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Forword and Acknowledgment of Support

This is Part I of a two-part report on the physical oceanography of
Pamlico Sound and the peripheral nursery regions. Part I provides an overview
of the present knowledge based on field and modeling studies of the sound
proper, conducted principally at North Carolina State University. The sound
field program at NCSU was conducted during 1978 and 1979. The modeling effort
was also conducted at NCSU during 1979 and 1980. Whi.le the sound study was
under way, an NCSU continental shelf program was also in place in the Carolina
Capes coastal waters. This allowed for a coherent, coupled study. The sound
study was funded by the University of North Carolina Sea Grant College
Program, Office of Sea Grant, National Oceanographic and Atmospheric
Administration, U.S. Department of Commerce under Grant No . NA8 1AA-D � 0002; the
U.S Army Corps of Engineers; the North Carolina Department of Administration;
and the Water Resources Research Institute. The complementary coastal study
was funded by the U.S. Department of Energy under Contract No.
DOE-AS09-EY00902 and Grant No. DE-FG09-85ER60376. Several reports, three
peer-reviewed publications, seven talks at national conferences, and five
graduate student theses � completed, 4 in progress! will have resulted,
either totally or partially, from this Pamlico study' These studies have
provided new insights into how fish are recruited from the Gulf Stream to the
coast through barrier island inlets and across the sound to the nurseries.

Part II of the Pamlico Sound report will deal specifically with the
nature and cause of salinity fluctuations within the nursery areas around
Pamlico Sounds While Pamlico Sound is found to respond to the wind field and
to the coastal ocean forcing, in that order, the nursery waters are found to
respond to Pamlico Sound, the wind field and drainage, in that ordet.

While Part I and II of the Pamlico Sound story yield revealing insights
into the fundamental physical oceanography, and hydrodynamic processes at work
in the system, they also point to the need for a more inclusive coordinated
field and modeling effort.
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INTRODLLCT ION

1. Set t tng

Paml t co So<ind, Nor th Car<> I t na, a harrier t s land estuary, is the largest
lagoonal estuary in thr Nni ted States. It ts 100 to 14O km long, 35 to 5O km
wtde, has a m< an depth of 4 S m and covers 43SO km ~ The Outer Banks, an2.
island chain constst tng of llatteras, <!cracoke and Portsmouth islands, creates

barrier betwe< n th< ocean and the s<>und. Oregon, Hatteras and Ocracoke
 nlets provide c<>nnnect tons between sound snd ocean waters ~ On the mainland
side, the Trent-Reuse and Tar-Pungo-Paml leo rtver systems drain into Pamlico
Sound. Freshwater sources are also present via Core Sound to the south, and
f rom Alhemarle Soon<1 vta connect tons to Paml i co Sound through the lesser
sounds Roanoke an<1 Croatan to the north, Shoa'1 tng regtons within Paral leo
So<md are found nr ar th<e raourhs of Roanoke, Croatan and Core sounds, the Neuse
and palal tco rivers «nd close to the Outer Banks inlets ~ Bluf f Shoal,
extend tug f rara Ocracoke due north to Bluf f Point, roughly separates Paml leo
Sound into two broad basins with the gently sloping bottom of the northern
basin reachtng a maximum depth of 7.3 m  n its center. The southern basin
bottoms at 7 m but is generall.y less deep than the northern basin. The enttre
estuartne systera ts depicted in Figure 1 and the sound bathymetry is shown in
Figures 2 snd 3.

2. Saltnity

Roelofs and Bump<ra   1953!, Woods �967!, Williams et al �973! and
Schwartz and Chestn<it   l973! have provided raonthly summartes of the
hydrography of Pamlico Sound wtth some insights into the hydrologic cycle from
1948 to 1966. From these data, Gtese et aL   19RS! were able to prepare two
snapshots of the average surface salin ty  S! Pamlico Sound for the
raonths of Aprt I arrd December; the former, the month of lowest S and the
latter, the great<-.st. These snapshots are provtded in Figures 4a,b .

Vertical st.rattftcatton of S in Pamltco Sound has been reported to be
between 0 ~ 1 and I.O parts per thousand  ppt! with the hottora waters more
saltne  Woods, 1967!. Roelofs and Rumpus �953! claim that the horizontally
spattally averaged bottora minus surface S of the sound is 0.66 ppt. These
authors attribute thl,s scant dtfferenttal to the effectiveness of the wind in
mixing the water column vertically throughout the shallow sound. IJndoubtly
local topography can induce vertical motion locally, and the vertical orbital
motion associated with the gravity wave field can also contribute to the
breakup of any vertical structure. Al ternately, Woods �967! reported finding
6 ppt vertical differences in the southern basin during the sprtng, summer and
fall of 1964. This was sorae four to seven weeks after a wet spring and
reflected the phase lag tn the dratnage provided hy the Neuse and Pamlico
rivers. Pietrafesa et al �986b! found that tn upper Rase Bay  Figure 5!, a
juvenile fish nursery area, differences of 5 ppt over depths of two raeters are
not unusual. In fact, prelirainary results from the recent studies of the
saund nurseries  cf Gilliara et al, 1985! indicated that vertical S gradients
in the rivers and bays are subsr.anr.tally greater than those in adjacent sound
waters.

In the study of Rose Bay, cond<rcted by Pietrafesa et al �985! in the
southwestern corner of Pamlico Sound, suaaaer S ranges from 7 to 17 ppt; fall S



Figure 1. The geography of Pamlico Sound, North Carolina.
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ranges from 7 to 18 ppt; winter S ranges from 6 to 18 ppt; and spring 8 ranges
from 2 to 13 ppC ~ Figure 6a is representative of the high frequency, large
amplitude fluctuations that. are evid< nt in this corner of the sound. Figure
6b shows the percent of time Chat 8 spent at nearest integer value~ between 6
12-hour periods during the summer of 1982. The interpretation of this
histogram is that, 27.4 percent of the t.ime, 8 was 16.0 ppt -�,5 ppt within
any 12 hour period  wh< re the symbol " " means "less than" !. Clearly it is
dif ficul t to asrrihe a single value of 8 for any seasonal period given the
suggested variabi 1 ity. Figure 6c provides "f i rst di f ferences" of the S data
in Figure 6a.

From 6b we con< 1 ude that during t l<e summer of 1982, in the southwest
cor~er of Paml ico Sound, 40 ~ 5 percent of the time the variations in 8 were
less than t0.5 during any consecutive 12-hour period Alternately, 44
percent of the total tfme variations greater than tO.5 but less than -I.S were
observed, and 15K of the total time 8 fluctuations of + -1 . 5 to 4.5 ppt were
measured during ronsec«tive half-day periods. It is of note that changes of
between +-4.5 to 7. ! ppt in 8 were observed 0.75 percent of the summer of 1982 ~
While the number of occurrences of such changes were few, the magnitude of
these changes was dramatic. The lesson learned from Figures 6a, b and c is
Chat an observer taking a shipboard T,g sample at station x, at time y, on
date z may conclude Chat S x, y,z! S� is representati.ve of S during that
season, month, week or day. A second observer making the same measurement at
station x but at time y + n hours  where n represents whole integers
1,2,3,4...,! on day z + m, days  where m is 1,2,3,4,...! might find that S x,
y+<>, z+m! So + AS ~here AS could be between tl ppt to +-6 ppt. Neither
observer could reach any definitive conc lusion on a representative S. The
moral of the story is that if the fluctuations in S are to be understood, then
8 must be monitored not seasonally, not monthly, not weekly, not daily but at
a minimum of one sample every two hours.

The sour<:es of salt water for 1'a<nlico Sound are the harrier island
inlets. Saline Carolina coastal water  CCW!, with an S range of 34.5 to 37
ppt, enters the sound via Ocracoke <nd liat teras Inlets. Vf rginia
coastal water  VCW! ranging fro<n 31 to 34 ppt, relatively fresh compared to
CCW, enters through Oregon Inlet. In a recent paper, Pietrafesa and Janowitz
�986! discuss the actual <nerhanism hy which water enters and exits through
the inlets. Oiese et al �985! point nut that the differences in 5 between
the months of lowest and highest me >n S, Apri I and December respect i.vely, is
about 5 ppt at the <nouths of the feedet rivers and less than 2 ppt at the
barrier island inlets. Thus the inlets remain a relatively constant source of
salt water.

Factors such as the greater salt content of CCW versus that of VCW, the
relative locat on of Oregon I~let to the north and Ocracoke and Hatreras
Inlets to the south, and the mainland freshwater sources, all contribute to
general norch-to-south and west-to-east S gradients. Even so, occasional
reversals in the horizontal gradient in 8 have been observed  S. Ross and S.
Epperly, NCDHF, personal communicat ion! . Unf ortunatel y, rhere was a lack of
synopt ici ty in the sa<npl i ng schemes»sed I n the hydrog t a phic sampling programs
conducted in the sound. This is not to tault those hydrographic programs for
being improperly conducted. Rather, this is to point out the dif f iciencies of
shipboard sampl ing progra<ns in large bodies of water ~ Creating a snapshot in
t ime of an S f i,eld in space is dif f ical t when S is changing rapidly in space
as a function of time.

7
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The relative importances of wind versus runoff in determining S
distributions thoughout the sound over periods of days to weeks to seasons has
been addressed but not fully assessed. Giese et al   1985! provides a summary
of the previous strrdies oE S within the sound. The literature survey
concludes that easterly  from the east! winds generally increase sound S while
westerlies are typicall.y associatrl with a drop in S. Northerlies are found to
cause lover S in the nort'hem basin, while raising S in the southern basin.
Winslov �889! is the source of the latter findi~g. This classic study also
determined that southerly wi.nds created the opposite effect, i.e. S rose i.n
the north basin and dropped in the southern basin. Alternately, Giese et al
then refer to the findi.ngs of Roelofs anrl Rumpus �953! which indicate that S
in Core Sound  off of the souther~ basin! decreases in concert vi.th
northerli.es and increases with southerlies. The authors point to the
existence of Whalebone Inlet, open during Winslow's study and now closed, and
Drurrr Inlet, nonexistent during Winslow's study but open during Roelofs and
Rumpus's effort, as a possibl.e explanation for the discrepancy.
Unfortunately, insufficient data presently exists to fully answer the basic
questions.

Giese et al   1985! position themselves on the side of runoff in the
determination of "l.ong-term average net flows at any point," and, as a
consequence of this posture, the authors believe that freshvater flow is
responsible for longer term S distributions. We now consider freshwater input
to Pamlico Sound.

3. Fresh Water

Fresh water input to Paml ico Sound is derived from precipitation,
evaporation, land drainage via the Albemarle-Roanoke-Croatan sound system, and
by rivers such as the Trent-Neuse and the Tar-pungo-paml leo.

From September through Nay the mean monthly rainfal 1 on the sounrl is
about 10 cm, while from June through August, the rate rises to 14 cm/month.
Evaporation fal!.s some LS cm shy of maintaining a balance with the yearly
rainfall, ll4 cm versus 129 cm, respectively. Seventy-one percent of the
total yearly evaporation occurs from Hay through October. These data were
abstracted from Roelofs and Rumpus   1953! .

RunofE input has been estimated hy Chu   1970!. He found that the mean
annual amounts of fresh water from the Neuse River was 145 m3/sec, from the
Pamlico River 130 m3/sec, and from Roanoke and Croatan sounds, 80 m3/sec and
448 m /sec, respectively. Giese et al. �985! quote values of 173 m3/sec
discharge from the Neuse and 153 m3/sec from the Pamlico Rivers � fluxes
comparable to those of Chu. riowever Giese et al �985! also quote values of
906 m /sec from Roanoke and Croatan Sounds, taken together a number exactly
twi.ce the value given by Chu. In Tables 1 and 2 and Figures 7 and 8, a
monthly and annual water budget for Pamlico Sound is presented. These tables
were adopted and modifed from Giese et al   1985! . The sources of fresh water
are direct precipitation, direct net inflow from adjacent land feeding into
tributary rivers and direct net flow f rom adj acent sounds. The principal
f reshwater sinks are evaporation and the outwel l.ing into the coastal ocean
through the inlets. From Table 2 we see that, on the average, it takes
approximately ll months to replace 2.6 �01 ! ra of storage in Pamlico Sound.
Under typical ci rcumstances the S of the syst era vi1 1 1 ikely maintain i ts more
typical disttibution. Rut there are other scenarios.

9
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TABLE 2. Monthly and annual gross fresh water input for Pamlico Sound

RATER STORAGE IN PANLICO SOUND

January---3.35 x 10 to the power of 9

February---3.73 x 10 to the power of 9

Harch 3.47 x 10 to the power of 9

April � 2.38 x 10 to the power of 9

May � -1.86 x 10 to the power of 9

June � -1.35 x 10 to the power of 9

July � -1.95 x 10 to the power of 9

August 2.27 x 10 to the power of 9

September 1.86 x 10 to the power of 9

October � � 1.61 x 10 to the power of 9

November � 1.95 x 10 to the power of 9

December. 2.41 x 10 to the power of 9

AVERAGE ANNUAL EQUALS 2.35 I 10 TO THE POWDER OP 9

*** NOTE: Basin size in cubic meters e uals 2.6 x 10 to t' he wer of 10

Units are in cubic meters.
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If it were to rain more heavily from October through March, then the
demand for water from the coastal ocean would be reduced and the sound would
freshen greatly since it would neither be receiving nor demanding salt water.
The sound would tend to homogenize both vertically and horizontally. Via the
opposite argument, a very dry October through Rarch would result in a much
saltier sound � a lagoon with relatively large horizontal and vertical
gradients. Pvaporation is relatively low during this time of year.

Prom April through September the evaporative process reaches its annual
peak  Pigure 7!. This process is roainly temperature dependent and constant

of fresh water butfrom year to year. Rainy summers wi.ll not only be a source o
wil.l also be characterized by increased cloud cover and diminishment in the
loss of f resh water through evaporation. So, rainy summers increase the
source and I.nhihit the sink of fresh water. The result is a more brackish
sound with decreased salt content and gradients thereof. Dry summers have the
opposite effect.

Temperature

Water temperature I,n Pamlico Sound is believed to be inexorably coupled
to air temperature. Roelofs and Bumpus �953! found a one-day lagged

0.972correlation coefficient between air and surface ~ater temperature to be
for their data sets based on Cape Hatteras air temperature and surface water
temperatures on the sound side of Hatteras Island. ln Pi.gure 9a we show a
typical plot of air temperature across Pamlico Sound, from Cape Hatteras to
Cherry Point. In Figure 9b a representatf.ve plot of air and water temperature
in Parrrlico Sound 1 rrreter below the water's surface is shown. Roelofs and
Bumpus claim that, I.n general, between the range of 10'C to 29 C, surface
water' temperature can he directly predicteri from air terrrperature, with a
several-day lag sufficient for the surface water to adjust to the air.
Between the air temperature range of 0 C to 10'C, the Roelofs-Bumpus study
would logi'cally result  n a relationship such that water surface temperatures
 T ! var qs two-fifths of the sum of the air temperature  Ta! plus 12.5 'C,
I e Ts HTa + 12.5! ~ The same study also suggests that vertical water
column temperature gradients t'arely exceed 0.4 c/m and more typically are
less than 0.2' c/m. Horizontally, sound temperature gradients are reported to
be relatively weak i.e. between .OS-.OI c/km. However, Figure 9b shows
clearly that at 1 meter below the water' s surf ace, water temperature may track
that of air but does not riisplay a one-to-one correlation.

At depth, water temperatures look much like their navifacial counterparts
but for less high f requency variahil.ity and a compressed magni.tude of
fluctuation. Figure 9a shows the high coherency between Cape Hatteras and
Ch P i t i temperatures. The differences between Cherry Point air anderry o n a rPamlico Sound water temperature, collected 1 m below the surface on a xe
mooring in the southern basin, indicate the need for a more extensive study
incorporating fi.xed temperature sensors at specific locations which can
measu ere temperature  T! every 2 hours for periods of up to a year, if the true
response of water temperature to air temperature fluctuations and vert ca an
horizontal gradients of water temperature are to be ascertained.
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5. Thermohal  ne Gradients

It is not presently known whether temperature, sal lni.ty or density fronts
of any signi.ficance exist within Pamlico Sound. Time series of S and T within
the sound proper do not exist save for the study hy Pietrafesa et al �986!
shown i.n Figure 5. This latter study provides the only "continuous"  e.g.
LO-minute sampling interval! S and T data taken at a fixed station.
Unfortunately these data are limited in geographic application because the
data was collected as part of a juveniLe nursery area study. Consequently,
the data sets are concentrated in several hays, namely Rose and Juniper.
These data are not necessarily representative of the time series of T or S in
Pamlico Sound proper. However, there were several time series of T anrl S
collected soundward of the mouth of Rose Say, and these data do represent T
and S variability in the southwest corner  Station 7! of the sound. The
Station 7 S and T time series shown in Figures 6a and 9b, respectively,
display the frequency and mangitude of vari. ability of both T and S in Pamlico
Sound. They speak to the need for a more concerted hydrographic effort
throughout the sound. The once-a-month, spot sampling approach, which has
provided us with the only soundwide hydrography to date, clearl.y creates doubt
on the relative worth of past T-S studies given the rapidity and strength of.
T-S fluctuations shown to exist at Station 7.

A climatological record of temperature, salinity and density averaged
over years of monthly observations can he obtained by spatially averaging
these data within and without the sound, respectively. Water of depth Less
than 20 meters in Raleigh Bay, the coastal regime adjacent to Hatteras and
Qcracoke Inlets, are hydrographically contrasted with Pamlico Sound southern
basin waters in Figures LO a,b,c. Sound ~aters are colder from November
through March by 2' to 9 C and warmer from April through August by 1 to 6'C
than are adjacent coastal waters. Coastal waters are always more saline and
dense than sound waters, with relative differential highs occurring during the
period November through June and relative lows f rom July through October.
However, bottom waters achieve thei.r yearly minimum difference in both S and

during February, a month sandwiched between high dS and Dot differentials.

The implications of the mean monthly salinity, temperature and density
gradients between sound and coastal waters as they might provide fot or
inhibit f nfish larval transport pathways are not known. However, the
hydrographic cycles suggest that perhaps Larvae are hydrographicaLLy cued and
may be recrui ted when ~T and ~S are in tune with a conveni ent f Low field. It
is conceivable that Large scale T and/or S fronts may propagate across the
shelf during either stor~y or quiescent periods which may be tracked hy larval
fish.

Mini-thermohaline fronts may also exist, particularly near the inlets,
within or beyond the mouths of the bays and rivers, as suggested in the study
of surface chlorophyll and salinity in the Neuse River as perceived in several
I.andsat satellite images  Khorram et al, 19S5!, neat' shoaling areas, and
during small scale atmospheric storms. tJnfortunatel.y such a study requires
mapping with a towed thermosalinograph and no such investigation has been
conducted to date. The need, resources and manpower are there; however,
various government and management agencies have l.acked the i~sight to endorse
such studies to date.

l6



o a

C ill
0
~ J

17

~1~4! ~V

l~! SV

C
4t
0 o

W R
~ I
4J

lJ Cl

I~
00 C
V! 0

V!
'C
C 0
~ l 0

8
" C4

E C
0 lo
4J
4J W
0~
Al 0
'C lo
C

4
Cl C
U C
4j W
4

C
gl Cl

bQ
4J 4P



6. Tides

Harshall   195l! and Posner   1959! concluded that astronomical tides in
Pamlico Sound proper are negligible. The rationale was that tlie sound is too
shallow vertical1y ancl narrow laterally to he directly forced by the tidaL
potential. Consequently, tidal forcing can only occur via the barrier island
inlets through which the adjacent continental margin tides must inake entry.

North Atlantic East Coast USA tides have been described variously by
Redfield �958!, Pietrafesa �983!, Hoody et al �984! and Pietrafesa et al
�985! . In summary, the pri.nci pal tidal constituent, in both the Hid and
South Atlantic bights is the semi-diurnal lunar or Ni2 component which has a
period of 12.42 hours or approximately 12 hours, 25 minutes, 12 seconds. The
N2 tide is a co-oscil lation of the AtlanC lc Ocean ticle ancl appears on the
ocean sides of the barrier island inlets as consecutive highs and iowa in
water level elevation every 6.21 hour~. The tidal wave  a "Poincare" wave!
cannot propagate freely into and out of the sound, hut rather sets up a
boundary condition whereby the wat.er elevation fluctuation due to the rise and
fall of coastal sea level associated with the H2 tide creates pressure
gradients along the axis of inlet, so that as the water level rises with an
i.ncoming or "high" tide, a downhill tilt of the water surface is created. The
gravity force af fected hy this tilt eventual l.y drives a current, the flooding
tide, into the sound. t:iven the mound of water which builds outside of the
inlets and the narrow widths and shallow depths of these sea-sound connectors,
the flood tide appears to "jet" in. The exiting tide, the ebb, occurs
similarly in that, as the shelf tide hegins tii recede from the coast during
the transgression from high to low, a drop in coastal sea level occur's and a
downward tilt of the water's surface fr<im within to without the sound, along
the axis of the inlet, eventually drives a current out. 'Marshall �951!
speculated that the tide is damped rapidl y away from the inlets. Support for
this assumption is obtained by a comparison of Ocracoke Inl~ t and the Ocracoke
Coast Guard Station Cidal heights. There is a 3.55 cm/km drop in mean tidal
range away from Che i.nlet or a drop of 4.35 cm/km during spring tides.

In Tab le 3, represent at i ve t ida 1 range.s and ebb and f 1 nod currents f or
Oregon, Hat teras and Ocracoke Inlets are presented.

If the assumption is made that the drop in range of tide from the
Ocracoke Inlet to the Ocracoke Coast Guard Station  separated by a distance of
7.73 km! is representative of the general spatial attenuat on of tidal height,
then both "mean" and "spring" tides would lose recognition within 16.3 km of
the inlet. However, Singer and Knowies �975! and Pietrafesa et al �986!
have reported a semi-diurnal tidal signal in current measurements made in both
the Neuse River and in the southwest corner of Pamlico Sound, respectively.
Chao   198 1! reported an hf2 signal in sea lc vel collected at various locations
in the sound. Representative examples of the Neuse River along axis current
data are shown in Figures lla, and b and the sea level testimony is I.eft for
the section "Sea Level"  I-8!. It may well be that the N2 tide in Pamlico
Sound is mani.fested as a simple longitudinal reversing pattern aligned with
the major axis of the basin. Hnfortunately current meter data which coul.d be
used to interrogate the triie character of the H2 tide in the sound are
nonexistent and need to be collected i.n a systematic study.

At this time it can only be assumed Chat tidal motions in Pamlico Sound
will he less significanC with distance from Che inlets. A tidal wave

i8



TABLE 3. Oregon Inlet flood and ehb data

Tidal Flow Data
Re present at ive cutrents

in cm/sec

Inlet

Ocracoke

The sources of information are:

 a! Singer and Knowles, 1975

 b! U.S. Army Corps of Engineers Report

 c! National Ocean Survey Tide and Tidal Current Tables � 1971

19

Oregon

Hatteras

Date of
Observation

of Tidal
Flow data

28 June, 1973 a!

25 May, 1958 b!

25 May, 1958 b!
14 Oct., 1962 b!
1977  c!

Mean
Tidal

Range
 in cm!

61.0 c!

61.0 c!

57.9 c!

Spring
Tidal

Range
 in cm!

73.2 c!

73.2 c!

70.1 c!

Flood

75.8 a!

109 .7 b!

80.8 b!
106.6 b!
88.4 c!

64.7 a!

103.6 b!

86.6 b!
140.9 b!
121.9 c!
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Figure 11.  a! Time series of along axis currents in the Neuse
River indicating presence of semi-diurnal signal.
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signal.
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progressing through the sound would be damped frictionally by each successive
shoal or channel. The complex nature of the bathymetry of the sound is
suggested in Figures 4 and 12.

Previously it was noted that the astronomical tidal wave produces a slope
in the water surface at the opening to the inlet. The magnitude of the
resulting flood or ebb current will he directly dependent upon the magnitude
of this slope. However, wind-induced motions in either the coastal ocean or
the sound can also create water surface slopes. Pietrafesa and Janowitz
�986! have recently shown that these wind-induced slopes may either enhance
or diminish the tidal flows into and out of the inlets. As a function of the
relative strengths of the pressure gradient forces associated with the
tidally-induced vs. wind-induced water surface slopes, floods and ebbs may he
greater than normal or may appear to not occur at all.

The barrier island inlets can, by the very nature of their formation and
maintenance, be sufficiently narrow to produce fluid getting. The incoming
tide creates a jet-like motion, whereas the flow associated with the falling
tide is like a potential. flow toward a sink  Milne-Thompson, 1968! Over a
complete ti.dal cycle, the ci.rculation would simulate a double vortex sheet
along the edge of a widening jet. Using these concepts, Lee and Rooth �972!
estimated a radius of inlet jet ting to be approximately 500 times the mean
depth of the inlet. A depth of 5 m would yield a jetting radius of 2.5 km
while 11 m gives 5.S km. rliven inl.et complexity, the simple formula of
"Radius of jetti.ng = 500 Mean Inlet Depth" is at best a ballpark estimate.
Nonetheless, the evidence is there. The Pamlico Sound satellite image
depicted in Figure 13 suggests a plume extending several kilometers from the
inlet.

7. Winds

Fietrafesa and Weisberg �979! and Weisberg and Pietrafesa �983a,b!
provide an overview of the synoptic meteorology of the South Atlantic Bight.
There were several important findings i.n these studies which are germaine to a
discussion of the physical oceanography of Pamlico Sound, First, these
authors found a low-frequency rise in wind energy toward a seasonal time
scale; second, a rnid-range wind energy plateau exists at synoptic wind scales;
and third, a sharp energy peak exists at the sea breeze time scale. The
highly energetic snyoptic range lies between time scales of 2 to 30 days
centered at 4 to 6 days. Averaging over an entire year the authors found a
northeastward vector. Winter and summer were found to be seasons of maximum
and minimum in both means and variances with fall and spring heing
transitional. During the winter, cyclones are most active, with storms
progressing toward the east-northeast and mean monthly winds directed
southeastward. The mean wind vector rotates cyclonically through the spring
transition to occupy a northeastward set during the summer. August denotes a
period of minimum wind magnitude. September and October are transitional
months, and by November mean winds are directed southwestward. However, the
most important findings concerning the disposition of the wind field in
Pamlico Sound derive from a study of the relationship between ~ster level
fluctuations and wi.nd conducted during the peri.od January 1978 to February
1979 and presented in Section II.
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NOAA satellite imaqe of: Pamlico Sound; Portsmouth, Ocracoke
and Hatteras Islands; and Ocracoke, Hatteras and Oreqon Inlets.
The dashed lines depict the perimeter of the plumes which form
durinq the tidal ebb jetting process.
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II. Sea Level

The princ pal factors which af feet sea level tn Paml ten Sound Include
atmosphertc wtnds, chang< s ln coastal sen level, water density, prectpitat ion
and evaporat ion, river <ltscharge, atmospheric pressure and net ronomi ra I t tdes.
We have not yet addressed atmosphertc wi<id or pr< ssure ef fects, the lnf Luence
of the r se and fall of the c<>astal ocean nor the ef feet's of ~ster density
changes.

Atmospheric pressure changes over the ~ater's surface can create an
ir<verse herometer effect wheretn a I mtl libar rise ot' fall in pressure exacts
ei,ther a -I cm  drop! or +I cm  rise! change tn sea level. This ts not the
t'esult <if conpresstbtltty, but rather sn tsostat c adjustment. However, the
effect bt'eaks down wht n the spatial ac~le nf the atmospheric pressure system
is much larger than the stre of the local hasin. This, as we will show,
appears to be the case in Paml too Sound .

The limited hydrogr>phtc t Ime series «.>llected in Pamlt<..o Sound indicate
that it ts well mix<><l In the vert.teal dtrerttnn hut that hortzontat salinity
changes ran he appreriahl< . Consequently, th> verttcal tnt<.gral of the
horizontal density gra<II< nt <'sn h< ai> important local factor tn aen level
vartat tons ~ 8ut gt ven th< paucity, i.e. vi rt ual lack of sertal ohservat tons
of denrity, the ronseq<irnces of Its spat Ial gradients cannot he assessed at
thts t tme.

Monthly to sr asonal to annuaL var tat Irma in s<.a level, due to thermal
variab it t ty of the At lant I<.. Ocean, t.e. the heat content of North Atlant tc
central waCer, can stgni ftcantly affect sea level in the coastal ocean and,
subsequently, Paml ice Sound. During the p< rtod .January to February, water
temperatures are the lowest <>f the year on the North Atlant tr shelf due to
atmospheric cooling, an<t s< a I< vel ts:>t. tts ye<>rly minimum, standing
20 r<> 2'> cm below z<.r<> datum as shnwn in I'tgure l4. However, durtng the
period of late wint>.r to early sprt<ig, th> heat <.<intent of hlorth AClant tc
central water increases down to a pressure dept'Ii of about 100 dl> corresponding
to a spatial dept'h of al>out l<� m. Sea level begins to rise, due not tn wind
hut rather to density st ructor<> at on<, . Tht s liotnt ts wel I documented hy
Pa t. t ul ln et at   I 955! .

The higher f requency fluctuat tons, t.e ~ 7 to lO day pert urhat ons
superi<aposed on the seasonal, low f requency hackgroun<t chang<> In sea level,
shown In Figure l4, are <>ause<i hy atmospheric cycl ones and ant icyc lones > which
sptn thr<>ugh the system ov~ ry 5 to IO d;>ys  Wetsherg and piet rafesa, 1983! ~
Since the North Car<>lina coast ts on the southerly side of the~e storms. the
winds observed at the coastal stat tons germ rail.y rotate clnckwise as the storm
passes hy a specific local e. Since sea level vartance is strongly t tert to
wind speed and directt»n   Pietrafesa et al, L978!, water surface heights can
obviously rise and fal I dra<sattral ly over a se>veral-day period.

During mtd-spring there ts a substant tal strengthening of the
Azores-Bermuda  atmospheric! High, and as the high pressure system expands
west and north, a southwesterly wind system develops over the North Carolina
coast and mtgrates north~ard up the Caroltna Capes coast to the Virginia
shelf. The southwesterly winds drtve near coastal waters offshore, caustng a
set-down of sea level at the cnast. This requence of fall ing sea level occurs
in the southerly portion of the co~st and pr<>ceeds to the north, with the
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advent and progression of the southerly to westerly predominant wind fields.
When a southwesterly wind blows, sea level slows its rise as the wind-driven
transport of water away from the coast counteracts and eventuaILy overwhelms
the rise of sea level due to the increase of North Atlantic central water heat
co~tent, as described previously.

The monthly to annual cycle of water level in Pamlico Sound mimics the
rise and Eall of open ocean coastal sea level in the Carolina Capes region.
In Figure 15, sound sea level obtained in the south  Ninnesott Beach! and
north  Stumpy Point! basins during 1978 are compared to coastal station data
from Beaufort, Wilmington and Cape Hatteras. Over periods of 1 to 14 days,
sound sea level shows occasional agreement with the coastal data, The nuances
of the daily to weekly variations will be addressed below, but we first note
that the monthly to seasonal to annual rise and fall of sound water level
shows the same pattern as the coastal data with approximately a 2-week to
1-month lag. However, the magnitude of the rise and fa1.1. are comparable.

The relationship between coastal sea level and wind stress along the
North Carolina coast has been the subject of several previous investigational'
Coastal geometry and prevailing winds result in basic principle relationshi,ps
which make for local application. Pietrafesa et al �980! and Chao and
Pietrafesa �980! have established the basic tenets of of the response of open
ocean coastal sea level to wind forcing. These studies found that coastal
sea level responds to local alongshore wind stress Forcing at synoptic time
scales, i.e. 2 days to 2 weeks as shown in Figure 16, and to non-local
forcing at longer time scales, i.e. 3 weeks to a year. We shalL test the
verity of these relationships in Section II of this report.

Sea level studies within Pamlico Sound consist mainly of the numerical
modeling results derived from the efforts oE Jarret �966!, Smallwood and
Amein �967!, Hammack �969!, Chu �970!, Arrrein �971!, Airan �974! and Amein
and Airan �976! ~ All of these investigators produced sea level �! versus
wind stress  <! from various vertically integrated momentum and continuity
governing equations. However, the only systematic study of actual response
characteristics of water level to wind forcing in the sound was conducted in
1978 and 1979 by the authors of this report and first reported on by Chao
�981! in an MS thesis. Chao �981! concluded that the previous
numerical modeling studies were correct in that they all showed that wind
is the major factor in controlling sea level  and as a correlary,
circulation, v, as well! in Pamlico Sound. Of course, Roelofs and Bumpus
�953! had speculated this to be true years earlier. We wiLL show that the
numerical modeling results allurled to above are extremely Limited in their
application to characterizing n and v in the sound. Basic tenets
of the following discussion appear in the Chao thesis as wel1. as in
Pietrafesa et al �986a, 1986b!.
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EI. The 1978 to 1980 NCSU Study

1. Data

Data collected in the 1978 to 1979 Sea Grant study included atmospheric
wind velocity and atmospheric pressure and temperature and water level from
several locations in Pamlico Sound. The study periods included a year-long or
346-day data set, from 17 January to 28 December, 1978; an intensive summer
set of 72 days from 22 June to 7 September, 1978; and an intensive winter set
of 71 days from 18 December, 1978 to 26 February, 1979. Cumulative data
collection locations are summarized in Figure 17, while specific study period
data locations are shown in Figures 18 to 20 for the three separate
measurement periods. ln Table 4, a summary of the data is presented.
Atraospheric data for New Bern  NB! and Cape Hatteras  CK! were obtained from
the National Climatic Center in Asheville, N.C., and water level data for
stations at Stumpy Point  SP!, Washington  W!, Engelhard  E!, Manteo Harbor
 MH!, Cedar Island  CI!, Minnescott Beach  MB! and Hatteras Inlet  HE! were
obtained from the U.S. Army Corps of Engineers, Wilmington, N CD Bottom
mounted General Oceanics pressure gages were deployed at Ocracoke Shoals  OE!,
Bluff Point  BP!, Hatteras Shoals  HS!, Avon  A!, Bomb Tower  BT!, Brant
Island  BI! and Gull Shoal  GS!. Data vas sampled every 2 hours.
Unfortunately the BP, HS and GS instruments failed. Figures 21 to 25 present
the ti.me series of the good data sets. The eastward wind component is denoted
by +u and the northward wind component is denoted by +v. The mean values of
sea level for each data set riefine local datum.

2. Atmospheric Pressure and the Wind Field for the 1978 Twelve-Month
Study

The spatial and temporal variability of the atmosphere local to Pamlico
Sound can be assessed by comparing data from the inl~nd station at New Bern,
NB, to that at Cape Hatteras, CH, a coastal station  cf Figure 18 for
relative locations!.

The effect of atmospheric pressure on changing water level was discussed
previously. However, we briefl.y reiterate the arguments. If atmospheric
loading, in the form of pressure  PA!, is applied differentially spatially to
the ~ater surface, then for every +1 mb changes in PA there will be a +1 mb
change in n. The same argument could be made for a PA which is not
only spatially variable, but varies temporally, as well. So it is conceivable
for Pa to vary sufficiently to create relative hills and depressions of
around the sound. These spatial gradients in n create pressure gradient

forces  PGFs!, proportional to g~ and g7-, where g represents gravitationalan an

Ty
acceleration   980 cm/sec ! and � and � , are partial derivatives withax ay'
respect to x and y, respect.ively. These PGFs drive currents. Alternativel.y,
if there are no gradients in PA or if the timing of a change in PA occurs
simultaneously across the entire sounri, then no gradients in n will be created
so the change in PA is of no dynamical importance ~

Figure 26 displays the coherency and phase relations between the wind
velocity components u and v and PA observed at the meteorological stations at
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Figure 17. Measurement sites of 1978-1979 North Carolina State
University Pamlico Sound Study.
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Fiqure 18. measurement sites for 1978 12-month sea Ieve1 study.
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Fiqure 19. Measurement sites for surfer 1978 sea level study.
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Fiqure 20. Measurement sites for winter 1978/79 sea level study.
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Fiqure 23. Time series of sea level collected durinq North Carolina
State University 1978 summer study in Pamlico Sound.
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Figure 24. Time series of data collected durinq North Carolina
State University 1978/79 winter study of sea level
in Pamlico Sound.
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MB and CH during the 34O day period in 1978. The r ime series of u, v and PA
for NB and CH wer'e presented ir Figure 21. From Figure 26, we see that PA s
coherent and uniform across the sounl for events with Periods greater than 1
day. Likewise, wind velocity components, i.e. the u' s
highly coherent with their counterparts at time scales onger an ays ~1 th 2d
The near zero phase differences indicate that fluctuations in both wind
velocity and atmospheric pressure occur contemporaneously at oth stations.b

The amplitudes of PA were the same at both NB andri CH as show by the transfer
function amplitude. Albeit, the wind velocity at CH is aPpro"imately 50
percent higher than at NB. The norm of the wind ac t ing on Pamlico Sound I s
that harrier island winds have a larger magnitude and are more energetic than
mainland blinds. In Figure 27 we see that Bat te ram winds are always larger
than Cherry Point winds. The case rests.

ge conclude that atmospheric pressure presents a forcing function o no
dynamical consequence. Al. ternat I ve ly, t' he wind stress has very clear spatial
gradients and these "cur I s" and "di ve rgencea" of the wind st ress vector f ield
may be of significance Co the circulation in Paml ico Sound ~ For out purposes
an average wind stress vector field, derived from the New Bern and Cape
llatteras wind data, will he used.

The averaged east-vest  u! and north-south   v! wind velocIty vector
component kinetic energy densitites  KEDs! are presented in Figure 28 for the
year 1978 ~ The fluctuation of kinetic energy of both components is
appt'oximately equal up to periods of 40 days where the north-south component
dominates somewhat. For motions with periods between I and 40 days, the
average KEU aligns itself with the ma]or topographic axis of the sound, which
tends to be NK-SH  refer to Figure I!. At seasonal time scales the KED has a
decided N-S tendency.

In Figure 29 the rotary spectra, I.e. the tendency for clockwise vs.
counterclockwise  or anti-! rotat ion of the wind velocity, vector is shown.
once again for periods of a month or less, there is no tendency for
rotational motion other than at a period of 4 to 5 days, where clockwise peaks
appear. The rectilinear nature of the rotary spect r a suggests that Paml ico
Sound is aligned with the leading edge of atmospheric fronts. 'To further
investigate the character of the wind field, we consider the kinematical
descriptors shown in Figure 30. Such descript iona of environmental time
series were first presented by Fofonoff �969! .

Kinematical descriptors of the wind field u andri v  east � west
north-sooth! components are presented in Figures 30
descriptor shown in 30a indicates the orientation of the principal axis of
motion, as a function of frequency. In 30b, the "stability" of this ~otion
presented. The s tab i 1 i ty  actual l.y the coherence squared
clockwise and anticlockwise rotating velocity vector corn onenrs corn uted
function of frequency or Period of motion! is a measure of the steadine s o
rePeatability of a motion, occurring at a certain Period
Particular direction Note that whenever the s tab il I ty is rel tivel hi

sreatveygi.e. the peaks are above the 90 percent confidence
ve s gn e y t edashed line, the motion tends to be aligned at appro~i

45' north of east  or vice versa!. This happens to
e t e approx matetopographic alignment of the sound  cf Figures 1.2! . Tn 30c the ratio of thsemi-minor axis of preferred motion to the semI-mayor I f

axis or preferred motionis shown. If the ratio is nearly zero, then the motion
ies along a r traight
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Figure 29. Rotary energy density spectra for averaged
New Bern and Cape Hatteras wind velocity time
series during North Carolina State University
lg78 study.
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line and is deemed "rectilinear." At a ratio of unity the motion would be
perfectly circular while ratios between 0 and 1 signify elliptically polarized
windfield particle motions. Finally, in 30d, the minimum  ....! and maximum
 ----! coherencies of the wind field particle motions are depicted. Where the
maximum coherency is high  above the 90 percent level! and the minimum is low
 below the 90 percent level!, then coherent, or well.-defined rectilinear
motions are suggested. Alternatively, if the maximum and minimum coherencies
are both high, then well defined wavelike or elLiptically polarized motions
are indicated. So what do the four kinematical descriptors tell us about the
wind field which was present during 1978 and is the principal forcing agent
for the circulation in Paml.ico Sound?

At the period of 24 hours  or frequency of 0.0417 cycles hour I!, a well
defined, stable, coherent, clockwise rotating motion aligned at about 26' west
of north with an axis ratio of about 0.12 is indicated. This is the
"seabreeze" phenomenon. At periods between 25 and 40 hours, wind motions are
incoherent and unstable, i.e. there i.s disorganized or undefinible wind
motion. Notions with periods between 2 days and 1 week are well organized,
clockwise rotating, stable, wavelike motions, with an ellipse axis ratio of
about 0.3 and an alignment which varies between 45'-54' east of north.
Notions of LO-to 15-day periods tend to be well organized, stable, rectilinear
motions with an orientation or alignment which is also about 39' east of north
whi'le coherent wind motions of 15-25 day period align at 48' east of north.
There is a spectral gap in u,v coherency between 26 and 45 days suggesting
either a lack of enetgy or disorganization in the windfieid. Notions with
time scales of 45 to 90 days are coherent, stable, energetic and tend to align
at between 30 and 22' east of north.

Tn general, coheren motions oF. the windfield at all periods in excess of
1 day tend to be aligned wi.th the maJor axis of Pamllco Sound in a
northeasterly-southwesterly direction. At the diurnal period, the seabreeze
phenomenon is evident and its orientation is HNW-SSE or across the sound. The
fact that the maJority of the wind energy  s aligned NE-SW may have much to do
with the fact that the sound itself is aligned ME-SW.

3. Sea level Fluctuations During the 1978 TweIve-Nonth Peri.od

The sea level time series obtained tor stations Ninnesott. Reach and

Stumpy Point for the period 17 January to 28 December 1978, were presented
previously in Figures 15 and 2l. Some immediate revelations about n at the
two dif ferent stations, which are located on opposite longitudi~al  or axial!
sides of the sound, can be obtained by considering energy densities and
kinematical descriptions of the two.

First, consider the spectral distribution of variance shown in Figure 31.
Sea level variance is shown to be 80 percent greater at Ninnesott Reach than
at Stumpy Point as indicated by year-long averaged values of 309 cm2 and 172
cm, respectively. Thus, energy density at Stumpy Point, in the northern half2

of the sound, is only 56 percent of that at Ninnesott i.n the southern half.
At both locations, vari.abil.ity at time scales in excess of 25 days displays a
"red" spectrum, or monotonic rise up to time scales of 90 days, with a
flattening or "whi.tening" thereafter. The variance flattening is more evident
at Stumpy Point, where the spectra becomes "white" or evenly distributed for.
event periods in excess of 3 months.
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At time scales of 2 to 25 days, the inhomogeneity in sea L.evel variance
between the two sites is quite evident. At periods less than 2 days, sea
Level energy is comparable at hoth sites, except for the semidiurnal period
where a large peak is evide~t at Stumpy Point, but essentially absent from
Minnesott Beach. Albeit, this response to the lunar, M2 tide accounts for
only I percent of the total sea level variance at Stumpy Point and is t'hus not
significant.

A comparison of sea level fluctuations at the two-year-long stations is
shown in Figure 32. From Figures 32a and 32b we see that at time scales in
excess of 32 days, the fluctuations are coherent and virtually in phase, i.e.
the rises and fali.s occur in con]unction simultaneously. Over the period
range of 7 to 30 days, the vertical ri,se and fall of sea level at the two
sites are incoherent with each other save for the range of 8.7 to L0.7 days
where the fluctuations bear a modicum of coherency. At time scales of less
than 7 days, the oscil lations are typicalLy coherent and LSO out of phase.
That is, sea level rises at Stumpy Point in concert with sea level faILing at
Minnesott Beach.

What is suggested by Figure 32 is that different physical, and
environmental processes affect the synopti.c, or 1 to 7 day, fluctuations
versus those with monthly to seasonal, or greater than 30 day, variations. At
periods of 1 to 7 days, sea level sets up at one axial end of the sound while
setting down at the other end. At periods greater than 30 days, sea level
sets up and down simultaneously along the axis of the sound. At time scales
of 7 to 30 days there is a spectral gap in sea level coherency  cf Figure 32a!
which appears as a drop in energy in n at both sites as shown in Figure 3l.
Note that there was a similar gap in the wind field energy density at like
periods as evidenced by i.he energy density and rotary spectra of the wind
shown previously in Figures 28 and 29, respectively.

The seahreeze phenomenon exacts a soundwide response of sea level as
suggested in the strong coherency and high transfer function amplitude between
Stumpy Point. and Minnesott Beach sea level  Figures 32 a,c!.

4. Sea Level Fluctuattons vs. Atmospheric Forcing During the 1978
Twelve-Month Peri.od

Coherence between atmospheric pressure over Pamlico Sound and sea level
in the sound were general ly quite low over most of the spectrum of
vari. ability during the period 17 January to 28 December 1978. In Figure 33,
the coherence squared  C2!, phase relationship and transfer' function amplitude
between the sea level time series obtained at Minnesott Beach and an

atmospheric pressure time series created hy averaging Pa from the
meteorological stations at New Bern and Cape Hatteras, are presented. Several
isolated peaks are evident in the C2 plot, Withi~ the energy-bearing portions
of the spectrum of Minnesott sea level  refer to Figure 31! we see coincident,
coherent peaks at the periods of 1, 2.75, 3, S and 64 days. The bimont'hly
peak is accompanied by a negative 180' phase difference signifying the
previously discussed inverse barometer effect. The LS0' out � of-phase effect
does not appear throughout the rest of the coherency spectrum for reasons dis-
cussed in Section II-2. The bimonthl.y peak will he discussed later in the
text.
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Since the principal axis of the wind f ield tends to be aligned with themaJor topographic axis of Pamlico Sound, we reconstruct the wind stress vector
coinponent time series accordingly, i.e. the zero axis is aligned 45 east of
north. In Figures 34 and 35, we present coherency and phase relationshipsbetween sea level fluctuations at Stumpy Point and Hinnesott Beach,separately, with the maJor axial or longitudinal or NE-SW wind velocity, Ty, the solid lines! and the minor axial or lateral or NW-SE component of the
wind stress vectot «,  the dotted lines!.

Sea level fluctuations at both Ninnesott and Stumpy Point are highlycoherent wi.th the axial component of the wind stress vectot but not so with
the cross-sound component. While fluctuations at Stumpy Point were
practically in phase with fluctuations in the longitudinal component of the
wind stress vector, those at Minnesott were 180' out of phase with the NE-SW
wind component. ln Section II-4, we found that sea level fluctuations at the
two locations were 180 out of phase so this finding that Ty and
are l80' out of phase while >y and nStumpy are either 0 or 360' out of phaseis entirely consistent. A northeasterly wind will set water up in the
southwestern side of Pamlico sound and down in the northeastern end
Alternatively, a southwesterly wind will set up the northeastern end withwater drawn from the southwestern end of the sounds From this simple
relationship, we conclude that a relationship between slope of the watersurface along the axis of the sound and the NE-SW wind may exist. In Figure
36 we compare the sea level difference between Stumpy Point and Ninnesott
Beach to both the major axial wind component, ry   � !, and the cross-sound
wind coinponent, tx   ...,.! .

Figure 36 provides the coherence squared, phase relation and transferfunction amplitude frequency domain relationships between the year-long timeseries of sea level slope along the axis of Paml Leo Sound frora Stumpy Point toHinnesott Beach, a crow's flight distance of approximately 128 km., to thetime series of wind stress vector components <3 and r*. In summary,
nSP t! n~ is correlated with Ty t! and t" t!, separately. Once again,extremely good correlation is shown to exist between ry and the sea level
difference or slope Lime series over virtually the entire spectrum.
Amazingly, a straight line can be drawn, as a best fit linear regression,through the phase diagram  Figure 36b! from the frequency of 0.0 cycles perhour to 0.00949 cph. Since the phase relationship is positive  in our frame
of reference! then ty is shown to lead nSP � n~ and the best fit line
suggests a sea level slope setup-setdown response time of 2 hours 45 minutes.
Alternatively, coherent peaks between rx and nNB lie along the dashed line inFigure 36b between the frequencies of 0.0 � 0.03 cph. This suggests a
response lag of approximately 24 hours at the coherent period of 6 days, 22.5hours at the period of 3 days, 3 bouts and 19.6 hours at the period of 2 days,
7 hours. The axi~l setup and setdown of water level occurs within 3 houts ofthe onset of the NE-SW component of the wind at any frequency. So, a temporal
response relationship such as ~gn t!+ Tr   t! + 2h 47m " will yield the time
lag, time-series of ~n nA � nB where T~nAB is the tiine for the axial
sea level slope between stations A and B, Try is the time of the onset of theaxial windstress coinponent and u is a proportionality symbol.

Consider the transfer function amplitude relationship between
nSP nNB ~nS> and Ty shown Ln Figure 36c. Note that at frequencies wherethe ~nS> time series is most coherent wiLh Ty, i.e. if we only consider thepeaks in coherency, that the transfer function amplitude, which we will call
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1'FA, is about 1.12, This means that there is a l.12 cm sea level dif ference
between water height at Stumpy Point and that at Hinnesott Beach for every 1.0
msec-1 of longitudinal wind speed. If one takes a more conservative approach
and simply does a linear regression fit of TFA over the range of frequencies
shown, then the absolute value of 0.85 cm for nSP � RliB A lSli for each
1.0 m s 1 of VW results.

I.et us now consider the relationship between sea level slope and axial
windstress, ty, directly rather than simply with the windspeed of which
consists. Wind stress can be calculated from wind velocity using the
conventiOnal drag law r = Pa c> VW VW where P is the density of air taken as
1 ~ 3�0 3!  Pond, 1975!. We then solve the relationship for sea level slope,

in cm per km of separation distance between stations at Stumpy Point
and Hinnesott Beach per unit wind stress, which can be expressed as

 TPA! uw2AnSq/AySii = � - � --, where Ay is the separation distance and vW is the axialTy Qy

wind speed. Using the TFA obtained by averaging values of the peaks in the
coherency spectrum of AnS~ versus the axial component of VW, a 0.26
 cm/km!/ dyne/cm2! sea level slope per c.q.s. unit of wind stress results.
The "least square" TFA yields a value of 0.2  cm/km!/ dyne/cm2! .
Alternatively stated, for every knot of axial wind there will be an axial
slope of sea level of 0.698 to 0.907 cm/km and thus with a 20 knot wind will
create an 83 to 109 cm sea level difference between Stumpy Point and Ninnesott
Beach. A 43-inch water height difference down the axi.s of Pamlico Sound is
significant.

The dynamical implications of a 2�0 6! slope of sea level can be
assessed by considering the implications of the 30-year-old study of Welander
�957! in his investigation of the response of a shallow sea or large lagoonal
embayment to wind forcing ~ In an extension of the work of Welander,
Pietrafesa �984! showed that the flow field, driven by seasurface slopes set
up by wind forci ng in a shallow embayment like Pamlico Sound is proportional
to the sea level. height difference divided by the distance between the sea
level stations times �0� or u,v u 107 A0/Ay. So a 1 dyne/cm2 wind stress
 or a wind of 5 .44 m/sec or 10 .7 knots! creating a 2  10 6! slope, will drive a
20 cm/sec or' 17.3 km/day current. Ten-knot winds are quite common to Pamlico
Sound as suggested by Figures 22 and 25 where speeds are typically + 5-6 m/s,
i.e. approximately 10 knots.

W'e next consider the coherency between wind stress components and sea
level as a function of month of the year. In Figures 37 and 38 the squared
coherencies between the axial,  ry! at 4$ east of north, and lateral or
cross-axial  «! at 13S east of north, wind stress components and sea level
at Ninnesott Beach and Stumpy Point, respectively, are present.ed as a function
of periodicity of dependent variables and time of the year, 1978 . The
cross-hatched areas signify C2 below the 90 percent signi.ficance level.
Obviously, the coherency between sea level fluctuations and the along-axis
wind is very high throughout the year at Stumpy Point, with some seasonal
modulation such that maxima C2's are reached during the late fall through
early winter. Coherency between ns and ~x are generally not significant.
Minnesott Beach sea level bears about the same relative relationships to ry
and r" as a function of period of motion and month of the year, but the C2's
are lower in general..
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A curious phenomenon is the seahreeze which aligns itsel f north-south and
peaks, in effect in causing sea level fluctuations during the late winter

through early summer centered atound spring.

In Figure 39 we see the coherency of the Stumpy Point-Minnesott Beach
sea level difference versus ry and t" as a function of synoptic scale period
and month of the year. The C2's are similar to those for the individual
stations save for the fact that the "An vs Ty C2's are larger than are the
individual "n va <y'S".

5. Seasonal Sea Level Fluctuations

In the discussion of the coherency between the L978 year-long time series
of sea level at Stumpy Point and Minnesott Beach  Section II-3! we noted that
in general the rise at one site occurs simultaneously with a drop at the other
site  cf Figure 2l! . This is true up to monthly time scales . However, for
time scales of months to seasons, water level at the tvo stations rises and
falLs in concert, actually with a few days phase lag of each other.

In Figure 40, overl.apping 60 � day averages of both n<P and nMB 1978 data
as well as averaged atmospheric pressure are presented. While Stumpy Point
has a lower low from January to March, Minnesott Beach has a higher high from
Septembet' to November. However, the seasonal oscillations are c'learly in
phase. Thete are spring and fall peaks and summer and winter iowa in water
el.evations. The maximum range at both stations is about 2$ cm. The monthly
to seasonal oscillations at both locations hear little resemblance to the
monthly-annual gross water budget presented previously in Figure 8 save for
the fact that the net influx of. fresh water, accounting for all sources and
sinks to Pamlico Sound, occurs in July, which is a relatively low point in the
water level at Stumpy Point and Minnesott Beach. Atmospheric pressure appears
to match up, i.e. the inverted barometer effect appears to be operative during
the spring in causing the seasonal. high in sea level. However, at 1 cm of
pet' 1 mb of Pa, the inverted barometer effect can account for at most 3 cm of
the 20 cm spring rise in n. What then is responsible for the monthly to
seasonal to annual variatiOnS in n?

The answer to the question of the cause of monthly to seasonal to annual
variations in sea level lies in a consideration of coastal sea level  e.g.
sea level at Cape llatteras, Figure 4l!, as discussed previously in Section 8
of Part I. The raising and lowering of he North Atlantic as a function of
its heat content and the seasonality of predominant winds provide the causal
functions for the effect displayed in Figure 40-

6. The Summer, l978

Duri,ng the period 22 June to 5 September 1978, 10 sea level stations
were established around Pamlico Sound. The field program is synopsized in
Table 4 and Figure l9. The data sets collected during that experiment are
shown in Figures 22 and 23- The 40HLP Cape Hatteras wind stress vectors
during this period are shown in Figure 4la. The time series of sea level from
without the sound at the Cape Hatteras coastal station as well as from within
the sound at Stumpy Point and Minnesott Beach are shown in Figures 4lb and 42,
respectively. Kinematical descriptors of the wind field are shown in Figure
43 and the potential energy spectra of sea level at stations Brant Island,
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Washington, Manteo and Stumpy Point are shown in Figute 44. The kinetic
energy density of the Hatteras wind field and the potential energy density of
Hatteras sea level are both shown in Figure 45.

Ftom Figures 41 a, and h we see that coastal sea level responds to the
alongshore component of the wind within 8 to 10 hours and follows coastal
Ekman dynamics as discussed by Pietrafesa et al �980!, Chao and Pietrafesa
  1980! and Pietrafesa and Janowitz   1986! . In ef.feet, northward to
northeastward winds cause sea level to drop at the coast in concert with a
surface Ekman transport offshore and vice-versa for winds which are southward
to southwestward, i.e. sea level rises at the coast. Also note from Figure 41
that persistently north~ard winds create longer-term net drops in coastal sea
level and persistent southward winds cause a net rise . ln Figure 42 we see
that northward winds cause a rise of water elevation at Stumpy Point and a
drop at Minnesott Beach. Southward winds cause the opposite scenario to
occur; nSP falLs and nMB rises. We wilL consider the implications of the rise
and fall of both coastal, i.e. open ocean, sea level and the contemporaneous
vertical excursions of water level on the sounds ide of the harrier islands
Section IIL. Transport through the inlets can he modified or controlled by
the surface slopes created by the differential rises and falls of water level
on the sound side versus the ocean side of barrier island inlets.

From Figure 43, we see that the motions of the wind f eld were counter-
clockwise rotating, elliptically polarized over periods of 3.7 to 6 days and
rectilinear, i.e. the wind parcels generally moved back and forth along a
straight line over the synoptic scales of 1.5 to 2 days or ~otions with
periods greater than 6 days. The orientation of the principal axis of wind
motion varied between 35' and 60 or approximately northeast-southwestward .
Once again, the sea breeze is shown to be aligned at 18 west of. north and is
found to be a very stable prominent feature characterized by rectilinear
particle motion.

The potential energy densities of sea level at several diverse, yet
representative 1978 summertime si.tes are shown in Figure 44. They are for the
stations at Washington  up the Pamlico River!, Brant Island   in the southern
basin!, Manteo Harbor   in Roanoke Sound north of the northern basin!, Oregon
Inlet!, Stumpy Point  on the mainland side of the north basin! and Cape
Hatteras  an open ocean, coastal station!. At Cape Hatteras, the lunar,
astronomical, semi-diurnal or, rather, N2 tide, accounts for 49 percent of the
total variance of sea level. However, within the sound the M2 constituent.
which is the major tidal component, accounts for only a small percentage of
the total variance. For a further discussion of the tides in the sound refer
to Section I6. In general, the PEDs display a sea breeze peak and a monotonic
increase in energy  .or red spectrum! up to periods of 8.4 days at both
Washington and Brant Island and 20.8 days at Manteo Harbor, Washington and
Stumpy Point. While all of the PEDs show very similar slopes, Nanteo Harbor
and Washington display more defi,nite changes in slope at 8.4 and 20.8 days.

In Figure 45, we consider the PED of sea level at Cape Hatteras and the
KEDs of the Ty and « wind velocity vector components . It is vividly obvious
that the axial component of the wind field contains the 90 percent of the
total KED at periods of 2.7 to 35 days or throughout the spectrum of
fluctuati.on kinetic energy from days to weeks, up to a month.

Figure 46 displays the coherency between the axial.  -! and lateral   � --!
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components of the wind stress vector and the sea level time series from the

1978 summer experiment.

ln the southern end of the Pamlico Sound basin, Cedar Island, Brant
Island, Ocracoke and Ninnesott Beach a11 display good coherency with the axial
wind component with r1CI vs y highest, nBI vs ry second, r1� vs ry rhird and

s ~y fourth. Washington, also in the "southern" basin shows good
coherency between r1W and ry at superdiurnal periods of 2-3 days, 4 days, and
greater than 16.5 days. Cedar and Brant Islands are located in the sound
proper. Ocracoke is on the back side of a barrier island on the eastern flank
of the sound and Ninnesott Beach is 40 km  mi! upstream of the mouth of the
Neuse River. Washington is on the Pamlico River, 60 km  mi! from the
connection of the river's mouth to Pamlico Sound.

In the northern end of the sound, sea level is most coherent with the
axial windstress at Bomb Tower, Nanteo Harbor, Avon and Stumpy Point, in order
of highest to lowest C2. At Cape Hatteras, which is an open ocean, coastal
station, n and ry are highly coherent at all periods in excess of two days.
Curiously, stations on the north and eastern side of the northern basin,
including Nanteo Harbor and Avon indic~te high C2 at all periods greater than
2 days, while at Bomb Tower, in the middle of the northern basin, C2 becomes
insignif.icant at periods greater than 20 days. At Stumpy Point, n is highly
coherent with ry between periods of 2 to 6.8 days only. It was speculated by
Ghao   l98L! that the degradation in coherency between <y and r1 at Stumpy Point
and Bomb Tower at l.ower frequency was due to the influence of water exchange
between Albemarle, Roanoke, Croatan and Pamlico Sounds and the flux of coastal
and sound waters through Oregon Inlet.

Coherency between lateral or cross-sound winds, rx, and sea level is
generally low throughout the sound with several notable exceptions. At the
diurnal period, r1 and rx are highly coherent everywhere except for Washington
and Cedar island. Within the period hand of 4.8 to 7.S days there is marginal
coherency between n and rx at Nfnnesott Beach, Cedar Island, Brant Island,
Ocracoke, Avon, Hatteras, Bomb Tower, Stumpy Point and Nanteo Harbor.

In Figure 47 we consider the coherency squared  C2!, phase relation   0!
and transfer function ampl tude  TFA! frequency domain relationships between
the summer, 1978 time series of sea level slope along the axis of Pamlico
Sound between the north and south basi.ns using the Bomb Tower and Brant Island
time series vs. rx and ry, the lateral and axial wind components. In summat'y,

nBT  t! � nBI t ! is correlated with ry  t! and >x  t! separately. Fxtraordinary
C 's exist between nBT-nBI and ry over most of the spectrum of summertime
motions, particularly for motions with periods greater than 2 days. As was
found with the yeat.-long, 1978, time series of nHB � r1liB vs. ry, we see that a
straight line can be drawn as a best fit linear regression, through the phase
diagram  Figure 47b!. Positive 4  negative 4! indicate that ry  -ry! leads
  Leads! nBT - nBI   nBI � nBT! . The straight line suggests an axial water
level slope set up-set down time of 3 hours 36 minutes. Alternatively,
leads n BT-r1BI by 16 hours 20 minutes at the coherent period of 2 hours and by
28 hours 45 minutes at t' he high C2 period of 4.7 hours.

The result that TAn t! nTr  t!+3.6 hours during the summer of 1978 is
almost identical to the Tpn t!rrTr +2.8 hour finding for the entire 1978 year.
The transfer function amplitude, MFA, is 0.667, i.e. a sea level difference of
0.667 cm between water level at Bomb Tower and Brant Island occurs for every
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1.0 m/sec of longitudinal wind speed.

The relationship between sea level slope between Bomb Tower and Brant
Island and axial windstress component <y for the summer 1978 period the slope
per unit dyne/cm2 of wind stress is 0.26 cm/km/ dyne/cm !. This result
compares identicalLy to that obtained for the year-long period and shows
incredible consistency.

7. The Winter �8 December, 1978 � 26 February, 1979! Experiment

The summertime 1978 experiment was rerun during the 1978/1979 winter
period to provide seasonal comparison. Kinematical wind descriptors for the
period 18 December, 1978 � 26 February, 1979 are shown in Figure 48. The KFD
of the axial and lateral components of the wind stress vector are shown in
Figure 49. The two figures indicate that the wintertime windfi.eld is quite
different from its summertime counterpart. During the winter the windfield is
elliptically and clockwise polari.zed. Both the maximum and minimum
coherencies are relatively high for atmospheric windfield motions with periods
greater than 2.45 days. However the ellipse of particle motion is only
stable for atmospheric motions of 5.2 to 13.8 days. The principal axis
orientation of these stable elliplical motions is between 30 and 35 east of
north, or slightly skewed re1ative to the topographic axis of Pamlico Sound.
Kinetic energy densities of the axial. and cross-axial wind field components
show peaks at periods of 4.2, 4.9 � 6.9 and 16.7 days with the cross-axial
component also having a peak at 1 day; a peak absent from the axial
component.

Potential energy density of sea level fluctuations at Avon, Englehard,
Hatteras Inlet and Hanteo Harbor are shown in Fig. 50. As was found for the
summer period, the semi-diurnal tidal signal is prominent in the Hatteras
Inlet water level record, but is not significant in the sound proper. The-
PED's of sea level in the sound show spectral peaks at periods within the band
of 2 days to 2 weeks with more prominent peaks occurring at 3 and 4 days.
Within the 2 to 14 day synoptic scale meteorological band, the spectrum is red
and then whitens for motions with periods greater than 3 weeks. The winter
time PED spectra indicate an overall energy level which is of the order of 20
to 50 percent higher than its summertime counterpart. This is simply a
manifestation of the fact that the wintertime windfield is more energetic than
the summertime windfield, as is evident from a comparison of Figures 44 and
50.

Coherency between wi.ntertime winds and sea level in and around Pamlico
Sound is shown in Figure 51. Stations Ninnesott Beach and Brant and Cedar
Islands are in the southern basin while Nanteo Harbor, Englehard and Avon are
in the northern basin. Hatteras Inlet provides a coastal inlet comparison.
Brant Island and Manteo Harbor correlate well with both the axial and

cross-axial wind components at periods greater than 2 days. Meanwhile, Avon,
a barrier island locale, correlates well with the cross-axial component,
for periods of 2.7 to 4 days and 5.2 to 15 days with very low C2 between
and <y, being marginally coherent at the singular periods of 3.3 days.
Hatteras Inlet also shows marginal coherency between nHI and ry at 3.3 days
but excellent coherency with « between 2 to 5.1 days and 15 to 30 days.
Cedar Island and Minnesott Beach indicate a continuing affection for ry as
at both loca1.es is highly coherent between 2 to 30 days. However, there is

70



PAt l00  HOURS!

50,0lan 0 20,0

3.C

2,5

2.0

$1.5.

L,a

0.02 0 4% 0.05

2.5

2.0
8

5

I.a
O. 0> 0. 05

o.a

0.2

0.0
0.01 0.a2 0,4% 0.05L,a

0. ~

0.0
0.

0.2
n,ai n.050.03

0,0

-0.2CI

0,00 0. al 0. 02 0.03 0. 01

FREGVERCY<C.P.H,!

Figure 48. Hodograph, kinematic descriptors of averaged Hatteras and New
Bern wind velocity vector components  +v, north; +u, east!
during North Carolina State University 1978/79 winter study

71



WINTER 1978 f79

I 0
10 ]0 10 10

10

2
10

!
10

10
-3 I -2 I -I 0

10 10 10 10

FREQVENCY  C P.H,!

PER IOO  HOURS!

10 l0 10 10 b}

10

Z

10

cU 10
1

10

X:
p

10 I -3 I
� 2

10 10 10 l0

FREQUENCY  C.P H.!

72

Figure 49. Kinetic enerqy densities of cross-axial,
 a! U NW-SE! and axial,  b! V NE-SW! wind stress
vector components durinq the North Carolina State
University 1978/79 winter study over Pamlico Sound.



LO

10

10LO

LO10

1010

1010

'LO

10 10

LO 10

10 10

LO 10

Figure 50. Potential energy density spectra of sea level during the
North Carolina State University 1978/79 winter study.

73

XCJ

10

PER!Oo  HOURS!
l l I

LO LO LO 10

10 LO 10

FREQUOCY  C.P.H.!

PERIOQ  HOURS!

10 10 10 10

10 10 10 10

PRE OUEHC Y  C. P .H. !

PERIOD  HOURS!
l

10 10 10

10 10 10 10

PREOUee!  O.P.H.!

PER!DO  CRIES!

10 10 10

I
10 LO LO

cREQUEHCT  C P H !



33.3104,4
1.0

 g! e.s

0.0

0. 43o.
L.o

  f! o.s

 e! o.s

4.0

1.0

 d! os

4.4

 C! o.s

0.02

 a! o.s

4,4

4.4%

Figure 51 ~ Squared coherencies between sea level and axial and cross-axial
wind stress components during North Carolina State 1fniversity
1978/79 winter study.

74

0.0
4

L.o

4.0
0,

I.o

0.4
4.

1,4

set Lao HOURS!

Se.o

4. 02 4. 03

FREOUEHCY  c.PH !

axi al
+++ cross axial

2S.O



also good coherency between rrtiB and I and RCI and rx between 2 to 4.5 and 11
days at Ninnesott Beach and between 3.1 to 5.5, 7.1 and L0.5 to 14.7 days at
Cedar Island, a very different result than is shown during the summertime.

A summary of the northern versus the central versus the southern sea level
coherency with wind throughout the Pamlico Sound system during the summer, 1978
and winter, 1978 to 1979 periods is presented in Table 5 ~ Also shown are the
C relationships between n and T", r" at an open ocean coastal station.

Table 5 i.ndicates that during the summer, the along-axis wind component,
i.e. the northeast-southwest wind, essentially controls the sea level

fluctuations in the Pamlico Sound systera. The summertime fluctuations have
petiods dominated by 2- to 30-day fluctuations. In the cross-axial direction
the Tx wind corrrponent is able to drive a weak response in sea level at periods
of 2 to 10 days. The reason for this is that the wind motion is organized
axially and the coherent response of sea level is to the organized, rectilinear
motion of the windfield which happens to be aligned with the axis of the
sound.

During the winter, the southern basin and the northern end of the northern
basin both display a high coherency with the axiaL coraponent of the wind over
periods of 2 to 30 days. However the northern basin itself and the soundside
of the barrier islands, including the inlets, respond to the axial wind very
weakly and only at periods of 3 to 4 days. Alternatively, both the northern
and southern basins and the central region, including the soundside of the
barrier islands and the inlets, show a sea level response which is
energetically tunert to the cross-axial wind component. At the northernmost
periphery of the north basin, the n reponse occurs between 2 and IL days and
then again at periods of 3 weeks and longer. On the mainland side of the west
wall, n responds to ~ at 3-to 7-day periods and for periods greater than 4
weeks. On the soundside of the barrier islands, the response of n to ~x occurs
within 2 days to 2 weeks, and in the inlets the response is 2 to 5 days and
greater than 2 weeks. ln the southern basin l and r" correlate wel.l frora 2 to
1 1 days and greater than 3 weeks. Alheit, in the southernmost reaches of the
south basin the good correlation between n and rx occurs at 3 to 6 days and 10
to 15 days.

The reason that n responds to both rx and ry during the winter is that r"
and Ty are organized jointly duri.ng this ti.rae of year. The wind field is
elliptically polarized, i.e. the wind fieLd particle motion moves about an
ell.ipse which is oriented north-south and east-west on its raajor and minor
axes. hforeover, the wind ellipse is stabl.e. Why the various n's relate to
and or Ty as they do is not known at this time. Any study of transport
pathways into and across Pamlico Sound will have to deal with this issue since

nx and n are coupled to the direct response of the flow fieLd to the wi.nd
f ield. Additionally the surface elevation slopes set up interior and bottom
currents which af feet coupled transport pathways having different periods of
existence.

In Figure 52, the squared coherency anri phase relations between T and
and sea level slopes  differences! for the winter 1978-79  December
February! period are shown. Here the sea level difference time series between
Avon and Brant Island are cross correlated with the r and Ty wind components.
The sea level differential, ~nABI nA � nBI, follows Ty by some 6 hr, 6 min,
which is about twice the summer set up time. In the cross-axial di.rection we
find that there is AnABI vs ~x phase lag of 22.5 hours.
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8. Percent of Sea I.evel Slope Due to Wind Stress

In Sections IE-6 and 7, it was shown that n and ~n hoch are correlated
with T and ry; however we have not proved that the relationships are carrse
and effect. We now estimate the portion of sea level slope variance accounted
for by the wind stress by conducting a multiple coherence analysis. In Figure
53, three types of coherences for both the ~inter and s~mmer data sets are
presented. The partial coherence squared between the axi~l wind stress
component and the sea level slope during the summer, l978 and winter, 1978 to
1979 sampling periods is shown hy curves I, in Figures 53 a,b, respectively.
Curves EE, in Figures 53 a,b indicate the partial coherencies squared between
sea level slope and the cross-axial wind component rx. Curves IIE, show the
raultiple coherencies squared between the sealevel slope and the total wind
stress. While the partial coherencies yielri the percentage, or fraction
norraalized to one, of the sea level slope variance caused by either of the wind
stress components separately, the multiple coherence includes the causal effect
on sea level slope of both wind stress coraponents.

From Figure 53a, curves I and II, we see that at the diurnal period there
is strong coherency between sea level slope and both rx and ry. However, for
periods longer Chan a day, the axial. wind stress component accounts for almost
all of the subinert iai frequency sea level slope fluctuattons, reaching a value
of 95 percent at the S.6-day period. The cross-axial wind component is well
belov the 90 percent significance, or null hypothesis, leve] . Since only axial
water surface slopes were computed in section 7, we conclude that not only does

not respond well to rx during the summer, but axial slopes are set up by axial
winds. In general, Ty accounts for 80 to 95 percent of the axial sea level
slope variances, for periods greater than I.7 days.

The winter data set provides very different results in that both ~" and
account for surface slope variance. ln this case, based on the discussion

in section E-8, boCh axial and cross-axial water level slopes were correlated
with the rx and <y wi.nd components, as well as their sum. Here n responds to

hn Arrboth T and <y, and 7E- is found to respond to r while ~ is found to respond to
x y

r y. Moreover, rx is found to be always as significant and sometimes raore
significant than ry in affecting surface slope. For periods greater than 2 6
days, « + Ty account for 75 to 95 percent of the surface slope variance.
Missing at thi.s tirae of. year is the causal effect of. the sea breeze in setting
up sea level slope. At suhdiurnal frequencies, where the important
meteorological action occurs  cf. Figure 46!, the water surface slope is
setti,ng up in the direction that the wind stress acta.

9. ?Aumerical Model Formulation

In this section we describe the assumptions of the numerical raodel used
to predict both sea level and circulation in Pamlico Sound. Frora Che
sea level, current, temperature, salinity and atraospheric wind data presented
in previous sections, it is evident that subinertial frequency paramerer
components coraprise the substantial fraction of t' he energy spectrura.
Moreover, these parameter constituents are dorainated by highly time-dependent
tluctuations of periods l0 hours to IO days, so we take our model to be time
dependent.
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Next, both the wind field and the density field are taken to be uniform.
Spatial gradients in the synoptic scale wind field ran he small over distances
the size of Pamlico Sound  Weisberg and Pietrafesa, l983!, so we assume the
wind to be variable in time only. However, as we showed previously in Figure
27, coastal winds are typically larger than mainland winds so this assumption
has obvious defi.ciencies. In fact', in Sections II-2,4,S,6,7 and 8, the CH and
NB wind data were averaged with each other in the spectral analyses. Since
the sound is everywhere shallow  mean depth of 4.S m! relative to wind-
induced mixed layer thicknesses  %raus, 1972! and because the ratio of the
baroclinic to barotropic pressure gradient is small, a homogeneous model is
acCePtible. This Press~re ratio can be written as ~PHIPon, where 4P is the
scale of density fluctuations, H is the mean depth, Po is the mean density and

is the scale of sealevel fluctuations. For Pamlico Sound this ratio is
of order O.CI5  <  unity! .

The model is taken to be linear as the ratio of sealevel fluctuations to
mean depth is also of order 0.05.

Finally, the model is three-dimensional as opposed to vertically
integrated. Jn the latter case the bottom stress i.s structured to oppose the
mean motion throughout the water column. In reality, the bottom stress
opposes the near-bottom motion, which is frequently in opposition or certainly
at variance with the mean or vertically integrated motion. Hence, the bottom
stress is incorrectly specified for wind-driven cases in vertically integrated
models. The implications of this incorrect specification are numerous, so a
more generic approach will be taken, as presented in Table 6. A comparison of
the sea level elevations caused by a general wind stress are shown to be
underpredicted by 33 percent i.n a vertically integrated model versus that
predicted by a three-dirensional model  a 3DH!. The obvious implication is
that water level highs and lows around the coastline of the sound will be 33
percent higher and lower than what a vertically integrated model.  a VIA! would
predict. The actual current field wi l.l also be more energetic than that
predicted by a VIM. An actual. test case will be presented in the Results
section which will compare the actual sea level change whirh was observed
during the passage of Hurricane Donna  l960! versus those changes predicted by
both a VIN  Amein and Ai ran, 1976! versus our 3D'H.

At this Juncture, model inadequacies or deficiencies worthy of further
mention include our prior assumptions of spatial homogeneity of the wind field
and neglect of nonlinear effects. Residents of the area and frequent visitors
to Pamlico Sound know that small scale meteorological events can dominate the
weather on any given day, and the wind stress field across the sound can vary
considerably  cf. Figure 27! ~ However, there is insufficient data to
construct a two-dimensional spatially varying wind field. We thus adopt a
spatially uniform wind. The ramifications of this are that since the sound
responds to the actual wind field, model simulations will only be accurate
during periods when the wind is, in reality, uniform.

Both linear and nonlinear effects in the momentum or circulation field
can be invoked via variable topography. However, the bathymetry of the sound
will he treated as monotonically varying as depicted in Figures S4 and 5S.
While it is appreciated that localized funneling and redirection of currents
can occur due to small-scale nuances in the topography, the model bottom will
be assumed to change with long wave- length undulations. A comparison of the
model versus the actual topography can be made by comparing Figures I, 2 and 3
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TAELE 6 Cowparf son in steady state or vertically integrated  VIH! and
three dimensional �DM! aodels

EIIUhTZONS: 0 ~HVC+r~rm

Val~ TE ~ Qf

tp ~ 3i+/H2 � T~/23-D

FOR CONSTANT DEPTH, M ~ 0

THEREFORE: V!V l ~ t @EH

HENCE: V,k, MODEL UNDERPRKDICTS 0 HY 33Z COMPARED TO 3-D MODEL
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to 54 and 55.

are:

Q of 32V'
~+ fo z X v' = -g>'n' i A re
~tl a 2z

aM'x BM'v 3n'
and ~+~,~+ ~,� = 0, �!

with M'x ~ J u'dz' , M'y, J , v'dz'
-h' -h'

Here >' is the horizontal velocity vector, n' the free surface elevation,

h' the local depth, fo the Coriolis parameter, A the constant eddy viscosity

coef f icient and M' x, M' y the volume flux vector components in the x and y,

horizontal, di rect  ons, res pec t ive1y.

The boundary conditions which drive the model are as follows:

A !Uv t'
--s/p

at the surface, z = 0, z'

�!

where r 's is the effective surface wind stress, and at the bottom,

z' = -h' either  a! >' ~ 0

3v'

 b! A~ u "'b
zor
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Turbulent eddy momentum stresses are modeled using a spatially and

temporally uniform eddy viscosity coefficient. For a homogeneous model, this

assumption is adequate.

The Coriolis acceleration terms are retained in the model. However, as

the Fkman number for Pamlico Sound i.s of order unity, the Coriolis effect will

have only a slight influence on causing veering in the current fi.eld.

The equations which gover~ the flow in the sound in a right-handed

Cartesian coordinate frame, with +x cross-Sound towards the coast, +y

along-Sound toward the northeast, and z positive up, all rotating at fo/2,





TABLE 7 3DH Nuoerical aodeI

INPUT: WIND STRESS AS h FUNCTION OF TINE, ANQ RIVER RUNOFF-

f +v ~ -gPQ + h vRV

V'X-O

N ' n - 0  hT COAST!

R  hT RIVERS!

- CIC  hT INLETS!

OUTf UT: ~ 8 < CAL  ULATEU EVE kY THREE NINUTES ~ SURFACE

ELEVATION, 0, PRINTED EVERY THIRTY MINUTES.
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j ~

vi,j,k

and

nn x,y,t! = n f~H, j~<, n«! - nf,
iu

n
Note that when k = 1 and o = -1, we take vi q 1 = 0 to satisfy the boundary7 J

condition at < -1. When k = N+1, 0 = 0. The boundary condition at the top
n n

f s given by vi < Ni2 � vi < N = 2«T. T.et us he given v and 0 at t nest.~ J 1 1 J

To find y and 0"+, we f i rat wri te the horizontal momentum equation in
implicit finite difference form, i.e.

n+1 n
ut j. u~f..k n 1 n n

cvi,j,k = 2g  "f+l,j i.-l,j! �2!

For k = 2, ~ ~ .,@+1

n+1 n n
uf ij ik

�4!

n+1 n+1 n
vi j~N+2= i j N+ 2

These algebraic equations may be so1ved for vn+1 by Gaussfan elimination. We

can then compute N"+ and finally, using
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n+1
with vi j 1
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n+1
n+1 n V'g

ht  !
J c

�5!

we can find the sea surface elevation at the new time step.

We note that "" 1 = 1vn+1 + 2vn+ where 1 vn+1 depends on vn and ~ and

depends on Vnn. At lateral boundaries, where N ' n = 0, the term

n 'Vn is taken to satisfy this condition. For example, at points on the

boundary where the boundary is parallel to the y-axis  the southwest to

northeast-lying, major axis of Pamlico Sound!, the x-momentum equation is

first solved with the surface slope term suppressed to obtain v" . Then we

obtain

n+1
2U 2i J~k

- n+1 2 n+1 2 2

  U2i >1 >k+1 11 >] >k 1 li >] >k 1 2i>] >k+1!

and let 2un+1 c2un+1. Thus Nn+I 1Mn+1 + C2Nn+1, and for Nn+1 = 0, we

choose C = -Nxl/2mx.

At the coast, to determi.ne a value of Un+1, we need V.M" 1, and this is

not totally known. For example, if the houndary is parallel to the y-axis at
aMxn+1

T>3 with water at x > I~H, we need a value for B I,.J. To obtain this we

write,

Mx  x, y 1! n+1 = u x-x T! + B x-xZ! 2

�8!Mx xl,yl! = 0. Then
2

T+1 a = aAH + B ~�

as,

1+2,.1 >�AH! + 4  B hH! 2

and

or equivalently, since
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~Mx n+1= ~ T,.1 = �M T+1 T � MxTy2 1! /2hH. �9!
The values for Mxl+1 ~, NxT+2 1> the interior points, are known and we know <,



Mx I+1 J Hx
�0!

then

�1!Hxl-1 J Nxl+2 I 3 ixI+1 J

So, in summary, the model equations are solved numerically by first
replacing z' with s z'/h' ~ The resulting equations are nondimensionalized
and then written in finite difference form. Central differences are used for
spatial derivations and forward differences for the temporal derivati.ons.

The dynamics of the present model are characterized by two dimensionless
parameters. The Fkman number is of order unity for the sound. Numerical,
experimental modei.-runs were made with and without the Coriolis terms to test
the importance of these terms. The results indicate that sea level is
relatively unaffected by these terms although the velocity field does show a
s~all but noticeable ef feet. A second parameter, C =  L/~>ghr
/ hr /A!
is a measure of importance of the free surface ef Eeet and is the square of the
ratio of gravity wave propagation time to verti.cal diffusion time. This
parameter is of order one but does depend on the value of A, which we choose
to be proportional to the square root of the magnitude of the average wind
stress during any event.

The wind stress wil.l be calculated using an assumed wind velocity
 measured at 10 m above the surf ace in the real world! via the bulk
aerodynamic formula

' = paCU wIwi �2!

where P is the air density and CU is a drag coefficient assumed to be
2.6�0 ~! in this study. Bunker �976! provides a complete list of preferred
CD's.

10. Numerical Hodel Output

Numerical model results are now presented in a format which ultimately
yields a conceptual picture of currents and water elevations throughout the
sound. From the actual topographic map  Figure 3!, numerical model boundaries
 Figure 54! and numerical model bottom bathymetry  Figure S5! were created.
Numerical model water velocity vector components are denoted by u, the
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In the horizontal momentum equations, the Coriolis and pressure gradient
terms are evaluated at the present time step, the frictional terms at the next
time step and the temporal derivative contains the next as well as the present
time step values, i.e. the equations are in implicit form. The new velocites
at N+1 levels in the vertical are then obtained by Guassian elimination at
each horizontal grid point. Updated values of M' are ohtained by vertically
integrating the updated velocities. The updated values of N' are used in the
vertically integrated continuity equations to update the sea level, and the
entire process begins anew. All dependent variables are initialized to zero.
At the coast, the normal gradient of sea level is adjusted to ensure that the
normal volume flux vanishes.



soiit'heast  u ! 0! and northwest  u   0!, an<f v, the norrheast  v ! c>! an<1
soiithwest  v   0! flow f lelrf desfgnators. These are plot ted out throughoi<t
the mode I so<ind  Fig»re '>'>! as per the c xampl ca presented ln Figures >f>a,cnd
b ~ The water level height, or s< a level, num<.rical mod> 1 resuf ts are al so
plotted o<it in the "morlel" sound as shown in Fig<>re >7. Fr<>m this rleplct ion
one can either connec't e<Luaf elevat fon points tu create constant si>rf ace
height Lines, as showr> in Ffguri s S8 anrl >9, or surface topography maps, as
depicterl fn Figure f>0. Thc water level topography depiction ln Ffgurea '>8 and
'>9 fs two-dfmensionsl, whf1e that in Ffgur< f>0 is thrc.e-dimensional.

For concr.ptual neatiiess we choose to represent the curr yent f ie lda h

creat ing a vel ocf ty vector, v, at a spec f f feel hor'lxonta1 point fn x and y  say
x ! f r ecif fed vr;rtfcal i fevatfons, say the surface of the water and at

o <yo o sp.one meti r shove the hot ti>m, so vs v xo, y�, z ~ surface.! anil vh v x»y»
z ~ 1 merer above ll it x�,y ! .

the< 2-1! represc.ritar ion nf water level topography
surface elevat ion map  Figure 60! heca<iae in the
r>r valleys lii rhe s«rfar< may 1>e hirlden behind hf I92s
d<;p< ndlng i!n rl>c i>rl c.ntat ion of the mocle l so<ind. The

giir< '>9 is < h<is< ~ ri over tliat shown in Fig<ice 58 for'
<'i c <~,

Lf kewi se, we < hi><>so
  Ff gur< '>9! over the 'f-p
latter case, dc pri ssfons
or illo<lnils in 'the s<l r'I ace

2-D representation ln Ff
reason of visual prefers

A time step of six minutes, which ls well within the Cl'I. c.riteria
 Carnahan et a92 1969! is used fn the computat on. Fach model run used 42' ~seconcls of comp<>ter  lme <>n the Triangle LLnf vers it fes Comp»tat tonal Center
 TLfCC! computer.

We now compare act<>sf field rlata to numerical model results. In Case
I I i- 1, our numerical model of Paml I co sound is sub!ected to actual hurricane
forcing. We then compare the model resul ts to hoth actual tide gage data
collected during the passag< of the hurri< ane and also to the results derived
f rr>m the ve rr f c a 1 l y averaged mode l of Ame l n ancl Ai ran   1976! . In cases I I I-2
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An fni tlal qu< st in r concerris the rapfdf ty with which th< sound can "spin
up or ful ly respond tii a <vfnd which sucldeiily t<iriis on ar t f«>e aero and
remains constant fn hoth t lme:in<1 space., f.e. the win<i  s assi>mod to he a
"causal fun<>Cion." Ffguri s f>f-f>'} fnrlic<iti'. that wit'i>in > to 7 hours of the
oris< t <!f steady 'f,1>L dyn< /cm2 or 10m/s< c win<la ofrher down axis from ttle
nortlieast or cross axis f r<im the souther>st, that tile circulat l on response ln
the si>iind l s <'ss<.'nt l al 1 y i'st.ih 1 1 she<1. Al 1 model test cases f iidl cate that
Paml I co Sound "spiiis <ip," i.c . ~ res<.h> s a qiias l.-stearly state condition, in a
period of less than fr! hc>urs after the onset of nonhurrl cane-force,

fn thispers l s tent, steady winds. >Lec<<nt studies nf the coastal meteorology
regfiin  Wefsherg aiirl Vier rafi.sa, f983! indicate. that whf le there are monthf y
t<> sc.asoiial mean winds which gene r<il I y repeat from year to year, the ma!or
pi>rtfon of the winrl vari;>hi 1 ity occiirs over t me scales of 2 clays to 2 weelcs.
Thus, whf le the. sound is < apahle of rc spon<ling to the wind fn less than a half
day in geoeral th< dominant winds in this region blow sufficiently long for

ay,
t.'lie sound's response t<> hec ome ful ly estahl lshed .

The next numerical exp< rim< nt which we conduct ls the comprehensive stu yd
referred to earlier.
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Hueerical code 1 results including:
a. Cross-sound coaponent of surface current vector in ce/sec.
b. Hong-sound axis coeponent of surface current vector in

cn/sec.
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Model results of:
a. Axial  northeasterly! southwestward wind at 10 e/sec
elevations in tenths of a foot.
b. Cross-axial  southeasterly! northwestward wind at 10 m/sec
elevations in tenths of a foot.

96



~ y t< ~ ~ terre I ~ ~, t F92. FI . 'I F IF tr ~ ~, yell ~ I ~ ' ~ r ~ I ~   r. ~ ~ . I92. <II'Iff I ~ ~ lr. r~ t ee ~ II 1. rye ~ ~ . tr I ry. I- -I
�! le.<il

  I It<I <i F< ly  
I <<<liter I Iy<O<d
.l.l III IP m&rr

I y cell <I<<i rl
le yl i I  <I  <ell

~ . ~ . t ~ e. ~ -. ~ gi-

09

~ ~ 'I ~ tr, ff t Fte ~ errr I ~ F rr Sr. N. r I yr yyyr92, yte.e t t ~ t.yy rerrr ~ $ F F. ~ I III lrr I Irr elr 1F, ~ ry I I~ I ~ I, ry re<Fr Fr 4 yt I I.yF
  b ! CIOaa~l   

" V yF haOStedy!

ye  d vl lomheC -p4

Model results of:

a. Axial  northeasterly! southwestward wind at 10 m/se 
eIevations in tenths of a foot.
b. Cross-axial  southeasterly! northwestward mind at 10 m/sec
elevations in tenths of a foot.
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Model results o f:
a hxial  northeasterly! southwestward wind at 10 I/sec
elevations in tenths of a foot.
b. Cross-axial  southeasterly! northwestward wind of 10 e/sec
elevations in tenths of a foot.



and 3 we compare north and south hasin data to '3DH results under simi l ar wind
forced conditions. Unfortunately, there are few v data sets which exist
for inter-comparisons.
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Section Ill. Results and Discussion

1 . Sea level 3DM and VIM Model Predictions vs. Tide Gage Data During
the Passage of Hurricane Donna: 11 � 12 September, 1960.

In the sections preceeding, it was demonstrated both in field
observations and from numerical modeling results that larger wind stress
c.reates larger sea level as well as sea level gradient fluctuations, or
departures from the mean. Consequently, the largest water level
fluctuations in Pamlico Sound should occur during the passage of
hurricane which contain the highest sustained wind speed and stresses.
Times of hurricane passage present periods of highest currents and
waves, greatest land inundation and highest concenttation of fluid flow energy
which affects periods of maximum erosion. Figure 64 provides a selected
summary of hurricane tracks over and about Pamlico Sound. While the frequency
of occurrence of hurricane forcing in the vicinity of the sound is relatively
low, the prospects of any tropical cyclone being damaging around the sound's
periphery is very high, as indicated in Figure 64. To assess the potential
for flooding from any individual tropical cyclone we now consider the response
of sound waters to a specific hurricane .

During the period 23 August - 14 September, 1960, the tropical cyclone
Donna wended its way northwest between Cuba and t.he Bahamas, turned north
passing over the Florida Fverglades and Daytona Beach, Fla., and then
continued northeasterly passing over Pamli.co Sound 11 to l3 September before it
ventured out to the Mid-Atlantic Bight. Using actual National Weather Service
winds collected during the passage of Donna, the wind stress time series
between the period for 1700 hrs FDT on 11 September to 0900 hrs EDT, 12
September was constructed using the drag law ~ = paCo 0wiFwi, as shown in
Figure 65. In this depiction of the windstress vector, a stick directed
upwards is a wind blowing towards the north while a stick directed to the
right  along the time axis! is a wind blowing towards the east. The
wind stress vector was about 5 dyne'/cm2 directed  AD at 1700 hrs KDT on 11
September, increased in magnitude to 13 dynes/cm2 some 7 hours later  at
midnight! rotated clockwise, HNW, with a magnitude of 22 dynes/cm2 in an
additional 3 hour period �300 hrs, 12 Sept! and then rotated clockwise to be
directed eastward at 0'500 hrs. The scenario of 3DM numerical model during
watet' level response during the passage of Donna is depicted in Figures
66-68 for hours L,S, 10, 12, 13 and 14 afte . the onset of the hurricane. For
visual comparison of model results to actual observations, Figures 69 a,b
provide the U.S. Army Corps of Engineers  ACE, 1961! depiction of water level
throughout the sound at 0200 and OS00 hours on 12 September  compare Figure
67a to 69a and Figure 68b to 69b!.

The comparisons between 3DM model generated sea level elevation contours
and the Army Corps contoured maps are excellent. Given the deficiencies of
the 3DM results and the discrepancies which must exist in the ACE surface
contour plot, the agreemenr. Is remarkable. Both the 3DM and the ACE contour
plots indicate the incredibly fast response of sound waters to the mechanical
forcing of Donna's wind field. Between 0200 and 0 >00 hours on 12 September,
the windfield varies from being 20.5 dynelcm2 towards the north-northwest to
bring 20 dynes/cm towards the east. At 0200 hrs observation and theory both
indicate a rise of 4 ft of water at the mouth of the Pamlico River and a drop
of 4 ft from mean behind  on the soundside of Hatteras Island!. Within 3

IOO
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Figure 64. Selected tropical cyclones between 1954-1979 impacting
the Pamlico Sound area. Arrows indicate direction of
propogation of hurricane eye.
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1 . Carol
2. Edna
3. Hazel
4. Connie
5 Diane
6. Ione

Daisy
8. Helene
9. Ci ndy

ID. Donna
11. Alma
12. Cleo
13. Dora

08/25 � 09/01/54
09/02 - 09/15/54
10/05 � 10/18/54
08/03 - 08/15/55
08/07 - 08/21/55
09/10 - 09/24/55
08/24 � 08/31/58
09/21 � 10/04/58
0?/C5 � 07/12/59
08/29 � 09/14/60
08/26 � 09/02/62
08/20 - 09/05/64
08/28 - 09/16/64

14. I bel
15. Alii Ia
16. Doria
17. Abby
18. Doily
19. Gerda
20. Alma
21, Ginger
22. Agnes
23. Dawn
Z4. Belle
25. Clara
26. Bob

10/08
06/04
09/08
06/01
08/10
09/06
05/l7
09/06
06 '14
09/05
08/06
09/05
07/09

10/17/64
� 06/14/66
� 09/21/67
- 06/13/68
- 08/17/68
� 09/10/69
- 05/27/70

10/05/71
- 06/23/72
- 09/14/72
� 08/10/76
� 09/12/77

07/16/79
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Figure 66.
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hours, theory and observation show Hatteras Island's backside to be I to 6 ft
above zero mean while the mouth of the Pamlico River is now 2 ft below zero
mean. The mouth of the Pamlico River realized a 6 ft change in water height
while the soundside of Hatteras Islanrl experienced water height fluctuations
of between 5 to 7 t t, as a function of Hatteras Island locale, all wi.thin a
period of 3 hour s.

The currents associated with such extreme slopes could be estimated as
gh2 dn

u � ~, which in the case of the surface topography exhibited in Figure 67aA x'

at 0200 hrs on l2 September, l960, would drive currents the order of
200 � 240 cm/sec or 3.9 - 4.7 knots. Superposing this current on a gravity
wave field would create enorraous bottom shear stress resulting in ma!or
erosion.

In the development of our three-diraensional, time-dependent �DM!
numerical raodel, a discussion of the serious deficiencies of a vertically
integrated model  VIM! of the sound  as for exaraple, that of Amein and Airan,
1976! was pr'esented. As an indication of the deficiency of the VIM approach,
we compare the surface elevations on the inshore side of Oregon Inlet as
predicted by the VIM of Amein and Airan  l916! to that of our 3DM to the
actual tide gage observations obtained from the Hational Ocean Survey  HOS!,
The period of intercoraparison was the period of passage of Hurricane Donna,
i.e. 1600 hrs on I I September through 0800 hrs on 12 Septeraber, 1960 It is
clear that the 3DM did not spin sea level at Oregon Inlet up as quickly as
nature did, raissing by some 26 hours. However, the 3DM model results, using
two different eddy viscosity coefficients of values 25 and 50 cm2jsec,
brackets the actual rise and fall of sea level So while the 3DM was late in
its prediction of response time, it clearly was correct in its prediction of
the total el.evation achieved at Oregon Inlet.

Alternatively, the prediction made by the VIM is not only delayed in
time, but grossly underestimates the surface elevation excursion actually
observed. Table 3 i.ndicated that the VIM would underpredict sea level
fluctuations by 33 percent relative to the 3DM, however the underpredition
ranges from 33 to 67 percent; a very serious deficiency of the VIM.

Note that while the results of the 3DM effort are very revealing in terms
of their physics, improvements to the 3DM could greatly improve the raodel
verity, applicab lity and utility. Iraprovements of the three-dimensional raodel
include the following series of modifications. First, a temporally and
spatially varying bottom stress boundary condition, such as bottora condition,
5b, as contrasted with the no-slip condition, Sa, should be introduced.
Second, the wind field should be speci fied by actual observations. Third, the
horizontal resolution would be greatly improved by decreasing the horizontal
grid spacing, which in the present model is set at 5 km in both the x and y
directions. The vertical resolution of Ao = O.l is deemed adequate. Fourth,
the effects of sea level variation in the coastal ocean due to both tidal and
wind driven forcing should be incorporated. It should be noted that Alheraarle,
Croatan, Roanoke and Core sounds all connect with Pamlico Sound in the present
model.

The effect of the variable bottom and periphery on the 4 and n fielrls is
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incorpot'ated into the modeL, but the horizontal grid spacing is too coarse Lo
feel the effects that features such as Bluff Shoals  for example! may provide.
There is a need for the biologists to understand the potential. impact of the
shoals on the t ransport pathways local to the shoals  Pietrafesa et al.,
1986! ~ Therefore a grid scale of 1 km is desirable. Additionally, the
effects of not only time varying hut also spatially varying winds need to be
evaluated to understand both the near-and far-field effects of small scale
meteorological events, such as squalls, on the integrated physics of the
sound. Pietrafesa et al �986! showed that the physics of the sound seems to
strongly influence the spatial and temporal variability of juvenile fish found
in the mainland fish nurseries via the occasional creation of CransporC
pathways favorable for migration. Additionally, physical affects derived
variously from both semi-and diurnal North Atlanti.c tides and thei r associated
currents, which jet into and out of the sound via Ocracoke, Hatteras and
Oregon Inlets, need to be assessed. Pietrafesa and Janowitz �986! showed
that these inlet currents have both tidal and subtidal. frequency components of
flow, and thaC the latter dynamics are strongly coupled to physical processes
occurring in adjacent continental shelf waters. Other important factors which
should be considered in model improvements are an interrogation of the sea
breeze, and fluctuations in Che discharge from or flow into rivers and bays
located around the sound.

As is clear from the above, several improvements in the model derive from
adjusting the model coding. However, the bulk of model improvements will
occur only with t' he availability of better input data. These daCa can only be
obtained via the conduct of a maj or field program.

7. Flow Field 3DH Hodel Predictions vs. Current Heter Data in the
North Basin

There are virtually no current meter data in the northern basin of
Pamlico Sound. However, a study of flow through Oregon Inlet, was conducted
in February, 1974 by Singer and Knowles �975!. This study, while brief, will
serve to evaluate currents in the northern basin. The study area is depicted
in Figure 71 and current wind data for the period 15-22 February are presented
in Figure 72. Before discussing the physics of these data we need to first
consider the physics on the seaward side of the barrier islands.

On the coastal, seaward side of the barrier islands, the basic wind-driven
dynamics have been described in section I-8 foLlowing the works of Chao and
Pietrafesa �979! and Janowitz and Pietrafesa �980!. An example of coastal
sea level at Cape Hatteras, an open coastal station, responding to local winds
is shown in Figure 73 ~ In ef f ect, northward to northeastward winds cause
sea level to drop at the coast in concert with a surface Kkman transport
offshore and vice-versa for winds which are southward to souChwestward; i.e.
sea level rises at the coasts The response occurs within a period of 8-10
hours. This response has been shown by Pietrafesa et al   1980! to occur from
Cape Hatteras to Charleston, and occurs at Oregon Inlet as well, with southward
or northward winds being important for coastal convergence or divergence,
respectively.

Clearly shown is the relationship thaC when the winds are northward, the
subtidal frequency flow is out of the inlet  an "ebb'! and when the winds are
southward, the flow is into the sound  a "flood" !. Note that currents from
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Figure 71. Location of station 11, in north Pamlico Sound, and
station 3, on the sound side of Oregon Inlet, duri ng
a study of currents recorded by bottom mounted current
meters during period 1/3-3/3, 1974. Field study
conducted by Singer and Knowles �975!.
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station ll offer a point verification of the 3DM numerical model results
presented in Figures 74 and 75. We see from Figure 72 that when winds persist
to the north, the inlet drains or "ehhs" even on flood tides, as shown by
station 3a currents, while within the sound at Station 1 1, the flow is to the
north. The opposite scenario also holds true; when winds are southward, the
inlet floods and flows within the sound are to the south, at Station 11.
Monthly mean winds for the North Carolina coast have been described in Section
I � 7 and II-2. The October through February period contains northerlies  and
southerlies! which, via the .Janowitz and Pietrafesa �980! or Pietrafesa et al
  1980! rationale   refer to Fi.gure 73! would pile water up against  or away
from! the seaward side of the islands, and by our 3DM Pamlico Sound model
results would drive the water away from  towards! Oregon Inlet  cf Figures 74
and 75 for model results!. In the northern basin, currents at Station 11 are
to the north with northward winds and to the south wi.th southward winds in
nominal agreement with the model results.

So in summary, we conclude that synopti.c ac~le wind events dominate the
coastal marine climatoLogy in the Pamlico Sound region and these winds create
drops or rises in sea level which occur within 8 to 10 hours on either side of
the harrier islands and related inlets. These sealevel adjustments on either
side of the inlet can cause a rise on the ocean side and a fall on the sound
side such that an axial inlet pressure gradient is created . This pressure
gradient force can drive a flooding current of several knots. The opposite
case is that a northward wind will pile water up against the hack side of the
barrier islands while the coastal ocean will act like the plug was just
pulled. Both scenarios are depicted in Figure 76. Without further data, we
can only conclude that circulation through the barrier island inlets are
forced directly by the M2 tide, and non-locally on both sides, by winds via
sea level gradients ~hich affect the creation of pressure gradient forces, or
heads, through the inlets. Moreover, the 3DM model results and data indicate
that fLows in the north basin may be in sync with the inlet dynamics.

3. Flow Field and Sea Level 3DM Model Predictions vs. Data in the
South Basin

As is the case for the northern basin of Pamlico Sound, there is a
paucity of v and n data in the souther~ basin. However, a study of the
S variability in and around the Rose Bay nursery  cf Figure 5! in the souther~
and western side of the sound  Pietrafesa et al, 1986! do provide some
testimony concerning the character of both the flow and the sea level fields.
In Figure 77, currents and water elevation data are shown in concert with
prevailing wind velocity vector components.

From Figure 77 we see that alongsound-axis winds directed towards the
southwest cause water to run into the mouth of Rose Bay while sea level is
rising there. Alternatively, northeastward winds cause water to run out of
the mouth of Rose Bay in concert with falling sea level. Figures 78 and 79
provide the 3DM predictions of currents and sea level under like wind
conditions. Water column response of both currents and water height occurs
within several hours of the onset of the winds, in both observations and model
output. Currents are in the range of +2' cm/sec and sea level adjustment is
within +20 cm for winds 5 � 10 m/sec from both model and observations.
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a. Surface  long arrow! and near-bot tom  short � arrow! model
current-vector velocities throughout Pamlico Sound in
response to a 10 m/s southerly  northward! wind Bottom
velocities are computer 1 meter above the bottom.
b. Model sea level distribution in Pamlico Sound in response to

a l0 m/s northward wind.
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figure 78. a. Surface  long arrow! and near-bottom  short arrow! model current-
-1

vector velocities throughout Pamlico Sound in response to a 10 m s
northeasterly  southwestward! wind. Bottom velocities are computed
1 meter above the bottom.

-1
b Model sea level distribution in Pamlico Sound in resoonse to a 10 m s

southwestward wind.
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Figure 79. a. Surface  long arrow! and near-bottom  short arrow! model current- -1
vector velocities throughout Pamlico Sound in response to a 10 m s
southwesterly  northeastward! wind. Bottom velocities are computed
1 meter above the bottom.

b. Model ss.a level distribution in Pamlico Sound in response to a
10 m s 1 northeastward wind.
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In Part II of this report series, Pietrafesa et al demonstrate Chat Rose
Bay responds to the mechanical forcing of the wind in a "non-local" way. In
summary: if the wind f i eld af f ecting Paml i co Sound circulation i.s such that
water is being driven away f rom  towards! the regio~ of the sound local to
Rose Bay, then Rose Bay will drain  fill! vith speeds almost equal to the
speeds of the flow in the sound proper, accompani ed by a drop  rise! in sea
level which is nearly equal to the fluctuation of water height in the sound
proper. This scenario is a summary of the comparison of v and n data
collected from Stations 3,4,5,6 and 7  refer to Figure S for station
locations! and their relationships to atmospheric forcing and buoyancy
influence and drainage.

IV. Conclusions and Recommendations

We vill list the major conclusions and ancillary recommendations.

The thermohaline structure of sound waters is more variable both
spatially and temporally than is commonly believed. Therefore,
continuous time series at fixed locations of both T and S need to be
collected. Also T-S towed surveys should be be conducted to establish
the existence of T-S f ront s.

The inlets couple the sound and coastal vaters. Tidal influence
is greatest in and on either side of the inlets and speak to the
need for a study in and on either side of the inlets. The
synoptic scale physical activity through the inlets is not well
known and needs to be established .

The wind field is the principal forcing function of the physical
dynamics of Pamlico Sound spatially variable on time scales of
hours to days and must be measured suf ficiently spatially to
establish its characterization as a forcing function in order to
fully appreciate the response of sound waters.

Sea level sets up within IO hours of the onset of a causal wind.
Sealevel. gradients ensue. Telescoping grids of water level
recorders need to be established as a function of locale to more
fully understand the response of n, Wx, and n to

monthly to seasonal to annual fluctuations in sea level relate
directly to the rise and fall of North Atlantic  Ocean! central
water and to the seasonality of the wind field as it affects the
rise and fall of sea level on the coastal side of the barrier
islands. Flooding and erosion of the mainland and barrier
islands adjoining the sound are affected by monthly mean water
levels. Several years of sea level data from the periphery of
the sound and the coastal ocean need to he analyzed and compared
to locales and periods of high erosion to establish a predictive
capability. A study of the circular.ion of the sound is a must
in this regard.
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During the late spring and early fall, wind motion aligned with
the axis of Pamlico Sound appears to be more highly coherently
organized relative to cross-axial wind motion, i.e. the
wind field tends to be rectilinear. Consequently, sea level
fluctuations are coupled to axial winds. A coordinated study of
sea level response to cross-axial winds is needed.

During the late spring to early fall, sea level slope appears to
be predominately aligned with the principal axis of Pamlico
Sound and to be strongly coupled to the axial wind component.
However, insufficient tide gage data exist to thoroughly assess
the cross-sound sea level slopes. Since sea level slopes drive
bottom currents in the reverse direction of the slope, it is
important to more thoroughly investigate this problem.

During the late fall to early spring, wind field motion is
elliptically polarized, i.e. organized motion occurs in both the
direction of the main axis of the sound as well as across the
sound in a coupled fashion. Sea level and sea level slopes appear
'to set up in an organized fashion to whichever wind component is
present.

Sea level slopes in the direction of the principal axis of the
sound appear to set up at 02.-0.26 cm/km per dyne/em of wind
stress in the direction of the wind within 10 hours while
cross-sound sea level slopes take a full day to set up. Since
sea level set-up inundates property and since sea level slopes
drive bottom currents, these preliminary results need to be
further investigated.

Atmospheric pressure fluctuations do not affect sea level nor
current fluctuations except under hurricane conditions.

There is a degradation of the coherency between wind and sea
level in the vicinity of the puncture of Roanoke, Croatan,
Albemarle and Pamlico Sounds and Oregon Inlet. This degradation
may be due to freshwater and coastal water fluxes. This water
exchange problem may be an indicator of an Albemarle-Pamlico
Sound and coastal ocean coupling of which we presently know
nothing. The problem needs to be addressed.

Pamlico Sound can be topographically decomposed into northern
and southern basins, separated by Bluff Shoals. Sea level
fluctuations in Pamlico Sound may decouple somewhat into a north
basin set and a south basin set. The circulation associated
with this decoupling or coupling is totally unknown.

A three � dimensional, time-dependent model of circulation and
sea level reveals that sound waters respond fully to winds within
10 hours of the onset of forcing in good agreement with data.
Nodel bottom currents, driven by sea level slope pressure
gradients, are shown to veer by as much as 180 from mechanically
driven surface currents. The 3DH model is a great aid in
establishing a predictive capability for the physics of Pamlico
Sound. However the 3DN model needs i.mprovements, including:
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the imposition of a variable bottom-stress condition; the
incorporation of spatial variability in the wind field  which
requires a commensurate field program to yield the variability
of the windf ield!; greater topographic resolution by reducing
model grid size, particularly near shoals; inlet conditions need
to be reassessed, particularly via the inclusion of actual inlet
data; a nonhomogeneous, T,S field should be imcorporated in both
diagnostic and prognostic modes; the tides, particularly the
semi-diurnal mode, need to be incorporated into the model; and
riverine, connective sound and drainage inputs need to be better
established via a field program.

Vertically integrated models are shown to either underestimate
or miss much of the basic physics of the sound and therefore
should never be used.

The horizontal and vertical structure as well as the temporal
variability of the circulation field is essentially unknown save
for a few, singular observations and for the 3DH predi.ctive
output. The study reported on in section II and III of this
report have introduced a new level of understanding for the
physics of Pamlico Sound. However, this study simply
established the foundation for a more complete study of the
entire sound system. How v couples to r, n, nx, ny, T-S, to the
coastal ocean via the inlets, to the feeder rivers, bays and
sounds, to bottom topography, particularly near shoals, and to
atmospheric buoyancy flux, can only be speculated upon at this
time. A thorough study of the circulation must be conducted'

The gravity wave field which exists within Pamlico Sound proper
and through the inlets and tributary rivers ia totally unknown.
This field is omnipresent and may contribute significantly to
sediment transport, i.e. erosional processes and to flooding
under high wind conditions.
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