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T h e H att e r a s c o a st al o c e a n i s c e ntr all y l o c at e d al o n g t h e e a st c o a st of t h e 4 8 c o nti g u o u s U nit e d 

St at e s, off s h or e of C a p e H att er a s i n a c o m pl e x l a n d / o c e a n / at m o s p h er e r e gi o n w h er e m aj or o c e a n 

c urr e nt s of diff eri n g t e m p er at ur e s a n d s ali niti e s m e et a n d i nt er a ct, w h er e t h e at m o s p h er e fl u ct u at e s 

o n a wi d e r a n g e of ti m e s c al e s, a n d w h er e at m o s p h er e- o c e a n i nt er a cti o n s v ar y b ot h s p ati all y a n d 

t e m p or all y. T h e G ulf Str e a m c urr e nt t y pi c all y l e a v e s it s c o nt a ct wit h t h e c o nti n e nt al m ar gi n h er e. 

C o nti n e nt al s h elf c urr e nt s fr o m t h e n ort h a n d fr o m t h e s o ut h c o n v er g e h er e, r e s ulti n g i n a n et s h elf- 

t o- o c e a n tr a n s p ort of s h elf w at er s t h at c arr y i m p ort a nt w at er pr o p erti e s a n d c o n stit u e nt s. T h e t w o 

m aj or dri v er s of t h e s e s h elf c urr e nt s a n d e x c h a n g e s ar e t h e at m o s p h er e a n d t h e o c e a ni c G ulf Str e a m. 

At m o s p h eri c dri vi n g of t h e H att er a s c o a st al o c e a n i s t hr o u g h s urf a c e wi n d str e s s a n d h e at fl u x a cr o s s 

t h e air- s e a i nt erf a c e. T h e c o m pl e xit y a n d i m p ort a n c e of t hi s r e gi o n m oti v at e d t h e N S F- s p o n s or e d 

P E A C H r e s e ar c h pr o gr a m d uri n g 2 0 1 7 – 2 0 1 8 ( P E A C H: Pr o c e s s e s dri vi n g E x c h a n g e At C a p e H att e -

r a s). I n t hi s p a p er, w e utili z e t h e s u b st a nti al n u m b er of o b s er v ati o n s a v ail a bl e d uri n g P E A C H t o 

d e s cri b e t h e at m o s p h eri c f or ci n g of t h e o c e a n t h e n. At m o s p h eri c c o n diti o n s ar e d e s cri b e d i n t er m s of 

t w o s e a s o n s: t h e w ar m s e a s o n ( M a y t o mi d- S e pt e m b er), wit h pr e d o mi n a ntl y mil d n ort h e a st w ar d 

wi n d s  p u n ct u at e d  b y  o c c a si o n al  tr o pi c al  c y cl o n e s  ( T C s);  a n d  t h e  c o ol  s e a s o n  ( mi d- S e pt e m b er 

t hr o u g h  A pril), wit h  a n e arl y  c o nti n u o u s,  n ort h e a st w ar d  pr o gr e s si o n  of  e n er g eti c e xtr atr o pi c al 

c y cl o n e s ( E T C s) t hr o u g h t h e r e gi o n. C o ol s e a s o n E T C s f or c e t h e r e gi o n wit h str o n g wi n d str e s s a n d 

o c e a n-t o- at m o s p h e r e h e at fl u x e pi s o d e s, e a c h wit h a ti m e- s c al e of s e v er al d a y s. Wi n d str e s s fl u c -

t u ati o n m a g nit u d e s t y pi c all y e x c e e d m e a n str e s s m a g nit u d e s i n e a c h s e a s o n b y a f a ct or of 3 – 5. T h e s e 

str e s s e s a c c o u nt f or j u st o v er 4 0 % of t h e t ot al c urr e nt v ari a bilit y i n t h e r e gi o n, s h o wi n g t h e wi n d t o 

b e  a  m aj or  dri v er  of  t h e  o c e a n  h er e.  At m o s p h er e- o c e a n  h e at  fl u x  i s  t y pi c all y  i nt o  t h e  o c e a n 

t hr o u g h o ut t h e w a r m s e a s o n ( ~ 1 0 0 W m- 2); it i s e s s e nti all y al w a y s o ut of t h e o c e a n d uri n g t h e c o ol 

s e a s o n ( ~ 5 0 0 W m - 2 o r m o r e). N e w r e s ult s h er ei n i n cl u d e: s o ut h w ar d i ntr a s e a s o n al o s cill ati o n s of 

t h e j et str e a m’s p o siti o n dr o v e t h e str o n g e st E T C s (i n cl u di n g o n e “ b o m b ” c y cl o n e); a n d d uri n g t h e 4 1 

y e ar s l e a di n g u p t o a n d i n cl u di n g P E A C H, t h e s e a s o n- a v er a g e d n u m b er a n d str e n gt h of at m o s p h eri c 

c y cl o n e s  p a s si n g  o v er  t h e  H att er a s  c o a st al  o c e a n  h a v e  s h o w n  littl e  l o n g-t er m  c h a n g e.  L o o ki n g 

a h e a d, t h e N S F Pi o n e er Arr a y i s s c h e d ul e d t o b e r el o c at e d t o t h e n ort h er n p orti o n of t h e H att er a s 

c o a st al o c e a n i n 2 0 2 4, a n d t h e N A S A S W O T s at ellit e h a s b e g u n it s o c e a n t o p o gr a p h y mi s si o n, w hi c h 

h a s a gr o u n d-tr a c k cr o s s- o v er h er e.  
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1. I nt r o d u cti o n 

T h e H att er a s c o a st al o c e a n ( 3 3 – 3 7 o N a n d o ut t o ~ 2 0 0 k m fr o m s h or e; Fi g. 1 ) i s c e ntr all y l o c at e d al o n g t h e e a st c o a st of t h e 4 8 

c o nti g u o u s U nit e d St at e s ( Fi g. 1 i n s et). It i s off s h or e of C a p e H att er a s i n a c o m pl e x l a n d / o c e a n / at m o s p h er e r e gi o n w h er e m aj or o c e a n 

c urr e nt s of diff eri n g t e m p er at ur e s a n d s ali niti e s m e et a n d i nt er a ct, w h er e t h e at m o s p h er e fl u ct u at e s o n a wi d e r a n g e of ti m e s c al e s, a n d 

w h er e  at m o s p h er e- o c e a n  i nt er a cti o n s  v ar y  b ot h  s p ati all y a n d  t e m p or all y. T hi s  i s  w h er e  t h e  N ort h  Atl a nti c  O c e a n ’s  s u b p ol ar  a n d 

s u btr o pi c al g yr e s m e et a n d i nt er a ct. T hi s i s al s o w h er e t h e g e n er all y e q u at or w ar d c o nti n e nt al s h elf c urr e nt s al o n g t h e Mi d- Atl a nti c 

Bi g ht  ( M A B,  t o  t h e  n ort h  of  C a p e  H att er a s)  c o n v er g e  wit h  t h e  g e n er all y  p ol e w ar d  c o nti n e nt al  s h elf  c urr e nt s  al o n g  t h e  S o ut h 

Atl a nti c Bi g ht ( S A B, t o t h e s o ut h of C a p e H att er a s). T hi s c o n v er g e n c e r e s ult s i n a n et off- s h elf tr a n s p ort of s h elf w at er s t o t h e a dj a c e nt 

o p e n o c e a n ( S a vi d g e a n d B a n e, 2 0 0 1; T o d d, 2 0 2 0; H a n et al., 2 0 2 2 ), a n d it oft e n pr o d u c e s a di s c er n a bl e s e a s urf a c e t e m p er at ur e ( S S T) 

fr o nt o n t h e s h elf at t h e c o n v er g e n c e, k n o w n a s t h e H att er a s Fr o nt (S a vi d g e, 2 0 0 2; S a vi d g e a n d A u sti n, 2 0 0 7 ; s e e Fi g. 1 ). Alt h o u g h n et 

s e a w at er tr a n s p ort i s fr o m t h e c o nti n e nt al s h elf t o t h e o p e n o c e a n, s h elf- o c e a n w at er e x c h a n g e s ar e s p ati all y a n d t e m p or all y v ari a bl e, 

a n d e pi s o d e s of o c e a n-t o- s h elf tr a n s p ort al s o o c c ur ( Y o d er et al., 1 9 8 3; L e e et al., 1 9 8 4, 1 9 9 1; T o d d, 2 0 2 0; M u gli a et al., 2 0 2 0; H a n 

et al., 2 0 2 2 ). I m p ort a nt w at er pr o p erti e s ( e. g., t e m p er at ur e, s ali nit y a n d d e n sit y), bi ol o gi c al c o n stit u e nt s a n d a nt hr o p o g e ni c p oll ut a nt s 

ar e a d v e ct e d b y t h e s e e x c h a n g e s ( Y o d er et al., 1 9 8 3; S a vi d g e, 2 0 0 2; H a n et al., 2 0 2 1 ). 

Fi g. 1. S e a s urf a c e t e m p er at ur e ( S S T) i m a g e of t h e H att er a s c o a st al o c e a n o n M a y 1 4, 2 0 1 7 ( S S T i m a g e: R ut g er s. ( 2 0 2 3) . T h e t hr e e pr o mi n e nt N ort h 

C ar oli n a C a p e s ar e d e n ot e d wit h d ot s. T h e p o siti o n s of m et e or ol o gi c al b u o y s a n d o c e a n o gr a p hi c m o ori n g s d e pl o y e d d uri n g t h e P E A C H fl el d pr o -

gr a m ( A pril 2 0 1 7 t hr o u g h N o v e m b er 2 0 1 8) ar e s h o w n. T h e 1 0 0  m i s o b at h ( w hit e li n e) d eli n e at e s t h e c o nti n e nt al s h elf br e a k. O v er t h e c o nti n e nt al 

s h elf, t h e t y pi c all y n ort h e a st w ar d fl o wi n g S A B a n d s o ut h w ar d fl o wi n g M A B s h elf w at er s c o n v er g e, f or mi n g t h e H att er a s Fr o nt ( H F). S urf a c e b u o y s 

( s q u ar e s o utli n e d i n w hit e) fr o m n ort h t o s o ut h ar e 4 4 0 1 4, B 1 ( w / c o-l o c at e d o c e a n A D C P a n d C T D, a st eri s k), 4 1 0 2 5 (l o c at e d o n 3 5 o N l atit u d e; w hit e 

x i n s q u ar e), B 2 ( w / c o-l o c at e d o c e a n A D C P a n d C T D, a st eri s k), a n d 4 1 0 6 4. A d diti o n al o c e a n A D C P a n d C T D m o ori n g s fr o m n ort h-t o- s o ut h ar e A 1 

t hr o u g h A 8 ( a st eri s k s). B ott o m- m o or e d C PI E S ar e y ell o w cir cl e s. S c h e m ati c s h elf fl o w s a n d s urf a c e fl o w s i n t h e G ulf Str e a m ( G S) a n d Sl o p e S e a ( S L 

S e a) ar e al s o s h o w n. [ A D C P: A c o u sti c D o p pl er C urr e nt Pr o fil er, w hi c h c a n r e m ot el y m e a s ur e o c e a n c urr e nt s t hr o u g h o ut t h e w at er c ol u m n; C T D: 

C o n d u cti vit y- T e m p er at ur e- D e pt h s e n s or, w hi c h d et er mi n e s o c e a n w at er t e m p er at ur e, s ali nit y a n d pr e s s ur e ( d e pt h) at t h e i n str u m e nt ’s l o c ati o n; 

C PI E S:  C urr e nt- m et er  a n d  Pr e s s ur e- s e n s or  e q ui p p e d  I n v ert e d  E c h o  S o u n d er,  w hi c h  c a n  d et er mi n e  t h e  G ulf  Str e a m ’s  l at er al  ( o n s h or e- off -

s h or e) p o siti o n. ]. 
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T h e t w o m aj or dri v er s of t h e s e s h elf c urr e nt s a n d s h elf- o c e a n e x c h a n g e s ar e t h e at m o s p h er e, t hr o u g h s urf a c e wi n d str e s s a n d h e at 

fl u x a cr o s s t h e air- s e a i nt erf a c e, a n d t h e m e a n d eri n g G ulf Str e a m, w hi c h fl o w s p ol e w ar d al o n g t h e c o nti n e nt al sl o p e of t h e S A B fr o m 

t h e Fl ori d a Str ait s t o a n d t hr o u g h t h e H att er a s c o a st al o c e a n b ef or e l e a vi n g t h e sl o p e t o c o nti n u e i nt o t h e o p e n N ort h Atl a nti c ( Fi g. 1 ). 

E a c h dri v er i s s p ati all y a n d t e m p or all y v ari a bl e. T h e e arl y st u d y b y S a vi d g e a n d B a n e ( 2 0 0 1) f o u n d t h at al o n g- s h elf s e a w at er v ol u m e 

tr a n s p ort v ari a bilit y w a s pri m aril y wi n d- dri v e n, w hil e al o n g- s h elf s e a w at er tr a n s p ort c o n v er g e n c e w a s hi g hl y c orr el at e d wit h G ulf 

Str e a m l at er al p o siti o n off s h or e. T h e s e fl n di n g s pr o vi d e d m oti v ati o n f or t h e N ati o n al S ci e n c e F o u n d ati o n- s p o n s or e d P E A C H r e s e ar c h 

pr o gr a m d uri n g 2 0 1 7 – 2 0 1 8 ( P E A C H: Pr o c e s s e s dri vi n g E x c h a n g e At C a p e H att er a s), w hi c h h a s d e e p e n e d o ur u n d er st a n di n g of t h e s e 

t w o m aj or dri vi n g f a ct or s a n d t h e o c e a ni c r e s p o n s e s t o t h e m. S ei m et al. ( 2 0 2 2) pr o vi d e a m or e c o m pl et e o v er vi e w of t h e P E A C H 

pr o gr a m a n d i niti al r e s ult s. 

T h e o bj e cti v e s of t hi s p a p er ar e t w o-f ol d: 1) A s a c o ntri b uti o n t o t h e P E A C H r e s e ar c h pr o gr a m, w e d o c u m e nt a n d d e s cri b e t h e 

at m o s p h er e a n d it s f or ci n g of t h e H att er a s c o a st al o c e a n; a n d 2) W e d e m o n str at e t h at t h e at m o s p h eri c m e a n c o n diti o n s a n d v ari a bilit y 

c a n b e d e s cri b e d i n a 2- s e a s o n m a n n er, w hi c h i s e s s e nti all y a n e w vi e w of t hi s r e gi o n. U si n g o b s er v e d at m o s p h eri c a n d o c e a ni c d at a, 

C o a st w at c h S S T d at a ( Li et al., 2 0 0 1 ), a n d E R A 5 r e a n al y si s d at a ( E C M W F R e- A n al y si s, 5t h G e n er ati o n; H er s b a c h et al., 2 0 1 8 ), w e 

d e s cri b e t h e at m o s p h er e a n d at m o s p h er e- o c e a n i nt er a cti o n s i n t h e H att er a s c o a st al o c e a n d uri n g 2 0 1 7 – 2 0 1 8, a p eri o d e n c o m p a s si n g 

t h e P E A C H fl el d pr o gr a m ( A pril 2 0 1 7 t hr o u g h N o v e m b er 2 0 1 8). B a s e d o n i n s p e cti o n of t h e ti m e s eri e s of s urf a c e wi n d str e s s a n d 

o c e a n-t o- at m o s p h er e h e at fl u x e s, o ur d e s cri pti o n i s gi v e n i n t er m s of t h e at m o s p h eri c “ w ar m s e a s o n ” a n d at m o s p h eri c “ c o ol s e a s o n ” 

(Fi g. 2 ). D uri n g e a c h w ar m s e a s o n ( M a y t hr o u g h mi d- S e pt e m b er), pr e v aili n g mil d n ort h e a st w ar d wi n d s ( s o ut h w e st erl y wi n d s i n t h e 

Fi g. 2. Ti m e s eri e s at t h e l o c ati o n of B u o y 4 1 0 2 5, c o m p ut e d fr o m E R A 5 d at a. T h e s e s h o w t h e t w o- s e a s o n c h ar a ct er of wi n d str e s s (t o p, mi d dl e) a n d 

n et o c e a n-t o- at m o s p h er e h e at fl u x a cr o s s t h e air- s e a i nt erf a c e ( Q n et ; b ott o m) d u ri n g 2 0 1 7– 1 8, w hi c h e n c o m p a s s e s t h e P E A C H fi el d pr o gr a m. T h e 

wi n d str e s s sti c k- v e ct or s (t o p) p oi nt fr o m t h e h ori z o nt al a xi s t o w ar d s t h e dir e cti o n t h e wi n d w a s bl o wi n g. Q n et i s t h e s u m of: l o n g- w a v e i nfr ar e d 

r a di ati o n arri vi n g at a n d e mitt e d fr o m t h e s e a s urf a c e, s h ort- w a v e s ol ar r a di ati o n a cr o s s t h e s e a s urf a c e, l at e nt ( e v a p or ati v e) h e at fl u x fr o m t h e 

o c e a n s urf a c e, a n d s e n si bl e ( c o n d u cti v e) h e at fl u x b et w e e n t h e at m o s p h er e a n d o c e a n a cr o s s t h e s e a s urf a c e: Q n et = Q L W n et - QS W n et + Q l at + Q s e n 

( s e e al s o Pi n k er et al., 2 0 1 4 ). E a c h h e at fl u x c o m p o n e nt i s c o n si d er e d p o siti v e w h e n t h e h e at i s tr a n sf err e d fr o m t h e o c e a n t o t h e at m o s p h er e. 
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m et e or ol o gi c al c o n v e nti o n) w er e aff e ct e d o c c a si o n all y b y t h e p a s s a g e of a w e a k e xtr atr o pi c al c y cl o n e ( E T C), c a u si n g sli g ht v ari ati o n s 

i n wi n d str e n gt h a n d dir e cti o n. A d diti o n all y, t h e 2 0 1 7 w ar m s e a s o n at P E A C H w a s i m p a ct e d b y o n e h urri c a n e, a n d t h e 2 0 1 8 w ar m 

s e a s o n r e c ei v e d f or ci n g fr o m t w o h urri c a n e s. D uri n g e a c h c o ol s e a s o n ( mi d- S e pt e m b er t hr o u g h A pril), t h er e w a s a n e arl y c o nti n u o u s 

n ort h e a st w ar d  pr o gr e s si o n  of  m o d er at e  t o  str o n g  E T C s  t hr o u g h  P E A C H,  i n cl u di n g  o n e “ b o m b ” c y cl o n e.  T w o  h urri c a n e s  aff e ct e d 

P E A C H d uri n g t h e 2 0 1 7 – 1 8 c o ol s e a s o n, a n d o n e d uri n g t h e 2 0 1 8 – 1 9 c o ol s e a s o n. H er ei n w e t a k e M a y 1 a n d S e pt e m b er 1 6 a s t h e 

b e gi n ni n g d at e s f or t h e w ar m a n d c o ol s e a s o n s, r e s p e cti v el y. 

2.  O b s e r v ati o n s a n d m et h o d s 

T hr e e N D B C m et e or ol o gi c al b u o y s ( 4 4 0 1 4, 4 1 0 2 5, 4 1 0 6 4; N D B C = N ati o n al D at a B u o y C e nt er, n o a a. n d b c. g o v) w er e i n pl a c e 

d uri n g all of 2 0 1 7 a n d 2 0 1 8, a n d t h e t w o P E A C H m et e or ol o gi c al b u o y s ( B 1, B 2) w er e d e pl o y e d i n t h e st u d y ar e a f or t h e d ur ati o n of t h e 

fl el d pr o gr a m ( Fi g. 1 ). T w o w ar m s e a s o n s a n d o n e f ull a n d t w o p arti al c o ol s e a s o n s w er e m e a s ur e d b y t h e c o m pl et e b u o y arr a y d uri n g 

P E A C H. I n Fi g. 2 wi n d str e s s v e ct or s ar e pl ott e d a s “ sti c k s ” w hi c h p oi nt fr o m t h e ti m e a xi s a n d t o w ar d s t h e dir e cti o n t h e wi n d w a s 

bl o wi n g ( ori e nt e d wit h tr u e n ort h u p). H er ei n w e t a k e p o siti v e h e at fl u x t o b e a cr o s s t h e air- s e a i nt erf a c e a n d fr o m t h e o c e a n t o t h e 

at m o s p h er e.  B u o y s  B 1  a n d  B 2  c arri e d  m et e or ol o gi c al  s e n s or s  ( wi n d  s p e e d  a n d  dir e cti o n,  air  t e m p er at ur e,  h u mi dit y,  b ar o m etri c 

pr e s s ur e, d o w n w ell e d s h ort- a n d l o n g- w a v e. 

r a di ati o n a n d pr e ci pit ati o n), a n d n e ar- s urf a c e a n d mi d- d e pt h C T D s, all of w hi c h s a m pl e d e v er y 6  mi n. S urf a c e o b s er v ati o n s fr o m 

N D B C b u o y s pr o vi d e d wi n d s p e e d a n d dir e cti o n, air t e m p er at ur e, h u mi dit y, b ar o m etri c pr e s s ur e, S S T, a n d w a v e d y n a mi c s ( h ei g ht, 

s p e e d, a n d dir e cti o n) e v er y h o ur. S uf fl ci e nt i n p ut v ari a bl e s a n d c o v er a g e all o w e d f or c o m p uti n g h o url y e sti m at e s of t h e pri m ar y h e at 

fl u x c o m p o n e nt s u si n g C O A R E 3. 6 al g orit h m s ( E d s o n et al., 2 0 1 3 ). I n t h e A p p e n di x, w e d e s cri b e i n d et ail t h e d at a pr o c e s si n g st e p s 

n e c e s s ar y t o c o m p ut e wi n d str e s s a n d b ul k h e at fl u x fr o m b u o y m e a s ur e m e nt s at e a c h of t h e fl v e b u o y l o c ati o n s. 

I n- o c e a n i n str u m e nt s w er e m o or e d o v er t h e c o nti n e nt al s h elf a n d sl o p e (A n dr e s, 2 0 2 1; H a n et al., 2 0 2 1, 2 0 2 2; S ei m et al., 2 0 2 2 ) 

a n d b e n e at h t h e G ulf Str e a m ( A n dr e s, 2 0 2 1 ) t o m e a s ur e c urr e nt s a n d h y dr o gr a p hi c pr o p erti e s ( Fi g. 1 ). Ti m e- s eri e s of h ori z o nt al w at er 

v el o cit y  pr o fil e s  a n d  b ott o m  w at er  pr o p erti e s  (t e m p er at ur e,  s ali nit y,  d e n sit y,  a n d  pr e s s ur e)  w er e  s a m pl e d  e v er y  3 0  mi n  fr o m 

b ott o m- m o u nt e d A D C P s at f o ur mi d- s h elf l o c ati o n s ( B 1, B 2, A 4, A 7) a n d si x s h elf br e a k l o c ati o n s ( A 1, A 2, A 3, A 5, A 6, A 8). T h e l at er al 

p o siti o n of t h e G ulf Str e a m j et w a s m e a s ur e d wit h b ott o m m o u nt e d C PI E S. [I n str u m e nt a cr o n y m s ar e: A D C P = A c o u sti c D o p pl er 

C urr e nt Pr o fll er, w hi c h c a n r e m ot el y m e a s ur e o c e a n c urr e nt s t hr o u g h o ut t h e w at er c ol u m n; C T D = C o n d u cti vit y- T e m p er at ur e- D e pt h 

s e n s or, w hi c h d et er mi n e s o c e a n w at er t e m p er at ur e, s ali nit y a n d pr e s s ur e ( d e pt h) at t h e i n str u m e nt ’s l o c ati o n; C PI E S: C urr e nt- m et er 

a n d Pr e s s ur e- s e n s or e q ui p p e d I n v ert e d E c h o S o u n d er, w hi c h m e a s ur e s t h e d e pt h of t h e o c e a ni c p er m a n e nt t h er m o cli n e, a n d t h er e b y 

l o c at e s t h e p o siti o n of t h e m e a n d eri n g G ulf Str e a m. ]. 

Fi g. 3. T h e m e a n s urf a c e at m o s p h eri c pr e s s ur e di stri b uti o n d uri n g ( a) t h e 2 0 1 8 w ar m s e a s o n, a n d ( b) t h e 2 0 1 7 – 1 8 c o ol s e a s o n, b a s e d o n E R A 5 

r e a n al y si s d at a ( H er s b a c h et al., 2 0 1 8 ). T h e H att er a s c o a st al o c e a n i s o utli n e d b y t h e r e ct a n gl e. T h e wi n d v el o cit y r o s e fr o m B u o y 4 1 0 2 5 i s s h o w n f or 

e a c h s e a s o n (i n s et, i n w hi c h t h e m et e or ol o gi c al c o n v e nti o n i s u s e d f or dir e cti o n; i. e. t h e b ar s p oi nt t o w ar d s t h e dir e cti o n t h e wi n d i s c o mi n g fr o m). 

Mil d  n ort h e a st w ar d  ( s o ut h w e st erl y)  wi n d s  w er e  t y pi c al  i n  t h e  w ar m  s e a s o n,  a n d  str o n g  s o ut h w ar d  ( n ort h erl y)  wi n d s  w er e  c o m m o n  i n  t h e 

c o ol s e a s o n. 

J. B a n e et al.                                                                                                                                                                                                            



D y n a mi cs of At m os p h er es a n d O c e a ns 1 0 2 ( 2 0 2 3 ) 1 0 1 3 6 4

5

Fi g. 4. T h e a v er a g e C o a st w at c h S S T d uri n g ( a) t h e 2 0 1 8 w ar m s e a s o n a n d ( b) t h e 2 0 1 7 – 1 8 c o ol s e a s o n. T h e s e a s o n- a v er a g e wi n d str e s s o b s er v e d at 

e a c h b u o y i s s h o w n f or e a c h s e a s o n. T h e n et o c e a n-t o- at m o s p h er e h e at fl u x, Q n et , d u ri n g ( c) t h e 2 0 1 8 w ar m s e a s o n a n d ( d) t h e 2 0 1 7– 1 8 c o ol s e a s o n 

fr o m E R A 5. F or c o m p ari s o n, t h e a v er a g e Qn et m e a s u r e d at e a c h b u o y i s s h o w n f or e a c h s e a s o n ( s q u ar e s). I s o b at h s ar e i n m et er s, a n d t h e 1 0 0  m 

i s o b at h i s b ol d. 
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Fi g. 5. Wi n d str e s s a n d Q n et f o r ( a) t h e 2 0 1 8 w ar m s e a s o n a n d ( b) t h e 2 0 1 7– 1 8 c o ol s e a s o n. O n t h e l eft, arr o w s a n d st a n d ar d d e vi ati o n elli p s e s i n 

bl a c k ar e fr o m b u o y o b s er v ati o n s; t h o s e i n c y a n ar e fr o m E R A 5. H er e t h e m e a n str e s s arr o w s a n d t h e st d elli p s e s ar e pl ott e d o n t h e s a m e s c al e 

( diff er e nt fr o m t h e str e s s s c al e i n Fi g. 4 ). T h e str e s s v ari ati o n s i n eit h er s e a s o n ar e t y pi c all y s e v er al ti m e s gr e at er t h a n t h e m e a n str e s s at e a c h 

l o c ati o n. V erti c al li n e i n ( b) i s “ b o m b ” c y cl o n e Gr a y s o n. 
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3.  T h e at m o s p h e ri c w a r m a n d c o ol s e a s o n s 

3. 1.  W ar m a n d c o ol s e as o n m e a n c o n diti o ns 

I n t h e l o n g-t er m m e a n, t h e w e st er n p eri p h er y of t h e s e mi- p er m a n e nt N ort h Atl a nti c s u btr o pi c al hi g h pr e s s ur e c ell (t h e N ort h 

Atl a nti c  Hi g h,  s o m eti m e s  c all e d  t h e  A z or e s  Hi g h  or  t h e  B er m u d a  Hi g h)  o v erli e s  t h e  H att er a s  c o a st al  o c e a n  a n d  t h u s  t h e  P E A C H 

i n str u m e nt ati o n arr a y. T h e e xt e nt a n d str e n gt h of t hi s c ell v ari e s o n a n a n n u al b a si s (D a vi s et al., 1 9 9 7 , w h o d e s cri b e a m e a n “ s u m m er 

p att er n ” a n d a m e a n “ wi nt er p att er n ” si mil ar t o o ur w ar m a n d c o ol s e a s o n s) a n d o n l o n g er ti m e s c al e s ( Li et al., 2 0 1 2, 2 0 1 3 ). D uri n g 

2 0 1 7 – 1 8,  t h e  m aj or  at m o s p h eri c  v ari ati o n  t hr o u g h  a n  a n n u al  ti m e  fr a m e  w a s  t h e  tr a n siti o n  fr o m  a  c o ol  s e a s o n  ( mi d- S e pt e m b er 

t hr o u g h A pril) t o a w ar m s e a s o n ( M a y t o mi d- S e pt e m b er) a n d b a c k a g ai n. O n e eff e ct of t hi s tr a n siti o n o n t h e P E A C H r e gi o n c a n b e s e e n 

i n t h e s e a s o n al m e a n at m o s p h eri c s urf a c e pr e s s ur e p att er n s i n Fi g. 3 . D uri n g t h e w ar m s e a s o n, P E A C H i s wit hi n t h e N ort h Atl a nti c 

Hi g h, a n d m e a n g e o str o p hi c wi n d s ar e t h u s n ort h e a st w ar d ( wi n d s p e e d r o s e i n Fi g. 3 a, a n d m e a n wi n d str e s s arr o w s i n Fi g s. 4 a, 5 a), 

w hil e i n t h e c o ol s e a s o n, P E A C H i s wit hi n a s m all er s c al e c o nti n e nt al hi g h pr e s s ur e ar e a, a n d m e a n g e o str o p hi c wi n d s ar e g e n er all y 

s o ut h w ar d ( wi n d s p e e d r o s e i n Fi g. 3 b, m e a n wi n d str e s s arr o w s i n Fi g s. 4 b, 5 b). T hi s c o ol s e a s o n c o nti n e nt al hi g h i s d u e i n p art t o t h e 

n u m er o u s l o w- pr e s s ur e- c e nt er E T C s t h at tr a n sit n ort h e a st w ar d al o n g t h e E a st er n S e a b o ar d of N ort h A m eri c a ( w hi c h w e d e s cri b e i n 

m or e d et ail b el o w), t h er e b y e n h a n ci n g a s e a s o n al- a v er a g e s urf a c e-l o w- pr e s s ur e tr o u g h t hr o u g h t h e w e st er n e n d of t h e N ort h Atl a nti c 

Hi g h t h at str et c h e s fr o m Fl ori d a t o N e wf o u n dl a n d. I nt er a n n u al a n d l o n g er t er m v ari ati o n s i n t h e N ort h Atl a nti c Hi g h ar e t y pi c all y 

r e fl e ct e d i n t h e N ort h Atl a nti c O s cill ati o n I n d e x ( N A O I n d e x; H urr ell et al., 2 0 0 3 ; B e n e di ct et al., 2 0 0 4 ; Li et al., 2 0 1 3 ). D uri n g t h e 2 0 1 7 

( 2 0 1 8) w ar m s e a s o n, t h e N A O I n d e x w a s ar o u n d − 0. 5 ( 1. 7) ( N O A A., 2 0 2 2 a ). D uri n g t h e 2 0 1 6– 1 7 ( 2 0 1 7 – 1 8, 2 0 1 8 – 1 9) c o ol s e a s o n, 

t h e N A O I n d e x w a s ar o u n d 0. 7 ( 0. 5, 0. 7). A d diti o n al d et ail s o n t h e N A O v ari a bilit y ar e pr e s e nt e d b el o w. 

T h e a v er a g e S S T fl el d d uri n g e a c h s e a s o n i s s h o w n i n Fi g. 4 ( S S T d at a fr o m C o a st w at c h: N O A A., 2 0 2 2 b ). T h e w ar m G ulf Str e a m i s 

a p p ar e nt i n e a c h p a n el, a n d t h e c o ol er s urf a c e w at er s o v er t h e M A B a n d Sl o p e S e a ( C s a n a d y a n d H a milt o n, 1 9 8 8 ) ar e a p p ar e nt i n b ot h 

s e a s o n s. T h e s urf a c e w ar mi n g d uri n g t h e w ar m s e a s o n m a k e s t h e S S T c o ntr a st b et w e e n t h e M A B a n d Sl o p e S e a a n d t h e G ulf Str e a m l e s s 

stri ki n g t h e n, a s c o m p ar e d t o t h e c o ol s e a s o n. I n t h e S A B, t h e s e a s o n al S S T c o ntr a st b et w e e n t h e G ulf Str e a m a n d t h e c o nti n e nt al s h elf 

& u p p er- sl o p e i s q uit e l o w d uri n g t h e w ar m s e a s o n, a n d i s gr e at er i n t h e c o ol s e a s o n, pri m aril y d u e t o t h e l o w er S S T i n s h or e of t h e 

Fi g. 6. Ti m e s eri e s fr o m B u o y 4 1 0 2 5 s h o wi n g ( a) a t y pi c al w ar m s e a s o n m o nt h ( J ul y 2 0 1 8) a n d ( b) a t y pi c al c o ol s e a s o n m o nt h ( J a n u ar y 2 0 1 8). 

Fr o m t o p t o b ott o m: wi n d str e s s (tr u e n ort h i s u p); s urf a c e air pr e s s ur e; n e ar- s urf a c e air t e m p er at ur e ( bl u e) a n d n e ar- s urf a c e o c e a n t e m p er at ur e 

( gr e e n); n et s h ort w a v e r a di ati o n; o c e a n-t o- at m o s p h er e h e at fl u x c o m p o n e nt s (l at e nt, gr e e n; s e n si bl e, bl u e; a n d l o n g w a v e, c y a n); h o url y a n d 2 4- hr- 

a v g Q n et . T h e v e rti c al li n e i n J a n u ar y i s t h e ti m e of t h e w e at h er m a p i n Fi g. 9 b el o w, w h e n b o m b c y cl o n e Gr a y s o n w a s p a s si n g t hi s b u o y. a n d 6 b. T hi s 

w a s wi nt er c y cl o n e Gr a y s o n, d e s cri b e d i n m or e d et ail b el o w. T hi s E T C d e v el o p e d r a pi dl y e n o u g h [ 3. 3 B er g er o n ( a b o ut 5 0 h P a) i n 2 4 h at 3 3 o N 

l atit u d e ] t o b e c o n si d er e d a n e x pl o si v e c y cl o n e, or “ b o m b ” c y cl o n e ( Hir at a et al., 2 0 1 9 ). 
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Str e a m t h e n. T h e l o w er c o ol s e a s o n S S T i n s h or e of t h e Str e a m i s d u e pri m aril y t o l o s s of h e at fr o m t h e s h all o w w at er s t o t h e at m o s p h er e 

(At ki n s o n et al., 1 9 8 3, 1 9 8 9 ). 

D uri n g t h e 2 0 1 8 w ar m s e a s o n, t h e m e a n wi n d str e s s w a s g e n er all y p ol e w ar d at e a c h b u o y, at ar o u n d 0. 0 1 – 0. 0 2  N  m - 2 (Fi g s. 4 a, 5 a). 

T h e str e s s st a n d ar d d e vi ati o n ( st d) w a s s e v er al ti m e s t h e m e a n str e s s at e a c h l o c ati o n, a n d t h e ori e nt ati o n of e a c h st d elli p s e m aj or a xi s 

w a s cl o s e t o N E- S W ( Fi g. 5 a). A n i m p ort a nt a s p e ct of t h e str e s s di stri b uti o n i s t h at m e a n a n d st d v al u e s at t h e t w o l o c ati o n s n ort h of 

C a p e H att er a s w er e c o n si st e ntl y l o w er t h a n t h o s e s o ut h of t h e C a p e. T hi s i s pri m aril y a n S S T eff e ct d u e t o t h e M A B s h elf fl o w bri n gi n g 

c o ol er w at er s t o t h e H att er a s c o a st al o c e a n fr o m t h e n ort h, w hi c h r e s ult s i n r el ati v el y st a bl e n e ar- s urf a c e at m o s p h eri c c o n diti o n s m u c h 

of t h e ti m e n ort h of t h e H att er a s Fr o nt ( S c h utt a n d S ei m, 2 0 2 0; T h o m a s et al., 2 0 1 5 ). N ot e t h e c o ol er S S T n ort h of t h e H att er a s Fr o nt i n 

t h e “ s n a p s h ot ” i n Fi g. 1 , f or e x a m pl e. A d diti o n all y, l o c ali z e d c o a st al u p w elli n g c a n o c c ur ar o u n d 3 6o N, w h e n t h e wi n d s ar e s uf fl ci e ntl y 

str o n g i n t h e n ort h w ar d dir e cti o n, t h er e b y d e cr e a si n g t h e n e ar s h or e S S T f urt h er a n d str e n gt h e ni n g t h e l o w er at m o s p h eri c st a bilit y 

t h er e (A u sti n a n d L e nt z, 1 9 9 9 ). 

O c e a n-t o- at m o s p h er e n et h e at fl u x ( Q n et = Q L W n et - QS W n et + Q l at + Q s e n) w a s a r o u n d − 1 0 0  W  m - 2 ( h e at i nt o t h e o c e a n) f or n e arl y 

all of t h e 2 0 1 8 w ar m s e a s o n ( Fi g s. 4 c, 5 a, 6). T h e t y pi c all y w ar m a n d h u mi d o v erl yi n g air k e pt s e n si bl e a n d l at e nt h e at fl u x m a g nit u d e s 

l o w ( ~ 1 0 0  W  m- 2 o ut of t h e o c e a n) c o m p ar e d t o c o ol s e a s o n v al u e s, a n d str o n g s ol ar irr a di a n c e d o mi n at e d ( ~ 1 0 0 – 2 0 0  W  m - 2 t y pi c al 

d ail y a v er a g e i nt o t h e o c e a n). T hi s r e s ult e d i n a w ar mi n g tr e n d f or m u c h of t h e s e a s o n. F or r ef er e n c e, a n a v er a g e h e at i n p ut r at e of 

1 0 0  W  m - 2 i nt o a w at e r c ol u m n of 3 0  m ( ~ mi d- s h elf) w o ul d i n cr e a s e c ol u m n- a v er a g e w at er t e m p er at ur e a b o ut 1 o C i n 2 w e e k s. 

D uri n g t h e 2 0 1 7 – 1 8 c o ol s e a s o n, t h e m e a n wi n d str e s s w a s s o ut h e a st w ar d at t h e n ort h er n f o ur b u o y s, a n d s o ut h w e st w ar d at t h e 

Fi g. 7. Ti m e s eri e s fr o m B u o y s B 1 ( n ort h of C a p e H att er a s o n t h e s o ut h er n M A B s h elf) a n d B 2 ( s o ut h of C a p e H att er a s o n t h e n ort h er n S A B s h elf, s e e 

Fi g. 1 ) d uri n g P E A C H. T h e cl e ar c o h er e n c e b et w e e n t h e p air s of ti m e s eri e s i s d u e t o t h e l ar g e l at er al s c al e of t h e at m o s p h eri c s y st e m s, m o stl y E T C s, 

i n c o m p ari s o n t o t h e s e p ar ati o n di st a n c e b et w e e n t h e s e 2 b u o y s. Δ T e m p i s s e a-t e m p er at ur e ( 2  m b el o w s urf a c e) mi n u s air-t e m p er at ur e ( 1. 5  m 

a b o v e t h e s urf a c e). 
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southernmost buoy. Season-long mean stresses were around 0.05 N m-2 (Figs. 4b, 5b). The temporal variability in wind stress was 
considerably larger than the mean stress at each buoy, due almost entirely to numerous ETCs and an occasional tropical cyclone (TC) 
progressing through the region. The stress std was around 0.2 N m-2 throughout the array, and several episodes of wind stress 
exceeding 0.5 N m-2 occurred (Fig. 2). The ocean-to-atmosphere Qnet varied both spatially and temporally. The season-long mean was 
several tens of W m-2 over the shelf areas, and was about 300 W m-2 over the Gulf Stream. Both areas experienced net heat flux out of 
the ocean (Figs. 4d, 5b). We note that the Hatteras coastal ocean is at the western end of the region of very high climatological Qnet in 
the North Atlantic, which basically follows the warm Gulf Stream northeastward from Hatteras to around 45oN, 

40oW, and then extends poleward to both sides of Greenland (Yang et al., 2016; Schmitt, 2018). The long-term average Qnet in that 
swath ranges up to ~150 200 W m-2 from the ocean, which is about midway between the warm and cool season values over the Gulf 
Stream in Fig. 4c,d. 

3.2. Warm season variability 

Typical warm season characteristics appear in the 2018 time series shown in Figs. 2, 5a and 6a: relatively weak wind stress, low air- 
sea temperature difference, and low Qnet magnitudes. Wind stress was nearly always towards the northeast, varying with periodicities 
in the 3-to-10 day band (the typical time between successive ETC passages; also called the summer weather band ) and with mag
nitudes reaching about 0.1 0.2 N m-2. Focusing on July 2018 (Fig. 6a), the surface atmospheric pressure showed small fluctuations, 
associated with weak warm season ETCs progressing through. Wind stress pulses from two hurricanes (Chris and Florence) were 
recorded during the 2018 warm season (Fig. 5a). Cyclone tracks are discussed further below. 

3.3. Cool season variability 

Typical cool season characteristics are apparent in the 2017 18 time series shown in Figs. 2, 5b and 6b: continually fluctuating 
wind stress with stress episodes that often peaked at around 0.5 N m-2 (about 3 5 times stronger than those in the warm season), and 
episodes of large air-sea temperature differences and large Qnet magnitudes, frequently reaching 500 1500 W m-2 from the ocean. 
Essentially all of these fluctuations were associated with ETC passages. An ETC passage occurred about every 3 7 days (the winter 
weather band ), and each left a low-pressure signature at one or more of the buoys. Focusing in on January 2018, six low-pressure 

occurrences can be seen in Fig. 6b. Wind stress direction varied from generally poleward to generally equatorward as an ETC passed. 
The strongest wind stress episode measured by the buoys during the entire two-year period is denoted by the vertical line on January 4 
in Fig. 5b. 

During January, there was noticeable intraseasonal variation (~10 30 day time scale) in the magnitudes of the cyclone-scale 
(3 7 days) high Qnet episodes. We show below that these are due to intraseasonal variations in the latitudinal position of the atmo
spheric jet stream (JS) along the longitude of PEACH (75oW), which tend to affect the tracks and the timing of intensification of the 
ETCs passing through PEACH. A similar period of intraseasonal change in the JS s position occurred in March 2018, which will also be 
described below. 

4. Atmospheric forcing north and south of Cape Hatteras 

The different SST levels on the continental shelf north and south of Cape Hatteras (more specifically, north and south of the Hatteras 
Front; see Figs. 1 and 4a,b) contribute to different levels of atmospheric forcing between the two regions (Fig. 4c,d). This is apparent in 
the stress and Qnet time series from Buoys B1 (north of Cape Hatteras) and B2 (south of Cape Hatteras), which are shown in Fig. 7. The 
clear coherence between the pairs of time series is due to the. 

large lateral scale of the atmospheric systems causing the forcing, mostly ETCs (~1000 km or more), in comparison to the sepa
ration distance between these 2 buoys (~120 km). An important north-south difference is that B1 wind stress and Qnet magnitudes are 
nearly always less than those farther south, at B2, largely due to the cooler waters to the north of the Hatteras Front. 

5. Extratropical cyclone tracks 

ETCs are low-pressure-center, cyclonic (counter-clockwise in the northern hemisphere) circulations within the troposphere that are 
largely created by and evolve with eastward propagating mesoscale JS waves (Davis and Dolan, 1993; Palmen and Newton, 1969; 
Schultz and co-authors., 2019). To determine the tracks of ETCs during 2017 18, cyclonic wind systems were detected as local minima 
in the mean sea level atmospheric pressure field and followed through a series of maps constructed from the ERA5 dataset (Hersbach 
et al., 2018) from 1979 to 2019. We utilized a cyclone detection and tracking algorithm, adapted from mesoscale oceanic and at
mospheric eddy tracking algorithms (Serreze, 1995; Chelton et al., 2011; Oliver et al., 2015), to determine cyclone tracks (based on 
positions every 6 h) for the region spanning North America and the Atlantic Ocean. As anticipated, relatively weak ETCs transited the 
Hatteras coastal ocean throughout the warm season, while ETCs transiting during the cool season were strong and frequent (nearly 
every several days). 

5.1. Warm season ETC tracks 

Tracks for those ETCs that progressed over eastern North America and the adjacent Atlantic Ocean such that their low-pressure 
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Fi g. 8. Tr a c k s f or E T C s t h at ori gi n at e d i n ( a) J ul y 2 0 1 7 or J ul y 2 0 1 8 a n d ( b) J a n u ar y 2 0 1 7 or J a n u ar y 2 0 1 8. Tr a c k s wit h d ot s ( c y cl o n e c e nt er s e v er y 

6 h) ar e “ P E A C H c y cl o n e s ” w hi c h p a s s e d wit hi n 1 0 0 0 k m of 3 5 o N, 7 5 o W. All t r a c k s t h at p a s s e d wit hi n 3 0 0 0 k m of P E A C H ar e “ N ort h A m eri c a n 

c y cl o n e s ” ( w hi c h  i n cl u d e s  P E A C H  c y cl o n e s).  T h e  P E A C H  c y cl o n e  tr a c k s  h a v e  c ol or e d  d ot s,  w hi c h  d e n ot e  t h e  l o w- pr e s s ur e- c e nt er  p o siti o n  a n d 

pr e s s ur e  at 6- h o ur  i nt er v al s.  P E A C H  c y cl o n e  pr o gr e s si o n  i s  s o ut h w e st-t o- n ort h e a st i n  e s s e nti all y e v er y  c a s e.  T h e  bl a c k ( bl u e)  cir cl e i s  1 0 0 0 k m 

( 3 0 0 0 k m) i n di a m et er a n d c e nt er e d o n 3 5 o N, 7 5 o W. 
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c e nt er s p a s s e d wit hi n 3 0 0 0 k m of t h e c e ntr al P E A C H r e gi o n ( 3 5 o N, 7 5 o W) d u ri n g J ul y 2 0 1 7 a n d J ul y 2 0 1 8 ar e s h o w n i n t h e c o m p o sit e 

i n Fi g. 8 a. All of t h e s e tr a c k s w e nt t hr o u g h t h e bl u e cir cl e ( 3 0 0 0 k m r a di u s), a n d t h e y ar e r ef err e d t o h er ei n a s “ N ort h A m eri c a n 

c y cl o n e s ” . T h e s u b s et of t h e s e E T C s t h at p a s s e d wit hi n 1 0 0 0 k m of t h e c e ntr al P E A C H r e gi o n p a s s e d t hr o u g h t h e bl a c k cir cl e ( 1 0 0 0 k m 

r a di u s), a n d w e c all t h e s e “ P E A C H c y cl o n e s ” . T h e y ar e r e pr e s e nt ati v e of t h e c y cl o n e s aff e cti n g t h e H att er a s c o a st al o c e a n. T h e P E A C H 

c y cl o n e tr a c k s h a v e c ol or e d d ot s, w hi c h d e n ot e t h e l o w- pr e s s ur e- c e nt er p o siti o n a n d pr e s s ur e at 6- h o ur i nt er v al s. P E A C H c y cl o n e 

pr o gr e s si o n i s s o ut h w e st-t o- n ort h e a st i n e s s e nti all y e v er y c a s e. T h e s e J ul y tr a c k s ar e r e pr e s e nt ati v e of t h e E T C tr a c k s d uri n g t h e 2 0 1 7 

a n d 2 0 1 8 w ar m s e a s o n s. 

5. 2.  C o ol s e as o n E T C tr a c ks 

Fi g. 8 b s h o w s a c o m p o sit e of N ort h A m eri c a n c y cl o n e tr a c k s fr o m J a n u ar y 2 0 1 7 a n d J a n u ar y 2 0 1 8 ( P E A C H c y cl o n e tr a c k s a g ai n 

h a v e c ol or e d d ot s). T h e t y pi c al S W-t o- N E pr o gr e s si o n of t h e P E A C H c y cl o n e s i s a p p ar e nt i n e a c h p a n el, a n d t hi s i s t y pi c al of al m o st all 

E T C s p a s si n g t hr o u g h t h e P E A C H cir cl e y e ar-r o u n d. T h e n o n- P E A C H N ort h A m eri c a n c y cl o n e s t y pi c all y m o v e d w e st-t o- e a st a cr o s s 

N ort h  A m eri c a n ort h  of  t h e  P E A C H  cir cl e.  I n m o nt hl y  c o u nt s,  P E A C H  c y cl o n e s  t y pi c all y  a c c o u nt e d  f or  ar o u n d 2 0 – 3 0 %  of  N ort h 

A m eri c a n c y cl o n e s, a s d e fl n e d h er ei n ( e x p a n d e d u p o n i n S e cti o n 7 b el o w). 

O n e e x a m pl e of a c o ol s e a s o n E T C i s s h o w n i n Fi g. 9 , w hi c h i s a s n a p s h ot of t h e s urf a c e a n d 2 0 0 h P a pr e s s ur e fl el d s o n J a n u ar y 4, 

2 0 1 8. T h e c y cl o n e t h at i s a p p ar e nt j u st n ort h e a st of C a p e H att er a s w a s, a s d e s cri b e d a b o v e, t h e str o n g e st E T C aff e cti n g P E A C H d uri n g 

all of 2 0 1 7 – 1 8, a n d it d e v el o p e d (i. e., it s c e ntr al l o w pr e s s ur e d e cr e a s e d) r a pi dl y e n o u g h t h at it w a s cl a s si fl e d a “ b o m b ” c y cl o n e ( Hir at a 

et al., 2 0 1 9 ). T h e l at er al e xt e nt ( di a m et er) of t hi s c y cl o n e w a s ~ 1 5 0 0 k m. M o st E T C s t h at p a s s e d o v er t h e H att er a s c o a st al o c e a n d uri n g 

P E A C H w er e ar o u n d 1 0 0 0 – 2 0 0 0 k m i n l at er al e xt e nt, a s d et er mi n e d fr o m s urf a c e pr e s s ur e fl el d s. 

Fi g. 9. W e at h er m a p f or J a n u ar y 4, 2 0 1 8 at 1 2 0 0 U T C. T h e b a c k gr o u n d s h a di n g a n d a c c o m p a n yi n g c o nt o ur li n e s s h o w t h e s urf a c e at m o s p h eri c 

pr e s s ur e fl el d. E T C Gr a y s o n w a s l o c at e d j u st n ort h e a st of C a p e H att er a s a n d c a n b e s e e n i n t h e cir c ul ar t a n s h a di n g. Bl u e a n d r e d d ot s s h o w t h e 

tr a c k s of s urf a c e l o w- pr e s s ur e c e nt er s ( c y cl o n e s), wit h d ot s at 6- h o u r i nt er v al s. R e d d ot s s h o w c y cl o n e l o c ati o n s at t h e ti m e of t hi s m a p. T h e s oli d 

bl a c k li n e s s h o w g e o p ot e nti al h ei g ht ( m) of t h e 2 0 0 h P a at m o s p h eri c pr e s s ur e s urf a c e. T w o J S s o n t h at pr e s s ur e s urf a c e ( arr o w s wit h wi n d s p e e d s, m 

s - 1) w e r e fl o wi n g i nt o t h e p a n el fr o m t h e w e st f oll o wi n g t h e cl o s el y s p a c e d h ei g ht c o nt o ur s, a n d t h e y m er g e d i nt o o n e o v er c e ntr al N ort h A m eri c a. A 

J S tr o u g h w a s l o c at e d r o u g hl y al o n g 8 0 o W. E T C G r a y s o n w a s l o c at e d b et w e e n t hi s tr o u g h a n d t h e J S cr e st l o c at e d r o u g hl y al o n g 6 0 o W. T hi s i s a 

t y pi c al r el ati v e p o siti o ni n g of a m plif yi n g E T C s a n d J S w a v e s (W all a c e a n d H o b b s, 2 0 0 6 ). 
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6.  T r o pi c al c y cl o n e s 

Tr o pi c al  c y cl o n e s  ( T C s;  tr o pi c al  st or m s  wit h  s u st ai n e d  wi n d  s p e e d s  1 3 – 3 3  m s - 1,  a n d  h u r ri c a n e s  wit h  s u st ai n e d  wi n d  s p e e d s 

> 3 3  m s - 1) o c c u r i n t h e N ort h Atl a nti c m o stl y d uri n g t h e “ H urri c a n e S e a s o n ” ( J u n e 1 t hr o u g h N o v e m b er 3 0: N O A A., 2 0 2 2 b ). Si x 

h urri c a n e s i m p a ct e d t h e P E A C H r e gi o n d uri n g t h e 2 0 1 7 – 1 8 fl el d o b s er v ati o n s pr o gr a m ( Fi g. 1 0 ): G ert, ( A u g 1 4– 1 7, 2 0 1 7), J o s e ( S e pt 

1 8 – 1 9, 2 0 1 7), M ari a ( S e pt 2 5 – 2 8, 2 0 1 7), C hri s ( J ul y 7 – 1 0, 2 0 1 8), Fl or e n c e ( S e pt 1 2 – 1 5, 2 0 1 8), a n d Mi c h a el ( O ct 1 0 – 1 3, 2 0 1 8), w h er e 

t h e d at e s i n di c at e t h e ti m e p eri o d s i n w hi c h wi n d str e s s at P E A C H w a s cl e arl y fr o m a T C. Wi n d str e s s p ul s e s fr o m t w o of t h e s e T C s ar e 

i n di c at e d a b o v e i n Fi g. 5 a. I n c o m p ari s o n t o t h e r el ati v el y c o m m o n S W-t o- N E E T C tr a c k s, 

t h e T C m o v e m e nt s ar e q uit e v ari e d i n dir e cti o n a n d s p e e d a s t h e y cr o s s e d o v er or n e ar P E A C H, a n d s o t h e m a g nit u d e a n d dir e cti o n 

of wi n d str e s s t h er e v ari e d gr e atl y fr o m o n e T C t o a n ot h er. F or e x a m pl e, H urri c a n e C hri s tr a n sit e d n ort h e a st w ar d d uri n g e arl y J ul y 

al o n g  a  tr a c k  t h at  w a s  a b o ut  2 0 0 – 3 0 0 k m  off s h or e  of  P E A C H.  T h e  g e n er all y  s o ut h e a st w ar d  wi n d  str e s s  fr o m  t hi s  h urri c a n e  w a s 

r e c or d e d i n all 5 b u o y s, t w o of w hi c h ar e s h o w n i n Fi g. 5 a. H urri c a n e Fl or e n c e a p pr o a c h e d t h e s o ut h er n c o a st of N ort h C ar oli n a al o n g a 

n ort h w e st w ar d-t h e n- w e st w ar d tr a c k t h at p a s s e d j u st s o ut h of P E A C H ( Z a m b o n et al., 2 0 2 1 ), a n d t h e wi n d str e s s at P E A C H w a s q uit e 

str o n g a n d g e n er all y w e st w ar d ( Fi g. 5 a). 

7. L o n g-t e r m v a ri ati o n s i n N A O a n d i n E T C n u m b e r s a n d st r e n gt h 

It i s of i nt er e st t o k n o w h o w t y pi c al t h e at m o s p h eri c pr o c e s s e s w er e d uri n g P E A C H. I n p arti c ul ar, h a v e t h e n u m b er a n d / or str e n gt h 

of E T C s p a s si n g o v er t h e H att er a s c o a st al o c e a n c h a n g e d i n r e c e nt y e ar s a n d d e c a d e s ? T h e t o p p a n el i n Fi g. 1 1 s h o w s a 4 1- y e ar-l o n g 

ti m e s eri e s ( 1 9 7 9 t hr o u g h 2 0 1 9) of t h e n u m b er of c y cl o n e s t h at h a v e p a s s e d t hr o u g h t h e N ort h A m eri c a n cir cl e, a n d t h e s u b s et t hr o u g h 

t h e P E A C H cir cl e. T h e c e nt er p a n el s h o w s t h e c oll e cti v e “ str e n gt h ” of t h e N ort h A m eri c a n c y cl o n e s i n e a c h s e a s o n. Str e n gt h h er e i s 

t a k e n t o b e t h e s e a s o n- a v er a g e mi ni m u m- c e ntr al- pr e s s ur e of t h e e n s e m bl e of N ort h A m eri c a n c y cl o n e s i n e a c h s e a s o n. ( E a c h i n di vi d u al 

c y cl o n e ’s mi ni m u m c e ntr al pr e s s ur e c a n h a v e o c c urr e d a n y w h er e al o n g 

t h e c y cl o n e’s e ntir e tr a c k, e v e n if it o c c urr e d o ut si d e of t h e N ort h A m eri c a n cir cl e.) T h e b ott o m p a n el s h o w s t h e s e a s o n- a v er a g e d 

N A O I n d e x f or t h e s a m e 4 1- y e ar ti m e p eri o d. T h e l e a st- s q u ar e s li n e ar flt li n e t o e a c h of t h e ti m e s eri e s i n t h e t o p t w o p a n el s h a s a sl o p e 

t h at i s n ot si g ni fl c a ntl y diff er e nt fr o m z er o. M ulti- y e ar v ari ati o n s ar e a p p ar e nt i n e a c h of t h e s e ti m e s eri e s, wit h a m plit u d e s of + /- 

Fi g. 1 0. Tr a c k s of t h e si x tr o pi c al c y cl o n e s t h at i m p a ct e d t h e P E A C H st u d y ar e a d uri n g t h e fl el d o b s er v ati o n s pr o gr a m. E a c h T C pr o gr e s s e d t o w ar d s 

hi g h er l atit u d e f or m o st or all of it s lif eti m e. T h e t w o cir cl e s h er e ar e t h e s a m e a s i n Fi g. 8 . 
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Fi g. 1 1. M o nt hl y- a v er a g e d n u m b er of E T C s t h at p a s s e d t hr o u g h t h e P E A C H cir cl e a n d t hr o u g h t h e N ort h A m eri c a n cir cl e i n e a c h w ar m s e a s o n a n d 

e a c h  c o ol  s e a s o n  (t o p);  t h e  s e a s o n- a v er a g e  mi ni m u m- c e ntr al- pr e s s ur e  ( s oli d  li n e s)  a n d + /-  1  st a n d ar d  d e vi ati o n  ( d a s h e d  li n e s)  of  all  c y cl o n e s 

pr o gr e s si n g t hr o u g h t h e N ort h A m eri c a cir cl e d uri n g e a c h s e a s o n ( mi d dl e); a n d t h e N A O I n d e x f or e a c h s e a s o n ( b ott o m). E a c h p a n el i s f or 1 9 7 9 

t hr o u g h 2 0 1 9. T h e N ort h A m eri c a n c o u nt s i n cl u d e P E A C H c o u nt s f or e a c h s e a s o n. T h e l e a st- s q u ar e s b e st- flt li n e t hr o u g h t h e v ari a bl e i n t h e t o p t w o 

p a n el s ar e s h o w n, e a c h of w hi c h i s n ot si g ni fl c a ntl y diff er e nt fr o m z er o. T h e P E A C H ti m e p eri o d i s d e n ot e d b y t h e t w o v erti c al li n e s o n t h e ri g ht. 
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s e v er al m o nt hl y- a v er a g e d c o u nt s ar o u n d t h e z er o- sl o p e li n e ar- flt li n e. C o m p ari n g t h e n u m b er a n d str e n gt h ti m e s eri e s wit h t h e N A O 

I n d e x b ar gr a p h d o e s n ot r e v e al a cl e ar c orr el ati o n. 

8.  At m o s p h e ri c j et st r e a m eff e ct s 

T y pi c all y, o n e or m or e J S s ar e fl o wi n g o v er N ort h A m eri c a a n d t h e w e st er n N ort h Atl a nti c at a n y gi v e n ti m e. A J S i s a str o n g, 

g e n er all y- e a st w ar d- fl o wi n g wi n d j et t h at i s O( 1 0 0 0 k m) wi d e, a n d it ’s v el o cit y- m a xi m u m ( s p e e d ~ 5 0 – 1 0 0  m s - 1) i s oft e n c e nt er e d 

wit hi n t h e tr o p o p a u s e, ar o u n d t h e 2 0 0 h P a l e v el ( R eit er, 1 9 6 3; Ri k u s, 2 0 1 5 ). T h e i m p ort a n c e of J S s h er e i s t h at t h e tr o p o s p h eri c E T C s 

t h at dri v e m u c h of t h e v ari a bilit y i n air- s e a h e at a n d m o m e nt u m fl u x e s i n t h e H att er a s c o a st al o c e a n ar e a n i n h er e nt p art of a J S ’s 

l at er al ( n ort h- s o ut h) s h ort w a v e m oti o n s, w hi c h pr o p a g at e e a st w ar d wit h a t y pi c al p eri o di cit y r a n gi n g fr o m 2 t o 1 0 d a y s ( Att ar d a n d 

L a n g, 2 0 1 7; P al m é n a n d N e wt o n, 1 9 6 9; S a n d er s, 1 9 8 8 ). O n o c c a si o n, o n e J S c a n bif ur c at e i nt o t w o, or t w o J S s c a n m er g e i nt o o n e. I n 

Fi g. 9 , f or e x a m pl e, t w o J S s c a n b e s e e n e nt eri n g t h e p a n el t hr o u g h it s w e st er n e d g e, o n e fr o m a b o ut 1 0– 2 0 o N l atit u d e, a n d t h e ot h er 

fr o m a b o ut 5 0– 7 0 o N. T h e s e t w o j et s m er g e i nt o o n e o v er c e ntr al N ort h A m eri c a. 

E R A 5 4 D d at a ( H er s b a c h et al., 2 0 1 8 ) w er e u s e d t o d et er mi n e J S l o c ati o n s (l atit u d e, l o n git u d e a n d pr e s s ur e l e v el) e v er y 6 h. Fr o m 

t hi s d at a s et, t h e v ari a bl e p at h of t h e str o n g e st wi n d s i n t h e u p p er at m o s p h er e ( 1 2 l e v el s, b et w e e n 5 0 0 a n d 1 0 0 h P a) w a s e xtr a ct e d f or a 

4 1 y e ar p eri o d ( 1 9 7 9 – 2 0 1 9). T h e J S l o c ati o n at e a c h l o n git u di n al sli c e w a s i d e nti fl e d b y fl n di n g t h e l atit u d e a n d pr e s s ur e l e v el of t h e 

l o c al m a xi m a wi n d s p e e d s ( gr e at er t h a n 4 0  m s− 1 ) f oll o wi n g Ri k u s ( 2 0 1 5) a n d M a n n e y, et al. ( 2 0 1 1) . W h e n m or e t h a n o n e J S c or e w a s 

a p p ar e nt, t h e str o n g er c or e w a s s el e ct e d. T h e J et Str e a m Vis u ali z ati o n T o ol (j s vi z, H ai n e s, 2 0 2 1 ) pr o vi d e s m a p s a n d v erti c al s e cti o n s of 

hi g h- wi n d f e at ur e s, fr o m w hi c h J S l o c ati o n s w er e f o u n d a n d c at al o g e d i n t h e l o n g-t er m ti m e s eri e s. 

T h e l atit u d e of t h e s el e ct e d J S al o n g l o n git u d e 7 5 o W w a s d et e r mi n e d e v er y 6 h f or e a c h y e ar fr o m 1 9 7 9 t hr o u g h 2 0 1 9. T h e 4 1 J S 

l atit u d e p o siti o n ti m e s eri e s t h u s d et er mi n e d w er e t h e n 1 0- d a y l o w- p a s s filt er e d, a n d t h e s e ar e di s pl a y e d i n Fi g. 1 2 . T h e p ur p o s e of t h e 

1 0- d a y fllt eri n g i s t o s h o w t h e sl o wl y v ar yi n g (i ntr a s e a s o n al a n d l o n g er p eri o d) l atit u d e of t h e J S, ar o u n d w hi c h t h e E T C- a s s o ci at e d J S 

s h ort w a v e s fl u ct u at e d. 

N ot e t h at t h e J S w a s s o ut h of it s t y pi c al l o c ati o n d uri n g e arl y J a n u ar y 2 0 1 8, w h e n E T C Gr a y s o n w a s g e n er at e d off s o ut h e a st er n 

Fl ori d a. A s Gr a y s o n tr a c k e d al o n g t h e p at h of t h e G ulf Str e a m t o w ar d s C a p e H att er a s, it e xtr a ct e d a l ar g e a m o u nt of h e at fr o m t h e 

Str e a m, a n d t hi s t h er m al f or ci n g of t h e l o w er at m o s p h er e t o g et h er wit h t h e J S w a v e f or ci n g c o ntri b ut e d si g ni fl c a ntl y t o t h e e x pl o si v e 

d e v el o p m e nt of t hi s p arti c ul ar E T C, w hi c h ulti m at el y br o u g ht t h e str o n g e st e pi s o d e of wi n d str e s s t o P E A C H. W e r ef er t h e r e a d er t o t h e 

m or e i n- d e pt h a n al y si s of Gr a y s o n pr e s e nt e d i n Hir at a et al. ( 2 0 1 9) . M o st of M ar c h 2 0 1 8 w a s a n ot h er p eri o d of a s o ut h er n i ntr a s e a s o n al 

J S l o c ati o n. D uri n g t hi s ti m e, s e v er al str o n g E T C s pr o gr e s s e d t hr o u g h P E A C H. Hi g h wi n d str e s s a n d Q n et v al u e s o c c u r r e d t h e n ( s e e 

Fi g s. 5 b, 1 2 ). Si mil ar J S i ntr a s e a s o n al o s cill ati o n s h a v e b e e n i m pli c at e d i n bri n gi n g E T C s tr a c k s i nt o a n d o ut of a c o a st al ar e a al o n g t h e 

n ort h w e st er n U. S. ( B a n e et al., 2 0 0 5, 2 0 0 7 ). 

9.  O c e a ni c r e s p o n s e s t o at m o s p h e ri c f o r ci n g 

9. 1.  O c e a ni c r es p o ns e t o wi n d str ess 

T h e e arl y st u d y b y S a vi d g e a n d B a n e ( 2 0 0 1) a n d t h e P E A C H a n al y si s b y H a n et al. ( 2 0 2 2) h a v e s h o w n t h at al o n g- s h elf o c e a ni c 

v ol u m e  tr a n s p ort  v ari a bilit y  i s  pri m aril y  wi n d- dri v e n,  w hil e  al o n g- s h elf  v ol u m e  tr a n s p ort  c o n v er g e n c e  ( a n d  t h u s  s h elf- o c e a n 

Fi g. 1 2. T h e l atit u d e of t h e J S al o n g 7 5 o W l o n git u d e, f or e a c h y e ar fr o m 1 9 7 9 t hr o u g h 2 0 1 9. T h e l atit u d e p o siti o n w a s d et er mi n e d e v er y si x h o ur s 

fr o m E R A 5 d at a, a n d t h o s e ti m e s eri e s w er e 1 0- d a y l o w- p a s s filt er e d. W h e n m or e t h a n o n e J S c or e w a s a p p ar e nt, t h e str o n g er c or e w a s s el e ct e d. T h e 

2 0 1 7 a n d 2 0 1 8 ti m e s eri e s ar e hi g hli g ht e d i n bl a c k. 

J. B a n e et al.                                                                                                                                                                                                            



D y n a mi cs of At m os p h er es a n d O c e a ns 1 0 2 ( 2 0 2 3 ) 1 0 1 3 6 4

1 5

e x c h a n g e) i s hi g hl y c orr el at e d wit h G ulf Str e a m p o siti o n off s h or e. F oll o wi n g t h e w or k b y H a n et al. ( 2 0 2 2) , w e h a v e u s e d e m piri c al 

ort h o g o n al f u n cti o n ( e of) a n al y s e s of P E A C H wi n d str e s s a n d o c e a n c urr e nt d at a t o s h o w t h at 4 1 % of t h e o c e a n c urr e nt v ari a bilit y i n 

t h e H att er a s c o a st al o c e a n i s c o nt ai n e d e of m o d e- 1, a n d t hi s m o d e i s hi g hl y c orr el at e d wit h l o c al wi n d str e s s v ari ati o n s ( c orr el ati o n 

c o ef fl ci e nt i s 0. 6 8). Fi g. 1 3 s h o w s t h e s e a s o n al- m e a n u p p er-l a y er ( 1 / 3 of t h e w at er c ol u m n) c urr e nt s ar e cl o s el y ali g n e d wit h i s o b at h s 

a n d g e n er all y ori e nt e d t o w ar d s C a p e H att er a s: n ort h of C a p e H att er a s o v er t h e M A B, t h e m e a n c urr e nt s ar e s o ut h w ar d ( c o ol s e a s o n) or 

w e a k ( w ar m s e a s o n); s o ut h w e st of C a p e H att er a s o v er t h e S A B, t h e m e a n c urr e nt s ar e n ort h e a st w ar d ( b ot h s e a s o n s). Al s o s h o w n ar e 

Fi g. 1 3. T h e u p p er-l a y er (t o p 1 / 3 of t h e w at er c ol u m n) m e a n o c e a n c urr e nt s at 8 P E A C H m o ori n g s ( arr o w s), a n d t h e st a n d ar d d e vi ati o n elli p s e s of 

t h e flr st e of m o d e of t h e c urr e nt v ari ati o n s a b o ut t h e m e a n s. T h e l eft (ri g ht) p a n el i s f or t h e 2 0 1 7 w ar m s e a s o n ( 2 0 1 7 – 2 0 1 8 c o ol s e a s o n). 

Fi g. 1 4. T hr e e- m o nt h-l o n g ti m e s eri e s of wi n d str e s s ( or a n g e) a n d e of- 1 c urr e nt s ( bl u e) e xtr a ct e d fr o m t h e 2 0 1 7 W ar m S e a s o n (l eft) a n d 2 0 1 7 – 1 8 

C o ol S e a s o n (ri g ht). T h e s e ti m e s eri e s ar e fr o m B u o y B- 1, a n d h a v e b e e n 4 0- h o ur-l o w- p a s s fllt er e d. T h e wi n d str e s s h a s b e e n l a g g e d b y 9 h i n e a c h 

p a n el, t o a c c o u nt f or t h e wi n d- dri v e n c urr e nt s pi n- u p ti m e. Vi s u all y, t h e c o h er e n c e b et w e e n t h e wi n d str e s s a n d c urr e nt v ari ati o n s i s a p p ar e nt. T h e 

1 8- m o nt h-l o n g P e ar s o n c orr el ati o n c o ef fl ci e nt f or t h e s e t w o v ari a bl e s i s 0. 6 8. 

T a bl e A 1 

S e n s or s, v ari a bl e s m e a s ur e d, s a m pli n g h ei g ht / d e pt h, a n d s a m pli n g r at e.  

I n str u m e nt M e a s ur e m e nt s H ei g ht / d e pt h S a m pli n g r at e 

R M Y o u n g a n e m o m et er s m o d el 5 1 0 6 Wi n d s p e e d a n d dir e cti o n 3. 0  m, 3. 2 5  m 6  mi n 

V ai s al a H M P- 4 5  C Air t e m p er at ur e a n d r el ati v e h u mi dit y 1. 5  m 6  mi n 

E p pl e y P S P D o w n w ar d s h ort w a v e r a di ati o n 2. 7 5  m 6  mi n 

E p pl e y PI R D o w n w ar d l o n g w a v e r a di ati o n 2. 7 5  m 6  mi n 

R M Y o u n g si p h o ni n g b u c k et m o d el 5 0 2 0  R ai n r at e 2. 7 5  m 6  mi n 

V ai s al a P T B 1 0 0 B ar o m etri c p r e s s u r e 1. 5  m 6  mi n 

S e a bir d mi cr o c at s 3 7 I M P, 3 7 S M P S e a w at er c o n d u cti vit y, t e m p er at ur e a n d pr e s s ur e  - 2  m, − 1 5  m, − 3 0  m  6  mi n 

T R DI 6 0 0 k H z W or k h or s e A D C P C ur r e nt pr o fll e s a n d dir e cti o n al s urf a c e w a v e s F ull w at er c ol u m n C urr e nt s 3 0  mi n, 

W a v e s 1 2 h  
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Fi g. A 1. P h ot o of b u o y (t o p) a n d s c h e m ati c of b u o y m o ori n g d e si g n ( b ott o m).  
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1 7

Fi g. A 2. S c att er pl ot of B 1 Air T e m p v s Air T e m p Pr o x y. O n e-t o- o n e li n e (t hi n li n e) a n d li n e ar r e gr e s si o n (t hi c k li n e) wit h flt m etri c s ar e s h o w n.  

Fi g. A 3. C o m p ari s o n of o b s er v e d r el ati v e h u mi dit y (r h, t o p r o w) a n d s p e ci fl c h u mi dit y ( s p h u m, b ott o m r o w) at n ort h er n p air of b u o y s (l eft c ol u m n) 

a n d  s o ut h er n  p air  of  b u o y s  (ri g ht  c ol u m n).  O n e-t o- o n e  li n e  (li n e  bl a c k)  a n d  li n e ar  r e gr e s si o n  (t hi c k  li n e)  wit h  flt  m etri c s  ar e  i n cl u d e d  f or 

e a c h c o m p ari s o n. 
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1 8

Fi g. A 4. (t o p) o b s er v e d wi n d dir e cti o n at N D B C b u o y s 4 1 0 2 5 a n d 4 4 0 1 4 a n d U N C b u o y B 1, s h o wi n g ti m e p eri o d w h e n B 1 dir e cti o n w a s f u n c -

ti o ni n g; ( mi d dl e) diff er e n c e i n wi n d dir e cti o n b et w e e n B 1 a n d t h e N D B C b u o y s; ( b ott o m) di stri b uti o n of wi n d dir e cti o n diff er e n c e s i n mi d dl e p a n el, 

i n di c ati n g 4 4 0 1 4 a n d B 1 s h o w n n e ar- z er o bi a s. 

Fi g. A 5. C o m p ari s o n of n et h e at fl u x ( Q n et) at b u o y B 2 f or m e d u si n g o b s er v e d s h ort- a n d l o n g- w a v e d o w n w ell e d r a di ati o n ( ori gi n al) a n d wit h 

d ef a ult  v al u e s  i n  C O A R E  3. 6  al g orit h m  ( s u b v ar s).  B e c a u s e  of  t h e  p o or  c o m p ari s o n,  s h ort-  a n d  l o n g- w a v e  d o w n w ell e d  r a di ati o n  v al u e s  w er e 

s u b stit ut e d at N D B C b u o y s i n st e a d of u si n g d ef a ult v al u e s. 
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the eof-1 standard deviation ellipses for these currents during each season. The coherence between the wind stress and the currents is 
evident in Fig. 14, which shows the wind stress from Buoy B-1 along with the current variations in eof-1 at that location. 

9.2. Oceanic response to surface heat flux 

During the warm season, net heat flux across the air-sea interface is dominated by solar radiation into the into the ocean. The main 
oceanic response over the continental shelf is an increase in water temperature, and thus the near-surface air temperature and near- 
surface water temperature remain within about a degree Centigrade of each other (Fig. 7). Cool season ocean-to-atmosphere net heat 
fluxes become large and out of the ocean during the passage of ETCs, particularly following the passage of the ETC s cold front. These 
episodes of oceanic heat loss decrease the shelf water temperatures (Atkinson et al., 1989) and temperatures in the adjacent Gulf 
Stream (Bane and Osgood, 1989). 

A new PEACH finding is reported in Han et al. (2021), who observed a shelf water cascading event that has both wind stress and 
ocean-to-atmosphere heat flux as drivers. Episodes of strong cooling (high Qnet caused by cold air flow during the cool season) can 
generate downward convection of shelf surface waters, which then can cascade downslope across the shelf as a gravity current to meet 
the Gulf Stream along the upper continental slope. The cascading waters then enter the Stream along their matching isopycnal surfaces, 
thereby exiting the shelf. Following first-hand observation of this process made during a PEACH cruise in January 2018, five other 
cascading events were found in historical data between 2014 and 2016, demonstrating that this is a typical cool season process in the 
Hatteras coastal ocean. 

10. Summary and outlook 

The atmosphere forces the Hatteras coastal ocean in two important ways: (i) through surface wind stress (approximately 40% of the 
shelf current variance can be attributed to wind stress fluctuations) and (ii) through ocean-to-atmosphere heat fluxes. Observations 
made during 2017 18, encompassing the PEACH field program, have shown that these processes can be described in terms of two 
seasons: the warm season (May through mid-September), with predominantly mild northeastward winds punctuated by an occasional 
TC passing through the region; and the cool season (mid-September through April), with a nearly continuous, northeastward pro
gression of energetic ETCs through the region. Cool season ETCs force the ocean with strong wind stress and ocean-to-atmosphere heat 
flux episodes, each with a time-scale of a few days. TC passages are much less frequent than ETCs, as anticipated, and have widely 
varying tracks in comparison to the typical SW-NE movements of ETCs. Outside of TCs, wind stress fluctuation magnitudes typically 
exceed mean stress magnitudes by a factor of 3 5. Qnet is typically into the ocean throughout the warm season at around 50 100 W m- 

2, while it is essentially always out of the ocean during the cool season, with large ocean heat loss episodes of 500 1000 W m-2 or more 
due to cold airflow over the region associated with passing ETCs. 

During the 41 years leading up to and through PEACH, North American cyclone numbers and strength showed multi-year varia
tions but no long-term trends. Additionally, no apparent correlation with NAO was found. Although we did not report separately here 
on strength variations in TCs that moved through the region, Paerl et al. (2019) found for coastal North Carolina, . a period of un
precedentedly high precipitation since the late-1990 s, and a trend toward increasingly high precipitation associated with tropical 
cyclones over the last 120 years.

An important aspect of our description of the region s atmospheric processes during PEACH is that activities are presently ramping 
up here. The NSF Pioneer Array is scheduled to be relocated here in 2024, and this promises to provide continuous, multi-year at
mospheric and oceanic observations in the northern portion of the Hatteras coastal ocean (Pioneer Array Relocation., 2023). Addi
tionally, the NASA SWOT satellite has begun its ocean topography mission, which has a ground-track cross-over within the region 
(Morrow et al., 2019). 
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Appendix 

Collection and processing of heat and momentum fluxes during PEACH 

This appendix describes the collection and processing of meteorological observations during the PEACH program used to produce 
estimates of momentum and heat flux between the ocean and atmosphere. The meteorological buoys used, instrumentation supported, 
quality control steps taken, and data recovery are reviewed, along with actions taken to substitute or develop proxies where necessary 
to have sufficient input for the flux calculations. The sensitivities of the bulk formulae flux calculations to some inputs are examined. 

The two buoys deployed by UNC, designated B1 and B2, were purchased from the University of Maine, where they were designed 
and built (Wallinga et al., 2003). The buoys consist of a 2 m toroid with a well that holds batteries and a charge controller and a 2.75 m 
tall superstructure that holds four solar panels. Each buoy was deployed on a single-point mooring in 30 35 m water depth, consisting 
of 20 m of jacketed wire rope, a swivel and 60 m of chain to a 2800 lbs anchor (stack of 3 locomotive wheels). The superstructure was 
instrumented with the meteorological sensors listed in Table A1. Duplicate anemometers were mounted on Delron rods that could be 
raised and lowered to avoid damage during deployments and recoveries. Short- and long-wave downward radiation sensors (PSP an 
PIR) were mounted on the top surface plate of the superstructure, with air temperature/relative humidity and rain gauge sensors and a 
barometer port mounted lower on the superstructure, along with cannisters holding the data acquisition system components (Fig. A1). 
A near-surface and mid-depth CTD were deployed on the jacketed wire rope with communications supported by an inductive modem. 
A separate. 

bottom frame was deployed outside the watch circle of the buoy and held an upward-looking ADCP, which sampled both currents 
and surface waves, and included a near-bottom CTD. 

The data acquisition system sampled the instruments in Table A1 at the sample rate listed in the table, resulting in a regular time 
series every 6 min. These data were recorded internally, and transmitted hourly via Iridium to shore. The 6-minute observations were 
quality controlled (QC) using a mix of automated tests (sensor health, range/threshold, and time-continuity) and manual elimination 
(known events, graphical analysis), then averaged to hourly values. Sensor-specific QC steps included wind direction comparisons with 
nearby NDBC buoys (40125 and 44014). Each buoy suffered some damage from strong storms (Hurricane Jose, ETC Grayson and 
Hurricane Florence each caused some sensor failures on one of the buoys), resulting in data gaps and replacement of some sensors over 
the PEACH field program. Each buoy was recovered, serviced and redeployed during the PEACH turnaround cruise (AR-26) 
approximately 9 months after their initial deployment. 

Heat and momentum fluxes (stresses) were calculated with observations from B1 and B2 (the UNC buoys) and with observations 
from NDBC buoys 44014, 41025 and 41064 using the COARE 3.6 algorithms (Edson et al., 2013). These algorithms require inputs of 
wind speed and direction, air and water temperature, relative humidity, downward short- and long-wave radiation, air pressure and 
rain rate and include optional inputs of surface salinity, ocean current speed and direction, and surface wave height and speed. All of 
these variables are available from the UNC moorings. The NDBC moorings lack downward short- and long-wave radiation, rain rate, 
salinity and ocean current speed and direction. 

For the UNC buoys, because of data gaps resulting from sensor damage in storms, possible substitutions for variables used in the 
COARE 3.6 algorithms were explored. The temperature/relative humidity sensor required the greatest percentage of substitutions. For 
air temperature, it was found that the internal temperature sensor in the data acquisition cannister was a valid proxy for measured air 
temperature using an unweighted smoothing spline fit based on the difference between the canister and outside temperature sensors 
and the hour of the day when both sensors were functioning. The observed and proxy air temperatures are compared in Fig. A2. This air 
temperature substitution accounted for 55% of the observations at B1 and 0% at. 

B2 (the latter record ends in September 2018 because both the canister temperature sensor and temperature/humidity sensor failed 
during Hurricane Florence). For relative humidity, we sought to use measurements from a nearby buoy to fill data gaps. However, 
significant variations in air temperature between buoy locations led to strong variations in relative humidity. However, specific hu
midity (the ratio of the mass of water vapor to mass of air) was found to be consistent between some pairs of buoys (Fig. A3). We used 
times when all buoys were operative. 
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to identify buoys that typically observed similar specific humidity. For times when relative humidity was missing from a buoy 
record, we substituted specific humidity from an adjacent buoy, then corrected to relative humidity using the local air temperature 
measurement. This substitution was used 55% of the time at B1 and 20% of the time at B2. The other primary substitution was for wind 
direction at B1; the speed sensor functioned correctly for the entire deployment but direction was not reported for 45% of the record. 
Comparisons were made using times when wind direction was available from B1 with NDBC buoys 44014 (to the northeast) and 41025 
(to the south). It was found that wind direction at 44014 was most similar to those at B1, with essentially no bias and a small spread of 
differences (Fig. A4). Use of these. 

substitutions for relative humidity and wind direction at B1 results in net heat flux values very similar to those observed (fit with 
slope 1.01 and R2 =0.992). 

For the NDBC buoys, sampling was averaged to hourly values as needed. Downward short- and long-wave radiation were not 
measured by these platforms. There are default values for these in the COARE 2.0 (which include a latitudinal dependence and cloud 
fraction estimate) and COARE 3.6 (which use constant values) algorithms; the impact of using these versus the measured values were 
assessed using the observations from the UNC buoys (B1 and B2). It was found that the net heat flux formed using default values versus 
measured values of the downward short- and long-wave radiation were poorly correlated (Fig. A5). We therefore substituted time 
histories of downward short- and long-wave radiations from either B1 or B2 for the 3ND BCE buoys depending on proximity. 

A series of sensitivity tests were conducted to assess the importance of and desirability of including optional inputs. Surface current 
was not available at the NDBC buoys. Net heat fluxes formed at B1 and B2 with and without inclusion of surface currents were nearly 
identical, a consequence of relatively low current speeds. Because none of the NDBC buoys are deployed in the Gulf Stream, it is 
expected that the impact of not correcting the wind speed for surface current on the fluxes will also be minimal. Sensitivity of the fluxes 
to inclusion of surface salinity and rain rate were also explored at B1 and B2, and again found to result in minimal differences. It was 
therefore decided to form the fluxes at the NDBC buoys without inclusion of surface current, salinity or rain rate. 

The full dataset is available at Haines et al. (2022). 
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