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1. PHYSIOGRAPHY AND REGIONAL DESCRIPTION

The present physiography of the coast of California is the result of coastal processes
modifying a continental margin that has been subject to complex tectonic motions, large sea
level changes, and significant fluctuations in climate. The continuing movements of the earth’s
plates and continents gradually modify the position of land and water on time scales of
millennia and longer. The present relatively long stillstand in sea level has produced coastlines
that are unique in this millenium and probably for the entire Pleistocene Epoch. The sea level
has been relatively high during the past 3 to 6 thousand years, accentuating the broad shelves
carved into the continental platform during this and previous high stands. As a consequence,
stream valleys cut at lower sea level are filling, streams near the coast are "at grade," and

coastlines in their present natural state typically have long continuous beaches of sand (Inman,

1983).

1.1 Geologic Setting

A number of worldwide geological phenomena have a fundamental bearing on the
morphology and present configuration of the world’s coastal zones. The most important of
these are plate tectonics, climate, sea level, and the adjustment of the earth to changes in the
distribution of masses of ice and water. The movement of oceanic plates and adjacent
continental mass determines the type of coast and its exposure to waves and currents. While
worldwide climate affects marine and terrestrial organisms and terrestrial erosion, its principal
coastal impact is on sea level. Sea level determines the position of the coastline.

Summaries of the physiography and geology of coastal southern California are given in

Inman (1954), Oakeshott (1971), Ernst (1981), Inman (1983), and Inman and Jenkins (1983).
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Plate Teetonics

The west coasts of the Americas are collision coasts. Collision coasts are those that occur
along a plate margin where the two plates are in collision or impinging upon each other (Figure
1.1-1). Tectonically this is an area of crustal compression and consumption. There coasts are
characterized by narrow continental shelves bordered by deep basins and ocean trenches.
Submarine canyons cut across the narrow shelves and enter deep water. The shore is often
rugged and backed by sea cliffs and coastal mountain ranges, and earthquakes and volcanism
are common. The sea cliffs and mountains often contain elevated sea terraces representing
former relations between the level of the sea and the land. Typical examples of collision coasts
include the western coasts of North, South and Central America (Inman and Nordst,rom,‘197l).

In contrast, the eastern coasts of North and South America are examples of mature
trailing-edge coasts that occur on the "trailing-edge" of a land mass that moves with the plate
and are thus situated upon the stable portion of the plate away from the plate margins (Figure
1.1-1). These coasts typically have broad continental shelves that slope into deeper water
without a bordering trench. The coastal plain is also typically wide and low-lying and usually
contains lagoons and barrier islands as on the east coasts of the Americas.

Southern California tectonics is complex because the spreading center has passed the
southern California coastline and is now in the Gulf of California. The Gulf of California
spreading center is joined to the Gorda spreading center (off Eureka, California) by the San
Andreas transform fault. Yet because of the Markovian nature of geological processes (i.e. their
present manifestation depend upon past events), the California coast still retains most of the
attributes of a collision coast - narrow shelves cut by submarine canyons, offshore residual
trench, coastal mountains and uplifted coastal terraces - all remnants from its tectonic history

as a collision coast. Accordingly, the west coast of the United States is a "California-type"

collision coast (Dickinson, 1981; Inman, 1983).

®
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It is important to note that in the long term geologic sense, collision coasts are erosional

while trailing-edge coasts are depositional. However, as we shall see, both types of coast may be

erosional during rising sea level and during long periods of relative still-stand in sea level.

Seismicily

C(‘>astal California has a complicated structural setting that includes plate collision followed
by continental over-riding of the spreading center, and the development of transform faulting.
The combination of plate collision and transform faulting led to the complex wrench-fault
structure of the continental borderland. This results in a variety of geologic structures and
faults that are seismically active (e.g. Crouch, 1981; Hagstrum, et al., 1985).

The seismicity occurs in three major swarms of epicenters (Figure 1.1-2). The largest
swarm covers the Long Beach, Los Angeles, Santa Monica area. Next in size is one near Santa
Barbara, and the third is in the Santa Monica Mountains extending along the coast from Point
Dume to Point Mugu. However, it should be noted that earthquake centers of various
magnitudes occur throughout southern California and the Continental Borderland (e.g. Hileman

et al, 1973; Legg, 1980).

Sea- Level Change and Paleoclimate
A generalized sea-level curve applicable to the coast of southern California over the past
40,000 years is shown in Figure 1.1-3. Sea level rose rapidly about 1 m per century from about

16,000 years BP (before present) to about 6,000 years BP, followed by a more gradual rise of

. about 10 cm per century from 6,000 BP to the present. The "generalized" r.a-level curve in

Figure 1.1-3 is typical for the central and southern coasts of the United States, Gulfs of Mexico

and California, the Netherlands, the north of France, and southeastern Australia (e.g. Bloom,

1977).
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In passing, it should be noted that tide gauge records show that sea level is still rising on a
worldwide basis at a rate of about 23 cm (3/4 ft) per century since the early 1900’s (Barnett,
1984). Using the eigenmodes in a covariance analysis of tide gage records Barnett (1984) finds a
rise in sea level of 17.4 cm (0.57 ft) per century at La Jolla (Scripps Pier), 23.5 cm (0.77 ft) per
century at Santa Monica, and an anomalously low value of 4.6 cm (0.15 ft) per century at Los
Angeles (also see Hicks, 1981; Hicks et al., 1983). There is the distinct possibility of an
increased rate of rise due to the greenhouse effect of carbon dioxide released by man in coming
years (e.g. Emery, 1980). This continuing rise in sea level increases sea cliff erosion and

produces a gradual retreat of beaches in California and on a worldwide basis.

1.2 LITTORAL CELLS |

A littoral cell is a coastal compartment or physiographic unit that contains a complete
cycle of littoral sedimentation including sources, transport paths and sediment sinks. Within a
littoral cell the principle of the conservation of mass may be applied to the evaluation and
interpretation of coastal sedimentation. The procedure, sometimes referred to as the "budget of
sediment", consists of assessing the sedimentary contributions (credits) and losses (debits) and
equating these to the net gain or loss (balance) of sediment within a given coastal segment
(Inman and Chamberlain, 1960; Inman and Frautschy, 1965; Inman and Brush, 1973).

In general, a littoral cell is a large, continuous coastal segment that includes the sediment
source areas, usually drainage basins, and the sediment transport paths, usually rivers, beaches
and submarine canyons. There is generally little transport of sediment from cell to cell. Some
large cells may .cont.ain a number of pronounced physiographic features, such as headlands, that
constitute logical boundaries for sediment balance within the cell. In this case the subdivisions
of the cell are referred to as "sub-cells". Also, each pocket and crescent beach separated by

headlands is a sub-cell. Significant transports of sediment may occur between sub-cells.




R A

-9~

The concept of the littoral cell and its budget of sediment was based on four cells in
southern California that had rivers as sources, beaches as transport paths and submarine
canyons as sinks. These were the Santa Barbara, Santa Monica, San Pedro and Oceanside
Littoral Cells (Inman and Chamberlain, 1960; Inman and Frautschy, 1965). The concept was
extended to include cells with other kinds of sinks, such as the Silver Strand Cell with offshore
deposition from an ebb tide jet (Inman et al., 1974), deposition in offshore shoals such as
Diamond Shoal off Cape Hatteras (Inman, 1985a) and in dune fields (Bowen and Inman, 1966).
The Nile Littoral cell in the eastern Mediterranean is the largest cell studied in detail (Inman
and Jenkins, 1984).

Determination of the boundaries of littoral cells requires identification of the sediment
sources, transport paths and sinks, and assessment of the budget of sediment within the cell. In
cases where the boundaries of littoral cells have not been established, it is convenient to refer to
the coastal segment in question as a "group of cells" if it is large and appears to contain more
than one cell. The "Big Sur Group of Celis" that extend from Point Lobos to Point Buchon is
an example (Figure 1.2-1). If the coastal segment is small and consists principally of "pocket"
beaches, as off headlands, it is refered to as a group of sub-cells or simply as 'sub-cells".
Examples in this study are the Dume, Palos Verde and Laguna Sub-Cells. A useful graphic
summary of littoral transport paths along the California coast and of possible cell boundaries is
found in the "Assessment and Atlas of Shoreline Erosion Along the California Coast"
(California, 1977a).

For purposes of this study, the coast of southern California is divided into eleven segments
consisting of one "group" of littoral cells, six littoral cells and four groups of sub-cells. The cells
from Point Lobos to Point Buchon are grouped into a single "Big Sur Group of Cells" because of

the limited information available for defining individual cells within the group. Ragged Point (3

mi. south of the Monterey-San Luis Obispo County line) which is the northern boundary of this
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study is the center of this group of cells (Figure 1.2-1). The six littoral cells include Santa
Maria, Santa Barbara, Santa Monica, San Pedro, Oceanside and Silver Strand. The four groups
of sub-cells, Dume, Palos Verde, Laguna and Mission Bay are mostly associated with pocket
beaches along rocky headlands. In this report, except for Mission Bay Sub-Cell, all their
descriptions are included as part of an "extended,” down-coast, littoral cell: Santa Monica, San
Pedro and Oceanside Cells respectively (compare Figure 1.2-1 and Table 1.2-1). This
subdivision of the coast of southern California provides for a continuous, uninterrupted series of
sub-cells, cells and extended cells without the problem of having coastal gaps in coverage or of

having separate general descriptions for the many sub-cells.

Big Sur Group of Cells

This is a poorly defined group of cells and sub-cells extending from Point Lobos south of
Carmel to Point Buchon, a distance of 133 miles, 55 of which are south of Ragged Point, the
northern boundary of this review. This is the rugged, picturesque, mountainous coastline of the
Big Sur country of California. It consists mostly of rocky coast with pocket beaches and a few
crescent beaches. The number and size of beaches gradually increase to the south. The nine
miles of beach along Estero Bay, six miles of which is the Morro Bay sand spit, is the longest
sandy coastline in the group. The 55 miles of coast from Ragged Point to Point Buchon was
designated as the Morro Bay Cell in the Assessment and Atlas of Shoreline Erosion (California

1977a).

Santa Maria Cell
Including the Buchon Sub-Cell, this littoral cell extends for 82 miles from Point Buchon to
Polnt Conception. It was first studied in detail by Bowen and Inman (1968). For purposes of

balancing the budget of sand, they divided the cell into four sub-cells based on the natural

headlands of Point Sal, Purisima Point, Point Arguello and Point Conception. With the




‘TABLE 1.2-1. Littoral Cells and Groups of Sub-Cells in southern California
(north to south)

Length
gmilesz Chapter
Big Sur Group of Cells: Pt. Lobos - Pt. Buchon 133 4
° (including Pt. Sur, Big Sur, Partington, Ragged Pt.,

San Simeon, Estero Bayg
Santa Maria Cell: Pt. San Luis - Pt. Conception’ 68 5
(extended cell includes Buchon Sub-Cells: 14
Pt. Buchon - Pt. San Luis) 1:v3
Santa Barbara Cell: Pt. Conception - Pt. Mugu 96 6
Santa Monica Cell: Pt. Dume - Palos Verdes Pt. 40 7
(extended cell includes Dume Sub-Cells: Pt. Mugu-Pt. Dume) Ig
San Pedro Cell: Pt. Fermin - Corona del Mar 31 8
(extended cell includes Palos Verde Sub-Cells: Palos
Verde Pt. - Pt. Fermin) 12

3

‘;) Oceanside Cell: Dana Pt - Pt. La Jolla 56 9

(extended cell incluees Laguna Sub-Cells: Corona del Mar -
Dana Pt.) 14

70
Mission Bay Sub-Cell: Pt. La Jolla - Pt. Loma 15 10

(including La Jo11a headland, Mission Bay, Pt. Loma)

Silver Strand Cell: Pt. Loma - Baja, Calif., Mexico 16(in U.S.) 11
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exception of the Buchon Sub-Cell which consists of the northern 14 miles of rocky coast
extending from Point Buchon to Point San Luis, this cell has the longest sandy beach in
southern California. Pismo Beach is over 16 miles long and is backed by some of the largest,
most extensive sand dunes in California.

These beaches receive the highest fluxes of wave energy of the long beaches of California.
Yet because the shoreline is aligned nearly normal to the prevailing waves, the net longshore
transport of sand is relatively small, averaging about 60,000 yd3 per year to the south between

sub-cells (Bowen and Inman, 1965).

Santa Barbare Cell

This cell extends for 96 miles from Point Conception to Point Mugu. It is the longest
littoral cell in southern California and includes a variety of coastal types and shoreline
orientations. The east-west trending beaches near Point Conception are narrow and backed by
high seacliffs. Beaches between Ventura and Port Hueneme trend southeast and are generally
wide and backed by the low-lying Oxnard Plain.

This is one of the original four littoral cells defined by Inman and Frautschy (1965) and
was the first cell to have a well established net littoral transport. The channel islands provide
considerable protection from wave action from the south. Even so, construction of the Santa
Barbara Breakwater in 1927/28 emphasized the importance of the longshore transport of sand
in littoral systems. By 1937 the breakwater had trapped nearly 2,000,000 ycl3 of sand.
Dredging between 1938 and 1951 established that the net easterly longshore transport of sand
trapped by the harbor was 280,000 yd3 per year (Johnson, 1953; 1957). The role of Hueneme
and Mugu Submarine Canyons as sediment sinks and the effect of the Port Hueneme jetties in
channeling additional sand down Hueneme Canyon and starving the downcoast beaches was

first described by Inman (1950a).




Santa Monica Cell

This cell extends for 40 miles from Point Dume to Palos Verde Point. Including the nine
miles of pocket beaches and rocky cliffs in the Dume Sub-Cell, the entire length of the extended
cell is 49 miles. The Santa Monica Bay shoreline includes 19-1/2 miles. of sandy beaches
extending from Pacific Palisades to Malaga Cove. Most of the Santa Monica Bay beaches were
naturally backed by extensive fields of sand dunes. The extended cell had two natural sinks,
Dume and Redondo Submarine Canyons. Some sand bypasses Dume Canyon and is transported
into the Santa Monica Cell.

Man's intervention in the form of coastal structures has been extensive in the Santa
Monica Cell and the San Pedro Cell to the south. Santa Monica Bay has so many structures
impeding longshore sand transport that the entire coast of the bay is essentially "stabilized".
Kings Harbor (Redondo Breakwater) prevents sand from entering Redondo Submarine Canyon

from the north, so that the canyon is virtually "dead" in the sense of a sand sink.

San Pedro Cell

This littoral cell extends for 31 miles from Point Fermin to the City of Corona del Mar just
southeast of Newport Submarine Canyon. Including the 12 miles of rocky coast of the Palos
Verde headland extending from Palos Verde Point to Point Fermin, the extended San Pedro
Cell has a coastal length of 43 miles. Under natural conditions the Los Angeles, San Gabriel
and Santa Ana Rivers, collectively draining the largest area in southern California, supplied the
sediment for the cell. The sink for this sediment was down Newport Submarine Canyon.

The San Pedro Cell has been extensively modified by man. Dams on the rivers intercept
much of the sediment (Brownlie and Taylor, 1981). The breakwater for the Los Angeles Outer
Harbor protect most of the sandy coast from ocean waves, so that there is relatively little

longshore transport of sand. As a consequence Newport Submarine Canyon appears to be

inactive as a sink for littoral sand.




Oceanside Cell

This cell extends for 56 miles from Dana Point to Point La Jolla. Including the 14 miles of
cove and pocket beaches of the Laguna Sub-Cells extending from Corona Del Mar to Dana
Point, the extended cell has a length of 70 miles. The coast from Dana Point to La Jolla
consists of relatively narrow, semi-continuous sandy beaches backed by wave-cut seacliffs. Some
of the seacliffs are over 300 feet high, as along Torrey Pines State Reserve, and present some of
the most spectacular sea scapes in the world.

The extended cell includes two harbors for small craft, Dana Point Harbor and Oceanside
Harbor. Dana Harbor located between the sub-cells and the main littoral cell is essentially free
of siltation problems. Oceanside Harbor is in the center of the "river of sand" for the littoral
cell, as is Santa Barbara Harbor to the north, and as a consequence is a major trap for littoral
sand.

Portions of the Oceanside Littoral Cell are the most studied coastal segments in southern
California. This was the first coastal area where a submarine canyon was identified as a
sediment sink (Shepard, 1951; Chamberlain, 1964). The source and nature of the beach
sediment is known (Inman, 1953), and the seasonal changes in beach profile have been
extensively studied (e.g. Nordstrom and Inman, 1975; Winant et al., 1975; Aubrey et al., 1980).
The budget of sediment for previous natural and for present conditions has been studied, and
the effect of dams on the rivers assessed (e.g. Brownlie and Taylor, 1981; Inman and Jenkins,
1983, Inman 1985a). The geology and tectonics of the southern portion of the cell have been
studied, and it has been possible to re-establish the paleocoastlines of former times (Inman,

1983a).

Mission Bay Sub-Cell
This coastal compartment extends along the coast for 15 miles from Point La Jolla to

Point Loma. It includes four miles of picturesque pocket beaches along the La Jolla headland
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and six and one-half miles of rocky cliffs along the Point Loma headland. Four and one-half
miles of sandy beach, extending from False Point to the Municipal Pier at Ocean Beach, are
situated along the Mission Bay sand spit. This coastal compartment is best described as a sub-
cell.

The natural source of sediment for this sub-cell was the San Diego River which flowed
alternately to either side of the Point Loma headland; sometimes into Mission Bay (False Bay)
and sometimes into San Diego Bay (Brooks et al., 1948). During significant floods the river
flowed through Mission bay depositing some material in the ocean. There, ebb-tidal currents
from Mission Bay and ocean currents transported some sand south along the rocky coast of
Point Loma. Under such conditions some material probably "leaked" around Point Loma and
into the Silver Strand Littoral Cell. In 1906 the U.S. Army Corps of Engineers built a dike
that permanently channeled the river flow into Mission Bay. However, the many dams on the

San Diego River may prevent it from being a source of sediment (Brownlie and Taylor, 1981).

Silver Strand Cell

This littoral cell extends for 16 miles from Point Loma to the United States/Mexico
Boundary, and for many miles along the coast of Baja California, Mexico. With the exception
of two miles of rocky coast at Point Loma, the cell includes 14 miles of sandy beach extending
from Zuniga Jetty at the entrance to San Diego Bay to the border. The Mexico portion of.the
cell appears to extend about 20 miles below the border to Punta El Descanso, or farther. This
portion of the cell consists of sandy beaches backed by seacliffs.

This is one of the few cells with a significant northerly transport of sand, caused by the
wave shadow in the lee of Point Loma. Under natural conditions the principal source of
sediment was the Tijuana River which brought material to the coast just north of the border.

Northerly transport of sediment from the delta of the Tijuana River built the primordial Silver

Strand, and northerly transport has continued to supply its beaches with sand. Construction of
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the Zuniga Jetty in 1898 extended the ebb-tide jet from the bay, causing the tidal delta to move
into deeper water, creating an artificial sink for sediment (Inman et al., 1974). Construction of
the Rodriguez Dam in Mexico and Morena and Barrett Dams in the United States has
eliminated the Tijuana River as a significant source of sediment for the cell. This has resulted

in serious erosion in the vicinity of Imperial Beach.
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2. COASTAL PROCESSES

Structures placed along the coast and on rivers have had a major impact on the natural
coastal processes that mold the world’s shorelines. And conversely, coastal processes often make
coastal structures less effective than designed, causing costly modifications.

The processes of primary interest here are action of waves in eroding and terracing the
land and in transporting sediment along the coast; the tractive forces of streams in eroding,
transporting and depositing sediments; the effect of changing sea level on beach erosion; and
finally, the influence of tides and streams in the maintenance and filling of coastal lagoons. The
cumulative effect and interaction of these dynamic coastal processes are considered in the
context of the sources and sinks of sediment and their balance in the littoral cell. Historically,
the principal sources of sediment for the cell were the coastal streams; waves transport the
sediment along the coast; while the main sink for sediments were the submarine canyons.

Waves and the currents that they generate are the single most important factors in the
erosion, transportation and deposition of nearshore sediments. Waves mold beaches forming
typical 'summer"” beach profiles in response to low waves and "winter" profiles in response to
storm waves (Figure 2.0-1). Waves erode sea-cliffs and cut terraces (e.g. Inman, 1983). When
sediment is available, waves are effective in moving material along the bottom and in placing it
in suspension for weaker currents to transport.

Parts of the Oceanside Littoral Cell are the most studied coastal sections in southern
California. For this reason many of the examples of coastal processes used in this chapter of the

report will be taken from this cell (e.g. Inman and Jenkins, 1983).

2.1 WAVE-CUT TERRACES AND SEA CLIFFS
In the absence of beaches fronting sea cliffs, the direct force of the breaking waves erodes
cliffs and forms coastal terraces. The rising and lowering sea levels during the Pleistocene epoch

caused the seas to transgress and regress across the land both eroding and depositing material
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(Inman, 1983). Erosion is most pronounced during relative stillstands or pauses in the

transgressive/regressive cycles. The signature for the sea’s presence at a relative stillstand is |

e usually in the form of a wave-cut terrace on gently sloping terrain, backed by sea cliffs when the
near stillstand has been long, as at present.

, Active cliff erosion still occurs during severe winter wave conditions at many locations
along the southern California coast. And, in the absence of beaches, the erosion products from
sea cliffs supplies sand to the cell. Shepard and Grant (1947) found that wave erosion of the
consolidated rocky coasts of southern California has been negligible during the preceding 50
years. On the other hand they found a retreat of as much as a foot a year in unconsolidated
formations. Based on a comparison of old maps, Kuhn and Shepard (1984) claim that the sea
: cliff at Encinitas retreated more than 600 feet between 1883 and 1891.

¥
s The wave-cut terrace associated with the sea cliffing at La Jolla is shown in cross-section in
Figure 2.1-1. The decrease to one degree in slope of the wave-cut terrace, beginning about 200

meters (650 ft) seaward of the sea cliff and at a terrace depth of 4 to 5 meters (13 to 16 ft)
below mean sea level, probably represents the terracing that began about 6,000 yrs BP at the
beginning of the slow (15 cm/century) rise to present sea level.
Borings show that a wave-cut terrace also occurs at the base of the sea cliff and under the
@ modern beach sand at many coastal locations (e.g. Figure 2.1-1). At Oceanside the sea cliff is

about 11 meters (35 ft) high and occurs just seaward of Pacific Street (Artim, 1981). Within

h the past two centuries, and during times of intense wave action and little sediment discharge
from rivers, the beach was eroded back to the sea cliffs. Following periods of major flooding, the
sandy deltas of the Santa Margarita and San Luis Rey Rivers built the beach seaward forming a
wide backshore area between the sea cliff and the beach berm. Photographs taken in 1916 show
the sand delta of the San Luis Rey River extending out almost a pier length beyond the sea

N cliffs (Figure 2.1-2).
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2.2 FORMATION OF BEACHES

Wherever there are waves and an adequate supply of sand or coarser sediment, beaches
form. Even man-made beach fills are effectively eroded and reformed by the waves. The initial
and most characteristic event in the formation of a new beach from a heterogenous sediment is
the sorting out of the material, with coarse material remaining on the beach and fine material
being washed away. Concurrent with the sorting action, the material is rearranged, some being
piled high above the water level by the run-up of the waves to form the beach berm, some
moved back and forth by the swash to form the beach face, some carried back down the face to
form the terrace that is characteristic of beach surf zones (Figure 2.0-1). In a relatively short
time, the beach assumes a profile which is in dynamic equilibrium with the wave forces
generating it as shown by the beach profile of modern sands over the wave-cut terrace in Figure
2.1-1.

The oscillatory motion of waves in shallow water produces stresses on the bottom that
place sand in motion. The interaction of the oscillatory water motion with the bottom also
induces a net boundary current flowing in the direction of wave travel. The most rapidly
moving layer of water is near the bed, and for waves traveling over a nearly horizontal bed the
interaction of wave stresses and the boundary current produces a net transport of sand in the
direction of wave travel. Thus waves traveling toward the shore exert a net shoreward stress on
the bottomn sediments that tends to contains sand and cobbles against the shore (e.g. Inman,
1971).

The action of waves on an inclined bed of sand eventually produces a beach profile that is
in dynamic equilibrium with the energy dissipation associated with the oscillatory motion of the
waves over the sand bottom. When a beach slope exceeds the natural equilibrium slope, an

offshore transport of sand results and the beach slope flattens. Conversely, if a slope is less than

the natural equilibrium slope, a shoreward transport of sand will result, and the beach slope will
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steepen. A dynamic equilibrium slope is attained when the up-siope and down-slope transports
are equal (Inman and Frautschy, 1965).
oo Many factors such as rip currents, presence of structures and promontories, etc.. affect
. local beach slopes. However, in general on long beaches composed of fine or medium-size sand,
the following general description of the beach profile applies. The equilibrium beach slope
steepens with the increasing onshore-directed bottom stress that is associated with shoaling
waves. The slope is usually gentle in deeper water over the shelf and steepens into the a
characteristic "shore-rise" where the onshore stress is greatest just before the wave breaks. The
slope decreases at the break point and is gentle over the terrace and longshore bar. The bore
from the breaking wave traverses the gentle outer terrace, causing it to gradually steepen until

" it reaches the beach face where the remaining energy from the breaking wave is dissipated in the

e swash and backwash. The beach face is the steepest portion of the beach profile (Winant et al,
1975).
e 2.3 BEACH CYCLES

Changes in the character and direction of approach of the waves causes a migration of

sand between the beaches and deeper water. In general, the beaches build seaward during the

OF]

'2 low steepness waves of summer and are cut back by higher, steeper winter storm waves (Figures

" 2.0-1, 2.1-1 and 2.3-1). There are also shorter cycles of cut and fill associated with spring and 0
:' neap tides and with nonseasonal waves and storms. Bottom surveys indicate that most

:P‘ offshore-onshore interchange of sand occurs in depths less than about 10 meters (33 feet) but

| .‘ that some effects may extend to depths of 30 meters (100 feet) or more (Nordstrom and Inman,

f: 1975).

B Shepard and LaFond (1940) made the first systematic attempts to document the seasonal
changes in beaches by measuring beach profiles from the ocean pier at the Scripps Institution of

Oceanography, La Jolla, California. They were able to document the cutting back of the beach
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by storm waves, as well as the gross seasonal changes associated with longer periods of low
waves of summer and the higher waves qf winter. However. their measurements did not extend
beyond the pier, and the quantitative aspects of the data were questionable because of the
influence of the pier pilings. Accurate profiles of the beach and nearshore bottom were made by
Inman and Rusnak (1956) using standard survey techniques across the beach and corrected
fathogram records offshore. The fathograms were corrected to give accurate depth changes by
refering them to diverse measurements of changes in the length of "reference rods" that
protruded above the bottom. These measurements showed that systematic seasonal changes of
beach profile were observed to depths of over 10 meters, while measurable bottom changes were
observed in depths of 25 meters (Figure 2.1-1).

More extensive measurements extending over periods of several years, using the technique
of fathometer corrections from bottom reference rods have been made off Torrey Pines Beach,
California (Nordstrom and Inman, 1975; Winant, et al., 1975). The Torrey Pines profiles were
measured monthly from June 1972 through April 1974, and intermittently through December
1978 (Inman et al., 1980). These measurements clearly show seasonal changes. The more gentle
beach face slope that occurs for fully developed winter profiles is in contrast with the wider
berm and steeper beach face of the summer profiles (Figure 2.3-1).

A statistical analysis of the Torrey Pines beach profiles that separates the spatial and
temporal dependence of the profile changes is given in Winant et al (1975). This analysis
showed that most of the variations in profile configuration can be accounted for by three
eigenfunctions corresponding to the three largest eigenvalues. The largest eigenvalue
corresponds to the "mean beach function" which represents an average beach profile (see Figure
9.6-6). The major seasonal cross-shore changes were associated with the second eigenfunction,

the ™ar-berm function" which has a maximum at the location of the winter bar. The cross

shore pivotal point lies between at a depth of 6 to 9 feet. A correlation of these cross-shore
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beach changes with waves and tides was demonstrated by Aubrey et al (1976) and Aubrey
(1979). At Torrey Pines Beach the average net change in profile from summer to winter is an
erosion of the beach face am;] foreshore of about 92 cubic meters per meter of beach length (110
yd3 per yd). This material is deposited offshore in winter and redeposited on the beach face

every summer when the beach is in a dynamic equilibrium state (refer to Table 9.6-1).

) 2.4 LITTORAL TRANSPORT
The littoral transport of sand along ocean beaches has been evaluated in a number of
ways. These include natural and artificial tracer studies, estimates of accretion and erosion near
coastal structures, and estimates based on the potential for waves to transport sand.

Traditionally, the amount of material trapped by coastal structures, such as jetties and

» e o=,

breakwaters, divided by the time of trapping has been used to estimate the transport rate. In
this case it must be recognized that there may be both up and downcoast transports with rates
N indicated by Qu and Q d respectively. Their sum is the gross transport rate QS and their

b difference is the net transport rate Q];

¥ gross Qg =Q +Q (2.4~1a)
' 9 net  Q = Q- Q (2.4-1b)
“‘:, Further, these rates may change with season and with the time interval used to establish
A

* the rate. But in general at Santa Barbara Harbor the east to west transport dominates to the

o extent that over periods of a year or more the net and gross transport rates are essentially equal
(Johnson, 1953; Dean and Seymour, in press). At Oceanside the annual downcoast rate is about
twice the upcoast rate, and QE equals about 3Q (Inman and Jenkins, 1983). Also some
structures act as efficient sand traps, providing a good measure of the gross transport, while

others may bypass significant portions of the littoral transport. Finally, the rate at which the
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structure retains sand usually differs for up and downcoast transports, and this retention rate
will change with time as the structure fills with sand. These factors have complicated the
interpretation of littoral transport rates from trapping by structures, leading to wide differences

in opinion (e.g. compare Weggel and Clark (1983) with Inman and Jenkins, 1983).

Instantaneous Longshore Transport

An increasingly important method for estimating littoral transport rates is that based on
the flux of the radiation stress of the waves that drive the transport process. This "stress-flux"
is obtained from ‘instantaneous” measurements of the wave energy flux and direction over
periods of about 20 minutes which is then related to the resulting '"instantaneous" transport of
sand. The littoral transport rates for longer periods such as for a season or a year is obtained
by summing the wave measurements by intensity and direction over the appropriate time
intervals. Estimates of longshore transport obtained in this way are sometimes referred to as
"potential" transport.

When waves approach at an angle to the shoreline they transport sand along the beach.
This longshore transport results from the combined effect of the breaking waves which place
sand in motion and the presence of a longshore current in the surf zone which aids in the
movement of sand along the beach. Theory and field measurements of waves and the resulting
longshore transport of sand, show that the immersed weight sand transport rate ll‘ is
proportional to the stress-flux factor, Pl (e.g- Komar and Inman, 1970; Inman et al., 1980).

I, = KP, = K|P sinacosa],
(2.4-2)
= K[C'Syx]b
where K*0.8 is a dimensionless constant. A similar relation but using significant waves, is given
as equation (4-48) in the Shore Protection Manual (USACE CERC, 1984). Relation (2.4-2)

may be calculated in either metric or American units; however the energy density from wave
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arrays is usually given in metric units. Accordingly, P = ECn is the energy flux of the waves
(watts/m), E is the wave energy per unit area (joules/m), C is the wave phase velocity (m/sec),
Cn is the group velocity, Syx = En sinacosa is the longshore component of the radiation stress,
a is the angle the breaking wave makes with the shoreline, and the subscript b indicates that all
properties are measured at or calculated for the breakpoint of the waves.

In the above relation 1, is the immersed weight longshore transport rate (newtons/sec) and

may be expressed in terms of the "at rest" volume transport rate Ql(ms/sec)

Q, =1, / l(p, - p)eN,] (2.8-3)

where P and p are the densities of the solid grains and the water respectively, g is the
acceleration of gravity, and N o is the volume concentration of sand, equal to about 0.6 for well
sorted sand at rest (e.g. Inman and Bagnold, 1963). For quartz sand (ps = 2.65 x 10° kg/ms)

0.6 the bracketed

transported in sea water at 15°C (p = 1.026 x 103 kg/m3) with No

3

quantity in equation (2.4-3) equals 9.55 x 10” newton/ m3. For this case

Q=105x10" (2.4-3a)

where Q, is in m3/sec and ll is in newton/sec = watt/m. For ease of calculation in the above
equation wave height in feet is usually converted to meters (1 ft = 0.3048 m). When desired,
the volume transport is converted to cubic yards per second (yda/sec = 0.765m> /sec).

Equations 2.4-2,3 show that the weight and volume of sand transported along the beach is
directly proportional to the stress-flux of the waves. Thus it is apparent that the potential
longshore transport of sediment along a sandy coast can be estimated if the budget of wave
energy (that is, the wave climate) is known.

The above principle would also apply to the transport of larger particles such as cobbles.

But they would travel at a much slower rate because the wave-induced shear stress required to
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move gravel or cobbles increases in direct proportion to the diameter of the particle. Therefore
equation (2.4-2) would be expected to apply to cobbles. but the constant K, which is a form of
efficiency, would be reduced.

FEvaluation of K

Recent experiments by White and Inman (in pfws,b) together with the data from Inman
et al (1980) show that the value of K in equation 2.4-2 is a function of beach slope and breaker
type. It is found that K varies as a form of the dimensionless "surf similarity parameter" of
Battjes (1974), here given in the form of a reflection coefficient following Inman and Guza
(1976):

2 2
c, = |2g tan H o
rb ~ 128 tan”Al/H, (2.4+4)

= |L°°tan23|/1er
where f is the slope of the beach, ¢ = 2x /T is the radian frequency of the incident waves, and
L . is the deep-water wavelength. The relation has been used successfully for surf similarity
proposed by Bowen et al (1968), Galvin (1972), Guza and Ilnman (1975), and Munk and
Wimbush (1969).

White and Inman (in press) use least-squared methods to show that

K =22y, for0.02 < c, < 042 (2.4-5)

This relation shows that steepening the beach profile increases K and thus increases the
longshore transport rate of sand.

The studies of longshore transport by Inman et al (1968) and Komar and Inman (1970)
were made using fluorescent dyed sand injected on the beach. Since there were no
measurements of suspended load, it was assumed that most of the sand traveled as bedload.

The coefficient K was found to equal 0.77. Later studies by Inman et al (1980), White and
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Inman (in press), and Zampol and Inman (in press) included separate measures of bedload and
suspended load. As before. the bedload was obtained from the distribution of tracers injected
on the beach. The suspended load was obtained from in situ measurements of the water column
in the surf zone (Zampol and Inman, in press). The total load was taken as the sum of the
bedload and the suspended load.

Data from the earlier studies and the more recent studies are plotted in Figure 2.4-1. The
more recent data from Torrey Pines and Santa Barbara used two different tracer techniques
referred to as temporal and spatial sampling. Following tracer injection, samples are taken
continuously along a fixed range downcoast for temporal sampling. This procedure has only
been used at Torrey Pines and Santa Barbara. In spatial sampling, a grid extending over the
expected area of tracer movement is sampled at a fixed time after injection (Inman and Hanes,
1980; White and Inman, in press,a).

The mean values of the coefficients for the more recent experiments are found (White and
Inman, in press,b) to be: Kb = 0.67 for bedload; Ks = 0.11 for suspended load, and K = 0.78
for total load. It is of interest to note that the earlier studies using only bedload (Kb = 0.77)
are in agreement with the total load (K=0.78) of the later stud.es. This is probably because
most of the ;:arlier studies were performed on steep beaches, which from relation (2.4-5) give

larger values of K.

Rhythmic Beach Forms and Swash Cusps.

Rhythmic topography is the consistent repetition along a beach of wavy topographic
forms. They may occur along the shoreline or be submerged. Rhythmic shoreline forms include
swash cusps, surfzone cusps, and cuspate spits that usually occur inside elongated lagoons.
Submerged rhythmic features include crescentic bars and transverse bars.

Beach cusps are genetically of two types, "surfzone" cusps and '"swash" cusps. The former

are formed in the surfzone by the nearshore circulation system, and have wavelengths that may
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range up to hundreds of meters. Swash cusps are formed by the swash and backwash acting
directly on the beachface and berm (Inman and Guza, 1982). Our concern here is with the
occurrence of swash cusps and their effect on the longshore transport of sand.

Swash cusps are formed by the swash and backwash acting directly on the beachface and
berm. They scallop the beach into regular forms with wavelengths typically ranging from a few
centimeters to about 75 m, but otherwise do not change the overall alignment of the beach.
They are most common on steep reflective beaches, where the incident waves produce a
substantial surge of swash up the beachface.

There are many explanations for the formation of w&h cusps (reviewed by Guza and
Inman, 1975; Sallenger, 1979) but several works suggest that edge waves are involved (e.g.
Galvin, 1964; Bowen and Inman, 1969; Guza and Bowen, 1981). Edge waves are longshore
periodic gravity waves which can be excited by wind-generated waves impinging on a beach.
This excitation has been observed in the laboratory (e.g. Galvin, 1964; Harris, 1967; Bowen and
Inman, 1969) and explained theoretically (Guza and Davis, 1974). The longshore wavelength,

Le’ and period, T o of edge waves are related by Eckart (1951):
N (2.4-6)
L, 2 (2n + 1) tanf ‘

where g is gravity and n = 0, 1, 2, etc., is the mode number. The most easily excited edge
wave, and the one with the largest amplitude, is of mode zero (r = 0) and is a subharmonic of
the incident wave, i.e., the edge wave has a period twice that of the incident wave, e = 2Ti’
where Ti is the incidént wave period.

Inman and Guza (1982) hypothesizes that the superposition of swash from incoming waves
with the motion of sub-harmonic edge waves produces a systematic variation in run-up height

along the beachface, which in turn produces periodic circulation and erosional perturbations.

The initial perturbation in circulation of the swash and backwash over the cusp form are basic
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to the formation of swash cusps and their development into mature forms. The swash runs up
the beachface to the cusp apex where it divides, half of its flow swinging into a longshore
direction and flowing as backwash into the cusp valley, where it and its sediment load flow
seaward as small but intense rip currents. Once the rip current reaches the water the sediment
load is deposited forming a small delta off the cusp valley. This swash circulation is responsible
for enlarging the initially small edge wave induced topographic perturbations and maintains the
mature cusp form.

Thus it appears that the edge wave is necessary to initiate the formation of cusps, but that
edge-wave persistence is not required for cusp growth. Once the bedform perturbation is
initiated, then the incident waves alone force the bedform perturbations to grow until the cusp
reaches maturity and a maximum steepness. Further, the strong bedform feedback tends to
eliminate the edge wave because its nodal point, with the requirement for longshore orbital
velocities (e.g. Bowen and Inman, 1971) cannot exist in the presence of strong offshore rip
currents in the cusp valley, nor in the presence of the seaward protruding delta off the cusp
valley.

Inman and Guza (1982) show that the longshore wavelength of swash cusps A, are in
agreement with the wavelength of subharmonic edge waves (Figure 2.4-2). They also find that
the maximum cusp height » o 28 measured from cusp apex to valley is approximately equal to
the significant run-up height of the waves. They show that the relation for the cusp height

reduces to

ne € 0.24 Ac tang

as shown in Figure 2.4-3.

Swash cusps tend to occur on steep beaches. This is in agreement with experiments

showing that the excitation of subharmonic edge waves occur only when the incident waves are
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strongly reflected, such that the reflection coefficient ¢ > 1/3 in equation (2.4-4) (Guza and

ot Bowen, 1976). Also it was shown in the previous section that the factor K in the stress-flux
t: relation for longshore transport increases with increasing beach slope. Thus there is an
s

apparent paradox, since well-developed, mature cusps clearly inhibit longshore transport.

The resolution of this paradox appears to be as follows. Increasing b increases the
longshore transport potential and increases wave reflection. If the longshore transport rate is
not excessive, the reflected waves may excite edgewaves and cusps will form. If later the
potential for longshore transport increases, the cusps will be destroyed or remain as remnants.
In this case, the presence of the remnant cusp form does increase the longshore transport rate.

This was shown to be true in two experiments at Santa Barbara by White and Inman (in

L:' press,b).
!
) 2.5 SEDIMENT TRANSPORT BY RIVERS AND STREAMS
‘LE A number of procedures have been used to estimate the yield of sediment to the coast from
,?’ erosion of the land. These include estimates based on the erosion rate of the land in the
drainage basin, estimates from sediment rating curves, and estimates from theoretical relations
y for the transport capacity of a flow. The more common theoretical relations include those of
: Meyer-Peter et al. (1934), Einstein (1942; 1950), and Bagnold (1966). Theoretical relations are
@ useful in cases where stream data is insufficient for determining sediment rating curves, and in
;Z cases where high stream discharge rates greatly exceed the data leading to rating curves. The
R

theoretical relations will not be discussed further here, but interested readers may refer to the
original references or to texts on river hydraulics (e.g. Raudkivi, 1976; Richards, 1982).

L Studies of river sedimentation have given rise to a number of terms for the description of
the material and its transport mode. Classic treatments of the subject define suspended load as
that portion of the total load that is supported by fluid turbulence, while bedload is material

that is placed in motion by the tangential shear stress of the fluid over the bottom and has a
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vertical dispersion of particles that is maintained by grain-to-grain contact and lift forces over
the bed. Bedload includes transport by rolling, sliding and saltation. Total load is the sum of
bedload and suspended load. Washk load consists of the fine material not present in the stream

bed material. It is essentially the fine portion of the suspended load, sometimes referred to as

suspended fines.

Erosion- Rate Method

A long term estimate of sediment yield in common use by geomorphologists is based on the
erosion rate of the land. In this procedure, referred to as the "erosion-rate method," the total
sediment yield is calculated as the average erosion rate per unit area of land multiplied by the
area of the drainage basin. The erosion rate is usually established by measuring the amount of
material trapped in dams and reservoirs. Schumm (1977) shows that the yield of sediment from
erosion is a function of climate and the size and topographic relief in the drainage basin.
Longbein and Schumm (1958) showed that the sediment yield was a maximum for semi-arid
climates, where the annual rainfall was about 30 cm (1 ft) This explains why the rivers in

southern California produce large volumes of sand.

Sediment Rating Curves

For streams with gaging stations, the discharge of suspended sediment can be related to
the water discharge by a sediment rating curve. There are a number of types of rating curves,
the most common being the instantaneous and the annual sediment rating curves.

Instantaneous sediment discharge is usually predicted from a relation of the form
b (2.5-1)
Q, = Q .

obtained from simultaneous measurements of the suspended sediment discharge (Q”) and the

water discharge (Q). The constants a and b are usually obtained from the measured data
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points in the rating relation using a simple linear regression analysis when the rating relation is
expressed in the form, log st = b log Q + log a (Figure 2.5-1).

An annual rating curve relates the annual sediment yield from a stream to the annual
runoff of water. This is obtained from the instantaneous rating curve by summarizing the
sediment discharges over the hydrograph (flow vs time) for each water event such as a storm.
Then the sums of the sediment discharges for the year are plotted against the sums of the water

discharges. Again, this gives a sediment rating curve of the form

v = AvB (2.5-2)

8s

where Vss is the predicted annual suspended sediment yield, V is the annual water discharge,
and A and B are constants determined from the data (Figure 2.5-2).

From Table 2.5-1 it is observed that for southern California rivers the exponent b in
equation 2.5-1 has an average value of 1.6 and ranges from 1.2 to 1.8 for instantaneous
suspended load discharge. From Table 2.5-2 the exponent B from equation (2.5-2) for the

annual suspended sediment. discharge averages 1.5 and ranges from 1.2 to 1.6.

Total Load Transport and Sediment Yield

Sediment rating curves are the most reliable method of estimating the suspended yield of
sediment from a river. The problem is to determine the best estimate for total load transport.
Although bedload transport can be satisfactorily measured under some stream conditions using
tracers, in practice there is no routine procedure for obt;ining bedload. This means that it is
usually taken to be a certain percentage of the suspended load, an entirely unsatisfactory
procedure.

In their study of southern California rivers, Brownlie and Taylor (1981) assumed that the

bedload was 10% of the suspended load. This criterion appears to be based on their more

extensive experience with northern California rivers. Ten-percent appears to be too low for the
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Equation 2.5-1
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drier. sandier southern California rivers. Schumm (1977, p. 110) shows that bedload increaes
for drier climates and for wider, shallower streams. Richards (1982, p. 106) concludes that for
large rivers, bedload is normally less than 10% of the total load, but in mountain streams may
reach 70%. Inman (1963, Table 8) using data from Colby and Hembree (1955) shows that the
bedload was 40% of the total load (67% of the suspended load) for the sandy Niobrara River.

In the absence of reliable bedload measurements for southern California rivers, the above
considerations led Inman and Jenkins (1983) to conclude that bedload equal to 20% of the
suspended load was a more reliable estimate. Accordingly they used 20% in their estimates for
the bedload and total load yield of the Santa Margarita and San Luis Rey Rivers (Inman and
Jenkins, 1983, Table 3.4.3). This may be compared with estimates using 10% for the same

rivers in Brownlie and Taylor (1981, Tables C6-5, C7-5).

2.6 TRANSPORT BY WIND

The relations for the transport of windblown sand were developed by Bagnold (1941) in his
classic study, "The physics of blown sand and desert dunes." The relations have been verified
over horizontal beds in laboratory experiments by Kadib (1963) and Belly (1964). Several
studies have evaluated Bagnold’s relations in the field. Kadib (1964) evaluated the relation for
sand transport by wind on natural beaches. Finkel (1959) measured the rates of migration of
dunes in Peru, and Inman et al (1966) evaluated the relation for a coastal dune field.

The wind transport relation is formulated in a manner similar to that for bedload in a
stream. The rate of transport (discharge) of granular bed material by a fluid is directly
proportional to the power expended by the fluid in transporting it. If the total power available
by fluid action per unit area of bed is w, then a portion, Kw, of this power is avialable for

™ transporting sand, and the transport rate becomes

i =Kw (2.6=1)
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where i is the immersed weight of sediment transported across unit width of bed in unit time.
The immersed weight transport rate is converted to dry mass transport per unit time and unit

width by the relation
i=ip/(psp)8 (2.6-2)
and to bulk-volume transport per unit time and width qg by a relation similar to (2.4-3),
a = i/(pgp)eN, = i/p N, (2,6-3)

Since the density of air, p, is very small compared to that of the grains, P the relation for

the dry-mass transport per unit time and width becomes

j = i/g = Ku/g (2.6-4)

where g is gravity. The power is given by w = ru, where r is the stress and u, is the friction
velocity obtained from the von Karman-Prandtl relation for flow over an aerodynamically rough
surface. Experiments show that the coefficient of proportionality K in equation (2.6-4) varies

with sand size and sorting. Bagnold (1941, p. 67) showed that
K = C 7350 (2.6-5)

where D is the grain diameter in u and C is an empirical coefficient having the following values:
1.5 for a nearly uniform size sand; 1.8 for naturally sorted sands such as dunes; and 2.5 for a
sand with a very wide range of grain size.

Bagnold shows that for "driving sand" the wind velocity follows the logarithmic velocity
profile, and further, the profiles for all winds converge on the same point near the bed, referred
to as the "Wocus". Experiments by Zingg (1953), Belly (1964), and Johnson (1965) verify the

existence of the focus but show that its values differ with size and sorting of the sand.
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The occurrence of a focal point in the velocity distribution profiles permits the friction
velocity u,. and hence the discharge ), to be calculated from a single measurement of wind
velocity u, at height 29 i.e., the data from the wind recorder.

For quartz sand of 200u diameter, the focus z; will be about 0.5 ¢m and uy about 2 m
sec’). Then, taking 29 as 10 m, and computing K from (2.6-5) to be 1.61, the transport relation

of (2.6-4) becomes
i = g = 29x 10 (u, - 2.0)°

or (2.6-6)
j= 295 x10° (u, - 2.0)°
where i is in newton sec’! m'l, j is in kg sec’! m'l, u, is in m sec’! and the coefficients are
dimensional.
The dry mass discharge j is converted to volume discharge using relation (2.6-3). A more
complete derivation of the transport relation and the method for converting wind anemometer

measurements to transport rates is given in Bagnold (1941) and Inman et al (1966).

2.7 WEATHER, WAVES AND EXTREME EVENTS

The wave climate of a coastal section is manifest principally by the amount of the seasonal
fluxes of wave energy and the direction from which the energy comes. Wave climate is a direct
response to the fetch, duration and velocity of distant winds blowing over large ocean areas that
generate swell waves along the coast; supplemented by local intense winds that generate wind
waves. Although there is a correlation between wave climate and rainfall (and other weather
patterns as well), the correlation is far from perfect, being mostly related to wind waves and

rainfall which is associated with the frequency of frontal systems and cyclonic disturbances that

pass locally.
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Our knowledge of wave climate has been principally based on wave hindcast/forecast
techniques developed during World War Il and applied to the world oceans during the 30-year
period between 1945 and 1975. Wave measuring techniques were mostly developed during the
two decades of the 1950’s and 1960’s. Thus our knowledge of wave climate is mostly based on
the unusually mild thirty year period between the mid 1940’s and 1970’s. Recent events suggest
that these wave statistics may prove to be anomalously low in wave intensity and erroneous in
wave direction (e.g. Seymour et al., 1984).

There are periods of many years and sometimes decades, when weather is climatologically
stable and there are few strongly anomalous years. Such a period of climatological stable
weather occurred during the 30 years between the mid-1940’s and mid-1970’s. Along the Pacific
coast winters were moderate with low rainfall (Figure 2.7-1). Winds were moderate and
predominantly from the west-northwest as shown by a wind rose for Oceanside, California
{(Figure 2.7-2). The principal wave energy was from Aleutian lows whose storm tracks, for the
most part, did not reach southern California. Summers were mild and dry with principal wave
energy coming from the southern hemisphere. There were no tropical storms during the
summer and fall along the west coast. Yet there were many tropical storms in the years
preceeding 1942 (Figure 2.7-3). The largest waves ever observed off this coast were from the
tropical storms of September 1939 (Horrer, 1950). |

We now appear to be entering a period of more variable climate with more extreme
weather events (Namias, 1980; Karl et al.,, 1984; Seymour et al., 1984). Some years have been
mild, others relatively severe. For example, the winter of 1976/77 was mild and dry along the
west coast of the United States because the storm tracks missed the southwestern coast.
However, there were major freezes in the eastern United States. The winter of 1977/78 was
much wetter with flooding along the west coast. The winter of 1978/79 was very mild, as were

the winters of 1980/81 and 1981/82. In contrast there was flooding along the west coast during
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i_. the winters of 1979/80 and 1982/83, and the Aleutian storm tracks traveled far 1o the south
before approaching the west coast from the west-southwest (Figure 2.7-4). The two winters

following the severe winter of 1982/83 were again quite mild. Addressing the unusual weather

TR
O

2w e

across the United States in recent years, Karl et al. (1984) find that statistically (Monte Carlo
simultion) that the return period of occurrence is 1164 years. They conclude that "the recent
variability is either a moderately rare event in a reasonably stationary climate, or it represents

climate change."

This return to a more variable weather is the reason that the National Climate Act was
passed with NOAA responsible for monitoring weather. Also, the National Research Council
publication, "Storms, Floods and Debris Flows in Southern California and Arizona, 1978 and
1980" (487 pp.), was written to document the severe flooding during the winters of 1977/78 and

K 1979/80.

o El Nino/Sosthern Oscillation
Large scale atmospheric/oceanic interactions drive climate changes with temporal scales of
years that result in significant modifications of wave climate along the world’s coasts. The

) "Southern Oscillation" is one of the best known, but not yet fully understood, phenomena of this

N type. It is an oscillatory exchange of atmospheric mass, as manifest by sea surface pressure,

y between the tropical east Pacific (centered near Easter Island) and the tropical Indian Ocean @
R

:,1 (centered near Djakarta). Associated with this exchange of mass are changes in the trade

"] winds, the monsoons, ocean currents and sea surface temperatures that result in alternate
" periods of warm, wet (El Nifio) low pressure areas off the tropical and temperate portions of the
W west coasts of the Americas (Julian and Chervin, 1978).

The southern oscillation phenomena have a spatial scaie that extends nearly around the

globe and from the tropics into temporal latitudes, and a temporal scale of 2 to 7 years with

strongest coherence for reoccurrences with periods of 2.8 to 3.5 years (Julian and Chervin, 1978,
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Figure 2). The evidence suggests that the southern oscillation is periodic and accounts for most
of the wet years during the 30 years of mild, dry climate from the mid 1940’s through the mid
1970’s along the west coast of the Americas (e.g. winters of 1951/52, 1957 /58, 1965/66, 1968/69,
1972/73.) However, it would appear that the long periods of drought are terminated by
unusually pronounced El Nifio epochs as in 1977/78 and 1982/83.

The severe winter of 1982/83 was caused by an El Nino. The El Nifo of 1982/83 was the
greatest atmospheric/oceanic disturbance that has ever been recorded. The surface westerly
trade winds actually reversed direction in some areas towards the end of 1982 (Kerr, 1983) while
the winds aloft were abnormally strong and reversed (Winston, 1982). The change in the
westerlies and the recession of the normal high pressure ridge caused abnormally warm water
and high sea levels to occur along the west coast. Sea level was 20 cm higher in November 1982
than the average sea level for the preceeding 57 years from 1925-1981 as shown in Figure 2.7-5

(University of California, San Diego, 1985).

Climate

Southern California has a semi-arid Mediterranean type climate maintained by the
relatively cool waters of the California current. Winters are mild, and rainfall along the coast is
typically about 10 to 20 inches per year (Figure 2.7-1). Rainfall increases inland, attaining

values of 20 to 60 inches per year at times in the coastal mountains.

Historical Storm Tracks

For the exposed harbors in the Southern California Bight, the wave statistics vary
seasonally in response to winter storms from the Gulf of Alaska, and sub-tropical cyclone or
southern hemisphere swell in summer. This observation is substantiated by spectral

measurements due to Pawka et al (1976) and Seymour et al (1980; 1984). The winter waves

generally have a net energy flux component to the south because they were generated by north
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Pacific storm-fronts passing close to southern California. Conversely the summer waves often
show a net energy flux to the north from more distant storm sources, either southwest of
Acapulco or from near Antarctica (Snodgrass et al., 1966). Therefore the net annual longshore
component of wave energy flux determining the net littoral drift is the net of two competing
seasonal sources. It is the overall climate trends of the hemisphere which determine which of
these wave sources will dominate the wave climate for any particular year.

Comparing. observations of Sverdrup and Munk (1947), Weigel (1959), Pawka et al (1976),
Seymour et al (1984), it is apparent that wave statistics have greatly varied from year to year.
Interestingly, this variability has accompanied a shift in characteristic weather patterns over the
past 35 years. From 1945 until 1977 the Southern California Bight has experienced a temperate
drought under the influence of a semi-permanent high pressure ridge, the Sierra High (Douglas
and Fritz, 1972). The ridge remained strong and overdeveloped for more than 30 years
preventing subtropical cyclones from tracking near enough into the southern window to have a
dominant effect on the waves. Consequently the North Pacific storms dominated this period
causing a net littoral drift to the south as evidenced in the skewness of sand spits, fillet beaches
and lagoon entrances toward the south.

During the previous century there was a similar series of alternate periods of drought and
wet. There appears to have been a wet period from about 1830 to 1841, followed by a period of
drought from 1842 to 1883. Richard Henry Dana’s (1909) very detailed accounts of wind and
waves while sailing off this coast in the brig Pilgrim during 1834/35 make it clear that this was
a wet period with local storms arriving abruptly from the southwest to southeast. Twenty four

years later in 1859 he comments (p. 384) ™he climate has altered;...the southeasters are no

longer the bane of the coast." The long drought in the 19th century was ended by a protracted .

wet period (1884-1891) so intense that it has been remembered as "Noah’s Deluge."
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In fact. 30 year drought cycles are evidenced in tree rings of the bristle cone pine in
southern California over the previous 800 years. Each of these droughts has been flanked by
flood periods when the Sierra High was broken down allowing sub-tropical disturbances to
travel into the Southern California Bight. The (1945-1977) drought was preceeded by a flood
period of 1934-45 and was ended by another wet period 1978-1980 which caused the worst
flooding in California history. The moisture in these transitional wet periods came from
subtropical cyclones advancing up from the south as shown in Figure 2.7-3. The wind waves
due to these violent warm storms cause reversals of the net littoral drift, shifting sand spits and
reopening lagoon inlets to the north. However, because the transitional wet periods persist in
time only briefly in comparison to the protracted droughts, the net littoral drift in the long term
still appears to be to the south. However, these conclusions need to be quanitified in greater
detail by analysis of the available historical data. The very detailed measurements of Pawka et
al (1976) and Seymour et al (1980) do not contain sufficient time histories to answer these

questions of longer term climatic effects on the wave climate and net littoral drift.

Episodicity and the Budget of Sediment

As described earlier in Section 1.2, the concept of the budget of sand within the confines of
a littoral cell is a useful aid in the interpretation of sources and transport paths in the cell.
However to be valid, the episodicity in supply and wave-induced transport must be carefully
considered.

The apparent inconsistency between the episodic nature of the supply of coarse sediment
by rivers and the concept of a littoral "river of sand" that moves frequently and with some
regularity along the coast, is resolved when the proper time scales are considered. Similarly, in
computing sediment budgets, the usefulness of a mean annual sediment supply and a mean

annual longshore transport rate is also resolved when averaged over the appropriate time scales.

The "annual mean" situation may probably never occur because the dynamics of the wave-
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induced littoral systems are more frequent than annual, while the occurrence of major coarse
sediment supply by rivers is usually less frequent. The annual rates simply represent a middle
ground between the longshore transport rates on beaches, which are individually caiculat.ed in
mass or volume per second, and that of deposition at river mouths which is usually in volume
per flood. As a rate, the latter may be more descriptively stated in terms of decades or
centuries.

The concept of a budget of sediment that has differing spatial and temporal scales in
supply, transport rates and sinks, is placed in proper perspective when considered in terms of
the "ittoral cell." Spatially, a littoral cell includes a complete cycle of littoral transportation
and deposition including all sources, transport paths and rates, and sediment sinks (e.g. Inman
and Frautschy, 1965). Temporally, the budget of sediment fér a littoral cell must‘ be averaged
over sufficiently long time spans to be meaningful in terms of episodic events within the cell as
well as fluctuations and trends in sediment amounts in sources, paths and sinks.

The occurrence and magnitude of river floods that bring sediment to the coast, and the
changes in magnitude and trend of the littoral forcing functions (waves and winds) that
transport the sediments along the coast, are both integrally related to changes in climate, as are
local and regional changes in sea level. Thus the budget of sediment for a given littoral cell may
be quite different from one decade or century to another, making the budget of sediments that
is of interest to coastal dynamicists, coastal planners and engineers, and geomorphologists quite
different in time span, magnitude, and to some extent in the kind of source, transport path, and

sink.
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3. REGIONAL OCEANOGRAPHY

3.1 SHELF CURRENTS

The purpose of this section is to provide an extremely brief overview of (1) major, large-
scale coastal currents (i.e. California, Davidson, etc.) which constitute the "mean" seasonal
circulation, and (2) tidal and "event scale" fluctuations (time scales 3 to 10 days) which are

expected to be superimposed on the "mean" seasonal circulations.

3.1.1 Seasonal mean currents

Estimates of mean coastal currents based on hydrographic measurements, surface drifters,
ship drift and the mean wind field constitute the "classical" picture of the California current. A
thorough review of this literature is given by Hickey (1979) and Newberger (1982). Newberger
(1982), which deals exclusively with the physical oceanography of the continental shelf, is a
synthesis of several other summary reports (Maloney and Chan, 1974; Winzler and Kelly, 1977;
Williams et al, 1981, Godshall and Williams, 1981). Each of these summaries reviews hundreds
of scientific papers dealing with California shelf marine geology, chemistry, biology, climatology
and physical oceanography. Extensive hydrographic surveys by the California Cooperative
Fisheries Investigations group (CALCOFI) of the California current system are summarized in
the atlas by Wyllie (1966). The rest of Section 3.1.1 is taken, with only minor editorial changes

and comments, directly from Newberger (1982).

GENERAL DESCRIPTION OF THE REGIONAL CIRCULATION

The California current system is the eastern limb of the North Pacific gyre. It is driven
primarily by the wind stress patterns over the North Pacific Ocean. Variability in ocean
circulation in the California Current system is controlled primarily by interactions between the
subtropicl high pressure cell over the North Pacific Ocean and the atmospheric thermal low

located over California/Nevada. Current flow is primarily southward in spring and summer in
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response to southward-directed wind stress. Associated Ekman transport results in a circulation
away from the coast in the near-surface layers, with concomitant upwelling of cold, salty water
from. below. This pattern of circulation with southward-directed flow and coastal upwelling is
often called the “upwelling season" during the strongest period of upwelling in spring, and the
"oceanic season" during the weaker upwelling of late summer and early fall (Skogsberg, 1936).
In late fall and early winter, northerly winds weaken and winds are at times from the
southwest. This atmospheric wind regime produces a northward flow along the coast, the )
Davidson Current, hence, giving rise to a- "Davidson. Current Season" (Skogsberg, 1936).
5 Offshore, the mean flow continues southward. The onset. of this period is often rapid,

accompanied by a rise in surface temperature and a deepened mixed layer (Winzler and Kelly,

% 1977). The end of the Davidson Current period and: the onset of upwelling can alse occur
R

"' suddenly (Huyer et al, 1979). Along the coast, an undercurrent flows northward at depths
) below 200 m. When upwelling weakens or ceases, the core of the undercurrent propagates
:a upward toward the surface, occasionally allowing northward flow to reach the surface (Sverdrup
%f et al, 1942). When southward winds relax along the coast during fall, the undercurrent surfaces
t; to form the Davidson Current. Some investigators believe that this undercurrent is.a major
:‘ flow compenent of the Davidson Current (e.g., Hickey, 1979).

¢

¢ In the Southern California Bight, a cyclonic eddy is often found, which includes a

countercurrent along the coast and a split in flow at Point Conception, where one branch flows @

southwest joining with the California Current to form the western part of the eddy, and one

branch flows northward along the coast as a narrow countercurrent.

There is much variation in nomenclature in the literature for these flows. In her

:- comprehensive monograph on the California Current system, Hickey (1979) defines the
- constituents of the system as follows:

N The California Current - The equatorward flow of water off the coast.
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b The California Undercurrent - A subsurface northward flow that occurs below the main
«“ pycnocline and seaward of the continental shelf.

%

E:: The Davidson Current - A northward flowing nearshore current associated with winter
" wind patterns north of Point Concepﬁon.

i

P

%:‘E N The Southern California Countercurrent (also called the Southern California Eddy) - A
h @ northward flow in the Southern California Bight south of Point Conception and inshore of
:‘ the Channel Islands.

y : THE CALIFORNIA CURRENT

F:.:: The California Current is a wide, sluggish body of water characterized by relatively low
:": temperature and salinity. It is about 600-1000 km in width, and 100-500 m deep (Wooster and
: Reid, 1963). Estimates of the transport are on the order of 10-12 x 10° m3/sec. The mean
o4

;E; speed is about 12.5-25 cm/sec, although speeds as high as 50 cm/sec have been observed,
gi? primarily within eddies or meanders (Schwartzlose and Reid, 1972).

e Peak velocities in the current occur in summer, following several months of persistent
:‘i:‘ northwesterly winds (Schwartzlose and Reid, 1972). In the spring, the current moves closer to
W

‘;:‘ the coast, resulting in the disappearance of the Davidson Current, and sometimes even the
:E'\? @ counter-current (Wyllie, 1966).

3%: In winter, the California Current moves farther offshore, as the Davidson Current develops
K along the coast. The flow in the California Current is not uniform, but rather is characterized
Ei; by streaks of relatively high velocity interspersed with very slowly moving water. For example,
oyt

:;:, off Cape Mendocino, two southward flows are formed: one about 125 km off the coast during
;:., February through October; the second, a broader flow located about 475 km offshore from
&

E“f: February through September, when it is strongest (Hickey, 1979). This offshore flow tends to
by

merge with the inshore flow in winter. Off Point Conception, a southward nearshore maximum
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:“': is found during April and May. Hickey (1979) has presented numerous cross sections of flow
‘%zifx
perpendicular to the coast which document these streaks from Cape San Lazaro to Washington.

i
i
f{yf::i THE CALIFORNIA UNDERCURRENT
B
'&iu{.
v The California Undercurrent flows inshore of the California Current northward along the
D
15’:: continental slope. This current is not often continuous along the entire California Coast, but is
ik
’;:6:' particularly well developed in summer, with a width of 40-50 km (Winzler and Kelly, 1977).
M:l:

LI ﬁm

Mean speeds are low, on the order of 5-10 cm/sec (Schwarzlose and Reid, 1972). The ~

RN
!
oty Undercurrent region is characterized by high temperature and salinity, since it is a northward
3
0
f.f":‘ movement of equatorial water.
RO X
Af‘c,f: Wooster and Jones (1970) observed the Undercurrent off Baja California and noted that it
KX
I
igﬁ could be distinguished from surrounding water by a high salinity maximum (34.3 ppt) occurring
)
ha
:"":‘ at temperatures between 8° and 11°C. Farther north, the high salinity core thinned to a
e narrow band just seaward of the 200 m isobath. Wickham (1975) determined that off
L

3,
:r;:.' Monterey, streaks of equatorial water occur between 200 and 500 m, interspersed with
%
&4

,.' California Current water. These filaments are 10-20 km in width, maybe 50 km in length and
R
::;, may have speeds as high as 20-40 cm/sec toward the north, inshore of the California Current.
%
..“""
vs:s:: These northward flowing filaments must be part of the Undercurrent.
K
il THE DAVIDSON CURRENT @®
B
:‘Eg The Davidson Current is probably the surface expression of the Undercurrent north of
i‘ Point Conception. The Davidson Current is found off California from mid-November to mid-
LIN
'a’ﬁ‘v
::,': February, when southerly winds occur along the coast. During the period of persistent
"
N
,‘:g northwesterly winds in spring and summer, northward flow is usually confined to deep water
.\‘l-.
e over the continental shelf, continental slope, and farther offshore.
o

@
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Most of the evidence for this current comes from drift bottle data, as geostrophic currents

) are difficult to calculate nearshore. From the drift bottle records, Schwartzlose and Reid (1972)
3!

;::E‘:ft found that the Davidson Current attained speeds as high as 15-30 cm/sec. These drift bottle
A

ey

studies revealed that the Davidson Current is usually a continuous feature along the West
Coast of the United States in winter, and not merely a succession of eddies. Off Point

Conception, the Davidson Current has a width of about 80 km and widens to the north

(Tsuchiya, 1975).

SOUTHERN CALIFORNIA COUNTERCURRENT/SOUTHERN CALIFORNIA EDDY

The Southern California Countercurrent is the inshore part of a large semi-permanent eddy
o which rotates cyclonically in the Southern California Bight south of Point Conception. The
L eddy is formed as the Countercurrent diverges at Point Conception, with flows moving toward

the north and 1o the southwest. Geostrophic current measurements show that the

E:‘éé Countercurrent occurs in all seasons, although it appears best developed in winter (Maloney and
\:E’;Ef Chan, 1974).

T':‘, Geostrophic speeds in the Countercurrent were determined to be on the order of 12-18

E:;E;E cm/sec (Sverdrup and Fleming, 1941). Schwartzlose (1963) found the eddy to occur during all
i St

‘:;” months except March through May. Velocity maxima in the Countercurrent during winter as

tgié%i @ high as 35 to 40 cm/sec have been observed (Maloney and Chan, 1974).

,E:,EEEE Tsuchiya (1980) has noted that the circulation in this region is more complex than
DXL

f anywhere else off California. He notes that inshore of a line connecting Point Conception and

E:E'E%?. Cortes Bank, the flow is northerly, to the west it is southerly. This line, then, roughly

':;?:; delineates the center of the Eddy. Shoreward of the Countercurrent, southeast flow is often
s

7.; present. However, Tsuchiya (1980) notes the following complications in the flow pattern:

RS .

%;‘:E‘g The large Eddy contains smaller eddies of varying scale (Schwartzlose, 1963).
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The California Current moves inshore in April and May, often eliminating the
Countercurrent. In other months, the Countercurrent may increase in intensity and

displace the California Current offshore.

SEASONAL TRANSITIONS

Huyer et al (1979) noted that the 1973 and 1975 transitions from the winter (*Davidson
season”) to the summer flow ("upwelling season") regimes occurred within a period of days off
Oregon, due to strong equatorward wind stress events. Thus, off the California coast, the
transition from winter to spring circulation patterns could also be abrupt. Huyer et al (1979)
also noted that during these two years, adjusted coastal sea level was a good indicator of the
time of this transition, as a rapid drop in sea level accompanied the onset of upwelling
circulation. Although they did not discuss it, their data showed a sharp increase in adjusted
coastal sea level in late October, 1973 which apparently signaled the transition to winter
circulation (the onset of the Davidson Current) and which was forced by a strong poleward
wind stress event. They unfortunately did not have accompanying current meter data during
this transition to determine if a large increase in poleward flow accompanied this sea level
change, but it is probably a safe assumption that it did. Williams et al (1981) used time series
of adjusted coastal sea level to estimate the times of both spring and fall transitions for four
locations on the California coast (Table 3.1.1). Most transitions were marked by sharp changes
in sea level, and the week number of the transition could easily be estimated. In a few cases, no
transition time was detectable at all. The mean and standard deviation of the transition time,
in weeks, is given in Table 3.1.1-1. Both transition times occur earlier in the year going
southward along the California coast. The spring transition actually occurs in winter off the
southern California coast. Thus, nearshore southward flow begins earlier in the year in the

Southern California Bight. This conclusion is supported by equatorward-traveling drifters

(Appendix D in Newberger, 1982). The fall transition actually occurs in summer in the
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Approximate times of occurrence of the spring and fall transitions at four

locations along the California coast. 1970 through 1978 (Williams et al, 1981).

1972

17

1974

1978

1974

m

1970-
1978
Moan

1970~
1978
Stesdard
Devistion
(veehs)

Station Pair

Arcats/Crascent Cicy
San Francisco/San Frencisco
k. Mugu/Rincon 1s.

. Imperisl Besch/Ssn Diege

Areats/Crescent Cicy

San Francisco/San Prascisco
Pr. Mugu/Rincon 1s.
Inperial Beach/San Diego

Arcats/Crascent City

Sso Francisco/San Frascisco
Pe. Mugu/Rincen 1s.
Imperial Beach/San Diego

Arcata/Crescent City

Sap Francisco/Sas Francisco
Pe. Mugu/Riscon 1s.
Isperial Beach/San Diego

Arcata/Crescest City

Sap Francisco/Ssn Traacisco
Pr. Mugu/hiscon ls.
Iaperial 3eazdh/Sas Diego

Arcata/Crescent City

$an Fraocisco/San Francisco
Pt. Mugu/Rincon ls.
Imperial Jeach/San Diego

Arcata/Crascent City

San Francisco/San Frascisco
Pt. Mugu/Rincon ls.
Iaperial Beach/San Diego

Arcata/Crescent City

$an Francisco/San Francisco
Pe. Mugu/Rincen 1s.
Isperisl Beach/Ssn Diego

Arcata/Crescent City

San Traocisco/Sam Trancisce
Pe. Mugu/Lincon l1s.
Imperial Sesch/San Diege

Arcats/Crescent City

San Francisco/San Fraacisce
Pt. Mugu/Rincon ls.
Isperial Beach/San Diego

Arcata/Crescent City

San Francisco/San Freacisce
Pe. Mugu/Rincos 1s.
Isperial Besach/San Diege

Spring Traasities Fall Treasition

Razly spr.
Eazly Apr.
Mid-Apr.
Oate 1969)

late Jaa.
Mid-Teb.

Zazly Teb.

Barly Dec. (1970)

Late dpr.

Eazly Apr.
Latly Wer.

Late Bov. (1971)

Late Maz.
Mid=-Mar,

Late Maz.
Late Nav.

Nid=-ApT.

farly Nsy
(none}
(aone)

Lats Maz.
late Mar,
Mid-Jsn.
A4d-3en.

Nid-Maz.
garly Marv.
(voma)

MNid-Fab.

Nid-Maz,
Nid-Mar.
arly War.
Rarly Wer.

Sarly Wny
Tazly May
late Mar.
Late Maz.

late Mar.
Late Mar,
Zarly Mar.
Late Jan,

late Oct.

Sazly Bov.

n“‘ll‘- |
Rarly Oct.

Zazly Dec.
Sarly Sep.
Nid-July

late July

Bazly June
Nid=-July
Late July
Md-July

Wd-%ov.
Nid=Dec.
(mone)
(aone)

Late Jov.
Ned-Sep.

Llate July
Rarly Aug.

MNid-Jan. (1976)

Ned-Jan. (1976)
(oone)

Eatly Aug.

Late Sep.
Late July
Lazly July
Late Juse

farly Oct.
Nid-Sep.
NideAug.
Late July

Zarly Oct.
1ate Sep.
Nid-Aug.
Md-Aug.

late Oct.
Late Sep.
tate July
Late July

LR X ¥
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Southern California Bight. Most surface drifters released nearshore in the Bight from July
through September traveled poleward.
‘ ‘ The standard deviation of the spring transition time decreased from about nine weeks off
! Northern and Central California to about four weeks off Southern California. The standard
deviation of the fall transition time was four weeks from northern California southward to near
Point Conception, and seven weeks near San Diego. Thus, significant interannual variability

exists in the time of both transitions. m

ESTIMATES OF SEASONAL MEAN CURRENTS
One objective of Williams et al (1981) was the production of maps of mean current vectors
on a regular grid for application in pollutant spill trajectory models. Inputs to the preparation
of these maps include the currents computed from ship drift, geostrophic currents, wind drift
currents derived from the mean wind stress, and currents from surface drifters.
Examination of these data sets show that insufficient observations of any one type exist to
prepare reliable circulation charts on a monthly basis. Hence, the data was combined according
to the distinct circulation seasons, after Skogsberg (1936), as follows: The Davidson Current
Period, December-January; The Upwelling Period, May-June-July; The Oceanic Period,
September-October. Transition months which may fall into one of two seasons are not included

in the average as they increase the "noise" in the data fields. Considerable semi-empirical

adjustments had to be made to the calculated (from mean wind stress and geostrophy) mean
flows in order to obtain even rough agreement with ship drift and previous observations
(Williams et al, 1981). Calculated mean surface currents (speed and bearing are shown in
Figures 3.1.2-1,2,3. During December-January (Figure 3.1.3-1) mean currents are everywhere
less than 0.3 kt (.15 m per sec) and in most locations less than 0.2 kt (.10 m per sec). Between

Cape Mendocino and Point Conception, the flow is highly variable, but in most areas exhibits a

R R

component of flow toward the coast. This variability agrees with the low persistence seen in the
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ship drift charts for this region. South of Point Conception, a fairly coherent mean flow to the
southeast prevails. This procedure for 1° square summary areas does not resolve the Davidson
or Countercurrent Systems; yet there is some indication on the chart of mean northward flow
off San Francisco.

In May, June, and July, the geostrophic/wind stress current chart (Figure 3.1.3-2)
indicates strong southward flow with an average speed of roughly 0.3 kts (.15 m per sec). There
is a suggestion of the turn-in of current off San Diego, forming the lower half of the Southern
California Eddy. The ship drift current chart for this period shows general agreement in speed
and direction although the flow field from the ship drift exhibits a larger cross isobath angle
away from the coast.

The geostrophic/wind stress current chart for September-October (Figure 3.1.3-3) indicates
flow generally toward the southeast, and weaker than May-July, but stronger than December-
January. Northward flow is indicated along the coast in the Southern California Bight. The
ship drift chart shows similar patterns.

Hickey (1979) compared the above classical p'-ture with recent current meter observations.
The greatest difficulty in comparing the different types of data stems from their vastly different
spatial and temporal scales. Current meter arrays give excellent temporal resolution, but poor
spatial coverage. Hydrographic and drift methods yield infrequent snapshots of the currents
(Winant, 1979). Within the limitations imposed by such problems, Hickey (1979) finds general
agreement in the long-term mean circulation deduced from the two methods. An additional
important conclusion of Hickey (1979) is that seasonal large-scale current fluctuations are
correlated with seasonal fluctuations in the longshore component of wind stress and wind stress

curl.

3.1.2 Fluctuating (tidal and wind-driven) currents




-~
NI

R
R

-69-

Time series from moored current meters show that fluctuations from the mean are almost
always larger than the mean itself. There are also very substantial variations in the fluctuating
field measured with sensors separated in either the vertical or horizontal directions. The mean
fields described above could only appear in moored current meter records which have a great
deal of temporal (and perhaps spatial) averaging. A typical example of inner shelf fluctuating
currents and their vertical variation is shown in Figure 3.1.2-1. This data (hourly averages) was
collected from a vertical string of current meters deployed in 70 m of water due west of Point
Conception (Brink et al, 1985). Removal of currents at tidal frequencies (and higher) still leaves
a time series with relatively large fluctuations about the mean (Figure 3.1.2-2). There is, of
course, a large and growing literature which attempts to relate these current (and also
temperature) fluctuations to meteorological forcing (primarily wind) and other quantities of
dynamical significance (e.g. pressure gradients associated with a sloping sea surface). Recent

review articles with emphasis on the west coast include Allen (1980) and Winant (1979, 1980).

TIDAL CURRENTS

Currents in the tidal band (12-24 hr) typically contribute a substantial fraction of the total
observed variance (not including surface gravity waves). Typical shelf tidal currents have peak
longshore velocities of roughly 20 cm/sec, although considerable amplification occurs near larger
bays. Although tidal elevations are very well predicted, tidal currents are not. This has been
shown in the transition zone between oceanic and southern California coastal waters (Munk et
al, 1970) and also at various locations on a transect across the southern California shelf (Winant
and Bratkovich, 1981). This result has been ascribed to baroclinic effects. However, even
vertically averaged tidal currents (which should filter baroclinic effects) do not show high
correlation with tidal elevations (Figure 3.1.2-3). The distinct fortnightly beat in the sea level

fluctuations is not present in the currents.
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. PREDKCTED TDAL SSE
VERTICALLY AVERAGED LONGSHORE CURRENY

a-nl

TICKS ARE ONE DAY APART

Figure 3.1.2-3 Comparison of predicted tidal sea surface elevation and tidal frequency band
vertically averaged longshore currents, 21 October-3 December 1978 off Del

Mar, California (Winant and Bratkovich, 1981).
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Figure 3.1.2-4 Distributiuon of the amplitude of the largest cigenvectors of the longshore
(9) and cross-shelf (0) tidal-band (periods between 36 and 4 h) currents off
Del Mar, California (Winant and Bratkovich, 1981).
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"y The vertical structure of tidal currents, and the seasonal variability of the structure was
"y investigated by Winant and Bratkovich (1981). They used data from current meter strings
)
)
2t . .
'."! deployed off Del Mar in depths of 60, 30 and 15 m; with about 7, 5, 2 instruments on each
- string. respectively. Figure 3.1.2-4 shows the distribution of the amplitudes of the largest
¥
;;‘ eigenvector for both longshore and cross-shore velocity components. In oversimplified terms, the
%4
N
] largest eigenvector structure represents a coherent spatial pattern which, when multiplied by
L @

some function of time, reproduces the maximum possible amount of the original time series
":i;
g:: variance. The longshore current is barotropic (no sign reversals) during all seasons and shelf
DYy
0y
]
j;i locations, although there is substantial vertical shear during spring and summer. The cross-
]
_ shore flow is always baroclinic; flows near top and bottom of the water column have opposite
K
] . . . . I .
o signs. Longshore current variance in the tidal band does not vary significantly as a function of
3 |
) season, but the cross-shelf variance does, reaching a minimum in the winter when stratification
11:: is weak (Winant and Bratkovich, 1981). Although these measurements were obtained off Del
s Mar (very southern California) they are probably valid qualitative descriptions of inner shelf,
'gt
14

open coast tidal flow elsewhere in the study region.

':;‘ EVENT SCALE WIND FORCED CURRENTS

.':2 Allen (1980) discusses similarities and differences between flows observed on various
‘:‘,: @ continental shelves. Although significant differences exist. a feature common to most shelf flows
=8

:; is a response of currents to longshore directed coastal winds. A strong correlation between
e

xi"t longshore winds and longshore currents is obvious in Figure 3.1.2-5. Some correlation is also
¥

E:; apparent in the first half of the record shown in 3.1.2-2. Event scale currents tend to be very
23. strongly polarized with currents following local bathymetric contours in shallow water. The
“

= polarization is less strong with increasing offshore distance (Figure 3.1.2-6). Such polarization is
r'::‘ almost always observed. Note that sea level can also fluctuate substantially (~ 20 cm) and
BN

:: coherently with wind events (Figure 3.1.2-5). As soon as longshore motions develop, sea level
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9 and adjusted sea level off Oregon during July and August 1973 (Kundu et al,
M 1975). The currents were measured at 45 ° 16°'N, water depth 100 m, at the
e depths indicated (Allen, 1980).
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Figure 3.1.2-6
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Scatter diagrams of horizontal velocity fluctuations (mecan values subtracted)
superimposed on a bathymetric contour map, with the origin of the diagram
at the horizontal location of the measurements (Kundu and Allen, 1976).
The currents were measured at about 40 m depth during the summer of 1972
(the six southern diagrams) and during the summer of 1973 (the four
northern diagrams). The low-pass-filtered current fluctuations are plotted as
a point every six hours. Depths are in meters (Allen, 1980).
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fluctuations are induced which create cross-shore pressure gradients to balance the cross-shore
Coriolis forces arising in the cross-shore momentum balance (Winant, 1980).

Lentz (1984) presents a detailed analysis of event scale (sub-tidal) longshore flows observed
off Del Mar. The inner shelf is primarily wind driven while the outer shelf is primarily driven
by longshore gradients in sea level. In both cases the driving term is apparentiy balanced by
bottom friction. The Southern California Bight is a region of relatively light winds. North of
Point Conception winds are stronger and may dominate (Figure 3.1.2-5). Allen and Smith
(1981) find that off Oregon the flow is primarily wind driven. There are also some suggestions
that event scale waves may propagate northward along the west coast, so that both local and
remote winds can play roles in generating currents.

Perhaps the most important points here are that wind-driven (event scale) shelf flows are
quite energetic (50 cm/sec is commonly attained in the upper portion of the water column), can
have either sign, and are not predictable. The dynamics vary according to the strength of the
winds relative to other effects,

Shelf currents clearly are strong enough to transport very large amounts of sediment, but
meaningful transport estimates require a much fuller understanding of the complicated bottom
boundary layers which occur under the combined influence of oscillating gravity waves and
longer time scale wind-forced events.

Very significant advances in both the quantity and quality of observations of California
shelf flows are being made. The amount of effort and money expended on recent California

shelf dynamics experiments (e.g. OPUS, CODE, etc.) equals or exceeds that spent on nearshore

processes experiments and monitoring programs. Existing summary reports such as Newberger

(1982), Williams et al (1981), Winzler and Kelly (1977) are largely concerned with the "classical"

seasonal mean flows. Unfortunately it is beyond the scope of the present work to review the

many recent observational and theoretical studies concerning shelf flows in the study area.
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3.2 DEEPWATER WAVES (UNSHELTERED BY ISLANDS)
3.2.1 Generation

Ocean waves off the coast of southern California fall into three main categories: northern
hemisphere swell, consisting of waves generated in the northern hemisphere but which arrive in
southern California waters after leaving the generating area; southern hemisphere swell,
consisting of similar waves generated south of the equator; and sea, consisting of waves

generated within the local area (Munk and Traylor, 1947; Scripps, 1947).

Northern Hemisphere Swell

Winds which produce northern hemisphere swell are usually associated with one of the
following meteorological situations (Marine Advisers, 1961a):

1. Japanese-Aleutian storms, which move from west to east across the North Pacific in
relatively high latitudes, often stagnating in the Gulf of Alaska. Waves generated by these
storms reach most of California but usually decrease in energy southward along the coast.
Occasionally, especially during winter and spring, this storm track shifts southward and the
maximum wave heights occur at central or southern California latitudes. These extratropical
cyclones are the most important source of severe waves reaching the California coast.

2. Hawaiian storms, which move from west to east in middle latitudes, generally
originating in the vicinity of the Hawaiian Islands. These occur less frequently than the
Japanese-Aleutian storms.

3. Typhoons in the western North Pacific. Swell from these storms usually is not
significant at the California coast.

4. Tropical hurricanes which commonly develop off the west coast of Mexico, move in a
westerly direction at first, and then usually recurve to the north and northeast. These occur

almost exclusively during the months of July through October. The resulting swell rarely

exceeds 2 m, but a strong tropical storm will occasionally move far enough north to cause
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destructively high waves in the area under consideration. The storm of September 1939, which
passed directly over southern California and caused very high waves, is an example, although
the maximum waves of that system should be classed as "sea" rather than "swell" since they
occurred when the generating wind system was active over southern California waters.

5. Steep pressure gradients around the Pacific high pressure cell. Such gradients can cause
very strong and persistent north and northwest winds over the extreme eastern Pacific. This

prevailing wind pattern is particularly important to the summer wave climate.

Southern Hemisphere Swell

The probable importance of waves generated in the Southern Ocean to the coastal
southern California wave climate was first emphasized by Munk and Traylor (1947) and Scripps
(1947). O’Brien (1950) used refraction diagrams to show that an unusual and destructive wave
focusing at the tip of the Long Beach breakwater was consistent with long southern swell.
Wiegel and Kimberly (1950) used visual observations at Camp Pendleton, California to infer
that southern swell dominates the littoral processes of southern California during the southern
hemisphere winter. At the time of these studies, weather maps of the southern oceans were not
adequate for a detailed correlation between California waves and southern hemisphere storms.

Munk and Snodgrass (1957) used wave energy spectra at Guadalupe Island (located at an
exposed site off the coast of Baja, Mexico) and San Clemente lsland to infer southern
hemisphere sources for long period (14-25 sec) swell detected at all of the 24 southern California
wave stations described by Munk et al, (1959). Munk and Snodgrass (1957) showed that the
appearance of a very low frequency swell peak, which over a period of days gradually shifts to
higher frequencies, is consistent with dispersive arrivals from distant (10,000 km) storms in the
South Pacific and Indian Oceans. This "dispersive arrival" method had previously been used by
Barber and Ursell (1948) to associate wave events off Britain with Atlantic storms in both

hemispheres. Munk and Snodgrass (1957) considered their results "not conclusive" because of
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incomplete weather maps and a lack of measured wave directions. Both these shortcomings

were overcome in Munk et al, (1963). A three element triangular pressure sensor array was

deployed in 100 m depth off the western shore of San Clemente lsland (Figure 3.2.1), from
May-October 1959. The measured directions of low frequency swell were in quantitative
agreement with directions inferred from the dispersive arrival method of Barber and Ursell
(1948), both indicated southern hemisphere sources. Energetic south swell at San Clemente
Island could in every case be associated with a southern hemisphere storm, although not every
storm appeared to generate a detectable swell signal. Munk et al, (1963) suggest three major
source areas: the Ross Sea, the New Zealand-Australia-Antarctic sector, and the Indian Ocean
near the antipole. Figure 3.2.1-1 shows the Tasman (230°-234°) and South New Zealand
(206 °-225 ° ) windows open to the Indian Ocean. However, the Tongan Islands interfere with
directions north of 232°; the Taumotu and Society Islands with directions east of 216°. The
south New Zealand window is also limited by the Antarctic ice pac.k. Figure 3.2.1-2 shows an
example of a typical wave shadow cast by the Taumotu group. The number of islands and
percentage of the sectors blocked are shown in Figure 3.2.1-3. The least blocked path to the
Indian Ocean is through the south New Zealand window (the sector 225°-234° is blocked by
New Zealand). The Indian Ocean source is then north of Kergaelen Island, in the stormiest
latitude belt on earth. The southern ocean source areas, and the importance of sheltering by
island chains, were verified by Snodgrass et al (1966). This classic study used an array of
stations stretching from New Zealand to Alaska, and included directional stations at Honolulu
and FLIP (Figure 3.2.1-4). At frequencies above about .07 hz (T< 14 sec) individual storm
events were difficult to identify in the chain of wave stations. These higher frequencies are
maintained at relatively steady energy levels and are the result of moderate storms which occur
frequently, and perhaps simultaneously at several locations. Lower wave frequencies are the

result of severe storms which occur intermittently at intervals large compared to a storm
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Figure 3.2.1-1
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Azimuthal equidistant projection centered on San Diego, California. Some
great-circle routes (8 - constani) are indicated. The Tasman Sea and the
region south of New Zealand provide two windows into the Indian Ocean,
and these are partially obstructed by the Tongan and Taumotu island
groups, respectively. The hatched area is shown on Figure 3.2.1-2 on an
enlarged scale. (Munk et al. 1963).
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Figure 3.2.1-3 Numbers of islands north of 25°S in 5° sectots subtended at San Clemente
lsland, and the percentage of the sectors blocked by these islands (Munk et
al, 1963).
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Figure 3.2.1-4 Great-circle chart based on Honolulu showing the location of the six wave
instruments and of the princi