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ABSTRACT

Atmospheric pressure and wind stress fluctuations are strongly

coupled to sea level fluctuations along the Carolina coasts at

periods of 2.5 to 3.5 days. Sea level fluctuations in this band

exhibit high coherence over a horizontal separation exceeding 500 km.

Phase difference calculations indicate southward propaga tion of the

sea level fluctuations from Beaufort to Wilmington , North Carolina ;

the data consid ered are insuf f icien t to conclus ivel y de termine

propagation direction south of Wilmington . The 2.5 — 3.5 day period

sea level fluctuations are consistent with a theoretically expected

first mode , barotrop ic continental shelf wave . It is concluded that

continental shelf waves forced by the atmosphere contribute to the

shelf and slope water circulation off North Carolina .
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1. Introduction

It is commonly observed that the movements of coastal and continental

shelf waters are related to atmospheric variables such as the local wind .

Over the last decade or so it has gradually been realized that a class

of low (subinertial) frequency wave mo tions known as continental shelf

waves (CSW’s) provide a physical mechanism by means of which the energy of

atmospheric fluctuations can be focused into energetic continental shelf

and slope water motions . Low frequency sea level fluctuations associated

with these motions are often observed to be coherent over hundreds of

kilometers in the alongshore direction . Examples of the existence of

oceanic f l u c t u a t i o n s  in th i s  class , de t ec t ed  as low frequency sea level

fluctuations , are given for the Australian coasts by Hamon (1962), for

the wcstern U.S. coast by Mooers and Smith (1968), for the North Carolina

coast by Mysak and Hamon (1969), and for the east Florida coast by

Brooks and Mooers (1977). The details of atmosphere—ocean coup l ing

processes and the  degree of thei r  i m p o r t a n c e  to the  t o tal  c i r c u l a t i o n

over con t inen ta l  she lves  are s t i l l  a m a t t e r  of ac t ive  d e b a t e,  but  there

is little doubt that CSh? ’s universally account for at least r~nrt of the

low f r e q u e n c y  v a r i a b i l i ty  of coastal and shelf ~caters. The currently

mounting pressure for prudent coastal and shelf water management strategies

calls for an improved understanding of how CSIJ ’s are forced by the

atm osphere  and how they influence the circulation patterns over the shelf.

This s tud y examine s Unkages between a t m o s p h e r i c  forces  rind low f r e q uen cy

aca level f l u c t u a t i o n s  a long  t h e  C a r o l i n a  co a st s , t a k i n g  a cco u n t  of the

cohe ren t  r e l a t i o n s h i p  between s u r f a c e  a tmosp h e r i c  p res su re  r i nd w i n d s .

The r e s u l t s  of the  s tud y are di scussed  in  I i~ ht of CSV p ar am e t e r s  such

!~~_ —.
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as period and wavelength expected for the North Carolina shelf region

(Brooks, l976a; hereafter referred to as R76).

The Caro l ina  shelf  is the  n o r t h e a s t w a r d  arm of the South .\tlantic

Big ht , Fig.  1. The Cape H a t t e r as  rc~~ion of the  N o r t h  C a r o l i n a  she l f

may be a s ingular ly impor tan t zone of CSW generation , since the departure

of the  Gulf  St ream from the coast there represents an abrupt change in

the continental shelf waveguide characteristics.

In the presence of the background r o l a t iv e  v o r t i c i t y  of the Gul f

Stream o f f  Cape Fear , low mode stable barotrop ic CSV ’ s are expected to

propagate  southward , in opposi t ion  to the advective tendency of the

Stream , ( B 7 6 ) .  The zero group speed , f i r s t  mode CS~/ (l ike l y to  be

forced  b y rap idl y t r a v e l i n g  a tmopsh er ic  cold f r o n t s)  has a per iod of

about  three  clays and an alongshore wave leng th  of about 20 km: i t s

— l —1 .southward phasi speed is thus 140 km day (160 cm s ) .  The per iod  and

wavelength  were  found to be qu i t e  s e n s i t i v e  to the  de t a i l s  of the c u r r e n t

p r o f i l e , because the ups t r eam p ropagat ion  speed of the wave is of the

same order as the downs t ream speed of the c u r r e n t . The p red ic ted  a l o n g —

shore wave ve loc i ty  component  (v) has a maximum value near  the  coast ,

a node near  t he  she l f  break ( a p p r o x i m a t e ly  100 km offshore of Cape Fear),

and decays  rap id l y seaward of the  shelf  b r eak .  The p r e d i c t e d  cross

she l f  wave ve l o c i t y  component  (u)  has a maximum value near the she l f

break , r ind decreases  seaward and shoreward of the shelf  break .

The r i g h t — h a n d e d , “n a t u ra l ” c o o r d i n a t e  sys tem used in P76 and in

t h i s  s tud y has been r o t a t e d  c l o c k w i s e  55 .6  degrees , such t h a t  the x

axis is approx i n , i t e l v  orthocona l. to the isobiths of f  Cape Fear • Fig . 2,

l ine  A— F; this i~ the line along whIch Richardson , Schmitz . and Nii l e r

— _ _ _
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1
(1969) performed a two—month  dropsonde measurement  of the Gulf Stream ’s

veloc i ty  s t r u c t u r e .  The coordina te  or ig in  is poin t  A.
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2. Data Pr ocess

The dat:i analyzed are from coastal sea level (tide gauge) and

meteoro log ica l  s t a t i o n s  loca t ed  in Figs . 1 and 2 .  Hour ly  values  of sea

level height for 1974 were obtained from National Ocean Survey, NOAA ,

Rockvil le , Mary land , fo r  s t a t i ons  at B e a u f o r t  (BFT) and Wi lming ton  (WI L) ,

North Carolina; and at  Char les ton  ( G U S ) ,  South  Ca ro l i na . T h r e e — h o u r l y

values of surface wind speed , wind direction , and atmosp heric pressure

for 1974 were obtained from the National Climatic Center , ~i0AA , Asheville ,

North  Crirolina for stations at nape Hatteras (NAT) ’, dorth L ar el i n a , WIL ,

and CILS .

The ra w data set chosen for thi s stud y is small subset of the total

amount of c o a s t a l  t i . ~os~~h er i c  and t ide  gauge d a t a  ava i lab le  in the  South

\tlantic Bight from the year 1974. The stations BFT and WIL were selected

to corrp lrc with i similar study of earlier data from stations near those

loca t ions , ~ivsa r rind I l rn r on ( 1969) . CI1S was inc luded  as a t h i r d  s t a t i o n

b ecause of  i t s  av:i ilabili tv at  the  h e g i n n i .n ~ of t h e  s tu d y 2 , and to  i nc rea se

the maximum availabl e alongshore sep rira ti cn distance (hFT—CflS) to about

500 kr .

sea t e l . data were low pass filtered 3 to attenuate the daily

and som id ,i I lv tid es and ine rti al fluctuatio ns ( t h e  i n e r t i a l  p e r i o d  a t

( :~~~~ F e i r  i~ 21 .5 hours). The envelope of ~he “Lwe—da y low pass ” f i l t e r

i iIc rgv response function is shown in F i g .  3. At t e n uat i on  at d iu rna l and

hi I h e r  f req u e n c ie s  is Freator th an  1O~~. .\ i t er  f i l t e r i n g , t he sea level

d a t a  w i r e  resnrn p lo c l  a t  8—hour intervals.

1At r’iospheric data wer not ova i l a h i  e at Periu f o r t

t was subsequent l y learned that a ide g auge  at  Avon • N. C. (near
(:r ii )( .~ ((at fer mi) was o p e r a t i o n a l  d u r i n g  1974 ; the dat a f rom \v on  w i l l  he
inc 1 1(0 1 i n  1 su b s er ij i n t S t  I I ’ ’

3A Lanczos  f i l t e r  r ipe r  wi t l i  2~~l w e i g h t s  (10 days in I en gthi ) was used . Thus
five days (120 da ta  p o i n t s )  r ic e  lost  f r o m  t h e  beg i n n i n g  and f r o m  the end of
the raw time series. The low nass filtered tine series start at 00(10 hrs 
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Three—hourly wind stress vector components in the rotated coordinate

system were computed from the raw wind speed and direction data , with the

positive vector sense in the direction toward which the wind blows . The

stress components were computed using a quadratic drag law wit h the dr .iy

coefficient C
D 

= 1.5 x 10 ~~~
. The wind stress components and rt tnros; h i . . r l c

press ure time series were low pass f iltered , using a filter with t h e

response characteristics shown in Fig. 3. The atmospheric data were t h i s

subsariipled at 9—hour intervals and linearly interpolated to 8—hour intervals

to be commensurate with the sea level data.

The analyses were conducted for two subsets of the filtered 1974 data.

A 120—day subset (6 Jan to 6 May) was chosen to reflect late winter—early

spring atmospheric forcing conditions (i.e., to emphasize the relative

importance of cold front passages over the Carolina shelf during that

period , compared to the distinctively d i f f e r ent character of summer

atmospheric conditions). A 292—day subset , 6 Jan to 25 Oc t , was chosen

to permit an approximate comparison with the 1953 analysis period used by

Mysak and Hamon (1969) (2 Jan to  4 Sept); and to provide coverage of a

period in which “w i n t e r — l i k e ” and “ summer—like ” atmosp he r i c  f o r c i n g

cond i t ions  were given roughly equal time weights.

Extensive use is made of spectrum analysis. Except where noted

otherwise , all frequency domain calculations were made by Fourier trans-

forming tapered correlation functions. The effective spectrum bandwidth

is 0.0667 cycles per day (CPD), with 16 (39) degrees of freedom for the

1.20 (292) (lay subset . “Coherence  squared”  has been abbrev iat ed  t o  “coherence ”

in the text; all c o n f i d e n c e  intervals and significance tests ire referred

to the 95~ level.

414



3. Time Domain Analysis

The filt ered atmosp heri c pressure fluctuations show a high degree of

visual correlation between the CHS , WIL, and HAT stations (Fig. 4)
4~ The

s i m i l a r i t y  is apparent  even for relatively small amplitude , shor t period

fl uctuations (e.g., days 42—46), indica ting a horizontal coherence length

scale of the pressure field much greater than the CUS—HAT Separation

distance (about 500 km). The large horizontal coherence distance pre-

sumably reflects the synoptic meteorological scales (thousands of km)

associated with mid—latitude winter atmospheric disturbances .

The alongshore wind stress component (Fig. 5) also shows considerable

correlation over the CBS—HAT separation distance , but variations in

intensity and structure between stations are more apparent than in the

pressure. The largest stress component (+2.2 dyne cm 2
) occurred at HAT

at day 54; this “event ” can be c learly iden t i f i ed  at WIL and CBS , where

it was progress ively less intense. A vector representation , or “stick”

diagram , of the wind stress shows the clockwise rotation of the wind

f ield usually assoc iated with the passage of a cold f r o n t  over the

station (Fig. 6). Again , there is much similarity between the stations ,

with the largest intensity occurring at HAT. The strongest winds tend

to a l ign w i t h  the. coastal topograp hy ,  as indicated b y n e a r — v e r t i c a l  wind

s t ress  vec to rs .  Wind s tress “reversals ” (d e~ ined by a si gn chan ge ~ f

the  a longshore  c o m p on e n t ) ,  mo st  c lear l y noted at (‘AT , oc :urred on t ime

scales ef several days to smver al  weeks .

Sea level responded to the  ma jo r  wind s t ress  events  in the  n anner

exp ec ted  f rom coas ta l  unwel . l ing  and downwell ing (F ig .  7 ) .  h~or e: amp ]e ,

the Wi7ld st ress  cv nt  s w i t h  a s t rong  n o r t h e a s t w a r d  compon ent  t ha i  o.:curred

4The or igin of all time domain f igu res is 0000 hrs 01 January 1974.

.
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du ring days 53—55 and 60—88 caused a total sea level set—down of about

55 cm at BFT , cons istent with an offshore Ekman transport of surface waters

and coas tal upwelling. The abrupt reversal at day 70 to persistent wind

stress with a southwestward component during days 70 — 74 (downwelling—

favorabl e) produced a sea level set—up of about 30 cm at BFT . Similar

respons es of different magnitudes occurred at CBS and WIL.

A promin ent sea level oscillation with a several day period occurred

at all stations. In most cases , the several day oscillation is enhanced

in the bar omet rically adj usted sea level curves (dashed line), indicatin g

a selec t ive a tmosp h eric press ure ocean coupling process at this period . 

~~~~~~~~~~~ .
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4. Frequency domain analysis

In this section , the coherence and phase between various pairs

of atmospheric and sea level variables are discussed. First , atmos-

pheric pressure and wind stress are examined ; second , sea level is

examined; and third , some linkages between the atmosphere and sea

lev el are examined. All calculations in this section were carried

out for only one input function , i.e. no correction has been made

for coherent relationships with other possible input functions .

The large horizontal coherence scale of atmospheric pressure

fluctuations deduced from the tine domain results is confirmed by the

hi~~ coherence (-0.9) between pressure at HAT and CIIS , separa ted

approximately 500 km (Fig. 8B) . The pressure fluctuations are nearly

in phase for all frequencies in the range 0 to 0.5 cycles per day

(CPD), indicating that synoptic scale pressure disturbances arrive at

(hAT and CB S at nearly the same time . The largest phase lag5 oc cu rred

at  a per iod of about  3 days , w i t h  HAT l agg in g CB S by several hours .

Both wind stress components at W~ I. were s i g n i f i c a n t l y  coheren t  w i t h

the pressure  f o r  periods of 2 .5 to 1. 0 days , w i t h  the cross shelf (along

shelf) componen t exhibiting a quadrature (anti phase) tendency with

respect to the  pressure.

The coherence  be tween u n a d j  listed sea level records for the 120 day

period shows rather sharp peaks at periods of 2 . 5  — 3.5 and 7 — 30 days

(Fig. 9). The hig hest coherence (Q.q~~) occurred at a peri od of 3 days in

the  c a ]  cul  at ion between lIFT and WIL , con f I rm ing  t h e  t i me di ‘ma in obse r—

w a l t o n  of p r o m i n e n t  several  day o s c i l l a t i o n s  a t  those stations. Suroris--

i n g l v , the coherence  it p e r i o d s  ~ongt ’r than  10 days is higher between

in  a l l  I reqtiencv—domaln fi gures , p’s it i ye phase ang l e s  me -rn  I sit t lie
first—named v~r1abie leads t h e  s e c o n d — n am e d  v a r i a b le .  

-~~~~~~~---~~~~~~~~~~~- -- .~~~~~~~~~-~~~~~~. -
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BFT and CHS (the “ex trema” s tations) than be tween WIL (the “central”

station) and BFT or CHS; this may reflect the fact that the WIL tide

gauge is located a cons iderable dis tance ups tream from the mouth of

the Cape Fear river .

Clearly resolved coherence peaks are also apparent in the 2 .5 —

3 .5 and 7 — 30 day bands when the multi—season , 292—day unadjusted

records are considered (Fig . 10). The phase rela tionships , wh ich are

similar for both record lengths , generally indicate fluctuations at

BFT leading those at WIL. On the other hand , the fluctuations at CITS

lead those at WIL and BFT in the coherent bands , possibly reflec ting

a static sea level oscillation traveling northeastward along the coast

in phase with synoptic—scale atmospheric pressure systems .

When the sea level is s tatically adjusted for atmospheric

pressure (for each mb of pressure increase at the nearest atmospheric

stat ion , 1.01 cm is adding from the sea level), the coherence

between stations increases significantly in the spectral gap between

the two peaks noted earlier (Fig . 11, 120 day record ; Fig. 12 , 292 day

record). However , the highest coherence values consistently occur in

the 2.5 — 3.5 day band , even after the static correction is made . In

that band , the phase indicates fluctuations at BFT leading those at

W IL by 0.3 to 0.4 day. The phase results in the 2.5 to 3.5 day band

indicate CBS leading WIL and BFT by about 0.3 and 0.1 days , respec-

tive ly; the lead is somewha t smaller than in the cases of unadjusted sea

level.

The cross shelf and the along shelf wind stress components are both

consistentl y coherent with the 120—day record adjusted sea level

fluctuations in t h e  2 .5  — 3 . 5  day hand (Fig . 13 , cross—shelf componen t:

F i g .  14 , along she l f  c o m p o n e n t ) .  T h e  coherence is  g e n e r a l ly  low f o r  

- - - ,
~~~~~~
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~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -
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b o t h  components  at per iods  longer  than  about  10 (lays , a l thoug h the

case f o r  along shelf  wind s t ress  a t  HAT (F ig . 14C) may be an e x c e p t i o n

du e to the r e l a t i v e  exposure  01 t ha t  s t a t i o n  to the  M i d — A t l a n t i c  Bi gh t .

l i e  phase relationships genera l l y i n d i c a t e  f a l l i n g  sea level w i t h

increasing cross shelf and a long she l f  i~ind  s t r e s s ;  cons i s t en t

ce S IT , -t i v elv  with co:Istal sea level set - -down due to o f f s h o r e  w i n d s ,

and w I t h  o f f s h o re  Ekman t r an ;port  and r e s u l t a n t  se t—down due to u p w e l l i n g—

fav er a - 1 ~:- n o r t h e a s t w a r d  w inds .

I l I E -  emc- r ~ ence of the 2 . 5  — 3.5  d i v  pe r iod  band as an i m p o r t a n t

p o r t i o n  of the a tmosphe re—ocean  cou p l ing  s p e c t r u m  i n d i c a t e s  a se l e c t i v e

for e  i n i ~ of the  zero g roup  speed , f i r s t  mode CSI~ f o r  t he  Cape Fe ar  area ,

w h i c h  has a p e r i o d  of 3.0 days  and ii w a v e l e n g t h  of 420 km ( B 7 6 ) .  This

(;WS i s  p r e d i c t e d  to  p r o p a g a t e  so ut i i ’ . - ’ i r d , in o p p o s i t i o n  to the  G u l l

S~ ream , wh i c h  should  produce  l a gg i n g  phases  of sea level flu ctuat ions

a~ soc I a to P ~-: i th t h e  wave  l i-i one proceeds  sou thward  along t h e  coast

:TIIase ev idence presented i n d i c a t e s  s o u t h w a r d  p r o p a g a t i o n  f rom lIFT

- I . (th e i : : i i l ied wave I eni~thi at the 3—da y  p e r i o d  is 800— 1000 km , a

t o r  of  t we or more I a r~: - r  t i t a n  ~ red Ic t e d )  * 
h u t  t he  p hase ev idence

for . iward — r o t s- i t, ion i s at best ambiguous be twe en  CII S and the

e t  or  s t a t  ions . \ d d  I t j o n a h  51.1 l e v e l  s t a t  ions ( inc or two ) l oca t ed

I V  I w~ er -i CIL-I and WIL wou I d P rob :lI ) 1’.’ r V - -;c)lvO t h e .  inhi g u i  tv . .\n add it [onal

l i l - e r n i n e  d i r -  L i o n  I t  p h ow- p r o p i g a t  ion  i s i n t r oduced  h

the  s~~e [ t er o d . u p — r i v i -  r l i t  l i i  I t h e  W I ! .  t i d e  g a i i c , . P a r t  ‘f t h e

ob s e r v e d  (WI uil .1 p hl ; i .e I i i  ‘ i t - . he d u e  to t h e  t i m e  r e q u i r e d  h e r  t h e

d is ti t /1  l i i  - ‘ - r m p L:. l t 0 op t i t  r i v e r t - t he ‘, a l i p e  b u C i t  io n .

P’.’s ik and l a r - s ’ u ( l O l l) also r oitu d : 1 11 hi ~’ard pHase propagation ~fl hi~ low

H ay , u - n t  i rri i iig (l ii- r e . u i l  t~~. I this ;tudv , u s i i i c  . 1  p iii ge l u c , i t c d  it



S o u t h p o r t , n ea r  the  r ive r m o u t h .  (The South po r t  t i d e  gauge wits not

in opera t ion  dur ing  t h e  per iod of t h i s  s t u dy ) .

In summary , the f r e q u e n c y  domain anal yses i n d i c a t e  a h i g h l y

coheren t , se lect ive coupl ing  process between the atmosphere and sea

level in the  2 .5  -. 3.5 day hand . The sea level fluctuations were

also coherent in the 7 — 30 day band , hut coup ling with atmospheric

wind s tresses was weaker  than in the  2 . 5  — 3.5 day hand. The hori-

zon ta l  coherence scales of a tmosp h e r ic  and sea l evel  f l u c t u a t i o n s

wore  much l a rge r  than  the greatest st . it i on  spac ing  in t h i s  s tud y (-  500 km )

Tl~~ p hase c a l c u l a t i o n s  sugges t  s o u th w ar d  CSW or o p a g a t i o n  f r o m  B iT to

WIL , consis te n t  w i t h  M v sak and i l am on ’ s results , hu t  the data  cons idered

ar e  too sparse  to c o n f i r m  or c o n t r a i n d i c a t e  sou thward  p r o p a g a t i o n  a l o n g

t h e  co ast  south  of I I I . .  A s t udy  u s i n g  more c l o s e l y  t i de  gauges is

n e c e ssar y  to c l ea r ly  resolve the ~b 5is t  p r o p a g a t i o n  d i r e c t i o n .  

—--~~~-“ -
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5. Multip le Regression Models

It is clear from the preceeding time and frequency domain analyses

that sea level fluctuations are coup led with atmospheric forces in pre-

ferred frequency bands. Since atmospheric pressure and wind s may be

correlated with each other to a significant degree in the same freotie ncv

bands , it is desirable to correct th e transfer function between sea level

and a part Icular atmosp heric forcing variable for the coherent contribution

of all other included forcing variables. Thus , for examp le , the transfer

(ou t ion between atmospheric pressure and sea level (the “barometric

f unction ”) can be corrected linearly in each frequency band to remove the

effects of w ind  stresses that are coherent with the pressure. Failure to

recognize correlation between atmospheric forcing variables can cultivate

misleading physical models; e.g., t h a t  sea level fluctuations in a pui rti—

cu l ar  frequency hand are entirely f o r ce d  by pressure fluctuations , when

in a c t  significant forcinl’ mae he due to a wind  s t ress  comu onent  w h i c h  is

h igh l y coheren t  w i t h  the pressure in that band .

The commonly app lied s t a t i c  b a r o m e t r i c  sea level ‘ c o r r e c t i o n ”

(ci . , Pvsak and Hamon , 1969) is based on the  prem ise  t h a t  at  s u f f i c i e n t ly

low f r e q u e n c i e s  sea level responds  as an “inverse baromete r ” to changes

in pressure  (n ressure  increase  of .1 mh r e s u l t s  in a s t a t i c  sea level

d e p r e s s i o n  of 1.01 c m ) .  The s t a t i c  o r r s e t i o n  u s u a l ly  does a c c o u n t  f o r  a

portion of local sea level fluctuat ions , but a significan t n o nb a r o ir t e t r i c

r (’siuburl I c o r re l a t i o n  often r e M a i n s , in d i c at  i n g  the i m p o r t a n c e  of dy n a m i c

- I S  WI I I as s t a t  i ; r a c e i - s c e  (Brooks and Mo o V rs , 1977)  . T h e  s t at  i e car  r e t  ion

seer -is  to  h e a  l i e  1 p ful first st op i n  ex p o s  i up dynamic re I at ionsh  I ps bet ‘..‘eefl

i t t  ‘ ‘ s p i l l  r i c p~~ ssurc and sea level f I  no tu~lt  ions.  A more d e t a f  led e~: .mmi na t  ion



should at least recognize the likely coherence between synoptic—scale

atmosp heric pressure and wind fluctuations , particularl y since CSW ’s can

apparently he forced by either (Mysak , 1967; Adams and Buchwald , 1969).

Sea leve l fluctuations are considered to be jointly forced by

atmospheric pressure and wind stress in the model considered in this

s~~et iofl . The linkages between the variables are examined by a multip le—

input , l inear , freq uency—domain regression scheme (Groves and Hannan ,

1961-I). Briefly , the simultaneous regression of an “output” function Y

on several “input ” functions X . is carried out in frequency band s by

operations performed on the augmented cross spectral matrix containing

all combinations of Y and X~~. The ordinary coherence and phase be tween

the output and each input are linearl y corrected for the coherent effects

of :ill t h e ether inputs in each frequency band to yield the multiple

- ) h ’.-r ( ’n ee .  The transfer function between the output and each input is

licewise o r r ~- c t c - d  for all other coherent inputs. The calculations were

- .~r r i e I ou t  w i t h  i. e (47) degrees of freedom for the 120 (292) day period .

Tbi~ cewputer arograms used t o  p e r f o r m  the  c a l c u l a t i o n s  are part of the

~ F 1-t I2 F-IHI ’~ 1\ t ime - w - r  i (s - iri;i lys l s sy s tem (Brooks , l976b)

‘ t i u l t i p l e  coherence  between sea level at BFT and WIT, and atmospher ic

v a r i a b l e s  is shown in Fig . 15 f o r  120 and 292 day cases.  F;ich graph shows

lw ca i ie r & -n c i t o ’ r ease as p r e s s u re  (p)  , o f f s h o r e  winch s t ress  (T a ) and

;i i ’ri- ’siio r * - wind et r -ss ( t  ) ~l r e  c u m u l a t i v e ly  inc luded  in the  c a l c u l a t i o n .
V -

The l i a r  i z i l t a l  dash ed 1 inc is th e  9 5 I  n u l l  hy p o t h e s i s  l eve l .  The vertical

ar rows  i d e n t i f y t h e  f r e q u e n c i e s  of the f i r s t  and second mode, zero gr oup

speed CSW ’s determined for the  Cape Fear section (B76). Figure 15 (A and B)

a l s o  shows the  s p e c t r u m  d e n s i ty  f o r  Cap e H a t t e r a s  a tmosp her ic  p res su re  f o r

the  120 and 292 day per iod , r e s p e c t  (v o l e .

a



. —~~..

28

A B

~l ,~‘PlC * ICPD(

_- . .4 * - . + * — —~~~~~~~~~* 
.,-. - - -  —- .. — - . . .-* + —~~ - I — ‘ —~~ - - - .~~4 3 25 2 2 5 4 3 2 5 2

V’ + 1 ’  ,V’ ’~ +1400 ‘ V I

c I D

..- +~~ 
- - - ~,p ~*, ‘ I

I 4 4 4 — -V 4 — , -I P t 4 -  4 4 * -‘4 —‘4
~ V’ ~ 5 5 ‘‘ IC ~ s ~s 2

- +V R ~~ (DAYS)

F I g .  15 M u l t i p l e  coherence between sea level  and a) a tmos p heric pressure ,
b) pressure and cross she l f  win d  s t ress , and c) pressure , cross ,
and along shelf wind s tress fo r :  A) BFT , 120—d ay record ;
B) BFT , 292—day record ; C) W il , 120—day record ; and D) WIL ,
292—day record . Arrows mark zero group speed f r eq u enc fes  for
f i r s t  and second CSW modes (from Brooks , 1976a) . The Cape
( i t  ( e r a s  pressure spec t r i i m for 120- da y (A) and 292—day (B) cases
I s  shown by the h eavy dash ed l i n e .  
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By i nc lud ing  the wind s t ress  components , the coherence is increased

substantially at both stations and for both record lengths. Coherence

peaks are prominent and significant at both stations in period band s of

2.5 to 3.5 days and 7 to 30 days , with the highest coherence value (0.95)

occurring at 3.0 days at WIL for the 120 day (winter) record . The 2.5 to

3.5 day band straddles the first mode , zero gro up speed C~IW f r eq u e n c y ,

suggesting that CSW ’s are selectively forced in that band . Barotrop ic

CSW ’s forced in the 7 to 30 day band should exhibit southward phase and

groi~p speeds , bu t  it is not suggested by the calculations in B76 that there

should he a se lect ive  coup ling in t h a t  band . The 7 to 30 day peak is

s t ronger  r e lat i v e  to the 2.5 to 3.5 day peak when only the winter months

are inc luded , F ig .  15 .\ and C , probably r e f l e c t i n g  a h igher  degree  of

organization of winter atmospheric forcing patterns. The pressure spectra

also reflect this difference , with the winter  case (Panel A) showing

prominent peaks at periods of about 6 days and 3 days ;  whereas  the  combined

winter and summe r case (Panel B) is general ly  “red , ” w i t h  on ly  h i n t s  of

peaks in similar bands. The 6—day winter pressure spectrum peak is

probably associated with atmospheric , cold front passages~ the 3 day peak ,

which is less energetic by a factor of three (hut much more strongly coup led

to sea level), is probabl y second hiarmonic evidence of the impulsive t ime

scale (-1 day) of the pressure and wind d i s t u r b a n c e s  usua l l y a ssoc iated

with a cold frar- t passage over a fixed station (Brooks and lbooers , 1077).

The 1(11. coherence differs substantiall y fr om BFT on ly in the period

hand of 7 to 30 d~ vs. to this band , the W IL peak is less well def ined and

indicates relat ivel y less accrual of coherence as the wind stress components

are included . The smaller WTI. coherence at periods longer than 7 days may

occur because tb. tide gang.’ is located approximatel y 35 km upstream from

the mauth of the Cape Fea r river , in a sheltered .locat ion at ‘1’h I ch e~-’:’~eSiIro



-

to fluctuations occurring on the shelt offshore mae be reduced .

S u p e r b a r o n e t r ir  ( g r e a t e r  in magnitu~ e than 1.01 cm/mb ) sea level

responses to pressure  f l u c t u a t i o n s  genera l  lv occur  in bands of high

coherence (Fig .  16). The response is generally sub—I’arometric in hands

of low coherence when the effects of wind stress are included . The

uncorrected barometric moduli (X ’s) at WIL tend to overes t ima te  the

cor rec ted  modul i  fo r  periods s h o r t e r  t h a n  about  4 days; a similar result

is not evident at BFT . With the exception of the winter WIL case , the

barometric functions generally indicate an out—of—phase relationship

between atmospheric press ure and sea level , as expected. Phase estimates

are shown only for frequencies at which th e 95~ confidence interval

(which is proportional to the product of the coherence and barometric

function modulus) is less than 3600 .

Mvsak and blamori (1969) show uncorrected barometric functions , b(f),

for Southport (near WIL) and Morehead City (near BFT), for th~ years

1953 and 1954. Their results , presented as b(f) trajectories in the

complex plane with frequency as parameter , are qualitatively consistent

with the uncorrected inoduli shown in Fig . 16. (however , when the coherent

wind  s t resses  are included , the curious rotary phase pa tte rn s shown by

Mysak and Namon are not r ep roduced ; i n s t e a d , the corrected phases quite

cons istent lv in d i c a t e  the expected out—of—p hase relationship, at least

in hands of  r e l a t i v ely  high coherence. The modul i most strongly modified

by inclusion of the wind stresses ‘-ie re those - it WIL
2 for pe riods shor ter

than about 4 days. ‘th e largest difference between corrected and uncorrected

6
Thjs may be part ii i  ly due to sh,-illow water effects , such as wind set—up.
in the (‘.ipe Fear River.



4 B 

_ _

:~~~~ ~~~~:,
~~5 

_ I~~~~~~_ .~~~~~~~~ - - 9 0 #  _ .~~~~~~ _ 9C~~~

1 .- .‘

42 , —_ R /

~~L0 __ :~ 0 — .  - — __I(’ 0
- 

~~\
~~O5 ~~~~~~~~~~~~~~~~~~~~~~~ - .9O~~ ~V J5 / - V . - -‘ - -

\ /

x_ 4/ \ -

0 ,-~~~~~~- -  .
~

- -
~

. 
~~~~~~~~ - --mc 0 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
~~~ 

-

0 0) 02 03 04 05 0 0 02 03 04 05
F*EOUENC ’Y )C PD) FIVE0&~NCY )CP D)

—‘ .--~~~~~~~ — . 4 . — - -1 —— -. —-i ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~
~ 20 4) 7 5 4 3 25 2 4) 7 5 4 5 25 2

PE RIOD (08*5 P0* 00 (DAYS)

C D

IVY * 4  4C1 ~~~~~~~~ (Cm)

* - 4 * -4~ - -4 - • - --—-+-—- -  ~__q l,_, _4-_ —*—-_—t - -- -- --* ’-—--t 4 -,

— ~~ 4) 7 5 4 3 25 2 • 20 0 7 3 4 3 25 2
‘ .- ‘~*0 (DAY m 

PERIOD ((sRYS)

Fig .  16 B a r u m et r i c  function modulus ( co r rec t ed  for coherent wind s t r e s s ,
s o l i d  l i n e ;  u ncor rec t ed  broken l i n e )  and phase for:  A) BFT ,
120 -day r ecord ;  B) BFT , 292—day  record ; C) W I L , 120-day record ;
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moduli occurred at a period of about 2 days , consistent with Mysak and

Uamon ’s b(f) grap hs wh i c h  show the largest (superharometric) moduli for

p e r i o d s s h o r t e r  than  2 . 5  d ay s .

The co rr*,-ct ed superbaronetric peaks in Fig. 16 consistently occur in

the h igh  coherence bands of Fig . 15 , further suggesting dynamic sea leve l

respoi’ses to atmospheric forcing in these  b a n d s .  The o rd ina ry  coherence

between wind stress and sea level (Figs. 13 and 14) tends to show peaks

in the 3 day band , b u t  not at periods longer than 10 days , suggesting that

pressure and wind stress fluctuations associated with cold fronts are

jointly most effective in forcing sea level fluctuations in the 2.5—3.5

day band .

Sub—barometric sea level responses generall y occurred at periods of

4—6 days . These are difficult to cxnl,ain , particularl y l~i v iew o f t h e

an t i p hase n a t u r e  ~ f the  response , fo r  one m i eh t  expec t  a b a r o m e t r i c  back-

g round  f u n c t  ion w i t h  ~11g)er inpo sed  dynamic  responses in band s where  t h e

sea level ‘‘ adm I t 1 : -c ’’ i s  h i  gb ; fo r  & x u n p  I c  , at CSW ze ro  g roup  speed

f rt’qu .-nI - i cc .  I t  is c a r t o n s  that t he smal lest  rno dul  i occur near  the

f re~~r r1 ’ncv  of the roost p r o m i n e n t  \-~i n t e r  ar e s s u r e  s p e c t r u m  gc: rk 7 , which  a l so

c o r r e s p o n d s  c b o s e  l v  to t h e  second CSi’- mode zero group speed f r e q u e n c y ;

th  I -~ SI ( g c - 
~t s st rong l v p r e f e r e n t i a l  e x c it a t i o n  of t h e  t i r s t  ( h ~ - mode

relative to t he seco n d node .

Tn sunmarv , the  m u l t i p le r e gr e a s i on  mode l  i n d i c a t e s  a r a t h e r  S C l V ’ I t i ” t

coup l ing  mechan i sm be tween  the at  nr I * s l I re re and  sea leve l i i i  2 .3—3.5 and

7—30 day b a n d s .  The 2 . 5 — 3 . 5  day  hand cor responds  well w i t  ii t h e  V r st

h ar o t  r o p i c  C~~J z e ro  g roup speed frequency : t h e  w i n t e r  p r e s s l i r e  SNI  t r r i ~:

Pv~ a1- and P:inon ‘S T h u  l e s t  b ( f )  modul  i a lso occur red  near a p en  orb a t
‘
~ d i v a , i n d i c a t i n g  cone- s su r e i t  s t a t i o n a r i t v  of the p r o c e s s  r i v e r  two
deca des.

______ _________ 4
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suggests a 3—day period forced by the second harmonic of the nressure

field CSW response. The 7—30 day coup ling is not clearly exp lained as

a stable , baro tropic CSW response. When coherent wind stresses are

included , the barometric function generall y exhibits the expected 180

deg ree phase r e l a t i o n s h i p  w i t h  sea level fluctuations. The barometric

modul i  also sugges t  t h e  occurrence’ of dynamic sea level responses in the

2.5-3.5 and 7—30 day hands.

I

_________J
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6 . Summary and C o n c l u s i o n s

The most  hii g hiIy coheren t  sea l c v e l— a t n o s p h e r i c  c o u p l i n g  occur red

in the  2.5 to 3.5 n a y  p e r i o d  band , c o n s i s t e n t  w i t h  an a tmosp h e r i c a l ly —

forced , southward  p r o p a g a t i n g  c o n t i n e n t a l  s h e l f  wave (CSW) expected to

occur  in t h i s  band (I trooks , l976a) . The phase r e la t ionsh ips indica ted

southward  p r o p a g a t i o n  f rom B e a u f o r t  to W i l m i n g t o n  in the  2 . 5  to 3 .5  day

band , but  sou thward  p r o p a g a t i o n  from Wilmington to Charleston was not

c o n f i r m e d .

The multiple coherence between sea level and atmospheric variables

also indicates strong coup ling in the 2.5 to 3.5 and 7 to 30 day bands.

The wind stress components made the least contribution to multip le

coherence in the 2.5 to 3. day band in the winter season ; which suggests

that , when coherence betwr ~n wind s and atmospheric pressure are accounted

for , the pressure fluctuations provide the primary forcing of sea level

fluctuations in this baud . For other hand s in the winter and for all

bands in the j o i n t  w i n t e r — s u m m e r season , a d d i t i o n  of the  wind  stress

components signiticantl y increased the multi p le coherence. The domina-it

winter response in the  2 . 5  to 3.5 day band may be a CSW forced by the

second h a r m o n i c  o n c r g v  of inpul sive pressure and r-’ind st ress f l uc t u ;- i t  i on s

assoc ia ted  w i t h  the  passage of cold f r o n t s  ove r  the ar e a .  The sr .’a l eve l

r ’ s p o u s r ’ to t h e  fu n d a r n i ’  n t - r i  at nosp h i e r i c  p r *  csure oscillation (at a per iod

of about 6 days) was considerabl y smaller t h an a t  t h e 3 day period , whiich

indicates a strong ly p r e f e r n r i t i a l  e x c i t a t i o n  of t h e  f i r s t  C SW nod e ,

compared to the second mode.

Th e atmosp heric pressure—to—sea level transfer functions ( t h e

barometric function) , ~,hen corrected fo r  c o h e r e n t  wind  st r esa  e f f e c t s , 
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generally indicated the occurrence of dynamic , anti phase sea level

responses to pressure fluctuations at periods of 2 to 4 days and

greater than 10 days . The static “barometer factor ” (—1.01 cm/mi))

only crudely approximates the barometric function when averaged over

0 to 0 . 5  cycles per day , and then only if the coherent wind stresses

are included . The uncorrected barometric function at Wilmington

substantially over—estimated the corrected one for periods shorter than

about 4 days . The curious “rotary ” barometric function phases reported

by Mysak and hl amon (1969) are not reproduced here when the wind stresc

components are included in the calculations.

In conclusion , these r e s u l t s  ind ica te  tha t  a tmospher ica l ly  forced

CSW ’s c o n t r i b u t e  to the t o t a l  c i r c u l a t i o n  of thie con t inen ta l  shelf and

slope waters  o f f  ~o r t h  C a r o l i n a .  I to  most inipo rt ant s p a t i a l  ( t e m p o r a l )

scale of mot ion  to be expec ted  ~o l c i ’,’ as a r e s u l t  of a tmosp h e r i c a l l y

forced  CSW ’ s is about  400 Pm (3 l a y s ) ;  other s c u l e s  of m o t i o n  are  not

excluded . The relative i m p o r t l r c - - o~ C’, ci rcu I at ion compared to that

dr iven  by or associa ted  w i t h  o t h e r  mi - -h ~ r : i c n s ( s i in ’ h as , f o r  example ,

instabilities of the Gulf St r n - n :) ri - r u  in s  an open quest  ion of great

interest. 
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Fig. 16 Barometric function modulus (corrected for coherent wind stress ,

solid line ; uncorrected broken line) and phase for: A) BFT ,

120—day record ; B) lIFT , 292—day record ; C) WIL , 120—day record ;
and 0) WIL , 292—day re cord. Arrows mark zero group speed
fr equencies of first and second CSW modes (from Brooks , 1976a).
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