
AD—A063 986 SOUTH CAROLINA UNIV COLUMBIA COASTAL RESEARCH DIV F/G 8/3
HYDRAULICS AND DYNAMICS OF NORTH INLET, SOUTH CAROLINA, 19Ths76__flC(U)
SEP 78 D NUMMEDAL, S M HUMPHRIES DACW72—72—C—0032

UNCLASSIFIED WES—eIII—16 NL

_InI 0 U
__

_El 
_ _ _  

________
• C _

La



Hydrauli cs and yñamics of North Inlet,
South Carolina , 1975-76

-

00

by
Dog Numm.dal and $tanl.y M. Hum phri.s

GITI REPORT 16

• arch Center

DACW74I~~~8

Umveriity of lina
Columbia~ • a 29

4~~
1

~~~~~~~ RAL IN NOF TID~~~~~ TS

1~~Pfoçam o Conducted Join • 
• •

U.S. h Center, Fort Behoir, 
•W periment n, Vi

~~~~~~~~~~;4 t ~~~ l
~Wtaent of

~~~~~~~~~~ —..—-. . S

• • — 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



.

• 
:~

Reprint or republication of any of this material shall give appropriate
credit to the U.S. Army Coastal Engineering Research Center. )

Limited free distribution within the United States of single copies of r
this publication has been made by this Center. Additional copies are

• availablefro m:

National Technical Information Service
A TTN: OperatIons Division
5285 Port Roy.) Road
Sp ringfield, Virginia 22151

Contents of this report we not to be used for aih’ertiau~ ,
publication, or promotional purposes. Citation of trade name. does not
constitute an official endorsement or approval of the use of .adi
commercial proikacts.

The finding, in this report we not to be ron*ued an official
Department of the Army poitici unk. an drvipiatcd b~ other
ithonzed documents.

S.

p

t
Cover Photo: North lnkt, South Caro~~a.. Mweh ~~75 Courtesy of

the Nstioiual Aerosmstiea and Spies A~~~àtration. j

~ 

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

- - -
~~~~~

-
~~~~~~~~~~

— —--



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Hydraulics and Dynamics of North Inlet,
South Carolina , 1975-76 w ~~~~

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

$tan l.y_M./HumPhriesj

GITI REPORT 16

• 

-

~ Prepared for
Army Coastal Engineering Research Center

j  ,~~~~~
• under

Con s~ DACW72.72.C7flØ32 DACW72~~~~~~~~8
L — ---by~~~~~~~~~~~~~

Universit y of South Carolina
Columbia , South Carolina 29208

~~~~~~~ r< .r~

GENERAL INVESTIGAT ION OF TIDAL INLETS

A Program of Research Conducted Jointly by
U.S. Army Coastal Engineerin g Research Center , Fort Belvoir , Virg inia

U.S. Army Engineer Waterways Experimen t Station , Vicksbur g, Mississipp i

Department of the Army
Corps of Engineers

r
APPROVED FOR PUBUC RELEASE , DTSTR IBUTI ON UNLIMITEDI 

_ _  

-

~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~ 
_  _ _ _



- - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAG K (ITh.~ Oaf. Enf.r.~~

DEDnD.F T
~
1
~
1
~
IIUEk.1TATInLI DA r E READ INSTRUCTI ON Sr~ u vr ~~. L,’~~~um ri I MI I’Ju1 U 1W BEFORE COMPLETING FORM

t 5 ~~ORT NUMBER 2. GOVT ACCESSION NO 3. RECIPIENTS CATALOG NUMBER

Gill Report 16
4 TITLE (~~d SobfdlI.) S. TYPE OF REPORT & PERIOD COVERED

HYDRAULICS AND DYNAMICS OF NORTh INLE7 ’ Final Report
SOUTH CAROLINA , 1975-76 5. PERFORMING ORG. REPORT NUMB ER

7. MJTIIOR(.) 8. CONTRACT OR GRANT NUMRER(.)

Dag Numniedal DACW72-72-C-0 032
Stanley M. Humphries DACW72-74-C- 00 18

• S. PERFORMING ORGANIZATION NAM E AND ADDRESS 10. PROGRAM ELEMENT. PROJECT . TASK
• . . ,..~ AREA B BORIC UNIT NUMBERS

Coastal Research Division 
~~~~University of South Carolina F3

Columbia . South Carolina 29208
II. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORt DATE

Department of the Army September 1978
Coastal Engineering Research Center I). NUMBER OF PAGES
Kingman Building , Fort Belvoir , Virginia 22060 214

TL MONITORING AGENCY NAME B ADDRESS(II dSff.cwl Iron, Conf roUb,j OHIo.) IS. SECURITY CLASS. (of tAt. r.port)

UNCLASSIFIED
IS.. DECLA SSIFICAT ION /D OWN GRAO ING

SCHEDULE

IS. DISTR IBUTION STATEMENT (of hi. Rsport)

Approved for public release , distribution unlimited.

17. DISTRIBUTION STATEMENT (of IA. .MLt.ct .ot.c .d La BIook 20. LI dIU.conL fton~ R.potl)

IS. SUPPLEMENTARY NOTES

IS. KEY WOROS (ConIIn., . on ,.ron .s .id. If n.c.uay ond id.nt lf)  by block n m.b.r)

Beach and inlet morphology Tidal inlets
North Inlet , S.C . Wave parameters

- 
- - 

Tidal hydraulics

• 20. ACT (Cont~~.. — ,.vsr.. .I~~ n..on. v Sd.uvifr by block .b.r)

North Inlet , South Carolina , was selected as a natural tidal inlet for
investigation within the scope of the Army Corps of Engineers ’ program on
General Investigation s of Tidal Inlets. Over a 2-year period , from July 1974
to June 1976, eight 2-week intensive field sessions were conducted at the
inlet. Three tide gages provided nearly continuous water surface elevation
records for the ocean and tidal creeks throughout the period of investigation . —

~~~~
--“

~~~

(continued)

DO I’ ’ !,, 1473 E0l?IOM OP S WOV SI ISOSOLETE UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE (Wh.n Oaf. Enlsr.~~

— .  — - -— .~~~ — ~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - - —  - - 

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

— 
- ..r. :, ~~~~~~~~~~~~~~~~~~ 

‘ —
~~



t 
~~~~~~~~~~~~~~~~~~~~ ~~ - ~ - -.. —— -- —————--—— - . . . . ._ . . . aa. .

‘
1

tN(~LASS T FI F f l
SECURITY C~~AUIVIGATION OF THIS PAGE(J~ IB Data ~~lSIsØ

~~~~~— -- —
~~~ The analysis presented in this report focuses on three attributes of the
inlet environment: (a) the inlet hydraulics, (b) the longshore curren ts I -
adjacent to the inlet, and (c) the seasonal morphologic change of the North
Inlet tidal deltas and adjacent beaches.
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PREFACE

1. The Corps of Engineers, through its Civil Works program, has spon-
sored , over the past 23 years, research ir.to the behavior and characteris-
tics of tidal inlets. The Corps’ interest in tidal inlet research stems
from its responsib ili ti es for nav igation, be ach eros ion preven tion and
con trol , and flood control. Tasked with the creation and maintenance of
navigable U.S. waterways , the Corps dredges millions of cubic yards of
material each year from tidal inlets that connect the ocean with bays,
estuaries, and lagoons. Design and construction of navigation improve-
ments to existing tidal inlets are an important part of the work of many
Corps ’ offices. In some cases , des ign and construction of new inlets are
required. Development of information concerning the hydraulic character-
istics of inlets is important not only thr navigation and inlet stability, a

but also because inlets, by allowing for the ingress of s torm surges and
egres s of flood wa ters, play an impor tant role in the flus hing of b ays
and lagoons.

2. A research program, the General Investigation of Tidal Inlets
(GITI), was developed to provide quantitative data for use in design
of inlets and inlet improvements. It is designed to meet the following
objectives :

To determine the effects of wave action , tidal flow, and rela ted
phenomena on inlet stability and on the hydraulic , geometric , and
sedinentary characteristics of tidal inlets ; to develop the know l-
edge necessary to design effective navigation improvements , new
inlets , and sand transfer systems at existing tidal inlets ; to
evaluate the water transfer and flushing capability of tidal
inlets; and to define the processes controlling inlet stability.

3. The GITI is divided into three major study areas: (a) inlet
classification , (b) inlet hydraulics , and (c) inlet dynamics.

a. Inlet Classification. The objectives of the inlet classifi-
ca tion study are to clas si fy inlets according to their geometry, hydrau-
J ics, and stability, and to determine the relationships that exist among
the geometric and dynamic characteristics and the environmental factors
that control these characteristics. The classification study keeps the
general investigation closely related to real inlets and produces an
impor tant inle t data base useful in documen ting the charac teris tics of
inlets. -

b. Inlet Hy draulics . The objectives o the inlet hydraulics
study are to define tide- generated flow regime and water level fluctua-
tions in the vicinity of coastal inlets and to develop techniques for
predicting these phenomena. The inlet hydraulics study is divided into
three areas : (1) ideaJ i~cd inlet model study, (2) evaluation of state-
of-the-art physical and numerical models, and (3) pro totype inle t
hydraul ics.

_ _IA

~

-1

~

-

~ 

~~ 
-- _____________- - 

~~~~~~~~~~ — —-—— —- - —--- -



-.-- —.—
~~~~~ 

-- --
~~~~

- -- - -. -.
~~~~~~

- ..

~~
—

~~~~~~~~
,- -— —.- - .

(1) The Idealized Inlet Model. The objectives of this
model study are to determine the effect of inlet con fi gurations and
structures on discharge , head loss and velocity distribution for a num-
ber of realistic inlet shapes and tide conditions. An initial se t of
tests in a t rapezoidal inlet was conducted be tween 1967 and 1970. How-
ever , in order that subsequent inlet models are more representat ive of
real inlets , a nuther of ~tidealizedt~~anodels representing various inlet
morphological classes are being developed and tested. The effects of
jetties}jid wave action on the hydraulics are included in the study.

(2) Evaluation of State-of-the-Art Modeling Techniques.
The objectives of this part of the inlet hydraulics study are to deter-
mine the usefulness and reliability of existing phys ical and numerical
modeling techniques in predicting the hydraulic characteristics of inlet-
bay systems, and to determine whether simple tests, performed rap idly and
econom ically , are useful in the evaluation of proposed inlet improvements.
Masonboro Inlet, North Carol ina, was selected as the prototype inlet which
would be used along with hydraulic and nume rical models in the evaluation
of existing techniques. In September 1969 a complete set of hydraulic
and bathymetric data was collected at Masonboro Inlet. Construction of
the fixed-bed physical model was initiated in 1969, and extensive tests
have been performed since then. In addition, three existing numerical
models were applied to predict the inlet’s hydraulics. Extensive field
data were collected at Masonboro Inlet in August 1974 for use in evaluat-
ing the capabilities of the physical and numerical models.

(3) Prototype Inlet Hydraulics. Field studies at a number
of inlets are providing information on prototype inlet-bay tidal hydraulic
relationships and the effects of friction, wav es , tides, and inlet mor-
phology on these relationships.

c. Inlet Dynamics. The basic objective of the inl et dyn amics
study is to investigate the interactions of tidal flow, inlet configura-
tion, and wave action at tidal inlets as a guide to improvement of inlet
channels and nearby shore protection works. The study is subdivided
into four specific areas: (1) model materials evaluation , (2) movable-
bed model ing eval uation, (3) reanalysis of a previous inlet model study,
and (4) prototype inlet studies.

(1) Model Materials Evaluation. This evaluation was initi-
ated in 1969 to provide data on the response of movable-bed model mate-
rials to waves and flow to allow selection of the optimum bed materials
for inlet models.

• (2) Movable-Bed Model Evaluation. The objective of this
study is to evaluate the state-of-the-art of modeling techniques , in
this case movable-bed inlet modeling. Since, in many cases , movable-bed
modeling is the only tool available for predicting the response of an
inlet to improvements, the capabili ties and limitations of thes e models
must be established.
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(3) Reanalysis of an Earlier Inlet Model Study. In 1975,
a report entitled , “Preliminary Repor t : Labora tory Study of the Effec t
of an Uncontrolled inlet on the Adjacent Beach ,” was publ ished by the
Beach Erosion Board (now CERC) . A reanalys is of the original data is
being performed to aid in planning of additional GITI efforts.

(4) Prototype Dynamics. Field and office studies of a
number of inlets are providing information on the effec ts of physical
forces and artificial improvements on inlet morphology. Of particular
importance are studies to define the mechanisms of natural sand bypassing
at inle ts , the response of inlet navigation channels to dredging and
natural forces, and the effects of inlets on adjacent beaches.

4. This report presents results of the second phase of a field study a

to define the hydraulics and dynamics of North Inlet, South Carolina, a
natural Atlantic coast tidal inlet. Detailed bathymetric mapping of the
intertidal and shall ow subtidal zones is used to define the se asonal
morphologic variability of the inlet and adjacent beaches . Wave and
tidal data are used to correlate observed bathymetric changes with the
caus ative processes , and to provide basic information on wave conditions
and inlet hydraulic characteristics. Results for the 1974-75 field year
were included in Finley (1976).
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CONVERSION FACTORS, U.S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

U.S. customary units of measurement used in th~ report can be converted
to metric (SI) units as follows:

Multiply by To obtain

inches 25.4 millimeters
2.54 centime ters

square inches 6.452 square centimeters
cubic inches 16.39 cubic centimeters

feet 30.48 centimeters
0.3048 meters

square feet 0.0929 square meters
cubic feet 0.0283 cubic meters

yards 0.9144 meters
square yards 0.836 square meters
cubic yards 0.7646 cubic meters

miles 1.6093 kilometers
square miles 259.0 hectares

knots 1.852 kilometers per hour

acres 0.4047 hectares

foot-pounds 1.3558 newton meters

millibars 1.0197 x io~ kilograms per square centimeter

ounces 28.35 grams

pounds 453.6 grams
- 0.4536 kilograms

ton , long 1.0160 metric tons

ton , short 0.9072 metric tons

degrees (angle) 0.01745 radi ans

Fah renheit degrees 5/9 Celsius degrees or Kelvins1

1To obtain Celsius (C) temperature readings from Fahrenheit (F) readings,
use formula: C ~ (5/9) (P -32).

To obtain Kelvin (K) readings, use formula: K ~ (5/9) (P -32) + 273.15.
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SYMBOLS AND DEFINITIO N S

Ab bay water surface area
inlet cross-sectional area

ab bay tidal amplitude
a0 ocean tidal amplitude
d wa ter dep th
F tidal form number
f frequency
g gravitational acceleration
t1b breaker he ight
H0 deepwater wave he ight

f H 1 water surface elevation in the bay
H2 water surface elevation in the ocean
K Kuelegan ’s reple tion coefficient
k breaker form parameter

Lc length of inlet channel

M~ ~th tidal harmonic component , where H 1 designates the diurnal
component

m beach slope
P tidal prism

Pf wave energy flux

I’~~ longshore component of the wave energy flux

annual longshore sediment transport rate

R0 ocean tidal range
r product-moment correlation coefficient

r’ friction coefficient

T semidiurnal tidal period (12.42 hours)

T0 deepwater wave period

u mean current velocity in inlet

V longshore current velocity
• 

W discharge into the bay from sources other than inlet

~~ 
breaker angle -

p density of water
-
• 

a bed shear stress
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HYDRAULICS AND DYNAMICS OF NORTH INLE T, SOUTh CAROLINA , 1975-76

by
Dag Numedal and Stanley M. Huinphriea

I . INTRODUCTION

1. General.

Tidal hydraulics, wave processes , and morphologic changes at North
Inlet, South Carolina , were monitored from July 1974 to May 1976, to de-
fine the physical environmental parameters characterizing this stable,
unmodified, tidal inlet on the mesotidal coast of the southeas tern United
States. Results from the first year of study, including the geological
setting, the littoral process variability, the hydrau lic parame ters of
the inlet, and detailed analysis of longshore wave energy flux, sediment
transport characteristics, and the development of the inlet and associ-
ated shoals over historic time, are presented in Finley (1976) .

The present repor t comp letes the presen tation of hydraulic , litto-
ral, and morphologic data for the 2-year study period. To complement the
work of Finley (1976), this repor t focuses on a more detailed analysis
of the travel of the tidal wave thro ugh the inlet, the relationship be-
tween seasonal changes in mean sea level (MSL) and the morphologic re-
sponse , and the question of the mechanics of longshore current genera-
tion.

North Inlet is located in Georgetown County, South Caro lina , and pro-
vides drainage to the Atlantic  Ocean for about 24 by 106 square meters
of marsh behind Debidue and North Islands (Fig. 1). The marsh is bound-
ed to the south by Winyah Bay, a large estuary formed at the confluence
of the Pee Dee and Waccamaw Rivers. To the west or north, the marsh
borders directly on Pleistocene units of the lower Coastal Plain phys-
iographic province. Further details on local stratigraphy are provided
in Finley (1976).

2. Processes.

The hydraulic behavior of a mesotidal inlet like North Inlet is a
function of the adjacen t ocean tidal range , the wave climate, the size
of the bay, and the degree of development of marsh within the drainage
area. To facilitate an evaluation of how representative the findings
at North Inlet would be for other southeas t inle ts of similar size , the
regional process variability between Cape Hatteras and south Florida
was reviewed . North Inlet was found to occupy a transitional position
between wave-dominated and tide-dominated coastal segments. Therefore ,
process characterization of the inlet system entailed documenting the
mean values and the ran ges of all per tinen t var iables describing the
nearshore wave climate and the inlet currents.
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The hydraulics questions asked in this study address the problems

~f time asymmetry and velocity asymmetry in the inlet currents, the ef-
fects of the propagation of the tidal wave through shallow water on its
harmo nic constituen ts, the rela tion between water surface differen tials
and tidal creek current velocities, inlet throat equilibrium, and the
annual variat ions in MSL as recorded by the tide gage network . Because
the wave process measurements were designed primarily to document en-
vironmental conditions rather than performing specific studies of the
surf zone, the analysis of this data set was limited to one question of
fundamental importance-the mechanics of the generation of longshore
currents. The existence of an extensive data set at one location for
a wide range of conditions provided the basis for a statistical evalua-
tion of the observed current velocities. Stepwise regression procedures
were used to test how the dependent variable (the observed current
velocity) correlates with a series of simultaneously measured indepen-
dent variables.

In addition to characterizing the dynamics of the North Inlet sys-
tem, the parameters provide a data base for testing a number of basic
scientific hypotheses.

3. Response.

The monitoring of morphologic response over the study period in-
cluded recording channel cross-sectional profiles, beach and nearshore
profiles, topographic mapping of selected intertidal features, and
quarterly oblique aerial photography. Basic documentation of the van -
ability was the primary objective, and all pertinent morphologic data
have therefor e been included , either as text or in data Appendixes A
to !.

The basic scientific question addressed in the analysis of the mor-
phologic data pertained to the seasonal variability in selected inter-
tidal features and their significant, and apparen tly cyclic, pattern
of change in response to the fluctuations in MSL. Seasonal sea level
fluctuation apparently has a much more profound effect on intertidal
sediment distribution than has been recognized. The monthly surveys
of beach profiles and channel cross-sectional profiles provide a data
base for testing Escoffier’s (1940) basic stability concept: If inlet
stability is maintained by increased tidal scour subsequent to an in-

— filling of the main channel by increased wave action, then channel pro-
files and beach profiles adjacent to the inlet should be out of phase
with respect to erosion and accretion. The North Inlet morphologic data
appear to support this stability concept.

II. REGIONAL VARIABILITY

1. Introduction.

-
• 

Processes and morphology at North Inlet reflect its location rela-
tive to the global atmospheric circulation pattern, the tides of the
Atlantic Ocean and the ir transfo rma tion by the southeas t Atlantic

I?
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Continental Shelf , and the physiography of the Coastal Plain. On this re- 
- •

gional scale , North Inlet occupies an interesting transitional location :
to the nor th, the Outer Banks are clearly wave dominated; to the south ,
the shores of southern South Carolina and Georg ia are clearly tide domi-
nated. Phy siographically, the coastal zone north of North Inlet is
charac terized by either stra ight beaches eroding the Pleistocene main-
land (e.g. , Myrtle Beach; Brown, 1975) or narrow Holocene barr iers
fringing a system of wide shallow lagoons (e.g., the Outer Banks and
Pamlico Sound). To the south, the South Carolina and Georgia coasts
have stubby Holocene and Pleistocene barrier islands backed by exten-
sive intertidal marsh and tidal creeks (Hoyt, 1967; Hubbard and Barw is,
1976). These marsh-filled bays create a hydraulic geometry similar to
that studied by Oliveira (1970) for bays with sloping banks, and tend
to develop ebb-dominated tidal inlets.

2. Tidal Range.

Based on the morphology of sandy shorelines of the world, Davies
(1964) recognized that tidal range is the single most diagnostic
variable. He proposed the following class boundaries: microtidal
(spr ing tidal ran ge 0 to 2 meters) , mesotidal (tidal range 2 to 4
meters) , and macrotidal (tidal range greater than 4 meters). Accord-
ingly, the coast of the southeastern United States would be mesotidal
only in southern South Carol ina and Georgia , and micro tidal at Nor th
Inlet and farther north (Table 1; Fig. 2). By defining mesotidal es-
tuaries as those where sedimentary forms due to deposition by tidal
currents begin to dominate those built by waves (Hayes, 1975) , it is
found that the lower boundary of the mesotidal range in the southeast-
em United States should be adjusted downward, perhap s as far as to
1.6 meters. The North Inlet morphology (s~iring tidal range 1.8 meters)clearly fits the mesotidal models proposed by Oertel (1972) and Hayes ,
et al. (1973). The low wave energy of the southeast United States
coas t, compared to the world average (Davies, 1973), is probably the
reason behind the development of mesotidal morphology at a lower

• tidal range.

The observed increase in tidal range southward from the Outer
Banks to Geor gia reflec ts the effect of shoaling of the tidal wave
across the increasingly wider Continental Shelf. Silvester (1974)
reported a fair correlation between shelf width and tidal range for the
margins of all major world oceans. Figure 3 is a scatter plot illus-
trating the offshore distance of the 200-meter depth contour versus
the corresponding open-coast tidal range. As the tidal wave travels
onto the United States southeas t shelf , the cotidal lines intersect
the bathymetric contours at a relatively steep angle (Redfield , 1958).
Therefore , the “effective” shelf width of any coastal tide station may
be larger than the values given in Figure 3, accounting for some of
the scatter. The coastal tidal range depends on the amplitude of the
deepwa ter ocean tide , the actual shelf profile , and the infl uence of
local coastal embayments. Therefore, the relationship derived from
Figure 3 does not necessarily pertain to all shelves .

8
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Table 1. Spring and mean tidal ranges along the southeastern
coast of the United States ( from National Oceanic

— 
and Atmospheric Administration , 1977) .

Ocean station Spr ing Mean
(a) (f t) (m) (f t)

Kitty Hawk- 1.16 3.8 0.93 3.2

Cape Hatteras 1.25 4.1 1.04 3.4

Cape Lookout 1.34 4.4 1.13 3.7

Atlantic Beach 1.31 4.3 1.10 3.6

Myrtle Beach 1.83 6.0 1.55 5.1.

Winyah Bay entran ce 1.65 5.4 1.40 4.6

Cape Romain 1.68 5.5 1.43 4.7

Isle of Palms 1.86 6.1 1.58 5.2

Charleston Harbor
entrance 1.86 6.1 1.58 5.2

Microtida l 1
Edisto Beach 2, 10 6.9 1.80 5.9

Fripp Inlet 2.23 7.3 1.89 6.2
Mesotidal 1

Hilton Head 2.38 7.8 2.01 6.6

Tybee Light 2.44 8.0 2.07 6.8
1According to classification by Davies (1964).
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3. Wave Energy.

Wave energies on the southeast shelf of the United States are modem-
ate on a world scale (Davies , 1973) . Because the intensity of breaking
waves directly controls the rate of longshore sediment transportation and
significantly affects the pattern of tidal delta sand dispersal , regional
variations in wave climate influence inlet morphological development.
Since wave energy flux generally predicts the rate of coarse-grained
sediment transport, deepwater wave energy flux values were calculated
for the southeast shelf (Table 2); data were obtained from Summary of
Synoptic Meteorological Observations (SS!4~) (U.S. Naval Weather ServiceCommand, 1975) for the time period 1963 to 1971. The SSM) data squares
are outlined in Figure 4 together with the wave energy flux diagrams.

Table 2. Deepwater wave energy flux values (in units of
1010 ergs per meter per second) for the south-
eastern United States.

N. NE. E. SE. S. SW. W. NW.

Cape Hatteras 4.8 3.3 1.3 1.2 1.9 2.8 3.0 2.8

Q~arleston 3.2 3.5 1.9 1.3 2.2 2.5 3.2 2.6

Jacksonville 4.2 2 .2  1.3 1.1 1.8 1.6 1.9 3.2

Miami 1.9 2.2 2.4 1.2 0.8 0.8 0.7 1.3

These calculations show a significant decrease in total wave energy
and a general shift in the dominant flux directions toward the south .
The energy flux directions are given as those from which the waves are
coming and are, therefore, consistent with the common format for wind
diagrams . Wave energy flux is calculated from the equation :

Pf 9.58 x l0~ x H~ X T0 (1)

where I1€~ is deepwater wave height (meters) , T0 is wave period (seconds),
and Pf is the wave energy flux expressed in ergs per meter per second .
An in-depth discussion of the procedures, assumptions, and errors in-
volved in the calculations of wave energy flux values from SSMO data
is presented in Walton (1973) and Nummedal and Stephen (1976).

4. Inlet Size.

Tidal range , coastal plain geomorphology , and wave energy variations
have caused a distinct regional trend in inlet size. This size varia-
tion is expressed in Figure 5 in terms of tidal prisms, cross sections,
and hydraulic radii of the inlet throats. The data are taken from
Jarrett (1976), Finley (1976) for North Inlet , and FitzGerald, Num-
medal and Attaway (1977) for Price Inlet .  The significance of t idal
range as an overriding factor controlling inlet size is evident when
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comparing the distributions in Figures 2 and 5. In all measures of
size , the inlets reach a maximum in southern South Carolina and Georgia
and then decrease rapidly into Florida and, to a lesser extent, into
North Carolina. Inlet shoal development shows an interesting relation-
ship to the depth of the main channel. All inlets listed in Figure 5,
which are at least as deep as Price Inlet (hydraulic radius equal to
5.2 meters), appear only to have developed ebb tidal deltas (outer
shoals) ; the inlets shallower than Price have developed both ebb tidal
and flood tidal deltas (inner shoals).

5. Storm Frequencies.

Since the initiation of geological studies at North Inlet in 1972,
only two storm events have caused significant morphological changes at,
and adjacent to, the inlet. The storm of 10 and 11 February 1973, which
was classified as a moderate to severe storm (U.S. Army, Corps of Engi-
neers, Coastal Engineering Research Center, 1977) , caused erosion up to
31.3 cubic meters per linear meter of beach (Finley, 1976). Another
storm on 23 and 24 September 1974, classified as light to moderate,
caused up to 13.0 cubic meters of erosion per linear meter (Kana, 1977).
Hurricane Hazel , by compar ison, eroded up to 52 cubic meters per meter
at Myrtle Beach in 1954 (U.S. Congress, 1966).

These observations indicate that despite intensive sediment trans-
portation and redeposition during storm events, such events may be too
rare to significantly affect the long-term morphologic development of
a system like North Inlet . As pointed out by Davies (1973), the South
Carolina coast is south of the American east coast storm environment.
Fox and Davis (1976) also reported that most extratropical cyclones
(“northeast” storms) pass to the north of the South Carolina coast.

Tropical storms and hurricanes do occas ionally hit the South Caro-
lina coast; however , the frequency is substantially less than that at
the Outer Banks (Fig. 6). According to Meyers (1975), the annual prob-
ability of hurricane force winds (windspeed in excess of 120 kilometers
per i~our) striking within an 80-kilometer segment of coast in northern
South Carolina is about 0.050. This corresponds to the one hurricane
landfall every 20 years.

It was assumed at the initiation of this study that 2 weeks of
measurements every season would give representative .amples of the
annual population of process parameters controlling inlet morphologic
response. The low frequency of cyclones (tropical and extratropical)
crossing the shoreline near North Inlet appears to just i fy that as-

— sumption.
I I I .  TIDAL HYDRAULICS

1. Introduction. -

One fundamental objective of the North Inlet proj ect was to document
the hydraulic conditions of this unmodified tidal inlet. Three tide
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gages were operated throughout the study period from July 1974 to May
1976. Leupold and Stevens float gages in 30-centimeter culverts sup-
ported by S-centimeter water pipes jetted into the channel bed were
installed at the intersection of Town and Debidue Creeks and at Jones
Creek (Fig. 7). A Bristol bubbler gage with the orifice just seaward
of North Island (Fig. 7) was used to record tidal fluctuations in the
ocean .

To complement the tide gaging program, current velocities were
monitored with an ENDECO directional current meter for a number of
13-hour periods at stations located at the inlet throat and at cross
sections of Town and Jones Creeks, changes in the hydraulic geometry
of the inlet system over time were measured by repetitive longitudinal
and transverse channel surveys with a Bludworth fathometer.

Finley (1976) presented a comprehensive analysis of the first
year ’s tidal hydraulics data in terms of (a) the relationship between
inlet throat cross-sectional area and the tidal prism, (b) the varia-
tions in tidal prism with tidal phase, Cc) the relation between ocean-
bay water surface differentials and current velocities for hydro-
graphic measurement periods, Cd) variation in channel friction co-
effi cient (Manning ’s n) over the same tidal cycles , and (e) the
efficiency of tidal exchange through the inlet expressed by Keulegan ’s
(1967) repletion coefficient.

The analysis of the second year ’s tidal hydraulics data emphasizes
other aspects of the hydraulics as well as some of Finley ’s points in
order to achieve as complete a characterization of inlet behavior as
possible. Computer printouts of a large number of both raw and reduced
hydraulic data are given in Appendixes A to G.

2. Hydraulic Geometry.

North Inlet drains about 23.7 x 106 square meters of marsh , chan-
nels , and shallow bays (based on planimetry of U.S. Department of Agri-
culture vert ical air photos) . The drainage boundary between the southern
part of the North Inlet system and the tributaries to Winyah Bay is
poorly defined and fluctuates somewh at , depending on the stage of the
rivers draining into the bay, the tidal phase, and seasonal fluctuations
in sea level. These factors may introduce about S-percent variability
into the above figure.

The ocean tidal wave is distorted by passage through the tidal inlet
(Boon , 1973; Byrne and Boon, 1976; Numeedal, FitzGerald, and Humphries ,
1976) due to the presence of water 1.vel dependent impedance factors
like changing channel cross section , variations in bay surface area
and bottom friction. As demonstrated by Brown (1928) and Keulegan
(1967), the ratio between the bay surface area, A .,, and the inlet
throat cross-sectional area, A

~
, significantly affects the efficiency
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of water exchange between the ocean and the marsh (bay). Values for Ab
were obtained by planimetry of the creek surface area on one vertical
air photo (COW 2K) taken near mean low water (MLW) and another (USDA
A40) obtained near MSL. Unfortunately, Ab could not be determined for
spring low water. For any water stage above MSL, significant parts
of the marsh are inundated, and Ab cannot be estimated except at spring
high tide when the vegetation change at the high water line can be used
to trace the entire marsh outline. Ac values were directly obtained
from fathometer records at the inlet throat, calibrated by the surveyed
distance between two transect end markers . To relate Ab and Ac to the
same tide stages, spring high was taken as 90 centimeters above MSL,
and •MLW was set at 70 centimeters below MSL. Table 3 summarizes the
results.

Table 3. Bay water surface area, Ab, and
inlet throat flow area, Ac, as
functions of water level.

Water level Ab Ac
(106 m2) (m2)

Spring high water 23.66 1,680

Mean sea level 7.33 1,475

Mean low water 6.32 1,330

Ab varies by a factor of 3.74 through the tidal cycle; Ac only changes
by about 1.26 for the same water level range. Therefore , the ratio
Ab/k, which controls inlet impedance according to Keulegan ’s (1967)
analysis, is 2.9 times larger at spring high than at MLW . These varia-
tions appear to be typical for South Carolina inlets. FitzGerald ,
Nuimnedal, and Kana (1977) documented the Ab/Ac ratio for Price Inlet
as about 2.7  times larger at spring hi gh than at MLW.

These conditions are at variance with the geometry of the Wacha-
preague Inlet system in Virg inia (Byrne , Bullock , and Tyler , 1975) ,
which includes large open bays that reduce Ab variations.

A complicating factor which is not pursued any further in this study
is the time of travel of the tidal wave in the shallow creek system.
The distance from the North Inlet throat section to the most distant
head of a tidal creek is about 6 kilometers , with a “typical” channel
depth at low water of 2 meters . The celerity of a free wave in such
a channel is 4.43 meters per second, giving a maximum traveltime of 22
minutes for the tidal wave to reach the perimeter of the tidal system.
Water level adjustments on the shallow intcichannel marsh surface are
substantially slower. Therefore, at any tide stage, there are water
surface slopes within the tidal creek-marsh system which affect the hy-
draulics at the measured sections in an unknown way.
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The rapid changes in channel hydraulic geometry required repetitive
surveys of designated cross sections on, a monthly basis. Figure 8 shows
the locations of the monitored sections as well as the “typical” profile
for the 1975-76 field year. All fathometer profiles have been tied to
a common re ference datum used for the tide gages by means of the gage
record obtained at the time of each survey. Appendi x A contains pro-
files obtained for (a) the inlet throat , (b) Town Creek , (c) Jones
Creek , and (d) the flood tidal delta , from J~the 1975 to May 1976 .

The inlet throat profile shows a distinct separation between the
nearly 8-meter-deep main ebb channel to the south and a wide intertidal
to shallow subtidal platform made up of the channel-margin linear bar
and marginal flood channel to the north. Only a small percentage of the
tidal prism passes over the intertidal platform . However, large varia-
tions in throat cross-section area are accounted for by depth changes on
this platform . The total throat cross section varies by a factor of 1.34
between a high of 1,679 square meters in November and an all time low of
1,255 square meters in May. This variation is probably a reflection of
the seasonal change in ~~L. High ~~L in November increases the mean
daily tidal prism and scours the channel floor. However, the low MSL in
May reduces the tidal prism. The throat section, in turn, adjusts by a
decrease in size in accordance with Escoffier’s (1940) stability concept.

The cross-sectional areas of Town and Jones Creeks (Table 4) appear
to undergo seasonal variations in phase with the throat section. Dc-
Alteris and Byrne (1975) recorded a seasonal pattern of variation in
inlet flow area consistent with the one detected at North Inlet.

Table 4. Monthly channel cross-sectional areas below MSL
(in square meters).

Date Town Creek Jones Creek Inlet Throat
June 1975 1,091 (+4)1 490 (-2) 1.585 (+7)
July 1,087 (+3) 520 (+4)
Aug . 1 ,034 (-2) 470 (-6)
Sept. 1,124 (+7) 483 (-4)
Oct. 1,238 (+15) 510 (+2) 1,445 (-2)
Nov. 1,056 (+5) 500 (0) 1,679 (+12)

-
— 

Dec .
Jan. 1976 862 (-18) 407 (-19
Feb. 1,177 (+11) 548 (+9) 1,298 (-12)
Mar . 863 (-18) 515 (+3) 1,676 (+12)
Apr. 1,033 (-2) 593 (+16) 1,388 (-6) t
May 956 (-9) 473 (-6) 1,255 (+15)

Mean 1,051 501 1,475
1Percent change from the mean.
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3. Tidal Currents.

a. Theq~y. Keulegan (1967), King (1974), and Seelig, Harris , and
Herchenroder (1977) have presented theoretical models which permit the
derivation of inlet current histories given the ocean tide and the hy-
draulic geometry of the system as inputs. Keulegan’s model and its
applicability to the North Inlet system was discussed by Finley (1976).
The models by King and Shemdin (1975) and Seelig, Harris, and Herchen-
roder (1977) include factors not represented in Keulegan’s model: iner-
tial effects, discharge into the bay from sources other than the tidal
inlet, and variations in bay and throat section areas .

The equations governing flow from the ocean through a constricted
inlet into a bay are the equations of motion and of continuity. These
can be formulated as:

g(H2 - H1) = Lc + (1 + L~) u l u l  (2)

and
dH

(3)

where u is the m ean velocity at the inlet, L~ is the entrance length,r’ is the square law friction coefficient given by r’ = a/ p  x u2 . H2
and Hl are the ocean and bay surface elevations, W is discharge into
the bay by sources other than the inlet, d is the water depth in the
inlet, p is the density of water, and a is the bed shear stress.

The equations show that (a) the water surface elevation differ-
ential is proportional to the square of the mean current velocity, (b)
that the flood duration is different from the ebb duration when Ac and
A1. vary over the tidal cycle, (c) that peak (and mean) ebb velocity may
be different from peak (and mean) flood velocity , and (d) that the bay
tidal range general ly is different from that of the ocean (Nummedal,
FitzGerald, and Hi.nnphries, 1976).

This section disc usses the North Inlet hydraulic data in light
of the hydraulic principles outlined above.

b. Data. Tidal current velocity data were obtained during 23 tidal
cycles between June 1975 and May 1976. Locations of the individual
current measurement stations are shown in Figure 9. The distribution
of observations per station is summarized in Table 5. Each current
velocity was calculated as the arithmetic mean of individual readings
obtained from a vertical array of current meter positions spaced 1
meter apart. As discussed by Finley (1976), the vertical current velo-

— city variation was invariably low , because density stratification
generally is absent, and bottom drag only affects the near-bottom flow
layer. For this analysis, water surface differentials were directly
measured off the raw tide records and hand-plotted. The gages had
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been surveyed to a common reference datum (Finley, 1976). The discon-
tinuous tide records made it impossible to derive water surface differ-
ential time series for more than half of the data sets (Table 5).

Sample plots of current velocities versus the corresponding water
surface differentials are shown in Figure 10; the complete data set is
contained in Appendix B.

The water surface differential plotted in the Jones Creek figures
refers to that between the ocean and Jones Creek gages. The differen-
tial tised in the Town Creek and inlet throat figures refers to that be-
tween the ocean and Town Creek gages .

c. Analysis. Figure 10 and Appendix B demonstrate that the current
velocity curves are asymmetric with higher ebb than flood velocities.
They are also asymmetric in time, with peak ebb velocity occurring a-
bout halfway between ocean high and low water; peak flood velocity oc-
curs shortly before ocean high. The flood, consequently, lasts longer
than the ebb. Examples of similar time-velocity asymmetries are known
from many tidal systems ()~lein, 1970; Hayes, et al., 1973; Boothroyd
and Hubbard, 1975; Hin~, 1975) and reflect the presence of differential
impedance to inlet flow at high and low water.

A number of environmental factors affect each set of tidal hydro-
graphic observations. Therefore, reliable quantification of hydraulic
process parameters must be based on a statistical analysis of a rep-
resentative sample.

For the statistical analysis, the following variables were def ined
from Appendix C: VFMAX, peak flood velocity in a given tidal cycle
(centimeters per second); VEMAX, peak ebb velocity (centimeters per
second); DELTF, time (in hours) between peak flood velocity and subse-
quent high water in the ocean; DELTE, time between high water in the
ocean and subsequent peak ebb velocity; LAGH, time between ocean high
tide and subsequent station slack; LAGL, time between ocean low tide and
subsequent station slack. Data sets of 100 for the 1975-76 season (App.
C) and 45 for the 1974-75 season were obtained. Summary statistics are
presented in Table 6. Both years, peak ebb velocities exceeded peak
flood. For all velocity stations combined, the peak ebb velocity in
1975-76 was 82.8 centimeters per second which was compared to 70.7
centimeters per second for the flood , an average peak ebb velocity
1.17 times the average peak flood. In 1974-75, the peak ebb velocity
exceeded peak flood by as much as 1.26. Peak velocities during in-
dividual tidal cycles covered a wide range. Over the 2 years of study,
peak ebb velocities ranged from 30 to 156 centimeters per second ;
peak flood velocities ranged from 24 to 128 centimeters per second .

The ebb dominance of the inlet circulation is even more pronounced
when the individual velocity sections are considered separately
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Table 6. Summary statistics on North Inlet current parameters
and hydraul ic lag constants, 1974 to 1976.

Variable1 N Mean Median Std. dev. J M m .  Max.

___________ ________ 
1974—75 

_______ ________

VFMAX 45 70.60 70 
- 

22.94 26 128

VEMAX 40 88.43 84 18.10 59 156

DELTF 42 1.55 1.6 0.65 0.2 2.9

DELTE 32 3.45 3.3 0.45 2.5 4.4

LAGH 35 0.86 0.75 0.39 0.1 2.0

LAGL 20 0.87 0.65 0.54 0.3 2.1

1975-76

VFMAX 92 70.74 67 22.60 24.0 125

VEMAX 91 82.80 80 2E.57 30.0 150

DELTF 92 1.33 1.25 C.62 0.0 3.0

DELTE 82 3.06 3.03 0.72 0.9 4.8

LAQI 89 0.81 0.8 0.37 0.0 1.9

LAGL 58 0.52 0.45 0.32 0.0 1.6

1Names defined in text , symbols listing , and Appendix C.
(Table 7). For the throat section, the peak ebb velocity exceeded the
peak flood by a factor of 1.32 in 1974-75 and 1.22 in 1975-76.

This degree of ebb current dominance over flood currents through the
inlet throat is comparable to Price Inlet where FitzGerald , Nummedal, and
Attaway (1977) document an average peak ebb velocity 16 percent larger
than the average flood over a dat a set of 12 complete tidal cycles. How-
ever, New Corpus Christi Pass, connecting the microtidal Gulf of Mexico
to the open Corpus christi Bay, is dominated by floodtides . The average
peak flood velocity, over eight tidal cycles measured in 1972-73, exceeds
the ebb by as much as 33 percent (Behrens , Watson , and Mason , 1977) .
These current asymmetries are consistent with equations (2) and (3)
when A~, and Ac vary during the tidal cycle in accordance with local
hydraulic geometries.

Currents at the Town Creek and Jones Creek velocity sections are
weaker than those at the throat section by about 83 and 76 percent,
respectively, for peak flood, and by 79 and 70 percent, respectively, for
peak ebb. Calculations indicate that about 7 percent of the mean tidal
prism (including flow up Sixty Bass Creek) is stored between the throat
and the two velocity sections , and that the combined flow areas of Town
Creek and Jones Creek are 5 percent larger than the cross section at the
throat (Table 5). These two factors appear adequate to explain the
reduced current velocities in the tidal creeks.
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Table 7. Summary statistics, by channel section, on North Inlet
current parameters and hydraulic lag constants.

1974-75 1975-76
Variable 1 

N Mean Std. dev. N J Mean J Std. dev.
Inlet throat (ITN, ITS) 

_____ 

(FCN, ITN , ITS )
VFMAX 6 85.13 33.36 25 83.05 24.89
VEMAX 6 112.00 26.37 24 101.05 23.48
DELTF 6 1.58 0.60 25 1.63 0.71
DELTE 6 3.68 0.58 20 2.94 0.59
LAGI! 6 1.02 0.39 22 0.80 0.32
LAGL 4 0.68 0.53 14 0.34 0.15

Town Creek (TCN 1, TCN2, TCN3) _____(TCN1, TCN2, TCN3)
VFMAX 24 72.74 18.83 37 66.79 20.55
VEMAX 21 87.86 11.78 37 80.57 25.44
DELTF 21 1.70 0.62 37 1.34 0.52
DELTE 15 3.42 0.42 37 3.05 0.69
LAGH 18 0.79 0.26 41 0.85 0.39
LAGL 8 0.69 0.30 28 0.59 0.36

Jones Creek (JCN 1, JCN 2) 
______ 

(JCN 1, JCN 2)
VF MAX 15 61.33 20.58 30 T 65.57 19.96
VEMAX 13 78.46 6.74 30 70.17 0.61
DELTF 15 1.28 0.70 28 1.10 0.69
DELTE 11 3.35 0.46 30 I 2.84 0.35
LAGI-I 11 0.86 0.76 25 I 0.74 0.31
LAGL 8 1.09 0.74 17 0.53 

____________1Name s defined in text , symbols listing , and Appendix C. 
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Frequency distributions for variables VFMAX and VEMAX (Apps . C and
D) illustrate a pronounced unimodal distribution, consistent with semi --
diurnal tides with only minor diurnal inequality.

Variables DELTF and DE LTE express the current time asymmetry with
respect to the ocean tidal cycle. This time asymmetry shows no statis-
tically significant variation between stations or years (Table 7). Gen-
erally, peak flood occurs 1.44 hours before ocean high, and peak ebb

• occurs 3.26 hours after ocean high (Table 6). The frequency histograms
for these variables (Apps. C and D) are all strongly skewed. Random fac-
tors like meteorologic tides, measurement errors , and resolution limits
produce a normal distribution. The existence of a sharp cutoff on the
right side of the distribution in three out of four histograms reflects
the tendency of the inlet flow system to establish equilibrium by in-
creasing surface slope, and, consequently, current velocity in response
to a delay in adjusting the bay surface to the elevation of the ocean.

The tidal lags (i.e., the times between ocean extremes and station
slacks) were also unequal (Table 6). High water lag averaged 0.81
hour; low water lag averaged only 0.52 hour (mean lag values for the
1974-75 season are not included here because the standard deviations
of the distributions are as ~arge as the means). The frequency histo-
grams (Fig. 11) illustrate the difference between high and low water
lags even better than the means. The low water lag mode for 1975-76
was at zero , illustrating that there is a larger number of measured
tidal cycles with no low water lag than any other class. The high
water mode, on the contrary, was at 1 hour for 1975-76 and at 0.86 hour
for 1974-75. Equations (2) and (3) predict less flow impedance (or
greater exchange efficiency) at low values of Ab/Ac than at high; i.e.,
the bay water level adjusted much more easily to that of the ocean at
low water than at high . This agrees with the observations.

Different lags for high and low water were also observed at Govern-
ment Cut, Florida (O’Brien and Dean, 1972). At high tide, the lag was
52° or 1.79 hours. At low tide , it was 600 or 2.07 hours . The fact
that low tide lag exceeded high tide lag was probably due to the hy-
draulic geometry of the system. Government Cut links the ocean to the
large Miami Harbor and Biscayne Bay rather than a marsh-tidal creek
system.

It is apparent at this point that knowing the average lag and the
average Keulegan repletion coefficient for a tidal cycle is not ade-
quate. Net sediment discharge and, consequently, the morphological
development of the entire inlet sys tem, are controlled by the flow
asymmetry which is related to the “variation” in the lag and repletion
coefficient over time. Table 8 summarizes the high tide and low tide
median lag values for North Inlet for the 1974-75 seasons (median
values represent the central tendency of skewed distributions like
those in Fig. 11 better than the mean). K is consistently larger
at low water than at high, demonstrating a more efficient water ex-
change.
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Table 8. Median phase lags measured at the throat section at North
Inlet; predicted Keulegan repletion coefficients (K) and
relative bay tidal amplitude (ab/ao) (K and ab/ao from
O’Brien and Dean , 1972) .

Lag
Season Tida l stage Hours Degrees K ab/ao
1974-75 Low 0.65 18.6 1.32 0.95

High 0.77 22 .3  1.22 0.92
l9~75-7b Low 0.45 13.1 1.60 0.98

High 0.78 22.6 1.22 0.92 
—

The predicted tidal amplitudes compare fairly well to those
actually observed. The average of the Jones and Town Creek amplitudes
relative to that in the ocean is 0.95 for the 1974-75 data (Finley,
1976) and 0.92 for the 1975-76 data.

To summarize the discussion of tidal lags and time velocity asym-
metry, Figure 12 illustrates the “average” conditions at North Inlet.
This tidal cycle has a period of 12.4 hours, and the ocean tide is at
MSL at time t = 0 hour. At t = 1.66 hours, a peak flood velocity of 84
centimeters per second is attained; 1.44 hours later, at t = 3.1 hours,
the ocean tide is at its high with bay high being attained 0.77 hour
later or at t = 3.87 hours. At 3.26 hours after ocean high , a peak ebb
current of 107 centimeters per second occurs , and 2.94 hours after that,
at t = 9.3 hours, the ocean reaches low tide. However, the bay continues
to ebb to reach low water 0.55 hour later; i.e., at t = 9.85 hours. At
t = 12.4 hours, the ocean surface returns to MSL. For this tidal cycle,
the inlet currents flood for a total of 6.42 hours and ebb for 5.98
hours , a difference of 0.44 hour or 26 minutes. This compares to an
average duration difference of 42 minutes at Price Inlet (FitzGerald .
Nuinmedal, and Attaw ay , 1977) and 26 minutes at Wachapreaque Dock in
Virginia (Boon , 1973) .

To test for the correlation between inlet current velocities and
water surface diffe rentials , hourly velocity readings at each individual
station and the corresponding surface differentials (App. F) were ana-
lyzed by a simple correlation routine. Table 9 is a simplified output
matrix; a complete correlation matrix and some scattergrams are included
in Appendix E. Variable names DELTOW and DELJON refer to water surface
differentials at Town Creek and Jones Creek , respectively. DIFT and DIFJ
refer to the absolute values of sane. VELT, VELJ, VELM and AVELT , AVELJ ,
AVELM refer to the mean velocities and the absolute values of the mean
velocities at Town Creek, Jones Creek, and the inlet throat, respectively.

The linear correlations between the mean veloc ities of any section
and the corresponding water surface differentials are fair. For example,
the correlation is 0.78 between the instantaneous mean velocity at the
Town Creek section (yELl) and the water surface differential between
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Table 9. Correlation .atrices between water surface
differential values and current velocities, 1975-16.~

— 
ILLTOW DELJON VELT VELJ VEUI

D€L1~,)W
2 1 190 91 87 64

DSIJON 0.51 
- 

1 93 89 69

VELT 0.78 0.75 1 66 11

VELJ 0.79 0.83 
— 0.97 1 22

WIN 0.86 0.88 0.95 0.98 1

- 
DIFT DIFJ — AVELT AVELJ 

_________

DIPT 1 190 91 87 
__________

DIFJ 0.63 1 
— 

93 89 —________

AVELT 0.54 0.38_ 1 66 
_________

AVELJ 0.50 0.53 0.90 1 
_________

1Nuabsrs below the diagonal Live the Pearson correlation
coefficients. Nuabers above give the nuaber of data pairs
used in the same calculations.
2Naaes are defined in text, syabol listing, and Appendi x E.

the ocean and Town Creek gages (DELTOW) . Similar correlation coeffi-
cients characterize the other linear regressions. However, the correla-
tion coefficients decrease when the absolute values of the variables are
considered. The correlations between the water surface differentials
and the square of the velocities are also poor. Equation (2) indicates
that the square of the current velocity is proportional to the water
surface differential. However, the fact that both variable ranges in

— these correlations are reduced to about one-half by using the absolute
(or square) values gives the data an apparent increase in scatter. The
good linear correlation does support equation (2); failure to obtain
improved correlation by using the velocity squared does not contradict
it.

4. Tidal Curves.

All tide records were digitized and hourly water surface elevation
values were output on cards and verified . Tidal curves were plotted
from the punched records. All output was plotted on a monthly basis
regardless of the duration of the record. Sample outputs are shown in
Figure 13, and the complete set of plotted curves is in Appendix F.
All tidal curves are referenced to a common datum of 205 centimeters
below the “INLET” triangulation station . The tidal curves are not con-
tinuous because of logistics problems . The availability of tide re-
cords for each gage is summarized in Appendix F.

- - -  
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The curves illustrate well the semidiurnal tide, the variations in
diurnal inequality, and the tidal range fluctuations. For the ocean
gage, the diurnal inequality at tropical tides can reach 55 centimeters
with most of the inequality generally due to unequal high water levels.
At equatorial tides , the inequality is all but nonexistent. The daily
mean tidal range varies by as much as 60 centimeters from an average
spring range of 175 centimeters to a neap range of only 117 centimeters.
The mean tidal range and 1~tSL were calculated for selected 2-week periods.The mean annual tidal ranges were computed , in turn , as the arithmetic
mean of the 2-week ranges . Tidal ranges for the 1975-76 field year and
1974-75 ( from Finley, 1976) are :

1975— 76 1974-75
(cm) (cm)

Ocean gage 167 151
Town Creek 140 145
Jones Creek 135 140

5. Water Surface Diffe rentials.

Scarcity of overlapping tide records limits the number of differ-
ential curves. Computer-plotted differential curves for the period 28
April to 12 May 1976 (Fig. 14) demonstrate good correspondence with the
hand-plotted differentials in Appendix B. Typically , peak diffe rentials
ranged from about 10 to 20 centimeters at neap tides (1 to 4 May) to
about 30 centimeters at spring (12 May). The jaggedness of the differ-
ential curves is probably attributed to random errors. Normally, most
irregularities occur near slack water (0 differential) at a time when
both measurement error and weather-induced level fluctuations are most
noticeable. Figure 14 demonstrates that throughout most of the time
period, peak ebb differentials seem to equal those for peak flood. At
springtides , however , the seaward slopes are clearly the dominant ones.
This indicates that the ebb flow dominance and the consequent net sea-
wa rd sediment transport are to a large extent caused by the spring tides .

6. Spectral Analysis.

A spectral analysis was made of the water level time-series data
for a number of 2-week periods of overlapping tide records for the
ocean gage and at least one of the two bay gages (Table 10).

The first six time periods (Table 10) of records contained 360
hourly water leve l observations . The absolute value of the calculated
spectral density function was compared from one record to another , and
an increase or a decrease in the relative contribution of a given har-
monic component was determined.

The procedure adj usts the mean of the sample to zero and then
creates a raw periodograin and a spectral density function as measures
of the variance explained by a simple harmonic oscillation of a given
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Figure 14. Water surface differential curves for
the period 28 April to 12 May 1976.
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Table 10. Water level time-series data subjected to spectral analysis.1

Date Ocean gage Town Creek Jones Creek
9 to 23 July 1975 x - x

26 Oct. to 10 Nov. 1975 x x x

8 to 23 Dec . 1975 x - x

2 to 17 Jan . 1976 - X X

14 to 29 Mar. 1976 x x x

l t o lS May l976 x x x
26 Oct. to 31 Dec. 1975 - - x

1Spectra are presented in Figure 15 and Appendix G.

frequency. The cutoff frequency is that corresponding to twice the
observation interval . In this analysis , T cutoff equals 2 hours .
Since

2ir
T (4)

f cutoff =

Calculations were made for 180 frequency values less than ir; the fre-
quency interval between each successive spectral density estimate
was 0.0175 cycle per hour. To facilitate reading Figure 15 and the
spectra in Appendix G, Table 11 presents the relation between fre-
quency and period calculated according to equation (4).

Table 11. Radian frequency, f, in cycles per hour versus period, T.
f 3.14 2.09 1.57 1.26 1.05 0.89 0.78 0.70 0.63 0.57 0.52

1 2 3 4 5 6 7 8 9 10 11 12

The ordinate of the spectral density diagrams is expressed in units
of meters squared times hours or (21T/f) meters squared.

The distinctly semidiurnal tidal characteristics at North Inlet
are expressed by the dominance of the 0.5 cycle per hour peak which
corresponds to a period of 12.4 hours . Typically , the spectral den-
sity value for this semidiurnal peak is about 50 times larger than
that for the diurnal peak (Table 12) . The semidiurnal solar constit-
uent , S2 and the lunar constituent , M2, are too similar in fre-
quency to be resolved by the bandwidths used; the same applies to the
diurnal components , Sl and Ml . However , it is not necessary for
these components to be resolved. An approximate tidal form number
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Figure 15. Spectra l density functions for 2-week records
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Table 12. Spectral densities for tidal harmonic components M1, M2, Mk,
M6, and M8 at ocean gage , Town Creek , and Jones Creek , 26
October to 10 November 1975.

Station M1 M2 M~ M6 H8

Ocean gage 0.08 5.5 0.004 0.0005 0.0003

Town Creek 0.07 3.6 0.01 0.003 0.0003

Jones Creek 0.08 3.6 0.01 0.003 0.0004

M 1/M2 M~ /M2 M6/M 2 M 8/M2

Ocean gage 1.5 x l0 2 7.3 x l0~~ 9.1 x 10~~ 5.5 x 1O~~

Town Creek 1 .9 x 10 2 2.8 x lO~~ 8.3 x 10~~ 8.3 x l0~~

Jones Creek 2.2 x l0 2 2.8 x l0~~ 8.3 x l0~~ 1.1 x l0~”

(Defant, 1958) can be calculated if it is assumed that the Ml and M2
values of Table 12 equal the sum of the correspond ing lunar and solar
component values. The mean values of the form number F, def ined as

(5)

are F (ocean) equals 0.0145, F (Jones Creek) equals 0.0194, and F
(Town Creek) equals 0.0222. All demonstrate a strong semidiurnal form.

Figure 15 and Appendix G demonstrate the presence of shallow-
water tidal components of higher than semidiurnal frequency. These
include the M1, M6, and M8 components, the overtidee, labeled on
all spectra, as well as other peaks possibly due to interactions be-
tween the major tidal constituents. Table 12 summarizes the magni-
tude of the overtide spectral densities at the three gage sites for
a “typical” 2-week period, 26 October to 10 November 1975. The high
frequency overtides have spectral densities ranging from about 3 x
10 ~ to 5 x 10 ~ times that of the semidiurnal component. Therefore,
the significance of these overtides is due more to their amplifica-
tion with the passage of the tidal wave through the inlet, than their
absolute magnitudes . Table 12 demonstrates that the amount of vari-
ance in the tide record, accounted for by the M4 overtide , increases
by a factor of 4 as the tidal wav e progresses from the ocean to the
bay gages. The other overtides considered, M6 and M8, also appear to
account for more of the variance in the bay spectra than in the ocean
spectrum. Since the tidal wave had traveled across a wide shallow
swash platform before it was recorded by the ocean gage (Fig. 7),  sig-
nificant shallow-water components were already present in this record.
The total amplification of the overtides from deep ocean water to bay
conditions was even larger than indicated by these figures.
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Low-frequency harmonics (periods more than 12 hours) do not change
much due to tidal wave progress through the inlet (Fig. 15 and Table
12). Therefore, the tidal inlet acts as a low-pass filter for tidal
wave travel from the ocean to the bay-marsh system. The amplification
of the overtides suggests that inlet impedance is a time-varying factor
introducing higher order harmonics, through a series of nonlinear terms
in the flow equations (eqs. 2 and 3). The results of the spectral
analysis are conceptually consistent with the hydraulic data presented
in this section and Figure 11. The amplification of overtide anipli-
tudes in shallow water has also been found at Wachapreague (Boon,
1973) and at Chesterf ield Inlet, Northwest Territories (Budgell, 1976).
7. Inlet Equilibrium.

Empirical studies of Pacific coast inleis by O’Brien (1931) demon-
strated that the cross-sectional area of the inlet throat is propor-
tional to the tidal prism, according to the equation:

Ac = 4.69 X i~
-
~ P

085 
, 

(6)

where Ac is the minimum flow section of the inlet (throat) measured be-
low MSL ( in square feet) ,  and P is the diurnal or spring tidal range (in
cubic feet). O’Brien (1969) and Johnson (1973) introduced slightly
different equations expressing the same equilibrium concept.

Escoffier (1940) and Inman and Frautschy (1966) discussed the equi-
librium concept in detail , stating that a stable inlet cross section
is maintained by a balance between the amount of sediment scoured by
tidal currents and the amount supplied as wave-generated longshore
drift. Therefore, an inlet equilibrium equation should include both
tidal prism and wave energy as independent variables. A development
in this direction has been provided by Jarrett (1976) who investigated
108 tidal inlets along the coast of the United States. Jarrett con-
cluded that natural or single-jettied inlets on the Atlantic coast
have larger cross sections for a given tidal prism than on the Pacific
coast, presumably because of the lower wave energy on the east coast.
Using the same symbols and units as in equation (6), Jarrett’s equa-
tion for east coast natural inlets is:

A — 5.37 x 10 6 pl.Ol (7)

Based on channel hydrography measurements and throat section fathometer
profiles, the flood, ebb, and mean daily tidal prisms were calculated
(Table 13) for each data set between May 1975 and May 1976. Throat
cross sections were precisely measured during 11 hydrography periods.
These data sets and Finley’s (1976) data for the previous year were
plot ted on Jarrett’s (1976) equilibrium diagram ~Fig. 16).

All data points plot well within the 95-percent confidence limit on
Jarrett ’s empirical diagram, indicating that North Inlet is at a state of
long-term stability. The scatter of the data points reflects measurement
errors, meteorologi c tides, tidal exchange between the North Inlet system
and Winyah Bay, and significant annual variations in sea level.
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Table 13. North Inlet ebb and flood tidal discharge.
Prism

Date Tide Flood Ebb Mean Mean

Millions of m 3 10 8ft 3

1975
24 May Spring 24.066 15.724 19.895 7.025
10 June Spring 29.088 21.773 25.430 8.979
14 June Mean 19.894 21.341 20.617 7.280
17 June Neap 18.464 19.123 18.794 6.636
21 June 1 Mean 15.631 12.820 14.225 5.023
29 June Mean 12.942 18.918 15.930 5.625
26 Aug. Mean 13.658 15.311 14.490 5.116
26 Sept. Mean 14.630 16.092 15.360 5.424
29 Sept. Neap 18.446 18.706 18.580 6.561
2 Oct.1 Mean 24.926 23.022 23.980 8.467
4 Oct. Spring 19.336 24.008 21.672 7.652
24 Nov. Mean 18.630 21.186 19.908 7.029 ——
1976
7 Jan.’ Mean 11.700 10.800 11.250 3.972
10 Jan.1 Neap 8.071 8.586 8.329 2.941
15 Jan . Mean 18.515 23.274 20.894 7.378
17 Jan. Spring 19.555 29.530 24.543 8.666
17 Feb.’ Spring 20.534 21.614 21.070 7.439
15 Mar.1 Spring 21.395 18.047 19.721 6.964
22 Mar.1 Mean 10.393 7.844 9.119 3.220
24 Mar. Neap 8.550 8.233 8.392 2.963
27 Mar. 1 Mean 11.963 14.854 13.410 4.735
27 Apr.1 Mean 15.732 10.145 12.940 4.569
19 May1 Mean 13.104 12.880 12.992 4.588

1Based on throat section stations .
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Figure 16. Tidal prisms versus throat cross-sectional areas for North
Inlet between July 1974 and May 1976 .
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Figure 17 presents a correlation diagram of 10 measurements of tid-
al prism and the ocean tidal range ,.R,~, using both the data in Table
13 and the recorded tidal ranges. The regression equation is:

P = 12R0 — 5.10 (8)

where P is measured in 106 cubic meters and R0 in meters. The Pearson
product moment correlation coefficient, r, equals 0.94. This correla-
tion clearly demonstrates that tidal prism is a direct function of the
available storage volume in the marsh-creek system. A good linear c’~r-
relation for Price Inlet was demonstrated by FitzGerald, Nummedal , and
Kana (1977) by averaging hourly water level readings.

8. Seasonal changes in Sea Level.

MSL (relative to a reference datum) was calculated for 2-week cy-
d e s  from the available ocean , Town Creek , and Jones Creek gage re-
cords. The resulting MSL curve is shown in Figure 18. A seasonal
pattern of high sea level in the fall, an alltime low in mid-winter,
and a secondary high in mid-spring is quite evident. The measured
annual range at the creek gages is about 34 centimeters, the infer-
red ocean range is about 45 centimeters . Annual sea level changes
significantly affect the sedimentation and patterns of morphologic
change of the -intertidal zone (Sec. V, 4). To assess the applicability
of certain North Inlet morphologic results to inlets in general, the
geographic variations in and reasons for the sea level fluctuations
will be discussed in some detail.

Pronounced seasonal variations in sea level are found at nearly
all coastal locations (Ma rmer, 1952; Pattullo , et a l . ,  1955; Pattullo,
1966), although the pattern of variation changes from place to place.
For Charleston Harbor, Pattullo, et al. (1955) reported an annual
high in October of 17 centimeters above MSL and a low in January of
8.7 centimeters below MSL, based on tide records from 1921 to 1946.
There was no indication of a secondary spring high in that record.
In the Gulf of Mexico, an interesting increase in the secondary spring
high toward the west was observed (t4armer , 1952; Pattullo, et al.
1955). At Key West, no spring high was observed. At Port Isabel
(Mariner , 1952), and at the New Corpus Christi Pass (Behrens , Watson,
and Mason, 1977), a pronounced spring high was observed. The sea
level curve in Behrens , Watson, and Mason ( 1977) corresponds closely
to the one for North Inlet (Fig. 18).

A number of factors can contribute to annual changes in sea level.
Pattullo (1966) listed (a) variations in water temperature, (b) varia-
tions in salinity, and (c) changes in local atmospheric pressure;
Meade and Emery (1971) listed river runoff in the eastern United
States. Each individual factor can cause seasonal deviations in sea
level of about 20 centimeters. Behrens, Watson, and Mason (1977)
qualitatively attribute the changes at Corpus Christi to seasonal
variations in onshore and longshore winds, factors which Pattullo
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Figure 17. Measured tidal prism versus ocean tidal range.
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(1966) was unable to assess quantitatively. An additional set of fac-
tors known to have a significant influence on sea level is the upwell-
ing and geostrophic effects of ocean currents (Wyrtki, 1973; Komar,
1976).

The sea level curve observed at North Inlet for 1975-76 is clearly
the result of a multitude of factors. The steric effect (Pattullo ,
et al., 1955) explains an annual range of about 25 centimeters, with a
single maximum in October and a broad minimum in the winter and spring.
Therefore , the steric effect is probably the dominant factor. North-
east winds in spring and fall could have contributed to the secondary
peak in mid-spring and the increase in fall sea surface elevation be-
yond the rise due to the steric effect. Offshore winds, often associ-
ated with winter frontal passage, may be partly responsible for the
extreme January low.

Figure 19 illustrates that tidal range variations also follow a
seasonal cycle. However, this cycle is much more pronounced in the
creeks than at the ocean gage. This implies that the astronomical
and meteorological tidal forces have less control on the relative bay
tidal range than does the seasonal change in inl et eff iciency which
is dependent on MSL. The pronounced low in both Town and Jones Creek
tidal ranges relative to the ocean range in winter is in qual itative
agreement with the arguments in Section III , which implies higher in-
let impedance, a smaller Keulegan repletion coefficient, and a re-
duced relative bay tidal range for a larger value of the Ab/Ac. Low-
ering the MSL in winter reduces tidal prism, throat cross section
(Table 4), and the Keulegan repletion coefficient.

IV. LITFORAL PROCESSES

1. Introduction.

The morphology of a tidal inlet and associated shoals is controlled
directly by the waves through their interaction with the tidal currents
to produce swash bars and channel-margin linear bars and, indirectly,
by the wave-generated longshore drift which provides a source for net
sediment supply to the system . In this study, littoral process varia-
tions were monitored during every 2-week seasonal study to establish
a basis for the calculation of longshore sediment transport rates ,
and to evaluate changes in wave climate over the 2-year study period
which might be correlated to observed variations in sedimentation pat-
terns.

An extensive data set of longshore current velocities, breaker
parameters, and windspeeds was collected during the year , because of
the unresolved question of the relative importance of the momentum
of the breaking wave and the stress of the longshore wind in generat-
ing the observed nearshore current (Shepard and Inman , 1950; Harrison
and Krumbein, 1964).
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Figure 19. Annual variation in tidal ranges at the three stations.
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2. Wind Patterns.

Annual offshore wind data (F inley , 1976) demonstrate that South
Carolina coastal winds dominantly come from the northeast and the
southwest. The former componen t is largely due to extratropical cy-
clones, most of which are far to the northeast of South Carolina but
control the wind pattern along the entire east coast of the United
States. South and southwesterly winds are generally anticyclonic sum-
mer winds associated with a strong Bermuda high.

Wind velocities and directions were measured by a Weather Measure
Wl2 1 wind indicator on an hourly basis at station DBI-10. Wind velo-
cities for 1975-76 agree with the 1974-75 values (Finley, 1976). The
directional data for the 2 years were summari zed in Figure 20. The
seasonal pattern shows a fair degree of consistency. In winter (Janu-
ary), winds from the north and northeast dominate, reflecting frontal
passage over the study area. Strong northerly winds, bringing cold
and generally dry air into the southeast, typically succeed such
fronts. March has northerly winds due to frontal passage combined
with an equal frequency of southerly winds associated with strong and
generally migrating subtropical high-pressure systems. By mid-summer ,
the subtropical high assumes a stationary position over Bermuda, and
persistent southerly winds bring warm moist air into the southeast,
resulting in unstable atmospheric conditions ; i.e., thunderstorms
with strong winds and a dispersed directional spectrum . The fall
months have the highest frequency of extratropical cyclones off the
northeast coast of the United States, producing almost exclusively
winds from the northeast quadrant .

Resultant wind velocity vectors for each seasonal study period
from July 1974 to March 1976 were computed for station DBI-lO (Fig.
21). The directions follow the scheme described above. The result-
ant wind vectors for the summer and fal l  were rather consistent for
the 2 years . Due to an onshore (azimuth 710) wind vector in January
1975 , as compared to the offshore (azimuth 130) vector in January
1976, the annua l resultant wind vector for 1974-75 was much larger
than the one for 1975-76 and , more significantly, oriented nearly
perpendicular to the local shoreline. The magnitude of the annual
resultant wind vector is a measure of the directional variation
throughout the year, which differs from the scalar quantity of wind-
speed. The mean windspeed was not significantly different the 2
years . However , the smaller contribution of northerly winds in *

January 1975 , as compared to January 1976, caused the 1974-75 result-
ant vector to rotate 240 clockwise from the 1975-76 vector. Based
on this wind pattern, the total wave energy flux was comparable for
the 2 years. However, the net longehore energy flux , oriented to
the south both years , was significantly higher in 1975-76 than in
1974-75.
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WIND OBSERVATIONS

______  

111111 FIRST ANNUAL
_____  
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Figure 20. Seasonal distributions of wind di rections observed at
North Inlet .
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annual vectors. (The vector for March 1975
is obscured by the one for September 1974).
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3. Breaker Parameters.

a. General. Recently deve loped instrumentation has provided a
means of recording directional wave spectra on a continuous basis
(Seymour, et al., 1976) . More commonly, however , wave recorders are all
nondirectional (Harris , 1972) and estimates of directionally dependent
parameters like energy flux are based on visual observations of the near-
shore wave field. Littoral processes at North Inlet were measured by
observers standing in the breaker zone. Every 2 daylight hours during
the 2-week seasonal observation period , the observers recorded breaker
heights and depths by holding a graduated rod at the primary breaker.
Breaker angle was measured by a hand-held protractor or Brunton com-
pass, and longshore currents by tracing the movement of a neutTally
buoyant rubber float in the surf. Periods were measured by counting
11 successive wave crests passing a fixed point in the surf. To re-
lease personnel for tidal hydrau lics measurements and morphological
mapping, littoral processes in 1975-76 were only recorded at station
DBI-25 which was least influenced by shoaling and refraction around
the ebb tidal delta. Therefore , the parameter statistics presented
in this section should reflect conditions at a straight segment of
beach without any complicating nearshore bathymetry.

b. Breaker Type. Breakers were classified as spilling and plung-
ing (Galvin, 1972). Surging and collapsing breakers were not ob-
served. The beach slope at Station DBI-25 was gentle; most varia-
tions in the primary breaker form were due to the changing deepwater
steepness of the waves. Long-period swell arriving from offshore
areas of genera tion more commonly formed plunging breakers. Locally
generated steeper waves commonly break by spilling . Summary statis-
tics (Tables 14 and 15) for 2 . years of observation (July 1974 to March
1976) indicate that the breakers were evenly distributed, half were
spilling and half were plunging. The standard error of the mean is
quite large , so the percentage differences with respect to wave ap-
proach direction are not statistically significant. There are no
statistically signif icant differences between the seasonal pez~~iit-ages either , which indicates that locally generated wind waves and
distant swell account for about the same relative amount of the ob-
served breakers at all seasons .

c. Breaker Height. The breaker height statistics were better
than those for breaker type, and significant seasonal variations
were detected (Table 16). The 2-year adjusted average was 59 centi-
meters with seasonal variations ranging from a low of 54 centimeters
in March to a high of 70 centimeters in September. This is consis-
tent with the wind climate. Weak, variable, and commonly offshore
winds in spring tend to generate small waves. A high frequency of
northeast winds in fall tends to generate larger waves reaching
shore from the northeast. These results vary somewhat with those —

of U.S. Army, Corps of Engineers, Coastal Engineering Research
Center (1977) which indicated that the south Atlantic coast has a
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Table 14. Percent spilling waves at station DBI-25.

Direction 1 
N
2 

Mean Sid. dcv. Median

July 1974 - March 1976 S 141 46.6 33.0 49.3
N 210 54.2 29.4 50.5

1/ 112 40.2 34.5 30.1
Average 48.9 32.2 50.0

Analysis by season

July June Sept. Jan. Mar.
1974 197$ 1974 1975 1975 1976 1975 1976

Mean ---.3 48.9 56.4 55.0 44.5 46.0 36.0 ~2.5Std. 0ev. -..- 32.6 28.4 31.8 32.7 32.4 27.8 35.2 5
Wave approach direction between east and north;

S — Wave approach direction between east and south;
II • Wave approach direction parallel to shoreline.2 Number of observations.

3 No reading. —

Table 15. Percent plunging waves at station 082-25.

Directionl N2 Mean Std. dcv. Median

July 1974 - March 1976 S 141 53.4 33.0 50.7
N 210 45.5 29.5 40.5

// 112 59.8 34.5 69.9
Average 51.1 32.2 50.0

Analysis by season

July June Sept. Jan. Mar.
1974 1975 1974 1975 1975 1976 1975 1976

Mean ----3 51.0 43.6 45.0 55.5 54.0 64.0 47.5
Std. 0ev 32.7 28.4 31.8 32.7 32.4 27.8 35.2

• Wa ve approa ch direction between east and north;
$ • Wave approach direction between cast an4 south;
// • Wave approach direction parallel to shoreline.2Number of observations. 43No reading..

Table 16. Breaker heights j4n meters) at station DBI-25 .

Direc tion 4 N2 Mean Std~ dcv. Median
July 1974 - March 1976 S 141 0.5$ 0.17 0.52

N 209 0.65 0.26 0.60
// 112 0.53 0.19 0.50

Average 0.59 0.23 • 0.56

Analysis by season

July June Sept. Jan. Mar.

Mean ----3 0.57 0.69 0.71 0.59 0.55 0.52 0.53

- Wave approach direction between east and north;
S • Wave approach direction between east and south;
// • Wave approach direction parallel to sho~~line .

2Nu.ub~sr of observations .
~IIo reading.

J 

1974 1975 1974 1975 1975 1976 1975 1976

62

-I

- r~— -
~- 

~~~~~~~~~~~~~~~~~~~ 

. -

- - - - -  - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~~~~~~ - - — — - - 4-- - - 4 - — -~~ .-~~~~ • - 7 .  -7-.— —-



-. —
~~

--_ -~~~~
,-7 --- - - - .--- ..—-_— --

minimum wave height of about 43 centimeters in July and a maximum of
about 56 centimeters in September. Since these latter figures are
averages from a nuinber of U.S. Coast Guard stations over a large region
with variable deepwater waves and refraction and shoaling characteris-
tics, this level of difference is expected . Breaker depth, angle be-
tween the crest of the breaker and the shoreline, and wave period were
measured, but not tabulated in this report. However, they were used in
following calculations.

4. Longshore Sediment Transportation.

The best established predictive equation for the transportation of
sediment on beaches is based on the longshore component of wave energy
flux (Komar , 1976; Galvin and Vitale, 1977). Since wave observations
in this study were made at the surf, and the significant wave heights
were recorded, the correct expression is:

P15 = 2.78 x i0 2 x H~
’2 x sin 2% (9)

where P 15 is the longshore energy flux factor measured in joules per
second per meter of beach front (U.S. Army , Corps of Engineers , Coast-
al Engineering Research Center, 1977), Hb is the breaker height (in
meters) , and 

~ 
is the breaker angle.

Longshore energy flux factors at station DBI-25 for the eight sea-
sonal field studies are summarized in Table 17. Since P15 does not
scale linearly with Hb or ~~ no mean values were used in the calcula-
tions. 

~~ 
was calculated for each observation to include all observa-

tion variability; the P~~ values, in turn, were averaged for specifiedtime periods. Mean values in Table 17 refer to the mean of all readings
giving either a northerly or southerly f lux  component. The resultan t
vector, on the other hand, is the arithmetic mean of all calculated
P1s values, with (+) assigned to all flux vectors oriented to the right
(south) and C-) assigned to all flux vectors oriented to the left (north) .

Using only field studies where a precise relationship between
and the volumetric rate of longshore sand transport had been established,
the U.S. Army, Corps of Engineers, Coastal Eng inee ring Research Center
(1977) arrived at the following rating equation :

= 1.28 x x P15 (10)

where Qs is the annual longshore transport rate (in cubic meters). Ap-
plying equation (10) to the data in Table 17, sediment transport rates
at station DBI-25 were calculated (Table 18). Transport to the north
(Q north) and south (Q south), respectively, was .computed from the mean
energy flux factors to the north and south for each 2-week period . The
net and gross transport rates were obtained as the difference and sum,
respectively, of Q north and Q south. To estimate the annual transport
rates, the calculated values for each 2-week period were assumed to be
representative for an entire 3-month season. The validity of this as-
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Table 17. Longshore energy flux factors (in Joules per second
per meter ) at station DBI-25.

______ 
Date DirectionU N2 J Mean Resultant vectoi~

3
July 1974 - Mar. 1976 N 141 250

—— 
S J 211 j

~ 
451 +182

________________________ 
Analysis by season

July 1974 N -- -“ --- - - --
S ---  --- -:

Jun e 1975 N 28 157
S 21 540 +141

Sept. 1974 N 4 324
S 46 391 +344

1975 N 18 124
________________________ 

S 39 469 +281
Jan . 1975 N 22 449

S 27 289 -42
1976 N 26 87

________________________- S 33 355 +160
Mar. 1975 N 16 244

S 18 565 +184
1976 N 32 180

S 27 144 —32
1Direction along shoreline.
2Number of observations.
3(+) values indicate flux toward the south.
l~ (~~) values indicate flux toward the north.

Table 18. Computed longshore sediment transport rates at station D8l-25.
Date Gross (m3/yr) Net (m3/yr) Direction

June 1974 - May 1975 882,500 87,500 S
June 1975 - May 1976 761 ,500 392 , 100 S

Mean 822,000 239 ,800 
- 

S

Rates per quarterly (2 weeks) field period (in 3)

Date Q north Q south Gross Net Net direction

4 July 1974 —
June 1975 7 ,640 30,600 38,240 22 ,960 S
Sept. 1974 16,020 19,340 35,360 3,314 S
Sept. 1975 6 , 290 32 , 110 38,410 25 , 820 S

Jan . 1975 
— 

22 ,140 14,280 36,430 7,860 N
Jan. 1976 4,980 24,650 29 ,620 19,670 S

— 

March 1975 12 ,050 27 ,890 29,950 15,840 
— 

S
March 1976 11 ,880 ~~~~~ 20,660 3,109 N

1No reading.
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sumption should be judged both in light of the breaker height data
(Table 16), which indicate a distinct and clearly repetitive seasonal
pattern, and the low frequency of shoreline crossing extratropical or
tropical cyclones.

The computed total rate for each year indicates a consistent gross
transport of about 8 x 10~ cubic meters. In the 1974-75 project year,
the net transport to the south was only 8.7 x 10k cubic meters or
about 10 percent of the gross. This result is consistent with the
wind climate studies which indicated that the resultant wind vector for
1974-75 was oriented nearly perpendicular to the local shoreline with
only a small southward component (Fig. 21). However, the wind vector
for 1975-76 is more oblique to the shoreline, with a much larger south-
ward component, consistent with a net transport to the south of about
50 percent of the gross for that year, or about 3.9 x iø~ cubic meters.
Transport rates on the United States east coast are about 2.0 x 10~
cubic meters per year, generally to the south (Wiegel, 1964). The
average net transport rate for 2 years at North Inlet is 2.4 x io~
cubic meters. Studies of the growth of Debidue spit and the North
Inlet ebb tidal delta from 1925 to 1964 (Finley, 1976) indicate an an-
nual rate of increase of 4.3 x lO5cubic meters per year.

5. Longshore Currents.

a. Theory. Longshore current velocities measured in the surf
zone at station DBI-25 are the vector resultant of velocity components
due to the oblique approach of the breaking wave, the nearshore cell
circulation system, currents generated directly in the nearshore zone
by wind stress and , perhaps, components of a regional circulation sys-
tem. It is generally assumed that the dominant factor in the genera-
tion of longshore currents is the oblique approach of the breaking -

wave. The two most important parameters determining the longshore cur-
rent velocity are the wave height and the angle between the wave crest
and the shoreline (U.S. Army , Corps of Engineers, Coastal Engineering
Research Center, 1977). A number of theories explain the generation
of such currents and predict their magnitude. These theories are
grouped according to their considerations of (a) conservation of mass ,
(b) conservation of energy flux, or (c) consideration of momentum
flux (Galv in , 1967). Empirical equations, based on statistical analy—
sis of parameters describing the breaking wave, have also been con-
structed (Harrison, 1968; Fox and Davis, 1972), though such equations
are generally of limited value outside the specific area of formula-
tion .

The objective of this section was to evaluate, through the use of
a stepwise multiple-linear regression procedure, whether parameters
descriptive of the surf zone field adequately explain the observed
variability in longshore currents, or if the inclusion of additional
environmental parameters could significantly improve the ability to
predict such current velocity . Linear combinations of breaker param-
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eters and three proposed equations for prediction of longshore current
velocity were used in the evaluation . Galvin (1963), basing his model
on the continuity of water mass, arrived at:

V = k x g x m x T ~~x sin 2cq, (11)

where V is longshore current velocity, g is the acceleration of gravity,
m is beach slope, “b is breaker angle, and k is a parameter of the
breaker form, here taken as 1.-U (Galvin. and Eagleson , 1965).

The equation by Longuet-Higgins (1970) was derived by considerations
of the conservation of momentum flux for breaking waves. The U.S. Army,
Corps of Engineers, Coas-tal Engineering Research Center (1977) empiri-
cally determined the proportionality constant in Longuet-Higgins ’ equa-
tion by fitting it to laboratory data by Galv in and Eagleson (1965) and
field data fr om Putnam, Munk , and Traylor (1949). Thus, the “modified”
Longuet-Higgins equation reads:

V = 20.7 m (g Hb) 1”2 sin 2ct~ . (12)

Fox and Davis ’ (1972) empirical equation for their Lake Michigan
data set,

(13)
V = 2.98 sin 4%

was also included in the testing. This equation accounted for 77.8 per-
cent of the variance in the current velocity data at Sheboygan, Lake
Michigan.

b. Data. Descriptive sumeary statistics for all longshore current
velocity readings obtained between July 1974 and March 1976 are presented
in Table 19. The mean longshore current is stronger to the south (35.8
centimeters per second versus 23.8 centimeters to the north). Extreme
variability in current velocities is demonstrated by the fact that the
standard deviation almost equals the mean. Inman and Quinn (1952) also
found in their study of longshore current variability on the Pacific
coast that the standard deviation often equaled or exceeded the mean.
There is an indication in the data that fall current velocities are
slightly higher than those at other seasons.

Appendi x H shows that the 1975-76 current velocity data ranged from
73 centimeters per second to the left (north) to 151 centimeters per
second to the right (south) , with 5 percent of currents set to the north
stronger than 51 centimeters per second and 5 percent of those set to
the south stronger than 85 centimeters per second.

The 1974-75 current data were not included in the following analy-
sis because of the large number of missing wind observations. The 1975-
76 data set included only those velocity readings which occurred at
least 3 hours after sudden reversals in wind direction; there was a lag
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of some hours between reversals in the longshore wind component and
corresponding reversals in the current. A total sample of 250 data
sets remained.

c. Analysis. Three regression procedures were utilized in this
data analysis :

(a) Simple correlation was used to test for linear rela-
tionships between any pair of variables. The Pearson correla-
tion coefficient is a measure of the degree of proportionality
between two variables.

(b) Stepwise regression enters one independent variable at
a time until all are entered simultaneously. Their order of in-
clusion is determined by the computer--the independent variable
which explains the largest amount of variance in the dependent
variable is entered first. The others are then entered in
order of decreasing variance. The proportion of the total
variance in the dependent variable explained by an independent
variable, or a combination of variables , is expressed by the
multiple correlation coefficient, r2.

(c) Multiple regression enters one independent variable at
a time in any order specified by the investigator. Thus, the
amount of variance explained by any independent variable of
particular interest can be assessed.

The variable names used in the computations and the following
analysis are defined in Table 20.

Table 20. Variable names used in multiple regression analysis
of littoral processes.

Name Definition

VEL Observed longshore current velocity (in centimeters per second).
(+) indicates current to the right (south); (-) indicates current
to the left (north).

HGT Breaker height (in centimeters).

PER Breaker period (in seconds).

WIND Wind velocity (miles per hour) .

WINDL Long shore component of wind velocity (miles per hour).

ANGL Angle of wave orthogonal relative to shoreline.

WAVL Sine of the breaker angle.

VGAL Velocity calculated by Galvin ’s (1963) formula (eq. 11).

VELII Velocity calculated by Louguet-Higgins ’ (1970) formula (eq. 12).

VEFU Vel ocity calculated by Fox and Davis’ (1972) formula (eq. 13).
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Table 21 is a fl~atrix of the Pearson product-moment correlation coef-
ficients for these 10 variables for the 1975-76 annual data set of 250
observations.

Table 21. Pearson correlation coefficients between littoral
process variables defined in Table 20.

VEL HGT PER WINDL WAVL VGAL VE LH
VEL
HGT 0.37
PER -0.11 -0.06 
WINDL 0.83 0.36 -0.07
WAVL 0.68 0.27 -0.09 0.68
VGAL 0.64 0.27 -0.01 0.66 0.97
VELH 0.69 0.38 -0.07 0.70 0.97 0.95
VEFD 0.70 0.46 -0.12 0.69 0.88 0.81 0.93

The measured surf zone current velocity correlates better with the
longshore component of the wind velocity than with any other variable
(r = 0.83). Wave height, period , and the sine of the breaker angle all
show a poor correlation with the current velocity. When these latter
parameters are combined as suggested in equations (10) ,  (11) , and (12),
the predicted and observed longshore velocities show correlations
ranging from r equals 0.64 for Galvin ’s (1963) formula to r equals 0.70
for Fox and Davi s ’ (1972) formula.

Bivariate data plots produced by the computer “SCATFERGR.AM” procedure
(App. H) give further information on the nature of these correlations.
The plots of wave height and period versus current velocity show hardly
any discernible trend. Clearly, these parameters do not exert a dominant
control on the current velocity . Wind velocity correlates with the long-
shore current velocity at r equals 0.32. A large amount of scatter is
observed at low wind velocities. As expected, wave angle shows a nega-
tive correlation ( r = 0.45) with the velocity because of the direction
convention. The variable ANGL (Table 20) ref ers to the orientation of
the incoming wave orthogonal relative to the shoreline; thus, for ANGL
<900 , the breaking wave will generate a momentum flux and a longshore
current to the right (positive direction). For ANGL >900 , the wave-
generated longshore current should be directed to the lef t (negative) .
The longshore component of the wind velocity correlates with the cur-
rent velocity at r equals 0.83. The scatter is rather uniform over the

• entire range of wind velocities.

If the longshore component of the wind is cons idered as the on ly
independen t variable , a simple regression equation for the longshore
current velocity can be written as:

VEL = 3.42 x WINDL + 6.32 . (14)
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This is a wholly empirical equation, and all parameters affecting
the longshore current velocity are lumped into WINDL. Equation (14)
does not indicate how much is due to the oblique breaking of the wind-
generated waves. However, the equation is of predictive value for
longshore currents off Debidue Islan d (and probably elsewhere under
similar environmental conditions).

The correlation coefficients between observed current velocity and
that predicted by the three equations tested are all reasonably high.
This indicates proportionality. However, the magnitude of the pre-
dicted velocity generally differs substantially from that observed
as evidenced by the proportionali ty factors in the foll owing three
regression equations (all velocities are in centimeters per second) .

VEL = 0.33 VGAL + 5.18, r = 0.57 (15)

VEL = 0.45 VELH + 4.6, r = 0.68 (16)

VEL = 2.0 VEFD + 4.1, r = 0.70 ( 17)

Galvin ’s (196 3) and Longuet-Higgins ’ (1970) equations are both
semiempirical; their derivations are based on the assumption that
the longshore current is caused by the breaking of the obliquely in-
cident wave. Both equations predict current velocities higher than
those observed at Debidue Island. The empirical equation of Fox and
Davis (1972) predicts current velocities which are generally too low
by a factor of ½.

To test for the relative importance of the independent variables
in explaining the variance in the dependent one, a stepwise regression
analysis was used. The test was performed both for the pooled annual
process data and for each seasonal data set. Results are summarized
in Table 22.

Table 22. Percent of the variance in VEL. 1

1975 1976Variable Annual
June Sept. Jan. Mar.

WINDL 70 81 63 57 69
VGAL 1 0 0 2 2
VELH 2 0 1 2 4
VEFD 4 0 7 1 6
1Explained by each of four independent variables entered

successively in a stepwise regression analysis.

For all data sets, the longshore component of the wind velocity,
WINDL , proved to be the independent variable explaining most of the
observed variance in current velocity, VEL. The multiple correlation
coefficient (r2) ,  for VEL versus WINDL ranged from 0.81 for the June
1975 data set to 0.57 for the January 1976 data. Expectedly , data
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noise was at a maximum in January and minimum in June because of the
different weather conditions under which the field observers had to
operate. It is quite significant to note that for the data set which
was expected to be the most reliable (June 1975), WINDL alone ex-
plained 81 percent of the variance. For this data set, the inclusion
of breaker pa rameters combined into the predictive equations of Galvin
(1963), Longuet-Higgins (1970), and Fox and Davis (1972) , does not im-
prove the multiple correlation coefficient. For the other data sets,
these variables add a few percentages of explained variance.

Based on these considerations, the best predictive equation for
longshore current velocities at Debidue Island appears to be that de-
rived from the data set of 62 observations from June 1975. This equa-
tion is:

VEL = 4.36 x WINDL + 12.9 . (18)

In both equations ( 14) and (18) , VEL is measured in centimeters per sec-
ond and WINDL in miles per hour. For a longshore wind velocity of 10
miles per hour, equation (18) predicts a current velocity of 56.5 centi-
meters per second; whereas, equation (14) predicts 40.6 centimeters per
second, a difference of 39 percent. For wind velocities above 30 miles
per hour, the difference between the two predicted current velocities
becomes less than 30 percent.

Using a standard multiple regression to test for the amount of
variance explained by VGAL, VE LH, and VEFD , if they are entered as the
first independent variable in three separate calculations , VGAL can
explain 32 percent of the variance, VELH , 46 percent, and VEFD , 49
percent for the annual data set.

d. Discussion. A series of regression equations can be developed
depending on which variables or combinations of variables are included.
Table 23 summarizes the two types of equations derived in this study;
the first (eq. 19) is the regression equation derived by treating each
measured environmental parameter as an independent variable; the three
subsequent equations (eqs . 20 , 21 , and 22) are derived by combining the
pertinent breaker parameters as suggested in Galvin ’s (1963), Longuet-
Higgins ’ (1970), and Fox and Davis’ (1972) predictive formulas . Breaker
parameters not accounted for in the pred ictive formulas are included as
independent variables. The amount of variance in VEL explained by each
parameter combination is indicated .

Based on a s imilar  analysis , Harrison (1968) derived a regression
equation for longshore current velocity at Virginia Beach, Virginia.
However, simultaneous wind measurements were not obtained in his study,
and the question of wind stress or breaking wave dominance in current
generation was left unexplained. Based on earlier studies by Sonu,
McCloy , and McArthur (1967), at Nags Head , North Caro lina, Harr ison
discounted the importance of wind stress. The results at Debidue Island
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Table 23. Regression equations for longshore current velocity.1

Eq. No. Equation r2

19 VEL = 2.78 WINDL + 44.2 WAVL + 0.12HGT - 0.85 PER + 5.94 0.722
20 VEL = 2.73 WINDL + 0.69 VEFD + 4.72 0.726
21 VEL = 2.83 WINDL + 0.13 VELH - 0.94 PER + 13.28 0.719
22 VEL = 2.91 WINDL + 0.06 VGAL + 0.12HGT - 1.15 0.714
‘All measured environmental parameters were included in the analysis.

r2 is the total proportion of variance explained.

clearly demonstrate that wind stress can be a most significant factor
in nearshore current generation. The statistical approach, unfortunately ,
does not explain the actual mechanism of energy transfer from the wind to
the current system. All current measurements were obtained by surface
floats. Further research is needed to test the three-dimensional struc-
ture of this flow field and to evaluate various genetic mechanisms .

V. SEASONAL MORPHOLOGIC CHANGE

1. Introduction.

Mapping of the intertidal morphology at North Inlet during the quar-
ter ly f ield studies (Jun e 1975 to May 1976), low aerial overf l i ghts , and
prof i l ing  of the channels and inlet-associated beaches on a monthly
basis provided the data base for the evaluation of the seasonal changes
in morphologic characteristics. Sedimentary subenvironments were estab-
lished according to the strand-plain classification of Fisher and Brown
(1972) and the tidal delta models of Hayes, et al. (1973). To facili-
tate a systematic evaluation of morphological development over the year,
a detailed description of the observed change in each subenvironment was
made.

Tidal deltas and associated characteristic beach features are formed
as a result of the interruption to the continuous longshore sediment
transport system by strong tidal currents flowing essentially perpen-
dicular to the regional shoreline. Al though additional research is
needed on the origin and initial development of the tidal deltas once
an inle t channel has been cut, the characteristics of morphology and
sediment transport patterns on established tidal deltas are well docu-
mented. Hayes , et al .  (1973) and Oertel (1972) documented how the
typical ebb tidal delta morphology of mesotidal inlets results from the
balance between a seaward transportation of sediment by the ebb flow and
a landward transport due to wave swash and flood currents. Hayes (1975)
considere d the changes in inlet morphology with tida l range and developed
models for nu crotidal , mesotidal , and macrotidal estuaries. Detailed
studies of tidal delta bed-form distributions and migration patterns
have been done at a number of mesotidal inlets (Oertel , 1972; Booth-
royd and Hubbard , 1975; Hine, 1975; Hubbard , 1975; Finley, 1975, 1976).
For some inlets, detailed sediment circulation patterns have been pro-
posed (Masterson , Machemehi , and Cavaroc, 1973; Hine , 1975; FitzGerald ,

12

— —~~~~~~~~~~
- = -

~----
-

~~~~~ 

- -. -:: —4—-—



~~~~-—— ~~-- -. -~~~~~~ -- - - - - -

Nummedal , and Kana, 1977) . Past studies of inlet morpholog ic changes
have been based on the assumption that MSL throughout the year is con-
stant, which, as pointed out in Section III , 8, is not the case.
Future inlet studies, involving interpretations of morphologic change,
should consider the fact that sea level on the United States east
coast varies some 40 centimeters during the year. The first objective
of this analysis of North Inlet morphology was to document how this
sea level fluctuation has affected particularly sensitive inlet sub-
environments.

As pointed out by Escoffier (1940) and reiterated by Inman and
Frautschy (1966) and others, a stable inlet appears to maintain a
balance between the scouring actions of the tidal currents and the in-
fill ing by sediment supplied through the longshore drif t system . If
this concept is correct,it should be documented that the time his-
tories of channel erosion and erosion on the inlet adjacent beaches
are out of phase. The extensive morphological data collected at North
Inlet over a year, involving a wide range of weather conditions, make
such a test possible. This constituted the second objective of the
morphologic analysis.

2. General Morphology and Sediment Distribution.

A depositional environment map (Fig. 22) was prepared from verti-
cal aerial photos, data on historical changes in inlet morphology
and field mapping. The terminology follows the strand-plain classi-
fication of Fisher and Brown (1972).

Abandoned flood tidal deltas and associated washover units were
identified on the landward side of Debidue Creek. The inlet has mi-
grated to the south,- and Debidue Spit has been extended by about 2
kilometers since 1878 (Finley-, 1976). The abandoned flood tidal
deltas reflect short-term stillstands in the southward migration of
the inlet. The present inlet is backed by a flood tidal delta and
washover berm at the mouth of Sixty Bass Creek and flanked by supra-
tidal barrier beaches with small washover fans and intertidal and
shallow subtidal bars and platforms forming a seaward continuum of
North and Debidue Islands; i.e., the ebb tidal delta.

Sediment size- and distribution at North Inlet are related to a
number of factors that vary on a regional scale. The inlet is lo-
cated at the southern end of an arcuate shoreline that extends
approximately 100 kilometers from the North Carolina border to Winyah
Bay. For most of these 100 kilometers , the presen t beach borde rs

• Pleistocene upland except in the immediate vicinity of North Inlet and
Murrells Inlet , 35 kilometers farther south . The Holocene-Pleistocene
boundary at North Inlet is about 5 kilometers inland. Littoral drift
along the coast is derived from mid-Pleistocene beach deposits. An
average size of 2.48 phi ~0.l75 mil l imeter)  was determined for these
sediments (Brown , 1975) . The arcuate strand is broken by few tidal
inlets. No major rivers exist within this coastal segment . The
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nearest river sources are located south of North Inlet.  Winyah Bay ,
an estuary for the Sampit , Pee Dee , Black , and Waccamaw Rivers , is
connected to the sea approximately 15 kilometers to the south. About
15 kilometers farther south is the Santee River delta. Sand-size
material reaching North Inlet from these sources is minimal; however,
suspended fine-grained organic and inorganic sediments may reach the
inlet (Finley, 1976) . The presence of coarser sediment south of North
Inlet (average size 2.01 phi or 0.248 millimeter) indicates a higher
percentage of fluvially derived sand (Brown , 1975) .

The sediment sampling program at North In let was designed to
evaluate seasonal variations in sediment size. Locations of sedi-
ment sampling stations 1 to 21 are shown in Figure 23 , with respect
to the channel bathymetric profiles in Figure 8. Most sample sta-
tions were the same as those used by Finley (1976). The beach sedi-
ments were obtained midway between ~~L and mean hi gh water after
removing the surface layer of coarse shell fragments and taking a
2-centimeter-deep sample immediately below. Channel bed samples were
obtained with a Van Veen grab sampler. Standard sieving techniques
were applied in the laboratory. Size parameters were calculated,
using Folk’s (1968) statistics. The percentage of shell hash coarser
than 2 millimeters in each sample was recorded. The sample means
and standard deviations (see Table 24) refer to the sand-sized frac-
tion (particles less than 2 millimeters).

No significant seasonal variation in grain size was found at
any environment sampled. However, there is a distinct difference
between beach and channel sands. Beach sands have a total sample
mean of 2.375 phi (0.19 mill imeter); whereas , channel sands have a
mean of 1.214 phi (0.43 millimeter) , a difference of more than 1 phi
unit. More than 90 percent of the beach samples were well sorted
or very well sorted (S = 0.50 phi) in contrast to moderate to poor
sorting (S = 0.71 to 2 phi) for more than 85 percent of the channel
samples. Shell fragments or coarse shell hash was very diagnostic
of the channel sands , ranging from 0.1 to 80 percent of the total
sample weight . This type of variation is illustrated by the samples
collected at station 13 (Table 24) , where a large amount of shell
hash is deposited in the thaiweg of the main ebb channel. If this
area was sampled continuously over a short period of time, a large
variation in the amount and size of shell fragments would be found
because of changes in current strength over the tidal cycle. Sedi-
ment characteristics a. stations 17 and 19 (Fig. 23) are not properly
defined by the statistics in Table 24 as these locations are at out-
crops of f irm , cohesive lagoonal muds . At these thalweg locations,
gray mud was often brought up with the anchor.

3. Morphologic Response Characteristics.

a. Introduction. Four individual subenvironments at North Inlet
were subjected to detailed morphologic mapping on a seasonal basis :
inlet channels, flood and ebb tidal deltas , and barrier island beaches .
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To facilitate quantitative comparisons of morphology) a systematic, con-
sistent) and accurate field surveying program was emphasized throughout
the study .

b. Inlet Channels. Temporal fluctuations in cross-sectional areas
for Town and Jones Creeks (summarized in Table 4) are graphically shown
in Figure 24 to facilitate the discussion of annual changes. The cross-
sectional change (in square meters) is plotted relative to the area of
the June 1975 survey (chosen as 0). The mean cross-sectional area of
Jones Creek is about half that of Town Creek. Consequently) the vertical
scales in Figure 24 are adjusted such that a given amount of deviation
represents the same relative change in the two channel flow areas.

Both channels underwent an 18-percent variation in flow area through-
out the year, compared to 15 percent for the inlet throat section . The
changes were roughly in-phase (Fig. 24). Channel cross sections were
relatively stable through the summer, followed by a scouring trend in
early fall. Deposition occurred in November and, apparently , continued
through mid-winter to reach an ailtime high in January. For the remainder
of the winter and the spring, two cycles of erosion and deposition oc-
curred, one from January to March, the other from March to May. Both
creeks appear to respond to similar external events, and both have a
clear seasonal pattern of channel fill and scour. An exact analysis of
flow area changes of the inlet throat is impossible due to insufficient
data) but inspection of the data indicates a seasonal behavior similar
to that of the main creeks.

c. Flood Tidal Delta. Both the abandoned flood tidal deltas and the
active one are similar in that each formed at the junction of tidal creeks)
and washover deposits exist on their landward sides. The active flood
tidal delta is formed at the junction of Jones and Town Creeks. The tri-
angular plan form geometry (Fig. 25) differs somewhat from the typically
lobate flood tidal delta geometry described for New England (Hayes , 1975~
Boothroyd and Hubbard , 1975; Hine, 1975) and the Outer Banks of North
Carolina (Nuinmedal , et al. , 1977). The typical flood tidal delta is
generally located midchannel and is open to ebb process modification
along its flank . As such, the complete symmetrical flood delta can only
form in a large embaynient or a wide channel (Barwis and Hubbard, 1976).
Of the five components which characterize the typical flood tidal delta
(i.e., flood channel , flood ramp, ebb spit , spillover lobe , and ebb
shield), the ebb shield is the least developed at North Inlet (Fig. 25).
This is due to the weld ing of the lan dward margin of the de lta to the
marsh .

Between July 1972 and March 1973, a 42-meter westward migration of
the landward edge of the delta was measured (Finley, 1976). Continued
monitoring the following 2 years indicated little farther migration , and
only minor changes along the northern delta margin.

During the 1975-76 field season, the flood tidal delta changes were
monitored by monthly fathometer transects (Fig. 8, profile D-D’), quar-
terly obl ique aerial photography , and a theodolite and rod survey (Fig. 26).
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Figure 25. Diagram of a flood tidal delta (after Hayes, et al.,
1973), and oblique air photo of the North Inlet

~~ flood tidal delta , June 1975, showing (1) ebb spit ,
( 2 )  flood ramp, (3) ebb shield , (4) flood channel , —

and (5) spillover lobe.
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The bathymetry recorded by profile track D-D’ shows the wide,
shallow delta platform, or flood ramp , between the two creeks. Evi-
dence of westward migration into the salt-marsh environment and into
Sixty Bass Creek is the washover berm deposition and the burial of
oyster reefs (Figs. 25 and 26). A steep, eroding beach face con-
taining tree stumps and Indian pottery fragments is in front of the
southern washover deposits. Dates of the pottery range from 500 to
1500 B.P., indicating seasonal occupation by numerous Indian tribes
(R.J .  Widmer, Department of Arch.ology, University of South Carolina,
personal communication, 1976).

Little seasonal variation in morphology is detected at the flood
tidal delta. Its stability is a significant characteristic of the
North Inlet system .

d. Ebb Tidal Delta. The present ebb tidal delta began its growth
in the late 1930’s when North Inlet stabilized near its present posi-
tion (Finley , 1976). By 1964, additional spit growth at each island
terminus had confined the inlet tidal prism to a smaller cross-sec-
tional area, and the ebb delta had further developed. The five major
ebb tidal delta components (Hayes, et al., 1973) are well defined by
the present morphology (Fig. 27). The main ebb channe l. trends to the
southeast and extends from the inlet throat to the terminal lobe
(Fig. 8). Channel-margin li near bare flank the main ebb channel.
The linear bar on the north side of the channel is gently arcuate and
located landward of its counterpart on the south side (Fig. 8) which
demonstrates the downdrift offset nature of the inlet (Hayes, Gold-
smith, and Hobbs, 1970). Marginal flood channels at North Inlet
differ greatly on either side of the inlet. The northern channel is
generally indistinguishable from the swash platform itself and is
commonly characterized by large-scale, flood-oriented bed forms along
the recurved spit margin. The southern channel is deeper and narrower,
separating the southern channel-margin linear bar from North Island and
connecting the main ebb channel to the swash platform interior. Swaa h
bare are located near the distal part of the main ebb channel and along
the seaward boundary of the swash platform. Well-developed bars on the
south side of the delta have migrated landward and become attached to
North Island over the past 4 years.

During the 1975-76 field season, the ebb delta morphology was
recorded on a quarterly basis. Twelve beach and nearshore profiles,
extending generally out to the 7-meter contour, or about 3 kilometers
offshore, were regularly monitored (Fig. 28). Computer routines
were used to remove horizontal distortions in the offshore profiles
and to plot all corresponding profiles at the same scale (see App. I
for profiles).

In addition to profiling, six detailed theodolite and rod surveys
of the channel-margin linear bars and swash bars were made . Seasonal
evaluations of bed form and bar morphology were also based on oblique
and vertical aerial photos. Weather conditions, equipment failures,
and logistical problems prevented a complete seasonal analysis of the
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Figure 27. Diagram of an ebb tidal delta (after Hayes, et al.,
1973), and oblique air photo of the North Inlet
tidal delta, January 1976, showing (1) main ebb
channel , (2) channel-margin linear bars , (3) marginal
flood chann els , (4) swash bars , and (5) terminal lobe.
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entire ebb tidal delta. Sea conditions were often not favorable for
the monitoring of offshore profiles, especially those located over the
shoals. A detailed bathymetric map of the North Inlet ebb tidal delta
was constructed from the January 1976 profile data (Fig. 29). The
evaluation of the last 12 years of ebb delta development is based on
the comparison between this 1976 map and that constructed from the
1964 U.S. Coast and Geodetic Survey, Chart No. 8838 (Fig. 29). The
general bathymetric development of the ebb delta since 1964 provides
the background for the short-term morphological change detected in
the 1975-76 field season.

The following four major bathymetric changes have occurred since 1964:

(a) The 7-meter contour northeast of the inlet has moved
landward along with the 5- and 6-meter contours. This repre- 

—

sents steepening of the northeast delta margin relative to the
1964 configuration.

(b) In the southeast map area, a topographic high out-
lined by the 4-meter contour in 1976 occupies an area which
was gently sloping seaward from 5 to 6 meters in 1964.

(c) At least three distinctive shoals (less than 2 meters
deep) have developed adjacent to the main ebb channel, one at
the terminal lobe and one at either side of the main channel
on the swash platform.

(d) The main ebb channel has deepened and is now oriented
straight toward the southeast.

Inadequate long-tern process data make an attempted interpretation
of these changes purely conjectural . However, the overal l skewness of
the ebb tidal delta reflects a southward net littoral transport.

In the following paragraphs, three components of the ebb tidal delta
are discussed in detail with respect to their short-term morphological
changes . Th i s  disc uss ion in tends both to document the rates and nature
of ebb delta changes as base-lime data for typical east coast mesotidal
inlets and to provide an understanding for the effects of annual changes
in sea level.

The northern channel-Ym.2rgin linear bar has undergone growth toward
the southwest , changes in surface elevation, and a widening of the spill-
over channel on its seaward side since observations began. Between July
and September 1974. a 70-centimeter increase in bar margin elevation
occurred , but by March 1975, there was a 70-centimeter decrease in ele-
vation (Finley , 1976). This erosion was probably related to a northeast
storm in September 1974. About a year later, between January and March
1976, a period of accretion occurred. Figure 30 is a photo and contour
map of the bar morphology in January 1976, showing the broad and shallow
slope toward the swash platform, the steep channel margin, and ridgelike

85

- -- 4 .- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- -~~~~-L.T -- ~~~~~~~~



p’7 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~

7

0 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
MITFR $ 

0

1964

/~~~~i~~~ I

_ _ _ _ _  

J
0 

- - _____________ 
MITI~ S

1976
Co nPo,~ I,I . ,. I - I M

Fi~~ui-c .~Y. North I n l e t  nearshore bathymetry  in 1964 and 1976.

86 

- - - - - - - —4

- 
----- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ :— ~~ ~~~~~~~~~~~~~~ -~~~~~~~
--

~ -~~~ -— ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- -4—— —.~- - - --—4,—- --- 
- -

13 JAN. 1976

0 m 75 
~~~~~~~~~~~~~~~~~~~ 

~~~ /120
Contour IntervoI:25 cm~—~~~ 

-- -7o -95

-95 - 
- -

-70

20

Figure 30. Topographic map and oblique air photo of the northern
channel-margin linear bar at North Inlet , 13 January
1976. (Datum is MSL.)
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topographic highs. Although the swish platform is not clearly repre-
sented by either the contour map or the photo, the open contours north
of the bar imply a broad and shallow topography. The 120-centimeter
contour defines well the overall arcuate geometry. The steepness of the
channel margin ( i .e . ,  southern boundary) is indicated by the closeness
of the contours and is most pronounced near the three topographic highs.
The “saddle” at A (Fig. 30) is located just across the ebb channel from
the southern marginal flood channel. This means that the northwest
section of the bar is landward of the southern marginal flood channel ,
giving the inlet a slight degree of downdrift offset.

By comparing a topographic map of the bar in March 1976 (Fig. 31)
to that in January (Fig. 30), changes are quite noticeable. The bar
has accreted to the northeast while maintaining the same arcuate geo-
metry and steep channel margin. The -70-centimeter contour is con-
tinuous around the entire bar, and the two topographic highs are sep-
arated only at the -45-centimeter contour level. During a 2-month
period, in the late winter of 1976, the northern channel-margin linear
bar underwent significant lateral and vertical accretion.

The eouthern chcvine i—margin linear bar has grown almost in its en-
tirety since the obliteration of its predecessor by the February 1973
northeast storm. Following that storm, rapid swash bar accretion and
coalescence formed a long linear bar between May 1973 and July 1974
(Finley, 1976). By January 1975, the bar had increased in width . One
year later (March 1976 , Fig. 32), the bar was about 100 meters wide
and had a length comparable to that of its northern counterpart . Un-
like the northern bar, the southern bar is topographically more iso-
lated on the swash platform. This is primarily due to major differences
in marginal flood channel morphology and topography on the interior of
the swash platform. A relatively deep and narrow marginal flood chan-
nel completely separates the southern bar from North Island . In ad-
dition, the low elevation of the adjacent swash platform enhances bar
relief. The morphology of the southern bar differs from that of the
northern. It has a gently sloping perimeter even at the ebb channel side,
a surface dominated by plane beds or ripples , and forms one continuous
topographic high . Because of the distinctive light shade of the dry sands
of the bar crest at low tide , aerial photograph y proved to be an excellent
tool to document the seasonal changes in bar configuration.

Oblique air photos were obtained in June and October 1975 and in
January and March 1976 (Fig. 33). In June 1975, the landward half
of the bar had a distinct crest along the channel side; on the sea-
ward half, the crest formed at the swash platform bar margin. By
October, only the landward half of the bar had a distinct crest. In
January 1976, a continuous crest was present along the swash platform
bar margin. In March, the crest had again moved over to the channel
side of the bar at its landward part. Although the March morphology
is not nearly as distinct as that of the previous June , it has the
same general distribution of features. A distinct “cycl ic” change
in bar crest location characterized the annual changes of the mor-
phology of the southern channel-margin linear bar.
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Figure 31. Topographic map and oblique air photo of the northern
channel-margin linear bar at North Inlet , 18 March
1976. (Datum is MSL.)
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margin linear bar, 18 March 1976.

-1 

90 

- - - --

- - --4 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

—--——--- - - ------- -4



--4 - -------—--—-— 

A. 11 June 1975 B. 4 October 1975

- -4

--

-4- - 4 
- -

—

.4
- 

r~
_

- _
~ _

C. 12 January 1976 D. 21 March 1976
Figure 33.. Seasonal changes in configuration of the southern channel-

margin linear bar. Light areas are topographic highs.
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The dominant processes controlling the morphologies of the north-
ern ana soutnern channel-margin linear bars were identified. Strong
tidal currents and relatively weak wave action are responsible for
the overall morphology and the large bed forms of the northern chan-
nel-margin linear bar. The southern, seaward offset channel-margin
bar, on the contrary, is dominated by wave swash causing a smooth
compacted surface with few bed forms, similar to a beach face.

The North Ia land awaah bar conrp ie~ has been monitored since 1974
when it was observed that the entire bar was moving landward and
that its point of beach-face attachment was moving to the north.
The large landward-pointed swash bar had been divided, and both parts
wer~ migrating landward by September 1974 (Fig. 34,A). In March 1975,
changes in the southern part were apparent (Fig. 34,B). Vertical air
photos taken in April 1974 and March 1975 were used to determine that
the southern part had moved 417 meters or an average of 36.3 meters
per month (Finley, 1976). The northernmost pointed feature moved
much slower. During the 1975-76 field year, the following detailed
changes were observed:

(a) In October 1975, an advanced stage of bar attachment to
the beach face was evidenced by the presence of two large inter-
tidal ridges only partly separated from the beach face by a
narrow and short runnel (Fig. 35, point B). Immediately north
of the point of bar attachment (Fig. 35, point A), the beach
face is very steep.

(b) By January 1976, the runnel had been closed off by
accretion (Fig. 36, point C) forming an isolated saltwater pond
(point B). Rapid deposition had caused significant accretion
and seaward displacement of the berm crest off point B. The
second intertidal ridge (Fig. 37, point D) had become morpho-
logically more distinct and undergone significant vertical
accretion and landward migration as illustrated by the topo-
graphic maps in Figures 35 and 36.

(c) By March 1976 (Fig. 37), the topography of the site of
the swash bar attachment had become similar to that in October
1975, the primary difference being that all features were dis-
placed about 50 meters seaward of their October position.
During this 6-month period, one episode of ridge welding had
been carried to completion.

e. Beaches. The Debidue Island shore in the vicinity of the inlet
consists of a recurved spit experiencing seaward progradation and land-
ward retreat in response to migrating ridge-and-runnel systems. As
these systems migrate shoreward, sediment is moved alongshore in dis-
crete packages , and some is delivered to the inlet throat by currents
in the marginal flood channel. This process has been well documented
also at other inlets (Farrell, 1969; Kumar and Sanders, 1974). Sur-
veys in June 1972 and July 1974 demonstrated landward retreat of the
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Figure 34. Confi guration of swath )ar complex off North Island.
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Figure 37. Topographic map of the area of bar attachment at North
Island and the adjacent swash bar, 17 March 1976.
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Debidue beach (Finley , 1976). During these 2 years, the base of the
beach face had retreated about 60 meters along a 300-meter section.
Although the volume of sand was not computed, a large amount of dep-
osition probably occurred on the inlet shoals. More recently, between
September 1975 and March 1976, a cycle of deposi tion and erosion was
documented at the recurved spit. The area monitored in this recent
survey was located to the west of the 1972-74 site at the landward
extension of the inlet throat profile (Fig. 28, DBI-TS). The follow-
ing is a discussion of variations in spit morphology at this site,
referencing the air photos and topographic maps in Figures 38, 39,
and 40:

(a) Figure 38, 28 September 1975: Along the western margin
of the mapped spit area , a steep, irregular topography is illus-
trated by the spacing and curvature of the contours. A reentrant
at A defines the western boundary of the lobate part of the spit.
A small, partly enclosed runnel at B drained toward A. A well-
defined berm crest existed only west of B. Broad washovers
characterized the rest of the survey area and continued east of
profile DBI-TS. Seaward of this broad overwash was a relatively
steep beach face becoming gradually more gentle toward A.

(b) Figure 39, 11 January 1976: The survey area had under-
gone extensive deposition since September. Beach accretion had
displaced the berm crest toward the inlet . A uniform beach-
face topography characterized the arcuate margin of the spit.
The reentrant at A had changed into a narrow runnel outlet
draining a pond at B.

(c) Figure 40, 19 March 1976: Beach-face erosion charac-
terized the entire survey area. About 25 meters of shoreline
recession had occurred since January, leaving a uniformly
sloping beach face from A around the recurve to profile DBI-TS.
The berm crest along this margin had receded to within 10
meters of area B. Minor shoreline modification had occurred
west of area A. Little evidence of the outlet channel between
A and B was preserved, and B was a dry, isolated depression .

The two ocean-facing beaches adjacent to North Inlet have very simi-
lar intertidal morphology and quite similar response characteristics on
a month-by-month basis. Beach morphology was monitored throughout the
year at nine profile locations at Debidue and North Islands (Fig. 28).
The individual profiles are included in Appendix I.

From the prof iles, the amounts of erosion and deposition between
consecutive surveys were computed (expressed as cubic meters of sand
added or removed per running meter of beach). These results were
plotted as a function of time using the beach profile for June 1975
as a reference datum (Fig. 41).

Profile DBI-25, which is the one farthest away from the inlet ,
is quite stable. Most other profiles recorded significant amounts

97

. £-_---~!~~~~_ ~_ • !  _ •_~~ _~~~:
- - ---~~ - - - -- —— —-—-.,-—-- —~-—-. • --- - --—-



~ 
-~~~~~~~~~~ --. —_-—!~

-_
~~~~~~~ - _~~~_ - 

—

- -— .-‘~~~~~~~~~~~ —~ ----——-_------- — - —--~~~~-- —---—

T

-

/

b.: cr .:t~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Contour Interval ° 50 cm /
Figure 38. Oblique air photo and topographic map of Debidue

Island recurved spit, 28 Septeirber 1975. Note
shoreline reentrant at A and enclosed pond at B.
(Datum is MSL.)
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features as in Figure 35. (Datum is MSL.)
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of erosion and deposition during the year. Comparisons of the fluctu-
ations in all profiles on Debidue Island show that variations are in
phase.

From October to December 1975, relative stability was reflected
by nearly all DBI profiles . For the remainder of the year , three clis-
tjnct cycles of erosion and deposition were depicted by falling and
rising curves. One cycle occurred between late August and late Octo-
ber 1975. Two cycles occurred from late December 1975 through mid-
May 1976.

The same cycles are also expressed by the beach profiles on North
Island. Although data were missing for late September to late Decem-
ber 1975 at North Island, enough data did exist for the early fall to
indicate beach behavior similar to that on Debidue Island. The data
demonstrate quite convincingly that beach erosion or deposition occurs
in phase on the two ocean-facing beaches adjacent to the inlet.

4. Process Response Interactions.

The morphological effects of seasonal changes in MSL are most evident
at the Debidue Island recurved spit and at the point of swash bar attach-
ment on North Island.

Shore line positions. at the Dehidue spit for the three survey times
during 1975-76 are shown in Figure 4~. The September shoreline is
landwardmost and also characterized by a broad reentrant, extensive
washovers, and a steep beach face (Fig. 38). The survey, which was
made at maxinvim MSL (Fig. 18), strongly suggests a direct link be-
tween sea level elevation, inlet tidal prism, and throat cross-sec-
tional area. The annual changes in channel flow areas (Table 4)
were consistent with this suggestion.

By January , the Debidue spit accreted (Figs. 39 and 42) as sea
level dropped, and the throat cross section was reduced. In March,
near the peak of the spring high in sea level, the entire Debidue
spit was characterized by erosion. Annual changes in beach-face mor-
phology of the Debidue Island spit were directly controlled by MSL
fluctuations , rather than storm cycles or other external events (Hum-
phries , l977a, l977b).

A slightly different process response interaction occurred at the
swash bar attachment on North Island. The actual morphologic change
at this site was complicated by the superposition of two events--
seasonal changes in sea level and bar accretion. The October beach
face had a typical slope of 0.5°. A 30-centimeter reduction in ~~Lbetween October and January would , therefore , correspond to a 35-meter
seaward progradation of the shoreline. This is in good agreement
with the observed progradation (Fig. 43). In the same time interval,
significant vertical accretion occurred on the beach (Figs. 35 and
36)--a result of the landward migration of the swash bar complex.

102

.

~ 

-

• — ~ ~~~~~~~~~~ 
. - - ~ -—-~—- - . .~~~

— .. ~~~~~~~~~~~~~~~~~~~~~~~



- -- - - - -~~~~~~~~~~~~~~~~ -—~~~~~~ - — — -~~~~~~~~~~~ 
-- ,- --— —~~~~—~~—

--—- - ——_-“ --—--- ------
~

4.’
—Ia.
£1)

.
-•.• --
.

• 
— .••-

-•. ••—
~ —U S)

• 

•100 I!
/ •0

‘0
.O 4J

0’
—

I-o
4.’ —
1 5 1 5

0~ 
U

— 4 )0
0. .  .

.
~z a .

5 ) —’
—a •.
U) .. 0 4.1
—

~~~~~~ ..
0 .

.• (I)

4)

• . ...:~~~

lIj o £44 54)oei
• . o~~•1~4 (54.1
.
.
. ._4 .

.•

a.

•
~~

. 

4 ) .

.
. ~~~ 0o

0
4, ‘.1

15
— o
£5

W
•~. f~

.: . 5 t/)’-.
• •

• 0 —~(1)

0

LI ~ 103

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~—--—--~~~ -~~~---—--- --• -‘- -~ 



- - n_
~

_
~ f l - W~~~- : ”~~~~~~~ 

_

—

I 
•:. ~~~._— 1 Oct. 1975

17 Mar. 1976

1976

N 
A’ 

50

-
~~~~~~~~~~~~~~~~~~~~ Figure 43. Seasonal changes of the beach face on North Island where bar

- 
- - attachment dominated nearshore morphology.

04

- 
Iii-- ~~~rri~ - - -

t —-—._ ,- 
~~~~~~ —----~~~~



- - --~~~~~ —~~~~~~~~~~~~~ . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --

This steepened the beach face to about 1.20 such that the spring sea
level rise was accompanied by, typically, only 20 meters of shore-
line transgression (Fig. 43).

Perh aps the most sign ificant response interaction was that which
existed between inlet channel cross sections and the volume of the
adjacent beaches. Figure 44 shows the ‘average’ pattern of erosion and
deposition on the Debidue and North Island beaches (adapted from Fig. 41).
Both beach volumes and channel cross sections fluctuated about a stable
annual mean. The phase relationship between the fluctuations throughout
the year was quite striking. Beach accretion (positive slope) corres-
ponded rather consistent ly with channel erosion; beach erosion (negative
slope) corresponded to channel infilling . (An exception to this trend
appeared to exist for the fall months. However, the North Island data
for this time period were rather sparse, and interpretations of phase
relationships based on the fall trends could be misleading.) Although
more closely spaced data points would have been desirable, the data
strongly suggest an out-of-phase relationship between beach erosion and
channel erosion. The data provided only speculation concerning the
mechanisms of sediment exchange which tie inlet channel to beach mor-
phology. A feasible chain of events is the following: Storm-induced
beach erosion would be associated with the delivery of an increased
sediment load to the inlet channels , thus reducing their flow areas.
Subsequent decrease in wave action, in turn, would permit channel scour.
This model is consistent with Escoffier’s (1940) and Inman and Frautschy ’s
(1960) inlet stability concepts.

VI. S1M4ARY AND CONCLUSIONS

Both this report and Finley (1976) analyzed the basic hydraulic ,
morphologic , and littoral process characteristics of North Inlet ,
South Carolina . Data were obtained over a 2-year period from July
1974 to May 1976. Water level records from one ocean and two bay
tide gages, combined with tidal channel hydrographic data, littoral
process measurements, intertidal morphological maps , bathymetric
prof iles , and aerial photographic records (all obtained on a quar-
terly basis) provided the main data base for the study. Channel
cross sections were monitored on a monthly basis.

North Inlet is located on the northern South Carolina coast, in a
transition zone between the wave-dominated coast of North Carolina and
the distinctly tide-dominated coast of southern South Carolina and
Georgia. Although the mean ocean tidal range is only 167 centimeters,
North Inlet is classified as mesotidal because tidal current-generated
features , conforming to those of existing mesotidal inlet models , domi-
nate the system. The low annual wave energy and the infrequent storm
passage across the South Carolina coast appear to permit the development
of a typical mesotidal morphology for a tidal range sl ightly below the
proposed worldwide mesotida l interval .
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Within the s ame seasons of the 2 consecutive years of observa-
tion , the weather and littoral process parameters were quite com-
parable. This justifies one of the implicit assumptions in the study
methodology~ the sampling of process parameters on a quarterly basis
over 2 years will provide a representative measure of the total an-
nual variability of the North Inlet environment.

North Inl~et is hydraulically ebb dominated. For the throat section,
the peak ebb velocity exceeded the peak flood by a factor of 1.22. Also ,
the ebb duration was shorter than the flood duration by an average of
26 minutes. A mode l is proposed , which explains the ebb dominance as a
result of the different efficiency of water exchange between the ocean
and the bay at high and low tide . Considering continuity , the existence
of a much larger water surface area in the bay at high tide rather than
at low tide results in a longer lag at high water than- at low water , an
average of 46 versus 33 minutes. This differential lag is - consistent
with the observed asymmetries in the duration and velocity of the flood
and ebb.

Spectral analysis of the tide records further verify the model.
Overtides, M4, M6, and Mg components , are present in all the tide
records. These are produced by propagation of the tidal wave in
shallow water . However , their amplitudes are increased by one to
two orders of magnitude as the tidal wave moved in through the in-
let; this is due to the presence of nonlinear terms in the equations
of motion for inlet flow. The development of an asymmetric bay tid-
al curve relative to the one in the ocean , is consistent with the
amplifi cation of the overtides .

Average surf zone conditions expressed in terms of breaker types ,
breaker heights , and longshore currents exhibited a consistent season-
al pattern from one year to the next. Mean breaker heights ranged
from a low of 54 centimeters in March to a high of 70 centimeters in
September. The longshore wave energy flux factor was computed from
the littoral process measurements and used to estimate rates of long-
shore sediment transport . The gross transport was 800 ,000 cubic
meters per year for both years of observation. The net transport for
1974-75 and 1975-76 was 87 ,000 and 390 ,000 cubic meters , respectively,
both years to the south. This difference is also reflected in the an-
nual resultant wind vectors derived from anemometer readings at Debi-
due Island during the quarterly field periods.

Literature reviews suggest that the role of wind stress in the
generation of longshore currents is largely unknown . From the 250
complete data sets of littoral environmental observations for Debidue
Island, step4se regression analyses were performed to isolate the ex-
ternal variable that would explain the largest amount of variance in
the observed longshore current velocities. In all regression analyses ,
the longshore component of the wind velocity was the parameter ex-
plaining most of the variance. Other littoral parameters, including
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breaker angle and breaker height, used in previously developed theo-
retical or semiempirical longshore current velocity equations all
explained far less of the observed variance. It appears that the
longshore component of wind stress is at least ~s important as the
momentum of the obliquely breaking wave in the generation of currents
in the surf zone at Debidue Island , and probably in similar coastal
environments.

Analysis of the tide gage records demonstrated a distinct pat-
tern of seasonal variations in MSL. The measured bay variation was
34 centimeters , the inferred ocean variation about 45 centimeters.
The annual high occurred in mid- fall , the low in January , and a
secondary high occurred in mid-spring. A combination of steric
effects , seasonal wind setups and , perhaps, river discharge, appears
adequate to explain the observed sea level fluctuations. —

Repetitive topographic mapping of the intertidal channel-margin
linear bars , the Debidue Island recurved spit , and the swash bar com-
plex welding on to North Island revealed a distinct seasonal pattern
in the morphologic change. It is suggested that this morphologic pat-
tern is, at least in part, a response to the seasonal changes in MSL.
For exampl e, the Debidue spit shoreline occupied its landwardmost
position during the September 1975 survey. In January 1976, the spit
shore had accreted several tens of meters. In March, it had retreated
again. This suggests that the Debidue Spit eroded during periods of
high sea level and consequent large tidal prism in North Inlet, and
accreted during periods of low sea levels.

Existing concepts of inlet stability suggest that there is an ex-
change of sediment between the inlet channels and the adjacent beaches.
Thus , during periods of high wave action, when the beaches will under-
go erosion and retreat, sedimentation and shoaling should be evident
in the tidal channels. During periods of fair weather, the beaches
will accrete and the tidal creeks scour. Since MSL is not a constant,
the effects of this sediment exchange pattern could be masked by
changes due to water level fluctuations. Nevertheless, in the winter
and spring of 1976, a clear out-of-phase relationship between beach
erosion and channel scour was detected , in good agreement with the
sediment exchange mechanism stated above.
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APPENDIX A

FATHOMETER PROFILES AT NORTH INLET

The profiles were measured by a Bludworth precision depth recorder(Figs. A-i to A-l2). A map of channel profile locations is given inFigure 8. Offshore profile locations are shown in Figure 28. All pro-files are computer reduced to the sane scale.
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Figure A-6. Flood tidal delta, 6 January to 20 March 1976.
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APPENDIX B
0

TIME-SERIES DATA ON CURRENT VELOCITIES AND
WATER SURFACE DIFFERENTIALS

The velocities are integrated means of vertical current profiles at
the indicated stations (Figs. B-i to B-is). Station locations are shown
in Figure 9. All hydrography measurements are listed in Table 5. The
water surface differentials are determined as follows: Town Creek and
Inlet Throat differentials refer to the instantaneous difference in water
elevation at the ocean and the Town Creek gages (for gage location, see -

Fig .7) ; a positive difference indicates a landward-dipping slope. Jones
Creek differentials are similarly determined from the ocean and Jones
Creek gage records.

Hi and Lo indicate times of high and low tides in the ocean.

I
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Figure B-i. Current velocity time series and surface differentials
at Town and Jones Creeks, 10 June 1975.
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at Town and Jones Creeks, 14 June 1975.
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APPENDIX C

TIDA L CURRENT VELOCITY AND PHASE DATA, 1975-76 SEASON

This appendix presents summary tables of raw and reduced data per-
tam ing to the hydrographic measurements made at North Inlet in the 1975-
76 field season (Tables C-i to C-li). Tabulated frequency distributions
and histograms are included for all the variables. For station locations,
see Figure 9. The variables are defined as follows :

V?WsX: Peak flood velocity (cm/s)

VEMAX : Peak ebb velocity (cm/s)

DELTF: Time between peak flood velocity and subsequent
high water in the ocean (hr).

DELTE : Time between high water in the ocean and sub-
sequent peak ebb velocity (hr).

LAGH: Time between ocean high tide and subsequent sta-
tion slack (hr).

LAGL : Time between ocean low tide and subsequent sta-
tion slack (hr).
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Table C-i. Measured hydraulic parameters at North Inlet .
OIlS 5T A T1O~ Q4T~ VFM A X V€u4Z  OLTF OE.LTE L4614 I.. AGL

I ITS 5191e 96 1.3 3.0 9.6 •
2 115 42776 76 • 1.4 • .
3 ITS 32776 85 132 1.3 • 1.5 0.4

ITS 32216 70 1.4 2.6 0.6
S ITS 31576 114 150 1.’ 2.6 1.4 0.4
6 ITS 21776 105 120 0.7 3.2 1.0 0.5
7 ITS 107/b 60 85 1.8 3.5 1.2 •
8 ITS 100275 11~ 21 3 1.7 3.2 0. 4 0. 3
9 -ITS 602/5 10 1 85 3. 0 2.2 0. 8

10 1T14 51916 75 80 1.4 3.1 0.9
11 IT~ 42718 81 80 1.8 2.3 0.8 0.5

• 1~ IT~i 32776 64 206 0.5 e . 0 .3

32276 7~. 63 1.6 3.5 0.7 .
34 u N  3157e 125 127 1.7 4 .1  0.8 0.2
iS IT~ 21776 132 2.5 3.0 1.0 0.5
16 u N  10716 69 96 2.8 3.7 0.9
1 7 1 1 4  10 .)275 125 140 2.3 3.3 0.4 0.2
16 ITN 6027D • 114 . . . 0.6
19 51976 67 84 0.5 2.3  0.6 0.5

FC._I ‘s271I~ 86 108 1 .0  2.3 0.6 0.1
21 F CPI4 32776 66 114 0.4 . , 0.2

32276 56 74 1.6 1.7 0,2
FC ’._ 31576 123 • 1.6 • 1.0 0.2

24 FC’. 21/Fe, 72 92 2.9 2 .3  1.0 .
FCIs 10716 8? 76 1.7 3.9 1.1 •

26 10 0275 117 100 1.2 3.0 0.4 .

27 51976 61 66 1.1 3.5 1.0 •
2$ JC~ P’.7’, 36 54 0.9 2.6 1.0 0. 6
29 JCN 31516 99 91 0.6 2.8 .
39 111 7 6 64 109 0.2 2,1 0.9 0.5
31 Jc~ 1157 6 4’. 73 0,9 • 1.0 o~6
32 JC~ 1~~016 24 39 0.5 3.0 0.8
33 JC-’~ 1124 75 ~ 0 90 1.9 2.3 0.3
34 .JC~ 112575 6’ 60 1.9 2.0 0.4 .
35 JC~ 110476 142 108 1.0 3, 7 • 0.4
36 92916 78 89 1.7 2.8 0,2
37 .JC ’-4 92616 66 74 1.7 2,5 0.2 0.1

.)CN 82075 6i 71 0.7 1.3 • 0.6
39 JC N 12675 61 70 1.0 3.2 0.9
40 .JC~ 61775 78 • 1.0 • 0.8 .
41 .JCN 61075 • 79 • 4.0 • 0.6
4 2 .JCN 61415 76 84 0.5 3.3 1.1 0.9
43 JCS 51916 50 84 0.5 3.4 0.9 •
44 JC S 32416 38 37 0.3 2.4 1.1 0.5
‘.8 JCS 3 1578 92 77 0.7 3,6 • 0.1
46 JC S 11776 72 80 0.4 2.7 1.0 0.2
47 JCS 11516 50 57 ~~~ • 1.0 0.6
48 JCS 1107 6 30 30 1.6 3.3 0.9
49 JCS 1124 / 5 9u 83 1.9 2.2 0. 4
50 JCS 112575 89 62 1.0 2.4 0.7
51 110475 10 1 86 2.3 2.9 • 0,4

52 JCS 92975 74 66 1.5 2.9 0.3
53 .ICS 92615 86 52 1.7 2.9 0.4 0.1
6-. .JCS 82675 60 60 1 .3  1.7 0 . 0  0 . 7

.J CS 7267 5 50 59 2.0 2.4 0 .8

56 .j CS 6 1775 86 • 1.1 
-
. 1.1  .

S7 JCS 61075 • 63 • 3.6 • 1.?
5’) .JCS 61475 74 72 0.0 3.9 1.2 1.0
69 TCN 324 76  31 63 1.8  3.2 1.0 0.4

60 1C9 32276 42 82 1.0 2.9 1.0
61 TCN 11716 56 122 1.0 3.6 0.8 0, 3
62 TCN 11576 66 78 1 .1  • 1.2 0.5
63 TC N 21076 29 38 1.8 4.0 0.7 0.0
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Table C-i. Measured hydraulic parameters at North Inlet.--
Continued

08$ STA T I0~ DATE V r MAX VEM~%X DELTF DELT F LAGH LAGL

6’. 1C~~J 112475 67 86 2 . 3  3 .1  0 . 2  •
65 TCN 100476 80 130 1.4 2.7 0.6 0.7
66 TCN 929 79 68 • 1.7 • 0.7 •
67 TCN 92675 59 76 1.5 3.5 0.4 0. 7 4

68 TC~ 82675 • 85 • 1.9 0.4 0,6
69 72975 52 72 1.2 4 .2 0.6 .
70 TCN 61775 77 102 1.3 3.6 0.9 .
71 ICN 61475 78 102 0.5 4.8 h8 1.2
72 T C~ 61015 • 87 • 3.6 0.2 0.8 •

7J TC M 32476 ‘.3 54 1.6 3.2 0.9 0.5
7.. TC’4  3227b 50 81 1.0 3.1 1.3 0.5
75 TC M 11776 60 108 0.9 2.7 0.6 0.5
16 TCM 11576 59 71 1.0 • 1.4 1.0
77 TC’ 4  11076 25 36 1.3  4 .1 1.1  0. 0

16 T C~ 112479 77 86 2.2 4 .0 0.3
79 T C~i 100475 108 126 1.2 2.9 0.8 0.6
09 1CM 92975 71 • 1.1 • 0.6
81 1CM 92876 48 65 2.4 3.5 0.8 0.6
82 TC M 82616 • 66 • 2.2 0.4 0.4
83 TC N 72975 63 68 2.1 4 .5 0.5

1CM 61776 82 • 0.6 • 0.9
65 1CM 61475 75 86 0.5 4 .1 1.7 1.6
Os TCM 61075 101 76 2.0 3.5 0.5 0,8
67 TCS 32476 66 53 1.4 3. 4 0. 9 0.4
88 TCS 32276 56 43 0.9 3.1 1.0
*9 TCS 11778 78 122 0. 4 2.8 0.8 0.5
90 TCS 11576 68 80 1.0 • 1.4 1.2
91 TCS 11076 28 33 1.9 3.2 1.3 0.0
92 TCS 1124 76 104 121 2.1 2.9 0.6
93 TCS 100475 108 108 1.2 3.2 0.7 0.6
91e T CS 92976 78 • 1.0 • 0.9

TCS 92875 62 7 1 1.7 3.6 1.0 0.2
96 ICS 82676 • 79 • 0.9 0.4 0.6
91 TC S 72975 65 68 1.3 3.0 1.1
9$ TCS 61775 9’. • 1.0 • 0.9
99 TCS 61475 8’ 89 1.3 4.2 1.9

100 TCS 6107S • 80 • 3.6 0. 5 0.8
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Table C-2. Frequency distribution of maximum flood-current
velocity (coils).

vFM a~ FREQUENCY CU~ FREQ PERCENT CUM PERCENT

• 8 . .
24 1 1 1.087 1.087
25 1 2 1.087 2.174
28 1 3 1.087 3.261
29 1 4 1.087 4.348
30 1 5 1.087 5.435
36 1 6 1.087 6.522
37 1 7 1 .087  7.609
38 1 8 1.087 8.696
42 1 9 1.087 9.783
43 1 10 1.087 10.870
44 1 11 1.087 11.957
48 1 12 1.087 13.043
50 4. lb 4.348 17.391
52 1 17 1.087 18. 4 78
54 1 18 1.087 19.565
56 4 22 4.348 23.913
59 2 24 2.174 26 .087
60 3 27 3.261 2~~.348
61 2 29 2 .2 74  31.522
62 3 32 3.261 34. 783
63 2 34 2.174 36,957
64 2 36 2 . 174 39,130

3 39 3.26 1 42.391
66 5 44 5.435 47.826
67 2 46 2 . 1 7 4  50. 0 014
68 2 48 2.174 52.174
69 2 50 2.11’. 54.348
71 2 St 1.067 55,4.35
72 2 53 2.174 67 .609
74 3 56 3.26 1 60.870
75 2 58 2. 174 63. 043
76 2 60 2.114 65.217
71 2 62 2.174 67.391
78 5 67 5.’ .35 72.826
80 2 69 2.174 75 ,000
81 1 70 1.087 76.087
82 3 73 3.261 79.348
84 1 76 1.087 80. 435
86 1 75 1.087 82 .522
90 1 76 1.087 82.609
92 1 71 1.0 8 7  83. 696
9’. 2 78 1 . 0 8 7  8 4 . 7 8 3

99 1 79 1.087 85. 870
101 3 82 3.261 89,130
104 1 83 1.087 90,217
105 1 84 1.087 91.304
108 2 86 2.174 93.4.78

— 114 2 88 2 . 1 74  96 .6 52

111 2 89 1.087 96. 739
123 1 90 1.087 97.826
125 2 92 2.174 100 .000
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FROM QC~X ~~~~~~~~ ~~~

Table C-3. Frequency distribution of maximum ebb-current
velocity (coils) .

VCN~~~ FRLULJENCY CUM FREQ PERCENT CUM PERCENT

. 9 . .
30 1 1 1.099 1.099
33 1 2 1.099 2.198

36 1 3 1.099 3.297
37 1 4 1.099 4.396
38 1 5 1.099  5 .495

39 1 6 1.099  6 .593
43  1 7 1.099 7.692
52 1 6 1.099 8.791
54 1 9 1.099 9.890
54 2 11 2.198 12.08R
57 1 12 1.099 13.181
59 1 13 1.099 14.286
60 2 15 2.198 16 .484
62 1 16 1 . 0 9 9  17.582

63 3 19 3.291 20.879
6’. 1 20 1.099 21.978
bi 1 21 1.099 23.077
66 3 24 3.297 26 .374
68 2 26 2 . 1 9 8  28 . 571

70 2 28 2 . 1 9 8  3 0 . 7 6 9

71 3 31 3.29 1  3 4 . 0 6 6

72 2 33 2.198 36.264
73 1 3’. 2 . 0 9 9  3 7 . 363

74 2 36 2.198 39.500
76 .3 39 3.297  42 .55 7
7_I 1 40 1.099 43.956
78 1 41 1.099 45.055
79 2 43 2 . 1 98  47 .253
80 5 48 5. 495 52. 747
81 1 49 1.099  5 3 .84 6
82 1 50 1 . 0 9 ’~ 54 . 9 4 5

83 1 51 1.099 56.044
84 2 53 2.196 58.242
85 3 56 3.297 61.538
86 4 60 4.396 65.934
8 1 1 61 1.099 87 .033

2 63 2.198 69.231
90 1 64 1.099 70.330
91 1 65 1.099 71.429
92 1 66 1.099 72.527
95 2 68 2 .19 8  74 .725

100 1 69 1.099 75.824
102 2 71 2.198 78.022
106 1 72 1.099 79.121
108 4 76 4 . 3 9 6  -83 . 5 16

109 1 77 1.099  84 .615

113 1 78 1.099 65.714
114 2 80 2.196 87.912
120 1 81 1.099 89.011
121 1 82 1.099 90.110
122 2 84 2.1914 92.308
126 1 8s 1.099 93.407
127 1 86 1.999 9’..505
130 1 87 1.099 95.604
132 2 89 2.198 97.802
140 1 90 1.099
150 1 91 1.099 100.000

p
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Table C-4. Frequency distribution of the time difference
between peak flood velocity (at all hydrography
stations) and high water in the ocean.
OILIF F~ EOv F~4CV cu.. TACO •E4~CCMT CUM •24CV47

8 . .
0 1 2 1.08? 1.0$?

0.2 1 2 1.087 2.17’
0.3 1 3 1.0$? 3.26!
0. 4 . 3 6 3.281 6.522
0.5 7 13 7.609 14. 130
0.6 2 15 2.174 L~.304
0.? 3 18 3.261 19.565
0.9 ‘ 22 4.31.1 23.913

I 12 34 13.043 3~.9S7
1.1 3 39 5~l.35 42.39!
1.2 4 43 4.348 46. ’39
1.3 7 10 7.609 54.344
1.4 6 56 0.522 60.d70
1.5 2 58 -2.174 63.043
1.6 63 S.435 48.478
1.7 8 71 8.494 77.174
1.4 4 75 4.344 41.52?
1.3 ‘ 79 4~~34s 45.870

2 2 SI 2 .174 eq .043
2.! 2 03 2.174 90.21?
2.2 1 84 1.081 91.304
2.3 3 57 3.241 94.565
2.4 1 55 1.087 95.657
2.5 I $9 1.007 96.734
2.8 1 90 1.007 97.826
2.9 1 91 1.38? 91.913

3 1 1.081 100.000

Table C-S. Frequency distribution of th. time difference
between high water in the ocean and the sub-
sequent peak ebb velocity (at all hydrography
stations).

OEI.TL ~4E0UEMC1 cu~ FREO ~(RCZMT Cu’. PtSC8PdT

IS . .
0.9 I 1 1.218 1.728
1.3 I 2 1.220 2.439
1.7 2 4 l.43
1.9 * 5 1.220 8.094

2 1 4 1.220 7.317
2.1 1 7 1.120 0.53?
2.2 3 18 3.639 12.195
2.3 S 15 6.090 11.193
2.4 3 18 3.659 21.95!
2.5 1 1.220 23 .171
2.8 3 72 3.659 26.029
2.7 3 25 3.619 30. 444
2.8 3 28 3.659 34.146
2.9 6 34 7.31? 41.8~)3 5 39 6.098 41.581
3.! 4 43 4.875
3.2 7 30 8.137 60.976
3.3 3 33 3.639 64 .834

2 33 2.439 67.073
3.5 6 61 7.3!? 74.390
3.8 6 47 7.3*7 81.707
3.? 2 69 2.439 $4.J4$
3. 6 1 70 1.210 69.344
3.9 2 72 7.439 87.209

3 75 3.659 91.463
6.! 3 7$ 3.619 93.127
4.7 2 80 2.439
4 .5 1 $1 1.270 98.700

82 2.220 100.000
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Table C-6. Frequency distribution of the time lag between
ocean high tide and subsequent station slack.

LAGII ~~RE.11UENCY CUM FREQ PERCENT CUM PERCENT

• 11 .
O 1 1 1.124 1.124

0.2 6 6 5.618 6 .742

0.3 .3 9 3.371 10.1 12
0.~

. 10 19 11.236 2 1 . 3 4 8
0.5 3 22 3.371 24.719
0.6 9 31 10.112 34 .831
0 . 7  5 36 5.618  40 . 449

0.8 10 46 11.236 5 1.685

0.9 12 58 13.433 65.169
1 13 71 14.607 79.775

1.1 6 77 6.742 86 .517
1.2 3 80 3.371  89 .888
1.3 2 82 2.247 92.135
1.4 3 85 3.371 95.506
1.5 1 86 1.124 96.629
1.7 1 87 1.124 97.753

1.8 1 88 1.124 98.676

1.9 1 89 1.124 100.000

Table C-7. Frequency distribution of the time lag between
ocean low tide and subsequent station slack.

LAGL FREQUENCY CUM FI~EQ PEI1CENT CUM PERCENT

• 42 . .
0 3 3 5.172 5.172

0.1 7 8.897 12.069

0.2 6 13 10.345 22. 416
0.3 3 16 5.172 27 .586
0.4 7 23 12.069 39.655
0.5 11 34 18.966 58.621
0.6 11 45 18.966 77.581.
0.7 3 48 5.172 82. 759
0.8 3 51 5.172 87.93*

0.9 1 52 1.724 89.655
1 2 54 3,448 93.103

1.2 3 57 5.172 98.?76
1.6 1 58 1.72’ 100.000
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Table C-8. Histograms and summary statistics for variables
VFW..X and VEMAX.
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APPENDIX D

TIDAL CURRENT VELOCITY AND PHASE DATA, 1974—75 SEASON

This appendix presents summary tables of raw and reduced data per-
tam ing to the hydrographic measurements made at North Inlet in the
1974-75 field season. Tabulated frequency- distributions and histograms
are included for all the variables (Tables D—l to D—ll). For station
locations , see Figure 9. The variables- are defined as follows:

j VFMAX : Peak flood veloc ity (cm/ s)

VEMAX : Peak ebb velocity (cm/s)

DELTF: Time between peak flood velocity and subsequent
high water in the ocean (hr).

DELTE : Time between high water in the ocean and subse-
quent peak ebb velocity (hr).

LAGH : Time between ocean high tide and subse~uent sta-
tion slack (hr).

LAGL : Time between ocean low tide and subsequent station
slack (hr) .
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Table D-l. Measured hydraulic parameters at North Inlet.

08S STATION t)ATE V FNA X  V E M A X  DEL1’F DELTE 14GM 1*01

1 !TN 91974 110 156 2.1 3.1 P3.8 1.0
2 ITN 32175 46 91 2.0 3.6 0.8 .
3 !TN 42675 92 126 1.1 4.4 I.? 0.3
4 ITS 91974 111 118 1.7 3.6 0.7 1.1
S ITS 32175 49 78 1.9 3.2 1.2 .
6 ITS 42675 103 103 0.7 4.2 0.9 0.3
7 TCN1 82474 65 91 1.7 3.3 0.8 0.8
6 TCN1 91574 88 105 . . .
9 TCPdI 92174 50 104 2.2 3.3 0,6 .
10 TCW1 92774 62 • 2.9 . . 0.6

11 TCN1 22275 61 99 1.4 3.9 0.9 .
12 TCNI 31975 42 81 1.S 3.2 0.4
13 TCNI 32275 47 82 2.2 3.2 0.4 ,
14 TCN1 32475 84 108 1.1 • 0.7 0.7
15 7CM? 82474 90 96 1.6 3,7 ~~~~16 TCM2 91574 128 88 • . . .
1? TCN? 92174 81 96 1.4 3.2 0.8 •
18 TCN2 92774 77 • 2.7 • . 0.6
19 TCN2 22275 67 81 0.7 2,6 1.2 •
20 TCN2 31975 60 72 1.9 3.9 0.8 ,

21 TCN2 32275 60 69 1.9 3.0 0.6 .
2? 1CM? 32475 78 100 2.1 • 0.8 1.1
23 TCN3 82474 72 87 1.5 3.8 1.2
24 TCN3 91574 *16 96 . . . .
25 TCN3 92174 81 78 0. 7 3.2 0.8

— 26 TCN3 92774 73 • 1.8 . . 0,3
27 TCP13 22275 70 76 0,5 4.2 1.4 .
28 TCN3 31975 59 74 2.0 3.6 0.4 0.3
29 TC N3 32275 60 65 1.9 3.2 0.7
30 TCN3 32475 75 97 2.0 • 0.9 1.1
31 ..ICNI 82474 72 84 0.2 3.~ 1.4 1. 7
32 .J CN 1 92174 77 89 0.6 3,3 1. 0
33 JCNI 92774 74 • 2.1 . . 0.7
34 J CN 1 22275 68 84 0.4 3.2 2.0 •
35 JCNL 31975 34 76 2,2 3.6 0.4 0.4
36 JCN1 32275 36 81 1.1 2.5 0.1 •
37 JCP11 32475 39 92 1.4 . . 1.8

38 .3CM? 82474 58 75 0.? 3.7 1.0 2.1
39 JCN2 92174 94 78 0.9 3.2 1.1 .
40 JCN2 927’6 90 • 1.7 • . 0.5
41 JCN2 22275 91 85 1.1 3.6 1.0 •
42 JCM2 31975 44 65 2.4 3.8 0.6 0.5 

•43 JCN2 32275 47 69 1.4 2.6 0.4
• 44 JCW2 32475 70 83 2.0 . . 1.5

45 JCN3 31975 26 59 1.1 3.9 0.5 •
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Table D-2. Frequency distribution of maximum flood-current
velocity (cm/s).

VF M A *  F~~E0UENCY CUR’ ~ REO PERCENT CUM PE~~C (NT

26 1 1 2.222 2.222

34 1 2 2.222 6.444
36 1 3 2.222 6.667
39 1 4 2.222 8.989

42 1 5 2.222 11 .1 1 1
44 1 6 2,222 13 .333

46 1 7 2.222 15.556
4? 2 9 4.444 20.000
49 1 10 2.222 22.227
50 1 11 2.222 24.644
58 1 12 2.222 26.667
59 1 13 2.222 28.889

60 3 16 6.667 35.556

61 1 1? 2.222 37.778
62 1 18 2.222 40.000

63 1 19 2.222 42.22?

67 1 20 2.222 44,644
68 1 21 2.222 46.667
70 2 23 4. 644 51 .111
72 2 25 6.444
73 1 26 2.222 57.779
74 1 27 2.222 60 .000
75 1 28 2 .222 62 .222
77 2 30 4 .444 66.6F.7
78 1 31 2 .222 68,989
81 2 33 4.444  73.333

84 1 34 2.222 75.356

88 1 35 2.222 77•77a
90 2 37 4.444 82.22?
91 1 38 2.222

92 1 39 2.222

94 1 40 2.222

103 1 41 2.222

110 1 4? 2.22?
111 1 43 2 .222 95.556

116 1 44 2.222 97. 778
128 1 65 2.222 100.000

— 

L_
~~ - - 

$59

—
.--

~ 

—— ~~~~~~~~~~~~~~~~ ~~~
- 

~
.-
~

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



_ - - -  _—. - -— -
~~

- - -

N~~ is Ms? QUALITY
Q~~

’1
~ 3r~fl1L~

MM. A~ £~R~

Table D-3. Frequency distribution of maximum ebb-current
veloc ity (cm/s) .

VE MA 4 ~REUIj rNcy CUM ~~~~ PERCENT CU’~ P~~~a~~#~T

• S • . .
59 1 1 2.500 2.500
65 2 3 5,000 7.500
69 2 5 5.000 12.500
72 1 6 2.500 15.000
74 1 7 2.500 17.500
75 1 8 2.500 20.000
76 2 10 5.000 25,000
78 3 13 7.500 32 .500
81 3 16 7.500 40,000
82 1 17 2.500 4’.S00
83 1 18 2.500 45.01)0
84 2 20 5.000 50.000
85 1 21 2.500 52.500

87 1 22 2.500 55.000

88 1 23 2.500 57.500
89 1 24 2.500 60 .000
91 2 26 5.000 65.001)

92 1 27 2.500 67.500
96 3 30 7. 500 75.000
97 1 31 2.500 77.500
99 1 32 2.500 80.000

100 1 33 2.500 82.500
103 1 34 2.500 85.000
104 1 35 2.500 87.500
105 1 36 2.500 90.000
108 1 37 2.500 92 .500
118 1 38 2.500 95.000
12~ 1 39 2.500 97.500
15~ 1 40 2.503 lOn .Ano

Table D-4. Frequency distribution of the time difference
between peak flood velocity (at all hydrography~stations) and high water in the ocean .

OELTf ~PE0UE 9~C’, Cu’~ F~EO 
D~RCEN1 c%” ,PEPC~~T

• 3 . . S
0.2 1 1 2.381 2.381
0 . 4  1 2 2 .3 81  4 .762

0.5 1 3 2.381 7.343
0. ’ 1 4 2.381 9.524

0.7 4 8 9.524 19 .048
0.9 1 9 2.381 21. 629
1.1 5 14 11. 90 5 33 .33~1.4 18 9.524 42 .857
1.5 2 20 4.762 47.619
1.6 1 21 2.38 1 50.000

1.7 3 24 7.143 57 .143
1.8 1 25 2.381 59.524

1.9 di 29 9.524 69.048
2 4 33 9.524 78 ,573

2.1 3 36 7.143 85.714 9
2.2 3 39 7.143 9?.857
2.4 1 40 2.381 95.238
2.7 1 41 2.381 97.619
2.9 1 42 2.381 100.000
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Table D-$. Frequency distribution of the time difference
between high water in the ocean and the sub-
sequent peak ebb velocity (at all hydrography
stations).

0fL.TE ~ RE0UENCY CUM rREO PERCENT CUM PERCENT

S . 13 . .
2.5 1 1 3.125 3.125
2.6 2 3 6.250 9.375

3 1 4 3. 125 12.500
3.1 1 5 3.125 15.625
3.2 8 13 25.000 40.625

• 3.3 3 16 9.375 50.000
3.5 1 17 3.125 53.125
3.6 5 22 15.625 68.750
3.7 2 2’ 6.250 75.000
3.8 2 26 6.250 81.250
3.9 3 29 9.375 90.625
4.2 2 3* 6.250 96.875
4.4 1 32 3.125 100 .000

Table D-6. Frequency distribution of the time lag between
ocean high tide and subsequent station slack.

14GM rREOuEPdcy CUM FREQ PERCENT CUM PERCENT

10 . . .
0.1 1 1 2.857 2.857
0.4 5 6 14.286 17 .143
0.5 1 7 2.857 20 .00 1)
0.6 3 10 8.511 28.571
0.7 3 13 8.571 37.143
0.8 7 20 20.000 57.143
0.9 3 23 8.57 1 65.714

1 3 26 8,571 74.286
1.1 2 28 5.714 80.000
1.2 3 31 8.571 88 .571
1.4 2 33 5.714 94 .286
1. 7 1 3’ 2.857 97.143
2 1 35 2.857 100.000

Table 0-7. Frequency distribution of the time lag between
ocean low tide and subsequent station slack.

1*01. ~RE0UENCV CUM FREO PERCENT CUM PERCENT

. 25 . -
0.3 4 4 20.000 20 .000

• 0.4 1 3 5.000 25.000
0.5 2 7 10.000 35.000
0.6 2 9 10.000 45.000
0.1 2 11 10.000 58.000
0.6 1 12 5.000 60.000

1 1 13 5.000 65.000
1.1 3 16 15.000 80.000
1.3 1 17 3.000 85.000
1.7 1 18 5.000 90.000
1.8 1 19 S.000 95.000
2.1 1 20 5.000 100.000
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Table D-8. Histograms and susmiary statistics for variables
VFMA X and VEMAX.

STA TISTICS TARLE ANfl MI5TOGMAM FOIl VF MA X STAT ISTICS T*ALt ANO M~~~~U(ikAM ~‘0 ?  ~~~~~~~~

,oo. or vaLucSu NO. or VALUES. 40
SuM. 3~77 

SUM. 35~?
UNCOM RECI!O 55.24741.5 UNCORREC TED S5.3?5S43
V AQIA ~WE. S?A.10Q0909091 VAR IANCE. 327.7891025661
cotr. VA ARCE .32.4R876494886 COEr. VARIARCE.20.47 4 ;1R75445 S

NO . ‘~!SSTNG . 0 NO. M ISSING . 5
70.A0000000f lOf l  MEAN . Ra.4250000000o

COPRrCTEO 55. 23148.R000R000 CORRECTED 55. 12783. 77505~~nn
STANflAW DEVTATION .?? .9370A805390 STANOARO DEV TATI0N .18.IO4q469I~~62
STANn A RD ERROR . 11.69131313131 STANDARD ERROR . 8.194727564103
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APPENDIX E

HOURLY CURRENT VELOCITY READINGS AND
WATER SURFACE DIFFERENTIALS

This appendix presents hourly velocity readings (integrated means
through a vertical column ) at all North Inlet hydrography stations for the
1975-1976 field season (Tables E-l and E-2). The hourly water surface
differentials were obtained from simultaneous tide records at the ocean,
Jones Creek,and Town Creek gages (Figs. E-l , E-2, and E-.3). The numerical
ra~ data in this appendix correspond to the graph ical presentation in
Appendix B. For station locations see Figure 9. The variables are de-
fined as follows :

DATE : Date of observation

TIME: Hour of observation (e.s.t.)

OCEAN: Water surface elevation at ocean gage (in
cm relative to datum).

TOWN : Water surface elevation at Town Creek gage (in
cm relative to datum).

JONES: Water surface elevation at Jones Creek gage
(in cm relative to datum).

TCN1-FCN: Current velocity at the representative
observation station.

DELTOW: Instantaneous water surface elevation differ-
ence between ocean gage and Town Creek gage (cm). Positive
differential implies laudward slope.

DELJON : Instantaneous water surface elevation differ-
ential between ocean gage and Jones Creek gage (cm).

VELT : Mean velocity of all three Town Creek stations
(cm/s).

VELJ: Mean velocity of both Jones Creek stations (cm/s).

VELM : Mean velocity of all three inlet throat stations
(cm /s).

DIFT: Absolute value of DELTOW (cm)

DIFJ : Absolute value of DELJON (cm)

AVELT : Absolute value of VELT (coils)

AVELJ : Absolute value of VELJ (coils)
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Table E-i. Current velocity readings (intcgrote~ means) at
each station (cm/5). water surface e)evations
(cm). and elevat ion differentials (cm).

4)075 900 l0~ 90 II 0 0 0 S • 0 0 0 3 20 0 I 0
s l Ot s  500 $00 *01 92 5 30 30 0 0 I 0 I 3 13 13 0 0
o$070 $000 ~ I a. SI —05 .04 .32 0 0 0 0 0 3 0 •54 0 0
4* 0 75  * 100 57 6* 70 .75 .70 —7 * .79 —bO 0 0 0 — I  -3 — 14 .45 )
sb ?) U00 ii 33 4 )  •0~ .70 54 *I 4% 0 0 0 12 20 .03 .73 0
6*077 * 000 •~ 0 4 —*5 —7 0 - 7?  .7b 9S 0 0 0 — S .12 - 7 7  —as
4*07 5 0400 • j 3 .~5 74 .91 •0~ ~~~~ —54 .34 0 0 0 .4 07 044 .40 0
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6*775 97) .51 .40 —49  0 0 0 0 0 0 0 0 I 2 0 S 9
4)71) 500 —Si .52 —Sc 0 0 0 S 0 0 0 0 0 2 0 0 S
4* 1? )  *00 0 .46 —3 * •36 22 24 22 0 6 0 0 0 3 II 23 3 9
40111. 1*00 —s 0 0 25 40 31 Il 25 0 0 0 .3 5 13 IS 9
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alt ’S 0500 0 Ii *3 —*0’ 0 0 0 0 0 0 0 — $ 7  — * 3  —35 0 S
1*7 7% 7000 .20 lJ 3’ .54 0 0 0 5 0 0 .17 $)  .79 0 o
)oTls 400 — 35 47 —4)  I 0 0 0 0 0 0 0 S 4 0 0 0
$071 e 100 — I S  —22 —22 0 0 0 0 0 0 0 0 4 4 0 I 9
$C 7 1~ 000 II 7 5 5 0 0 I 0 31 40 43 II *4 0 0 9?
$9 779  900 4* )7 37 0 0 0 0 0 40 64 55 II *1 0 0 49
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SCATT ERGRAM OF DELTOW

STATISTICAL PACKAGE FOR THE SOCIAL SCIENC ES SPSSH - R ELEASE 6.02 11/24/76

STATISTICS:
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Figure E-l. Scatter diagram of current velocity at Town Creek
(yELl) versus the instantaneous water surface
elevation differential between the ocean and Town
Creek gages.
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Figure E-2. Scatter diagram of current velocity at Jones Creek
(VELJ) versus the instananeous watçr surface
elevation differential between the ocean and Jones
Creek gages.
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Figure E-3 . Scatter diagram of current velocity at the inlet
throat (VELM) versus the instantaneous water surface
elevation differential between the ocean and
Town Creek gages.
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APPENDIX F *

WATER SURFACE ELEVATION RECORDS

These tide records were obtained by Stevens and Leupold float gages
at Town and Jones Creeks , and by a Bristol blubber gage at the ocean
(Figs. F-i to F-16). The raw strip-chart records have been digitized
and computer-reduced to a common format. The elevations are related to
a common datum, which is 205 centimeters below the “INLET” triangulation
station. The available records are:

Ocean gag:~~ 1975: 10-14 June0 16-28 June, 1-28 July,
27 Aug .-3 Sept., 9-23 Sept., 2-15 Oct., 18 Oct.-8 Nov.,
7-28 Dec.; 1976: 13-27 Mar., 25 Apr. -19 May.

Town Creek: 1975: 10-30 June, 28 July-21 Aug.,
30 Aug.-21 Sept., 24 Oct.-30 Nov., 30-31 Dec.; 1976:
1 Jan.-28 Mar., 31 Mar.-19 May.

Jones Creek: 1975: 9 June-24 July, 13-24 Sept., —

25 Oct.-31 Dec.; 1976: 1 Jan-16 Feb., 18 Feb.-28 Mar.,
31 Mar. -17 May.

NOTE:--The Jones Creek record for the period of 1 Nov. -31 Dec. 1975
is included as Figure 12.
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APPENDIX G

SPECTRA OF 2-WEEK WATER SURFACE ELEVATION RECORDS

- Spectra (Figs. C-i to G-5) were calculated by applying the Statistical
Analysis System (SAS) “SPECTRA” procedure to the water surface elevation
records presented in Appendix F.
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Figure G-1. Spectra of the ocean and Jones Creek gage water surface
records, 9-23 July 1975.
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APPEND IX H

DESCRIPTIVE STATISTICS OF LITTORAL PROCESS PARAMETERS

Measurements were made by observers on the beach (Tables H-I, H-2, and
H-3) . The techniques used were described in some detail by Finley (1976 ,
p. 37) . The parameters are defined as follows:

VEL: Longshore current velocity (cm/s)

WIND: Windspeed, 2 meters above ground

DIR: Wind direction (azimuth)

WINDL: Longshore component of windspeed (in tenths of
miles per hour). Negative sign indicates that the wind was
blowing from right to left.

HGT : Primary breaker height (cm)

PER: Breaker period (s)

ANGL : Wave orthogonal angle relative to the beach. Zero
degrees is the strike of the beach toward the left
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Table H-i. SL~~ary table of littoral process parameters at
station DBI-2S.

JM0(i VII. WINO 010 WINOI. H67 PEQ ANOL

Jvoi *975 101 66 3 ‘.4 33 63 63 ~4
104 ~~ to ii so ~~ 65 0.
103 45 10 70 62 50 63 IS
*04 44 II 90 31 10 35 90
*05 — 9 10 106 3 100 55 90
I0~ —4 3 1*0 —I 00 55 94
300 39 11 35 105 10 75 90
109 05 16 70 99 50 35 02
*10 71 10 70 90 60 55 00
lit 103 26 60 193 *50 60 04
112 ~4 21 01 9~ 75 74 114
11! 31 0 92 22 74 120 65
116 —2! I 300 * 1 1*0 100 70
II? —4 0 95 10 60 03 00
Ill — 1 S 126 —25 00 93 90
119 .10 5 22! 463 5’. 105 92
* 2? —23 10 233 —0? 50 65 90
*2 1 —I 5 212 469 40 AS 90
1.4 —2 5 230 —42 60 ‘.2 90
125 —t 7 270 —22 50 05 90
*2’. 0 S 300 10 40 75 90
127 16 0 45 50 02 90
120 0 164 —75 39 55 90
129 — * 1 134 — 63 40 70 90
131 20 310 19 ‘.0 aS 93
132 —2 — 300 14 62 05 90
133 —1 3 110 —1 64 53 90
134 —23 1? 170 —106 41) 00 00
%33 — 30 9 206 —09 5~ 79 92
13* — *2 7 21’. —67 80 75 90
*37 ~0 9 176 —53 so 69 II
130 —30 10 176 —93 35 66 93
139 —34 1? 102 —II! 40 71 91
*40 —29 10 *00 —95 30 70 93
*41 — 1 6 242 —43 42 00 00
*42 —20 7 242 —SO 40 00 90
I’4 —24 14 *06 —*40 ‘.4) 110 1*5
145 .30 13 194 130 58 02 105
146 —81 12 190 —1 *9 30 70 107
14 ? —Y 3 244 —21 42 *5 92
140 —10 3 22* —70 60 70 04
*41 —56 10 tOO 0i 34 *0’. 120
150 -12 *0 170 —II 50 73 92
131 —2 1 18 196 ‘.140 53 60 04
132 —31 I? 193 —*20 61 100 94
133 —3 0 I? 2*2 ‘ .1*6 47 105 124
137 —20 10 100 — 05 60 90 105
150 —26 II 1 16 —93 4~ 74) 96
*59 .17 6 ISO —37 38 103 *00
tAO 1 0 0 0 40 106 90
163 —0 3 200 —7 43 00 90
166 —33 12 *10 — 114 49 iS 06
166 —21 9 203 —90 3? 90 94
167 I 4 294 4 37 I to  90 a

169 460 *2 16’. —*02 45 90 1*0
110 29 9 200 —13 30 05 00
171 A’. 13 II *30 7? 75 70
t 72 41 4 26 *30 60 70 7?
* 13 79 II 46 II? 60 0% 70
*14 34 *0 SO 09 00 70 74$.pt.mb.r 1975 2 0* —21 5 60 3? 4* 6? 96
70? —6 II 56 79 32 41 100
703 .1’. 10 41. 05 46 83 92
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Table H-i. Si~~~ry table of littoral process parameters atstation DBI-25. --Continued
P4UM0(R V~L W INO 0*0 WIWOL. HOT 010 ANOI.
204 —u 13 *00 — 124 4* S2 93
205 —56 1! 110 .141 *4 04 93
206 —1 3 *3 *50 —124 61 *0 94
207 —46 15 170 — *41 10 00 93
200 —47 16 tA O —152 00 00 90
209 —33 *7 11*0 —162 72 76 96
2*0 —II iii *50 —152 71. 90 92
211 —26 10 203 —99 51. 01 90
21? —3 9 10 *00 —93 7*) 95 95
213 — 14 13 1*0 —126 61, *6 93
214 — *5 9 *90 09 61 101 93
215 13 4 305 1? 62 02 90
216 4’) 3 15 30 65 120 90
211 73 0 40 74 90 104 90
2*0 20 7 33 01 06 90 03
220 —35 6 223 -38 90 123 91
22? 23 tO 0 95 52 1%! 60 5
22” 6 5 0 45 30 90 16
724 13 5 50 24 42 100 07
225 16 5 90 I’. 30 90 55
224 —70 4 133 — 1 0 3* 101 93
7?? 3’) 3 0 29 70 90 90
220 60 3 35 29 70 120 90
229 90 20 45 170 130 90 70

O 730 A 2 270 —6 50 *20 90p 231 41 15 50 127 65 i tO 60
732 50 21 45 107 *30 115 16

* 233 10* 27 50 107 140 104 73
738 40 2? 45 196 75 *20 60
233 141 20 35 260 65 0 *5

* 
231’ 03 36 30 336 146 *0 66
237 00 13 43 134 90 63 05
236 70 13 30 127 93 06 75
239 69 10 0 95 1% 91 *2
240 15 6 45 5’. 63 70 00
241 26 10 43 09 52 101 55
262 23 13 45 116 52 120 *3
243 55 * 3 45 116 70 110 53
246 59 10 60 14 74 120 0?
245 0 5 85 MS 41 122 00
246 3* 13 45 116 7? 03 74
247 1 13 43 136 00 107 00
240 45 14 43 125 43 00 70
289 13 12 45 107 75 90 *5
250 37 0 60 14 76 0? 00
251 11 2 270 —6 73 *0 05
23? *3 4 3*5 10 60 1)0 90
233 3 0 327 50 54 %*3 90
254 11 10 0 93 6* itS *5
255 35 7 0 61 30 *00 53
2S7 laS 27 35 235 03 02 63
250 34 30 30 293 91 73 73
239 4, 19 35 III 64 90 76
2*4 33 30 34) 116 75 9*) *0
26* 34 17 10 105 102 110 75
2*2 30 13 30 *27 11% 55 02
263 73 7 46 $1 ‘.0 92 03
264 41 1% 47 *31 6* ~2 SO
26* 35 15 47 *3* 73 103 02
767 20 16 59 46 03 93 *5
200 73 7 0 67 96 63 72
269 7* 4 30 39 40 101 II
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Table H-i. Su ary table of littoral process parameters at

station DBI-25. --Continued
4U~NIC0 VII. WI NO 030 W*N0~ NOT 010 *N~4.

Jonva ry 1976 10* 105 16 32 135 05 15 5!
302 93 *2 45 101 75 10 00
303 72 5 50 $1 05 75 75
304 20 1 43 62 60 15 00
305 7* 23 3 774 100 ‘.0 70
34)6 09 24 10 230 *23 63 63
307 ~0 20 20 200 311* 1*0 00
30* 89 *7 45 *52 100 *4 75
31*) *9 7 80 63 150 ‘.0 90
31* 27 3 0 29 IS 12 95
31? 3~ 2 45 10 65 71 95
313 11 1 43 9 60 7? 100
314 —20 0 0 55 69 9! 05
315 *0 10 21*0 *4 50 05 q5
311. 4 9 303 23 50 *0 90
33* 0 10 32’) 53 35 *0 90
339 81 1 0 67 45 15 10
370 80 *3  ~ 327 ‘0 1% 70
321 21 7 35*) 62 60 1*4 70
327 *4 5 IS 50 15 07 *0
323 11 3 350 21 40 95 55
324 7 ? 383 11 35 *02 9%
325 —e 2 344) 16 40 97 95
37* 14 5 65 34 40 07 90
320 1* S 133 —36 45 90 90
129 — . 2 330 13 35 92 56
330 —3 1 170 —q 35 00 *3
331 —15 7 203 —69 40 95 U
132 1 9 190 469 50 100 100
331 —9 2 330 13 30 50 90
33’ 6 2 62 1’ 34 00 00
335 —6 5 130 —2 40 1*4 90
336 5 7 110 —2 33 *30 00
337 — 12 3 1*0 —29 35 90 90
33* —9 I 30 10 40 63 03
335 —‘I 1 30 10 30 *5 9?
340 — 1 7 4 150 —2? 40 12 93
342 —11 5 210 —49 35 9! 90
343 49 6 270 —19 60 97 93
348 I? IS 9 145 35 tOO 92
38% 13 7 345 39 40 92 95
346 51 15 30 141 30 93 05
347 25 7 345 30 35 0? 90
180 —3 5 0 ‘I 35 90 90
349 ao 20 60 149 50 60 7*
350 *4 13 30 147 SO 10! 02
331 35 tO 45 *0 54 05 60
352 27 9 0 56 50 02 iS
353 17 9 74 50 72 *5 6%

4 354 3* 0 103 4 60 01 90
350 —2 5 270 —*6 *0 so 91
360 5 5 3*5 23 10 40 75
36* 47 5 330 34 00 95 75
36? 4 .) 12 270 .37 3! 47 45
11.3 27 iS 0 143 35 7* 73
368 1.4 10 330 05 70 00 75
365 41 1. 0 1*6 41 *0 05
36* *1. 13 20 150 70 73 *5
.167 101 *2 30 117 60 00 75
1*1* 23 *0 20 100 43 os 13

Mo,ch 1976 46* ~ 3 20 30 56 95 00 4

40? 2 A 85 53 36 *1 0,
40’) 9 12 45 107 33 0! 01

I
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Table H-i. Sumaary table of littoral process , parameters at
station OBt-25. --Continued

NUM *I ~ vl~. WINO 0*0 WINOI. NOT PIP 4N01.
404 23 10 45 59 3* 90 07
80* 37 8 1*2 —) 5? *9 *0
406 3 1) 00 25 61 97 *4
401 ‘49 12 225 — 107 72 9! 14)5
40* 54 13 225 116 40 50 90
812 —I 4 250 —25 42 123 9’
8*3 — I 3 270 ‘~~ 43 105 90
410 3* ~ 3* 50 50 75

a 410 30 1 0 61 63 60 79
420 25 5 0 45 SO 52 77
42* 24 9 40 53 34 *1 *2
422 1 10 100 —93 30 75 90
423 ‘.24 15 1*0 143 ‘.5 0’) 10!
426 —IA ~ 24! —2 7 ‘0 105 105
425 2 5 225 —45 52 95 100
426 5 10 100 ‘~~5 44 *75 90
427 —2 3 11 1*0 —104 43 1)0 9*
42* 3 *0 *00 —05 30 95 95
4 .9 —I *0 1*0 —04 34 94 *00
430 —26 0 0 0 57 05 99
43? —44 *3 205 — * 79  1.! 75 0*
411 —a.1 13 *00 — * 24  51 75 91.
438 —46 30 225 —11 ,0 ‘2 65 93
435 — 13 12 223 — 10 , 50 03 100
436 —41 *0 275 —*9 70 *0 100
417 —Il 15 2.5 — 134 70 70 70
43* —*7 12 1*0 — 1 * 6  *0 05 100
439 —51 1’ t35 —64 *0 95 100
440 —63 12 lAO —II ’  64 *0 11)5
84* —73 I? 72% — * 07  7* 05 11)2
442 1* *0 0 95 46 5* 71
443 00 *4 0 133 00 00 AS
81,4 *9 12 0 *14 56 03 73
44* 4* II 1) 105 50 72 *5
446 27 2 0 19 35 *70 02
447 39 tO 85 tAO 40 70 90

31 21 0 200 36 i~ 5 75
449 44 20 15 200 7’) 59 *8
450 02 18 67 92 100 60 *5
4.1 42 IS *7 99 60 100 04

432 11 4 aS 3* 35 50 07
833 *8 II 47 72 80 *5 07
458 17 II 90 38 34 90 *5
455 17 14 112 — * 0  39 *00 07
456 31 15 90 45 56 100 09
457 —7 12 135 —55 80 75 50
850 — 10 4 270 —1 2 60 1’)’) 00
439 — 3 2 270 —b 67 105 00
460 4) 5 202 4 37 92 00
461 2 7 270 —22 55 1*5 90
462 —9 7 270 —22 40 102 0*)
463 — 10 9 225 —50 50 *5 00
467 — 7? 7 115 —32 35 134 4)0
470 —25 0 202 —50 54) 06 06
471 —4 1 10 20? —100 36 70 1)1
412 U 10 100 95 52 *2 *  99
473 — 33 *0 350 ~5 86 91 9?
818 — 73 12 *00 “ * 18 *4) 60 300
‘73 464 15 135 l~ *1) 05 lOS
4l8 ?7 I? )**) — * 1’ 45 7’, Oil
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Table H-2. Frequency distribution of longshore current velocities
at station DBI-25. Negative sign indicates current to
the left (north), positive currents flow to the right
(south).

VOL F010UINCV dIM cR10 •CRCOPIT CUM P~ iacps T IlL F1110uINCY CUII rO(Q PC*CIPIT Cull 010COST
73 2 0.506 0.005 ~~ i~~o 1,210 56,45;

— 6 *  1 0.803 1.2*0 *5 3 14* 0.403 50 .05*
—42 4 0.403 1.013 10 3 *‘4 1.230 50.065
—61 3 0.803 2,0* 6 I’ 4 ISO 2.4*9 60.4*4
—SO 6 0.403 2 .4*9 *5 * 15* 0.403 1.0.057
—56 I 0.SOa 1.226 19 * *52 0.40 3 61.790
.54 *0 O..O6 4 .032 20 * *53 0.403 61.04)8
—53 It 0.003 4.41! 2* * *14 0,403 1.2.097
—5 * *2 0.803 4 .039 73 3 *57 1.2*0 63.3’la
—~~ 14 0.006 5.645 24 I *50 0.403 1.3.7)0
—47 16 0.006 6.45? 25 362 1.613 65.323
‘.64 1* 5.506 7.230 26 3 *03 0.403 *5.720
44 *9 0.403 7.1.61 ~ 7 a 167 1.613 1.7,330

—43 20 0.403 5.065 2~ 3 *70 1.210 80.540
46* 22 0.506 0,07* 24) 1 *71 0.403 60.052
—8 0 1 23 0.403 9.274 II *711 2.0*0 70.06*
—3* I 24 0.401 9.1.77 ‘I 2 17* 0.1100 71.774
—35 I 25 0.403 *0 .00) ~4 *110 0.000 77.5*)
—34 1 26 0.403 *0.4 1*4 3~ *112 0.001, 73.34?
— 33 I 27 0.403 *0 .057 3~ *113 0.403 73.700
—31 2 79 0.006 - II.o~4 

33 2 *04 0.000
—30 1 30 0.403 12.097 3’ 1116 0.403 75.000
—2 ’ I ii 0.401 ~~~~~ 

09 1119 t .210 711.21fl
—2 * I 32 0.603 *2. 901 ‘~ 19* 0.506 71.0 16
—2’ 3 33 1.210 t8 .1t1 ‘I I 192 0.403 77.419
—26 4 *9 1.413 *3.724 ~~ . *94 0.906 70.22*
—25 3 ‘2 1.230 *5. 935 ~ *96 0.006 79.0 3?
—24 43 0.403 *7.339 “ *011 0.506 70.030
—2 3 2 ~5 0.00* 15 ,14! ~~ 70* 1.210 *1.0411
—22 1 46 0.403 *0.540 ‘b 201 0.1*06 01.44%
—2 *  2 4* 0.506 *9.350 ~ 7 204 1.2*0 *3.0*5
—20 3 3* 1.210 20.360 44 209 1.210 *4.274
—Il 5? 0.803 20.06* ‘~ * 210 0.403
‘IS 3 55 1.210 72.177 30 1 211 0.003 05.051
—1 7 60 2.0*0 26.194 51 I 2)? 0.403 45.6114
—*6 2 62 0.006 25.000 5’ I 2*3 0.403 115.007

—*5 3 *3 1.210 10,710 ~~ * 2*4 0.403 *0.29fl
34 * 56 0.603 24.413 5’ * 2*5 0.~ 03 00.494
.11 67 0.403 27.0*1. 5’ 1 216 0.403 1*1.097
—I? 3 70 1.2)0 20.224 6’ * 2)7 0.403 1*7.400
—II 7* 0.60) 20,020 45 * 2111 0.403 07.04)3

—*0 3 78 1.210 20.639 60 4 722 1.613 09.3*1,
—9 3 79 2.0)6 3t.*5s 1.11 t 223 0.403 *9.010
—I IS 0.403 17.25* 6~ 1 224 0.403 00.323
.7 4 04 1.613 33,1*7) 70 1 225 0.403 00.720
.6 2 56 0.006 34.077 71 3 1.210 91.033
—4 *5 5.006 3S.~ o ’ 72 1 720 0.003 92.~~30
—3 S 93 2.0*6 17.4~ A 73 2 23* 0.006 93.1’!
—2 3 90 2.014 39,%*~ 

7a I 232 0.003 03.54*
.0 3 lii 2,0*6 41.532 70 233 0.403 03,057

3 *00. 1.210 62.74? 00 134 0.803 94,153
3 100 1.210 41.0*? 02 235 0.403 94,7511
3 II? 1.2*0 45.18* •5 1 230 0.403 95.101
I Ill 0.401 43,c~5 *6 217 0.603 95.56%

4 * ItO 0.403 45•05* 011 231* 0.803 05,96*
3 ‘ III 1.613 47.511* SO * 230 0.003 00.37*
6 P 100 0.606 40.3117 90 1 240 0.403 94,778

2 Ifl 0.00* ‘9.10’ 93 2 262 0.406 97.50%
5 4 *26 1.613 so.ooo oo * 243 0.003 97,954
O 2 121 0.006 51.613 *03 2 2’5 0.906 90.7911

10 I *19 0.803 52.01* *05 1 206 0.403 90.194
II 2 13* 0.006 52.523 *0’ * 247 0.403 09.597
12 I *32 0.003 51.226 *4* 1 240 0.803 *00.000
II 3 *37 2.0*6 
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Table H-3. Frequency distribution of wave heights at station DBI-25 .
*401 r010u(NCY Cull ‘1*10 •IRCtNT Cull P~RCf NT

30 9 9 3.429 3.1.29
33 * 10 0.403 6.03?
34 4 34 1.613 3.645
3% 13 29 4.040 *3.0.94
36 2 3* 0.006 t..5011
31 1 32 0.403 12.901
35 2 34 0.006 *3.1*0
39 * 33 0.403 14.111
40 20 53 5.063 #2.171
41 2 31 0.606 27.046
42 3 4? 2.0*6 25.000
43 3 45 1.210 26.210
66 1 *6 0.403 26.0*3
45 1. 7? 2.6*9 29.01?
46 4 16 1.8*3 30.443
47 2 15 0.106 31.437
44 3 03 2.0*6 31.4611
49 I 04 0.403 31,513
50 20 104 4.065 41.93!
St 1 103 0.403 42.339
52 7 112 2.523 45.16*
33 2 114 0.506 40.06*
54 5 1*9 2.016 47.0*4
53 3 122 1.210 49.194
56 0 12* 2.6*9 53.613
57 2 *30 0.506 52.819
39 3 133 1.2*0 53.429
1.0 *7 *50 6.555 60.408
6* 4 154 1.613 67.097
6? 2 1S6 0.506 62.903
63 4 *40 1.613 64.5*0
64 8 164 1.013 A0..)29
65 6 170 2.419 66.34*
66 * 11* 0.40 3 60 .05?
41 1 *7 2 0.803 69,353
64 3 *17 2 .0*6 11.311
69 I 171* 0.40 3 11.774
70 13 19% 5.242 17.016
72 5 196 2.016 79.1)32
73 2 *90 0.006 79.039
14 2 200 0.006 *0.045
75 1 201 2.023 43,460
14 1 205 0.403 *3.51*
70 7 1*0 0.008 *6 .877
00 9 2*9 3.629 06.300
0? 1 220 0.403 05 .710
05 3 723 1.210 *9.019
56 1 224 0.403 90,321
90 4 22* 1.6*3 91,93!
91 1 220 0.403 92.339
93 I 210 0.403 92.742
95 * 23* 0.403 93.14!
90 2 233 0.006 01.052

14)0 3 230 2.0*6 95.9*5
102 I 239 0.403 96.371
110 2 241 0.504 91.177
1*3 I 242 0.401 97.5*1
*2 5 * 243 0.403 97.014
130 2 245 0.506 90.190
140 2 247 0.006 94.597
130 1 244 0.40) 304.000
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APPENDIX I

BEACH PROFILES AT DUBIDtJE AND NORTH ISLANDS

Beach profiles (Figs . 1-1 to 1-10) were measured from the backshore
to approximately 2 feet below the waterline. The backshore reference
height remained invariant over time. A map of profile locations i~
given in Figure 28.
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Figure 1-1. Beach profiles at station DBI-6 , 13 June 1975 to 18 May 1976.

205~

~~- -

______ -V - —- V.  ~- ~ ~~-— 
.
- V



IS ~~~~ ~~~~~~ ~~~~~~~~~~~~~~~~ ~~
.

II JVL Y

17 AW S.

14 SIPT. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

74 SCT.

SI NOV. f ~~~~~~~~~~~~~~ 

‘-

~~~~

.... . 

,-‘.,~~~~~~~ 

10 II C 1971

9 JAN. 1976 
~~~~~~~~~~~~~~~~~~~~~ 

- - -

~~~~~~~~~~~~ 

-:EII- -:
~~~~~~~~~~~~

15 MAY 1976

00 lb 00 ~b 00 55 05 ~ So ibo 00 20 00 40 00 ISO 00 tb 00 the oo
- O1STRNC~ (Il I_ -

Figure 1-2. kach prafilsi at statiem D1I-$, 12 Jun. 1975 to 18 May 1976.

*0s,

_ _ _ _  
V - - - V— V

- - __ _V__V_0_ _._.V _  —-V ~~~~ — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
—-V.— —V—-V-V 

V -

~~~~



_ _ _  - ---~~~~~~~~~ 
_  

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

~~

-

~~~~~~~

—-.-  -V__

i

9 JUNE 1975

3O JULY

25 AU0.

22 SEPT. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

,, ,  
~~~~~~~~~

24 OCT.

22 NOV. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

20 DEC. 1’75

6 JAN. 1q76

26 API.

1$ MAY 1q76 rO
O L• .0.,a.I_ 601_,.-V ,,_.# ..... ’.._._._:*..llr_..’...-V..,_..

V 
~ 
‘0.00 tb oo 4.~ j  55 .55 RiO SIN 10.50

V DISTINCE IM J

Figure 1-3. Beach profiles at static. bit-tO, 0 J~~i 1075 t. 1$ May 1076.
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Figure 1-4 . Beach profiles at station DBI-20, 11 June 1975 to 18 May 1976 . -
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Figure I-S. Beach profiles at station DBI-25, 11 June 1975 to 18 May 1976.
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Figure 1-6. Beach profiles at station NI-6, 19 June 1975 to 18 May 1976. 
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Figure I - i .  Beach profiles at station NI-8, 19 June 1975 to 26 May 1976.
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Figure 1-8. Beach profiles at station NI-lO, 9 June 1975 to 18 May 1976.
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Figure 1-9. Beach profiles at station NI-14, 9 June 1975 to 18 May 1976 .
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Figure 1-10. Beach profiles at station N1-20, 11 June 1975 to 18 May 1976.
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