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CHAPTER 5

COASTAL SEDI MENT TRANSPORT CONCEPTS AND MECHANI SMS

5.1 OVERVI EW

This chapter identifies and devel ops the transport processes
pertinent to the budget of sedinment for a littoral cell. It is
intended to provide a conceptual basis for the discussions which
follow in Chapters 6 (Sources, Transport Modes, and Sinks of
Sedinment), 7 (Application of Shoreline Change Model s) and 9 (Budget
of Sediment and the Prediction of the Future State of the Coast).

The processes of primary interest here are the action of waves
and coastal currents in eroding and terracing the land and in
transporting sedinent along the coast; the tractive forces of
streans in eroding, transporting and depositing sedinments; the
effect of changing sealevel on beach erosion; and finally the

i nfluence of tides and streanms in the maintenance and filling of
coastal | agoons. For a nore detail ed di scussion of these processes
and their cumul ative effects and interaction within the littoral

cells of the San Di ego Region, refer to CCSTW5 86-1 (I nman, et al.
1986) .

5.2 LITTORAL PROCESSES

Hi storically, the principal sources of sedinent for the
California littoral cells were the coastal streans. Waves
transported the sedinment along the coast, and the nmain sinks for
sedi rent were the submari ne canyons.

Waves and the currents they generate are the single nost
i mportant factors in the erosion, transportation and deposition of
near shore sedi nents. Waves nold beaches form ng typical "sumrer”
beach profiles in response to | ow waves and "winter"” profiles in
response to stormwaves (Figure 5-1). Wves erode sea cliffs and
cut terraces (Inman, 1983). Wen sedinent is avail able, waves are
effective in noving material along the bottomand in placing it in
suspensi on for weaker currents to transport.

Parts of the Oceanside Littoral Cell are the nost studied
coastal sections in southern California. For this reason, many of
the exanples of coastal processes used in this chapter will be
taken fromthis cell (e.g., Inman & Jenkins, 1983).
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5.2.1 Wave-cut Terraces and Sea diffs

In the absence of beaches fronting sea cliffs, the direct force
of the breaking waves erodes the cliffs and forns coastal terraces.
The rising and |owering sealevels during the Pleistocene epoch
caused the seas to transgress and regress across the |and, both

eroding and depositing material (Inman, 1983). Erosi on is nost
pronounced during relative stillstands or pauses in the
transgressi ve/regressive cycles. The signature for the sea's

presence at a relative stillstand is usually in the form of a
wave-cut terrace of gently sloping terrain, backed by sea cliffs
when the near stillstand has been prol onged, as at present.

Active cliff erosion still occurs during severe w nter wave
conditions at nmany | ocations along the southern California coast.
And, in the absence of beaches, the erosion products from sea
cliffs supply sand to the littoral cell. Shepard & G ant (1947)
found that wave erosion of the consolidated rocky coasts of
southern California had been negligible during the preceding 50
years. On the other hand, they found a retreat of as nuch as a
foot per year in unconsolidated fornmations. Based on a conparison
of ol d subdivision maps, Kuhn & Shepard (1984) claimthat the sea
cliff at Encinitas retreated nore than 180 neters (600 feet)
bet ween 1883 and 1891. Even though this is known to have been a
very storny period, the rate of sea cliff retreat of 23 neters per
year (74 feet per year) appears to be an extrene exanpl e.

The wave-cut terrace associated with the sea cliffs at La Jolla
is shown in cross-sectionin Figure 5-2. The decrease in the sl ope
of the wave-cut terrace to one degree, begi nning about 200 neters
(650 ft) seaward of the sea cliff and at a terrace depth of 4 to 5
nmeters (13 to 16 ft) bel ow nean seal evel probably represents the
terraci ng that began about 6,000 yrs BP at the beginning of the
slow (15 cmicentury) rise to present seal evel (Innman, 1983).

Bori ngs show that a wave-cut terrace al so occurs at the base of
the sea cliff and under the nodern beach sand at many coasta
| ocations (Figure 5-2). At QOceanside, the sea cliff is about 11
meters (35 ft) high and occurs just seaward of Pacific Street
(Artim 1981). Wthin the past two centuries, and during tines of
i ntense wave action and little sedi ment discharge fromrivers, the
beach was eroded back to the sea cliffs. Fol | owi ng periods of
maj or flooding, the sandy deltas of the Santa Margarita and San
Luis Rey Rivers built the beach seaward, form ng a w de backshore
area between the sea cliff and the beach berm Phot ographs taken
in 1916 show the sand delta of the San Luis Rey River extendi ng out
al nost a pier length beyond the sea cliffs.

5-3
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Figure 5-2. Profile of a fine sand beach at La Jolla, California, showing
the sand size and the thickness of the modern nearshore sand over the wave-cut
terrace (from Inman & Bagnold, 1963).
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5.2.2 Formation of Beaches

Wherever there are waves and an adequate supply of sand or
coarser sedi nent, beaches form The initial and nost
characteristic event in the formation of a new beach from a
het er ogeneous sedinent is the sorting out of the material, wth
coarse material remaining on the beach and fine naterial being
washed away. Concurrent with the sorting action, the material is
rearranged, sone being piled high above the water |evel by the
runup of the waves to form the beach berm sonme noved back and
forth by the swash to formthe beach face, sonme carried back down
the face to formthe terrace that is characteristic of beach surf
zones (Figure 5-1).

The action of waves on an inclined bed of sand eventually
produces a beach profile that is in dynamc equilibriumwth the
energy dissipation associated with the oscillatory notion of the
waves over the sand bottom Wen a beach sl ope exceeds t he natural
equi li brium sl ope, an offshore transport of sand results and the
beach slope flattens. Conversely, if a slope is less than the
natural equilibrium slope, a shoreward transport of sand wll
result, and the beach slope will steepen. A dynam c equilibrium
sl ope is attai ned when the up-sl ope and down-sl ope transports are
everywhere equal. Such a beach profile is known as an equilibrium
energy profile (I nman & Bagnold, 1963; Inman & Frautschy, 1965;
Dean, 1977).

Many factors, such as rip currents and the presence of
structures and pronontories, affect |ocal beach sl opes. However,
in general on |ong beaches conposed of fine or nmediumsize sand,
the follow ng general description of the beach profile applies.
The equilibrium beach sl ope steepens with the increasing onshore
directed bottomstress that is associ ated with shoaling waves. The
slope is usually gentle in deeper water over the shelf and steepens
into the characteristic "shorerise" where the onshore stress is
greatest just before the wave breaks. The sl ope decreases at the

break point and is gentle over the terrace and | ongshore bar. The
bore from the breaking wave traverses the gentle outer terrace,
causing it to gradually steepen until it reaches the beach face

where the remai ni ng energy fromthe breaking wave is dissipated in
t he swash and backwash. The beach face is the steepest portion of
t he beach profile.

Seasonal Beach Cycl es

Changes in the character and direction of approach of the waves
cause a mgration of sand between the beaches and deeper water. In
general , the beaches build seaward during the | ow waves of sumrer
and are cut back by higher, steeper winter storm waves (Figure
5-3). There are also shorter cycles of cut and fill associated
with spring and neap tides and with nonseasonal waves and stormns.

5-5
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Bottom surveys indicate that nost offshore-onshore interchange of
sand occurs in depths less than about 13 neters (43 ft) but that
sone effects may extend to depths of 30 neters (100 ft) or nore
(Nordstrom & I nman, 1975).

Mor e extensive neasurenents extendi ng over periods of several
years, using the technique of fathoneter corrections derived from
bottom reference rods, have been nmade off Torrey Pines Beach,
California. Mont hly neasurenents at Torrey Pines clearly show
seasonal changes. The nore gentl e beach face sl ope that occurs for
fully devel oped winter profiles is in contrast with the wi der berm
and st eeper beach face of the sumrer profiles (Figure 5-3).

The seasonal change in beach width at Torrey Pines, fromsummer
to winter berm ranges fromabout 25 mto 70 m (80 to 230 ft) and
averages about 38 m (125 ft). The volume changes associated with
t he seasonal beach changes range from about 60 to 130 n?¥ per neter
| ength of beach (72 to 156 yd®/ yd) and average about 92 n¥/ m (110
yd®/ yd) (Nordstrom & | nman, 1975).

Long- Ter m Beach Changes

In addition to the seasonal beach changes, two types of |onger
termshoreline changes are inportant to the budget of sedinent for
a coastal segnment. These are the shoreline changes due to | ocal
accretion/erosion and the changes associated with seal evel rise.

Wth seal evel constant, |ocal net accretion (or erosion) of the
beach causes a corresponding progradation (or recession) of the
shoreline, ax (Figure 5-4a). Following Bruun's rule, both a

shoreline recession and a redistribution of sand in the shorezone
are assunmed to be associated with a seal evel rise, Az (Figure 5-4b)
(Schwartz, 1967; Bruun, 1983). These changes are difficult to
separate as they often occur together. However, since their causes
are different, they are treated separately.

The anal ysi s assunes that the shape of the shorezone portion of
the profil es remai ns unchanged. For the case of constant seal evel,
it is assunmed that accretion or erosion causes the beach profile to
be di splaced a horizontal distance aAx (Figure 5-4a). For rising
sealevel, it is assunmed that the profile is raised vertically a
di stance Az, then noved horizontally a distance Ax such that the
vol une eroded fromthe upper beach (hatched) is equal to the vol une
deposited further offshore along the shorerise (Figure 5-1).

Consider the case of constant sealevel and a horizontal
recession of the shoreline Ax as in Figure 5-4a. The area between
two sinple offset translational profiles converging asynptotically
at the depth of closure h can be approxi mated by the product of the
hori zontal di spl acenent and the vertical distance Z over which the
erosion occurs (e.g., Inman & Dolan, 1989). In this case, Z=h+c,
where ¢ is the height of the beach berm crest above MSL

5-7
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beach profile remains constant (from Inman & Dolan, 1989).
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Ther ef ore t he vol une change g. per unit |l ength of beach (i.e., n¥/m
will be
Jc = X (5-1)

From equation (5-1) it is apparent that the vol une-equival ent
factor for converting unit distance of shoreline change (x =1 m
to vol unme change is

q'c=q./ X = Z (5-2)

where q'. has units of length (i.e., n¥/nf), and Z is the closure
hei ght .

When seal evel rises a vertical distance Az, the beach profile
is adjusted upward such that the area between the two profiles is
gi ven by the product AzX, where X is the horizontal distance over
whi ch the adjustnment occurs. Bruun (1962; 1983) assuned that the
beach profile would remain constant, and that a redistribution of
mat eri al woul d occur such that the anount eroded from the upper
beach woul d equal that deposited offshore. Thus the vol unme change
of relation (5-1) was set equal to the volune AzX, and the
resulting shoreline recession due to seal evel rise becones

AX, = AzXI Z = pzltanp (5-3)

where tanp = Z/ X is the extended beach slope. This relation is
known as Bruun's rule (e.g., Schwartz, 1967; Hands, 1983). The
volune of material associated with this redistribution of the
profile is given approximately as

qr = AxZ/2 = pzXI 2 (5-4)

where a factor of about %% enters because the erosion which occurs
in the upper portion of the profile is balanced by the accretion
whi ch occurs in the |lower portion (Figure 5-4b).

The paraneters necessary for eval uati ng | ong-termbeach changes
are not well known, nor are they generally agreed upon. The one
exception is the rate of sealevel rise, which for the San D ego
regi on has been about 20 cnicentury (0.66 ft/century) during the
past 60 years (Chapter 4.2; see also Barnett, 1984; Flick, 1988;
Hi cks & Hi ckman, 1988). For illustrative purposes, estimates of
| ong-term beach changes based on studies conducted at or near
Torrey Pines Beach are tabulated in Table 5-1. The estimte of
Z =15 m(49 ft) may be a reasonable | ong-termaverage, but it wll
be too large for mld years and may be too small for the nost
severe years (refer to Chapter 9).

It is to be noted that the vol une-equivalent factor in Table
5-1 of 15 n? per neter | ength of beach per nmeter of erosion(ax=1 n)

5-9



TABLE 5-1
ESTI MATES OF VOLUME- EQUI VALENT FACTOR?

a. Seal evel Constant b. Seal evel R se
AZ = 0.002 myr

h z X tang = q’c Ve ar
(m (m (M ZI X (¥l nt) (myr) (n¥/m- yr)
11 15 650 0. 023 15 0. 09 0. 65
= 0.0066 ft/yr
(ft) (ft) (ft) tang  (yd3¥yd? (ft/yr) (yd3yd - yr)
36 49 2130 0. 023 16 0.29 0.79
a Vol une- equi val ent factor q’'. Z (closure height) as defined

in Figure 5-4 and equatlons 5-1 through 5-4.

Source: Nordstrom & I nman (1975) for Torrey Pines Beach.
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(16 yd* yd?, requires that there be a horizontal translation of a
beach profile of identical shape. Based on the neasurenents of
Nordstrom & I nman (1975), the seasonal beach changes whi ch invol ve
variations in beach slope are very large conpared to any net
| ong-term changes: factors of 38 tinmes |arger in beach width and
over five tines larger in volune. Therefore, the seasonal "noise"

will generally obscure attenpts to evaluate |ong-term beach
changes, particularly when conparisons are devel oped froma short
period of record. This is especially true along the «cliffed

coasts of the San Diego region, where waves directly attack the
seacliffs during severe w nters.

The present rate of sealevel rise is expected to result in a
net horizontal recession of the beach of about aAx, = 0.09 mlyr (0.3
ft/yr) and a very small annual volune redistribution of |ess than
1 m/myr (1 yd¥yd/yr). Both effects will in general be obscured
by seasonal beach changes, except over | ong periods |ike a century.
The effect of sealevel rise nay be nore apparent in terracing and
cliff erosion than in beach erosion, as suggested by Figure 5-2.

In summary, a study of beach profiles of the San D ego Region
by I nman, et al. (1993) and Inman & Masters (n.d.) showed that, for
seasonal beach changes associated with years of normal wave
climate, the closure height Z = 14 m (45 ft). However, the study
found that there was no neani ngful value of Z for |ong-term beach
changes that included exceptionally storny years. During the
cluster stornms of 1982/83, the beach profiles were in a state of
di sequilibrium and erosion of the shorerise extended beyond the
dept hs of neasurenment (refer to Sections 9.4 through 9.6).

5.2.3 Monentum Fl ux

The fluxes of nonmentum associated with waves in and near the
surf zone are responsi ble for a nunber of inportant phenonena. The
onshore fl ux causes a setdown of water |evel that reaches a maxi num
at the breakpoint, and a setup of water |evel on the beach face.
The | ongshore conponent of nonmentum flux drives the |ongshore
current (e.g., Bowen, 1969) and is inportant in the prediction of
t he | ongshore transport of sand (refer to section 5.3.3).

Rel ati ons for the nmomentum flux tensor in shallow water have
been detailed in a nunber of papers (e.g., Lundgren, 1963;
Longuet-H ggins & Stewart, 1964). It is nost comonly referred to
as the radi ati on stress. The conponents of the radiation stress of
i nterest here are:

S« = En cos?a + E(n - ¥ = 3H 2 (5-5)

Spx

En cosa sina (conserved) (5-6)
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where S,, is the onshore flux (x-direction) of onshore directed
momentum (x), and Sy is the onshore flux (x) of |ongshore directed
momentum (y) with wunits of joules/m (ft-lb; / ft?). Her e,
E=(pgH)/8 is the energy per unit surface area of waves of hei ght
H nis the ratio of the group velocity Cn to the phase velocity C
of the waves, and o is the angle the wave ray makes with an
orthogonal to the shoreline. As indicated in equation (5-6), Sy
is conserved during shoaling and refraction.

5.3 BASI C TRANSPORT RELATI ONS

Sedi ment transport mechani sns are critically dependent upon the
size of the particles in sedinmentary material. Sedinentary solids
initially consist of individual, separable particles that are
collectively referred to as clastics. Fromthe standpoint of their
transport, and their bulk deformation, the clastics can be
conveniently divided into nuds and granular nmaterial. Muds are
conposed of the small sized particles of silt and clay that form
t he suspended "wash" | oad of rivers. They are generally deposited
inthe relatively deep waters of the outer shelf and slope and in
the calm waters of estuaries. In the aggregate, nuds are soft,
cohesive (sticky) and tend to deform pl astically.

G anul ar material is the cohesionl ess sand and coarser materi al
that is comonly found on beaches and on t he shal | ow water portions
of the shelf that are subject to the action of waves and currents.
We are primarily concerned with granular material of sand size (62
to 2,000 p; 0.062 to 2 mm), which constitutes the "nobile" portion
of the sedinent transported in nearshore waters.

Sedi ment transport begins with the onset of grain notion at the
bed. The classical relation for the onset (threshold) of grain
notion under wunidirectional flow gives the onset as directly
proportional to the grain dianeter, D, and the fluid stress (e.qg.,
Raudki vi, 1976). However the onset criterion for sand noti on under
shal | ow water waves is nore conplex. The experinental |aboratory
wor k of Bagnol d (1946) and its theoretical analysis by GI. Taylor
(1946) show that the onset relation has the form

6, = const St¥5 RelS (5-7)

where 6, = pu?/(ps- p)gD is the wave form of the Shields nunber

St =d/2D = u{oD is the Strouhal nunber, and Re = u,D/v is the
grain Reynolds nunber. In these relations p and ps are the fluid
and grain densities, u,is the anplitude of the maxi mum orbital
velocity, o = 20/ T is the radian frequency of waves of period T,
and d, is the orbital dianeter. The constant in relation (5-7)is
eval uated as 0.10 for Bagnold's experinments on quartz sand with
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di aneters of 160 p, 360 p, and 800 p. The constant is 0.087 for
t he experinents of Dingler &Ilnman (1976) which were based on field
and | aboratory experinents on natural nearshore sands w th nedian
di aneters ranging from 180 u to 400 u. Figure 5-5 is a graph of
onset velocities from equation (5-7) using an average val ue of
0.094 for the constant.

5.3.1 Crosshore Transport

The seasonal beach cycl es descri bed previously are exanpl es of
crosshore transport associated with the adjustnment of the beach
profile to changes in the intensity of wave energy. It was shown
that these adjustnments in beach profile are associated wth
crosshore vol une changes rangi ng fromabout 10 n?/ m (12 yd® yd) per
day to 100 n¥/ m (120 yd® yd) per summrer/w nter seasonal change
(I nman, 1987).

Basi ¢ principles for crosshore transport are closely related to
the concepts leading to the various types of "equilibriuni beach
profile. The termhas been applied indiscrimnately to nean either
a final long-term profile (geology) (e.g. Fennenman, 1902) or a
shorter termprofile that achieves equilibriumwth "prevailing"
wave conditions (e.g. Johnson, 1919). Mdels for shoreline change
require an on- or offshore translation of a profile of constant
formthat has the shape of sonme average, long-termprofile of the
beach. Accordingly, we will refer to the long-termprofile as a
transl ational profile and the short-termprofile as an equilibrium
profile.

Short-Term Crosshore Transport

The first quantitative neasurenents of crosshore transport on
an ocean beach were those of Shepard & LaFond (1940), nade fromthe
Scripps Institution pier at La Jolla, California. The sane year,
Evans (1940) published a study of beach changes al ong t he shores of
the Great Lakes. The neasurenents of Shepard and LaFond clearly
showed the profile response to day-to-day changes in wave
conditions as well as those associated with stornms and seasona
wave climate. They neasured changes in sand | evel as great as 1 m
(3.2 ft) during a 24 hour peri od.

Since the original study of Shepard & La Fond (1940), profile
changes have been docunented at numerous | ocations in the San D ego
region (e.g. Shepard, 1950, b; Nordstrom & I nman, 1975; Aubrey, et
al ., 1976). An extensive data set covering the entire region has
been col | ected under the Coast of California Stormand Tidal Waves
Study. The profiles were obtai ned bet ween 1983 and 1988, generally
on a seni -annual basis, at up to 57 coastal transect | ocations (see
Chapter 3).

Several nodel s have been devel oped to explain features of the
equilibrium profile and the beach response to changing wave
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conditions. Gant (1943) points out that there is a differentia

bet ween the on- and offshore velocities of shall ow water waves, and
a net shoreward transport of water is associated with their
shoaling. Various conbinations of the above concepts have been
used to explain the conplex features in the profile. These dynam c
concepts were further devel oped and sonetines referred to as the
"nul I" point hypothesis (e.g., MIller & Zeigler, 1958; Eagl eson, et
al ., 1958; Johnson & Eagl eson, 1966). However, as discussed by
Bowen (1980), the null-point hypothesis for beach equilibrium
"provides theoretical predictions seriously at odds with reality.”

Long- Term Crosshore Transport

The long-term shapes of beach profiles have been studied
extensively. Krunbein (1944) studied the relation of wave energy
to beach slope and grain size at Half Mwon Bay, California.
Keul i gan & Krunbein (1949) concluded that a shoaling solitary wave
woul d result in a stable profile of the form

h = A x" (5-8)

where h is depth, Ais a proportionality constant, x is distance
from shore, and the exponent m has a val ue of 2/5.

Bruun (1954) made an extensive study of beach profiles al ong
the North Sea coast of Denmark and a sonewhat limted study of
profiles at M ssion Beach, San Diego, California. He found that,
on average, the above relation held for stable configurations with
val ues of A and mof 0.20 and 2/3 for Denmark and 0.22 and 2/3 for
M ssion Beach. Dean (1977) found that the average beach profile
al ong the Quter Banks of North Carolina foll owed the sanme formwi th
values of A and m of 0.13 and 0.71, respectively. H's profiles
extended to depths of about 6 m(20 ft). However, considering the
shorerise and the bar-berm portions of the beach as adjacent but
separate curves gives values of m of about 0.4 for the beach
profiles in the San D ego Region (see Chapter 9).

Net onshore transports of sand are known to have occurred on a
wor | d-w de basi s where t he nearshore bottomhas gentle slopes. The
coastal barriers of Holland were forned by onshore transport across
t he shall ow bottomof the North Sea (e.g., Van Straaten, 1965). 1In
this case the barriers appear to have built seaward until the
i ncreasing slopes term nated the onshore transport of sand. The
barriers and extensive dune fields bordering Sebastian Vizcaino
Bay, Pacific coast of Mexico, were fornmed from the onshore
transport of sand across the shallow sea floor (Inman et al.,
1966). Anal ysis of the budget of sedinent | ed Bowen & | nman (1966)
to conclude that the beaches north of Point Arguello, California,
receive sand fromthe shelf. denmens & Komar (1988) concl ude, from

5-15



an anal ysis of grain roundi ng and heavy m neral distribution, that
some Oregon beaches are supplied by relict sand fromthe shelf.

However, there is controversy about the role that sedi nents on
t he nearshore portions of the shelf nay have in the supply of sand
to the beach. According to Moore & Curray (1974), this continuing
controversy is "one of the nost inportant problens in sedinentary
geol ogy. " It is also fundamental to many aspects of coastal
engi neering (e.g., Dean, 1987).

Mechani sns for the offshore transport of sand have not been
clearly denonstrated for broad-shelf coasts where there are no
near shore submari ne canyons. However, it has been suggested that
of fshore transport of sand results fromstrong, downwel | ing bottom
currents. The quantitative effects of a downwel | ing nechanism are
unknown. Since the net bottom stresses due to wave notion are
onshore, to be an effective offshore transport mechanism the
downwel ling effects nust extend into water deeper than the
shorerise which is formed by wave action. Thus it would appear
that the potential effectiveness of a downwelling nechani sm woul d
be greatest along w de-shelf coasts that are subject to short
period surface waves, a condition typical of the Atlantic and Gl f
seaboards of the United States.

5.3.2 Longshore Transport

Traditionally, the amount of naterial trapped by coastal
structures, such as jetties and breakwaters, divided by the tinme of
trappi ng has been used to obtain the rate of | ongshore transport.
In this case it nust be recognized that there may be both up- and
downcoast transports with rates i ndicated by Q and Q respectively.
Their sumis the gross transport rate Q and their difference is
the net transport rate Q,

gr oss Q=Q +Q
net Q=0- Q

These rates nmay change with season and with the tinme interval
used to establish the rate. But in general at Santa Barbara
Har bor, the west to east transport donminates to the extent that
over periods of a year or nore the net and gross transport rates
are essentially equal (Johnson, 1953; Dean, 1989). At Cceansi de,
t he annual downcoast rate is about tw ce the upcoast rate, and Q
equal s about 3Q (Inman & Jenkins, 1983).

When sedinent trapping by coastal structures is used to
estimate the rate of |ongshore transport, it nust be borne in mnd
that sone structures act as efficient sand traps, providing a good
measure of the gross transport, whereas others my bypass
significant portions of the littoral transport. 1In addition, the
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rate at which a structure retains sand usually differs for up- and
downcoast transports, and this retentionrate will change with tine
as the structure fills with sand. These factors have conplicated
the interpretation of littoral transport rates when trapping by
structures occurs, leading to wide differences in opinion (e.g.,
conpare Weggel & Cark, 1983, with I nman & Jenkins, 1983).

When waves approach at an angle to the shoreline, they
transport sand al ong the beach. This Iongshore transport results
fromthe conbi ned ef fect of the breaki ng waves, which place sand in
notion, and the presence of a |longshore current in the surf zone,
which aids in the novenent of sand along the beach. Theory and
field neasurenments of waves and the resulting | ongshore transport
of sand show t hat the imrersed-weight sand transport rate, 1, is
proportional to the stress-flux factor, P, (Komar & Inman, 1970;
| nman, et al., 1980; Wite & I nman, 1989),

I = KP, = K[P(sino)(cosa)]s (5-9)
= Kﬂ[cb : Syx]

where K, = 0.8 is a dinensionless factor rangi ng between 0.5 and
1.5, P = ECn is the energy-flux of the waves (watts/m ft-Ilb; /
sec-ft), E is the wave energy per unit area (joules/nt; ft-lb; /
ft?), Cis the wave phase velocity (msec; ft/sec), Cnis the group
velocity, S, 1is the |ongshore conponent of the radiation stress
(momentum flux tensor) defined in equation (5-6), o is the angle
the wave crest makes with the shoreline, and the subscript b
indicates that all properties are neasured at or cal cul ated for the
br eakpoi nt of the waves.

Field data showing the stress-flux factor and the resulting
| ongshore transport of sand neasured by fluorescent tracers are
shown in Figure 5-6. In this figure, circles are from | nman, et
al. (1968) and Komar & Inman (1970), and open and cl osed squares
are fromlnman, et al. (1980) and Wite & Inman (1989). Spatia
and tenporal sanpling techniques are described in Inman, et al.
(1980).

It will be noted that the product [G - S,], referred to as the
stress-flux factor (lnman, et al., 1986), enters into all of the
| ongshore sand transport relations. This factor has units of watts
per neter of beach (ft-Ib; / sec-ft) which is dinensionally
identical to the imrersed weight transport rate of sand, I, in
newt ons per second (ft-lb; / sec-ft). By definition, the wave
energy per unit of surface area, E = (pgH %) /8, is calculated from
H.s?, the root-nean-square wave hei ght, which is usually assuned to
be related to the significant wave height by H? = 2H 2 The
stress-flux factor G - Sx is a dependent variable requiring
interrelated values of the variables wave height, period, and
direction. Further, although Sy, remains constant during shoaling,
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C does not, so their product nust be cal cul ated at the breakpoint
of the waves. A relation simlar to (5-9), but using significant
waves, is referred to by the Corps of Engineers as the "l ongshore
energy-flux factor", Ps (USACE CERC, 1984).

Eval uati on of K

Recent eval uations of equation (5-9) show that the value of K
varies as a function of beach slope and breaker type. In general
it is found that K varies fromabout 0.5 to 1.5 and for noderately
sl opi ng beaches averages about 0.8 (see Figure 5-6). K, is greater
than 0.8 for steeper beaches and | ess than 0.8 for gentler beaches
(White & Inman, 1989). Analyses of the rate of sand entrapnent in
Santa Barbara Harbor, California, and Rudee Inlet, Virginia, give
val ues of K ranging from0.84 to 1.6 and 0.84 to 1.1, respectively
(Dean, 1989). Santa Barbara appears to be nearly a total trap for
| ongshore transport, whereas Rudee Inlet is only a partial trap.

Wiite & Inman (1989) show that K varies as a form of the
di mensionless "surf simlarity paranmeter”, Ir, where

lr = LY?%tanp/ HY?2 (5-10)

and L.is the deep-water wavel ength, B is the beach slope, and H is
t he breaker height. Least-squared nmethods show t hat

K=121Ir ; 0.25<1Ir <1.2
Thus K, and hence the |ongshore transport rate increase with
i ncreasi ng beach sl ope, B.

Vol une Transport Rate

In the above rel ations, the i mersed-wei ght | ongshore transport

rate, |, (newmons/sec), may be expressed in terns of the "at rest"”
vol une transport rate Q (n¥/ sec),
Q=1./(ps - P)IN (5-11)

where ps and p are the densities of the solid grains and the water
respectively, g is the acceleration of gravity, and N, is the
vol une concentration of sand, equal to about 0.6 for well sorted
sand at rest (Inman & Bagnold, 1963). For quartz sand (ps = 2.65
x 102 kg/ n?) transported in sea water at 15°C (p = 1.026 x 10° kg/ n¥)
with N= 0.6, the denomnator in equation (5-11) equals
9.55 x 10® newton/nf. For this case,

Q =1.05 x 10* I,
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Figure 5-6. Field measurements of total immersed-weight longshore transport
rate I, vs. the stress-flux [C-S 4] as described by equation (5-9). I

is converted to volume transport rate Q, using equation (5-11). Sources of
data and conversion factors are given in the text.
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where Q is in n¥/sec and |, is in newon/sec = watt/m The
constant of proportionality is 1.64 x 102 when Q is in ft3* sec and
l,is in ft-1b; / sec-ft.

Di vergence of the Drift

Application of |ongshore transport relations to a straight
beach with parallel bottom contours would result in a transport

rate that would be the same everywhere along the beach. If the
rate of supply of sand is equal to the |ongshore transport rate,
the beach will be stable and neither erosion nor accretion wll
occur. On the other hand, if the coastline curves, or there is
of f shore topography that causes | ocal convergence or divergence of
the wave rays, then the |ongshore transport rate will vary al ong
the beach. The rate of accretion or erosion will be proportional
to the rate of change of the volune transport rate, Q, wth
di stance, ¢(, along the beach. This relation was terned the

di vergence of the drift by Wrtki (1953). Using equations (5-9)
and (5-11), the divergence of the drift along the beach for a given
wave condition becones

V- Q = aQ/ a0 (5-12)

where Q is the longshore volune flux (in n¥/yr) which is a vector
guantity whose direction is taken as positive downcoast. Equation
(5-12) is an application of the continuity equation treated in
greater detail in Chapter 9.

It follows that the annual rate of erosion or accretion per
unit beach length, (, will be obtained when the net transport rate
Qis used in (5-12). Further, erosion takes place when 0Q/ d( is
positive. For this reason, the divergence is sonetinmes plotted
wi th negative values up and positive down as in Figure 5-7.

Di vergence of the drift is an inportant aspect of inlet
dynam cs and mgration (I nman & Dol an, 1989). The |lens effect of
the ebb-tide bar off an inlet produces wave convergence near the
upcoast side of the inlet and divergence downcoast (Figure 5-7).
This causes the longshore transport Q to vary across the inlet.
The di vergence equation (5-12) requires that there be deposition
(V - Q negative) on the upcoast side of the inlet and erosion
(V- Q positive) on the downcoast side.

Accretion/ Erosi on \Waves

The natural supply of sand to many coasts, including those of
t he San Di ego Region, occurs duringintermttent flood events. The
source is thus episodic with periods between floods ranging from
nmont hs to decades. On the other hand, |ongshore and crosshore
transport of sand, driven by waves and currents generated by
storms, varies with a cyclicity of days to nonths. Transport
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events then beconme a nearly steady forcing in conparison to the
| onger periodicity of flood deposits. Consequently, flood deltas
i ntroduce perturbations on a quasi-steady |ongshore transport
system Perturbations also result when coastal structures are
interposed inthe littoral zone, interrupting the supply of sand to
downcoast beaches. In both cases, the perturbations travel
downcoast as accretion and erosion waves.

Accretion waves fromfl ood deposits have been observed of f many
epheneral rivers along the California coast (H cks & | nman, 1987).
Erosi on waves have occurred wherever coastal structures have
interrupted the | ongshore transport of sand (I nman & Brush, 1973),
and have been well docunented at Cceanside, California (lnman &
Jenkins, 1983; 1985; I nman, 1985) and el sewhere (see | nman, 1987).

A nodel for the accretion wave produced by |arge sand deltas,
and the erosion wave that precedes it, was devel oped by Inman &
Bagnol d (1963). If the sand bulge fromthe delta is relatively
| arge conpared to the width of the surf zone, then the waves
reshape the bulge, form ng a spit which extends downcoast parall el
to but seaward of the previous shoreline. Al ong wave-dom nated
coasts, where the bulge of the delta is simlar in size to the
wi dth of the surf zone, spits do not form and waves transport the
sand downcoast as an accretion wave. However, subnerged | ongshore
bars form and behave sonewhat |ike "subnerged spits.” As the
accretion wave travels downcoast, its anplitude is decreased by
di spersion, and the effects of wave refraction on the sand bul ge
di m ni sh. Thus the initial form and rate of propagation of
accretion/erosi on waves as observed near the initial disturbance
can differ from what is observed far downcoast. The terns
"near-field" and "far-field" can be used to di stingui sh between the
two littoral regions.

In nodeling the propagation of accretion/erosion waves, our
concern is primarily with downcoast transport along coasts where

upcoast transport is relatively small. (In the Silver Strand
Littoral Cell, the downcoast/upcoast directions are reversed, but
the net transport relationship holds.) Since the supply of

sediment to the coast is episodic and the | ongshore transport rates
are quasi-steady, the effects of a maj or accretion or erosion event
at an upcoast site will arrive at a downcoast site at sone |ater
time. This lag intinme will represent the tinme that it takes for
t he upcoast "di sturbance"” to reach the downcoast site traveling at
a speed related to the nmean sand transport rate. Thus the speed is
that of the center of mmss of the accretion disturbance or mass
defect of the erosion disturbance, referred to here as accretion
and erosi on waves.

As these sand waves nove downcoast their anplitudes decrease
and they broaden by diffusion. The downcoast velocity V of the
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center of mass is given approxinmately by the |ongshore sand
transport rate Q divided by the volune change g. associated with
t he novi ng center of nass,

V=Q/ q (5-13)

where Q has the dinensions of volunme per unit time (e.g., n¥/yr)
and g. i s the volune change per unit length of beach (e.g., n¥/nm
as defined in equation (5-1). Q will vary with tine, with |oca
condi tions of wave convergences and di vergences (particul arly near
| ar ge di sturbances such as a sand delta), and with beach sl ope.

Measurenents at Santa Cruz, Santa Barbara (see I nman, 1987, for
references), and Cceanside (Inman & Jenkins, 1983; 1985) confirm
that the anplitude (anmount of erosion/accretion) of the wave
att enuat es downcoast. As the anplitude decreases by diffusion, the
travel velocity of the wave increases. In the absence of detailed
know edge of the distribution of q. (equation 5-13) in the
far-field of accretion/erosion waves, Inman (1987) found that the
vol une of the seasonal beach change, s, when substituted for g,
gave values of V in approxi nate agreenent with observations. For
Torrey Pines Beach in the Cceanside littoral cell, where Q =
200, 000 n#/yr (260,000 yd®yr) and q. = qs = 92 n¥/ m (110 yd® yd),
accretion/erosion waves have a |ongshore velocity of about 2.2
kmyr (1.4 m/yr). This suggests that their far-field horizontal
anplitude is of order Ax = gqJ/Z = 5.5 m (18 ft) which is in
approxi mat e agreenent with profil e changes at Torrey Pi nes Beach at
t he downcoast end of wave travel (Inman, 1976, Figure 6.5) (see
al so Table 5-1, equation 5-1).

5.4 YIELD FROM RI VERS AND STREAMS

A nunber of procedures have been used to estinate the yield of
sedinent to the coast from erosion of the I|and. These incl ude
estimates based on the erosion rate of the land in the drainage
basin, estimates from sedinent rating curves for individual
streans, and estimtes using flow equations purporting to relate
sedi ment discharge to properties of the flow The latter can be
divided into two rather separate types: the Einstein (1942; 1950)
type, based on a di nensional correlation anal ysis of enpirical data
(e.g., Brown, 1950; GIIl, 1968); and t he Bagnol d (1966) type, based
on fluid-granular nmechanics and stream power (e.g., Engelund &
Hansen, 1967; Ackers & White, 1973). The details of flowrelations
will not be discussed further here, but interested readers may
refer to the original references or to texts on river hydraulics
(e.g., Vanoni, 1975; Raudkivi, 1976; Richards, 1982; Chang, 1988).

Fl ow equations are useful in cases where streamdata is
insufficient for determ ning sedinent rating curves, and in cases
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where high stream di scharge rates greatly exceed the data | eadi ng
torating curves. Sedinment yields based on sedinment rating curves
are generally accepted as nore reliable than those based on fl ow
equat i ons. However, as detailed in Section 5.4.3, there are
sonetimes serious deficiencies in rating curves. The bedl oad
contribution to total load on rating curves is usually assuned to
be sone snmall fraction of the nmeasured suspended | oad, which is a
poor assunption for southern California streans.

Studi es of river sedinentation have given rise to a nunber of
terms for the description of the material and its transport node.
Classic treatnents of the subject define suspended |oad as that
portion of the total l|oad that is supported by fluid turbul ence,
while bedload is material that is placed in notion by the
tangenti al shear stress of the fluid over the bottom and has a
verti cal di spersion of particles that is nmaintained by
grain-to-grain contact and lift forces over the bed. Bedl oad
i ncludes transport by rolling, sliding and saltation. Total |oad
is the sum of bedl oad and suspended | oad. Wash |oad consists of
the fine material not present in the stream bed material. It is
essentially the fine portion of the suspended |oad, sonetines
referred to as suspended fi nes.

5.4.1 Erosion Rate Method

A long term estimate of sedinent yield in comobn use by
geonor phol ogi sts i s based on the erosion rate of the land. In this
procedure, referred to as the "erosion-rate nmethod,” the tota
sedinment yield is calculated as the average erosion rate per unit
area of land multiplied by the area of the drainage basin. The
erosion rate is usually established by neasuring the amount of
mat eri al trapped in dans and reservoirs. Schumm (1977) shows that
the yield of sedinment fromerosionis a function of climte and t he
size and topographic relief in the drai nage basin. Langbein &
Schumm (1958) showed that the sedinent yield was a maxi num for
sem -arid climates, where the annual rainfall was about 30 cm (1
ft). This finding explains why the rivers in southern California
produce | arge vol unes of sand.

5.4.2 Sedinment Rating Curves

For streams with gaging stations, the discharge of suspended
sedi ment can be related to the water di scharge by a sedi nent rating
curve. There are a nunber of types of rating curves, the nost
common being the instantaneous and the annual sedinment rating
curves. Instantaneous sedi ment di scharge is usually predicted from
a relation of the form

Qs = aQ (5-14)
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obt ai ned from si nul taneous neasurenents of the suspended sedi nent
di scharge (Qs) and the water discharge (Q. The constants a and
b are usually obtained fromthe neasured data points in the rating
relation using a sinple |inear regression analysis when the rating
relationis expressedinthe form log Qs =blog Q+ log a (Figure
5-8).

An annual rating curve relates the annual sedinment yield from
a streamto the annual runoff of water. This is obtained fromthe
i nst ant aneous rating curve by summari zi ng the sedi nent di scharges
over the hydrograph (flowvs. tine) for each water event such as a
storm Then the suns of the sedinent discharges for the year are
pl otted against the suns of the water discharges. Again, this
gi ves a sedinent rating curve of the form

Ve = AV (5-15)

where Vs i's the predicted annual suspended sedinent yield, Vis the
annual water discharge, and A and B are constants determ ned from
the data (Figure 5-9).

From Table 5-2 it is observed that for southern California
rivers, the exponent b in equation (5-14) has an average val ue of
1.6 and ranges from 1.2 to 1.8 for instantaneous suspended | oad
di scharge. FromTable 5-3, the exponent B fromequation (5-15) for
t he annual suspended sedi nent discharge averages 1.5 and ranges
froml.2 to 1.6.

5.4.3 Total Load Transport and Sedinent Yield

Sedinment rating curves are the nost reliable nethod of
estimating the suspended yield of sedinment from a river. The
problemis to determ ne the best estimate for total |oad transport.
Al t hough bedl oad transport can be satisfactorily neasured under
sonme stream conditions using tracers, in practice there is no
routi ne procedure for obtaining bedload. This neans that it is
usually taken to be a certain percentage of the suspended | oad, an
entirely unsatisfactory procedure.

Intheir study of southern Californiarivers, Browlie & Tayl or
(1981) assuned that the bedl oad was 10% of the suspended | oad.
This criterion appears to be based on their nore extensive
experience with northern Californiarivers. Ten-percent appears to
be too low for the drier, sandier southern California rivers.
Schumm (1977, p. 110) shows that bedload increases for drier
climates and for wi der, shallower streans. Richards (1982, p. 106)
concludes that for large rivers, bedload is normally | ess than 10%
of the total load, but in nountain streans may reach 70% | nman
(1963, Table 8) using data from Col by & Henbree (1955) shows that
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TABLE 5-2.

| NSTANTANEQUS SEDI MENT RATI NG CURVES

*

LC-S

No. H ghest Correl ation Coeff.* Exponent*

of Di schar ge Coef f. of a b
USGS Station Ri ver Sanpl es (n/s) Logarit hns

11118500 Vent ur a 49 555 0.978 14. 2 1.83
11114000 Santa C ara 46 4,620 0. 942 24.4 1.73
11046000 Santa Margarita 25 527 0.951 8. 90 1. 66
11042000 San Luis Rey 18 81.8 0. 985 26.0 1.78
11022500 San Di ego 27 33.4 0. 970 8.73 1.58
11013500 Ti j uana 43 3.23 0.951 255 1.22
Ave. 1.63

Rating curve is of the formQ, = a@ where Q, is the predicted instantaneous suspended sedi nent di scharge, in

TABLE 5-3. ANNUAL STORM SEDI MENT RATI NG CURVES
Nunber of Sanples Correlation Coeff.** Expon.**
_ ) Coef f. of A B
USGS Station Ri ver Predicted* USGS Est. Total Logarit hns
11118500 Vent ur a 35 7 42 0.978 588 1.52
11114000 Santa O ara 16 10 26 0.990 938 1.53
11046000 Santa Margarita 29 -- 29 0.976 132 1.58
11042000 San Luis Rey 23 -- 23 0.971 544 1.54
11022500 San Di ego 47 7 54 0.988 139 1.43
11013500 Ti j uana 27 6 33 0. 996 3120 1.15
Ave. 1.46
* Predi cti ons based on daily streanfl ow data and i nstantaneous rating curves.
** Rating curve has the formV, (storm) = AV (storm]8 where V, (storn) is the predicted annual suspended

sedi nent yield delivered by storns,

Brownlie & Tayl or,

1981) .

in tonnes,

and V (storn) is the annual

storm fl ow,

inmllion n¥ (from



t he bedl oad was 40% of the total |oad (67% of the suspended | oad)
for the sandy N obrara River.

In the absence of reliable bedl oad nmeasurenments for southern
California rivers, the above considerations led Inman & Jenkins
(1983) to conclude that bedl oad equal to 20%of the suspended | oad
was a nore reliable estimate. Accordingly, they used 20%in their
estimates for the bedl oad of the Santa Margarita and San Lui s Rey
Ri vers, rather than the value of 10% adopted for the sane rivers
by Brownlie & Taylor (1981, Tables C6-5, C7-5).

5.5 TRANSPORT DOWN SUBMARI NE CANYONS

Submarine canyons are inportant geonorphic features of a
collision coast |ike that of California. Because the canyons cone
into shallow coastal water, they can serve as sedi ment sinks for
the littoral cells. Under natural conditions, the submarine
canyons of the southern California coast divert and channel the
flowfromthe littoral cells into the adjacent subnmarine basin.

The Cceanside Littoral Cell is a well-studied exanple of this
path-to-sink littoral transport. Scripps and La Jolla Subnmarine
Canyons are | ocated at the downcoast end of the cell. The canyons

i ntersect the narrow continental shelf near La Jolla, California,
and channel the sand into the deep water of the San Di ego Trough.
The i nportance of the Scripps and La Jolla Submarine Canyons is
that they remain active in the transport reginme for the Cceanside
Littoral Cell. In contrast, Redondo and Newport Canyons to the
north have been inactivated by artificial stabilization of the
coastline within their littoral cells.

Scripps and La Jolla Submarine Canyons and their offshore
submarine fan have been investigated by seismc-reflection
profiling, drilling, coring, and direct observations by scuba and
subnersi bl e divers. Scripps Canyon is narrow and deep, wth
nearly vertical walls cut into resistant Eocene and Cretaceous
sedi nentary rocks. The canyon extends for approxinmately 2.7 km
(1.7 mles) fromnear the shoreline to intersect with the w der
La Jolla Canyon at a depth of 285 m (935 ft). Although Scripps
Canyon has three zones of varying sl ope and topography (see | nman
et al., 1976), the overall slope fromsea |level to 300 m (984 ft)
is about 1:10. At many localities, the canyon walls are snoothly
scoured to heights of 4-5 m (13-16 ft) above the canyon fl oor
resulting in walls that overhang and create narrow, rocky channels
that are wider at their base.

Sedi ments collected fromthe Mhole drilling project of March
1961 in a water depth of 948 m (3109 ft) and with 315 m (1033 ft)
penetration into the submarine fan revealed sand |layers with a
simlar mneral content to the beach sand found at the head of the
canyon (see Inman, et al., 1976). At the nouth of the submarine
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canyon, the fan is transected by a channel having well-devel oped
| evees laid down by sedinment enmerging fromthe canyon. Mich of
the fill in the San Diego Trough is sedinent discharged through
t he canyons.

Ext ensi ve neasurenments from noored instrunments have yi el ded
data on wi nd, waves, tide, tenperature and currents for the shelf
and canyons. The data can be analyzed with reference to deep- and
shal l ow-water regines that are dom nated by specific driving

forces. The prevailing notions over the slopes and deeper
portions of the submarine canyons are tides, internal waves, and
spin-of f eddies shed from major ocean current systens. The

shal | ow, steep-walled canyon head areas at depths | ess than 50 m
(164 ft), however, contain canyon currents dom nated by notions
related to displacenents of the sea surface due to gravity waves
and wi nd (Shepard & Marshall, 1973; Shepard, et al., 1974; |nnman,
et al., 1976). Al t hough deep-water driving forces extend into
shal |l ow water, the nearshore zone is dom nated by surface waves
and currents.

The cycle of sedinent notion into the heads of submarine
canyons, followed by down-canyon transport into the deeper ocean
basins, is conpleted apparently during intense storns when w nds
are strong and surface waves are high. During storns, strong
wat er noti on down-canyon due to wi nd and wave action clears the
canyon heads and nearby shelf of sedinent. The primary surface
driving forces are: a) the stress of the wind acting directly on
the water surface causing surface currents and wi nd setup agai nst
the shore; b) the incident swell and sea waves that produce wave
setup and | ongshore currents whi ch converge on the canyons; and c)
the | ong-period edge waves trapped by the |ocal topography (see
| nman, et al., 1976, for nore extensive discussion).

5.6 TRANSPCORT BY W ND

Sand transport by wind is nost inportant along | owl ying spits
bordering tidal |agoons. Along the Silver Strand bordering San
Di ego Bay and M ssi on Beach bordering M ssion Bay, wi nd bl omn sand
has wi dened the spits and forned small dune fields. W nd
transport is less inportant along the predomnantly cliffed
coastline el sewhere in the San D ego Regi on.

The relations for the transport of w ndblown sand were
devel oped by Bagnold (1941) in his classic study, "The Physics of
Bl owmn Sand and Desert Dunes."” The relations have been verified
over horizontal beds in | aboratory experinments by Kadi b (1964) and
Belly (1964). Several studies have eval uated Bagnol d's rel ati ons
in the field. Kadib (1964) evaluated the relation for sand
transport by wind on natural beaches. Finkel (1959) neasured the
rates of mgration of dunes in Peru, and Inman, et al. (1966)
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evaluated the relation for a coastal dune field.

The wind transport relation is fornmulated in a nmanner simlar
to that for bedload in a stream The rate of transport
(di scharge) of granular bed material by a fluid is found to be
directly proportional to the power expended by the fluid in
transporting it. |If the total power available by fluid action per
unit area of bed is o, then a portion, Ko, of this power is
avai l abl e for transporting sand, and the transport rate becones

i = Ko (5-16)

where i is the i nmersed wei ght of sedinent transported across unit
width of bed in unit time. The imrersed weight transport rate is
converted to dry mass transport per unit tine and unit wdth by
t he equation

j = ips/(ps' D)g (5_17)

and to bul k-volume transport per unit tinme and width gs by the
equati on

Os = i/(ps- )N = j/psN (5-18)

where N, is the "at rest" volune concentration of sand, ps and p
are the densities of the solid grains and air, respectively, and
g is the acceleration of gravity.

Since the density of air, p, is very small conpared to that
of the grains, ps, therelation for the dry-mass transport per unit
time and w dth becones

i =ilg = Kaolg (5-19)

where g is gravity. The power is given by v = tu. where 1 is the
stress and u. is the friction velocity obtained from the von
Kar man- Prandt|l relation for flow over an aerodynam cally rough
surface. Experinments showthat the coefficient of proportionality
Kin equation (5-19) varies with sand size and sorting. Bagnold
(1941, p. 67) showed that

K = C(D/ 250) *
where D is the grain diameter in mcrons and C is an enpirical
coefficient having the following values: 1.5 for a nearly uniform
size sand; 1.8 for naturally sorted sands such as dunes; and 2.5
for a sand with a very wide range of grain size.

A nore conpl ete derivation of the transport relation and the
met hod for converting w nd anenoneter measurenents to transport
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rates is given in Bagnold (1941) and Inman, et al. (1966).

5.7 TI DAL LAGOONS

Most tidal |agoons have evol ved during the |ast few thousand
years when the rise in sea |evel has been relatively slow. They
appear to have forned both by bar-building and by spit extension,
al t hough nost appear to have forned by spit extension in the
cl assic manner described by Redfield (1965). In this case,
| ongshore transport of sand extends the spit across an ot herw se
open enbaynent, gradually closing the |agoon. As the |agoon
cl oses, the scouring action of the flood and ebb tidal currents
increases until it is concentrated in a channel that is in
equilibriumw th the energy dissipated fromthe tidal flow.

The size of the entrance channels into tidal |agoons that
border sandy shorelines is related to the volunme of the tida
prism of the |lagoon. The situation seens anal ogous to that for
rivers, where the sectional area is related to the stream
di schar ge. In the tidal inlet, there appears to be a bal ance
bet ween the scouring actions of the tidal currents, which tend to
keep the channel s open, and t he | ongshore transport of beach sand,
which tends to close them An entrance channel that nmaintains a
constant cross-sectional area while traversing a sandy beach has
attained an equilibriumwith the tidal flow, and it is sonetines
referred to as a scouring channel. Equilibriumdoes not inply a
stability of channel |location, but only a constancy in the
relati on between tidal flow and channel cross-section. It has
been observed that entrance channels mgrate in the direction of
the dom nant |ongshore transport unless the <channels are
stabilized naturally by headl ands or artificially by jetties.

O Brien (1931), using 16 harbors known to have channel s that
approxi mate scouring conditions, showed that the cross-sectional
area of the entrance (bel ow nean seal evel ) was proportional to the
volune of the tidal prismraised to the 0.85 power. The tidal
prismwas taken as the area of the tidal |agoon or bay multiplied
by the diurnal range of tide (nean higher high to nean | ower |ow
wat er) for Pacific coast harbors and by the nean range (mean high
to mean |low water) for Atlantic Coast harbors. O Brien's data
ranged from San Francisco Bay with a tidal prismof 2.29 x 10° n?
(8.1 x 10 ft3 to Newport Bay with a prismof 5.66 x 10° n? (2.0
x 108 ft3).

Later, the equilibriumrelation for the smallest harbor with
two jetties, the boat basin at Canp Pendl eton near Cceanside,
California, was nmeasured by Inman and Frautschy (1965). The Canp
Pendl et on boat basin was surveyed in 1956 followi ng a | ong period
wi t hout mai nt enance dr edgi ng duri ng whi ch the channel entrance was
permtted to attain a condition of equilibrium with the tida
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flow. The Canp Pendl eton boat basin has since been nodified and
conbi ned wi th Cceansi de Harbor. Simlar nmeasurenments were obtai ned
for Mssion Bay entrance four years after the conpletion of
construction of new jetties bordering the entrance channel and
prior to the comrencenent of maintenance dredging (lnman &
Fraut schy, 1965). Sel ected values of channel cross-sectional
areas and tidal prisnms are listed in Jarrett (1976).

Al'l of the newer data are in surprisingly good agreenment with
O Brien's original dat a, giving a relation between the

cross-sectional area of the entrance channel and the tidal prism
as

A = npr (5-20)

where A is the mninmm cross-sectional area of the inlet channel
nmeasured bel ow nmean sealevel, and P is the volune of the tidal
pri sm between diurnal tides. Values of the coefficients n and m
for United States inlets are listed in Table 5-4. Data for
selected inlets are plotted in Figure 5-10, and those nost
appropriate for the small |agoons of the San Diego Region are
plotted in Figure 5-11. Al of the newer data for small inlets
along the Pacific coast tend to follow O Brien's original curve
for scouring channels with coefficients n = 2.05 x 10% n®%
(1.07 x 104 ft-%%®) and m= 0.85 (Figures 5-10 and 5-11).

5-32



TABLE 5-4
TI DAL CCEFFI Cl ENTS FOR THE RELATION A = nP™

n
Coast @ MetricP U. S. Conventional® m
Pacific 2.83 x 10* 1.19 x 10 0.91
aul f 9.31 x 10* 5.02 x 10* 0.84
Atlantic 3.04 x 105 7.75 x 10°° 1.05
2 Data is average for all inlets of the contiguous United

St at es.
b A P respectively have units of nf, nf for metric and ft?, ft3
for U S. Conventional.

Source: USACE CERC (1984, p. 4-157), after Jarrett (1976).
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