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Abstract

The flood plain formed by detritus deposited by the Los Angeles, San Gabriel, and Santa Ana
Rivers, and several streams is a multi-river delta at the coast and shelf of San Pedro Bay, a hook-shaped
bight in southern California. It is between Point Fermin (southeastern tip of Palos Verdes Hills) on the
northwest and Newport Bayl Corona del Mar bluffs at the southeast. The 30-mile long shore has been
extensively modified by anthropogenic activities and by natural events which are described;
construction of dams for flood control (which also traps sediments), river mouth structures, ground
subsidence owing to oil, gas and water withdrawal, structures and dredging at the entrances of
landlocked bays (Alamitos, Anaheim, Newport), development and operation of marinas and navigation
channels, encroachment by buildings and infrastructure. Sand beaches are along almost the entire shore:
Long Beach Municipal Beach, Belmont Shore Beach, Seal Beach, Surfside Beach, Sunset County
Beach, Bolsa Chica State Beach, Huntington Cliffs, Huntington City Beach, Huntington State Beach,
Santa Ana River Mouth County Beach, West Newport Beach, Balboa Beach. The sand is light in color,
and is mostly silicate (quartz and some feldspar). The beaches and surf, which are easily accessible, are
popular and extensively used by residents and visitors. The natural supply of sediment to the coast
became severely restricted, and beach erosion studies have been made since the 1930's; these are
documented. There have been extensive beach nourishment (replenishment) projects for many decades
which have successfully mitigated negative effects of sediment trapping, coastal structures, and ground
subsidence. Dates, quantities and sources of the sediment placed as nourishment are given. Beach
profile surveys and "Clancy beach width" measurements made during many decades were used to
evaluate the effectiveness of the Surfside-Sunset beach project (including West Newport Beach). The
wave climate in the Southern California Bight is complex. Six different meteorological patterns are the
sources of the waves; they include North Pacific storms, local seas, and southern swell that have
traveled thousands of miles from storms in the south 40 to 50 deg. latitudes. The waves are affected
(refraction, diffraction, reflection, shoaling) by the islands, banks, submarine canyons, and local
bathymetry of the California Continental Borderland. Sources of wave measurements, analysis, storage,
and retrieval are given. The region is subject to storm waves, floods, droughts, seawater intrusion,
earthquakes, tsunamis; some details of which are given. Damages caused by several severe wave events
are described. A coastal lowland/wetland that was substantially impacted in the past century was
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restored recently, the Bolsa Chica Lowlands Restoration Project. Its history and restoration (a
modification of the original) is described. The largest seaport complex in the USA, by volume, is in the
northwest part of San Pedro Bay, the contiguous Los Angeles and Long Beach Ports/Harbors; with 9.2
miles of breakwaters (in 3 sections, with 2 navigation entrances). The region has become extensively
urbanized; it is part of the Los Angeles (Coastal) Megacity.

Introduction

The author has been familiar for many years with
the low coastal alluvial flood plain delta of the Los Angeles,
San Gabriel, and Santa Ana Rivers (and some streams) that
presently discharge into San Pedro Bay, in southern
California. Either the Los Angeles, San Gabriel and Santa
Ana Rivers Delta or the San Pedro Bay Delta would be an
appropriate name. It is extensively urbanized, and of major
importance. Historical knowledge of it is short; only a few
centuries. San Pedro Bay was named for S1. Peter, a 4th
Century A.D. bishop in Alexandria, Egypt (Wikipedia,
2008). It was "discovered" by Juan Rodriguez CabriIIo on
24 Nov. ]542. Richard Henry Dana, aboard the brig
Pilgrim, and later the Alert, anchored in the open roadstead
a number of times in 1835-1836. The region has been
developed from one of little settlement and use, to extensive
agricultural use, oil field exploitation (on land and offshore),
industry, a vacation destination; and a large urban
community, with associated commercial uses, living
accommodations, recreational activities, and related
infrastructure. It is within a coastal megacity; Los Angeles
Megacity (Ewing, 2008). The population keeps increasing,
but the length of ocean shore does not; however, the beach
width can be, and has been, increased through the use of
beach nourishment. This is a short history of the delta's
shore and coastal facilities during the past 1-112 centuries,
from a coastal engineering perspective.

The largest seaport complex in the USA, by
volume, is located in San Pedro Bay - the contiguous Los
Angeles and Long Beach Ports (e.g. Casey, 2009). These
harbors/ports are sheltered by a series of 3 breakwaters built
in 3 stages over many decades. They have a total length of
9.2 miles, including two ship channel entrance gaps.
Navigation depths have been developed and maintained by
dredging; channels, turning basins, berths. Southeast of the
breakwaters there are 3 relatively small landlocked bays/
estuaries: Alamitos, Anaheim, and Newport. Each has jetties
at its entrance (tidal inlet), dredged channels, and marinas.
For flood control, the Los Angeles, San Gabriel, and Santa
Ana Rivers have had channels with levees built near their
mouths, and stone jetties constructed at their ocean outlets.

During the past century, the entire 30-miIe long
shore of San Pedro Bay has been modified by human
activity, and by natural events. One example is ground
subsidence that occurred owing to the withdrawal of oil and
gas from underground reservoirs, onshore and offshore (e.g.
the Wilmington, Huntington Beach, Huntington Beach New
Offshore Oil Fields); and ground water extraction (artesian
and pumped wells). Much of the coast/shore subsided; in
several important ways the "equivalent" of a rise in relative
mean sea level. As a result of water injection through wells
into the underground areas, stabilization has occurred in

some regions, and in some areas there has been partial
rebound.

The flood plain!delta was formed by detritus
deposited by the Los Angeles River, San Gabriel River,
Santa Ana River, and several streams. The river courses
have changed naturally over time, and as a result of actions
by humans. Dams, debris retention structures (in small, steep
canyons), levees, and other river control structures have
been built; sediment (sand, gravel, silt, clay) has been
trapped in reservoirs and debris retention structures, and
sand and gravel mined from river beds. This has resulted in
a substantial decrease in the natural supply of sediment to
the coast. Floods, droughts, earthquakes, and seawater
intrusion into the ground water aquifers, have occurred.
Ocean waves have modified the beaches, and large wave
events have caused beach erosion and destroyed or damaged
buildings and infrastructure. Coastal structures (harbor
entrances, river mouth jetties) have been built. Construction
and maintenance dredging has been performed in bay
entrances, navigation channels, turning basins, marinas, and
river channels. The beaches are extensively used, and many
have been nourished for decades by the addition of sediment
obtained from dredging navigation projects, from "offshore
borrow pits/ areas," or from adjacent river beds. At two
beaches, sand has been "backpassed" from a section of
accretion to a section of erosion! recession. A coastal
lowland! wetland that was severely degraded by oil field
activities during many decades in the past century (the 20th
Century), including ground subsidence, has been re-
established recently; the Bolsa Chica Lowlands
Restoration Project. This project received the first Project
Excellence Award, in 2008, of ASCE's COPRI (ASCE,
Coasts, Oceans, Ports, and Rivers Institute, 2009).

The entire San Pedro Littoral Sediment Cell is
along the delta; it extends from Point Fermin (at the
southeastern tip of Palos Verdes Hills) on the northwest to
Newport Bay entrance at the southeast, near the head of the
Newport Submarine Canyon. The canyon head is close to
shore, near Newport Pier, and is the joint southeast boundary
of the cell. There is a continuous sand beach (mostly silicate
sand; quartz and some feldspar) between Long Beach and
the Newport Bay entrance jetties at the Corona del Mar
headland! bluffs: Long Beach Municipal Beach, Belmont
Shore Beach, Seal Beach, Surfside Beach, Sunset County
Beach, Bolsa Chica State Beach, Huntington Cliffs,
Huntington City Beach, Huntington State Beach, Santa Ana
River Mouth Beach (also known as Santa Ana River County
Beach), West Newport Beach, Balboa Beach. The beaches
and surf are well- used by residents and visitors (these are the
nearest beaches to Disneyland). It is a world-known surfing
center. They are popular for beach-going, swimming, body-
surfing, surfboarding, windsurfing, fishing, and boating. The
oceanfront is easily accessible.

2



[Note. Two terms are sometimes used
interchangeably in coastal engineering publications, but they
are different: beach erosion and recession. They are defined
as follows in a report of the National Research Council's
Committee on Beach Nourishment and Protection (1995, p.
44): n••• erosion= a volumetric measure of the amount of
sand removed from a beach by waves, currents, or other
processes; recession • a linear measure of the landward
movement of the shoreline." This is mentioned as in some
references cited herein they have been used
interchangeably. ]

San Pedro Bay, In Southern California; Shore and
Shore Use Changes During The Past 1-112 Centuries

San Pedro Bay, California, is a hook-shaped bight,
oriented generally NW-SE, but with the "northerly" end bent
sharply to the west toward Point Fermin and Palos Verdes
Hills, Figures 1,2 and 3. It faces southerly toward the San
Pedro Channel. San Pedro Bay was discovered by Juan
Rodriguez Cabrillo on 24 Nov. 1542, the feast day of st.
Peter of Alexandria, a 4th Century A.D. bishop in
Alexandria, Egypt. It was named San Pedro after "St. Peter"
(Wikipedia, 2008). Los Angeles Port/Harbor and Long
Beach PortlHarbor are contiguous; they are located at the
westerly (and northerly) part of the bay. Alamitos Bay,
Anaheim Bay, and Newport Bay, relatively small landlocked
bays, are to the southeast; each with entrance jetties,
navigation channels, and marinas. The head of Newport
Submarine Canyon is close to shore, seaward of the Balboa
Peninsula at Newport Bay, Figure 2. The predecessor to
Newport Pier (McFaddens' Wharf) was built at this location
because the waves were smaller locally, owing to their
refraction by the canyon and contiguous bathymetry. To the
south-southwest from Long Beach Harbor are Santa Catalina
Island (about 25 miles), and San Clemente Island (about 60
miles). Santa Catalina Island is about 21- II2 miles long, and
San Clemente nearly 2 Imiles long. These and other nearby
islands, and banks (e.g, Tanner Bank, Cortez Bank, 30·mile
Bank, 40·mile Bank) of the California Continental
Borderland, and submarine canyons have important
substantial effects on the coastal wave climate in the
Southern California Bight. The local nearshore and
offshore bathymetry, such as the San Pedro shelf and the
Newport Submarine Canyon, are important to the wave
climate at the delta's coast (e.g., O'Brien, 1946; 1950;
Horrer, 1950; Arthur, 1951; Jen, 1969; Pawka, 1983; Pawka,
Inman and Guza, 1984; USACE, Los Angeles District,
1962; Dec. 2002; O'Reilly, 1993; O'Reilly and Guza, 1993;
Adams, Inman and Graham, 2008).

The shore and shore use have changed dramatically
during the past 1-]12 centuries. Compare Figures 1,2 and 3.
See also photos of the coastal region (e.g., Patterson and
Williamson, 1960; USACE, Los Angeles District, 1962,
19661I967, 1986, Dec. 2002; Lee, 1973; Dorr, 19761I985;
Larkey, 1990; Google, 2009). A 7-page list of significant
events for the coast of Orange County is in a USACE, Los
Angeles District report (Dec. 2002). Compare historic
photos with recent photos. An interesting example is an
oblique Spence Air Photo of 1931, looking southeasterly
over Anaheim Bay entrance (and Anaheim Landing) and

Surfside Beach (in Don', p. 17), compared with recent aerial
photos of the same area (e.g., Google). Copies of a few
aerial photos are herein. As an example of the changes that
have occurred, consider the following observation with what
can be seen in recent aerial photos of Newport Bay/Balboa
Peninsula (Beach), and what is described in several USACE,
Los Angeles District reports. In September 1861, Assistant
W.E. Greenwell of the U.S. Coast Survey, said of Newport
Lagoon (U.S. Coast Survey, 1862,p. 66): "...The lagoon was
found to be some five miles long, and separated from the
ocean by anarrow strip of sand-beach, over which the heavy
southeast and northwest swells wash in every great gale. "

Tides are of the mixed regime, with "...two unequal
daily high tides, and two unequal daily low tides" (e.g.,
Flick, Murray, and Ewing, 2003); there is a significant
diurnal component (e.g., Zetler and Flick, July 1985). In Los
Angeles (Outer Harbor), a Reference Station, MHHW is 5.5
ft., MHW is 4.8 ft., MLW is 0.9 ft., and HAT is 7.3 ft.
relative to MLL W datum (NOAAINOS, 2008). A table of
predicted monthly and annual extreme high tides for 1983-
2000 at Los Angeles (and for 3 other California ports) is in
Zetler and Flick (March 1985, July 1985); based on the
National Ocean Survey (NOS) 1960·1978 epoch (18.61
years). For effects on mean sea level along the California
coast during episodes such as an EI Nino phenomenon
(ENSO), see Flick and Cayan (1985). Flick (1993, p. 6) said
"...mean sea levels in southern California can be elevated by
up to 15 em above normal for several months to a year."
During the "EI Nino" (ENSO) winter of 1982-1983, a
"record high water elevation of 7.96 feet (2.43 meters)
above MLL W" was recorded at the Los Angeles Harbor tide
gage (Walker, Nathan, Seymour, Strange III, 1985). The
authors constructed a plot of water elevation above MLLW
versus recurrence interval, using a Gumbel (Fisher-Tippett
Type I) distribution. This elevation was a 130-year event
based on prior events only, or a recurrence interval of 80
years including the event. (See also Cayan and Flick, 1985).
For additional information on tides and sea-level change in
this region, see "Trends in United States Tidal Datum
Studies and Tide Range," by Flick, Murray, and Ewing
(2003).

The diurnal inequality is such that the long runout
follows the higher high water. O'Brien (1936) pointed out
that "...The fact that the long runout follows higher high
water is of importance in the improvement of tidal inlets
since the tidal prism accumulates gradually during
approximately three- quarters of the tidal cycle and is then
discharged during a single ebb, giving the ebb currents a
preponderant influence in scouring the entrance channel."

The climate is mild, temperatures moderate; dry
summers and fall, and relatively wet winters which are
variable. The beaches are extensively used by residents and
visitors. They are easily accessible via the Pacific Coast
Highway (PCH), which isjust inshore of the beaches. Public
parking is available between the highway and the beaches.
An example of the numbers of beach-users is that given by
King and Symes (2004) for the contiguous Huntington
Beach City and State Beaches. They estimated the annual
beach attendance to be in excess of ten million; probably
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circa 2000-2002, as they made a survey in 2002 of beach-
users use of, and opinions about, beaches. Another example
is an estimate by Prior (in Pratte, 1991) for Bolsa Chica
State Beach; 2.75 million visitors in 1991. Surfing is a
popular sport, and this region is world-known for it. The
beaches and surf are a valuable economic resource for
California and important to its economy (King and Symes,
2004; King, 2008). The population of this region keeps
expanding, but the ocean shore length is about constant.
However, the beach width can be increased by nourishment
if sufficient beach quality sand is available; which has been
the case for this reach of shore.

Ocean piers extend from shore through the surf
zone, and are popular; to access the ocean, to access boats,
to walk along, fish from, and observe surf from, for
restaurants and shops. There are 5 piers: Belmont Pier, Seal
Beach Pier, Huntington Beach Pier, Newport Pier, and
Balboa Pier. The original Seal Beach Pier was built in 1906,
1,865 ft. long and 6 ft. wide; rebuilt in 1916 (Dorr,
1976/l985, p.4). The present pier has a prestressed concrete
sheet pile groin, about 750 feet long on its west side, built in
1959 (Herron, 1986; USACE, LAD, 1962; Dec. 2002). The
pier was damaged by storm waves in 1982-1983; repaired,
and reopened in 1984 (Spano, ]988). The original
Huntington Beach Pier, 1,000 ft. long, was built in 1904, and
nearly destroyed by storms in 1912; the second pier was
built in 1914, and lengthened in 1930; the end of the pier
was badly damaged by hurricane waves in 1939, and rebuilt
in 1940 (Anon, 1992). The present Huntington Beach Pier
was built in 1992, after it had been severely damaged by
storm waves in 1982-1982 (Spano, 1988), and again in
January 1988 (Malnic, 1988; Armstrong and Flick, 1989;
Anon, 1992); 1,926 ft. long. The present Newport Pier,
1,030 ft. long, was built in 1935; partially destroyed by
hurricane waves in Sept. 1939, rebuilt in 1940; rehabilitated
in 1998 (Noble Consultants, Inc., 1998). [Note - the original
pier, McFaddens' Wharf, was constructed by the McFadden
brothers in 1888 as a dock for ocean-going ships, with a
railroad built on top in 1891 (e.g., Gray, 2002); it was 1,300
ft long and 60 feet wide. It was rehabilitated in 1922 (Lee,
1973, p. 47)]. The original Balboa Pier, 925 ft. long, was
built in 1906; it was largely destroyed by hurricane waves in
Sept. 1939, and repaired in 1940 (Lee, 1973,p.l11-112);
the present pier, 1,200 ft. long, was rebuilt in 1960; and
rehabilitated in 1998 (Noble Consultants, Inc., 1998).

Boating is popular in southern California, and
marinas have been built, some quite large; others have been
proposed but the projects not implemented. Some
information on entrance structures and navigation channels
are in subsequent sections. In recent years the restoration
and or maintenance of wetlands! lowlands have received
increasing attention. For example, Balsa Chica Lowland
Restoration Project, Seal Beach Natural Wildlife Refuge,
Sunset Aquatic Regional Park, Upper Newport Bay. An
example of protection or restoration of ecosystems in bays
are the reconnaissance surveys, mapping, planting, and
monitoring of eelgrass meadows/beds in Alamitos Bay,
Anaheim Bay (Huntington Harbour, Sunset Aquatic
Regional Park, U.S. Naval Weapons Station, National
Wildlife Refuge), and Newport Bay (Ware, 1993).

Los Angeles, San Gabriel, and Santa Ana Rivers
Alluvial Flood Plain and Coast; a Delta

The sandy shores (and formerly sand dunes),
sloughs, tidal marshlands, and wetlands along the coast
between San Pedro and the entrance to Newport Bay are
parts of a multi-river delta. Either the Los Angeles, San
Gabriel and Santa Ana Rivers Delta or the San Pedro Bay
Delta would be an appropriate name. The delta is
complicated by the Bolsa Chica Mesa, Huntington Beach
Mesa, Newport Mesa. and the Newport-Inglewood fault
zone. The shore is not of a "delta" shape; but the contiguous
sea-bottom shelf is. There is considerable discussion about
how to classify alluvial deltas (e.g, Coleman and Wright,
1975; Coleman, 1982; Wells and Coleman, 1984; Nemec,
1990). The author is not sure how to classify this one. The
undersea part of the delta is illustrated by two figures in
Edwards and Evans (2002), both in color. One is a
computer-generated perspective view of the offshore and
onshore of San Pedro Bay, Palos Verdes Hills, and Santa
Monica Bay section of coast. [This was generated from
high-resolution offshore bathymetric data and onshore data
by 1. Gardner and P. DartneJl of the USGS.] The other is a
map showing the bathymetry, sediment- filled ancient stream
channels crossing the offshore shelf area, including the
offshore San Gabriel Canyon and the Newport Canyon.
Wilson (1971) commented on the convex shape of the shelf
offshore compared with the concavity of the coastline, and
the importance of this in regard to the response (seiching) of
San Pedro Bay and shelf to tsunamis and other long period
forcings; this will be mentioned subsequently in the sections
about seiching and tsunamis. This map includes the location
offaults (Palos Verdes Fault Zone), and sediment thickness
data on the shelf.

[Note. In addition to the Newport Submarine
Canyon, some charts label another feature on the shelf a
canyon, and a feature on the shelf edge a valley; San Gabriel
Canyon, San Pedro Valley. Gorsline and Grant (1972, p.
580) mention these re-entrants, and say that "...seismic
profiling indicates they are more likely slump scars
associated with fault trends cutting the dome structure that
forms the bedrock structure for the shelf surface." Details of
the San Pedro Valley, the Palos Verdes Slope, and the Palos
Verdes Submarine Debris Avalanche (Slide) are clearly
evident in a perspective multi-beam shaded-relief oblique
view of the undersea area in a paper by Normark, McGann
and Sliter (2004); it is a modification of the shaded relief
map of the region in Bohannon and Gardner (2004). The
section herein on tsunam is has additional information about
these.

A map showing historic natural channel courses
prior to artificial controls of the Los Angeles, San Gabriel,
and Santa Ana Rivers is reproduced herein, Figure 4 (from
Brownlie and Taylor, 1981, p. C218). Everts Coastal (1996,
p. 16) concluded that for a while (how long?) after the
floods of 1861-62, the Santa Ana River flowed to the ocean
through Bolsa Gap (sometimes called Bolsa Chica Gap),
along the west side of Huntington Mesa.

The present locations of the ocean mouths of the
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Los Angeles (and Rio Hondo), San Gabriel, and Santa Ana
Rivers were fixed by construction of levees and jetties: Los
Angeles River in 1921, with additional work in 1928, 1943-
1944, and 1949 (Kenyon, Jr., 1952); San Gabriel River in
1932-1935, and 1940-1941; and the Santa Ana River in
1920, and its jetties lengthened in 1935, with other work
also done (Shaw, 1980; USACE, Los Angeles District, Dec.
2002). Their locations are shown in Figure 3.

George Davidson, of the U.S. Coast Survey, wrote
the following about San Pedro Bay and the contiguous
coastal wetlands and floodplain in 1892, as quoted by U.S.
Senator Stephen M. White in a speech in the US. Senate
(White, 1896, p. 42):

"The bay is the northwestern limit of a very extensive
plateau of comparatively shoal water along the seaboard
from Point Fermin to about Newport, and the whole country
behind the shore is sandy and so low that in winter it is
flooded for miles inland by the rains and the overflowing of
the low banks of the numerous streams frequently changing
their course. The detritus from these streams is moving
seaward and principally to the westward over this plateau
and helping to extend it, by the action of the inshore eddy
current."

Sloughs and other wetland areas, and sand dunes,
that existed in Wilmington, Long Beach, Belmont Shore,
Alamitos Bay, Anaheim Bay, Bolsa Chica can be seen in
aerial photos of the ]920's and earlier (e.g. Dorr, 1976/1985;
USACE, Los Angeles District, 1986; Dec. 2002; Larkey,
1990). An example is a 1921 photo of Alamitos Bay, Figure
5.

As a follow-up to Davidson's observations, refer to
USC&GS Chart 5102 of 1928, Figure 2. Note the
bathymetry of the region from Pt. Fermin to Newport
Submarine Canyon, and southeast thereof. There is an abrupt
change in depth between about the 40 fathom and 100
fathom contours, which Emery (1960, p. 204) refers to as a
shelf-break. Notice the shape of the shelf. The shelf was
probably formed in large part by deposits of sediment from
the Los Angeles, San Gabriel, and Santa Ana Rivers. Emery
(1960, Fig. 180) identifies areas of the bottom sediments that
are medium sand, fine sand, mud (a mixture of silt and clay)
and relict coarse red sands; the red color is due to a thin stain
of ferric oxide. Except for the relict sands, Emery (p. 203)
says the sediments consist chiefly of quartz and feldspar,
with some heavy minerals. He says: "...These detrital
sediments consist mostly of sands and silts which form
seaward continuations of the beaches," which are mostly of
river origin.

As a result of their mineralogical and textural
studies of the bottom sediments of the San Pedro Shelf,
Gorsline and Grant (1972, p, 588) concluded in regard to the
source of the "...dominant and probably contemporary
sediment type" ... that "...the Los Angeles, San Gabriel, and
Santa Ana Rivers are probable contributors ...together with
a very minor contribution from the northern sources." They
also concluded (p. 598) that the entire shelf" ...is an active
sedimentary province in which surficial sediments are being

modified to depths of at least 100 m by wave and current
action within a period of twenty years and quite probably
much less."

Sediment thickness data on the shelf are shown by
Edwards and Evans (2002) in a perspective view map of the
shelf.

Oil fields are under the shelf. They have been, and
some still are, exploited by use of slant drilling from shore
in the Bolsa Chica and Huntington Cliffs area; and
directional drilling from manmade islands offshore.

San Pedro Littoral Sediment Cell; River Ocean
Outlets and Bay Entrances

The San Pedro Littoral Sediment Cell, about 30
miles in length, is between Point Fermin (the southeastern
tip of Patos Verdes Hills) which is westerly of Long Beach,
CA, and the Newport Bay entrance/ Corona del Mar bluffs
to the southeast. The head of Newport Submarine Canyon
just offshore the Balboa Peninsula (Beach), near Newport
Pier, is the joint southeastern boundary of this littoral
sediment cell. Most of the sediment cell is in Orange
County, with the northwest portion in Los Angeles County.
[Note. The Los Angeles County/ Orange County boundary
runs along the centerline between the Alamitos Bay entrance
jetties. Orange County was originally a part of Los Angeles
County; the southern 40 miles became a separate county on
1Aug. 1889 (Lee, 1973, p. 47).] Sub-cells are: Los Angelesl
Long Beach Harbors; Seal Beach (between Alamitos Bay
and Anaheim Bay entrances); Huntington Beach (between
Anaheim Bay entrance jetties and the Santa Ana River
mouth jetties); West Newport Beach - Balboa Peninsula
(between the Santa Ana River mouth and the Newport Bay
entrance jetties at Corona del Mar Bluffs).

Construction of the San Pedro (1889-1910),
Middle (1932-1942) and Long Beach Detached (1943-1949)
breakwaters, a total length of 9.2 miles (including 2
navigation channel gaps), altered substantially the historic
San Pedro Littoral Sediment Cell (e.g., USACE, Los
Angeles District, 1966/I 967; 1986; Dec. 2002; Flick, 1993).

Beach sand in this littoral sediment cell is mostly
silicate (quartz and feldspar); light color, and of medium
grain size. The median diameters range between 0.1 and 1
mm (USACE, Los Angeles District, March 1993, April
1993; Dec. 2002, p. 3-5). A plot of the median grain size of
many samples taken along the beaches is in Fig. 3-20 of the
Corps' Dec. 2002 report; samples were obtained at
"elevations of +3.7m, 0 m, and -3.7 m MLLW." An earlier
Corps' report (U.S. Congress, 1940, paragraph 60) said sand
samples were taken at 93 stations along Orange County
beaches "...at about mid-tide elevation ...The medium
diameter of the particles ... varied from 0.61 to 0.06 mm ....
The average median diameter for open beaches where
dredged materials have not been deposited and where there
are no protective structures is about 0.27 millimeters." The
specific gravities varied from 2.70 to 2.53; the average of all
samples was 2.63.
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The original sand sources were fluvial; the Los
Angeles, San Gabriel, and Santa Ana Rivers, and a few
small streams; and some from sea cliff (bluff) erosion (e.g.
USACE, Los Angeles District, 1962; Dec. 2002; Patsch and
Griggs, 2005). Dams have been built on the rivers, and
debris retention structures on steep tributaries and streams,
which have trapped sand and other size sediments. These
have reduced greatly the supply of sediment to the coast
(e.g., U.S. Congress, 1940; Brownlie and Taylor, 1981;
USACE, Los Angeles District, 1962, Dec. 2002; Flick,
1993; Magoon, Williams, et al., 2005). In recent years the
principal source has been beach nourishment, although there
is still some fluvial supply and some from sea cliff erosion.
Sand transport alongshore is either "downcoast" (toward the
SE) or "upcoast" (toward the NW) on the beaches between
Long Beach and Newport Bay entrance, depending on the
local wave direction. It is cyclic, generally to the southeast
in the winter months, and often toward the northwest in the
summer months (caused by southern swelf). The net
direction of alongshore transport is toward the southeast,
except for the section (Seal Beach) northwest of Anaheim
Bay entrance (since the construction of the Long Beach
Detached Breakwater); and the section between the Santa
Ana River mouth and about 46th St., West Newport Beach.
The direction of net transport in these two reaches is from
SE to NW. There is a change in shoreline orientation in the
vicinity of 46th St. (e.g., U.S. Congress, 1940; USACE,
LAD, 1993; Dec. 2002).

The sediment sink of the Huntington Beach
Littoral Sediment Sub-cell is usually considered to be the
Newport Submarine Canyon. However, observations by
scientist-divers in and near the canyon indicate it had not
been a sink during, or for several decades prior to, their
investigations (Interstate Electronics Corp., 1966; Felix,
1969; Everts Coastal, 1996). Their studies, including diving,
indicated to them that little sand was going into the canyon
at or near the head, at least then. It is likely to be an episodic
event. We do not seem to understand adequately sediment
transport mechanisms at or near some submarine canyons,
such as this one. The sediment sink is probably a
combination of the undersea delta and the submarine
canyon, with some sand transported out of the subcell along
the base of the sea cliffs southeast of Corona del Mar bluffs.

Los Angeles River now discharges into Long
Beach Outer Harbor through a flood control channel, with
levees built in 1921-1923 (McQuat, 1951); and modified
with additional works in 1929, 1943-1944, and 1949
(Kenyon, Jr., 1951). The levees extend due south through
Long Beach to the ocean; they are about 4-112 miles long. In
1927 a stone breakwater was built into the ocean, an
extension of the westerly bank of the river (U.S. Congress,
1940, paragraph 58). It was "...extended southerly 4,300 ft.
into the ocean, and thence in a southwesterly direction
towards San Pedro" (Kenyon, Jr., 1951). Surveys in 1935
and 1938 showed a large amount of sand and silt had been
deposited offshore during that interval, about 2.2 million cu.
yds.; much of it during the flood of March 1938. In 1943-
1944, the west bank of the outlet "...was extended seaward
3,500 feet to the southeast in a long-radius curve from shore
by construction of a dike faced with rock riprap" (Kenyon,

Jr., 1951). The dike was extended 700 ft. in 1946, and an
additional 975 ft. in 1949. Since then the river has
discharged towards the southeast, past (now) the
permanently moored Queen Mary. The location of the outlet
system is mapped on Figure 3; more details can be seen on
NOAA Chait 18751, Los Angeles and Long Beach
Harbor, California, United States, West Coast (NOAA,
2007).

The U.S. Coast Survey map California from Point
Fermin Eastward to San Gabriel River, Surveyed 1859
(see McQuat, 1951) shows the San Gabriel River mouth
located just east of Rattlesnake (later renamed Terminal)
Island. During floods in 1868 the river cut a new channel,
and flowed into Alamitos Bay. It flowed into this bay until
1933-] 935, when a new flood channel outlet was
constructed, with levees and stone jetties at its mouth
(Kenyon, Jr., 1951). The channel was from a point a few
thousand feet upstream, to the ocean just east of the bay
entrance (Kenyon, Jr., 1951; U.S. Congress, 1954, p. 10).
The "before" and "after" conditions can be seen in the 1921
and 1940 aerial photos, Figures 5 and 6. The "East" and
"West" jetties for the new San Gabriel River mouth were
completed in 1932 and 1933, respectively (e.g. Orange
County Planning Commission, 1941, p. 20; U.S. Congress,
1962, p. 38). The eastern jetty was longer, 750 ft. "...A 700-
foot gap was left in the west levee just inside the tip of the
peninsula, in order to take advantage of the scouring action
ofthe tidal prism for maintaining the flood-channel inlet."
The then western (the present "central") jetty was extended
from 375 ft. to 800 ft. in 1940-1941 "...to retard shoaling of
the outlet by downcoast littoral drift" (U.S. Congress, 1962,
p, 38). Owing to problems and requirements associated with
river sedimentation, and the cooling water intake and
discharge system for the condensers of the steam-electric
power plant in Seal Beach, at the bay entrance/ river mouth,
it was decided to have a separate entrance to the bay
(Kenyon, 1951). The present "west" ("upcoast") jetty of the
bay entrance was built 600 ft. "west" of the river mouth in
1944; it was 800 feet long. The new bay entrance was
dredged in 1945-1946, and the 800,000 cu. yds. of material
dredged were placed along the beach "...upcoast from the
west jetty of the bay entrance" (Kenyon, Jr., l 951). Alamitos
Bay was then separated from the San Gabriel River ocean
outlet. The bay entrance and seaward bars were dredged in
1950 (U.S. Congress 1954, p. 11); the sediment was placed
along the peninsula segment of shore. Thus, there are three
stone jetties at the contiguous bay entrance/ river mouth
outlet. Long Beach Marina was constructed in 1954, and
800,000 cu. yds. of sediment placed on the Seal Beach shore
(U.S. Congress, 1962, p. 38). The two jetties at the bay
entrance were extended to a length of 3,000 ft. (Nathan,
1994); these are the "west" and "center" jetties. Plate 1 of
U.S. Congress (I 962) shows both jetties at the entrance to
Alamitos Bay to be 3,000 ft. long; see 1964 aerial photo,
Figure 7. [Note. The author has not been able to find a
reference to the date they were extended.]

In 1867, Anaheim Landing was established just
inside the entrance to Anaheim Bay, on the west side; a very
small port (Dorr, 1978/1985, p. 6). It is shown on the U.S.
Coast Survey Map Topography, New River to Bolsas
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Creek, Surveyed 1873, and on a u.s. Coast & Geodetic
Survey Map surveyed in 1894. It was there until World War
II; when, in 1944 the U.S Navy Ammunition and Net Depot
(NAND) was established in Anaheim Bay. In 1962 this
depot became the U.S. Naval Weapons Station Seal Beach
(Dorr, 197811985, p. 40). Two stone "arrowhead jetties"
(also referred to as breakwaters) were constructed at the
Anaheim Bay entrance in 1944. The west jetty is 914 ft.
long, and the east jetty 1,150 ft, long). The entrance was
dredged, and maintenance dredging has been done on a
number of occasions. In this small landlocked bay are: U.S.
Naval Weapons Station Seal Beach, Seal Beach National
Wildlife Refuge, Sunset Aquatic Regional Park, and
Huntington Harbour (a residential marina).

For about a century, Bolsa Chica Bay was
connected to Anaheim Bay via Outer Bolsa Bay by a
manmade narrow channel (canal) that was dug in 1899 from
the outer bay; with a tide gate at the easterly end of the outer
bay. The new Balsa Chica Lowlands Restoration Project,
completed in 2006, includes a non-navigable ocean entrance
which was constructed through the beach, rather than being
connected to Anaheim Bay and its ocean entrance via the
canal and Huntington Harbour. The project is described in
a another section herein, but it should be mentioned here that
the East Garden Grovel Wintersburg flood control channel
does not discharge into the new lowland restoration project.
Rather, it remains connected, with a tide gate, to Outer Bolsa
Bay, thence through the canal, Huntington Harbour,
Anaheim Bay and its ocean entrance.

The Santa Ana River mouth stone jetties were built
5.1 miles northwest of the Newport Bay entrance in 1920
(Patterson and Williamson, 1960). They are 500 feet apart.
Bitter Point Dam was built between the new river mouth and
Newport Bay as part of this project, to prevent the river from
flowing into the bay (see sketch in Lee, 1973, p. 82). The
jetties were extended, and major additional construction
done in 1935. The outlet was dredged in 1969-1970 (Shaw,
1980), and the river bed in 1992 (USACE, Los Angeles
District, Dec. 2002).

In addition to the river mouth jetties, there is a
flood control structure near the Santa Ana River mouth, with
an ocean outlet; the Talbert Channel. It has two jetties that
cross the beach, and is located about 1,000 feet northwest of
the Santa Ana River mouth. The previous Talbert Channel
jetties were immediately adjacent to the river mouth's
northwesterly jetty. The jetties are relatively short, each 162
m in length; the channel width is 40 m. The present outlet
was opened in April 1991 (Leidersdorf, Smith, and Li,
1992). It is part of the Orange County Flood Control
District, for a local drainage area. Aerial photos (June 1986
and JW1e1991) of the present and the earlier outlets are in
the paper.

Jetties were built at the Newport Bay entrance
(1917, 1921, 1927); both jetties were extended in 1934 -
1936, and the entrance dredged (U.S. Congress, Senate
Committee on Commerce, 1937; Patterson and Williamson,
1960). The jetties were damaged by hurricane waves on 20
Sept. 1939, and repaired in 1940 (Lee, 1973, pp 103, 112).

The entrance was dredged in 1960 (Shaw, 1980). A popular
surfing break exists at the west jetty and beach, known as
The Wedge; it is described in another section.

Now, back to rivers; with their floods and changes
in courses. Refer to Figure 4.

In 1825, during a great flood, the Los Angeles
River overflowed its banks, and changed its course from
flowing southwesterly into Santa Monica Bay through
Ballona Creek (near the present Los Angeles International
Airport), to flow south into Wilmington Lagoon and San
Pedro Bay (e.g., Troxell and Others, 1942; Kenyon, Jr.,
195]; Gumprecht, 1999). The San Gabriel River, and its
western branch, the Rio Hondo, joined the Los Angeles
River in flowing into Wilmington Lagoon and San Pedro
Bay. During major floods it switched back and forth. In the
flood of 1867-1868 the San Gabriel River broke out of its
channel and formed New River, flowing into Alamitos Bay
(e.g. Troxell and Others, 1942, pp 339, 391; Kenyon, Jr.,
1951). It is shown as New River Slough on the U.S. Coast
Survey Map: Topography, New River to Balsas Creek,
Cal. 1873, Register No. 1345. It is also shown on the 1886
U.S. Coast Survey Chart 5143 of San Pedro Bay. During the
winter of 1910-1911 , the San Gabriel River broke its regular
channel, and flowed into New River, united with Los
Angeles River, and flowed into the sea; one of the worst
floods in many years (Fries, 1912, pp 29-30). The Santa Ana
River has flowed into the sea at several locations between
Alamitos Bay and Newport Bay, or through Newport Bay
(estuaryJlagoon).

A map-like sketch in the paper by Patterson and
Williamson (1960) shows the location of the Santa Ana
River mouth from 1825 to the late 1870's. They wrote: "The
Santa Ana River emptied into Anaheim Bay for a period
prior to 1825. In that year unusually heavy floods caused the
river to adopt a new channel immediately southeast of
Huntington Beach Mesa ...An 1825 chart of Newport Bay
shows the sand spit's easterly tip at a point approximately
8,000 feet northwest of the present harbor entrance. In the
great flood of 1861, the river mouth was shifted nearly to the
Corona del Mar bluffs ... A short sand spit grew out from the
Corona del Mar rocks, and for a number of years the mouth
of this newly created bay hovered about a locality one-third
of a mile west of the present entrance. tt At the time of the
U.S. Coast Survey's survey in 1878 the river flowed into the
bay, and the river mouth! bay entrance was at the base of the
Corona del Mar bluffs; Figure 14.

Troxell and Others (1942, p. 339) say:
"It is known, for example, that within historical time, the
Los Angeles River has reached the ocean through Ballona
Creek. During the same period the San Gabriel River has
shifted several times between its present channel, the bed of
the Rio Hondo, and the former course of the Los Angeles
River. The Santa Ana River, also, has occupied several
channels within an area extending from Anaheim Creek to
Newport Bay. Thus, the lower part of the coastal basin is in
reality a flood plain fed by the flows of these three rivers. "
[Note. A century ago, artesian wells were common in the
coastal region of Orange County.]
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A feeling for the historic flooding of this coastal
alluvial floodplain can be obtained by looking at the aerial
photos of the Santa Ana River overflow in the vicinity of its
mouth and the Winterberg to Westminister area taken during
the flood of 1938 and by reading descriptions of the event
(Troxell and Others, 1942). The storm centered in the San
Gabriel and San Bernardino Mountain areas, with rainfall
measurements indicating from 20 to 30 inches of rain during
27 February- 4 March 1938.

Thomas Talbert was a young farmer and store
keeper in the Huntington Beach region in the 1890's;
subsequently in real estate, and in the 1930's, councilman
and mayor of Huntington Beach. He wrote (1952, p. 57): "In
the time of heavy floods the Santa Ana River has frequently
joined the Freeman River (sic, Creek) to empty into the
ocean at Los Patos, Bolsa Chica, It has even been known to
swing far enough to the west to join the San Gabriel River
and flow out through Alamitos Bay. When this occurred, it
was possible to go by boat from the Costa Mesa Bluffs to
the Fred Bixby ranch in Long Beach."

Talbert (1952, p. 63) described his observation of
river flooding through a bay, while a flood tide was running,
and what occurred when the tide started to ebb. He said that
what took place at Bolsa Chica Bay and at Los Patos, and
Alamitos Bay were similar, but at smaller scale, to the
occurrence at the Santa Ana River/ Newport Bay entrance,
where a "tremendous current" washed out the sediment
deposits and kept the ocean entrance channel open.

Los Angeles and Long Beach Ports/Harbors

This section is mostly about the early technical
history of the Ports! Harbors of Los Angeles and Long
Beach, rather than details of the present day extensive and
diversified facilities which are intermodal (ship, truck,
train); or of the political history. This would require a
separate report. At the end of this section however, as an
example of modem development, a brief description is given
of the construction of the extensive Pier 400. The two
seaports and harbors are contiguous, Figure 3; they are
harbors of both refuge and commerce. The combined port
complex is the largest in the USA by volume (e.g, Casey,
2009). The arrangements of the Ports! Harbors of Los
Angeles and Long Beach are shown in NOAA chart Los
Angeles and Long Beach Harbor, California, Chart No.
18751, 45th Ed., Nov. 2007 (corrected through Nov. 03,
2007), scale 1:12,000. The Port of Los Angeles is connected
to the downtown and industrial parts of the City of Los
Angeles by a strip ofland along Alameda Street, which was
annexed by the City of Los Angeles in 1906. The towns of
Wilmington first, and then San Pedro, were annexed by the
City of Los Angeles in 1909 (McQuat, 1951).

[Note. Substantial ground subsidence occurred in
this area. Owing to its magnitude and importance in the Port
of Los Angeles and Port of Long Beach region, a separate
section about subsidence is in this report.]

The predecessor to these seaports was the open
roadstead in the western area of San Pedro Bay, partially

sheltered by Pt. Fermin; and within Wilmington Bay
(Lagoon).[Note. Richard Henry Dana, in his book Two
Years Before The Mast, described anchoring the brig
Pilgrim, and later a larger ship, the Alert, in the open
roadstead on a number of occasions in 1835-1836; and
loading aboard hides. Dana said (1927, p. 113) it had a
reputation as a poor harbor owing to its exposure to
southeasterly winds and seas. And, it was so shallow that
"...the sea broke often as far out as where we lay at
anchor;" also "... seas actually broke over the Dead Man's
Island" and a small launch" ...snapped her cable and drove
up over the breakers, high and dry upon the beach. "]

The entrance to Wilmington Bay was (and is) at the
southwest end of 4-mile long Terminal Island (formerly
known as Rattlesnake Island). Wilmington Bay and Cerritos
Slough were between Terminal Island and the mainland; and
at that time the Los Angeles River flowed into the ocean just
northeast of Terminal Island. These are shown on a 1859
U.S. Geological Survey Chart. Improvements to the entrance
for boats and lighters by the U. S. Government began in 1871
(Fries, 1912). Jetties were built "to straighten and deepen the
entrance to the inner harbor. "...The east jetty, built in 1871-
1881 at the entrance, was in three sections, a total of 6,700
feet in length; it extended to Deadman's Island. [Deadman's
Island was removed in 1928 (McQuat, 1951).] The much
shorter west jetty was on the landward side in the vicinity of
Timms Point. The San Pedro Breakwater was built in 1889-
1910, 11,000 feet long. It has a random stone core and
"fitted stone masonry" armor on both sides (e.g., Lillevang,
1986). [Note. Details of the location of the harbor,
arrangement of faci lities, navigation channels, basins, harbor
lines, design and construction ofthe jetties and breakwater,
and several photos are in Fries (1912). Details of the design
and construction of the breakwaters, and the political history
of the harbor, are in McQuat (1951).] Originally there was
a gap of 1,900 feet between shore and the breakwater. In
1908 it was decided to close this gap, and the work was
completed in 1912. The open roadstead which was in the lee
of Point Fermin, then was between the breakwater and
shore; this created what was known as a harbor of refuge. At
a later date, the Cerritos Channel was constructed through
Cerritos Slough to connect the inner harbors of Los Angeles
and Long Beach.

Development of Long Beach Harbor began in 1906
(McQuat, 1951). In 1916 the City of Long Beach received
a deed to the channels, turning basins, and some acreage of
the Inner Harbor. As mentioned in a previous section, a new
channel was built during 1921-1923 for the Los Angeles
River; a flood control project that ran due south through the
city to the ocean (McQuat, 1951). The river and its sediment
load were a major problem. In 1924 development of the
Outer Harbor began. Details of the breakwater construction
are in McQuat (1951). Several aerial photos taken in the
1920's and a map of the port/harbor are in Larkey (1990).
Kenyon, Jr. (1951) wrote that a large amount of sediment
accumulated in the Los Angeles River channel, and a delta
formed seaward of its mouth. A stone breakwater was built
on the westerly bank of the river channel in 1927-1929. This
breakwater, the Long Beach (Harbor) Breakwater
(sometimes called the Original Long Beach Breakwater)
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"...extended southerly 4,300 ft. into the ocean and thence in
a southwesterly direction towards San Pedro." Additional
work at the base of the breakwater caused the river to be
deflected, to discharge in a southeasterly direction
("downcoast"). The delta continued to grow, and a series of
improvements were constructed in 1943 - 1945. The river
outlet was extended 3,500 ft. seaward "...to the southeast in
a long-radius curve by constructing a dike faced with rock
riprap." The dike was extended 700 ft. in 1946, and an
additional 975 ft. in 1949. The area to the west of the dike
was filled with material dredged from the river outlet.

Harbor surging has been a problem in the outer
harbor; this ismentioned in the section on Seiching-Harbor
Surging.

The "Long Beach (Harbor) Breakwater" was
damaged by long period waves during 20-24 April 1930. A
photograph of the damage, and wave refraction diagrams,
are in O'Brien (1947; 1950). [Note. This was not what is
presently known as the Long Beach Breakwater (Detached),
which was built in 1943-1949; or the Middle Breakwater
(referred to as the "Outer Breakwater" and also as the
"Detached Breakwater" by Horrer), which was built in 1931-
1942. The damage event in 1930 caused by waves was prior
to the construction of these breakwaters. The locations of the
breakwaters are shown in Horrer's Figures 3 and 9.] Wave
"hindcasts" were made by Lt. Robert Stump using data from
synoptic weather maps of these dates, for a study by
O'Brien. O'Brien concluded the waves (long period swell)
that caused the damage could not have been generated by the
conditions shown on the weather maps. O'Brien, who used
refraction diagrams as a part of his study, said: "...At the San
Pedro breakwater, only a few miles away there were no
breakers and along the shore downcoast (sic, to the
southeast) from the Long Beach (sic harbor) breakwater,
lifeguards noticed no wave action of unusual intensity." An
analysis was made by Horrer (1950) of the likely source of
these waves; they were long, low swell in the deep water of
the open ocean. He used weather maps and refraction
diagrams. Horrer concluded that they must have come from
a storm in the southern hemisphere, which are called
southern swell. His wave refraction diagrams and one of
O'Brien's showed the waves were concentrated at the
breakwater owing to convergence of wave orthogonals.
Horrer said that 20,000 tons of superstructure stone were
displaced. For information about southern swell, see Wiegel
and Kimberley (1950) and Snodgrass, Grove, et al., 1966).

During the "EINino" (ENSO) winter of 1982-1983
"...Overtopping waves caused a400-foot (122 meters) long
gap," in the San Pedro Breakwater, and other areas of
damage. A Corp of Engineers survey" ...indicated there were
166 repair areas to the breakwater and that 87 percent of the
failures were on the backs lope" (Walker, Nathan, Seymour,
and Strange III, 1985). These were repaired by the Corps.

During the great storm wave event of 16-18 Jan.
1988, the San Pedro Breakwater "...was breached at two
locations. The major breach was 285 ft long, located
halfway between the root and the easterly end adjacent to the
ship channel (see Domurat and Shak, 1989, 2 photos of

damage; Armstrong and Flick, 1989).

The Middle Breakwater (sometimes referred to as
the Outer Breakwater) was built in 1932-1942 for the Los
Angeles - Long Beach Harbors. It is 18,600 feet long. It has
a clay and sand core, covered by rock rubble (Herron, 1986,
p. 6-58). There is a gap of2,100 feet between the San Pedro
and the Middle Breakwaters; the entrance of the Main
Channel (navigation channel) to the Port of Los Angeles. It
is known as Angels Gate. This breakwater was severely
damaged by waves of the 24-25 Sept. 1939 tropical storm
(hurricane) which reached the coast of southern California,
where it dissipated (Horrer, 1950). A photo of a section of
the damaged eastern part, and a photo of the relatively
undamaged western part are in Horrer's paper. Refracted
wave orthogonals and amount of damage to the
superstructure along the breakwater are shown in his Figure
9. The effect of refraction by the bathymetry was important;
the waves approaching from a southerly direction, where
these waves (long period swell) came from, converged at a
section ofthis breakwater. The location ofthe convergence
was very sensitive to the direction from which the waves
were coming in the deep open ocean (Harrer, 1950).

The Long Beach (Detached) Breakwater was built
in 1943-1949 for protection of the Los Angeles - Long
Beach Harbors. It is 13,500 feet long. There is a gap of
1,700 feet between the Middle and the Long Beach
Breakwaters. This entrance is known as Queens Gate, and
the Long Beach Channel extends between it and the Port of
Long Beach.

The total length ofthe 3 breakwaters, including the
2 gaps for navigation (ship) channels, is 9.2 miles.

The need for an extensive terminal for large deep
draft ships resulted in the construction of a new facility for
the Port of Los Angeles; Pier 400 (Anon., 2001). It opened
in 2002, after many years of planning, environmental
studies, design, permitting, and construction. A retaining
dyke and fill provide 595 acres ofland; with 58 million cu.
yds. of fill obtained "...from dredging the new pier's
navigation channel from San Pedro Bay" (Jones, Buzzoni,
Foxworthy, Menendez, and Shahrestani, 2001; Foxworthy
and Alcorn, 2001). There is a container yard, dry bulk and
liquid cargo terminals, 6 berths (wharfs), an intermodal yard,
buildings and parking. A 7,000 ft. long transportation
corridor, with gates, connects it to land; for vehicles, rails (6
tracks), pipelines, and utilities. It has bridges at midway over
a navigation channel (Foxworthy and Alcorn, 2001). There
are navigation channels, and a turning basin. The entrance
channel to the harbor was deepened to 24.7 m, and extended
to about 5 km seaward of the harbor entrance channel
(which is between the San Pedro and Middle Breakwaters).
The dredging included both sand and rocky material. To
"...mitigate the effect of the work on fish habitats ...," after a
study and evaluation, it was decided that much of the rocky
material should be used by placing it "...within a man-made
fish habitat" (Alcorn and Foxworthy, 200]). This was done.

The Alameda Corridor, running parallel to
Alameda Street, opened in 2002. According to the Port of
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Los Angeles (2008): "...The cornerstone of the Port's
intennodal train traffic network is the Alameda Corridor, a
$2.5 billion, 20--mile long (32-km) cargo expressway. The
corridor serves as the primary connection for cargo-carrying
train traffic between the ports of Los Angeles and Long
Beach and the transcontinental rail network based near
downtown Los Angeles." It is owned by the Alameda
Corridor Transportation Authority (AAR) (see also
Wikipedia, Alameda Corridor, 2008).

A small pocket beach, manmade, Cabrillo Beach,
is on the ocean side of the San Pedro Breakwater, in the
comer of the breakwater and shore. It extends 2,400 feet
along the breakwater. A short addition was built along shore
on the harbor side at a later date'. Details are in a subsequent
section.

Seiching; Harbor Surging

Seiching (harbor surging) is a problem in Los
Angeles and Long Beach Harbors, and in San Pedro Bay.
Several studies have been made of it (e.g, Knapp and
Vanoni, 1945; Vanoni and Carr, 1951; Carr, 1953; Lee,
1969, 1971; Wilson, 1971; Raichlen, 1971, 1972; Houston,
1977; Herron, 1986; Moffatt & Nichol, Engineers, 2007). A
theoretical and a hydraulic model study of wave induced
oscillations of the East and West Basins of the Long Beach
Harbor (outer harbor) were made by Lee (1969) as part of
his investigation. Simplifications were made which included
the use of vertical walls, uniform water depth, and periodic
waves. The theoretical and hydraulic model results
compared favorably. They also compared reasonable well
with the results of an earlier study made by Knapp and
Vanoni (1945), with a distorted model (verticallhorizontal
scales different) for 6-minute (prototype) forcing waves.

Wilson (1971) calculated the natural modes of
oscillation of the shelf off San Pedro Bay, based on several
assumptions. He pointed out that the shelf was of convex
shape, and the contiguous coast concave; and that this was
an important feature. He found that the natural periods of
oscillation depended on the direction of approach of the
long-period forcing waves, but with rather little variation.
He found "...that the conical shelf can oscillate in different
ways at almost the same periods." Wilson hypothesized a
second model, an oceanic basin which included the Channel
Islands, and troughs. For a third hypothesized model,
transverse oscillations of San Pedro Channel and Continental
Shelf, exhibited and interplay of the channel and shelf.
Wilson made calculations for several modes of oscillation
for each of the models. Many of the periods are close, as can
be seen in his tables and graphs, which should be studied
closely. Wilson concluded that the "normal periods of
oscillations" are: T=75; 60; 38; 33; 25;22; 17; etc. minutes.
He compared the "natural periods" with energy spectra
which he calculated from tide gage records at three stations
in Los Angeles-Long Beach Harbors for the tsunamis of 1
April 1946, 23 May 1960, and 28 March 1964; and one
station for the 11 Nov. 1922 tsunami (source, Chile). From
the comparison, he concluded that the main periods of
oscillation shown in the tsunami spectra are in accord with
the above sequence. "...The evidence from the power spectra

of marigrams of tsunamis registered in Los Angeles - Long
Beach Harbors, supports the view that the physical reality of
the peaks or energy levels can be interpreted in terms of
resonance or near-resonance of modes of oscillation of the
continental shelf off San Pedro Bay."

Raichlen (I 972), in a Discussion of Wilson's paper,
calculated normalized energy density spectra from USC&GS
tide gage records for the 23 May 1960 and the 27 March
]964 tsunamis, at 3 locations in southern California; one was
at Los Angeles Harbor Berth 60. The spectra for the two
events at Berth 60 were quite similar, with two spectral
peaks. He referred to the study by Lee (1969), and
reproduced one of Lee's figures, the "total velocity" at the
Long Beach Harbor entrance a function of the forcing long
wave frequency. He said that the figure shows "...the
velocity at the entrance for the lowest mode of oscillation
(the "pumping" mode, ka= 0.61) is nearly four times that of
other higher modes ...Using the prototype dimensions for this
harbor (a = 6,868 ft and h = 40 ft) the pumping mode is 33
min."

Herron (1986, p. 6-60) commented on the
observations he made of strong seiching action in Cerritos
Channel during the 23 May 1960 tsunami (source, Chile);
with currents of 15 to 18 miles per hour. He said that debris
was still sweeping back and forth the following morning
when he went to the site again.

Subsidence

Substantial subsidence occurred in the Los Angeles
Port/Harbor - Long Beach PortiHarbor and contiguous
region, mostly caused by the removal of hydrocarbons from
the Wilmington Oil Field, starting in 1928 (e.g., Gilluly and
Grant, 1949; Neel, 1957; Allen and Mayuga, 1970; Testa,
1991). Testa (p, 486) said "...Although geodetic leveling
surveys established that the coastal area from San Pedro to
Seal Beach had been subsiding since the early 1900's, it was
not until after this field was developed in the late 1930's that
appreciable subsidence was observed." The largest
subsidence occurred in the Long Beach Naval Shipyard,
about 23 feet by August 1956 (Neel, 1957, his Fig. 7). Testa
(p. 482) said that the total subsidence had reached a
maximum of about 28 feet, with a subsidence of two feet or
more in a 20-square mile area. The Alamitos Bay area
subsided from 15-18 inches between 1928 and 1966
(USACE, Los Angeles District (1966/1967). Beginning in
1956, water was reinjected underground in the area, which
stabilized most of the affected area by 1966; and "...some
areas were beginning to rebound." Subsidence has been
halted in some areas, slowed down in others, and elastic
"rebound" has occurred is some places owing to the water
injection program.

John S. Habel (1978), California State Dept. of
Navigation and Ocean Development, wrote a memo about
the subsidence in the coastal and offshore region of
Surfside-Sunset, Bolsa Chica, Huntington Cliffs, Huntington
Beach. He reviewed reports that included beach and bottom
profiles measured during a 30-year interval. In comparing
these profiles and records of sand replenishment
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(nourishment), he calculated a net loss" ... of about 7 mill ion
cu. yds. in the area above the -30 (sic, foot) MLLW contour
between the Anaheim Bay jetties and the Santa Ana River. "
A figure attached to his report (also in USACE, LAD, 1995,
p. 20 of Geotechnical Appendix; and in other references),
showed estimated subsidence between 1933 and 1964 of
from 0.5 foot at Warner Ave., 1 foot near the dam in Bolsa
Chica, to 1.5 feet near Huntington Mesa, and up to 4 feet
offshore, seaward of the middle of Huntington Mesa. The
largest subsidence was in the area of the Huntington Beach
New Offshore Field, the Tideland Pool (Barnes, 1945),
southwest (offshore) of BoIsa Chica; a maximum of 4.0 feet.
Woodward-Clyde Consultants (I986) plotted subsidence
data from the Orange County Surveyor's Office, 1976
through 1985. Measurements along Pacific Coast Highway
and within the Bolsa Chica wetlands/lowlands are given.
The subsidence ranged from 0.002 ft./year at Los Patos
(Warner Ave.) to 0.01 ft./year in the middle of the wetlands,
to 0.04 ft./year at Huntington Mesa. Both sets of data are in
the USACE LAD (Dec. 2002) report. Additional
information is in the Bolsa Chica Lowlands Restoration
Project section.

At the shore, subsidence is manifested by a
recession of the shoreline, and offshore as increased water
depth. Measurements have shown that the continuous beach
along the Huntington Beach Littoral Sediment Sub-cell was
substantially wider in 1997 than it was four decades
previously, owing to beach nourishment (USACE, LAD,
Dec. 2002, Ch. 2 prepared by Coastal Frontiers Corp.; Gadd,
Leidersdorf, Hearon, Shak and Ryan, 2007). An important
lesson can be learned from the success of this beach
nourishment project at a shore that had subsided. It is: one
effect of mean sea level rise (from global warming or other
cause) can be mitigated. If a beach is valuable, and sufficient
beach quality sediment available, an economic solution to
beach recession can be to nourish the beach.

Seawater Intrusion into Aquifers, and Its Mitigation

Seawater intrusion into the coastal aquifers has
occurred as a result of pumping large quantities of water
from wells (or artesian) for use in agriculture, industry, and
municipalities. Hydraulic barriers have been constructed and
operated to reduce the amount of seawater infiltration (e.g.,
Ostrom, 1965, Ch. 7; Cho, 2009). The first "barrier" was
constructed in the 1950's and two others subsequently,
which decreased the amount of seawater that penetrated the
aquifers (e.g. Edwards and Evans, 2002). The barriers are
sets of closely spaced wells drilled and used" ...to inject high
quality freshwater into the ground, creating hydraulic
pressure ridges or 'barriers' to saltwater intrusion. However,
the barriers are not completely effective." The performance
of several of the barriers is monitored by the Water
Replenishment District of Southern California (WRD);
reports are available (e.g., WRD, 2008).

Wave Climate

Wind waves and swell along the coast of the
Southern California Bight are complex. They have been
categorized as being generated by one of six meteorological

patterns. They were described for the Orange County Coast
in USACE, Los Angeles District reports (1996; Dec. 2002);
and are:

1. Extratropical cyclone of the Northern Hemisphere
2. Northwest winds in the outer coastal waters
3. West to northwest local sea
4. Pre-frontal local sea
5. Tropical storm swell
6. Extratropical cyclone of the Southern Hemisphere

A similar set has been given by Adams, Inman and
Graham (2008). They refer to, and describe six
"characteristic wave types," and provide an illustration that
depicts the locations of the wave generation fetches of each
type relative to the Southern California Bight. They attribute
the concept to Munk and Traylor (1947) and Arthur, Saur,
et al. (1947). Their list of the 6 wave types, which is based
on where they are generated is: Aleutian low, Pineapple
Express, Northwest swell, Tropical storm, Southern
Hemisphere swell, and Local sea breezes. A table in their
paper lists values of significant wave height, significant
wave period (probably the "spectral peak" period), and
direction from which the waves come; at the location 33
deg. N, 121.5 deg. W (an open ocean site west of the
Channel Islands). Modal values and the range of data are
tabulated for each. The season of the year during which they
usually occur is given. Two examples are given of SWAN
model-derived maps, color coded, of wave heights within
the Southern California Bight. These are for an Aleutian low
wave source (wave direction 305 deg.) and for a Pineapple
express storm (wave direction 270 deg.), each with a
significant wave height of 5 meters, and wave period of 15
seconds.

Wave data from measurements in deep water, or
from wave "hindcasting" or "nowcasting" or "forecasting"
in the open sea can be transferred to shore using a
directional spectral refraction-diffraction model, or a simpler
directional spectral refraction model (O'Reilly, 1993;
O'Reilly and Guza, 1993; 1998). Maps (values ofHlHo; the
model is linear), color coded, of the Southern California
Bight for two examples are given by O'Reilly (1993); a
hypothesized open ocean narrow directional spectra from
180 deg. true (southern swell), and a hypothesized open
ocean directional spectra from 270 deg. true (a North Pacific
swell event); each with a peak spectral frequency of 0.06
Hertz. Ho is the deep water significant wave height, and H
is the significant wave height at each location on the map.

Early studies of wave refraction, and its effect on
wave height distributions at Los Angeles/ Long Beach
Harbors and vicinity, were made by Gee (1938), O'Brien
(1946; 1950, Horrer (1950), USACE, Los Angeles District
(1962), and Jen (1969); but these were before the use of
spectral inputs had been developed.

Measurements and analyses of ocean waves are a
part of the Coastal Data Information Program, a joint
project of the Scripps Institution of Oceanography of the
University of California, the U. S. Army Corps of Engineers,
and the California (State) Dept. of Boating and Waterways.
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Details of the types of wave gages, their installation and
operation, data transmission, analysis, storage, and retrieval
are in a paper by Seymour, Castel, McGehee, Thomas, and
O'Reilly (1993); an update in Thomas, McGehee, Seymour,
and Castel, 1997}. Wave data and analyses results are
available at http://cdip.ucsd.edu. Wave data are also
available from several NOAA National Data Buoy Center
buoys at http://www.ndbc.noaa.gov. [Note. A 4-gage array
(Sxy) was installed at Sunset Beach in about 30 feet of water
during Nov. 1980-May 1983 (Patterson, 1988). An Sxy gage
was installed at the Huntington Beach Pier in 1990. The
author does not know how long these were used. Of
historical interest, prior to this program, a step resistance
wave gage (on a staff) was installed at the end of the
Huntington Beach Pier in 1948 by the USACE Beach
Erosion Board, and was operated and maintained until 1965
(Herron, 1986, p. 11-4).]

A list of the larger storms off southern california
during 1900-1983, those with significant wave heights
greater than 3 rn., is in Seymour, Strange 1lI et at. (1984).
This study was updated through Spring 1995 by Seymour
(1996); it includes the severe storms of the "EI Nino"
(ENSO) winter of 1982-1983, which have relatively long
wave periods as well as being high. The revised list is of
"extreme wave episodes," with threshold of significant wave
heights increased to those exceeding 4 m. Locally generated
wind-wave events were excluded, "...only those episodes
where the maximum energy occurred (sic with a wave)
period of 12 s or more were included." One hundred and
fourteen (1l4) events are listed, and about I 8% of those
listed in the 1984 paper were dropped. These are the
maximum values measured (or hindcast) in deep water
seaward of the Channel Islands. The table lists date,
significant wave height (m), maximum wave period (s), and
direction (deg. true, "direction from"). T is the "wave
period" (1/frequency) at which the wave spectrum peak
occurs. [Note the relative long values of spectra peak wave
periods, compared with those offshore the USA Atlantic and
Gulf of Mexico coasts. J The mean directions listed are those
at "...the time of the peak of the large wave event." The two
most common directions from which the waves came were
270 deg. (true) and 300 deg. (true). Wave directions listed
for events that had occurred prior to the installation of
directional wave buoys or arrays were obtained from wave
hindcasts. The newer wave measurements were from the
Begg Rock Buoy, March 1984-Dec. 1986, and the Harvest
Platform Array (7-gage array off Point Conception; see
Seymour, Castel, et aI., 1993 for a description) after 1987.
Data prior to installation of wave measurement buoys or
arrays were from a combination of "hindcasts" and
observations. For an update, see Seymour (2009).

The wave event with the highest significant wave
height (10.1 m, wave period 15 sec.) occurred during 16-18
January 1988, and the second highest on 13 March 1905
(significant wave height 8.8 m, 15 sec. period, from 247 deg.
true). Owing to a failure of the telephone line at about the
peak of the storm, wave data from Begg Rock Buoy
("essentially an open ocean exposure") was interrupted, The
significant wave height was about 33.4 feet when the
interruption occurred. (Seymour, 1989b). An entire issue of

Shore & Beach was about the 16-18 Jan. 1988 storm and its
effects (e.g., Seymour, 1989 a). Articles in local newspaper
describe the storm and damage caused by the waves (e.g.,
Malnic, 1988). Damage caused by the waves of this storm
along the delta's coastline are mentioned in several sections
herein. This storm was a "...very intense, fast-moving and
compact event." Papers in Shore & Beach describe the
storm, waves, and coastal sea level (Seymour, 1989 b;
Strange III, Graham, and Cayan, 1989; Flick and Badan-
Dangon, 1989; O'Reilly, 1989). The intensity and the track
of the storm relative to the coast were important. According
to Strange, Graham, and Cayan (1989) "...Because of their
proximity, storms ofthis type are potentially the most severe
storms to impact southern California." They say (p. 7)
"...There was a west-northwest swell generated by an earlier
more distant storm, already present off southern California
as the intensifying storm neared the California coast. The
presence of this swell probably allowed more rapid
generation of large, long period, swell than would otherwise
been possible." Based on a combination of wave
measurements and hindcasts provided by N. Graham (of
SIO), O'Reilly said "...The peak direction of the spectrum
was 280 degrees (270 degrees being directly from the
west) ... with a peak period of 17 seconds ...due to the close
proximity of the generation area to southern California, the
directional spectrum was quite broad in comparison to the
swell from a distant storm."

A half decade prior to this wave event, a series of
severe winter storms (1982-1983; an "EINino", ENSO year)
"...caused record damages to the coast of southern
california" (Walker, Nathan, Seymour, Strange III, 1985).

What will be the mean wave direction( s), the
duration( s), and size{s) of major wave events along the coast
of southern california in the future? What will be their
effects on the shore, and on structures and infrastructure, and
people? This is wanting to know the unknowable. As many
things are unpredictable and uncontrollable, sensitivity
analyses can be useful in planning for mitigation. How can
the risk to people, structures, infrastructure be estimated
quantitatively? How can scenarios be devised, used, and
evaluated? This must be done with care and good
judgement. What are the relative values of mitigation and
accommodation? The definition of risk as used herein is that
of the National Science and Technology Council (Dec. 2005,
p. 23): "The probability of harmful consequences or
unexpected losses (death and injury, losses of property and
livelihood, economic disruption, or environmental damage)
resulting from interactions between natural or human-
induced hazards and vulnerable conditions."

Considering what is called "decadal wave climate
variability," is useful in helping to understand why caution
must be exercised. There are several papers about this (e.g.
Walker, Walker, Nathan, Seymour, Strange Ill, 1985;
Seymour, Strange III, Cayan, Castel, 1985; Seymour 1996;
Alan and Komar, 2006; Adams, Inman and Graham, 2008).
EINino-Southern Oscillation (ENSO) episodes are of major
importance in regard to the wave climate, and several papers
are available about them (e.g., Seymour, Strange III, et al.,
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]985, Seymour, 1996; 1998; 2009).

Storm surges occur along the coast of southern
California. They are not as high or as important as along the
Atlantic and Gulf of Mexico coasts of the USA, but must be
considered (Flick, 1993). Monthly mean sea levels have
increased during ENSO events (Flick, 1998). Wave set-up
is important in southern California. Storm surge, wave set-
up, and wave-runup, together with estimates of change in
relative mean sea level must be included in risk evaluation
scenarios (USACE, Los Angeles District, Dec. 2002;
Walker, Nathan, Seymour, Strange III, 1985).

Owing to coastal flooding that has occurred along
the Orange County Coast, a section of the USACE, Los
Angeles District report (Dec. 2002, Chapter 6) is Flooding
By Waves and Tides. The history of coastal flooding and
mitigation procedures are described. Monte Carlo
simulations were used to calculate flooding for various
scenarios; combinations of water levels (astronomical tides,
storm surges, wave set-ups), wave characteristics, beach
profiles, wave runups, beach berm elevations, berms
constructed of sand during the winter for protection.

Cabrillo County Beach

Cabrillo County Beach is a manmade small pocket
beach (about 2,400 feet long) on the seaward side of the San
Pedro Breakwater, in the comer formed by the breakwater
and shore (USACE, Los Angeles District, 1950; Price, 1966;
Herron, 1980; Dunham, 1986; Flick, 1993). The beach is a
little east of Pt. Fermin. Information about it is in the video
Lost and Found: Beach Renourishment in L.A. County by
the Los Angeles County Dept. of Beaches and Harbors
(1992). Early attempts to build a beach here were in 1927,
with 500,000 cu. yds. of material placed; and in 1948, with
2.9 million cu. yds. obtained from a dredging project ofthe
Los Angeles outer harbor (USACE, Los Angeles District,
1950; 1989). Its southeastern terminus, on the breakwater,
and normal to it, is an impermeable rubblemound groin
about 750 ft. long, completed in Dec. 1962. A 1962 aerial
photo looking from offshore over the beach, breakwater, and
Los Angeles Port/Harbor is in Herron (1980). The beach
was severely eroded during the great storm wave event of
16·18 Jan. 1988. "...The parking Jot pavement was scoured
away, and the entire area was littered with rocks, and cobble
displaced and carried on shore from the rock-rubble
revetment" (Armstrong and Flick, 1989). A photo showing
the damage is in the paper.

In 1991,200,000 cu. yds, were brought by truck
from the Hyperion Treatment facility work that was being
done ("sand of opportunity") and placed on the beach (LA.
County Dept. Beaches and Harbors, 1992). An aerial photo
taken at a later date (Anon, 200 1) shows the beach; and also
a small beach on the shore on the harbor side of the
breakwater, sometimes referred to as the inner Cabrillo
Beach. Both beaches can be seen in a vertical aerial photo of
Google Maps (2009). [Notes. 1) the author has not been
able to fmd out when, or by whom, the beach inside the
harbor was made; but it was made of material dredged in the
port (Marroquin, 2009). 2) 85,000 cu. yds. of sand were

taken by truck in 2008 from the harbor side beach, and
replaced with 85,000 cu. yds. of coarser sand from a quarry.
30,000 cu. yds. were placed on the beach in April 2009
(Ryan, 2009). 3) "A second sand-replacement project for the
beach's Jow tide area was completed in June (sic 2009). In
total, port officials have replaced 130,000 tons of sand at
Cabrillo Beach, said Arley Baker, the port's (sic. Port of Los
Angeles) deputy executive director of communications"
(Marroquin, 2009). 4) Of historical interest is the fact that
one of the earliest uses of a wave refraction diagram was
part of the hydraulic model study of this beach made by Gee
(1938), in his M.S. thesis at the University of California,
Berkeley, CA, under the supervision of Professor Morrough
P. O'Brien.]

Windsurfing is popular offshore Cabrillo Beach,
both on the ocean side and within the harbor side. It is
sometimes called "Hurricane Gulch."

Long Beach and Belmont Shore Beaches

As a prelude to this section, it is instructive to refer
to observations made during what must have been a
southern swell event on 21-25 August 1934 (McEwen,
1935). Most ofthe damage was done in the Newport-Balboa
Beach region, and is described in a subsequent section of
this report. Damage was done in Long Beach, along the rock
breakwater in the Rainbow Pier area. McEwen (1935) said
"...Huge rollers were breaking one thousand feet off the
shore ... "enormous waves continued to pour over the top of
the pier.i.A great quantity of sand was gouged out of the
beaches and carried to sea."

Herron (I986, p. 6-63) said that following the
cutoff of sand from the Los Angeles River, the beach at
Long Beach eroded! receded. He said there was no beach at
high tide .- until after World War II, when sediment was
dredged from the Los Angeles River delta in Long Beach
and placed along the shore from "Rainbow Pier" to about
Belmont Pier. In 1945-1946 about 1,200,000 cubic yards of
material dredged from the Los Angeles River delta were
pumped to the Belmont segment and placed on the beach
(U.S. Congress, 1954, pp. 10-11). In 1946 the city of Long
Beach placed about 628,000 cu. yds. of material dredged
from Alamitos Bay along the "peninsula section." Since
completion of the Long Beach detached breakwater in 1949.
the beach at Long Beach and Belmont Shore has been in the
lee of the structure. In 1950, the city deposited about
540,000 cu. yds. of material dredged from the bay and its
entrance (U .S. Congress, 1954). Oblique aerial photos show
the "peninsula section" in 1921, 1940, and 1964, Figures 5,
6, and 7.

[Note. The one-mile long section of beach from
the Belmont Pier, southeast to the base of the peninsula, is
known as Belmont Shore, or sometimes as the "Belmont
Section." The section of beach on the ocean side of the
Alamitos Bay Peninsula is known variously as Belmont
Shore Beach, or East Long Beach Shoreline, or the
Peninsula Section. This peninsula (a narrow sand spit) is
northwest of the "west" jetty of the Alamitos Bay entrance.
It is a little more than one mile in length, Figures 6 and 7.]
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Nathan (1994) wrote the "East Long Beach
shoreline" had erosion (sic, recession) rates that "...ranged
from 7 feet per year to as much as 50 feet per year since
1957." The sediment for the beach nourishment in the
1950's, 1960's and 1970's was from dredging in Alamitos
Bay, and its entrance, and the San Gabriel River mouth.
Nathan (1994) said: "...The majority of the grain size sand
was smaller than required to sustain a stable beach for the
local wave climate and the beach continued to erode." He
added that in 1980, a combination of material was used:
dredged material (about 0.16 mm grain size) on the inland .
section of the berm, and 2.6 mm ("pea gravel") size on the
sea-side of the berm and beach face (with a 1:5 slope); but
it eroded. In 1983, "artificial seaweed" (plastic) was placed
parallel to shore, and 300,000 cu. yds. of sediment placed on
the beach. The "seaweed" was not effective. Additional
"seaweed" was placed in 1985, 1987, and 1990, which
"...eventually broke loose; 11 it became scattered or buried. In
1992, the city installed a 300-ft. long shore-parallel
"sandbag reef'; a detached submerged breakwater. It was in
a water depth of -3ft. to -4 ft. MLL W, with the top at +2 ft.
MLL W. Nathan said it was observed that" ...water ponding
on the landward side of the reef created a return flow
seaward around the ends," which caused scouring. The city
removed the top layer of sand bags to decrease the ponding.

[Note. For more details about the problem of ponding
between a shore-parallel submerged artificial reef and shore,
by wave overtopping; and the resulting littoral currents and
erosion of the beach, see the paper by Dean, Chen, and
Browder (2007). Details are provided of a 23-month
monitoring program of the experimental 1,260 m. long
structure at Palm Beach, Florida.]

Studies are being made for the City of Long Beach
by Moffatt & Nichol Engineers about the effects on the
water quality, waves, and the beach, if changes were to be
made (hypothesized scenarios) to the Long Beach
(Detached) Breakwater; reconfiguration - length, orientation,
lowering the crest to beneath the surface, etc. (Boudreau,
2009; Sahagun, 2009).

Seal Beach

The beach at the city of Seal Beach is between the
San Gabriel River east jetty and the Anaheim Bay west jetty;
it is about 1mile in length. The beach has been affected by
the change in wave conditions at the shore caused by the
Long Beach (Detached) Breakwater, since the breakwater
was built in 1943-1949. The direction of the net alongshore
transport of sand shifted in this section after the breakwater
was built, and became SE to NW (Herron, 1986). About
800,000 cu. yd. of sand were placed along the shore in 1944
and 1945-1946; the material was obtained from dredging the
Alamitos Bay entrance channel (Kenyon, Jr., 1951). A 1958
aerial photo in Dorr (1976, p. 31) shows the beach with
almost no sand. A 750-foot long concrete groin was built
along the west side of the pier in 1959; and the beach
became essentially two compartments. This was based on a
recommendation by the Corps' in their report to Congress
(U .S. Congress, 1954, p.43). The groin extended from shore
to the -II ft. depth contour. Prestressed concrete sheet piles

were used, with H-beam whalers along the top edge ofthe
piles, with a concrete cap poured in place (Herron, 1986).
The beach was nourished in 1959; 248,000 cu. yds. of
material dredged from Anaheim Bay and 225,000 cubic
yards of sand dredged from the San Gabriel River. 70,000
cu. yds. of material were dredged in 1967 from the San
Gabriel River, and placed on the beach. 250,000 cu. yds. of
sediment from the Naval Weapons Station were placed on
the beach in 1983, a part of Stage 8 (D.R. Patterson, 1988).

Backpassing of sand from "West Beach" to "East
Beach" has been done on occasions (e.g., 130,000 cu. yds.
in 1969; 33,400 cu. yds. in 1972). Sand has also been
backpassed within West Beach (e.g., 8,500 cu. yds. in 1973).
The alongshore transport of sand from "East Beach" to
"West Beach" is an ongoing problem; the net movement is
from southeast to northwest. It accumulates at the
northwesterly end of the "West Beach" at the San Gabriel
River mouth east jetty. The City of Seal Beach "backpass"
about 50,000 cu. yds, of sand about every 3 years from the
"West Beach" to the "East Beach," as needed (Walker and
Brodeur, 1993; Boudreau, Aug. 2009). They also place a
sand bag berm each winter on the beach berm for protection
from flooding by storm wave-runup (USACE, Los Angeles
District, Dec. 2002, Fig. 6· 1; Boudreau, Aug. 2009).

Severe erosion/recession of West Beach occurred
during the great storm wave event of 16-18 Jan. 1988. The
sheet pile groin along the pier was damaged. The 8th Street
parking lot was overwashed and damaged. " The restrooms
landward of the parking lot were flooded" but "...no major
flooding occurred between the pier and the west Anaheim
Bay jetty (sic, East Beach) (Armstrong and Flick, 1989).

55,000 cu. yds. of material dredged from the
channel to NWS Seal Beach, at Anaheim Bay, were placed
on the East Beach by the Corps' Stage 12 in early 2009
(Ryan, 2009).

Surfside-Sunset, Bolsa Chica, Huntington Cliffs,
Huntington Beach; Beach Nourishment

The Surfside-Sunset Beach Nourishment Project,
which is described below, was one of the projects awarded
the 2007 Top Restored Beach Award by the American
Shore and Beach Preservation Association (ASBPA)
(Higgins, 2008).

An extensive beach erosion study of the beach
between the Anaheim Bay entrance and the Santa Ana River
mouth, and adjacent beaches was made in 1939. A report on
the work is in a letter to the U.S. Congress from the Chief of
Engineers, U.S. Army (U.S. Congress, 1940). A "post
WWII" (probably late 1940's) aerial photo of Surfside Beach
in the foreground, looking SE from above the southeast jetty
of Anaheim Bay is Figure 8. Compare this with a 1998 aerial
photo of the same section of coast, looking toward the NE
from offshore, Figure 9. Surfside Beach is on the left and
Sunset Beach at the center. The increase in beach width is
the result of the beach nourishments, as described below.

A combination of the change in the supply of sand
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to the beach "downdrift" (southeast) of the Anaheim Bay
entrance jetties, encroaching on the beach and dunes by the
building of beachhouses in the Surfside-Sunset area, and
ground subsidence owing to oil, gas, and water withdrawal
from subsurface reservoirs, resulted in erosion! recession of
the 12-mile long beach starting at the base of the southeast
jetty. The Corps' report (1940) to the U.S. Congress includes
the following statement: "...In his report submitting field
data and observations to the Board (sic, Beach Erosion
Board), the district engineer concludes that the diminution
of supply of river sand by the construction of flood-control
works will necessitate protective measures to prevent
denudation of the beaches." The first source of sediment
placed at Surfside Beach was from dredging for navigation
requirements at the U.S. Navy Seal Beach Naval
Ammunition and Net Depot that was established in Anaheim
Bay during World War II); in 1945, 1947, and 1952. This
depot subsequently became the U.S. Naval Weapons Station
Seal Beach. A short groin was built at Surfside Beach at the
jetty base by the U.S. Navy (USACE, Los Angeles District,
as given in Wiegel, 1994).

A beach erosion control study was made of the San
Gabriel River to Newport Bay section of coast by the Corps'
and reported to U.S. Congress (USACE, Los Angeles
District, 1962; U.S. Congress, 1962). The history of beach
nourishment requirements and accomplishments in this
littoral sediment cell prior to 1962 is in the Corps' report;
and recommendations given for an erosion control project.
Data are also in a paper by D.R. Patterson (1988).

Shak and Ryan said: "...The U.S. Congress
authorized an erosion control project in 1962, recognizing
the impacts of flood works, coastal harbors and other factors
in causing beach erosion along the northern Orange County,
California shoreline. " The first placement of beach
nourishment sediment at Surfside-Sunset that was a part of
this program was in 1964 (Stage 1). The most recent was in
mid-2009 (Stage 12). The nourishments have been made in
an approximate 5-year cycle. Beach replenishment with
placements of sediment on Surfside-Sunset had been made
prior to the present program. An assessment of the regional
coastal processes and evaluation of effects of the beach
nourishment through many decades are in the report
California Storm and Tidal Wave Study, South Coast
Region. Orange County by the USACE, Los Angeles
District (Dec. 2002); and of the present program in papers
by Shak and Ryan (l997), and by Gadd, Leidersdorf,
Hearon, Shak and Ryan (2007). [Note. The author
participated in working meetings on the report preparation
(e.g, Wiegel, 1996); and reviewed the Corps' draft report for
Orange County (Wiegel, 2002).]

The sources of beach replenishment sediment
since the start of the present project in 1963 were navigation
projects, and dredging from offshore "dredge pits" (also
called "offshore borrow pits"). Locations of several of the
offshore borrow pits are shown in Figure 10. The "feeder
beach" was Surfside-Sunset, just southeast of the Anaheim
Bay SE entrance (arrowhead) jetty. Owing to the local wave
climate, the net movement of sand alongshore in this region
is toward the southeast, and sand has been transported by

wave action to, and distributed along, Surfside Beach,
Sunset County Beach, Bolsa Chica State Beach, Huntington
Cliffs, and Huntington Beach to the mouth of the Santa Ana
River. Some sections of the beach are backed by low sea
cliffs (bluffs) of mesas; and some sediment is supplied to the
beach from their erosion (e.g. Patsch and Griggs, 200S).

Beach Nourishment Placements (Beach Fills) at Surfside-
Sunset Since 1964

(From USACE, Los Angeles District, Dec. 2002; Shak and
Ryan, 1997; Gadd, Leidersdorf, Hearon, Shak and Ryan,
2007; Ryan, 2008; 2009):

1964, June, dredge volume 4,000,000 cubic yards,
cumulative volume 4,000,000 cubic yards. (Stage I, dredged
from Anaheim Bay)
1971, May, 2,260,000 cy, cum. vol. 6,260,000 cy (Stage
4A, dredged from Anaheim Bay)
1979, June, 1,644,000 cy, cum. vol. 7,904,000 cy (Stage 7,
from offshore borrow areas)
1983, May, 400,000 cy, cum. vol, 8,304,000 cy
(deepening NWS channel)
1984, April, 1,500,000 cy, cum. vol. 9,804,000 cy (Stage 8,
offshore borrow areas)
1984, April, 783,000 cy, cum. vol. 10,587,000 cy (Seal
Beach NWS)
1989, March, 180,000 cy, cum. vol. 10,767,000 cy.
(deepening NWS channel)
1990, June, 1,300,000 cy, cum. vol. 12,067,000 cy. (Stage
9, offshore borrow areas)
1990, Sept., 522,000 cy, cum. vol. 12,589,000 cy. (Stage 9,
offshore borrow areas)
1996, Nov. to July 1997, 1,600,OOOcy,cum. vol. 14,189,000
cy. (Stage 10, offshore borrow areas)
2002, 2,233,000 cy, cum. vol. 16,422,000 cy (Stage 11)
2009, June, 1,000,000 cy, cum. vol. 17,422,OOOcy (Stage
12. offshore borrow areas)

250,000 cy, cum. vol. 17,672,000 cy (Stage 12,
offshore borrow areas)

250,000 cy, cum. vol. 17,922.000 cy (Stage 12,
offshore borrow areas)

Many surveys have been made along beach profiles
in the Huntington Beach Littoral Sediment Sub-cell between
Anaheim Bay entrance and the Santa Ana River mouth
jetties. Locations of the survey transects are shown in Figure
10. Surveys included condition surveys, pre- and post
construction surveys, CCSTWS surveys, NOS (U.S.
National Ocean Survey), Santa Ana River Mainstem (SAR)
project surveys, with varying spatial coverage, resolution,
and duration; they are listed in Shak and Ryan (1997) and
the USACE, Los Angeles District report (Dec. 2002). The
survey data were used to construct Triangulated Irregular
Network (TIN) models (also referred to as digital terrain
models, DTM). Shak and Ryan (l997) said that "...pre-
project levels, protective beach widths are not always
provided for all locations. This is particularly true for about
the 3,000 feet adjacent to the Anaheim Bay east jetty." They
thought this was a result of wave reflections from the 1,150
ft. long arrowhead jetty. [Note. Herron (1986, p, 7-12) said;
"...The situation on the east jetty was quite different.
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Because of the angle of the arrowhead jetties, this area was
able to completely and freely receive the normal offshore
wave action and full rates of littoral drift was resumed, But
the angle with which these waves approached the jetty was
so slight that there was not a clean reflection; rather there
was a pile up of water along the jetty as the wave travelled
along its length and developed what some engineers have
identified as a "mach stem" effect. Instead of reflected wave
energies, the energies accumulated in the first 100 to 150
feet of the wave against the jetty. This does have a very
pronounced effect as this reinforced wave reaches the beach.
Erosion is accelerated and it tended to cut out a pocket right
at the base of the jetty The Navy built a short step groin to
try to break up this effect, but, if it succeeded at all, it has
been a very minor success." See Wiegel (1964) about Mach-
stem! reflection.]

The time history of beach nourishment placement
volume (in millions of cubic yards) versus date (1963-1997)
is shown in Figure 11 (from USACE, LAD, Dec. 2002;
Gadd, Leidersdorf et al., 2007). Also plotted are beach
nourishment volume less 20<'10 fines, surveyed shorezone
volume (to statistical depth of closure), and surveyed
subaerial volume to MSL (mean sea level). The shorezone
volume was defined as: "...the volume of sediment lying
between the back beach and an offshore boundary
representing the seaward limit of statistically significant
profile data (referred to as the point of statistical closure)."
This includes the subaerial volume of the beach, Figure 12.
The concept and technique for obtaining estimates of the
statistical depth of closure were refined for use in the
CCSTWS study. They are described in the CCSTWS report
(Dec. 2002) and in Gadd, Leidersdorf Hearon, Shak, and
Ryan (2007). They emphasize "...these depths do not
necessarily fulfill the definition of physical closure ..."
"...Instead, they are intended to approximate the seaward
boundary of the data that can be used with a high degree of
confidence in computing volume changes." They found that
for the entire littoral sediment sub-cell of Surfside-Sunset to
the Santa Ana River mouth, "...the 1963-1997 period was
marked by an average increase in beach width of 4.1 ft/year
and a corresponding shorezone unit volume increase of 4.7
cy/ft/year." The authors concluded that the "...nourishment
programs have exerted a substantial positive impact on the
beaches of the Huntington Beach Littoral (sic Sediment)
Sub-cell." Depths of statistical closure along the
Huntington Beach Sediment Sub-cell (including the West
Newport Beach sub-cell) are plotted in Figure 13 (from
USACE, LAD, Dec. 2002; Gadd, Leidersdorf, et al., 2007).

In addition to beach profile surveys, use was made
of Clancy beach width data obtained by the late Robert M.
Clancy, and subsequently by Chuck Mesa, both of the
USACE, Los Angeles District. This is the measured width
of a beach from a consistent, easily identifiable back-beach
location to the seaward edge of the beach berm (Clancy,
Camfield, and Schneider, 1983). It is a useful, and
inexpensive means of monitoring what most beach-users
consider to be "the beach." The measurements were made at
25 stations, starting in 1977. Data sets for many locations
and dates are given in the USACE, Los Angeles District
report (Dec. 2002), and compared with survey data. Clancy

beach widths were found to correlate reasonable well with
beach profile survey data of Mean Sea Level (MSL) beach
widths. A location map and photos of the Surfside, Bolsa
Chica, Huntington Cliffs, Huntington Beach region are in
Clancy, Camfield, and Schneider (1983).

[Note. During the California Coastal Storm and
Tidal Wave Study (CCSTWS) of the Orange County Coast
by the USACE Los Angeles District, it was concluded that
about 20<'10 of the dredged sediment placed on the feeder
beach was too fine to remain on the beach. This was based
on an examination of coring records from the offshore
borrow pits. The remaining sediment, "beach-quality
sediment" (sand) remains on the beach and in the nearshore,
shoreward of the statistical depth of closure (Gadd,
Leidersdorf, Hearon, Shak and Ryan, 2007). It is useful to
refer to the study of Limber, Patsch, and Griggs (2008)
about coastal sediment budgets and the littoral cutoff
diameter (LCD); to determine whether fine sand being
delivered to the coastline is littoral type (i.e., coarser than the
LCD). One of their conclusions was "... overestimates of
contributing littoral sand are more pronounced in sediment
sources that contain large fractions of fine sand, such as (sic,
riversj., and eroding sea cliffs of San Pedro and Santa
Monica littoral cells. In these cases, possible overestimation
ranges from 57% to 300%, and the large discrepancy has
significant implications for quantifying sand inputs to
California's beaches." They say there is a" ...minimum grain
size threshold, termed the littoral cutoff diameter ..." and that
"...sediment contributed to the littoral system that is smaller
than this threshold, even if defined as sand by the
Wentworth Scale, may not remain on the beach in any
significant quantity." It is probably deposited offshore. A
table of values of LCD's for many of the California littoral
sediment cells is in their paper. A common value along
much of California's coast is 125 microns (0.125 rnm). It
appears to be a function of wave energy; the greater the
annual wave energy, the larger the LCD. The value given for
the San Pedro Littoral Cel! (seaclifferosion) is 105 microns
(0.105 rom). The grain sizes were obtained by sieve analyses
of sediment samples; median grains sizes reported.]

It is important to consider the "storm of record,"
the most intense wave event in the Southern California Bight
during the past century, which occurred on 16-18 Jan. 1988
(e.g., Seymour, 1989; 1996). In their investigation of the
damage along the southern California shoreline caused by
this event, Armstrong and Flick (I989) said "...The
Surfside/Sunset Beach area did not have any structural
damage to beach front homes, although the outer sand dike,
constructed each winter to reduce wave overwash, was
breached at numerous locations and was entirely obliterated
toward the southern Sunset Beach, near Warner Avenue."
They said the Huntington Beach Pier was severely damaged;
that the pier end 250 feet "...along with 'The End' Cafe,
collapsed and was washed away when waves exceeding 18
feet broke over it." A photo of the remaining end ofthe pier,
dated 20 Jan. 1988, is in their paper. The entire length of
Bolsa Chica State Beach was overwashed, and the restrooms
flooded and the floors covered with sand. The It ••• Pacific
Coast Highway from Warner Avenue to the bluff area was
closed due to flooding from 17 to 19 January (Armstrong
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and Flick, 1989).

Newport Beach (West), and Balboa Beach; Newport
Bay

[Note. Of historic interest is the comment of'U.S,
Coast Survey Assistant W.E. Greenwell in 1861 about the
Newport Estuary/Lagoon entrance; "...The outlet or mouth
is fifty yards in width, with a narrow bar outside ...Over this
bar there is a frightful swell rolling and tumbling at all
stages of the tide, making it dangerous to cross in boats of
any kind." See Fig. 14; a 1878 map]

Newport Bay is relatively small. Its tidal prism
(between MLLW and MHHW) vs. entrance area (below
MSL) is 2.0 x 101\8cubic feet vs. 6.0 x 101\3square feet
(e.g., Wiegel, 1964, p. 380; O'Brien, 1967). The entrance
channel to Newport Bay, adjacent to Corona del Mar bluffs,
was "... improved by construction in 1919 of a stone jetty
1,950 feet in length on the west side of the channel. An
extension 200 feet seaward, to a 22-foot depth of water was
made in 1920. The jetty was repaired and strengthened in
1920 and 1927 " (Patterson and Williamson, 1960), Fig. 15.
A concrete sheet pile jetty, 720 ft. long, was built on the east
side of the entrance in 1928. Additional work on the jetties
and channel dredging was done, such as repair after damage
by the hurricane waves in 1939 (USACE Los Angeles
District, Dec. 2002). The entrance was dredged in 1960
(Shaw, 1980). Photos taken before, during, and after
construction of the jetties are in Lee {I973). A 1995 aerial
photo is Fig. 16.

As mentioned previously, the Santa Ana River has
flowed into the ocean at various locations. One of the
locations was into Newport Bay/Lagoon, with the entrance
to the ocean at or near the Corona del Mar bluffs, Figure 4
(e.g. Patterson and Williamson, 1960;Everts Coastal, 1996).
In 1860, U.S. Coast Survey Assistant Greenwell observed
(p, 66) that the narrow sand spit (Balboa Peninsula/Beach)
was low" ...over which the heavy southeast and northwest
swells wash in every great gale." In 1920, after a major
flood, the river was diverted directly into the ocean, by
construction of the Bitter Point Dam, the river mouth jetties,
and associated flood control works by Orange County. The
river no longer flowed into Newport Bay. The jetties were
520 ft. apart; the west jetty was 700 ft. long, and the east
jetty 350 ft. The outlet location is shown on Figure 3.
Additional work was done on the jetties in I935. The east
jetty was extended to a length of700 ft. in 1959 (Patterson
and Williamson, 1960).

Between 1916 and 1934, mud flats and sand bars
were dredged as part of the development of Newport
Harbor, and marinas in the bay; navigation channels were
dredged. Dredged material was placed on tide marshes to
create two islands, to increase the elevation of the
dangerously low sparsely populated Balboa Island and Lido
Isle. These were for home sites, and for berthslboat slips
along the island perimeters. Aerial photos taken in May
1923 and April 1928 show "before" and "after" of Balboa
Island and the bay entrance (Patterson and Williamson
(1960). Reclamation of adjacent lowlands and several small

islands within the bay was also done (U.S. Congress, Senate
Committee on Commerce, 1936-1937); see Fig. 15.

Large quantities of the dredged material were
placed on the ocean beaches of West Newport and Balboa
Beach to increase their elevation and width. Patterson and
Williamson (1960) say: "...Between 1916 and 1932,
1,600,000 cubic yards of dredged material were placed along
the beach during initial improvement of the bay by local
interests. In 1934-35 an additional 7,400,000 cubic yards
were deposited in conjunction with harbor improvements
carried out by the Corps of Engineers in a joint project with
Orange County." The material was very coarse sand with
some shells and a small amount of silt. In a Corps' report to
the U.S. Congress (1940, paragraphs 68 and 69) it is stated
that 5,600,000 cubic yards of sediment were placed in 1934-
1935 between the Newport Bay entrance west jetty and
Newport Pier. Also, the beach (West Newport) between the
Newport Pier and the Santa Ana River mouth was widened.
1,900,000 cu. yds. of material were placed along about
7,000 ft. ofthe beach, between the pier and 46th Street. A
survey in 1936 indicated that "...wave action and ocean
currents had distributed about 400,000 cu. yds. of the
materiaL" from 46th St. to the river mouth. [Note. A
map/plan in the report shows 46th Street at that time was at
the boundary of the beach lots. Also, there was, and is, a
change in shoreline orientation at about this section. The net
littoral transport of sand toward the northwest in this section
of beach has continued.]

A cooperative project (local interests and the
federal government) for Newport Bay, California adopted in
1934, was completed in 1934-1935, according to U.S.
Congress, Senate Committee on Commerce (193611937, p.
1). This project "... provided for the extension of the east and
west entrance jetties to lengths of 1,620 and 2,860 feet,
respectively, and the dredging of the main channels and
turning basin to a depth of20 feet, with widths of500 feet
through the entrance and generally 200 feet inside the bay,
a yacht anchorage 1,200 feet wide and ],700 feet long
midway of the bay to a depth of 15 feet, and the remainder
of the bay to a depth of 10 feet." (See also Patterson and
Williamson, 1960). Patterson and Williamson (1%0) said
that owing to the bearing of the west jetty being South 15
deg, east, large waves from the south-southwest
"...struck the jetty at an angle, raced along its seaward side,
and created a backwash which scoured the shore at the jetty's
base."[Note. See comment at end of this section about the
surf-break, The Wedge, at the base of the jetty.] In 1930, a
stone groin was built at right angles to the jetty a little
offshore, and another groin 400 feet westerly of the west
jetty, to mitigate for the beach erosion.

Destructive high waves have occurred at the shore
on occasions during the summer, which were likely to have
been what is known as southern swell. [For an explanation
of southern swell, see Wiegel and Kimberley (1950);
Snodgrass, Groves, Hasselmann, Miller, Munk, Powers,
1966).] Two events were described by McEwen (1935); 21-
25 August 1934 and 4-7 September 1934. McEwen said
about the 2 I-25 Aug. 1934 event: "...Balboa streets were
flooded, ...Iarge deposits of sandwere washed shoreward and
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settled on highways, and a score of cottages were badly
damaged ... for a while the whole beach frontage between
Balboa and Newport was threatened with destruction." He
said: "...during a period oflight winds or calms ...waves of a
reported height exceeding 30 feet broke with tremendous
force along the coast from Laguna to Malibu ...At sea the
swells were from three hundred to five hundred meters in
length and three to five meters in height." [Note. In deep
water, the swell which would have had a narrow spectrum,
would have had a "period" of 13.5 to 17.5 seconds.]
McEwen said about the 4-7 Sept. 1934 event; "...Newport
Beach and Balboa Beach suffered even greater damage than
during the August ... At Newport Beach high waves carried
away six electric light poles ...several blocks of summer
homes in west Newport remained perched unsteadily above
the surf on slender piles, and a great quantity of the beach
sand was washed from underneath ...two houses and agarage
were carried out to sea and wrecked, and passage of Pacific
Electric trains was hampered near Newport by undermining
of the tracks in some places." Twenty-five years later,
Patterson and Williamson (1960) wrote: "...A severe ocean
storm occurring in the fall of 1934 moved the shoreline in
the vicinity of 36th Street landward by as much as 150
feet ...," and "...since the harbor construction in the middle
thirties, there have been no ocean storms to compare with
that experienced in 1934." Spencer (1985) said there was
little effects of storm waves at West Newport Beach during
1940-1964, but in August 1965 "tropical storm waves"
caused erosion/ recession of the beach. A photo taken on 23
Aug. 1965 shows an escarpment that formed, looking
northwesterly from 37th St. A photo taken on 27 Aug. 1965
shows sand bags being placed on the "sloped" escarpment,
a few feet in front of the beach-homes, looking southeasterly
from about 38th St. Spencer said: "...The same situation
occurred in 1966, and again in 1967, when the berm edge
receded to the residential property line between 36th Street
and 43rd Street." [Note. It would be useful to analyze these
events in a manner similar to what was done by O'Brien
(1947, 1950) and by Horrer (1950) for the wave event in
1930; but using the wave spectra refraction analysis of
O'Reilly (1993). Refraction diagrams (for periodic waves)
for six cases are in Spencer (1985): T'" 16 sec., coming
from open ocean directions of 180 deg. and 270 deg. true; T
= 8 and 10 seconds, each from 170 deg. and 250 deg. true.
These were prepared at the USACE Waterways Experiment
Station]

The "storm of record", the most intense wave event
in the Southern California Bight occurred on 16-18 Jan.
1988 (e.g., Seymour, 1989; 19%). In their investigation of
storm damage along the coast of California, Armstrong and
Flick (1989) wrote: "...The beach at Newport between Santa
Ana River and the Newport Pier was overwashed. No
residences were flooded, but parking lots were covered with
sand and debris, and the parking lot south of the Safety
Headquarters was washed away." They said the Newport
Pier had only minor damage, and the Balboa Pier was not
damaged.

Good surfing waves (body-surfing and
surfboarding) occur just off the beach at the side of the west
jetty. It is known as The Wedge. For safety, only body-

surfing is permitted at this surf-break from 10;00 a.m. until
5:00 p.m. during the summer (e.g., Brandt, 2006; Beach
California. com, 2009). The best waves for surfing are the
long-period southern swell arriving from the southern
hemisphere in the summer. From what the author has read,
and heard, this is probably a Mach-stem "reflection" along
the structure; for some information about this phenomenon
see Wiegel (1964); Memita and Sakai (2004; 2005).

West Newport Beach and Balboa Beach
(Peninsula) were included in the beach erosion control
project authorized by U.S. Congress in 1962. Eight groins
were built during 1968 - 1973 on West Newport Beach,
between 28th and 56th Streets. Three were of steel
sheetpiles, subsequently encased in rubble and extended in
length; five were rubblemound, Locations, lengths, and
photos are in the USACE, LAD (Dec. 2002) report; see Fig.
17 for locations. The groin field was filled by placement of
sediment, and renourished on several occasions. The
material was from three sources: "backpassed" from Balboa
BeachlPeninsula (which is about 2.8 miles long), the Santa
Ana River channel, and "backpassed" from the section of
beach at and near the river mouth. The history of
nourishment is in the table below. (Some of this information
is from USACE, Los Angeles District, as given in Wiegel,
1994; Hillyer, 1996; recent data from Ryan, 2009.)

Beach Nourishment of West Newport Beach Since 1965

1965; 124,000 cy, from Balboa Peninsula
1966; 60,000 cy, from Balboa Peninsula
1967; 150,000 cy, from Balboa Peninsula
1968; 435,000 cy, from Balboa Peninsula, Stage 2
1968; 246,000 cy, from Santa Ana River, Stage 2
1969; 750,000 cy, from Santa Ana River, Stage 3
1970; 124,000 cy, from Santa Ana River, Stage 3
1973; 350,000 cy, from Santa Ana River, Stage 4b and 5
1992; 1,300,000 cy, from Santa Ana River
2009; 100,000 cy, from beach near Santa Ana River mouth,
Stage 12

[Notes. [1) Stage 6 was deferred. 2) In the 1992 placement
of 1,300,000 cubic yards, the material was obtained from the
Santa Ana River, the "Mainstream Project," and placed
offshore in a "narrow mound; a mix of silt and mud (17%),
sand (80010), and some cobble-size angular rock", USACE,
LAD, Dec. 2002). The material was placed in water depths
of -5 to -20 feet below MLLW, seaward of the section of
beach between the river mouth and the groin field. A major
purpose of this project was to determine its capability as a
beach nourishment technique, and has been monitored
(Mesa, 1997). An additional benefit for a few years was its
popularity with surfers as a surfing-break. 3) In 2009 sand
was moved by scraper from where it had accumulated along
the northwesterly end of West Newport Beach, between 58th
St. and the Santa Ana River Mouth (County) Beach; and
placed between the 46th St. jetty and the 28th St. jetty
(Ryan, 2009); for locations see Fig. 17.]

Bolsa Chica Lowlands, and the Restoration Project

The Bolsa Chica Lowlands Restoration Project
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was completed in 2006 (Flaccus, 2006). It is on
approximately 880 acres acquired from Signal Bolsa Corp.
in Feb. 1997, with title by the California States Lands
Commission. A contribution of $78.75 million from the
Long Beach and Los Angeles Ports in exchange for 520
acres of "...mitigation credit for port landfill and
construction, was used in the acquisition and restoration"
(California Coastal Commission, 200Il2002, p. 4). Kiewit
Pacific Co. was the construction contractor, and Moffatt &
Nichol Engineers the construction manager. The contracts
were awarded on 1 Sept. 2004 (nearly $64 million) by the
U.S. Fish &Wildlife Service (U.S. Fish & Wildlife Service,
2004). Construction began in Nov. 2004, and the work was
completed in 2006. Some details of the construction are in
an article in Civil Engineering (Hansen, 2005). Bolsa Chica
State Beach extends along the ocean shore in this area, with
the 4-lane Pacific Coast Highway between the beach and the
Lowlands. In 2008 this project received the first Project
Excellence Award of the ASCE's Coasts, Oceans, Ports, and
Rivers Institute (ASCE COPRI, 2009).

Prior to 1899, Balsa Chica Bay was an estuary,
with its ocean entrance through a sand spit which was
normally open; there were sand dunes here. In order to keep
salt water entirely out of the Bolsa Chica estuary and
wetlands, and to lower and control the level of the water in
what was to become a lagoon, a dam with tide gates and a
spillway was constructed near the entrance. [Photos taken in
1903 of Balsa Dam, the automatic tide gates, and sand dunes
are in the Water Resources Center Archives at UCB, and
reproduced in Wiegel (2004).] The dam was made for a
duck-hunting club's diked ponds (Schuyler, et al., 1900;
Schuyler, 1903; 1904; FJaccus, 2006). This was to exclude
ocean water from most of the estuary. After the dam was
built, the remaining tidal prism (seaward of the dam) was so
small that the entrance to the ocean closed. A channel, about
500 feet long, was dug in the hardpan between the Balsa
Chica Mesa and the sand spit, to connect this "outer bay"
(Outer Bolsa Bay) with Anaheim Bay. Then, the tidal flows
were via Anaheim Bay's sloughs and its ocean entrance.
Schuy ler et al. (1900, p, 6) remarked that reliable witnesses
had observed in the years prior to the construction of the
dam and tide gates, that the entrance closed naturally on
occasions, and reopened after accumulation of water in the
estuary. The location of Balsa Creek, sand dunes, the dam,
Balsa Inlet, and the canal are on a map in Schuyler (1900).
[Note. Huntington Harbour, a large residential marina, was
constructed many decades later, in the southeast end of
Anaheim Bay. It was completed in 1982, about 20 years
after it was started (e.g., Nichol, Crumpley, and Byrnes,
1989; Wiegel, 2004). ]

Development of the Huntington Beach Oil Field
started in 1920, with many wells in the Balsa Chica
wetlands and in nearby oil fields; and later, an under-ocean
field. Slant drilling was used (whipstocks to deflect the
holes) under the highway and nearshore in the Huntington
Beach New Offshore Field, the Tideland Pool, starting in
1938 (Barnes, 1945). Subsidence of several feet occurred, on
land and offshore; Two maps showing the amount of ground
subsidence in the Bolsa Chica area are in Gravens (1990),
reproduced from a report by Woodward Clyde Consultants

(1984). They are for the intervals 1933-1972, and 1964-
1969. Gravens said "...The major subsidence area has
coincided with the limits of the Huntington Beach oil
field ...Estimates ofthe maximum amount of subsidence have
ranged up to 5 ft since 1920 when oil production began ...The
maximum range of subsidence from 1955 to 1968 was
reported as 0.15 ft (1.8 in.) per year, but this rate decreased
to 0.05 ft (0.6 in.) per year from 1968 to 1972...the decrease
...attributed to water injection of oil producing zones which
was initiated in 1959."

When the end of the economic life of the oil field
was approaching, plans were made for the development of
the property. The plans included a marina and an ocean
entrance. This was not done. In 1973 several hundred acres
were conveyed to the State of California; it became the
Bolsa Chica Ecological Reserve. Subsequently, several
alternative conceptual plans were developed and studies
made in regard to the remaining portion of the lowlands. For
details of the plans, see Chambers Group, Inc. (2000; 2001),
Moffatt & Nichol (2002), and California Coastal
Commission (2001/2002). An environmental impact report
and statement was prepared for restoration of the wetlandsl
lowlands; the Balsa Chica Lowlands Restoration Project.
A consistency determination was made by the California
Coastal Commission in 2001-2002. The concept plan was
adopted, and implemented. This was without flood diversion
into the project, and with construction of a non-navigable
ocean inlet with jetties, and a highway bridge over the inlet.
It includes two tidal basins; the large Full Tidal Basin, a
smaller Muted Tidal Basin which is mostly marshlands, an
area left unchanged as seasonal pond habitats, and an area
"reserved for the future. rr The muted tidal area was
connected to the full tidal basin by culverts through levees;
the area experiences regular tidal ebb and flow, but not the
full range of the tides. The Full Tidal Basin was connected
to the ocean by a nonnavigable inlet with stone jetties, near
the southern boundary of the project. The entrance was
dredged through the beach. An "...ebb-tide bar was 'pre-
filled' with sandy material dredged from the full tidal basin. "
A 4-lane highway bridge (Pacific Coast Highway) was
constructed over this inlet, with a pedestrian crossing and
bicycle lanes, separated from the vehicle lanes (California
Coastal Commission, 200112002). It was expected that a
flood-tide bar would form inside the entrance, which would
require dredging. This occurred, and the first dredging was
done in January-April 2009; and the 180,000 cu. m. ofsand
dredged were placed on the adjacent beach (Boudreau,
2009). The dredging schedule and placement ofthe material
on the beach had to accommodate the California grunion
(Leuresthes tenius) spawning activity. The East Garden
Grovel Winterberg flood control channel does not discharge
into this restoration project. Rather, it remains connected,
with a tide gate, to Outer Bolsa Bay, the canal, Huntington
Harbour, Anaheim Bay and its ocean entrance. Balsa Chica
State Beach may have a "hotspot," or perhaps just a
shoreline undulation, in the vicinity of the location of the
pre-I 899 tidal entrance to the estuary (Wiegel, 2004).

Balsa Chica State Beach is heavily used, for
multiple uses. Surfers are one of the biggest user groups of
this 3-mile long reach. Part of the study for the restoration
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project was to obtain information about the effects/ impacts
ofa non-navigable tidal inlet on beach and surf recreation.
A study was made by Thomas Pratte (1991) for Moffatt &
Nichol, Engineers, to "...define uses and characteristics of
surf sites such that the tidal inlet structures and channel can
be designed to avoid or mitigate adverse impacts on the
surfing resources." The study was comprised of surveys of
surfers, wave observations, lifeguard interviews, and
research about impacts of jetty structures on surfing. A
detailed questionnaire (9 questions, and a section at the end
for comments) was used to help determine user profiles of
surfers. The surfers surveyed were told of the reason for the
survey; and 29 of the 50 questionnaires distributed were
returned. One of the findings was that this reach of shore
and breaker zone was the favorite place to surf in Orange
County. The surfing use pattern was presented in the report.

As mentioned previously, major changes, both
natural and anthropogenic, have affected the supply and
distribution of beach sand. However, owing to beach
nourishment at Surfside-Sunset in recent decades, and the
alongshore transport of sand, the beach to the southeast
which includes Bolsa Chica State Beach, has become wider.
Damage that occurred at the Bolsa Chica State Beach during
the severe wave event of 16-18 Jan. 1988 has been described
in a previous section.

Tsunamis

The California coast is subject to tsunamis (e.g.,
Houston, 1980; Lander, Lockridge and Kozuch, 1993;
Synolakis, McCarthy, et al., 1998; California Governor's
Office of Emergency Services, 1997; California Seismic
Safety Commission, 2005). Major tsunamis from far-field
sources (tele-tsunamis) have been: 11 Nov. 1922 (source,
Chile); I April 1946 (source, Aleutian Trench); 23 May
1960 (source, Chile), and 28 March 1964 (source, Alaska).
Damage to the Los Angeles Port and the Long Beach Port
by the 23 May 1960 and 28 March 1964 tsunamis were
mentioned by William Herron (USACE, Los Angeles
District, 1986, p. 6-60). He described the strong seiching
action in portions of the harbor (e.g., the Cerritos Channel),
and resulting damage during the 23 May 1960 tsunami. He
also commented on the 28 March 1964 tsunami, and said
that "the seiching was much lower and all of the ancient and
weakened piling systems had been destroyed by the earlier
(sic tsunami) and replaced with new construction, so that
damage was minor." Wilson (1971) reproduced copies of
marigrams from one or more locations in the Los
Angeles/Long Beach Harbors for the four tsunamis listed
above. Plots are given of wave energy spectra he calculated
numerically from the marigrams, The values of spectral
peaks are close to his calculations of resonant or near-
resonant modes of oscillation of the she! f off San Pedro Bay.
More details are in the section Seiching; Harbor Surging
herein. [For additional spectral studies of tsunami induced
oscillations (the 1960 and 1964 events) in Long
Angeles/Long Beach Harbors, and San Pedro Bay, see
Raichlen, 1971; 1972.]

Probability predictions of tsunamis from far-field
sources (tele-tsunamis) are in three reports prepared for the

Federal Insurance Administration (FIA) by the U.S. Army
Corps of Engineers, Waterways Experiment Station; two by
Houston and Garcia (1974; 1978) and one by Houston
(1980). Predicted 100-year and SOO-year elevations
("runups") are shown on a series of plates (from U.S.
Geological Survey Topographic Maps); 11 of which are
between San Pedro and the Newport Bay entrance. Values
of the 100-year runup ranged from 4.7 to 7.0 feet, with most
being from 6.1 and 7.0 feet. Values of the 500-year runup
ranged from 7.6 to 11.4 feet, with most being from 10.5 to
11.4 feet. Houston and Garcia say (1974, p. xi, Preface;
Instructive Addendum):

"A 100-year runup is one that is equaled or exceeded with an
average frequency of once every I00 years;
a 500-year runup has a corresponding definition."
"Runup values in this report are referenced to local mean sea
level (msl) datum.
"The combined effects of astronomical tides and tsunamis
are incorporated into the analysis as well as local response
effects where judged significant."
"The primary area of inundation is interpreted as being that
which lies between the shoreline and a local contour of
elevation numerically equal to the runup value."
"No attempt has been made in this study to include the
effects of storm surge and wind-generated waves in the
computation of the runup values."

[Notes. 1) Synolakis, McCarthy, Titov, and Borrero (1997,
p. 1,229) made the following comment: "The computational
boundary was a vertical wall at the shoreline, i.e., there were
no inundation computations. Houston (1980) noted that the
runup elevations, i.e., the elevation of the maximum inland
penetration of the tsunamis may not equal shoreline
elevations at locations where dunes prevent flooding, of if
the land is flat, where inland flooding may be extensive." 2)
Run-up and inundation calculations could be made using
appropriate numerical models described in several of the
papers in Tsunamis (Bernard and Robinson, eds., 2008).]

Borrero, Cho, Moore II, Richardson and Synolakis
(2005), and Synolakis, Moore II, Borrero and Richardson
(2005) wrote about several possible locally generated
tsunamis in southern California; caused by relatively high
speed submarine landslides. The authors discussed how a
locally generated tsunami might adversely affect the ports of
Long Beach and Los Angeles. Owing partly to this, the
author prepared a list of nearly 350 references about
tsunamis generated by rapid mass movements either
submerged or from land into the ocean, or into a bay, lake,
or reservoir (Wiegel, 2008). The list is available in print and
electronic format at the Univ. California Water Resources
Center Archives, Berkeley, CA
(http://wwwJib.berkeley.edulWRCAltsunamis.html) It is
also available in electronic format as part of the international
journal of the Tsunami Society; Science of Tsunami
Hazards (http//www.sthjoumal.orglsth6.htm).

The large Palos Verdes debris avalanche (slide), of
"hummocky blocky topography" originated from the Palos
Verdes Slope, and is seaward of the San Pedro Sea Valley
(Gorsline, Kolpack et al., 1984; Bohannon and Gardner,
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2004; Normark, McGann, Sliter, 2004; Locat, Lee, Locat,
and Imran, 2004). It occurred about 7,500 BP, based on
carbon-14 dating of foraminifera in cores (Normark,
McGann and Sliter, 2004). They estimated the volume of the
avalanche to be a maximum of about 0.8 cubic km, It may
have generated a tsunami; and quite likely did so according
to Locat, Lee, et al, (2004). They used numerical models to
estimate the avalanche speed and deformation versus time;
and resulting tsunami. The slide was probably triggered by
a major earthquake (Normark, et al., 2004). One of the
problems associated with studying this event of so long ago,
is that "paleo-sediment" studies of tsunami runup and
inundation are likely impossible. The mean sea level
elevation at 7500 BP was probably about 40 feet lower than
today's (e.g., Shepard, 1964); the inundated region is
covered by sea water.

Questions - Would there have been tsunamis
generated by two mechanisms nearly simultaneously - one
by a tectonic displacement and another by an underwater
slide triggered by the earthquake? Also, the tsunami
probabilities in Houston and Garcia were for tele-tsunamis
generated by underwater tectonic displacements. The
hypothesized event for a local tsunami generated by a
submarine landslide (avalanche) such as the Palos Verdes
Debris avalanche is for a different "population". These are
two different tsunami "populations. " How should two
different populations be treated in estimating the probability
of occurrence?

Studies were made by Moffatt &Nichol, Engineers
(2007) about the likelihood (the probability) of tsunamis
being generated locally, and their effects in the Ports of
Long Beach and Los Angeles; and also one hypothesized
distant-source. A review was made of historical tsunamis
that impacted the two ports; these were from distant sources,
Chile and Alaska Scenarios were developed, and numerical
(hydrodynamical) models used to generate and propagate
hypothetical tsunamis from these sources to, and into the
ports. Seven potential tsunami sources were modelled; four
local tectonic scenarios, two local submarine-landslide
scenarios, and one distant-source scenario (Cascadia
Subduction Zone). Potential impacts to the ports from the
scenario tsunamis were described. The authors say (pp 1-2):

"The study expands on the previous work in that it includes
more details regarding local maximum water levels, current
speeds, arrival times, and overtopping rates at selected
locations. ...the likelihood of the occurrence of these
potential sources is also discussed to place the results in the
proper perspective for the design of coastal structures. II

One of their conclusions (p. 84) was: "...Based on the
seismicity, geodetics and geology, a large locally generated
tsunami from either local seismic activity or a local
submarine landslide would likely not occur more than once
every 10,000 years."

The following publication is useful when planning
for tsunami mitigation: Designing for Tsunamis: Seven
Principals for Planning and Designing for Tsunamis,
prepared by the US. National Tsunami Hazards Mitigation

Program (NTHMP - NOAA, USGS, FEMA, NSF, Alaska,
California, Hawaii, Oregon, Washington (NTHMP, 2001).
For additional background, including numerical modeling of
tsunami generation, travel, run-up, and inundation, see
Tsunamis (Bernard and Robinson, eds., 2009).

Long Beach Earthquake of10 March 1933; Newport-
Inglewood Fault Zone; Effects in Vicinity of Bolsa
Chica

The Newport-Inglewood fault zone is oriented
northwest-southeast, as is the shoreline in the Bolsa Chica
and contiguous region. According to Barrows (1974), Bolsa
Chica Mesa is separated into two parts, about 3,000 feet
inland from the shoreline; a "surface expression of the single
major fault of the Newport-Inglewood structural zone that
reaches the surface of Bolsa Chica Mesa." The fault zone
"tends" offshore at Newport Bay. What is known as the
Long Beach Earthquake (owing to the loss of life, many
injuries, and great damage in Long Beach) occurred on 10
March 1933, magnitude 6.3 on the Richter scale. Its
epicenter has usually been given as about 3-112 miles (5 to
6 km) offshore Newport Beach, near the Newport
Submarine Canyon (e.g., Barrows, 1974). However, a
reanalysis by Hauksson and Gross (1991) of seismic data
using modem techniques, and other information, have led to
relocating the foreshock! main shock! aftershock sequence.
They concluded that "...the rupture initiated near the
Huntington Beach - Newport Beach City boundary and
extended unilaterally to the northwest to a distance of 13 to
16 km." It was "an almost pure strike-slip. II They concluded
the "main shock hypocenter" was onshore, rather than
offshore. Settling cracks caused by the earthquake, at the
shoulder of Pacific Coast Highway, can be seen in a photo
reproduced inBarrows. Major slumping and cracks occurred
in the "causeway" across Bolsa Chica Bay to the Bolsa
Chica Gun Club, which can be seen in other photos.
[Barrows included many photos, from the Long Beach
Public Library and other sources.] [Note. No tsunami was
observed to have occurred (Barrows, 1974, pp. 85, 89).]

Historical Notes

1) The first conference on coastal engineering was held in
the auditorium (named Rainbow Pier, although not a pier,
and which no longer exists) on a fill, and protected by a
breakwater at the ocean's edge in Long Beach, California, in
October 1950. It was organized by Morrough P. O'Brien and
J.W. Johnson. Its purpose was to make available to
practicing engineers and scientists the state of the art and
science related to the design and planning of coastal works.
It was organized by the University of California Engineering
Extension. Each presentation was by invitation; written
versions are in the proceedings, edited by J.W. Johnson, and
published by the Council on Wave Research of The
Engineering Foundation. This was followed by three other
conferences in the USA, one at the Gulf Coast, one on the
East Coast, and one at the Great Lakes. Starting with the 5th,
held in Grenoble, France, they became known as the
international conferences on coastal engineering (ICCE)
(e.g., Wiegel and Saville, Jr., 1996).
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2) One ofthe earliest uses ofa wave refraction diagram was
for a portion of San Pedro Bay, as part of a hydraulic model
study (M.S. thesis) of the manmade Cabrillo Beach at the
base ofthe San Pedro Breakwater, by Herbert C. Gee, aU .S.
AlTIlY Corps of Engineer officer while a graduate student at
the University of California. It was done under the
supervision of Professor Morrough P. O'Brien; see Gee
(1938), and Dunham (1986, p. 6-48). Atalaterdate, O'Brien
(1946; 1950) and Horrer (1950) used refraction diagrams in
their studies of wave damage that had occurred to the Long
Beach (Harbor) Breakwater in 1930, and wave damage in
1939 to the Middle Breakwater. Extensive use was made of
refraction diagrams by the Corps' for San Pedro Bay; these
are in the March 1962 report by USACE, Los Angeles
District (also see Dunham, 1951).]

3) A widely used formula for the relationship between the
alongshore component of wave energy and the littoral
transport of sand along a beach was developed at the
USACE, Los Angeles District as part of studies of San
Pedro Bay and Santa Monica Bay beaches (e.g., Eaton,
1951; Wiegel and Saville, Jr., 1996, p. 529). This formula
was based on the "average work factor" presented in a
Scripps Institution of Oceanography (SIO, 1947) report to
the USACE, Los Angeles Office. In this report is the
statement (p. 18): "...in the transport of sand by wave action
it appears that wave work rather than wave height is the
significant parameter. IIAn equation for the time rate of work
(wave power) was developed in terms of significant wave
height, associated significant wave period, and the frequency
distribution ofthese terms in the summation HA2Ts per unit
length of beach (pp 18-22). This formula is commonly
known as the SPM formula (Shore Protection Manual). An
early use of the SPM formula was for the beach beginning
at the Anaheim Bay south jetty (Caldwell, 1956). Local data
were used to obtain the forcings, and the empirical
correlation coefficient in the equation. The data were:
collection and sieve analysis of sand samples; seven sets of
beach profiles surveyed along six ranges in the immediate
area in 1948 and 1949; six sets of aerial photographs in 1948
and 1949; wave measurements by two gages on Huntington
Pier; wave hindcasts using daily synoptic weather maps. For
recent updates of this and similar formulae, see Kamphuis
(1991; 1993); Schooness and Theron (1996).]
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Figure 4. Natural Historical Channel Courses of the Los Angeles, San Gabriel and Santa Ana
'Rivers, California. (From Brownlie arid Taylor, 1981)

Figure 5. Alamitos Bay, California, 1921. Oblique Aerial Photo Looking Northerly Over Bay,
Entrance, and Peninsula; San Gabriel River at Mid-photo Right. (From US ACE, Los Angeles
Dj ,1riGt, 19661l9fi7) .)6
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Figure 7. Alamitos Bay, California, August 1964. Oblique Aerial Photo Looking Northwesterly
Over Bay; San Gabriel River Channel/Mouth and Bay Entrance, and Three Contiguous Jetties
at Bottom; Peninsula at Left. (From USACE, \7'$ Angeles District, 1966/1967)



Figure 8. Aerial Photo, looking SE over Surfside-Sunset Beach, probably in the late 1940's.
(From USACE, Los Angeles District, 1986)

PHOTO TAKEN ON NOVEMBER 12. 1998

Sources: IJCI.A Department of Geology, Spence CoUectIon
Noble Consullants Inc.

Figure 9. Aerial Photo of Surfside-Sunset Area, looking NE from Offshore. (From USACE, Los
Angeles District, Dec. 2002) 33
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