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A B S T R A C T

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 M2 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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o c e a n r e s p o n s e s t o l o c all y i n d u c e d c h a n g e s b y wi n d t ur bi n e s. 
S el e cti n g a h u n dr e d- y e ar e xtr atr o pi c al st or m ( N or ’e a st er i n F e br u ar y 

1 9 7 9) a n d H urri c a n e B o b i n A u g u st 1 9 9 1 a s s c e n ari o s, w e e x e c ut e d t h e 

n e st e d m o d el f or c a s e s wit h a n d wit h o ut t h e i n cl u si o n of 1 3 6 wi n d 

t ur bi n e s c o v eri n g t h e e ntir e B O E M- a p pr o v e d M A a n d RI l e a s e ar e a s. O ur 

a s s e s s m e nt f o c u s e d o n i n v e sti g ati n g t h e i m p a ct of f ut ur e off s h or e wi n d 

e n er g y r e s o ur c e d e v el o p m e nt o n s urf a c e w a v e s, cir c ul ati o n, w at er 

tr a n s p ort, a n d b ott o m str e s s a cr o s s l o c al a n d r e gi o n al s c al e s ( C h e n et  

al.,  2 0 1 6 a ). A k e y fi n di n g of o ur st u d y r e v e al e d t h at d uri n g st or m s, 

t h e e n vir o n m e nt al c h a n g e s i n d u c e d b y t h e wi n d t ur bi n e f a cilit y 

e x hi bit e d s p ati al a n d t e m p or al v ari ati o n s i n r e s p o n s e t o alt er ati o n s i n 

wi n d i n-t e n sit y a n d wi n d dir e cti o n fi el d s. D e s pit e t h e s e c h a n g e s, o ur 

si m ul ati o n s, b a s e d o n a 5 – 6 n a uti c al mil e s ( n m) m o n o pil e s e p ar ati o n 

s c al e, i n di c at e d t h at fi s h l ar v a e c o ul d n a vi g at e t hr o u g h t h e off s h or e 

wi n d t ur bi n e ar e a s d u ri n g st or m s wit h o ut si g ni fi c a nt i m p e di m e nt s. 

H o w e v er, it i s n ot e- w ort h y t h at c urr e nt i n d u str y st a n d ar d s m a n d at e a 

1- n m s e p ar ati o n s c al e b et w e e n m o n o pil e s. T hi s r ai s e s t h e cr u ci al

q u e sti o n of h o w t h e c urr e nt a n d pl a n n e d 1- n m m o n o pil e s e p ar ati o n

l a y o ut m a y p ot e nti all y i m p a ct l o c al a n d r e gi o n al e n vir o n m e nt al

c h a n g e s, s p e ci fi c all y it s eff e ct s o n t h e tr a n s p ort a n d di stri b uti o n of fi s h

a n d s h ell fi s h l ar v a e.

N a nt u c k et S h o al s i s a fl o w-t hr o u g h r e gi o n c h ar a ct eri z e d b y t w o 

di sti n ct w at er s o ur c e s: t h e s o ut h w ar d fl o w fr o m t h e C a p e C o d c o a st 

a n d t h e w e st w ar d fl o w f r o m t h e s o ut h er n G e or g e s B a n k ( G B) a n d s h elf 

br e a k ( Fi g. 1 ) (S h e ar m a n a n d L e nt z, 2 0 0 3 ). T h e w at er fl o wi n g 

t hr o u g h t h e s o ut h er n N E S m ai nt ai n s it s s o ut h w ar d tr aj e ct or y t o w ar d 

t h e s o ut h er n M A B. A d diti o n all y, N a nt u c k et S h o al s i s i d e nti fi e d a s a 

hi g h ti d al e n er g y di s si p ati o n ar e a ( S h e ar m a n a n d L e nt z, 2 0 0 4 ), 

w h er e t h e s o ut h w ar d- pr o p a g ati n g ti d al e n er g y fl u x fr o m t h e w e st er n 

G ulf of M ai n e ( G O M) al o n g C a p e C o d m e et s t h e n ort h e a st w ar d ti d al 

e n er g y fl u x fr o m t h e N E S ( C h e n et al., 2 0 1 1 ). T h e pi v ot al q u e sti o n 

r e v ol v e s ar o u n d t h e p ot e nti al i m p a ct of off s h or e wi n d f a ciliti e s o n t h e 

w e st er n si d e of t hi s r e gi o n o n t h e ti d al e n er g y fl u x i n t h e c o n v er g e n c e 

z o n e. S p e ci fi c all y, t h e i n q uir y ai m s t o u n d er st a n d w h et h er s u c h 

f a ciliti e s c o ul d alt er t h e ti d al e n er g y fl u x fr o m t h e N E S a n d 

s u b s e q u e ntl y i n fl u e n c e s e di m e nt di stri b uti o n i n N a nt u c k et S h o al s. T h e 

pr e s e n c e of wi n d t u r bi n e s, p ot e nti all y a cti n g a s b arri er s,  pr o m pt s 

c o n si d er ati o n of w h et h er t h e y m a y g e n er at e 

m e s o s c al e or e v e n s m all- s c al e e d di e s a n d c urr e nt s wit hi n a n d ar o u n d  t h e 

wi n d e n er g y ar e a. C o n s e q u e ntl y,  t h e q u e sti o n  c e nt e r s o n w h et h er t h e 

t ur bi n e-i n d u c e d fl o w c o ul d e n h a n c e v erti c al a n d h ori z o nt al mi xi n g, 

l e a di n g t o p ot e nti al alt er ati o n s i n s e di m e nt tr a n s p ort a n d di stri b uti o n. 

Gi v e n t h e criti c al d e p e n d e n c e of s c all o p l ar v al s ettl e m e nt a n d r e cr uit-

m e nt o n t h eir h a bit at, it b e c o m e s i m p er ati v e t o a s s e s s t h e p ot e nti al 

i m p a ct s of off s h or e wi n d e n er g y f a ciliti e s o n l o c al a n d r e gi o n al e n vi-

r o n m e nt s. T hi s q u e sti o n u n d er s c or e s t h e n e e d f or a n a s s e s s m e nt t h at 

ai m s t o pr o vi d e o pti m al d e si g n o pti o n s, stri ki n g a b al a n c e b et w e e n t h e 

n ati o n ’s r e n e w a bl e e n er g y d e v el o p m e nt g o al s a n d t h e s u st ai n a bilit y of 

c o m m er ci al fi s h eri e s. 

T h e M A B, s p a n ni n g fr o m C a p e C o d, M A, i n t h e n ort h t o C a p e H at-

t er a s, N C, i n t h e s o ut h, i s k n o w n f or it s c h ar a ct eri sti c “ c ol d p o ol ” n e a r 

t h e b ott o m d uri n g s pri n g t hr o u g h f all (L e nt z, 2 0 1 7 ). T hi s c ol d p o ol 

e m er g e s wit h t h e s e a s o n al d e v el o p m e nt of t h e t h er m o cli n e i n s pri n g, 

cr e ati n g a f a v or a bl e e n vir o n m e nt f or fi s h eri e s, p arti c ul arl y s c all o p s. 

C o n c er n s h a v e b e e n r ai s e d b y Mil e s et al. ( 2 0 2 1)  r e g ar di n g p ot e nti al 

c h a n g e s i n str ati fi c ati o n d u e t o off s h or e wi n d f ar m d e v el o p m e nt t h at 

c o ul d i m p a ct t h e s e a s o n al f or m ati o n a n d d e gr a d ati o n of t h e c ol d p o ol, 

c o n s e q u e ntl y aff e cti n g fi s h er y pr o d u cti o n i n t h e r e gi o n. 

T h e n ort h e a st c o a st al c o m m u niti e s ar e gr a p pli n g wit h t h e i m p a ct s of 

cli m at e c h a n g e, p arti c ul arl y t h e eff e ct s of h e at w a v e s a n d ri si n g s e a 

l e v el s o n st or m-i n d u c e d c o a st al i n u n d ati o n, c o a st al e c o s y st e m s, a n d 

fi s h eri e s. T h e gr o wi n g c o n c er n i s t h at t h e s e i m p a ct s will b e 

e x a c er b at e d b y i n cr e a si n g gl o b al w ar mi n g i n t h e U. S. N ort h e a st r e gi o n 

(C h e n et al., 2 0 2 1 a ). T h e w ar mi n g tr e n d i s e vi d e nt i n t h e s at ellit e-

d eri v e d s e a s urf a c e t e m p er at ur e ( S S T) c h a n g e o v er t h e U. S. 

n ort h e a st er n s h elf i n r e c e nt d e c a d e s ( Fi g. 2 ), wit h a si g ni fi c a nt 

w ar mi n g e v e nt o c c urri n g i n 2 0 1 2. T h e w ar mi n g r at e of t h e S S T 

a v er a g e d o v er t h e s h elf b o u n d e d at t h e 3 0 0- m  i s o b at h  w a s 

a p pr o xi m at el y 0. 0 4 ◦ C / y e ar fr o m 1 9 8 2 t o 2 0 2 0. A s s u mi n g 2 0 1 2 a s 

a y e ar f or w ar mi n g r e gi m e s hift, t h e m e a n S S T s u b- s e q u e ntl y r o s e b y 

a b o ut 1. 0 ◦ C c o m p ar e d t o t h e cli m at ol o gi c al S S T m e a n a v er a g e d o v er 

1 9 8 2 – 2 0 1 1. 

T hi s w ar mi n g tr e n d i s c a pt ur e d i n t h e N E C O F S. T h e w ar mi n g r at e 

e x hi bit s si g ni fi c a nt s p ati al v ari ati o n, wit h t h e m a xi m u m w ar mi n g 

o b s er v e d ar o u n d t h e s h elf br e a k off G B. A s d et e ct e d i n t h e N E C O F S- 

Fi g. 1. T h e l e a si n g ar e a s i n t h e f e d er al w at er s of M a s s a c h u s ett s a n d R h o d e I sl a n d o v erl a p p e d wit h t h e s c h e m ati c p att er n of t h e fl o w fr o m t h e C a p e C o d c o a st o n t h e 

n ort h a n d s o ut h er n G e or g e s B a n k o n t h e e a st (t h e w hit e arr o w s) a n d e d di e s fr o m t h e G ulf of Str e a m (r e d c ol or ri n g s). H e a v y d a s h e d li n e s r e pr e s e nt t h e cl o s e d ar e a s i n 

t h e Gr e at S o ut h C h a n n el ( C A-I) a n d t h e N a nt u c k et li g ht ( N L C A). T h e ri g ht-l o w er p a n el s ar e t h e l a y o ut d e si g n s ( D 1 a n d D 2) pr o p o s e d i niti all y b y Vi n e y ar d Wi n d L L C . 

( F or i nt er pr et ati o n of t h e r ef er e n c e s t o c ol or i n t hi s fi g ur e l e g e n d, t h e r e a d er i s r ef err e d t o t h e w e b v er si o n of t hi s arti cl e.) 

C. C h e n et al.
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si m ul at e d t e m p er at ur e a n d fi o w fi el d s, t h e w ar mi n g h a s i nt e n si fi e d t h e 

cr o s s-i s o b at h g r a di e nt of w at er t e m p er at ur e o n t h e s o ut h er n fi a n k of G B, 

c o n s e q u e ntl y str e n gt h e ni n g t h e cl o c k wi s e g yr e o v er t h e b a n k. W h e n 

c o m bi ni n g m ulti- s o ur c e s c all o p a b u n d a n c e d at a wit h N E C O F S- 

a s si mil at e d b ott o m t e m p er at u r e s o v er t h e p eri o d 1 9 7 8 – 2 0 1 7, a hi g h 

g e o gr a p hi c c orr el ati o n b et w e e n b ott o m t e m p er at ur e a n d s c all o p a b u n-

d a n c e di stri b uti o n i s e vi d e nt ( Fi g. 2 ). Gi v e n t h at b ott o m t e m p er at ur e i s 

a pri m ar y f a ct or dir e ctl y i m p a cti n g s c all o p gr o wt h i n t h e b e nt hi c st a g e, 

r e gi o n al w ar mi n g m a y pl a y a cr u ci al r ol e i n t h e s c all o p r e cr uit m e nt. 

M or e o v er, w ar mi n g i s a nti ci p at e d t o e n h a n c e w at er str ati fi c ati o n, 

r e s ulti n g i n a t hi n n er s urf a c e o c e a n mi x e d l a y er ( O M L). C h e n et al.  

( 2 0 2 1 a) hi g hli g ht e d t h at t h e s ettl e m e nt of s c all o p l ar v a e i s 

si g ni fi c a ntl y i n fi u e n c e d b y l ar v al b e h a vi or s i n t h e O M L. T h e t hi n O M L 

t e n d s t o r e d u c e t h e l ar v al r et e nti o n i n t h e w at er c ol u m n. A n e s s e nti al 

q u e sti o n e m er g e s: H o w will t h e i m p a ct of w ar mi n g c h a n g e aft er 

t h e d e v el o p m e nt of off s h or e wi n d f ar m s i n t h e r e gi o n ? T hi s q u e sti o n 

r e m ai n s u n e x pl or e d, p arti c ul arl y u si n g a wi n d t ur bi n e-r e s ol vi n g, 

hi g h-r e s ol uti o n c o u pl e d p h y si c al a n d fl s h er y m o d el. 

I n 2 0 1 8, t h e B O E M gr a nt e d a p pr o v al f or Vi n e y ar d Wi n d L L C ’s ( V W ) 

Sit e A s s e s s m e nt Pl a n ( S A P) wit hi n t h e l e a s e ar e a of O C S- A- 0 5 0 1. V W 

pr o p o s e d t h e i n st all ati o n of u p t o 1 0 0 wi n d t ur bi n e g e n er at or s 

( W T G s), e a c h wit h a c a p a cit y r a n gi n g fr o m 8 t o 1 0 m e g a w att s ( M W) 

(O C S EI S /  

Fi g. 2. U p p er-ri g ht p a n el: T h e y e arl y S e a S urf a c e T e m p er at ur e ( S S T) i n cr e a s e r at e o v er t h e p eri o d 1 9 8 2 – 2 0 2 0. T hi s r at e w a s e sti m at e d b a s e d o n s at ellit e- d eri v e d S S T 

d at a i n t h e r e gi o n s h o w n i n t h e l o w er-ri g ht p a n el. S oli d bl a c k d ot s r e pr e s e nt t h e y e arl y a v er a g e d S S T f or e a c h y e ar, w hil e t h e t hi c k r e d li n e i n di c at e s t h e li n e ar 

r e gr e s si o n fltti n g li n e. L o w er-ri g ht p a n el: T h e di stri b uti o n of t h e y e arl y S S T i n cr e a s e r at e a v er a g e d o v er t h e p eri o d 1 9 8 2 – 2 0 2 0. U p p er-l eft p a n el: O b s er v e d s c all o p 

a b u n d a n c e  v er s u s  a ut u m n- m e a n  b ott o m  w at er  t e m p er at ur e  s a m pl e d  o v er  t h e  n ort h e a st  U. S.  c o nti n e nt al  s h elf  fr o m  1 9 7 8  t o  2 0 1 6.  L o w er-l eft  p a n el:  T h e  s p ati al 

di stri b uti o n  of  s c all o p s  o v erl a p p e d  wit h  N E C O F S- si m ul at e d  a ut u m n- m e a n  b ott o m  w at er  t e m p er at ur e  i n  t h e  U. S.  N ort h e a st  o v er  t h e  p eri o d  1 9 7 8 – 2 0 1 6.  ( F or 

i nt er pr et ati o n of t h e r ef er e n c e s t o c ol or i n t hi s fl g ur e l e g e n d, t h e r e a d er i s r ef err e d t o t h e w e b v er si o n of t hi s arti cl e.) 
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E A, B O E M 2 0 1 8- 0 6 0 ). T h e pr o p o s e d l a y o ut i n cl u d e d t w o alt er n ati v e s, 

D 1 a n d D 2, wit h a s e p ar ati o n s p a ci n g of a p pr o xi m at el y 0. 7 5 – 1. 0 n m 

b et w e e n i n di vi d u al W T G s (Fi g. 1 ). I n t h e D 1 l a y o ut, W T G s w er e 

pl a n n e d t o b e ali g n e d i n a n ort h w e st- s o ut h e a st ori e nt ati o n, w hil e t h e 

D 2 l a y o ut f e at ur e d a n e a st – w e st ali g n m e nt. T h e t o w er s of W T G s h a v e 

di a m et er s of a p pr o xi m at el y 2 0 f e et ( ~ 6. 1 m) a n d 2 8 f e et ( ~ 8. 5 m), 

r e s p e cti v el y. V W pr o p o s e d t o m o u nt i n di vi d u al W T G s wit h eit h er a 

m o n o pil e f o u n d ati o n or a J a c k et ( Pi n pil e s) f o u n d ati o n. F or 

m o n o pil e s, t h e pr o p o s e d f o u n- d ati o n di a m et er si z e r a n g e d fr o m a 

mi ni m u m of 2 5 f e et ( ~ 7. 5 m) t o a m a xi m u m of 3 4 f e et ( ~ 1 0. 3 m). I n 

t h e c a s e of Pi n pil e s, t h e pr o p o s e d f o u n d ati o n di a m et er s v ari e d fr o m 5 

f e et ( ~ 1. 5 m) t o 1 0 f e et ( ~ 3. 0 m). 

Off s h or e wi n d t ur bi n e s f or m a c o m pl e x t hr e e- di m e n si o n al h a bit at, 

r e s e m bli n g i nt e nti o n all y c o n str u ct e d arti fi ci al r e ef s. St u di e s i n E ur o p e, 

a s w ell a s r e s e ar c h o n t h e Bl o c k I sl a n d Wi n d F ar m ( BI W F) off RI, U S A, 

h a v e d o c u m e nt e d a r a pi d gr o wt h of m ari n e lif e f oll o wi n g wi n d f ar m 

c o n str u cti o n ( C ar e y et al., 2 0 2 0 ). E n cr u sti n g or g a ni s m s li k e m u s s el s 

a n d b ar n a cl e s, al o n g wit h str u ct ur e-l o vi n g fi s h s p e ci e s s u c h a s t a ut o g 

a n d bl a c k s e a b a s s, ar e oft e n attr a ct e d t o t h e s e str u ct ur e s. I n 

E ur o p e, r e- s e ar c h er s o b s er v e d a n i n cr e a s e i n t h e d e n sit y of pi s ci v or o u s 

gr o u n d fi s h, s u c h a s Atl a nti c c o d, a n d r e ef- a s s o ci at e d s p e ci e s, li k e 

g ol d si n n y wr a s s e, i n cl o s e pr o xi mit y t o t h e f o u n d ati o n s of wi n d 

f ar m s o n e y e ar aft er i n st all ati o n (B er g str o m et al., 2 0 1 3 ). T h e y al s o 

n ot e d t h at h ar d s u b str at e fr o m s c o ur pr ot e cti o n cr e at e d n e w h a bit at s 

f or s p e ci e s t h at pr ef err e d s u c h c o n diti o n s (V a n H al et al., 2 0 1 7 ). Si n c e 

2 0 1 9, o n g oi n g r e s e ar c h h a s b e e n c o n d u ct e d t o a s s e s s t h e p ot e nti al 

i m p a ct of wi n d f ar m s o n fi s h eri e s r e s o u r c e s off t h e s o ut h c o a st of M A 

a n d RI. T h e r e s e ar c h e m pl o y s v ari o u s m et h o d s, i n cl u di n g tr a wl 

s ur v e y s, dr o p c a m er a o pti c al i m a gi n g, l o b st er p ot s ur v e y s, a n d 

s ur v e y s f o c u si n g o n hi g hl y mi gr at or y s p e ci e s ( e. g., Rill a h a n a n d H e , 

2 0 2 1 ). T h e s e s ur v e y s ai m t o c oll e ct d at a b ef or e a n d aft er wi n d f ar m 

c o n str u cti o n s, f a cilit ati n g i m p a ct e v al u ati o n t hr o u g h t h e B ef or e- a n d-

Aft er-I m p a ct ( B A CI) a n al y si s ( U n d er w o o d, 1 9 9 1; St o- k e s b ur y et al., 

2 0 2 3 ). Wil b er et al. ( 2 0 2 4)  utili z e d a m eti c ul o u sl y 

d e si g n e d B A CI s a m pli n g st r at e g y t o e v al u at e t h e i n fi u e n c e of t h e BI W F 

o n l o b st er c at c h e s. T h eir fi n di n g s r e v e al e d a 3 0 % d e cr e a s e i n l o b st er 

c at c h e s n e ar t h e wi n d f ar m a n d a n 1 8 % r e d u cti o n at a r ef er e n c e l o c ati o n 

c o m p ar e d t o pr e- c o n str u cti o n l e v el s. H o w e v er, f or t h e wi n d f ar m o v er 

N a nt u c k et S h o al, d at a f or t h e aft er- c o n str u cti o n p eri o d i s u n a v ail a bl e, 

a n d t h e i m p a ct o n fi s h eri e s r e s o ur c e s r e m ai n s u n k n o w n. Si g ni fl c a ntl y, 

pri or t o t hi s st u d y, n o fl n e- s c al e m o d eli n g h a d b e e n e x e c ut e d t o pr oj e ct 

p ot e nti al c h a n g e s i n fl s h eri e s. 

B uil di n g u p o n t h e s u c c e s s of d e v el o pi n g t h e n e st e d N S- F V C O M a n d 

N E C O F S s y st e m, w e e xt e n d e d o ur eff ort s b y c o u pli n g N S- F V C O M wit h 

a s c all o p i n di vi d u al- b a s e d m o d el ( S c all o p-I B M) ( C h e n et al., 

2 0 2 1 b ). U si n g t h e V W’s l e a s e ar e a O C S- A- 0 5 0 a s a pil ot sit e, w e 

e xt e n si v el y e x a mi n e d t h e i m p a ct s of off s h or e wi n d f ar m d e v el o p m e nt 

o n l o c al a n d r e gi o n al fl o w fi el d s, mi xi n g vi a str ati fl c ati o n, a n d s c all o p 

l ar v al tr a n s- p ort a n d s ettl e m e nt o v er t h e s o ut h er n N E S. T h e m o d el 

si m ul ati o n s c o m pr e h e n si v el y c o n si d er e d t h e wi n d a n d h e at fl u x 

c h a n g e s i n d u c e d b y W T G s, t w o l a y o ut d e si g n s, a n d a nti ci p at e d cli m at e 

c h a n g e. 

T hi s p a p er c o n ci s el y s u m m ari z e s t h e pri m ar y fl n di n g s d eri v e d fr o m 

t h e m o d eli n g a s s e s s m e nt r e s ult s. T h e s u b s e q u e nt s e cti o n s ar e 

or g a ni z e d a s f oll o w s. S e cti o n 2  d et ail s t h e m o d el s a n d n u m eri c al 

d e si g n s e m pl o y e d i n o ur st u di e s. S e cti o n 3  pr e s e nt s t h e r e s ult s of 

m o d el si m ul ati o n s, e n c o m p a s si n g ( a) t h e at m o s p h eri c a n d o c e a n 

e n vir o n m e nt c h a n g e s i n d u c e d b y W T G s a n d b) t h e i m p a ct s of 

W T G s, l a y o ut d e si g n s, a n d cli m at e c h a n g e o n s c all o p l ar v al 

di s p er s al a n d s ettl e m e nt. S e cti o n 4  el u ci d at e s t h e p h y si c al pr o c e s s e s 

attri b ut e d t o t h e c h a n g e s i n r e gi o n al w at er tr a n s p ort s i n d u c e d b y t h e 

W T G arr a y a n d u n d er s c or e s t h e ar e a s t h at n e c e s sit at e f ut ur e 

e x pl or ati o n t o u n d er st a n d t h e c u m ul ati v e i m p a ct of W T G s o n t h e 

r e gi o n. Fi n all y, s e cti o n 5  s y nt h e si z e s t h e fi n di n g s a n d pr o vi d e s 

c o n cl u di n g r e m ar k s. 

Fi g. 3. T h e m o d el gri d of wi n d t ur bi n e-r e s ol vi n g r e gi o n al- N E C O F S a n d l o c al s u b d o m ai n N S- F V C O M c o u pl e d m o d el s y st e m. U p p er l eft p a n el: N E C O F S, a n at m o -

s p h eri c ( W R F)- o c e a n ( F V C O M) c o u pl e d m o d el s y st e m. Bl u e b o x e s: N e st e d d o m ai n s 1 a n d 2 f or W R F. R e d m e s h: F V C O M gri d wit h a h ori z o nt al r e s ol uti o n u p t o ~ 1 0 0 

m. U p p er ri g ht: T h e s u b d o m ai n N S- F V C O M gri d wit h a h ori z o nt al r e s ol uti o n u p t o ~ 1. 0 m. Bl a c k b o x: t h e Vi n e y ar d Wi n d L L C ’s l e a s e ar e a of O C S- A- 0 5 0 1. L o w er l eft

a n d mi d dl e p a n el s: E nl ar g e d vi e w s of t h e m o d el gri d s d e si g n e d b a s e d o n l a y o ut s D 1 a n d D 2. L o w er-ri g ht p a n el: A n e nl ar g e d vi e w of t h e gri d ar o u n d a m o n o pil e. ( F or

i nt er pr et ati o n of t h e r ef er e n c e s t o c ol or i n t hi s fl g ur e l e g e n d, t h e r e a d er i s r ef err e d t o t h e w e b v er si o n of t hi s arti cl e.)
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2.  T h e m o d el s a n d n u m e ri c al d e si g n s

T h e a s s e s s m e nt s utili z e d a n u p d at e d c o u pl e d m o d el s y st e m  

c o m pri si n g a wi n d t ur bi n e-r e s ol vi n g, l o c al – r e gi o n al n e st e d h y dr o d y-

n a mi c m o d el k n o w n a s N S- F V C O M / N E C O F S a n d a n i n di vi d u al- b a s e d 

s c all o p p o p ul ati o n m o d el k n o w n a s S c all o p-I B M. N E C O F S st a n d s a s a n 

i nt e gr at e d at m o s p h er e, s urf a c e w a v e, a n d o c e a n f or e c a st m o d el s y st e m 

d e si g n e d f or t h e n ort h e a st U. S. c o a st al r e gi o n. T h e u p gr a d e d c o m p ut a -

ti o n al d o m ai n of N E C O F S e n c o m p a s s e s t h e e ntir e n ort h e a st er n s h elf, 

str et c hi n g fr o m C a p e H att er a s t o t h e S c oti a n S h elf, i n cl u si v e of t h e 

s o ut h er n M A B ( Fi g. 3 ). T h e e xi sti n g r e gi o n al- d o m ai n s y st e m c o n si st s of 

t hr e e k e y c o m p o n e nt s: 1) a c o m m u nit y m e s o s c al e m et e or ol o gi c al 

m o d el n a m e d “ W e at h er  R e s e ar c h  a n d  F or e c a sti n g  ( W R F-

A W R) ” (htt p s: / / w w w 2. m m m. u c ar. e d u / wrf / u s er s / d o w nl o a d /

g et_ s o ur c e s. ht ml),  2) t h e r e gi o n al o c e a n m o d el of F V C O M ( C h e n et 

al., 2 0 0 3, 2 0 0 6, 2 0 1 3 a), a n d 3) t h e u n str u ct ur e d- gri d s urf a c e w a v e 

m o d el ( F V C O M- S W A V E), m o di fi e d fr o m S W A N ( Qi et al., 2 0 0 9), 

s h ari n g t h e s a m e d o m ai n a s  

F V C O M. T h e o c e a n m o d el i n t h e u p gr a d e d N E C O F S h a s e v ol v e d i nt o a 

gl o b al-r e gi o n al-ri v er n e st e d s y st e m, i n c or p or ati n g t h e G ulf Str e a m- s h elf 

i nt er a cti o n (e. g ., w ar m- c or e ri n g s), v ol u m e a n d m a s s tr a n s p ort s 

e nt eri n g t h e U. S. N ort h e a st o v er t h e N o v a S c oti a s h elf fr o m t h e 

u p str e a m L a b-r a d or S e a or e v e n t h e Ar cti c O c e a n ( C h e n et al., 2 0 1 6 b; 

Z h a n g et al., 2 0 1 6 a, 2 0 1 6 b, Z h a n g et al., 2 0 2 0 a), a n d ri v er di s c h ar g e s 

fr o m t h e W at er B al a n c e M o d el ( W B M) or N ati o n al W at er M o d el 

( N W M). N E C O F S h a s u n d er g o n e v ali d ati o n t hr o u g h c o m p ari s o n s wit h 

n u m er o u s a v ail a bl e o b s er v ati o n s s p a n ni n g t h e l a st 4 1 y e ar s ( 1 9 7 8 –

2 0 1 8). T h e s e v ali d ati o n s e n c o m p a s s w at er l e v el s ( C h e n et al., 2 0 1 1), 

str ati fi c ati o n ( Li et al., 2 0 1 5), c u rr e nt s ( S u n et al., 2 0 1 6; C o wl e s et al., 

2 0 0 8), e xtr e m e e v e nt s s u c h a s h urri c a n e s, e xtr atr o pi c st or m s, s ur g e s, 

a n d c o a st al i n u n d ati o n s ( B e ar d sl e y et al., 2 0 1 3; C h e n et al., 2 0 1 3 b; S u n 

et al., 2 0 1 3; Li et al., 2 0 2 0; Li a n d C h e n, 2 0 2 2), a n d t h e i m p a ct s of t h e 

s e a l e v el ri s e o n st or m- i n d u c e d c o a st al i n u n d ati o n s ( Z h a n g et al., 

2 0 2 0 b; C h e n et al., 2 0 2 0). 

N S- F V C O M i s a s u b d o m ai n wi n d t ur bi n e-r e s ol vi n g o c e a n m o d el 

n e st e d t hr o u g h t h e b o u n d ar y t o N E C O F S. T h e c o m p ut ati o n al d o m ai n of 

Fi g. 4. U p p er p a n el: str u ct ur e s of t h e s c all o p-I B M m o d el e n c o m p a s si n g f o ur p el a gi c st a g e s ( e g g, tr o c h o p h or e, v eli g er, a n d p e di v eli g er). L o w er p a n el: t h e s p ati al 

di stri b uti o n  of  s c all o p s o v erl a p p e d  wit h  b ott o m w at er  t e m p er at ur e, t a ki n g i nt o  a c c o u nt s p a w ni n g  o v er  G e or g e s  B a n k a n d  t h e Gr e at S o ut h C h a n n el.  T h e s h a p e s 

b o u n d e d b y r e d li n e s i n di c at e t h e cl o s e d ar e a s. T h e fi g ur e i n s ert e d i n t h e ri g ht-l o w er c or n er ill u str at e s t h e e g g s p a w ni n g p eri o d st arti n g at 0 0: 0 0 o n S e pt e m b er 1 a n d 

e n di n g at 2 4: 0 0 o n O ct o b er 1 0. T h e s p a w ni n g pr o c e s s f oll o w s a n or m al pr o b a bilit y di stri b uti o n wit h a p e a k o n S e pt e m b er 2 0 a n d a st a n d ar d d e vi ati o n of o n e w e e k. 

( F or i nt er pr et ati o n of t h e r ef er e n c e s t o c ol or i n t hi s fi g ur e l e g e n d, t h e r e a d er i s r ef err e d t o t h e w e b v er si o n of t hi s arti cl e.) 

https://www2.mmm.ucar.edu/wrf/users/download/get_sources.html
https://www2.mmm.ucar.edu/wrf/users/download/get_sources.html
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supported such diel and semidiurnal migration cycles (Tremblay and 
Sinclair, 1990b; Manuel et al., 1996). Larvae also respond to 
turbulence pulses greater than 10-7 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 

Table 1 
Types of Physical Model Experiments.  

Cases Physical 
Model 

Physical 
model 
resolution 

WRF forcing WRF 
resolution 

Case 
1 

NECOFS- 
FVCOM 

Up to ~ 100 
m 

WRF without 
considering the wind 
change due to WTGs 

3 km 

Case 
2 

NS-FVCOM 
without 
WTGs 

Up to ~ 1.0 
m 

WRF without 
considering the wind 
change due to WTGs 

1 3 km 

Case 
3 

NS-FVCOM 
with WTGs 

Up to ~ 1.0 
m 

WRF without 
considering the wind 
change due to WTGs 

1 3 km 

Case 
4 

NS-FVCOM 
with WTGs 

Up to ~ 1.0 
m 

WRF with considering 
the wind and heat flux 
changes due to WTGs. 

1 3 m  

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.,
2021b).

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 
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p eri o d. F o ur t y p e s of p h y si c al m o d el e x p eri m e nt s w er e c o n d u ct e d 

( T a bl e 1), wit h a si m ul ati o n p eri o d c o v eri n g t hr e e m o nt h s, fr o m 

S e pt e m b er 1 t o N o v e m b er 3 0. F or t h e C a s e 1 e x p eri m e nt, t h e N E C O F S- 

F V C O M c o v er e d t h e e ntir e U. S. N ort h e a st. T o c o m p ar e t h e s c e n ari o s 

wit h a n d wit h o ut W T G s, C a s e s 2 a n d 3 e x p eri m e nt s w er e c o n d u ct e d b y 

r u n ni n g t h e N S- F V C O M wit h t h e s a m e r e s ol uti o n of u p t o ~ 1. 0 m. 

F urt h er m or e, t h e i m p a ct of t h e wi n d a n d h e at fi u x c h a n g e s d u e t o 

W T G s o n t h e p h y si c al e n vir o n m e nt w a s e x a mi n e d t hr o u g h t h e 

C a s e 4 e x p eri m e nt. 

3. T h e si m ul ati o n r e s ult s

3. 1. C h a n g es i n p h ysi c al fi el ds

T h e pri m ar y r e s ult s fr o m t h e N S- F V C O M e x p eri m e nt s wit h W T G s 

d e m o n str at e t h at m o n o pil e s c a n c o n si d er a bl y e n h a n c e t h e e d d y cir c u-

l ati o n a n d v el o cit y s h e ar or v orti cit y wit hi n a n d ar o u n d t h e t ur bi n e 

ar e a ( Fi g. 5). I n s u c h a n M 2 ti d al c urr e nt s- d o mi n a nt a n d str ati fi e d 

r e gi o n ( L e nt z et al., 2 0 0 3), t h e i nt er a cti o n s of ti d al c urr e nt s wit h 

m o n o pil e s g e n er at e d c o m pl e x p att er n s of t h e h ori z o nt al fi o w 

s h e ar o n t h e 

d o w n fi o w l e e si d e of i n di vi d u al W T G s. T h e d o w n str e a m m a xi m u m 

h ori z o nt al v el o cit y s h e ar r ot at e d cl o c k wi s e wit h t h e M 2 ti d al c u rr e nt, 

d uri n g w hi c h t h e e d d y s h e d di n g a p p e ar e d al m o st r a n d o ml y a s s h e ar 

i n st a bilit y o c c urr e d. T h e w at er m o v e m e nt wit hi n t h e W T G arr a y, 

r e s ulti n g fr o m t h e fi ui d – str u ct ur e i nt er a cti o n, r e pr e s e nt e d a si g ni fi c a nt 

d e p art ur e fr o m eit h er t h e i d e ali z e d fl o w fl el d s dri v e n g e n er all y b y 

u nif or m, st e a d y fr e e str e a m fl o w i n t h e d e vi c e- s c al e l a b or at or y or 

C o m p ut ati o n al Fl ui d D y n a mi c s ( C F D) st u di e s or t h e fl o w p att er n pr e-

di ct e d b y c o ar s e- gri d h y dr o d y n a mi c al m o d el s wit h s u b gri d e x pli cit 

wi n d t ur bi n e p ar a m et eri z ati o n s ( J o h n s o n et al., 2 0 2 1). 

I n t h e s c e n ari o wit h W T G s ( s e e Fi g. 5; u p p er p a n el), w e o b s er v e d a 

hi g h-fr e q u e n c y o s cill ati o n, a p pr o xi m at el y a o n e- h o ur p eri o d, i n b ot h 

s urf a c e el e v ati o n a n d c urr e nt s. T hi s o s cill ati o n, w hi c h o v erl a p p e d wit h 

t h e M2 ti d al c y cl e, w a s sti m ul at e d b y ti d al- d o mi n a nt fi o w ar o u n d i n di-

vi d u al m o n o pil e s a n d a s s o ci at e d wit h i nt er n al w a v e s. F urt h er e x a mi-

n ati o n i s n e e d e d t o u n d er st a n d t h e u n d erl yi n g p h y si c al m e c h a ni s m s. 

T h e v ort e x w a k e i s a wi d el y r e c o g ni z e d p h e n o m e n o n i n fl ui d d y-

n a mi c s, p arti c ul arl y w h e n st u d yi n g t h e fl o w ar o u n d a cir c ul ar c yli n d er 

( S c hli c hti n g, 1 9 7 9). I n s c e n ari o s wit h o ut fri cti o n, t h e fl ui d u n d er g o e s 

a c c el er ati o n o n t h e u p str e a m si d e a n d d e c el er ati o n o n t h e d o w n str e a m 

Fi g. 5. C ol or i m a g e s: e nl ar g e d vi e w s of t h e v orti cit y fi el d o v erl a p p e d o v er t h e s urf a c e c urr e nt v e ct or s (r e d: p o siti v e; bl u e: n e g ati v e) ar o u n d a m o n o pil e at f o ur p h a s e s 

( a: t h e w e st w ar d fl o w; b: tr a n siti o n fr o m t h e w e st w ar d t o n ort h w ar d fl o w; c: e a st w ar d fl o w, d: tr a n siti o n fr o m t h e e a st w ar d t o s o ut h w ar d fi o w) o v er a s e mi di ur n al M 2 

ti d al c y cl e. V e ct or s: n e ar- s urf a c e c urr e nt s. U p p er p a n el: c h a n g e s i n w at er el e v ati o n s n e ar t h e m o n o pil e f or t h e c a s e s wit h o ut a n d wit h W T G s. R e d d ot s m ar k e d b y 

l a b el s “ a, b, c, a n d d ” w er e w h e n t h e i m a g e s w er e s el e ct e d. T h e fi ui d- m o n o pil e i nt er a cti o n s pr o d u c e d a hi g h-fr e q u e n c y v ari ati o n i n t h e el e v ati o n wit h a p eri o d of 

a p pr o xi m at el y o n e h o ur. ( F or i nt er pr et ati o n of t h e r ef er e n c e s t o c ol or i n t hi s fi g ur e l e g e n d, t h e r e a d er i s r ef err e d t o t h e w e b v er si o n of t hi s arti cl e.) 
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et al., 2 0 2 1). T h e wi n d t ur bi n e-r e s ol vi n g N S- F V C O M si m ul ati o n r e s ult s 

i n di c at e a n ot a bl e t e m p or al a n d s p ati al v ari a bilit y i n t h e v orti cit y fi el d 

fr o m t u r bi n e t o t ur bi n e. R e s ol vi n g s u c h v ari a bilit y t hr o u g h p ar a m et er-

i z ati o n pr e s e nt s a si g ni fi c a nt c h all e n g e. 

N a nt u c k et S h o al w a s str ati fi e d d uri n g t h e f all s e a s o n. T h e fi o w 

ar o u n d a n i n di vi d u al W T G v ari e d si g ni fi c a ntl y t hr o u g h o ut t h e w at er 

c ol u m n, p arti c ul arl y d uri n g fi o o d a n d e b b ti d al p eri o d s. A n ill u str ati v e 

e x a m pl e i s pr e s e nt e d i n Fi g. 7, d e pi cti n g t h e di stri b uti o n s of t h e n e ar- 

s urf a c e a n d n e ar- b ott o m c urr e nt s ar o u n d a r a n d o ml y s el e ct e d W T G i n 

t h e c e nt er of t h e arr a y. W h e n t h e n e ar- s u rf a c e fi o w w a s w e st w ar d, t h e 

n e ar- b ott o m fl o w e x hi bit e d a di sti n ct n ort h w e st w ar d dir e cti o n ( Fi g. 

7 a), wit h a fl o w dir e cti o n diff er e n c e of a p pr o xi m at el y 7 0 ◦  or m or e. 

C o n s e- q u e ntl y, t h e m a xi m u m v el o cit y s h e ar o n t h e d o w n str e a m 

l e e si d e a p p e ar e d at t h e s urf a c e o n t h e w e st, b ut at t h e b ott o m o n t h e 

n ort h w e st si d e. A si mil ar p h e n o m e n o n o c c urr e d d uri n g t h e e b b ti d al 

p eri o d, w h er e t h e d o w n str e a m l e e si d e w a s sit u at e d t o t h e s o ut h f or 

t h e n e ar- s urf a c e fl o w, a n d t o t h e e a st f or t h e n e ar- b ott o m fl o w ( Fi g. 

7 d). T hi s di s p arit y di mi ni s h e d d uri n g t h e M 2 ti d al c urr e nt tr a n siti o n 

p eri o d ( Fi g. 7 b, c). T h e v erti c al str u ct ur e of t h e str ati fi e d fl o w p o s e d a 

c h all e n g e t o b e r e s ol v e d t hr o u g h t h e s u b gri d- s c al e p ar a m et eri z ati o n, 

n e c e s sit ati n g t h e u s e of a wi n d t ur bi n e-r e s ol vi n g m o d el. 

W e c o m p ut e d t h e m e a n a n d m a xi m u m b ott o m str e s s, a s w ell a s 

v erti c al e d d y vi s c o sit y f or t h e s c e n ari o s i n v ol vi n g W T G s o v er 

S e pt e m b er- N o v e m b er of 2 0 0 9, 2 0 1 0, a n d 2 0 1 3 ( Fi g. 8). T h e v ari ati o n s 

i n b ott o m str e s s pr e d o mi n a ntl y m a nif e st e d i n t h e o n s h or e- off s h or e di-

r e cti o n, wit h a t hr e e- m o nt h m e a n p e a k v al u e r e a c hi n g u p t o 0. 1 5 N /

m 2 . D uri n g st or m p eri o d s, t h e m a xi m u m b ott o m str e s s ar o u n d 

i n di vi d u al W T G s c o ul d s o ar t o 2. 0 N / m 2 , a p pr o xi m at el y t e n ti m e s 

gr e at er t h a n t h e s e a s o n all y a v er a g e d v al u e. T h e alt er ati o n i n v erti c al 

e d d y vi s c o sit y o c c urr e d t hr o u g h o ut t h e w at er c ol u m n s urr o u n di n g 

i n di vi d u al W T G s i n all dir e cti o n s. H o w e v er, t h e i nt e n si fl c ati o n w a s 

c o n fl n e d t o a n arr o w ar e a wit hi n a 5- m r a n g e ar o u n d m o n o pil e s. 

St or m s i n d u c e d e n er gi c mi xi n g ar o u n d a m o n o pil e. O wi n g t o t h e 

a b s e n c e  of  a  c o n v e cti o n  m e c h a ni s m  i n  t h e  h y dr o st ati c 

a p pr o xi m ati o n,  t h e  m o d el- si m ul at e d m a xi m u m  e d d y  vi s c o sit y 

e x p eri e n c e d  a  s u d d e n  i n cr e a s e  d u ri n g st or m s. T ur ni n g o n t h e 

n o n h y dr o st ati c d y n a mi c s i s cr u ci al t o a c c ur at el y c a pt ur e t h e mi xi n g 

p h y si c s ar o u n d W T G s, p arti c ul arl y u n d er str ati fi e d c o n diti o n s. 

W e c o n d u ct e d a c o m p ar ati v e a n al y si s of t h e v ari ati o n i n t h e 

m a xi m u m b ott o m str e s s o v er a r e gi o n al s c al e b et w e e n t h e s c e n ari o s wit h 

a n d wit h o ut W T G s. T h e o b s er v e d si g ni fl c a nt c h a n g e s w er e f o u n d t o b e 

c o nti n g e nt o n wi n d i nt e n sit y a n d dir e cti o n, pri m aril y wit hi n t h e l e e 

si d e ar e a s of W T G s. W hil e t h e r e gi o n al di stri b uti o n s of t h e b ott o m 

str e s s r e m ai n e d c o n si st e nt b et w e e n t h e c a s e s wit h a n d wit h o ut 

W T G s, t h e d o w n wi n d i m p a ct e xt e n d e d a cr o s s a r el ati v el y e x p a n si v e 

ar e a. T h e m a xi m u m diff er e n c e r e a c h e d u p t o 0. 2 N / m 2 ar o u n d t h e 5 0-

m i s o b at h ( Fi g. 9: u p p er p a n el s). I n a cl o s er i n s p e cti o n f o c u s e d o n t h e 

W T G arr a y, t h e di s p arit y i n b ott o m str e s s v ari e d fr o m o n e wi n d t u r bi n e 

t o a n ot h er, e x hi biti n g p o siti v e or n e g ati v e v al u e s wit hi n t h e r a n g e of <

0. 0 5 N / m 2 ( Fi g. 9: l o w er p a n el s). 

Si mil ar f e at ur e s w er e o b s er v e d i n t h e v erti c all y a v er a g e d vi s c o sit y. 

V ari ati o n s b et w e e n t h e s c e n ari o s wit h a n d wit h o ut W T G s w er e c o nti n-

g e nt o n wi n d i nt e n sit y a n d dir e cti o n. A n ot a bl e di sti n cti o n w a s e vi d e nt 

i n t h e l e e si d e ar e a s of W T G s, wit h t h e m a xi m u m i m p a ct e xt e n di n g 

ar o u n d t h e 5 0- m i s o b at h ( Fi g. 1 0: u p p er p a n el s). U p o n cl o s er e x a mi-

n ati o n of t h e W T G arr a y, it w a s a p p ar e nt t h at t h e si g n of t h e diff er e n c e 

i n v erti c al vi s c o sit y si g ni fl c a ntl y fl u ct u at e d fr o m o n e W T G t o a n ot h er 

( Fi g. 1 0: l o w er p a n el s). T h e m a xi m u m p o siti v e v al u e w a s c o n c e ntr at e d 

ar o u n d t h e o ut er e d g e ar e a of t h e W T G arr a y, alt h o u g h it s m a g nit u d e 

w a s c o n si d er a bl y l e s s t h a n 0. 0 1 m 2 / s. 

T h e N S- F V C O M si m ul ati o n i n c or p or at e d ti d al a n d wi n d f or ci n g s. T o 

f urt h er u n d er st a n d t h e i n di vi d u al c o ntri b uti o n s of t h e s e f or ci n g s, w e 

c o n d u ct e d a n a d diti o n al e x p eri m e nt b y e x cl u di n g wi n d f or ci n g. T hi s 

all o w e d u s t o q u a ntif y t h e r el ati v e i m p a ct of t h e i nt er a cti o n s of wi n d 

a n d ti d al- dri v e n c urr e nt s wit h m o n o pil e s o n c h a n g e s i n v erti c al 

vi s c o sit y a n d b ott o m str e s s. T h e r e s ult s r e v e al e d t h at, f or t h e 

c h a n g e s i n v erti c al 

Fi g. 6. V o rti cit y fi el d s si m ul at e d f r o m F V C O M v o rt e x w a k e e x p e ri m e nt s wit h a 

st e a d y fi o w a r o u n d a n i d e ali z e d ci r c ul a r i sl a n d. E x p e ri m e nt s w e r e d o n e f o r t h e 

c a s e s wit h R e y n ol d n u m b e r s ( R e ) of <  4 0, ~ 4 0, ~ 3 0 0, a n d ~ 3 0 0 pl u s C o ri oli s. 

T h e t r a n siti o n fr o m l a mi n a r fi o w t o a K a ŕ m a ń v o rt e x st r e et a p p e a r s w h e n R e  >

4 0 . T h e v o rt e x s h e d di n g b e c o m e s a s y m m et ri c w h e n a c o n st a nt C ori oli s fr e-

q u e n c y ( f =  1 0 - 4 s −  1 ) i s a d d e d.

si d e, r e s ulti n g i n a s e p ar ati o n p oi nt at t h e mi d p oi nt. A s t h e R e y n ol d s 

n u m b er ( R e), c al c ul at e d a s t h e pr o d u ct of fi o w s p e e d a n d c h ar a ct eri sti c 

l e n gt h di vi d e d b y ki n e m ati c vi s c o sit y, i n cr e a s e s, t h e i niti all y l a mi n ar 

fi o w tr a n sf or m s i nt o a K a ŕ m a ń v o rt e x str e et o n t h e l e e si d e ( C h a n g, 

1 9 7 0). I n t h e h y dr o d y n a mi c e q u ati o n, R e r e fi e ct s t h e r ati o of t h e h ori-

z o nt al a d v e cti o n t er m t o t h e diff u si o n t er m, wit h t h e v ort e x w a k e 

o c c urri n g w h e n t h e a d v e cti o n si g ni fi c a ntl y o ut w ei g h s diff u si o n. 

B ef or e a p pl yi n g F V C O M t o si m ul at e wi n d t ur bi n e-i n d u c e d fl o w, w e 

c o n d u ct e d v ali d ati o n e x p eri m e nt s t o c o n fir m it s c a p a bilit y t o g e n er at e 

a v ort e x str e et d o w n str e a m of a n i n di vi d u al m o n o pil e. T h e s e 

e x p eri m e nt s i n v ol v e d s u bj e cti n g a n i d e ali z e d cir c ul ar i sl a n d t o a st e a d y 

fl o w wit hi n a br o a d, fl at- b ott o m c h a n n el. T h e o ut c o m e s af fir m 

t h at F V C O M’s u n str u ct ur e d- gri d fi nit e- v ol u m e al g orit h m f ait hf ull y 

r e pr o d u c e s t h e tr a n siti o n fr o m l a mi n ar fl o w t o a v ort e x str e et u n d er 

c o n diti o n s w h er e R e e x c e e d s 4 0 (r ef er t o Fi g. 6). I ntr o d u ci n g a 

c o n st a nt C ori oli s fr e q u e n c y ( f =  1 0 - 4 s −  1 ) r e s ult s i n a s y m m etri c v ort e x 

s h e d di n g. 

R e m ar k a bl y, t h e si m ul at e d v orti cit y fi el d ar o u n d i n di vi d u al 

m o n o pil e s s h o w e d n o di s c er ni bl e r e g ul ar v ort e x w a k e. T hi s s u g g e st s t h at 

t h e cl o c k wi s e-r ot ati n g M2 ti d al c urr e nt s a n d wi n d-i n d u c e d mi xi n g di d 

n ot cr e at e c o n d u ci v e c o n diti o n s f or a w ell- d e fi n e d v ort e x str e et i n t h e 

off s h or e wi n d f ar m r e gi o n. 

C F D m o d el s w er e utili z e d t o e st a bli s h dr a g c o ef fi ci e nt a n d e d d y 

vi s c o sit y p ar a m et eri z ati o n wit hi n t h e off s h or e wi n d f ar m ar e a f or a 

r e gi o n al h y dr o d y n a mi c s m o d el c o n fi g ur e d wit h a t ur bi n e- u nr e s ol v a bl e 

gri d. T hi s a p pr o a c h w a s i n str u m e nt al i n a s s e s si n g t h e i m p a ct of 

off s h or e wi n d f a ciliti e s o n t h e r e gi o n al m ari n e e n vir o n m e nt s ( J o h n s o n 

C. C h e n et al.
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vi s c o sit y, t h e i nt er a cti o n of wi n d- dri v e n c urr e nt s wit h m o n o pil e s 

a c c o u nt e d f or a p pr o xi m at el y 3 3 % ar o u n d i n di vi d u al m o n o pil e s a n d 

a b o ut 5 5 % i n t h e br o a d er r e gi o n. R e g ar di n g b ott o m str e s s, t h e c o ntri-

b uti o n w a s a b o ut 5 3 % ar o u n d i n di vi d u al m o n o pil e s a n d 4 8 % o v er 

t h e r e gi o n al s c al e. 

T h e alt er ati o n i n b ott o m str e s s a n d v erti c al vi s c o sit y i n d u c e d b y 

W T G s h a d a dir e ct i m p a ct o n t h e r e gi o n al w at er t e m p er at ur e. A s a n 

ill u str ati v e c a s e, w e s el e ct e d t h e y e ar 2 0 1 3 t o c o m p ar e t h e m o nt hl y 

a v er a g e d t e m p er at ur e diff er e n c e s at t h e s urf a c e a n d b ott o m b et w e e n 

t h e s c e n ari o s wit h a n d wit h o ut W T G s. O ur fi n di n g s r e v e al e d t h at t h e 

e xt e nt of i n fi u e n c e d u e t o W T G s v ari e d wit h b ot h wi n d i nt e n sit y a n d 

dir e cti o n ( Fi g. 1 1). I n S e pt e m b er, a p eri o d c h ar a ct eri z e d b y str ati fi e d 

w at er, t h e 

t e m p er at ur e diff er e n c e w a s m or e pr o n o u n c e d at t h e b ott o m t h a n t h e 

s urf a c e ( Fi g. 1 1: l eft c ol u m n). T h e m a xi m u m i n fi u e n c e d ar e a s w er e 

c o n c e ntr at e d i n t h e d o w n wi n d l e e si d e r e gi o n, wit h a br o a d er 

i n fi u e n c e o b s er v e d at t h e s urf a c e c o m p ar e d t o t h e b ott o m. W hil e t h e 

t e m p er at ur e c h a n g e d u e t o W T G s w a s l e s s t h a n 0. 5 ◦ C at t h e s urf a c e, it 

r e a c h e d 1. 0 ◦ C ar o u n d t h e 5 0- m i s o b at h at t h e b ott o m. I n O ct o b er, 

v erti c al mi xi n g gr a d u all y i nt e n si fi e d a s t h e wi n d str e n gt h i n cr e a s e d. 

T h e di stri b uti o n s of t h e W T G s ’ i n fi u e n c e d ar e a s o n t e m p er at ur e 

b et w e e n t h e s u rf a c e a n d b ott o m w er e si mil ar ( Fi g. 1 1: mi d dl e 

c ol u m n). T h e m a xi m u m diff er e n c e o c c urr e d i n t h e d o w n wi n d l e e si d e, 

r e a c hi n g a m a xi m u m of <  1. 0 ◦ C n e ar t h e 5 0- m i s o b at h. I n 

N o v e m b er, c h ar a ct eri z e d b y c o n si d er a bl y str e n gt h e n e d wi n d s p e e d 

a n d v ari a bl e wi n d dir e cti o n, e n h a n c e d 

Fi g. 7. T h e di stri b uti o n s of t h e n e ar- s urf a c e (r e d c ol or v e ct or s) a n d n e ar- b ott o m ( bl a c k c ol or v e ct or s) ar o u n d a m o n o pil e at f o ur p h a s e s ( a: t h e w e st w ar d fl o w; b: 

tr a n siti o n fr o m t h e w e st w ar d t o n ort h w ar d fl o w; c: e a st w ar d fl o w, d: tr a n siti o n fr o m t h e e a st w ar d t o s o ut h w ar d fl o w) o v er a s e mi di ur n al M 2 ti d al c y cl e. T h e t o p-l eft 

pl ot pr e s e nt s t h e l o c ati o n s of a, b, c, a n d d o v er a n M 2 ti d al c y cl e, w h er e u a n d v ar e t h e e a st- a n d n ort h c o m p o n e nt s of t h e n e ar- s urf a c e h o url y v el o cit y n e ar t h e 

m o n o pil e.  E a st w ar d  a n d  n ort h w ar d:  p o siti v e.  ( F or  i nt er pr et ati o n  of  t h e  r ef er e n c e s  t o  c ol or  i n  t hi s  fi g ur e  l e g e n d,  t h e  r e a d er  i s  r ef err e d  t o  t h e  w e b  v er si o n  of 

t hi s arti cl e.) 
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a d v e cti o n a n d mi xi n g ar o u n d W T G s si g ni fi c a ntl y e x p a n d e d t h e i n fi u-

e n c e d t e m p er at ur e ar e a at t h e s urf a c e. T h e t e m p er at ur e diff er e n c e w a s 

at a l e v el of 1. 0 ◦ C or e v e n l ar g er. 

3. 2. C h a n g es i n s c all o p l ar v a e dis p ers al a n d s ettl e m e nt 

3. 2. 1. E x p eri m e nts disr e g ar di n g t h e i m p a ct of W T Gs o n wi n ds a n d h e at 

fi u x es 

T h e c o m p ari s o n s of s u p er i n di vi d u al s a n d l ar v a e d e n siti e s b et w e e n 

t h e c a s e s wit h a n d wit h o ut W T G s r e v e al e d a si g ni fi c a nt alt er ati o n i n 

l ar v al tr a n s p ort d u e t o c h a n g e s i n t h e fi o w fi el d wit hi n t h e d e pl o y e d 

W T G s ’ ar e a i n 2 0 0 9, 2 0 1 0, a n d 2 0 1 3. T hr o u g h o ut t h e s e t hr e e y e ar s, 

t h e fi o w t e n d e d t o p u s h t h e l ar v a e off s h or e fr o m S e pt e m b er t o 

N o v e m b er. A n ill u str ati v e e x a m pl e i s pr e s e nt e d i n Fi g. 1 2  f or t h e 

y e ar 2 0 1 3. W e o b s er v e d a n ot a bl e r e d u cti o n i n h ori z o nt al di s p er si o n 

wit hi n a n d ar o u n d t h e wi n d e n er g y d e v el o p m e nt ar e a., r e s ulti n g i n 

t h e off s h or e a d v e cti o n of n u m er o u s s c all o p l ar v a e i nt o t h e N a nt u c k et 

Li g ht s hi p Cl o s e d Ar e a ( N L C A). W hil e l ar v al b e h a vi or s pl a y e d a criti c al 

r ol e i n l ar v al di s p er s al a n d s ettl e m e nt b y m o dif yi n g t h e fl o w-i n d u c e d 

a d v e cti o n at diff er e nt d e pt h s, t h e y di d n ot alt er t h e W T G-i n d u c e d 

e n h a n c e m e nt of t h e off s h or e l ar v al tr a n s p ort i n t h at p arti c ul ar y e ar. 

T hi s c h ar a ct eri sti c r e m ai n e d c o n si st e nt f or 2 0 0 9 a n d 2 0 1 0 a s w ell. 

Di vi di n g t h e m o d el d o m ai n i nt o 2 ×  2 k m b o x e s, w e c o n d u ct e d a 

st ati sti c al a n al y si s of t h e m e a n, p er c e nt a g e, a n d st a n d ar d d e vi ati o n of 

t h e e n s e m bl e d l ar v al d e n sit y f or t h e c a s e s wit h a n d wit h o ut W T G s 

o v er 

2 0 0 9, 2 0 1 0, a n d 2 0 1 3 ( Fi g. 1 3). T hi s c al c ul ati o n a c c o u nt e d f or s e mi-

di ur n al a n d di el v erti c al mi gr ati o n b e h a vi or s. T h e p er c e nt a g e w a s 

d e fl n e d a s t h e r ati o of s ettl e d y e ar s t o t h e t ot al e n s e m bl e d y e ar s i n i n-

di vi d u al b o x e s. C o n si d eri n g di el a n d s e mi di ur n al mi gr ati o n c a s e s, t h e 

t ot al e n s e m bl e d y e ar s ar e 6. T h e s ettl e d y e ar s i n di c at e d t h e y e ar s i n 

w hi c h l ar v a e s u c c e s sf ull y s ettl e d i n a s p e ci fl c b o x. C h a n g e s i n t h e fl o w 

fi el d i n d u c e d b y W T G s t e n d e d t o a g gr e g at e l ar v a e a n d tr a n sf er t h e m 

off s h or e a s a c o h e si v e gr o u p. C o n s e q u e ntl y, t h e d e pl o y m e nt of W T G s 

i n t h e l e a s e ar e a si g ni fl c a ntl y i n cr e a s e d t h e m e a n l ar v al a b u n d a n c e i n 

t h e N L C A c o m p ar e d t o a s c e n ari o wit h o ut W T G s. T h e s ettli n g 

p er c e nt a g e i n t h e N L C A e x p eri e n c e d a n ot a bl e ri s e of 2 0 – 4 0 % w h e n 

c o n si d eri n g t h e pr e s e n c e of W T G s. T h e e xi st e n c e of W T G s al s o 

r e d u c e d t h e s p ati al d e- vi ati o n of e n s e m bl e d l ar v al d e n sit y, wit h a 

m a xi m u m v ari ati o n o c c ur-ri n g wit hi n t h e N L C A. 

3. 2. 2. E x p eri m e nts i n c or p or ati n g t h e i m p a ct of W T Gs o n wi n ds a n d h e at 

fl u x es 

W e e x a mi n e d t h e i n fl u e n c e of d o w n wi n d w a k e o n o c e a ni c c u rr e nt s 

a n d s c all o p l ar v al tr a n s p ort b y c o n si d eri n g t h e i m p a ct of W T G s o n 

wi n d s a n d h e at fi u x e s. A s a n ill u str ati v e c a s e, w e s el e ct e d t h e y e ar 

2 0 1 3 a n d c o n d u ct e d a r e-r u n of t h e hi g h-r e s ol uti o n ( 1. 0 k m) W R F, 

i n c or p or ati n g t h e s u b- gri d W T G p o w er c ur v e m o d ul e a s o utli n e d b y 

Fit c h et al. ( 2 0 1 2). T h e p ar a m et eri z ati o n s a p pli e d i n t h e t u r bi n e-

r e s ol vi n g W R F w er e b a s e d o n V W ’s pr o p o s e d i n st all ati o n pl a n, 

f e at uri n g 1 0 M V W T G t o w er s wit h a t u r bi n e h u b h ei g ht of 1 2 1 m, a 

r ot or di a m et er of 1 8 0 m, a n d a st a n di n g 

Fi g. 8. Di stri b uti o n s of m e a n a n d m a xi m u m b ott o m st r e s s e s ( u p p e r p a n el s) a n d v e rti c al t h e r m al diff u si o n c o ef fl ci e nt s (l o w e r p a n el s) a r o u n d a m o n o pil e o v er 

S e pt e m b e r- N o v e m b e r. 2 0 0 9, 2 0 1 0, a n d 2 0 1 3. 
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t hr u st c o ef fi ci e nt of 0. 1 3. T h e i m p a ct of t h e d o w n wi n d w a k e o n t h e 

wi n d i nt e n sit y  a n d  dir e cti o n  e x hi bit e d  si g ni fi c a nt  s e a s o n al 

v ari ati o n s ( Fi g. 1 4). T h e m o st pr o n o u n c e d alt er ati o n s o c c urr e d o n t h e 

l e e si d e i n ar e a s c orr e s p o n di n g t o t h e s e a s o n all y d o mi n a nt wi n d 

dir e cti o n s: s o ut h e a st er n  i n  s pri n g,  n ort h e a st er n  i n  s u m m er 

t hr o u g h f all, a n d s o ut h e a st er n i n wi nt er. T h e m a g nit u d e of t h e s e 

c h a n g e s c orr el at e d wit h wi n d i nt e n sit y, r e a c hi n g it s m a xi m u m d u ri n g 

wi nt er. H o w e v er, d e s pit e t h e p ot e nti al of W T G s t o g e n er at e a 

s u b st a nti al d o w n wi n d w a k e at t h e 

h u b h ei g ht, t h eir i n fi u e n c e s o n t h e s urf a c e wi n d w er e n ot a bl y di mi n-

i s h e d. T h e m a xi m u m c h a n g e i n wi n d s p e e d attri b ut e d t o W T G s at t h e 

1 0- m h ei g ht w a s 0. 2 – 0. 3 m / s, pri m aril y d uri n g wi nt er, a n d a

dir e cti o n al s hift of 1. 0 – 1. 2 ◦  i n dir e cti o n, o c c urri n g pr e d o mi n a ntl y

i n s u m m er t hr o u g h a ut u m n.

T h e d o w n wi n d w a k e i n cr e a s e d t h e s p ati al v ari ati o n of o c e a ni c c ur-

r e nt s, c o n s e q u e ntl y alt eri n g t h e m o v e m e nt of s c all o p l ar v a e. T hi s 

alt er ati o n r e s ult e d i n a si g ni fi c a ntl y diff er e nt di stri b uti o n of t h e s ettl e d 

Fi g. 9. U p p er p a n el s: M a xi m u m b ott o m st r e s s e s a n d t h eir diff e r e n c e o v e r S e pt e m b e r t o N o v e m b e r 2 0 0 9, 2 0 1 0, a n d 2 0 1 3 f o r t h e c a s e s wit h a n d wit h o ut wi n d 

t ur bi n e s. L o w er p a n el s: Z o o m-i n vi e w s of t h e u p p er p a n el fi g u r e s a r o u n d t h e wi n d t u r bi n e ar r a y a r e a. 

Fi g. 1 0. U p p e r p a n el s: V erti c all y a v e r a g e d m e a n t h e r m al diff u si o n c o ef fi ci e nt s a n d t h ei r diff er e n c e o v er S e pt e m b e r t o N o v e m b e r 2 0 0 9, 2 0 1 0, a n d 2 0 1 3 f or t h e 

c a s e s wit h a n d wit h o ut wi n d t u r bi n e s. L o w e r p a n el s: Z o o m-i n vi e w s of t h e u p p e r- p a n el fi g ur e s a r o u n d t h e wi n d t u r bi n e a r r a y ar e a. 
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Fi g. 1 1. T h e s urf a c e ( u p p er) a n d b ott o m (l o w er) t e m p er at ur e diff er e n c e s a v er a g e d o v er S e pt e m b er, O ct o b er, a n d N o v e m b er 2 0 1 3 f or t h e c a s e s wit h a n d wit h o ut 

wi n d t ur bi n e s. 

Fi g. 1 2. L o c ati o n s a n d a b u n d a n c e s of s ettl e d s u p er-i n di vi d u al s c all o p l ar v a e i n t h e s o ut h er n N e w E n gl a n d r e gi o n f or t h e c a s e s wit h a n d wit h o ut wi n d t ur bi n e s o n 

N o v e m b er 3 0, 2 0 1 3. E x p eri m e nt s w er e d o n e f or s e mi di ur n al ( u p p er) a n d di el (l o w er) l ar v al mi gr ati o n b e h a vi or s. T h e bl a c k b o x: t h e N a nt u c k et Li g ht s hi p Cl o s e d Ar e a. 

Bl a c k d ot s: t h e m o n o pil e ’s l o c ati o n s. 
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s c all o p l ar v a e i n t h e r e gi o n, d e s pit e t h e fi o w s i n b ot h s c e n ari o s 

p u s hi n g t h e l ar v a e off s h or e t o w ar d s t h e N L C A ( Fi g. 1 5). I n b ot h 

s e mi di ur n al a n d di el mi gr ati o n b e h a vi or c a s e s, t h e fi o w i n fi u e n c e d b y 

d o w n wi n d w a k e s e n h a n c e d t h e l ar v al c o n v er g e n c e o n t h eir j o ur n e y s 

t o t h e N L C A, l e a di n g t o a hi g h er l ar v al d e n sit y i n t h e e a st er n 

p orti o n of t h e cl o s e d ar e a. M e a n w hil e, a s m o st s c all o p l ar v a e 

ori gi n at e d fr o m t h e cl o s e d ar e a of t h e G S C, c h a n g e s i n t h e fi o w 

p att er n s d u e t o d o w n wi n d w a k e s si g ni fi c a ntl y r e d u c e d s o ut h w e st w ar d 

l ar v al tr a n s p ort d uri n g t h e f all. T hi s w a s t h e r e a s o n f or t h e l o w er 

d e n sit y i n t h e N L C A w h e n a c c o u nti n g f or t h e 

d o w n wi n d w a k e eff e ct. T h e alt er ati o n i n wi n d s p e e d c a u s e d b y W T G s 

di d n ot si g ni fi c a ntl y i m p a ct t h e mi x e d l a y er d e pt h, s o m o st c h a n g e s i n 

l ar v al tr a n s p ort w er e attri b ut e d t o t h e v ari ati o n i n fi o w c a u s e d b y 

d o w n wi n d w a k e s. 

3. 2. 3. C o m p aris o n of D 1 a n d D 2 l a y o ut d esi g ns 
V W pr o p o s e d t w o alt er n ati v e l a y o ut d e si g n s ( D 1 a n d D 2) wit hi n 

t h e l e a s e ar e a of O C S- A- 0 5 0 1, f e at uri n g a s e p ar ati o n s p a ci n g of 

a p pr o xi- m at el y 0. 7 5 – 1. 0 n a uti c al mil e s b et w e e n i n di vi d u al W T G s. 

I n t h e D 1 

Fi g. 1 3. T h e s wi m mi n g b e h a vi or- e n s e m bl e d, m e a n s, p e r c e nt a g e s, a n d st a n d a r d d e vi ati o n s of s ettl e d s c all o p l a r v a e o v e r 2 0 0 9. 2 0 1 0, a n d 2 0 1 3 f or t h e c a s e s 

wit h o ut ( u p p er p a n el s) a n d wit h (l o w e r p a n el s) wi n d t ur bi n e s. Bl a c k li n e s a r e t h e 5 0, 1 0 0, a n d 2 0 0- m i s o b at h c o nt o u r s. T h e bl a c k b o x i s t h e N a nt u c k et Li g ht s hi p 

Cl o s e d A r e a ( N L C A). 

Fi g. 1 4. S e a s o n all y a v e r a g e d c h a n g e s i n wi n d s p e e d (i m a g e s) a n d dir e cti o n s ( c o nt o ur s) d u e t o wi n d t u r bi n e s o v e r 2 0 1 3. T h e s u rr o u n di n g wi n d r o s e pl ot s r e pr e s e nt 

t h e wi n d i nt e n sit y a n d fr e q u e n c y o v e r s p ri n g ( u p p e r-l eft), s u m m e r ( u p p er- ri g ht), a ut u m n (l o w e r-l eft), a n d wi nt e r (l o w er- ri g ht). 
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l a y o ut,  W T G s  f oll o w  a  n ort h w e st- s o ut h e a st  ori e nt ati o n,  w hil e  t h e  D 2 

l a y o ut a d o pt s a n e a st– w e st ali g n m e nt. 

W e c o n d u ct e d a c o m p ar ati v e a n al y si s of l ar v al di s p er si o n s a n d s et -

tl e m e nt s  b et w e e n  t h e  D 1  a n d  D 2  l a y o ut  d e si g n s  f or  t h e  y e ar s  2 0 0 9, 

2 0 1 0, a n d 2 0 1 3. F or t h e s e c a s e s, st ati sti c s a n al y s e s w er e p erf or m e d t o 

c al c ul at e e n s e m bl e l ar v al s wi m mi n g- a v er a g e d m e a n s, p er c e nt a g e s, a n d 

d e vi ati o n s  of  s ettl e d  s c all o p  l ar v a e.  T h e  e n s e m bl e  c o n si d er e d  all  e x -

p eri m e nt s wit h i d e nti c al i niti al a n d b o u n d ar y c o n diti o n s, e n c o m p a s si n g 

b ot h  di el  a n d  s e mi- di ur n al  l ar v al  s wi m mi n g  b e h a vi or s.  T h e  r e s ult s 

i n di c at e d t h at t h e t w o alt er n ati v e l a y o ut d e si g n s w o ul d n ot si g ni fi c a ntl y 

i n fi u e n c e t h e o v er all di stri b uti o n of s c all o p l ar v a e i n t h e r e gi o n, e x c e pt 

f or  n oti c e a bl e  diff er e n c e s  i n  l ar v al  a b u n d a n c e  i n  t h e  N L C A  (Fi g.  1 6 ). 

B ot h D 1- a n d D 2-l a y o ut arr a n g e m e nt s c o ul d c o n si d er a bl y alt er t h e fi o w 

fi el d a n d e n h a n c e off s h or e w at er tr a n s p ort. I nt er e sti n gl y, t h e s e c h a n g e s 

w er e n ot m ar k e dl y i n fi u e n c e d b y t h e ori e nt ati o n of W T G s ’ l a y o ut. 

3. 2. 4. I m p a ct of r e gi o n al w ar mi n g o n s c all o p l ar v al tr a ns p ort c o nsi d eri n g 

t h e pr es e n c e of W T Gs 

W ar mi n g i s a nti ci p at e d t o i n cr e a s e v erti c al str ati fi c ati o n a n d r e d u c e 

t h e O M L d e pt h. T hi s st u d y e x pl or e s t h e i m p a ct of w ar mi n g o n s c all o p 

Fi g. 1 5. S ettl e m e nt l o c ati o n s of s u p er-i n di vi d u al l ar v a e (l eft p a n el s) a n d d e n siti e s (ri g ht p a n el s) f or t h e c a s e s wit h a n d wit h o ut c o n si d eri n g t h e wi n d a n d h e at fi u x 

c h a n g e s  d u e  t o  wi n d  t ur bi n e s.  T h e  e x p eri m e nt s  w er e  c o n d u ct e d  fr o m  S e pt e m b er  t o  N o v e m b er  2 0 1 3,  c o n si d eri n g  di el  a n d  s e mi- di ur n al  l ar v al  mi gr ati o n  i n  t h e 

mi x e d l a y er. 

Fi g. 1 6. T h e s wi m mi n g b e h a vi or- e n s e m bl e d, m e a n s, p er c e nt a g e s, a n d st a n d ar d d e vi ati o n s of s ettl e d s c all o p l ar v a e o v er 2 0 0 9. 2 0 1 0 a n d 2 0 1 3 f or t h e D 1- a n d D 2- 

l a y o ut c a s e s. Bl a c k li n e s ar e t h e 5 0, 1 0 0, a n d 2 0 0- m i s o b at h c o nt o ur s. A bl a c k b o x i s t h e N a nt u c k et Li g ht s hi p Cl o s e d Ar e a ( N L C A). 
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l ar v al tr a n s p ort u n d er t h e i n fi u e n c e of W T G s b y c o m p ari n g t w o e x p er-

i m e nt al s c e n ari o s wit h diff er e nt O M L d e pt h s, s p e ci fi c all y 1 0 a n d 3 0 m. 

W a n g ( 2 0 2 3)  pr oj e ct e d c h a n g e s i n s e a s urf a c e t e m p er at ur e ( S S T) i n 

t h e U S N ort h e a st r e gi o n t hr o u g h d o w n s c al e d r e gi o n al cli m at e e x p eri-

m e nt s u si n g W R F a n d F V C O M. T h e r e s ult s i n di c at e d a pr oj e ct e d 

i n cr e a s e of a p pr o xi m at el y 2. 5 ◦ C i n S S T b y 2 0 5 0 c o m p ar e d t o t h e 

pr e s e nt. T hi s 

fi n di n g i s a b o ut 1. 0 ◦ C hi g h er t h a n t h e pr oj e cti o n b y t h e B e df or d I n sti-

t ut e of O c e a n o gr a p h y N ort h Atl a nti c M o d el ( B N A M) ( Bri c k m a n et al., 

2 0 2 1), b ut ali g n s wit h t h e 2. 2 5 – 2. 7 5 ◦ C pr oj e cti o n b y t h e R e gi o n al 

O c e a n M o d eli n g S y st e m ( R O M S) ( Bri c k m a n et al., 2 0 2 1). 

T h e d o w n s c al e d r e gi o n al cli m at e W R F a n d F V C O M e x p eri m e nt s 

s u g g e st t h at w ar mi n g si g ni fi c a ntl y i n cr e a s e s w at er str ati fi c ati o n i n t h e 

Fi g. 1 7. T h e s wi m mi n g b e h a vi or- e n s e m bl e d, m e a n s, p e r c e nt a g e s, a n d st a n d a r d d e vi ati o n s of s ettl e d s c all o p l ar v a e o v e r 2 0 0 9, 2 0 1 0, a n d 2 0 1 3 f or t h e 1 0- ( u p p er 

p a n el s) a n d 3 0- m (l o w e r p a n el s) O M L c a s e s. T h e e n s e m bl e c o n si d e r s b ot h t h e D 1- a n d D 2-l a y o ut m o n o pil e a rr a n g e m e nt s. Bl a c k li n e s ar e t h e 5 0, 1 0 0, a n d 2 0 0- m 

i s o b at h c o nt o ur s. T h e bl a c k b o x i s t h e N a nt u c k et Li g ht s hi p Cl o s e d A r e a ( N L C A). 

Fi g. 1 8. M o nt hl y- a v e r a g e d c u r r e nt s at t h e s u rf a c e ( u p p er) a n d b ott o m (l o w e r) f or t h e c a s e wit h wi n d t u r bi n e s f o r S e pt e m b er, O ct o b e r, a n d N o v e m b er 2 0 1 3.  
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U.  S N ort h e a st r e gi o n d uri n g s pri n g t hr o u g h s u m m er. U n d er a w ar mi n g  

c o n diti o n, O M L d e pt h s v ar y i n a r a n g e of 1 0 – 3 0 m o v er t h e s o ut h e r n N E S  

d uri n g f all ( C h e n et al., 2 0 2 1 a; W a n g, 2 0 2 3). W e c o n si d er t h e 1 0- m

O M L  c a s e a s a n i nt e n si v e w ar mi n g s c e n ari o a n d t h e 3 0- m O M L c a s e

a s a  m o d er at e w ar mi n g s c e n ari o. T h e e x p eri m e nt s w er e c o n d u ct e d

u si n g t h e  fi o w fi el d pr o d u c e d b y t h e 2 0 0 9, 2 0 1 0, a n d 2 0 1 3

si m ul ati o n s wit h  W T G s, t a ki n g i nt o a c c o u nt b ot h t h e di el a n d s e mi-

di ur n al l ar v al s wi m- mi n g b e h a vi or s.

T h e di stri b uti o n s of e n s e m bl e l ar v al s wi m mi n g- a v er a g e d m e a n s, 

p er c e nt a g e s, a n d d e vi ati o n s of s ettl e d s c all o p l ar v a e f or t h e 3 0- O M L 

c a s e r e s e m bl e t h o s e s h o w n wit h W T G s i n Fi g. 1 3 ( Fi g. 1 7). W h e n t h e 

O M L d e pt h r e d u c e d t o 1 0 m, t h e s c all o p l ar v a e m o v e d si g ni fi c a ntl y 

o n s h or e, s o ut h w ar d, a n d n ort h w ar d. A l ar g e p er c e nt a g e of s c all o p 

l ar v a e c o ul d s ettl e ar o u n d t h e W T G s’ ar e a ( Fi g. 1 7). T h e r e d u cti o n i n 

O M L d e pt h d u e t o w ar mi n g c o ul d e n h a n c e t h e i nt er a n n u al v ari a bilit y 

of s c all o p l ar v al di s p er s al a n d s ettl e m e nt o v er t h e s o ut h er n N E S. T hi s 

r e s ult s u g g e st s t h at a s w ar mi n g c o nti n u e s, t h e i m p a ct of off s h or e 

wi n d f ar m s o n s c all o p l ar v al tr a n s p ort c o ul d e x hi bit si g ni fi c a nt 

i nt er n ati o n al v ari a bilit y. 

4. Di s c u s si o n s

T h e c o m p ari s o n of t h e s c all o p l ar v al m o v e m e nt b et w e e n t h e c a s e s
wit h a n d wit h W T G s s u g g e st s t h at i n st alli n g a W T G arr a y i n t h e l e a s e 

ar e a of O C S- A- 0 5 0 1 c o ul d e n h a n c e t h e off s h or e w at er tr a n s p ort o v er 

N a nt u c k et S h o al. S u c h c h a n g e i n fi o w i s m ai nl y attri b ut e d t o t h e c u-

m ul ati v e eff e ct s of t h e m e s o s c al e fi o w ar o u n d i n di vi d u al W T G s. 

W e c al c ul at e d t h e 4 0- h l o w- p a s s filt er e d c u rr e nt s a n d t h eir 

diff er e n c e f or t h e c a s e s wit h a n d wit h o ut W T G s. T h e r e s ult i n di c at e s 

t h at fl ui d- m o n o pil e i nt er a cti o n s g e n er at e a n et off s h or e m e s o s c al e 

fl o w  ar o u n d i n di vi d u al  W T G s  ( Fi g.  1 8).  U n d er  str ati fl e d 

c o n diti o n s, t hi s l o w- fr e q u e n c y s u bti d al fl o w v ari e s si g ni fi c a ntl y 

wit h d e pt h. I n 2 0 1 3, f or i n st a n c e, t h e m o nt hl y a v er a g e s u bti d al fl o w 

ar o u n d i n di vi d u al W T G s i n S e pt e m b er t hr o u g h N o v e m b er w a s 

s o ut h e a st w ar d n e ar t h e s urf a c e a n d n ort h e a st w ar d n e ar t h e b ott o m. 

T h e m o nt hl y s u bti d al fl o w ar o u n d W T G s w a s a p pr o xi m at el y 2 – 3 

c m / s i n S e pt e m b er a n d O ct o b er, b ut it i n cr e a s e d t o ~ 1 0 c m / s i n 

N o v e m b er. T hi s fl o w dir e ct e d t h e s c all o p l ar v a e off s h or e i n t h e W T G 

ar e a s. 

T h e l o c al m o n o pil e- fi ui d i nt er a cti o n si g ni fl c a ntl y i n fl u e n c e d t h e 

l o w- fr e q u e n c y s u bti d al fl o w wit hi n a n d ar o u n d W T G s. W e c al c ul at e d 

t h e m o nt hl y- a v er a g e d  4 0- h o ur  l o w- p a s s e d,  n e ar- s urf a c e  fi o w 

diff er e n c e b et w e e n t h e c a s e s wit h a n d wit h o ut W T G s f or S e pt e m b er, 

O ct o b er, a n d N o v e m b er 2 0 1 3 ( Fi g. 1 9). I n S e pt e m b er, t h e s p e e d 

diff er e n c e v ari e d ar o u n d t h e W T G arr a y, r e a c hi n g l ar g er v al u e s ( u p t o 

~ 2 – 3 c m / s) i n t h e s o ut h w e st er n ar e a a n d s m all er v al u e s i n t h e 

n ort h e a st er n r e gi o n. H o w e v er, t h e fi o w dir e cti o n diff er e n c e w a s 

si g ni fi c a nt, u p t o 1 0 0 ◦  i n t h e off s h or e ar e a ar o u n d 4 0- m i s o b at h. I n 

O ct o b er, t h e m o st c o n si d er a bl e s p e e d diff er e n c e o c c urr e d i n t h e 

n ort h w e st er n c or n er of t h e W T G arr a y a n d ar o u n d t h e 5 0- m i s o b at h, 

wit h a m a xi m u m diff er e n c e of ~ 3 – 5 c m / 

Fi g. 1 9. M o nt hl y- a v e r a g e d fi o w s p e e d (l eft p a n el s) a n d di r e cti o n ( ri g ht p a n el s) diff e r e n c e s a r o u n d t h e W T G a r r a y b et w e e n t h e c a s e s wit h a n d wit h o ut wi n d 

t ur bi n e s f o r S e pt e m b e r, O ct o b er, a n d N o v e m b e r 2 0 1 3. Bl a c k d ot s: t u r bi n e l o c ati o n s. 
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s. T h e c urr e nt dir e cti o n diff er e n c e r e a c h e d 1 2 0- 1 6 0 ◦  i n t h e r e gi o n of

si g ni fi c a nt fi o w c h a n g e. I n N o v e m b er, a s u b st a nti al c h a n g e i n fi o w

s p e e d  o c c urr e d o n t h e n ort h e a st er n a n d s o ut h w e st er n si d e s of t h e W T G

arr a y,  e v e n t h o u g h t h e fi o w dir e cti o n c h a n g e w a s l e s s t h a n 1 0 ◦ .

W e f u rt h er e x a mi n e d t h e r e gi o n al- s c al e l o w-fr e q u e n c y s u bti d al fi o w 
c h a n g e s o v er N a nt u c k et S h o al, di s c o v eri n g t h at t h e s e c h a n g e s v ari e d 

wit h t h e wi n d i nt e n sit y a n d dir e cti o n. T h e m o st s u b st a nti al fi o w 

c h a n g e 

o c c urr e d ar o u n d t h e 4 0 t o 5 0- m i s o b at h r e gi o n ( Fi g. 2 0), c o n si st e nt 

wit h t h e t e m p er at ur e diff er e n c e o b s er v e d b et w e e n t h e c a s e s wit h a n d 

wit h o ut G T W s ( Fi g. 1 1). T o vi s u ali z e t h e v el o cit y c h a n g e s o n a 

r e gi o n al s c al e, w e pl ott e d t h e m o nt hl y- a v er a g e d s u bti d al fi o w s wit h a 

2. 0- k m h ori z o nt al r e s ol uti o n. I n S e pt e m b er, v ar yi n g wi n d dir e cti o n s, 

wit h a hi g h er p er- c e nt a g e fr o m t h e n ort h e a st or s o ut h w e st, 

i nt e n si fl e d t h e a nti c y cl o ni c s u bti d al fl o w ar o u n d t h e 4 0 t o 5 0- m 

i s o b at h s i n t h e s o ut h w e st er n ar e a of 

Fi g. 2 0. L eft p a n el s: m o nt hl y- a v er a g e d fl o w diff e r e n c e s b et w e e n t h e c a s e s wit h a n d wit h o ut wi n d t u r bi n e s o v e r N a nt u c k et S h o al f o r S e pt e m b er, O ct o b er, a n d 

N o v e m b e r 2 0 1 3. R e d li n e: t h e b o u n d a r y of t h e N L C A. R e d d ot s: t h e m o n o pil e ’s l o c ati o n. L eft p a n el: t h e r o s e m a p s of t h e wi n d i nt e n sit y a n d f r e q u e n c y o v er 

S e pt e m b e r ( u p p e r), O ct o b e r ( mi d dl e), a n d N o v e m b e r (l o w er). ( F o r i nt er pr et ati o n of t h e r ef e r e n c e s t o c ol o r i n t hi s fl g u r e l e g e n d, t h e r e a d e r i s r ef e rr e d t o t h e w e b 

v e r si o n of t hi s a rti cl e.) 
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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). 

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 (OCS0A-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 M2 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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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 to the 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. 
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