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S u rf a c e w a v e pr o p a g ati o n a n d t h e m o d ul ati o n s of w a v e p ar a m etri c a n d s p e ctr al pr o p erti e s o v er t h e G ulf Str e a m 

( G S)  ar e  st u di e d  u si n g  a  hi g h  s p ati al  r e s ol uti o n  ( 1  k m)  w a v e  m o d el  t h at  c o n si d er s  a n  i d e ali z e d  G S.  W hil e 

si m ul ati o n r e s ult s ar e g e n er all y c o n si st e nt wit h a pr e vi o u s m o d elli n g st u d y, w e f o u n d t h at f or f oll o wi n g- c urr e nt 

( F C) c a s e s, r e fl e cti o n fr o m t h e G S s u b st a nti all y i n cr e a s e s w a v e h ei g ht o n t h e off s h or e si d e of t h e G S c e nt er b y u p 

t o 2 5 %, a n d d e cr e a s e s w a v e h ei g ht o n t h e l a n d w ar d si d e of t h e G S b y a s m u c h a s 8 0 %. I n t h e c o u nt er- c urr e nt 

( C C) c a s e s, t h e w a v e h ei g ht pr o fil e i s m or e s y m m etri c al r el ati v e t o t h e G S c e nt erli n e, a n d t h e m a xi m u m 3 3 % 

i n cr e a s e  of  w a v e  h ei g ht  i s  pr e d o mi n a ntl y  dri v e n  b y  str ai ni n g.  T h e  G S  al s o  c a u s e s  a n  i n cr e a s e  ( d e cr e a s e)  i n 

w a v el e n gt h a n d dir e cti o n al s pr e a di n g i n t h e F C ( C C) c a s e. A d diti o n al m o d el s e n siti vit y e x p eri m e nt s t h at f urt h er 

c o n si d er r e ali sti c s h elf- o c e a n t o p o gr a p h y s h o w t h at c urr e nt m o d ul ati o n a n d b ott o m di s si p ati o n w or k i n c o n c ert 

a s l o w- a n d hi g h- p a s s filt er s o n t h e w a v e fr e q u e n c y s p e ctr a. W a v e p ar a m et er s a n d s p e ctr al m o d ul ati o n s i m p o s e d 

b y t h e G S h a v e si g ni fi c a nt i m p a ct s o n o c e a n- at m o s p h er e m o m e nt u m fl u x a n d w a v e e n er g y r e s o ur c e.   

1. I nt r o d u cti o n 

M o d ul ati o n of w a v e c h ar a ct eri sti c s b y c urr e nt s i s a n i m p ort a nt o c e a n 

pr o c e s s  t h at  h a s  dr a w n  t h e  att e nti o n  of  t h e  m ari n e  s ci e n c e  r e s e ar c h 

c o m m u nit y f or d e c a d e s ( e. g. M c K e e, 1 9 7 5 ; T ol m a n, 1 9 9 0 ; H olt h uij s e n 

a n d T ol m a n, 1 9 9 1 ; T a m ur a et al., 2 0 0 8 ; M or eir a a n d P er e gri n e, 2 0 1 2 ; 

B ar n e s a n d R a ut e n b a c h, 2 0 2 0 ). E arli er st u di e s h a v e s h o w n t h at a str o n g 

a m bi e nt  c urr e nt  c a n  c h a n g e  w a v e  p ar a m et er s  i n cl u di n g  w a v e  h ei g ht, 

l e n gt h,  dir e cti o n,  a n d  dir e cti o n al  s pr e a di n g.  T h e  o c e a ni c  a n d  c o a st al 

w a v e  cli m at e  c a n  t h u s  b e  alt er e d  si g ni fi c a ntl y  d u e  t o  str o n g 

w a v e- c urr e nt  i nt er a cti o n s  or  m o d ul ati o n  of  w a v e s  b y  c urr e nt s  d uri n g 

b ot h  st or m  a n d  n or m al  c o n diti o n s  ( R o m er o  et  al.,  2 0 1 7 ; H e g er mill er 

et al., 2 0 1 9 ). M or e o v er, r o g u e w a v e s, o n e of t h e m o st e n er g eti c o c e a n 

p h e n o m e n a, ar e u s u all y g e n er at e d a s a r e s ult of a m pli fi c ati o n of w a v e 

h ei g ht b y o p p o si n g c urr e nt s ( O n or at o et al., 2 0 1 3 ). T h e y ar e a d a n g er o u s 

m ari n e h a z ar d t o o c e a n tr a n s p ort ati o n a n d ar e fr e q u e ntl y o b s er v e d o v er 

w e st er n  b o u n d ar y  c urr e nt s  ( W B C s)  i n cl u di n g  t h e  A g ul h a s  a n d  G ulf 

Str e a m ( T off oli et al., 2 0 1 5 ; B ar n e s a n d R a ut e n b a c h, 2 0 2 0 ). R e c e ntl y, 

m e s o s c al e a n d s u b- m e s o s c al e c urr e nt s i n t h e f or m of e d di e s, fr o nt s, a n d 

fil a m e nt s  h a v e  al s o  b e e n  i d e nti fi e d  a s  m aj or  s o ur c e s  of  si g ni fi c a nt 

s m all- s c al e w a v e h ei g ht v ari a bilit y ( e. g. Ar d h ui n et al., 2 0 1 7 ). M o d u-

l ati o n  of  w a v e s  b y  c urr e nt s  al s o  pl a y  a  m aj or  r ol e  i n  alt eri n g  m ari n e 

b o u n d ar y  l a y er  d y n a mi c s,  l e a di n g  t o  l ar g e  v ari ati o n s  i n  m o m e nt u m, 

h e at, a n d m oi st ur e fl u x tr a n sf er s b et w e e n o c e a n a n d at m o s p h er e ( e. g. 

C h ali k o v a n d R ai n c hi k, 2 0 1 1 ; C h ali k o v, 2 0 1 8 ; C h ali k o v a n d B a b a ni n, 

2 0 1 9 ). 

O c e a n  c urr e nt s  h a v e  s p e ci fi c  i m p a ct s  o n  w a v e  pr o p a g ati o n  a n d 

tr a n sf or m ati o n.  T h e s e  i n cl u d e  w a v e  r efr a cti o n,  str ai ni n g  ( d e e p- w at er 

s h o ali n g d u e t o c urr e nt i m p a ct), tr a p pi n g, r e fl e cti o n, a n d c h a n g e s i n t h e 

s p e ctr al s h a p e s of t h e i n ci d e nt w a v e s. R efr a cti o n of s urf a c e w a v e s b y 

c urr e nt s w a s i niti all y a d dr e s s e d b y J o h n s o n ( 1 9 4 7) . T ol m a n ( 1 9 9 0) a n d 

B a s c h e c k  ( 2 0 0 5) s u b s e q u e ntl y  d eri v e d  a n al yti c al  e q u ati o n s  f or  c al c u -

l ati n g t h e w a v e a m plit u d e c h a n g e d u e t o str ai ni n g o v er c urr e nt s. A n al-

y si s  of  ot h er  c o m pli c at e d  eff e ct s  i n cl u di n g  w a v e  r e fl e cti o n  fr o m  a 

c urr e nt a n d w a v e tr a p pi n g i n si d e a c urr e nt ar e d o n e b y dir e ct s ol uti o n of 

t h e  e q u ati o n s  of  m oti o n  u si n g  p ert ur b ati o n  or  alt er n ati v e  a n al yti c al 

m et h o d s ( P er e gri n e, 1 9 7 6 ; Li u et al., 1 9 9 2 ; S h y u a n d T u n g, 1 9 9 9 ). N u-

m eri c al w a v e m o d el s i n b ot h i d e ali z e d a n d r e ali sti c s etti n g s w er e al s o 

e m pl o y e d  t o  st u d y  t h e  eff e ct s  of  c urr e nt s  o n  w a v e  m o d ul ati o n  ( e. g. 

H olt h uij s e n a n d T ol m a n, 1 9 9 1 ; R u s u et al., 2 0 1 1 ; H o p ki n s et al., 2 0 1 6 ; 

B ar n e s a n d R a ut e n b a c h, 2 0 2 0 ; Pr a k a s h a n d P a nt, 2 0 2 0 ; P o n c e d e L e ó n 

a n d S o a r e s, 2 0 2 1 ; L a v a u d et al., 2 0 2 0 ; B e y a et al., 2 0 2 1 ). 

O n e of t h e m o st i ntri g ui n g pr o c e s s e s i s h o w w a v e s r e s p o n d t o str o n g 

W B C s s u c h a s t h e G ulf Str e a m ( G S). T h e G S i s a p er si st e nt a n d i nt e n s e 

c urr e nt wit h a m a xi m u m s urf a c e v el o cit y of 1. 5 – 2. 0 m s − 1 ( e. g. Mi s r a, 

2 0 2 0 ; Z e n g a n d H e, 2 0 1 6 ) a n d a wi dt h of 1 0 0– 3 0 0 k m d e p e n di n g o n 

*  C orr e s p o n di n g a ut h or. 2 8 0 0 F a u c ett e Dri v e, R al ei g h, N C, 2 7 6 9 5, U S A. 
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l atit u d e  (G a n g o p a d h y a y  et  al.,  2 0 1 6 ).  M a n y  o b s er v ati o n s  of  t h e  G S 

i m p a ct  o n  w a v e s  pr o p a g ati n g  fr o m  o ut si d e  t h e  c urr e nt  h a v e  b e e n 

d o c u m e nt e d  ( e. g. M e a d o w s  et  al.,  1 9 8 3 ; D o b s o n  a n d  Ir vi n e,  1 9 8 3 ; 

M c L ei s h  a n d  R o s s,  1 9 8 5 ; Li u  et  al.,  1 9 8 9 ).  C o m p ar e d  t o  t h e  r e gi o n s 

o ut si d e t h e c urr e nt, m or e c o m pli c at e d w a v e p att er n s a n d l ar g er w a v e 

h ei g ht s  h a v e  b e e n  k n o w n  t o  o c c ur  i n si d e  t h e  G S.  F urt h er m or e,  n e ar -

s h or e / c o a st al w a v e c h ar a ct eri sti c s c a n b e si g ni fl c a ntl y m o d ul at e d b y t h e 

G S. T o e x a mi n e t hi s m o d ul ati o n, w e u s e d i n sit u w a v e m e a s ur e m e nt s at 

N D B C st ati o n s 4 1 0 0 2 a n d 4 1 0 1 3, w hi c h ar e l o c at e d o n t h e off s h or e a n d 

c o a st al si d e s of t h e G S, r e s p e cti v el y ( Fi g. 1 ). 

M e a s ur e m e nt s s h o w m a n y o c c a si o n s w h e n off s h or e w a v e h ei g ht a n d 

dir e cti o n w er e s u b st a nti all y alt er e d b y t h e G S. F or t h e s p e ci fl c ti m e w e 

e x a mi n e d  (t h e  s oli d  v erti c al  li n e  i n Fi g.  1 b),  t h e  off s h or e  w a v e 

a p pr o a c h e d t h e G S fr o m t h e s o ut h wit h a m e a n a n gl e of 2 0 ◦ wit h r e s p e ct 

t o t h e G S fl o w dir e cti o n (i. e. a f oll o wi n g- c urr e nt c a s e). Wi n d s p e e d at 

t hi s ti m e w a s cl o s e t o z er o at t h e off s h or e st ati o n; t h er ef or e, n o si g ni fi -

c a nt w a v e g e n er ati o n b y wi n d w a s e x p e ct e d b et w e e n t h e off s h or e b u o y 

a n d t h e e a st er n e d g e of t h e G S. 

W e  e sti m at e d  t h at  it  w o ul d  t a k e  a p pr o xi m at el y  8  h  f or  w a v e s  t o 

pr o p a g at e  fr o m  t h e  off s h or e  b u o y  t o  t h e  c o a st al  b u o y.  T h e  ti m e  l a g 

b et w e e n t w o b u o y s w a s c al c ul at e d b a s e d o n t h e di st a n c e b et w e e n t w o 

b u o y s, t h e a v er a g e w a v e p eri o d m e a s ur e d at 4 1 0 0 2, a n d w a v e c el erit y 

c al c ul at e d  u si n g  t h e  w a v e  di s p er si o n  e q u ati o n.  W a v e  s p e ctr a  w er e 

c o m p ut e d a n d c o m p ar e d i n Fi g. 1 c a n d d wit h t h e a n al y si s o n t h e c o a st al 

b u o y  p erf or m e d  o n  d at a  c oll e ct e d  8  h  l at er  t h a n  t h at  of  t h e  off s h or e 

b u o y. S u b st a nti al d e cr e a s e s i n t h e s p e ctr al e n er g y a n d c o u nt er cl o c k wi s e 

r ot ati o n of t h e m ai n e n er g y b a n d w a s o b s er v e d i n t h e 2 D s p e ctr a ( Fi g. 1 c 

a n d  d).  At  t h e  c o a st al  b u o y,  d e e p  w at er  c o n diti o n s  w er e  s ati s fi e d; 

t h er ef or e, t h e c h a n g e s i n w a v e e n er g y a n d dir e cti o n c a n n ot b e attri b ut e d 

t o d e pt h-i n d u c e d r efr a cti o n. T h e 2 D e n er g y s p e ctr u m at t h e c o a st al b u o y 

s h o w s t w o m aj or s e ct or s. T h e e n er g y i n t h e s o ut h er n s e ct or (r e d cir cl e i n 

Fi g.  1 c)  r e s ult e d  fr o m  t h e  alt er ati o n  of  off s h or e  w a v e s  b y  t h e  G S, 

w h er e a s  e n er g y  i n  t h e  n ort h e a st er n  s e ct or  w a s  l ar g el y  t h e  r e s ult  of 

w a v e s l o c all y g e n er at e d b y t h e n ort h erl y- n ort h e a st erl y wi n d s ( u p t o 8 m 

s − 1 b a s e d o n m e a s ur e m e nt s at N D B C 4 1 0 1 3) o n t h e c o a st al si d e. 

N u m eri c al si m ul ati o n s h a v e b e e n u s e d t o a d dr e s s t h e eff e ct of t h e G S 

o n  b ot h  s w ell  pr o p a g ati o n  a n d  wi n d- w a v e  g e n er ati o n  ( e. g. T ol m a n, 

1 9 9 0 ; H olt h uij s e n a n d T ol m a n, 1 9 9 1 ; P o n c e d e L e ó n a n d S o a r e s, 2 0 2 1 ). 

T h e  st u d y  of H olt h uij s e n  a n d  T ol m a n  ( 1 9 9 1 ;  h er e aft er  r ef err e d  t o  a s 

H T 9 1)  off er s  m a n y  i n si g htf ul  a n al y s e s  a b o ut  t h e  v ari ati o n s  of  w a v e 

Fi g. 1. a) L o c ati o n s of t w o N D B C b u o y s o n t h e off s h or e a n d c o a st al si d e s of t h e G S u s e d f or e x a mi ni n g t h e eff e ct of G S o n off s h or e w a v e s. T h e c ol or- c o d e d c o nt o ur s 

s h o w t h e b at h y m etr y of t h e r e gi o n. T h e s oli d bl a c k li n e s s h o w t h e a v er a g e l o c ati o n of t h e G S b o u n d ari e s b a s e d o n N O A A d at a. b) Ti m e s eri e s of m e a s ur e d w a v e h ei g ht 

a n d dir e cti o n at off s h or e a n d c o a st al b u o y s a n d m e a s ur e d 1 0- m wi n d at s p e e d at t h e off s h or e b u o y 4 1 0 0 2. T h e v erti c al s oli d li n e s p e ci fi e s t h e ti m e c orr e s p o n di n g t o 

n e ar- z er o wi n d s p e e d at N D B C 4 1 0 0 2 f or w hi c h t h e off s h or e s p e ctr u m i s pr e s e nt e d. T h e s oli d ( d a s h e d) li n e i s c orr e s p o n di n g t o t h e ti m e f or w hi c h t h e w a v e s p e ctr u m 

at t h e off s h or e b u o y N D B C 4 1 0 0 2 ( c o a st al b u o y N D B C 4 1 0 1 3) i s pr e s e nt e d; c, d) m e a s ur e d 2 D s p e ctr a at t h e c o a st al a n d off s h or e b u o y r e s p e cti v el y c orr e s p o n di n g t o 

t h e s p e ci fl e d ti m e s i n p a n el b. T h e 8 h’ ti m e l a g i s t o a c c o u nt f or t h e a p pr o xi m at e ti m e it r e q uir e s f or t h e w a v e s t o pr o p a g at e fr o m N D B C 4 1 0 0 2 t o N D B C 4 1 0 1 3. T h e 

r e d cir cl e i n ( c) s h o w s t h e p art of t h e s p e ctr al e n er g y pr o p a g at e d fr o m t h e off s h or e a n d m o d ul at e d b y t h e G S. 

M. N. All a h d a di et al.                                                                                                                                                                                                                          
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p ar a m et er s d u e t o t h e i m p a ct s of c urr e nt s. T h e y u s e d a t hir d- g e n er ati o n 

w a v e m o d el t h at i m pl e m e nt e d a n i d e ali z e d G S a n d G S ri n g. F or t h e c a s e 

of  a n  i d e ali z e d,  str ai g ht  G S,  t h e y  c o n si d er e d  b ot h  s w ell  pr o p a g ati o n 

a cr o s s  t h e  G S  a n d  a cti v e  w a v e  g e n er ati o n  b y  t h e  wi n d  f or  b ot h 

f oll o wi n g- c urr e nt  ( F C)  a n d  c o u nt er- c urr e nt  ( C C)  c a s e s,  w hi c h  ar e 

d e fl n e d b y t h e i n ci d e nt w a v e or wi n d dir e cti o n r el ati v e t o t h e G S ( s e e 

A p p e n di x A f or d e fl niti o n s of F C a n d C C). F or s w ell s cr o s si n g t h e G S, 

t h e y u s e d a q u a si- 1 D m o d el wit h a s p ati al r e s ol uti o n of 1 4 k m f or w hi c h 

all t h e l at er al gr a di e nt s c o ntri b uti n g t o t h e s p ati al e n er g y pr o p a g ati o n 

w er e s et t o z er o. T hi s i d e ali z ati o n a s s u m e d t h at t h e G S i s i n fl nit el y l o n g. 

T h e y al s o u s e d a G a u s si a n di stri b uti o n of s urf a c e c urr e nt s p e e d s a cr o s s a 

1 5 0 k m tr a n s v er s e wit h a m a xi m u m c urr e nt s p e e d of 1. 7 m s − 1 i n t h e 

mi d dl e  of  t h e  G S.  F or  t h e  F C  c a s e,  t h eir  si m ul ati o n  s h o w e d  t h at  t h e 

dir e cti o n al  s p e ctr a  o n  t h e  e a st  of  t h e  G S  ar e  m o d ul at e d  b y  w a v e 

r e fi e cti o n fr o m t h e G S, w h er e a s n o r e fi e cti o n w a s d et e ct e d o n t h e w e st 

si d e. T h er ef or e, w a v e h ei g ht sli g htl y i n cr e a s e d i n t h e e a st er n r e gi o n of 

t h e G S, w hil e t h e ori gi n al w a v e h ei g ht f or t h e r e st of t h e cr o s s- s e cti o n 

w a s u n c h a n g e d. F or t h e C C c a s e, t h eir m o d el a n al y s e s s h o w e d t h at f or 

a  s p e ci fi c  w a v e  dir e cti o n  a n d  p e a k  p eri o d,  t h e  n e g ati v e  a n d  p o siti v e 

m e c h a ni s m s c o ntri b uti n g t o c h a n gi n g w a v e h ei g ht al m o st c a n c el e d o ut 

i n t h e mi d dl e of t h e G S a n d n o si g ni fl c a nt c h a n g e of t h e w a v e h ei g ht 

r e s ult e d. T h e H T 9 1 st u d y al s o t o u c h e d u p o n t h e m e c h a ni s m s aff e cti n g 

s w ell s cr o s si n g t h e G S a n d i s o n e of t h e fir st st u di e s q u a ntif yi n g s w ell 

w a v e v ari ati o n s a cr o s s t h e G S. 

T h e g o al of t hi s st u d y i s t o r e vi sit t h e s e mi n al w or k of H T 9 1 b y u si n g 

a n a d v a n c e d s p e ctr al w a v e m o d el wit h a m u c h hi g h er ( 1 k m a s o p p o s e d 

t o 1 4 k m) s p ati al r e s ol uti o n. T hi s hi g h s p ati al r e s ol uti o n i s e s s e nti al t o 

r e s ol v e hi g h v el o cit y gr a di e nt s a cr o s s a n i d e ali z e d G S. C o m p ar e d t o t h e 

1 D si m ul ati o n of H T 9 1, t h e pr e s e nt st u d y u s e d a f ull y 2 D m o d el i n t h e 

s p ati al d o m ai n. T hi s 2 D m o d el i s m or e r e ali sti c a n d a c c ur at e t h a n t h e 1 D 

m o d el,  e s p e ci all y  w h e n  si m ul ati n g  t h e  f oll o wi n g- c urr e nt  w a v e s  f or 

w hi c h  t h e  r e fi e ct e d  w a v e s  fr o m  t h e  u p str e a m  r e gi o n s  a d d  u p  t o  t h e 

w a v e s i n t h e off s h or e r e gi o n s of t h e d o w n str e a m r e gi o n s. Al s o, t h e w a v e 

fi el d  o n  t h e  c o a st al  ( w e st)  si d e  of  t h e  G S  will  b e  si m ul at e d  m or e 

a c c ur at el y si n c e t h e l at er al w a v e e n er g y c a n b e c orr e ctl y tr a n sf err e d t o 

t h e i nt er e st e d ar e a s. N e w a n al y s e s b uilt o n t h e hi g h-r e s ol uti o n m o d el 

si m ul ati o n s h er ei n pr e s e nt a m or e d et ail e d a s s e s s m e nt of o c e a n c urr e nt 

i m p a ct s  o n  w a v e  m o d ul ati o n.  T h e s e  a n al y s e s  i n cl u d e  e xt e n si v e  i n-

v e sti g ati o n s o n i n ci d e nt w a v e s c o mi n g fr o m diff er e nt dir e cti o n s, q u a n -

ti fi c ati o n  of m e c h a ni s m s c o ntri b uti n g t o  m o d ul ati n g w a v e pr o p erti e s, 

a n d e x a mi n ati o n of w a v e s p e ctr al v ari ati o n s i n d u c e d b y t h e G S c urr e nt. 

T h e n o v el i m pli c ati o n s of t h e s e p ar a m etri c a n d s p e ctr al m o d ul ati o n s f or 

o c e a n- at m o s p h er e c o u pli n g a n d w a v e e n er g y c h ar a ct eri z ati o n ar e al s o 

di s c u s s e d  h er ei n.  F or  t h e  s a k e  of  br e vit y,  t e c h ni c al  d et ail s  a n d  t er m 

d e fi niti o n s ar e pr e s e nt e d i n A p p e n di x A . 

2.  N u m e ri c al m o d el s p e ci fl c ati o n s 

2. 1.  N u m eri c al m o d el 

W e u s e d t h e t hir d- g e n er ati o n w a v e m o d el Si m ul ati n g W A v e s N e ar -

s h or e ( S W A N, 2 0 1 5 ) o n a n u n str u ct ur e d m e s h ( Zijl e m a, 2 0 0 9 , 2 0 1 0 ) i n 

a n i d e ali z e d s etti n g t o st u d y t h e G S ’s eff e ct o n w a v e s. I n st e a d of u si n g a 

q u a si- 1 D m o d el s et u p wit h z er o l at er al gr a di e nt s a s H T 9 1 di d, w e u s e d a 

f ull y 2 D m o d el c o n fi g ur ati o n wit h pr o p a g ati o n al o n g b ot h x- a n d y- a x e s. 

T hi s i s m or e r e ali sti c a n d a c c ur at e, e s p e ci all y f or t h e F C c a s e s f or w hi c h 

t h e  r e fl e ct e d  w a v e s  fr o m  u p str e a m  l o c ati o n s  ar e  c o m bi n e d  wit h  t h e 

i n c o mi n g w a v e s at d o w n str e a m off s h or e l o c ati o n s ( s e e Fi g. 2 b a n d A p -

p e n di x A f or d e fl niti o n s of F C, C C, u p str e a m, a n d d o w n str e a m). T h e s e 

r e fl e ct e d w a v e s n e e d t o b e i n cl u d e d t o a c hi e v e m or e a c c ur at e r e s ult s o n 

t h e e a st er n r e gi o n s of t h e G S. F urt h er m or e, o n t h e d o w n w a v e si d e of t h e 

G S, c o a st al w a v e c h ar a ct eri sti c s c a n b e aff e ct e d b y w a v e s cr o s si n g t h e 

G S  fr o m  d o w n str e a m  l o c ati o n s.  T h e  e q u ati o n  f or  t h e  c o n s er v ati o n  of 

w a v e a cti o n d e n sit y i s m o di fi e d a s f oll o w s t o i n cl u d e b a c k gr o u n d c ur -

r e nt eff e ct s ( Zijl e m a, 2 0 0 9 , 2 0 1 0 ; S W A N, 2 0 1 5 ): 

∂ N

∂ t
+  ∇

x→ .

[ (

c→ g + U
→

)

N

]

+
∂ c σ N

∂ σ
+

∂ c θ N

∂ θ
=

S t ot

σ
( 1) 

Fi g.  2. a)  Di stri b uti o n  of  c urr e nt  s p e e d 

a cr o s s t h e G S a n d m o d eli n g ar e a. b) M o d el 

e xt e nt i n x a n d y dir e cti o n s a n d t h e l o c ati o n 

of t h e G S. T h e v e ct or s s h o w t h e s o ut h- n ort h 

c urr e nt  v e ct or  wit h  m a xi m u m  s p e e d  of  1. 5 

m s- 1  i n  t h e  c e nt er.  T h e  m o d el.  T h e  arr o w s 

o n at t h e e a st er n m o d el o p e n b o u n d ar y ( at X 

= 5 0 0  k m)  n e xt  t o  t h e  9 0 ◦ li n e  s h o w  t h e 

g e n er al  dir e cti o n  of  t h e  f oll o wi n g- c urr e nt 

( F C)  a n d  c o u nt er- c urr e nt( C C)  w a v e s  wit h 

r e s p e ct t o t h e dir e cti o n p er p e n di c ul ar t o t h e 

c urr e nt  ( 9 0 ◦ li n e).  O p e n  b o u n d ari e s  ar e 

s p e ci fi e d wit h r e d li n e s i n Fi g. 2 b a n d c) t h e 

m o d el c o m p ut ati o n al m e s h f or t h e s p e ci fi e d 

d a s h e d b o x s h o w n i n p a n el ( b).   
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where N is the wave action density, t is time, c g is wave group velocity 

vector, U is the current vector, x is the spatial vector that includes x and 
y components, and Stot is the sum of source terms. The effect of currents 
on wave action is quantified through the four terms on the left-hand side 
in Eq. (1). The second term from the left quantifies the spatial variations 
of wave energy propagation. The propagation speed here is the sum of 
the group velocity of the wave (in a frame of reference moving with the 
current) and current speed. This term accounts for the effects of shoaling 
(depth-induced wave amplification) and straining (current-induced 
wave amplification): 

(2) 

The third term from the left in Eq. (1) includes the effect of the shift 
in radian frequency on wave action. The rate of change for radiant fre
quency (c is a function of depth and current variations in time and 
space: 

(3) 

The effect of depth- and current-induced refraction on wave action is 
included in the fourth term from the left in Eq. (1) through the param
eter c : 

(4) 

In the above equations, k is the wavenumber vector, d is water 
depth, is the wave radian frequency, is the direction of wave spectral 
component, s is the axis parallel to the direction of wave propagation, 
and m is the axis perpendicular to the propagation direction. The effect 
of currents on wave action can also be included in the source term Stot on 
the right side of Eq. (1) by modifying the relative wind speed used in the 
calculation of wind stress in the wind input source term. Since in the 
present modeling no generation by wind is considered, the related 
source term is zero. 

2.2. Model design 

For our idealized model setup, the GS was approximated by a 
Gaussian current jet 600 km long and 100 km wide. This is a good 
representative of the average GS width, especially south of Cape Hat
teras, North Carolina, USA (e.g. Gangopadhyay et al., 2016). This 
Gaussian distribution had a maximum current speed 1.5 m s 1 at the 
middle, which is close to the maximum speed of 1.7 m s 1 used in HT91 
(Fig. 2a). For expediency, hypothetical GS flow was south to north and 
all incident wave directions (IWD) were evaluated relative to this. To 
assure that simulation results were not adversely affected by boundaries, 
the model dimension in the x direction was determined based on a 
sensitivity analysis of different model widths (300 800 km). In sensi
tivity analysis for the modeling area, we considered two goals: 1. 
minimizing the effect of offshore boundary on the incident waves by 
providing a buffer zone that is not affected by the reflected waves from 
the GS, so larger distances between the right border of the GS and the 
eastern boundary were intended (it was concluded that 300 km is not 
large enough); 2. optimizing the simulation time/cost by avoiding un
necessary large distances between the right border of the GS and the 
eastern boundary (it was concluded that 800 km doesn t add much to 
model accuracy, but significantly increase the simulation time). The 
x-axis dimension of 500 km was the optimum fulfilling both condition. 
As a result, we adopted a 500 km 600 km rectangular modeling area. 
The ocean region on the coastal and offshore sides of the GS were each 
250 km wide. (Fig. 2b). Swells enter the model from the east (right) side 

of the model at x 500 km (Fig. 2b) to the left. Also, parts of the model 
northern and southern boundaries on the east side of the GS are 
considered as the open boundary and waves can propagate through 
these parts (the open boundaries are specified with red lines in Fig. 2b). 

Our model simulations used a spatial resolution of 1 km. This is much 
higher than the model resolution of HT91, which was 14 km (only 10 11 
computational grids across their hypothetical GS). The 1 km resolution 
adopted in this study allows our simulations to resolve well the GS s 
velocity gradient and the current-induced wave variations. The Control 
model simulation used a constant water depth of 500 m. We also 
experimented with model bathymetry that mimics the coastal bathym
etry and shelf break in a model sensitivity run (Section 4) to investigate 
the effect of water depth on modulation of waves by currents over the 
GS. 

2.2.1. Model setup and experiments 
The simulations herein included only swells propagating over the GS, 

without any active wave generation by the wind. A similar model 
experiment design to that of HT91 was used (Table 1). Incident swells 
were applied to the model through the open boundaries on three sides 
(the western boundary was masked as land). Various configurations of 
open ocean waves were applied at the eastern boundary and/or the 
offshore side (eastern side) of the GS along the northern and southern 
boundaries. No wave was applied on the coastal side or over the GS so 
that we could focus on the open ocean waves and how they are modu
lated by the GS before propagating to the coastal zone. Swells at the 
open boundaries were introduced by their bulk parameters including 
wave height, peak period, direction, and directional spreading; thus the 
frequency-directional spectrum across the GS can be calculated using 
the spectral model applied on the spectral boundary conditions. These 
parameters were used for establishing a wave frequency-direction 
spectrum. Variations of swell energy with frequency can be appropri
ately represented by either single-peaked distributions, Gaussian, or 
JONSWAP (Hasselmann et al., 1973). HT91 used a Gaussian distribu
tion, but in the present paper, we chose the JONSWAP spectrum for 
input waves because it is more accurate, especially for younger swells in 
which energy in the higher frequency ranges is dominant (Lucas and 
Guedes Soares, 2015). A standard directional distribution of 
cosm

peak was used, for which is the direction of each energy 
component and peak is the peak wave direction. Consistent with HT91, a 
typical value of 12.4 was used as the directional spreading of the 
incident waves, which corresponds to m 20 and accounts for a very 
narrow directional distribution. Similar to HT91, incident wave height 
(Hs) of 1.99 m and peak frequency (fp) of 0.071 Hz (peak period of 14.08 
s) were used for this simulation. The frequency-domain for model 
simulation was 0.04 0.15 Hz, which is almost the same as HT91. An 
optimum number of frequencies (nf) of 36 for the discretization of this 

Table 1 
Summary of the input wave characteristics and numerical parameters used in the 
simulations.  

Characteristic Symbol (unit) value 

Boundary condition 
Significant wave height Hs m 1.99 
Frequency spectrum JONSWAP 
Peak frequency fp Hz 0.071 
Peak parameter 3.3 
Dimensionless spectral width a f fp 0.07  

b f fp 0.09 
Directional spreading DSPR(degrees) 12.4 

- Numerical model parameters 
Spatial resolution ds (m) 1000 
Timestep t (min) 10 
Number of frequencies nf 36 
Minimum frequency fmin Hz 0.04 
Maximum frequency fmax Hz 0.15 
Number of spectral directions nd 48  
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domain was obtained by a sensitivity analysis of different nf values in the 
range of 24 72 as advised by Allahdadi et al. (2019a). Two general 
categories of simulation cases, following-current (FC) and 
counter-current (CC), were examined in the model analyses. Based on 
the south-to-north flow of the idealized GS in this study, FC directions 
included incident waves from 90 to 180 relative to model north while 
the CC cases included directions between 0 and 90 . Following HT91, 
the initial number of spectral directions (nd) was 48, resulting in 7.5
directional sectors for both FC and CC cases. Neu and Won (1990), and 
later HT91, reported that for a narrow spectral distribution similar to the 
one assumed for swells, if the directional resolution is not small enough, 
the incident wave energy from the CC directions (0 90 ) bifurcates in 
the direction of the GS because of the spurious energy diffusion caused 
by lack of spectral directional resolution. Model test simulations using 
directional resolutions between 10 and 2.5 for several IWDs and ex
amination of the frequency-direction spectra for the CC cases showed 
that bifurcation resulted for all values of directional resolution, but the 
amount of the bifurcated energy was significantly decreased as direc
tional resolution increased. In the calculation of wave parameters for 
these directions, this spurious energy was filtered out and all parameters 
were calculated based on the corrected spectra. The filtering procedure 
was consistent with the approach done in HT91, and it effectively 
removed the spurious energy produced either in or near the direction of 
the GS from the frequency-directional spectra. 

3. Results 

3.1. Analytical solutions 

Equations (1) (4) in section 2.1 describe the wave dynamics that 
include the effect of currents. Due to their complexity, these equations 
need to be solved numerically. However, for cases considering constant 
water depth and spatially uniform ambient current, the governing 
equations for wave crest rotation and wave height amplification can be 
simplified and solved analytically. Their solutions can subsequently be 
used as a reference for a general examination of the current-induced 
modulation of wave parameters derived from numerical model 
simulations. 

By considering the continuity of wave crests over the current region 
and outside the current, Johnson (1947) derived a simple equation to 
predict the changes in wave direction due to refraction caused by the 
current: 

(5)  

where 1 is the angle between the IWD and current, 2 is the angle be
tween the wave direction over the current and current direction, and C1 
is the wave celerity before it propagates over the current. Based on the 
former studies such as HT91 and its references, analytical equations 
were also derived for wave height amplification over the current due to 
mechanisms including refraction, radiation stress work, and straining: 

(6)  

(7)  

(8)  

where a2 and a1 are wave amplitudes over the current and outside the 
current region, respectively; k2 and k1 are corresponding wavenumbers; 
Up is the current speed in the direction of wave propagation; and Cg is 
the wave group velocity in a frame of reference moving with the current. 

Wave amplification due to refraction (Eq. (6)) is derived by assuming 
conservation of wave energy flux between two specific wave rays (Dean 
and Dalrymple, 1991). The amplification due to radiation stress (Eq. (7)) 
is the work done due to a change in wavelength, which is translated as 
the wave number. Amplification of wave height due to straining (Eq. 
(8)) is the equivalent of shoaling induced by depth variations, except 
here it was induced by currents. The amount of wave height amplifi
cation due to these three mechanisms is a function of wave period 
(frequency) and the intensity of the ambient current. 

Analytical solutions have also been derived for the modulation of 
frequency spectra by currents. Hedges (1980) used the principle of wave 
action conservation presented by Bretherton et al. (1968) and derived an 
equation to estimate the frequency spectrum of swells altered by cur
rents (Sr versus the spectrum over a quiescent region (Sa : 

(9)  

where r is the angular frequency of each spectral component in the 
quiescent region and g is acceleration due to gravity. The angular fre
quency over the current ( a is calculated as a function of r, wave 
number k, current speed U and the angle between the current and wave 
orthogonal : 

(10) 

In the derivation of Eq. (9), variations of wave direction and wave
number (refraction and radiation stress work) due to currents were not 
included, so changes in the spectral energy are attributed to straining. 

Although Equations (5) (8) were primarily derived for mono
chromatic waves, to better understand the intensity of each mechanism 
within the normal spectral frequency range of U.S. East Coast waves 
(0.04 0.6 Hz, as specified by Allahdadi et al., 2019b), variations of these 
amplification factors were calculated and plotted across the 100 
km-wide GS filament used for our simulations (Fig. 3). The results are 
shown for IWDs of 45 (CC) and 135 (FC). The x-axis for this model 
domain includes the 100 km-wide GS (western and eastern boundaries 
of the GS are at x 200 km and x 300 km respectively), plus 50 km on 
each side of the GS. Starting from the eastern boundary of the GS, cur
rent speed and wave parameters were fed into Equations (5) (9) to 
calculate the effect of the current on wave parameters at each location 
across the GS. Calculations were carried out for the entire width of the 
GS and for different peak frequencies (periods) of the incident waves. 
Calculated amplification factors due to refraction, straining, and radia
tion stress work across the GS (x-axis) and versus different incident wave 
frequencies (y-axis) were compared for both FC (incidence angle 
135 ) and CC (incidence angle 45 ) waves(Fig. 3). Note that calcu
lations were only across the GS (200 x 300 km). For the area outside 
of the GS where current speeds 0, including the eastern and western 
GS borders, values from the very east and west edges of the GS were 
extended to these regions. 

In general, for the FC case, only refraction increased the wave 
amplitude, and both straining and radiation stress work caused ampli
tude reduction (Fig. 3a c). The amplification factor due to refraction 
increased as it approached the center of the GS and increased the wave 
frequency to about 0.45 Hz. For higher frequencies near the intense 
current in the center of the GS, the corresponding short waves were 
intensely refracted back from the center, thereby decreasing amplifica
tion. Both straining and radiation stresses reduced wave height in the FC 
case (amplification factors 1) for all frequencies across the GS, with 
maximum reductions corresponding to the center of the GS and highest 
frequencies. For the CC case, calculations show the opposite behavior for 
all three mechanisms compared to those of the FC case. Refraction turns 
the wave direction more orthogonal to currents, causing divergence in 
the energy propagation that is translated as smaller amplification factors 
over the current (HT91). It therefore causes amplification factors 1 for 
all frequencies across the GS (Fig. 3d). Like depth-induced wave 
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s h o ali n g i n s h all o w w at er, t h e C C sl o w s w a v e c el erit y, i n cr e a s e s w a v e 

st e e p n e s s,  a n d  r e s ult s i n  s h ort er w a v el e n gt h s  t h at c o ntri b ut e t o  w a v e 

a m pli fl c ati o n d u e t o str ai ni n g a n d r a di ati o n str e s s w or k ( Fi g. 3 e a n d f). 

3. 2.  N u m eri c al m o d el s ol uti o ns: w a v e p ar a m et ers 

I n t hi s s e cti o n, n u m eri c al m o d el si m ul ati o n r e s ult s f or t h e eff e ct of 

t h e G S o n s w ell s i n a m o d el wit h a c o n st a nt w at er d e pt h of 5 0 0 m ar e 

pr e s e nt e d. T hi s w at er d e pt h i s m u c h l ar g er t h a n h alf t h e w a v el e n gt h of 

t h e  i n ci d e nt  w a v e  wit h  p e a k  fr e q u e n c y  of  0. 0 7 1  H z  ( p e a k  p eri o d  of 

1 4. 0 8 s) u s e d f or t h e si m ul ati o n s, a n d t h er ef or e c a n b e c o n si d er e d d e e p- 

w at er w a v e pr o p a g ati o n. H e n c e, all c h a n g e s i n w a v e c h ar a ct eri sti c s o v er 

a n d i n t h e vi ci nit y of t h e G S c a n b e attri b ut e d t o t h e c urr e nt eff e ct. A s i n 

t h e pr e vi o u s s e cti o n, F C a n d C C i n ci d e nt w a v e s w er e e x a mi n e d. T h e F C 

c a s e s i n cl u d e d dir e cti o n s of 1 2 0 ◦ , 1 3 5◦ , 1 5 0◦ , a n d 1 6 0◦ , w hil e w a v e s 

fr o m 0◦ , 1 5◦ , 3 0◦ , 4 5◦ , a n d 6 0◦ c o m p ri s e d t h e C C c a s e s. N ot e t h at w a v e s 

ar e pr o p a g ati n g fr o m e a st t o w e st. T h e c o or di n at e s of i n p ut w a v e s i n t h e 

m o d el  i s  t h e  e ntir e  e a st er n  b o u n d ar y  ( x = 5 0 0  k m).  Al s o,  p art s  of 

n ort h er n a n d s o ut h er n b o u n d ari e s ar e o p e n b o u n d ari e s. F or all t h e r e -

s ult s a n d fl g ur e s i n t hi s p a p er, m o d el o ut p ut s ar e pr e s e nt e d f or a 2 0 0 k m 

s e g m e nt of t h e m o d el b et w e e n x = 3 5 0 k m ( off s h or e of t h e G S) a n d x =

1 5 0 k m ( s h or e w ar d of t h e G S), wit h t h e G S l o c at e d b et w e e n x = 2 0 0 k m 

a n d x = 3 0 0 k m, c o n si st e nt wit h t h e m o d el d e si g n s h o w n i n Fi g. 2 b. 

I n t h e F C c a s e s, w a v e h ei g ht o n t h e e a st of t h e G S a n d o v er t h e ri g ht 

Fi g.  3. V ari ati o n s  of  w a v e  h ei g ht  a m pli fl c ati o n  f a ct or s  ( c ol or  s h a di n g)  pr e di ct e d  b y  a n al yti c al  m o d el s  d u e  t o  diff er e nt  m e c h a ni s m s  of  m o d ul ati o n  of  w a v e s  b y 

c urr e nt s a cr o s s t h e G S a s a f u n cti o n of w a v e fr e q u e n c y. a- c) F C c a s e: r e s p e cti v el y, r efr a cti o n, str ai ni n g, a n d r a di ati o n str e s s w or k a m pli fi c ati o n f a ct or s. d-f) C C c a s e: 

r e s p e cti v el y, r efr a cti o n, str ai ni n g, a n d r a di ati o n str e s s w or k a m pli fi c ati o n f a ct or s. T h e e a st er n b or d er, c e nt erli n e, a n d w e st er n b or d er of t h e G S c orr e s p o n d t o 3 5 0, 

2 5 0, a n d 2 0 0 k m, r e s p e cti v el y. T hi s c o or di n at e s y st e m i s c o n si st e nt wit h t h e m o d el d e si g n i n Fi g. 2 b. Pl e a s e n ot e t h e diff er e n c e s b et w e e n c ol or b ar s i n diff er e nt p a n el s 

t h at ar e u s e d f or t h e s a k e of cl arit y. T h e v e ct or s o n t h e t o p of e a c h r o w s h o w t h e dir e cti o n of i n ci d e nt w a v e f or e a c h c a s e. 
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h alf of t h e G S i n cr e a s e d, w hi c h w a s m or e pr o n o u n c e d a s t h e i niti al w a v e 

dir e cti o n i n cr e a s e d a n d w a v e s b e c a m e m or e p ar all el t o t h e G S ( Fi g. 4 a). 

T h e w a v e a m pli fl c ati o n f a ct or b a s e d o n a n al yti c al E q s. ( 7)– ( 9) di d n ot 

s h o w t hi s tr e n d. At 1 3 5 ◦ , t h e c al c ul at e d a n al yti c al a m plit u d e a cr o s s t h e 

G S ( Fi g. 4 e) s h o w e d al m o st n o c h a n g e, w hil e t h e si m ul ati o n r e s ult s at 

1 3 5 ◦ (Fi g. 4 a) s h o w e d a n i n cr e a s e of a b o ut 1 0 % ( 0. 1 m) o v er t h e G S. 

T hi s i n c o n si st e n c y w a s m o stl y t h e r e s ult of w a v e r e fl e cti o n fr o m t h e G S 

f or F C w a v e s (P er e gri n e, 1 9 7 6 ; M c K e e, 1 9 7 7 ). T hi s eff e ct will b e di s -

c u s s e d i n m or e d et ail i n t h e n e xt s e cti o n s. D e p e n di n g o n w a v e dir e cti o n, 

t h e i n cr e a s e i n w a v e h ei g ht st o p s s o m e w h er e b et w e e n t h e mi d dl e a n d 

t h e  e a st er n  e d g e  of  t h e  G S.  F or  t h e  l ar g e st  e x a mi n e d  w a v e  dir e cti o n 

( 1 6 0 ◦ ), w a v e h ei g ht i n cr e a s e d 2 5 % ( 0. 5 m) c o m p ar e d t o t h e i n ci d e nt 

w a v e  h ei g ht  of  1. 9 9  m  a n d  o c c urr e d  a b o ut  2 0  k m  fr o m  t h e  e a st er n 

b or d er of t h e G S. T h e v al u e of t h e m a xi m u m w a v e h ei g ht d e cr e a s e d, a n d 

t h e  l o c ati o n  s hift e d  t o  t h e  w e st  a s  t h e  i n ci d e nt  w a v e  b e c a m e  m or e 

o bli q u e t o t h e G S. W a v e h ei g ht s at t h e mi d dl e a n d w e st si d e of t h e G S 

d e cr e a s e d c o m p ar e d t o i n ci d e nt w a v e h ei g ht. T hi s d e cr e a s e w a s si g nif -

i c a nt f or l ar g er w a v e dir e cti o n s. O v er t h e w e st er n si d e of t h e G S, w a v e 

h ei g ht d e cr e a s e d t o 1. 2 a n d 1. 5 m f or 1 5 0 ◦ a n d 1 6 0 ◦ , r e s p e cti v el y. T h e 

miti g ati n g eff e ct of t h e G S o n w a v e h ei g ht i n t h e c o a st al ar e a r e g ar di n g 

t h e F C c a s e s w a s a s l ar g e a s 8 0 %. T hi s d e cr e a s e w a s t h e r e s ult of l o s s of 

w a v e e n er g y t o t h e G S a n d t h e p arti al r e fl e cti o n of w a v e e n er g y t o t h e 

ri g ht h alf of t h e G S ( s e e s e cti o n 3. 3 f or m or e d et ail s). W hil e t h e r e s ult s 

fr o m H T 9 1 f or I W D of 1 3 5◦ s h o w e d sli g ht i n cr e a s e s a n d d e cr e a s e s o n t h e 

e a st  a n d  w e st  si d e  of  t h e  G S,  n o  d et ail e d  di sti n cti o n  of  t h e  w a v e 

r e fi e cti o n  eff e ct  a n d  d e cr e a s e  of  w a v e  h ei g ht  i n  c o a st al  r e gi o n s  w a s 

di s c u s s e d. W a v e h ei g ht c h a n g e s f or I W D of 1 3 5 ◦ (i n c r e a s e of 0. 1 m o v er 

t h e  G S  a n d  a  d e cr e a s e  of  0. 1  m  i n  t h e  c o a st al  ar e a; Fi g.  4 a) w er e  n ot 

cl e arl y d et e ct e d b y H T 9 1, d u e t o t h e m u c h l o w er s p ati al r e s ol uti o n of t h e 

H T 9 1 m o d el s m o ot hi n g s m all er s c al e v ari ati o n s a cr o s s t h e G S. 

C o ntr ar y t o t h e F C c a s e s, w a v e h ei g ht di d n ot i n cr e a s e i n t h e C C c a s e s 

o n t h e e a st si d e of t h e G S ( Fi g. 4 b). I n st e a d, t h e w a v e h ei g ht pr o fil e o v er 

t h e G S w a s m or e s y m m etri c al a b o ut t h e G S c e nt erli n e. C C c a s e s’ w a v e 

h ei g ht i n cr e a s e s w er e c o n si st e nt wit h t h e a n al yti c al r e s ult s ( s e e 4 5 ◦ i n 

Fi g. 4 f). T hi s i m pli e s t h at si mil ar m e c h a ni s m s f or w a v e a m pli fi c ati o n of 

C C  s w ell s  ar e  i n cl u d e d  i n  t h e  a n al yti c al  r e s ult s  a n d  t h e  w a v e  m o d el. 

W e st of t h e G S, t h e w a v e h ei g ht d e cr e a s e w a s m u c h s m all er t h a n i n t h e 

F C  c a s e s.  W a v e  h ei g ht  a m pli fl c ati o n  o v er  t h e  G S,  e s p e ci all y  at  t h e 

Fi g.  4. a)  a n d  b)  V ari ati o n s  of  si m ul at e d  w a v e  h ei g ht  a cr o s s  t h e  G S  a n d  t h e  e a st er n  a n d  w e st er n  r e gi o n s  f or  m ulti pl e  F C  a n d  C C  i n ci d e nt  w a v e  dir e cti o n s, 

r e s p e cti v el y. V erti c al d a s h e d li n e s s h o w G S w e st er n ( 2 0 0 k m), c e nt er ( 2 5 0 k m), a n d e a st er n ( 3 0 0 k m) e d g e s. c) a n d d) A s f or a) a n d b) b ut s h o wi n g si m ul at e d w a v e 

dir e cti o n s. e) a n d f) A n al yti c al w a v e a m pli fi c ati o n f a ct or s dir e ctl y o v er t h e G S r e s ulti n g fr o m diff er e nt m e c h a ni s m s f or F C a n d C C c a s e s, r e s p e cti v el y. 
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c e nt er, i n cr e a s e d wit h d e cr e a si n g i n ci d e nt w a v e a n gl e ( a s w a v e s o p p o s e 

t h e G S c urr e nt m or e). W a v e h ei g ht a m pli fl c ati o n f or w a v e dir e cti o n s of 

1 5 ◦ a n d 0 ◦ ( n ot s h o w n) w a s 2 2 % ( 0. 4 5 m) a n d 3 3 % ( 0. 6 5 m), r e s p e c -

ti v el y,  a b o v e  i n ci d e nt  w a v e  h ei g ht.  T hi s  si g ni fl c a nt  i n cr e a s e  of  w a v e 

h ei g ht  o v er  t h e  c urr e nt  w a s  m o stl y  d u e  t o  str ai ni n g  ( B a s c h e k,  2 0 0 5 ; 

B ar n e s a n d R a ut e n b a c h, 2 0 2 0 ). 

V ari ati o n s  i n  w a v e  dir e cti o n  f or  all  F C  c a s e s  s h o w e d  a  cl o c k wi s e 

r ot ati o n  o v er  t h e  e a st er n  h alf  of  t h e  G S  t h at  m a d e  t h e  w a v e s  m or e 

p ar all el t o t h e c urr e nt ( Fi g. 4 c). W a v e s st art e d r ot ati n g c o u nt er cl o c k wi s e 

t o w ar d  t h e  i niti al  I W D  t o  t h e  w e st  of  t h e  G S  c e nt erli n e,  w hi c h  w a s 

al m o st c o n si st e nt wit h t h e l o c ati o n of m a xi m u m w a v e h ei g ht a cr o s s t h e 

m o d el. A cl o c k wi s e r ot ati o n t h at m a d e t h e w a v e s m or e ort h o g o n al t o 

c urr e nt s w a s  i d e nti fl e d o v er  t h e G S f or  all C C I W D s ( Fi g.  4 d), d u e  t o 

r efr a cti o n  ( al s o  r e p ort e d  b y  H T 9 1).  T h e  p att er n  of  v ari ati o n s  f or 

dir e cti o n al s pr e a di n g ( D S P R) a cr o s s t h e G S f or F S c a s e s ( n ot s h o w n) w a s 

v er y si mil ar t o w a v e h ei g ht, i. e. i n cr e a si n g o v er t h e e a st er n h alf of t h e G S 

a n d t h e n d e cr e a si n g a s a p pr o a c hi n g t h e c o a st al r e gi o n w h er e D S P R w a s 

al m o st t h e s a m e a s i n ci d e nt w a v e D S P R ( 1 2. 4 ◦ ). F o r l a r g e r I W D s, D S P R 

i n cr e a s e d u p t o 2 5◦ , w hi c h w a s t wi c e t h e ori gi n al D S P R. T hi s i n cr e a s e of 

D S P R  c o ul d  h a v e  s u b st a nti al  i m pli c ati o n s  f or  o c e a n- at m o s p h er e 

b o u n d ar y l a y er d y n a mi c s o v er t h e G S ( Ti n g et al., 2 0 1 2 ). 

W a v el e n gt h s ( n ot s h o w n) al s o c h a n g e d o v er t h e G S f or b ot h F C a n d 

C C c a s e s a s a r e s ult of str ai ni n g a n d c h a n g e of w a v e pr o p a g ati o n s p e e d 

i n d u c e d b y c urr e nt s ( n ot s h o w n). F or t h e F C ( C C) c a s e s, t h e o ut- of- G S 

w a v el e n gt h  of  3 1 0  m  i n cr e a s e d  ( d e cr e a s e d)  o v er  t h e  G S  a n d  r e a c h e d 

t h e  m a xi m u m  ( mi ni m u m)  at  t h e  c e nt er  of  t h e  G S.  T h e  m a xi m u m  F C 

w a v el e n gt h i n cr e a s e d wit h i n cr e a si n g w a v e dir e cti o n a n d r e a c h e d 3 5 0 

m  f or a n  I W D of  1 6 0 ◦ ( v a ri ati o n s  ar e n ot s h o w n  h er e f or  t h e s a k e  of 

Fi g. 5. Si m ul at e d fr e q u e n c y s p e ctr a at t hr e e l o c ati o n s a cr o s s t h e G S f or F C I W D s of a) 1 3 5 ◦ , b) 1 5 0◦ , a n d C C I W D s of c) 3 0◦ , a n d d) 1 5◦ . T h e e xt r a cti o n l o c ati o n s 

c orr e s p o n d t o t h e G S ’s w e st e d g e ( x = 2 0 0 k m), mi d dl e ( x = 2 5 0 k m), a n d e a st e d g e ( x = 3 0 0 k m). M W D i n t h e fi g ur e titl e s st a n d s f or M e a n W a v e Dir e cti o n, w hi c h 

h er ei n i s t h e s a m e a s I W D. Pl e a s e n ot e t h at i n p a n el ( e), X = 5 0 0 a n d x = 0 k m ( n ot s h o w n) r e pr e s e nt t h e l o c ati o n of off s h or e a n d c o a st b o u n d ari e s, r e s p e cti v el y. 
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br e vit y). I n t h e C C c a s e s, w a v el e n gt h d e cr e a s e w a s m or e pr o n o u n c e d a s 

I W D d e cr e a s e d a n d w a v e s b e c a m e m or e o p p o s e d t o t h e c urr e nt. F or t h e 

I W D of 1 5◦ , w a v el e n gt h s d e cr e a s e d t o 2 8 0 m at t h e c e nt er of t h e G S. 

3. 3.  N u m eri c al m o d el s ol uti o ns: w a v e s p e ctr a 

I n  a d diti o n  t o  s w ell  p ar a m et er s,  t h e  s p e ctr al  s h a p e  of  a n  i n ci d e nt 

w a v e c a n al s o b e alt er e d b y t h e G S. T hi s i n cl u d e s t h e s h a p e of t h e fr e -

q u e n c y s p e ctr a, p e a k fr e q u e n c y, a n d fr e q u e n c y- dir e cti o n di stri b uti o n of 

w a v e s p e ctr a, e a c h of w hi c h h a s a s p e ci fl c i m pli c ati o n i n w a v e m o d eli n g 

a n d  o c e a n- at m o s p h er e  b o u n d ar y  l a y er  p h y si c s  ( Zi e g er  et  al.,  2 0 1 5 ; 

C h ali k o v a n d B a b a ni n, 2 0 1 9 ). A s s h o w n b y H e d g e s ( 1 9 8 0) a n d E q. ( 9), 

f or a n a m bi e nt c urr e nt wit h a c o m p o n e nt o p p o si n g t h e w a v e (t h e C C 

c a s e  wit h  n e g ati v e U ),  s p e ctr al  e n er gi e s  at  diff er e nt  fr e q u e n ci e s 

(i n cl u di n g p e a k e n er g y) i n cr e a s e, w hil e e n er g y l e v el s d e cr e a s e f or t h e F C 

c a s e ( p o siti v e U ). Si m ul ati o n r e s ult s of fr e q u e n c y s p e ctr a f or m ulti pl e C C 

a n d  F C  c a s e s  w er e  c o n si st e nt  wit h  t hi s  c o n cl u si o n  ( Fi g.  5 ).  I n  t h e  F C 

c a s e s, s p e ctr al e n er g y at all fr e q u e n ci e s d e cr e a s e d at t h e mi d dl e ( x =

2 5 0 k m, s e e Fi g. 5 e f or l o c ati o n) a n d w e st er n b or d er ( x = 2 0 0 k m) of t h e 

G S  c o m p ar e d  t o  t h e  e n er g y  o n  t h e  e a st  si d e.  T h e  d e cr e a s e  w a s  m or e 

pr o n o u n c e d f or I W D s m or e p ar all el t o t h e c urr e nt. I n t h e F C c a s e s, T h e 

s p e ctr al p e a k o n t h e G S ’s e a st er n b or d er ( x = 3 0 0 k m) w a s l ar g er t h a n 

t h e  i n p ut  s p e ctr u m  d u e  t o  t h e  eff e ct  of  w a v e  r e fl e cti o n  fr o m  t h e  G S 

(Fi g. 5 a a n d b). T h e i nt a ct p e a k of s p e ctr al e n er g y f or t h e i n p ut s p e ctr u m 

wit h w a v e h ei g ht of 1. 9 9 m a n d t h e J O N S W A P s p e ctr al s h a p e w a s 1 4 m 2 

H z − 1 .  Si mil a r  t o  t h e  a n al yti c al  c o n cl u si o n  of H e d g e s  ( 1 9 8 0) ,  s p e ctr al 

e n er gi e s i n cr e a s e d f or t h e C C c a s e s ( Fi g. 5 c a n d d) wit h I W D s of 3 0 ◦ a n d 

1 5 ◦ . T h e m a xi m u m e n h a n c e m e nt of s p e ctr al e n er g y f or C C c a s e s c or-

r e s p o n d e d t o t h e m a xi m u m c urr e nt s p e e d i n t h e mi d dl e of t h e G S. T h e 

s p e ctr al p e a k o n t h e e a st si d e of t h e G S w a s al m o st u n c h a n g e d d u e t o t h e 

z er o v el o cit y of t h e o p p o si n g c urr e nt at t hi s l o c ati o n, w hil e o n t h e w e st 

si d e, t h e p e a k d e cr e a s e d c o m p ar e d t o t h e i n p ut s p e ctr u m a s a r e s ult of 

e n er g y l o st d u e t o r efr a cti o n. 

I n a d diti o n t o t h e s p e ctr al e n er gi e s, t h e s p e ctr al p e a k fr e q u e n ci e s c a n 

b e  m o di fl e d  b y  c urr e nt s  ( E q. ( 1 0)).  F or  si m ul at e d  F C  s p e ctr a  i n  t h e 

mi d dl e of t h e G S, t h e s p e ctr al p e a k s hift e d t o hi g h er fr e q u e n ci e s ( 4 – 6 % 

hi g h er t h a n t h e ori gi n al p e a k fr e q u e n ci e s f or t h e t w o dir e cti o n s s h o w n i n 

Fi g. 5 a a n d b), w hil e f or C C c a s e s t h e s p e ctr al p e a k s i n t h e mi d dl e of t h e 

G S  s hift e d  t o  l o w er  fr e q u e n ci e s  ( Fi g.  5 c  a n d  d).  F or  t h e  si m ul ati o n s 

pr e s e nt e d h er ei n ( p e a k fr e q u e n c y of t h e i n ci d e nt w a v e = 0. 0 7 1 H z), t h e 

fr e q u e n c y  s p e ctr a  w er e  al m o st  s y m m etri c al  wit h  r e s p e ct  t o  p e a k  fr e-

q u e n c y, e v e n aft er b ei n g alt er e d b y c urr e nt s. H o w e v er, si m ul ati o n r e -

s ult s f or hi g h er p e a k fr e q u e n ci e s ( 0. 1 – 0. 1 5 H z) s h o w e d t h at f or F C c a s e s, 

t h e  c urr e nt  t o o k  m or e  e n er g y  fr o m  t h e  hi g h-fr e q u e n c y  l o b e  of  t h e 

s p e ctr u m; t h at i s, t h e G S a ct e d li k e a l o w- p a s s filt er. 

T h e  G S  al s o  alt er e d  t h e  e n er g y  di stri b uti o n  wit hi n  t h e  fr e q u e n c y- 

dir e cti o n al  s p a c e.  T w o- di m e n si o n al  w a v e  s p e ctr a  of  t h e  C C  w a v e s 

b e c a m e n arr o w er dir e cti o n all y at t h e c e nt er of t h e G S, w h er e t h eir p e a k s 

of  e n er g y  i n cr e a s e d  ( a s  a  r e s ult  of  str ai ni n g)  a n d  t h e  p e a k  dir e cti o n 

r ot at e d cl o c k wi s e ( Fi g. 6 b). T h e s p e ctr al di stri b uti o n o n t h e w e st a n d 

e a st si d e s of t h e G S w er e v er y si mil ar a n d c o n si st e nt wit h t h e s p e ctr al 

di stri b uti o n  of  t h e  i n ci d e nt  w a v e s,  alt h o u g h  t h e  e n er g y  p e a k  f or  t h e 

s p e ctr u m  o n  t h e  w e st  d e cr e a s e d  ( Fi g.  6 a, c).  T h e  a d diti o n al  s p e ctr al 

c o m p o n e nt s i n di c at e d b y t h e r e d elli p s e s f or t h e C C c a s e ( Fi g. 6 a – c) ar e 

n ot r e al. T h e y r e s ult fr o m t h e s p uri o u s e n er g y diff u si o n c a u s e d b y t h e 

o p p o sit e  c urr e nt  a n d  ar e  attri b ut e d  t o  t h e  di s c o nti n uit y  i n  s ol vi n g 

dir e cti o n al m o d el e q u ati o n s. Alt h o u g h t h e s e r e s ult s w er e o bt ai n e d fr o m 

a v er y fi n e dir e cti o n al r e s ol uti o n ( 2. 5 ◦ ), s o m e s p u ri o u s e n er g y diff u si o n 

w a s  still  o b s er v e d.  T h e s e  u nr e al  p art s  of  t h e  si m ul at e d  s p e ctr a  w er e 

filt er e d  o ut  i n  c al c ul ati o n s  of  w a v e  p ar a m et er s  i n  pr e vi o u s  s e cti o n s. 

Fi g. 6. S a m pl e s of si m ul at e d fr e q u e n c y- dir e cti o n al s p e ctr a a cr o s s t h e G S f or o n e C C I W D ( 3 0 ◦ ) a n d o n e F C I W D ( 1 5 0 ◦ ). a- c) S p e ctr a f or 3 0 ◦ at t h e G S w e st er n 

b o u n d ar y ( x = 2 0 0 k m), mi d dl e ( x = 2 5 0 k m), a n d e a st er n b o u n d ar y ( x = 3 0 0 k m), r e s p e cti v el y. d-f) S a m e a s f or a- c b ut f or I W D of 1 5 0 ◦ . R e d elli p s e s i n a- c s p e cif y 

t h e n u m eri c all y diff u s e d s p e ctr al c o m p o n e nt s t h at ar e a s s o ci at e d o nl y wit h C C c a s e s a n d w er e fllt er e d o ut i n t h e c al c ul ati o n of w a v e p ar a m et er s. T h e r e d elli p s e i n (f) 

s h o w s t h e s p e ctr al c o m p o n e nt s r e fi e ct e d fr o m t h e G S a s a r e ali sti c r e s p o n s e of F C c a s e s t o t h e G S. T h e r e d str ai g ht li n e s s h o w t h e I W D. M W D i n t h e fi g ur e titl e s st a n d s 

f or M e a n W a v e Dir e cti o n w hi c h h er ei n i s t h e s a m e a s I W D. 
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U nli k e  t h e  C C  c a s e s,  t h e  a d diti o n al  dir e cti o n al  c o m p o n e nt  i n  t h e 

fr e q u e n c y- dir e cti o n s p e ctr a of F C c a s e s 0 n t h e e a st a n d o v er t h e G S w er e 

r e ali sti c  ( Fi g.  6 f)  a n d  w er e  t h e  r e s ult  of  w a v e  r e fl e cti o n  fr o m  t h e  G S 

w h e n  t h e  i n ci d e nt  w a v e  i n cl u d e d a  F C  c o m p o n e nt  ( P er e gri n e,  1 9 7 6 ). 

T hi s  r e fl e ct e d  e n er g y  a c c o u nt s  f or  w a v e  h ei g ht  a m pli fl c ati o n  a n d 

i n cr e a s e d w a v e dir e cti o n al s pr e a di n g o v er t h e e a st er n h alf of t h e G S. I n 

t h e mi d dl e of t h e G S, t h e s p e ctr u m i n cl u d e d o nl y o n e s p e ctr al p e a k a n d 

n o  r e fi e ct e d  c o m p o n e nt s  w er e  o b s er v e d  ( Fi g.  6 e).  T h e  s p e ctr al  p e a k 

t h er e h a d a l ar g er dir e cti o n al e xt e n si o n wit h a cl o c k wi s e r ot ati o n r el a -

ti v e t o t h e I W D, m a ki n g t h e s p e ctr al c o m p o n e nt s m or e p ar all el t o t h e 

c urr e nt. O n t h e w e st er n si d e of t h e G S, t h e s p e ctr al p e a k a n d dir e cti o n al 

s pr e a di n g d e cr e a s e d, o wi n g t o di s si p ati o n b y t h e c urr e nt eff e ct a n d l o s s 

of e n er g y b y r e fi e cti o n o v er t h e G S. 

T h e s p e ctr al p e a k a n d t h e t ot al e n er g y e a st of t h e G S a n d it s ri g ht h alf 

i n cr e a s e d  a s  i n ci d e nt  F C  w a v e s  b e c a m e  m or e  p ar all el  t o  t h e  c urr e nt 

(Fi g.  5 )  d u e  t o  i n cr e a s e d  e n er g y  r e fi e ct e d  fr o m  t h e  G S.  B a s e d  o n  t h e 

t h e or eti c al  st u di e s  of M c K e e  ( 1 9 7 5) a n d P er e gri n e  ( 1 9 7 6) ,  r e fl e cti o n 

o c c ur s w h e n t h e c urr e nt-i n d u c e d r efr a cti o n c h a n g e s t h e w a v e dir e cti o n 

t o b e n e ar- p ar all el t o t h e a m bi e nt c urr e nt. T hi s c orr e s p o n d s t o t h e f or -

m ati o n of c a u sti c s a cr o s s t h e c urr e nt. F or m o n o c hr o m ati c w a v e s, t h e y 

s h o w e d  t h at  t h e  r e fi e cti o n  c o ef fi ci e nt  v ari e s  fr o m  z er o  f or  I W D 

p er p e n di c ul ar t o t h e c urr e nt t o 1 (t ot al r e fi e cti o n) f or w a v e s c o m pl et el y 

p ar all el t o t h e c urr e nt. N ot all t h e s p e ctr al c o m p o n e nt s of t h e i n ci d e nt 

w a v e  e x p eri e n c e  t h e  s a m e  a m o u nt  of  r efr a cti o n.  Hi g h er  fr e q u e n c y 

c o m p o n e nt s wit h l ar g er dir e cti o n al d e vi ati o n s fr o m t h e m e a n w a v e di -

r e cti o n ( M W D) of t h e s p e ctr u m (i. e. c o m p o n e nt s m or e p ar all el t o t h e 

c urr e nt) ar e m or e pr o n e t o b e r efr a ct e d a n d p ot e nti all y c a n b e r e fi e ct e d 

( s e e Fi g. 3 a f or fr e q u e n c y eff e ct). R e fi e cti o n c o ef fl ci e nt s f or diff er e nt F C 

I W D s w er e c al c ul at e d b y s e p ar ati n g t h e dir e cti o n al s p e ctr al c o m p o n e nt s 

c orr e s p o n di n g  t o  t h e  r e fi e ct e d  w a v e s  fr o m  t h e  m ai n  s p e ctr al  c o m p o -

n e nt s.  T h e  r e fl e cti o n- a s s o ci at e d  w a v e  h ei g ht s  w er e  d et er mi n e d  b y 

i nt e gr ati n g t h e r e fl e cti o n s p e ctr a i n fr e q u e n c y a n d dir e cti o n al s p a c e. B y 

di vi di n g  t h e  r e s ult a nt  w a v e  h ei g ht s  b y  t h e  i n p ut  w a v e  h ei g ht s,  t h e 

r e fl e cti o n c o ef fi ci e nt s w er e o bt ai n e d ( Fi g. 7 a). E a st of t h e G S c e nt er, t h e 

m a xi m u m r e fi e cti o n c o ef fi ci e nt i n cr e a s e d fr o m 0. 0 5 f or a n I W D of 1 2 0 ◦

t o  0. 2  f o r  a n  I W D  of  1 6 0◦ .  N o  r e fl e cti o n  o c c urr e d  w e st  of  t h e  G S 

c e nt erli n e  ( w e st  of  x = 2 5 0  k m)  d u e  t o  t h e  r e v er s e  r efr a cti o n  of  t h e 

s p e ctr al  c o m p o n e nt s  e n c o u nt eri n g  d e cr e a si n g  c urr e nt  s p e e d.  T hi s 

r e v er s e  r efr a cti o n  i s  a  f u n cti o n  of  t h e  fir st  d eri v ati v e  of  c urr e nt  wit h 

r e s p e ct t o di st a n c e ( E q. ( 4) a n d Fi g. 7 b). 

4.  Di s c u s si o n 

4. 1.  V ari a bl e d e pt h 

Si m ul ati o n r e s ult s i n t h e pr e vi o u s s e cti o n w er e f or a c o n st a nt- d e pt h, 

d e e p- w at er w a v e f or w hi c h t h e r o u g h n e s s of t h e s e a b e d di d n ot di s si p at e 

w a v e e n er g y. T h e r e s p o n s e of w a v e s t o c urr e nt s i s e x p e ct e d t o b e m or e 

c o m pl e x wit h r e ali sti c s h elf- br e a k t o p o gr a p h y. H er e, a m o d el w a s s et u p 

wit h  v ari a bl e  d e pt h s  a cr o s s  t h e  c o nti n e nt al  s h elf  a n d  t h e  G S.  M o d el 

b at h y m etr y, t h e l o c ati o n of t h e s h elf br e a k, a n d t h e a v er a g e d e pt h f or 

t h e  c o a st al  ar e a  w er e  i d e ali z e d  fr o m  a v ail a bl e  b at h y m etr y  d at a  a n d 

l o c ati o n m a p s of t h e G S (B erli n e et al., 2 0 0 6 ) f or r e gi o n s s o ut h e a st of 

C a p e H att er s, N ort h C ar oli n a ( U. S.) ( Fi g. 8 ). W at er d e pt h i n t h e c o a st al 

ar e a ( x = 0 – 1 5 0 k m) w a s 5 0 m. T h e s h elf br e a k w a s l o c at e d at x = 1 5 0 

k m, 5 0 k m w e st of t h e G S. W at er d e pt h i n cr e a s e d li n e arl y fr o m 5 0 m at 

t h e s h elf br e a k t o 5 0 0 m at t h e e a st e d g e of t h e G S, t h e n r e m ai n e d a 

c o n st a nt 5 0 0 m i n t h e off s h or e r e gi o n. I n S W A N, di s si p ati o n of w a v e 

e n er g y  d u e  t o  b ott o m  fri cti o n  f or  e a c h  s p e ctr al  c o m p o n e nt E (σ , θ ) i s 

q u a nti fi e d a s: 

S ds ,b =  − C b

σ 2

g 2 si n h 2 k d
E (σ , θ ) ( 1 1)  

w h er e C b i s a b ott o m f ri cti o n c o ef fi ci e nt a n d d i s w at er d e pt h. F oll o wi n g 

H a s s el m a n n et al. ( 1 9 7 3) , a c o n st a nt v al u e of 0. 0 3 8 m 2 s− 3 f o r C b w a s 

u s e d, r e p r e s e nti n g a t y pi c al s a n d y b ott o m f or t h e st u d y r e gi o n. 

Si m ul ati o n  r e s ult s  fr o m  t h e  m o d el s  wit h  c o n st a nt  d e pt h  a n d  wit h 

v ari a bl e d e pt h f or i n c o mi n g w a v e s wit h p e a k p eri o d s of 1 4. 0 8 s or l e s s 

( 1 2, 1 1, a n d 1 0 s) s h o w e d n o si g ni fi c a nt c h a n g e s i n t h e w a v e c h ar a c -

t eri sti c s o v er t h e G S a n d it s e a st si d e (Fi g. 9 ). O n t h e w e st si d e of t h e G S, 

t h e  eff e ct  of  w at er  d e pt h  o n  w a v e  c h ar a ct eri sti c s  b e c a m e  si g ni fi c a nt 

cl o s e  t o  t h e  s h elf- br e a k  w h er e  w at er  d e pt h = 5 0  m.  T h er ef or e,  all 

c h a n g e s  i n  t h e  w a v e  pr o fil e  o v er  a n d  i n  t h e  vi ci nit y  of  t h e  G S  w er e 

attri b ut e d t o c urr e nt eff e ct s di s c u s s e d i n pr e vi o u s s e cti o n s. 

T hi s b e h a vi or c a n b e u n d er st o o d b a s e d o n t h e m a xi m u m w a v el e n gt h 

c orr e s p o n di n g t o t h e p e a k p eri o d s of i n ci d e nt w a v e s a n d t h e m o d el e d 

w at er d e pt h. F or t h e p e a k p eri o d of 1 4. 0 8 s t h at r e s ult e d i n t h e l ar g e st 

w a v el e n gt h  ( 3 0 5  m)  a m o n g  t h e  e x a mi n e d  i n p ut  p e a k  p eri o d s,  t h e 

m a xi m u m w at er d e pt h f or t h e w a v e s t o f e el t h e b ott o m i s 1 5 2 m. T hi s 

c orr e s p o n d e d  t o  x = 1 7 5  k m  ( w e st  si d e  of  t h e  G S).  B a s e d  o n  b u o y- 

m e a s ur e d  w a v e  d at a  off s h or e  of  t h e  G S  ( e. g.  N D B C  4 1 0 0 2),  t h e 

m a xi m u m off s h or e o b s er v e d p e a k w a v e p eri o d t h at o c c ur s o n c e a w hil e 

i s 1 6 s. F or t hi s l ar g e p e a k p eri o d, t h e m a xi m u m w at er d e pt h f or w a v e s 

t o  f e el  t h e  b ott o m  i s  2 0 0  m,  w hi c h  c orr e s p o n d s  t o  al m o st  t h e  w e st 

b o u n d ar y of t h e G S. T h er ef or e, it i s e x p e ct e d t h at e v e n f or t hi s l ar g e p e a k 

p eri o d,  t h e  w a v e  pr o fil e  w o ul d  n ot  c h a n g e  si g ni fi c a ntl y  b e c a u s e  of 

c urr e nt a n d b ott o m di s si p ati o n t o g et h er. W h e n i n p ut p e a k p eri o d w a s 

1 1 s, w a v e h ei g ht d e cr e a s e d a s a r e s ult of b ott o m di s si p ati o n st arti n g at 

x = 1 6 0 k m a n d d e cr e a s e d c o n si st e ntl y t o w ar d t h e c o a st ( x = 0). T h e 

w a v e h ei g ht d e cli n e f or i n p ut p e a k p eri o d of 1 6 s st art e d f art h er off s h or e 

i n t h e vi ci nit y of t h e G S w e st b or d er ( x = 1 9 5 k m). At x = 1 5 0 k m, t h e 

diff er e n c e b et w e e n w a v e h ei g ht r e s ulti n g fr o m t h e c o n st a nt a n d v ari a bl e 

d e pt h m o d el s w a s attri b ut e d t o a cti v e b ott o m di s si p ati o n i n t hi s c o a st al 

Fi g. 7. a) R e fl e cti o n c o ef fi ci e nt s of i n ci d e nt F C w a v e s wit h diff er e nt I W D s ( c ol or e d li n e s) o v er t h e G S. V erti c al d a s h e d li n e s ar e G S w e st e d g e ( x = 2 0 0 k m), c e nt er ( x 

= 2 5 0 k m), a n d e a st e d g e ( x = 3 0 0 k m). b) T h e fir st d eri v ati v e of t h e c urr e nt wit h r e s p e ct t o di st a n c e a cr o s s t h e G S, wit h G S c e nt er s h o w n b y v erti c al d a s h e d li n e. 
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r e gi o n. 

T h e s e  c h a n g e s  c a n  al s o  b e  e x pl ai n e d  b y  e x a mi ni n g  t h e  fr e q u e n c y 

v ari ati o n s of t h e si m ul at e d b ott o m di s si p ati o n at diff er e nt l o c ati o n s f or 

t w o i n p ut w a v e p eri o d s (Fi g. 1 0 ). B ott o m di s si p ati o n s w er e s a m pl e d at 

l o c ati o n s o n t h e e a st, mi d dl e, a n d w e st of t h e G S a s w ell a s o n e c o a st al 

l o c ati o n a b o ut 1 0 0 k m w e st of t h e G S. At d e e p er l o c ati o n s o n t h e mi d dl e 

a n d  e a st of  t h e  G S,  t h e  di s si p ati o n  f or  b ot h  p e a k  p eri o d s w a s  s e v er al 

or d er s of m a g nit u d e s m all er t h a n t h o s e f or t h e c o a st al a n d w e st l o c a -

ti o n s, alt h o u g h di s si p ati o n w a s m u c h l ar g er f or i n p ut p e a k p eri o d of 1 6 

s. O n t h e w e st si d e a n d c o a st al l o c ati o n s, r e s ult s f or b ot h c a s e s s h o w e d 

l ar g er  di s si p ati o n,  c o n si st e nt  wit h  t h eir  s h all o w er  d e pt h.  T h er e  t h e 

di s si p ati o n  a s s o ci at e d  wit h  p e a k  p eri o d  of  1 6  s  w a s  1- 2  or d er s  of 

m a g nit u d e gr e at er t h a n t h at of 1 1 s. T hi s gr e at er di s si p ati o n c o ntri b ut e d 

t o  m or e  d e cli n e  i n  w a v e  h ei g ht.  Si m ul ati o n  r e s ult s  ( n ot  s h o w n)  wit h 

w at er  d e pt h s  s h all o w er  ( 1 0 0 – 1 5 0  m)  t h a n  t h e  a ct u al  G S  d e pt h s 

d e m o n str at e d t h at fr e q u e n c y s p e ctr a o v er t h e G S l o s e e n er g y o v er t h eir 

l o w-fr e q u e n c y  l o b e.  I n  t hi s  c a s e,  t h e  c o m bi n e d  eff e ct  of  t h e  G S  a n d 

s h all o w w at er w or k e d li k e l o w- a n d hi g h- p a s s fllt er s o n t h e fr e q u e n c y 

s p e ctr a.  Alt h o u g h t hi s  r e s ult  i s  n ot  a p pli c a bl e f or  t h e  G S  o v er  d e e p er 

w at er, it i s r el e v a nt f or ot h er e x a m pl e s of i nt e n s e o c e a n c urr e nt s fl o wi n g 

o v er s h all o w d e pt h s. 

4. 2. I m pli c ati o ns of c urr e nt-i n d u c e d w a v e m o d ul ati o n 

A s  s h o w n  i n  t h e  pr e vi o u s  s e cti o n s,  pr o p a g ati o n  of  w a v e s  o v er  a 

c urr e nt li k e t h e G S wit h a G a u s si a n- s h a p e d tr a n s v er s e di stri b uti o n c a n 

si g ni fl c a ntl y  m o d ul at e  w a v e  b ul k  a n d  s p e ctr al  pr o p erti e s  a cr o s s  t h e 

c urr e nt a n d it s e a st er n a n d w e st er n r e gi o n s. T hi s m o d ul ati o n c a n h a v e 

s e v er al  i m pli c ati o n s  o n m et- o c e a n  pr o c e s s e s  a n d e n gi n e eri n g  a p pli c a -

ti o n s a s s o ci at e d wit h w a v e d y n a mi c s. I n t hi s s e cti o n, t w o of t h e s e i m -

pli c ati o n s ar e di s c u s s e d b a s e d o n o ur m o d el r e s ult s. 

4. 2. 1. Eff e ct of m o d ul ati o n of w a v es b y c urr e nts o n s urf a c e dr a g a n d w a v e 

m o m e nt u m fi u x 

W a v e  eff e ct s  o n  s e a  s urf a c e  dr a g  h a v e  b e e n  a d dr e s s e d  b y  s e v er al 

st u di e s ( T a yl or a n d Y ell a n d, 2 0 0 1 ; Dr e n n a n et al., 2 0 0 3 ; S mit h et al., 

1 9 9 2 ; J o h n s o n et al., 1 9 9 8 ), w hi c h ai m e d t o pr o vi d e a m or e a c c ur at e 

r e pr e s e nt ati o n of t h e r o u g h n e s s l e n gt h at t h e s e a s urf a c e b o u n d ar y l a y er 

u si n g w a v e p ar a m et er s. U s e of t h e C h ar n o c k p ar a m et er, z c h (T a yl o r a n d 

Y ell a n d, 2 0 0 1 ), i s a tr a diti o n al a p pr o a c h t o q u a ntif y r o u g h n e s s l e n gt h. 

T h e  C h ar n o c k  p ar a m et er  u s e s  i n v er s e  w a v e  a g e c p
/
u ∗

w h e r e c p i s  t h e 

w a v e  c el erit y  c orr e s p o n di n g  t o  p e a k  fr e q u e n c y  a n d u ∗ i s  t h e  wi n d 

Fi g. 8. a) W at er d e pt h v ari ati o n s ( c ol or s h a di n g, i n m et er s) o v er t h e m o d eli n g ar e a f or t h e m o d el wit h a n i d e ali z e d c o nti n e nt al s h elf. b) W at er d e pt h al o n g a s e cti o n 

p ar all el t o t h e x- a xi s of ( a). D a s h e d a n d s oli d li n e s i n di c at e t h e b or d er s a n d c e nt erli n e of t h e G S. 

Fi g. 9. V ari ati o n s of w a v e h ei g ht a cr o s s t h e G S f or t h e s c e n ari o s wit h c o n st a nt a n d v ari a bl e d e pt h a n d t w o p e a k p eri o d s ( 1 1 s, l eft, a n d 1 6 s, ri g ht) f or i n p ut w a v e s.  
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fri cti o n v el o cit y at t h e s urf a c e b o u n d ar y l a y er ( e. g., S mit h et al., 1 9 9 2 ; 

J o h n s o n et al., 1 9 9 8 ). A n ot h er a p pr o a c h t o r o u g h n e s s l e n gt h p ar a m e -

t eri z ati o n i s u si n g w a v e st e e p n e s s, w hi c h m a y b e c o m bi n e d wit h i n v er s e 

w a v e  a g e  ( T a yl or  a n d  Y ell a n d,  2 0 0 1 ; Dr e n n a n  et  al.,  2 0 0 3 ).  T hi s 

a p pr o a c h h a s r e c e ntl y r e c ei v e d m or e att e nti o n i n c o u pl e d o c e a n- w a v e 

m o d eli n g  ( e. g. W ar n er  et  al.,  2 0 1 0 ; Z a m b o n  et  al.,  2 0 1 4 ; Ki m  et  al., 

2 0 1 8 ; H e g er mill er et al., 2 0 1 9 ). A c c or di n g t o T a yl or a n d Y ell a n d ( 2 0 0 1) , 

w a v e-i n d u c e d s urf a c e r o u g h n e s s l e n gt h i s c al c ul at e d a s: 

Z σ ,w = 1 2 0 0 H s

(
H s

L p

) 4 .5

( 1 2)  

w h e r e H s i s  si g ni fl c a nt  w a v e  h ei g ht  a n d L p i s  t h e  w a v el e n gt h  c orr e-

s p o n di n g t o p e a k fr e q u e n c y. R e c e nt st u di e s al s o s h o w e d t h at n ot o nl y 

t h e p ar a m etri c w a v e pr o p erti e s s u c h a s h ei g ht, l e n gt h, a n d p eri o d aff e ct 

s urf a c e dr a g, b ut e n er g y di stri b uti o n wit h fr e q u e n c y a n d dir e cti o n d o a s 

w ell  ( Ti n g  et  al.,  2 0 1 2 ; C h ali k o v  a n d  B a b a ni n,  2 0 1 9 ).  B y  u si n g  m e a-

s ur e m e nt s  of  dr a g  c o ef fl ci e nt  a n d  wi n d  s p e e d  wit hi n  t h e  s e a  s urf a c e 

b o u n d ar y l a y er a n d a n al y zi n g t h e m e a s ur e d w a v e d at a i n L a k e G e or g e, 

A u str ali a, Ti n g et al. ( 2 0 1 2) i m pl e m e nt e d a n u m eri c al m o d el of t h e s e a 

s urf a c e  b o u n d ar y  l a y er  t o  st u d y  t h e  d e p e n d e n c e  of  t h e  s urf a c e  dr a g 

c o ef fl ci e nt o n w a v e dir e cti o n al s pr e a di n g ( D S P R). T h e y f o u n d a si g nif -

i c a nt c orr el ati o n b et w e e n D S P R a n d t h e dr a g c o ef fi ci e nt t h at c o ul d c a u s e 

u p t o 2 5 % diff er e n c e i n e sti m ati o n of t h e dr a g c o ef fi ci e nt. I n t h e w or k of 

Ti n g et al. ( 2 0 1 2) a n d l at er i n t h e d et ail e d n u m eri c al si m ul ati o n of t h e 

wi n d- w a v e b o u n d ar y l a y er b y C h ali k o v a n d B a b a ni n ( 2 0 1 9) , t h e eff e ct 

of w a v e s p e ctr al c o m p o n e nt s o n s urf a c e dr a g w a s c al c ul at e d wit h t h e 

s p e ctr al di stri b uti o n of t h e w a v e-i n d u c e d m o m e nt u m fi u x t o t h e at m o -

s p h er e a s: 

T w (ω , θ )  = k g β − k ( Ω̃ k ) S ( ω , θ ) ( 1 3)  

w h er e T w (ω , θ ) i s t h e 2- D s p e ctr u m of w a v e m o m e nt u m fl u x, k i s t h e 

w a v e  n u m b er  c orr e s p o n di n g  t o  e a c h  s p e ctr al  c o m p o n e nt, g i s  t h e  a c-

c el er ati o n d u e t o gr a vit y i n m s − 2 , a n d S (ω , θ ) i s t h e 2- D w a v e s p e ctr u m. 

P ar a m et er β − k ( Ω̃ k ) i s a n o n- di m e n si o n al f u n cti o n c al c ul at e d u si n g t h e 

wi n d s p e e d at a h ei g ht t h at i s h alf of t h e w a v el e n gt h f or e a c h s p e ctr al 

c o m p o n e nt. A p pli c ati o n of t h e w a v e m o m e nt u m s p e ctr a i n e sti m ati n g 

t h e  s urf a c e  dr a g  c o ef fi ci e nt  h a s  b e e n  d e m o n str at e d  i n  s e v er al  st u di e s 

(C h ali k o v a n d R ai n c hi k, 2 0 1 1 ; C h ali k o v, 2 0 1 8 ; C h ali k o v a n d B a b a ni n, 

2 0 1 9 ), alt h o u g h d u e t o t h e c o stl y n u m eri c al i m pl e m e nt ati o n, it h a s n ot 

y et b e e n c o n si d er e d a s a pr a cti c al o pti o n i n c o u pl e d o c e a n m o d eli n g. 

I n o ur st u d y, b ot h t h e r o u g h n e s s l e n gt h a n d w a v e m o m e nt u m fi u x 

w er e aff e ct e d b y t h e G S o v er a n d n e ar t h e c urr e nt. C al c ul at e d r o u g h n e s s 

l e n gt h ( E q. ( 1 2)) a n d si m ul ati o n r e s ult s f or s e v er al I W D s ( 1 5 ◦ , 4 5◦ , 1 3 5◦ , 

a n d 1 5 0 ◦ ) s h o w e d s u b st a nti al v ari ati o n s a cr o s s t h e G S a n d it s off s h or e 

a n d  c o a st al  r e gi o n s  ( Fi g.  1 1 a).  T h e  r o u g h n e s s  l e n gt h s  e a st  of  t h e  G S 

c e nt er w er e l ar g er t h a n f or t h e n o- c urr e nt c a s e. T h e m a xi m u m r o u g h -

n e s s l e n gt h o c c urr e d h alf w a y b et w e e n t h e mi d dl e a n d e a st e d g e of t h e 

G S ( x = 2 7 5 k m) a n d w a s t hr e e-f ol d l ar g er t h a n t h e n o- c urr e nt v al u e. 

T h e  s p ati al  v ari ati o n  p att er n  w a s  v er y  si mil ar  t o  t h at  of  w a v e  h ei g ht 

(Fi g. 4 ) b e c a u s e t h e r o u g h n e s s l e n gt h of E q. ( 1 2) i s a f u n cti o n of w a v e 

h ei g ht.  R o u g h n e s s  l e n gt h  dr o p p e d  s u b st a nti all y  b el o w  t h e  n o- c urr e nt 

c a s e f or l o c ati o n s b et w e e n t h e mi d dl e of t h e G S a n d t h e c o a st. C al c u -

l ati o n of t h e t ot al w a v e m o m e nt u m fi u x u si n g E q. ( 1 3) a n d b a s e d o n 2- D 

e n er g y s p e ctr a fr o m t h e si m ul ati o n wit h t h e G S s h o w e d a si mil ar p att er n 

a cr o s s t h e m o d el d o m ai n ( Fi g. 1 1 b). T h e t ot al w a v e m o m e nt u m fi u x e s 

w er e c al c ul at e d b y i nt e gr ati n g t h e s p e ctr a of w a v e m o m e nt u m fi u x ( E q. 

( 1 3))  o v er  t h e  fr e q u e n c y- dir e cti o n al  s p a c e.  T h e  m o m e nt u m  fl u x e s  i n 

Fi g. 1 1 b ar e pr e s e nt e d f or s e v er al wi n d s p e e d s t h at a c c o u nt f or t h e eff e ct 

of l o c al wi n d s p e e d o n m o m e nt u m fi u x. T h e eff e ct of wi n d s p e e d w a s 

i n c or p or at e d i n t h e c al c ul ati o n of β − k ( Ω̃ k ), w hi c h i s al s o a f u n cti o n of 

t h e  a n gl e  diff er e n c e  b et w e e n  t h e  wi n d  a n d  s p e ctr al  c o m p o n e nt s.  O ur 

Fi g. 1 0. V ari ati o n s i n b ott o m di s si p ati o n wit h fr e q u e n c y at f o ur t e st p oi nt s f or t w o p e a k i n p ut w a v e p eri o d s ( 1 1 s, u p p er l eft, a n d 1 6 s, u p p er ri g ht). T h e l o w er p a n el 

s p e ci fl e s t h e l o c ati o n s of t h e t e st p oi nt s o v er a n d n e ar t h e G S. 
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c al c ul ati o n s a s s u m e d t h at t h e wi n d bl e w at a ri g ht a n gl e t o t h e i n ci d e nt 

w a v e  ( 6 0 ◦ f o r  wi n d  di r e cti o n  a n d  1 5 0◦ f o r  t h e  i n ci d e nt  w a v e).  W a v e 

m o m e nt u m s p e ctr a o n t h e w e st, c e nt er, a n d e a st of t h e G S ( Fi g. 1 2 ) s h o w 

t h at dir e cti o n al c o v er a g e of m o m e nt u m fl u x a n d it s m a xi m u m d e cr e a s e 

a p pr o a c hi n g t h e w e st si d e of t h e c urr e nt, w hi c h i s c o n si st e nt wit h t h e 

t ot al e sti m at e d fl u x i n Fi g. 1 1 b. T h e p e a k v al u e at t h e e a st er n l o c ati o n i s 

attri b ut a bl e t o t h e r e fl e ct e d p art of t h e w a v e s p e ctr u m wit h l ar g e d e -

vi ati o n s fr o m t h e a s s u m e d l o c al wi n d dir e cti o n. Alt h o u g h r e s ult s s h o w n 

h er e ar e f or o nl y o n e I W D ( 1 5 0 ◦ ), r e s ult s f o r ot h er F C a n d C C dir e cti o n s 

c o n fir m e d t h at t h e G S s u b st a nti all y m o d ul at e s p ar a m et er s c o ntri b uti n g 

t o b o u n d ar y l a y er d y n a mi c s i n t h e pr e s e n c e of s urf a c e w a v e s. 

M o di fi c ati o n of s urf a c e dr a g a n d w a v e m o m e nt u m fi u x b y c urr e nt s 

c a n h a v e i m p ort a nt i m pli c ati o n s i n pr e di cti n g t h e i nt e n sit y of a tr o pi c al 

c y cl o n e  ( T C)  w h e n  it  p a s s e s  o v er  t h e  G S.  B a s e d  o n  t h e  o b s er v ati o n al 

cl a s si fl c ati o n of s w ell s u n d er a tr o pi c al st or m ( Wri g ht et al., 2 0 0 1 ) a n d 

e m pl o yi n g o b s er v ati o n al d at a of s urf a c e dr a g u n d er a T C, H olt h uij s e n 

et al. ( 2 0 1 2) s u g g e st e d t h at s urf a c e r o u g h n e s s u n d er a T C i s a zi m ut h all y 

d e p e n d e nt a n d s u b st a nti all y i n cr e a s e s u n d er t h e T C ’s l eft fr o nt si d e d u e 

t o t h e d e str u cti v e eff e ct of cr o s s- s w ell s o n t h e o c e a ni c s pr a y f o a m l a y er 

i n  t hi s  r e gi o n.  T h e s e  cr o s s  s w ell s  ar e  a s s o ci at e d  wit h  dir e cti o n al 

s pr e a di n g  of  4 5 ◦ - 5 5◦ t h at  al s o  m o d ul at e s  t h e  w a v e- at m o s p h er e  m o-

m e nt u m  fi u x.  I nt er a cti o n  of  T C-i n d u c e d  w a v e  fi el d s  wit h  a  r el ati v el y 

wi d e W B C li k e t h e G S c a n pr o d u c e m or e c o m pli c at e d s p e ctr al p att er n s 

(H e g er mill er  et  al.,  2 0 1 9 )  wit h  m or e  s p ati al  v ari ati o n s  of  dir e cti o n al 

s pr e a di n g u n d er t h e T C t h at c a n c o ntri b ut e t o a m or e c o m pl e x p att er n of 

s e a r o u g h n e s s s p ati al v ari ati o n. T h e m a xi m u m p ot e nti al i nt e n sit y of T C s 

i s a f u n cti o n of t h e r ati o b et w e e n t h e e nt h al p y c o ef fi ci e nt a n d s e a dr a g 

(E m a n u el, 1 9 9 5 ; Br y a n a n d R ot u n n o, 2 0 0 9 ); t h er ef or e c h a n g e s i n t h e s e a 

s urf a c e m o m e nt u m fi u x a n d s e a dr a g i n d u c e d b y t h e G S c a n aff e ct T C s 

i nt e n sit y pr e di cti o n o v er t h e c urr e nt. 

4. 2. 2. Eff e ct of m o d ul ati o n of w a v es b y c urr e nts o n w a v e e n er g y r es o ur c e 

ass ess m e nt 

W a v e e n er g y c h ar a ct eri z ati o n s e n a bl e i d e nti fi c ati o n of h ot s p ot s of 

e x pl oit a bl e w a v e e n er g y a n d i nf or m d e si g n p ar a m et er s f or w a v e e n er g y 

c o n v ert er s  ( W E C s). M o d eli n g  st u di e s h a v e  c h ar a ct eri z e d w a v e e n er g y 

f or v ari o u s o c e a n r e gi o n s, i n cl u di n g hi g h-r e s ol uti o n m o d eli n g st u di e s i n 

U. S. w at er s ( A h n et al., 2 0 2 1 ; N e ar y et al., 2 0 2 0 ; W u et al., 2 0 2 0 ; Y a n g 

et al., 2 0 1 7 ). H o w e v er, m o st of t h e s e st u di e s di d n ot i n cl u d e t h e eff e ct of 

b a c k gr o u n d  c urr e nt s  o n  w a v e  c h ar a ct eri sti c s,  a n d  t h er e b y  o n 

e n er g y- a s s o ci at e d p ar a m et er s. Alt h o u g h i n st alli n g W E C f a ciliti e s wit hi n 

r e gi o n s of hi g h- v el o cit y c urr e nt s li k e t h e G S a n d ot h er W B C s m a y n ot b e 

t e c h ni c all y  f e a si bl e,  t h e  eff e ct  of  G S  o n  w a v e  e n er g y  p ar a m et er s  i n 

off s h or e a n d c o a st al r e gi o n s c a n n e v ert h el e s s b e a s s e s s e d u si n g r e s ult s 

fr o m t hi s st u d y. 

T o a d dr e s s t h e eff e ct of a G S-li k e W B C o n w a v e e n er g y q u a ntiti e s, si x 

I nt er n ati o n al  El e ctr ot e c h ni c al  C o m mi s si o n  p ar a m et er s  (I E C,  2 0 1 5; 

All a h d a di  et  al.,  2 0 1 9 a )  t h at  ar e  u s e d  a s  t h e  b a si c  p ar a m et er s  f or 

q u a ntif yi n g w a v e e n er g y w er e c al c ul at e d u si n g t h e s p e ctr al o ut p ut s fr o m 

t h e si m ul ati o n s wit h a n d wit h o ut c urr e nt s ( s e e a p p e n di x B f or d et ail s o n 

I E C p ar a m et er s). T h e p ar a m et er s i n cl u d e si g ni fl c a nt w a v e h ei g ht ( H s), 

e n e r g y p e ri o d ( T e ), o m ni- di r e cti o n al w a v e p o w er ( J o m ni ), s p e ct r al wi dt h, 

Fi g. 1 1. a) E sti m at e d s urf a c e r o u g h n e s s aft er t h e m et h o d of T a yl or a n d Y ell a n d ( 2 0 0 1) a cr o s s t h e m o d el d o m ai n f or f o ur diff er e nt i n ci d e nt w a v e dir e cti o n s c o m p ar e d 

t o t h e n o- c urr e nt c a s e. b) V ari ati o n s of t ot al w a v e-i n d u c e d fi u x a cr o s s t h e m o d el f or a n i n ci d e nt w a v e fr o m 1 5 0 ◦ u n d e r f o u r l o c al wi n d s p e e d s U ( m s − 1 ). V e rti c al 

d a s h e d a n d s oli d li n e s i n di c at e G S w e st, c e nt er, a n d e a st e d g e s. 

Fi g. 1 2. W a v e m o m e nt u m fl u x s p e ctr a ( c ol or s c al e, i n m 2 / s / d e g) c al c ul at e d u si n g E q. ( 1 3) fr o m si m ul ati o n s wit h a n i n ci d e nt w a v e at 1 5 0◦ at a) w e st si d e, b) c e nt er, 

a n d c) e a st si d e of t h e G S. 
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direction of maximum wave power, and directionality coefficient of 
maximum wave power. Each parameter has a specific implication in site 
selection and the short-term/long-term operation of WEC facilities. 
Calculations show that depending on the characteristics of the incident 
wave, variations of the parameters across the GS and its eastern and 
western regions can be significant (Table 2). The parameters were 
calculated using the spectral data obtained from simulations for incident 
waves with Hs 2 m and Tp 11 s and three IWDs (FC direction 135 , 
CC direction 45 , and through-current direction 90 ). For most IEC pa
rameters, the FC case (135 ) resulted in the largest variations. It is most 
pronounced for Hs (18.18%), Jomni (36.36%), and the directionality 
coefficient (15.58%). For the CC case (45 ), variations for parameters 
are 3 12%. The smallest variations are mostly related to the 
through-current case (90 ). The six IEC parameters were also compared 
for an FC wave with IWD 150 to those from a no-current case 
(Fig. 13). Notable changes occur to the IEC parameters as a result of 
current modulation compared to the no-current case not only over the 
GS but also over the offshore and coastal regions. Thus modulation of 
waves by currents can significantly affect the accuracy of energy char
acterization, especially on the coastal side of the GS or any other WBC. 

5. Summary and conclusions 

Modulations of wave properties by ambient currents have been 
demonstrated through earlier observational, analytical, and numerical 
studies. Ocean currents can cause major spatial variabilities experienced 
by wave fronts within a broad spectrum of spatial scales. In the present 
study, we focused on the variations of swell properties induced by a Gulf 
Stream-like current. Compared to the study by Holthuijsen and Tolman 
(1991; herein HT91), which used 14 km spatial resolution, the present 
study resolved the GS-induced wave modulation at the much higher 1 
km spatial resolution. As our analyses have shown, this higher resolution 
is crucial for resolving variations for regions with high spatial gradients 
of current speed. Our model setup utilized an idealized, fully 2D model 

of the GS and offshore/coastal regions, with the GS flowing south to 
north and having a Gaussian current profile with a maximum current 
speed of 1.5 m s 1. Swell parameters along the open (north, east, and 
south) boundaries were generally the same as in HT91, but more inci
dent wave directions (IWDs) were examined for both following-current 
(FC) and counter-current (CC) cases. The much-higher spatial resolution 
of our model allowed us to discover several new and important details 
on modulation of waves by currents:  

1. Our simulations showed that wave propagation over the GS from a 
FC direction such as 135 was associated with reflection from the 
current as a result of intense refraction of high-frequency wave 
components (or spectral components with large clockwise deviations 
from the IWD). This reflection took place on the east side and across 
the right half of the GS, causing a moderate to substantial increase in 
wave height (7 25%). This increase was not clearly detected in HT91 
due to their low model resolution. This wave height amplification 
was different from the analytical quantification of the wave ampli
fication factor across the GS that only considers the effects of 
refraction, straining, and radiation stress work. The wave profile 
resulting from the analytical solution was almost symmetrical rela
tive to the GS centerline, since it did not include the asymmetrical 
wave reflection effect. One important alteration of wave height 
across the model domain caused by the GS was the substantial 
decrease of wave height west of the GS, where wave height dropped 
up to 80% depending on the IWD. This is an important finding that 
was not made in HT91since they only examined IWD 135 , for 
which the wave height drop outside of the GS was less than 5%.  

2. Variations of wave height across the GS for CC cases were consistent 
with analytical results, since both model and analytical solutions 
share common mechanisms contributing to wave height amplifica
tion. Our results showed that although refraction can strongly 
decrease wave height over the GS for CC cases, both straining and 
radiation stress work compensate for this reduction, so the resultant 
amplification factor is greater than 1 and wave height increases. In 
more direct counter-current cases (IWDs of 0 - 15 ), this wave 
amplification can be up to 33%. The GS rotated wave orthogonals 
clockwise and increased (decreased) DSPR for FC (CC) cases.  

3. Both frequency and frequency-directional spectra across the model 
were affected by the GS. For the frequency spectra, CC case results 
agreed with analytical results for both spectral peak and peak fre
quency. The dominant straining effect increased the spectral peak of 
energy and decreased peak frequency in the center of the GS. The 
spectral energy peak decrease in the mid-GS for FC cases was also in 
agreement with analytical solutions, although reflection was also in 
play in addition to straining. For FC cases, the model and analytical 
results consistently showed slight increases of the peak frequency at 
this location. The 2D spectra for the CC cases showed additional 
components in the spectra at all locations across the model. The 
energy peak from these additional components was almost in the 
direction of current and accounted for spurious energy diffusion, 
which was filtered out in the calculation of wave parameters for all 
cases. Unlike the CC cases, the additional wave energy added to the 
spectrum for the FC cases at the locations on the eastern side and 
right half of the GS were realistic and accounted for the reflected 
energy over these regions. The reflection coefficients for each of the 
FC cases across the GS were calculated by separating and integrating 
this reflected energy portion. Reflection occurred only over the 
eastern half of the GS and the offshore regions outside of the GS with 
maximum reflection coefficients of 0.05 0.2 for IWDs of 120 - 160 .  

4. With realistic ranges of water depth and maximum measured swell 
peak period in the GS region, bottom dissipation likely does not 
interact with current-modulated waves. Simulations with variable 
water depths showed that for a current flowing over water as shallow 
as 100 150 m, the simultaneous effect of current and bed dissipation 

Table 2 
Brief results of IEC parameters calculated using simulated wave spectra 
including the GS effect with Hs 1.99 m, Tp 11.1 s, and three wave directions. 
Maximum and minimum values and percent variation across the model cross- 
section are given.  

SE (135 )  

Max. Min. Variations (%) 

Hs(m) 2.2 1.8 18.18 
Te(s) 10.4 10.2 1.96 
Jomni(kw/m) 22.0 14 36.36 
Spectral width 0.2202 0.2065 6.18 
Dir Coefficient 0.89 0.77 15.58 
ThetaMax(deg) 145 127 12.41 

E (90 )  

Max. Min. Variations (%) 

Hs(m) 2.05 1.98 3.4 
Te(s) 10.30 10.06 2.3 
Jomni(kw/m) 19.6 18.2 7.14 
Spectral width 0.2143 0.2093 2.32 
Dir Coefficient 0.972 0.971 0.10 
ThetaMax(deg) 95 85 10.5 

NE (45 )  

Max. Min. Variations (%) 

Hs(m) 2.09 1.90 9.10  

Te(s) 10.30 10.0 3.0 
Jomni(kw/m) 20.9 18.4 11.96 
Spectral width 0.2155 0.2076 3.84 
Dir Coefficient 0.97 0.92 5.15 
ThetaMax(deg) 47 44 6.38  
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c a n  a ct  a s  a  c o m bi n ati o n  of  l o w-  a n d  hi g h- p a s s  fllt er s  o n  t h e  fr e -

q u e n c y s p e ctr a. 

F urt h er a n al y s e s s h o w e d t h at G S m o d ul ati o n of s w ell p ar a m etri c a n d 

s p e ctr al  pr o p erti e s  h a s  s e v er al  i m pli c ati o n s  i n  o c e a n- at m o s p h er e 

m o d eli n g  a n d  e n gi n e eri n g.  At  t h e  o c e a n- at m o s p h er e  b o u n d ar y  l a y er, 

w a v e s pl a y a n i m p ort a nt r ol e i n m o m e nt u m e x c h a n g e a n d i n d e fl ni n g 

s urf a c e r o u g h n e s s. Si m ul at e d s w ell pr o p erti e s o v er t h e G S s h o w e d t h at 

m o d ul ati o n of s w ell s b y t h e c urr e nt c a n i n cr e a s e t h e r o u g h n e s s l e n gt h at 

t h e  b o u n d ar y  l a y er  t hr e e-f ol d.  I n cl u di n g  c urr e nt-i n d u c e d  c h a n g e s  of 

s w ell  pr o p erti e s  c a n  t h er ef or e  i m pr o v e  t h e  a c c ur a c y  of  di s si p ati o n 

q u a nti fl c ati o n i n w a v e m o d el s, w hi c h u s e s p e ctr al pr o p erti e s of s w ell s t o 

i n cl u d e t h e di s si p ati o n of w a v e pr o fil e c a u s e d b y i nt er a cti o n wit h o c e a n 

t ur b ul e n c e. 

O n e  e n gi n e eri n g  a p pli c ati o n  t h at  c a n  b e  str o n gl y  aff e ct e d  b y  G S 

m o d ul ati o n of s w ell s i s w a v e e n er g y c h ar a ct eri z ati o n a n d a s s e s s m e nt. 

T h e si x I E C p ar a m et er s u s e d f or l o c ati n g e n er g y h ot s p ot s a n d d e si g ni n g 

w a v e e n er g y c o n v ert er s ar e alt er e d m o d er at el y t o si g ni fi c a ntl y b y t h e G S 

d e p e n di n g o n t h e c h ar a ct eri sti c s of t h e still- w at er s w ell s. F or t h e c a s e of 

s w ell s fr o m t h e s o ut h e a st (I W D = 1 3 5 ◦ ) wit h p e a k p e ri o d of 1 1 s, t h e 

v ari ati o n s of o m ni- dir e cti o n al w a v e p o w er fr o m 5 0 k m o n t h e e a st si d e 

of t h e G S t o 5 0 k m d o w n- w a v e ( off s h or e a n d c o a st al r e gi o n s a n d t h e G S 

ar e a) w a s a s l ar g e a s 3 6 %. T h e v ari ati o n s of ot h er I E C p ar a m et er s w er e 

a s hi g h a s 1 8 %. C o n si d eri n g t h e s e si g ni fi c a nt v ari ati o n s a n d t h e e x p e n s e 

a n d eff ort of g e n er ati n g hi g h-r e s ol uti o n w a v e m o d el hi n d c a st s t o s u p -

p ort  a c c ur at e  w a v e  e n er g y  r e s o ur c e  c h ar a ct eri z ati o n  a n d  a s s e s s m e nt 

st u di e s ( e. g. All a h d a di et al., 2 0 1 9 a a n d All a h d a di et al., 2 0 2 1 f or t h e U. 

S. E a st C o a st a n d G ulf of M e xi c o), t h e pr e s e nt st u d y d e m o n str at e s t h e 

i m p ort a n c e of i n cl u di n g c urr e nt s i n t h e s e w a v e hi n d c a st m o d el s. 

T h e  pr e s e nt  st u d y  i n v e sti g at e s  h o w  a n  i d e ali z e d  G S  m o d ul at e s 

pr o p erti e s of w a v e s t h at pr o p a g at e t hr o u g h it. N o wi n d a n d t h e r el at e d 

g e n er ati o n  s o ur c e  t er m s  w er e  i n cl u d e d  i n  t hi s  st u d y  t o  si m plif y  pr o -

c e s s e s. I n r e alit y, wi n d s m o vi n g i n t h e o p p o sit e dir e cti o n of t h e G S m a y 

pr o d u c e  w a v e s  t h at  ar e  tr a p p e d  i n si d e  t h e  c urr e nt,  l e a di n g  t o  l o c all y 

i n cr e a s e d w a v e h ei g ht o v er t h e c urr e nt. I m pr o v e d u n d er st a n di n g of t hi s 

pr o c e s s will b e r e p ort e d i n a f ut ur e c orr e s p o n d e n c e. 

A v ail a bilit y St at e m e nt 

All r e s ult s u s e d i n t h e a n al y s e s pr e s e nt e d i n t hi s p a p er ar e o bt ai n e d 

eit h er  fr o m  si m ul ati o n s  u si n g  S W A N  or  c al c ul ati o n s  b a s e d  o n  t h e 

a n al yti c al  f or m ul a.  T h e  si m ul ati o n  d et ail s,  m o d el  s et u p s,  a n d  all  t h e 

a n al yti c al  f or m ul ati o n s  ar e  pr e s e nt e d  a n d  di s c u s s e d  i n  t h e  p a p er  i n 

d et ail.  T h er ef or e,  t h e  r e s ult s  c a n  b e  r e pr o d u c e d  b y  f oll o wi n g  t h e s e 

i n str u cti o n s. 

D e cl a r ati o n of c o m p eti n g i nt e r e st 

T h e a ut h or s d e cl ar e t h at t h e y h a v e n o k n o w n c o m p eti n g fl n a n ci al 

i nt er e st s or p er s o n al r el ati o n s hi p s t h at c o ul d h a v e a p p e ar e d t o i n fi u e n c e 

t h e w or k r e p ort e d i n t hi s p a p er. 

D at a a v ail a bilit y 

N o d at a w a s u s e d f or t h e r e s e ar c h d e s cri b e d i n t h e arti cl e. 

A c k n o wl e d g m e nt s 

W e a p pr e ci at e f u n di n g s u p p ort fr o m N S F gr a nt s O C E- 1 5 5 9 1 7 8 2 7 1 

a n d  O C E- 1 8 5 1 4 2 1,  N O A A  gr a nt  N A 1 6 N O S 0 1 2 0 0 2 8,  S a n di a  N ati o n al 

L a b or at ori e s gr a nt 1 9 9 4 4 7 5, N ort h C ar oli n a R e n e w a bl e O c e a n E n er g y 

Pr o gr a m,  U S G S / M ari n e  H a z ar d s  a n d  R e s o ur c e s  Pr o gr a m,  a n d  b y 

C o n gr e s si o n al  a p pr o pri ati o n s  t hr o u g h  t h e  A d diti o n al  S u p pl e m e nt al 

A p pr o pri ati o n s f or Di s a st er R eli ef A ct of 2 0 1 9 ( H. R. 2 1 5 7). S a n di a N a -

ti o n al L a b or at ori e s i s a m ulti- mi s si o n l a b or at or y m a n a g e d a n d o p er at e d 

b y  N ati o n al  T e c h n ol o g y  a n d  E n gi n e eri n g  S ol uti o n s  of  S a n di a,  L L C,  a 

w h oll y  o w n e d  s u b si di ar y of  H o n e y w ell  I nt er n ati o n al, I n c.,  f or t h e  U S 

D e p art m e nt of E n er g y ’s N ati o n al N u cl e ar S e c urit y A d mi ni str ati o n u n d er 

c o ntr a ct  D E- N A 0 0 0 3 5 2 5.  T hi s  p a p er  d e s cri b e s  o bj e cti v e  t e c h ni c al  r e -

s ult s  a n d  a n al y s e s.  A n y  s u bj e cti v e  vi e w s  or  o pi ni o n s  t h at  mi g ht  b e 

e x pr e s s e d i n t h e p a p er d o n ot n e c e s s aril y r e pr e s e nt t h e vi e w s of t h e U. S. 

D e p art m e nt  of  E n er g y  or  t h e  U nit e d  St at e s  G o v er n m e nt.  W e  t h a n k 

J e n nif er W arrill o w f or h er e dit ori al a s si st a n c e. 

Fi g. 1 3. V ari ati o n s of si x si m ul at e d I E C p ar a m et er s a cr o s s t h e G S a n d t h e e a st er n / w e st er n r e gi o n s f or a n F C w a v e wit h I W D = 1 5 0 ◦ ( r e d) i n c o m p ari s o n wit h t h e 

c al c ul at e d p ar a m et er s f or t h e n o- c urr e nt c a s e ( bl u e). V erti c al d a s h e d a n d s oli d li n e s ar e t h e w e st, c e nt er, a n d e a st e d g e s of t h e G S. 
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Appendix A 

Definitions of terms used herein, as they apply to the idealized Gulf Stream along the east coast of the U.S. in this paper (Fig. 2). 
Following-current (FC) wave: An incident wave that has a component in the direction of the current. FC directions include incident waves 

between 90 to 180 relative to model north. 
Counter-current (CC) wave: An incident wave that has a component that opposes the current. CC directions include incident waves between 

0 and 90 relative to model north. 
Western border of the GS: The border of the Gulf Stream facing the coast. In the model configuration and results presented herein, the western 

border of the Gulf Stream corresponds to x 200 km. 
Eastern border of the GS: The border of the Gulf Stream facing the offshore region. In the model configuration and results presented herein, the 

eastern border of the Gulf Stream corresponds to x 300 km. 
Middle of the GS: The location exhibiting the largest Gulf Stream current speed. In the model configuration and results presented herein, the 

middle of the Gulf Stream corresponds to x 250 km. 
Upstream: In the model configuration in this paper, upstream of each location represents a location with a smaller Y coordinate. 
Downstream: In the model configuration in this paper, downstream of each location represents a location with a larger Y coordinate. 

Appendix B 

Based on the International Electrotechnical Commission (IEC) 2015 standards, the following six parameters derived from the frequency-directional 
wave spectra are required for evaluation of the wave energy resources and design of wave energy converter (WEC) facilities: 

Significant wave height Hs 4 m0

Energy period Te
m 1
m0 

Omni-directional wave power J g
i j

cg iSij fi j 

Spectral width 0
m0m 2

m2
1

1

Direction of maximum wave power Jmax 

Directionality coefficient of maximum wave power d J Jmax
J 

where mn is the nth-order spectral moment, is water density, g is the acceleration due to gravity, cg is the wave group velocity, Sij is spectral energy 
corresponding to a spectral component with ith frequency and jth direction, and fi and j are spectral resolutions. 
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