behaviors 
assigned to each stage and b) a benthic stage with feeding, predation, starvation, resuspension, and 
natural/fishing mortality (Fig. 3).  For a),  ages defined individual development in each stage: eggs 
<2 days, trochophores 2–4 days, veligers 5–40 days, and pediveligers > 40 days (Stewart and 
Arnold, 1994). We used fixed development times on pelagic stages under the assumption that the 
relatively small interannual changes in water temperature would produce insignificant modulation 
in larval development times. Similarly, the food limitation was not considered for larvae since that 
food was abundant during the pelagic stages. Modeled larval behavior and their vertical migrations 
were considered for each life stage. Eggs are spawned on the seabed, neutrally buoyant, and drift 
passively via vertical currents and turbulence but without vertical migration (Culliney, 1974; Silva 
and O’Dor, 1988; Tremblay, 1988; Tremblay et al., 1994). Trochophores have no directionality in 

their swimming and only randomly spin (Tian et al., 2009a) and were also treated passively. 
Laboratory experiments have found that once the first shell formed (prodisoconch) and the larvae 
appear in a ‘D’ configuration, their gravity centers are below the velum, causing them to swim 
upwards across the thermocline (Gallager, 1993; Gallager et al., 1996). Veligers are subject to 
horizontal drift in the surface OML above the thermocline, in which they actively switched 
between upward swimming and sinking to produce a distinct vertical migration pattern. Veligers 
are sensitive to light transitions, not to any prolonged state of light intensity like day or night 
(Gallager et al., 1996). Larvae between the ages of 5 and 40 days vertically migrate within the 
OML with various patterns such as thermocline-seeking aggregation (Tremblay and Sinclair, 
1990a), diel (Tremblay and Sinclair, 1990b), and semidiurnal cells (Gallager et al., 1996; Manuel 
et al., 1996). Tremblay and Sinclair (1990b) used a pump to make profile samplings of scallop 

Fig.3: Structures of the scallop-IBM model. Upper: the scallop life stage model including 4 pelagic stages 
(egg, trochophore, veliger, and pediveliger) and 2 benthic stages (juvenile, and adult) Lower: details of the 
benthic stage model.  
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larval abundance at eight stations on GB in October 1986 and 1987, respectively. Four of the 
stations were located in the stratified region. They observed an aggregation of bivalve scallop 
larvae in the thermocline at a depth of the subsurface chlorophyll maximum. In laboratory 
mesocosm experiments, over a diel cycle, veligers stayed near the surface at night,  moved down, 
and remained at the thermocline during the day (Manuel et al., 1996) (Fig. 4). Over semidiurnal 
migration cycles, they stayed near the surface when daybreak, moved to the thermocline around 
noon, came up towards the surface at sunset, and were back to the thermocline around midnight, 
forming bio-convective cells within the OML after dark (Manuel et al. 1996). Larvae also respond 
to turbulence’s ephemeral pulses greater than 10-7 W.Kg-1 by withdrawing their velum and sinking 
rapidly until the turbulent energy has subsided (Pearce et al., 1998).  The currents in the GB/GSC 
region are dominated by the semidiurnal M2 tidal currents. During the autumn, the thermocline 
varied significantly due to winds. The flow differed at the surface and thermoclines so that 
migration behaviors influenced larval retention. However, these extensive suites of swimming 
behaviors have never been captured in a model to date. In the past, the larvae were treated as 
particles with a random walk (e.g., Stewart and Arnold, 1994; Tian et al., 2009a) or simple 
thermocline seeking behavior (Gilbert et al., 2010; Davies et al., 2014, 2015; Munroe et al. 2018). 
Swimming behaviors could contribute significantly to the overall larval transport potential since 
they are always responding to the stimuli by changing their depth (Gallager et al., 1996). Late-
stage pediveligers (>40 days) migrate downwards to settle on the seabed (1.7 mm s-1), but may 
remain at the thermocline for more than 100 days and delay metamorphosis if thermal conditions 
are not suitable (Pearce et al., 1996). Such a delay in the settlement could lead to higher retention 
if larvae are in a gyre circulation. Mortality throughout the pelagic phase is carefully parameterized 
based on data and conditions provided in the literature (e.g., Gallager et al., 1986a,b, 1988; 
McGarvey et al. 1992).  
 

The Scallop-IBM consists of a super-individual tracking equation given as  
𝑃!(�⃗�"#$, 𝑡"#$) = 𝑃!(�⃗�", 𝑡") + ∫ �⃗�%!"#

%!
(𝑥, 𝑡)𝑑𝑡 +𝑊&(𝑥, 𝑦, 𝑡")∆𝑡 + 𝑅' + 𝑅(          (1) 

where 𝑃!(𝑥, 𝑡) is the egg or larval number in the ith super-individual at the location	�⃗� = 𝑥𝚤 + 𝑦𝚥 +
𝑧𝑘6⃗ ) at the time t;  x, y, and z are the east, north and vertical axes of the Cartesian coordinates; 𝚤,
𝚥, and	𝑘6⃗  are unit vectors in x, y and z directions; subscript n represents the nth time step; 𝑣 is the 
three-dimensional velocity vector;  ∆𝑡 is the time step equaling 𝑡"#$ − 𝑡"; 𝑊& is the vertical 
migration speed due to larval behavior; 𝑅' and 𝑅( are the horizontal and vertical random walks 
as functions of model-produced horizontal and vertical diffusion coefficients. The formulations of 
𝑅' and 𝑅( were described in Tian et al. (2009c). Eq. (1) is solved by the 4th-order, 4-stage explicit 
Runge-Kutta (ERK) method with the detail given in the FVCOM User Manual (Chen et al., 2013). 
The time step used in larval tracking was 120 sec, with the random walk time step of 6 sec.   
 

The super-individual approach is commonly used in larval transport studies  (Scheffer et al., 
1995; Bartsch and Coombs, 2004; Woods, 2005; Tian et al., 2009a), which has a similar meaning 
as the simulated larvae defined in North et al. (2008). A super-individual was defined as an 
ensemble particle containing a total of 1.0×108 individual eggs. In the Scallop-IMB, the spawning 
undergoes two phases before and after larval release (Tian et al. 2009c), and the larval numbers in 
each super-individual are given as  
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𝑃!(𝑥, 𝑡) = ;𝑁)𝐸) ∫
$

√+,-
%
%$

𝑒.
#
%(
&'&(
) )%𝑑𝑡 Spawning period

𝑃!(𝑛, 𝑡 − ∆𝑡)𝑒.1%													 Release period   
                            (2) 

where 𝑁) is the total adult scallops in a spawning cell at �⃗�; 𝐸) is the total eggs spawned by an 
individual scallop; to is the initial time at which the ith super-individual forms; tm is the maximum 
spawning time; σ is the standard deviation;	∆𝑡	is the numerical integration time step. M is the 
instantaneous mortality rate given as a constant of 0.25 d-1. This constant number was adopted 
from McGarvey et al. (1992) and Tian et al. (2009c). A super-individual formed as total spawned 
eggs reached 1.0×108. The super-individual approach helps us reduce the requirement for a 
computer's memory to handle a large number of particles.  
 

A benthic stage with feeding, predation, starvation, resuspension, and natural/fishing mortality 
was implemented into the current version of scallop-IBM. In the previous model, the sea scallop 
spat, juvenile, and young adult are integrated into a single compartment “Scallop,”  Age, weight, 
and height attributes are simulated in a continuous manner. Age is incremented at each time step, 
whereas shell height and weight are simulated based on trophodynamics and metabolism. 
Starvation mortality is linked to metabolism and food assimilation. Insufficient food assimilation 
to satisfy metabolism energy consumption results in starvation mortality (Ross and Nisbet, 1990). 
It happens when scallop larvae are dispersed and settled in regions where food items are scarce, 
such as in the deep gulf and certain stratified areas over GB/GSC and MAB. Forcing includes 
current and turbulence diffusivity, temperature, and predators. The NECOFS hourly archived 
currents and temperatures are used to drive the model, and crab and starfish data are used to specify 
predation pressure. Food items include phytoplankton, biogenic detritus, and suspended terrestrial 
sediment, with each food compartment having a different nutritional value parameterized as a 
growth efficiency coefficient. Suspended sediments do not possess any nutritional value, but they 
do interfere with the scallop filtration performance. The inclusion of this compartment is aimed at 
resolving the interference of suspended terrestrial detritus with the scallop food intake system and 
filtration clogging at a high concentration of suspended matter. The phytoplankton and detritus 
field will be provided by the Nutrient-Phytoplankton-Zooplankton-Detritus (NPZD model 
simulation results (Zang et al., 2021).  

• The 39-year Scallop-IBM experimental Results  
 

Early life stages. We have conducted the coupled scallop-IBM/NECOFS model experiments 
to examine the influences of scallop larval behaviors and flow variability on dispersal and 
settlement of scallop larvae and the larval connectivity between GB/GSC and the MAB. The 
simulation covered 39 years from 1978 to 2016. Physical variables and parameters include the 
flow-induced advection, water temperature, mixing intensity, and OML depth. To distinguish the 
physical and biological impacts, we drove the Scallop-IBM by spawning based on the multiyear-
averaged abundance and distribution of adult sea scallops over 1979-2017. The scallop data used 
to create the multiyear-averaged field included video and dredge surveys from SMAST/UMASSD, 
NOAA, and BIO/Canada. Different efficiency estimates were made for video and dredge data. 

 
Adult sea scallops spawn in the spring and fall seasons, with the dominant spawning in the 

autumn (Posgay and Norman, 1958). We only considered the fall spawning season in our 
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experiments. Following the previous approach used in Tian et al. (2009a), in each year, we 
specified the scallop spawning to satisfy a normal distribution starting at 00:00 GMT, September 
1 and ending at 24:00 GMT, October 10. Peak spawning was set on September 20, with a 1-week 
standard deviation. The major spawning, which accounted for an amount of 95% of the total 
spawning, was completed over four weeks, a spawning time range observed in the field 
measurements (Posgay and Norman, 1958; Posgay, 1976; Mullen and Morning, 1986; DiBacco 
et al., 1995).  

 
The simulation was repeated yearly. Each year, Scallop-IBM was integrated over three months 

from September 1 to November 30, considering a time scale of ~40 days for larval settlement. Two 
types of experiments were made (hereafter referred to as "Exp-I and Exp-II"). For Exp-I, the model 
parameters were the same as those used in Tian et al. (2009a). Active vertical migration was 
specified for each life stage. At the age of 2 days, the larvae started migrating upward towards the 
surface at a speed of 0.3 mm/s. At the age of 5 days or later, the rate of upward larval migration 
was decreased to 0.1 mm/s. At the age of 40 days, veligers developed into pediveligers, which 
actively migrated downwards to the seabed at a speed of 1.7 mm/s and settled on a suitable 
substrate. For Exp-II, in addition to the parameters considered in Exp-I, we included the vertical 
migration of scallop larvae during early stages within the surface OML following the schematic 
patterns.  Once larvae entered the OML, the upward larval migration speed was replaced by larval 
vertical migration behaviors specified in the OML in all Exp-II cases. During the spawning period 
in September, the water was generally well mixed in the shallow regions (< 40 m) over GB and 
stratified in the deeper water between tidal mixing and shelfbreak fronts (~40-100 m) on the 
southern flank of GB. During that period, the wind-induced surface OML could deepen to ~20-40 
m in the stratified region. We included a vertical larval migration in the model to examine how 
this type of larval behavior may affect larval settlement after 40 days.  

 
Table 1: Types of numerical experiments 

                     Parameters 
Case 

OML Larva behavior 

Case 1 (C#1) No No 
Case 2 (C#2) 10 m diel migration 
Case 3 (C#3) 10 m semidiurnal migration 
Case 4 (C#4) 30 m diel migration 
Case 5 (C#5) 30 m semidiurnal migration 
Case 6 (C#6) varying  diel migration 
Case 7 (C#7) varying  semidiurnal migration 
Case 8 (C#8) varying  thermocline-seeking 

 
The numerical experiments were done for eight cases (Table 1). C#1 is defined as the case for 

Exp-I in which vertical migrations in the OML were not included. Exp-II was made for seven 
cases. C#2,  C#3, C#4, and C#5 are defined as the cases with diel or semidiurnal vertical migration 
behavior in a fixed 10 or 30-m depth OML, respectively. C#6 and C#7 refer to the cases with diel 
and semidiurnal vertical migration behaviors in the physical model’s predicted, spatiotemporally-
varying OML. We also did an experiment by constraining larvae at the bottom of the model-
predicted OML after they migrated upward to the surface at the age of 5 days, and referred it to as 
a “ thermocline-seeking behavior” case (C#8). For C#6, C#7, and C#8, the hourly OML depth was 
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determined by vertical profiles of the model-simulated water density through an empirical method 
(Chen et al., 2021).  
 

This work was supported by the NOAA Scallop RSA Program (NA17NMF4540042) leading 
by the UMASSD, and the NOAA climate program leading by the WHOI. The results were written 
into a peer-reviewed paper,  which is in revision for Progress in Oceanography (Chen et al., 2021). 
A brief summary of our statistical analysis results is described here.  

Fig. 4: The 39-year mean, percentage, and standard deviation of settled scallop larvae over 1978-
2016 for C#1-C#5. a-c: C#1 (No OML); d-f: C#2 (10 m-OML: diel); g-i: C#3 (10 m-OML: 
semidiurnal); j-l: C#4 (30 m-OML: diel); m-o: C#5 (30 m-OML: semidiurnal). Two thick gray lines 
are the boundaries between GB/GSC, SNE, and MAB. Gray lines are the 50, 100, and 200-m isobath 
contours. 
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Dividing the model domain into 2×2 km boxes, we statistically calculated the mean, 
percentage, and standard deviation of larval density over 39 years from 1978 to 2016 for C#1-C#5, 
respectively. Probability is represented by the settling percentage of larvae in each box over 39 
years, ranging from 0 (0%) to 1 (100%). Standard deviation was estimated relative to the 39-year 
mean, which illuminated the range of the interannual variability. For C#1, the mean larval density 
remained high over GB/GSC and SNE, with a significant interannual variability occurring in the 
SNE and MAB region (Figs. 4a-c). In this case, the probability rate of larvae entering the MAB 
was up to 50%.  For C#2 and C#3,  the diel vertical larval migration tended to retain larvae over 
GB/GSC and SNE, with maximum interannual variability occurring over the SNE shelf and 
northern area of the MAB (Figs. 4d-i). In these two cases, the model showed that including the 
larval behavior in the OML considerably reduced the probability rate of larvae entering the MAB. 
The major difference between these two cases was in the spatial distribution of settled larvae over 
GB/GSC and SNE. In the semidiurnal case, more larvae accumulated in the eastern portion of 
NLCA and the center of GB.  For C#4 and C#5, deepening of the OML favored the larval retention 
over GB/GSC and SNE and restricted larval transport from entering the MAB, even though it 
happened occasionally (Figs. 4j-o). Similar to the 10-m OML case, the primary difference between 
diel and semidiurnal migration cases was in the spatial distribution of settled larvae. The 
semidiurnal migration behavior in the OML led to denser larval accumulation in the three closed 
areas, especially in the northern portion of CA-II over the northeastern flank of GB.  Regardless 
of whether larval swimming behaviors in the OML were considered, the SNE was a region 
featuring the maximum larval interannual variability.  

 

Fig.5:  The 4-year mean, percentage, and standard deviation of settled scallop larvae over 2013-2016 
for C#6, C#7, and C#8. a-c: C#6 (varying OML: diel); d-f: C#7 (varying OML: semidiurnal); g-i: 
C#8 (thermocline-migration). Two thick gray lines are the boundaries between GB/GSC, SNE, and 
MAB. Gray lines are the 50, 100, and 200-m isobath contours. 
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We started implementing a method to determine the real-time OML depth in the simulation in 
2013. The experiments for varying OML were done for 2013-2016. The statistics of these four-
year results for C#6-C#8 showed that regardless of vertical migration patterns, the GB/GSC and 
SNE had high scallop larval settlement, with the maximum interannual variability occurring over 
the SNE shelf (Fig. 5). In particular, the spatiotemporal variability of the OML led to denser larval 
accumulation in the NLCA. No larvae were advected into the MAB in all three cases of C#6, C#7, 
and C#8. We also estimated the percentage of larvae settling in three geographic zones of GB/GSC, 
SNE, and the MAB for these three cases and compared the results with C#5. For the semidiurnal 
migration case, the interannual variability for C#5 and C#7 exhibited a similar pattern in the 
GB/GSC and SNE regions. The spatiotemporally-varying OML produced a high retention rate on 
GB/GSC, with a 5.4% difference between GB/CSC and SNE regions for these two cases. Also, 
C#7 predicted less larval transport to the MAB than C#5, even the transports for both cases were 
close to zero.  For the diel migration case, although the settled larvae percentages in the GB/GSC 
and SNE regions showed a similar variation for C#6 and C#4, the spatiotemporally-varying OML 
produced a more favorable condition to retain the larvae on GB/GSC than the fixed-depth OML. 
The difference was up to 9.5% between GB/GSC and SNE regions for these two cases. The larval 
settlement showed relatively large variability in C#8. The mean percentages over 2013-2016  were 
62.9% over GB/GSC, 37.2% over the SNE shelf, and 0.0% entering the MAB.  
 

The benthic phase. Initialized with larvae settled at the seabed each year, we ran the benthic 
stage Scallop-IBM to predict the abundance and distribution of scallops over four years. The 

Fig. 6: Upper left: Distribution of settled scallop larval density on November 30, 2008.  Right 
panels: Distributions of simulated (right upper) and observed (right lower) scallop densities in 
2012. Lower left: Comparison of observed and simulated scallop densities with respect to scallop 
size in 2012. The simulation was done with a model-predicted initial post-settled larvae in 2008. 
Note: the observed densities included all age scallops, while the simulated densities only covered 
the  4-year age scallops. In the lower left panel, we also included the results for the model run 
starting at 2008, 2009, 2010, and 2011.  
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benthic stage considered in feeding, predation, starvation, resuspension, and natural/fishing 
mortality, but has not turned on post-settling swimming behaviors. The simulation was done with 
the initial larval settlement for 1978-2012, and the prediction was made for 1982-1016. We are 
now in the analysis stage for the model results. The preliminary simulation results are encouraging. 
The distribution of simulated scallops were reasonably consistent with the field sampled data. 

An example is shown in Fig. 6 for the distributions of simulated and observed scallop densities 
in 2012. The initial condition used for this run was 2008. We compared the simulated and observed 
scallop densities, weights, and heights by divining the scallops with the same age ranges. We found 
that the model overestimated the scallop density at each size group due to 1) underestimated 
instantaneous mortality rate and 2) overestimated settled larval abundance resulted from spawning 
based on the multiyear-averaged abundance and distribution of adult sea scallops over 1979-2017. 
An additional effort is proposed to expand the larval dispersal experiments with spawning 
determined by yearly-measured spawning stocks and consider the size-dependency of spawning. 
Process-oriented experiments should also be conducted to examine how the bottom temperature, 
food limits, mortality, habitats,  etc., affect the scallop’s growth and distributions.  

 
• The 2010 and 2013 case studies for WTG’s impacts on scallop larval dispersions  

 

 Fig.7:  Settlement locations of super larval particles for 2010 and 2013 for the case with swimming 
behaviors in the oceanic mixed layer.  Upper panels; semidiurnal migration. Lower panels: diel 
migration.  
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The 39-year Scallop-IBM simulation results indicate that the scallop larval settlement 
exhibited a significant interannual variability. We selected  2010 and 2013 as pilot experimental 
years to examine how the deployment of WTGs in the Vineyard Wind's lease area could affect the 
larval dispersal and settlement in the SNE region. The Scallop-IBM results without the WTGs 
show a significantly larval transport into the wind farm development area during these two years 
(Fig. 7). The Scallop-IBM was driven by the physical fields produced by a  coupled NS-FVCOM 
and NECOFS model for the cases with and without WTGs.  In each year, the simulation period 
covered three months from September 1 to November 30, with the same fall spawn setup as the 

39-year simulation experiments. The assessment was made by comparing the larval dispersion and 
settlement distributions between the cases with and without WTGs.  The comparisons include 1) 
the three-dimensional (3D) flow field, 2) water temperature, 3) bottom stress, and 4) larval 
dispersion and settlement distributions. By releasing particles within and around WTGs, we also 

Fig. 8: Locations/abundances of settled super-individuals (left) and distributions of the settled larval 
density (right) in the SNE region for the cases with and without WTGs on November 30,2010. The 
black box indicates the Nantucket Lightship Closed Area. Gray dots are the WTGs’ locations.  
 

Fig. 9: Locations/abundances of settled super-individuals (left) and distributions of the settled larval 
density (right) in the SNE region for the cases with and without WTGs on November 30, 2013. The black 
box indicates the Nantucket Lightship Closed Area. Gray dots are the WTGs’ locations.  
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examined the change in physical processes with the deployment of WTGs. Some examples are 
shown here to highlight the shift of larval settlement after the WTGs deployments. 

 
The preliminary results show that the flow field significantly changed with WTGs. The flow 

tended to push the larvae offshore during both the 2010 and 2013 simulation periods (Figs. 8 and 
9). The WTGs produced mesoscale flows and enhanced vertical mixing within and around 
individual WTGs, which considerably reduced the horizontal dispersion around the wind energy 
development area. In those two years, a large number of larvae were advected into the Nantucket 
Lightship Closed Area. Although larval behaviors play a critical role in the larval dispersal and 
settlement by altering the flow-induced advection experienced at different depths, the WTGs seem 
to significantly change vertical mixing and horizontal advection as well as horizontal turbulent 
dispersion. Using a so-called ensemble larval swimming behavior approach, we calculated the 
mean, percentage, and deviation of settled scallop larvae for the cases with and without WTGs. 
Changes in the flow field due to WTGs tended to push larvae together and advected them as a 
group offshore. As a result, the settle percentage in the Nantucket Lightship Closed Area increased 

considerably (Fig. 10). To examine the physical mechanism attributing to these changes, we 
released particles within and around WTGs. We found that the WTGs could remarkably reduce 
the particle dispersion in the wind energy development area. We also examined the impact of 
WTGs on vertical mixing. A detailed discussion will be given in the Share Day presentation.  

 
 

 

Fig. 10: The  mean, percentage, and standard deviation of settled scallop larvae averaged over 2010 
and 2013 for the cases with and without WTGs. The calculation was done for ensembled results with 
diel and semidiurnal larval behaves in the ocean mixed layer. Black dots: locations of individual WTG. 
Black box: Nantucket lightship closed area.  



  2021 Scallop RSA Share Day 

16 

 

3.0   SPECIAL COMMENTS 
 

The case study suggests that the WTGs could significantly impact the larval dispersion in the 
SNE region. Our experiments only considered one wind farm development case in the lease area 
of OCS-A-0501. Several new developments have been taken place in Mass and Rhode Island 
Waters and the Mid-Atlantic Bight. As the coverage of WTGs expands, the cumulative impacts of 
WTGs on scallop larval dispersion and transports could change significantly. It is imperative to 
continue modeling assessment by including ongoing and future WTGs developments in the region. 
In addition, to assess the impact of WTGs on scallop larval recruitment, we need to run the Scallop-
IBM to cover the benthic stage with the inclusion of WTGs.  
 
Due to Covid-19 Pandemic in Massachusetts, the UMASS-D has closed all laboratories since 
March 2020. This decision has significantly influenced our project. In the past, the shutdown 
computer nodes can be easily turned on mutually by the computer manager, but now we have to 
submit a request to access the building. All model result analyses are being conducted using 
workstations in our offices that could be accessed only through VPN. It has significantly 
influenced working efficiency. The UMASS-D will re-open in the fall semester of 2021, and we 
believe that an in-person working environment will help accelerate the project's progress in the 
following year.  
 
For the compensation fishing, although COVID-19 has impacted our ability to complete the 
harvest of the allocated RSA amount, we have completed the allocated amount before the end of 
the fishing year. 
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