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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 10 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 "Fall" (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 Fall" current,
temperature, conductivity and pressure fields from fixed point,
vertical moorings and a continuation of the hydrographic and bio—‘
logical sampling by SKIO personnel.

Additionally, Pletrafesa's 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, 1ntegratioﬁs of the physical,
chemical and biological data and mathematical mode]s of all data
set types have also been accomplished. ‘



'Twas brillig, and the slithy toves
Did gyre and gimble in the wabe:
All mimsy were the borogoves
And the mome raths outgrabe.

-~ Lewis Carroll
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I. SUMMARY OF ACCOMPLISHMENTS

During the period from 1 June, 1975 to 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 field effort. The succéss of the data acquisition phase of
the progran has now requiréd 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 affecting the oceanography of
the South Atlantic Bight. The main phase of the field program, located
in Onslow Bay, has been campleted and the data are being analyzed and
written up for publication. Thé Onslow Bay and Carolina Capes have
yielded several manuscripts for publication to date but our main efforts
during the past 2% years have been devoted to data acquisition, filtering,
reduction and initial presentation. We have now reached the analyses and
publication phase of our extensive field efforts to date. Additionally,
during the next proposed year of funding we will be planning our large
scale experiments which are scheduled to occur in 1979 and 1981.

| buring our first three years of AEC, ERDA, DOE support, we have made
20 cruisésAinto the Carolina Capes part of the Sduth Atlantic Bight and
have contributed, with personnel assistance from NCSU provided, to
several Skidaway Institute of Oceanography (SKIO) and University of Miami
(M) cruises. Six papers are presenﬁly either in press or in submission

to journals, five data reports which include preliminary discussion of



data are available énd nine papers haVe been delivered at national éon;
ferences; presenting the partial results-of our work to date.

The preliminary accomplishments of our research effofts to date are
as follows:

Tidal Effects - The tides in the SAB tend to be predominantly
semi~-diurnal, increase in amplitude from Cape Hatteras to
function 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

site C) respectively, are topographlcally steered and are
very stable.

tult' Stream.Meandering/lntrusion, Incursion Events ~ ‘Lhe
Gulf Stream derived events which peretrate onto the con-
tinental shelf in the vicinity of an in Onslow Bay re-
present a major source of the fraction of energy inputed
into this system. These intrusion events also are the
major source of nutrients supplied to Onslow Bay and
displace 11 to 36% of the volume of Onslow Bay during
thelr occurrence. They occur at a periodicity of four
to twelve days and impart in varying degrees vertical
and horizontal dynamical stability to the water colum
in their 1life history.

Onslow Bay Flushing = Gulf Stream spawned and wind
driven events which flush the Bay waters have been
identified, qualitatively described and quantitatively
defined. The flushing rate is estimated to be of the
order of 2—3 months for Onslow Bay. :

Eddy Incursion Event in the Carolina Capes - During
the period 18-22 April, 1977 in the shelf waters of
upper Long and Onslow Bays, the hydrography of a Gulf
Stream spin-off filament was sighted and mapped by
NCSU and observed in satellite imagery; comparisons

of the satellite and ocean station data have been made.

Effects of the Charleston "Bump" - The downstream effects
of the topographic feature known as the Charleston
"Bump" have heen observed as meanders of the Culf

. Stream Front in the region of the Carolina Capes; the
results of a mathematical model (Pietrafesa and Janowitz)
for topographic Rossby Waves generated by the "bump'"
have been campared, quite favorably to NOAA/NESS
satellite imagery. This feature may be part of the
reason for the meandering, eddy-shedding processes under—
gone by the Gulf Stream. -



Nutrient Modeling - 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 to data (Hofmann and
Pietrafesa).

Coastal, Atmospheric Climatology - Coastal winds and
pressure have been statistically analyzed and described
in space and time. .

Coastal Sea Level - Tide gage data has been statistically
analyzed and described in space and time.

Meteorology/Sea Level - Intercamparisons 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 to atmospheric pressure and wind over discrete
frequency bands and that Ekman convergences and diver-
gences, direct response to traveling met systems as
well as the possible generation of long waves which are
.observed to propagate north, north of Frying Pan shoals.

Topographic Effects - Ihe effects of the cuspate topo-
graphy in Onslow Bay has been shown to steer the princi-
pal axes of low frequency motion as well as the tidal
ellipses. The shoals are shown to act as both source
and sink to Onslow Bay, at either end.

Flux of Heat -~ Calculations derived from a turbulence
approach to the data and consideration of co-spectra
between cross—-analyses of current and temperature

indicate fluxes of heat on at the top, heat off at the
bottom in the mid-to central shelf break portion of
Onslow Bay over event periods the order of 4-10 days.
These fluxes of heat, and preliminary fluxes of mass
calculations describe the frequency and nature of wind
induced and Gulf Stream spawned events in both qualitative
and quantitative ways.

Flux of Maomentum - Calculations of Reynolds' stresses
have been accamplished and indicate large fluxes of
momentum along and across the shelf break during wind
induced and Gulf Stream spawned events.

Hurricane Belle -~ Our moored arrays of current, temperature,
pressure and salinity sensors detected 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 cm/sec 3 m. agove the bottam;
temperature changes the order of 2-9°C over a several

day period.



Wind effects - The relationship of currents to winds
indicates that the shallow, inner shelf of Onslow
Bay is strongly wind influenced while the mid-shelf
region tends to be a region of Gulf Stream and wind
influence and the outer shelf shows good correlations
to the wind at selective frequencies and though this
region tends to be principally Gulf Stream influenced,
there seem to be relationships between wind intensity
and direction and Gulf Stream Front location. Off-
shore winds seem to tweak the GSF offshore, in the
central, shelf break region of Onslow Bay resulting
in reduced alongshore currents to the north and
decreases in local temperature; the opposite wind
field results in opposite effects in u, v and T.

A mathematical model of the effects of the atmospheric
seasonal heating/cooling/etc. cycle on the circulation of
a baroclinic continental shelf, indicates that surface
buoyancy fluxes may be responsible for much of the

low frequency variability 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 like 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 band. ‘

During the summer period, Onslow Bay is physically and
dynamically banded both across the shelf and along the
shelf. The irmmer region is very strongly wind in-
fluenced, though wind events are obvious in the current
fields. The mid shelf region contains a complex mixture
" of atmospheric and Gulf Stream induced currents. The
inner, northerly shelf corner of the Bay tends to have
a predaminantly barotropic character while the inner
southwesterly corner displays both barotropic and
baroclinic modes of response.

Intrusions of Gulf Stream water, which occur during the
summer months, are typically advected shoreward in the
southerly portion of the bay, due to the forcing of

the predaminantly southwesterly winds, subsequently
either surface and are driven northeasterly across the
Bay, seaward or rotate clockwise, more northerly towards
the inmner northern extent of the Bay and become elither
stranded and decay through mixing processes, or leak
out south and east of the Cape Lookout Shoals, all as a
function of the magnitude and direction of the wind.



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

APPLICATIONS TO THE DEPARTMENT OF ENERGY

The coastal zone area of the South Atlantic Bight is presently under-
going a dramatic increase in energy related activities. 0il exploration
is presently active, with preliminary indications suggesting thét the SAB
may contain major oil reserves. Additionally, offshore nuclear power plants
which could use the up-welled cold waters, derived fram the Gulf Stream,
as an energy source and the ambient coastal waters as thermal coolants
may be a future reality. Additionally, rivers and estuaries are discharg-
ing, industrial, agricultural and human wastes into the coastal zone fram
the lateral side and the atmosphere is dumping wind borne pcllutants into
the oceanic environment from above. The ehvironmental implications of
these activities is not yet known since we are presently trying to under-
stand the envirorment itself. , » - \

Energy related activities such as offshore oil production, OTEC power
plants, offshore nuclear power plants and coastal based energy productioﬁ,
each present a possible source of contaminant introduction to the shelf
waters. We are beginning to identify tﬁe meéhanisms for contaminant transport
and the natural processes for maintaining safe and biologically conducive
water quality standards. This information willigventually lead to a better
predictive capability of shelf water motions so that bossible effects of

envirormental degradation can be minimized. .



II. INTRODUCTICN

The southeast U.S.Acontinéntal margin.region extending fram Cape
Hatteras to Cape,Cahaveral (termed the Soufh Atlantic Bight, S.A.B., by
Bumpus , 1973) after years of relative academic and industrial heglect has
recently became a focal point of energy-related activities. - 0il exploration
1s presently underway and present expectations are for a major oil reserve
te be discovered in the near future. Offshore thermal power plants which
will utilize the up-lifted cold water Fnergy source of the Gulf.Stream to
transmit electricity to east coast metropolitan areas are being considered
as a viable t'orm of' solar energy. Offshore nuclear powér plants may some-
day be a reality. In addition a nﬁmber of riversAare discharging industrial
by-products into the coastal zone; The envirormental impacts of these
activities are presently unknown. Thé guiding scientific objective of the
study described in this report is to imporve the capability for prediction
of the physical environment on the SAB confinental shelf;‘the principal
scientific task is to determine the relative importance of driving mechanisms |
and to measure the shelf response on seasonél fime and space scales. This
work 1is part of a larger'COordinated multi—University; interdiseciplinary
investigation aimed at understanding the physical, chemical and.biological
processes of the SAB.

Thé collective experience obtained fram direct observations on con-
tinental shelves has exposed a nmumber of important generalizations aboutb the -
forces that may be responsible for driving or dqmping shelf circulation and
the nature of the Qhelf response to these forces. These observations have
been carried out in many specific locations; but due to 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, tidal, 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 to understand the specific
nature of each force and to weigh the relative importance of each is not
possible without viewing large sections of the shelf as a hydrodynamic
continuum.

Shelf regimes have been categorized historically by the character of
their seasonal hydrographic persistence because there has been a lack of
direct measurements of circulation. We are conducting a study to 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 to measuré the relative influence of the offshore current and
meteorological forces in maintaining the large-scale shelf circulation.

Given the above it is deemed essential to develop an understanding of
biological/chemical/physical functioning of the nearshore and continental
shelf regimes and as nearly as possible to quantify general circulation
patterns that control biological production and the dispersal of pollutants,
whatever their source.

The marine envifonment of the -SAB 1s subject to changes which take
place in time scales ranging from minutes to decadeé. Life processes in
the S.A.B. continental shelf are largely controllea by water circulation
which produce dramatic changes on scales of days to years. Without an under-
standing of the coupling of circulation and biological production, the
magnitude of these influences and where they occur, little in the way of
predictive capability or establishing cause and effect relationships can be

achieved.



The DOE sponsored Southeast Continental Shelf Program was develdbed.
in an orderly, sequential mamner and is aimed at gaining an understanding
of natural processes which control biological activity and the dispersal
of sélected potential pollutants. Over the long run, with such knowledge,
it should be possible to separate and explain natural changes from those
which may be induced by man's activities in the coastal-continental shelf
envirorment. The basic philosophy.of DCE and the principals involved in
this study is that effective management decisions are ultimately based on
obtaining predictive capability and to achieve this an understanding of

ecosystem function 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 Cmnnission) Contract No. E(38-1)-902,
by persomnel at North Carolina State University under the direction of
Dr. Leonard J. Pietrafesa (Principal Investigator), Associate éroféssor»
of Oceanography (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 oceanogfaphy in the Cérolina Capes region,
gpceifically Onslow Bay, (cf. TMgure 1) of the South Atlantle Blght,
which were accamplished by Dr. L.J. Pietrafesa (N.C.S.U.) as a part of a
milti-disciplinary, mu&ti—inétitutional effort (the South East Continental

Shelf Program).
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The initial phase of this study began in August,v1975 wherein

. Dr. L.P. Atkinsbn (Skidaway Institute of Oceanography) and Dr. L.J.
Pietrafesa (N.C.S.U.) conducted the first hydrographic and biological
survey aﬁd deployed moored current meters in Onslow Bay, North Carolina.
Subsequent cruises involved integrated, co-ordinated biological, chemical
and hydrographic sampling and mooring recdveries and redeployments
involving additional N.C.S.U. and SKIO persornnel (Dré. H. Windom, W. Dunstan
and G. Paffenhofer). During the winter, 1977 the University of-MiaMi
began moofed meter‘work'in the Georgia Bight and the SKIO emphasisvshifted
to that region while the N.C.S.U. emphasis continued in the Carolina Capes
'regién.' This co—ordinated,'integrated experiment and those which have
followed, to date, aré‘now yielding the extensive temporal and spatial
ranges and domains of data whilch were deemed necessary to fully study the
continental shelf processes affecting the oceanography of the whole of

the South Atlantic Bight.

10



OCEANIC AND ATMOSPHERIC SETTING

Gulf Stream Influence

Background

The influence of the western boundary current, the Gulf
Stream, which pérsists generally along the seaward'edge of the
continental margin between Capes Hatteras and Canaveral, upon the
continental shelf between these end points, may be congiderable in
terms of physical, chemical and biological aspects of the oceano-
graphy of the South Atlantic Bight. Our (NCSU, SKIO and UM)
studies have yielded much valuable information to date and may, in
fact, be Qf 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 tempéral synoptic.
The DOE spoﬁsored 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
réview some of our understanding of the Gulf Stream influence, and
then to procede in an overview analysis of how our (NCSU) present
studles have served to either reinforece, modify, re-explain or
deséribe anew the phenomonology of the Gulf Stream influence 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.
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It is of historical note herein to point out that Abbe (1895)
presented the following description of the eddy phenomonology in
relatiénship 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, 1t seems to me, be influ-
enced by the force and direction of their waters.
These bars, houwever, are generally 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 currents of the back-cet
eddies setting from northeast to southwest would
serve to determine the general trend of movement and
of cutting, and would also explain the cross currents
that formed the hooked-spit of Cape Lookout.

As to the actual existence of such a set of
eddies on this portilon of the coast, though not rigidly
proved, we may with some show of reason infer that they
exlst. For on other parts of our own coast and on
foreign coasts, such as along the south coast of Alaska,
and on the northern coast of the Tsthmus of Panama, we
find such eddies set up by the great ocean currents.

 Our assumption, then, of a set of back-eddies is

not a vielent one, and 1t seems to suit our needs
better than previous explanations.

The exlstence of these Gulf Stream events had thus not gone
undetected even before the oceanographic multiship survey and or

satellite imagery.
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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 alohg the shelf break with dimensiéns of ten kilometers
to one hundred kilometers. These "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 ébout four days. The alongshore pressufe gradient
was presumed to be representative of the offshore geostrophic wind
component over Onslow Bay. Correlation with‘Qhe pressure gradient
perpendicular to the current axis was nbt found. The dominant
period of the axils meénders was about seven days; Webster estimated
the alongstream meander scale to be about 100 km. Webster thus
noted a strong apparent correlation with the énshore—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 can be noted. Webster (1961b) thus demonstrated
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that fluctuations on the i-day to l-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 ?he'average
surface speed of the Florida Current. Such an acceleration is not
observed; work of 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 Flérida 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
Webster's analysis, Oort (1964), using the thermal flux data
corresponding to Webster's momentum flux data, found a counter-
'gradiént heat flux 1in 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 énd interpreted the results two-dimensionaily.
He found near-bottom Intruslons of Gulf Stream water, which had
been suggested by Bumpus (1954), followedrby 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.,
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dropsonde data, in an analogous fashion. They concluded that there
existed negligible net transfer of kinetic energy between the eddies .
and the mean motion.in the surface layer on the cross-stream average;
instead, and internal redistributiqn of kinetic energy was occurr-
ing, as described above. Schmitz (1969) concluded that the interior
of the Florida Current off Miami was essentially in inertial

balance; Niiler (1975) found that the inertial balance is slowly
eroded along the shelf break, and there is a vortlcity flux into

the Gulf Stream from the shelf.

Hansen (1970) tracéd the position of the Gulf Stream thermal
front off North'Cérolina for twelve consecutive months in 1965 and
1966. 'He summarized the observed meanders as wave patterns of 200
to 400 km wave-length moving eastward with speeds of about 10.cm/sec.

Several theoreticél accounts have been attemptedhfor the
meandering, eddying motion of the Florida Current/continental
shelf system. Niiler énd Mysak (1971) considered subinertial waves
in a barotropic Gulf Stream with horizontal shear and variable éross-
stream bottom tbpography; i.e., a model with potential vorticity
gradiénts commensurate wifh the magnitude‘and form of the depth-
integrated Florida Current was examined. They concluded that long
waves could propagate north and south on thelsheared current and
that short waves‘couid propagate northward and were unstable.

The most unstable waves had a period of about 10 days and wave
lengths of 150 kilometers in the vicinity of the Blake Plateau
(South Atlantic Bight). Orlanski (1969) considered a model with

two "active" layers and bottom topography and found baroclinic
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instabilities to be possible for the parametric range observed in
the Soufh Atlaﬁtic Bight. The most unstabie waves had a period
of about 10 days and wave lengths of abouth220 kilometers. Orlanski
also noted the need for observations through the water column to
determine the various energy exchanges. Orlanski and Cox (1973)
carried out analogous calculations for a continuously stratified
system, with similar results. Additionally, finite-amplitude
effects reduced the growth rate; maximum amplitudes were reached
in about one week. |

. Recent studiles of the Florida Current provide'somelfurther
consideratidn."Richardson, Schmitz, and,Niilerl<l969)‘show mean
velocity sections for the Florida Current, two of which are located
off the South Atlantic Bight. The mean Florida Currént exﬁends
over the relatively shallow shelf break (50 to 100 meters deep);
the bulk of the Florida Current lies over a deep shelf (~800 meters
deep). Surface velocities up to 100 cm sec"l occur over the shelf
break. From 1/3 to 1/2 of the total volume transport occurs in the
upper 200 meters of the water column; thus, the outer shelf spans
much of the Florida Current.' Schmitz and Richardson (1968) found

that the transport fluctuations were +1/3 of the mean transport,

75% of the‘transport fluctuations were tidal, and no more than 10%

occurred at periods greater than one day. Niiler and Richardson
(1973) made a more precise estimate of thé seasonal variation,
finding a prominent maximum in summer (June). They concluded that

the seasonal variations accounted for 45% of the transport variance.
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Recently, De Szoeke (1975) found a bottom slope-induced

~ hybrid instability which arises from an interaction between a
topographically trapped baroclinic wave and a "thermal" baroclinic
Rossby wave. De Szoeke states that the hybrid instability is not
"fundamental in nature," but rather serves to redistribute the
energy from the classical baroclinic energy source (ecf. Pedlosky,
1964). De Szoeke's application of the hybrid mechanism to the
Florida Current neglected the importance of horiéontal velocity
shear to the overall vorticity dynamics.

Saltzman and Tang (1975) used an analytical modei to demon-
strate how second-order, nongebstrophic effegts,can modify a two-
layer baroclinic wave system that grows exponentially from a small
perturbation in a uniform zonal ocean current. It 1s Shown that
many of the asymmetric features characteristic of meandéring
ocean currents develop, including fronts and cutoff cyclonic cold
pools to the south and anticyclonic warm pools to the north of the
axis of the mean current. . The implication_iS'that all of these
features can bé viewed as being the simultaneous consequence of
baroclinie instability of a broader, more unifrom current that
might tend to beAforéed externally by the wind stress thermohaliﬁe
processes.

‘ The Very-High-Resolution Radiometer on the NOAA-2 (National
Oceanic and Atmospheric Administration) satellite has recently
obtained imagery in the visible channel over a major portion of the
coastal waters off the eastern seaboard of the United States. Strong

and DeRycke (1973) indicated an abrupt change in surface roughness
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at the shoreward edge of the Gulf Stream Cufrent from Florida fo
Cape Hatteras that could result from the opposition of waves pro-
pagating against the flow of the Gulf Stream. Herein, DeRycke,
Rao = (1973) pointed out an apparent relationship between

the occurrence of eddies along the western side of the Gulf Stream
and strong westerly winds.

Mysak and Hamon (1969) found evidence for a nonbarometric
response of sea level from the North.Carolina coast, especially at
periqu of 3 to 10 days. The phase relations were consistent with
southward propagation of barotropic continental shelf waves, with
seasdnal modulation of the phase speed due to seas&nal variations
of the Florida Current. They also noted a broad peak in the sea
level spectra centered on a period of about 15 days.

Satellite images (Legeckis, 1975; Stumpf and Rao, 1975)
suggest that the eddies evolve from growing instabilities (Florida
Current meander), which may initially be wind induced:. They mani-
fest themselves as warm, southwérd-oriented, tongue-like extrusions
.of Florida Current water onto the shélf, similar to the shingle
structure observed by Von Arx, Bumpus and Richardson (1955). In
the Florida Straits they.are confined by the narrow shelf coastal
boﬁndary and observed diameters range from 10 to 30 km. Eddy
verfical extent 1is approximétely 200m. Lee (1975)‘concludes that
spin-off eddies are a dominant mechanism for shelf water mass
exchange off southeast Florida and estimates the shelf residence
time as 1 week due to eddy water renewal. Singer, et. al. (1977)
and Blanton and Pietrafesa (1978) have essentially concluded that
the similar flushing mechanism is at work throughout the whole of

the South Atlantic Bight. Satellite imagery (Figures 2 thru 7)
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show that eddy-like excursions areAa 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 neander about 10 to 25 km
in the éast;west direction withAé wave length of 100 to 200 km.
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 apprecilated thaﬁ eddy like events displace
large volumes of shelf water with onshore flows of Gulf Stream
waters at the surface and bottom and foshore shelf water displace-
ment énd subsequent entrainment into the. slope waters.

' Flushing frequency 1s thought to tie directly to the frequency
with-which‘meénders and eddy.events occur. Conventional wisdom is
that meanders and eddy events occur at frequenciles between 0.1 and -
0.2 cycles per day; figures which embrace the pioneering study by
Webster (1961), as well as studies of sea level by Mysak and Hamon
" (1Y69), 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 fhe

Gulf Stream. From the Lee and Pietrafesa DOE data sets, 1t is
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obvious that large amplitude current fluctuations with periods
ranging from several days to sevefal weeks are common features
onlthe continental éhelfs off both Georgia and North Carolina.
These current meter data (Pletrafesa, et. al., 1977, 1978) indicate
that cycles‘in onshore/offshore flow often‘precede local wind
events occurring more or less simultaneously at Cape Hatteras and
Wilmington, North Carolina (szparation-distance about ‘120 km).
Perturbations in the Gulf Stream represent a mechanlism which could
be causing those flow cycles in mid-shelf that seem poorly correlated
with,lqcal winds. |

| Blanton and Pietfafesa (1978), to Be referred to as BP,A
considered data covering 42 days collected during 1975 by Pietrafesa
(1976) and outlined in Table 1 . Over this period, eight cycles
of onshore/offshore flow occurred, about one cycle each 5 déys.
The most dramatic onshore/offshore e&ent occurred at the SW mooring
from 10-22 August 1975 (Fig. 8). The other seven cycles in the
SW had durations from 4 to6 5 days long. AThe onshore flow in-all
but one cycle lasted 2 to 4 times longer than the fallowing off-
shoré flow, indicating that that flow was predominantly onshore in
the SW corner near bottom. Onshore/offshore floﬁ ¢cycles near
bottom in the NE were weak énd poorly coherent with neaf bottom
flow in the SW. The average flow from the smoolhed record 1o
shown in Figure 8a where averages were computed for the entire
42-day record. The near bottom flow in the SW is clearly stronger
than that observed in the NE. The strong average northeastward

flow near surface in the northeast is closely aligned with the
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" Table 1.

Mooring

NE

SW

Onslow Bay.
Water Instrument - Depth
. Depth __Type '
28 m  Endeco-105 | 10 m
~ Endeco-105 25 m
28 m GO~ 3070 11 m

Endeco-105 25 m

27

‘Data summary from moored instrumentations in

Record Duration

6 August-26 September 1975

6 August-26 September 1975
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Figure 8a. Daily averaged vectors of wind stress squared
(Cape Hatteras) and currents during specific
events of wind. (a) 42-day average currents
(only); (b) NE wind stress, 12 Aug.; (c) NE wind
stress, 14 Aug.; (d) SW wind stress, 19 Aug.;

(e) NE wind stress, 12 Sept.; (f) SW wind stress,
14 Sept. Wind stress vectors are depicted north-
west of the shoreline in each illustration except
the first. 1In (a), multiply vector -lengths by
0.05 for true speeds. Dotted arrows represent
currents at 10 meters depth; solid arrows repre-
sent currents at 25 meters depth.
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prevailling northeastward wind stress during the summer season in
a conventional Ekman barotropic geostrophic sense. Onslow Bay
responds to discrete wind events from the SW (prevailing) and the
NE (after frontal bassages). Blanton and Pietrafesa selected
five days of the 42-day record to demonstrate this response
(Fig. 8a). Three illustrations cover northeastward wind stress
whose daily average varied from less than 1 dyne/cm2 to almost
3 dynes/cmz; Under these conditions, only the surface flow in
thé northeast increases with increasing wind stress. The onshore
flow in the SW averaged 10-15 cm/sec during the day under the three
diffefent stress magniﬁudes. Two other illustrationshcover
episodes of southwestwérd wind stress. The first daily average
stress was‘about 1 dyne/cmz; fhe second was almost 3 dynés/cmz.
Bottom flbw tended to follow the trend of the isobaths. It was
notvclearly proportional to the wind's strength. Neither was the
surface flow.l

Hydrograﬁhic data .obtained at the time the two moorings were
‘set showed Onslow Bay to be highly stratifiled in the vertical with
a well mixed surface layer of about 27.5°C and salinites less than
35.5°/oo over a well mixed bottom layer whose temperature ranged
from 25.5°C less than 20 km offshore to less than 22.5°C near the
shelf break. Salinities were everywhere greater than 36°/00 ‘in
the lower layer. The bottom meters were ‘'within this bottom layer.
Temperature and salinity (Atkinson, et.al., 1976) confilrm that the
onshore/offshore flow cycles in'ﬁhis bottom layer transported water

of Gulf Stream origin.
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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 450 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 wé wlll 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 i1t is entirely possible that this
Strong onshore compoﬁent 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 bottom flow began at least two days before strong
northeastward winds. _Sécondly, the maximum current speeds occurred
2 to 3 days before the strongest winds. Thirdly, the currents‘
dimlinished and reversed while thé 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 meters depth in the NE. The
temperature at this point was approximately 26°¢C 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
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temperature occurred simultaneously with the strongest bottom flow
in the SW which had been acting for the previous 3 days at only
slightly lesser épeed. These facté suggest that the dramatic
onshore/offshore event was triggered by a large-scale disturbance,
probably originating in the Gulf Stream and enhanced by the up-
welling favorable, subsequent winds. The onshore flow carried
relatively cold temperature water of Gulf Stream origin (Atkinson,
et.al., 1976) to the inner portions of the embayment where vertical
mixing in the shallow water cooled the entire water column to
around 22°. This water was returned offshore in the upper
porfions of the water column where it passed by the’NE mooring on
14 August.

The other seven cycles in the 42-day record had much less
éffect‘on the inner portions of Ohslow Bay because they were not
és strong nor did they persist as long. Nevertheless, these cycles
‘represent pfocesses that remove or flush water from the embayment.
Our data seem to ihdicate that such cycleé occur about once every
5 days.

The_Cape'Fear i.e. Trying lan, and Cape Lookout shoals bounding
the southern and northern parts respectively of Onslow Bay appear
to exert a degree of tOpOgrapnic.contfol‘on the circulation. The
reéponse of Onslow Bay to onshore flow eveﬂts indicate that water
tends to cross the embayment predominantly in the southern portion.
We assumed therefore, that the onshore flow occecurs over one-half the
along shelf length or L - 50 km. The average thickness of this

flow was estimated from extensive hydrographic data taken over
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several years.‘ The sharp thermocline that separates the surface
shelf water from the more saline and colder bottom water (Blanton,
1971) averages roughly 10 meters off of the botﬁom (Atkinson, et.al.,
1976; Pietrafesa, 1978). Thus the onshore flow is typically about

10 meters thick. Average onshore speeds are about 7 to 10 cm/sec

at the SW mooring which last on the average of about 3 days.

Using the above values, we calculate the volume flux of onshore

s

flow across a half length of the embayment to be abouﬁ 1.3 x 10

cm3 over a 3-day duration. The embayment's total volume (100 km x

16

50 km x 30 m) is about 1.5 x 1017 cm3. Thus 12 onshore events
are requiréd to femove the.total volume of Onslow Bay. If thése
events occur each 5 dayé, a replacement rate = 12 events x 5 day/
events = 60 days. Thus about 2 months are required to flush
Onslow Bay by these onshore flow cycles.

This flushing rate of 2 months can be compared with other
calculations_for the shelf south of Cape Hatteras. Atkinson,
Blanton and Haines (1977) calculated an overall flushing rate of
2.7 months based on the freshwater distribution and»input to the
Georgia Bight area. In that paper, it was shown that this rate was
remarkedly constant from season to season, and a Gulf Stream entrain-
ment model was proposed to account for the rate at which freshwater-
could be removed from the Continental Shelf. Using typical fresh-
water filament dimensions and salinitles observed by satellite and
hydrographic cruiées and assuming that the stream entrains one of
these filaments each flve days, it 1s speculated that about 2 to
3 months are required to remove the freshwater observed on the

Continental shelf in the South Atlantic Bight.
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The volume of the subsurface intrusions typically'oﬁserved
in the summer in Onslow Bay was calculéted by Atkinson and
Pietrafesa (1978) in the following way. Each ocean/hydrogra-
phic station was assumed to :epresent a 10 x 20 km (200km2) area
(cf. Figure 9). The product of the layer thickness at a station,
which 1s determined by examination of the vertical profiles, times

200km®

yields the volume of intruded water in that region. ngming
the regional volumeé 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 watef;  Tables 2, 3 indicaté the pertinent cruises,
dates, stations, depths, volumés, 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 25.0C., The stranded intfusion was located in the lnner
part of the Bay and cﬁrrent meter and hydrogfaphicAevidenée:in;
dicates it was drailning from the Bay east of Cape Lookout.- The
results of the last hydrographic grid (11-12-13 September 1975)
indicated that at fhat time the water mass was either thoroughly
mixed into the water column or advected from thevBay.~ 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.
The calculated volume of 47km3 represents 11% of the Bay volume.
Considering that the intrusion was situated in the inner Bay,

represents more than 20% on the inner Bay volume.
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Table 2 Onshore /Of fshore

Cruise Dates . #Stations  #Sections Data Repor

OBIS I 6-7 August 1975 14 2 1
OBIS 1II September 1975

OBIS II1  13-14 October 1975 18 2 1
OEIS 1V 8-11 December 1975 12 7 1
OBIS V. 14 July-18 Aug. 1976 100 - 24 3
OB5 Cruise 14-18 July 1976 53 5 4
Leg ' _
0B6 21-23 July 1976 - 46 5 4
OB7 28 July-6Augst 1976 44 9 4
OB8- - . 14-16 August 1976 W 6 4
OB9 18 August | 4 0(6ne Along- 4
' Totals . 333 A 5o shore) 28
\
:Téb1e 3 Hypsometric data for Onslow Bay, North Carolina
Depth Range (m) Volume (km3) Cum%iggive Sum  Z%of Bay volume
0-9.1(0-5F) | | | 2.4 2 - 0.6
Y. 1-18.3(5-10f) 42 st 11
18.3-27.4(10-15f) 102 153 i 24
27.4-36.6(15-20f) 165 318 7 39
. 36.6-45.7(20-25f) 105 423 .25
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The remaining four measurements of subsurface intrusion
Volumes result from intensive observations in Onslow Bay in July
and August-~1976. Durihg the pefiod surface temperatures (Figure 13)
gradually warmed from 26 to 27C with lower temperatures near Frying
Pah Shoals and nearshore and higher temperatures in the Gﬁlf Stream.
_Bottom temperatures (Figure 14 ) indicate that the Bay was repeated-
ly invaded by deeper, cold Gulf Stream waters wlth temperatures
as low as 21.SC. The variation in near hottom temperatures
indicates that various water masses were invading the Bay rather
Lhan the reméte pbssibility that one.intrusion maintains its integ-
rity and migraﬁes spétially;'to and fro in time.

| Observations made in Onslow Bay during l4=15, July, 1976 in-
dicated the presence of a large subsurface mass of colder water.:
There 1s a question concerning its temporal origin, if not its
'spatial characteristics. The intrusion was cut off (stranded)
from the stream in the northern area (Figures 1l4,15,o0tations 0 and 109).
The calculated volume, nf this intfusion, of 1%1 km3 represents
36% of the Bay volume. -

The 21-23, July, 1976 grid included an observation of a water
mass of 23-2u°C stranded in the Bay. This water mass ocould be
either thé same water observed the 14-15 July or a new one. The
calculated volume of 86 lcm3 represents 20% of the Bay volume.

The U4-6, August observations idehtified 4 new subsurface water mass
in the Bay with minimum temperatures of 21.500 compared to the
previous lows of 23°C. The intrusion was stranded in the Bay, by a

mass of 23-24°C water at the shelf break (Figures 14,16). The

éalculated volume of 46 km3 represents 11% of the Bay volume.
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Subsurface intrusions, whiéh are responsible for the
appearance of cold, dense, Gulf Stream derived waters typically
in the bottom layer at the southern extent of Onslow Bay, in
effect transport vertical physical/dynamical stability to the
water column. This stability can be measured by an increase 1in the
vertical gradient of density, whereby a portion of the energy
being externally inputed to the system is used to increase the
potential energy, thereby reducing the relative level of turbu-
lent, mixing intensity. It 1s our belief, herein, that this in-
creased stability is of essential importance from either a
biological or .chemical viewpoint;

The questions at this point seems to involve those of a
basic nature, i.e.: what generates these frontal, eddy events
and during their existénce, what are.the physical, dynamical and
ultimately, biological, chemical and geological consequences of

their appearance and persistence.

Possible Downstream Effects of the Charleston Bump

A significant feature within the surface thermal (Very High
Resolution Radiometer, VHRR) satellite imagery being collected and-
processed by NOAA/NESS is the quasi-permanent northward to east-
ward to northward large scale meander of the relatively warm Gulf
Stream water away from the coast between Savannah, Ga. to
Charleston, S. C. to Cape Fear, N. C. This feature has become

known as the "Charleston Bump" (probably Legeckis, 1975) and

seems to be evident, in varying degrees, during all of the seasons.
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It is this permanancy or persistence of theAfeature, which,is

both surface and subsurface in nature which led DOE in#estigators
Pietrafesa (NCSU) and Atkinson (SKIO®) to speculate that thé
feature was topographically, orographically induced, since topo-
gfaphic 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"
downstream of the "Bump" to Cape Hatteras.

Pietrafesa and a colleague at NCSU (Dr. G.S. Janowitz) have
compﬁted the characteristics of a downstream standing Topographic
Rossby Wave (TRW) éeﬁerated by a bump sittingvon a continental
slope below a barotropic jet on a f%piane. The theory involved
in the solutions as well as the characteristic values used are
preseﬁted in the followlng 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 |
these waves; which would vary as the mean cufrent varies, bear
a relationship to the quasi-permanent meander in the Gulf Stream
offshore of South Carolina; if so, then 1g the asurface thermal
imagery, as well as the subéurface hydrography downstream‘of the
"Bump" a resultant featufe of these TRW's; if so, then are the .‘
eddy events observed in the NOAA/NESS, VHRR imagery and Pietrafesa's
hydrographic and moored current, temperature and conductivity
sensors a resultant of TRW's presecnting 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
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off an eddy, shingle, 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 aé a function of temporal fluctuations in the

mean currént; |
A simple model of a barotropic (density equal to 'a constant,

for this initial c¢ase) model of the characterization of é Jet

flowing over a bump is now formulated. Consider the following

system of equations and boundary conditions:‘

pDu-f v =P , in zonal direction,
0= 0 “tx
Dt |
" p Dv + f u= =P »  1in meridional direction,
o5t ot T TYy
. Px = = P8 : s in vertical,

where Py » fo denote constant density and constant Coriolis
parameter,

and with boundary conditions,

v » Ui s as X + -« (the offshore c¢onstraint),

A
o)

w=o0 , at z =H "(the rigig 1id),

w.=f2g . aﬁ Z = h (x,y)»(the kinematic condition),

v=0o , at y =1L (the lateral boundary on the
western side),

i : PS
and h = 0y + h (x,y)

where 6 = a constant slope (Nlo-z) and where h denotes a"bump".
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The vorticity equation derived from this system is

2/\

”~ v 2 - - -
(P, + (P )yy *a® (P7 4+ p fUY) +p,f°h = 0 s
' H
where P° = P + P, B2
2 _
and o = foe/UH .

The solution of this equation can now be written as

- 8 1 ‘ : ® =Tlx-x_1
5 ?UL = -yt zcm(_2H(X-Xm)£ sin T(x-xm) cos K(y—ym)dk + [ e m

- CcOS K(y—ym)dK)

where T = (|K2-1|)l/2'

H(x) = (52 % 20

X5 = X1 0 Xg T ¥p o X7 T X3 Xg T Xy

y5"= "yiz 'y Y6 = ‘_"yzi"y7 = -y3 and. y8 = -yll

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 lineﬁrl& sloped conﬁinental slope, as depicted -
in Figure 19 . The flow fleld suggests a topographically induced
meander, just downstream of the Bump, whére the meander is in reality
part of a damped Rossby Wave which decays in amplitude in the
downstream direction like r'l so that the upstream effects are of

lesser importance. The wavelength of the standing Rossby Wave is
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approximately 2b0 and 160 kilomefers for the two different cases
depicted, and the maximum offéhore deflection of the jet'due to the
Bump is shown to be approkimately 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 Ul/2

1/2 and the deflection as U 1 . It 18 of note also that the

, ‘the amplitude
as U
B~ €ffect would cause the wavelength to change iike B_; , 1n the
downstream direction. The model’figures are compared to several
NOAA/NESS VHRR p‘rdducts”(colmplements' of Dr. R. Legeckis, NOAA/NESS)
in Figufes 20 and 21'.

Presumably, one could proceed by incorporating density

structure, the B- effect, more general topography, vertical and
horizontal velocity shear and temporal variability thereof. The
model would necessarily have to be solved numerically. The point
remains though that the essenﬁials of the fact of the Gulf Stream
deflection east of Charleston and of the‘appearahce of ﬁave forms
downstream of this deflectilon are in fhe model presented herein.
The implications of an oscillating barocliﬁic jet, especially in the’
region of the frontal zone remalns an ihtriging problem. These ‘-
implications may include the evolutlion and formaﬁion of the shingle-.
eddy events through a baroclinic instability pfocess.

The Gulf Stream could then be controclled by mean potentilal
vorticity variations which not only have their origins in total
water depth coluﬁns shrinking and stretching but also in mean along

current variations in the cross-stream directions and mean cross

52



13

{L6T ©L Uoxen

© VO Weaajg JInD JO 93pS UL93SSM (2 SIS

km

Laeeloaanlenssfenngl
O 50 100 150 200

. Charleston

7 MARCH 1974

' .5..B




km
l_lll[llllllll'lllllllll-

0 50 100 150 200

o
;
"
S &
o o .
ég _ Beaufort
g & '+ . Wilmington
N .. e \
N O
T o
o B . Charleston;— Vs
J
2l
~
—— < 4
— [
PAGER
) \\ )
e N
/
/
/ | : L
/ 22 DECEMBER 1974



current variations in the downstreanm difection. An example which
partially characterizes the topographic wave induction process is

given by the following balance of
| (£ + c)hxl vs. |hB| , where ¢ = Ve-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 scendrio is presented as an explaination of
the meahderihg 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 méy form due ﬁo 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 theAtime, is deflected offshore és the origin
site of a topographically generated, standing Rossby Wave appearing
downstream of the Bump. The Gulf'Stréam assumes thils wave like
form, downstream of the Charleston Bump. The wave like form can
chahge in amplitude and wavelength as a funétion of the vertical = -
velocity variability of the Stream upstreém 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 Stfeam and as a function of where

the crests and troughs of this standing wave are located 1n relation-
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to the contiﬁental margin topographic variations which may resteer
the flow. The GSF may occasionally go unstable through some baro-
clinic instability process, perhaps indﬁéed by wind tweaking or

by some .other mechanism, which may be investigated by considefing
the works of Pedlosky (1971) and Orlanski (1969). This instability,
most lilkely baroclinic in nature because of the fact that the
shingles generally‘orient themselves to the southwest-aé they

erupt out of the Stream, can occur as a growing perturbation on the
order of several days to nearly several weeks in fréquency, grow
and orlent themselves west to south wést, 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 characterlized by appearing 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, also duc to the tcmporal'variability of the mean flow,_i.a.
the importance of Ut .in the momentum balance and also that the
steady barbtropic wave may be inherently unstable and consequently
undergo temporal varlations related to a propagation in Space.

Dr. R. Legeckls (NOAA/NESS) has kindly supplied this author
with a'space-time history representation of the GSF. Thls character-
ization is shown in Figure 22 and seems”to indicate a downstream
proragation of wave/Shihgle like features at rates the order of
25-75 km/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.
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A time series of VHRR imagery of the Southeastern U. S. continenta;l
margin and ocean water's,' extending fram 7-18 April, 1977 (supplied by
Dr. R. Legeckis, NOAA/NESS), as well as other spot imagery indicate waves
of the order of 140-200 kilometers in length and with crest to trough
amplitudes of 10 fo 75 kilometers propagating (10-75 _km/day) downstream of,
and seemingly stemming from, the Charleston Bump. A seemingly permanent
eastward meander of the Gulf Strea:h in the downstream vicinity of the Bump
indicates a deflection of the order of 50-75 kilometers.

It is of note herein that the Pietra.f‘esa——;.Tanowitz model results
predict a deflection of 50-75 kilcmeters and downstreain waves with lengths
the arder of 160 to 200 km.
| It is of additional note that temperature data obtained from NODC
(T.B. Curtin, personné.l communication) indicate that there is a deflection
in the T data southeast of Charleston fram the surface down to at least 50
meters (eg. Figures 23 ‘- '24). ‘These data f‘urthér suggest that this deflec-
tion is present the entire year but has its largest amplitude during the fall
(Figure 25 - Curtin, 1978), probably reﬂecting the decrease in transport
during this s_éaéon '(Fug"lj.ster", 1951; Iselin, 1940). This T data is entirely

consistent with the Pietrafesa-Janowitz "Charleston" bump model presented.

W&rog;raphic surveys in the Carolina Capes region planned for Spring,
Summer énd Fall, 1978 will hopefully result in the quasisynoptic mapping of
.éevem1 of theée events,' whereby we may he able to determine definitevely
whether the eruptions are baroclinic instébilities or not. The surveys will
be conducted when the ocean is visible to the VHRR so that we may inter-

campare our ground truth o the VHRR imager'y. March/April/May, are months
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when the ocean surface has been visible in the past, so that it is plannéd
to conduct the described hydro survey during a mooring retrieval—deployment
cruise during March-May, 1978.

This scenario of possibilities may well describe a serieé of mechanisms
" which lead to a4f1ushing of the shelf waters, in the Carolina Capes region,
as well as a continual pumping of thé shelf with new, fresh supplies of
larvae and nutrients.

So rests the case for tobographicaliy generated downstream—of-the-

"Bump''-waves and subseguent-eruptions.
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H;ydrography of a Gulf Stream Spin-off Filamept 3 19-21 April, 1977

As previously indicated in this part of the report, the
Gulf Stream occasionally sheds filaments, along it's western wall,
onto the contineﬁtal margin in the South Atlantic Bight. The
actual mechanism(s) which produce these eruptions is strictly
speculative at this time, but we are beginning to gain an appreci-
ation for the frequency and slze of these events through satellite
imagery, moored current meter observations and through fortuitous
hydrographic mapping of an event or events.

During ﬁhe period 18-22 April, i977 a current meter retrieval
cruise was conducted by NCSU in the region of‘the Carolina Capes
(under DOE funding). At that time, a hydrographic survey was
conducted (in the hope that an eruption event would be present)
as part of our normal routine. Fortuitously, we were able to map
one of these Stream shed events ﬁsing our hydro gear, including a
ASippicén XBT, a.Guidline,CTD, a Plessey 'STD and a Plessey
Thermosalinograph. The event which we mapped, as Shown in Figures
'26 - L49 was also observed by the Naval Oceanographic Office in
its Experimental Ocean Frontal Analysis (EOFA) broducts (cf.
Figures 50 - 51), complements of Mr. R. Perchall and by NOAA/NESS,
in the previously discussed time series (Figures 2 - 7). This
latter time series also includes an event south of the Charleston
Bump, which was mapped by Atkinson (SKIO) and Lee (UM) as part of

the DOE work.
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From the T, S data one can see that the event was of a size
of the ordef of 150 km xASO km in the horizontal and at least 200m
in vertical extent. 4A general feature throughout the axis,
center of the filament is a salty, warm lense of water near the
surface and a doming up of isotherms from the‘bottom up as is
conceptualized in classical models of stratified, cyclonic, warm
core eddies. A point herein is to suggest that these events are
hot(eddies in the conventional sense; they are best referred to
as ﬁspin off-events" or "filament eruptions". In any case, it
is obvious that these events are biologically important on the
- continental shelf in so far as they not only transp§rt larve-
laden, nutrient rich Gulf Stream waters onto the continental éhelf,
but they also pump the nutrients and larvae up into the upper
portion of the water coluﬁn, the "doming-up" effect and the
frequency of thelr occurence insures the biloluglcal community
of a continual supply of nutrients. The Menhaden fish may well
be an end result;of a food chaln process which begins wiﬁh the
onset of a_spin—off event and thrives on reoccurences of the same.

Another consequence of these events, in concert wilth the
mechanical forcing of the wind, 1s that they displace resident
shelf watérs,:which are often entrained into the Gulf Stream on
the southeadterly slde or offshore edge of thé'apin off event.

As discussed earlier, this entrainment of shelf waters serves to
flush the shelf of mature, nutrient depleted resident shelf waters

and replace the void with Gulf Stream garden dellights.
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Continental Margin Atmospheric Climatology and Coastal Sea Level

From the many continental Shelf dynamics studies which

have been made in the past decade, it has become increasingly
apparent that a detailed analysis of continental margin waters
can only be accomplished with an appreciation of the coastal
Ameteorology. Fortunately, coastal meteorological and, in addi-
tion, coastal sea level data have been archived and thus provide
coastal oceanographers with inexpensive, priceless and com-
plimentary data sets. Past éoastal sea level studies have
demonstrated that these data contain not only tidal data but
also sub-inertial frequency information Which measurably details
shelf response to atmospheric . forcing. Additionally; a particular
region, such as the South Atlantic Bight, can be characterized
by the statistic¢s of the temporal spedtra of both data sets as
well by the alongshore coherences which may exist between sta-
tions. In thils study, atmospheric wind and pressure have been
examined and correlated with coastal sea level changés at various
coastal stations along the South Atlantic Bight (Tables 4 and 5).

| The atmospheric climate overlying the South Atlantic Bight
is'determined by.both polar and tropicai marine air masses,
resultiﬁg in a "temperate ralny" climate with mild winters, long
hot summers, and adequate moisture in all seasons, according to
Koppen (see Pettersen, 1969). The north-south surface tempera-
ture gradient over the eastern U.S. reaches a seasonal maximum
in late winter of approximately 1.5°C per degree latitude, which

is about four times the summer gradient. The polar front, the
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Table 4

Meteorological ‘Stations

Station | ' Latitude Longitude

Cape Hatteras, N.C. 35°16'N 75°33"W

Wilmington, N.C. ; . 34°14'N 77°57'W

Charleston, S.C. 32°U6'N 79°56'W

Savannah, Ga. : 32°05'N - 81°06'W -
Table 5

Sea Level Stations

 Station ‘ Latitude  Longitude
Beaufort, N.C. o 3he 32N 76°40.2'W
' Beaufort Inlet, N.C. 34°41,6'N 76°k2. 7"
Wilmington, N.C. | 34°13.6'N 77°57.2'W
Frying Pan Shoals, N.C. 33°29.1'N 77°35.40W
Charleston, S.C. . 32°46'N 79°56'W
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actual zone.of maximum temperature contrast which separates the
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 ﬁhe nelghborhood
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 pétterns for a mature low
can be coherent over 600 kms., can persist for 3 tQ 4 days, and
cah directly drive a large-scale coastal current} Intense lows
are freqﬁently accompanied by tréiling 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 windé'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 fluctuations of 4-5 mb amplitude along the coast
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and have attributed these perturbations to atmoépheric gravify
wave generation by accompanying frontogenesis. Perhaps the most.
intense atmospheric pressure and surface wind stress patterns are
associated with the large-scale tropical storms and hurricanes
VWhich develop pfimarily in August-October and occasionally
migrate along the Southéast coast, visiting the Carolina coast
with a frequency of about one severe storm every two years
(U.S. Navy, 1970). The meteorological forcing on the Carolina
Shelf is thus dominated in winter by transient extratropical
storms with considerable variahility in strength, structure,
and perslistence of the important meteorological fields. The
predominant ﬁinds are northwesterly to northeastefly,'with some
30% of the observed speeds reported to NCAA (1970) exceeding
8 m/sec (16 kts). |

The summer meteorologlcal regime along the Carolina coast
is controlled by a strong weakening of the polar front and an
intensification of the Azores-Rermuda high. The region of most
intense cyclogénesis has shifted north of Cape Hatteras.and
while some active frontogenesis and cyclogenesis continues
over the Southeast U.S. shelf, the atmospheric variability there
is decreased ‘in summer. The predominant winds are lighter and
southerly to southweéterly. Some 60% of the'NOAA-cbllected
surface observations (NOAA, 1970) indicate wind speeds of leés
than 5 m/sec (10 kts), while 15% indicate wind speeds greater
than 8 m/sec (16 kts). The standard deviation of the surface

pressure shows both a strong seasonal fluctuation and a steady
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decrease with decreasing latitude south of Cape Hatteras (U.S.
Navy, 1970). The standard deviation of the surface pressure
at Charleston, S.C., 1s about one-half its mean winter‘value of
7 mb. Ward (1925) and his more recent co-workers sﬁggest that
a transition from a northern cyclonic-controlled climate to_a
moré Gulf-liké climate with higher temperatures and less
dramatic weather occurs along the Southeast shelf near the
latitude of Charleston.

On localized scales; an appreciable diurnal sea/land
breeze, as well as an apparent semi-diurnal harmonic thereof,
are in evidence along the North Carolina coast (Pietrafesa, et.
al., 1977).

The receht work of Saunders (i977) suggests that there is
a great deal of offshore as well as alongshore structure to the
mean wind fields which gives rise to the‘need for meteorologlcal
buoys which would allow for an assessment of the curl and diver-.
gence of the wind fleld as well as a mass and.heat air/sea
ihteractién evaluation. .Saunders also points out an'offshore
wind stress maximum which occurs during early fall; he finds no
apparent reason for thils but it seems likely that the air-sea
temperature grédients may be largest during this time of the year,
thereby increasing the drag coefficlent and subsequently the
rclative stress field. | '

Another line of investigation has pursued the influence of
meteorological forcing, albeit in a less systematic manner. In
the summer season, near coastal winds with northward (alongshore)
components are common and often persistent. Green (1944) and

Taylor and Steward (1959) reported evidence for summer coastal
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upwelling of northeast North Carolina. Bumpus (1973) then
inferred that wind-driveh upwelling probably occurred through-',
out the South Atlantic Bight‘in‘the summer season. Wunsch,

. Hansen, and Zetler (1969) examined many years of sea level and
meteorological data from the Florida Straits region; they found

no evidence for a significané, systematic meteorelogical influence
on the Florida Current.

The response of coastal surface elevatlon to ¢ontinental
atmospheric forcing has been examined, by a number of investi—
gators. 4Miller (1957 and-1958)lstudied the New England and
New Jersey coasts; Hamon (1962, 1963, 1966) studied the Austra-
lian coasts; Panshin‘(l967), Mooers and Smith (1968), Pietrafesa
(1970), Cutchin and Smith (1973), Smith (1974), Kundu, Allen and
Smith (1975) and Huyer, Hickey, Smith, Smith and Pillsbury (1975)
have separately and in part investigated ﬁhe effects of atmos-
pheric forcing‘on sea level along the Pacific Northwest coast;
Mysak and Hamon (1969) partially studied the North Carolina
coast; Cragg and Sturges (1974) did an in depth study of the
West Florida shelf while Brooks and Mooers (1977) considered
sea level response along the East Florida shelf.

. Sea surface elevations along coastllines are related to both
elongshore and.transhore winds. Simple'Ekman theory (Ekman, ~
1905) and subsequent studies of both set-up and set-down (Hidaka,
1953; Welander, 1957) and shelf wave generation (Hamon, 1962,
1963, 19663 Mysak and Hamon, 1967; Cutchin and Smith, 1973; Huyer,
et. al., 1975); have supported the evidence for subinertial
frequency correlatlions between atmospheric forcing and sea level

slgnature.
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This review presents cross analyses of surface wind énd.
atmospheric bressure which are then shown to provide the sea
level response function to meteorological forcing. The im-
plications which these results bear for shelf circulation
investigations can then be inferred and supported with current
meter data collected in the area of interest (Pietrafesa, et. al.,
19782 and 1978b).

The literature cited suggests that variations in atmospheric
pressure, wind speed aﬁd direction, currents and subinertial
phenomena, such as shelf waves, can significantly affect the
coastal sea level signature. Sea level response to variations
in coastal meteorological pressure fields can be expressed in.
terms of a factor which is‘frequenCy dependent. It can be best'
appreciated as the relationship between the input to a filter
and the subsequent convolved output. Generally, a one centi-
meter per millibar depression (rise) in sea level per increase
(decrease) in barometric pressure 1s observed.

While the evidence for the existence of continental shelf
waves has been @t times inferred from the cross-statistical
analyses of tidal and meteoroloéical daté,'these have been few
actual current meter observations made at sufficiently extensive
longshore stations to corroborate the passage of these phenomena.
Huyer, et. al. (1976) confirmed the existence of such phenomena
along the Oregon-Washington coast and the ongoing Department of
Energy current meter study between Cape Lookout and Savannah by
Dr. T. N. Lee (of the University of Miami) and Dr. L. J.

Pietrafesa (of North Carolina State University) could confirm
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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,

5-7 and 8-11 day period bands, which could be associated with south/
northward propagating wave phenomena. Nontheless, withoﬁt
further corroboration, such as the‘Pietrafesa study may yield,
the separation of free or forced Rossby wave sea level response
from wind induced stationary sea level fluctuations 1s no more
than speculation.

Wunsch, et. al. resolved that astronomical fildes were |
responsible for most of the sea level variatlons. Herein, it
lis of nbte that‘low frequency fluctuatiohs, within the 0.5-08
cpd frequency range, are an observed feature of the Gulf Stream.
Pillsbury (1890), Parr (1937), Duing, Mooers and Lee (1977),
Duing (1975), Schmitz and Richardson (1968) ana Lee and Mayer
(1977) all independeﬁtly observe such lateral, onshore-offshore
- periodicities of the current regime in the Gulf Stream of f of
theAFloridd Coast. Webster (1961) found. a 0.1l cpd cross-
shelf meander of the Gulf Stream fronﬁ off of Onslow Bay, which
seemed to be correlated with the cross-shelf wind component.
Orlanski (1969), Niiler 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
insfabilities would then force a shelf water response which could

appear in the sea level signature. A contemporaneous description
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of.coastal current, sea. level, Gulf Stream dynamic characfef
and atmospheric fbrcing needs to be accomplished; such a study
is included in the afqrgmentioned Lee and Pietrafesa field
'studies extending from Florida to Cape Hatteras, but in this
report we-ghall simply report on some.coastal meteorological
and sea level relationships.

Meteorologicgl stationé and tide gauge stations chosen
for this study are respectively: Cape Halteras, Wilmington,
Charleston and Savannah; Beaufort, Beaufort Inlet, Frying Pan
Shoals, Wilmington, and Charleston. These are geographically.
depiqted in Figure 52. Throughout this area the continental
shelf.tendé to be shallow.énd generally broad with.the major

exception of a narrowing at Cape Hatteras and occasional

incursions of shoals seaward of Capes Hatteras, Lookout and Fear

(ef. Figure 52). The shelf break 1s typically at the 75 meter
isobath. Though the topography in the vicinity of each gage
varies considerably, the similarity hetween the low frequency,
low passed sea level‘récords at fhe variods statlions supports
the assumption that there 1s minimal location influence apparent
in the spectral ranges considered,Asave for the Frying Pan Shoal
and Wilmington data, whlch may be geographically and or topo-
'graphibally influenced.

For this projéct progress report, two years of hourly
heights, recorded to the nearest 2-3 centimeters were analyzed
at each sea level station. Three hourly observations at
atmospheric pressure and wind speed direction were obtained from

the Savannah and Wilmington alrports and Charleston and Cape
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Hatteras coastal stations. The airport data»are undoubtedlyA
contaminated by topographic boundary layer effects and may thus
show considerably diminished magnitudes, as well possible
rotations_in direction relative to the coastal stations. It
is further appreciated that the coastal meteorological data
may show both phase differences as well as magnitude and direc-
tion variations with the actual, at sea, marine atmospheric
climatology. This contention 1s strongly suggested in the
comparison of the Séunders (1977) offshore, at-sea meteorological
statistics to the Ruzecki (1974) coastal, land based results.

The data analyzed are from coastal sea level, i.e. tide
gauge; and meteorological stations located in Figure 52 .
Hourly values of sea level height for 1974 were obtained from
the National Ocean Survey, NOAA, Rockville, Maryland, for
stations at Beaufort (BFT), Frying Pan Shoalé'(FPS) and Wiiming-
ton (WIL), North Carolina, and at Charleston (CHS), South Caro-
lina. Three-hourly values of surface wind speed, wind direction,
and afmdspheric_pressuré for 1974 were obtained from the Nationai
Climatic Center, NOAA, Asheville, North Carolina for stations .
at Cape Hatteras, N.C., (HAT), Wilmington, N.C. (WIL), Charleston,
S.C. (CHS).and Savannah, Ga. (SAV).

‘The sea level data weré low pass filtered using a Lanczos
filter tapef to atftenuate the daily and semidaiiy tides and
. inertial fluctuations (the inertial periods at/are: SAV/22.64
hr; CHS/22.04 hr; WIL-FPS/21.46 hr; BFT/21.1 hr; ahd HAT/20.9 hr.
‘The envelope of the forty (40) hour low pass filter energy

respbnse functions are shown in Figure 53. Attenuation
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at diurnal and higher frequencies is greater than 106 and 105

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/380 km; SAV-BFT/U480 km;
SAV-HAT/620 km; CHS-WIL/240 km; CHS-BFT/340 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 55.6o 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 10_3 (Pond, 1976). The wind stress
components and atmospheric pressure time series were low pass
filtered, using a filter with the response characteristics shown
in Figurev 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_fespective seé level data.

The filtered atmospherilc pressure time series indicates
that the SAV, CHS, WIL, and HAT stations (Egﬁ. 54-57) are well
correlated over most of the large and even small amplitude varia-
tions which iec 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 km. The

large horizontal coherence distance presumably reflects the
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Temperature, pressure, wind velocity camponents

and wind stress components at Savannah, Ga.,

Mar. through Apr., 1974

Figure 57.



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
structure between stations are more apparent than in the
pressure time series. Vector representations or stacks of
stick diagrams, of the wind stress during paséage of- cold
front events indicate the clockwise rotation usually associated
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 several weeks, which is the
typical periods of forcing within the atmospheric stress con-

tinuum.

Hordeontal Wind Cohercenece: -

Figures 64 through 69 1ndica£e the Kinetic Energy Density (KED)
spectra of alongshelf andAtrénsshelf wind components at stations SAV, CHS,
WIL, and HAT. The spectra Indicate that wlthin the temporal period 2-14‘
aays, there is a rise in the energy density as approximately the |
frequency to the minus three halves power, which is consistent with the
findings of Oort and Taylor (1969) and Cragg ané Sturges (1974) for other
coastal regions and is attributed to the passages of cyclones and anti-
cyclones. The KED curve flattens out at periods iIn excess of 14 days.

Within the temporal ranges of interest of the continental shelf studles of
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Pietrafesa, the range from the order several days to a month, 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 57. 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 same figure series as above.

Over the entire frequency range of C.5-0.05 cpd, alongshore winds
are more energetic than cross-shelf winds. Figures 64 through 67 show
this in the KED's for WIL and HAT. Note the strong diurnal signal in the

on/off direction.

During the April-July, 1974 subset, alongshoré wind components
between station pairs are in general more coherent than off/on shore winds
at frequencies below 0.23 cpd and vice versa at frequencies above 0.23 cpd.
The exceptions are WIL~HAT where 02 is always higher for alongshore vs.
transshore winds and WII~HAT 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 generally 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 pair to pair above the latter frequency.
Figures 64 through 75 depict the various cross-correlations. Alongshore
wind pairs display less phase shifts, which are”typically 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-
shore winds have 02'3 above 0.5 and typically higher than 0.65 over radial

separation distances of 630km below frequencies of 0.3 cpd but tend to
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Wilmington, N. C. Charleston, S. C. and Savannah,

Wind stress vectors at Cape Hatteras, N.
Ga., Mar. through Apr., 1974

Figure - 58.
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Wind stress vectors at Cape Hatteras, N. C.,
Wilmington, N. C., Charleston, S. C. and Savannah,

Ga., July through Aug., 1974

Figure 59.
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Wilmington, N. C., Charleston, S. C. and Savannah,

Wind stress vectors at Cape Hatteras, N. C.,
Ga., Sept. through Oct., 1974

Figure 60,
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through Apr., 1975

Wind stress vectors at Cape Hatteras, N. C.,
Wilmington, N. C., Charleston, S. C. and Savannah,

Ga., Mar.

Figure 61.
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decrease at a rate of 0.1 per 150km incréase in radial station pair
distance.

It can therefore be concluded that winds recorded at any one of
the coastal stations could, at least qualitatively, be representative
of the wind fields at any of the other stations, with appropriate reser-
Vatioh. 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 suggested
herein is that the divergence of the alongshore wind stress may not be
large, and furthermore that possibly the curl of the cross-shore wind
stress may not be large but the data indicates little of a definitive

(y) (x)

nature about the curl of T or the divergence of t and moreover nothing
about the offshore wind field structure, which is the actual mechanical

forcing function.

Atmospheric Pressure Coherence

Forty hour low-passed atmospheric pressure from the met stations
indicate a high-degree of coherence with daily pressures rarely differing
by more than several miliibars between stations. The phase shifts are
nearly zero at all frequeﬁcies save for shifts of the order of 0-20 degrees
over radial distances the order of 100-650kms (egs. HAT/WIL, Fig. 68;
HAT/SAV, Fig.v 69; CHS/SAV, Fig. 70). The southerly met stations typi-
cally lead the more northerly stations (eg. CHS leads HAT) for the entire
separate serles lengths of years 1974 and 1975. Considering the 4 month
block, April=July 1974, though: HAT lags WIL only at frequencies greater
than 0.2 cpd, below that the pair are in 0 degree phase; WIL leads CHS

from 0.1-0.2 cpd, lags above and is in 0 degree phase below; CHS leads

120
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SAV from below 0.2 cpd and lags above 0.2 cpd; HAT leads CHS between 0.2-
.O.l cpd, lags above and is in phase below; HAT leads SAV between 0.2-0.1
cpd and lags below. During the period Sept.-Dec., 1974, the southerly
stations consistently lead the more northerly station pair, over all fre-
quencies, with no exoeptions. It certainly appears, herein, from the
cross;correlations between station pairs that the pressure spectrum at
any individual station is reasonably representative of that at any other
with minor adjustments in phase as a function of the palring ahd the
frequency. Coherence squared (C2) is typioally in excess of 0.9 over
station radial separation distances the order of 200km and drops off
from O. 95 to 0.5 at distances in excess of 400km in the 0.1-0.5 cpd band.

2

Exceptlons to the rule are noted for WIL~CHS, C° of 0.5 at 0. 4 cpd

during April-July, 1974; HAT-CHS, C2

2

of 0.3 at 0.4 cpd during April-July,

© 1974; HAT-SAV, C° of 0.25 at 0.4 cpd during Sept.-Dec., 1974; and WIL~CHS,

c® of 0.75 at 0.4 cpd during Sept.-Dec., -1974.

Sea Level
As described earlier, the sea level data were low pass filtered using
a Lanczos filter taper to attenuate the diurnal and semi-diurnal tides and

: inertial fluctuations (cf. Figure 53)
Among factors which significantly affect sea level, particular note

1s made to the variations in atmospheric pressure, atmospheric winds,
cceanic currents and long, shelf wave phenomena. The response of the
level of the sea surface to varylng atmospheric pressure 1s more correctly
expressed in terms of a frequency dependent barometric factor, i.e., a
transfer function for the pressure and sea level system. Herein, the sea
level data was "adjusted" (as well as left "unadjusted") for the so-called

"parometric effect." For frequencies below 1 cpd, the sea surface responds
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to changes in atmospheric pressuré 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
Hamon, 1969) for sea level fluctuations due to varying barometric pressure
is about 1.0 ecm/mbar, i.e., a one millibar increase (decrease) in pressure
depresses (elevates) the sea surface approxiﬁateiy 1 centimeter. .

Spectral analyses of alongshore and cross-shore winds, separately,
and sea level are shown in the series of Figures 76 through 80.
Remarkably high C2 results between sea level and alongshore winds, especi-
ally at frequencies below 0.35 cpd, over the 1974 and 1975 yearly series,
as well as the 4 month series blocks, April-July and Sept.-Dec., 1974.
The cross-coast wind vs. sea level comparisons, at co-incident or nearby
sites, indicate more selective coherence bands. Some of the potential
hazards which should be noted in this preliminary comparison are that the
Wilmington tide gage is iocated 27 miles from the mouth of the Cape Fear
River Estuary, a tidally influenced coastal plain estuary which undoubtedly
has a sea level response signature very different from that of an open,.
coastal station. Consequently, any Intercomparisons of sea level at WIL
and any other station, save for one at the mouth or between, ih the Cape
Fear River Estuary, as was done by Brooks (1977) to confirm the existence
and southerly propagation of continental shelf waves, must be done so with
appropriate reservation. Likewlse, thevincomparisons of HAT atmospheric
data and BFT sea level must be considered in view of the 140 km radial
separation of the two stations.

C2'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 wind intercomparisons
(ég. CHS v stress vs. CHS ADJ SEALVL APR-JUL T4, Fig. 77 and SEP-DEC T4,
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Fig. 121). The overall C2 level is much lower in the transshelf wind bases,
with Cz's in excess of 0.5 at periods of 3-4 days.

These spectra imply that there is a substantial and coherent coupling
between the sea level response variable and the wind input variable, parti-
cularly at selective frequencies, i.e., in simplistic terms the membrane
responds to the forcing within the band of the forcing frequencies. In
fact the KED's of sea level demonstrate the same rise of energy to the
minus three-halfs power of frequency over periods of several days to

several weeks which 18 shown in the wind spectra (Figures .76 and 80).

It is of note herein that the KED's indicate a rise in energy levels
from north to south, i.e., from BFT to FPS to‘CHS’(Figs. 87-90 ) over
the eﬁtire frequency range. This»is consistent, at the semi-diurnal
period of 12-41 hours, with the notion of the semi-diurnal tide propaga-
ting as a Poincare wave which increases in amplitude as the shelf widens,
as it does from Cape Hatteras to Savannah. A doublet spike at the
diurnal period appears in all of the sea level KED's; there is no immediate
explanation for this phenomenon.

‘It was deemed necessary, at this point, to proceed in the data
analysis of the met/sea level time series by computing multiple coherences
between preésure, wind components and sea level and to compute in phase
.Atransfer functions between the atmospherie variables and sea level. Since
pressure and wind are coherent over varying frequency bands, between each
other, as well as separately with sea level, it is enlightening to input
one atmospheric variable, then another and finally another and watch the
C®'s with sea level be either augmented, enhanced or reduced. It is

useful to compute the ratio of the co-spectrum of sea level and alongshore
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or cross—-shore winds or pressure to the autospectrum of the respective
atmospheric variable; a uniform (nonuniform) ratio over some spectral
range would then be indicative of no preferential (of a preferential)
frequency bandAwithin which air-sea momentum transfers are more
efficient which is further indicative of no resonance (of resonance)
between the atmosphere and sea level.

These latter kinds of data products are buried in the data pre-
sented but need to be formally accomplished. |

Considering the alongshore and cross-shelf wind stress components
(heretofore r(y).and T(X)) and adjusted sea level, it is noted that sea
level consisténtly, without exception, iags }(X) but leads T(y).
Additionally, it should be noted that () leads (%) over the most
coherent bands, between the two, and in fact the two components tend to
be in quadrature. This is entirely consistent with fhe scenario of
sea level falling-at the coast due to increasing offshore or south-
westerly, alongshore windé and rising with increased onshore or northé
easterly winds.

It appears'that sea level (SL) from CHS to BFT responds,-to some
© measure, in é conventional Ekman sense, i.e., SL fluctuates up or down
in direct response to wind stress both in-the albngshore and transshore
directions. Southwesterly (northeasterly) winds produce a setdown
(setup) of SL aﬁ the coast and offshore (onshore) windé produce a setdown
(setup) of SL at the coast. A clear example of this is shown in the time
series of sea level at CHS and the ﬁind stress field at CHS from 5-20
January, 1974 (days 5-20 in Figures 81 and’ 82). The coastal Eman
scenario follows so well that even a relaxation in the magnitude of the

stress field, which was directed to the northeast on days 9 and 10 was
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Beaufort Inlet, N. C., Wilmington, N. C. and

Charleston, S. C., Jan. through Feb., 1974

Sea level measurements at Beaufort, N. C.,

Figure 82
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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 to northeasterly wind
reversal which occured during day 11 (11 Jan., 1974), consistent with

the clockwise wind stress vector rotétion of a cold front, Figure 81,
from T(y) ~ 0.6 dynes/cm? to T(y) ~ -0.5 dynes/cm2 resulted a drop in

sea level of approximately 55 cm.

It 1s of note here that the sea level data, particularly intercom-
parisons of the BFT/FPS tlme serles because they imply that not only
transshelf but also alongshelf slopes of sea surface, consistent with a
piling up of the surface waters. in the direction of the wind, exist. On
1 December 1974 a large sbuthwesterly wind event occurred and not only
dropped sea level at FPS and BFT, which were both at 130cm height at the
event onset, but created a 50cm rise in sea level from FPS-to BFT,'a
radial distance of 150km. This is evident in Figure 82 which
shows evidence for the existence of longshore pressure gfadients, which
were hypothesized to exist by Garvine (1971) and usged in a mathematical
model of coastal dynamics by Pietrafesa (1973) to drive a eross-shell
interior flow thereby elinﬂnating the necessity of a bottom, frictional
layer to balance the offshore Ekman transport. In a barotropic geo-
strophic sense the cross-shelf flow induced by this longshore pressure
gradient, using the relation u = —(gf-l)cy, is of the order of 23 cm/sec.
The longshore variations in sea level observed between Capes Lookout
and Fear, which define Onslow Bay in the alongéhore direction, are
certainly no proof of the existence of Garvine's contention nor a
Justification of Pletrafesa's use of the longshore pressure gradient in
his model, 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 within. CHS vs. SAV sea level intercomparisons
would offer a more generic look at' the question of existence of a
C‘y in conéert with an’irriposed T(y) at the éurface.

A simplified balance in the alongshore direction could be written
as r,y =~ T(y) g D where D is the depth of the direct wind induced layer
(the layer within which the wind is piled up). The example presented
‘above of a At of 50 cm from BFT to FPS, 150 km, with a |'r(y)| 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 filtered sea level (Figures 84 through 86. The Kinetic Energy Density
representations (Figures 87 - 90) also indicate that BFT, FPS and CHS
contain the similar energetics, save for the fact that the energy l_evel
‘rises from north to SOuth, especially in the shape of the curve, as was
described earlier in the text.

The cross analyses of sea level, in_cluding 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 discussilon
because of the aforementioned fact that WIL is 27 miles (45 km) from the
mouth of the tidal, wjnd,' and river br.unof'f influenced Cape Fear River -
Estuary.

During the Sept.-Dec., 1974 subset, (Fig. 88) BFT and CHS are coherent
(above the 95% confidence level, which loses some cfedible meaning at
C2's too low) over ﬁhe entire frequency range. There are severél highly

significant period bands which should be noted: at 2.25 days, C° = 0.8

2 ~ 0.85, CHS leads BFT

and CHS leads EFT by 4% hours; at 3.6 days, C
by 4 1/3 hours; at periods above 10 days the two stations are essentlally
in phase. During this same period: CHS r(y) and r(x) are most

coherent at periods encompassing 3 and 6-7 days and are close to quadrature
(60-90°) with T(y) lead:l.ng -T(x); SAV T(y) and T(x) are more broadly
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coherent, over the period range 2.8 - 10 days and also indicate T(y)

leading ‘r(x)
at 2+, 3 and 10 day periods by 90°=110°. WIL tX) and <)

by approximately 60°-80°; HAT T(y) leads T(x) (Fig. 93)

relationships (Fig. 94) closely follow those of SAV with the two components
being very close to quadrature. The phase relationships between these
wind components and to sea level indicate a lowering of sea level with
(y) (x)

increasing positive =t and t wind stress with the offshore propaga-
tion of an anti-cyclone cold i‘r:ont whereby, from the coast seaward a
southeasterly wind would begin to rotate clockwise, while sea level
dropped to some maximm low a3 the wind became scml‘;hwaél-.caﬂy,. then hegan
to rise as the wind rotated to be northwesterly to northerly and so-on.

During this same Sépt.-De_c., 1974 period: FPS was coherent wi’cﬁ BFT (Fig. |
89) at 2 and 5-8 day periods, with minimal 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; ¥PS and CHS (F. 90) are coherent at 2 and
3-9 day periods (esp. at 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 m/sec; from Frying Pan Shoals to 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 ratio of sea level amplitude to wind speed magnitude, a value to
be compared to the magnitude of the average of "the ratio of the co-spectrum
of sea level and wind component to the auto-spectrum of the wind component.
These calculations will be done in a report to follow.

Monthly to seasonal to annual variations in sea level, due to the

“thermal variability of the water colum and the changes in the atmospheric,

marine climatology will be investigated in the report to follow. Seasonal

154



to annual harmonics 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 in only one of the
atmospheric variables, while the other variables remain below some
greatest lower bound, one could plot the sea-level respohse to changes
in that variable alone. There, a functional relationship between sea
level and atmospheric pressure and wind could be obtained in an empirical
fashion.

This type of procedure could be done for winds blowing in any
direction and should result in a curve which indicates the changes in
sea level as a function of wind direction, stafion by station;

Because of the problems which were encountered in oﬁtaining tide
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 Frying Pén Shoal sea level data until recently and so were not able
to fully incorporate this invaluable data set into our analysis to date.
Fortunately though, this is a preliminary assessment of the atmospheric |
climatology'and éea level in the,Caroliﬁa Capes region of the South
Atlantic Bight and the report to follow this initial effort will be more
inclusive and extensive and will incorporate the moored current, temperature,
pressure, conductivity déta as has been done by other investigators

(eg: Smith, 1974; Cragg and Sturges, 1974).

Herein it should be noted that Brooks (1977) has used sea level data
fraom BFT and WIL to predicate the existence of zero group speed continental

shelf waves of the barotropic, clockwise rotating variety. It is the
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conclusion of this author (Pietrafesa) that the Brooks' conclusions wéré
premature, at best, and that no new evidence yet exists for the southerly
propagation of a barotropic continental shelf wave. In fact, and to 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, éuch as are
seen to cccur in the data shown within the met/sea level report -(Pietrafesa,
1978c), along a coastline can generate waves of the continental shelf' wave
variety (Gill and Schumann, 1974). However, as suggested by Niiler and
MWsakA(i97l), the vorticity associatéd 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 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. Grimshaw (1978) has extended
McKee's work and found that the presence of a boundary sheared enrrent in a
continental éheif wave field could result in the continental shelf waves
having negative phase speeds{ Additicnally, Grimshaw suggests that the
background vorticity provided by the sheared boundary current may. resulf in
the amplitude of the shelf waves being mbdulated/increased and that the
amplified waves may become unstable.

Pieﬁrafesa (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 ard v are in quadrature, with u leading v. This evidence is in contradiction

with the Brooks' contention that southerly propagating barotropic CSW's
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exist since the Pietrafesa data was collected well within the offshoré -
extent of the first node, within which the Brooks' wave must roﬁate
clockwise contrary to the Pietrafesa'evidénce that the event rotates
cyclonically at periods of 3-3% days. What may be happening herein is
that the shelf waves may be getting advected with the mean current;
towards the north. If the waves have a ﬁhase speed within the rangé

of that of the speed of the mean current, and moreover due to the fact
that both Vo and hX are large, in the region of the shelf break; slope,
it may appear to the observed (the curreﬁt meter) that the‘waves are
propagating northward and roﬁating cycloniéally. The fact that hy ;s
varying, in the Capes region, may also influence the characteristics of
any possible shelf’Waves modes.

It should also be noted that there is little consistent co-herence.
within the period band of interest (eg. site D, Figures 127 - 128)
from top to bottam at mooring sites, ruling out the possibility of a
strictly barotropic phenomenon.

Superimposed on all of this 1s the fact that T(y), and T(x) are

(x)

very COHerént over'thése periods, with r(y) leading T , that currents
are coherent with the wind at these periods and that, for example, in the
imer shelf region, the southerly currents iead the northerly currents over
the period 5ond 3-3% days, consistent with the wind forcing.

H Dr. T.N. Lee (UM)bhas reported (personal communication) findings.in
the Geérgia Bight similar to those shown by this author (Pietrafesa) for

Carolina Capes region so that the two regions are not at dynamical variance

in qualitative camparison herein.
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ITI. MEASUREMENT PROGRAM AND CO-ORDINATION

In August, 1975 a set of Summer and Fall studies were begun in Onslow
Bay, N. C. These studies constituted part of the North Carolina State
University (NCSU) - Skidaway Institute of Oceanography (SKIO) combined
efforts to contemporaneously measure: the temperature and salinity, i.e.,
hydrography; the current speeds and direction at several locations; and
sea level and meteorology local and regional to Onslow Bay, North Carolina.
Personnel from SKIO also measured various biological parameters along the
hydrographic grid (ct'. kigure 96). ''nis work constituted the initial
effort of a multi-discipline, multi-institutional program sponsored by the
Energy Research and Develobment Administration to study the continental
shelf processes affecting the oceanography of the South Atlantic Bight and
is detailed in Pietrafesa, et.al., (1978). The immediate problems being
addressed were those of understanding the processes by whiéh nufrients are
transported onto the North Carolina Shelf from offshore and to establish
possible transport pathways for effiuents discharged into North Carolina
coastal waters.

Cruises were conducted to deploy (retrieve) fixed position curfent
meter moorings (Figure 95) and to make detailed hydrograpﬁic and biological

parametric measurements in Onslow Bay. The results of the latter surveys

are presented in a series of SKIO data reports: Atkinson, et.al., (1976a,b),

Dunstan, et.al. (1976), Atkinson, et.al. (1977) and Singer, et.al. (1977).
Endeco 105 current meters were used to measure speed and direction at

specified temporal intervals and spatial locations.
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The essential part of the 1975 Summer-Fall experiment was a fixed—
level array of 4 Endeco 105-film recording current meters and 4 General
Oceanics film - recording thermographs; Two moorings were set at the
‘ "chal points'", locations A and B (Figure 95 ) of the cuspate shaped
Onslow Bay. The current meters were set two to a mooring at depths of
10 and 25 meters fram the surface in 28 meters of water, at each of the
moofing sites,~A and B. The array was designed to observe the propagation
of phenamena across and along the inner to mid-shelf and to establish in-
sights into the physics of the vertical and horizontal modal structure of
the horizontal currents.

Onslow Bay was chosen és an initial study site 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 critical there than
elsewhere. The feaSon for siting the study of the intrusion of nutrients
onto the continental shelf of the South Atlantic Bight in Onslow Bay was
primarily based on the fact that there is/has been more historical data, i.e.,
background information needed to plan such a study, collected in Ohslow
Bay thah anywhere else in the South Atlantic Bight.

Encouraged by the relative success of the 1975 pilot study, Atkinson
and Pietrafesa conducted a more extehsive and comprehensive field experi-
ment in Onslo& Bay dufing the perioerune thru September, 1976. The
objectives.of this second year experiment included both the direct measure-
ment of the along-shelf, cross-shelf and vertical structure of the "late
Spring-Summer—-early Fall" current, temperature, conductivity and pressure
fields fram fixed point, vertical moorings and a continuation of the hydro-
graphic and biological sampling, along the 1975 grid (Figure 96)uby SKIO

personnel. The mooring locations and vertical configurations are shown in
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Figures 97 and 98. A total of 8 Endeco and General Oceanic curreﬁt
meters and thefmographs were used at the 30 meter locations (sites A and B)
and 8 Aanderaa RCM-4, with temperature, pressure and conductivity sensors,
were used at the three 45 meter and one 70 meter sites (C, D, E and F).
Several major and minor quasisynoptic hydroéraphic and biological surveys
were made during the moored array experiment to study the variability of
the shelf water and biological properties and to better determine the
spatial and temporai distributions therein. Meteorological and-coastal
sea level data were collected from the stations listed in Tables 4 and 5.
Additionally: the moorings were re-established in December, 1976
and were retrieved in late April, 1977; and the deployment - retrieval
scenario was conducted again during the period July-December, 1977'(as
shown in Figures 99 aﬁ@_ 100. 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 series of Georgia Bight - Carolina Capes
experiments. These experiments will yield the first major alongshore

South Atlantic Bight physical data.
EQUIPMENT AND MOORING DESCRIPTION

The moorings, established at sites A~-F during the summer of 1976, had
a taut line (wire) configuration. One or more subsurface floats were used
to keep a bottam anchored cable taut. Fixed level recording equipment was
attached to and suspended (away) fraom the cable. For mooring A and B a
bottam anchored, auxiliary surface marker was located same distance from
the main mooring line. The bottom "auxiliary" anchor was connected to the
"main" anchor by a polypropylene ground line, which floats approximately a

meter fram the ocean floor. Moorings C-F did not have a surface marker.
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These moorings made use of AMF acoustic releases which served the dual
function of helping locate and retrieve the mooring. The mooring configura-
tions is depicted in Figure 1CL

The operational logistics of installing moorings A-F were initiated in |
such a way as to maximize repeatability of location in subsequent experiments.
The R/V Advance II was used during all deployment and retrieval phaées of
this 1976 experiment and mooring position locations (Table 6 ) were taken
by the ship's Loran C system at the time of installation. The absolute
error (accuracy) of the position is estimated to be less than +1 minute of
latitude and longitude. The relative error (precision) is estimated to be
'less than +0.5 minute in either co-ordinate. Depths were:taken by fathometer
and are accurate to within‘ip.S meters.

The recording instruments used on the shallow moorings (i.e. moorings
A and B) were Endeco - 105 current meters, General Oceanics Model 2010
Inclinometer current meters and Genefal Oceanics 3070, Thermographs; all
film recording devices. The recording instruments‘used on the deep moorings
(i.e.lmooring C~F) were Aanderaa magnetic tape recording current meters
~and General Oceanics 3070 thermographs. Table & gives instr'umeﬁt types
and depths used on all moorings. The specifications of the instruments are

given in Pietrafesa, et. al. (1978 a and b).
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Table 6

Instrument Moorings and Element Locations

Torn)

21{32

Mooring Date [at./long. Ioren A Water Instr. Instr. Inst
‘ Depth, m Depth, m Type: #

A _ 8 July, "~ 34°18'N 4855 30 12 Fndeco C.M. 316
(Mbatross) 25 Aug. '76 76°50.6'W 2060 25 Inclimometer M
. Thermograph 8

B 7 July, - 33°58.2'N 489l 30 12 Fndeco C.M. 247
(Brant) 25 Aug. . '76‘ 77°25.8'W 2493 25 Inclimometer 2
: _ - 26 Thermograph 5

c 22 June, - 34°06.§'N 4780 4o 22 Aanderaa 2251
(Cormorant) 21 Sept. '76 76°35.6'W 2030 28.5" Thermograph ly

: 35 Aanderaa 1905

D 8 July,  33°46.7'N 4777 4o 2 - Aanderaa 2259
(Dunlin) 21 Sept. '76 76°55.1'W 2325 28.5 Thermograph 7

: : 35 Aanderaa 1908

E 22 June, 33°39'H 4774 " 40 22 Aanderaa 2256
(Eider) 21 Sept. '76 T7°03'W 2445 : 28.5 Thermograph 3

35 Aanderaa 1907

R 8 July, 33°34.5'N 4743 70 22 - Aanderaa 2255

(Foster's 21 Sept. '76 76°56'W 65 Aanderaa 1906



Mooring Deployment and Recovery
Deployment

Prior to the crulse, all wire, flotation and anchoring components
are set up for each moor-ing; The wire is pre-cut and témjrﬁted
appropriately. The flotation is assembled as several bouyancy units.
The éhchor and its hardware, including chain, swivel and eye hook on
the anchor, are 'canbined. The components of each mooring are labeled.

The moorings are transported, loaded and secured on fhe ship. As
each mooring site comes up, the appropriate components are laid out andb
assembled on the fantail. The current meters are given a final check
prior to putting them "i'n—line"" on the wire. | The release mechénism is
attached and an in-air acoustic check is made. The entire mooring 1ihe
is then scrutinized itén by item to insure proper assembly. B

As we approach the desired drop site, we begin to ’craii out the
mooring over the stern, é’carthqg with tﬁe top. The ship is "bumped"
ahead 1/3 on one engine by signals relayed from the fantail. This
slbw forward motion of the ship allows us to keep the mooring stretched
as it is being played.out. As the' last of the mooring goes dver, the ‘
acoustlc release is gently lowered and allowed to hang from the mooring
anchor. This _anchér is then lowered to the water _su;rfacé and held there
by a deck-cOntmiled quick release. We should at this time be ‘oyer the
drop site, lf this is the casc the release is pulled and the anchor and
mooring drop awéy. Simultaneously a mark is given to the bridge to
record the Loran A locé.tion. Also any other fixes at the deployment

position such as Loran C and radar are recorded.
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With the mooring in positlon the ship 1s immediately stopped and
the hydrophone is lowered to interogate the acoustic release. After
it has been found to be operating satisfactorily, the hydrophone is

brought up and we proceed to the next mooring site.

Recovery
All bridge personel are informed prior to recovery as to what

ship maneuvers will be required. The ship is brought to the same
Ioran A location at which a mooring was deployed. A:f“t,‘er the ship
comes to a full stop the kx\)drophone is lowered and an attempt to
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
optirmiize the chances of getting a return signal. If the signal is
strong an attempt will be made to release the mooring. Weather,
amount of daylight and sea state are checked to ascertain that a
released mooring can be brought on board. With these cqnditions met all
available personel are céiled to a watch posifcion on the upper decks.
The release sigxai 1s sent. If the felease mechanism fesponds that it
has released, the word is sent out to. begin a visual search for- the
free-floating mooring.

When the mooring is sighted, the ship maneuvers in on it from-a
down wind position. The bridge attempts to bring the si;em In close
proximity to the mooring. A grapnel l:lhe is thrown and usually after
repeated attempts the jmuoring is hooked and pulled to the side of the
ship. All ship locomotion ceases when the mooring is hooked. The
mooring is then pulled in by hand, takdng extreme care with the
current meters and release mechanism. When all of the mooring is on

board, the ship proceeds to the next site as a crew begins disassembl-
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ing the mooring. The current meters are removed first. They are éleaned R
taken inside; checked for damage,' opened, turned 6ff and inspected

for amount of data collected. The tape ﬁ'om each meter 1s removed,
labeled as to reference number, date, meter location, etc. énd wrapped

in aluminum foil. The tapes are then ready to be sent for processing.

The meters are then closed up and stored for the return trip to Ralelgh.

Calibration Techniques
 Speed

Although the manner in which one obta_-i ns speed data differs
widely among lnstrlments, the _same basic method of ca.llbration may be
used. The instrument may be a savonious rotor, 1nclinomet¢r, impeller .
| or hot film. All of these types may be calibrated in the same manner
on a towed cart in a water chammel wﬁen the speed of the cart is known.

This method, as used at N. C. State University, utilizes the
facilities of EPA located in the Research Triangle Park. The facility
consists of a 35 meter long, 2.4 meter wide and 1.2 meter deep channel
with an overhead traék‘ capable of variable speeds from O to 50 cm/sec.
Higher speeds' ar'e. possible by setting up an opposing current.

Any mmber of points may be taken to establish the calibration
curve depénding on the resolution 'requ:lred. About every 10 cn/sec
"gives a satiéfactory cﬁifvé.. ’Additiona..l points at 5 cm/sec intervals
can be used to "f111 in" uncertain areas.

- The actual method used consists of rigidly attaching the current

xﬁeter to the cart. The mcter is :Ixrmerjsed in the tank to a depth of
approximately 10 cm below the surface, 1 meter from the nearest sidewall.
All supporting str'uctures for the meter when immersed in ’che tank are

designed to be down current of the meter so as not to interfere with
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the flow around the meter. This may be checked from time to time by
introducing dye in front of the meter while the cart is in motion.

With the meter in place on the frame, test runs are ready to
begin. Starﬁing at a slow speed, the cart travels the 25 meter
length of the test section. The meter is tilted back out of the
water when returning the cart to the start position to prevent
inducing unnecessary turbulence in the chamnel. Each successive run
is at.a greater speed up to the 50 cm/sec limit. - .

"Ihis would complete the speed ‘calibration for a given meter.
The data is plotted and a speed calibration curve is obtained.
‘Direction |

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 10 bit binary code yields a number from O to .
1023, Thus a resolution of ap;;rOJdmateiy 1/3 degree is possible. The
Aanderaa specification sheet lists the accuracy of the compass as
better than + 2 degr’ees (meter out of the case). In the case, the
accuracy is + 7.5 degrees with a current of 2.5 to 5 am/sec or 100 to
200 cm/sec and + 5 degrees with a current of 5 to 100 ecm/sec.

A non-magnetic stand was bullt by us and set on a concrete base in
a remote area of the coast for the purpose of calibrating the meters.
This stand_ is located .n'éar the State marine resource facility at Fort
Fisher. The stand consisté of a vertical base with a flat disk on ©Top.
A sheet of Tef’J.onﬁ (registered Dupont trademark) is placed on the disk.
A cross plece with a matching disk is placed on top of the Teflonﬁ
sheet. Thirty six holes are drilled in the lower plate at 10 degree

intervals. The upper plate has a single hole in it to allow a pin
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to slide through to the iower’u.plate. This locks the frame in a givéﬁ
position. There 1s no noticable give.in the-pin'at any setting.

The cross plece consists of two aluminum I-beams at 90 degrees. This
makes a stand with four arms allowing four meters to be calibrated
'sinmltaneously.. A -

Each arm is approximately'two“feet long. Each meter i1s placed
‘on a pin at the end of an arm.” This mounting is similar to that on the
Aanderaa vane. The position of the stand was determined relative to true
Nowtly by shuﬁtlng‘Polaris and turning the angle to‘the zero or gstarting
position of the stand.

To go through a calibration series, the crosspiece is rotated 10 -
dégrees and allowed to record for three‘minﬁtes. This is céntinued
through all 36 positions. |

This completes the compass callbration procedure. The data is
plotted to correct future.field data (see Fig. 9);

Pressure

‘ A Heise pressure gauge 1o connected direclly to the pressure sensor -
on the Aanderaa. - With a hydraulic hand pump conhected to this system, -

the preséure is increased in 10 psi increments up to the rated mascimm
pressure of thé individual sensor. ‘This 1s usuall& 100 or 200 psi. At
each 10 psi step the coded Aanderaa value 1s noted and recorded. This
value is'determined by counting the ten binary pins and converting it

' into!a mumber from 0 to 1023. This number may then be plotted against

the Helse gauge reading to give a calibration ;urve for each sensor (Fig.9).

Temperature and Conductivity

We presently use the calibration formula provided with each sensor
from Aarderaa for conductivity. For temperature a small constant

temperature bath was used to generate a temperature calibration curve
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for each sensor (see Figure 102). A constant temperature-salinity
bath is being constructed at the present time to enable us to calibrate
these parameters in the future.
Data Processipg

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 to process the current and meteorological raw data.

Aanderaa Current Meters .

The original Aanderaa data consisted of 10-bit binary words
recorded on 1/4 inch magnetic tape. As this format was not computer-
compatible, the original data tapes were sent to the University of
Mianli/RS!‘/IAS for decoding. As each feél was transcribed, the data
frames were expanded to include frame count and flags for hardware-
detectable errors, (Lee 1977). The expanded data files were returned
to NCSU on standard 9-track tape, where .they were transferred to disk
files for convenient access. A priméry editing pass was made to correct
ha:dware—détected efrbrs s after which the ca.libratj.on vector for each
meﬁer were applied. The calibfated data was then converted to card-
imag? format and plotted. These plots. were visually scanhed, and any
errors detected were corrected by a second editing pass. The resulting
files were then converted to FESTSA format for use in all further |
processing. |

The calibrated déta with an interval of %5 minutes was filtered
using program CURFIL. " A three-hour low pass filter (3HRLP) was first
applied to reduce high ﬁ?equency‘ noise due to gravity wave aliasing
and other contamination. The 3HRLP operation results in a data loss

of 8 hours from each end of the record. The 3HRLP data were subsampled
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hourly. A 40 HRLP filter was then applied to the 3HRLP to separate the"
tidal and subtidal frequency bands, resulting in additional data loss of .
four days at each end. An hourly 3-4OHRBP series was created by subtraction,
and the U4OHRLP series was then decimated to six-hourly samples for further
analysis. The‘MOHRLP filter attenuation at the daily tidal frequency

(1CPD) is greater than 106 (Fig. 53). The six hour interval was chosen

" to be commensurate with the filtered meteorological data. Table 7 gives
the particulars.on data sets. )

The "Principal Axis" coordinate system (Fofonoff, 1969; Gonella, 1970;
Mooers, 1973) was used for the current meter data. First order statistics
are pfesented in Table 8 for the topographically aligned, 55.6o Clockwise,A
rotation system (not used in this feport) and Table 9 fof the "Principal
Axis" coordinate system.

Spectral representations of data are then given in two formats:

a) Graphs of variance (spectrum density times frequency) versus

the logarithm of frequency. These are "quick look" calculations
based on the fast Fourier transform (FFT). The FFI's of original
data were smoothedvby block averagihg over five adjacent estimates,
yielding about ten degrees of freedom for each aVeraged estimate.
The FFI's of low passed data were nof smoothed, yielding two
degrees of‘freedom for each'estimate.

b) - Auto and cross Spoctra,‘phase and coherence squared camputed

for paired input time series. The spectral calculations were
performed by Fourier transforming correlation functions. The
maximm correlation lag, spectral bandwidth, degrees of freedom,
and input time series names are shown on each figure. The first
named time series corresponds to "spectrum x". Positive phase

values indicate series y leading series x.
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 Teble 7
Data Particulars

Unfiltered Data : Filtered Data
Mooring Meter | Start time =nd time # of points At (hr) Lstart time End time # of points at(hrs) { .
EST EST v : | Esr EST | 1
A 316 1830 hrs. 1330 hrs. 2295 .50 . 0230 hrs. 0230 hrs. 157 6
8 July 25 Aug. - 13 July 21 Aug.
B 2hy7 1730 hrs. 0600 hrs. 2329 .50 0130 hrs. 1930 hrs. = 160 6
7 July 25 Aug. 12 July 20 Aug.
c 2054 1730 hrs. - 2130 hrs. 8465 .25 0130 hrs. 1330 hrs. 319 6
22 Jun.'76 1B Sept.'76 27 Jan.'7€ 14 Sept.'76
1905 1730 hrs. Q415 hrs. 5804 .25 0130 hrs. 1930 hrs.’ 208 6
22 Jun.'76 22 Aug.'T6 ¢ 27 Jun.'76 17 Aug.'76
D 2259 1445 hrs. 1015 hrs. 7183 .25 2245 hrs. 2245 hrs. 265 6
8 Jul.'76 21 Sept.'76 12 Jul.'76 1€ Sep.'76 |
1968 1445 hrs, 0545 hrs. 4189 .25 2245 hrs. 1645 hrs. 140 6
. 8 Jul.'76 21 Aug.'76 12 Jul.'76 16.Aug.'76
E 2256 0615 hrs. 1130 hrs. 8758 .25 1415 hrs. 0215 hrs. 331 6
22 Jun.'76 21 Sep.'76 26 Jun.'76 17 Sep.'T6
1907 0615 hrs. 0530 hrs. 8738 .25 1415 hrs. 2015 hrs. 330 6
22 Jun.'76 21 Sep.'76 26 Jun.'76 16 Sep.'76 ‘
F 2255  No data No data
1606 1100 hrs. 1230 hrs. 7207 .25 1900 hrs. ~ 0100 hrs. 266 6
8 Jul.'76 2 Sep.'T6 12 Jul.'75 17 Sep.'76



Table - 8

179

. First Order Statistics (Rotation = 56°)
Meter Meter | Parameter
Depth(m)‘ Min. Max.. ~— Mean S.D. Cm/sec

A, (316) 12 -33.0 57.0 3.78 15.1 u
vop -35.0 35.0 -l.1  10.9 v
B, o, (247) 12 -29.0 32.0 0.13 9.9 u
! -42.0 37.0 =-2.3 1.8 v
Cy o (2254) 22 42,11  51.35 0.18 12.42 u
P _ -26.09 52.68 9.55 13.64 v
(1905,) 35 ~27.54  23.75 -1.60 10.32 u
“pottom -26.31  35.80 7.14 10.14 v
D, (2259) 22 -53.17 51.96 =2.45 18.07 u
p -16.87  T72.61 L.70 20.37 v
(1908) 35 -38.86 22,29 -2.72 9.80° u
Pbotton _18.20  28.42 3.16 6.46 v
E, o, (2256) 22 -62.23  53.12 -1.86 15.58 u
P -55.90  91.03 8.41 20.70 v
(1907) 35 ~14.57  2.65. -0.18 1.10 u
“botton 21.50  24.69 0.37 1.27 v
F op(2255) 22 - No Data - 3
(1906) 65 ©  -27.00 T76.79 1.48 8.80 u
Fbottom B -56.21  142.93 -0.25 - 8.32 v



Table 9

First Order 'Statistfcs (Principal Axis angle = R)

39.47 ~0.49
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 Meter Meter : Parameter
"Dep'th(‘m) Min._ Max. ‘ Mean SD (Cm/sec) R
A (316) 12 -39.0 58.0 2.30 16.0 u 18°
P | -i3.0 29.0 -3.18 9.4 v |
B, (247) 12 —28.0 28.0 0.65 8.9 u 69°
P ~ ~44,0 38.0 -2.22 12.6 v
Cyop (225H) 22 -43.49 43.04 -2.14  11.67 u 69.65°
P -28,93 55.49 9.30  14.28 v
: (1905,) 35 -27.49 28,31 =0,3244 10.37 u 4, 48
“botton ~27.31 37.89 7.32  10.09 v
D, ., (2259) 22 -53.57 51.68 -2,55.  18.05 v 56.82°
P 57.24 72.59 L.66  20.38 v
(1908) 35 ' 220,00 22.14 -0.0082 6.99 - u - 14.99°
Pottom -21.23 U43.94 L,17 9.11 v
Eeg (2256) 22 -60.16 58.11 -1.00 15.52 u 49,79°
P -53.33 91.25 8.55  20.75 v
: _(1507) 35 = 9.16 8.72 -.086 1.03 . u 41.18°
Fpotton ~1.50 24.10 - ..40 1.32 v
F,__ (2255) 22 -~ No Data - u
top . : v
(1906) 65 —27.23 79.60 1.42  8.70 " 46.10°
4 bottdm —61.63 8.42 v
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The speed and direction values were converted to u and v componeﬂts
in several ways. The Carclina Cape region is defined by an irregular,
cuspate, scallop-like coastline which extends into shoals and consequently
it is difficult to specify 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 to choose either a nofth—south, east-west horizontal axis
or to assume a straight coastline of uniform cross-section so that the
horizontal co-ordinate system axes lie parallel to and perpendicular to the
straight isobaths. 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. Two tacks were taken herein. The first co-
ordinate system chosen is one based on the direction of the local bathe-
metric pontours at approximately mid-shelf to the shelf break, which tend
to run southwest to northeast at an angleA56O clockwise fram North (quanti-
tatively "alongshore"). The second co-ordinate system used is one oriented
on a basis determined by the characteristics of the data itself. A co-
.ordinate 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 1-90o is also called
the "Normal" system (Fofonoff, 1969) and the "Hodograph" system (Mooers, 1970).
As a function of the pﬁysical, dynamical processes causing the measured )
hydrodynamics, the principal axis of variance may vary with frequency and
geographic location. The "Principal Axis" for a given vector time series is
. obtained by rotating the covariance matrix until the cross-covariance between
orthogonal velocity camponents is zero. The rotation of the co-ordinate

system into the principal axis does not fix the sign of the 90o phase shift
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between u and v. This is determihed by the data. Since the principal
axis for a given vector time series will vary with frequendy,.we can cén—
struct hodographs which will allow for the vector time series to be
decomposed into cyclonic and antidyclonic rofating motions of different
amplitude and phase. The sum of these two polarized motions yields an
ellipse whose semi-major axis is'oriented along the principal axis of
variance at that particular frequency. The principal axis herein is given
as a function of frequency rather than as an average over a large frequency
barid.

In.this report the "alongshore" co-ordinate system was used on the
meteorological data. It was also uéed to generate first order statistics
‘for the current meter velocity data. HbWevér,'the "Pfincipal Axis"
system was used exclusively with the current meter velocity data for all

data plotting.
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IV. DATA PRODUCTS

To facilitate our understanding of the shelf "processes", we have
presented the data in several forms. An example of these products is
shown in the Summer, 1976 data report (Pietrafesa, et. al., 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
.fonns. Displayed in unfiltered form are time series of current com-
ponents u and v, FFI's, histograms and progressive vector diagrams
-'(PVD's). The PVD's are presehted for the full time series and also
for.interesting and/or confusing subsets. Displayed in 3HRLP are fine
sefies of current camponents u and v, spectra (only the crossing of the
velocity camponents of the same meter) and hodographs. 40HRLP records
were used to produce time series of veiocity.components, vector stick
diagrams, FFT's and spectra. The spectra series crosses the velocity
camponents for the top and bottaom meters on the same mooring string, as
well as of meters located on a line perpendicular to the shoreline for
'metefs on an alongshore line. All this current velocity data is
presented in the "Brincipal Axis" system, excepting for the hodograbhs
and the histograms which are in a natural co—ordinate system.

The information from Aanderaa temperature and pressure sensors is
displayed in time series plots of unfiltered, 3HRLP and 40HRLP form.
FFT's are presented of unfiltered and MOHRLé records. Spectras of

temperature vs. veloclity camponents are also given.
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Meteorological data from two stations, Wilmington, N. C. andA
Cape ﬁattofas, N. C. are presented in several forms. Displayed in
unfiltered form are the time series of'wind‘velocity compeonents and
their FFT's. Displayed in 4OHRLP form is the temperature, pressure,
wind velocity camponents and wind stress time series with their FFT's.
Stick vector plots of wind stress are also displayed. A camparative
look at the stick vector.plots of current veloclty and wind stress is
presented and a series of spectras are presented crossing wind stress
with current velocity comporients.

Kinetic energy density spectra for current meter u, v and T and
of wind velocity and‘stress are pfesented. Momentum and heat correla-
tion variancé plots are»diéplayed for all curreht meters. Co~speotra
of temperature vs. velocity components for all current meters C-F are
presented. Hodograph plots of wind velocity and stress are given.
Mean current velocities, and tidal elipses ére plotted, and Energy
traction vs. frequency plots for the mooring étfings, for different
current modes are presented.

Future producte will includc:b 2 dimensivial auLo—regressive-
‘models to determine.the percent of observed current due to direct
atmospheric forcing; least tidal squares analyses; multiple regressions
for a better assessment of atmosoheric pressure and wind component
input rélationships'to sea level response; in comparison of sea level
arnd gradients thereof £o moored meter oata and gradients thereof;
computations of the vertical modal structure” of current and temperature
data using an empirical orthogonal function analysis, like that of

Kundu, et. al. (1975).
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V. PRELIMINARY PHYSICAL DYNAMICAL ANALYSIS

This report contains a preliminary description of cﬁrrents measured
in Onslow Bay N. C., the generic term for the continental shelf region
between Cape Lookout and Cape Fear; data fram five moorings maintained
during the summer of 1976 are presented in this repoft. Their locations
are shown in Figure 97. The Onslow Bay measurement program continues
“to be active and a camplete listing of available data is contained in
the referenced data reports. We've chosen the summer 1976 da£a set
includea within for description. Data are also available from winter
and summer of 1975 (Pietrafesa, et. al., 1978) on a more limited basis.
. These will also be discussed briefly.

Water motions on the contineﬁtal shelf are caused by numerous
physical processes. Synoptic and seasonal scale motions occur in response
to direct forcing by the weather (principally wind and atmospheric pressure)
at synoptic scales and variations in thérmohaline inputs (heat and salt)
at seasonal scales. Synoptic variability occurs predominantly over the
range of time scales spanning 2-10 days, the scales 6f the cyclonlc and
anticyclonic perturbations of the Qind field. Other low frequency fluctua-
tions occur in response to extefnal forcing from the deep ocean e.g.
eddies and Gulf Stream inﬁrusions. Due to its sloping bottom the continen-
tal shelf region can support free modes of oscillation generally sparning
similar time scales as the atmospheric forcing. The free modes are commonly
referred to as quasi-geostrophic, topographic~Rossby, or continental shelf
waves and a review of these oscillations is given by ILeBlond and Mysak
(1977). The combined low frequency oscillations observed at any pbéition
on the continental shelf is expected to reflect a complex mixture of these

aforementioncd procecces.
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At highef frequencies, the astronomically forced semi-diurnal tides
propagating shoreward from the deep ocean are a dominant featﬁre observed
iﬁ the South Atlantic Bight continental shelf. Between these semi-
diurnal tides and fhe lower frequency weather continuum three processes
occur in varying degrees across the shelf: diurnal tides, inertial
oscillations, and sea breeze. These all havé time scales of roughly one
day. Proceéses occurfing at frequencies higher than the éemi—diurnal tides
include internal inertia-gravity waves, edge waves, and finally the
surface gravity waves.

We will view the summer 1976 data from Onslow Bay with these processes
in mind, not for the purposes of scientific ahalysis, but rather as a

conceptual over&iew delineating which-candidate processés may be important.
| The mooring locations in Onslow Bay during the ERDA/Ssa Grant
sponsored summer 1976 measurements are shown in Figure 97 and the corre-
sponding instrument positions and sampling 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 been imtercémpéred by
Beardsley et. al. (1977) andAthe resullbs, forr the present purposes, suggest
that data from the two are qualitatively similar. The rectangular array
had simulteneous records spamning 23 July to 22 Aug. These are presented
in Figs. | 103-111. Speeds are in em/s with the u and v velonity
camponents pbsitively directed offshore and alongshore respectively, the
alongshore direction being appréximately at 55.6 degrees clockwise from
true north. The time series were all low pass filtered with a half power
point of 3 hours to remove high frequency noise. The most apparent
features are semi-diurnal tidal 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 Endecé recordings (mooring A éndiB)
are the decrease in speed with time on the Aanderaa's due to fouling by
barnacles. This affect will be discussed in a following section.
Simultaneous recordings are also available at both the top and bottam
locations of mooring C. These are shown in Figures 105 and 106 and
records from moorings E (top) and F (bottam) are shown in Figures 109 and
110.

Mean velacity vectors are shown in Figures 112 and 113.- Figure
contains vectors at moorings C, E and F computed over the total availablé
record length. Location C and E suggest an alongshore mean to the north-
east éompatible with the predominant wind direction duriné the summer.

The slight offshore:compdnent in the upper level on moéring C and the
corresponding onshore camponent at the lower level would seem capatible
with the thermohaline convection brought about by river runoff. The
éituation is much more confusing however. Figure ll3.shows upper level
mean vectors camputed over the common sampling duration of 7/23 - 8/22.
Both B and E point toward the southeast, A points offshore, and C now
hés.a slight onshore component. Cieafly the record lengths are too short
to campute statistically reliable mean values in the presence of energetic
low frequency events; Thesé results must‘be kept in mind when trying to
interpret the progressive Vector diagrams shown in (egs.) Figs. 114-119.

- Fram velocity éompohents (Figs. 120-121) typical speedsvwere»observed
té be around 10 cm/s at mooring C. Peak speeds of 58 ecm/s and 35 cm/s
occurred at the upper and lower levels respecfively. 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 to estimate
water particle trajectories (lLagrangian measurements) from Eulerian data.

An example of the PVD's is mooring C in Fig. 116. PVD's may be of
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use for estimating such quantities as tidal excursions which in thié
location are of a few kilométers in length.

Representative alongshore (aligned with the mean coastline at
55.6o true) and offshore kinetic energy density spectra fram mooring C
(top and bottom) are shown in Figures 129-132. Except for higher
energy at the upper level both the upper and lower level épectra show
similar features. Energy density decreases with increasing frequency to
a combined diurnal tide and local inertial peak (local inertial pericd,
12 hr/sin 349 = 21.5 lra.) followed by a proncunced semi-diurnal tidal
peak and then a continuing decrease through the internal gravity wave
range. Camparing alongshore with offshore enefgy levels we see a disfinct,
difference between the low frequency, presumably meteorologically driven,
background and the tidal peak. The wind driven background has higher
energy in the alongshore direction while the tidal currents have higher
energy directed offshore. No mar#ed directiohal preference appears in
the higher frequency internal gravity wave porllun of the spcetrum.

Relative to(any given current meter record,'or velocity vector
time series, the choice of a coordinate system oriénted alongshore: -
and offshore with respect to the coastline (or major bafhymetric features)
is quite arbitrary. A preferred coordinate system for many descriptive
applicatibns 1s one which maximize$ the variance. Depending upon the
physical processes caﬁsing the observed water motions,.the principal axis
of'.variance (nurmal éoordinules) amy vary with location and frequency.
The principal axis for a given vector time series may be obtained by
rotating, the covariance matrix until the cross-covariance between orthogonal

velocity camponents is zero. These are shown in Figure 133 along with the
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mean square (r.m.s. or standard deviation) of the velocity componenfs
relative to the normal coordinates. The camputations were made using
data low pass filtered to'suppress the tides. Thus, the variance crosses
represent only the low frequency portion of the spectrum where the
motions are primarily induced by atmospheric forcing. Each mooring site
contains one or two crosses: solid lines for the upper level and dashed
lines for the lower level. The angle in parenthesis éives the rotation
of the principal axis relative to true north and the numbers at the tips
of the crosses are the standard deviations along the coordinate axis.
Typical low frequency r.m.s. speeds are of order 10 cm/s. The principal
axis exhibit topographic steering and the réduction in ampiitude and
rotation with depth is compatible with local Ekman dynamics. -

The preceeding principal axis representation gives an overview of
the low frequency motions. Since the principal axis may vary as a
function‘of frequency (the physical processes giving rise to the motions
differ) it is useful to construct a hodograph model. In so dolryg, the
-velocity vector time sefies are decamposed into clockwise and anticlockwise
rotatihg motions of different amplitude and phace. The sum of these two
polarized motions gives an ellipse whose semi-major axis is oriented along
the principal axis of varlance at that particular frequency. This form éf
Analysls 1s generally referred to as rotary spectral analysis and a campre-
hensive déscription of the technique may be found in Mocers, 1973; Gonella,
1972;}or Fofonoll, 1969.‘ 1t i3 anmlogoue to what was prescnted in Fig-
ure 133, except here the principal axis are computed as a function of
frequency iﬁstead of just an average over a rather large frequency band.
Examples 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 is evident for time
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scales longer than one pendulum day while at shorter time scales thé
preference is clearly for clockwise polarized motions campatible with the
dynamics of inertia-gravity controlled oscillations. Various parameters
are required to describe the hodograph ellipse; for example, the ellipse
semi-major and semi-minor axis (analogous to 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 stability. The minimm coherence is
the coherence between velocity cbmponents measured relative to the normal
coordinates; the maximum coherence is the coherence between velocity
camponents measured relative to coordinates rotated 45° to the normal
coordinates and the ellipse stability gives the coherence between
anticlockwise and clockwise rotating camponents, i.e. itnis a measure of
the étabilit&.of the ellipse orientation. An example of these.parameters
is given in Figure 136 for the upper level 6n mooring C. The bottom
plate contained the maximum (solid line) and minimum (dots) coherence
squared as a function of frgquency. The middle plate gives the stability
(solid line) and the semi-minor to semi-major axis ratio (dots) with
negative axis ratio designating clockwisé hodograph rotation and vice-
versa. The pper plate giveo the ellipse orientation as a function of
frequency Which is useful when'the stability is high. Regions of high
maximum coherence but low minimum coherence generally designate coherent
rectilinear motions where the stabllity mimicks the maximum coherency
(the quadrative spectrum is small). Regions of both high maximm and
minimum coherence designate coherent elliptical motions. For this case
the stability can be either high or low. For example, the orientation

of a nearly circular motion is arbitrary, therefore, the stability would
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be low. Upon traversing from low to higher f‘requency motions in Fiédré 136,
we see fairly coherent rectilinear motions at time scales longer than
roughly 5 days oriented approximately along the principal axis shown in V
Figure 133. Note that orientation here is measured anticlockwise fram
the naminal offshore direction of 145.6° relative to true north. The
units shdm in the Figure have been normalized by w radians therefore
one must multiply by m to get the radian measure. The motions are
incohérent between time scales between l. to 5 days except for a peak at
aboilt 32 hrs. A rather brdad peak in both minimum and maximum coherence
occurs spanning time scales of approximately 16-25 hours which incompasses
the astronomical diurnal tidal species propagating onto the shelf from
thé deep ocean, locai s“'eaf breeze effects, and ldca_l inertial period
oscillations (2n/f = 21.5 hrs.) as mentioned previously. The interaction
between these three important processes is evident in the low ellipse
stability and the varying orientation. The most coherent peak occurs
centered at 12.41 hrs. which is the time scale of the principal luner
semi-diurnal tide. This is the only time scale where the motions are

‘ trﬁely coherent and stable becausé it is the only time. scale dominated by
a regular deterministic¢ process.

Redfield (1958) analyzed sea level records along the east coast of
the US to produce the co—’dide and co—rahge lines and conéluded that the
principal luner semi-diurnal tide (M2) on the eastern U.S. continental
shelf is a co-oscillation caused by the reflection of an incident oceanic
wave by the éoast. The portion of the oceani¢ wave transmitted onto the
shelf reflects off the coast resulting in an increase in the tidal amplitude

with distance fram the continental slope. Hence, the mean tidal range at
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Savannah is 6.8 ft. whereas it decreases to 3.6 ft. at Cape Hattefas,

since the shelf width at Savannah is larger than at Cape Hatteras. This
type.of reflected inertiagravity wave is called a Poincare wave. It has

a maximm elevation slightly seaward of the coast and the associated

water particle motions in the horizontal plane are elliptical, clockwise
polarized, and oriented with the semi-major axis along the direction of
propagation. The ratio of semi-minor to semi-major axis is theoretically
predicted to be a pendulum day (2m/f) divided by the wave period (in this
case 12.41 hr.). Thus the predicted axis ratlo is 0.58 at the 1atitude

of 34°N. The velocity data in Onslow Bay subports Redfields view. Example
Figures 137 and 138 show the semi;diurnal tidal ellipses computed at all
the mporing locations. ~Computations made from the entire record lengths are
shown in Figure 137 and those made over the common length for the rectangulaf
array are shown in Figure 138. The sense of rotation for all of the
ellipses is élockwise, they are oriented onshore and their axils ratios

are all cloSe'to the value predicted for a Poincare wave. At mooring C

it is observed that the amplitude of the tidal currcnt decreases with

depth and the elllpse curientatien 1o ollghlly rotated. Pofh nf fihere
effects may be attributed to bottam friction. 1A small phase-shift (less
than 1 hr.) also occurs between the upper and lower tidal curfent due to

bottom friction.

Generally speaking, the Eastérn U. S; coﬁtiﬁental margin
supports tidal currents which ére rotary, with the tidal current
ﬁrecessing to the right, as a functionrof time, due to the effect
of the Earth's rotation and the nature of the tidal wave(s),
forming (tidal) ellipses, over the temporal cycle of a particular

tidal constituent. Tidal motion both north and south of Cape
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Hatteras is prinéipally semi-diurnal in frequency. This tidaI
constituent is called the M tide and completes two oscillations
each lunar day, i.e., 24.84 hours. The diurnal tidal signature
(82) is obvious, but of lesser magnitude than the M2 signature,
as indicated in Table 10 . Additional tidal constituents of
higher order, are apparent in the data but tend to be of minor
significance beyond the Mq constituent.

Redfield (1958) bresented é hypothesis, based on an analysis
of sea level records, that the principal tide along the eastern
U. S. continental margin was a co-oscillation of shelf waters
with the Atlantic Ocean tide. A reflection of the incident
oceanic tidal wave, off of the continental slope. The portion of
the oceanic wave transmltted onto the contilnental shelf undergoes
a reflection off of thevcoast thereby resulting in an increase
in~£he tidal amplitude with distance from the continental slope.
This further suggests that the (meén) tidal range seaward of
Savannah, Ga. should be larger than that north or south of 1its
latitude, with a norfheriy miﬁimum occurring at Cape Hatteras,
due fo_the fact that the continental shélf width is'largest off
ofSavannah and narrows both to the sauth and to the narth,.

Hence, the mean tidal range of 2.1 meters at Savannah is con-
trasted with that of 1.1 meﬁers at Hatteras.

This reflected inertiagravity wave 1is called a Poincare
Wave. One can theoretically, analytically describe the basic
motion of this tide by considering the following barotropic,

inviscid, rotating model momentum balance:
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TABLE 10

TIDAL CONSTITUENTS IN ONSLOW BAY OBSERVED DURING THE SUMMER OF 1976

M, o o - S : M

2 4

Record Length Orienta- Semi-> Axis . Orient- Semi- Axis Orienta- Sami- Axis
tion Major Ratio “atilon. Major Ratio tion Major  Ratio

Hrs. . | cM/S cM/s : R CM/S ‘
CT 1434 132 17.2° 0.52 136 3.1 D.48 163 1.0 0.20
CB "o 137 13.2  0.43 136 2.3 0,39 163 0.8 0.12

ET 1784 138 16.3 .6,55 | -

FB " 152 6.8 0.26 163 2.1 0.29 136 1.3 0.25
AT 1123 138 14.5  0.45 | 143 2.3 Co.s2 | 073 : 2.4 0.35
BT no 115 11.9  0.44 | 091 2.5 0.68 073 1.8 0.20
CT " 133 9.4 0.55 | 136 2.5 0.52 163 0.6 0.10
ET "o 137 .” 13,3 0.52 | 137 3.1 0.48 019 0.8 1 0.40




(1) U, - fv = = 8T, in the on/off direction,
and

(2) v, + fu = - &ty in the alongshore direction,
and
(3) P, = -gp in the vertical,

where u and v are the "on/off" and "along" depth averaged
current components, ¢ 1s the surface eievation, 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 isv

(4)  (hu), + (av) = ~T

Nest, assuming ¢ G(x) cos (ot - 1ly), then (1) and (2)

result in

(5) £1G) sin (ot - ly)

[
il
l’\)l
~
Q
(]
»
1

and

(6) v .6lG) cos (ot - 1ly)

S
o
)
0

»
1

Equations (5), (6) and (4) can now be combined to yield the
relation
(1) (a6 ), + ((o°=f%) - f1n - 1°n)G = 0 .
—_— =X
g o
This is the governing equation of the Sturm-Liouville type
and with the conditions of G remalning bounded as x + «® , and

with no singularities at x = 0 then the system 1s mathematically
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proper. If the coefficient preceeding the G term is negafive,
then trignometric'solutions are available and, furthermore if
(for the sake of simplicity), h 1is a constant and if o>f ,
then plane waves occur for k2>0, where G(x) 1s proportional to
eikx and liO . ‘Inclusion of variable, regularly deepening h

to seaward presents no ﬁajor problems in the theory. These plane
waves are called.Poincare waves and the M, tidal comﬁonent is an
example -of such a wave having a minimum elevafion slightly sea-
ward of the coast and an associated elliptical, clockwise polarized
water particle motion in the horizontal plane. The semi-major
"axis of the»tidal ellipse 15 orlented 1ln the direction of wave
propagation énd the ratio of seml-minor to semi-major axes is
theoretically predicted to be the wave period, eg. 12.41 hours

for the M component, divided by the local inertial period,

2
12/(sinse) in.hours. This ratio is 0,563, 0.578 and 0.593 for
latitudes of 33, 34 and 35 degrees North, respectively. The
velocity data in Onslow Bay 1is certainly consistent (Table 10 )
with both Redfield's'view and with Poincare theory. It is of
note that the ratios increase in the northerly direction, egs.
ET vs. QT, 0.52 to 0.55 and BT vs. AT, 0.44 to 0.45, which is
also consistent with the wave theory.

The minor to major axis ratios are somewhat lower than
that prcadicted by wave theofy, especially at the bhottom sensors,
and in shallower water. Additionally, itfis noted that the am-
plitude of the tidal current decreases with depth and the ellipse
orlientation is slightly rotated both from top to bottom and from

mooring to mooring. Finally, a small phase shift, less than 60
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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 ma;ima when
the frictional forces are in balance with the effective pressure
gradient. At this phase the effective pressurefgrad;ents wlll be
decreasing so the currents will attain their maxima before the

effective pressure-gradients vanish.

The frictional fofces arise from the béttom. 'If it is
assumed that those near the bottom are greater than those higher
up, Qhenvit 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 phé;es of the higher éurrenté. |

- Other tidal constituents were exémined but only the priﬁcipal
lunar semi—diurnall M2, the principal solar seml-durinal 52’ and
a shallow water harmonic Mu were found to haye amplitudes over
1 cm/s. In some cases the other tidal constituents did not even
stand out above the background noise level. The three major
constituents for Onslow Bay tidal currents are summarized in

Table 10, from which Figures 137 and 138 were constructed.
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The S2 tidal currents ére Very similar in orientation and axis fatib' |
to the M2 currents except for being much smaller in magnitude. |

A preliminary look at the Onslow Bay velocity data from this éxperi—
ment portrays the general‘character of water movements off the Carolina
coasts. Except for the fidal oscillations, the picture is extremely
complicated resglting from the superposition of numerous random processes
operating over a broad range of frequencies. |

Mean currents remain ill-defined. Velocity records of & months
dl-mation are tow short to campute relétively small mean vaiues in the
presence of relatively large low freqﬁency variability. Additional re-
search is required (and has been conducted under DOE support, to date) to
establish reliable meén fields and their seasonal variations. .

The variance structure is sumarized in Figurés 139 - 144 | which is
a plot of the fluctuation kinetic energy distribufion as a function of-
- fh:'equeﬁcy for the upper and lowér levels at moofing C. The brdinate gives
the energy fraction contained over any frequency band. For example, the
semi-diurngl tidal current comprise percent of the varlanee at that
losatlon. . Other perta.lnenﬁ fractions are labeled on the figure. |

Earlier, it was mentioned that the low frequency portion of the
spectrum could be attributable to either direct atmospheric forcing, intru-
sions ar eddies fram the deep acean boundary, or propagatlun of free modes
of oscillaﬁio,n supported by the bofctom topography i.e. contirental shelf
waves. A [lrts impression trom the data presented; particularly the
velocity hodograph parameters, is that regular, coherent, wave like features
on the continental shelf in Onslow Bay are of secondary importarnce to the

transient wind induced motions and influence of the Gulf Stream.
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Herein it should be noted that Brooks (1977) has used sea levei
data from BFT and WIL to 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, at best, and that no new evidence yet exists
for the southerly propagation of a barotropic continental shelf wave.

In fact, and to 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 to occcur in the dafa shown within the met/sea level report (Pietrafesa,
1978¢), along a coastline can‘generéte waves of the continental shelf wave
. variety (Gili and Schumaﬁn, 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 McKee's work and found that the presence of a boundary sheared.
current in a continental shelf wave field could result in the contineﬁtal
shelf waves having negative phase speeds. Additionally, Grimshaw suggests
that the backsround vorticity provided by the sheared boundary current
may result in the amplitued of the shelf waves being modulated/increased
and that the amplified waves may become 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.
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u and v are in quadrature, with u.ieading v. This evidence is in cﬁn—-
tradiction with. the Brooks' contention that southerly propagating
barotropic CSW's exist since the Pietrafesa data was collectéd well with-
in the offshore extend of the first node, within which the Brooks' wave
- must rotate clockwise contrary to the Pietrafesa evidence that the event
rotates cyclonically at periods of 3~3% days. What may be happening
herein is that the shelf waves may be getting advected with the mean
current, towards the north. If the waves have a phase speed within the
range of that of the sbeed of' the mean current, and mofeover due to the
fact that both Vo and hx are large, -in the regiqn of the shelf break,
slope, it may appear to the obsérved (the cufrent meter) that the waves
are propagating northward and rotatihg cyclonically. The fact that hy
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 little consistent co-herence
within the period band of interest (eg. site D, Figures 145 - 146)
from top to bottom at mooring sites, ruling out the possibility of a
strictly barotropic phenqhenon.

SuperimpoSed on all of this is the fact that T(y), and T(X)~ are
very coherent over these periods, wlth T(y) leading T(x), that currents
~are coherent with_the wind at these periods and that, for example, in the
irmer shelf region, the soufhefly currents lead the northerly currents
over the period baond 3-3% days, consistent with the wind forcing.

Dr. T.N. Lee (UM) has reported (personal” cammunication) findings in
the Georgla 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 coamparison herein.
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From the point of view of modelling, prediction of tidal currehts
appears to be tractable because of fheir regularity énd orderlinéss.
Prediction of the low frequency events will be much more difficult
howevef since their driving functions tend to be random and non-
stationary. Considerable diagnostic analysis will be required to define
the important processes and their coupling with the shelf circulation
before reliable predictive models can be realized. The DOE, N.C.S.U.,
S.K.L.0. ard U.M. efforts represent a major step in acquiring such an
understanding.

In summary, the velocity structure in Onslow Bay consists of low
frequénCy atmospheric and deep ocean forced motions comprising abéut
45% of the variance (f.m.s. speed of order 10 cm/s) supefimposed upon
semi~diurnal tidal oscillations comprising about 53%'of thé variance
(r.m.s. speed again of order 10 cm/s). The remainder of the variance
is associated with intefnal gravity waves, along shore seiches and a
associated with the bordering shoals, and turbulence. Mean currents
remain poorly defined with magnitudes smaller than the r.m.s. fluctuations.
The determdnistic'tidal_currents‘seemramenablefto predictive modelling;
however, considerable more analysis of the data sets in hand will be
requircd to‘understand the low frequency motions which c¢an play a
daminant role in mass transport. For example, typical tidal excursions
areiroughly 1-2 km while the low frequency excursions will typically be
roughly ten times larger. Furthermore due to the transient at opposed
to. oscillatory nature of the low frequency mofions their particle

excursions are more likely to lead to net transports.
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VI. MODELS

BIOLOGICAL MODELING

Consistent with the title of the Department of Energy's
integrated Oceamography.program in the South Atlantic Bight,
we have tried to understand continental shelf processes
affeeting'the'oceanography and in that vein have tried to
link physical oceanographic and biological observations
through* the development of mathematical models. It is our
intention of deveIOping ;heée models so as to include the
higher trophic levels but we have begun, in our efforﬁ, by
attemptlng to model the distribution of nutrlents eg.
nltrate, on the cont1nenta1 shelf under a variety of wind
conditions and presumed offshore, Gulf Stream constraints.

The principal results of the model will deal with the
subsequent unsteady d1str1but10n of nitrate on the continental
shelf in a vertical plane, during an "intrusion' process.
The Basic‘ihtrusion mechanism is presumed to be the mechami-
cal forcing of the w1nd but the model is not limited to
wind forcing as the driving ‘mechanism. The model 1is flex1b1e
enough to accomodate any current distribut10u and the wind
mechanism is simply presented for the sake of example.

Blaﬁton (1971) proposed the tollowing deseriptive model
for the intrusion process. During summer conditions, when
the shelf water is stratified, intrusions of Gulf Stream
water occasionally occur along the bottom. Undetr these con-
ditions, the bottom velocity has a net onshore component.

. The colder, more saline, nutrient-rich water moving over the
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shelf forms a strong pycnocline at the bottom. Once enough
water has been forced onto the shelf and the intru;ion has
begun to weaken, the pycnocline is found approximately 10-15
meters off the bottom, thus separating the Gulf Stream water
from shelf water. Mixing then weakens the pycnocline aﬁd
Gulf Stream water 1s mixed upward into the surface layer.

The forcing phenomena for an intrusion is not .clearly
understood, but intrusions can be induced by the southerly
and southwesterly winds associated with the summer northward
migration of the Azores-Bermuda High, which would deflect
surface waters offshore. >The intrusions genefated from this
upwelling-type process are thus probably compensatory in na-
ture. Meteorological data (Pietrafesa, et. al., 1978) show
that dufing summer moﬁths, along ‘the Carolina Coast, when
intrusions are prevalent, the dominant winds are from the
south-southwest.

Previous studies have not dealt specifically with the
effects of intrusibns on shelf waters siﬁce a common belief
appears to be that intrusions are present only at the spelf
break and do not extend shoreward of the outer one-third of
the shelf. However, it has-béen observed by DOE investigators
in this study, that intrusions quite often reach the ﬁear-
shore zone (5-10 km. from the beach). . Present date indi-
cate that, during their existence, intrusions are a dominant
factor controlling primary production in the South Atlantic

Bight.



It is of reiterative note herein that we appreciate
tﬁe fact that Gulf Stream meandering and 'eddy" events may
be of equal or even greater importance in suppiying nutri-
ents to the shelf and we are i1in fact attemptling to include
these events in our models presentliy being formulated.

The distribution of nitrate in intrusion waters is

assumed to be governed by the following equation,

N, FouN, o+ owN, = (DN - (DyN,), = Biological Terms

(Source/Sink) : , (1)
where u is'thé Horizontal veloéity‘cémponént, w is the ver-
tical velocity component, D, is the.horizontal diffusion coe-
fficient, D, is'the vertical diffusion coefficient and the
biological terms include any source or sink of nitrate in
the system.

The horizontal and vertical velocities have been rede-

fined in terms of the estreamfunction, ¥, such that

u =y

z

and w = —wx,

which allows the continuity equation to be satisfied. Equa-

tion (1) now becomes
N, + ¢ N -V N - DN, - (DZNz)z =rBiolggica1 Terms

(Source/Sink) . (2)

Equation (2), a partial differential equation with

variable coefficients, is very difficult to handle mathemati-
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cally. Therefore, a method is needed to reduce it to a more
workable form. In order to do this and for our purposes here,
the mathematical technique of separation transformation
(Hansen, 1964) has been empldyed.

Using this method, it 1s possible to redefine the con-
centration field of any physical, chemical or biological
element in terms of the nondimensional position parameters

n and £ in the following way

n= %— (£)® and g£=(x/L)
L o

where x 1s the horizontal coordin#té, L is a characteristic
shelf width, z is the‘vertical coordinate and Hp is a
characteristic depth. Alpha is the bottom offshore attenua-
tion exponent. These nondimensional pérameters allow one to
"hide'" the x and z dependence of the system.

In this model the foliowing variable transformations

were made.

N =N L+ aNp(e(n) (DO - 8(0)) Fy(t)
b= WFy () o(n) (P2
B = B F5(c)G(n) (F)*3

_ X\Q
Dy = DyF,(£) (4



D, = D, Fs(t) (%)“5

where N is the nitrate field transformation, ¢ 1s the circu-
lation pattern transformation, and B is tﬁe transformation
for the biological terms. The significance of the terms in
the nitrate transformation will be discussed and this des-
cription applies to all other transformations.

ANy is a scaling parameter which represents some
characteristic nitrate difference and NO,L is a characteris-
tic nitrate concentration at the outer edge of the system.
The time dependence for the nitrate field is included in the
F,(t) terms. The transformed ﬁiﬁrate field is given by
O(n)gal - 0(o) where 0(o) is the transformed surface nitrate
value and 0(n) is the transformed nitrate fieiq. The & term
allows the curve that describes the nitrate field to stfetch
or shrink in the vertical as it moves about in the system.
The similarity parameter, aq, determines the horizontal
gradient of the nitrate field and is referred to as an atten-—
uation'exponent. It is assumed that Dy and D, change only 1in
‘the horizontal direction, ' therefore the transforms for these
variables do not include a function.of n.

o -After‘substituting}these transforﬁations into equation
2, énd assuming tﬁat h(x) = hL(%)-a, as well as, that the
system has a particular dependence on £ which allows that
parameter to be eliminated from the equation, one generates

the similarity conditions
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a = o, + ay +a -1 = a, + ay - 2 = ag + @y +‘2a = Qg
and the .transformed equation becomes
2 2
2 2 DLTFs() - 524 L 50
a“n” + > 3 (n,T) - D F, (1) EE'(W,T)
DLH FA(T) an L 4
(3)

- - 36 - -
0!,10L4 + (20{.1 + o - l)om Qz W ¢)(ﬂ) "é—ﬁ' (T],L)

LFz(f)

a0, + aq( . 1) + a ‘L gg-( ) 8¢ ) =
1% T %189 1 D H,F, (1) on " nT
' L"L 4
BLL2
- G(ns‘t)
DLANLFQ(T;

which is now an equation 1n two variables n and T.
Inspection of Equation 3 reveals three nondimensional

numbers. The first gives a relétionship between vertical

and horizontal diffusion and the second is a relationship

between advection and horizontal diffusion. Both are modi-

fied by thé characteristic length and depth chosen for the

- system. .The third nondimensional number indicéteS-the rela-

tive importance of the biological terms to physical terms

in the equétion. It is by manipulating these nondimensional

numbers and the similarity attenuation- exponent$ that unique

solutions are generated. Figure 147 shows the different

bot tom profiles that can be generated by simply varying the-

bottom offshore attenuation exponent.
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Figure 147 Bottom profiles generated with bottom offshbre attenuation
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In order to solve equation 3 it is necessary to impose
certain constraints or boundary conditions on the system.
These are as follows:

1. Flux of nutrients in or out of the surface 1s
equal to N surface.

2. Flux of nutrients in or out of the bottom 1is
equal to N bottom.

3. A difference.condition imposed at the shelf break.
The bottom nitrate concentration minus the surface
nitrate concentration 1s equal to some number SN.
This condition allows the 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.

Expressed mathematically these conditions become

1. NZ = NSurface at Z = 0.
2. DZNZ + Dlehx = NBottom at z = h.
3. N(L,H) - N(L,0) = 6N

and substituting the assumed transformations gives

1. Gn(O) = Ns(where H surface = 0, for convenience here)
gl 2 2 -

2. en(l) + (HLDL/L Dv) (en(l) a“ + 8.(1) aal) = Nb°

3. 6‘(1) - 8(0) = GN/(NLFl(t))

Thus, the complete mathematical system is second order

1
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and is characterized by the eigen vélue, Q.

The above model was coupled with the folloQiﬁgAbarotro—
pic circulatioﬁ system based on Pietrafesa (1973) and Pie-
trafesa, et. al. (1978). The relationship defining the cir-

culation is proposed, for the sake of this model, to be

o(n) = eTn(A1 Cos Tn + A2 Sin Tn) + e—Tn(A3 Cos Tn -+

A, Sin Tﬁ)_+ Ag
where Al’ AZQ A3, Aa, AS ang T'are constants. -

This ciféulation model allows one to consider'vafious
wind directions. However, for this problem, the primary
interest 1s in winds blowing from the soﬁth-southwest,.since
this will induce an Ekman transpoft offshore.

Two different time'dependeﬁcies were used to describe
the flow field regime. In the first the water column responds
immediately to the wind and there is an onshore movement of
Gulf Stream water at the bottom (Figure .). By the fifth
day, there is little change in the flow field except for
further penetration of the Ekman layer (Figure'éj.

The second time dependence includes the effect of a
closkwise or anficlockwise rotating wipd stress and 1t 1is
evident that the response of the water colummn (Figure ‘) 1s
not as fast or dramatic as the preVious case., Lt takes a

wind system like this five days to reach the velocities
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Figure 148 Streamline contours for case in which the water
column responds immediately to the wind.
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Figure149 Streamlines show little change except for
deepening of the Ekman layer.
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shown on the first day of the previous example (Figure 151)
Current meter data (Pietrafesa, et. al., 1978) indicate

that the first case 1s more like actual current response to

wind forcing.

Biological Processes

The biolgocial terms included in this system are:
phytoplankton uptake of nitrate, extracellular release by
phytoplankton, excretion by zooplankton, excretion by fish,
decomposition by detritus, nitrogen fiiation by Blue-
Greens, regenerétion from bottom sediments. In the trans-
formed system, eqﬁétion 3, B, is a scaling parémeter and
allows for scaling relative to the largest biological term.

Each biological term will be discussed and its impor-
taﬁce will be determined. Values for the biological pré—~
cesses were obtained primarily from the literature, but
when possible field meaSureﬁents made during intrusions

have been incorporated.

Nitrate Uptake
A basic assumption of this model is that nitrate up-
take follows Michaelis;Menton Kinetics (Dugdale, 1967) which -
is given by |
_ VmN .

where V 1is the ﬁptake rate of nitrate N, V_, is the maximum

uptake rate that can be obtained by elevating the nutrient
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concentration and Ks is the Michaelis constant or half sat-
uration constant.
The value used for uptake velocity in this model 1is

2

1.2 x 10 ¢ pg-at/1, which is the maximum uptake velocity

determined for D, brightwelli. This value was chosen

because D. brightwelli is similar in size to Rhizo. alata

which field studies have shown to be the most abundant phy-
toplunkton during an intrusion. This value was multiplied

: " . . - -
by 1.93 x 107 cells (Rhizo.)/l £o give au uptake velocity of

—C
1 6.43 x 10 ° pg-at NO,/l-sec.

Extracellular Release by Phytoplankton

Williams and Yentsch (1976) measured the éhemical
characteristics of the‘water~column in which they carried
out their phytoplankton excretion e#periments. They deter-
mined a range for nitrate excrefion of 0-.1 pg-at/1.

Ueing these values for nitrate excretion and a time
scale for loss of the absorbed-nutriéﬁt of 40 hburs, a value
on the order of 10-7 ug-at NO3/1-sec for ektracelluar re-

lease of phytoplankton can be calculated.

Zooplankton Excretion

The zbdplanktpn excretion term was determined in the
following manner. Data collected by Raffenhdfer (Skidaway
Institute) on copebod species and density in Georgia coastal
waters indicate seasonal variation in the copepod populations,

the most abundant population being present in August. Using
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these values and fhg ash free weights for thé various cope-
pod species, values ranging from 20-120 ug ash-free st/1 are
obtained. Corner and Néwell (1967) have determined excre-
tion rates for zooplankton populations in Plymouth Sound of
2-5 ug-at N/mg dry body wt=day. If it is assumed that 1% of
the nitrogen excreted is in the form of nitrate, a number for
zooplankton excretion on the order of 10"8 ug-at NQ3/ 1-sec

is obtained.

Fish Excretion

Fish densities on the order of 10_5 grams of fish /1
can be'calculated-for Onslow Bay waters using catch figures
determiﬁed by Struhasker (1969). Using data presented by
Wood (1958) excretion rates of approximately 1078 ug-at N/1-
sec per fish can be calculated. 'If 1% of this is considered
to be in the form of'nitrate, an excretion rate for marine

10

fish of approximately 10 -~ ug-at NO3/ l-sec per fish is cal-

culated. When multiplied by the calculated fish density a

=15 is obtained. This number 1is

number on the order of 10
extremely small and can be neglected since it will not sig-
nificantly contribute to the nitrate concentration in Onslow

Bay waters.

Decomposition of Particuléte Matter

Particle data collected by Paffenhbfer for Onslow
Bay waters show approximéﬁely 120 ug C/1. Chlorophyll a data
collected at the same time show values of 0.7 ug chlorophyll

. ' ) .
a /1, a very low value. This concentration converts to
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approximately 40 ug C/1 for a well growing phytoplankton
ﬁopulation and when subtracted from the particle value, a
value of 80 pg C/1 is obtained. This value 1s high and
leads one to believe that particulate matter could be an
important sqﬁrce of nutrients (Von Brand, et. al., 1937) in
the system as weil as an important food sourcé for zooplank-
ton. (Baylor, et. al., 1963; Paffenhofer, et. al., 1970;
Poulet, 1976). '

If one assumes that 2-15% of the particulate matter
decomposition is nitrate, then values rauging from 1.6 to
12 ug-at NO3/,are obtained. 1If oné_further assumes a re-
generation rate of approximately two days, a range of
yalues from 7.86 x 10—6 ug—ét NO3/1—sec to 6.94 x lO—5

ng-at NO5/1l-sec is obtained for detrital decomposition.

Nitrogen Fixation by Blue-Greens

Dunstan, et. al,, (1976) found Oséil}atoria.ggw to

be present in Georgia coastal waters im concentrativns of
approximately 1000 filaments/l. 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 pug-at/l-year for Georgia Bight waters. When converted
to a per second basis the value for n{trogen fixation

becomes 3.65 x 10—6

ug-at/lsec. 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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Regeneration From Bottom Sediments

'Rowe et al. (1976) performed in situ expefiments in which
a given amount of bottom sediment was incubated for various
lengths of time and the amount of nutrient regeneration
measured. Their results show bottom regeneration rates
df nitrate ranging from 0.15-21.08 pg—ét NOB/mz-h. When
converted to a per second basis this gives values of order

3 pg-at NOQ/mz—sec; This value 1s substituted in

107°-10"
the right-hand side of the bottom boundary condition and

allows for a flux of nutrients into or out of the bottom.

" Scale Analysis

Scale analysis provides a method for deciding the im-
portant components of a system and determining the importance
of one component relative to another. Scaling of this model
indicates that the biological pfocesses are of the same
order of magnitude as the advective-diffusive physical pro-
cesses and cannot be néglected.~ Substitution of the values
determined for the biologicél processes into the right hand

side of equation 3 yields

2 :

B.L = '
s = st (107 - 10 -10% - 107 - 107
L'L wuptake Det. Zoo phyto. fish
Decomp. exc. exc. exc.
and scaling relative to uptake gives
107°12 -1 -3 -2 -10
LHS = s~—p— (1 - 10 - 10 ° - 10 - 10
L "L uptake Det. Zoo phyto. fish
Decomp. exc. exc. exc.



This indicates that detrital decomposition could play a role
in the regeneration-of nutrients and possibly in the absence
of an intrusiomn could supply an important source of nutrients.
From the scaling anélysis, it seems that the basic terms
involved in the nitrate balance are; time dependence, advec-
tive-diffusive processes and biological terms. Since the
solutions for this model were obtained numerically, all orders

of affects are included.

Examples of Results

It 1s recognized that many combinations of parameters
‘ére poésible; however, the cases pfesented here represent
what is considered to be a meaningfully adequate minimum
number of situations. _

In this first example éase the ranking of the physical
processes (determined by the vaiues given the nondimensional
numbere) is as follows: Qert;ical diffusion weaker than hori-.
rzontal diffusion and horizontallédVECtion of-the.same.order
as horizontal‘diffusion.

The results (Figures 152-3) Showflittle changé in the.
nitrate-céﬁEOurs from day omne to‘day four, except:fAr a _A
slight shoreward migration of the nitrate isdpléths, This
type of situation is not typically found in field data.

Next, for a second example let véftical diffusion be
slightly larger than horizontal diffusion and horizontal
advection stronger than horizontal diffusion.

After the first day (Figure 154 the 2 pg-at/L isopleth
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appears at approximately seveﬁty meters. There is a gradual
build up of nitréte, until by day four (Figure 155 the
3.0ug-at/L isopleth appears at the shelf break. By this

time the wind has decreased in intensity which slows the
upwelling of nitrate, while phytoplankton uptake is continu-
ing to remove nitrate. Therefore, there are no rapid changes
in nitrate concentration. It is important to note that by
the fourth day the 1.0 ug—ét/L isopleth has moved up onto

the shelf and is about one-half to two-thirds of the way
across the shelf. B

Figure 156 1is a nitrate profiie characteristic of
intrusions seen in Onslow Bay. It is apparent that the simu-
lation results correspond to the measured nitrate distribu-
tion; however, the simulated nitrate field does not extend
as far shoreward.

The order of the physical processes for the third exam-
ple case is: ?ertical diffﬁsion much stronger than hori-
zontal diffusion. |

After the first day, the 1.0 pg-at/L isopleth is already
approximately two-thirds of the way across the shelf and the
vertical profile seen after four days shows a strong vertical
gradient of nitrate {igures .15&459). This type of~§rofile
is not typical for Onslow Bay, but a similar profile was seen
in field data-after the passage of Hurricane Belle (August
9, 1976). Figure 157 shows the high nitrate concentrations

found on the shelf four to five days after the passage of the
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STAT!ION NUMBER

Figﬁre 156 Nitrate profile seen in Onslow .
Bay July 14-15, 1976. Data from Singer,
et.al., 1976.
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Figure 157 Nitrate profiles seerd in Onslow Bay
August 14-16, 1976. Data from Singer,
et.al., 1976.
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‘;hurricane.

One .intriguing aspeét of this system is the efféct of the
vertical diffusion coefficient. A value of 30 cmg/sec was
used which can be éonsidered as an average over the water
column and is larger than values genérally quoted for
shelf watérs. Howe&er, Mérchﬁk et al. (1977) report values
ranging from 80 to 390 cmz/sec for surface eddy viscosity
rnefficienté during a tropical storm. Since this coeffi-
cient changes dramatically with depth, an average value of
30 cm2/sec may Le reasonable for a vertical diffusion coe-
fficient. This leads one to believe that the hurricane
produced intense currents (Supported by Pietrafesa's current
meter data) which resvlted in the movement of large amounts
of nutrient rich water onto the shelf.

Introducing a light attenuation term in the left hand
side of equation (3) gives depth dependence to the biologi-
cal processes, i.e., they decrease exponentially with depth.
Alsb, a timé lag was ihcorporatéd into the nitrate uptake
term, since it is not likely that phytoplénkton begin removal
of nitrate immediately (Eppiey, et. al., 1969). Adding these
“two refinements to the previously discussed system, tﬁe ni-
.trate profiles shown in Figures 160 thru 163 are produced.

The intrusion seen in Figures 160 and 164 is similar to
the one seen in Figﬁreslﬁ2an&]53except that in the first case
the horizontal diffusion coefficient has been reduced by

an order of magnitude. Comparison of Figures 162 and 163 with
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Figs. 154 and 155 also show similar profiles and égain'the
horizontal diffusion coefficient has been reduced by an or-
der of magnitﬁde. The vertical structure of the nitrate
field in Figurel€2 is more like those seen in field data
since the stratification is confined to the lower twenty-
five meters of the water column.

Figures 164 thru 167 show that the vertical structure
of the nitrate field can be modified by changing the bottom
similarity attenuation ekponent. The bottom topography
primarily affects the flow velocities and this has an im-
" portant secondéry effect on the nitrate distribution.

The nitrate profiles generated with o = -.2 and
a = -1.0 do not resemble any seen in field data. The nitrate
isopleths extend too far shoreward and the depths of the
nitrate isopleths are not consistent with measured values.
Also, the bottom profile is not similar to that of Onslow
Bay.

Comparison‘of these figuresAto Figures 162 and 163 show
that the concentrations of nitrate are cofrect, but  the
"bubble" of nitrate formed near the bottom in an intrﬁsioﬁ

has not developed.

Conclusion

The results generated by this model clearly indicate
that it is possible to stimulate primary productivity in
Onslow Bay by periodic "intrusions'" of nutrient-rich sub-

surface Gulf Stream water. This is in keeping with the hy-
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pothesis proposed by Dunstan and Atkinson (1976).

It is obvious that the intrusion process is‘adQectively
dominant and that the relative strength of vertical and
horizontal diffusion determine the vertical gradient of ni-
trate produced. Also,‘the inclusion of a light term in the

biological components gives a more realistic intrusion pro-

file with reasonable values for diffusion coefficients. By

comparing model results to field data, ranges of reasonable
values for the non-dimensional ratios can be determined,
which gf&e an indication of the most important processes in
coastal shelf water. Tﬁese are order of mégnitudé estimates
_instead of specific constants. | | o

Since this model is for a two—dimensional, time de-
pendent'sysfem and does not allowiléterél movement,'compari—
son of model results to field data should be done carefully.
However, the simulation results are very encouraging Since
the concentrations and general structure of the nitrate

field are like those seen in field data.

274



BUCYANCY FLUX MODEL

The relative importance of the various ocean surface processes
which influence fhé dynamics and mass field diétribution on a conti-
nental shelf have not yet been fully established either by ﬁheory or
field observations. It 1s generally acknowledged that the effects of
mechanical surface wind forcing are dominant in the relatively shallow
continental margin regions of the earth. Consequently, most field
programs and theoretical attempts aimed af deducing the physics of the
continental shelves tend to overlook or simply ighore the fundamental
influence of non-zero buoyancy flux at the free surface of the coastal
zone. Buoyancy flux constraints or impositions may most generally'be
lderived'by mass or heat ekchange with the atmosphere or.by assuming
that lateral coastal freshwater input, such as river and or estuarine
outwelling and pluming occurs as either a coastal surface feature or
at least as a surface excess in the depérture of a vertical integral
density or volume constraint from a zero vertical plane, cross-secticnal -
balance. There are several noteworthy exceptioﬁs to the apparent
neglect éf normechanical surface exchange forcing;: Stommel and Leetma
(1972) attempted to discriminate between wind-driven and river funoff
modes of shelf circulation; Pietrafesa (1974) presented theory which
differentiated between buoyancy and wind driven modes of circulation in
the Red Sea; and Pieﬁrafesa and Janowitz (1976) presented theoretical
insights into modes of circulation associateq with mass and heat exchange
at the surface of a two-dimensional continenﬁal shelf.

Though there have been many attempts to actually measure the physics

of continental margins, it was not until 1970 that a concerted,



co-ordinated effort to understand the fundamental oceanography Qf the |
upwelling phenomenon was begun. This project, known as the Coastal |
Upwelling Ecosystems Analysis program is ongoing and includes data. from
the continental margins of Oregon-Washington, West Africa and Peru.
Additionally, programs sponsored by DOE (formerly: ERDA; AEC), NOAA,
BIM, NOS and NSF have increased the physical/dynamical data base of
continental margins. )

In essence, the Pletrafesa-Janowitz solutions demonstrate the
interacting, mutual control of both stratification and circulation by
both momentum and buoyancy sources at the surfape. These authofs show
that the effects of buoyancy flux at the surface of a twofdixnensj.;)nal,
steady state, 'continuouslyv stratified 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 buoyaney flux and bottom topography .
The traverse circulation can be decomposed into modes (associated with
the surf'ace wind stress and the surface buoyancy flux and modified by
stratification, mixing and bottom topography. |

For the speclal cases of a w:i.ndAstress with zero curl or for zero
wind stress, upwelling circulations can be‘:Lnducled by both the sloping
bdtt-cm and hy gravitational convective effects. Alcngshore interiogé
currents counter to the direction 6f~ the wind are observed and are
aﬁtributed to barocl:lhic pressure gradients.

The nature of the transverse and alongshore flows are characterized
itn terms of dimensionless ratios of: Coriolis to frictional forces,
buoyancy to frictional forces; conveétive to diffusive f'orcés; and hori-

zontal to vertical mixing time scales and length scales.
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Table 11 defines all df the models run for various relative
sizes of the dimensionless coefficients used in the model.

The‘béhavior bf the system is characterized by dﬁnénSionless
coefficients; E is the vertical Ekman No., Li is the Iineykin No., &
is an aspect ratio, vy is a relative measure of the strength of circu-~
lation to horizontal mixing; the quantity Ray 1is the density i.e.,
AS, AT convective Raleigh No.; Ra_E2 is a measure of the effect of
stratification on the ¢circulation; 6 = hL/L is an aspect ratio; and

I' is a-ratio of vertical to horizontal mixing time scales,

2

y = _ ) o
h L gp/ALwLL), E = AL/fhL , I'= KLL

5
Drh7y

with Ra

3
and wL = (ra2 + 102)2 or gquAL s which ever

is larger, T = KLL , Li = glqlhIﬁL ' (17)
and = 'L

Same results of the model are shown in Figures 168 < 170 for case 18.

SHOHAT RENORMALIZATION TECHNIQUE

As a part of this DOE work, Pletrafesa has attempted to obtain

advanced analytical solutions to the equations governing the balances
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of heat, mamentum, mass, energy'and nutrients in the SAB marine en&irdn—
ment and has developed (in concern with a colleague, Dr. R.A. Struble
of N.C.S.U.) a modified version of é,classical perturbation expansion,
approximation technique which yields insights into the field data. Not
only have Pietrafesa and Struble used their technique successfully to
solve the governing equations but they have proven a theorem which
validates the use of the methqd and the integrity of the solutions.

The method is presented in a separate report (Pietrafesa, Struble and

Klinck, 1978).

DIAGNOSTIC AND PROGNOSTIC MODELS

The first model, the diagnostic model, uses a prescribed density
field, wind stress field, and reasonable conditions on the stream~
function at the lateral boundaries to camputé a velocity field. The _
dynamics include the Coriolis force, the pressure gradient, and vertical
friction. The boundary cornditions will be discussed in a later report.
The programs for this model have been written and tested. The region
under consideration includes the waters from the coast out to approxi—v
| mately the 75 - 3000 meter isobaths, in the region defined by Onslow

Bay. |

The second model, the prognostic:model, is calculated oﬁ the same
‘horizontal grid as the first but includes a time dependent diffusion
equation. The density field fixed on the boundaries. The denéity field
is allowed to adjust with time to a steady sfate value with the dynamics
also adjusting. The dynamics now inciude unsteady and nonlinear accelera-

tions as well as horizontal turbulent mixing terms. The output from the
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diagnestic‘model,.i;e., the velocit&vfield‘calculated in that modei,'-
promisesfthelinitial conditiQnS‘for this prognestic model. The program
forAthis model is written'and:is now being tested.

Sinse the prescribea density field used in the diagnostic model is,
in general, not the sﬁeady state field under existing wind conditions,
we preceed to tne prognostic model wnich allows for the adjustment of
the density with time under a prescribed wind field and with the con-

ditions on the enclosed boundary through advectionrdiffusion‘processes.

SHELF RESPONSE TO A MOVING STORM MODEL
The coastal meteorological and sea level data (Pietrafesa, et. al.,
‘ 19780) represent the Carolina Capes climatology as one which is consis-
tently pulsed by several day fo several week atmospheric storms, especially
during the fall, winuer and spring seasons. The data (Pietrafesa, et. al.
1978 a,b,c) indieate that sea level and currents and hydrography as well
as possibly‘Gulf Stream local offshore locatlon and local dynamics may be
significantly affected by the passage of atmospheric 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. Pletrafesa) are attempting to
- model the response of a baroclinic, sloping, unstead& continental shelf
to the passage of e storm. Conslder Lhe following system of equationo
‘and boundary conditions for the surfece, interior and botfom layers of

a continental shelf:
(x)

U - fv = Tz

- .
Vt+m_r'z
U ¥ Wy = 0
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Interior U - fv=- PX

Bottom ut -

1
=

NS::
g

N

fiv
* v, + fu

]
5

ux+wz=0 A .

under atmospheric f‘brcing which is defined by a, ?w’ wind stress:

T, =Xt U‘wt (at z = surface)

u, = wind velocity magnitude in x-direction
or

= _x x)_ = &

Tw = 1‘tw ‘+ JTy
where

e (B) = px ¢ ut)
9 = ax ).

This is a brief model description of the complete model which will

" be presented in a report to follow.
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VII. MOMENTUM AND HEAT FLUX CALCULATTONS

Using the Sﬁmmér; 1976 data.setsifrom‘Pietrafesa; et. al. (1978b),
one éan start to compute not only the CO-Spectra, i.é. thé réal part of
the cross-spectrum between, u, v, t, S and P, in all 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 valué, eg. GTTT, uv' » etc. where the primed
quantities represent increment departures (flucfuations) froﬁ a temporal
mean over some specitied window length.

"The guantities have been averaged over a number of ways,-egs.: 1
and 2 day discrete, 1 and 2 day running, cumlative, ete. Spatial
gradients'will also be Eaken of the various pfoducﬁs. The intention is
to campute statistically reliable estimates of horizontal momentum, heat,
and vorticity fluxes onto and off of the continental shelf in the Carolina
Capé region of the Soufh Atlantic Bightl. Iﬁ is expected that these
fluxes are provided by detached eddies and modulations of the Gulf Stream;
by strong meteorological forcing, e.g., cold fronts; and by tides. As’
~ 1s discussed in'the section "Plans and Objectives", for such calculations,.
it is essential to know at least the following: the maghitude and shape"
of the hofizéntal kinetic and poteptial energy spectra as a function of
position; the magnitude and shape of the horizontal Reynoids sﬁ;éss ard
heat flux spectra as a‘funétion of position; aﬁd the élong—shelf and
trans—-shelf caherence scales as a function of frequency and the distri-
bution of the above quantities over Verticaltmodes; It is then hoped that
‘we will be able Lo gualitatively and quantitatively identify and calculate
thé source of the mesoscale turbulent, momentum flux fields along the

shelf break strip and the alongshore boundaries of the Carolina Capes,
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specifically Onslow Bay, and tq assess the properties of the Cross; .
spectral and covariance fields for their stationarity, hamogeneity and
anisotropy. We can then address questions concerning: the frequéncy
of occurrence, intensity, persistence and cﬁaracterizing signature of
the most energetic fluctuation events; the characterization of the imner,
mid and outer shelfs to strong atmospheric forcing; the determination
of the minimm record lengths needed to compute momentum and heat flux
estimates; and the spatial and temporal sampling rates and leocations,
resp., required to campute momentum, and heat flux estimates.

The 1976 Summer data set appears to be offering the kind of infor-
mation necessary to compute these estimates, spedifically as they relate
to the minimum recofd lengths needed to compute such estimates; cf.
Figures 171 - 173 are indicative of a leveling off of all of the

fluctuation product quantities at about a period of 60 days at site Etop'

The quantities sucgest a cumulative flux of heat onto the shelf which is
consistent with the Etop u vs. T cross-correlation, (Figure 174 ) where
over.the period band 3% to 10 days, C2 peaks at 0.75 and the co-spectral
curve (Figure 175 ) which indicates a large nagnituderf heat flux onto
the shelf at site Eéop. |
The above are all presented for_the sake of example and it is noted
that the "leveling off" at site Etop may be due to the imposition of
biological fouling and though the temperature sensor was not affected, the

currents were samewhat at this site.
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VIII. BIOLCGICAL FOULING

During the moored méter'periods of obsérVation of this study;
biological foulihg of the unattended, on-site instruments has not had
any substantial effects upon the measurements, save for the Sumer,

1976 period of observation (Pietrafesa, et.al., 1978b.).

As can be seen from Figures 103 - 111, we encountered aﬁ unusually
excessive, and unexpected, amount of biological fouling which apparently
increased ﬁhe lower threshold speeds of several of the current meters
and obviously reduced the current velocity magnitudes. The Aanderaa
currentlmeters were more dramatically affected than were the Endeco's
which may suggest that éither the latter instruments are less susceptible
to the'types of fouling encountered, than the former due fo 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 to have occurred in the latter

part of July, 1976 (cf. Figure 108) perhaps reflecting a large flux of

' nutrients, etc. onto the Carolina shelf by Gulf Stream ihtrusion, up-

welling, ete. | ,

It will be difficult to retrieve the mollified magnitudes of the
currents but given the fact that the M, semi-diurnal lunar tidal con-
stituent is so praminent, stable, regular, and deterministic, we will
uoc the tide as a guide Lo, hopefully, recongﬁruct the current speed

time series.
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IX. HURRICANE BELLE

On 5 August 1976, the twentieth tropical system to be tracked east
to west across the Atlantic Ocean during 1976, appeared appr'oximately
east of the northern Bahamas. By 6 August, VHRR satellite imagery (Dr.
R. Legeckis, NOAA/NESS, personal communication) indicated a well-defined
vortex of tropical storm intensity. During the next several days, NOAA
aifcra.f‘t reported high altitude winds of 130 knots and a meridional
propagation speed of 25 knots. On the 8th of August, Belle ‘had appeared
east of Charleston, S. C. and by the 9th to 10th had extended 1tsell to
fthe Virginia border‘. | |

Though the. storm track was centered essen‘cially along the 75° meridian
"(ef. Figure 1 for geogr'aphic perspective) and though the storm was an
intensely packed vortex, its effects had obviously been detected both in
Gulf Stream VHRR imagery (NOAA/NESS) and in our moored instruments.
(Pietrafesa, et. al. 1978b). Obvious current responses to this event are
visible in the figure series 103-1llof this report during the period b -
20 August. Temperatures varied the order of 2°-9°C as the effects of this
-event passed by the arrays. Some of this dramalle Uamer-atﬁre chongc- oan
be attributed to mooring iay-over, but Fbot showed a decree.se in temperature
of 8 C (25°C dcwn to 16.8°C) between day 225' and 228, and this sensor was
located 3m from the bottom in 75m of water, so lay-over carmct explain
away the dramatic AT. _ . '

Analyses of the shelf response to this event, including the Hydro/Blo
observations made by SKIO immediately after the event (Singer, et. al., 1977),

are ongoing.
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X. PLANS AND OBJECTIVES

Given the deséription of the Southeast Continental Shelf Progrem,
touched upon in the Introduction of this repbrt;.it is obvious that wé
(DCE - SAB investigators) are attempting to develope and undérstanding
of the biological/chemical/physical functioning of the nearshore and
continental shelf regimes and as nearly as possible to quantify general
circulation patterns that control biological prodﬁction arnd the disbersal
qf pocllutants, whatever their source. .

The natural enviromment is subject to changes which take place in
time scales ranging from minutes to decades. Life processes an the S. E.
continental shelf are_largely controlled by water circulation which
produce dramatic changes on scales of days to years. Without an under—
standing of the coupling of circulation and biological production, the
magnitude of these influences and where they occur, little in the way of
predictive capability ar establishing céuse and effect relationships can
be achleved. For example, relatively small deviations in the average
position of the Gulf Stream may greatly influence continental shelf
production, the spawning and dispersal of larval fishes, etc. Marked
changes in land runoff will influence the position of turbidity fronts and
the exchange of pollutants across these. | |

The S. E. continental shelf program, developed in sequences .listed
beléw, is aimed at understanding natural processes which control biological
activity and the dlspersal of selected potential pollutants. Over the
leng run, with such knowledge, it should be possible to separate and ex-
plain natural changes from those which may be induced by man's activities
in the coastal-continental shelf envirorment. The basic philosophy applied
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is that effective management decisions are ultimately based on obté.'l.n:ing
predictive capability and to. achieve this an understanding of ecosystem
function is requived. | -

Cur loné—tezm obj ecfivés include: Differentiating and déscribing
the biological/chemical responses of different shelf envirorments to
fresh water imput and coastal circulation patterns (i.e., Georgia Bight,
Carolina Bmbayment, north Florida shelf, etc.); Determining the response
of biological components on the shelf to quantified flux rates of nutrients
and trace elements due to Gulf Stream motion, wind s, runoff events and
density\ fields; Quantifying the rates of input, distribution and _exchange
~of trace elements and radioistopes 11;1t9 and between nearshore zones and
the shelf; Determining the role of inferfacial transfer meéhanisms (e.g.,
density fronts) in the exchange of trace elements/nutrients/radioisotopes
to conf::!nental shelf waters and their effect on the biology of the near
shore zone. o

Our specific objectives include: Characterizing physical and biolo-
glcal processes in (nslow Bay, utlllzing data previocusly acquired undsr
contract to EHLIA (LYT5-1978) and newly acguired (1979-1979).
| A The specifié objectives for studies in the Georgia Bight (5 year plan;
1978-1982) include: Determining the influence of Gulf Stream interactions
oﬁ transpoft,- flushing and dispersal rates and thejr effect on‘biological )
processes :Ln. the Georgila Bight area; Det‘e:mining- the influence of estuarine
inputs. on biological processes an the shelf; Determining the rates of input
to and dispersion of trace elements"and r'adic:isotopes in estuaries and on
the continental shelf,

Sub-cbjectives (Georgla Bight) - 2-3 years (1978 - 1980) are: Determin-

. ing the cantribution of atmospheric forcing, air-sea interaction, Gulf
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' Stream influence, and thénnohaline effects (e.g., density gradients fram
runoff and air-sea interactions) on inner, mid- and outer shélf circula-
tion and exchange processes (Lee,,Piétrafé535 Atkinson; SRL);‘Détenmining
thé specific trajectories of water due to discrete events when éncountered,
such as (a) Gulf Stream meanders and "eddy events"; (b) fluctuations in
density discontinuities; passage of cold fronts, etc. (all investigators);
Determining the role of frontal zones in the nearshore region in con-
trolling the dispersal to the shelf of inpuﬁs derived from rivers, estuaries
and marshes (SRL - Blanton; Atkinson, Windam); Describing the spatial/
temporal abundances and control of production of phyto-zooplankton as
influenced by average circulation patterns (Paffenhofer, Menzel);
Determining the rble of autotrophié and heterotfophic microorganisms in
the cycling of essential elements and ofganic matter. Special aﬁtention
will be placed on ascertaining the influenée of horizontal and vertical
discontinuities qﬁ element and.organic matter distribution, mic;obiological
activity and their relation to the physical and chemical regimes of the
qont;nental shelf (Pameroy/Wiebe); Quantifying the input of trace elements
fo the Georgia Bight area by the atmosphere, Gulf Stream.intrusidns and
their dispersion by average circulation patterns (Windom); Determining

the rate of input and the longshore/offshore transport and dispersion of
trace elements and radioisotopes (SRL - Blanton, Windam).

OBJECTIVES TO BE ADDRESSED: 1 March, 1978-31 May, 1979

Scientific objectives concerning the continental margin processes
affecting the oceanography of the SAB, to be addressed within the next
funding year (Present to 31 May, 1979) by N.C.S.U. persomel (at the

direction of L.J. Pietrafesa) include: The calculation of statistically
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reliable estimates of horizontal momentum, heat, and vorticity fluxes
onto and off of the cqntinental shelf in the Carolina cape region of
the South Atlantic Bight; It is éxpected that these fluxes afé provided
by detached eddies and modulations of the Gulf Stream; by strong

meteorological foreing, e.g., cold fronts; and by tides. For such
calculations, it is esseﬁtial to know the following: The magnitude and

shape of the horizontal kinetic and potential energy spectra as a.

. function of position; The magnitude and shape of the horizontal Reynolds
stress and heat flux spectra‘as a function of position; The along-shelf
and trans-shelf coherence scales as a function‘of frequency; The dis-
tribution of the above quantities over vertical modes; The synoptic-
scale femporal énd spatial structure of the'netéorological forcing; :
The properties of the tidai forcing in terms of the amplitude and phase
fields of the principal constituents.

We then hope to be able to definitively, qualiéatively idéntify and
calculate the source of the mesoscale turbulent, momentum flux fields
along the shelf break strip and thg alongshore boundaries of the Carolina
Capes,'specifically‘Onslow Bay, in oraer to estimate their role in the
driving or damping of the persistent circulation along the sheif.

We will attempt to assess the properties of the cross-spectral and
covariance fields for their stationarity, homogenéeity and anisotropy.

We will at least address, if not answer, quéstions concefninggx the fre-
quency of ococurrence, intensity, persistence ard characterizing signature
of the most energetic fluctuation events; the ‘characterization of the inmer,
mid and outer shelfs'to strong atmospheric forcing, such as cold fronts

and tropical storms; the determination of the minimm record lengths needed
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to compute momentum and heat flux estimates;,and the spatial and temporal
sampling rates and locations, resp., requiredlto campute. momentum, and
heat flux estimaces. _ V

Finally, we shall attempt to definitively determine: the signature
of Gulf Stream derived events, including spin off eddies, filaments or
meanders and to discriminate between the types of events; eg., arn
of fshore meander causes a decrease in the surface temperature and an
increase in the surface temperature at the shelf break while a spin off
eddy causes an increase in temperature at the swrface 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 moméntum throughout
a Gulf Stream derived event; to determine the percentages of current
fluctuation due to tides, mechanical wind foréing and Gulf Stream in-

Afluences; and to develope diagnostic and prognostic models of the physical

dynamics.
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