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FOREWORD

One of the Department of Boating and Waterways' efforts to preserve
and restore California's shoreline is preparing and publishing a
number of documents on subjects relating to erosion of the shoreline.
Some are of a technical nature for the engineer and scientist working
in the coastal zone while others are more general in nature to give
the general public a better understanding of this unigue and valuable

resource.

This particular report, prepared by Scripps Institution of
Qceanography under the direction of Dr. Douglas L. Inman, describes
in some detail the physical processes that occur at the shore due to
wave action and applies these concepts to a number of specific sites
within the State. Coastal planners, local govermmental agencies and
others who have responsibilities and interests in the shoreline may

find similarities between these examples and their own problem areas.

Through an exchange of knowledge on coastal processes, past mistakes
are less likely to be repeated and methods of preserving and enhancing
California's varied shoreline can be developed. The Department of
Boating and Waterways encourages those with shoreline erosion problems
and those considering shoreline developments to contact the Department's
staff for assistance and information at 1629 S Street, Sacramento,

California 95814 (Phone (916) 445-8§348.
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MAN'S IMPACT ON THE CALIFORNIA COASTAL ZONE

1. INTRODUCTION

California has approximately 1800 miles {1600 km) of ocean coastline,
including two of the most remarkable natural embayments in the world, 700
miles (1100 km} of sandy beaches, and a number of estuaries and coastal
lagoons. Collectively these coastal zone features constitute one of the
greatest assets of the state. Together with this natural asset is a sense of
responsibility toward the coastal zone reflected by the state and its people.
The most recent manifestation of this responsibiiity has been the passage of
Proposition 20 in 19?2 which created the California Coastal Zone Commissicn
and provided for a plan for the state coastal zone.

This interest in coastal zone planning and shore zone protection has
brought about a recognition of the continuing need for information about the
basic physical processes that are operative in the shelf and nearshore
environment. Rational coastal zone planning can only be achieved from an
understanding of these physical processes; and in general, plans designed to
work with the forces of nature are preferred over those that attempt to
overcome them. This report summarizes some of the more fundamental informa-
tion necessary to understand nearshore processes, cutlines some principles
of coastal zone planning that are compatible with these natural processes,
and suggests recommendations for correcting specific coastal problems along
the California coast.

Any discussion of the coastal zone must be preceeded by a definition
of the area of concern. A physical definition of the coastal zone requires
the inclusion of areas at a considerable distance landward and seaward of
the shoreline since many of the processes are operative beyond the surf zone.

Figure 1.1 is a diagram showing coastal zone nomenclature for a coastline
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Figure 1.1. Definition sketch of coastal zone nomenclature for. coasts
similar to the California coast (from Inman and Brush, 1973).



similar to that along much of the State of California. This definition
necessarily includes all of the offshore area to the edge of the continental
shelf and all of the coastal plain since the physical processes affect these
regions.

Within the coastal zone the area of land-sea contact is recognized
as the shore zone. Inman and Nordstrom (1371) define the shore zone as
including the beach, the surf zone and nearshore waters where wave action is
effective in moving sediment. Shore zones can be defined for all bodies of
water with their extent being dependent upon height of the waves, range of
the tide, and size of the wave created beach features. Since the shore zone
is the area of most intense interaction between the land, sea and atmosphere,
it is the area of greatest concern within the coastal zone.

The significant physical processes that operate in the nearshore
waters of oceans and seas are basically similar the world over and differ
only in their relative intensity and scale. These differences are largely
the result of the variation in the energy brought to the coast by waves and
currents, the configuration of offshore bathymetry which modifies
the waves and currents, and by the supply of sediment available for the waves
and currents to act upon. It is becoming increasingly clear that the physical
processes in nearshore waters are systematic in nature and can be characterized

in terms of the basic principles of physics.



2. WAVES

Most of the energy driving nearshore processes comes from the sea.
This energy is transferred to the ocean from the atmosphere by the stress of
winds blowing over the ocean surface which generates waves over a broad
spectrum of direction, wavelength and height. Energy also reaches the coastal
zone from tides generated by the attraction of the moon and sun on the mass

of the oceans. Another occasional source of energy is the catastrophic

tsunamis which are caused by earthquakes or other disturbances on the sea
floor. Once generated, waves can efficiently transmit energy across the
ocean at their group velocity in the form of potential energy due to the
displacement of the water surface, and kinetic energy which is associated
with the orbital motions of the water particles under the wave form. Figure
2.1 iTlustrates the terminology used in the discussion of wave characteristics.
Along the California coast most of the energy is received from waves
generated by storms crossing distant parts of the Pacific Ocean and by strong
local winds associated with passage of storm fronts. These storms are
capable of causing breakers up to 15 feet high with periods from 5 to 10
seconds in Southern California and up to 45 feet high in Nerthern California.
Other large waves are generated by winter storms in the Gulf of Alaska which
travel southward to the California coast. These waves are genera]]y smaller
in height and of Tonger periods due to the greater distance of travel from
their source area.
Waves generated by Targe storm systems in either the north or south
Pacific Ocean travel long distanceacross the ocean to reach the California
coast. These waves from distant sources are lower in height and of greater
periods (16-20 seconds) than the largest of those generated by local storms closer

to the coast. The sea breeze is a wind blowing onshore due to the differential
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heating of the land relative to the sea and usually reaches its maximum
intensity during the mid-afterncon. Sea breezes are often of sufficient
velocity to generate small waves of periods less than & seconds, but in some
areas have significant effect on the coastal zone.

" The energy contained in a single wave is preportional to the square
of the height of the wave; the higher the wave, the greater the energy it

contains. Waves are characterized by the parameters of height, period (or

its reciprocal frequency), and direction. At any one time and place the sea
surface is usually formed by a complex combination of many different wave trains
Consequently, the measurements of ocean waves are best depicted as an energy
spectrum, which is an analysis of the energy associated with particular freq-
uencies corresponding to different wave trains. Figure 2.2 shows typical

energy and directional spectra of ocean waves measured at Torrey Pines Beach,
California. The peaks in the spectrum show the concentration of energy at the
different wave periods or frequencies in the wave field.

Since the waves incident upon a coastline continqg]Ty vary in height,
period, and direction, it is necessary to make or obtain accurate measurements
of waves at the site of interest to establish a wave climate.

Wave "budget" or “climate" is a statistical analysis of wave data
associated into frequency of occurrence by specific wave height-period-direction
groups for a specific coastal or deep sea station and for each month or season.
It is essential that the height-period-direction groups be correlated, other-
wise the energy and momentum fluxes cannot be calculated, from the assembled
data. This is the basic information that is indispensible for determining the
magnitude of many of the physical processes at the shoreline.

Usually the wave climate for a specific site is the statistical

representation of wave energy as a function of wave period, height, and
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direction for an offshore station. This information is tabulated from the
wave data into a wave energy budget on the basis of frequency of occurrence
of waves over a period of one month from a given direction class, peried
class, and wave height class. The tabulation of wave energy for the offshore
site must be corrected for any sheltering by islands or other obstructions.
Sheltering corrections involve determining the angular sectors or "shadows"
cast upon the site by the obstructions. From a knowledge of the sheltering,
new estimates of the direction and amount of wave energy at the site can be
determined.

Once a suitable wave energy budget has been determined for the deep
water site the energy estimates must be extrapolated for shallow water at
the shoreline site of interest. This is done from an understanding of the
shoaling transformation that waves undergo as they enter shallow water near
shore.

When waves advance toward shore over an irregular battom or approach
at an angle to the shoreline they change their direction of travel. Under
these conditions portions of the same wave crest are in differing depths of
water. That portion of the wave in deeper water travels faster than that
portion in shallow water, thus, the wave crest tends to bend towards the
shallow water paralleling the bottom contours. This process of changing
direction is called wave refraction and defines how the budget of deep water
wave energy can be extrapolated to the budget for waves breaking near the
shoreline.

Wave refraction is a function of wave period (frequency), wave
direction, and the local bathymetry. Refraction over an irregular bottom can
cause localized effects such as energy convergence, divergence and large

variations in breaker angle along the coast. Therefore, it is very important



to make an accurate analysis of wave refraction. Suitable wave refraction
diagrams can be constructed from the wave period and directional data con-
tained in the wave budget and a bathymetric chart by either graphic or
analytic methods. In either case, wave rays or lines parallel to the direc-
tion of wave travel are constructed from deep water into the depth of wave breaking.
Graphic construction of wave rays can be done using the refraction template
technigque of Arthur, et al (1952) which utilizes a template to determine the
changes in wave direction as the wave progresses through each shoaler increment of
depth. Otherwise analytical techniques which employ a computer to make calculations
and plot the refraction diagram can be deveioped using the appropriate wave equations
The ratio of intensities of wave energy flux in deep to shallow water is calcu-
lated from the ratio sm/sb where s is an arbitrary deep water separation
of adjacent wave rays and Sh is the separation of those same rays at the
hreaking point of the waves (Figure 2.3).
The shoaling transformation and refraction of waves continues until
the wave height is approximately equal to 0.78 to the water depth, where the
waves break. At this point the orbital velocity of the water attains the
velocity of the wave form so that the wave collapses. Once the wave breaks
a bore is formed which is a mass of water moving unidirectionally up the
beach. Much of the energy originally contained in a wave is dissipated in
the breaking process and in formation of the-bore. Energy contained in the
bore is dissipated by turbulence in the water and by interaction of the water
with the bottom causing movement of sand.
The surf zone is defined as the area between the break point of the
waves and the highest run-up of water on the beach. The width of the surf
zone varies as a function of the steepness of the beach and height of the

incident waves. High waves breaking on gently sloping beaches produce wide
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surf zones; whereas, steep beaches with low waves have relatively narrow
surf zones., The width of beach defining the surf zone is also a function of
tidal range since the breaking point of the waves is displaced landward or
seaward with the rise or fall of the tide. It is important to know the
extent of the surf zone since the scale of many of the physical processes
active in the nearshore environment are determined by the width of the surf
zone.

Waves from several different generating areas may approach the coast
simultaneously. Even though the waves are from the same generating area they
will have a spread in frequencies, as shown by spectra in Figure 2.2. Waves
of differing frequency "beat" together to form alternate groups of high and
low waves which can be observed at almost any time by observing the relative
heights of successive breakers,

There also exist other waves that are trapped against the coast and
can only travel along the shore parallel to the coastline. These trapped
waves are called edge waves and may obtain their energy from ocean waves
incident on the coast or from other disturbances such as strong winds and
traveling pressure fronts. Edge waves are generally long and may vary in
scale from those forming rip currents with lengths of about 300 meters to
those that generate strong currents in submarine canyons and have wavelengths
of the order of the shelf width. The interaction of incident waves with edge
waves cause differences in the relative breaker height along the beach.

This interaction of incident and edge waves is shown schematically in Figure
2.4 where it can be seen to affect the general circulation pattern of water

in the surf zone.

H
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3.  COASTAL CURRENTS AND MIXING

Strong coastal currents may be related to tides, local winds, or
the impingement of a larger scale ocean current on the shelf. The northern
and central portions of California are bordered by the scutheriy flowing
California current, which at times may extend into shallow water. At Point
Conception the Southern California coast abruptly changes trend to the east.
The south flowing California current separates there and forms a large
counter clockwise circulation in the form of an eddy or gyre, so that the
currents along Southern California coast usually flow north from San Diego
to Point Conception.

Over the shelf, other currents are generated that are smaller in
scale and often considerably greater in magnitude. Some currents on the
shelf consist of eddies associated with the offshore oceanic currents;
whereas other currents are the result of tidal forces acting on the water
mass. These currents can become quite intense when they pass through
constrictions imposed by land masses.

Other shelf currents are generated by coastal winds blowing over
the shelf waters. Strong offshore winds blow surface water away from the
coast which is in turn replaced by water which comes onshore from greater
depths. This process is called coastal upwelling and is responsible for
bringing deep nutrient-rich water to the surface in the coastal zone which
has profound biological effects. The opposite effect is created when strong
winds blow onshore causing a movement of water toward the shoreline. This
situation results in a pile-up of water against the coast. Since the
accumulation of water against the coast is less over the deep water of

submarine canyons than over shallow shelf areas there is a movement of water

13



toward the canyons. Thus, water circulation over many parts of the Calif-
ornia shelf is onshore, then alongshore to a canyon, and offshore through
the canyon. Under certain conditions strong down-canyon currents are
created by this offshore movement of the water (Inman, Nordstrom & Flick, 1976).

Longshore currents that are important in the transport of sand and
nearshore circulation of water are generated at the shoreline by waves
approaching at an angle to the coast. The longshore currents are generated
by the breaking waves and flow paraliel to the beach in the surf zone. The
intensity of the longshore current is related to the height of the waves
and the angle of approach to the beach. Water transported onshore by the
waves is involved in the longshore current for some distance along the beach
and then returns offshore through narrow zones as rip currents. The rip
currents are higher velocity flows that extend from the surf zone through
the breakers and a short distance offshore.

The onshore transport of water by waves, its lateral transport in
the surf zone by longshore currents, and its return offshore by rip currents
constitute the nearshore circulation cell (Figure 2.4). As can be seen, when
waves break parallel to a straight beach, the fiow pattern is symmetrical
and return flow is divided between adjacent rip currents. However, whenever
the waves approach at an angle to the shoreline the longshore current is uni-
directional and a net flow occurs in one direction along the beach. A
unidirectional longshore current has significant effect on the nearshore
environment in that it provides a mechanism for the transport of sediment
and mixing of waters,

Mixing occurs very rapidly in the surf zone due to the turbulent
nature of the water. Once waves break and reform as bores there is rapid

movement of water across the surf zone and along the beach. Consequently,

14



the ditution of a substance introduced into the surf zone can be related

to the nearshore circulation system (Inman, Tait and Nordstrom, 1971).
Figure 3.1 shows the nearshore mixing process schematically; phase I mixing
involves material which is discharged at a point and is progressively
diluted as it moves along the shore by passing through each circulation
cell. This type of mixing continues to be effective until the concentra-
tion of material builds-up immediately offshore where the rip heads dis-
charge. Once the offshore area is significantly contaminated, phase 2
mixing occurs with the material being recirculated back into the surf zone

to bring about rapid saturation of the nearshore waters.

15
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4. LITTORAL SAND TRANSPORT

Since most of the specific content of this report is concerned
with the problems of beach ercsion and sand management in California a
general discussion of the littoral sand transport process must be con-
sidered. Much of the California shoreline has a sand beach which in
addition to its recreational function also serves as a barrier to the
active erosion of the land. The beach being a sloping, porous, granular
surface acts as an energy absorbing interface between the land and sea
(Figure 4.1). Without a beach there often is rapid erosion of the land
with corresponding disruptive effects on sea front property. No single
cause can be attributed to beach erosion in California since it is often
a result of localized wave conditions, the resistance of the bedrock,
the presence of man made coastal structures, the lack of a sand supply.
or a combination of these factors.

As indicated previously, waves supply most of the energy to the
coastlire and some fraction of this energy is used to transport sediment
in the nearshore environment. Thus, one must have a knowledge of the
wave climate at a specific problem site before any rational estimate can
be made of 1ittoral sand transport. From a knowledge of the wave climate
the Tongshore sand transport can be calculated and included as an essen-
tial part of the coastal sediment budget.

4.1 Equilibrium Beach Profile

Shoaling waves affect the bottom at a depth related to their
height and length which changes as the wave moves toward shore. Inter-
action of the orbital motion of the water with the bottom causes the

generation of a net current at the bottom which flows in the direction

17
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of wave travel. This results in a net movement of sand toward shore,
hence the waves tend to contain the sand against the shore.

Waves transporting sand in the nearshore environment will produce
a beach profile normal to the shoreline that is in equilibrium with the
dissipation of energy as waves progress toward shore. This equil-
ibrium profile is attained when the up-slope transport of sand toward
shore by the waves is balanced by the down-slope movement of sand under
the influence of gravity. A typical equilibrium beach profile is gentle
in slope in deep water and gets progressively steeper toward shore in the
vicinity of the break point of the waves. Where the waves break the
profile flattens to form a terrace across the surf zone. At the landward
margin of the surf zone the beach again steepens in slope
forming the beach face. The slope of the subareal beach changes at the
berm crest to form the gently sloping backshore, The steeply stoping
beach face is a result of the energy dissipation in the swash and back-
wash of surf zone water. Since part of the wave swash is percolated into
the permeable beach face the backwash is reduced causing sand deposition
on the beach face.

It has long been recognized that most beaches undergo a seasonal
change in configuration that is related to an annual cycle of on-offshore
sand transport. This change in profile configuration invoives the
accretion of sand on the beach face during the summer when smaller less
steep waves are present and erosion of the subareal beach by higher and
steeper winter storm waves. This cycle of beach cut and fill is a result
of the on-offshore transport of sand which occurs principally in depths

of 15 meters or less, but may be measurable to depths of 30 or 40 meters.
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Figure 4.2 shows this change in profile configuration on a
Southern California beach. The summer beach configuration (23 October
74) has a well developed berm and steep beach face. A beach profile
measured at the end of the winter {11 April 73) shows a gquite different
configuration with a gently sloping beach face and the presence of a bar at
depths of 10 to 16 ft (-3 to -5 m). The removal of sand from the subareal
beach by winter storm waves is often very abrupt, with considerable
profile modification taking place in only a few hours. However, the
onshore transport of sand to reform a summer profile takes considerably
longer, with many months of wave activity being required to return the
sand,

4.2 Longshore Sand Transport

When waves approach at an angle to the shoreline they transport
sand along the beach. This iongshore transport of sand is the combined
result of the breaking waves which place the sand in suspension and the
presence of a longshore current in the surf zone, which moves the sand
along the beach., Field measurements of the waves incident to the beach
and resultant longshore transport of sand as shown in Figure 4.3 indicate
that the sand transport is directly proportional to the product of the
wave phase velocity at the break point Cb and the longshore flux of
momen tum Myx' such that Cb ny. = (ECn sina c05a)b, which may be referred
to as the longshore sand transport parameter; where [ i3 the energy
density, Cn is the wave group velocity, o angle of the breaking wave
with the shoreline (Inman and Bagnold, 1963; Imman, Komar and Bowen,
1969, Komar and Inman, 1970; Longuet-Higgins, 1972: and Inman, et al,
1976).

The longshore sénd transport parameter is related to the wave

height and the angle of wave approach to the beach. Assuming constant

20
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wave height, the value of the parameter increases as the angle of wave
approach increases, reaching a maximum value for waves approaching at

45° to the coast. Since, in most cases, waves can approach from any
seaward direction sand is moved both ways along the coast over any
significant period of time. Thus, annual longshore sand transport is
usually referred to as the annual balance of transports in both directions

or the net longshore transport,

The annual net longshore transport for any specific site can be
obtained either by calculating the transport from a knowledge of the
wave climate or from measured rates of sand accretion and/or erosion in
the vicinity of a coastal structure that intercepts the sand. If the
wave climate is known then the longshore sand transport parameter at the
beach can be calculated in order to determine the transport from the
relation shown in Figure 4.3. The accuracy of this procedure will be
dependent upon the validity of the wave data and how representative it
is of the actual wave climate.

Estimates of longshore sand transport are also possible from
measured rates of sand accretion or down-coast erosion near sand entrap-
ment structures and inlet entrances. However, this type of data often
underestimates the net transport because most structures allow some sand
to travel around the trap.

4.3 Littoral Cells and Budget of Sediment

Sedimentation processes along the coastline of California can
best be understood in terms of the littoral cell concept. A littoral
cell is defined as a segment of coastline that encompasses a complete
cycle of sediment supply, littoral transport, and ultimate loss of sedi-

ment from the coastal environment (Inman and Frautschy, 1966). In most
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cases a littoral cell is supplied with sediment by the rivers and streams
that empty into the ocean within its limits. Once deposited at the coast
the sandy material is sorted out by wave action and incorporated into the
beach. At this point the sand becomes involved with the 1ittoral trans-
port along the coast. The longshore transport continues until it is
intercepted by a submarine canyon or other form of sink where it is lost
from the nearshore environment. Littoral cells have been defined for
much of the California coastline (Bowen and Inman, 1966; Inman and
Frautschy, 1966). Figure 4.4 shows the Tittoral cells defined for the
California coast south of Point Conception.

Littoral cells are usually separate entities with their own inputs,
transport rates, and losses to sinks with little interchange between
cells; consequently, each cell can be characterized by its own sediment
budget. The sediment budget is a determination of all the sediment inputs
{(credits) and losses {debits) relative to the longshore transport rates
within the limits of the cell.

Most of the sediment brought to the shoreline is from the coastal
streams and rivers which derive the material from erosion of their drain-
age basins. This is augmented in some cases by the erosion of sea cliffs,
onshore transport of sand from shallow water, and the introduction of
biogenous material produced by plants and animals. However, in the
temperate latitudes streams and rivers supply most of the material on
the beach {Inman, 1971). Thus, the most important factor in determining
the sediment input to a littoral cell is estimating the annual sediment
yield of the coastal streams.

The annual sediment yield of a stream is related to the annual

effective precipitation in its drainage basin and the area of its drainage
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basin (Langbein and Schumm, 1958). This relation indicates that the optimum
conditions for the production of sediment is between 10 and 12 inches of
effective precipitation per year. Using this means of estimating sediment
production or any other measurements of sediment yield the influx of sediment
to the littoral cell from coastal streams can be determined by summing the
contribution from each stream and river within the 1imits of the cell.

The annual sediment contribution is then compared to the longshore
transport rate estimated for the length of coastline within the cell. This
comparison gives some idea of the rate at which sand is transported through
the cell and whether there is a surplus or deficit in sediment supply. The
rate at which sediment is lost from the littoral cell is difficult to deter-
mine because losses occur to onshore transpoft by wind as dunes, offshore
deposition on the shelf, transport down submarine canyon, and downcoast
transport into the next littoral cell. Little is known about the quantities
of sand which are involved in these losses in most of the California littoral
cells because accurate measurements have not been made. However, in cases
where accurate measurements exist they are found to concur with rates of
sediment influx and transport through the 1ittoral cell (Chamberlain, 1960).

The littoral cell and budget of sediment concepts will be applied
to the specific areas under consideration in the remainder of this report.
Attempts will be made to evaluate the sources, transport and ultimate losses
of sand from these areas and to apply the information to the problems that
are existent. Based on this evaluation of the natural system, from the
standpoint of the physical processes, solutions will be proposed to the

problems that can be implemented with a minimum of environmental disruption.
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4.4 Remedial Action for Coastal Problems

The 1ittoral cell and budget of sediment concepts presented
previously lead directly to a general consideration of remedial actions
for coastal problems. A useful first step in the study of such remedial
actions is to classify them in terms of their relationship to the natural
processes that prevail in the nearshore environment. Remedial actions
that are commonly applied to coastal problems involving beach erosion and
longshore transport fall into four broad categories:

1. those which seek to imitate natural processes;

2. those which attempt to modify the driving forces active in

the nearshore environment,

3. those which attempt to stabilize the shoreline by disrupting
longshore transport or by rendering the shoreline resistant
to erosion; and,

4., those which call for a complete change in coastline use by
man.

Each of these remedial actions has different implications with
respect to modification of the natural environment and man's use of the
coastal zone.

Remedial actions which attempt to imitate natural processes are
those where man attempts to repiace or improve upon a deficiency in the
natural system through the use of manmade substitutes that closely
resemble nature. This type of action has been employed where the problem
involves the loss of a sand source to the coastline or the interruption
of longshore sand transport,

Where the coastline has been deprived of a natural sediment source

the dissipation of wave energy at the shoreline will cause erosion. A
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remedial action which seeks to imitate nature would be the periodic
replenishment of the beach with sand from artificial sources at a rate
which would stabiltize the shoreline., In the case of an interruption of
the longshore transport by & shoreline structure with its related down-
coast erosion a remedial action imitating nature can be undertaken. This
type of action would be to either remove the structure or to artificially
move sand past the obstruction at the same rate as the naturai wave
induced transport thus restoring continuity to the process.

In general, any solution to a coastal problem that closely
imitate the natural process should have a greater chance for success than
solutions that attempt to overwhelm or counteract the process. The other
types of remedial actions are greater aberrations from the natural system
and in turn have a greater likelihood of creating problems associated with
the proposed solutions that are equal in magnitude to that being corrected.

A second class of remedial action is that which seeks to modify
the driving forces at the problem site. This type of action usually
involves some form of structure designed to modify the wave energy
incident to the coast. Breakwaters are the most common type of structure
employed for this purpose and are designed in various configurations.
Typical breakwaters are constructed to extend out from shore and enclose a
nearshore area; detached from shore parallel to the shereline, or
offshore as submerged structures. In all cases the intent of the struc-
ture is to totally or partially decrease the wave energy incident upon
the structure. However, when an offshore structure is constructed close
to shore it casts a wave shadow at the shoreline which results in a local
modification of the longshore transport (Figure 4.5). The reduced wave

energy at the shoreline in the shadow causes longshore sand transport to
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slow or stop at that point so that sand accretes behind the structure and
beach erosion results downcoast. Thus, 2 structure which is intended to
solve one coastal problem may actually cause others.

A third class of remedial action which is used to solve beach
erosion problems is the construction of structures to stabilize the shore-
line. These structures include those which attempt to trap beach sand and
stabilize longshore transport, and those which armor the shoreline against
wave attack. The most common type of structure used to entrap sand and
limit Tongshore transport is a groin. Groins are constructed across the
beach such that the structure impedes the movement of sand along the beach.
However, the construction of a groin and entrapment of sand to widen a
beach at a particular site causes erosion of the beach immediately downcoast.
The downcoast erosion can be reduced or eliminated by filling the groin with
sand from an outside source. This erosion prompts the progressive construc-
tion of groihs downcoast to offset the erosion caused by the first groin
(Figure 4.6). This type of remedial action to solve a problem at one site
leads to the proliferation of this type of structure and the creation of
a groin field in place of a continuous sand beach.

Another type of remedial action which attempts to stabilize the
shoreline is through the use of structures to armor the shoreline against
waves. These structures are usually seawalls or revetments of various
types that are constructed at the shoreline to prevent shoreline retreat.
Once this type of action is taken the natural sand beach disappears and
the shoreline is defined by the revetment. Such a remedial action will
probably provide a solution to the beach erosion problem at the expense
of a sand beach, This action represents a situation where man attempts

to overcome nature by sacrificing the natural beach to achieve his purpose.
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Figure 4.6. Erosional chain reaction following the installation of a
single groin:  {A) straight beach with prevailing waves producing
Tongshore transport of sand; (B) accretion and erosion after initial
obstruction; (C) downcoast erosion requiring two additional groins;
and, (D) continuation of the downcoast erosion requiring three more
groins. Note that the first three groins are now unnecessary
{from Inman and Brush, 1973).
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5,  SILVER STRAND-IMPERIAL BEACH

5.1 Description of the Area

This specific area of concern is that segment of coastline
extending from the international boundary northward to the entrance to
San Diego Bay (Figure 5.1). Serious beach erosion has been a problem at
various places along this coastline notably at Imperial Beach, Silver
Strand State Park, and in the past at Coronado.

This segment of coastline is generally low-lying with elevations
less than 20 meters near the shoreline. The southernmost part of this
area is the Tijuana Lagoon which is at the mouth of the Tijuana River
valley. The north side of the lagoon is bounded by a gently sloping
coastal terrace ranging in elevation from 15 to 30 m above sea level which
separates San Diego Bay from the Tijuana River Valley. This slightly
elevated area is occupied by the community of Imperial Beach. Silver
Strand proper is a relatively narrow sand beach which extends northward
from the coastal terrace and separates San Diego Bay from the Pacific
Ocean. The northern end of Silver Strand joins Coronado Island thus
making the Strand a tombolo. Coronado is a flat, low-Tying island that was
originally two separate land masses separated by a reentrant of San Diego
Bay known as Spanish Bight. The northwesternmost land mass was known
as North Island and was connected to Coronado by a sand beach at the ocean
shoreline. Artificial fil1l placed in the Spanish Bight in 1944 created
the present single island land mass.

The continental shelf off Silver Strand is approximately 24 km wide
and gently slopes seaward to & depth of 180 m at the shelf edge. Three

small islands (Los Corcnados Islands) are located above seven miles
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offshore and just south of the international boundary. Figure 5.}

shows the bathymetry off Silver Strand indicating that the contours
generally parallel the shoreline and the bottom slopes gradually seaward.
Just to the north of the mouth of the Tijuana Lagoon there is a notable
seaward bulge in the shallow contours which can be explained as remnants
of the Tijuana River delta. The bottom in this area is covered with
cobbles and boulders which are probably the residual of past flood loads
of the river (Emery, et al, 1952). At the southwestiern end of Coronado
Island the shallow water contours bulge seaward to form Zuniga Shoals which
is an extensive depositional area. The present size and configuration of
this shoal area is due to Zuniga Jetty which was constructed in 1893.

The shoreline in the area of concern is a sand beach except for
places near the community of Imperial Beach which have cobble shingle
especially during the winter months. Figure 5.2 shows a typical beach
profile from Silver Strand State Park in the central part of the Strand.
Typically the beaches are characterized by a relatively flat backshore,
steeper beach face, and a gentler offshore slope. Imperial Beach and
Coronado Beach which have Tow bluffs facing the sea also have lower beach face
slopes (Corps of Engineers, 1960). Figure 5.2 also shows the seasonal
change in configuration of Silver Strand Beach with a comparison of
profiles measured in November and December 1967. The retreat of the
beach berm and accompanying accretion of sand at depths -1 to -6 m depth
is a response of the beach to winter wave conditions. These profiles do
not show the full magnitude of the seasonal change in configuration since

the full transition requires a period of several months.
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There is a progressive decrease in the median grain size and better
sorting of the beach sand northward along Stlver Strand from the Tijuana
River. This change in the characteristics of the sand probably reflect
reworking of alluvial material from the Tijuana River as it is trans-

ported northward along the beaches (Inman, et al, 1974).

5.2 Wave Climate

An estimate of the deep water wave energy for the Silver Strand area
has been compiled from a number of sources and assembled into a frequency
of occurrence of waves from given directions, periods, and heights. From
this information the wave climate can be classified into three groups,
northern hemisphere swell, southern hemisphere swell and sea. The dominant
source of wave energy is the northern hemisphere swell with periods of
6-10 sec and directions of 295-315°. These waves are of particular
importance during the winter season. Southern hemisphere swell is
generally lower in height {about 1 m) but occurs frequently during the
summer months.

A certain amount of the total wave energy present in the offshore
waters does not reach the Silver Strand area because of sheltering by the
offshore islands and Point Loma. San Clemente, San Nicolas, Santa Catalina
and Point Loma obscure any wave energy approaching Silver Strand from
directions greater than 300° and shelter some energy from directions of

280°

- 300°. Waves from southern directions are sheltered to a lesser
degree by the Los Coronados Islands.
Knowing the wave climate for an offshore location it is necessary

to refract the waves into the littoral zone where longshore sand transport
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takes place. This was done for five stations along Silver Strand (see
Figure 5.1). Figure 5.3 shows a typical refraction diagram for a 12 sec
wave from a direction of 222°. From these diagrams the angle that the
wave ray makes with the perpendicular to the beach was determined and
designated the breaker angle oy The breaker angle and an estimate of
the intensity of the energy flux was compiled for each sector of deep
water direction and wave period which was plotted on polar diagrams for
each shoreline station. This information was then used for the calcula-
tions of longshore transport rate.

Figure 5.4 shows a polar diagram of ap for station 2 in the
central part of Silver Strand, The notaticn for % in this case is
that a positive angle LI indicates that the wave is approaching from a
southerly direction with respect to the beach, while a negative angle oy
indicates the wave is coming from a northerly direction.

Examination of the refraction diagrams for Silver Strand shows that
there is generally a divergence of wave energy at stations 1, 2, 3, and
a convergence of wave energy at stations 4 and § (see Figure 5.1). The
greatest divergence was at station 1 due to the bathymetry in the vicinity
of Zuniga Shoal and the greatest convergence at station 4 where waves
converge over the shoal area at the mouth of the Tijuana River.

The wave energy flux at each station was resolved into its longshore
and onshore components and summed over time to give seasonal values to
the longshore component of energy fiux. This informaticn was then used
for calculation of Tongshore transport in the upcoast and downcoast

direction and the determination of net longshore transport.
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5.3 Budget of Sediment

Silver Strand is defined as a separate Tittoral cell with its own
sediment source, transport path and sink {Figure 4.4),
The principal natural source of sediment for this cell is the Tijuana
River. Sand supplied to the coast by the river is transported along the
coast by waves to the entrance to San Diego Bay. The sink for this cell
is the accretion of sand in Zuniga Shoal and deposition offshore by the
strong ebb tidal currents which flow through the entrance channel to the
bar {Figure 5.5).

The Tijuana River is an ephemeral stream formed by the confluence
of Cottonwood Creek which drains the northern one-third of the drainage
basin; and Rio de las Palmas which drains the southern two-thirds of the
drainage basin. Topographic relief in the 1700 mi sq, 4400 sq km drainage basin
of the Tijuana River varies from sea level up to elevations of 3940-5900 ft, 1200-
1800 m near the crest of the coastal mountains (U.S. House of Representatives,
1957). The semi-arid climate of the area is characterized by warm, dry
summers and mild winters. Most of the rainfall in the area results from
winter storms that originate in the north Pacific Ocean and move south-
ward along the Pacific Coast of North America. The amount of precipitation

in the drainage basin is related to elevation with the upper part receiving

more than 20 m, 500 mm per year while the coastal areas only receive about
half that amount,

Run-off in the Tijuana River basin varies with the frequency and
duration of the storms reaching the area. During the winter months of
most years there is sufficient precipitation to cause surface flow of

water. Occasionally there are years when the amount and duration of the
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rainfall is great enough to saturate the ground and further rainfall
causes large volume surface flows which flood the Tower portion of the
drainage basin. The periodic floods are the times when most of the
sediment is carried to the coast to supply the beaches of the Silver Strand
Tittoral cell.

Table 5A shows peak discharges of the floods of the Tijuana River
recorded at a stream gage near the mouth of the river and from historical

documents. The largest flood of record was in 1916 which had a peak flow of
over 70,600 ft sec, 200 m3/sec. A flood discharge-frequency curve has been
determined for the Tijuana River which indicates a peak discharge of about

134,200 ft3/sec, 3800 m3/sec every 335 years even with the present dams

blocking the river channel {City of San Diego, 1973).

Unfortunately, no measurements of sediment yieid under flood condi-
tions have ever been made in the Tijuana River s¢ that its annual yield
will have to be estimated. This estimate has been made by using comparable
data from other watersheds and using long-term average erosion rates. As
mentioned previously one estimate can be obtained using the empirical
curves relating sediment yield to effective precipitation of Langbein and
Schumm (1958). Using the Langbeim and Schumm sediment yield without entrap-
ment by dams would be about 660,500 yd/yr, 505,000 m3/yr; whereas the total
sediment yield based upon their reservoir sedimentation curve would be
1,171,000 yds/yr, 895,000 m3/yr without entrapment (Inman, et al, 1974).

An independent estimate of sediment yield can be obtained from
average long-term erosion rates of large land areas. Inman and Brush
(1973) give the average long-term erosion rate for the entire United States as

i-2.5 m/1000 yrs, 3-6 c¢m/100C yrs which assuming an average of 2 in/1000 yrs
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Table 5A. Peak discharge data for Tijuanma River

DATE

February 1884
December 1889
February 1891
January 1895

24 March 1906

21 February 1914
17 January 1916
12 March 1918

26 December 1921
16 February 1927
18 february 1932

Rodriguez Dam Completed

Summer 1936
7 February 1937
3 March 1938
13 March 1938
24 December 1940
22 February 1941
15 March 1941
11 April 1947
17 March 1942
23 December 1944
7 Janvary 1944
23 February 1944
13 January 1949
16 March 1952
7 December 1967

CUBIC FEET/SECOND

PEAK DISCH RGE
CUBIC METERS/SECOND

Note: Flood data is from Nestor gaging station on the Hollister Street

Bridge.

No floods less than 1,500 cubic feet/sec {42 m3/sec) are

included and flood data prior to 1937 is based on historical data
and information obtained from long-time residents and estimates
based on data recorded from nearby streams. Table adapted from
City of San Diego (1973).
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for the Tijuana River drainage basin would yield about 294,000 yds3/yr,

225,000 ma/yr without entrapment by dams. Thus, these estimates of sediment

yield vary from 294,000 yds®/yr, 225,000 m/yr to 1,171,000 yds3/yr, 895,000 m3/yr.
so that an average annual sediment yield for the Tijuana River drainage basin

under natural conditions can be approximated at about 700,000 yds3,535,000 m3

(Inman, et al, 1974}.
Hovever, the natural flow and sediment yield of the Tijuana River

has been considerably modified by the construction of dams on the main

stream courses. Cottonwood Creek is impounded by Morena Dam (1911) and
Barrett Dam (192)) in the United States and the Rio de las Palmas is

impounded by Rodriguez Dam {1936). These three dams entrap the run-off

and sediment produced in over 3100 km2 or about 70 percent of the drainage
basin {State of California, 1969). Sedimentation rates were measured in
Morena Reservoir during the period 1910 to 1948 which indicate that the
reservoir was trapping about 322,000 yds3/yr, 246,000 m3/yr of sediment from a

2 2 (

drainage area of 116 mi”, 300 km~ {City of San Diego, 1953). Thus, it can be seen

that these dams act as very effective sediment traps and prevent the material

from reaching the coast to nourish the beaches.

Once the fluvial sediment reaches the shoreline it comes under the
influence of the waves and currents which dominate the nearshore environ-
ment. These driving forces sort the sediment into specific size fractions
that follow different transport paths in the coastal zone. The sediment
Toad carried by the Tijuana River especially under flood conditions
involves material ranging in size from boulders and cobbles, many cm in
diameter down to silt and clay size material. Much of the coarsest
material is deposited in the Tijuana Lagoon and at the mouth of the river

where it has been slowly accumulating. These residual deposits consist
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almost entirely of cobbles and boulders too large to be moved by waves
and nearshore currents so they remain as a vestigial delta at the mouth
of the lagoon.

The silt and clay fraction brought to the coast by the river stays
in suspension as it flows into the ocean where it is distributed over a
large area by the local currents. This fine material is often carried
considerable distances offshore and along shore before it finally settles
to the bottom,

Sand sized materiaT 2 mm to 0.064 mm is easily transported by the
waves and becomes the source of sediment for the local beach. Upon reaching
the beach the sand is then redistributed along the shoreline by the preva-

Tent longshore currents. Sand brought to the coast by the Tijuana River
is transported by waves both to the north, along Silver Strand, and to the

south along Mexican beaches {Chamberlain, Horrer and Inman, 1958). The

longshore transport northerly along Silver Strand has been estimated by
two different techniques: (1) by following the erosion-accretion rates
of artificial fi1l placed on the beach; and, (2) calculation of longshore
transport rates from the available wave data.

3 6

In 1940-41 approximately 2.35 x 106 yds™, 1.8 x 10 m3 of fitl was

placed along the beach at North Island and during the years 1941-45 over

20 x 106m3 of fill was placed on the central part of Silver Strand. Between

the years 1940 and 1967 a total of about 29 x 106yd53, 22 x 106m3 of sand

was placed on Silver Strand Beach which augmented its natural sand supply

(Inman, 1956). Comparison of beach profile surveys along Silver Strand Beach

for the years 1946 and 1954 show that much of the sand placed in the central part

of the Strand was transported north to the Zuniga Shoal area at the rate of
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1.4 x 106yds3/yr (1.1 x 106m3/yr). This northerly movement of sand on
Silver Strand has also been documented by aerial photographs of Coronado
Beach which show significant widening of the beach between 1945 and 1967
(Figures 5.6a and b). Thus, the long term net movement of sand on Silver
Strand Beach appears to be northerly from the vicinity of Imperial Beach
to the Zuniga Shoal area.

Another estimate of the longshore transport rate through the littoral
cell was made using the available wave data as described previously, and
the longshore transport relations of Komar and Inman (1870). Longshore
transport rates were calculated for stations 1, 2, 3, and 5 (Figure 5.1).
At station 1 the annual volume transport was calculated to be 43.2 x Iodyds3/yr
(33.0 x 103m3/yr] to the north. At stations 2 and 3 the annual volume
transport rates were 9.4 x 103yd53/yr (7.2 x 103m3/yr) to the south and

3yd53/yr (75 x 103m3/yr) to the south respectively. At station 5

3

98 x 10
the transport rate was 602 x 10 yds3/yr {460 x 103m3/yr) to the south. The
calcutated transports for stations 1 and 5 were expected but the southerly
transpoert at stations 2 and 3 seem anomalous in view of the net northward
transport documented from the erosion-accretion data for Silver Strand.
This anomaly may be the result of the fact that the available wave data is
not statistically representative of the actual wave climate. The available
wave data is lacking information on the southern swell which is very
important in causing northerly longshore transport aaong Silver Strand (Inman,
et al, 1974).

Figure 5.5 shows the Silver Strand littoral cell with the Tijuana
River as its sediment source, a northerly Tongshore transport along Silver

Strand, and the sediment sink at Zuniga Shoal and offshore accretion area.

Early charts of San Diego Bay show that sand accreted in the vicinity of
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Figure 5.6a. Aerial photograph of the north end of Silver Strand taken in
January 1945. Note how narrow the beach is in the vicinity of the Hotel
del Coronado groin.
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Figure 5.6b. Aerial photograph of the north end of Silver Strand taken in
December 1967. Comparison with the previous figure shows the effect of
northerly transport of sand fil11 placed on Silver Strand between 1941 and
1946. Note the increase in beach width near the Hotel del Corconado groin.



Zuniga Shoal along the east side of the entrance channel to the bay.
Deposition in this area was shallow enough that waves from the north

that are refracted around Point Loma would transport the sand back onto
the beach to resupply part of the longshore transport demand. Thus, the
natural system was in balance with the Tijuana River supplying sufficient
sand to maintain Silver Strand at a somewhat narrower than present width,
and the recirculation of sand from Zuniga Shoal supplying Coronado Beaches
with adequate sand for a relatively wide beach.

Zuniga Jetty, built in 1893, trapped the sand and caused further
accretion of the shoal area immediately after its construction. The jetty
also further channelized the tidal currents thus increasing the velocity
of the ebb tidal current. As a result of these increased ebb currents,
sand_entering the channel through the porous jetty and from the end of
Zuniga Jetty is carried into deeper water where it can no longer be
transported back to the beach {Inman, 1973). A comparison of charts surveyed
in 1923 and 1934 show that sand has been accreting in water depths of 59 to
131 ft (18 to 40 m) depth just south of Zuniga Jetty at an estimated rate of
2.1 x 106yds3fyr {1.6 x 106m3/yr) (Chamberlain, Horrer and Inman, 1958).
This area of accretion now appears to be the finmal sink for the sand passing

through the Silver Strand littoral cell (Figure 5.5).

5.4 Specific Problem

The specific problem in the Silver Strand littoral cell area has
been the persistent beach erosion that has occurred at different locations
along this coastal segment since the beginning of man's intervention.

Beach erosion was first noticed on Coronado Beach in 1905 shortly after
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the construction of Zuniga Jetty, and progressed to a state where it was
necessary to place a rock revetment wall along Ocean Avenue in Coronado.
Also, beach changes have been noted in the south Imperial Beach area
since the first surveys in 1856. However, since 1937 there has been a
persistent retreat of the beach at Imperial Beach at the southern boundaiy
of the community. During the early 1950's the beach erosion problems
began to extend northward which prompted the Corps of Engineers to con-
struct a rock groin at the north city 1imit in 1959. This groin did not
prove to be effective in trapping sand so a second rock groin was con-
structed in 1961 south of the first groin {Figure 5.7). At

present neither of these groins has been effective in controlling the
beach erosion problem so that the construction of additional structures
is proposed {U. S. Army Corps of Engineers, 1970).

6, .3 (

During 1940-41 about 2.3 x 107yds™ (1.8 «x 106m3) of sand fill was

placed on the North Island Beach west of Coronado, and between 1941 and

6m3) of sand fill was placed on central

1946 about 26 x 10%yds3 (20 x 10
Silver Strand from the extensive dredging of San Diego Bay. This material
advanced the shoreline seaward in the fill area over 985 ft (300 m) but
since 1946, the shoreline in that area has steadily retreated as the sand
has been transported on through the littoral cell. Unfortunately, several
targe condominiums have been built on this artificially created beach and
are now being threatened by beach erosion requiring the construction of a
revetment wall around the buildings. In genmeral, all of the Imperial Beach-

Silver Strand shoreline is presently undergoing some beach erosion and will

require remedial action in the foreseeable future.
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Figure 5.7. Aerial photograph taken on 29 November 1967 showing the groins at
Imperial Beach. Note that these remedial structures are relatively ineffec-
tive in trapping sand.
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5.5 Recommendations

The basic probliem causing beach erosion in the Silver Strand
Tittoral cell is that the natural sources of sediment for the cell have
been eliminated by man's intervention into the natural system. As
mentioned previously the primary source of sediment for the cell is from
the Tijuana River which has about 70 percent of its drainage basin
jsolated from the coast by dams. Without the continuing sediment supply
to the coast from the river, wave 1nducéd longshore transport has been
fed by the existing beach sand. This has been most readily apparent at
Imperial Beach which is at the south end of the cell nearest the source
area. The central part of Silver Strand has not been severely eroded
during this time because it has received large amounts of sand from the
disposal of dredge spoil. This sand has also provided a source of sand
for the beaches at the north end of the Strand and Coronado.

Since the beach erpsion problem has developed due to the lack
of a sufficient sand supply for the longshore transport demand of the
waves, any rational solution will have to consider alternative sources
of sand for the ceil or other uses of the coastal zone which are com-
patible with the erosion of the shoreline. Solutions to this problem
can be considered in terms of the general categories of remedial action
presented previously in the report.

Since the natural source of sand for this littoral cell has been
interrupted a solution which imitates nature would involve replacement
of the natural source with an artificial source. This type of solution
has already been applied in the past with the disposal of suitable
dredge spoil from San Diego Bay on Silver Strand Beach. However, this

has only been done at infrequent and irregular intervals so that it §s
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only a2 short term solution and the beach erosion problem recurs once the
sand is gone. In order for the artificial replenishment of sand to
become a permanent solution to the beach erosion in this littora) cell
the sand would have to be supplied on a regular basis which closely
matches the longshore transport demand determined by the local wave
ciimate.

The principal complications associated with the continued
replenishment of beach sand artificially are: (1} locating adequate
supplies of suitable sand to place on the beach; and, (2) the design,
construction, and maintenance of a system for transporting the sand to
the feeder beach for the littoral cell. Potential sand sources may be
present in the Tower Tijuana River Valley, at the downcoast end of
the cell in Zuniga Shoal, and at shallow depths offshore. FEach of these
sand sources would require a different technology for tramsporting the
sand from its present Tocation to Imperial Beach for introduction to
the natural transport path through the cell. As can easily be seen,
this type of solution will require a considerable investment of resources
and a continuing effort in order to be successful.

Perhaps the best single solution of this type would be to develop
a system for recycling sand through the l1ittoral cell. This would
require a mechanical system for moving sand from Zuniga Shoal south to
Imperial Beach so it can be reused in the natural transport process.
This proposed solution has an advantage over others of this type in that
the source sand is localized in one place and is supplied at the same
rate it has to be returned to the feeder beach. Although other sand
sources on land or offshore may seem to be advantageous because of their

proximity to Imperial Beach, they also have the potential for being
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exhausted at some future date and causing other environmental compiica-
tions as the sand is extracted.

The second type of approach for a solution to the beach erosion
problem in the Silver Strand 1ittoral cell would involve tHe construc-
tion of some type of structure to locally modify the wave climate.
Typically this would be some type of detached breakwater which will
decrease the wave energy incident to a segment of coastline. The struc-
ture would probably be designed to protect that part of the Silver Strand
littoral cell which is presently being eroded in the Imperial Beach area.
This detached breakwater could either be a surface ﬁtructure which breaks
the surface and would be designed to shelter the beach from virtually
all wave energy or a submerged structure which will only cause partial
sheltering. In either case the structure will provide some relief from
wave erosion and possible trap sand in its shadow; however, the benefit
of the structure is localized at the site of the structure.

Use of this type of solution also has many potential disadvan-
tages such as: (1) the design and construction of the structure are
costly; (2) improper design can result in failure of its purpose and
possibly cause deleterious effects; (3) the installation of such a
structure can result in a committment to a solution that is essentially
irreversable; and, (4) a localized solution such as a structure is
Tikely to simply displace the erosion problem downdrift beyond its
shadow.

At Imperial Beach the application of this type of solution would
involve the construction of some type of detached breakwater along the
most severely eroded segment of shoreline. Success of this solution

even at this site would require proper design of the structure with
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respect to the wave climate of the area. The important design factors
would include the length, height, distance from shore, orientation with
respect to shore and wave approach, etc which are difficult to deter-
mine at this site since the wave climate has a seasonal varijation.
Improper design could result in the structure being ineffective and
perhaps even deleterious to the present situation.

Ancther factor in the use of this type of solution is that the
construction of a breakwatey represents a committment to this type of
solution and once it is constructed, if poorly designed, it is virtually
impossible to remove. Also the construction of a structure can cause
beach erosion immediately downdrift so that the problem is simply dis-
placed further along the sand transport path. This usually results in
extension of the initial structure or construction of additional struc-
tures to stop the adjacent erosion. Finally, the application of this
type of solution can result in the proliferation of structures along
the coast so that the nearshore environment becomes dominated by the
manmade features and loses its natural character.

Attempts to solve the beach erosion problem by stabilizing the
shoreline have already been attempted at Imperial Beach. These efforts
include the use of seawalls and revetments of various types and the
construction of groins at Imperial Beach. The use of seawalls and
revetment has been employed by individuals to protect their property.
Consequently, the shore protection is discontinuous and varies in con-
struction design. Although this type of remedial action may provide a
solution for a specific piece of shoreline property it does not help

restore the natural sand beach.
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The construction of groins at Imperial Beach is an attempt to
restore the beach by entrapping and holding sand at the eroding segment
of shoreline. However, the two groins that have already been construc-
ted are ineffective in trapping and holding sand either because of their
design or simply because there is no sand available to trap. Thus, use
of remedial actions which attempt to stabilize the shoreline have had
only limited success in the Silver Strand littoral cell.

A final type of selution that can be applied to this coastal
problem would be to modify the present use of the shoreline to accomodate
beach erosion. This approach is essentially the situation in the central
part of Silver Strand at the state park. The present policy of the state
park is to let ercsion follow its natural course and place only tempor-
ary structures which can be moved on the beach. Much of the U. S. Navy
property in the area is allowed to erode because no permanent structures
were constructed near the shoreline. This type of solution is most
difficult to apply in the Imperial Beach and Coronado areas where poor
planning has permitted the construction of expensive structures on
eroding shoreline property. Application of this type of solution would
imply public acquisition of privately owned shoreline property and its
use reserved to the possible effects of natural erosion. However, if
erosion were allowed to take its course, the narrow sections of Siltver
Strand could be severed thus opening the west side of San Diego Bay so
it is unlikely that this solution could ever be applied to the problem.

The beach erosion problem in the Silver Strand littoral cell
is presently being treated with a wide variety of remedial actions that
are not coordinated with respect to each other or with the causative

physical processes. Any successful sotution must recognize that the
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problem concerns the entire littoral cell and its lack of a continuing
supply of sand for longshore transport by waves. Therefore, the best
solution would be a remedial action which replaces the deficient sand
supply near the natural source and allows the natural processes to operate
in the remainder of the littoral cell. Other remedial actions which
require the construction of structures may offer temporary solutions at

a specific site but cause problems further along the transport path.

Since the construction of one structure often leads to others, the
ultimate result may he a complete modification of the natural environ-

ment.
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6.  OCEANSIDE

6.1 Description of the Area

Oceanside, California is located in the central part of a Tittoral
cell that extends from Dana Point southward to the Scripps-lLa Jolla
Submarine Canyon (Figure 6.1}, The shoreline of the Oceanside littoral
cell consists of a continuous narrow beach that is bounded on the landward
side by sea cliffs except at the mouths of the coastal streams. The sea
cliffs are the result of wave erosion at the seaward edge of raised marine
terraces and vary in height along the coast. At Oceanside the cliffs are
16-50 ft (5-15 m) in height and are composed of relatively soft materials.
Loss of the protective beach at the foot of the sea cliff results in the
dissipation of wave energy directly upon the cliff base and accelerated
retreat of the cliff itself.

Several ephemeral rivers and streams enter the ocean within the
Timits of the Oceanside littoral cell. Under normal rainfall conditions
the runoff from most of these streams does not reach the ocean, but
accumulates in the coastal lagoon formed behind the barrier beach at its
mouth. Usually these lagoons are open to the ocean only when the runoff
from the stream raises the lagoon water level so that it overtops the
barrier beach and cuts a channel through the beach to the ocean. These
openings usually last only a short time until the beach reconstructs
itself and closes the channel. However, when large floods occur, the
barrier beach and lagoon are totally inundated by the volume of water
passing through the stream valley into the ocean.

The shelf along the Oceanside littoral cell coastal segment gently

slopes offshore to a depth of about 330 ft (100 m) at its outer edge. Width
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Figure 6.1. Oceanside littoral cell showing principal coastal streams as
sediment sources, direction of net longshore transport, and sediment Toss
through the La Jolla Submarine Canyon.
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of the shelf varies somewhat with it becoming progressively narrower
from Dana Point south to La Jolla (Figure 6.1}. North of Oceanside
the average width is 4 mi (7 km) with the widest point being in the central
part of Camp Pendleton. South of Oceanside the shelf narrows to an
average width of 2.5 mi {4 km) off Carlsbad. The shelf narrows again south of
Del Mar so that it averages only 1.6 mi (2.5 km} in width just north of
La Jolla.
Seaward of the shelf edge the bottom rapidly slopes into the San
Diego Trough whose lowest point is at a depth of over 4000 ft (1200 m). Two

submarine canyons dissect the continental slope within the area under
consideration; one located near Carlsbad is unnamed, and larger one, Scripps-

ta Jolla Submarine Canyon, is located at La Jolla. The smaller canyon off

Carlsbad does not cross the shelf, but terminates near the shelf edge
and therefore does not have significant influence on the nearshore
environment. Scripps-La Jolla Canyon, on the other hand, has two
branches which cut across the entire shelf and end essentially at the
shoreline. This canyon has considerable influence orn the nearshore
processes and intercepts most of the sand being transported through the
Tittoral cell. Sand entering the canyon is transported through the canyon
to the San Diego Trough where it is deposited on the ta Jolla Submarine
Canyon Fan. The 2500 ft (750 m) depth contour of Figure 6.1 shows conspicuous
seaward bulges at the mouths of La Jolla Submarine Canyon and the small
canyon just south of Carlsbad which define the canyon fans.

The shoreline of the Oceanside littoral cell is a continuous
sand beach except for short sections of beach that have exposed cobbles
and pebbles. These cobble beaches vary in extent and distribution along

the coast and may be related to the seasonal changes in wave characteristics.
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The sand median grain size in the beach foreshore ranges from 0.19 to
0.27 mm {U. S. Army Corps of Engineers, 1960). The beaches along the
Oceanside littoral cell vary considerably in profile configuration which
can to some degree be related to the grain size of the beach material.
Generally, these beaches do not have a well developed backshore since
the Tandward termination of the beach is usually a sea cliff. The beach
foreshore varies in steepness with the steepest foreshore slopes being
coarse sand beaches and the fine sand beaches having the Towest fore-
shore slope.

A1l the beaches along the Oceanside Tittoral cell show seasonal
changes in profile configuration that can be reiated to changes in the
local wave climate. Accurate measurements of these sand level changes
have been made at Torrey Pines Beach near
southern end of the Tittoral cell which show that considerable amounts
of sand are involved in the on-offshore transport on these beaches.
Figure 6.2 from Nordstrom and Inman {1975) show seasanal changes
in profile configuration at Torrey Pines Beach with the erosion of sand
from the beach face and concurrent deposition offshore during the summer
to winter transition. The seasonal removal of sand from the beach face
often creates a problem of protection for shoreline structures during
the occurrence of high winter storm waves. Shore protection problems
now exist at Oceanside, Cartsbad, and Del Mar during the winter months
and seem to be increasing in number and magnitude within the limits of
the Oceanside littoral cell.

6.2 Wave Climate
The segment of Southern California coastline included in the

Oceanside Tittoral cell is subject to wave energy from sources similar to
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Silver Strand. A generalized wave climate for La Jolla was prepared by
Munk and Traylor {1947). They recognized three wave types that had a
seasonal occurrence that is primarily dependent an meteorological con-
ditions in different parts of the Pacific Dcean. Winter waves are
typically long period swell that is generated by cyclones moving eastward
across the North Pacific Ocean; summer waves are often very long period
swell approaching the coast from the south which is generated by the
winter storms in the southern Pacific Ocean; and finally, there is the
short period sea waves that are locally generated by storms that come
into the coastal region or by winds associated with local atmospheric

low pressure systems. The sea waves can occur in any season, but are
most common in the winter and spring.

Pawka, et al {in press) have recently compiled a wave climate

for the La Jolla area from directional measurements made with a pressure
sensor array at a depth of 33 feet (10 m} located 1.2 mi {2 km) north of Scripps
Institution of Oceanography. They classified the wave climate of this
region into seasonal wave types based upon the characteristics of the
measured wave spectra. During the summer months the wave spectra typi-
cally have a bimodal form with a low frequency peak and a higher frequency
peak. The peak period of the Tower frequency energy peak is between
12-17 sec, whereas the higher frequency peak is between 6-10 sec and
usually contains more energy. The directional aspect of the waves
indicate that the lower frequency waves come from the south and the
higher frequency waves come from the north. Wave climate during the
winter months differs considerably from the summer and fall. Winter
wave spectra indicate that there are many compeonents to the winter wave

climate. The longer period waves generally come from the north but
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there also is some southern swell, Shorter period waves show a wide
spread in direction with some approaching from both the northern and
southern sectors. The 6 to 8 sec Southern waves are usually generated
by local storms that approach the coast from the west. Winds from these
storms are southerly to southwesterly and are quite intense. Since most
winter waves originate with local storms they are generally higher in
energy than the summer waves.

During the early spring a primary Source of wave energy along
this coast is the north Pacific storms which generate waves of 10 to
15 sec approaching from the north. This energy from distant storms
combined with that of short period waves generated by local storms
combines to play an important part in the total energy budget for the
year in this region. When significant wave heights are calculated for
the spectral peaks from these measurements it reveals that the winter
and spring waves have a higher mean significant height than the summer

or fall waves.

A study was made of wave conditions at Oceanside at the time
additional harbor entrance structures were designed to accomodate the
recreational harbor. This study consisted of a historical
compilation of the 15 most severe storms which affected the Oceanside
area during the period 1900-1958 and wave hindcasts were determined from
the available meteorological information {Marine Advisers, 1960). The
most severe waves that occurred during the time period considered were
generated by a tropical storm that hit the Southern California coast
on 24-25 September 1939. These waves approached from the southeast

and their breakers had a significant height greater than 24 feet (7.3 m)
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at Oceanside., The most severe winter storm waves during this time

period approached from the west and created breakers that had a signifi-
cant height of over 17 feet (5.2 m) (Marine Advisers, 1960). Consequently,
it appears that the most severe wave conditions at Oceanside can be attri-
buted to two possible sources for waves of extreme height: (1) tropical
storms whose tracks extend into Southern California from the southwest;
and, (2) winter storms that enter the area from the west or northwest.

Figure 6.3 is a wave exposure diagram for Oceanside which shows
the extent to which wave energy entering the Southern California area is
affected by the offshore islands. As can be seen, Oceanside is exposed
to deep water waves from southerly and southeasteriy directions but is
shielded from most westerly and northwesterly approaching waves. San
Clemente and Santa Catalina Islands effectively shelter Oceanside from
deep water waves in most westerly directions except for the secter between
azimuth 261° and 276°. However, Oceanside is exposed to locally generated
sea breeze waves from all directions between azimuths 160° and 3200.

In order to apply the deep water wave information determined for
the open Pacific Ocean to Oceanside some consideration must be given to
the island sheltering. As waves are generated they develop a spread of
travel directions upon leaving the place of origin. Statistical details
of these directional spreads are not well known so the spread of each wave
type in the deep water wave climate must be assigned with what information
is available about the wave type. The directional spread will fit any
function which smoothly decreases from a central maximum to a Jow value at
the Timits such as a gaussian distribuytion. For each central direction and
wave period it was determined how much of this spread would be blocked by

the islands. If the center of the directional spread was blocked then a
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Figure 6.3. Wave exposure chart for Oceanside Harbor, California (from Marine
Advisers, 1960}.
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new direction of dominant energy was determined. The degree of island
sheltering on waves results from how effectively the island blocks the
directional spread and how these waves are refracted and diffracted in the
vicinity of the island.

Once the amount of open ocean wave energy has been corrected for
island sheltering the wave types that pass the islands must be refracted
to shore in order to determine the direction and intensity of wave energy
at the shoreline., The resultant wave climate at the breaker point can then
be used to determine the longshore component of wave energy and the long-

shore sand transport regime.

6.3 Budget of Sediment

Oceanside beach and harbor are located in the central part of a
Tittoral cell extending from Dana Point in Orange County to Scripps-La Jolla
Submarine Canyon {Figure 6.1). The Oceanside littoral cell includes a 66
mile (106 km) segment of coastline that has discrete sources, transport
paths, and sink for the sediment involved in Tittoral tramsport. Conseg-
uently some consideration must be given to the entire littoral cell when
attempting to understand the beach erosion problem at Oceanside.

Most of the sediment that forms the sand beach of the Gceanside
Tittoral cell comes from the streams that enter the ocean along this
coastal segment. Other contributions come from c1iff erosion, downcoast
longshore transport into the littoral cell, and artificial sources such
as the dredging of Oceanside Harbor. The major streams contributing to
this cell include San Juan Creek in Orange County, the Santa Margarita,
San Luis Rey, San Dieguito Rivers, and the San Onofre, Las Pulgas, Buena

Vista, Agua Hedionda, San Marcos, Escondido and Los Penasquitos Creeks.
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Since all of these streams are ephemeral and only flow into the ocean under
flood conditions calculation of the sediment yield to the coast on an
annual basis is difficult.

This region has a semi-arid climate with most of the precipitation
coming from winter storms that originate in the north Pacific Ocean. The
larger drainage basins contributing to this littoral cell {Santa Margarita,
San Luis Rey, and San Dieguito Rivers) drain the western slopes of the
coastal mountains to higher elevations where precipitation is greater.
Smaller streams contributing to the littoral cell drain only the foothills
and coastal terraces.

The sediment contributions from these streams have not been
accurately determined so that the total sand input can only be estimated
from empirical sediment yield relationships and long-term erosion rates.
Langbein and Schumm {1958} show that the annual sediment yield of a stream
is related to annual effective precipitation and size of the drainage basin.
Thus, an estimate of the sediment contribution from a drainage basin can be
made with knowledge of these two factors. Other estimates can be determined
from the world-wide flux of sediment into the ocean (Inman and Brush, 1973)
and long-term erosion rates in the United States (Gilluly, et al, 1970).

Table 6A and Figure 6.4 1list the principal rivers contributing to
the Oceanside littoral cell and the obstructed and unobstructed areas of
their drainage basins. Using this information estimates can be made of the
total sediment contribution to the littoral cell under natural conditions
and with the effect of dams blocking part of the drainage basin. The
average annual precipitation over the coastal area and western slopes of

the mountains is between 10 and 12 inches {254-305 mm}. The precipitation
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data together with the Langbein and Schumm (1958) relation for sediment
yield provide an estimate for the sediment input to the Oceanside littoral
cell from the five major drainage basins of approximately 600,000 yd53/yr
(4.5 x 10° m¥/yr) Chamberlain (1960). Estimates based on the flux of
sediment into the ocean and long term erosion rates give sediment yields
of 680,000 yds>/yr (5.2 x 10° m>/yr) and 460,000 yds /yr (3.5 x 10° m>/yr)
respectively. These estimates of sediment yield are reasonably close and
have a mean value of 580,000 yds3fyr (4.44 x 105 m3/yr). The total
sediment yield to the Oceanside littoral cell was also estimated by the
California Department of Water Resources as 496,000 yds3/yr (3.97 x 105 m3/yr)
(State of California, 1969). From all presently available information it
appears that the sediment yield to the Oceanside littoral cell under
natural conditions was approximately 500,000 ydsalyr (3.82 x ]05 majyr).

Table 6A shows the number of dams present on streams contributing
to the Oceanside littoral cell and the area of drainage basin they block.
Assuming that the dams act as a total barrier to sediment produced up-
stream and that they provide efficient flood control; then it appears
that about 37 percent of the natural annual sediment supply does not
presently reach the coast. This reduces the naturally available sediment
supply to about 315,000 yds /yr (2.4 x 10° m /yr).

At the coast most of these rivers terminate at a coastal lagoon
which also entraps some sediment depending upon the state of discharge
of the river. High discharge levels probably result in greater quantities
of sediment being carried through the Tagoon into the ocean; whereas,
lower discharges involve greater sediment entrapment by the lagoon.
Consequently, the actual sediment input into the Oceanside littoral cel}

is probably somewhat Tess than 300,000 ydsS/yr (2.3 x 10° m/yr).
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Estimates of longshore transport rates through the Oceanside
littoral cell have been made using available wave data and from erosion-
accretion rates at Oceanside Harbor. The longshore transport rate of sand
at Oceanside Harbor site was calculated from available wave data and found
to be a net longshore transport to the south of 215,000 yds3/yr

(1.6 x 105 m3/yr) (Marine Advisers, 1960). After the construction of
Oceanside Harbor the accretion rate of sand in the harbor entrance was
measured along with the associated loss of sand from Oceanside Beach to
the south of the harbor entrance. Between 1942 and 1968 the entrance
channel was dredged eleven times with an average of 250,000 yds3/yr
(1.9 x 105 m3/yr} being moved. During that period of time the entrance
was modified with the construction of a breakwater, two jetties and two
groins. However, dredging has been needed on an annual basis since 1965
{Corps of Engineers, 1970}. Recent dredging since Oceanside Harbor was
completed indicates that the rate of sand entrapment has increased at the
entrance complex to an average of 360,000 yds3/yr (2.75 x 105 mafyr)

(San Diego Regional Water Quality Control Board Meeting, 15 December 1970} .

Five miles south of Oceanside Harbor a small jetty at the entrance to Agua
Hedionda Lagoon traps sand at a rate of 160,000 yds3/yr (3.22 x 10° m3/yr)

based upon dredging records (Ritter, 1971). Thus, it appears that the net
longshore transport through the Oceanside Tittoral cell is about 250,000 yds3/yr
(1.91 x 10° m>/yr) to the south.

The south end of the Oceanside littoral cell is defined by the
Scripps-La Jolla Submarine Canyon whose heads interéept the longshore
transport and direct it seaward through the canyon to the deeper waters of

the San Diego Trough. Chamberlain (1960) measured the rate of sand infiux
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into the head of Scripps Canyon as being 260,000 yds3/yr (2.0 x 105 m3fyr).

Table BB Tists the sediment budget for the Oceanside littoral cell.
It appears that the sediment budget for the cell is nearly in balance,
with the present input being only siightly less than the annual longshore
transport rate and Toss from the cell. This inbalance of sand supply to
demand by the available wave energy is already apparent from long term
measyrement of sand level on the beaches of the Tittoral cell. Figure 6.5
shows repeated surveys of a rangeline on Torrey Pines Beach during the
past twelve years which indicate the progressively lower sand levels each
winter during this time. The continuation of dry weather conditions in
this region, urbanization of the coastal drainage basins, and construction
of fleod control structures combine to further reduce sediment supply to
the cell so that this imbalance in the sediment budget will become greater.
Eventually when the imbalance of input to loss becomes extreme the depletion

of sand will be apparent on all the beaches of the littoral cell,

6.4 Specific Problems

The specific problem in the Oceanside littoral cell is the persis-
tent and continuing accretion of sand in the harbor entrance and accompany-
ing erosion of sand from Oceanside Beach immediately to the south. These
problems are obviously interrelated and any sclution will have to address
both aspects of the problem. Before harbor construction at Oceanside
there was a wide sand beach typical of most beaches in the 1ittoral cell.

However, immediately following the initial harbor construction, problems

with sand accretion and beach erosion began to develap.
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Table 68. Sediment budget for Oceanside littoral cell

TOTAL SEDIMENT NET LONGSHORE TOTAL SEDIMENT
SUPPLY TO CELL TRANSPORT SOUTH LOSS FROM CELL
vos3/yr ¥os3/yr Y53 /yr
250,000 * 250,000-300, 000 260,000

* Sediment supply to coast with present dams trapping sediment in
drainage basin and assuming about 50,000 ydsa/yr entrapment in

ccastal lagoons.
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In 1942 the Del Mar Boat Basin was constructed by the Department
of the Navy as a war time measure to support the amphibious training
program at Camp Pendleton. Initially the entrance was protected by
jetties in an arrowhead configuration with the northerly jetty overlapping
the southerly one. During the first ten years of its existence about

3 6 3

2,500,000 yds® (1.91 x 10° m”) of sand accumulated in the vicinity of

the entrance channel and closed the entrance channel. Consequently,

Oceanside Beach receeded and experienced a loss of 2,700,000 yds3

(2.06 x 106 m3] as shown by U. S. Army Corps of Engineers surveys.

The Navy extended the north jetty to its present length in 1958-59
and dredged sand from the channel which was deposited on the eroded beach.
However, this sand replenishment lasted only a short time and the beach
continued to receed {Figure 6.6). Dredging was repeated in 1961 and the
sand was placed on the depleted section of Oceanside Beach. This time a
groin was constructed at the site of the present south harbor jetty in an
attempt to contrel the sand loss from the beach.

Oceanside small craft harbor was completed in February 1963 with
a total of 3,000,000 yds3 (2.29 x 106 m3) of sand and cabbles being
distributed along Oceanside Beach to rebuild it to its former width.
However, the harbor entrance has continued to trap sand and now reguires
dredging on a 12 to 18 month schedule. The modifications to the harbor
entrance have caused it to trap greater amounts of sand which
resulted in the erosion of Oceanside Beach to be extended further south
along the coast. The continuing beach erosion has prompted the construc-
tion of a short groin at the San Luis Rey flood control channel by the City
of Oceanside and several revetments by private owners to protect their

property. Surveys made by the U. 5. Army Corps of Engineers during the
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Figure 6.6. Progressive modification of shoreline at Qceanside, California
between 1934 and 1965.
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1960's clearly show widening of Oceanside Beach after placement of
dredged sand and the subsequent retreat of the beach during the
periods between dredgings (Corps of Engineers, 1970)}. At present
Oceanside Beach is depleted of sand during much of the year so that
cobbles placed on the beach are exposed offering the only protection
against the waves (Fiqure 6.7)}.

6.5 Recommendations

The beach erosion problem at Oceanside can be directly attribu-
ted to the interception of the longshore transport through the 1ittoral
cell by the Oceanside Harbor entrance channel. The impoundment of
this sand in the entrance channel deprives a downcoast section of beach
of its sand source so that it recedes as the available sand is trans-
ported downcoast. Since the beach erosion problem at Qceanside is
related to Oceanside harbor any workable solution will have to consider
the entrance to the harbor and its modification of the natural system.

The Oceanside problem can be considered in terms of the
remedial actions discussed in Section 4.4 in order to review recom-
mendations for this site. Before the construction of the Del Mar
Boat Basin, Oceanside Harbor complex the beach in this area was
sufficiently wide to provide adequate protection to the shoreline
during the most severe wave conditions. Interception of sand being
transported along the shore by the entrance channel creates the inter-
related problems of channel shoaling and downcoast erosion which must
be treated in any remedial actions. The present approach which has
been applied since the original design of the harbor is an attempt
to modify the driving forces with large structures. Initial struc-

tures at Oceanside were two short jetties to intercept sand and
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define an entrance channel. These jetties were quickly inundated
by the longshore transport of sand and further modifications were
made to the entrance channel structure. The entrance channel
structure now consists of large breakwaters, interior jetties, and
groins in an attempt to overcome the problem by protecting the entrance
from waves.

sand continues to enter the entrance channel circumventing
these large structures so that it must be removed by periodic dredg-
ing. Since the present entrance channel is not dredged frequently
enough to provide continuity to the Tongshore transport, beach
erosion occurs downcoast. In an attempt to find a solution to these
problems additional coastal structures have beeh suggested for
Oceanside, including offshore breakwaters, larger jetties and more
groins. It is doubtful that this extension of the present approach
will produce the desired result and a new solution should be sought.

An alternative to continuing the presently jnadequate and
expensive procedure for maintaining Oceanside Harbor would be to
abandon it for navigation. This would permit the longshore trans-
port of sand to continue naturally along this coastline segment.
The present harbor could be converted into a lagoon for small sail
boats and swimming. Although this alternative seems untenable in
view of the investment in the harbor to date, it is perhaps
practical when considered in terms of what will be required to
continue the present dredge maintenance program in the future.

If the sand entrapment by the harbor entrance increases or
the dredging schedule is lengthened, the beach erosion problem is

likely to extend downcoast. This will undoubtedly result in the
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continued use of revetment to armor the shore and limit the destruc-
tive effect of this erosion. Eventually beach erosion could extend
over several miles of coastline and revetment would replace the
natural sand beach for stabilizing the shoreline. Loss of this
valuable recreational beach should be balanced against the value of
maintaining the harbor entrance with the present approach to remedial
action,

Perhaps the best approach to a remedial action for Oceanside
Harbor is to find a solution which imitates the natural sand trans-
port process at the entrance. This can be achieved by continuously
bypassing sand past the entrance channel at the natural rate of supply.
Thus, the entrance channel will not shoal and the downcoast beach will
receive its required sand input to prevent further erosion. A
continuous bypassing system would essentially reestablish the natural
longshore transport that existed before construction of
the harbor entrance. Thus, with such a system in operation there
would not be any accumulation in the harbor entrance to cause boating
hazards and the downcoast beach would be continuously replenished
with sand. Continuous sand bypassing can be achieved using a conven-
tional floating dredge similar to the system used at Santa Barbara;
however, such deployment of conventional dredges is expensive. A
better solution to the problem would be the development and instal-
lation of an efficient fixed sand bypassing system such as the crater-
sink system proposed by Inman and Harris (1970). This system does
not require a sheltered impoundment area as is needed by a conventional
dredge, but rather collects sand in a submarine crater where it is

moved downcoast by a pump submerged at the bottom of the crater.
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Figure 6.8 shows a crater-sink sand bypassing installation that
could be used at Oceanside Harbor in which the sand is collected

in a depression at the harbor entrance and then pumped south to a
feeder beach at Oceanside. The development and instaliation costs
for this system may be higher than one time dredging costs, but

the continuing maintenance of the system would be relatively low.

In any case, the development costs of this system at Oceanside would
be considerably less than the construction of additional structures

in the entrance channel.
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7. OXNARD SHORES

7.1 Description of the Area

This area of concern is the segment of Ventura County coastline
between the cities of Ventura and Port Hueneme which includes the seaside
communities of Oxnard Shores and Oxnard Beach. The beaches along this
shoreline have been undergoing serious erosion which has resulted in
significant retreat of the shoreline at Oxnard Shores. This shoreline
retreat has consumed all of the set-back dedicated for shore front lots
and has caused some loss of property in the community.

Oxnard Shores is located on a low-lying sandy coastal plain at the
east end of the Santa Barbara Channel. The coastal plain is approximately
15 miles { 24 km) wide at its widest point and varies in elevation from
sea level to nearly 200 feet { 61 m) at its eastern edge. This low lying
coastal plain appears to have been developed from deposition by the rivers
entering the ocean in this area and from littoral sand being blown onshore
as coastal sand dunes. The community of Oxnard Shores was built in the
central part of this dune area. At the north end of the Cxnard plain the
Santa Clara and Ventura Rivers enter the ocean near the city of Ventura
both of which are significant sources of sediment to this section of
coastline. West of the City of Ventura the coast is typified by a narrow,
elevated terrace bordering the coastal mountains.

The shelf area off the Oxnard plain is a northwest-southeast trend-
ing topographic feature approximately 24 miles (40 km) Tong and up to 15
miles {24 km) wide. Bathymetry of the shelf varies with five major
features being defined; the Ventura Shoal, the Pitas Reentrant, the Montalvo
Trough, the Montalvo Ridge, and Hueneme and Mugu Submarine Canyons (Figure

7.1). Directly west of the Oxnard shelf is the Santa Barbara Basin which

84



(€261 €°dU0) y24RISHY BISUIIU]
L/ suanbiy

£5340YS PJRUX] 40 A1LUldtA uL Aagsulyjeg

Wouy paldope) eLudcyl|e)

“—

I \\
7/ NOANYD
e JWININH

INININH TR
140d 3
X! 0,
% /

&mw SIYOHS
JHYNXO \JHVNXO NG
1334 NI H1d30 P
Y i B /
Wb 0 .
.\ﬂ\Awmw \
Pt T
e M5 <<
N D VHNLINIA I3
Lo f3
e (3
..\ dw
el =2

35



1ies between the mainland and San Miguel, Santa Rosa, Santa Cruz, and
Anacapa Islands to the south. The floor of the Santa Barbara Basin
lies at a depth of over 2000 feet (610 m).

The shoreline from Point Conception to Hueneme Submarine Canyon
is a sand beach except for short sections of rocky shoreline located at
small headlands. The beach from Ventura to Hueneme Submarine Canyon
varies from coarse-grained to fine-grained sand with the grain size
reflecting the input from the Santa Clara River and the southerly long-
shore transport past Oxnard Shores. Figure 7.2 shows the median grain
size of sand samples from the beach face along the Ventura County shore.
Note the abrupt increase in median grain size at the Santa Clara River
which is reflected in all samples between the river and Hueneme Sub-
marine Canyon. South of the submarine canyon the beach sand returns to
being fine-grained similar to that at Ventura. Samples collected at
Oxnard shores in 1975 are significantly coarser than in 1967 which may
be explained by an additional influx of coarse material from the Santa
Clara flood debris of 1969.

Before the Ventura County shoreline communities were developed
the backshore area was occupied by a coastal dune system. Strong winds
blowing down the Santa Barbara Channel from the west transported sand
from the beach inland to form dunes. This natural process provided a
minor sink for some of the sand being transported along the coast.

Only a small segment of the original dune field remains as a few vege-
tated dunes at McGrath State Beach. However, the effect of the sand
blowing inland is presentiy evident at the Dxnard Shores development

with the continual drifting of sand against the houses and in the streets

of the community (Figure 7.3).
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Figure 7.3. Sand being blown inland from beach at Oxnard Shores, California which
was developed at the site of a former coastal dune field.
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7.2 MWave Cilimate

The Oxnard Shores area lies at the east end of the Santa Barbara
Channel so that most of the wave energy comes to the area from the west.

A summary of the deep water wave energy has been made for a station outside
the Channel Islands (Nationa)l Marine Consultants, 1960). In the open

ocean most of the wave energy comes from the northwest as locally generated
waves and swell generated in the North Pacific. Northern hemisphere swell
is most common during the winter months because it is generated by the
strong winds associated with the seasonal cyclonic storms in the North
Pacific Ocean. Swell from southerly directions can be expected 30-50% of
the time from April to September (Intersea Research Corp., 1973). These
waves are generated by storms in the South Pacific Gcean or by hurricanes
located off the coast of Mexico. The swell genmerated by distant sources

is of relatively long period whereas the locally generated sea is of shorter
period.

Once the sea and swell enter the Santa Barbara Channel they are
influenced by the sheltering effects of the islands and by refraction in
the shoal areas near the islands and on the mainland shelf. Inman (1950)
summarized the sheltering by the islands and mainland points in Figure 7.4
which shows the characteristic waves for the Point Mugu area. As can be
seen, the greatest exposure to waves from the open ocean of the Oxnard
Shores area is from the entrance to the Santa Barbara Channel directly to
the west. Some wave energy also reaches the area from the south and west
through small windows between the southern islands and banks. However,
these waves are not as significant to the Oxnard Shores area as they are

to the southwest facing beaches south of Hueneme Submarine Canyon.
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Short period waves that are generated between the Channel Islands and
the mainland can approach the Oxnard Shores area from any direction rang-
ing from southeast to northwest. These waves are caused by storm fronts
passing through the area, local storms, and localized wind systems. Aside
from these local waves almost all the wave energy incident to the Oxnard
Shores coastline is from the northwest through the open water cf the Santa

Barbara Channel.

7.3 Budget of Sediment

The Oxnard Shores shoreline is located near the southern end of
the Santa Barbara littoral cell which extends from Pt. Conception to
Hueneme Submarine Canyon (Inman and Frautschy, 1966). Sediment is
contributed from 1ittoral transport around Pt. Conception, coastal streams
between Pt. Conception and Ventura, and the large drainage areas of the
Ventura and Santa Clara Rivers. Estimates of the total amount of sediment
contributed to this segment of coastline annually have been made using
the previously discussed sediment yield relationship and available sediment
discharge data.

Table 7A lists the major drainage systems contributing to the
Santa Barbara littoral cell and the areas of the drainage basin blocked
and unblocked by dams. Prior to 1948 there were no sediment restricting
structures on either the Ventura or Santa Clara River drainage basins.
However, since 1948 the tota) drainage areas of these basins have been
reduced by about one-third with the construction of the Matilija, Casitas,
and Santa Felicia dams.

Bowen and Inman (1966) estimate that approximately 100,000 ydsS/yr

(7.65 x 104 ms}yr) of sand enters the Santa Barbara littoral cell
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by longshore transport around Pt. Conception. Contributions from the
coastal streams draining the coastal slopes of the Santa Ynez Mountains
from Pt. Conception to Ventura total about 466,000 yds3/yr (3.56 x 105 m3Xyr)
from estimates using the sediment yield relationship of Langbein and
Schumm {1958). Using this method the sediment yield from the unblocked
portions of the Ventura River and Santa Clara River drainage basins are
170,000 yds3/yr (1.3 x 10° m3/yr) and 493,000 yds>/yr (3.77 x 10° m3/yr)
respectively. These values are comparable to the sand yields of 100,000 yds3/yr
(7.6 x 10% m3/yr) for the Ventura River and 600,000 ydsS/yr (4.59 x 10°m°/yr)
for the Santa Clara River estimated by the U. S. Army Corps of Engineers (Corps of
Engineers, 1970). A1l of these drainage systems are ephemeral streams
that flow only during the wet season. Their discharge varies considerably
from year to year relative to the amount of precipitation with occasional
floods of considerable magnitude that bring large amounts of sediment to
the coastline.

In January and February of 1969 such a flood took place on the
Santa Clara River with the highest river flow rates ever recorded con that
river. The 2 month total sediment discharge for the 1969 flood was
44 x 106 yd33 (34 x 106 m3) of sand at the mouth of the river (Corps
of Engineers, 1970). This deposition formed a delta at the river mouth
which extended 2000 feet { 610 m) seaward of the shoreline. The sand
contributed from this flood has been estimated to be equivalent to a 22
year annual contribution from the river.

The total sediment input to the Santa Barbara 1ittoral cell at
Oxnard Shores is estimated by summing all the upcoast contributions.
Based on the sediment yields presented above it appears that the total

sediment supply to the cell at Oxnard Shores is approximately

1,230,000 ydsS/yr (9.41 x 10° mo/yr).
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The rate at which this sand is being transported through the
cell can be estimated from accretion rates at sand entrapment structures
located in the vicinity of Oxnard Shores. Three miles south of Oxnard
Shores is the Channel Islands Harbor sand trap which is a detached break-
water and jetty designed to impound sand and prevent its loss down
Hueneme Submarine Canyon. Periodically the sand is dredged from the sand
trap and bypassed past the Channel Islands Harbor and Port Hueneme
entrance channels to replenish Ormond Beach and Mugu Spit. Since its
construction in 1960 the sand trap has been dredged on a biarnual basis
with the removal of about 2.5 x 10% yasd/yr (1.91 x 108 m’/yr) each time
(Corps of Engineers, 1970). Thus, it appears that the net longshore
transport rate at Oxnard Shores is about 1.25 x 106 ydsalyr (9.46 x 105 m3/yr)
to the south,

Prior to the construction of Channel Islands Harbor and Port
Hueneme sand was transported by the waves along this coastal segment to
Point Mugu and Mugu Submarine Canyon. However, construction of the Port
Hueneme harbor jetties caused this sand to be diverted offshore and into
the head of Hueneme Submarine Canyon. This caused a sand loss down
Hueneme Submarine Canyon in excess of 1 x ]06 ydsS/yr (7.65 x 105 m3/yr)
based on the erosion of beaches to the south of the harbor entrance
(Corps of Engineers, 1970). This loss is now prevented by the artificial
impoundment and by passing of sand at Channel Islands Harbor and Port
Hueneme. Once past the harbor complex sand is transported on south to
Mugu Submarine Canyon and diverted offshore to its ultimate sink in the
Santa Monica Basin. Annual loss from the cell now appears to be greater
than 1 x 106 yds3/yr (7.65 x 105 m3/yr) of sand that eventually goes down

Mugu Submarine Canyon.
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Table 78 1ists the quantities of sand involved in the sediment
budget for the Oxnard Shores segment of the Santa Barbara littoral cell.
As can be seen the quantitites of sand being supplied to the cell almost
exactly balance the longshore transport and ultimate losses from the cell.
However, in the past before man's intervention into this natural system
the unblocked Ventura and Santa Clara drainage basins undoubtedly con-
tributed more sediment than the longshore transport by waves required.

The surplus of sediment supplied to this coastal segment was probably
responsible for the gradual accretion of the Oxnard coastal plain and

supplied the coastal dune field that was formerly present in the area,

7.4 Specific Problem

Although most of the coastal segment incliuded in the Santa
Barbara 1ittoral cell has undergone beach erosion at one time or another
the most recent area of concern is at the community of Oxnard Shores.
Oxnard Shores is one of several beach communities that have been developed
along the Ventura County coast in the last twenty years. The Oxnard
Shores Development Company began construction of the community in 1958
by grading off the coastal dunes and subdividing the ocean front land
into lots for a residential community. At the time of development initial
plans provided for a 200 foot set back from the shoreline., However,
since that time the shoreline has been in a continual state of
regression and has consumed all of the set-back in some places (Figure 7.5),
In December 1969 high waves hit the Ventura County shoreline
three times. These waves were from intense storms in the Aleutian
[slands which created swell up to 20 feet high which struck the area

on 4 - 7 December 1969. On 13 - 16 December 1969 another set of high
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Table 78. Sediment budget for Santa Barbara littoral cell at
Oxnard Shores, California

TOTAL SEDIMENT NET LONGSHORE TOTAL SEDIMENT
SUPPLY TO CELL TRANSPORT (SOUTH) LOSS FROM CELL
Y0s3/yr Yps3/yr ¥Ds3/yr

1,230,000 1,250,000 + 1,000,000
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Figure 7.5. Houses at Oxnard Shoves, California located on a progressively eroding
beach. Note that house in foreground has been raised on girder substructure to
avoid wave damage.
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waves caused swash as far as 50 feet inland from the beach front road at
Silver Strand Beach. The third set of high waves came on 19 December 1969
55 10 foot high, & second period waves from the west. At high tide
Mandalay Beach Road in Oxnard Shores was under a foot of water and consid-
erable damage was done to the shore front homes. Private property damage
and loss of beach amounted to hundreds of thousands of dollars during the
three day period of high waves. Since that time the beach has never
recovered and in some places continues to retreat so that property owners
have had to construct protective structures in front of their houses

(Figure 7.6).

The basic problem at Oxnard Shores lies in the lack of knowledge
about the long term effects to the shoreline caused b} man's alteration
of the sediment budget for this coastline segment. Shoreline surveys of
the coast between the Santa Clara River and Point Hueneme since the 185Q's
indicate that the shoreline moved seaward until the Tate 1950's and then
began to retreat. The Oxnard coastal plain has undoubtedly been an
accretionary area in recent geclogic time since it is the depositional
area for sediment brought to the coast by two significant Southern

California rivers and receives sand brought along the coast by wave

7

action. Historical records show that floods of the Santa Clara River in

1914 and 1916 produced significant seaward movement of the shoreline in

this area {Corps of Engineers, 1961}. &150, the presence of a coastal
dune field in the Oxnard Shores area suggests an ample supply of sediment
to the area. The available information suggests that under natural con-
ditions the budget of sediment for Oxnard Shores had greater input of
sediment than the capability for the waves to transport it away from the

area. Thus, the Oxnard coastal plain became a Jocal sink for this sediment
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Figure 7.6. Foundation of house destroyed by waves at Oxnard Shores, California.
Note the placement of revetment in front of next house to south; continued
erosion of the beach is causing the revetment to collapse and scatter aiong the
beach.
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and the shoreline moved seaward as the sand accumulated.
Starting in 1948 man began to tamper with this natural system
by constructing dams on the major rivers. These structures entrap
sediment in the drainage basin and prevent the river from flooding so
that sediment below the dams is not carried to the coast. The presence
of the dams and lack of runoff during the dry years has decreased the
sediment yield of these streams to perhaps only one-half their natural
contribution. Consequently, the sediment budget is now closer to
being in exact balance with the available wave energy at Oxnard Shores.
Since the budget of sediment is now in close balance at Oxnard
Shores, the sediment that does reach the coast is just adequate to
meet the wave energy demand for longshore transport without any surplus
to cause accretion. Thus, when periods of increased longshore wave
energy occur, such as waves from distant storms, the additional sand
input requirement is from erosion of the beach. This seems to be the
present situation at Oxnard Shores where the beach seems to sustain a
stable position under normal wave conditions with the present sand
influx to the cell, but undergoes erosion with the periodic occurrences
of high waves.

7.5 Recommendations

The beach erosion problem at Oxnard Shores is related to man's
intervention into the nmatural sediment supply for this section of
coastline. Under natural conditions the Oxnard Shores area was
apparently undergoing long-term accretion with some short term fluc-
tuations in shoreline position due to variation in the rates of sediment

supply and incident wave energy. Sediment supplied to this area comes
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from longshore transport by waves, and the Ventura and Santa Clara
Rivers. Historically the sediment reaching this area has been
accreting to form the Oxnard plain which is composed of relatively
recent material. Deposition in this area was from the rivers, and
by aeolian processes where the predominantly onshore winds created
coastal dunes.

The construction of dams in the contributing drainage basins
has reduced the supply of sediment to this section of coast. However,
the present rate of sediment influx is sufficient to maintain the
shoreline at its present position except during periods of high waves

which cause erosion of the beach.

Beach erosion at Oxnard Shores appears to be the result of
partial Toss of the natural sand source to the littoral cell similar
to Imperial Beach. Thus, the potential solutions to the problem
are comparable to those suggested for that area and can be considered
in terms of the remedial actions presented in Section 4.4.

A remedial action imitating nature would involve augmenting
the sand supply to the littoral cell from artificial sources. If
this sand were introduced to the littoral cell upcoast from Oxnard
Shores it would benefit the eroding area. This supplementing of the
natural sand input would have to be done at the proper time and in
sufficient guantity to offset the amount being moved downcoast by
the waves. This type of remedial action is dependent upon the
availability of suitable sand that can be economically placed on the
beach. In some cases sand has come from the construction of new
marinas and the enlargement of existing harbors. Other potential

sources of sand could be from offshore sand accumulations on the
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shelf or inland sand deposits that could be brought to the coast.

Another possibility is to recycle sand through the littoral
cell by trapping it at the downcoast end and then tranﬁporting it back
upcoast and returned it to the beach. This could be employed at Oxnard
Shores where sand is now trapped at Channel Islands Harbor for by-
passing to Point Hueneme Beach. Possibly some of this sand could
be transported back upcoast to Ventura and recycled past Oxnard
Shores. Use of this approach would require planning so that the
beaches downcoast from Channel Islands Harbor are not deprived of
needed sand.

Remedial actions which attempt to modify the driving forces in
the nearshore environment could be employed at Oxnard Shores. These
would be offshore structures such as detached breakwaters which
reduce the wave energy incident to the problem site. This type of
remedial action is site specific and very localized in its effect.

A detached breakwater such as the Channel Islands Harbor sand trap
absorbs and reflects all the wave energy 50 that sand transport stops
at the beach behind it and a dredge must be used to move sand down-
coast. If this type of structure were employed at Oxnard Shores the
entrapment of sand at the present problem site would create severe
downcoast beach erosion.

Offshore breakwaters can also be designed as partial littoral
barriers by constructing them to a height less than that for wave
overtopping or by placing gaps between a series of small structures.
Such partial detached breakwaters permit some wave energy to reach
shore and move sand downcoast at a reduced rate. Possibly a struc-

ture could be designed at Oxnard Shores which would reduce the effect
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of the large storm waves and not stop all Tongshore transport.
However, the tendency is for these types of permanent structures to
simply displace the problem downcoast and result in the construction
of other structures along the coast.

Another concept in partial breakwaters is the dynamic or
tethered float breakwater now under development. This structure
consists of an array of tethered floats that interact with each other
to dissipate energy as a wave passes through the float field {Seymour
and Isaacs, 1974). Although this type of breakwater is now just
undergoing prototype tests it could possibly be used to reduce the
wave energy incident to Oxnard Shores and protect the beach from
erosion under certain conditions.

The use of this type of remedial action has serious disadvan-
tages that are inherent to the construction of large coastal structures
which are necessary to modify the wave energy incident to the shore-
line. The principal disadvantages are that such structures are
expensive to construct and once in place they are virtually impossible
to remove. Thus, if a structure is found to be ineffective or even
deleterious to the problem site it is a permanent committment and
very difficult to reverse,

Remedial actions which attempt to stabilize the shoreline by
disrupting longshore transport or armoring the shoreline have been
employed at Oxnard Shores and adjacent areas. North of the Santa (lara
River at San Buenaventura State Beach a series of six groins were
constructed between 1962 and 1967 which have helped stabilize that

beach. The use of groins as erosion control structures has not been
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extended downcoast to the Oxnard Shores area.

Other attempts at shoreline stabilization have been carried out
by private landowners at Oxnard Shores. Most of these remedial actions
have involved the placement of revetment in front of houses threatened
by beach erosion. Figure 7.6 shows two such attempts at private shore
protection using pilings and revetment. As can be seen the piling
structure failed under wave attack and the house was destroyed. Also
it appears that the revetment in front of the next house is being
scoured and the rocks are scattering from the face of the structure.
These efforts have not been successful and property Tosses at Oxnard
Shores will probably continue under severe wave conditions.

The present use of coastal structures to stabilize the shoreline
at Oxnard Shores is ineffective because individually designed struc-
tures have been implemented and they do not follow any coherent plan
for the area. At present many structures are raised en pilings to
prevent wave damage;others are protected behind some type of wall or
revetment. These discontinuous revetments and walls are easily
breached by wave swash around their ends on adjacent unprotected lots.
‘The only possibility for a workable solution using structures which
armor the shoreline would be to coordinate these efforts for the entire
Oxnard Shores area.

A continuous seawall or revetment of proper design along the
eroding shoreline would stabilize the erosion problem; however, this
type of solution could result in loss of the sand beach. The con-
struction of a large revetment wall requires a wide base that occupies
much of the sand beach; consequently, at most tidal stages the shore-

line is defined by the rocks of the revetment. Since Oxnard Shores
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is a beach oriented community, a remedial action which sacrifices
the sand beach will not be desirable.

Another category of remedial action applicable to Oxnard Shores
is that which calls for a complete change in man's use of the shore-
line at the problem site. When Oxnard Shores was planned and developed
a setback was established for the shoreline lots. Time has proven
that this setback distance was inadequate for the beach erosion at
Oxnard Shores.

A solution to the beach erosion could be attained by returning
to the setback concept and apply it to the present shoreline. This
would involve the abandonment of present shoreline structures for a
suitable distance inland to allow for future beach erosion. The set-
back distance could be determined by extrapolation of the most severe
erosion rates for a future time period which is related to the life
expectancy of potentially endangered structures. The shoreline and
backshore area that has been cleared of existing structures would be
committed to the beach and jts fluctuating position due to natural
processes.

This type of solution requires a complete change in shoreline
use by man since many existing structures (houses, community buildings,
etc.) now in use would have to be removed in order to bring about its
implementation. Such a remedial action undoubtedly has many economic
and social implications but it is perhaps the most environmentally
compatible solution. In this case the remedial action allows the
natural process to procesd. This type of remedial action
would permit a sand beach that is essentially unaltered in config-

uration or appearance while those structures which are suitably setback
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from the shoreline would be safe from damage.

The potential remedial actions which could provide
a solution to the beach erosion problem at Oxnard Shores indicate that
there are a number of approaches each with its advantages and dis-
advantages. It is apparent that remedial actions which involve the
construction of large structures are going to result in extensive
modification of the present sand beach in order to protect the existing
structures. Remedial actions which seek to imitate nature or to permit
the natural processes to procede unhindered will preserve the beach
at the expense of some of the existing structures. These alternatives
will have to be considered by those agencies and people involved in the
future planning of the Oxnard Shores area. However, caution should be
exercised in the use of remedial actions which will extensively modify
the natural processes because these solutions tend to either displace
the problem to an adjacent area or create other more complicated

problems.
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8. SANTA CRUZ HARBOR, CALIFORNIA

8.1 Description of the Area

Santa Cruz Harbor is located at the north end of Monterey Bay
about 80 miles south of San Francisco. The coastline generally runs
east-west and the harbor entrance is lecated about 0.6 miles {1 km)
east of the entrance of the San Lorenzo River and about 1.5 miles
(2.4 km) west of the Soguel Point. The resort town of Capitola Beach
is about 4 miles {6.4 km) east of the harbor. The coastline is
generally of the rocky headland type with steep sandstone and shale
¢1iffs and intermittent sandy beaches. The continental shelf is
relatively wide with the hundred fathom isobath being about 10 miles
(16 km) offshore (Figure 8.1).

Santa Cruz Beach lies at the mouth of the San Lorenzo River and
extends east past the harbor. The eastern end of this beach from the
harbor to Black Point is known as Twin Lakes Beach. East of Black
Point there is a region of intermittent sea cliffs and cove beaches
to the town of Capitola and beyond Capitola the sand beach again
resumes along the east shore of Monterey Bay. The beaches in the
vicinity of Santa Cruz Harbor are composed of a well-sorted fine-
grained sand (Md diameter 240u). The seasonal change in wave energy
in this area results in a significant widening of the beaches during
the summer and fall and the total stripping of sand from the beaches
during the winter.

The San Lorenzo River has a large drainage system that floods
in the winter and spring and has a Tow flow in the mid-summer and

fall. Other smaller streams drain the coastal slopes in the vicinity
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of Santa Cruz and empty into a series of fresh water lagoons located

to the east of the river mouth. Santa Cruz Harbor occupies Woods
Lagoon, a former fresh water lagoon that is the coastal terminus

of Arana Gulch. This lagoon was separated from the ocean by Twin Lakes
Beach before the harbor was constructed.

The diurnal range of tides in the region of Santa Cruz Harbor
is 5.3 ft {1.61 m) with a mean range of 3.5 ft (1.07 m). Maximum
tidal excursions are: highest high water 8.0 ft (2.44 m), lowest low
water 2.5 ft (0.76 m).

8.2 Wave Climate

The prevailing direction of wave approach at Santa Cruz is from
the northwest; however, deep water waves can come from any direction
between due south and north-northwest. The harbor entrance is shel-
tered by Point Santa Cruz to the west of the city of Santa Cruz and by
Point Cypress at the south end of Monterey Bay so that waves can only
approach in a quadrant from 176° to 242° from true north.

Deep water waves common to the area have periods ranging from 4
to 20 seconds and significant heights between 2 feet (0.61 m} to more
than 20 feet (6.1 m) (Corps of Engineers, 1974). Data from wave hind-
cast studies of storms indicate storm waves usually approach the area
from the south southwest to west and occur during the fall and winter
months. These waves are probably generated by the typical north
Pacific storms that occur during the winter months. Waves from such
storms which also come from the west and northwest are refracted so
that they approach Santa Cruz Harbor from the southwest. Northwest

waves have less energy at the shoreline than waves from other sectors

109



because of refraction over the shelf (Corps of Engineers,
1974).

Storm waves from the southwest usually have the greatest height
and duration (Corps of Engineers, 1974). Long period waves from this
direction can have their origin either from distant sources in the
South Pacific or tropical storms off the coast of Mexico. Short period
waves from the southwest are estimated to attain a maximum deep water
height of 25 feet (7.6 m) and are probably generated by storm fronts
passing through the area (Corps of Engineers, 1974}.

8.3 Budget of Sediment

Santa Cruz Harbor is located in a littoral cell that extends from
the Golden Gate, about 65 mites (100 km) upcoast of the harbor to the
head of Monterey Submarine Canyon 20 miles (32 km) downcoast from the
site (Figure 8.2). Sediment contributions to this cell »»¢ transported
through San Francisco Bay, from stream contributions along the coast,
and from sea cliff erosion. The budget of sediment in this cell is
not well known and will be given only general consideration whereas
the coastal segment in the immediate vicinity of Santa Cruz will be
discussed in greater detail.

Wilde (1965) examined this littoral cell in an attempt to determine
the sources and amounts of sediment entering Monterey Submarine Canyon.
He indicates that 6.54 x 105 yds3/yr {5 x 105 ma/yr) of sediment is
brought downcoast from the Golden Gate to the head of Monterey Canyon.
This is partially fine-grained sediment from the Great Valley that
passes through San Francisco Bay and the remainder being sediment

derived from coastal streams and sea cliff erosion. An additional
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6.54 x 105 td53/yr (5 x 105 m3/yr) of fine-grained sediment from the
Salinas Valley enters the canyon from the southern end of Monterey
Bay to make the total annual sediment loss through the canyon approx-
imately 1.31 x 108 yas¥/yr (1 x 10° m/yr).

At Santa Cruz much of the sediment passing through the Tittoral
cell is derived from upcoast sources; however, two local streams do
supply additional sediment in the vicinity of the harbor. The major
local sediment source is the San Lorenzo River 1.5 miles (2.4 km)
west of the harbor entrance. The San Lorenzo River has a drainage
area of 137 square miles (355 ka) along the coastal s1ope$ of the
Santa Cruz Mountains. Using the sediment yield relationships of
Langbein and Schumm (1958) and an annual precipitation of 30 inches
the sediment yield of the San Lorenzo is about 78,500 yds3/yr
(6.0 x 104 m3/yr). The Corps of Engineers (1974) estimate that the
San Lorenzo River produces between 88,000 and 133,000 yds3/yr
(6.7 - 10.2 x 10* m¥/yr) of which only 18,000 to 27,000 yds*/yr
(14-2.1 x 104 m3/yr) is suitable beach sand.

Two and one-half miles downcoast from Santa Cruz Harbor, Soquel
Creek enters the ocean at the community of Capitola. The sediment
contributions from this source has been estimated at 8.000 ydsa/yr
(6.1 x 103 m3/yr) since it has a much smaller drainage basin {Corps
of Engineers, 1974). No sediment yield data exists for the other
small streams that drain the coastal slopes in the area.

The longshore transport of sand in the Santa Cruz area has been
approximated from wave studies and by accretion rates at the harbor

entrance. Andersan {1971) calculated the "potential drift" which is
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the longshore transport that would occur if an unlimited supply of
sand were available. These calculations were based on deep water
wave data from a report by National Marine Consultants (1960). The
net easterly longshore sand transport at Santa Cruz from these cal-
culations was about 350,000 yds3/yr (2.68 x 105 m3/yr).

A direct determination of the longshore transport rate at Santa
Cruz was made when the harbor jetties were constructed. The jetties
were completed in 1963 and in the first two years following their
completion approximately 600,000 yds3 (4.59 x 105 m3) of sand accum-
ulated on the west side of the entrance channel suggesting that the
Jongshore transport is 300,000 ydsalyr (2.3 x 105 mafyr) to the east
{(Corps of Engineers, 1974).

Thus, it appears that Santa Cruz is located near the scuthern
end of a littoral cell that begins at the Golden Gate with an initial
source of sediment from San Francisco Bay. Southerily longshore trans-
port brings at least 200,000 yds3/yr (1.53 x 105 m3/yr) to the Santa
Cruz from all upcoast sources. At Santa Cruz the San Lorenzo River
contributes another 100,000 yd53/yr (7.65 x 104 m3/yr) to the ocean
which must pass the harbor entrance. Under natural conditions additional
sediment was added to the longshore transport by Soquel Creek, the
Pajaro River, and several smaller drainage basins to attain a total of
654,000 yds3/yr {5.0 x 105 ma/yr) at the head of Monterey Submarine
Canyon. Studies of the sediments on Monterey Canyon Sea Fan indicate
that much of the fine-grained sediment is from the Great Valley and

Salinas Valley whereas the coarse sand fraction comes from the coastal
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mountains {Wilde, 1965). Table 8A summarizes the sediment budget for
the Santa Cruz littoral cell with its inputs, transport, and losses.

8.4 Specific Problem

Santa Cruz Harbor is a small craft harbor oriented toward the
pleasure boat fleet with some use by commercial fishermen. It was
completed in January of 1964 and since has suffered severe shoaling
problems which have substantially reduced its usefulness. The entrance
channel is 100 ft (30 m) wide and 900 ft (274 m) long with a design
depth of 20 ft (6 m). There is an inner channe! of an additional 370 ft
(113 m) at a design depth of 15 ft (4.6 m) which leads to the harbor
and turning basin., This channel was designed for loaded fishing vessels
up to 13 ft {4 m) draft. The total surface of the harbor at high water

from the entrance channel is 1.2 million square ft (1.11 x 105 m2)

(Moore, 1972). An additional 844,000 square ft (7.8 x 10% m?) of
berthing area north of the original project was completed in 1972.

The entrance channel has two rubble mound breakwaters: an east
jetty which is 810 ft (247 m) long and the west dogleg jetty is 1200
ft (366 m) Tong. The west jetty was constructed so as to protect the
harbor entrance from local wind waves and long period southern swell.
The harbor layout and shoreline changes following construction are
shown in Figure 8.3,

The Corps of Engineers made a preliminary investigation of the
longshore transport at Santa Cruz. One was a review of earlier beach
erosion studies. This showed a predominant Tittoral drift downcoast,

i.e., west to east, for all waves except those from the south to

southwest sector. A second study involved the construction of a 400 ft
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Table 8A. Sediment budget for Santa Cruz 1ittoral cell at Santa Cruz
Harbor (see Figure 8.3).

TOTAL SEDIMENT SUPPLY NET LONGSHORE TRANSPORT TOTAL LOSS FROM
yds3/yr (EAST) yds®/yr CELL  yds®/yr
1. From San Francisco 1. At Santa Cruz Harbor 1. From upcoast
Bay and upcoast sources
sources 300,000 650,000
200,000
2. San Lorenzo River 2. At Head of Monterey
Canyon
100,000 650,000

3. From downcoast
sources to Monterey
Canyon

350, 000

TOTAL 650,000 TOTAL 650,000
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{122 m) long experimental groin just west of the harbor site; however,
the results from the groin proved inconclusive. Finally, a gross
estimate of longshore transport was assumed with a range of between
25,000 yds>/yr (1.9 x 10 m°/yr) and 300,000 yds3/yr (2.3 x 10° m%/yr).
The jetties were completed in 1963. Six hundred thousand cubic
vards of sand accumulated on the upcoast beach in the first two years.
Thus, the upper estimate of 300,000 cubic yards (229,000 m3) per year
appears to have been correct. Although a permanent sand bypassing
system was proposed for the harbor, conventional dredging techniques
have been used. It has been found that it is necessary to dredge the
channel annually in order to keep it open part of the year. The
amount of materia) removed is shown in Table 88. The shoaling of
the entrance channel occurs within a short period of time during the
storm season particularly in late winter and early spring. Over
dredging of the entrance channel provides for substantial sand storage;
however, this storage capacity can be attained by transport during a
single severe storm and subsequent storms proceed to fill the harbor
entrance channel. Figure 8.4 shows typical shoaling patterns of the
harbor entrance. The shoaling process appears to involve short period
storm waves from the southwest that strip the beach of sand and deposit
it offshore, then longer period waves from the west redistribute the
sand shoreward where some is moved into the entrance to the harbor.
Repeated surveys of the entrance channel show that it is consistently
shoaled by sand and rendered impassable by November or December each
year depending on storm activity. Apparently about 90,000 - 110,000 ydsgfyr

(6.9 - 8.4 x 10% m3/yr) of the total 300,000 yds>/yr (2.3 x 10° m°/yr)
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Table 8B. Material dredged from channel mouth at Santa

Cruz Harbor, Santa Cruz, California

DATE 108 yds3 £OST ($1000)
1965 70 125
1966 34 90
1967 57 92.6
1968 60.5 104
1969 79 118
1970 1.5 151
1970 * ' 11.5 42
1571 108.3 179
1972 90 185
1973 108 219

* clam shell dredge to remove kelp mat
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longshore transport is trapped in the channel with the remainder
bypassing the harbor (Corps of Engineers, 1974).

The entrance channel shoaling problem has become progressively
worse each year since the harbor was constructed. This is because
the beach upcoast of the west jetty now appears to have prograded
seaward to the jetty tip and the sand moves directly into the entrance
channel. Consequently, the harbor does not provide refuge for the
local fishing and pleasure fleets by eliminating long runs to distant
protective harbors during storms. During the period from December to
May the harbor may be entered only during calm weather at high tide if
at all.

Construction of the harbor and the associated sand entrapment by
its jetties has apparently caused a downcoast beach erosion problem.
The neighboring resort area of Capitola Beach has experienced severe
beach erosion since Santa Cruz Harbor was completed. Prior to 1965
the beach at Capitola was adequate for recreational use. Since 1965 the
beach has suffered extreme erosion,sometimes disappearing completely.
Examination of the budget of sediment for this area indicates that the
initial impoundment of 600,000 ydssfyr (4.59 x 105 m3/yr) between 1963
and 1965 could be responsible for the subsequent sand losses at Capitola.
Other contributing factors could be the lack of sediment supply from
Soquel Creek which empties into the ocean at Capitola. It has been
noted that the peak runoff of Scquel Creek for a few years prior to
1965 was substantialiy below average; therefore sand was not supplied
to the beach {Corps of Engineers, 1969). However, the annual sediment
yield from Soquel Creek is much less than the apparent longshore

transport along that coastline segment; therefore, it is difficult to
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the upcoast jetty impoundment area is now filled so that sand enters the
channel and is trapped between the jetties. This renders the harbor
unusable for much of the year and sand entrapment by the channel causes
downcoast beach erosion.

The current practice at Santa Cruz is to dredge the harbor in the
spring and bypass the sand to downcoast beaches. This procedure does not
keep the entrance channel open for more than a few months and the by-
passed sand quickly moves downcoast. Several types of remedial action
have been proposed for this problem which have various advantages and
disadvantages.,

The most simplified remedial action for Santa Cruz is to increase
the storage capacity of the existing sand entrapment structures by
over dredging the entrance channel. By dredging the channel to a deeper
depth than is required for navigation the channel should remain open
Tonger and the time between dredgings lengthened. A variation of this
proposal would be to create a sand trap seaward of the upcoast (west)
jetty perhaps using a detached breakwater to create a more effective
sand trap. This type of remedial action may solve the entrance channel
shoaling problem but increasing the quantity of sand impounded at the harbor
will cause beach erosion on the downcoast beaches to become more severe.

A remedial action which would imitate the natural process of
longshore transport at Santa Cruz Harbor is to install a sand bypassing
plant at the harbor entrance. This type of installation would approxi-
mate the natural Tittoral transport by intercepting the sand on the
upcoast side of the entrance and transporting it to the downcoast

beach. If this transfer of sand past the harbor entrance is carried
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out at the same rate as the natural longshore transport then the bypass
system imitates the natural longshore transport at the harbor site. A
workable sand bypassing system should eliminate the downcoast beach
erosion.

Santa Cruz Harbor is a good site for the installation of a crater-
sink sand bypassing system such as proposed by Inman and Harris (1970).
Figure 8.5 shows the configuration of a crater-sink installation at Santa
Cruz Harbor entrance channel. This bypassing system would consist of a
crater positioned at the mouth of the entrance channel to intercept sand
entering the channel from around the upcoast {west) jetty. Sand entering
the crater would be pumped to a feeder beach downcoast at some distance
beyond the east jetty. The area of sand influx into the crater could be
increased by the use of fluidization units which would feed the crater
from peripheral areas as shown in Figure 8.5. The advantages of this
system are that it provides an efficient means of bypassing sand without
the need for large impoundment structures and a surface dredge. The
crater itself will serve the function of an impoundment structure and
provide a place for sand accumulation when large longshore transports
associated with storms occur.

Another approach to remedial action at Santa Cruz is to completely
change man's use of the coastline at the harbor site. The present harbor
was developed from a former coastal lagoon that was closed off from
the ocean most of the time. Creation of the harbor entrance channel
has caused the problem at this site, so if the channel were abandoned,

a permanent solution would be attained. A remedial action of this type

would involve conversion of the harbor to a recreational sailing basin
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or lagoon which does not require a navigable entrance channel. Implemen-
ting this type of remedial action wouid require allowing the entrance
channel to close and the natural sand transport to proceed past the
former entrance to downcoast beaches.

This type of remedial action probably has economic implications
concerning revenue lost from the harbor and the expense of converting
the harbor to a closed recreational basin. However, these costs should
be compared to future expenses for maintaining a navigabie channel by
sand bypassing or periodic maintenance dredging. The conversion of the
harbor to a closed basin will eliminate most of the present maintenance
expense and solve the downcoast beach erosion which results in additional
lTosses.

In summary the problems at Santa Cruz are related to the harbor
entrance channel and its interception of sand. This can be solved either
using a remedial action that imitates the natural sand transport by
continuously bypassing sand past the entrance or an action that modifies
use of the area so that the channel is not required. These totally
different approaches to the problem provide the best possibility for a
complete solution since they recognize that maintaining continuity to
the longshore transport past the harbor entrance is essential to any

workable solution.
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9. BOLINAS LAGOON

9.1 Description of the Area

Bolinas Lagoon is located approximately 20 miles (32 km) north
of the Golden Gate on the coast of California. The lagoon is triangular
in shape and occupies a depression located along the San Andreas Fault
zone. A narrow sand spit extends from Stinson Beach northwesterly toward
the Bolinas headland and separates the tagoon from the Pacific Ocean. At
the west end of the spit there is a channel that provides an interchange
of water between the lagoon and the ocean. Streams enter the lagoon
from coastal foothills on the east side of the lagoon and from the Bolinas
headland on the west.

Bolinas Bay is one of several hooked embayments along the central
California coast that are associated with resistant headlands {Figure 9.1).
Hooked embayments are the result of the refraction of wave energy around
the resistant headland which produces an equilibrium configuration to the
shoreline in the lee of the headland (Johnson, 1965). At Bolinas Bay
the resistant headland is formed by the exposure of Monterey Formation
shale at Duxbury Point. The area of Bolinas Lagoon is about 1.5 sq miles
(3.9 kmz) with much of the inner portion being tidal flats. At mean
lower low water about 70 percent of the lagoon is tidal flat that is
essentially in its natural state as a small estuary ecosystem {Ritter,
1969}.

Bolinas Lagoon is separated from the Pacific Ocean by Stinson Spit
{Seadrift) which extends from Stinson Beach toward the 8olinas headland (Figure 9.1).
The median grain diameter of sand on Stinson Spit is about 230 to 260

microns (Interstate Elect. Corp., 1968). Sorting coefficients for sand
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at Stinson Beach averages 1.26 with some seasonal variation. To the
north of Duxbury Point and to the south of Stinson Beach the sand beach
ends and the shoreline is rocky and generally devoid of sand.

The shelf off Bolinas Lagoon is approximately 30 miles (48 km)
wide and is abruptly terminated at its seaward edge by the Farallon
Escarpment. Locally off Bolinas the shelf is somewhat irregular,
apparently due to recent activity of the San Andreas Fault where it comes
ashore at Bolinas Lagoon. There are no submarine canyons
which incise the shelf in the vicinity of Bolinas Lagoon that could
provide a local sink for littoral sediment.
9.2 Wave Climate

The wave climate for Bolinas Bay has been developed from various
sources by Johnson {1969). He obtained wave data from visual observations
at the San Francisco Light Ship, Stinson Beach and Bolinas; hindcast waves
from meteorological data at deep water stations for two different time
periods; and recorded waves at Bolinas Bay for 6 months. The most complete
wave data that could be compiled into a wave climate is the hindcast
data for a deep water station west of the Golden Gate. This data was
resolved into swell roses for data from the years 1936 - 1938 (Figure 9.2).

Waves from the northwest have very little effect on the entrance
to Bolinas Bay since it is protected by the Bolinas headland and refraction
around Duxbury Point reduces their effect on the beach south of the
entrance (Figure 9.3). However, waves from the west and southwest have

a direct path into Bolinas Bay. Information from the wave refraction
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SUMMER - JUNE, JULY,
AUGUST, SEPTEMBER

384.6 Days (total time with waves)

TRANSITION - APRIL, MAY,
OCTOBER, NOVEMBER

405.2 Days {total time with waves)

WINTER - DECEMBER, JANUARY,
FEBRUARY, MARCH

422.1 DAYS (total time with waves)

Diograms give percentage of total doys when wave height is
less than given value.

Figure 9.2. Wave roses, vicinity San Francisco 1ightship for years

1936-1938 (from Johnson, 1969)
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(from Johnson, 1969).
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diagrams can be used to assess the nature of breaking waves at the entrance
to Bolinas Bay for design criteria of coastal structures and to determine
the longshore transport of sand.

9.3 Budget of Sediment

Much of the coastline north of the Golden Gate including the area
of Bolinas Bay is a rocky shoreline with intermittent sand beaches. The
sand beaches are associated with resistant headlands such as Bodega Head,
Point Reyes and Duxbury Point. Consequentliy, the littoral cell concept can
be applied in terms of each of these sand beach segments rather than a Jonger
section of coast including several beaches.

Johnson {1965) concluded that the rate of longshore transport along
the coastline near Bolinas Bay was relatively small from an assessment of the
various sediment types, their sources, and sedimentation rates in local harbors.
The shoreline configuration in the vicinity of Bolinas Bay is an equilibrium
beach established in the lee of a resistant headland by wave energy coming
predominantly from the northwest. As can be seen in Figure 9.4 the refraction
of waves from the west around the headland creates a shoreline configuration
that essentially parallels the refracted wave crest. This configuration with
respect to the direction of wave approach results in very little longshore
transport. The stable nature of this dynamic equilibrium configuration is
somewhat confirmed by the fact that the shape and position of Stinson Spit
(Seadrift) and Stinson Beach have not changed since the first survey in 1854.

A study of the mineralogical composition of the sand in the vicinity
of Bolinas Lagoon indicates that it is possibly derived from two sources.

The presence of green hornblende suggests that some of the sand comes from

granitic material which is exposed at the Pt. Reyes headland to the north or
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it comes from the granitic terrane in the Sierra Nevada and was trans-
ported through the Golden Gate to the coast (Johnson, 1969). However,
most of the minerals in the beach sands at Bolinas Bay appear to be
derived from the Franciscan rocks exposed along the coast; thus, they
are of a local source indicating )ittle Tongshore transport along this
stretch of coastline (Interstate Electronics Corp., 1968).

Beach profile measurements made along Stinson Spit since 1948
indicate that the beach undergoes seasonal changes. In general these
changes in profile configuration cause the beach to be about 135 ft
wider in summer than in winter due to the more severe winter wave con-
ditions (Johnson, 1969). Beach profile data and old charts were used to
determine sand volume changes along Stinson Spit. These studies indi-
cated that there were changes in sand volume along the spit that were
probably related to seasonal processes of on-offshore transport and
there has been no large gain or loss of sand on the spit since 1854
(Interstate Electronics Corp., 1968).

It appears from the wave refraction conditions and the stability
of Stinson Spit in historic times that there is very little longshore
transport altong the spit. Thus, the budget of sediment for the Bolinas
Lagoon area is localized in that it involves only the Stinson Beach
and spit and the adjacent area. The source of sand for this coastal
segment is from local erosion of the resistant headlands and perhaps
minor contributions from the San Francisco Bay bar. The sand is intro-
duced at Stinson Beach and slowly transported northward along the spit.
At the north end of Stinson Spit the sand is moved into the lagoon or

offshore to form the crescent shaped bar at the lagoon mouth. Ritter
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(1969, 1973) measured tidal currents at the mouth of Bolinas Lagoon

and noted that the currents on the ebb tide were of higher velocity

and transported most of the suspended sediment. Thus, it appears that

sediment is moved to the lagoon entrance and then out offshore by the

ebb tidal currents. Under storm wave conditions considerable amounts

of sediment may be moved into the lagoon entrance and then subsequently

removed by tidal currents under normal wave conditions (Ritter, 1969).
The sink for sediment transported through this littoral cell

is the offshore shelf area seaward of the Bolinas Lagoon entrance in

the lee of Duxbury Reef. No measurements have been made of the rate

at which sand is accumulating in this area or of the total amount present.

9.4 Specific Probiem

The specific problem at Bolinas Lagoon concerns maintaining
an entrance channel for tidal circulation in order to preserve the
lagoonal ecosystem. The actual existence of the lagoonal ecosystem
and tidal channel are related to various matural processes that are
responsible for creating the lagoon. Thus, it should be understood
that the present lagoon is but a phase in an ever changing environmental
situation.

The natural history of a coastal lagoon begins with an embay-
ment being formed in the drowned mouth of a stream by rising sea level.
Longshore transport of sand by waves creates a barrier bar across the
mouth of the embayment so that water circulation is restricted to a
narrow entrance channel. Also, sediment discharge from the stream
gradually fills the lagoon to create a tidal flat confining the tidal

flow to specific channels. As the filling of the lagoon continues
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more of its area becomes intertidal with salt marsh vegetation. This
type of plant life traps additional sediment to accelerate the filling
process. Finally, the tidal flow into the lagoon becomes so smail

that the entrance channel is closed off by longshore transport. Once
circulation with the ocean ceases, the lagoon stagnates and the lagoonal
ecosystem disappears. Continued sediment influx results in the total
disappearance of the lagoon and eventual formation of dry land. Thus,
the 1ife span of any coastal lagoon is dependent upon the rate at which
sediment fills the lagoon.

Bolinas Lagoon is at an intermediate stage in its history where
Tagoonal sedimentation has partially filled it to create a large tidal
flat and its entrance remains open for adequate circulation with the
ocean. The principal sources of sediment to the lagoon are from
streams, the ocean by tidal currents and waves, and dunes moved by
onshore winds. Stream inputs primarily occur during flcods that are
associated with storms which cause a sudden influx of material to the
lagoon at the mouth of the stream. Ritter {1973) shows through a com-
parison of charts made over the last 100 years that there has been
gradual filling of the lagoon. Most of the sediment influx has been
at the mouth of Pine Creek and in the vicinity of Kent Island indica-
ting that the stream is a principal sediment source. Logging in the
vicinity of Bolinas Lagoon in the latter 1800's resulted in a greatly
increased rate of sedimentation in the lagoon. This siltation affected
the harbor facilities at the head of the Tagoon and the discontinuation

of ship building activities in the lagoon (Ritter, 1973).
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Sediment also enters the lagoon by wave and tidal current
transport through the entrance channel. Measurements of tidal currents
and suspended sediment at the entrance channel under normal conditions
suggest that tidal currents may have a net transport from the lagoon
(Ritter, 1969, 1973). However, this is probably offset by a large
quantity of sediment being transported into the lagoon during storm
conditions. Much of the sediment that enters Bolinas Lagoon through
the entrance channel apparently comes from the sea cliff between
Bolinas and Duxbury Point. This cl1iff is composed of soft material
and is eroding at a rapid rate. Littoral transport carries the
sediment along the coast and to the lagoon entrance where tidal
currents can carry it into the lagoon (Ritter, 1973).

Another source of sediment to Bolinas Lagoon is from aeolian
transport as sand dunes on Stinson Spit (Seadrift). When a southerly
wind blows across the spit, sand is blown from the beach into small
dunes which migrate across the spit into the lagoon. Although this
input has not been measured it probably has been a significant source
of sediment to the lagoon. Stinson Spit is gradually being developed
into the Seadrift residential area and the amount of aeolian transport
is decreasing as the ground surface is stabilized by houses, streets
and landscaping.

The entrance to Bolinas Lagoon has been located at its present
position and has remained open since the earliest surveys (Ritter,
1969, Figure 3; Johnson, 1973). This would suggest that the entrance
is an equilibrium channel in terms of lagoon tidal flow. An empirical

study of tidal inlets on sandy coasts by 0'Brien (1969) shows that
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there is a relationship between the cross-sectional area of the inlet
and the tidal prism of the lagoon. Bolinas Lagoon has & tidal prism

of 2800 acre ft (34.5 x 10° m°) with a diurnal tidal range of 5.7 ft

(1.7 m) and the cross-sectional area of the entrance channel on

2

24 August 1967 was 1390 ft= (129 m2) (Johnson, 1969). Figure 9.4

shows the plot of the Bolinas Lagoon channel in relation to other inlet
charmmels as defined by the 0'Brien relation. As can be seen the
Bolinas Lagoon channel is close to the equilibrium conditions indicated
by the 0'Brien relation and its area is optimal for its tidal prism.

The present channel has a crescent shaped bar located just
seaward of the inlet that fluctuates in position with tidal conditions.
During extreme low water conditions the bar is exposed and presents a
navigational hazard (Ritter, 1969). Because the entrance channel is
hazardous, proposals have been made to modify it so that it is navigable
under all conditions. Most suggestions for modification include the
construction of jetties to define the channel and dredging to
enlarge it for safer navigation. This type of modification of the
natural channel would change the cross-sectional area and cause a devia-
tion from equilibrium. Entrance channels that are enlarged from
equilibrium tend to shoal because tidal currents generated by the same
tidal prism are unable to maintain the greater channel depth. Since the
Bolinas Lagoon channel is presently near equilibrium deepening it for
navigation without enlarging the tidal prism will result in the channel

having to be maintained by periodic dredging.
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9.5 Recommendations

The Marin County Parks and Recreation Department prepared a use
plan for Bolinas Lagoon in 1972 with the intent of preserving the
lagoon and managing it as an ecological reserve (County of Marin, 1972).
This plan 1imits the use of the Tagoon and surrounding area to those
practices which are compatible with the lagoon ecosystem. Preservation
of the present lagoon ecosystem requires: (1) limitation of sedimen-
tation in the lagoon; and, (2) maintenance of an entrance channel to
provide adequate tidal circulation.

The Bolinas Lagoon entrance channel appears to be in equilibrium
with its present tidal prism (Figure 9.5) so that it will maintain the
existing channel cross sectional area unless the tidal prism is modified
However, the gradual filling of the lagoon by natural sedimentation is
sTowly reducing the tidal prism so that the entrance channel will
eventually close. Johnson (1973) cites estimates of the rate of sed-
imentation in Bolinas Lagoon that suggest conversion of the lagoon
will occur in the next 500 to 2000 years. Ritter (1973) compiled a
sediment budget for Bolinas Lagoon and estimated from the present rate
of Tagoon sedimentation that it would be filled to the highest water
Tevel in 340-650 years. However, the entrance channel to the lagoon
will close before the lagoon is filled to the high water level. Our
understanding of the physical processes that affect the present lagoonal
ecosystem indicate that certain measures could be used to prolong its
existence. Some of these measures which may be practical at Bolinas
Lagoon will be discussed below.

The principal cause for the progressive change from a lagoon

to dry Tand is the filling of the lagoon by sediment; thus, if the rate
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Figure 9.5. Schematic diagram of fluidizing pipe in a lagoon channel showing the
artificial duct and support pipes.
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of sedimentation can be reduced the life of the lagoon will be lengthened.
The Marin County plan recognizes this aspect of change in the lagoon
ecosystem and requires that artificial filling of the lagoon be stopped
and any activity which increases erosion in the contributory watersheds

be controlled to prevent acceleration of the lagoon filling. The rate

of sedimentation in the Tagoon can he reduced by controlting the natural
influx of sediment from the contributory streams. Debris dams could be
installed on Pine Creek and the other smaller drainage basins to trap

the sediment upstream and prevent it from reaching the Tagoon.

Sediment input from other sources can also be controlled to
some degree with established procedures. Aeolian transport into the
lagoon can be reduced by stabilizing the dunes on Stinson Spit with
retention structures or vegetation. However, since this area is under-
going development sand transport into the lagoon is being reduced by the
construction of houses over the former dune field. The influx of
sediment through the entrance channel by tidal currents and waves can
be controlled by monitoring changes in depth near the entrance channel
and noting where accretion occurs within the lagoon. When significant
fil1ing takes place the material can be removed by periodic dredging to
maintain the existing tidal prism.

Implementation of these procedures to control sedimentation in
the lagoon can maintain the present tidal prism and natural entrance
channel configuration. This intervention into the natural history of
the lagoon will prolong the present ecosystem indefinitely unless a
catastrophic environmental change occurs. It must also be recognized

that these sedimentation control procedures have ecological implications
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that must be considered relative to the preservation of the lagoon.

For instance, the problem of disposal of sediment artificially retained
in the drainage basins or removed from the lagoon can be very serious.
Disposal techniques and ecologically appropriate disposal sites can be
very difficult to establish and may create problems more seriocus than the
sedimentation in the lagoon.

An alternative to reducing sedimentation in the lagoon would
be to permit the filling process to proceed naturally and when the tidal
prism is reduced to where the entrance channel closes, then develop
remedial actions for maintaining the channel. There are several possible
remedial actions that could be applied to the problem of providing
limited tidal circulation in Bolinas Lagoon.

When the Bolinas Lagoon entrance channel becomes too restricted
in cross section to allow adequate tidal flow to the lagoon the most
elementary remedial action which could provide a solution would be to
periodically enlarge the channel with a dredge or bulldozer. This
procedure has been used to open some Southern California lagoons with
1imited success. Lagoons that have been opened by mechanical means
usually close in a relatively short time but the tidal exchange estab-
lished while it is opened can often sustain the lagoonal ecosystem for
several months. This procedure could be applied to Bolinas Lagoon which
occasionally closes and needs minimal mechanical assistance to remain
open.

Lagoon entrance channels can also be maintained by duct-flow
fluidization which will transport sand from the channel. Duct-fiow

fluidization involves using high pressure drive water and a fluidizing
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pipe that is placed along the axis of the channel to be closed, The
fluidizing pipe is closed at one end and has a series of jets along
its underside. These jets are drilled into the pipe at an angle so
that the water is directed along the length of the pipe. In principal,
the jets of water from the pipe suspend and simultaneously transport
sand as a concentrated slurry within a duct formed in the sand beneath
the fluidizing pipe (Figure 9.5). As sand is removed from beneath

the pipe it is replaced by sand immediately above the pipe until a
trench is formed along the channel axis. Sand from this trench is
moved offshore by gravity flow into deeper water. The details of
operation and an analytical model of the fluidizing process are given
in Bailard and Inman (1975).

Another possibility for maintaining lagoon entrance channels
which could Be applied to Bolinas Lagoon is by inducing anisotropic
sand transport in the channel. This remedial action involves construc-
ting a small secondary channel between the ocean and lagoon which is
equipped with a tidal gate. The tidal gate on the secondary channel
is opened during flood tide and closed during ebb tide in order to
increase the tidal flow into the Tagoon. This procedure increases
the ebb tide flow through the entrance channel so that the scouring
action is imbalanced in the seaward direction. Experiments with a
simple model of this procedure indicate that there is a 12 percent
increase in the seaward transport for a 1 percent secondary flow into
the Tagoon (Costa and Isaacs, 1975). Preliminary investigation of
this procedure suggests that it has promise for maintaining lagoon

entrance channels that may close due to reduced tidal prism.
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In conclusion, the recommendations for the Bolinas Lagoon area
are directed toward procedures for mechanically maintaining the Tagoon
entrance channel in the event the tidal prism cannot generate currents
to scour a natural channel. These recommendations assume that closing
of the channel will be a problem in the foreseeable future due to
continued filling of the lagoon by sediment. However, prediction of
when the channel will close cannot presently be made because data on the
sedimentation rate in the lagoon is not available. An accurate measure-
ment of the overall sedimentation rate in the lagoon is essential data
and could lead to an estimation of when the entrance will close and
remedial action will have to be implemented for preservation of the

Tagoonal ecosystem.
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