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LONG-TERM COASTAL INLET CHANNEL AREA STABILITY

William C. Seaberght!

Abstract: Theequilibrium-areaconcept for tidal inlets has been auseful approach to understand the
adjustment of an entrance channel’s minimum cross-sectional area to the basic hydraulic and
sedimentation characteristics of theinlet and bay it serves. Thispaper examinesthe concept interms
of inletsthat apparently are not in equilibrium, maintaining asmaller areathan the equilibrium area
that isindicated by the Escoffier diagram. Isthe Escoffier approach too simplified or istheresponse
sometimes a very long-term process? Other methods and concepts imply equilibrium area values
smaller than predicted by the Escoffier approach.

INTRODUCTION

Theequilibrium areaconcept for tidal inletswas originated by LeConte (1905). O’ Brien (1931,
1969) examined field datafrom tidal inlets through sandy barriers on the West coast of the United
States and determined arel ationship between the minimum cross-sectional flow areaof theentrance
channel and the tidal prism. The form of thisequationis:

A =CP" (1)

where Acisthe minimum inlet cross-sectional areain the equilibrium condition, Cisan empirically
determined coefficient, P isthetidal prism (typically during the spring tide), and n is an exponent
usually slightly lessthan unity. Theempirical coefficients C and n are usually determined by the best
fit to data. Recent work by Kraus (1998) derived the form of Eq. 1 by a process-based model that
accounted for the dynamic balance between inlet ebb-tidal transport and longshore sand transport at
theinlet entrance. Kraus obtained an explicit expression for Cin Eg. 1. Hughes (2002) derived an
equilibrium cross-sectional arearelationship that not only matched field inlets, but aso laboratory-
scaled inlets, which were not reconciled by previous expressions.

Using the above equation for equilibrium area and coupling it with Escoffier’s (1940, 1977)
concept of simultaneously solving the analytic equilibrium area equation and the inlet’ s hydraulics
for various channel areas of a particular inlet, one can determine stable and unstable channel areas
(Fig. 1) for sandy inlets. Also, thisanalysisis used as a preliminary design tool to understand the
inlet’s response. Typically one-dimensional numerical or analytical models have been used to
determinetheinlet hydraulicsin theinitial approach. Theinterpretation of thiscurve (known asthe
“closure curve”’) has had two approaches, but Van de Kreeke (1992) clarified the interpretation that
isshowninFig. 1. Othershad interpreted the areavalue at the peak vel ocity as being thelocation of
the equilibrium area.

Thisconcept impliesthat equilibrium areaisachieved oncetheinlet’ sbay fillscompletely, i.e., the
bay tide range is equal to the ocean tide range (assuming aresonant condition does not exist dueto
bay geometry). Thisconclusionishbased on application of thisconcept to many inletswithinitia bay
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tide range values ranging from 10% of the sea tide range outside the inlet and greater. It seems
intuitively correct in that, for inlets with agreater volume of water passing through in agiven time
period (thetidal cycle), theinlet channel will belarger. A full bay should supply greater flow power
through the inlet. However, in practice, many inlets with bays that do not fill appreciably have
maintained a fairly constant channel flow area over many years and do not have bays that fill
completely. Important questions are, “are these inlet systems in equilibrium?’ “will the entrance
channel fail to enlarge?,” or “will there be an eventual change over along period?,” or “could there
be the possibility of a sudden scour and enlargement of the channel?” The Escoffier approach
indicatesthe entrance channel eventually enlarges until the bay fillscompletely; field evidence shows
inlets with apparent stable channel cross-section areas existing with bays that are not completely
filling. The next section will examine some other approaches or hypothesesto determineif or how
inlets can have equilibrium channels with bays that do not fill.

3
Unstable equilibrium point Stable equilibrium point
#f
e \ /
3 2 y
tn
E / JeF
) // T
G -.ﬂ""$
k i ke N
:g | qu M v OCI'[y curve

I

[Inlet maximum velogity cuin Vs

11°)

1000 5000 10000 50000 100000
Channel Area, sqm

- Calc. Velocity == Equilib. Velocity

Figure 1. Escoffier's solution for an inlet's stable equilibrium area
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OTHER INLET EQUILIBRIM APPROACHES

Mota Oliveira (1970) determined from numerical experiments that for an inlet coefficient of
repletion, K, from about 0.6 to 0.8, that the bed load capacity of the tidal currents reaches a
maximum. The Keulegan (1967) “K” repletion coefficient, is defined as

- T A 208 o F =Sk 4 b o
2ma, AN F W ;K+4R @)

where T = tidal period; a, = tidal amplitude; A. = the channel cross-section area; A, = the surface
areaof thebay; F= theimpedance of theinlet; k; = entrance, exit and other energy loss coefficients;
f = Darcy-Weishach friction coefficient; L = channel length; and R = hydraulic radius, usually equal
to the average depth of the channel. Therepletion coefficient isroughly equal to thedecimal fraction
that the bay fills, e.g., for K = 0.6, the bay fills approximately 60 %. Therefore, Mota Oliveira’'s
analysis supports the concept that equilibrium inlets can have baysthat do not fill completely. This
phenomenon of bed load capacity efficiency can be explained by the relation of water level to the
time of maximum currents. For inlets that do not fill their bays completely, greater current
magnitudes exist for maximum ebb flow dueto their occurrence at lower water levels. Flood flow is
at ahigher water level, and maximum flood currents will be weaker, due to alarger channel cross-
section at the higher water level. Therefore, the seaward flushing of sedimentsthrough theinlet is
most efficient in the range of K values of about 0.6 to 0.8. This hydrodynamic process might be
expected to lead to some inletstending to bein “equilibrium” with bays that do not fill completely.
It should be noted that other factors could contribute to whether tidal inlet channel currents are ebb
or flood dominant. For example, Boon and Byrne (1981) showed that inlets with large open bays
tend toward flood dominant currents, and inlets with bays that have highly variable areas, e.g.,
containing marsh and small channels, contribute to ebb dominant currents.

Skou (1990) examined the Escoffier curve and defined the response ability as* the most optimum
situation for aninlet to remain stable.” Theresponse ability isdetermined by cal culating the gradient
of the Escoffier curve and plotting this slope versus the cross-section area of theinlet. Thelocation
along the curve where the gradient was a maximum defined the area that would be ableto respond to
changethefastest. Though Skou’sinterpretation did not define this asthe equilibrium area, it was
always larger than the “critical area,” i.e., the area associated with the peak of the Escoffier curve.
These two criteriawill be examined for the case of a“low-K” inlet in the next section.

NON-EQUILIBRIUM INLETS (?)—AN EXAMPLE

Many inlets have low Keulegan K values. Thisfact indicatestheinletisnot in equilibriumif the
valueisbelow 0.6t0 0.8 (by MotaOlivera swork) and below about 2.0 (the value of K when the bay
fillscompletely), by Escoffier’ sanalysis. A listing of someinletsthat have or have had low K values
isshown in Table 1. When an Escoffier analysis is performed, typically the equilibrium areais
associated with the bay filling completely. An example of the Escoffier method is shown for
Barnegat Inlet, New Jersey (see Fig. 2). Thisinlet connects the Atlantic Ocean to avery large bay
(surface area of 123 million m?) with the entrance channel passing between two parallel jetties
spaced 305 m apart (see Figure 3). The inlet has sands ranging from 0.25 mm to 0.60 mm in
diameter. In 1968, the bay filled only 9 % of its capacity and had a Keulegan K of 0.09. Fig. 2
shows the location of the 1968 area along the stability curve. Notethat it wasvery closeto unstable
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equilibrium. After significant dredging and raising the mean tide level north jetty to an above high
water elevation, severe channel shoaling was reduced and the areaincreased to that shown for 1991
(see Fig. 2). The 1991 channel areafalls on the left side of the Escoffier diagram, indicating its
potential to moveto the right toward equilibrium. The 1998 areareflects measurements taken after
the old arrowhead jetties were streamlined to a parallel jetty system. The area has shifted further
along the curvetowards stable equilibrium. The equilibrium areafrom the graphical analysisfor the
existing bay isavery large 15,000 m? (see Figure 2). Given that the existing Keulegan K islessthan
the 0.6 to 0.8 rangefor K, and ismuch lessthan Escoffier equilibrium, it isconcluded that theinlet is
not in equilibrium. A short history of tidal prismsfor Barnegat inlet (Fig. 4) showsthat recent inlet
prismsand thusinlet cross-section hasbeen in thisrange of K for many years. Thereisvariation that
was dueto improvementsin thejetties and reduction in channel shoaling plusdredging. Thissystem
has along entrance channel (see Figure 3) and perhaps the friction dominates and has helped keep
the K value low (see Eq. 2). However, with recent improvements, a scouring mode seems to be
occurring. Theimportant question is how much scour will occur. Accepting the result of the basic
Escoffier analysis, a considerable amount of scour may occur.

Table 1. Examplesof “Low Keulegan K” Inlets

In the United States
Inlet Keulegan K Value
New River, NC 0.08
Barnegat, NJ 0.09
Shinnecock, NY 0.15
Ft. Pierce, FL 0.16
Chincoteague, VA 0.16
St. Johns, FL 0.21
Indian River, DE 0.22
Ponce de Leon, FL 0.25
St. Lucie, FL 0.26
Ocean City, MD 0.29
Beach Haven, NJ 0.31
Jones, NY 0.35
Beaufort, NC 0.41
North Edisto, SC 0.42
Jupiter, FL 0.44
Winyah Bay, SC 0.45
Bakers Haulover, FL 0.45
Moriches, NY 0.54
Manasquan, NY 0.65

" Valuesare historical and may not accurately represent today’s value.

Applying thecriteriaof MotaOliveirathat equilibrium would likely bein the Keulegan K range of
0.6 t0 0.8, it can be determined from a simple one-dimensional model based on DiL orenzo (1988)
and implemented in a PC based program for the Escoffier analysis (Seabergh and Kraus 1997), that
the cross-sectional areafor avalue of K equal to 0.8 is4,300 m®. The resultant cross section would
be different than the equilibrium area, found in Figure 2, of 15,000 m>.

Determining the response ability of the channel areaas discussed earlier and based on Figure 2 for
Barnegat Inlet, it is seen that a channel area of about 10,000 m? has the highest value. Thiswould
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Figure 2. Escoffier diagram showing trend of movement along Escoffier curve at Barnegat Inlet, New
Jersey, from 1968 to 1998

Figure 3. Barnegat Inlet, New Jersey, 1996
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Figure 4. Changes in tidal prism and minimum cross-sectional area from 1932 to 1996
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Figure 5. Response ability of Barnegat Inlet based on Figure 2
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lead oneto anticipate thiswould be the optimal cross-section areaaccordingto Skou. Itisinteresting
to note that the response ability of the Escoffier analysis equilibrium cross-section areais about half
that of the area with maximum response ability.

For the Barnegat Inlet case we have seen that anthropogenic changes between 1968 and 1998
contributed to opening the cross-section areaof theinlet from about 900 m? to 2000 m?. Theinletis
still alow K inlet with a long friction dominated channel system. According to the location for
equilibrium on the Escoffier analysis, the channel has a potential to reach 15,000 m%. Using the
Mota Oliviera idea that some inlets stabilize with a Keulegan K value in the 0.6 to 0.8 range, an
expected area of 4,300 m? would be reached (K = 0.8). A value of the best channel response is
achieved for an area of 10,000 m?.

OTHER FACTORS

This relatively smple analysis indicates that it may be difficult to determine “the ultimate
equilibrium area’ valuefor aninlet. If the opportunity occurred for shortening theinlet, e.g., say an
aternative shorter channel was to be dredged, or barrier beach breached, the potential for an
equilibrium channel could occur. Aninlet with alow Keulegan K valueistypicaly ahigh friction
loss system, so it may maintain this state for some time and may be in a*“temporary equilibrium,”
until natural or human forces intervene. It has to be recognized that there is potential for
enlargement of the channel. Nature may intervene and create a new connection to the bay due the
breaching of a new inlet, creating a shorter channel from ocean to bay. With a shorter channel,
friction may be less and the new cut may supplant the older inefficient channel. A larger cross-
section may develop and soon a larger tidal prism could fill the bay with its attendant greater tide
range, flooding areas that were dry when the old friction dominated channel-controlled flow. A
storm surge could cause scour and increase channel efficiency. Inasimilar manner, dredged cutsto
shorten navigation routes may likewise devel op into more efficient channel s and perhaps contribute
to scour in the entrance channel as the response ability increases rapidly.

The above has discussed the negative responses of a rapid change of an inlet moving aong the
closure curve toward stable equilibrium. Asan inlet reachesits equilibrium area, there most likely
will be very positive responses occurring. Channel location stability and thus its reliability for
navigation safety will beimproved. Thestableinlet will enhance water circulation and water quality
dueto alarger tidal prism relative to the low Keulegan K inlet.

CONCLUSIONS

The Escoffier analysisof tidal inlet channel cross-section areaequilibrium for cases of inletswith
existing low Keulegan K valuestypically indicates that the equilibrium areawill be much larger than
theexisting area. A low Keulegan K inlet has abay that only fillsto afraction of its potential tidal
prism. The equilibrium channel area determined by the Escoffier analysis has a bay that fills
completely. The high friction channel of alow Keulegan K inlet appears to be difficult to move
toward the Escoffier equilibrium area unless society or natureimprovesthe efficiency of the channdl.
Other approaches to an equilibrium area seem to indicate that smaller values of equilibrium other
than that of Escoffier analysis may be the limiting maximum areathat could exist for agiven low
Keulegan K inlet system.
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A low Keulegan K inlet has the potential to expand its entrance channel cross-sectional areato
much larger sizeif it is made more efficient by dredging, adding jetty structures; or if anew more
efficient channel is created either by dredging, storm scour, or by natural breakthrough. The new
more efficient channel will produce higher water levelsin the bay dueto anincreaseintidal prism
and potential scour until the equilibrium channel areais reached.
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