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ABSTRACT 

The objectives of the project were to determine the physical/ 
dynamical processes controlling/affecting the distribution of 
phytoplankton nutrients on the continental shelf in the South 
Atlantic Bight. The initial objectives were to determine the 
short term, i.e., 2 to 1 0  day and longer term flux of nutrients 
onto the continental shelf. This is clearly related to the more 
general problem of combined physical and biogenic control of 
phytoplankton nutrients. 

Pietrafesa (North Carolina State University) and Atkinson' 
.(Skidaway Institute of Oceanography) conducted a pilot experiment 
on the "Summer" (August-September) and "Fallw (October-December) 
circulation and hydrography on the North Carolina continental ,. . <.> 

shelf in 1975. The experiment did produce the first results from 
which processes, their causes and effects, and'their frequency of. 
occurrence and persistence, could be appreciated and studied. The 
current meter data suggested that there is both tidal and'sub-tidal 
energy on the North Carolina shelf and that the sub-tidal variabil- 
ity is strongly atmospherically and Gulf Stream influenced. 

Atkinson, Pietrafesa, Dunstan (Skidaway Institute of Ocean- 
ography) and Paffenhofer (Skidaway Institute of Oceanography) 
conducted a more extensive and comprehensive field experiment in 
Onslow Bay during the period June thru September, 1976. The 
objectives of this second year (of funding) experiment included 
both the direct measurement of the along-shelf, cross-shelf and 
vertical structure of the "late Spring-Summer-early Fallv current, 
temperature, conductivity and pressure fields from fixed point,., 
vertical moorings and a continuation of the hydrographic and bio- . 
logical sampling by SKI0 personnel. 

.. . 

Additionally, Pietrafesaws Onslow Bay moorings have been 
maintained during the periods Dec., 1976 - April, 1977; July, 1977 - 
Dec., 1977 and Dec., 1977 - the present. During these periods, 
efforts have been co-ordinated in the Georgia Bight and Onslow . 

Ray regions. 

Results ' of the filed efforts, integrations of 'the physical, 
chemical and biological data and mathematical mode1.s of all data 
set types have also been accomplished. 



'Twas b r i l l i g ,  and the slithy toves 
Did m e  and ghble i i i  the viabe: 

All mimsy were the borogoves 
And the nome raths outgrabe. 

- Lewis Carroll - 
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I. SUMMARY 05' ACCOMPLISHMENTS 

During the period from 1 June, 1975 t o  date, our study of the 

continental shelf processes affecting the oceanography of the South 

Atlantic Bight has been principally involved with a substantial, co- 

ordinated f ie ld effort.  The success of the data acquisition phase of 

the program has now required an intensive data analysis phase-which has 

- been slowing increasing in effort.  

The present year is the third of Department of Energy funding for 

studies of continental shelf processes af'fecting the oceanography of 

the South Atlantic Bight .  The main phase of the f ie ld  program, located 

in  Onslow Bay, has been completed and the data are being analyzed and 

written up for publication. The Onslow Bay and Carolina Capes have 

yielded several manuscripts for publicatton t o  date but our main efforts 

during the past 23 years have been devoted t o  data zquis i t ion,  f i l tering, 

reduction and initial presentation. We have now reached the analyses and 

publication phase of our extensive f ie ld efforts t o  date. Additionally, 

during the next proposed year of f'unding we w i l l  be planning our large 

scale experiments which are scheduled t o  occur in 1979 and 1981. 

During our f i r s t  three years of AEC, ERDA, DQE support, we have made 

20 cruises into the Carolina Capes part of the South Atlantic Bight and 

have contributed, with personnel assistance f'rom NCSU provided, t o  

several Skidaway Institute of Oceanography (&o) and University of Miami 

(UM) cruises. Six papers are presently either in  press or in submission 

to  journals, five data reports which include preliminary discussion of 



data are available and nine papers have been delivered a t  national con- 

ferences; presenting the p a r t i a l  results .of our work t o  date. 

The preliminary accomplishments of our research efforts t o  date are 

as follows : 

T i d a l  Effects - The tides i n  the SAB tend t o  be predominantly 
semi-diurnal, increase in amplitude f'rm Cape Hatteras t o  
f'unction of location, Savannah, propagate as a Poincare Wave, 
contain 40% - 55%,of the total ,  as a 18% of the alongshore 
and 65% of the on-shore variances of the currents, (at 
s i t e  C )  respectively, are topographically steered and are 
very stable. 

Gulf Stream Mecmderi.ng/~nt,~wsiu~i, filcursion Events - 2he 
Gulf Stream derived events which peretrate onto the con- 
t inental  shelf in the vicinity of 3.n in Onslow B y  re- 
present a nlaJ UP suwce of the il-act ion of' energy hputed 
into this system. These intrusion events also are the 
major source of' nutrients supplied t o  Onslow Bay and 
displace 11 t o  36% of the volume of Onslow B y  during 
the* occurrence. They occur at a periodicity of four 
t o  twelve days and impart in varying degrees vertical 
and horizontal dynamical s tabi l i ty  t o  the water column 
i n  the i r  l i f e  history. 

Onslow Bay Flushing - G u l f  Stream spawned and wind 
driven events which flush the Bay waters have been 
identified, qualitatively described and quantitatively 
defined. The flushing rate  i s  estimated t o  be of the 
order of 2-3 months for Onslow Bay. 

Eddy Incursion h3ent i n  the Carolina Capes - During 
the period 18-22 April, 1977 in the shelf waters of 
upper Long and Onslow Bays, the hydrography of a G u l f  
Stream spln-off filament was sighted and mapped by 
NCSU and observed in sa te l l i te  Inaagery; comparisons 
of the sa te l l i te  and ocean station data have been made. 

Effects of the Charleston I 1 B w f 1  - The downstream ef'fects 
of the topowphic  feature known as the Charleston 
11 Bump1' have heen nbsemed as madern  of the Oi-iLf 
Stream Front in the region of the Carolina Capes; the 
results of a mathematical model, (PI etrafesa and Janowitz ) 
for  topographic Rossby Waves generat'ed by the "burpf1 
have been canpared, quite favorably t o  NOAAAESS 
s a t e U t e  imagery. Thio feature may be pal; of the 
reason for  the meandering, eddy-shedding processes under- 
gone by the G u l f  Stream. 



Nutrient Pbdeling - A time-dependent, vertical plane 
numerical model of the distribution of nutrients on the 
South Atlantic Bight during an intrusion event has been 
developed and favorably compared t o  data (Hofhann and 
Pietrafesa) . 
Coastal, Atmospheric Climatology - coastal winds and 
pressure have been s tat is t ical ly  analyzed and described 
in space and time. 

Coastal Sea Level - Tide gage data has been s tat is t ical ly  
analyzed and described in space and time. 

Meteorology/Sea Level - Intercmparisons have been made 
between sea level and meteorological input for  years 
1974 and 1975 and during the Onslow Bay studies. Cross- 
spectral analyses of the two indicate that sea level 
responds t o  atmospheric pressure and wind over discrete 
frequency bands and that Ekmn convergences and diver- 
gences, direct response t o  traveling met systems as 
well as the possible generation of long waves which are 
observed t o  propagate north, north of Frying. Pan shoals. 

Topographic Effects - The effects of the cuspate topo- 
graphy in Onslow Bay has been shown t o  steer the princi- 
pa l  axes of low frequency motion as well as the t ida l  
ellipses. The shoals are shown.to act as both source 
and sink t o  Gnslow Bay, a t  either end. 

Flux of Heat - Calculations derived from a turbulence 
approach t o  the data and consideration of co-spectra 
between cross-analyses of current and tenperatwe 
indicate fluxes of heat on a t  the top, heat off a t  the 
bottm in the mid-to central shelf break portion of 
Gnslow Bay over event periods the order of 4-10 days. 
These fluxes of heat, and preliminary 'fluxes of mass, 
calculations describe the f'requency and nature of wind 
induced and Gulf Stream spawned events in both qualitative 
and quantitative ways. 

Flux of Momentum - Calculations of Reynolds stresses 
have been accq l i shed  and indicate large fluxes of 
momentum along ahd across the shelf break dur- wind 
induced and Gulf Stream spawned events. 

Hurricane Belle - Our moored arrays of current, temperature, 
pressure and salinity sensors deteded the passage of 
this event in August, 1976 and characterized the dramatic 
shelf response: currents the order of 50-90 cm/sec in 
the interior and 20-70 d s e c  3 m. a$ove the bottm; 
temperature changes the order of 2-9 C over a several 
day period. 



Wind effects - The relationship of currents t o  winds 
indicates that the shallow, inner shelf of Onslow 
By is strongly wind influenced while the mid-shelf 
region tends t o  be a region of Gulf Stream and wind 
influence and the outer shelf shows good correlations 
t o  the wind a t  selective frequencies and though this 
region tends t o  be principally Gulf Stream influenced, 
there seem t o  be relationships between wind intensity 
and direction and Gulf Stream Front location. O f f -  
shore winds seem t o  tweak the GSF offshore, i n  the 
central, shelf break region of Gnslow Bay resulting 
in reduced alongshore currents t o  the north and 
decreases in local temperature; the opposite w i n d  
f ie ld  r e s d t s  in opposite effects in u, v and T. 

A mathematical model of the effects of the atmospheric 
s e a s o d  heat ing/coolimg/et c . cycle on t h e  cecliLat ion of 
a baroclinic continental shelf, indicates that surface 
buoyancy fluxes may be responsible for much of the 
low frequencyvariability of currents as well as the 
structure of the temperature and salinity fields. The 
effects of mechanical wind forcing.are also included 
in the model and can either enhance, modify or dominate 
the buoyancy driven modes of circulation and hydro- 
graphy. (Pietrafesa and Janowitz ) 

Northward propagating wave l ike events appear in the 
current meter data at' 3-3% day periods and are supported 
by a northward propagation of sea.level over the same 
period bmd . 
During the summer period, Onslow Bay is physically and 
dynamically banded both across the shelf and along the 
shelf. The inner region is very stronffly whd in- 
fluenced, though w i n d  events are obvious in the current 
fields. The mid shelf region contain3 a complex mixture 
of atmospheric and Gulf Stream induced currents. The 
inner, northerly shelf comer of the Bay tends to  have 
a predamlnantly barotropic character while the inner 
southwesterly corner displays both barotropic and 
b m o l i n i o  modes of rcopome. 

Intrusions of G u l f  Stream water, which occur during the 
s~mer  months, am typically advected s h ~ r e m  in the 
southerly portion of the bay, due t o  the forcing of 
the predcaninantly southwesterly winds, subsequently 
either surface and are driven northe-asterly across the 
Bay, seaward or rotate clockwise, more northerly towards 
the inner northern extent of the Bay and become either 
stranded and decay through mixing processes, or leak 
out south and east of the Cape Lookout Shoals, all as a 
f'+unction of the magnitude and direction of the w i n d .  



Diagnostic and Prognostic Models - Hydrographic and 
current data are being used t o  develope both diagnostic 
and prognostic models t o  both aid in our understanding 
of the processes and t o  direct our efforts towards a 
predictive capability. 

APPLICATIONS TO 'J3-E DEPAlUFEfC OF ENERGY 

The coastal zone area of the South Atlantic Bight is  presently under- 

going a dramatic increase in energy related activit ies.  O i l  exploration 

is presently active, with preliminary indications suggesting that the SAB 

may contain major o i l  reserves. Addit ionally, off shore nuclear power plants 

which could use the up-welled cold waters, derived f'rom the G u l f '  Stream, 

as an energy source and the ambient coastal waters as thermal coolants 

may be a f'uture reality. Additionally, rivers and estuaries are discharg- 

ing, industrial, agricultural and human wastes into the coastal zone f'rm 

the la teral  side and the atmosphere is duping wind borne pollutants into 

the oceanic environment from above. The environmental implications of 

these activit ies is not yet known since we are presently trying t o  under- 

stand the environment it self .  \ 

Ehergy related activit ies such as offshore o i l  production, OTEC power 

plants, offshore nuclear power plants and coastal based energy production, 

each present a possible source of contaminant introduction t o  the shelf 

waters. We are beginning t o  i d e n t i e  the mechanisms for  contaminant transport - 

and the natural processes fo r  maintaining safe and biologically conducive 

water quality standards. This hformation w i l l  eventually lead t o  a better 

predictive capability of shelf water motions so that possible effects of 

environmental degradation can 



11. INTRODUCTION 

The southeast U.S. continental margin region extending f r o m  Cape 

Hatteras t o  Cape Canaveral (termed the South Atlantic Bight, S.A.B., by 

Burnpus, 1973) af ter  years of relative academic and industrial neglect has 

recently become a . foca l  point of energy-related activit ies.  . O i l  exploration 

'is presently underway and present expectations are for  a major o i l  reserve 

t e  be discovered in the near future. Offshore thermal power plants which 

w i l l  u t i u z e  the u p l i f t e d  cn1:d water Pnerm so1-rce of the G d f  Strem t o  

transnit electricity t o  east coast metropolitan areas are being considered 

as a vlable Yorm of solar energy. offshore nuclear power plants may some- 

day be a reality. In addition a nmber of rivers are discharging industrial 

by-products into the coastal zone. The environmental impacts of .these 

act ivi t ies  are presently unknown. The guiding scientific objective of the 

study described in this report is t o  imporve the capability for prediction 

of the physical environment on the SAT3 continental shelf; the principal 

scientific task is t o  determine the relative importance of driving mechanisms 

and t o  measure the shelf response on seasona.1 time a?cl space scales. This 

work is  part of a larger coordinated multi-University, interdisciplinary 

investigation almed a t  understanding the physical, chemical and biological 

processes of the SAB. 

The collective experience obtained fram direct observations on con- 

t inental  shelves haE exposed a number of important generalizations &out the 

forces that may be responsible for driving or m i n g  shelf circulation and 

the nature of the shelf response t o  these forces. These observations have 

been carried out in many specifYc locations; but due t o  a lack of co- 

ordination and focus, they have precluded a general, coherent development 



of the dynamics of entire geographical shelf areas. Indeed, we have 

discovered that wind ,  t idal ,  and offshore forces, such as those imposed 

by the Gulf Stream, may be responsible for driving shelf circulation; 

however, as a corollary, we also have learned that t o  understand the specific 

nature of each force and t o  weigh the relative importance of each is  not 

possible without viewing large sections of the shelf as a hydrodynamic 

cont inum. 

Shelf regimes have been categorized historically by the character of 

thelr  seasonal hydrographic persistence because there has been a lack of 

direct measurements of circulation. We are conducting a study t o  provide 

the direct observations of the nature of the driving and the magnitude of 

the circulation in the South Atlantic Bight shelf regime; i .e. ,  we are 

attempting t o  measure the relative influence of the.offshore current and 

meteorological forces i n  maintaining the large-scale shelf circulation. 

Given the above it i s  deemed essential t o  develop an understanding of 

biological/chermical/physical f'unctioning of the nearshore and continental 

shelf regimes and as nearly as possible t o  quantify general circulation 

patterns that control biological production and the dispersal of pollutants, 

whatever their  source. 

The marine environment of the .SAB is subject t o  changes which take 

place in time scales ranging from minutes t o  decades. Life processes in 

the S.A.B. continental shelf are largely controlled by water circulation 

which produce dramatic changes on scales of days t o  years. Without an under- 

standing of the coupling of circulation and bioxogical production, the 

magnitude of these influences and where they occur, ' l i t t l e  in the way of 

predictive capability or establishing cause and effect relationships can be 

achieved. 



The DOE sponsored Southeast Cont b e n t  al Shelf Program was  developed 

i n  an orderly, sequential manner and is aimed a t  g d m g  an unde~~standing 

of natural processes which control'biological activity and the dispersal 

of selected potential pollutants. Over the long run, with such knowledge, 

it should be possible t o  separate and explain natural changes from those 

which may be induced by man's activit ies in the coastal-continental shelf 

environment. The basic philosophy of DOE and the principals involved in 

this study is that effective mnagement decisions are ultimately based on 

obtaining predictive capability and t o  achieve th is  an understanding of 

ecosystem f'unction is required. 

SCOPE OF REPORT 

This Progress Report covers all research conducted under U.S. 

Department of Energy (Formerly U.S. Energy Research and Development 

Administration, U.S. Atamic Energy Camnission) Contract No. E(38-1)-902, 

by personnel at North Carolina State University under the direction of 

Dr .  Leonard J. Pietrafesa (Principal Investigator) , Associate Professor 

of Oceanosaphy (at N. C.S.U. ), during the period 1 June, 1975 through 

the present, 1 March, 1978. 

The report covers the research investigations of continental shelf 

processes which affect the oceanography in the Carolina Capes region, 

gpccifically Omlow Bay, (cf. Figure 1 )  of the 3uuth Atlaitlc BlghC, 

which were accamplished by Dr. L.J. Pietrafesa (N.C.S.U.) as a p a r t  of a 

milti-disciplinary, mulLti-institut ional effort (the South East Continental 

Shelf Program). 
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Figure 1. South At l an t i c  Bight 



The initial phase of this study began in August, 1975 wherein 

Dr. L.P. Atldnson (Sludaway Insti tute of Oceanography) and Dr. L.J.  

Pietrafesa (N.C.S.U.) conducted the f i r s t  hydrographic and biological 

survey and deployed moored current meters i n  Onslow Bay, North C a m l i h .  

Subsequent cruises involved integrated, co-ordinated biological, chemical 

and hydrographic sampling and mooring recoveries and redeployments 

involving addi tbnal  N.C.S.U. and SKI0 personnel (Drs. H. Windom, W. Dunstan 

and C. Paffenhsfw ) . Durfi; the winter, 1977 the Uriivei5si.ty o r  -Uarll 

began moored meter work'in the Georgia B igh t  and the SKI0 exriphasis shifted 

t o  that region while the N. C.S .U. emphasis continued in the Carolina Capes 

region. This co-ordinated, integrated experiment and those which have 

followed, t o  date, are now yielding the extensive temporal and spatial 

ranges and domains of data which were deemed necessary t o  fully study the 

continental shelf processes affecting the oceanography of the whole of 

the South Atlantic B i g h t .  



OCEANIC AND ATMOSPHERIC SFITING 

The influence of the western boundary current, the Gulf 

Stream, which persists generally along the seaward edge of the 

continental margin between Capes Hatteras and Canaveral, upon the 

continental shelf between these end points, may be considerable in 

terms of physical, chemical and biological aspects of the oceano- 

graphy of the South Atlantic Bight. Our (NCSU, SKI0 and UM) 

studies have yielded much valuable information to date and may, in 

fact, be of essential importance in the more complete understanding 

of the dynamics and influence of the Gulf Stream, which to date, 

has been lacking in terms of being spatial and temporal synoptic. 

The DOE sponsored studies -have been the most synoptic, complete 

studies of the Gulf Stream influence, to date. It is of reiterative 

note (Niiler,- 1975; Pietrafesa, 1976; Lee, 1977) here to 

review some of our understanding of the Gulf Stream influence, and 

then' to procede in an overview analysis of how our (NCSU) present 

studies have served to either reinforce, mnd.j.fy, re-explain or 

describe anew the phenomonology of the Gulf Stream inf1uenc.e on 

the shelf waters of the South Atlantic Bight. 

A "Multiple Ship Survey" of 1950, reported on by Fuglister 

and Worthington (1951), was the first large scale, multi-vessel 

study of Gulf Stream fluctuations. The name "meanders" was 

introduced for the slow undulations observed in the location and 

structure of the Gulf Stream downstream of Cape Hatteras. 



It is o f  historical note herein to point out that Abbe (1895) 

, presented the following description of the eddy phenomonology in 

relationship to the formation and maintainance of the cuspate shape 

of the three Carolina Capes: 

The Gulf Stream produces an eddy current which 
washes the coast southwardly, and the sand bars, so 
common on the coast,,are formed in the diagonal or . 
resultant of these two currents. Those formed at the 
mouth of rivers must also, it seems to me, be influ- 
enced by the force and direction of their waters. 
These Lars, huwever, are gerierally formed directly by 
the ocean, and not by the'waters of the rivers. 

A satisfactory hypothesis must then account for 
the southwestward intention of the cuspate capes, the 
evidence of inflow at the hook, and the tendency of 
the capes to travel southwestward. 

It is therefore suggested that a set of back- 
set eddies is here produced by the northeastward- 
flowing Gulf Stream, and that these eddies, aided by 
waves from 'the prevailingly northeast and southeast 
storms of this area, have produced the cuspate 'capes 
which we have studied. The ci~,rrents of the baok-aet 
eddies sett5ng from northeast to southwest would 
serve to determine the general trend of movement and 
of cutting, and would also explain the cross current6 
that formed the hooked-spit of Cape Lookout. 

As to the actual existence of such a set of 
eddies on this portion of the coast, though not rigidly 
proved, we may with some show of reason infer that they 
exist. For on other parts of our own coast and on 
foreign coasts, such as along the south coast of Alaska, 
and on the northern m a s t  of the T s t h m n s  of Panama, we 
ffnd such eddies set up by the great ocean currents. 

Our assumption, then, of a set of back-eddies is 
not a vfslent one, and it seems to suit our needs 
better than previous explanations. 

The existence of these Gulf Stream events had thus not gone 

undetected even before the oceanographic multiship survey and or 

satellite imagery, 



Several studies provide evidence for eddying, entrainment, and 

intrusion of Gulf Stream and shelf waters. Von Arx, Bumpus, and 

Richardson (1955) found northeasterly oriented filaments of Gulf 

Stream water along the shelf break with dimensions of ten kilomet.ers 

to one hundred kilometers. These l'shingles" or "sausages" could be 

mapped by the filaments in the thermal, velocity, and water type 

properties of the surface; the subsurface isothermal slopes, or 

patterns, remained unknown at that time. 

During a 28-day study in May and June, 1958, Webster (1961a) 

made 120 consecutive crossings of the Gulf Stream axis off Onslow 

Bay, North Carolina. Measurements of surface velocity and salinity 

were made, and bathythermograph temperatures were taken half-hourly 

to a depth of 200 m. Webster found that the axis of the current 

meandered laterally, with a peak displacement of about 10 km. He 

found a strong correlation between the axis offshore distance and 

the alongshore surface atmospheric pressure gradient., when the 

latter was lagged about four days. The alongshore pressure gradient 

was presumed to be representative of the offshore geostrophic wind 

component over Onslow Bay. Correlation with the pressure gradient 

perpendicular to the current axis was not found. The dominant 

period of the axis meanders was about seven days; Webster estimated 

the alongstream meander scale to be about 100 km. ~ebster thus 

noted a strong apparent correlation with the onshore-offshore wind 

component, but he estimated the wind effect to be one 'or two orders 

of magnitude too weak to be the source of energy for the meanders. 

Three regions of local mechanical energy transfer between eddies 

and the mean motion cari be noted. Webster (1961b) thus demonstrated 



that fluctuations on the 1-day to 1-week time scale were locally 

deriving mechanical energy from shear of the mean current on the 

surface at the shelf break. In the cyclonic shear zone, both the 

eddies and the mean flow were losing mechanical energy. On the 

anticyclonic side, the eddies were driving the mean flow. On the 

cross-stream average from Miami to Onslow Bay, he found a net flux 

to the mean Gulf Stream which could rapidly double the-average 

surface speed of the Florida Current. Such an acceleration is not 

observed; work opposite sign is done by the pressure gradients 

near the surface. Recently, Sturges (1974) has made estimates of 

the mean downstream pressure gradient from coastal sea levels along 

the South Atlantic Bight and the Florida Straits; and he has found 

it to be large enough to provide the energy flux, at least at the 

shelf break, to balance the work done on the eddies. Following 

Websterts analysis, Oort (1964), using the thermal flux data 

corresponding to Websterts momentum flux data, found a counter- 

gradient heat flux in the surface layer which would sharpen the 

surface front. He also raised the question of a lower layer source 

for heat flux and intense potential energy release. Blanton (1971) 

combined a few short current meter records at the shelf break with 

hydrographic sections and interpreted the results two-dimensionally. 

He found near-bottom intruslwr~s or Gulf 3tream water, which had 

been suggested by Bumpus (1954), followed 'by vertical mixing with 

shelf waters and subsequent offshore flow of near-surface shelf 

water, which would give a counter-gradient heat flux near the 

surface. Schmitz and Niiler (1969) analyzed a new data set, i.e., 



dropsonde d a t a ,  i n  an analogous fashion .  They concluded t h a t  t h e r e  

e x i s t e d  n e g l i g i b l e  n e t  t r a n s f e r  of k ine t ' i c  energy between t h e  edd ies  . 

and t h e  mean motion i n  t h e  su r face  l a y e r  on t h e  cross-stream average; 

i n s t e a d ,  and i n t e r n a l  r e d i s t r i b u t i o n  of k i n e t i c  energy was occurr-  

ing ,  a s  descr ibed  above. Schmitz (1969) concluded t h a t  t h e  i n t e r i o r  

of t h e  F l o r i d a  Current o f f  Miami was e s s e n t i a l l y  i n  i n e r t i a l  

balance; N i i l e r  (1975) found t h a t  t h e  i n e r t i a l  b a l a n c e ' i s ' s l o w l y  

eroded along t h e  s h e l f  break, and there i s  a  v o r t i c i t y  f l u x  i n t o  

t h e  Gulf Stream from t h e  s h e l f .  

Hansen (1970) t r a c e d  t h e  p o s i t i o n  of t h e  Gulf Stream thermal 

f r o n t  o f f  North Carol ina f o r  twelve consecut ive months i n  1965 and 

1966. He summarized t h e  observed meanders a s  wave p a t t e r n s  of 200 

t o  400 km wave-length moving eastward wi th  speeds of  about lO.cm/sec, 

Severa l  t h e o r e t i c a l  accounts  have been at tempted f o r  t h e  

meandering, eddying motion of t h e  F l o r i d a  Cur ren t / con t inen ta l  

s h e l f  system, N i i l e r  and Mysak (1971) considered s u b i n e r t i a l  waves 

i n  a b a r o t r o p i c  Gulf Stream wi th  h o r i z o n t a l  shea r  and v a r i a b l e  c ross-  

s t ream bottom topography; i . e . ,  a model with p o t e n t i a l  v o r t i c i t y  

g r a d i e n t s  commensurate with t h e  magnitude and form of t h e  depth- 

i n t e g r a t e d  F l o r i d a  Current was examined. They concluded t h a t  long 

waves could propagate n o r t h  and south  on t h e  sheared c u r r e n t  and 

t h a t  s h o r t  waves could propagate northward and were uns tab le .  

The most uns tab le  waves had a  pe r iod  of  about 1 0  days and wave 

l e n g t h s  of 150 k i lometers  i n  t h e  v i c i n i t y  of t h e  Blake P la teau  

(South A t l a n t i c  B igh t ) .  Or lanski  (1969) considered a model wi th  

P .  
two "ac t ive"  l a y e r s  and bottom 'topography and found b a r o c l i n i c  



i n s t a b i l i t i e s  t o . b e ' p o s s i b l e  f o r  t h e  pa rame t r i c  range observed i n  

t h e  South A t l a n t i c  Bight .  The most u n s t a b l e  waves had a  p e r i o d  rn 
o f  about  1 0  days and wave l e n g t h s  of  about 2 2 0  k i lome te r s .  Or l ansk i  

a l s o  no ted  t h e  need f o r  o b s e r v a t i o n s  through t h e  water  column t o  

de te rmine  t h e  v a r i o u s  energy exchanges. Or l ansk i  and Cox (1973) 

c a r r i e d  ou t  analogous c a l c u l a t i o n s  f o r  a  cont inuous ly  s t r a t i f i e d  

system,  wi th  similar r e s u l t s .  A d d i t i o n a l l y ,  f i n i t e - ampl i tude  

e f f e c t s  reduced t h e  growth r a t e ;  maximum ampl i tudes  were reached 

i n  about  one week. 

Recent s t u d i e s  of t h e  F l o r i d a  Current  p rovide  some f u r t h e r  

c o n s i d e r a t i o n .  ' ~ i c h a r d s o n ,  Schmitz, and N i i l e r  (1969) 'show mean 

v e l o c i t y  s e c t i o n s  f o r  t h e  F l o r i d a  Curren t ,  two of which a r e  l o c a t e d  

o f f  t h e  South A t l a n t i c  Bight .  The mean 'F lo r ida  Current  ex tends  

o v e r ' t h e  r e l a t i v e l y  sha l low s h e l f  b reak  (50 t o  1 0 0  meters  deep ) ;  

t h e  b u l k  of t h e  F l o r i d a  Current  l i e s  over  a  deep s h e l f  (-800 meters  

d e e p ) .  Sur face  v e l o c i t i e s  up t o  1 0 0  cm sec - l  occur  over  t h e  s h e l f  

b reak .  From l / 3  t o  1/2 of  t h e  t o t a l  volune t r a n s p o r t , o c c u r s  i n  t h e  

upper  200  meters  o f  t h e  water  column; t h u s ,  t h e  o u t e r  s h e l f  spans  

much o f  t h e  F l o r i d a  Curren t .  Schmitz and Richardson (1968) found 

that  t h e  t r a n s p o r t  f l u c t u a t i o n s  were - +1/3 of t h e  mean t r a n s p o r t ,  

75% o f  t h e  t r a n s p o r t  f l u c t u a t i o n s  were t i d a l ,  and no more t h a n  1 0 %  

o c c u r r e d  a t  p e r i o d s  g r e a t e r  t h a n  one day. N i i l e r  and Richardson 

(1973)  made a more p r e c i s e  e s t i m a t e  of t h k  seasona l  v a r i a t i o n ,  

f i n d i n g  a prominent maximum i n  summer ( J u n e ) .  They concluded t h a t  

t h e  s e a s o n a l  v a r i a t i o n s  accounted f o r  45% of  t h e  t r a n s p o r t  va r i ance .  



Recently,  De Szoeke (1975) found a  bottom slope-induced 

hybrid i n s t a b i l i t y  which a r i s e s  from an i n t e r a c t i o n  between a  

topographica l ly  t rapped b a r o c l i n i c  wave and a  t t thermal" b a r o c l i n i c  

Rossby wave. De Szoeke s t a t e s  t h a t  t h e  hybrid i n s t a b i l i t y  i s  not  

"fundamental i n  n a t u r e , "  but  r a t h e r  se rves  t o  r e d i s t r i b u t e  t h e  

e.nergy from t h e  c l a s s i c a l  b a r o c l i n i c  energy source ( c f .  Pedlosky, 

1964).  De Szoekets  a p p l i c a t i o n  of t h e  hybrid mechanism t o  t h e  

F l o r i d a  Current neglec ted  t h e  importance of h o r i z o n t a l  v e l o c i t y  

shea r  t o  t h e  o v e r a l l  v o r t i c i t y  dynamics. 

Saltzman and Tang (1975) used an a n a l y t i c a l  model t o  demon- 

s t r a t e  how second-order, nongeostrophic e f f e c t s  can modify a  two- 

l a y e r  b a r o c l i n i c  wave system t h a t  grows exponen t i a l ly  from a  s m a l l  

p e r t u r b a t i o n  i n  a uniform zonal  ocean c u r r e n t .  It i s  shown t h a t  

many of t h e  asymmetric f e a t u r e s  c h a r a c t e r i s t i c  of meandering 

ocean c u r r e n t s  develop, inc lud ing  f r o n t s  and c u t o f f  cyc lonic  cold  

pools  t o  t h e  south  and a n t i c y c l o n i c  w a r m  pools  t o  t h e  n o r t h  of the 

a x i s  of t h e  mean cur ren t .  The impl ica t ion  i s  t h a t  a l l  of t h e s e  

f e a t u r e s  can be viewed a s  being t h e  simultaneous consequence of 

b a r o c l i n i c  i n s t a b i l i t y  of a broader ,  more unifrom c u r r e n t  t h a t  

might tend  t o  be f o ~ c e d  e x t e ~ n a l l y  by t h e  wind s t r e s s  thermohaline 

processes .  

The Very-High-Resolution Radiometer on t h e  NOAA-2 (Nat ional  

Oceanic and Atmospheric Adminis t ra t ion)  s a t e l l i t e  has r e c e n t l y  

obta ined  imagery i n  t h e  v i s i b l e  channel over  a  major p o r t i o n  of t h e  

c o a s t a l  waters  o f f  t h e  e a s t e r n  seaboard of t h e  United S t a t e s .  S t rong 

and DeRycke (1973) i n d i c a t e d  an abrupt  change i n  s u r f a c e  roughness 



a t  t h e  shoreward edge of t h e  Gulf Stream Current from F l o r i d a  t o  

Cape H a t t e r a s  t h a t  could r e s u l t  from t h e  oppos i t ion  of waves pro- 

paga t ing  a g a i n s t  t h e  flow of t h e  Gulf Stream. Herein, DeRycke, 

Rao , -  (1973) poin ted  out  an apparent  r e l a t i o n s h i p  between 

t h e  occurrence of edd ies  along t h e  western s i d e  of t h e  Gulf Stream 

and s t r o n g  w e s t e r l y  winds. 

Mysak and Hamon (1969) found evidence f o r  a  nonbarometric 

response  of s e a  l e v e l  from t h e  North Carol ina c o a s t ,  e s p e c i a l l y  a t  

p e r i o d s  of 3 t o  1 0  days. The phase r e l a t i o n s  were consistent with 

southward propagat ion  of ba ro t rop ic  c o n t i n e n t a l  s h e l f  waves, with 

seasona l  modulation of t h e  phase speed due t o  seasonal  v a r i a t i o n s  

of  t h e  F l o r i d a  Current .  They a l s o  noted a broad peak i n  t h e  sea  

l e v e l  s p e c t r a  cen te red  on a  pe r iod  of about 15 days. 

S a t e l l i t e  images (Legeckis,  1975; Stumpf and Rao, 1975) 

sugges t  t h a t  t h e  edd ies  evolve from growing i n s t a b i l i t i e s  ( F l o r i d a  

Current  meander), which may i n i t i a l l y  be wind induced. They mani- 

f e s t  themselves a s  w a r m ,  southward-oriented, tongue-like ex t rus ions  

, o f  F l o r i d a  Current water  onto t h e  s h e l f ,  s i m i l a r  t o  t h e  sh ing le  .. 

s t r u c t u r e  observed by Von Arx, Bumpus and Richardson (1955).  I n  

t h e  F l o r i d a  S t r a i t s  they  a r e  confined by t h e  narrow s h e l f  c o a s t a l  

boundary and observed diameters  range from 1 0  t o  30 hn. Eddy 

v e r t i c a l  e x t e n t  i s  approximately 200m. Lee (1975) concludes t h a t  

spin-off edd ies  are a dominant mechanism f o r  shel f  water mass 

exchange o f f  sou theas t  F l o r i d a  and es t ima tes  t h e  s h e l f  r e s idence  

t ime as 1 week due t o  eddy water renewal. S inger ,  e t .  a l .  (1977) 

and Blanton and P i e t r a f e s a  (1978) have e s s e n t i a l l y  concluded t h a t  

t h e  s i m i l a r  f l u s h i n g  mechanism i s  a t  work throughout t h e  whole of 

t h e  South A t l a n t i c  Bight.  S a t e l l i t e  imagery (Figures  2 t h r u  7 ) 



Figure 2. Satellite imagery at  13512, April 8, 1977 (solid line is GSF) 



Figure 3. S a t e l l i t e  imagery at 01252, Apri l  10, 1977 (solid line is GSF) 
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Figure 5. Sa te l l i t e  imagery at 13362, April 11, 1977 (solid line i s  GSF) 



Figure .6. Satellite imagery at 14052, April 13, 1977 (solid line is G S F )  



Figure 7. Sa te l l i t e  imagery at 15012, April 17, 1977 (solid line i s  GSF) 



? 
show that eddy-like excursions are a consistent feature along the 

shelf break of the SAB and appear to grow to much larger proportions. 

Continental Shelf Flushing by Gulf Stream and Wind 

Near the shelf break (50 to 75 m isobaths) Gulf stream frontal 

instability processes, such as wave-like meanders and spin-off 

eddies become a significant contributor to current variability and 

water mass exchange (Lee, 1975; Lee and Mayer, 1977; Pietrafesa, 

1977). The Gulf Stream surface front may meander about 10 to 25 km 

in the east-west direction with a wave length of 100 to 200 h. 

These meanders are known to grow at times into the tongue-like 

disturbances (shingles, sausages or eddies). The cyclonic circulation 

in the eddies transports shelf water offshore in the southern region 

of the vorticity, which provides a mechanism for rapid water ex- 

change. It is thus appreciated that eddy like events displace 

large volumes of shelf water with onshore flows of Gulf Stream 

waters at the surface and bottom and offshore shelf water displace- 

ment and subsequent entrainment into the. slope waters. 

Flushing frequency is thought to tie directly to the frequency 

with which meanders and eddy events occur. Conventional wisdom is 

that meanders and eddy events occur at frequencies between 0.1 and - 

0.2 cycles per day; figures which embrace the pioneering study by 

Webster (19611, as well as studies of sea level by Mysak and Hamon 

(1969), and present current studies. We should point out that 

studies have yet to unambigously link onshore/offshore flow cycles 

on the North Carolina Shelf with meanders or accelerations of the 

Gulf Stream. From the Lee and Pietrafesa DOE data sets, it is 



obvious t h a t  l a r g e  amplitude c u r r e n t  f l u c t u a t i o n s  with per iods  

ranging  from s e v e r a l  days t o  s e v e r a l  weeks a r e  common f e a t u r e s  

on t h e  c o n t i n e n t a l  s h e l f s  o f f  both Georgia and North Carol ina.  

These c u r r e n t  meter d a t a  ( P i e t r a f e s a ,  e t .  a l . ,  1977, 1978) i n d i c a t e  

t h a t  c y c l e s  i n  onshore/offshore flow of ten '  precede l o c a l  wind 

even t s  occur r ing  more o r  l e s s  s imultaneously a t ' C a p e  Ha t t e ras  and 

Wilmingt on, North Carol ina  ( szpara t  ion-dis tance about .120 km) . 
P e r t u r b a t  ions  t h e  Gulf Stream represen t  a  mechanism which could 

be caus3,ng those  flow cyc les  i n  mid-shelf t h a t  seem poorly c o r r e l a t e d  

wi th  local. winds. 

Blanton and P i e t r a f e s a  (1978), t o  be r e f e r r e d  t o  a s  BP, 

cons idered  d a t a  cover ing  42 days c o l l e c t e d  during 1975 by P i e t r a f e s a  

(1976) and o u t l i n e d  i n  Table 1 . Over t h i s  per iod ,  e i g h t  cyc les  

. of onshore/offshore flow occurred,  about one cyc le  each 5  days. 

The most dramatic  onshore/offshore event occurred a t  t h e  SW mooring 

from 10-22 August 1975 (Fig.  8 ) .  The o t h e r  seven cyc les  i n  t h e  

SW had d u r a t i o n s  from onakorc flow Ln.all 

but  one cyc le  l a s t e d  2 t o  4 t imes longer  than  t h e  fbl lowing o f f -  

shore  flow, i n d i c a t i n g  t h a t  t h a t  f low was predominantly onshore Tn 

t h e  SW corner  nea r  bottom. Onshore/offshore flow cyc les  near  

bottom i n  t h e  NE were weak and poorly coherent wi th  near  bottom 

f low i n  t h e  SW. The average flow from the  smuulhed record l o  

shown i n  Figure  8a where averages were c'omputed f o r  t h e  e n t i r e  

42-day record .  The n e a r  bottom fl.ow i n  t h e  SW i s  c l e a r l y  s t r o n g e r  

t h a n  t h a t  observed i n  t h e  NE. The s t r o n g  average northeastward 

f low near  s u r f a c e  i n  t h e  n o r t h e a s t  i s  c l o s e l y  a l igned  with t h e  



Table 1. Data summary from moored instrumentations in 
Onslow Bay. 

Mooring Water Instrument Depth Record ~uration 
Depth- Type 

NE 28 m Endeco-105 10 m 6 August-26 September 1975 

SW 28 m GO-'. 3070 11 m 6 Augus t-26 September 1975 



U) 
a3 
E 

WIND STRESS IN NORTHEAST QUADRANT 

( ) - direction 

I do O1 2l2 214 

August , 1975 

Figure 

-. . - surface layer, northeast 

/-\. ----- bottom layer , northeast 

8. Cast study of bottom 

20- 

10- 

-10- 

-20- 

intrusion 

f .  ,n t .  .\ bottom layer, southwest 
: / 
P ' 

\, .\ . . . . . . . . . . . T, surface layer, southwest 
4 4 -..,v*-, &.=,a ' '- - -\ .. L@.:-+ - 

- 4  o--- ? ..- .- - .. //> 27 - -0.. . .-- ..............,..& ... "' $# ....." ....... ... / - - - - /  -.....- b - 2 6  
% \ - a  b'L-25 O, 

L' -24 - 
\. .a. -23 ...-'. 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  -22 

during period Aug. 9-24, 1975 

10 12 14 I6 18 20 22 24 - 



Figure 8a. D a i l y  averaged  v e c t o r s  o f  wind stress squa red  
(Cape Ha t t e r a s )  and c u r r e n t s  d u r i n g  s p e c i f i c  
e v e n t s  o f  wind. ( a )  42-day a v e r a g e  . c u r r e n t s  
( o n l y ) ;  ( b )  NE wind s t r e s s ,  12 Aug. ; ( c )  NE wind 
s t ress ,  14 Aug.; ( d )  SW wind s t r e s s ,  19 Aug.; 
( e )  NE wind s t r e s s ,  12 Sep t .  ; ( f )  SW wind s t r e s s ,  
14 S e p t .  Wind s t r e s s  v e c t o r s  a r e  d e p i c t e d  no r th -  
wes t  o f  t h e  s h o r e l i n e  i n  each  i l l u s t r a t i o n  excep t  
the f i r s t .  I n  ( a ) ,  multiply v e c t o r . l . e n g t h s  by 
0.05 f o r  t r u e  speeds .  Dot ted  a r rows  r e p r e s e n t  
c u r r e n t s  a t  10 m e t e r s  d e p t h ;  s o l i d  a r rows  r e p r e -  
s e n t  c u r r e n t s  a t  25 m e t e r s  d e p t h .  



p r e v a i l i n g  northeastward wind s t r e s s  during t h e  summer season i n  

a convent ional  Ekman b a r o t r o p i c  geos t rophic  sense.  Onslow Bay 

responds t o  d i s c r e t e  wind events  from t h e  SW ( p r e v a i l i n g )  and t h e  

NE ( a f t e r  f r o n t a l  passages ) .  Blanton and P i e t r a f e s a  s e l e c t e d  

f i v e  days of  t h e  42-day record  t o  demonstrate t h i s  response 

(F ig .  8 a ) .  Three i l l u s t r a t i o n s  cover northeastward wind s t r e s s  

whose d a i l y  average v a r i e d  from l e s s  than 1 dyne/cm2 t o  almost 

3 dynes/cm2. Under t h e s e  cond i t ions ,  only t h e  su r face  flow i n  

t h e  n o r t h e a s t  inc reases .  with i n c r e a s i n g  wind s t r e s s .  The onshore 

f low i n  t h e  SW averaged 10-15 cm/sec during t h e  day under the,  t h r e e  

d i f f e r e n t  s t r e s s  magnitudes. Two o t h e r  i l l u s t r a t i o n s  cover 

ep isodes  of southwestward wind s t r e s s .  The f i r s t  d a i l y  average 
2 s t r e s s  was about 1 dyne/cm2; t h e  second w a s  almost 3 dynes/cm . 

Bottom flow tended t o  fol low t h e  t r e n d  of t h e  i soba ths .  It was 

not  c l e a r l y  p r o p o r t i o n a l  t o  t h e  wind's s t r e n g t h .  Nei ther  was t h e  

surface flow. 

Hydrographic d a t a  obta ined  a t  t h e  t ime t h e  two moorings were 

s e t  showed Onslow Bay t o  be h ighly  s t r a t i f i e d  i n  t h e  v e r t i c a l  with 

a w e l l  mixed s u r f a c e  l a y e r  of  about 27.5'1: a.nd s a l i n i t e s  l e s s  than 

35.5'/00 over a w e l l  mixed bottom l a y e r  whose temperature ranged 

from 2 5 . 5 ' ~  l e s s  than  20  km o f f s h o r e  t o  l e s s  than  ~ 2 . 5 ~ ~  near  t h e  

s h e l f  break. S a l i n i t i e s  were everywhere g r e a t e r  than  36'/00 i n  

t h e  lower l a y e r .  The bottom meters were-wi th in  t h i s  bottom l a y e r .  

Temperature and s a l i n i t y  (Atkinson, e t . a l . ,  1976) confirm t h a t  t h e  

onshore/offshore flow cyc les  i n  t h i s  bottom l a y e r  t r a n s p o r t e d  water 

of  Gulf Stream o r i g i n .  



Onslow Bay seems to respond in a discrete manner to different 

directions of the alongshelf wind stress. Northeastward stress 

induces offshore flow near the surface almost 45' to the right of 

the wind. This is really no support of Ekman drift since the 

Cape Lookout Shoals in the NE corner undoubtedly deflect, i.e. 

steer the flow to some degree. The occasional insensitivity of 

the bottom flow to wind stress magnitude implies another driving 

source which we will discuss below. Southwestward wind stress 

reverses the sense of the near surface flow and bottom flow is 

more clearly aligned with the isobaths. There was strong onshore 

bottom flow observed in the SW between 10-18 August (Fig. 8 ) .  

The along shelf component was very small. Bottom topography in 

this region is quite complex, and it is entirely possible that this 

. strong onshore component is following the local topography. 

Nevertheless, water is clearly being carried toward the inner 

portion of the embayment. Three points can be stressed here. 

First, strong bot.tom flow began at least two days before strong 

northeastward winds. Secondly, the maximum current speeds occurred 

2 to 3 days before the strongest winds, Thirdly, the currents 

diminished and reversed while the winds still blew hard toward the 

northeast. In fact, the strongest observed winds occurred on 18 

August. The effect of this strong onshore flow in the SW can be 

seen in the temperature data at 11 meterg depth in the NE. The 

temperature at this point was approximately 26'~ for the entire 

42 day record except between 14 and 16 August (Fig. 8). At this 

time, the temperature dropped on 14 August to 22'~. The low 



temperature occurred  s imultaneously with t h e  s t r o n g e s t  bottom flow 

i n  t h e  SW which had been a c t i n g  f o r  t h e  previous 3 days a t  only 

s l i g h t l y  l e s s e r  speed. These f a c t s  suggest t h a t  t h e  dramatic 

onshore /of fshore  event  was t r i g g e r e d  by a  l a rge - sca le  d i s tu rbance ,  

probably o r i g i n a t i n g  i n  t h e  Gulf Stream and enhanced by t h e  up- 

w e l l i n g  favorab le ,  subsequent winds. The onshore flow c a r r i e d  

r e l a t i v e l y  co ld  temperature water of' Gulf Stream o r i g i n  (Atkinson, 

e t . a l . ,  1976) t o  t h e  i n n e r  p o r t i o n s  of t h e  embayment where v e r t i c a l  

mixing i n  t h e  shal low water cooled t h e  e n t i r e  water column t o  

around 22 '~ .  This  water  was re tu rned  o f f s h o r e  i n  t h e  upper 

p o r t i o n s  of t h e  water  column where i t  passed by t h e  NE mooring on 

1 4  August. 

The o t h e r  seven cyc les  i n  t h e  42-day record  had much l e s s  

e f f e c t  on t h e  i n n e r  p o r t i o n s  of  Onslow Bay because they  were not  

a s  s t r o n g  nor d i d  they  p e r s i s t  a s  long. Nevertheless ,  t h e s e  cyc les  

r e p r e s e n t  processes  t h a t  remove o r  f l u s h  water from t h e  embayment. 

Our d a t a  seem t o  i n d i c a t e  t h a t  such cycles  occur about once every 

5 days. 

The Cape Fear  i .e .  Fry ing  Pan, and Cape Lookout shoa l s  bounding 

t h e  southern  and nor the rn  p a r t s  r e s p e c t i v e l y  of Onsfow Bay appear 

t o  e x e r t  a degree of' topographic c o n t r o l  on t h e  c i r c u l a t i o n .  The 

response of Onslow Bay t o  onshore flow events  i n d i c a t e  t h a t  water 

t ends  t o  c r o s s  t h e  embayment predominantly i n  t h e  southern  por t ion .  

We assumed t h e r e f o r e ,  t h a t  t h e  orishoPe flow occurs  over one-half the 

along s h e l f  l e n g t h  o r  L - 50 km. The average th ickness  of t h i s  

flow was es t imated  from ex tens ive  hydrographic d a t a  taken  over 



t s e v e r a l  years .  The sharp thermocline t h a t  s e p a r a t e s  t h e  s u r f a c e  

s h e l f  water from t h e  more s a l i n e  and co lde r  bottom water (Blanton, 

1971) averages roughly 1 0  meters of f  of t h e  bottom (Atkinson, e t .a l . ,  

1976; P i e t r a f e s a ,  1978).  Thus t h e  onshore flow i s  t y p i c a l l y  about 

1 0  meters t h i c k .  Average onshore speeds a r e  about 7  t o  1 0  cm/sec 

a t  t h e  SW mooring which las t  on t h e  average of about 3  days.  

Using t h e  above va lues ,  we c a l c u l a t e  t h e  volume f l u x  of onshore 

flow a c r o s s  a h a l f  l e n g t h  of t h e  embayment t o  be about 1.3 x 1 0  1 6  

cm3 over  a  3-day dura t ion .  The embayment ' s  t o t a l  volume ( 1 0 0  km x 

50 k n  x 30 m )  i s  about 1.5 x 1 0 1 7  cm3. Thus 1 2  onshore events  

a r e  r equ i red  t o  remove t h e  t o t a l  volume of Onslow Bay. I f  t h e s e  

events  occur each 5 days, a  replacement r a t e  = 1 2  events  x 5  day/ 

events  = 60 days. Thus about 2 months a r e  r equ i red  t o  f l u s h  

Onslow Bay by t h e s e  onshore flow cyc les .  

This f l u s h i n g  r a t e  of 2 months can be compared wi th  o t h e r  

ca lcuLat ions  f o r  t h e  s h e l f  south  of  Cape Ha t t e ras .  Atkinson, 

Blanton and.Haines (1977) c a l c u l a t e d  an o v e r a l l  f l u s h i n g  r a t e  of  

2.7 months based on t h e  f reshwater  d i s t r i b u t i o n  and i n p u t  t o  t h e  

Georgia Bight a rea .  I n  t h a t  paper ,  i t  w a s  shown t h a t  t h i s  r a t e  w a s  

remarkedly cons tant  from season t o  season, and a Gulf Stream e n t r a i n -  

ment model w a s  proposed t o  account f o r  t h e  r a t e  a t  which f reshwater  

could be removed from t h e  Cont inenta l  She l f .  Using t y p i c a l  f r e sh -  

water f i lament  dimensions and s a l i n i t i e s ' o b s e r v e d  by s a t e l l i t e  and 

hydrographic c r u i s e s  and assuming t h a t  t h e  s t ream e n t r a i n s  one of 

t h e s e  f i l ament s  each f i v e  days,  i t  i s  specu la ted  t h a t  about 2 t o  

3 months are requ i red  t o  remove t h e  f reshwater  observed on t h e  

Cont inenta l  s h e l f  i n  t h e  South A t l a n t i c  Bight.  
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The volume of the subsurface intrusions typically observed 

in the summer in Onslow Bay was calculated by Atkinson and 

Pietrafesa (1978) in the following way. Each oceadhydrogra- 

2 phic station was assumed to represent a 10 x 20 km (2001an ) area 

(cf. Figure 9). The product of the layer thickness at a station, 

which is determined by examination of the vertical profiles, times 

2 20Ukm yields the volume of intruded water in that region. Summing 
I 

the regional volumes then gives the total intrusion volume. The 

difficulty with this approach is in the differention on between 

intruded water and resident Onslow Bay water which may be old 

Gulf Stream water. Tables 2, 3 indicate the pertinent cruises, 

dates, stations, depths, volumes, cumulative sums and Bay volume 

percentages. 

Observations in Onslow Bay in September 3-13? 1975 identified 

one subsurface water mass (Figures 10,11,12) with minimum temper- 

atures of 25.OC, The stranded intrusion was located 2.11 (;he lrlr~er* 

part of the Bay and current meter and hydrographic evidence in- 

dicates it was draining from the Bay east of Cape Lookout. The 

results of the last hydrographic grid (11-12-13 September 1975) 

indicated that at that time the water mass was either thoroughly 

mixed into the water column or advected from the Bay. The volume 

was determined from the 8-9-10 September data. The bounding isotherm 

was 27.5C and the area is cross-hatched in Figures 10 and 11. 

This observation is an attempt at estimation of an intrusion volume. 

3 The calculated volume of 4 7 h  represents 11% of the Bay volume. 

Considering that the intrusion was situated in the inner Bay, 

represents more khan 20% on the inner Bay volume. 
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T a b l e  2 Onshore / o f f s h o r e  .I 
C r u i s e  Dates  # S t a t i o n s  

OBIS I ' 6-7 August 1975 14 

- O B I S 1 1  September 1975 

OBIS 111 13-14 October  1975 18 

OBIS I V  8-11 December 1975 12 

OBIS V . 14 July-18 Aug. 1976 100 

OD5 C~muisc 14 -18 J u l y  1376 
\ 

5 3  
Leg 

OB 7 28  ~ u ' l ~ - 6 ~ u ~ s t  19.76 44 

O B 8 .  ' . 14-16 August 1976 42 

#See t i o n s  

OB9 18 August 
T o t a l s  

4 O(one Along- 4 

333- - s h o r e )  60 z3 

T a b l e  3 

Depth Range (m) 

Hypsometric d a t a  f o r  Onslow Bay, North C a r o l i n a  
3 Volume (km ) Cumula i v e  Sum %of Bay volume 5 (km ) 
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Figure 1 0  Onslow Bay surface temperatures September 3-13, 1975 



Figure ll Gnslow Bay bottom temperatures September 3-13, 1975 , 



~ ~ ~ p c r o f u r t  * C  
Hydro Grid 11 . 
8-10/=/75 

Figure 12 Onslow Bay ver t ica l  distr ibution of temperature September 3-13, 1975 



and August-1976. During the period surface temperatures (Figure 1 3 )  

gradually warmed from 26 to 27C with lower temperatures near Frying 

Pan Shoals and-nearshore Bnd higher temperatures in the Gulf Stream. 

Bottom temperatures (Figure 14) indicate that the Bay was repeated- 

ly invaded by deeper, cold Gulf Stream waters wlth temperatures 

as Low 8s 21.5C, The variation in rlear bottom temperatures 

indicates that various water masses were invading the Bay ratb.ex 

Lhan the remote possibility that one intrusion maintains its integ- 

rity and migrates spatially, to and fro in time. 

Observations made in Onslow Bay during 14-15, July, 1976 in- 

dicated the presence of a large subsurface mass of colder water. 

There is a question concerning its temporal origin, if not its 

spatial characteristics. The intrusion was cut off (stranded) 

from the stream in the northern area (Figlire 14,15,otatFo11s 0 a~ltl 1.09). 

3 The calculated volume, nQ this intruafan, uf 131 Icm represents 

36% of the Bay volume. 

The 21-23, July, 1976 grid included an observation of a water 

mass of 23-24'~ stranded in the Bag. This w a t ~ r  mass oould be 

either the same water observed the 14-15'July or a new one, The 

calcuLated vo11-m~ of 06 1an3 represerlts 20% of' the Bay volume. 

The 4-6, August observations identified a new subsurface water mass 

in the Bay with minimum temperatures of 21.5'~ compared to the 

previous lows of 23'~. The intrusion was stranded in the Bay, by a 

mass of 23-24'~ water at the shelf break (Figures 14,162. The 

calculated volume of 46 km' represents 11% of the Bay volume. 

40 



Figure 13 Onslow Bay surface temperatures in July and August, 19'75 
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Figure 1 4  Ollslow Bay bottom temperatures in Ju ly  A d  August, 1975 
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Figure 15 Orislow Bay vertical distributian of temperature July 14-15, 1975 
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Figure 16 Onslow B y  vertical distribution of temperature August 4-6, 1975 
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Subsurface i n t r u s i o n s ,  which a r e  r e spons ib le  f o r  t h e  

appearance of co ld ,  dense, Gulf Stream der ived  waters  t y p i c a l l y  

i n  t h e  bottom l a y e r  a t  t h e  southern  e x t e n t  of Onslow Bay, i n  

e f f e c t  t r a n s p o r t  v e r t i c a l  physical/dynamical s t a b i l i t y  t o  .the 

water  column. This  s t a b i l i t y  can be measured by an i n c r e a s e  i n  t h e  

v e r t i c a l  g rad ien t  of d e n s i t y ,  whereby a p o r t i o n  of t h e  energy 

being e x t e r n a l l y  inputed  t o  t h e  system i s  used t o  i n c r e a s e  t h e  

p o t e n t i a l  energy, thereby reducing t h e  r e l a t i v e  l e v e l  of turbu- 

l e n t ,  mixing i n t e n s i t y .  It i s  our  b e l i e f ,  he re in ,  t h a t  t h i s  in-  

c reased  s t a b i l i t y  i s  of e s s e n t i a l  importance from e i t h e r  a 

b i o l o g i c a l  or .chemica1 viewpoint.  

The ques t ions  a t  t h i s  po in t  seems t o  involve  those  of a 

b a s i c  na tu re ,  i . e . :  what genera tes  t h e s e  f r o n t a l ,  eddy events  

and dur ing  t h e i r  ex i s t ence ,  what a r e  t h e  phys ica l ,  dynamical and 

u l t i m a t e l y ,  b i o l o g i c a l ,  chemical and geo log ica l  consequences of 

t h e i r  appearance and p e r s i s t e n c e .  

Poss ib le  Downstream E f f e c t s  of t h e  Charleston Bump 

A significant f e a t u r e  wi th in  t h e  s u r f a c e  thermal  (Very High 

Resolut ion Radiometer, VHRR) s a t e l l i t e  imagery being c o l l e c t e d  and 

processed by NOAA/NESS i s  t h e  quasi-permanent northward t o  e a s t -  

ward t o  northward l a r g e  s c a l e  meander of t h e  r e l a t i v e l y  w a r m  Gulf 

Stream water  away from t h e  coas t  between Savannah, Ga. t w  

Charleston,  S. C.  t o  Cape Fear ,  N. C .  This  f e a t u r e  has become 

known as t h e  "Charleston Bumpw (probably Legeckis, 1975) and 

seems t o  be ev iden t ,  i n  varying degrees,  dur ing  a l l  of t h e  seasons.  



It is this permanancy or persistence of the feature, which ,is 

both surface and subsurface in nature which led DOE in;estigators 

Pietrafesa (NCSU) and Atkinson A SKI^) to speculate that the 

feature was topographically, orographically induced, since topo- 

graphic variations occur within the isobaths along the continental 

slope and are suggestive of a topographically' generated wave or 

series of waves, called Topographic Rossby Waves which "stand" 
L 

downstream of the "Bump" to Cape Hatteras. 

Pietrafesa and a colleague at NCSU (Dr. G.S. J g ~ o w l t z )  have 

computed the characteristics of a downstream standing Topographic 
. . 

Rossby wave (TRW). generated by a bump sitting on a continental 

slope below a barotropic jet on a &plane. The theory involved 

in the solutions as well as the characteristic values used are 

presented in the following development. The basic questions being 

addressed are: could the topographic feature shown in Figure 17 

induce a "lee-wave" or downstream standing TRW; if so, then do 

tliesr waves, which would vary as the mean current varies, bear 

a re1ations.hl.p to the quasi-permanent meander in the Gulf Stream 

offshore of South Carolina; Af so, then is thc 311.rface tliacn~al 

imagery, as well as the subsurface hydrography downstream of the 

"Bump" a resultant feature of these TRW1s; if so, then are the 

eddy events observed in the NOAA/NESS, VHRR imagery and Pietrafesals 

hydrographic and moored current, temperature and conductivity 

sensors a resultant of TRW1s preoenting a mechanism wherein the 

baroclinic jet, i.e. the Gulf Stream, undergoes a baroclinic 

instability which grown in time and space, goes unstable and spins 





. . 

off an eddy, shhgle, sausage feature to relieve itself of the 

instability. The mean current fluctuates in time and as a result, 

even a simple barotropic model would result in a superposition 

of standing "lee" waves, which differ in wave characteristics 

from one the other as a function of temporal fluctuations in the 

mean current. 

A simple model of a barotropic (density equal to'a constant, 

for this initial case) model of the characterization a.T a JeL 

flowing over a bump is now formulated. Consider the following 

system of equations and boundary conditions: 

9 in zonal direction, 

in meridional direction, 

Px = - P0g 9 in vertical, 

where po , fo denote constant density and constant Coriolis 

parmeter, 

and ,with boundary conditions, 

h A 

v + Ui , as x + - (the offshore oonstraint), 

. . 
w w . 0  , at z ' = H  (the rigid lid), 

w = - Dh , at z = h (x,y) (the kinematic condition), 
Dt 

v = o  at y = L  (the lateral boundary on the 
western side), 

r* 

and h = By + h (x,y) 
h 

where 9 = a constant slope (%lo-*) and where h denotes attbump". 



h The vorticity equation derived from this system is 

where P' = P + p o g z  

and 2 a = f,B/UH . 
The solution of this equation can now be written as 

cos K(y-y,)dK) 

2 1/2 where T = (IK -11) 

The flow field results of several test cases are depicted in 

Figure 18 for the topography, including an idealized, pie-shaped 

bump sitting atop a linearly sloped continental slope, as depicted 

in Figure 19 . The flow field suggests a topographically induced 

meander, just downstream of the Bump, where the meander is in reality 

part of a damped Rossby Wave which decays in amplitude in the 

downstream direction like r-I so that the upstream effects are of 

lesser importance. The wavelength of the standing Rossby Wave is 
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approximately 200 and 160 kilometers for the two different cases 

depicted, and the maximum offshore deflection of the jet due to the 

Bump is shown to be approximately 50 and 75 kilometers for the 2 

cases presented. The 2 cases separately assume a mean current 

of 150 cm/sec and 100 cm/sec or 75 Sverdrups and 50 Sverdrups of 

transport, separately. In general, the wavelength of the Topographic 

Rossby Wave generated downstream increases as u1l2 , -the amplitude 

as u-~'~ and the deflection 0 3  U-I . It is of note also that the 

B- e'ffect would cause the wavelength to change like 8-1 , in the 
downstream direction. The model'figures are compared to several 

NOAA/NESS VHRR products (complement k of Dr. R. Legeckis , NOAA/NESS). 
in Figures 20 and 21 . 

Presumably, one could proceed by incorporating density 

structure, the B- effect, more general topography, vertical and 

horizontal velocity shear and temporal variabi1ity.thereof. The 

model would necessarily have to be solved numerically. The point 

remains though that the essentials of the fact of the Gulf Stream 

deflection east of Charleston and of the appearance of wave forms 

downstream of this deflection are in the model presented herein. 

The implications of an oscillating baroclinic jet, especially in the 

region of the frontal zone remains an intriging problem. These 

implications may include the evolution and formation of the shingle- 

eddy events through a baroclinic instability process. 

The Gulf Stream could then be controlled by mean potential 

vorticity variations which not only have their origins in total 

water depth columns shrinking and stretching but also in mean along 

current variations in the cross-stream directions and mean cross 
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current variations in the downstream direction. An example which 

partially characterizes the topographic wave induction process is 

given by the following balance of 

l(f + <)hxl VS. lh~l , where < = V,-Uy : now, 

if Left Hand Side >> Right Hand Side, then waves are possible 

and this inequality is certainly true in our area of interest. 

The following scenario is presented as an explaination of 

the meandering and eddy shedding processes which the Gulf Stream 

undergoes: South of the Charleston Bump, between approximately 

the Florida Straits and Savannah, Ga., the Stream may meander due 

to some process and eddies may form due to some instability process, 

perhaps related to an off-shore wind tweaking the Gulf Stream 

Front (GSF) which then differentially decelerates' and accelerates 

the Gulf Stream. The Gulf Stream then flows towards the Charleston, 

S.C. latitude, encounters a topographic constraint and as a function 

of its mean speed at the time, is deflected offshore as the origin 

site of a topographically generated, standing Rossby Wave appearing 

downstream of the Bump. The Gulf Stream assumes this wave like 

form, downstream of the Charleston Bump. The wave like form can ' 

change in amplitude and wavelength as a function of the vertical - 

velocity variability of the Stream upstream of the Bump, of the 

position of the Stream before it encounters the Bump, of the 

variability of horizontal and vertical shears within the Stream, 

of baroclinic structure within the Stream and as a function of where 

the crests and troughs of this standing wave are located in relation 



to the continental 

the flow. The GSF 

margin topographic variations which may resteer 

may occasionally go unstable'through some baro- 

clinic instabi1i.t~ process, perhaps induced by wind tweaking or 

by sorne.other mechanism, which may be investigated by considering 

the works of Pedlosky (1971) and Orlanski (1969). This instability, 

most likely baroclinic in nature because of the fact that the 

shingles generally orient themselves to the southwest-as they 
I 

erupt out of the Stream, can occur as a growing perturbation on the 

order of several days to nearly several weeks in frequency, grow 

and orient themselves west to south west, become sheared off from 

the Gulf Stream, finally detach and dissipate on the shelf or 

become reentrained in the Stream. 

Topographic lee waves would be characterized by app,earing to 

be stationary, but they presumably could propagate due to along- 

shore variations in the cross-slope bottom topography, of which 

there are a considerable number in the region of the Carolina 

Capes, aloo duc to thc tcmporal variability of the mean flow, i . e .  

the importance of Ut in the momentum balance and also that the 

steady barotropic wave may be inherently unstable and consequently 

undergo temporal variations related to a propagation in apace. 

Dr. R. Legeckis (NOAALNESS) has kindly supplied this author 

with a space-time history representation of the GSF. Thls cha~;autar-  

ization is shown in Figure 22 and seems'to indicate a downstream 

propagation of wavejshingle like features at rates the order of 

25-75 -/day. Such analyses may be of invaluable worth in aiding 

our understanding of the Gulf Stream influence on the continental 

shelf in the South Atlantic Bight. 



I &I 1' rbli: da - compliments of Dr. R. Legeckis) 



A time series of VHRR imagery of the Southeastern U. S. continental 

margin and ocean waters, extending f'rm 7-18 April, 1977 (suppued by 

D r .  R. Legeckis , NOAA/NESS) , as well as other spot imagery indicate waves 

of the order of 140-200 kilometers i n  length and with crest t o  trough 

amplitudes of 10 t o  75 kilometers propagating (10-75 Wday) downstream of, 

and seemingly ste.rrmhg f'rom, the Charleston E3mp. A seemingly permanent 

eastward meander of the Gulf Stream in the downstream vicinity of the Bump 

indicates a deflection of the order of 50-75 kilometers. 

It, d,.s o f  note herein that the Pietrafesa-Janowitz model results 

predict a deflection of 50-75 kilcxneters and downstream waves with lengths 

the order o f 1 6 0  to  200 lan. 

It is of additional note that temperature data obtained f'rm NODC 

(T.B. Curtin, personnal communication) indicate that there is  a deflection 

i n  the T data southeast of Charleston f ' rmthe  surface down t o  a t  least 50 

meters (eg. Flgures 2 3 - 2 4). These data f'urther suggest that this deflec- 

tion is  present the entire year but has its largest amplitude during the fal l  

(Figure 25  - C u r t l n ,  1978), probably reflecting the decrease in transport 

during this season (F'uglister, 1951; Iselin, 1940). Wnis T data is entirely 

consistent with the Pietraf esa-Janowitz !'Charleston1' bump model presented. 

Hydrographic surveys in the Carolina Capes region planned for Spring, 

Summer and Fall, 1978 -1 hope- result in  the quasisynoptic mapping of 

seveml nf these events, whereby we m y  he able t o  determine definitevely 

whether the eruptions are baroclinic instabil i t ies or not. The surveys w i l l  

be conducted when the ocean is visible t o  the VHRR so that we my inter- 

c q a r e  our ground truth t o  the VHRR imagery. March/April/May, are months 



Figure  2 3  South A t l a n t i c  Bight  average s u r f a c e  t empera tu re ,  
Jan.-March (NODC) 
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Figure  2'4 South A t l a n t i c  Bight average temperature a t  50m, 
Jan .  -Mar. ( NODC ) 



Figure 2 5  South A t l a n t i c  Bight average temperature a t  50m, - 0ct.-Dec. (FJODC) 

61 



when the ocean surface has been visible in the past, so that it is  planned 

t o  conduct the described hydro survey during a mooring retrieval-deployment 

cruise during March-May, 1978. 

This scenario of possibilities may well describe a series of mechanisms 

which lead to  a flushing of the shelf waters, in the Carolina Capes region, 

as well as a continual punping of the shelf with new, f'resh supplies of 

larvae and nutrients . 
So rests  the case for topographically generated downstream-of -the- 

"Bump1'-waves and subsequent -erupt ions. 
. , 



Hydrography of a  Gulf St'r'eam Spin-off . . Filament; . .  - 19-21 April, 1977 

A s  p revious ly  i n d i c a t e d  i n  t h i s  p a r t  of t h e  r e p o r t ,  t h e  

Gulf Stream occas iona l ly  sheds f i l ament s ,  a long i t ' s  western w a l l ,  

onto t h e  c o n t i n e n t a l  margin i n  t h e  South A t l a n t i c  Bight.  The 

a c t u a l  mechanism(s) which produce t h e s e  e rup t ions  i s  s t r i c t l y  

s p e c u l a t i v e  a t  t h i s  t ime,  but we a r e  beginning t o  g a i n  an apprec i -  

a t i o n  f o r  t h e  frequency and s i z e  of t h e s e  events  through s a t e l l i t e  

imagery, moored cur ren t  meter observat ions  and through f o r t u i t o u s  

hydrographic mapping of an event o r  events .  

During t h e  pe r iod  18-22 Apr i l ,  1977 a  c u r r e n t  meter r e t r i e v a l  

c r u i s e  w a s  conducted by NCSU i n  t h e  r eg ion  of t h e  Carol ina  Capes 

(under DOE funding) ,  A t  t h a t  t ime, a  hydrographic survey was 

conducted ( i n  t h e  hope t h a t  an e r u p t i o n  event would be p r e s e n t )  

a s  p a r t  o f  our normal r o u t i n e .  F o r t u i t o u s l y ,  we were a b l e  t o  map 

one of t h e s e  Stream shed events  us ing  our  hydro gea r ,  inc lud ing  a, 
, . 

Sippi.can XBT, a .  Guidl ine CTD, a Plessey STD and a Plessey  

T h e r m ~ ~ a l i n o g r a p h .  The event which we mapped, as shown i n  Figures 

26 - 49 w a s  a l s o  observed by t h e  Naval Oceanographic Of f i ce  i n  

i t s  Experimental Ocean F r o n t a l  Analysis  (EOFA) products  ( c f  . 
Figures  50 - 51); complements of M r .  R. P e r c h a l l  and by NOAA/NESS, 

i n  t h e  previous ly  d iscussed  t ime s e r i e s  (F igures  2 - 7 ) .  This 

l a t t e r  t ime s e r i e s  a l s o  inc ludes  an event south  of  t h e  Charleston 

Bump, which w a s  mapped by Atkinson (SKIO) and Lee (UM) as p a r t  of 

t h e  DOE work. 



From t h e  T,  S d a t a  one can s e e  t h a t  t h e  event was of a s i z e  

o f  t h e  o rde r  of  150 km x 50 lan i n  t h e  h o r i z o n t a l  and a t  l e a s t  200m 

i n  v e r t i c a l  e x t e n t .  A genera l  f e a t u r e  throughout t h e  a x i s ,  

c e n t e r  of  t h e  f i l ament  i s  a s a l t y ,  warm lense.  of water near  t h e  

s u r f a c e  and a doming up of isotherms from t h e  bottom up a s ' i s  

c l a s s i c a l  models of s t r a t i f i e d ,  cyc lonic ,  w a r m  

co re  eddies .  A po in t  h e r e i n  i s  t o  suggest  t h a t  t h e s e  even t s  a r e  

n o t  edd ies  i n  t h e  convent ional  sense;  they  a r e  b e s t  r e f e r r e d  t o  

as " sp in  off-events"  o r  "f i lament  e rupt ionsf i .  I n  any case ,  it 

i s  obvious t h a t  t h e s e  events  a r e  b i o l o g i c a l l y  important on t h e  

c o n t i n e n t a l  she,lf  i n  s o  f a r  as they  n o t o n l y  t r a n s p o r t  l a rve -  

laden ,  n u t r i e n t  r i c h  Gulf Stream waters  onto t h e  c o n t i n e n t a l  s h e l f ,  

but  t h e y  a l s o  pump t h e  n u t r i e n t s  and l a r v a e  up i n t o  t h e  upper 

p o r t i o n  of t h e  water  c o l m ,  t h e  "doming-up" e f f e c t  and t h e  

frequency of t h e i r  occurence i n s u r e s  t h e  b i u l u g l c a l  community 

o f  a  c o n t i n u a l  supply of  n u t r i e n t s .  The. Menhaden f i s h  may we l l  

be an end r e s u l t  o f  a food chain process  which begins wi th  t h e  
' 

onse t  of  a spin-off  event  and t h r i v e s  on reoccurences of t h e  same. 

Another consequence of t h e s e  events ,  i n  concer t  with t h e  

mechanical f o r c i n g  of t h e  wind, i s  t h a t  they  d i s p l a c e  r e s i d e n t  

s h e l f  waters ,  which a r e  o f t e n  e n t r a i n e d  i n t o  t h e  Gulf Stream on 

t h e  s o u t h e a s t e r l y  a i d e  o r  o f f s h o r e  edge of t h e  spin o f f  event. 

A s  d i scussed  e a r l i e r ,  t h i s  entrainment o f  s h e l f  waters  se rves  t o  

f l u s h  t h e  s h e l f  of mature, n u t r i e n t  dep le ted  r e s i d e n t  s h e l f  waters  

and r e p l a c e  t h e  void  wi th  Gulf Stream garden d e l i g h t s .  
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Continental Margin Atmospheric Climatology and Coastal Sea Level 

From t h e  many c o n t i n e n t a l  s h e l f  dynamics s t u d i e s  which 

have been made i n  t h e  p a s t  decade, i t  has become i n c r e a s i n g l y  

apparent  t h a t  a  d e t a i l e d  a n a l y s i s  of c o n t i n e n t a l  margin waters  

can only be accomplished wi th  an a p p r e c i a t i o n  of t h e  c o a s t a l  

meteorology. For tuna te ly ,  c o a s t a l  meteorologica l  and, i n  addi- 

t i o n ,  c o a s t a l  sea  l e v e l  d a t a  have been archived  and t h u s  provide 

c o a s t a l  oceanographers with inexpensive,  p r i c e l e s s  and com- 

pl imentary d a t a  s e t s .  P a s t  c o a s t a l  s e a  l e v e l  s t u d i e s  have 

demonstrated t h a t  t h e s e  d a t a  con ta in  not only t i d a l  d a t a  but 

a l s o  s u b - i n e r t i a l  frequency informat ion  which measurably d e t a i l s  

s h e l f  response t o  a tmospher ic . fo rc ing .  Addi t ional ly ,  a p a r t i c u l a r  

reg ion ,  such as t h e  South A t l a n t i c  Bight ,  can be charac . te r ized  

by t h e  s t a t i s t i c s  of  t h e  temporal s p e c t r a  of both d a t a  s e t s  a s  

we l l  by t h e  alongshore coherences which may e x i s t  between s t a -  

t i o n s .  I n  t h i s  s tudy,  atmospheric wind and p ressu re  have been 

examined and c o r r e l a t e d  wi th  c o a s t a l  sea  l e v e l  changes a t  va r ious  

c o a s t a l  s t a t i o n s  along t h e  South A t l a n t i c  Bight (Tables  '4 and 5 ). 

The atmospheric c l ima te  over ly ing  t h e  South A t l a n t i c  Bight 

i s  determined by both p o l a r  and t r o p i c a l  marine a i r  masses, 

r e s u l t i n g  i n  a "temperate r a i n y n  c l ima te  with mild win te r s ,  long 

hot summers, and adequate moisture  i n  a l l  seasons,  according t o  

Koppen ( s e e  P e t t e r s e n ,  1969).  The north-south s u r f a c e  tempera- 

t u r e  g r a d i e n t  over t h e  e a s t e r n  U.S. reaches a  seasona l  maximum 

i n  l a t e  win te r  of approximately 1 . 5 ' ~  pe r  degree l a t i t u d e ,  which 

i s  about f o u r  t imes t h e  summer g rad ien t .  The p o l a r  f r o n t ,  t h e  



Table 4 

Stat  ion 

~ e ' t  eorological .St at ions 

Latitude 

Cape Hatteras, N.C. 35'16'N 75"33'W 

Wilmington, N.C. 34"1b1N 77" 57'w 

Charleston, S.C. 

Savannah, Ga. 

Table 5 

Sea k v e l  Stations 

Sta t  ion 

Beaufort, N.C. 

Beauf'ort In le t ,  N.C. 

Wilmington, N.C. 

Frying Pan Shoals, N.C. 

Charleston, S.C. 

Latitude hngitucle 



actual zone of maximum temperature contrast'which separates the 

t colder continental air from the warmer, more moist tropical air, 

both intensifies and shifts southward in the winter to near Cape 

Hatteras, resulting in a region of intense cyclogenesis stretch- 

ing along the eastern U.S. seaboard from Florida towards northern 

Europe. Most of the intense extratropical lows develop over the 

southeast U.S. but show their greatest growth as the storms move 

offshore over the warmer ocean, especially in the neighborhood 

of the Gulf Stream. The mean speed of these synoptic-scale 

cyclones is 5-7 m/,sec (10-15 kts), with less than 20% of the 

storms moving at speeds greater than 12.5 m/sec (25 kts) (NOAA, 
. . 

1970 

These wintertime extratropical cyclones (and to a lesser 

extent the accompanying anticyclones) can affect the'coastal 

oceanic circulation in a number of.direct and indirect ways. 

The surface pressure and wind stress patterns for a mature low 

can be coherent .over 600 kms. ,  can persist For 3 to 4 days, and 

' . can directly drive a large-scale coastal current. Intense lows 

are frequently accompanied by trailing outbreaks of very cold 

polar air, causing sharp cold fronts which move southeastward 

over the southeastern states; and they can bring freezing weather 

and strong winds as far south as Florida. Smaller scale waves 

can develop along the polar front near the southeastern coast 

which exhibit highly variable stress and precipitation patterns 

on the subsynoptic (10-100 km) scale (Bosart, Vando, and Helsdon, 

1972; Bosart, 1973). Bosart and Cussen (1973) have found surface 

pressure Gluctuatfons of 4-5 mb amplitude along the coast 



and have a t t r i b u t e d  t h e s e  p e r t u r b a t i o n s  t o  atmospheric g r a v i t y  

wave genera t ion  by accompanying f ron togenes i s .  Perhaps t h e  most. 

i n t e n s e  atmospheric p r e s s u r e  and su r face  wind s t r e s s  p a t t e r n s  a r e  

a s s o c i a t e d  wi th  t h e  l a rge - sca le  t r o p i c a l  storms a n d . h u r r i c a n e s  

which develop p r i m a r i l y  i n  August-October and occas ional ly  

migra te  a long t h e  Southeast  c o a s t ,  v i s i t i n g  t h e  Carol ina coas t  

wi th  a frequency of about one severe  storm every two yea r s  

(U.S. Navy, 1970).  The meteorologica l  f o r c i n g  uri t h e  Carol ina 

Shel f  i s  t h u s  dominated i n  win te r  by t r a n s i e n t  e x t r a t r o p i c a l  

storms wi th  cons ide rab le  varia.h!li.ty i n  s t r e n g t h ,  s t ~ u o t u r e ,  

and p e r s i s t e n c e - o f  t h e  important meteorol,ogical f i e l d s .  The 

predominant winds a r e ,  nor thwester ly  t o  n o r t h e a s t e r l y ,  wi th  some . 

30% of  t h e  observed speeds r epor ted  t o  NOAA (1970) exceeding 

8 d s e c  (16 k t s ) .  

The summer m e t e o r o ~ o g i c a l  regime along t h e  Carol ina coas t  

i s  c o n t r o l l e d  by a  s t r o n g  weakening of t h e  p o l a r  f r o n t  and an 

i n t e n s i f i c a t i o n  off the Azores-RermuAa high. The reg ion  of most 

i n t e n s e  cyclogenes is  has  s h i f t e d  n o r t h  of Cape Ha t t e ras  and 

whi le  some a c t i v e  f ron togenes i s  and cyclogenes is  cont inues  

over  t h e  Sdutheast .  U.S. s h e l f ,  t h e  atmospheric variabilXty t h e r e  . 
. . .  

i s  decreased i n  summer. The predominant winds are l i g h t e r  and 

s o u t h e r l y  t o  southwester ly.  Some 60% of t h e  NOAA-collected 

s u r f a c e  obse rva t ions  (NOAA, 1970) i n d i c a t e  wind speeds of l e s s  

t h a n  5 m/sec (10  k t s ) ,  while  15% i n d i c a t e  wind speeds g r e a t e r  

t h a n  8 d s e c  (16 k t s ) .  The s tandard  d e v i a t l u n  of t h e  s u r f a c e  

p r e s s u r e  shows both  a s t rong  seasona l  f l u c t u a t i o n  and a s teady 



decrease  with decreas ing  l a t i t u d e  south  of Cape Ha t t e ras  (U.S. 

Navy, 1970).  The s tandard  d e v i a t i o n  of t h e  s u r f a c e  p r e s s u r e  

a t  Charleston,  S.C., i s  about one-half i t s  mean win te r  va lue  of 

7  mb. Ward (1925) and h i s  more recen t  co-workers suggest  t h a t  

a  t r a n s i t i o n  from a  nor thern  cyclonic-cont ro l led  c l ima te  t o  a  

more Gulf- l ike c l ima te  wi th  h igher  temperatures  and l e s s  

dramatic  weather occurs  along t h e  3outhea.st s h e l f  nea r  t h e  

l a t i t u d e  of Charleston.  

On l o c a l i z e d  s c a l e s ;  an apprec iab le  d i u r n a l  sea / land  

breeze,  as we l l  a s  an apparent  semi-diurnal harmonic t h e r e o f ,  

a r e  i n  evid6ence a long t h e  North Carol ina coas t  ( P i e t r a f e s a ,  e t .  

a l . ,  1977).  

The r e c e n t  work of Saunders (1977) sugges ts  t h a t  t h e r e  i s  

a  g r e a t  d e a l  of o f f s h o r e  as we l l  as alongshore s t r u c t u r e  t o  t h e  

mean wind f i e l d s  which g ives  r i s e  t o  t h e  need f o r  meteorologica l  

buoys which would allow f o r . a n  assessment of t h e  c u r l  and d iver -  

gence of  t h e  wind f i e l d  as we l l  as a  mass and hea t  a i r / s e a  

i n t e r a c t i o n  eva lua t ion .  Saunders a l s o  p o i n t s  o.ut an .off  shore  

wind s t r e s s  maximum which occurs  dur ing  e a r l y  f a l l ;  he f i n d s  no 

apparent  reason f o r  t h i s  but i t  seems l i k e l y  t h a t  t h e  a i r - sea  

temperature g r a d i e n t s  may be l a r g e s t  dur ing  t h i s  t ime of  t h e  year ,  

thereby i n c r e a s i n g  t h e  drag  c o e f f i c i e n t  and subsequent ly t h e  

r c l a t i v e  s t r e s s  f i e l d .  

Another line of  in .ves t iga t ion  has pursued t h e  i n f l u e n c e  of 

meteorologica l  f o r c i n g ,  a l b e i t  i n  a l e s s  sys temat ic  manner. I n  

t h e  summer season, near  c o a s t a l  winds wi th  northward (a longshore)  

components a r e  common and o f t e n  p e r s i s t e n t .  Green ( 1 9 4 4 )  and 

Taylor and Steward (1959) r e p o r t e d  evidence Par summer c o a s t a l  



. . 

upwell ing of n o r t h e a s t  North Carol ina.  Bumpus (1973) then  

i n f e r r e d  t h a t  wind-driven upwelling probably occurred through- 

out  t h e  South A t l a n t i c  Bight i n  t h e  summer season. Wunsch, 

. Hansen, and Z e t l e r  (1969) examined many yea r s  of s e a  l e v e l  and 

meteoro log ica l  d a t a  from t h e  F l o r i d a  S t r a i t s  reg ion;  they  found 

no evidence f o r  a s i g n i f i c a n t ,  sys temat ic  meteorologica l  in f luence  

on t h e  F l o r i d a  Current .  

The responac of c o a s t a l  s u r f a c e  e l e v a t i o n  t o  c o n t i n e n t a l  

atmospheric f o r c i n g  has been examined, by a  number of i n v e s t i -  

g a t o r s .  M i l l e r  (1957 and 1958) s t u d i e d  t h e  New England and 

New J e r s e y  c o a s t s ;  Hamon (1962, 1963, 1966) s t u d i e d  t h e  Austra- 

l ian c o a s t s ;  Panshin (1967),  Mooers and Smith (1968),  P i e t r a f e s a  

(1970.1, Cutchin and Smith (19731, Smith (1974),  Kundu, Allen and 

Smith (1975) and Huyer, Hickey, Smith, Smith and P i l l s b u r y  (1975) 

have s e p a r a t e l y  and i n  p a r t  i n v e s t i g a t e d  t h e  e f f e c t s  of atmos- 

p h e r i c  f o r c i n g  on s e a  l e v e l  a long t h e  P a c i f i c  Northwest coas t ;  

Mysak and Hamon (1969) p a r t i a l l y  st.l.ld.ied t h e  North Carol ina 

coas t ; .Cragg  and S tu rges  (1974.) d i d  an i n  depth s tudy of t h e  

West F l o r i d a  s h e l f  while  Brooks and Mooers (1977) considered 

s e a  l e v e l  response  a long t h e  E a s t , F l o r i d a  s h e l f .  

Sea s u r f a c e  e l e v a t i o n s  a long c o a s t l i n e s  are r e l a t e d  t o  both 

alongshore and t r a n s h o r e  winds. Simple Elanan theory  (Ekman, 

1905) and subsequent s t u d i e s  of both set-up and set-down (Hidaka, 

1953; Weland.er, 1957) and s h e l f  wave genera t ion  (Hamon, 1962, 

1963, 1966; Mysak and Ilamon, 1967; Cutchln and Smith, 1973; Huyer, 

e t .  a l . ,  1975),;have supported t h e  evidence f o r  s u b i n e r t i a l  

frequency c o r r e l a t i o n s  between atmospheric f o r c i n g  and s e a  l e v e l  

s igna tu re .  



This review presen t s  c r o s s  analyses  of s u r f a c e  wind and 

atmospheric p ressu re  which a r e  then  shown t o  provide t h e  s e a  

l e v e l  response func t ion  t o  meteorologica l  fo rc ing .  The i m -  

p l i c a t i o n s  which t h e s e  r e s u l t s  bear  f o r  s h e l f  c i r c u l a t i o n  

i n v e s t i g a t i o n s  can then  be i n f e r r e d  and supported with cu r ren t  

meter d a t a  c o l l e c t e d  i n  t h e  a r e a  of i n t e r e s t  ( P i e t r a f e s a ,  e t .  a l . ,  

1978a and 1978b). 

The l i t e r a t u r e  c i t e d  sugges ts  t h a t  v a r i a t i o n s  i n  atmospheric 

p ressu re ,  wind speed and d i r e c t i o n ,  c u r r e n t s  and s u b i n e r t i a l  

phenomena, such a s  s h e l f  waves, can s i g n i f i c a n t l y  a f f e c t  t h e  

c o a s t a l  s e a  l e v e l  s i g n a t u r e .  Sea l e v e l  response t o  v a r i a t i o n s  

i n  c o a s t a l  meteorologica l  p r e s s u r e  f i e l d s  can be expressed i n .  

terms of a  f a c t o r  which i s  .frequency dependent. It can be b e s t  

apprec ia ted  as t h e  r e l a t i o n s h i p  between t h e  input  t o  a f i l t e r  

and t h e  subsequent convolved output .  General ly ,  a one c e n t i -  

meter p e r  m i l l i b a r  depress ion  ( r i s e )  i n  s e a  l e v e l  p e r  i n c r e a s e  

(dec rease )  i n  barometr ic  p r e s s u r e  i s  observed. 

While t h e  evidence f o r  t h e  e x i s t e n c e  of c o n t i n e n t a l  s h e l f  

waves has  been a t  t imes i n f e r r e d  from t h e  c r o s s - s t a t i s t i c a l  

ana lyses  of t i d a l  and meteorologica l  d a t a ,  t h e s e  have been few 

a c t u a l  c u r r e n t  meter observat ions  made a t  s u f f i c i e n t l y  ex tens ive  

longshore s t a t i o n s  t o  co r robora te  t h e  passage of t h e s e  phenomena. 

Huyer, e t .  a l .  (1976) confirmed t h e  ex i s t ence  of such phenomena 

along t h e  Oregon-Washington coas t  and t l ie ongoing Department of  

Energy c u r r e n t  meter s tudy between Cape Lookout and Savannah by 

D r .  T. N. Lee (of  t h e  Univers i ty  of Miami) and D r .  L. J. 

? 
P i e t r a f e ~ a  (of  North Carolfna S t a t e  Unive r s i ty )  could confirm 



the Mysak and Hamon (1969) contention of their existence. 

Pietrafesa, et. al. (1978) have produced current meter spectra 

from Onslow Bay, N. C. which show,energy peaks at the 2.5-4, 

northward propagating wave phenomena. Nontheless, without 

5-7 and 8-11 day period bands, which could be associated with south/ 

further corroboration, such as the Pietrafesa study may yield, 

the separation of fre'e or forced Rossby wave sea level response 

from wind induced stationary sea level fluctuations is no more 

than speculatf on. 

Wi.lnsch, et. al. resolved that astronomical ticlew w e r a r  , 

responsible for most of the sea level variations. Herein, it 

is of note that low frequency fluctuations, within the 0.5-08 

cpd frequency range, are an observed feature of the Gulf Stream. 

Pillsbury (18901, Parr (19371, Duing, Mooers and Lee (19771, 

Duing (1975), Schmitz and Richardson (1968) and Lee and Mayer 

(1977) all independently observe such lateral, onshore-offshore 

periodicities of the current regime in the Gulf Stream off of 

the Florida Coast. Webster (1961) found a 0.14 cpd cross- 

shelf meander of the Gulf Stream front off of Onslow Bay, which 

seemed to be correlated with the cross-shelf wind component. 

Orlanski (1969), ~liier and Mysak (1971) and Orlanski and Cox 

(1973) independently suggest that inherent baroclinic instabil- 

ities of the Gulf Stream can be responsible for the energy which 

appears in the aforementioned frequency ~-domain range. These 

instabilities would then force a shelf water response which could 

appear in the sea level signature. A contemporaneous description 



Mgure 52. Location of meteorological and sea level stations 



of c o a s t a l  c u r r e n t ,  s e a . l e v e 1 ,  Gulf Stream dynamic c h a r a c t e r  

and atmospheric f o r c i n g  needs t o  be  accomplished; such a  s tudy 

i s  inc luded i n  t h e  aforementioned Lee and P i e t r a f e s a  f i e l d  

s t u d i e s  extending from F l o r i d a  t o  Cape Ha t t e ras ,  but  i n  t h i s  

r e p o r t  we s h a l l  simply r e p o r t  on some c o a s t a l  meteorologica l  

and s e a  l e v e l  r e l a t i o n s h i p s .  

Meteorological  s t a t i o n s  and t i d e  gauge s t a t i o n s  chosen 

f o r  t h i s  s tudy  a r e  r eopec t ive ly :  Cape Hat;telbas, Wilmington, 

Char les ton  and Savannah; Beaufort ,  Beaufort I n l e t ,  Frying Pan 

Shoals ,  Wilmington, and Charleston.  These a r e  geograph ioa l ly .  - L 

dep ic ted  i n  Figure  52.. Throughout t h i s  a r e a  t h e  c o n t i n e n t a l  

s h e l f  t ends  t o  b e  shal low and genera l ly  broad with t h e  major 

except ion  of  a narrowing a t  Cape Ha t t e ras  and occas ional  

i n c u r s i o n s  of s h o a l s  seaward of Capes Ha t t e ras ,  Lookout and Fear 

( c f .  F igure  52). The s h e l f  break 5s t y p i c a l l y  a t  t h e  75 meter 

i s o b a t h .  Though t h e  topography i n  the  v i c i n i t y  of each gage 

v a r i e s  cons iderably ,  t he  s f m i l a r i t y  hetween t h e  low frequency, 

low passed s e a  l e v e l  records  a t  t h e  va r ious  s t a t i o n s  suppor ts  

t h e  assumption t h a t  t h e r e  i s  minimal l o c a t i o n  in f luence  apparent  

i n  t h e  s p e c t r a l  ranges considered,  save f o r  t h e  Fsyine Pan Shoal 

and Wilmington d a t a ,  which may be geographica l ly  and o r  topo- 

g r a p h i c a l l y  inf luenced.  

For this project progress report,. two years of hourly 

h e i g h t s ,  recorded t o  t h e  n e a r e s t  2-3 cent imeters  were analyzed 

a t  each sea  l e v e l  s t a t i o n .  Three hourly observa.t ions a t  

atmospheric p ressu re  and wind speed d i r e c t i o n  were obta ined  from 

t h e  Savannah and Wilmington a i r p o r t s  and Charleston and Cape 



m Hat te ras  c o a s t a l  s t a t i o n s .  The a i r p o r t  d a t a  a r e  undoubtedly 

r o t a t i o n s  i n  d i r e c t i o n  r e l a t i v e  t o  t h e  c o a s t a l  s t a t i o n s .  It 

i s  f u r t h e r  apprec ia ted  t h a t  t h e  c o a s t a l  meteorologica l  d a t a  

may show both phase d i f f e r e n c e s  a s  we l l  a s  magni,tude and d i rec -  

t i o n  v a r i a t i o n s  with t h e  a c t u a l ,  a t  sea ,  marine atmospheric 

climatology. This content ion  i s  s t r o n g l y  suggested i n  t h e  

comparison of t h e  Saunders (1977)  o f f s h o r e ,  a t - sea  meteorologica l  

s t a t i s t i c s  t o  t h e  Ruzecki ( 1 9 7 4 )  c o a s t a l ,  land based r e s u l t s .  

The d a t a  analyzed a r e  from c o a s t a l  sea  l e v e l ,  i . e .  t i d e  

gauge, and meteorological  s t a t i o n s  l o c a t e d  in Figure 52 . 
Hourly values of sea  l e v e l  he ight  f o r  1 9 7 4  were obta ined  from 

t h e  National  Ocean Survey, NOAA, Rockvil le ,  Maryland, f o r  

s t a t i o n s  a t  Beaufort  (BF.T), Frying.Pan Shoals (FPS) and Wilming- 

ton  (WIL) ,  North Carol ina,  and a t  Charleston ( C H S ) ,  South Caro- 

l i n a .  Three-hourly va lues  of s u r f a c e  wind speed, wind d i r e c t i o n ,  

and atmospheric pres.sure f o r  1 9 7 4  were obta ined  from t h e  Nat ional  

c l ima t i c '  Center,  NOAA, Ashevi l le ,  'North Carol ina f o r  s t a t i o n s  

a t  Cape Hat teras ,  N. C . ,  ( HAT), Wilmington, N. C .  ( 'WTL)  , Charleston,  

S.C. (CHS).and Savannah, Ga. (SAV). 

The sea  l e v e l  d a t a  were low pass  f i l t e r e d  us ing  a  Lanczos 

f i l t e r  t a p e r  to attenuate t h e  d a i l y  and semidai ly t i d e s  and 

t n e r t i a l  f l u c t i l a t i o n s  ( t h e  i n e r t i a l  pe r iods  a t / a r e :  ~AV/22.64 

h r ;  CHS/22.04 h r ;  WIL-FPW21.46 h r ;  BFT/21.1 hr ;  and HAT/20.9 h r .  

The envelope of t h e  forty (40) hour low pass f i l t e r  energy 

response func t ions  a r e  shown i n  Figure 53. At tenuat ion  



FREQUENCY (CPD)  

Figure 53. Filter energy response envelope, 4 O W  



at diurnal and higher frequencies is greater than lo6 and 10 5 

respectively. After filtering, the sea level data were re- 

sampled at 8 and 6 hourly intervals, for the two separate 

filtering intervals, respectively. 

The radial distances between these stations are approxi- 

mately: SAV-CHS/130 km; SAV-WIL/~~O km; SAV-BFT/480 h; 

SAV-HAT/~~O km; CHS-WIL/240 km; CHS-BFT/~~O km;  CHS-HAT/480 km; 

WIL-BFT/100 km;  WIL-HAT/240 km;  and BFT-HAT/140 km.  - 

Three-hourly wind stress vector components in a right- 

handed rotated coordinate system, such that the alongshore 

component is 55.6' East of North, 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 with the 

drag coefficient CD = 1.5 x (Pond, 1976). The wind stress 

components and atmospheric pressure time series were low pass 

filtered, using a filter with the response characteristics shown 

in Figure 53. . The atmospheric data were then subsampled 

at 9-hour intervals and linearly interpolated to 8 and 6 hourly 

intervals to be commensurate with the respective sea level data. 

The filtered atmospheric pressure time series indicates 

that the SAV, CHS, WIL, and HAT stations (F-. 54-57) are well 

correlated over most of the large and even small amplitude varia- 

t l o n s  which i& indicative of the high degree of  horizontal co- 

herence over length scales of the pressure field much greater 

than the SAV-HAT radial separation distance which is 620 lan. The 

large horizontal coherence distance presumably reflects the 
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synoptic meteorological scales associated with mid-latitude 

atmospheric disturbances, especially during the fall, winter, 

spring periods. The alongshore wind stress components 

(Figs. 58 thru 63 ) also show essential correlation over the 

SAV-HAT separation distance, but variations in intensity and 

t 
structure between stations are more apparent than in the 

pressure time series. Vector representations or stacks of 

stick diagrams, of the wind stress during passage of- cold 

front events indicate the clockwise rotation usually a s s o c j a t e d  

with the passage of such an event over the station(s). Here 

it is noted that HAT typically shows the largest stress mag- 

nitudes. Alongshore winds tend to dominate both in magnitude 

and duration relative to the cross-shelf components. Wind 

stress reversals, noted at all of the met stations,occurred on 

time scales of several days to s.evera1 weeks, which is' the 

typical periods of forcing within the atmospheric stress con- 

t inuum . 
Hsfi~ontal Wind Cohcrcme 

Figures 64 through 69 indicate the Kinetic Energy Density (ED) 

spectra of alongshelf and transshelf wind components at stations SAV, C I S ,  

WIL, and HAT. The spectra indicate that within the temporal period 2-14 

days, there is a rise in the energy density as apprordmately the . 

frequency to the minus three halves power, which is consistent with the 

findings of Oort and Taylor (1969) and Cragg and Sturges (1974) for other 

coastal regions and is attributed to the passages of cyclones and anti- 

cyclones. The KED curve flattens o ~ t  at periods in excess of 14 days. 

b ? i t h i n  the temporal ranges of interest of the continental shelf studies of 



pietrafesa, the range from the order several days t o  a mnth, alongshore 

winds show a remarkably high degree of visual correlation, save for 

occasional several day departures, in the station time series shown in 

Figures 54 through g. One can observe similarly good visual correla- 

tion between transshelf wind components between station pairs over the 

whole of the radial separation distance with occasional departures, in 

the s a r ~  figure series as above. 

Over the entire frequency range of 0.5-0.05 cpd, alongshore winds 

are more e~erge t i c  than cross-shelf winds. Figures 64 through 67 show 

this in the KEDrs for WIL and HAT. Note the strong d i ~ m  signal in the 

odoff  d3rection. 

Ixlring the AprilJuly, 1974 subset, alongshore' wind components 

between station pairs are in general more coherent than off/on shore winds 

at f'requencies below 0.23 cpd and vice versa a t  frequencies above 0.23 cpd. 

2 The exceptions are WIGHAT where C is always higher for alongshore vs. 

transshore winds and WILHAT where alongshore winds are more coherent 

below 0.3 cpd and transshore winds are more coherent above 0.3 cpd. The 

Sept.-Dec., 1974 subset offers greater complexity in  that, with minor 

variations, alongshore winds are g e n d y  more coherent than cross-shore 

winds at frequencies below 0.12 cpd, higher between 0.14 and 0.28 cpd at 

the northerly stations variable p a  t o  pair above the latter frequency. 

Figures 64 through 75 depict the various cross-correlations. Alongshore 

wind pairs display less phase shifts, which are'typicall;, less than a few 

hours, than cross-shelf wind pairs. This is evident from both the time 

series and the cross-correlations. Additionally, it is noted that along- 

2 shore wlnds have C s above 0.5 and typically higher than 0.65 over radial 

separation dfstances of 630km below fkequencies of 0.3 cpd but tend t o  
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decrease a t  a rate  of 0.1 per 150h increase in radial station pa i r  

distance. 

It can therefore be concluded that winds recorded a t  any one of 

the coastal stations could, a t  least qualitatively, be representative 

of the wind fields a t  any of the other stations, with appropriate reser- 

vation. The adequacy of representation is an  event, season, location 

sensitive variable,but for events within the frequency band 0.3 to  0.05 

cpd the contention is not without evidential basis. What is siggested 

herein is  that the divergence of the alongshore ~Jind stress may not be 

l a rgs  and furthermore that possibly the curl of the cross-shore w?n_ci 

stress may not be large but the data indicates l i t t l e  of a definitive 

nature about the C$ of T (Y') O r  the divergence of r and moreover nothing 

about the offshore wind f ie ld structure, which is the actual mechanical 

forcing f'unction. 

Atmospheric Pressure Coherence 

Forty hour low-passed atmspheric pressure fYom the met stations 

kd ica te  a high degree of coherence with da i ly  pressures rarely differing 

by more than several mil l ibars  between stations. The phase shifts are 

nearly zero at all f'requencies save for shirts of the order of 0-20 degrees 

over radial distances the order of 100-650kms (egs. HAThJIL ,  Fig. 68; 

HAT/SAV, Fig. 69; CHS/SAV, Fig. 70;. The southerly met stations typi- 

cally lead the more northerxy stations (eg. CHS. leads HAT) for the ent,ire 

separate series lengths of years 1974 and 1975, Considering the 4 month 

block, April- 1974, though: HAT lags WIL only a t  f'requencies greater 

than 0.2 cpd, below that the pa i r  are in 0 degree phase; WIL leads CHS 

from 0.1-0.2 cpd, lags above and is i n  0 degree phase below; CHS leads 
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SAV from below 0.2 cpd and lags above 0.2 cpd; FAT leads CHS between 0.2- 

0.1 cpd, lags above and is in phase below; HAT leads SAV between 0.2-0.1 

cpd and lags below. During the  period Sept . -kc. ,  1974, the southerly 

s tat ions consistently lead the more northerly s ta t ion  pair,  over all fke- 

quencies, with no exceptions. It certainly appears, herein, from the  

cross-correlations between s ta t ion  pai rs  tha t  the pressure spectrum at 

any individual s ta t ion  is  reasonably representative of that at any other 

with minor adjustments i n  phase as a f'unction of the  pairing afid the  

2 frequency. Coherence squared (C ) is typical ly in excess of 0.9 over 

s ta t ion  rad ia l  separation distances the order of 200h  and drops off  

from 0.95 t o  0.5' at distances in excess of 400km in the 0.1-0.5 cpd band. 
. . 

Exceptions t o  the rule are noted for:  WU~CHS, C* of 0.5 at 0.4 cpd 

durhg Apr i l Ju ly  , 1974; HAT-CHS , C* of 0.3 at 0.4 cpd during April-July , 
2 1974; HAT-SAV, C of 0.25 at 0.4 cpd during Sept .-Dec., 1974; and WIZCHS, 

c2 of 0.75 at 0.4 cpd during Sept .-Dec., 1974. 

Sea Level 

A s  described ea r l i e r ,  the  sea level  data were low pass f i l t e r ed  using 
. . 

a Lanczos f i l ter  taper  t o  attenuate the diurnal and semi-diurnal t ides  and 

inertial fbuctu*7tims (cf.  Figure 53 ). 

Among factors  wNch signif icantly af fec t  sea level,  par t icular  note 

is made t o  the  variations i n  atmospheric pressure, atmospheric winds, 

oceanic cu&ents and long, shelf wave phenomena. The response of the  

l eve l  of the  sea surface t o  varying atmospheric pressure is more correctly 

expressed in terms of a frequency dependent barometric factor,  i.e., a 

t ransfer  f'unction fo r  the pressure and sea level  system. Herein, the  sea 

leve l  data was "adjusted" (as w e l l  as left "unadjusted") f o r  the so-called 

"barometric effect." For frequencies below 1 cpd, the  sea surface responds 



. . 

t o  changes i n  atmospheric pressure in a reasonably regular, nearly instan- 

taneous fashion. The adjustment suggested over nearly the entire 

frequency range of interest in this study (eg. Roden, 1960; Mysak and f 
Hamon, 1969) for sea level fluctuations due t o  varying barometric pressure 

is about 1.0 dmbar ,  i .e.,  a one mi l l ibar  increase (decrease) in pressure 

depresses (elevates) the sea surface approximately 1 centimeter. 

Spectral analyses of alongshore and cross-shore winds, separately, 

and sea level are shown in  the series of Figures 76 through 80. 
2 

Remarkably high C results between sea level and alongshore winds, especi- 

a l l y  at f'requencies below 0.35 cpd, over the 1974 and 11375 yearly series, 

as well as the 4 month series blocks, AprilJuly and Sept . -Dec . , 1974. 

The cross-coast wind vs. sea level comparisons, a t  co-incident or nearby 

s i tes ,  indicate m r e  selective coherence bands. Some of the potential 

hazards which should be noted in this preliminary comparison are that the 

Wilmington t ide  gage is located 27 miles .from the mouth of the Cape Fear 

River Estuary, a t idal ly  influenced coastal plain estuary which undoubtedly 

has a sea level response signature very different f'rom that of an open,. 

coastal station. Consequently, any intercomparisons of sea level a t  \dIL 

and any other station, save for  one at the mouth or between, in the Cape 

Fear River Estuary, as was done by Brooks (1977) t o  confirm the existence 

and southerly prop&tion of continental shelf waves, must be done so with 

appropriate reservation. Likewise, the incomparisons of HAT atmospheric 

data and BFT sea level must be considered i n  view of the 140 h radial 

separation of the two stations. 

2 C 's the order of' 0.7 to  0.95 between wind and sea level appear over 

period bands 3-4 days and 5-10 days in the alongshore w i n d  intercomparisons 

(eg. v stress vs . CHS AN SEALVL APRJUL 74 , Fig* 77 and SEP-DEC 74, 
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2 Fig. 121) .  The overall C level i s  nuch lower in the transshelf wind cases, 

2 with C ls in excess of 0.5 a t  periods of 3-4 days. 

These spectra imply that there is a substantial and coherent coupling f 
between the sea level response variable and the wind input variable, part i -  

cularly a t  selective frequencies, i.e., in simplistic terms the membrane 

responds to  the forcing within the band of the forcing frequencies. In 

fact the KED1s of sea level demonstrate the same r i se  of energy t o  the 

minus three-halfs power of f'requency over periods of several d&ys to  

several weeks which is  shown in the w i n d  spectra (Figures .76 and 80). 

It is of note herein that the KED1s indicate a r i se  in energy levels 

from north t o  south, i. e. , from BFT t o  FPS t o  CHS (Figs. 07-90 ) over 

the entire frequency range. This is consistent, a t  the smi-diurnal 

period of 12-41 hours, with the notion of the semi-diun?al t ide propaga- 

ting as a Poincare wave which increases in amplitude as the shelf widens, 

a s  it does from Cape Hatteras t o  Savannah. A doublet spike a t  the 

diurnal period appears in a31 of the, sea level lED1s; there is no Imed5at.e 

explanat ion for this phenomenon. 

It was deemed necessary, at this point, t o  proceed in the data 

analysis of the met/sea level time series by computing multiple coherences 

between pressure, wind components and sea level and t o  comQute in phase 

transfer functions between the atmospheric variables and sea level. Since 

pressure and wind are coherent over varying frequency bands, between e ~ c h  

other, as well as separately with sea level, it is enlightening t o  input 

one atmospheric variable, then another and finally another and watch the 

2 C ' s  with sea level be either augmented, enhanced or reduced. It is 

useful t o  compute the ra t io  of the co-spectrum of sea level and alongshore 



or cross-shore winds or pressure to  the autospectrum of the respective 

atmospheric variable; a unfform (nonuniform) rat io  over some spectral 

range would then be indicative of no preferential (of a preferential) 

f'requency band within which air-sea momentum transfers are more 

efficient which is fwzther indicative of no resonance (of resonance) 

between the atmosphere and sea level. 

These l a t t e r  klnds of data products are buried i n  the data pre- 

sented but need t o  be formally accomplished. 

Considering the alongshore and cross-shelf wind stress components 

(heretofore T (Y)  and r and adjusted sea level, it is noted that sea 

level consistently, without exception, lags r but leads r ('I. 

Additionally, it should be noted that r ( Y )  leads r over the most 

coherent bands, between the two, and in fact the two components tend t o  

be in quadrature. This is  entirely consistent with the scenario of 

sea level falling-at the coast due t o  increasing offshore or south- 

westerly, alongshore winds and rising with increased onshore or north- 

easterly winds. 

It appears that sea level (SL) from CHS t o  BFT responds, to  some 

measure, i n  a conventional Elanan.sense, i.e., SL fluctuates up or down 

in direct response t o  wind stress both i n  the alongshore and transshore 

directions. Southwesterly (northeasterly) winds produce a setdown 

(setup) of SL at the coast and offshore (onshore) whds produce a setdown 

(setup) of SL at the coast. A clear example of this is shown i n  the time 

series of sea level a t  CHS and the wind stress f i e l d  at CItS f'rom 5-20 

January, 1974 (days 5-20 in  Figures 81 and 82). The coastal Ehan 

scenario follows so well that even a relaxation i n  the magnitude of the 

stress field, which was directed t o  the northeast on days 9 and 10 was 
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mirrored in  a slight increase in sea level. BFT-SL is  entirely consistent 

with the CHS Ekman scenario during this period given the agreement of 

the HAT, WIL and CHS winds. The southwesterly t o  northeasterly wind 

reversal which occured during day 11 (11 Jan., 1974), consistent with 

the clochvise wind stress vector rotation of a cold front, Figure 81 ,  

from T 
2 2 ( Y )  - 0.6 dynes/crn to  T ( Y )  - -0.5 dynes/cm resulted a drop in 

sea level of approximately 55 cm. 

It i s  of note here that the sea level data, particularly intercom 

parisom of the BFT/FPS t h e  seldes Gecai~se they imply that not only 

transshelf but also alongshelf slopes of sea surface, consistent with a 

piling up of the surface wa te r s .b  the direction of the wind, exist. O n  

1 December 1974 a large southwesterly wind event occurred and not only 

dropped sea level at FPS and BFT, which were both a t  130cm height a t  the 

event onset, but created a 50cm r i se  i n  sea level f'rom FPSto BFT, a 

radial distance of 150km. This is evident in Figure 82 which 

shows evidence for the existence of longshore pressure gradients, which 

were hypothesized t o  exist by Garvine (1971) md used In a mathematical 

model of coastal dynamics by Pietrafesa (19'13) t o  drive a cross-shelf' 

interior flow thereby eliminating the necessity of a bottom, frictional 

layer t o  balance the offshore Ekmm transport. In a barotropic geo- 

strophic sense the cross-shelf flow induced by this longshore pressure 

gradient, using the relation u = -(gfrl) sg, is of the orYier of 23 cdsec. 

The longshore variations in sea level observed between Capes Lookout 

and Fear, which define Onslow Bay in the alongshore direction, are 

ce&ainly no proof of thc existence of GLuyinetc contention nor a 

justification of Pietrafesals use of the longshore pressure gradient in 

his nodel, since both of these investigators were dealing with straight 

coastlines having no longitudinal constraints and the cape shoals do 
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constrain the hydrodynamics. wi thh.  ClB vs. SAV sea level intercomparisons 

would offer a more generic look at the q ~ e s t i o n  of existence of a 

r: in concert with an imposed T (Y) at t h e  surface. 
Y 

A simplified balance in the alongshore direction could be written 

as " T (Y) g D where D is the depth of the direct  wind induced layer 

(the layer w i t h h  which' the wind is piled up). The example presented 

'above of a A <  of 50 cm f'rom BFT t o  FPS, 150 km, with a 1 '  T ( Y ) I  of 0.9 

dynes/cm2 indicates a D of 2.8 meters . 
A great deal of visual correlation is obvious in the time series 

of f i l t e red  sea level  (Figures 84  through 86, The Kinetic IQ~ergy Density 

representations (Figures 87 - 90) also indicate that BFT,. FPS and ClB 

contain the similar energetics, save for  the  fact  t h a t  the energy level 

r i ses  fYom north t o  south, especial ly. in the  shape of the curve, as ims 

described ear l i e r  in the text.  

The cross analyses of sea level, including some of the pairing 

combinations, between CHS, BFT, WIL and FPS are  shown in Figures 87 

thru 90, Consider several subsets, not including WIL in the discussion 

because of the aforementioned fact  that  WIL is 27 miles (45 km) f'rom the 

muth  of the tidal, wind, and r iver  runoff influenced Cape Fear River 

b t u a r y  . 
During the Sept.-Dec., 1974 subset, pig. 88) BFT and CHS are coherent 

(above the 95% confidence level, which loses some credible meaning at 

c2?s too low) over the ent t re  frequency range. There are several highly 

significant period bands which should be noted: at 2.25 days, c2 " 0.8 

and CHS leads EFT by 44 hours; at 3.6 days, C' 0.85, CHS leads BFT 

by 4 l/3 hours; at periods above 10 days the two stat ions are essentially 

i n  phase.' During this same period: CHS T (Y) and T ('I are most 

coherent at periods encompassing 3 and 6-7 days and are close t o  quadrature 

(')* SAV T(Y)  and T ( X )  are mo~ebroadly . .. (60-90') with T (Y)  l e a .  , 
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coherent, over the period range 2.8 - 10 days and also indicate r (Y ) 

leading r (X) by approximtely 60'-80' ; HAT r (Y)  leads r ('I ( ~ i g .  93 ) 

a t  2+, 3 and 1 0  day periods by 90'-110'. la T ( X )  and r (Y f 
relationships (Fig. 94,) closely follow those of SAV with the two components 

being very close t o  quadrature. The phase relationships between these 

wind components and t o  sea'level indicate a lowering of sea level with 

increasing positive T ( Y )  and r(') wind stress with the offshore propaga- 

tion of an anti-cyclone cold front whereby, f'rom the coast seaward a 

southeasterly wind would begin to  rotate clockwise, wMle sea level 

m p p d  . - t o  some I?'W&U~ low a3 the wind Leca~le SOIJI~;~IW~+SI-.PT~~ y $hen Bey~arr 

t o  r i s e  as the wind rotated t o  be northwesterly to  northerly and so-on. 

During this same Sept.-Dec., 1974 period: FPS was coherent with BFT (Fig. 

89) at 2 and 5 8  day periods, with mlnirral coherence (90% confidence 

level) at 3 day periods, with FPS leading BFT at the 3 and 5 8  day periods 

by about 15 hours and 25-40 hours; IPS and CHS (F. 90)  are coherent a t  2 and 

3-9 day periods (esp. a t  6-8 days ) with FPS leading CHS by 0.45 days, at 

0.275 cpd and 0.4 days between 0.16 and 0.12 cpd frequencies suggesting an 

event propagation speed of 5 d s e c .  fl.om Frying Pan Shoals t o  Charleston. 

One could investigate the phase differences between wind stress 

components and adjusted sea level by adjusting the two time series so that 

the phase lag between the two is eliminated and then reconsider the 

correlation between the two time series. One could also consider the 

average rat io  of sea level amplitude t o  wind speed magnitude, a value t o  

be compared t o  the IIlagnitude of the average of 'the rat io  of the co-spectrum 

of sea level and wind component t o  the auto-spectrum of the wind component. 

These calculations w i l l  be done i n  a report t o  follow. 

Monthly t o  seasonal t o  annual variations in sea level, due t o  the 

thermal variability of the water column and the changes i n  the atmospheric, 

marine climatology w i l l  be investigated in the report t o  follow. Seasonal 

1 5 4  



. . 
t o  annual hanmnics could be eliminated from the time series, thereby 

suppressing the long period contamination of the short period 

correlations. 

By extracting data which represents a change only one of the 

atmospheric variables, while the other variables remain below some 

greatest lower bound, one could plot the sea level response to  changes 

i n  that  variable alone. There, a functional relationship between sea 

level and atmospheric pressure and w i n d  could be obtained in an empirical 

fashion. 

This type of procedure could be done for winds blowing i n  any 

direction and should result i n  a curve which indicates the changes in 

sea level as a k c t i o n  of wind Itirection, station by station. 

Because of the problems which were encountered in obtaining t ide 

gage data from NOAA/NOS, we do not have all of the data which is probably 

available for both the years ' and area of interest. We did not receive 

the F'rying Pan Shoal sea level data unt i l  recently and so were not able 

t o  W y  incorporate this invaluable chta set  into our ana lys i s  t o  date. 

Fortmately though, th is  is a preliminary assessment of the atmospheric 

climatology and sea level in the Carolina Capes region of the South 

Atlantfc Bight and the report t o  follow this initid effort w i l l  be more 

inclusive and extensive and w i l l  incorporate the moored current, temperature, 

pressure, conductivity data as  has been done by other investigators 

(eg: M t h ,  1974; Cragg and Sturges, 1974). 

Herein it should be noted that Brooks (1977) has used sea level data 

frcm BFT and WIL t o  predicate the existence of zero group speed continental 

shelf waves of the barotropic, clockwise rotating variety. It is the 



conclusion'of this author (Pietrafesa) that the Brooks' conclusions were 

premature, a t  best, and that, no new evidence yet exists for the saltherly 

propagation of a barotropic continental shelf wave. In fact ,  and t o  the 

contrary of Brooks' contention, F'PS vs. BFT and CHS vs. BFT ( a l l  sea level) 

both would argue that there is a northerly propagation of events, definitely 

atmospherically induced. 

The passage of large scale meteorological disturbances, such as are 

seen t o  occur in the data shown within the met/sea level report - (Pietrafesa, 

15)'78c), along a coastline can genel-ate waves of the continental shelf wave 

variety ( G i l l  and Schumann, 1974). However, as suggested by Niiler and 

Mysak (1971), the vorticity associated with the mean current over a con- 

t inental  margin may be of the order of the Coriolis parameter and the shelf 

waves could be advected by the mean current or even be amplified and grow 

unstable. The former possibility has recently been investigated by McKee 
, 

(1978) who showed that a sheared geostrophic current could change the 

direction of phase propagation of the waves. G r i m s h a w  (1978) has extended 

McKee ' s work and found that the presence of a bourldary sheared rtllment. in a 

continental sheif wave f ie ld  could result in the continental shelf waves 

having negative phase speeds. Additionally, Grimshaw suggests that the 

background vorticity provided by the sheared boundarv current may resir1.t i n  

the amplitude of the shelf' waves being mnodulated/Increased and that the 

amplified waves may become unstable. 

~ i e t r a f e s a  (1978 a and b) shows evidence for the northerly propagation 

of events which show up as wavelike features in the current meter data, i.e. 

u and v are in quadrature, with u leading v. This evidence is in contradiction 

with the Brooks ' contention that southerly propagating barotropic CSW1 s 



I exist since the Pietrafesa data'was collected w e l l  within the offshore 

r . 

extent of the f i r s t  node, within which the Brooks' wave must rotate 

clockwise contrary t o  the Pietrafesa evidence that the event rotates 

cyclonically periods What be happening herein 

that the shelf waves may be getting advected with the mean cument, 

towards the north. If the waves have a phase speed within the range 

of that of the speed of the mean current, and moreover due t o  the fact 

that both vx and % are large, in the region the shelf' break slope, 

it may appear t o  the observed (the current meter) that the waves are 

propagating northward and rotating cyclonically. The fact that h is  
Y - 

varying, 3.n the Capes region, also influence the characteristics 

any possible shelf waves modes. 

It should also be noted that there is l i t t l e  consistent co-herence 

within the period. band of interest (eg. s i t e  D, Figures 127 - 128 ) 

f'rm top t o  bottom a t  mooring s i tes ,  ru l ing  out the possibility of a 

s t r ic t ly  barotropic phenomenon. 

Superimposed on all of th is  is the fact that r ( ~ ) ,  and T ( ~ )  are 
. . 

. very coherent'overth&e periods, with r(') leading T(x) ,  that currents 

are coherent with the &lnd a t  these periods and that, for  example, in the 

inner shelf region, the southerly currents lead the northerly currents over 

the period bond 3-3% days, consistent with the wind forcing. 

Dr. T.N. Lee (UM) has reported (personal cammunication) findings in 

the Georgia Bight similar t o  those shown by this author (Pietrafesa) for 

c a r o m  Capes region. so that the two regions a2e not dynamical variance 

in qualitative ccanparison herein. 



111. b w * T V  P2OGRAM AND CO-ORDINATION 

In August, 1975 a s e t  of S m r  and Fall studies were begun i n  Gnslow 

Bay, N. C. These studies constituted part  of the North Carolina State 

University (NCSU) - Skidaway k s t i t u t e  of ~ceanogriphy (SKIO) combined 

e f fo r t s  t o  contemporaneously measure: the temperature and sa l in i ty ,  i . e . ,  

hydrography; the  current speeds and direction a t  several locations; and 

sea l eve l  and meteorology local  and regional t o  Onslow Bay, North Carolina. 

Personnel f r o m  SKI0 a l so  measured v a r i o u ~  bioLoacdl  parameters along t h e  

hydrographic grid CcY. Figure 6 .  'l'his work constituted the initid 

e f fo r t  of' a multi-discipline, multi-institutional program sponsored by the 

Energy Research and Development Administration t o  study the continental 

shelf processes affect ing the  oceanography of the South Atlantic Bight and 

is  detai led in Pietrafesa, e t  . al. , (1978). The immediate problems being 

addressed were those of understanding the processes by which nutr ients  a re  

transported onto the Norbh Carolina Shelf f'rom offshore and t o  establ ish 

possible transport pathways fo r  eff luents  discharged in to  North Carolina 

coastal  water3 . 
Cruises were conducted t o  deploy (retr ieve)  fixed position current 

meter moorings (Mgure 95) and t o  make detailed hydrographic and biological 

parametric measurements in Onslow Bay. The resu l t s  of the latter surveys 

are presented in a se r ies  of SKI0 data reports:  Atldnson, et.al., (1976a,b), - 

Dunstan, e t  .al. (1976), Atklnson, e t  .al. (1977) and Singer, e t  .a. (1977). 

Endeco 105 current meters were used t o  measure speed and direction at 

specified temporal in tervals  and spa t i a l  locations. 



The essential  part of the 1975 Summer-Fall experiment was a fixed- 

t level  array of 4 Endeco 105-film recording current meters and 4 General 

Oceanics film - recording thermographs. Two moorings were se t  at the 

"focal points", locations A and B (Figure 95 ) of the cuspate shaped 

Onslow Bay. The current meters were se t  two t o  a mooring at depths of 

10 and 25 meters from the surface in 28 meters of water, at each of the 

mooring si tes, .A and B. The array was designed t o  observe the propagation 

of phenomena across and along the inner t o  mid-shelf and t o  establish in- 

sights in to  the physics of the ver t ica l  and horizontal modal structure of 

the horizontal currents. 

Gnslow Bay was chosen as an initial study s i t e  in the context of a 

study of the whole of the continental margin of the South Atlantic Bight 

because it is the more densely populated region of the North Carolina coast 

and, consequently, the waste disposal problem is more c r i t i c a l  there than 

elsewhere. The reason f o r  s i t ing  the study of the intrusion of nutrients 

onto the continental shelf of the South Atlantic Bight i n  Onslow Bay was 

p r imr l ly  based on the fact  that  there is/has been more his tor ical  data, . i .e . ,  

background information needed t o  plan such a study, collected in Gnslow 

Eay than anywhere e l se  i n  the South. Atlantic Bight. 

Encouraged by the  re la t ive  success of the 1975 p i lo t  study, Atkinson 

and Pietrafesa conducted a more extensive and comprehensive f i e l d  experi- 

ment in Onslow Bay dwing the period June thru September, 1976. The 

objectives of this second year experiment included both the direct  measure- 

ment of the along-shelf, cross-shelf and ver t ica l  structure of the "late 

Spring-Swnmer-early Fall" current, temperature, conductivity and pressure 

f i e lds  frm fixed point, ver t ica l  moorings and a continuation of the hydro- 

graphic and biological sampling, along the 1975 grid (Figure 96) by SKI0 

personnel. The mooring locations and ver t ica l  configurations are shown in 



Figures 97 and 98. A t o t a l  of 8 Fhdeco and General Oceanic current 

meters and themnographs were used at the 30 meter locations ( s i t es  A and B) 

and 8 Aanderaa RCM-4, with temperature, pressure and conductivity sensors, 

were used a t  the three 45 meter and one 70 meter s i t e s  (C,  D, E and F). 

Several major and minor quasisynoptic hydrographic and biological surveys 

f 
were made during the moored a r r ay  experiment t o  study the variabil i ty of 

the shelf water and biological properties and t o  bet ter  determine the 

spa t ia l  and temporal distributions therein. Meteorological and-coastal 

sea level  data were collected &om the stations l i s t ed  in Tables 4 and 5 . 
Additionally : the moorings were re-established in  December, 1976 

and were retrieved in l a t e  April, 1977; and the deployment - re t r ieval  

scenario was conducted again during the period July-December, 1977 (as 

shown in Figures 99 and 109. From December, 1977., through the present 

a reduced array has been deployed. .Drs. T.N. Lee (University of Miami) 

and Pietrafesa have co-ordinated a ser ies  of Georgia Bight - Carolina Capes 

experiments. These experiments w i l l  yield the first major alongshore 

South Atlantic Bight physical data. 

EQlEPNEUT AND MOOFENG DESC!RDTION . 

The morinffs, established at s i t e s  A-F dilri ng. the simner of 1976, had 

a taut  l i ne  (wire) configuration. -One or  more subsurface f loa t s  were used 

t o  keep a b o t t m  anchored cable taut .  Fixed level  recording equipment was 

attached t o  and suspended (away) f ramthe cable. For mooring A and B a 

b o t t m  anchored, auxiliary surface marker was located sane distance &om 

the rmin mooring l ine .  The bottom 'lauxiliay'l anchor was connected t o  the 

llmain'l anchor by a polypropylene ground l ine ,  which f loa t s  approximately a 

meter *an the ocean floor. Moorings C-F did not have a surface marker. 
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Vertical section of instrument depths. 
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These moorings mgde use of AMF acoustic releases which served the dual 

function of helping locate and retr ieve the mooring. The mooring configura- 

tions is  depicted in Figure 1 0 1  

The operational logis t ics  of ins ta l l ing moorings A-F were in i t i a ted  in  

such a way as t o  maximize repeatability of location in subsequent experiments. 

The F W  Advance I1 was used during all deployment and re t r ieval  of 

this 1976 experiment and mooring position locations (Table 6 ) were taken 

by the ship's Loran C system at the time of instal lat ion.  The absolute 

error  (accuracy) of the position is estimated t o  be l e s s  than - +1 minute of 

lat i tude and longitude. The relat ive error  (precision) is estimated t o , b e  

l ess  than - +0.5 minute in ei ther  co-ordinate. Depths were6taken by fathometer 

and are  accurate t o  within 5 . 5  meters. 

The recording instruments used on the shallow moorings (i. e. moorings 

A and B) were Ehdeco - 105 current meters, General Oceanics Model 2010 

Inclinometer current meters and General Oceanics 3070, Thermogaphs; all  

film recording devices, The recording iEstruments used on the deep moorings 

(i. e . mooring C-F) were Aanderaa magnetic tape recording current meters 

and General Oceanics 3070 thermographs. Table 6 gives instrument types 

and depths used on all moorings. The specifications of the f n s t m e n t s  are 

given in Pietrafesa, e t  . al. (1978 a and b ) . 



fA00R INGS C - F 

Subsurface 
Floats 

. I 
Aanderaa 
Current Meter 

n A.M.E 
Acoustic Release . 

Anchor 

F9 mllre '  1 fll Ff - - - >  i p - - - - ' t i c  :ur t r  :: r i r  - 



Table 6 
I n s t m e n t  I\borings and Element Lacations 

~ o o r i n g  Date Iat ./brig. Laren A Water Instr . Ins t r  . Inst. 
Depth, n Depth, m 'Qp e. 

. . 
# 

A 8 July, 34'18'~ 4855 30 ' 12 Endeco C.l\I. 316 
( ~ m t r o s s ) '  25 Aug. '76 76'50.6'W 2060 25 Inclimomet e r  M 

Thermograph 8 
B 7 J1dly, 33058.2'~ 4894 30 12 Endeco C.M. 247 

(Brant ) 25 Aug. . '76 77'25. e'W 2493 25 Inc limomet e r  2 
' . 26 Themgraph 5 

C 22' June, 34O06.8'~ 4780 40 22 Aanderaa 22511 
( ~ r m o m t )  21 Sept. '76 76'35.6'W 2030 28.5 Thennograph 4 

35 Aanderaa 1905 . 

D 8 J W ,  
(Win) 21 Sept. 

m, . 
\D 

E 22 June, 
(Eider) 21 Sept. 

F 8 Jw, 
(Foster's 21 Sept. 
'Err$ 

Aanderaa 
Thermgaph 
Aanderaa 

Aanderaa 
Thermograph 
Anncleraa 

Aanderaa 
Aar-deraa 



Mooring Deployment and. Recovery .. 

Deployment 

Prior t o  the cruise, all wire, flotation and anchoring components 

are set  up for  each mooring. The wFre is pre-cut and t e m h t e d  

appropriately. The flotation is assembled as several bouyancy units. 

The anchor and its hardware, including chain, svdvel and eye hook on 

the anchor, are  cmbined. The components of each mooring =e labeled. 

Tne moorings are transported, loaded and seCi~red nn t.he ship; As 

each moo~hg s i t e  cores up, the appropriate conqonents are laid out and 

assembled on the fantail .  The current metes  are given a final check 

prior t o  putting them "in-line" on the wire. The release mechanism is 

attached and in-air acoustic check made. The entire mooring l ine 

is then scrutinized i t e m  by i t e ~  to m u r e  proper assembly. 

A s  v!e approach the desired drop s i te ,  we begin t o  trail out the 

mooring over the stern, starting with the top. The ship is ttbumped" 

ahead l/3 on one engine by signals relayed f'ram the fantail. This 

slow forward mt ion  of the shLp allows us t o  keep the mooring stretched 

as it is being played out. A s  the last of the mooring goes over, the 

acoustic release is  gently lowered and allowed t o  hang f h m  the mooring 
\ 

anchor. This anchor is then lowered t o  the water surface and held there 

by a deck-controlled quick release. We should at this t h e  be over the 

drop si te .  Zf this i ~ ,  the m c  tlr- release. i s  pd3,ed ad 'th3 ~ I O ~ ~ U L ~  ;i11C1 

m r i n g  drop away. S ~ t a n e o u s l y  a mark is given t o  the bridge t o  

record the bran A location. Also arly other fixes at the deployment 

position such as bran C and radar are recorded. 



With the moor.ing .in positlcn the ship is immediately stopped and 

the hydrophone i s  lowered to  interogate the aeaustic release. After 

it has been found t o  be operating satisfactorily, the  droph hone is 

brought up and we proceed t o  the next mooring s i te .  

Recovery 

All bridge personel are informed prior t o  recovery as t o  what 

ship maneuvers w i l l  be required. The ship is brought t o  the same 

Loran A location at which a moorkg was deployed. mer the ship 

comes t o  a f'ull stop the hydrophone is lowered and an attempt t o  

interogate the mooring is made. If no contact is made or if the 

return signal is  weak, the ship is maneuvered in a pattern so as to  

optkize the chances of getting a return signal. If the signal is 

. strong an attempt w i l l  be made t o  release the mooring. Weather, 

m u n t  of daylight and sea s ta te  are checked t o  ascertain that  a 

released mooring can be brought on board., With these conditions met a l l  

available personel are  called t o  a watch position on the upper decks. 

' The release signal is sent. I f  ' the  release mechanism responds that it 

has released, the word is sent out t o  begin a visual search for  the 

free-floating mooringo 

When the moring is sighted, the ship maneuvers in on it f r o m  a 

down wind position. The bridge attempts t o  br ing the stern in close 

proxhdty t o  the mooring. A grapnel l ine  is G h r o w n  and usually a f t e r  

repeated attempts the moring is hooked and pulled t o  the side of the 

ship. P11 ship locomotion ceases when the rnooring is hooked. The 

mooring is then pulled i n  by hand, taldng extreme care with the 

current meters znd release mechanism. When all of the mooring is on 

board, the ship. proceeds t o  the next s i t e  as a crew begins disassembl- 



. . 

:A. 

h g  the mooring. The current meters are removed fFrst. Tney are cleaned, 

taken inside, checked for  damage, opened, t m e d  off and inspected 

for amount of data collected. The tape f'rom each meter i s  removed, 

labeled zs t o  reference nmber, date, meter location, etc. and wrapped 

i n  aluminum foi l .  The tapes are then ready t o  be sent for process-. 

The meters are then closed up stored for the return t r i p  t o  Raleigh. 

Calibration Techniques 

Speed 

Although the manner i n  which one o b t d n s  speed data differs 

widely among instruments, the same basic method of calibration m y  be 

used. The instrument m y  be a savonious rotor, inclinometer, impeller 

or hot film. All of these types may be calibrated in the sane manner 

on a towed cart i n  a water channel when the speed of the cart is known. 

This method, as used at N. C. State university; ut i l izes  the 

fac i l i t ies  of EPA located i n  the ~ e s e k c h  Triangle Park. The fac i l i ty  

consists of a 35 meter long, 2.4 meter wfde ancl 1.. 2 mter deep channel 

with an overhead track capable of variable speeds f r o m  0 t o  50 d s e c .  

Higher speeds are possible by setting up an opposing current. 
, 

Any number of points may be taken t o  establish the calibration 

curve depending on the resolution required. About every 10 d s e c  

gives a satisfactory curve. Additional points at 5 d s e c  intervals 

can be used t o  " f i l l  in" uncertain areas. 

The actual method used consists of rigidiy attaching the current 

meter t o  the &. The mcter 13 2mnaersed in the tat& t o  a depth of 

approximately 10 cm below the surface, 1 meter from the nearest sidewall. 

All supporting structures for  the meter when imnersed in the tank are 

designed t o  be down current of the meter so as not t o  interfere with 



b the flow around the meter. This may be checked f r o m  time t o  time by 

I 
introducing dye in f'ront of ' the meter while the cart is i n  motion. 

With the meter in place on the frame, t e s t  runs are ready t o  

begin. Star t ing  at a slow speed, the cart travels the 25 meter 

length of the t e s t  section. The meter is t i l t ed  back out of the 

~+a te r  when re tu r rhg  the cart t o  the start position t o  prevent 

inducing unnecessary turbulence in the channel. Each successive run 

is at;. a greats? speed up t o  the 50 d s e c  limit. 

This would conplete the speed calibration for a given meter. 

The data is plotted and a speed calibration curve is obtained. 

Dlrect ion 

The Aanderaa meters have a mechanical compass. The compass produces 

a coded electrical  signal, by means of potentiometer, which is recorded 

on magnetic tape. The' 1 0  b i t  binary code yields a number from 0 t o  

1023. Thus a resolution of approximately 1/3 degree is possible. The 

Aanderaa specification sheet lists the accuracy of the canpass as 

better than - + 2 degrees (meter out of the case). In the case, the 

accuracy is - + 7..5 degrees with a current of 2.5 t o  5 cm/sec or  100 t o  

200 W s e c  arid - + 5 degrcca with a current of 5 t o  100 d s e c .  

A non-rnagnetic stand was built. by us and set on a concrete base in. 

a remote area of the coast for  the purpose of a b r a t i n g  the meters. 

This stand is located near the State m i n e  resource fac i l i ty  at Fort 

Fisher. The stand consists of a vertical  base with a flat disk on top. 
0 A sheet of Teflon (registered Dupont trademark) is placed on the disk. 

0 
A cross piece with a matching disk is  placed on top of the Teflon 

sheet. Thirty six holes are  drilled in the lower plate a t  10  degree 

i r r tenmls. The upper plate has a single hole i n  it t o  allow a pln 



. . . . 

t o  s l ide through t o  the lower,plate. This l o c k  the frame i n  a given 

posit ion. There noticable in  the pin a t  any setting. 

The cross piece consists of two aluminum I-beams a t  90 degrees. This 

makes a stand with four arms allowing four meters t o  be 'calibrated 

Each approximately two "feet long. Each meter is placed 

on a pin a t  the end of an arm. This mounting is similar t o  that on the 

Aanderaa vane. The position of the stand was determined relative t o  true 

North bg' s1luul;hg P o l a i s  and t~~1xh-g t;he a n a e  to the zero or start- 

of the stand. 

To go through a calibration series, the crosspiece is rotated 10 

degrees and allowed t o  record for  three minutes. This is continued 

through all 36 positions. 

This coxpletes the compass calibration p-wcedure. The data is 

plotted t o  correct f'uture f ie ld data (see F&. 9 ) .  

Pressure ' . 

A Hetwe pressblre gauge i o  connected lllr'ttcbly t o  the ppessure sensor 

on the Aanderaa. . With a hydraulic hand pwrp connected t o  this system, . . 
. . 

the pressure is Increased in 10 psi Increments up t o  the rated naxhm 

pressure of the individual sensor. This is usually 100 or  200 psi. A t  

each 10 ps i  step the coded Aanderaa value is noted and recorded. This 

value is detemined by counting the ten binary pins and converting it 
7 

into a number from 0' t o  1023. This number may then be plotted against 

the Heise gauge reading t o  give a calibration curve for each sensor (Fig.9). 

We presently use the calibration formula provided with each sensor 

f'rm m e r a a  for  conductivity. For temperature a snrall constant 

temperature bath was used t o  generate a temperature calibration curve 



for each sensor (see Flgure' 102). A constant temperature-salinity 

bath is being constructed a t  the present time t o  enable us to 'cal ibrate  

these parameters i n  the future. 

Data Processing 

Standard NCSU time series analysis programs based on both the FESTSA 

system (Brooks, 1976) and the programs of Dr .  R.W. Weisberg of N.C.S.U. 

have been used t o  process the current and meteorological raw data. 

Aanderaa Current Meters . 
The original Aanderaa data consisted of 10-bit binary ~iorcls 

recorded on l/4 inch w e t i c  tape. A s  this format w a s  not computer- 

compatible, the or- data tapes were sent t o  the University of 

Miami/RS.IAs for  decoding. A s  each ree l  was transcribed, the data 

fk.ames were expanded t o  include f'rame count and .flags for hardware- 

detectable errors, (Lee 1977). The expanded data f i l e s  were returned . 

t o  NCSU on standard 9-track tape, where they were transferred t o  disk 

f i l e s  for convenient access. A primary editing pass was made t o  correct 
. . 

hardware-detected errors, a f te r  which the calibration vector for each 

meter were applied. The calibrated data w a s  then converted t o  card- 

fnage format and plotted. These plots were visually scanned, and any 

errom detected were corrected by a second edi t ing  pass. The resulting 

f i l e s  w e r e  then converted t o  FESTSA f o m t  for use in all f'urther 

processing. 

The calibrated data with an interval of 15 minutes was f i l tered 

using program CUKFIL. A three-hour low pass f i l t e r  (3HRLP) was f l r s t  

applled to reduce high fkequency noise due t o  gravity wave aliasing 

and other contamination. The 3IiRLP operation results in a data loss 

of 8 hours Prom each a d  of the record. The 3HRLP data - m e  subsampfed 

-375 
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hourly. A 40 HRLP f i l ter  was then applied t o  the 3HRLP t o  separate the 

t i d a l  and subtidal eequency bands, resulting in additional data loss o f .  

four days a t  each end. A n  hourly 3-40HRBP series was created by subtraction, 

and the 40HRLP series was then decimated t o  six-hourly samples for further 

analysis .  The 40HRLP f i l t e r  attenuation a t  the d a i l y  t i da l  frequency 

6 (1CPD) is greater than 10 (Fig. 53). The six hour interval was chosen 

t o  be commensurate with the fi l tered meteorological data. Table 7 gives 

the particulars on data sets. 

The "Principal Axis" coordinate system (Fofonoff, 1969; Gonella, 1970; 

Mooers, 1973) w a s  used for the current meter data. First order s ta t i s t ics  

are presented in  Table 8 for the topographically aligned, 55.6' clockwise, 

rotation system (not used i n  this report) and Table 9 for the "Principal 

Axis" coordinate system. 

Spectral representations of data are then given i n  two formats: 

a) Graphs of variance (spectrum density tirnes frequency) versus 

the logarithm of frequency. These are "quick look" calculations 

based on the fast Fourier transform (FFI') . The F'FT' s of original 

data were smoothed by block averaging over five adjacent estimates, 

yielding about ten degrees of freedan for  each averaged estimate. 

The FI?T1s of low passed data w e r e  not smoothed, yieldmg two 

degrees of f'reedm for each estimate. 

b) Auto and cross spectra, phase and coherence squared computed 

for y&ed input time series. The spectral calculations were 

perfamed by Fourier transfoming corre'1ation f'unctians . The 

maximum correlation lag, spectral bandwidth, degrees of freedom, 

and input time series names are shown on each figure. The first 

m d  time series corresponds t o  "spectrum xl'. Positive phase 

values indicate series y leading series x. 



Ts-ble :,7 
Data ' Particulars 

I Unfiltered Data ' , I Filtered Data 

A 3115 1830 bs. 1330 hrs. 2295 .50 . 0230 hrg. 0230 hrs. 157 6 
8 J- 25 Aug. 13 July 21 A U ~ .  

Moorlng Meter 

B 247 1730 ks. 0600 hrs. 2329 .50 0130 hrs, 1930 hrs. 160 6 
7 J W  25 Aug. 12 July 20 Aw. 

l-' 
il 
=? ,* 

Start time 3rd tlme X of points At (hr) 
EST EST 

2254 173Cl hrs. 
' , 22 Jm.'76 

1905 1730 hrs. 
22 Jun.'76 

Start tlme E?d time # of points ht (hrs) 
EST EST 

2259 1445 hrs. 
8 Jui."/6 

1908 1445 I~S. 
8 Ja. '76 

2130 hrs. 8465 
18 &pt."76 
0415 hrs. 5804 
22 Aug. '76 

I015 hrs. 7183 
21 Sept. '76 
0545 hrs. 4189 
2L Aug. '76 

.25 0130 hrs. 
27 Jan. '76 

.25 0130 hrs,. 
; 27 Jun.176 

.25 2245 hrs. 
12 ~ ~ 1 . ~ 7 6  

.25 2245 hrs. 
12 Jul.IC6 

1330 hrs. 31.9 6 
14 Sept.'76 
1930 hrs.' 203 6 
17 Aug. '76 

2245 hrs. 265 6 
1 E  Sep. '76 
1645 hrs. 140 6 .  
16.A~. '76 

E 2256 0615 hm. 1130 hrs. 8758 . .25 ,1415 hrs. 0215 hrs. 331 6 
22 JunO176 2.1 Sep. '76 26 Jun.Il6 17 Sep.'76 

1907 0615 hrs.' , 0530 hrs. 8738 -25 1415 hrs. 2015 hrs. 330 6 
,22 ~un.?76 "2111 sep.176 26 Jun.'7& .16 sep.'76 

F 2255 No data No data 

1906 1100 hrs. ' 1230 hrs. 7207 .25 ,1900 hrs. ' 0100 hrs. 266 6 
8 ~ ~ l . 9 6  , 221 Sep.'76 12 Jul.'75 17 sep.'76 



Table .. 8. 

F i r s t  Order Sta t i s t i c s  (Rotation - .56* ) 

Meter Meter Pararnet er 
Depth(m) Min. >?ax.. Mean S.D. W s e c  

. .  . . 

Dbot tom (1908 

- No Data - 



.. Table 9. 
F i r s t  .Orde r '~ ta t i s t ?cs  (Principal  Axis anRle = R) 

Meter Meter Parameter 3 
Depth(m) ! .  Max. Mean S.D. ( W s e c )  R 

. .  . .  . B 

- NO Data: 



The speed and direction values were converted to  u and v camponents 

in several ways. The Carolina Cape region is defined by an irregular, 

cuspate, scallop-like coastline which extends into shoals and consequently 

it is difficult  t o  spec in  a spatial co-ordinate system. Coherency and phase 

relationships between components of a vector time series are functions of the 

co-ordinate system in which the components are specified. The natural 

tendencies are t o  choose either a north-south, east-west horizontal axis 

or t o  assme a straight coastline of uniform cross-section so that the 

horizontal co-ordinate system axes l i e  parallel to  and perpendicular t o  the 

straight isobat hs . Unfortunately, however, the isobaths in the Carolina 

Capes region are not uniform or straight and the choice of a co-ordinate 

system is less than obvious. Tho tacks were taken herein. The f i r s t  co- 

ordinate system chosen is  one based on the direction of the local bathe- 

metric contours a t  approximately mid-shelf t o  the shelf break, which tend 

t o  run .  southwest to  northeast a t  an angle .56O clockwise fim North (quanti- 

tatively "alongshore"). The second co-ordinate system used is one oriented 

on a basis determined by the characteristics of the data i t se l f .  A co- 

ordinat'e system which maximizes the variance in any given direction gives 

the so called "Principal Axis" of variance. This system, in which the 

estimated phase difference between u and v is identically f90° is  also called 

the llNormalll system (Fof onoff, 1969 ) and the llHodographll system (Mooers , 1970) . 
A s  a f'unction of the physical, dynamical processes causing the rneasured 

hydrodynamics, the principal axis of variance may vary with frequency and 

geographic 1ocati.on. The llPrincipal Ms" for a given vector time series is 

obtained by rotating the covariance matrix unt i l  the cross-covariance between 

orthogonal velocity ccnrrponents is zero. The rotation of the coordinate 

system into the principal axis does not fFx the sign of the 90' phase shift 



between u and v. This is determined by the data. Since'the principal 

axis for  a given vector time series w i l l  vary with f'requency, we can con- 

struct hodographs which w i l l  allow for the vector time series t o  be 

decmposed into cyclonic and anticyclonic rotating motions of different 

amplitude and phase. The sum of these two polarized motions yields an 

ell ipse whose semi-major axis is  oriented along the principal axis of 

variance at that particular frequency. The principal axis herein i s  given 

as  a f'unction.of frequency rather than as an average over a large fI-eq11enc.y 

In this  report the co-ordinate systm was. used on the 

meteorological data. It was also used t o  generate f i r s t  order s ta t i s t ics  
I 

for  the current meter velocity data. , '  However ,. the "Principal Axis" 

system was used exclusively with the current meter velocity data for all 

data plotting. 



N. DATA PRODUCTS 

To faci l i ta te  our understanding of the shelf "processes", we have 

presented the data in several forms. An example of these products i s  

shown i n  the Summer, 1976 data report (Pietrafesa, e t  . . , 1978b), 

which is delineated below. 

Figures following, within this section are representative of many 

of the products . 
The current meter velocity information is presented in several 

forms. Displayed i n  unfiltered form are time series of current corn- 

ponents u and v, FFT1 s ,  histograms and progressive vector diagrams 

(RID1 s )  . The PVD1 s are presented for the f u l l  time series and also 

for interesting and/or conf'using subsets. Display.& i n  3HRLP are time 

series of current components u and v, spectra (only the crossing of the 

velocity components of the sam mter) and hodographs. ~OHRLP records 

were used t o  produce time series of velocity canponents, vector stick 

diagrams, FFT's and spectra. The spectra series crosses the velocity 

components for the top and bottcm meters on the same mooring string, as 

well as of meters located on a l ine perpendicular t o  the shoreline for 

meters on an alongshore line. All this current velocity data is  

presented in the "f?rincipal Axis" system, excepting for  the hodogmphs 

and the histograms which are i n  a natural co-ordinate system. 

The information fram Aanderaa temperature and pressure sensors is 

displayed in time series plots of unfiltered, 3W(LP and 4OHRLP form. 

F'FI"s are presented of unfiltered and 40HRLP records. Spectras of 

temperature vs. velocity.camponents are also given. 



Meteorological data from two stations, Wilmington, N. C. and 

Cape Hatteras, N. C. a re  presented in several forms. Displayed in 

unfiltered'  form are  the time ser ies  of wind'velocity components and 

t h e i r  FFI" s . Displayed in 4OHRLP form is the temperature, pressure, 

wind velocity components and wind s t ress  time series with the i r  FFT's. 

Stick vector plots  of wind s t ress  are  also displayed. A comparative 

look at the s t ick  vector plots of current velocity and wind stress is  

presented and a ser ies  of spectras are presented crossing wjrnci stress 

with current velocity co~~porient s . 
Xinetic energy density spectra for  current meter u, v and T and 

of wind velocity and s t ress  are presented. Momentum and heat correu-  

t ion variance plots  a re  displayed f o r  all current meters. Co-spectra 

of temperature vs. velocity components fo r  all. current meters C-F are  

presented. Hodograph plots  of wind velocity and s t ress  are given. 

Mean current velocit ies,  and tidal elipses are plotted, and Energy 

fraction vs . frequency plots fo r  the mooring str ings,  fo r  different 

current modes are presented. 

R~ture psduot  E w i l l  include : 2 d.h~i~si~r~'lal aulu-m8egressive 

models t o  determinetthe percent of observed current due t o  direct 

atmospheric forcing; l eas t  tidal squares analyses; multiple regressions 

for  a bet ter  assessment of atmospheric pressure and d.nd cnmponent 

input relationships t o  sea level  response; in comparison of sea level 

m c l  g~aiiiento thcreor t o  mooTed i l ~ t e ~ %  &La and gradients thereof; 

computations of the ver t ica l  modal structure'of current and temperature 

data using an empirical orthogonal f'unction analysis ,  l i ke  that of 

Kundu, e t .  al. (1975). 



V. Pl3CDENARY PHYSICAL DYNAJ'IICAL ANALYSIS 

This report contains a preliminary description of currents measured 

in Gnslow Bay N. C. ,  the generic term for the continental shelf region 

between Cape Lookout and Cape Fear; data fiom five moorings maintained 

during the summer of 1976 are presented in th is  report. Their locations 

are shown in Figure 97. The Onslow Bay measurement program continues 

t o  be active and a complete l i s t ing  of available data i s  contained i n  

the referenced data reports. We've chosen the summer 1976 data set  

included within for description. Data are also available from winter 

and summer of 1975 (Pietrafesa, e t  . al. , 1978) on a more limited basis. 

These w i l l  also be discussed briefly. 

Water motions on the continental shelf are caused by numerous 

physical processes. Synoptic and seasonal scale motions occur in response 

t o  direct forcing by the weather (princ'ipally wind and atmospheric pressure) 

a t  synoptic scales and variations in thennohaline inputs (heat and salt) 

at seasonal scales. Synoptic variability occurs predominantly over the 

range of time scales spanning 2-10 days, the scales of the cyclonic and 

anticyclonic perturbations of the wind field. Other low frequency fluctua- 

tions occur in response to  external forcing f'rom the deep ocean e.g. 

eddies and G u J f  Stream intrusions. Due t o  its sloping bottom the continen- 

tal shelf region can support free modes of oscillation generally spanning - 

similar time scales as the atmospheric forcing. The f'ree modes are cmonly  

referred t o  as quasi-geostrophic , topographic Rossby , or continental shelf 

waves and a review of these oscillations is given by ~ . & l ~ n d  and Mysak 

(1977). The combined low fYequency oscillations observed a t  any position 

on the continental shelf is expected t o  reflect a complex mixture of these 



A t  higher frequencies, the astronomically forced semi-diurnal tides 

propagating shoreward from the deep ocean are a dominant feature observed 

i n  the South Atlantic Bight continental shelf. Between these semi- 

diurnal tides and the lower fhquency weather continurn three processes 

occur in varying degrees across the shelf: diurmal tides, iner t ia l  

oscillations, .and sea breeze. These all have time scales of roughly one 

day. Processes occurring a t  fYequencies higher than the semi-diurnal tides 

include internal inertia-gravity waves, edge waves, and fi.na.l.1 y the 

surface pafity wz2ves. 

We w i l l  view the summer 1976 data from Onslow Bay with these processes 

in mind, ,not for  the purposes of scientific analysis, but rather as a 

conceptual overview delineating which candidate processes may be importmt. 

The mooring locations in Gnslow By during the ERDA/S=a G r a n t  

sponsored surraner 1976 measurements are shown in Figure 97 .and the corre- 

sponding instrument positions and sampUng lengths are given in Tables 6, 7. 

Two different recording current meters: Aanderaa and Endeco, were used. 

These instruments as well as .others have recently heen i.nt;ercmpareci by 

E e a r a l e y  e t  . dl. (1977) and the resu l ls ,  for* the present purposes, suggest 

that data from the two are qualitatively similar. The rectangular m a y  

had simlteneous records spanning 23 July t o  22 Aug. These are presented 

in Figs. 103-111. Speeds are j,n cm/s with the u and v vel nci ty 

components positively directed offshore and alongshore respectively, the 

alongshore direction being approximately a t  55.6 degrees clockwise f'rom 

true north. The time series were all low pass f i l tered with a half' power 

point of 3 hours t o  remove high frequency noise. The most apparent 

features are semi-diurnal t ida l  currents superimposed upon a low frequency 

background. The only qualitative differences between the Aanderaa 
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recordings (moorings C and E) and the Endeco recordings (mooring A and B) 

are the decrease i n  speed with time on the  Aanderaa's due t o  f0ulb-g by 

barnacles. This affect w i l l  be discussed in a following section. 

Simultaneous recordings are also available a t  both the top and bottom 

locations of mooring C. These are shown in Figures 105 and 106 and 

records from moorings E (top) and F (bottom) are shown in Figures 109 and 

110. 

Mean vel nclty vectnra a r e  shown h Figures 117 and 1136. Figure 

contains vectors a t  moorings C, E and F computed over the to ta l  available 

record length. Location C and E suggest an alongshore mean t o  the north- 

east compatible with the predominant wind direction during the s m r .  

The slight offshore. component in the upper level on mooring C and the 

corresponding onshore camponent a t  the lower level would seem capatible 

with the t h e r m o U e  convection brought about by river runoff. The 

situation is  much more c o n f ~ ~ i n g  however. Figure 113 shows upper level 

mean vectors ccanputed over the comon sampling duration of 7/23 - 8/22. 

Both B and E point toward the southeast, A points offshore, and C now 

has a slight onshore component. Clearly the record lengths are too short 

t o  compute s ta t is t ical ly  reliable mean values in the presence of energetic 

low f'requency events. These results must be kept in rnind when try% to 

interpret the progressive vector diagrams shown in (egs. ) Figs. ll4-ll9. 

From velocity components (Figs. 120-121) typical speeds .were observed 

t o  be around 10 ads a t  mooring C. Peak speeds of 58 a d s  and 35 cm/s 

occurred a t  the upper and lower levels respectively. An example of a 

polar histogram of current direction for mooring C top is given in Fig. 122 

114 Progressive vector diagrams are used in some studies t o  estimate 

water particle trajectories (Lagrangian measurements ) from ailerian data. 

An example of the PVD1s is mooring C in Fig;. 116- WD1 s may be of 



Figurs  112.. - Mean velocity for Summer 1976 
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Figure ~ 7 ,  Progressive vector diagrams of unfiltered . . .-.- 

current velocity from meter D ( D ~ n l i n ) ~ ~ ~  9- 



Figure 118 Pragressive vector diagram s of unfiltered 
current velocity from meter  elder) 

t o p  



Figure. - 1 1 9  ' .  Progressive vector diagrams of unfiltered 
current velocity from meter F(Fosterls Tern)bot 
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use for  estimating such quantities as t ida l  excursions which in this  

location are of a few kilometers i n  length. 

Representative alongshore (aligned with the mean coastline a t  

55.6' true) and off shore kinetic energy density spectra fkm mooring C . 

(top and bottan) are shown in Figures 129-132. Ekcept for higher 

energy at the upper level both the upper and lower level spectra show 

similar features. Energy density decreases with increasing frequency t o  

a cornbaed d iurna l  t ide and local iner t ia l  peak (local iner t ia l  period, 

I2 w/'sl_n 34" - a. 5 13-3. ) 'followed by a pmnoi~nced sgni-diurnal t ida l  

peak and then a continuing decrease through the internal @avfty wave 

range. Cornpaning alongshore with offshore energy levels we see a distinct, 

difference between the low frequency, presumably rneteorologlcally driven, 

background and the t i d a l  peak. The driven background has 

energy in the alongshore direction while the t ida l  currents have higher 

energy cWcted  offshore. No marked directional preference appears in  

the higher fkequency internal gravity wave porL1u11 of the apcctnnn. 

Relative t o  any given current m t e r  record, or velocity vector 

time swies ,  . the . choice of a coordinate system oriented alongshore. 

and offshore with respect t o  the coastUne (or major bathyrnetric features) 

is quite arbitrary. A preferred coordinate system for many descriptive 

applications is one which mximizeS; the variance. Depending upon the 

physical processes causbg the observed water motions, the principal axis 

or variance ( I ~ U I I ~  eObrdiP1L1Lw~) amy vary with location and frequency. 

The principal axis for a given vector time sePies may be obtained by 

rotating the covariance matP;ix unt i l  the cross-covariance between orthogonal 

velocity components is zero. These are shown in Figure 133 along with the 
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Figure 133 Principal axes and root mean square velocities 
I for Moorings A-P 



mean square (r .m. s . or standard deviation). 'of the velocity camponents 

relat ive.  t o  the normal coordinates. 'I& canputations were made using 

data low pass f i l tered t o  suppress the tides. Thus, the variance crosses t 
represent only the low fkequency portion of the spectrum where the 

motions are primarily induced by atmospheric forcing. Each mooring s i t e  

contains one or two crosses:' solid lines for the upper level and dashed 

l ines for  the lower level. The angle in parenthesis gives the rotation 

of the principal axis relative to  true north and the numbers at the t i p s  

of the crosses are the standad deviations alorg the coordinate axis. 

. Typical low frequency r.m.s. speeds are of order 10 d s .  The principal 

axis exhibit topographic steering and the reduction in ampiitude and 

rotation with depth is  campatible with local Ekman dynamics. 

The preceeding principal axis represent a t  ion gives overview 

the low frequency motions. Since the principal axis may vary as a 

flznction of frequency (the physical processes giving r i s e  to  the motions 

differ)  it is userul t o  constkct a hodograph model. In so dolrg, the 

velocity vector time series are deccarrposed into clockwise and anticlockwise 

rotating motions of Wferwlt  amplitude and phase. The sun of these t,wn 

polarized motions gives an ellipse whose ~ e r m i - ~ o r  axis i s  oriented along 

the principal axis of variance a t  that particular fYequency. This form of 

analysis i s  vneral ly  referred t o  as rotary spectral analysis and a ccarrpre- 

hensive description of the technique may be found in Mooers, 1973; Gonella, 

19'12; m FofonulT, 1965). I:t; is analoguut; t o  w l - a t  was grencnted in Pig- 

except here the principal axis are 

f'requency inst.ead of just an average over a rather large frequency band. 

Ekamples of the anticlockwise and clockwise polarized kinetic energy 

density spectra are shown in Figures 134 and 135 for  the upper level on 

mooring C. No consistent polarization preference i s  evident for  time 
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scales longer than one pendulum day while a t  shorter time scales the 

preference is clearly for clockwise polarized motions campatible with the 

dynamics of inertia-gravity controlled oscillations. Various parameters 

are required t o  describe the hcdograph ellipse; for example, the ellipse 

semi-major and semi-minor axis (analogous t o  the crosses shown in 

Figure 133),  the ellipse orientation, and three different measures of 

coherency between the velocity component fluctuations; the minimum and 

maximum coherences and the ellipse stabil i ty.  The minimum coherence i s  

the coherence between velocity components measured relative to  the normal 

coordinates; the inaxhum coherence i s  the coherence between velocity 

cmnponents measured relative t o  coordinates rotated 45' t o  the normal 

coordinates and the ellipse s t a b i l i t y  gives the coherence between 

anticlockwise and clockwise rotating camponents, i .e. it is a measure of 

the i tab i l i ty  of the ellipse orientation. An .example of these parameters 

is  given in Figure 136 for the upper level on mooring C. The bottom 

plate contained the mximm (solid l ine)  and minimum (dots) coherence 

squared as a f'unction of frequency. The middle plate gives the stabil i ty 

(soUd l ine)  and the semi-minor t o  ~ e m i ~ o r  axis ra t io  (dots) with 

negative axis ra t io  designating clockwise hcdograph rotation and vice- 

versa, The ilpper p la te  giveo the ellipse orfentation as a h c t i o n  of 

frequency which is usefhl when the s tabi l i ty  is high. Regions of high 

maxirmnn coherence but low mixhmi coherence generally designate coherent 

rectilinear motions where the s tabi l i ty  mimicks the maximum coherency 

(the quadrative spectrum is s m a l l ) .  Regions df both high maximum and 

minirmnn coherence designate coherent e l l ip t ica l  motions. For this case 

the stabil i ty can be either high or low. For example, the orientation 

of a nearly circular motion is arbi t rary ,  therefore, the s tabi l i ty  would 
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be low. Upon traversing &am low t o  higher frequency motians in Figure 136, 

we see fair ly  coherent rectilinear motions a t  time scales longer than 

roughly 5 days oriented approximately along the principal axis shown in 

Figure 133. Note that orientation here is measured anticlockwise f h m  

the nominal offshore direction of 145.6' relative t o  true north. The 

units shown in  the Figure have been normalized by TF radians therefore 

one must multiply by TF t o  get the radian measure. The motions are 

incoherent between time scales between 1 t o  5 days except f o r  a peak at  
L 

about 32 hrs. A rather broad peak in both minimum and maximum coherence 

spanning time scales approximately hours which incompasses 

the astronomical diurnal tidal species propagating onto the shelf &om 

the deep ocean,, local sea breeze effects, and local iner t ia l  period 

oscillations hrs . ) as mentioned previously. The interact ion 

between these three important processes is evident in the low ell ipse 

stabil i ty and the varying orientation. .The most coherent peak occurs 

centered a t  12.41 hrs. which is  the time scale of the principal luner 

semi-diurnal tide. This is the only t h e  scale where the motions are 

truely coherent and stable because it is the only time scale dominated by 

a regular deterministic process. 

Rcdfield (1958) wdyzed. sea level records along the east coast of 

the U.S. t o  produce the co-tide and co-range Ynes and concluded that the 

principal luner semi-diurnal t ide  (M*) on the eastern U. S. continental 

shelf is a c ~ s c i l l a t i o n  caused by the reflection of an ir,aident oceanic 

wave by the coast. The portion of the oceanic wave transmitted onto the 

shelf reflects off the coast resulting increase in the t ida l  amplitude 

with distance frm the continental slope. Hence, the mean tidal range at 



. . 

Savannah is 6.8 ft . whereas it decreases t o  3.6 f t  . at Cape Hatteras, 

since the shelf width a t  Savannah is larger than a t  Cape Hatteras. This 

type of reflected inertiagravity wave is called a Poincare wave.' It has 

a maximum elevation slightly seaward, of the coast and the associated 

water particle motions the horizontal plane are el l ipt ical ,  clockwise 

polarized, and oriented with the semi-major axis along the dbection of 

propagation. The ra t io  of semi-minor t o  semiemimajor axis is theoretically 

predicted t o  be a pendulum day ( '2df )  divided by the wave period ( in  th is  

case 12.41 hr.). Thus the predicted axis rJatiu i s  0.58 at: the latitude 

of 34'~. The velocity data in Onslow Bay supports Redfields view. Example 

Figures 137 and 138 show the semi-diurnal t i d a l  ellipses computed a t  all 

the mooring locations. Computations made from the entire record lengths are 

shown i n  Figure 137 and those made over the common length for the rectangular 

a r ray  are shown in Mgure 138. The sense of rotation for all of the 

ellipses is clockwise, they are oriented onshore and their  axis ratios 

are all close t o  the M u e  predicted for a Poincare wave. A t  mooring C 

it is  obseved that: the amplftude ul? tlie tidal currcnt deoreases wtth 

depth M the ttlllpsti a-iclltatisn 13 oUgI~Lly iwtated. Path nf thefie 

effects may be attributed t o  bottom friction. A small phase shirt (less 

than 1 hr. ) also occurs between the upper and lower t i d a l  current due t o  

bottom f'rictj.on. 

General ly  speaking, t h e  Eas tern  U. S. cont inent .a l  margin 

suppor ts  t i d a l  c u r r e n t s  which a r e  r o t a r y ,  with t h e  t i d a l  cu r ren t  

p recess ing  t o  t h e  r i g h t ,  as a func t ion  of t ime,  due t o  t h e  e f f e c t  

of  t h e  E a r t h ' s  rotatLon and t h e  n a t u r e  of t h e  t i d a l  wave(s) ,  

forming ( t i d a l )  e l l i p s e s ,  over  t h e  temporal cyc le  of a p a r t i c u l a r  

t i d a l  c o n s t i t u e n t .  T ida l  motion both n o r t h  and south  of Cape 
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Hat te ras  i s  p r i n c i p a l l y  semi-diurnal i n  frequency. This t i d a l  

L c o n s t i t u e n t  i s ' c a l l e d  t h e  M t i d e  and completes two o s c i l l a t i o n s  r each l u n a r  day, i . e . ,  24.84 hours.  The d i u r n a l  t i d a l  s i g n a t u r e  
- 

(,S2) i s  obvious, but of l e s s e r  magnitude than  t h e  PI2 s i g n a t u r e ,  

a s  i n d i c a t e d  i n  Table 1 0  . Addit ional  t i d a l  c o n s t i t u e n t s  of 

h igher  o rde r ,  a r e  apparent  i n  t h e  d a t a  but tend  t o  be of minor 

s i g n i f i c a n c e  beyond t h e  Mq c o n s t i t u e n t .  

Redfield (1958) presented  a  hypothes is ,  based on an a n a l y s i s  

of sea  l e v e l  records ,  t h a t  t h e  p r i n c i p a l  t i d e  along t h e  e a s t e r n  

U. S. c o n t i n e n t a l  margin was a c o - o s c i l l a t i o n  of s h e l f  waters  

with t h e  A t l a n t i c  Ocean t i d e .  A r e f l e c t i o n  of t h e  i n c i d e n t  

oceanic  t i d a l  wave, o f f  of t h e  c o n t i n e n t a l  s lope .  The p o r t i o n  of  

t h e  oceanic  wave t r a n s m i t t e d  onto t h e  c o n t i n e n t a l .  s h e l f  undergoes 

a  r e f l e c t i o n  o f f  of t h e  coas t  thereby r e s u l t i n g  i n  an i n c r e a s e  

i n  t h e  t i d a l  amplitude with d i s t a n c e  from t h e  c o n t i n e n t a l  s lope .  

This f u r t h e r  sugges ts  t h a t  t h e  (mean) t i d a l  range seaward of 

Savannah, G a .  should be l a r g e r  t h a n ' t h a t  n o r t h  o r  south  of i t s  

l a t i t u d e ,  wi th  a n o r t h e r l y  minimum occur r ing  a t  Cape H a t t e r a s ,  

due t o  t h e  f a c t  t h a t  t h e  c o n t i n e n t a l  s h e l f  width i s  l a r g e s t  off  

ofsavannah and narrows both t o  t h e  s a u t h  and t o  t h e  north. 

Hence, t h e  mean t i d a l  range of 2 .1  meters a t  Savannah i s  con- 

t r a s t e d  wi th  t h a t  of  1-1 meters a t  Ha t t e ras .  

This r e f l e c t e d  i n e r t i a g r a v i t y  wave i s  c a l l e d  a Poincare 

Wave. One can t h e o r e t i c a l l y ,  a n a l y t i c a l l y  d e s c r i b e  t h e  b a s i c  

motion t h i s  t i d e  by cons ider ing  t h e  fol lowing b a r o t r o p i c ,  

i n v i s c i d ,  r o t a t i n g  model momentum balance:  



TABLE 10: 

TIDAL CONSTITUENTS IN ONSLOW BAY OBSERVED DURING THE SUMMER OF 1976 

Record Length Oriesta- Semi- Axis Orient- Semi- Axis Orienta- Szmi- Axis 
t i o n  Major Ratio  aticn Major Ratio tion Major Ratio 

Bra. cM/ S CM/S cM/S 



(1) Ut - fv = - g<, 
and 
(2) Vt + fu = - gcy 
and 

in the on/off' direction, 

in the alongshore direction, 

( 3 )  p, = -gP in the vertical, 

where u and v are the "on/offU and "along" depth averaged 

current components, 5 is the surface elevation, g the gravita- 

tional acceleration, P the pressure, f the Coriolis parameter, 

p the density and subscrips denote partial differentiation. 

The time averaged depth is h(x,y) and the vertically integrated 

equation of continuity is:' 

Nest, assuming 5 = G(x) cos (at - ly), then (1) and (2) 
result in 

- flG) sin (at - ly) 

and 

Equations ( 5 ) ,  (6) and (4)'can now be combined to yield the 

relation 

This is the governing equation of the Sturm-Liouville type 

and with the conditions of G remaining bounded as x -j a , and 
with no singularities at x = 0 then the system is mathematically 



proper .  I f  t h e  c o e f f i c i e n t  preceeding t h e  G term i s  negat ive ,  

t h e n  t r i g n o m e t r i c  s o l u t i o n s  a r e  a v a i l a b l e  and, fur thermore i f  

( f o r  t h e  sake of s i m p l i c i t y ) ,  h  i s  a  constant  and i f  a > f  , 
2 t h e n  p lane  waves occur  f o r  k > O ,  where G(x) i s  p ropor t iona l  t o  

e  ikx and 1:0 . Inc lus ion  of v a r i a b l e ,  r e g u l a r l y  deepening h 

t o  seaward p r e s e n t s  no major problems i n  t h e  theory .  These plane 
. . 

waves a r e  c a l l e d  Poincare waves and t h e  M 2  t i d a l  component i s  an 

example .of such a  wave having a minimum e l e v a t i o n  s l i g h t l y  sea- 

ward of the c o a s t  and an a s s o c i a t e d  e l l i p t i c a l ,  clockwise po la r i zed  

water  p a r t i c l e  motion i n  t h e  h o r i z o n t a l  plane.  The semi-major 

a x i s  of t h e  t i d a l  e l l i p r e  i s  or81enl;ed 111 the d i r e c t i o n  of wave 

propagat ion  and t h e  r a t i o  of semi-minor t o  semi-major axes i s  

t h e o r e t i c a l l y  p r e d i c t e d  t o  be t h e  wave per iod ,  eg. 1 2 . 4 1  hours 

f o r  t h e  M2 component, d iv ided  by t h e  l o c a l  i n e r t i a l  per iod ,  

1 2 / ( s i n 0 )  i n  hours .  This  r a t i o  i s  0.563, 0.578 and 0.593 f o r  

l a t i t u d e s  of 33, 34 and .35  degrees North, r e s p e c t i v e l y .  The 

v e l o c i t y  d a t a  i n  Onslow Bay i s  c e r t a i n l y  c o n s i s t e n t  (Table 1 0  ) 

with both Redf ie ld ' s  vfew and with Poincare theory.  It i s  of  

n o t e  t h a t  t h e  r a t i o s  i n c r e a s e  i n  t h e  n o r t h e r l y  d i r e c t i o n ,  egs.  

ET vs. CT, 0.52 t o  0.55 and BT vs.  AT, 0..44 t o  0.45, which is . ' 

a l s o  c o n s i s t e n t  wi th  t h e  wave theory .  

The minor t o  major a x i s  r a t i o s  a r e  somewhat lower t h a n  

t h a t  prcd , ic ted  by wave theory ,  e s p e c i a l l y  a t  the bottom sensors ,  

and i n  shal lower water.  Addi t ional ly ,  i t - i s  noted t h a t  t h e  am- 

p l i t u d e  of t h e  t i d a l  c u r r e n t  decreases  wi th  depth and t h e  e l l i p s e  

o r i e n t a t i o n  i s  s l i g h t l y  r o t a t e d  both from top  t o  bottom and from 

mooring t o  mooring. F i n a l l y ,  a  small  phase s h i f t ,  Less than  60 



minutes, also occurs between the upper and lower current records 

with the lower leading the upper. These effects may all be 

ascribed to topographic influence, i.e., topographic steering and 

bottom friction. If one defines an effective pressure gradient 

as the resultant of the pressure gradient and tide generating 

forces, then the currents at any depth attain their maxima when 

the frictional forces are in balance with the effective pressure 

gradient. At this phase the effective pressure-gradients will be 

decreasing so. the currents will attain their maxima before the 

effective pressure-gradients vanish. 

The frictional forces arise from the bottom. If it is 

assumed that those near the bottom'are greater than those higher 

up, then it follows that the bottom-currents will reach their 

maxima earlier than the higher currents and consequently it 

occurs that all phases of the bottom currents will occur earlier 

than corresponding phases of the higher currents. 

Other tidal constituents were examined but only the principal 

lunar semi-diurnal M2, the principal solar semi-durinal S2, and 

a shallow water harmonic M4 were found to have amplitudes over 

1 cm/s. In some cases the other tidal constituents did not even 

s t a n d  out above the background noise level. The three major 

constituents for Onslow Bay tidal currents are summarized in 

Table 10 , from which Figures U7 and 138 were constructed. 



The S2 t ida l  currents are very similar i n  orientation and axis ra t io  

t o  the M2 currents except for being much smaller i n  magnitude. 

A preliminary look a t  the Gnslow Bay velocity data f r o m  this  experi- 

ment portrays the general character of water movements off the Carolina 

coasts. Except for  the t ida l  oscillations, the picture i s  extremely 

ccarrplicated resulting from the superposition of numerous random processes 

operating over a broad range of frequencies. 

Mean currents remain ill-defined. Velocity records of a- months 

durattoi~ abe  'tuu short t0 ccanpute relatively small mean values in 'the 

presence of relatively large low frequency variabilri.tg. Additional rc- 

search i s  required (and has been conducted imder DOE support, t o  date) to  

establish reliable mean fields and their  seasonal variations. 

The variance structure. is summarized in Figurks 139 - 144 , mich is 

a plot of the fluctuation kinetic energy distribution as a f'unction o f .  

frequency fo r  the upper and lower levels a t  mooring C. The ordinate gives 

the energy f'raction contained over any f'requency band. For example, the 

semi-cllurml tidal: cirr-r~nt, ccuqxise pcrccnt of the ' v ' a~~ lw~c :~  g3t thaz 

louation. . O t 1 1 ~  pw$iiLrlttrlL; fYactions are .  labeled on the figure. 

Earlier, it w& mentioned that the low frequency portion of the 

spectrum could be attributable t o  either direct atmospheric forcing, intru- 

sions or eddies f'rm t he  deep ocean boUl?dmy, o r  prcpaghLlurl ul: free mdes 

of oscillation supposted by t k  bottom topography i .e.  contkie~lbal shelf 

waves. A rkts Impression iYom the data presented; particularly the 

velocity hodograph parameters, i s  that regular, coherent, wave l ike features 

on the continental shelf in bsl-ow Bay are of ~econdary impolltarlct! t o  the 

transient w i n d  induced motions and influence of the G u l f  Stream. 
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Herein it should be noted that Brooks (1977) has used sea level 

data f r m  BFT and WIL t o  predicate the existence of zero group speed 

continental shelf waves of the barotropic, clockwise rotating variety. 

It is the conclusion of this author (Pietrafesa) that the Brooks' 

conclusions were premature, a t  best, and that no new evidence yet exists 

for the southerly propagation of a barotropic continental shelf wave. 

In fact, and t o  the contrary of Brooks' contention, FPS vs. BFT and CHS 

vs. BFT (all sea level) both would argue that there is a northerly 

propagation of events, definitely atmospherically induced. 

The passage of large scale meteorological disturbances, such as are 

seen t o  occur in the data shown within the met/sea level report (Pietrafesa, 

1978c), along a coastline can generate waves of the continental shelf wave 

variety ( G i l l  and Schumuu?, 1974). However, as suggested by Niiler and 

Mysak (1971), the vorticity associated with the mean current over a con- 

tinental margin may be of the order of the Coriolis parameter and the 

shelf waves could be advected by the mean current or even by amplified and 

grow unstable. The former possibility has recently been investigated 

by McKee (1978) who showed that a sheared geostrophic current could change 

the direction of phase propagation of the waves. Grimshaw (1978) has 

extended McKeels work and found that the presence of a boundary sheared 

current i n  a continental shelf wave f ie ld could result i n  the continental 

shelf waves having negative phase speeds. Additionally, Grimshaw suggests 

that the background vorticity provided by the sheared boundary current 

may result in the amplitued of the shelf waves being modulat &/increased 

and that the amplified waves may becme unstable. 

Pietrafesa (1978 a and b)  shows evidence for the northerly propagation 

of events which show up as wavelike features in the current meter data, i.e. 



u and v are in quadrature, with u.leading v. This evidence is  in con- 

tradiction with. the Brooks ' contention that southerly propagat ing 

barotropic CSW's exist since the Pietrafesa data was collected well with- 

in the offshore extend of the f i r s t  node, within which the Brooks' wave 

must rotate clockwise contrary t o  the Pietrafesa evidence that the went 
1 

rotates cyclonically a t  periods of 3 3 %  days. What may be happening 

herein i s  that the shelf waves m a y  be getting advected with the mean 

current, towards the north. If the waves have a phase speed within the 
I 

range of that  of the speed oS the mean current, and moreover due t o  the 

fact that both vx and \ are large, in the region of the shelf break, 

slope, it may appear t o  the observed (the current meter) that the waves 

are propagating northward and rotating cyclonically. The fact that h 
Y 

is varying, in the Capes region, may also influence the characteristics 

of any possible shelf waves.modes. 

It should also be noted that there is l i t t l e  consistent, co-herence 

within the period band of interest (eg. s i t e  D, Figures 145 - 146) 

from top to  bottom a t  rnoorbg sites,  ruling out the possibility of a 

s t r i c t ly  barotropic phenomenon. . . 

~u~erimpoked on all of thi.s is  the fact that T ( Y ) ,  and T ( X )  are 

very coherent over these periods, with T ( Y )  leading T ( ~ ) ,  that currents 

are coherent with the w i n d  a t  these periods and that, for example, i n  the 

inner shelf region, the southerly currents lead the northerly currents 

over the period bond 3-342 days, consistent with the wind forcing. 

D r .  T.N. Lee (UM) has reported (personal'cammunication) Slndings i n  

the Georgia Bight similar to  those shown by this author (Pietrafesa) for 

Carolina Capes region so that the two regions are not a dynamical 

variance in qualitative ccmparison herein. 
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From the point of view of modelling, prediction of tidal currents 

appears t o  be tractable because of their  regularity and orderliness. 

Prediction of the low frequency events w i l l  be much more difficult  

however since their  driving functions tend t o  be random and non- 

stationary. Considerable d i m o s t i c  analysis will be required t o  define 

the important processes and their  coupling with the shelf circulation 

before reliable predictive mcdels can be realized. The DOE, N.C.S.U., 

S.K.L.O. and U.M. efforts represent a major step in acquiring such an 

understanding. 

I n  sumnary, the velocity structure i n  Onslow Bay consists of low 

frequency atmospheric and deep ocean forced motions comprising about 

45% of the variance (r.m. s. speed of order 10 c d s )  superimposed upon 

semi-diurnal tidal oscillations comprising about 53% of the variance . 
( r .m.s .  speed again of order 10 4 s ) .  The reminder of the variance 

is associated with internal gravity waves, along shore seiches and a 

associated with the bordering shoals, and turbulence. Mean currents 

remain poorly defined with magnitudes ssmaller than the r . m . s .  fluctuations. 

The deterministic tidal currents.seem amenable.-to predictive modelling; 

however, considerable more analysis of the data sets in hand w i l l  be  

requircd t o  understand the low fieyuerlcy rnotlons whlch can play a 

daminant role in mass transport. For example, typical tidal excursions 

are roughly 1-2 krn while.the low frequency excursions w i l l  typically be 

roughly ten times larger. Furthermore due t o  the transient a t  opposed 

t o  oscillatory nature of the low f'requency motions their  particle 

excursions are more likely t o  Lead t o  net transports. 



V I .  MODELS 

BIOLOGICAL PIODELING 

Consis  t e n t  w i t h  t h e  t i t l e  of t h e  Department o f '  Ene rgy ' s  

i n t e g r a t e d  Oceanography program i n  t he  South A t l a n t i c  B i g h t ,  

we have t r i e d  t o  unde r s t and  c o n t i n e n t a l  s h e l f  p roces ses  

a f f e c t i n g  t h e  oceanography and i n  t h a t  v e i n  have t r i e d  t o  

l i n k  p h y s i c a l  oceanographic  and b i o l o g i c a l  o b s e r v a t i o n s  

t h r o u g h a t h e  development of mathemat ical  models.  I t  i s  our  

i n t e n t i o n  o f  deve lop ing  these  models s o  a s  r o  i n c l u d e  t he  

h ighe r '  t r o p h i c  l e v e l s  b u t  we have begun, i n  our  e f f o r t ,  by 

a t t e m p t i n g  t o  model t h e .  d i s t r i b u t i o n  of n u t r i e n t s ,  eg . 
n i t r a t e ,  on the  c o n t i n e n t a l  s h e l f  under a  v a r i e t y  o f  wind 

c o n d i t i o n s  and presumed o f f s h o r e ,  Gulf Stream c o n s t r a i n t s .  

The p r i n c i p a l  r e s u l t s  of t h e  model w i l l  d e a l  w i t h  t h e  

subsequent  uns t eady  d i s t r i b u t i o n  of n i t r a t e  on t h e  c o n t i n e n t a l  

I1  s h e l f  i n  a v e r t i c a l  p l a n e ,  du r ing  an  ~ n t r u s i o n "  p r o c e s s .  

The b a s i c  i n t r u s i o n  mechanism i s  pr'esuuled to be the  mcchani- 

c a l  f o r c i n g  of t h e  wind,  b u t  t he  model i s  n o t  l i m i t e d  t o  

wind f o r c i n g  a s  t h e  d r i v i n g  mechanism. The model i s  f l e x i b l e  

enough t o  accomodate any c u r r e n t  d i s t r i b u t i o n  and the wind 

mechanism i s  s imply  p r e s e n t e d  f o r  t h e  sake of example. 

Blan ton  (1971) proposed t h e  t o l l o w i n g  d e s c r i p t i v e  mudel 

f o r  t h e  i n t r u s i o n  p r o c e s s .  During summer c o n d i t i o n s ,  =when 

t h e  s h e l f  w a t e r  i s  s t r a t i f i e d ,  i n t r u s i o n s  o f  Gulf Stream 

wa te r  o c c a s i o n a l l y  occu r  a long  the  bottom. Under t h e s e  cun- 

d i t i o n s ,  t h e  bot tom v e l o c i t y  h a s  a  n e t  onshore  component. 

. . The c o l d e r ,  more s a l i n e ,  n u t r i e n t - r i c h  wa te r  moving over  t h e  



s h e l f  forms a  s t r o n g  p y c n o c l i n e  a t  t h e  bot tom.  Once enough 

w a t e r  h a s  been f o r c e d  o n t o  t h e  s h e l f  and t h e  i n t r u s i o n  h a s  

begun t o  weaken,  t h e  p y c n o c l i n e  i s  found a p p r o x i m a t e l y  10-15 

m e t e r s  o f f  t h e  b o t t o m ,  t h u s  s e p a r a t i n g  t h e  Gulf  S t ream w a t e r  

from s h e l f  w a t e r .  ~ i x i n g  t h e n  weakens t h e  p y c n o c l i n e  and 

Gu?f S t ream w a t e r  i s  mixed- upward i n t o  t h e  s u r f a c e  l a y e r .  

The f o r c i n g  phenomena f o r  an  i n t r u s i o n  i s  n o t  . c l e a r l y  

u n d e r s t o o d ,  b u t  i n t r u s i o n s  can  be induced by t h e  s o u t h e r l y  

and s o u t h w e s t e r l y  winds a s s o c i a t e d  w i t h  t h e  summer nor thward  

m i g r a t i o n  o f  t h e  Azores-Bermuda High,  which would d e f l e c t  

s u r f a c e  w a t e r s  o f f s h o r e .  The i n t r u s i o n s  g e n e r a t e d  f rom t h i s  

upwel l ing- type  p r o c e s s  a r e  t h u s  p r o b a b l y  compensatory  i n  na- 

t u r e .  M e t e o r o l o g i c a l  d a t a  ( P i e t r a f e s a ,  e t .  a l . ,  1978) show 

t h a t  d u r i n g  surmner months ,  a l o n g  t h e  C a r o l i n a  C o a s t ,  when 

i n t r u s i o n s  a r e  p r e v a l e n t ,  t h e  dominant  winds a r e  from t h e ,  

s o u t h - s o u t h w e s t .  

P r e v i o u s  s t u d i e s  have  no-t d e a l t  s p e c i f i c a l l y  w i t h  t h e  

e f f e c t s  o f  i n t r u s i o n s  o n  s h e l f  w a t e r s  s i n c e  a  c o m o n  b e l i e f  

a p p e a r s  t o  be  t h a t  i n t r u s i o n s  a r e  p r e s e n t  o n l y  a t  t h e  s h e l f  

b r e a k  and do n o t  e x t e n d  shoreward  o f  t h e  o u t e r  o n e - t h i r d  o f  

t h e  s h e l f .  However, i t  h a s  been o b s e r v e d  by DOE i n v e s t i g a t o r s  

i n  t h i s  s t u d y ,  t h a t  i n t r u s i o n s  q u i t e  o f t e n  r e a c h  t h e  n e a r -  

s h o r e  zone (5-10 km. from t h e  b e a c h ) .  .- P r e s e n t  d a t e  i n d i -  

c a t e  t h a t ' ,  d u r i n g  t h e i r  e x i s t e n c e ,  i n t r u s i o n s  a r e  a  dominant  

f a c t o r  c o n t r o l l i n g  p r i m a r y  p r o d u c t i o n  i n  t h e  S o u t h  A t l a n t i c  

B i g h t  . 



I t  i s  of  r e i t e r a t i v e  no te  h e r e i n  t h a t  we a p p r e c i a t e  
. . 

t h e  f a c t  t h a t  Gulf  Stream meandering a n d  "eddy" e v e n t s  may I 
be of  e ,qual  o r  even g r e a t e r  importance i n  supp ly ing  n u t r i -  

e n t s  t o  t h e  s l . lz lf  and \.re- a r e  i n  f a c t  a t t e m p t i n g  t o  i nc lude  

t h e s e  e v e n t s  i n  o u r  models p r e s e n t l y  be ing  formula ted .  

The d i s t r i b u t i o n  of n i t r a t e  i n  i n t r u s i o n  w a t e r s  i s  

assumed t o  be governed by t h e  fo l lowing  e q u a t i o n ,  . 

N L: + uH, + wN, - (DIN,), - ( D 2 N Z ) Z  = B i o l o g i c a l  Terms. 

(Source / S  iuk)  (1.1 

where u  i s  t h e  h o r i z o n t a l  v e l o c i t y .  component, w, i s  the  v e r -  

t i c a l  v e l o c i t y  component ,  D l  i s  t h e  h o r i z o n t a l  d i f f u s i o n  coe- 

f f i c i e n t ' ,  D2 i s  t h e  v e r t i c a l  d i f f u s i o n  c o e f f i c i e n t  and the  

b i o l o g i c a l  terms inc lude  any sour.ce o r  s i n k  of n i t r a t e  i n  

t h e  system.  

The h o r i z o n t a l  and v e r t i c a l  v e l o c i t i e s  have Lee1.1 rede- 

f i n e d  i n   term^ o f  t h e  ~ t r e a m f u n c t i o n ,  Q ,  such t h a t  

U = qz and w = -$,, 

which a l l o w s  t h e  c o n t i n u i t y  e q u a t i o n  t o  be s a t i s f i e d .  Equa- 

t i o n  (1) now becomes 

Nt + a Z N x  - 6,NZ - (DINx), - (DZNz), = B i o l o g i c a l  Terms 

~ ~ u a t i o n  (2 ) ,  a  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n  w i t h  

v a r i a b l e  c o e f f i c i e n t s ,  i s  v e r y  d i f f i c u l t  t o  hand le  mathemati- 



c a l l y .  T h e r e f o r e ,  a  method i s  needed t o  reduce  i t  t o  a  more 

workable form. I n  o r d e r  t o  do t h i s  and f o r  ou r  purposes  h e r e ,  

t he  mathemat ical  t echnique  of s e p a r a t i o n  t r a n s f o r m a t i o n  

(Hansen, 1964) has  been employed. 

Using t h i s  method, i t  i s  p o s s i b l e  t o  r e d e f i n e  t h e  con- 

c e n t r a t i o n  f i e l d  of any p h y s i c a l ,  chemical  o r  b i o l o g i c a l  

element i n  terms of  t h e  nondimensional  p o s i t i o n  parameters  

TI and  5 i n  t h e  fo l lowing  way 

- Z 
I I -  q ((5' and C=(x/L) 

where x  i s  t h e  h o r i z o n t a l  c o o r d i n a t e ,  L i s  a  c h a r a c t e r i s t i c  

s h e l f  w i d t h ,  z i s  t h e  v e r t i c a l  c o o r d i n a t e  and HL i s  a  

c h a r a c t e r i s  t i c  dep th .  Alpha i s  t.he bottom o f f s h o r e  a t t e n u a -  

t i o n  exponent .  These nondimensional  parameters  a l l o w  one t o  

"hide" the.  x and z dependence of t h e  sys tem.  

I n  t h i s  model t h e  f alloying v a r i a b l e  t r a n s  fo rma t ions  

were made. 



where N i s  t h e  n i t r a t e  f i e l d  t r a n s f o r m a t i o n ,  9 i s  the  c i r c u -  

l a t i o n  p a t t e r n  t r a n s f o r m a t i o n ,  and B i s  the  t r a n s  forma t i o n  

f o r  t h e  b i o l o g i c a l  t e rms .  The s i g n i f i c a n c e  of t h e  terms i n  

t h e  n i t r a t e  t r a n s f o r m a t i o n  w i l l  be d i s c u s s e d  and t h i s  des -  

c r i p t i o n  a p p l i e s  t o  a l l  o t h e r  t r a n s f o r m a t i o n s .  

ANL i s  n s c a l i n g  parameter  which r e p r e s e n t s  some 

c h a r a c t e r i s t i c  n i t r a t e  d i f f e r e n c e  and N 
0 , L  

i s  a c h a r a c t e r i s -  

t i c  n i t r a t e  c o n c e n t r a t i o n  a t  t he  o u t e r  edge of t h e  sys tem.  

The time dependence . f o r  t h e  n i t r a t e  f i e l d  i s  inc luded  i n  t h e  

F l ( t )  t e r m s .  The t ransformed n i t r a t e  f i e l d  i s  g iven  by 

O(q )ca l  - O(o) where O(o) i s  t h e  t ransformed s u r f a c e  n i t r a t e  

v a l u e  and O ( r 1 )  i s  t h e  t ransformed.  n i t r a t e  f i e l d .  The 5 term 

a l lows  the  c u r v e  t h a t  d e s c r i b e s  the n i t r a t e  f i e l d  t o  s t r e t c h  

o r  s h r i n k  ' i n  t h e  v e r t i c a l  a s  i t  moves about  i n  t h e  system.  

The s i m i l a r i t y  parameter  , a,, , dete rmines  t h e  h o r i z o n t a l  

g r a d i e n t  o f  t h e  n i t r a t e  f i e l d  and i s  r e f e r r e d  t o  a s  an a t t e n -  

u a t i o n  exponent .  I t  i s  assumed t h a t  D l  and Dp change o n l y  i n  

t h e  h o r i z o n t a l  d i r e c t i o n ,  t h e r e f o r e  t he  t r ans fo rms  f o r  t h e s e  

v a r i a b l e s  do n o t  i n c l u d e  a f u n c t i o n  of q. 

A f t e r  s u b s t i t u t i n g  t h e s e  t r a n s f o r m a t i o n s  i n t o  e q u a t i o n  

2 ,  and assuming t h a t  h(x)  ,= hL(t)-a, as w e l l  a s ,  t h a t  the 

system has  a p a r t i c u l a r  dependence on c'which a l l o w s  t h a t  

parameter  t o  be e l i m i n a t e d  from t h e  e q u a t i o n ,  one g e n e r a t e s  

t h e  s i m i l a r i t y  c o n d i t i o n s  



and the-transformed equation becomes 

which is now an equation in two variables rl and r . 
Inspec tion of Equation 3 reveals three nondimensional 

numbers. The first gives a relationship between vertical 

and horizontal diffusion and the second is a relationship 

between advection and horizontal diffusion. Both are modi- 

fied by the characteristic length and depth chosen for the 

sys tem. The third nondimensional number indicates the rela- 

tive importance of the biological terms to physical terms 

in the equation. It is by manipulating these nondimensional 

numbers and the similarity attenuation. exponents that unique 

solutions are generated. Figure 147 shows the different 

bottom profiles that can be generated by simply varying the. 

bottom offshore attenuation exponent. 



DISTA?!!CE ( X / L I  x id' 

Figure  . . 147 Bottom p r o f 1 l . e ~  genera ted  with bottom or ' fshore a t t e n u a t i o n  
exponent equal  t o  -, 4 and -1 .. 2 .  ' The x . a x i s  i s  nondimensional  
d i s t a n c e  o f f s h o r e .  



In order to solve equation 3 it is necessary to impose 

certain constrain~s or boundary conditions on the system. 

These are as follows: 

1. Flux of nutrients in or out of the surface is . 
equal to N surface. 

2. Flux of nutrients in or out of the bottom is 
equal to N .bottom. 

3. A difference condition imposed at the shelf break. 
The bottom nitrate concentration minus the surface 
nitrate concentration is equal to some number 6 N .  
This condition allo~.:s tl-12 system to "feel" the in- 
put or presence of the Gulf Stream. 

The first two conditions are the conditions for the differ- 

ential equation and the third condition determines the value 

given to the nitrate attenuation exponent, al. 

~xpressed mathe~:atically these conditions become 

and substituting the -assumed transformations. gives 

1. 0,,(0) = Ns (where H surface = 0, for convenience here) 

Thus, the complete matheratical sys tem is second order 



and i s  c h a r a c t e r i z e d  by t h e  e i g e n  v a l u e ,  a l .  

The above model was coupled wi th  t h e  fo l lowing  b a r o t r o -  

p i c  c i r c u l a t i o n  sys tem based on P i e t r a f e s a  (1973) and Pie-  

t r a f e s a ,  e t .  a l .  (1978) .  The r e l a t i o n s h i p  d e f i n i n g  t h e  c i r -  

c u l a t i o n  i s .  p roposed ,  f o r  t he  sake  o f  t h i s  model, t o  be 

0 (q) = e T q ( ~ l  Cos Tq + A, L S i n  Tq) + e - T q ( ~ 3  Cos Trl -+ 

A4 S i n  Tq) , +  A5 

where A1, A 2 ,  A j ,  A4, A5 and T a re  c o n s t a n t s .  
. . 

This  c i r c u l a t i o n  model a l l ows  one t o  c o n s i d e r  v a r i o u s  

wind d i r e c t i o n s .  However, f o r  t h i s  problem, t h e  primary 

i n t e r e s t  i s  i n  winds blowing from t h e  sou th-southwes t ,  s i n c e  

t h i s  will induce an  Ekman t r a n s p o r t  o f f s h o r e .  

Two d i f f e r e n t  t ime dependenc ies  were used t o  d e s c r i b e  

t h e  f l o w  f i e l d  regime.  I n  the first t he  water column responds 

immediately t o  t h e  wind and t h e r e  i s  an onshore  movement of  

Gulf Stream wa te r  a t  t he  bottom (F igu re  ) By t h e  f i f t h  

day,  t h e r e  i s  l i t t l e  change i n  t h e  f low f i e l d  e x c e p t  f o r  

f u r t h e r  p e n e t r a t i o n  o f  t he  Ekman l a y e r  (F igu re  

The second t i m e  dependence i n c l u d e s  t h e  e f f e c t  of  a 

c lo skwise  o r  a n t i c l o c k w i s e  r o t a t i n g  wind s t r e s s  and i t  i s  

e v i d e n t  t h a t  t h e  r e sponse  o f  t h e  wa te r  column (F igu re  ; ) i s  

n o t  as f a s t  o r  d rama t i c  a s  t h e  p rev ious  c a s e .  L t  t a k e s  a  

wind system l i k e  t h i s  f i v e  days t o  r each  t h e  v e l o c i t i e s  



DISTANCE (KM) 
Figure 148 Streamline contours for case in which the water 

column responds immediately to the wind. 

DISTANCE (KM)' 

Figure149 Streamlines show little change except for 
deepening o f  the Ebn~ai~ layer. 



DISTANCE (KM) : 

Figure 15'0 Streamline contours for case that includes 
the.effect of a clockwise or anticlockwise 
rotating wind stress, 

DISTANCE (KM) 
Figure 1 5 1  Streamlines after five days. 



shown on t h e  f i r s t  day of t he  p rev ious  example (F igu re  151) 

Curren t  meter  d a t a  ( P i e t r a f e s a ,  e t  . a 1  . , 1978) i n d i c a t e  

t h a t  t h e  f i r s t  c a s e  i s  more l i k e  a c t u a l  c u r r e n t  response  t o  

vind f o r c  i ng  . 

B i o l o g i c a l  P roces ses  

The b i o l g o c i a l  terms inc luded  i n  t h i s  sys tem a r e :  

phytoplankton up take  of n i t r a t e ,  e x t r a c e l l u l a r  r e l e a s e  by  

phytop lankton ,  e x c r e t i o n  by zooplankton ,  e x c r e t i o n  by  f i s h ,  

decomposi t ion by d e t r i t u s ,  n i t r o g e n  f i x a t i o n  by Blue- 

Greens ,  r e g e n e r a t i o n  from bottom sed imen t s .  I n  t h e  t r a n s -  

formed sys tem,  e q u a t i o n  3 ,  BL i s  a  s c a l i n g  parameter  and 

a l lows  f o r  s c a l i n g  r e l a t i v e  t o  t h e  l a r g e s t  b i o l o g i c a l  term.  

Each b i o l o g i c a l  term w i l l  be d i s c u s s e d  and i t s  impor- 

t ance  w i l l  be de te rmined .  Values' f o r  t h e  b i o l o g i c a l  pro- 

c e s s e s  were o b t a i n e d  p r i m a r i l y  from t h e  l i t e r a t u r e ,  b u t  

when p o s s i b l e  f i e l d  measurements made d u r i n g  i n t r u s i o n s '  

have been i n c o r p o r a t e d .  

N i t r a t e  Uptake ; 

A b a s i c  assumption of t h i s  model i s  t h a t  n i t r a t e  up- 

t ake  fo . l laws Michaelis-Menton k i n e t i c s  (Dugdale,  1967) which 

i s  g iven  by 

where V i s  t h e  up take  r a t e  of n i t r a t e  N ,  Vm, i s  t h e  maximum 

uptake r a t e  t h a t  can be ob ta ined  by e l e v a t i n g  t h e  n u t r i e n t  



. . 

I 
concentration and Ks is the Michaelis constant or half sat- 

uration constant. 

The value used for uptake velocity in this model is 

1.2 x p 2 - a t  11, which is the maximum uptake velocity 

determined for D. brightwelli. This value was chosen 

because D. bl-ighti~elli is similar in size to Rhizo. alata 

which field studies have shown to be the most abundant phy- 

toplunlc ton  d u r i n g  an intrusion. This value was multiplied 

Extracellular Release by Phytoplankton 

Williams and Yentsch (1976) measured the chemical 

characteristics of the water.column in which they carried 

out their phytoplankton excretion experiments. They deter- 

mined a range for nitrate excretion of 0-.1 pg-at/l. 

Ucing these values for nitrate excretion and a time 

scale for 1.0s~ of the absorbed. nutrient of 40 hours, a value 

on the order of pg-at NOj/l-sec for extracelluar re-. 

lease of  phytoplankton can be calculated. 

Zooplankton Excretion ' 

The zooplankton excretion term was detergined in the 

following manner. Data collec ted by Faffenhafer (Skidaway 

Institute) on copepod species and density in Georgia coastal 

waters indicate seasonal variation in the copepod populations, 

the most abundant population being present in August. Using 



t h e s e  v a l u e s  and the  ash f r e e  we igh t s  f o r  t h e  v a r i o u s  cope- 

pod s p e c i e s ,  v a l u e s  ranging  from 20-120 ug a sh - f r ee  s t / l  a r e  

o b t a i n e d .  Corner and Newel1 (1967) have determined excre-  

t i o n  r a t e s  f o r  zooplankton popu la t ions  i n  Plymouth Sound of 

2-5 ug-at N/mg d ry  body wt-day. I f  i t  i s  assumed t h a t  1% of 

t h e  n i t r o g e n  exc re t ed  i s  i n  t he  form of n i t r a t e ,  a  number f o r  

zooplankton e x c r e t i o n  on t h e  o r d e r  of  ug-at NO3/ 1-sec 

i s  o b t a i n e d .  

F i sh  E x c r e t i o n  

F i s h  d e n s i t i e s  on the  o r d e r  of loe5 grams o f  f i s h  /1 

can be  c a l c u l a t e d  f o r  Onslow Bay w a t e r s  u s i n g  c a t c h  f i g u r e s  

determined by S t ruhaske r  (1969) .  Using d a t a  p re sen ted  by 

Wood (1958.) e x c r e t i o n  r a t e s  of approximate ly  ug-at N / 1 -  

s ec  per  f i s h  can be c a l c u l a t e d .  ' I f  1% of t h i s  i s  cons ide red  

t o  be i n  t h e  form of n i t r a t e ,  an  e x c r e t i o n  r a t e  f o r  marine  

f i s h  of  approximate ly  10-lo pg-at NO3/  1-sec pe r  f i s h  i s  c a l -  

c u l a t e d .  When m u l t i p l i e d  by t h e  c a l c u l a t e d  f i s h  d e n s i t y  a 

number on t h e  o r d e r  of 10 -I5 i s  o b t a i n e d .  T h i s  number i s  

ex t remely  sma l l  and can be n e g l e c t e d  s i n c e  i t  w i l l  n o t  s i g -  

n i f i c a n t l y  c o n t r i b u t e  t o  t h e  n i t r a t e  c o n c e n t r a t i o n  i n  Onslow 

Bay w a t e r s .  

. . 
Decomposition o f  P a r t i c u l a t e  Ma t t e r  - 

P a r t i c l e  d a t a  c o l l e c t e d  by PaffenhGfer  f o r  Onslow 

Bay w a t e r s  show approximate ly  120 pg C / l .  Chlorophyl l  a  d a t a  

c o l l e c t e d  a t  t h e  same time show v a l u e s  o f  0 . 7  p g  c h l o r o p h y l l  

I a / I ,  a v e r y  low va lue .  T h i s  c o n c e n t r a t i o n  c o n v e r t s  t o  



approximately 40 ug C/1 for a well growing phytoplankton 

population and when subtracted from the particle value, a 

value of 80 pg C / 1  is obtained.  his value is high and 

leads one to believe that particulate matter could be an 

important source of nutrients (Von Brand, et. al., 1937) in 

the system as well as an important food source for zooplank- 

ton. (Baylor, et. al., 1963; Paffenhofer, et. al., 1970; 

Po~lct, 1976) . 

If one assumes that 2-152 of ehe p a r ~ i c u l a t e  matter 

decomposition is nitrate, then values raog;~ig from 1.6 t o  

12 ug-at N03/.are obtained. If one further assumes a re- 

generation rate of approximately two days, a range of 

values from 7.86 x pg-at N03/l-sec to 6.94 x low5 

pg-at N03/1-sec is obtained' for detrital decomposition. 

Nitr0ge.n Fixation by Blue-Greens 

Dunstan, et , al, , (1976) found ~scillatoria . .. - sp.. to 

be present in Georgia coastal waters in concenkratiu~ls of 

approximately 1000 filamentsll. Using this concentration 

and nitrogen fixation rates determined by Carpenter and 

McCarthy (1975) for Oscillatoria - thie. in the western 

Sargasso Sea he calculated a nitrogen fixation rate of 

1.4 pg-at/l-year for Georgia Bight waters. When converted 

to a per second basis the value for nitrogen fixation 

becomes 3.65 x ug-atllsec. This value is substituted 

into the right-hand side of the surface boundary condition 

and allows a flux of nutrients across the surface. 
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Regenera t ion  From Bottom. Sediments 

Rowe -- e t  a l .  (1976) performed - i n  -- s i t u  exper iments  i n  which 

a  given amount o f  bottom sediment was incuba ted  f o r  v a r i o u s  

l eng ths  of time and the  amount .of  n u t r i e n t  r e g e n e r a t i o n  

measured. T h e i r  r e s u l t s  show bottom r e g e n e r a t i o n  r a t e s  

of n i t r a t e  r ang ing  from 0.15-21.08 ~ g - a t  ?4o3/rn2-h. When 

conver ted  t o  a  per  second b a s i s  t h i s  g i v e s  v a l u e s  of o r d e r  

2  1 0 - ~ - 1 0 - ~  pg-at NO, /m a - s e c .  Th i s  v a l u e  i s  s u b s t i t u t e d  i n  

the r igh t -hand  s i d e  of t he  bottom boundary c o n d i t i o n  and 

a l lows  f o r  a  f l u x  of n u t r i e n t s  i n t o  o r  o u t  o f  t h e  bot tom.  

Sca l e  Ana lys i s  

S c a l e  a n a l y s i s  p rov ides  a  method f o r  d e c i d i n g  t h e  i m -  

p o r t a n t  components of a  system and de t e rmin ing  the  importance 

of one component r e l a t i v e  t o  a n o t h e r .  S c a l i n g  of  t h i s  model 

i n d i c a t e s  t h a t  t h e  b i o l o g i c a l  p roces ses  a r e  o f  t h e  same 

o r d e r  of  magnitude a s  t h e  a d v e c t i v e - d i f f u s i v e  p h y s i c a l  pro- 

c e s s e s  .and canno t  be n e g l e c t e d .  S u b s t i t u t i o n  o f  t h e  . v a l u e s  

determined f o r  t h e  b i o l o g i c a l  p roces ses  i n t o  t h e  r i g h t  hand 

s i d e  of e q u a t i o n  3 y i e l d s  

B ~ L ~  
LHS =. . DN - - 10 -8 - 10-7 - 10-15) 

L L  up take  D e t .  Zoo phyto .  ' f i s h  - .  

Decomp. exc .  tlxc , exc . 
and s c a l i n g  r e l a t i v e  t o  up take  g i v e s  

-5 2  - 10 L LHS - ( 1  - lo-l - 10-3-10-2  - 10 -10 
D~ N~ up take  Det .  Zoo phyto .  f i s h  

Decomp . exc . exc . exc . 



T h i s  i n d i c a t e s  t h a t  d e t r i t a l  decomposi t ion could p l a y  a  r o l e  

i n  t h e  r e g e n e r a t i o n  of  n u t r i e n t s  and p o s s i b l y  i n  t h e  absence f 
of  an i n t r u s i o n  c o u l d  supply  an impor tan t  source  of  n u t r i e n t s .  

From . t he  s c a l i n g  a n a l y s i s ,  i t  seems t h a t  the  b a s i c  terms 

involved  i n  t h e  n i t r a t e  ba lance  a r e ;  time dependence,  advec- 

t i v e - d i f f u s i v e  p r o c e s s e s  and b i o l o g i c a l  terms.  S ince  the  

s o l u t i o n s  f o r  t h i s  model were ob ta ined  numer i ca l ly ,  a l l  o r d e r s  

of e f f e c t 3  a r c  i n c l ~ l d ~ d .  

Examples of R e s u l t s  

I t  i s  r ecogn ized  t h a t ,  many c'ombinat.ions ' o f  parameters-  

a r e  p o s s i b l e ;  however,, t he  c a s e s  p re sen ted  h e r e  r e p r e s e n t  

what i s  c o n s i d e r e d  t o  be a  mean ing fu l ly  adequa te  minimum 

number of s i t u a t i o n s .  

I n  t h i s  f i r s t  example c a s e  t h e  r ank ing  of  t he  p h y s i c a l  

p roces ses  (de te rmined  by t h e  v a l u e s  g iven  the  nondimensional  

numbers) i s  a s  f n l  1 nws : v e r t i c a l  d i f f u s i o n  weaker t han  ho r i . - .  

z o n t a ' l -  d i f f u s i o n  and h o r i z o n t a l  adv.ection o f  - t he  same o r d e r  

a s  h o r i z o n t a l  . d i f f u s i o n .  

The r e s ~ ~ l t s  ( F i g u r e s  152-3) show'  l i t t l e  change i n  t h e  

n i t r a t e  c o n t o u r s  f r o m  day one t o  day f o u r ,  excep t  f o r  a 

s l i g h t  shoreward m i g r a t i o n  o f  t h e  n i t r a t e  i s o p l e t h s  .. T h i s  

t ype  of s i t u a t i o n  i s  n o t  t y p i c a l l y  found i n  f i e l d  d a t a .  

Next,  f o r  a second example l e t  v e r t i c a l  d i f f u s i o n  be 

s l i g h t l y  l a r g e r  t han  h o r i z o n t a l  d i f f u s i o n  and h o r i z o n t a l  

a d v e c t i o n  s t r o n g e r  than h o r i z o n t a l  d i f f u s i o n .  

A f t e r  t h e  f i r s t  day (F igu re  154 t h e  2 vg-at/L i s o p l e t h  
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appears  a t  approximate ly  s even ty  m e t e r s .  There i s  a  g r a d u a l  

b u i l d  up of n i t r a t e ,  u n t i l  by day fou r  (F igu re  155 the  

3.0vg-at/L i s o p l e t h  appears  a t  t h e  s h e l f  b r e a k .  By t h i s  

time the  wind has  decreased  i n  i n t e n s i t y  which slows t h e  

upwel l ing o f  n i t r a t e ,  whi le  phytop lankton  up take  i s  con t inu -  

ing  t o  remove n i t r a t e .  T h e r e f o r e ,  t h e r e  a r e . n o  r a p i d  changes 

i n  n i t r a t e  c o n c e n t r a t i o n .  I t  i s  impor t an t  t o  n o t e  . t h a t  by 

the  f o u r t h  day t h e  1 . 0  vg-at/L i s o p l e t h  has  moved u p  o n t o  

t h e  s h e l f  and i s  about  one-half  t o  two-thi rds  of t h e  way 

a c r o s s  t h e  s h e l f .  

~ i ~ u r e  156 i s  a  n i t r a t e  p r o f i l e  c h a r a c t e r i s t i c  o f  

i n t r u s i o n s  s een  i n  Onslow Bay. .It i s  a p p a r e n t  t h a t  t h e  simu- 

l a t i o n  r e s u l t s  cor respond  t o  t h e  measured n i t r a t e  d i s t r i b u -  

t i o n ;  however, t h e  s imula ted  n i t r a t e  f i e l d  does no t  ex tend  

a s  f a r  shoreward.  

The o r d e r  of  t h e  p h y s i c a l  p r o c e s s e s  f o r  the  t h i r d  exam- 

.pie c a s e  is.: v e r t i c a l  d i f f u s i o n  much s t r o n g e r  t h a n  h o r i -  

z o n t a l  d i f fu s i ' on .  

A f t e r  t h e  f i r s t '  day,  t h e  1 . 0  vg-at /L i s o p l e t h  i s  a l r e a d y  

approximate ly  two-thi rds  of  t h e  way a c r o s s  t h e  s h e l f  and t h e  

v e r t i c a l  p r o f i l e  s e e n a f t e r  f o u r  days  shows a  s t r o n g  v e r t i c a l  
. , 

g r a d i e n t  o f  n i t r a t e  E g u r e s  158-159). T h i s  type  of p r o f i l e  

i s  n o t  t y p i c a l  f o r  Onslow Bay, b u t  a  s i m i l a r  p r o f i l e  was seen 

i n  f i e l d  d a t a  . a f t e r  t he  passage of  Hur r i cane  B e l l e  (August 

9 ,  1976) .  F i g u r e  157 shows t h e  h i g h  n i t r a t e  c o n c e n t r a t i o n s  

found on t h e  s h e l f  fou r  t o  f i v e  days  a f t e r  t h e  passage o f  t h e  
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~ i j i u r e  156 ? ; T i t r a t e  p r o f i l e .  seen i n  Onslow . 

Bay. July 14-15, 19.76.. Data from Singer, 
e t . a l . ,  1976. 

c 0.5 

'- 
as-: 

I ' .. .,,.'. , .- - .  . . . .  . . 
I - :., y- 4.1 
2 sa ...: . . . .  

. 3 .. 
.O : s . 

F i g u r e  157 N i t r a t e  p r o f i l e s  s e e n  i n  Onslow Bay 
August 14-15, 1976.  Data  from S i n g e r ,  
e t . a L . ,  1976.  
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Figure158 Nitrate profile after one day. 

Figure159 Nitrate profile after four days. Note high 
nitrate valves and strong stratification. 
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. . ,hur r icane .  

One . i n t r i g u i n g  a s p e c t  of t h i s  sys  tern i s  the  e f f e c t  of  t he  

2 
v e r t i c a l  . d i f f u s i o n  c o e f f i c i e n t .  A v a l u e  of 30 cm / s e c  was 

used which can  be  cons ide red  -as an average  over  che wate r  

column and i s  l a r g e r  t han  v a l u e s  g e n e r a l l y  quoted f o r  

s h e l f  w a t e r s .  However, llarchuk e t  a l .  ( 1 9 7 7 )  r e p o r t  va lues  -- 
2 r ang ing  from 80 t o  390 cm / sec  f o r  s u r f a c e  eddy v i s . cos i ty  

r n e f f i c i e n t s  d u r i n g  a  t r o p i c a l  s to rm.  s i n c e  t h i s  c o e f f i -  

c i e n t  changes d r s m a t i c a l l y  wi th  d e p t h ,  an  average  v a l u e  of 

2 3U cm / sec  m a y  L r  ~ ~ e a s o n a b l e  f o r  a v e r t i c a l  diffusion coe- 

f f i c i e n t .  T h i s  l eads .  one t o  b e l i e v e  t h a t  t h e  h u r r i c a n e  

produced i n t e n s e  c u r r e n t s  ( suppor ted  by P i e t r a f e s a ' s  c u r r e n t  

mete r  d a t a )  which r e s u l t e d  i n  t he  movement of  l a r g e  amounts 

of  n u t r i e n t  . r i c h  wa te r  o n t o  t h e  s h e l f .  

I n t r o d u c i n g  a  l i g h t  a t t e n u a t i o n  term i n  t h e  l e f t  hand 

s i d s  of  e .quat ion ( 3 )  g i v e s  dep th  dependence t o  t h e  b i o l o g i -  

c a l  p r o c e s s e s ,  i . e . ,  t hey  dec rease  e x p o n e n t i a l l y  wirh depkh.  

A l so ,  a  t ime l a g - w a s  i n c o r p o r a t e d  i n t o  the,  n i t r a t e  up take  

term,  s i n c e  i t  i s  n o t  l i k e l y  t h a t  phytop laukton  beg in  removal 

of n i t r a t e  immediate ly  (Eppley,  - e t .  * a 1  9 1969) .  Adding these  

' t w o  r e f i n e m e n t s  t o  t h e  p r e v i o u s l y  d i s c u s s e d  sys tem,  che n i -  

. trate p r o f i l e s  shown i n  F i g u r e s  I60 t h r u  163 a r e  produced. 

The i n t r u s i o n  seen  i n  F igu res  160 gnd 164 i s  s i m i l a r  t o  

t h e  one s e e n  i n  Figuresl .52and153except t h a t  i n  t h e  f i r s t  c a s e  

t h e  h o r i z o n t a l  d i f f u s i o n  c o e f f i c i e n t  h a s  been reduced by 

an o r d e r  o f  magni tude.  Comparison of  F i g u r e s  162'and 163 wi th  
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Figs. 154 and 155, a l s o  show s i m i l a r  p r o f i l e s  and a g a i n  t h e  

h o r i z o n t a l  d i f f u s i o n  c o e f f i c i e n t  has  been reduced by an o r -  

de r  of magni tude.  The v e r t i c a l  s t r u c t u r e  of  t h e  n i t r a t e  

f i e l d  i n  Figure162 i s  norc l i k e  t hose  seen i n  f i e l d  d a t a  

s i n c e  the  s t r a t i f i c a t i o n  i s  conf ined  t o  t h e  lower twenty- 

f i v e  meters  of t h e  wate r  column. 

F i g u r e s  164 t h r u  167 show t h a t  t h e  v e r t i c a l  s t r u c t u r e  

of t he  n i t r a t e  f i e l d  can be modif ied by chznging the  bot tom 

s i m i l a r i t y  a t t s n u a t i o n  exponent .  The bottom topography 

p r i m a r i l y  a f f e c t s  t h e  f low v e l o c i t i e s  and t h i s  has  an i m -  . 

p o r t a n t  secondary e f f e c t  on t h e  n i t r a t e  d i s t r i b u t i o n .  

The n i t r a t e  p r o f i l e s  gene ra t ed  w i t h  a = - . 2  and 

a = -1.0 do n o t  resemble  any seen  i n  f i e l d  d a t a .  The n i t r a t e  

i s o p l e t h s  ex tend  t o o  f a r  shoreward and t h e  dep ths  of t h e  

n i t r a t e  i s o p l e t h s  a r e  n o t  c o n s i s t e n t  w i t h  measured v a l u e s .  

Also ,  t he  bottom p r o f i l e  i s  n o t  s i m i l a r  tc t h a t  o f  Onslow 

Bay. 

Comparison o f  t h e s e  f i g u r e s  t o  F igures162  and 163 show 

t h a t  t he  s o n c e n t r a t i a n s  of  n i t r a t e  a r e  c a r r e c t ,  b u t  t h e  

"bubble" o f  n i t r a t e  formed n e a r  t h e  bot tom i n  an i n t r u s i o n  

has  n o t  deve loped .  

Conclusion 

The r e s u l t s  gene ra t ed  by this model c l e a r l y  i n d i c a t e  

t h a t  i t  i s  p o s s i b l e  t o  s t i m u l a t e  p r imary  p r o d u c t i v i t y  i n  

Onslow Bay by p e r i o d i c  " i n t r u s i o n s "  o f  n u t r i e n t - r i c h  sub- 

s u r f a c e  Gulf  Stream w a t e r .  T h i s  i s  i n  keep ing  w i t h  t h e  hy- 
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p o t h e s i s  proposed by Dunstan and Atkinson (1976) .  

I t  i s  obvious  t h a t  t he  i n t r u s i o n  p roces s  i s  a d v e c t i v e l y  

dominant and t h a t  t h e  r e l a t i v e  s t r e n g t h  of  v e r t i c a l  and 
f 

h o r i z o n t a l  d i - f f u s i o n  de te rmine  t h e  v e r t i c a l - g r a d i e n t  of  n i -  

t r a t e  produced.  A l so , ,  t h e  i n c l u s i o n  o f  a  l i g h t  term i n  t h e .  

b i o l o g i c a l  components g i v e s  a  more r e a l i s t i c  . . i n t r u s i o n  pro- 

f i l e  wi th  r e a s o n a b l e  v a l u e s  f o r  d i f f u s i o n  c o e f f i c i e n t s .  By 

cnmpnring model r e s u l t s  t o  f i e l d  d a t a ,  ranges  of  reasonable '  

v a l u e s  f o r  t h e  non-dimensional  r a t i o s  can be determined,  
. . 

w h i c h  g i v e  an i n d i c a e i o n  of t h e   liba at ;rnpoi.tant pracesse3 i n  , 

c o a s t a l  s h e l f  w a t e r .  These a r e ,  o r d e r  of  magnitude e s t i m a t e s  

i n s t e a d  o f  s p e c i f i c  c o n s t a n t s .  

S ince  t h i s  model. i s  f o r  a  two-dimensional,  t ime de- 

pendent system a n d d o e s  n o t  a l l o w  l a t e r a l  movement,comp.ari- 

son  of  model r e s u l t s  t o  f i e l d  -data  should be done c a r e f u l l y .  

However, t h e  s i m u l a t i o n  r e s u l t s  are v e r y  encouraging s i n c e  

t h e  c o n c e n t r a t i o n s  and g e n e r a l  s t r u c t u r e  of t h e  n i t r a t e  
I .  . 

f i e l d  a r e  l i k e  t h o s e  s een  i n  f i e l d  d a t a .  



BUOYANCY FWX F.7ODE.L 

The relative importance of the various ocean surface processes 

which influence the dynamics and mass field distribution on a conti- 

nental shelf have not yet been fully established either by theory or 

f ie ld observations. It is generally acknowledged that the effects of 

mechanical surface wind forcing are dominant in the relatively shallow 

continental margin regions of the earth. Consequently, most f ie ld 

programs and theoretical attempts aimed a t  deducing the physics of the 

contblen-tal shelves tend t o  overlook or simply ignore the f'undamental 

influence of non-zero buoyancy flux a t  the free surface of the coastal 

zone. Buoyancy flux constraints or hpositions may most generally be 

derived"Dy mass or heat exchange with the atmosphere or by assuming 

that la teral  coastal freshwater input, such as river and or estuarine 

outwelling and plunaing occurs as either a coastal surface feature or 

a t  least as a surface excess in  the departure of a vertical integral 

density or volume constraint from a zero vertical plane, cross-sectional 

balance. There are several noteworthy exceptions t o  the apparent 

neglect of normechanical surface exchange forcing: Stomel and Leetma 

(1972) attempted t o  discriminate between wind-driven and river runoff 

modes of shelf circulation; Pietrafesa (1974) presented theory which 

differentiated between buoyancy and wind driven modes of circulation in 

the Red Sea; and Pietrafesa and Janowitz (1976) presented theoretical 

Fnsights into modes of circulation associated with mass and heat exchange 

a t  the surface of a t w ~ ~ n s i o n a l  continental shelf'. 

Though there have been many attanpts t o  actually measure the physics 

of continental margins, it was not unti1.1970 that a concerted, 



co-ordinated effort t o  understand the f'undamental oceanography of the 

upwelling phenomenon was  begun. This project, known as the Coastal 

Upwelling Ecosystems Analysis program is ongoing and includes data. frm f 
the continental margins of Oregon-Washington, West Af'rica and Peru. 

Additionally, programs sponsored by DOE (formerly: ERDA; AEC), NOAA, 

BIM, NOIS and NSF have increased the physical/dynamical data base of 

continental margins. 
- 

I n  essence, t h e  Pietrafesa-Janowitz solutions demonstrate the 

interacting, mutual control of both stratif'ication and circulation by 

both momentum and buoyancy sources a t  the surface. These authors show 

that the effects of buoyancy flux a t  the surface of a two-dimensional, 

steady state, continuously s t rat i f ied continental shelf have been 

considered. Similarity solutions have been generated using an interative 

technique. The solutions incorporate the influences of mechanical wind 

forcing, eddy diffusion, surface buclyancy flux and bottom topography. 

The traverse circulation can be decomposed into modes associated with 

the surface wind stress atlcl the surface buoyancy f l u  aid nlodified by 

stratif'ication, mixing and bott am topogrdphy . 
For the special cases of a wind stress with zero curl or for zero 

wind stress, upwelling circulations can be induced by both the sloping 

bottom an?. hy gra.v-ltat.i.onal convective effects. Alongshore interior 

currents counter t o  the direction o r  the wind are observed and are 

attributed t o  barocliilfc pressure .padlerrts. 

The nature of the transverse and alongshbre flows are characterized 

Jn tern3 of dimmionless ratios of: Coriolis t o  frictional forces, 

buoyancy t o  f'rictional forces; convective t o  diff'uive forces; and hori- 

zontal to  vertical mixing 'tlme scales and length scales. 



Table 11 defines a l l  of the models m for various relative 

sizes of the dimensionless coefficients. used in the model. 

The' behavior of the system is characterized by dimensionless 

coefficients; E i s  the vertical Ekman No. , L i  is the Lineykin No. , 6 

is  an aspect ratio,  y i s  a relative measure of the strength of circu- 

lation t o  horizontal mixing; the quantity Ray is  the density i .e . ,  

2 AS, AT convective Raleigh No.; RaE is  a measure of the effect of 

stratif ication on the circulation; 6 = hL/L is an aspect ratio;  and 

r is  a - ra t io  of vertical t o  horizontal mixing time scales, 

2 and = (ra + ro 1 %  or glqlAL , which ever 

is larger, r = %L' , ~ i =  sl h ~ %  

%k2 ~ 2 1 %  

Same results of the m o d e l  are shown in Figures 168 - 170 for case 18. 
. , 

A s  a part  of this DOE work, Pietrafesa has attempted t o  obtaln 

advanced analytical solutions t o  the equations goverming the balances 



F i g u r e  168.  Case.18 ,  u  v e l o c i t y  p r o f i l e  



F i g u r e  1 6 9 .  Case 1 8 ,  v  v e l o c i t y . .  p r o f i l e  
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Figure l 7 C .  Case.18, temperature proTlle 



Case No. 

Table 11 

a10 I T 
(XI  

1 0 
1 0  
1 . 0  
1 0  
1 0  
1 0  
1 0 
1 0 
1 0 
1 0 
1 . 1  
1 0  
1 0  

. . 1 0 
1 0 
1 0 

1 0  
1 . o  
1 0  
1. ' 0 
1 0  
1 0 
1 1 
1 -1 
1 0 
1 ' 0  
1 0  
1 0  
1 0  
1 0  
1 0  
1 0  
1 0  
1 1 
1 0.0 
1 0  
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of heat, momentum, mass, energy and nutrients in the SAB marine environ- 

ment and has developed ( in  concern with a colleague, Dr .  R.A. Struble 

of N.C.S.U.) a modified version of a classical perturbation expansion, 

approximation technique which yields insights into the f ie ld data. Not 

only have Pietrafesa and Struble used their  technique successrully t o  

solve the governing equations but they have proven a theorem which 

validates the use of the method and the integrity of the solutions. 

The method is presented in a separate report (Pietrafesa, Struble and 

DIAGNOSTIC AND PROGNOSTIC MODELS 

The f i r s t  .model, the diagnostic model, uses a prescribed density 

field, wind stress field,  and reasonable conditions on the stream- 

fbnction a t  the la teral  boundaries t o  compute a velocity field.  The 

d v c s  include the Coriolis force, the pressure gradient, and vertical 

friction. The boundary coriditions w i l l  be discussed i n  a la ter  report. 

The programs for this model have been written and tested. The region 

under consideration includes the waters fkom the coast out t o  approxi- 

mately the 75 - 3000 meter isobaths, in the region defined by Gnslow 

Bay 

The second model, the prognostic model, is calclllated on the same 

'horizontal grid as the first but includes a.tlme dependent df f fb ion  

equation. The density f ie ld fixed on the boundaries. The density field 

Is allowed t o  adjuSt with time t o  a steady s tate  value with the dynamics 

also adjusting. The dynamics now include unsteady and nodine& accelera- 

tions as well as horizontal turbulent mixing terms. The output f'rom the 



diagnostic model, i . e . ,  the velocity f ie ld calculated in that model, 

prmises the initial conditicns for this prognostic model. The program 

for  this model is written and is now being tested. 

Sinse the prescribed density field used in the diagnostic model is, 

in general, not the steady state field under existing wind conditions, 

we proceed t o  the prognostic model which allows for the adjustment of 

the derisity with time under a prescribed wind f ie ld and with the con- 

ditions on the enclosed boundary through advection-diff'usion-processes. . . 

SI-ELF RE3PONSE 'IC(3 A MWJNG STORM MODEL 

The coa3tal meteorological and sea level clata.(PJ,etrafesa, e t .  al., 

1978~)  represent . . the 'Carolina Capes climatology as one which is consis- 

tently pulsed by several day t o  several week atmospheric storms, especially 

during the fall,  winter and spring seasons. The data (Pietrafesa, et.  al. 

1978 a,b,c) indicate that sea level and currents and hydrography as well 

as possibly Gulf Stream local offshore location and local dynamics may be 

significantly affected by the passage of atmspheric anticyclones and 

cyclones (including .tropical storms and hurricanes). .Consequently, within 

our objective of understanding continental shelf processes, we (Ph. D. 

candidate Mr.  J. M. Klinck and Dr.  L. J. Pietrafesa) are attempting t o  

model the response-of a baroclinic, sloping, unsteady continental shelf 

t o  the pas= O l  a stom. CurwLiltfr Lilt: fillowing system s f  cquationo 

and boundary conditions for the surface, interior and bottom layers of 

a continental shelf: 



Interior 

Bottom % - f'v = (AuZIz 

under atmospheric forcing which is defined by a, Tw, wind stress:  

T,= x + st (at z = surface) 

yy = wind velocity magnitude in x-direction 

where 

This is a brief model description of the complete model which will 

be presented in a report t o  follow. 



VII. MOMEWrUM AND HEAT FLUX CALCULATIONS 

Using the @3mner, 1976 data. sets. frm' Pietrafesa, e t  . al. (1978b), 

one can s t a r t  to  compute not only the co-spectra, i .e.  the real  par t  of 

the cross-spectrum between, u, v, t ,  S and P, in al l  combinations but 

one can also take the original time series of the various variables and 

form a time average of the product of products which represent departures 
- - 

from some temporal mean value, eg. ulT1, ulvl  , etc. where the primed 

quantities represent increment departures ( f luctuat iurm ) fxao~n a t q 0 1 - a l  

mean over some specit'ied window length. 

The quantities have been averaged over a number of ways, egs.: 1 

and 2 day discrete, 1 and 2 day nuzning, currnilative, etc. Spatial 

gradients w i l l  also be taken of the various products. The intention is 

t o  canpute s ta t i s t ica l ly  reliable estimates of horizontal mornenturn, heat, 

and vorticity fluxes onto and off of the continental shelf in the Carolina 

cape region of the South Atlantic Bight. It is expected that these 

fluxes are provided by detached eddies and modulations of the G u l f  Stream; 

by strong meteorological forcing, e.g., cold f'ronts; and by tides. As 

is discussed i n  the section "Plans and Objectives", for such calculations, 

it is essential t o  know a t  least the following: the magnitude and shape 

of the horizontal kinetic and potential energy spectra as a f b c t i o n  of 

position; the magnitude and. shape of the horizontal Reynolds stress and . - 

heat flux spectra as a function of position; and the along-shelf and 

trans-shelf coherence scales as a function of frequency and the distri- 

bution of the above quantities over vertical modes; It is then hoped that 

we will be able Lu qualitatively and quantitatively idcntify and calculate 

the source of the mesoscale turbulent, momentum f l u  fields along the 

shelf break s t r ip  and the alongshore boundaries of the Carolina Capes, 



specifically Onslow Bay, and t o  assess the properties of the cross- 

spectral and covariance fields for  their  stationarity, hmgeneity and 

anisotropy. We can then address questions concerming: the frequency 

of'occumence, intensity, persistence and characterizing signature of 

the most energetic fluctuation events; the characterization of the inner, 

mid and outer shelfs t o  strong atmospheric forcing; the determination 

of the minimum record lengths needed t o  compute momentum and heat flux 

estimates; and the spatial and temporal sampling rates and locations, 

resp., required t o  ccgnpute momentum, and heat flux estimates. 

The 1976 Smxr data set appears t o  be offering the kind of infor- 

mation necessary t o  compute these estjmates, specifically as they relate 

to  the minimum record lengths needed to  compute such estimates; cf. 

F'igures 171 - 173 are indicative of a leveling off of all of the 

fluctuation product quantities a t  about a period of 60 days a t  s i t e  Etop. 

The quantities s u s e s t  a cumulative fluic of heat onto the shelf which is 

consistent with the E 
top 

u vs. T cross-correlation, (Figure 174 ) where 

over the period band 3% t o  1 0  days, c2 peaks at 0.75 and the co-spectral 

curve (Figure 175 ) which indicates a large magnitude of heat flux onto 

the shelf at s i t e  Etop. 

The above are a l l  presented for  the sake of example and it is noted 

that the llleveling off" a t  s i t e  E may be due t o  the imposition of 
top 

biological foullng and though the temperature sensor was not affected, the 

currents were samewhat at this s i te .  
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Figure 172 ' Heat correlation variance in x-direction for 

Et op Summer, 1976 (cumulative) . 



Figure  1'73 , Heat c o r r e l a . t l o n  var iance  I n  y -d i rec t ion  
f a r  Etop Summer, 1976  cumulative^ 

. . .. 
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VIII. BIOLCGICAL FOULING 

During the moored meter'periods of obseriTation of t h i s  study, 

biological fouling of the unattended, on-site instruments has not had 

any substantial effects upon the measurements, save for the Summer, 

1976 period of observation ' (Pietrafesa, e t  .ale , 1978b. ) . 
A s  can be seen from Figures 103 - 111, we encountered an unusually 

excessive, and unexpected, amount of biological fouling which apparently 

increased the lower threshold speeds of several of the current meters 

and obviously reduced the cwrent velocity magnitudes. The Aanderaa 

current meters were more dramatically affected than were the mdecots 

which may suggest that either the l a t t e r  instruments are less susceptible 

t o  the types of fouling encountered, than the former due t o  construction 

design (Pietrafesa, 1978a) or more likely that the instruments in near 

coastal waters are not as frequently in a nutrient enriched, biologically 

rich environment, as are the offshore instruments. The major collapse 

of the current magnitude envelopes seems t o  have occurred in the l a t t e r  

part of July, 1976 (cf. Figure 108) perhaps reflecting a large flux of 

nutrients, etc. onto the Carolina shelf by G u l f  Stream intrusion, up- 

welling, etc. 

It w i l l  be difficult  t o  retrieve the mollified magnitudes of the 

currents but given the fact that the M2 s e n d - d i m  lunar tidal ccn- 

stituent is so prminent, stable, regular, and deterministic, we w i l l  

uoc the tide as a guide Lo, hopefully, reconstruct the current speed 

time cerieo. 



IX. H r n C A N E  RET,TR 

On 5 A w t  1976, the twentieth tropical system to  be tracked east 1 
t o  west across the Atlantic Ocean during 1976, appeared approximately 

east of the northern Bahamas. By 6 August, VHRR sa te l l i te  imagery (Dr. 

R. Legeckis, NOAA/NESS, personal comnunication) indicated a well-defined 

vortex of tropical storm intensity. During the next several days, NOAA 

aircraf t  reported high altitude winds of 130 knots and a meridional 

pmpagation oped of 25 knots. On. t he  8th of A w t ,  Belle had appeared 

east of' C1-m-leston, S. C. and by the 9th t o  10th had extended i tself  tics 

the Virginia border. 

Though the storm track was  centered essentially along the 75" meridian 

(cf. Figure 1 for geographic perspective) and though the storm w a s  an 

intensely packed vortex, its effects had obviously been detected both in 

G u l f  Stream VHRR imgery ( N O W S )  and i n  our moored instruments= 

(Pietrafesa, et.  ale 1978b). Obvious current responses t o  this event are 

visible in the figure series 1 0  3- 111 of this report during the period 6 - 
20 A u g u s t .  Temperatures varied the order of 2"-9°C as the effects of this 

event passed by the arrays. Some of this dxsu~daLlc I;&iqjcl-atwe chargcC a m  

be attributed t o  mooring --over, but Fbot showed a decrease i n  temperature 

of 8 C (25'C down t o  16.8'C) between day 225 and 228, and this s&or was 

located pn f'mm the bottom in 75m of water, so lay-over cannot explain 

away the dramatic AT. 

Analyses of the shelf response t o  thfs event, hclucling the ~ ~ ~ 1 u  

observations made by SKI0 immediately af'ter the event (singer, et. al., 1977), 

are ongoing. 



Given the- description of the' Southeast Continental $elf Program, . 

touched upon in the'mtro.duction of t h i s  report, it is obvious that we 

(DOE - SAT3 investigatars ) are attempting t o  develope and understanding 

of the biologicdvchemical/p~sical f'unctioning of the nearshore and 

continental shelf regimes and as nearly as possible t o  quantif'y general 

circulation patterns that control biological production and the dispersal 

of pollutants, whatever their  source. 

The natural environment is subject t o  changes which take place in. 

time scales ranging f k a  minutes t o  decades. Life processes on the S. E. 

continental shelf are largely controlled by water circulation which 

produce dramatic changes on scales of days t o  years. Without an under- 

standing of the coupling of circulation and biological production, the 

Inagnitude of these Influences and where they occur, l i t t l e  i n  the way of 

predictive capability o r  establishing cause and effect relationships can 

be achieved. For example, relatively small deviations in the average 

posi t im of the Gulf' Stream may greatly influence continental shelf' 

production, the spawning and dispersal of larval fishes, etc. Marked 

changes in land runoff w i l l  Influence the position of turbidity fronts and 

the exchange of pollutants across these. 

The S. E. continental sheU program, developed in sequences l is ted 

below, is aimed at understanding natural processes which control biological 

activity a1d the aspe r sa l  of selected potential pollutants. Over the 

long pun, with such howledge, it should be possible t o  separate and ex- 

plain natural changes from those which -my be induced by man's act ivi t ies  

i n  the coastal-continental sheX ernrironment. The basic philosophy applied 



is that effective management decisians are ultimately based on obtainfng 

predictive capability . and to. achieve. this an understanding of ecosystem 

Our lang-term ob j ectives include : Dlff erent iat ing and describing 

the'biological/chemical responses of different sheU environments t o  

fkesh water input and coastal circul2tion patterns (i. e. , Georgia Bight, 

Carolina Ehbaynent , north Florida shelf, e t  c . ) ; Determining the response 

o f  biological camponents on the shelf t o  quantified flux rates  of nutrients 

and trace elements due ,tu GULP Stream motion, wind, runoff events and 

density ' fields ; Quantif'ying the rates of input, distribution and exchange 

of trace elements and radioistopes into and between nearshore zones and 

the shelf; De temhbg  the role of interfacial  transfer mechanism (e.g., 

density fronts) in the exchange of trace elements/nutrients/radioisotopes 

t o  continental shelf waters and the i r  effect on the biology of the near 

shore zone. 
\ 

Our specific objectives include: Characterizing physical and biolo- 

gical  processes i n  Gnslon Bay, utlllzir-ig data previswly acquired under 

contract t o  (1975-1978) and rlewly a~cpireii (1978-1373). 

The speciflc objectives for studies i n  the Georgia B i g h t  (5 year plan; 

1978-1982) include: Detaminbg the influence of G u l f  Stream interactions 

on transport ,. f l w  and dispersal ra tes  and. the i r  effect on biological 

processes in the Georgia Bight area; Determining the infzuence of estuarine 

inputs. on biological processes an the shex; Det- the rates uf iriput 

t o  and dispersion of trace elements. and radioisotopes i n  estuaries and on 

the continental shelf. 

Sub-objectives (Georgia B i g h t )  - 2-3 years (1978 - 1980) are : Determin- 

ing the contribution of atmospheric forcing, *sea interaction, Gulf 
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Stream influence, and thermohdne effects (e,. g. , density gradients fkm 

runoff and *sea interactions) on inner, mid- and outer shel l  circula- 

t i o n  and exchange proc&5ses (Lee, ~ i e t r a f e s a ;  Atldnson, SRL) ; Determining 

the specific trajectories of water due t o  discrete events  hen encountered, 

such 

density 

Stream meanders 

discontinuities ; 

the role 

and "eddy 

of cold 

zones 

events " ; 
etc . 

fluctuations 

i n  the nearshore 

investigators) ; 

region in con- 

trolling the dispersal t o  the shelf of inputs derived frum rivers, estuaries 

and marshes (SRL - Blanton; A t w o n ,  Windan) ; Describing the spatial/ 

temporal abundances and control of production of phyto-zooplankton as 

influenced by average circulation patterns (~affenhcfer , Menzel ) ; 

Det- the role  of autotrophic and heterotrophic microorgariisns in 

the cycling of essential elements and organic matter. Special attention 

will be placed on ascertalnhg the influence of horizontal and vertical  

discontinuities on element and organic matter distribution, micmbiological 

activity and the* relation t o  the physical and chemical regimes of the 

continental shelf (Pameroyfiiebe); Qmtif'ylng the input of trace elements 

t o  the Georgia Bight area by the atmosphere, G u l f  Stream Fntrusions and 

the* dispersion by average circulation patterns ( W l n d o m ) ;  Cetermining 

the rate  of input and the longshore/offshore transport and dispersion of 

trace elements and radioisotapes (SRL - Blanton, Windam). 

.- . .. - 

CBECT'IVES TO BE ADDRESSED: 1 March, 1978-31 my, 1979 - 

Scierrtif'ic objectives concerning the coritinental margin processes 

af'fecting the oceanography of the SAB, t o  be addressed within the next 

funding year (Present t o  31 May, 1979) by N.C.S.U. personnel (at the 

d i rec t  ion of L , J , pietmfesa) include : The calculation of st at ist ically 



. . 
reliable e s t h a t e s  of horizontal momentum, heat, and vorticity fluxes 

I 
onto and off of the continental shelf i n  the Carolina cape region of 

the South Atlantic Bight. It is  expected t h a t  these fluxes are provided 
H 

by detached eddies and modulationi of the Gulf Stream; by strong 

meteorological foreing, e.g.,  cold fronts; and by tides. For such 

calculations, it is essential t o  know the following: The mgnitude and ' 

shape of the horizontal kinetic and potential energy spectra as a 

f'unction of position; The magnitude and shape of the horizontal Reynolds 

s t ress  and heat flux spectra as a h c t i o n  of position; Tile along-shelf 

and trans-shelf coherence scales as a function of frequency; The dis- 

tribution of the above quantities over vertical modes; '1ke synoptic- 

scale temporal and spatial  structure of the meteorological forcing; 

The properlties the t i d a l  forcing of the amplitude and phase 

f ie lds  of the principal constituents. 

We .then hope t o  be able t o  definitively, qualitatively identif'y and 

calculate the source of the rnesoscale'turbu.lent, mmentum flux fields 

along the shelf break s t r i p  and the alongshore boundaries of the Carolina 

Capes, specif'ically Onslow Bay, i n  order t o  estimate the i r  role in the 

d r i v b g  or  damp- of the persistent circulation along ,the shelf. 

We will attempt t o  assess the properties of the cross-spectral and 

covariance fields fo r  the i r  stationarity, homogeneity and anisotropy. 

We w i l l  a t  least  address, if not answer, questions concerning:. the fre- 

quenoy of ooourrenue, intensity, persistence and charauterizing signature 

of the most energetic fluctuation events; the'characterization of the bmer, 

mid and outer shelfs t o  strong atmospheric forcing, such as  cold f'ronts 

and tropical storms; the determination of the minimum record lengths needed 



t o  compute mamenturn and heat flux estimates ; . and the spatial  and temporal 

sampling rates and locations, resp., required t o  campute. mamentum, and 

heat flux estimates. 

Finally, we shall attempt t o  definitively determine: the signature 

of Gulf Stream derived events, including spin off eddies, filaments or 

meanders and t o  discriminate between the types of events; eg., an< 

offshore meander causes a decrease in  the surface temperature and an 

increase in the surface temperature a t  the shelf break whi1e.a spin off 

eddy causes an increase in temperature a t  the surface and a decrease 

near the bottom; the three dimensional temperature, salinity,  nutrient 

and dissolved oxygen fields within the events; the relationships between 

surface, interior and bottom fluxes of mass, heat and momentum throughout 

a Gulf Stream derived event; t o  determine the percentages of current 

fluctuation due t o  tides, mechanical wind forcing and Gulf Stream in- 

fluences; and t o  develope diagnostic and prognostic models of the physical 

dynamics. 
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