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1.0 INTRODUCTION AND SUMMARY

The overall objective of the investigation was to continue
using Landsat data to analyze and describe long and short term
littoral and nearshore processes along the California coast. The
effects of these processes on natural and modified shorelines and
the capability to demonstrate the utility of Landsat derived infor-
mation are important considerations of the U.S. Army Corps of
Engineers. Areas of prime interest include the applicability of
Landsat derived information to coastal protection, ccastal zone
management and engineering planning. The processes studied included
sediment transport, river discharge, nearshore currents, and estua-
rine flushing.

Landsat data as well as aerial ptiotography and surface data,
cevering a four year period were analyzed to determine the vari-
ability of coastal processes. By using suspended sediments as
tracers of surface dynamics, the specific objectives of the
study were met. The first objective was to determine the sedi-
ment transport parameters measureable in the Landsat data and
apply this information to everyday cnastal planning and construc-
tion. It was possible to detect details of surface patterns by
both manual and computer enhancement techniques. Figure 1-1 is an
image of the northern California coast in which the density levels
that encompass the suspended sediment were stretched to allow the
investigator to make a detailed interpretation. This and other
image processing techniques were applied to the Russian River Com-
prehensive Study, the Salinas Basin - Monterey Bay Metreopolitan Area
Urban Study Program, the San Francisco Bay Dredge Disposal Study,’
the Humboldt Harbor and Bay Study and the Channel Island Harbor Data
Collection Study.

The Russian River information derived from satellite and air-
craft imagery is now part of the data available to the water re-
source managers and will be used to help to define dam release
volumes necessary to maintain river fish envirenments at an optimum
level as well as to maintain the recreational and water resource poten-
tials of the Russian River. Although Landsat primarily imaged fines
and siits in the surface waters, the distribution of sediments aj-
Towed an examination of upwelling, convergences, coastal erosion,
and other coastal engineering concerns. 1In Monterey Bay these coastal
phenomena were used to trace seasonal trends in surface currents;
and, although reconnaisance in nature, the current charts are avail-
able to oceanographers and coastal engineers. These charts may be
used as a source of basic trends and current patterns to be used in
establishing detailed surveys. Coastal managers may utilize these
charts as a data source for planning locaticns of outfall structures
or other coastal construction projects.
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At Humbuldt Bay a comprehensive 0ceanographic survey has
recentiy taken place as part of a plan to locate a sewage discharge
diffuser offshere. Al] of the present reports for the area indicate
a lack of detailed information un the dynamics of the offshnre
ocear. The Landsat imagery for the last four years presents the basic
trends of the coastal processes. From this information seasonal
and yearly changes in the transitory coastal currents are detectable.
Numerous exceptions to the predicted current patterns were noted.
This information is being utilized in the modeling of the expected
transport of the planned sewage plume outside of Humboldt Bay. In
the San Francisco estuary the same interpretation techniques were
used but the resylts were combined with the ongoing dredge dis-
posal study which provided sea triith data. The area of San Francisco
Bay which was investigated was San Pablo Bay or northern San Fran-
cisco Bay. This is where the Sacramento, San Joaauin Rivers dis-
charge into the bay. It is also the location of Mare Island N .val
Base, numerous private terminals and marinas plus the channel to
Carquinez Strait, Suisun Bay and Sacramento. The material from
dredging operations in the area was marked, discharged and monitored
for distribution. Correlation with the Landsat imagery from the
same time period was investigdted, Altnough a high degree of corre-
lation was not always reached because of differences in the data
sampling operations and the Landsat overpasses, it was possible to
chart sediment transport and distribution patterns. The possibility
exists for ‘using the techniques developed with a precise sampling/
Landsat overpass correlation,

The overall sediment transport along the California coast, as
detected in the Landsat imagery (Figure 1-2) was used to map the
seasonal current periods. Since four years of imagery are now
availableg the results are much more detailed than during the
Landsat 1 investigation. In general the current seasons may be
divided into the Oceanic Current Period (July - November), the
Davidson Current Period (November - February), and the Upwelling
Current Period (February - July).

One location along the coast, Santa Barbara Channel, was in-
vestigated in detai} utilizing not only Landsat ., but also aircraft
and shipboard collected data. Complex surface current patterns
were present which changed dramatically with the current seasons.
Lenses of sediments in surface waters were discovered -during oceano-
graphic data collection traverses across the channel. The Landsat
imagery provided an unparalleled means of detecting the source ma-
terial for such lensing. The ramification of this ability for mon-
itoring o1l spills, effluents, pollutants, etc., presents a valuable
use of Landsat imagery.

1-3~
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2.0 'CALIFORNIA NEARSHORE SURFACE CURRENTS

This section presents a discussion of nearshore California
surface currents and techniques utilized in'the application of
remotely sensed data to the charting of the coastal current
seasons of California.

The imagery analyzed in this study came from the Landsat I and
II {formerly callad ERTS) satellites of late 1972 through mid-1976,
NASA Ames U-2 flights of 1972 through 1975, as well as NASA's John-
son Space Center (JSC)} aircraft flights of 1969 through early 1974,
These data sources, in addition to Army seurces, provided unique
views of the coastal currents spread over the three current seasons.
High altitude and satellite imagery produced extremely complete,
near synopic and clear images of the oceans's surface and revealed
large scale phenomena and relationships that often cannot be seen
from a Tow altitude - below 5,000 meters, (16,400 feet) or from a
surface perspective. Coastal engineers and oceanographers may now
trace the primary coastal current systems along the California
coastline since suitable data are now available to set dnwn, with
reasonable confidence, the primary current trends observed during
the three California coastal seasons. Thousands of individual

image frames were analyzed to extract the bits of current vector
directions that have been assembled into generalized seasonal
current charts. Figure 2-1 gives the geographical sites noted.

Every year along the coast of California there are the three
successive current seasens: Oceanic, Pavidson and Upwelling. These
nearshore currents are important in connection with various coastal
processes and have a strong influence on the industrial, recreational
and engineering activities in the coasta] zone. During the Oceanic
Period froem July to Nevember, the southward flowing Caiifornia Current
dominates the nearshore current patterns. Commencing about the middle
of November and extending te February, the Davidsen Current, a north-
ward moving countercurrent, is the dominant inshere transporter of
water and suspensates.  The phenomenon of upweiling s prevalent dur=
ing the period from the middle of February to the end of July.

With the advent of quality films and multispectral imaging
systems for both aircraft and satellite, remote sensing techniques
have gained widespread acceptance and utilizatien in coastal pro-
cesses studics. The Landsat satellites provide repetitive and
high resolution multispectral imagery of the earth's surface. With
respect te nearshore currents, Landsat permits synoptic, repetitive
coverage with acceptable resolution capability for detecting current
directiens and horizontal distribution, upwellings, current blockages,
offshere movements, gyres, and sediment sources (Pirie and Steller, 1974).

2-1




pommr et REOOL,
7. Gromer & CRESCENT CITY S] 9!
TRINIDAD BEADY, . . 1
 BUREKA :
CAPE ¥ HUMBOLDT BAY
| mENDOCTHO X '
PUNTA GORDA =N, o0 1
\: + + + 4 '
PT. DELGADA | -
'FORT BRAGG —., LAKE
B Gk, TAHOE
POINT ARENA Q' ¥° + +
. SACRAMENTO
BODEGA HEAD ~—__\; * \
BODEGA BAY ———3 | \
N AR N
e e + + " o é-y
TOMALES POINT" 7 NS * STOCKTON Y
PT. REYES“/ Ay AKLAND
DRAKES BAY (YN 5aN JOSE . .
BOLINAS - \
SAN FRANCISCO WSANTA CRUZ + + + Ry
PACIFICA "/ Y MOSS LANDING '
MONTARA /¢~ pr. PINOS = OWENS
HALFMOON BAY’es ™ MONTEREY P raxe N
PT. ANO NUEVO ° X~ PT. SUR - _
DAVENPORT + N+ + + + + q
MONTEREY BAY g
PT. PIERDRAS BLANCAS —5s.
SAN SIMEON POINT N - « BAKERSFIELD
T e
PT. BUCHON + o + +
o \: cAVIoTs
" ' | gorgra PoTNT
PT. ARGUELLO W. .|, | SANTA BARBARA
PI. CONCEPTION™ S\ VENTURA _ par1BU
SAN MIGUEL IS.< st < ’
SANTA ROSA T8 472 LONG BEACH
SANTA CRUZ IS. L NEWFORT BEACH
ANACAPA IS, / ) :
PT, DUME | NS/
_ | PALO VERDES PENINSULA mﬂm BEACH { / . -
LOCATION MAP CATALINA IS. DANA POINT s LA JOLLA
0 . 80 160 MILES SAN CLEMENTE * SAN DIEGO
e — OCEANSIDE -
0 3264 128 256 K | CARLSBAD PT, Loma

Figure 2-1 Ca1ifurnia'toést’Location Map
2-2




2.1

Utilization of the 0.5 to 0.65 micrometer band of the electro-
magnetic spectrum provides the best definition of the California
nearshore and offshore currents which carry suspended sediments.

The suspensates act as current pattern tracers and originate pri-
marily from riverine discharges, estuarine flushing, and shore
erosion. During periods of Tittle or no runoff, especially in
soutnern California, the lack of appreciable gquantities of suspended
materials makes detection of sea and coastal currents difficult. In
order to ebtain maximum information from transparencies and computer
tapes, enhancement techniques may have been applied to expand den-
sity ranges. It is alse possible through multi-channel computer pro-

cessing to enhance water density differences between the various multi-

spectral channels in order to enhance suspended sediment and current
features.

GENERAL OVERVIEW AND RESULTS OF PREVIOUS INVESTIGATIONS

Although a fully integrated picture of all factors influencing
the netdrshore surface currents along the coast of California has
yet to be developed, the most impertant force imparting metion to
the surface waters is the wind. As described by Sverdrup (1942}
and others, there is generaliy a clockwise current circulation in
the North Pacific Ocean caused by the strong westerly winds in
high Tatitudes which move the waters eastward and the trade winds
farther south which push the waters westward in a return flow. The
California Current Ties at the eastern, southward-flewing side of
this Pacific Ocean circulation pattern. The current flows southeast-
ward between one cell of high atmospheric pressure te the west and
another cell of high pressure on the landward east side. Winds
over the California Current are generally from the nerth and west.
These winds are strong when the two high pressure cells are clése
together and intense. Conversely, winds are weak when the cells
are farther apart and moderate. Both these cells are weakest in
winter. The high to the west moves nortk in spring and summer as
it grows slightly stronger. 1In the fall it weakens and meves south.
The low pressure cell over the land is a semi-permanent feature with
a wider range of seasonal variations. Changes in the strength and
location of the cells cuuse seasenal changes in the winds along the
California coast. From spring to fall the winds mainly have a
northerly component and in the winter this nertherly cemponent
either weakens or reverses.

0ther forces which affect the ocean waters are pressure gra-
dients, Coriolis and gravity. They produce geostrophic flow, or
gradient currents. Gradient currents are due to the actien of
gravity flow outward frem topegraphic bulges of water found pri-

" marily at the center of surface wind gyres. Differences in the
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level of the sea produced by lighter density water overlying denser
water, especially if there exists a sharp interface between the
water b0d1es, induce slope currents. During the fall and winter
months, river discharge guantities, particulariy in Northern Cali-
fornia, are of sufficient magnitude to cause slope currents.

DESCRIPTION

The California Current system is a part of the general clock-
wise circulation of the North Pacific Ocean. At high latitudes
the waters move easiward under the influence of the "roaring forties"
and near the coast of North America, seuth of the Aleutian Islands,
divide inte branches. The smaller part turns northward into the
Gulf of Alaska, and the larger part turns seutheastward to become
the Califernia Current. The water which is transported south by
the Califernia Current is ceeler than the waters farther offshore.
This current with a usual speed of Tess than 0.25 meters {0.82 feet)
per second, is modified by upwelling, solar heating, river dis-
charge and exchange with estuaries and embayments as it traverses
the sheraline of western Morth America. As it nears the latitude
of 25 degrees north it begins to turn westward and its waters be-
come part of the west-flewing North Equaterial Current. On the
inshore side of the current, numerous variations of the circulation
occur., A permanent counter-clockwise eddy, the Southern California
Countercurrent, s found inside the submerged peninsula that extends
southeast from Point Conception and includes Santa Rosa Island, San

Nicolas Island and Cortes Bank (Sverdrup and Fleming, 1941).

OCEANIC AND UPWELLING SEASONS

Along the coast of California, winds from the nerth and north-

west prevail during the spring and summer months. The nearshore

southward flowing surface waters are turned from their movement
along the coast to a direction offshore. Some part of the waters
which move offshore are replaced by celder waters from below. This
replacement, known as upwelling, is important because of the sur-
facing of waters rich in nutrients. These nutrients support the

- abundant and diverse biological activity in the coastal waters.

The period of strongest upwelling differs aleng variius sec-
tions of the coast. For San Diego, McEwen (1934) gave the upwelling
period as April to September with a maximum during June and July.
Skogsberg (1936), for Monterey Bay, gave the upwelling period as the
middle of February to the beginning of September. Maximum upwelling
occured before the end of July in his investigations. Reid and
others (1958), suggested that upwelling is the strongest when the
nerth and northwest winds are most marked. This is in April and May
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off Baja California, May and June off Southern California, June
and July off Northern California, and August off Oregon. Wyrtki
(1958) said that upwelling off Baja California occurred all during
the year.

A theoretical consideration for large scale upwelling was
given by Yoshida and Mayo (1957). They used their equation for
vertical velecity in the surface layers to show that intense up-
welling should occur only in the spring in southern and Baja Cali-
fornia waters, because of the positive values in the curl of the
wind stress. Intense upwelling alse should eccur, state Yoshida
and Mao, only during the summer and fall in the northern areas,
when the curl of the wind stress has appropriate positive values.

Skogsberg (1936) indicated that upwelling was Timited nor-
mally to the upper 300 meters (984 feet); but, during years of
intense upwelling, the depth could be greater. Sverdrup and
Fleming (1941) indicated this figure to be about 200 meters
(656 feet). Roden (1962) using statistical data off Northern
California, concluded that water frem depths greater than 100
meters (328 feet) could not extend frequently to the sea surface.

Sverdrup (1938) found evidence of coastal upwelling out to
100 km (62 miles) from the coast. VYoshida andMaye (T957) implied
that upwelling of a large horizontal extent could eccur out as far
from the ceast as 500 km (310 miles). Yeshida's (1955) theory of
coastal upwelling described a narrow strip of upwelling about 50 km
(31 miles) in width close te the coast. The width of the coastal
upwelling being controlled by two parameters. The first is the
axis of the northerly winds; when the axis is closer to the shore,
the upwelling zene width will be narrower and vice versa. The
second parameter is the latitude; the calculations presented from
Yoshida's model showed that the upwelling area width decreased
with increasing latitude.

Sverdrup and others (1942) indicated centers of upwelling along
the coast at 24° N, 35° N, and 41° N. Hidaka (1958) suggested that
since his velocity components all included the sine of the latitude
in the demoninator, the intensity should increase with decreasing
latitude. Reid and others (1958) noted that upwelling was mere in-
tense south of capes and seaward extensions {Cape Mendocino and
Point Conception). Pattulle and Burt (1960) reported a similar situa-
tion off the coast of Oregon, while Dawson {1951) reported this
effect off the coast of Baja California. Arthur (1965) using Dawson's
equation for upwelling velocity, showed theeoretically why this occurs.
The planetary vorticity term is always negative on the west coast of
continents. The relative vorticity is positive nerth of a point or
cape (opposing the planetary vorticity) and thus contributes to a
higher upwelling velocity. Holly (1968) showed that the most per-
sistent areas of coastal upwelling seem to be where the continental
shelf slope is the greatest. These are approximatzly 29° N, 31° N,
and 33° N. -



During the peried from April to September, coastal upwelling
is the principal contrelling factor of sea surface temperature
within 100 km (62 miles) of the west coast of North America; large
scale upwelling is an influential factor in the California Current
region further offshore. Comparing coastal and large scale upwell-
ing, coastal upwelling is smaller in scale but more intense. These
two types of upwelling frequently occur at the same time and are
separated by a trough of sinking water. The nearshere circulation
resulting from coastal upwelling is determined mainly by the wind
stress; but the stratification of the water, bathymetry and lati-
tude are influential factors.

DAVIBSON CURRENT SEASON

During the period of approximately November to February each
year the Davidsen Current, a northward moving countercurrent, is
the dominant inshore transporter of water and suspensates. The
Bavidson Current is generally a deep countercurrent below 200
meters (656 feet) which flows to the northwest along the coast from
Baja California to some point beyond Cape Mendocino {Edmisten, 1974).
It has been observed as far north as 50 degrees north latitude (Burt
and Wyatt, 1964) and brings warmer, more saline water great distances
nerthward along the coast through the year. When the north winds are
weak or absent in late fall and early winter, this countercurrent
forms at the surface on the inshore side of the main stream of the
California Current.

CURRENT MEASUREMENT

Commencing in the late 1950's, direct measurements of the
Califernia Current were made using various measurement techniques.
Improved radar and radar reflectors made it possible to track many
drogues at ene time and thus measure the currents over wider areas
with only one ship. Such a technique was employed in March 1958
to gain a detailed picture of the Califernia Current for a four day
period off Peint Sur ¥n the vicinity of Davidson Seamount. The
current set was to the southeast at an average velocity 0.25m/sec.
(0.82ft/sec)with rapidly moving streams with maximum velocities of
0.90m/sec {2.95ft/sec)observed (Jennings and Schwartzlose, 1960).
Direct measurements of the nearshore surface currents were again
made in October 1958 and January 1959 7or the same location off
Point Sur. Parachute drogues were used to determine current direc-
tion and speed. In October the coastal waters were just beginning
to flow northward and velocities measured by both drogues and the
geostrophic approximation indicated some irregularity. In January
the northwest flowing Davidson Current was well astablished. It was
about 90 km (55.8 miles) at 36 degrees north, and speeds of
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0.10 to 0.25 m/sec (0.33 to 0.82 ft/sec) were observed. Flow main-
tatned quasi-periodic fluctuations of approximate diurnal and semi-
diurnal periods. Geomagnetic electrokinetograph (GEK) measurements .
substantiated fluctuations in flow.

In addition to the direct measurements obtained by drogues and
the GEK, drift bottles have been used extensively to study nearshore
currents along the coast of California; and except for remote sens-
ing, few other data show as clearly the existence of the Davidson
Countercurrent during the late fall and winter months.

The resylts from drift bottle studies of inshore currents
along the coast of California have been reperted by a number of
investigators (Tibby, 1939; Reid et.al, 1958} Fofonoff, 1960;
Schwartzlose, 1963: Hamby, 1964; and Crowe and Schwartzlose, 1972).
Other related drift bettle studies have been made (Dodimead and
Hollister, 1958; Burt and llyatt, 1964; and Wyatt et. al., 1971).
In late 1954 Scripps Institution of Oceanography's component of the
Califernia Cooperative Oceanic Fisheries Investigations ?Ca]COFI)e
the Marine Life Research Group, began using drift bottles to study
seasonal variation in the inshore portien of the California Current.
From 1955 through 1971, a total of 148,384 drift bottles were re-
leased and approximately 3.4 percent {4,995) were recovered (Crowe
and Schwartziese, 1972). The nerthern most return was from Montague
Island, Alasks (August 1968), the southern most came from an area
just north of Acapuice, Mexice {May 1959), and the western most
return was from the island of Hawaii (September 1969). An interest-
ing feature of the drift bottle results, is that few bottles put
over more than 75 km (46.4 miles) offshore have returned to the
coast. This result is consistent with the assumption that the sur-
face waters are nearly always moved offshore by the prevailing wind.

GEOSTROPHIC FLOW CALCULATIONS

In the open ocean waters away from regiens of effective boundary
friction, unaccelerated and frictionless flow is called geostrophic
(earth turned}. The only effective forces acting per unit mass are
the pressure gradient, the Coeriolis (to the right in the northern
hemisphere) and gravity. Currents produced as a result of the slope
of isebaric surfaces, which are a function of the density distri-
bution of the water, are called gradient currents. In order to
express these density distributions as currents., it is necessary to
make -certain assumptions. These are that the currents and density
distribution are steady, there are neo effects of friction either at
the bottom or from wind at the surface, there is some depth - perhaps
1,000 m (3,280 feet) at which there is ne motion and to which the
density measurements can be referenced, and above this level all
movement is herizontal and east to west. The geostrophic flow, cal-
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culated from temperature, salinity and depth data, provides a reli-
able approximation of the actual motion of the water from time
Trames exceeding a day (Wylie, 1966). However, currents computed
from density are not as reliable for nearshore waters since the
basic assumptions and boundary conditions are not so well fulfilled,
and other factors, such as coastline configurations, varying depth,
variable winds, upwelling and the oscillations of internal waves
influence the nearshore currents,

DESCRIPTION OF SURFACE CURRENT SEASONS FROM REMOTE SENSING

From 1970 to mid-1975 the National Aeronautics and Space Admin-
istration (NASA) obtained a wealth of imagery of the ocean off
California with their Landsat satellites, U-2 high altitude remote
sensing aircraft and low and mid-altitude aircraft. These and other
image data sources have provided unique views of the coastal currents,
from macre to micro in scale spread over the various oceanic 5easons;
and have given coastal engineers and oceanographers a tool with
which the primary coastal current systems may now be traced in detail.
High altitude imagery produces extremely complete, near synoptic
and clear images of the ocean's surface, revealing large scale phe-
nomena and relationships that often cannot be seen from a low alti-
tude- below 5,000 meters (16,400 feet) or from a surface perspective.

Because coastal water is a complex mixture of solubles, colloids,
suspensoids and biolegic substances, visible light is absorbed,
scattered and reflected in the water column in different spectral
bands and in varying amounts. These differences create variations
in colors, brightness, texture and contrast boundaries on imagery.
Oceanic masses are distinguished by these imaged spectral variations.
Majer difficulties in ebtaining field observations of nearshore
currents exists because the current systems extend to the broad
area in and near the surf zone. In the investigation of sediment
transport in the littoral zone, it is required not only that the
wave characteristics such as height, peried and direction be de-
fined, but aiso that the current field and bathymetry in, and off-
shere of, the littoral zone be understood to insure that models
developed to predict sand transpert confidently reflect the coastal
parameters that exist in the prototyne. It is not uncommon for
field observers to note that a net sand transport for any particu-
Tar site will be eopposite that predicted by wave characteristics
alone because of the dominance of the oceanic current system over
the wave transport system. What is needed is the development of
medels that superimpose wave induced drifts with oceanic current
induced drifts. Therefore, a good statistically reliable knowledge
of the nearshore eceanic current vectors is basic. Unfortunately,
quantitative as well as qualitative data pertaining to nearshore
coastal currents off the shores of the United States is sorely
lacking at the present time.
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As by-products of attempts to define the nearshore currents
that affect littoral transport mechanisms, valuable inputs have been
obtained for studies concerning the locating of sewage or thermal
outfalls to minimize adverse environmental effects and maximize the
utilization of nutrient or thermal levels in needy oceanic areas.

It has been demonstrated that along the California coast there are
areas where oceanic current systems tend to move offshore during
the various ocean seasons. This observation means nutrients that
would , if introduced in the nearshore zone, cause red tide blooms
or other equally envirenmentally destructive effects, could be
directed offshore to areas where natural nutrient levels are low;
and therefore, increasing these nutrient levels would increase the
bielegical productivity leading to new fisheries and other commer-
cial concerns. Analyses of oceanic current systems will make it
possible to determine the areas where sediments containing pollutants,
introduced by rivers, find their way into areas of upwelling. They
may possibly reduce the expected productivity of these areas.

CALIFORNIA COASTAL CURRENTS

Very Tittle is really known about the specifics of the seasonal
variations of the California nearshore current systems. However,
NASA remote sensing technology has provided data suitable for cur-
rent definition and sufficient imagery to set down, with reasonable
confidence, the primary current trends observed during the three

California coastal seasons. Thousands of individual image frames

were analyzed to extract the bits of current vector directions that
have been assembled into generalized seasenal current charts in

this section. It must be emphasized that the surface current systems
presented herein are those observed during the period of 1969

through mid-1976 and grimarily during Tate 1972 through mid-1976,

and that cyclic meteorological and thermal trends as well as short
term climatoglogical perturbations have not been filtered to provide
Tong term trends. It is hoped that fut'ire acquisition of satellite
and high altitude aircraft imagery will provide sufficient data that,
when correlated with climatological variatiens, will provide a

sample of current analyses that can be utilized for temporal pro-
Jections. In addition to outfall and sediment transpert studies,
current projections are seen to be increasingly important in environ
mental impact studies dealing with offshore oil production as well

as the myriad problems encompassing coastal development.

Figures 2-2, 2-3, and 2-4 show examples of the Landsat, Ames
U-2 aircraft and NASA Houston (JSC) aircraft imagery utilized in
the coastal current analyses. The use of the U-2 aircraft platform
for imagery scales of 1:130,000 was found to be most useful for de-
tection of nearshore structures and overall definition. The JSC-
supplied imagery with scales between 1:18,000 to 1:40,000 was
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Figure 2-2 Landsat II Image 2415-18131-4, 12 March 1977, River Discharges
at Cape Mendocino, California.
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Figure 2-3 NASA Ames U-2 Image of San Francisco Bay, Caﬁifofnfa,

21 March 1975, Accession No.2022, Frame 3502, Original
in Color Infrared
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Figure 2-4 Delgada Submarine Canyon.
NASA Houston JSC image of upwelling area south of Cape Mzrdocino,

California. Print from positive transparency used to enhance suspended
sediment. 26 Sept 1973, Mission 253, Roll 118, Frame 266.
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excellent for littoral zone analyses and the Landsat scale of
1:1,000,000 was appropriate for the macro and offshore tendencies.

The techniques used to define current directions, upwellings,
and other basic surface parameters ranged from the simple use of
photographic “transparencies on standard 1ight tables to compiex
digital processing of satellite computer compatible tapes. The
machine protessing techniques were useful when it was necessary to
contrast and enhance data to bring out the subtle variances in
densities and patterns that were used in describing ciruclatory
systems. Multispectral ratioing and other algebraic functioning,
allowed for theoretical depth of sediment, Tensing, and sediment
concentration analyses (Pirie and Steller, 1974). Because of the
cost of machine processing, the majority of current interpretatien
was restricted tu photographic transparency interpretation using
either a Tight table with stereoscopic viewing or a variable scale
projector. With the simpler viewing systems, the interpreter must
view the coastal images, screen out wind, wave, and bottom tope-
graphy effects, and organize the sediment density patterns into a
current pattern. To do this effectively, the interpreter must be
knowledgeable in the spectral response of the transparency that he
is viewing, the magnitude and reflective characteristics of the
noise and parameters of interest; and also have a good "seat of the
pants" knowledge of the area being studied. Wind effects were prob-
ably the most difficult form of noise that was encountered. Com-
plex wind patterns can often be confused with upwe’lings, internal
waves or island wakes. It is important that the interpreter utilize
all his experience as well as all the spectral channels at his dis-
posal to eliminate confusing noise.

Figures 2-& through 2-10 are the results obtained from the
analyses of the three primary coastal current circulation patterns
of ¥ the coast of California. The basic generalized current pattern:
were found to be in general agreement with the results of oceano-
graphic studies previously discussed. However, never before had the
complexity of the relatively stable nearshore circulation been so
graphically defined.

DAVIDSON_CURRENT PERIOD

The complex movements of the various currents which occur
during the Davidson Current Period are illustrated in Figures 2-§
and 2-6. Normally, the main influencing current on the coast is
the California Current; however, during the period of approximately
November to February each year, the Davidson Current, a north mov-
ing countercurrent, is the dominate inshore transporter of water
and suspensates.
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The Davidson Current is generally a deep countercurrent below
200 meters (656 feet) which flows to the northwest aleng the coast
from Baja California to some point beyond Cape Mendocine. It brings
warmer, more saline water great distances northward along the coast.
When the north winds are weak or absent in late fall and early
winter this countercurrent forms at the surface, well on the inshore
side of the main stream of the Califernia Current. The evidence
for this current is visible on the Landsat imagery and supparted by
temperature conteurs in the eastern Pacific bend te the nerth along
the coast during the height o¢f the Davidson Current activity with
the most dramatic changes taking place in February.

Generally Figures 2-5 and 2-6 illustrate the greatest concen-
trations of nearshore nertherly moving sediment tagged water within
approximately 30 km (18.6 miles) of the coast with high concentra-
tions of lines and silts within 10 km (6.2 miles) of the coast. At
several points, notably Cape Mendocino, Point Arena and Peint Cencep-
tien, significant quantities of surface waters are transported off-
shore to mix with the seuthward flowing Califernia Current.

The effects of the Davidson Current on the nearshore waters of
the coastal reach between the Oregen berder and Cape Mendocino are
strongest about 40 km (24.8 Miles) offshore and directed toward the
north. The currents past 100 km (62 miles) offshere are to the south
with meanders (“M" on the figures). Coastal currents are primarily
tidal, wave and wind shear induced with a net southerly transport
except near Humboldt Bay where the Davidsen periodically sweeps into
shore. This northerly transport at Humboldt Bay is especially commen
during winters of heavy storm activity when the Califernia Current
is further offshore and the Davidson strongest. At Cape Mendocino
and Punta Gorda there is an offshore transpert of surface waters con-
taining high concentrations of silts and clays. The severe changes
in bathymetry in the Cape Mendecino region caused by the Mendocino
Fracture Zone are probably responsible for the landward component
of current drift to the north of the Cape and the offshore component
to the south.

The currents between Punta Gerda and Point Arenma are structur-
ally similar to theose just discussed but exhibit mere near coast
eddies and meanders caused by the variable winter winds. One inter-
esting upwelling site has been repeatibly observed on the LANDSAT
imagery during the late Davidsen Current season as existing at the
head of the Delgada and Spanish Submarine Canyens ("U" on the figure
depicts an upwelling area). These two nearshore submarine canyens
between Punta Gorda and Shelter Cove may be respensible for the
shoreward channeling and surfacing of deeper Davidson Current waters.

The currents for the reach between Point Arena and Point Reyes

are discussed in Section 6 and shown on Figures 6-2, 6-3, and 6-5
as weil as being illustrated in this section to be clearly influenced
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by the net nerthward currents alongshore with meanders offshore and
a seaward flow of sediments at Point Arena.

In the Gulf of the Farallens a complex surface current and
sediment transport system is present. A large clockwise gyre is
present off the Golden Gate Bridge reaching from the San Francisco
area northwest to the vicinity of Bolinas.

From Halfmoon Bay to Point Conception the eoffshere currents are
northward and effective to at least 40 km {24.8 miles). Back eddies
are commonly observed at any coastal indentation to the north of
headlands and along high energy and wave facing {nerthwest facing}
beaches. The Monterey Bay surface waters are reported to be exceed-
ingly uniform during the Davidsen Current period. The temperature
difference between any pair of statiens averages a little Tess than
0.25° C. No regular pattern of temperature distributien is discern-
ible. The general northern trend of the suspended sediment, however,
appears to centinue in Monterey Bay with the area from Moss Landing
to Santa Cruz containing two clockwise gyres. Additional Monterey
Bay current informatioen is te be found in Sectien 4.

Off Point Conception the Califernia Countercurrent in the area
between the mainland and the Channel Islands appears to pick up Sus-
pended particles and transports them offshors into a complex pattern
region that is influenced by the Califernia Current.

In the Los Angeles Harbor area materials from the Los Angeles,
San Gabriel and Santa Ana Rivers move offshore and westward under
the influence of the Davidsen Current. Inside the harber an east-
southeastward current is in effect. Once outside the Les Angeles
breakwater a slow moving westward current appears to dominate the
nearshore sediment movement. -Suspended sediments in Santa Monica
Bay ring the bay with a 4 to 8 km (2.48 to 4.96 miles) wide border.
This band of sediment appears te be escaping the bay area te the
west around Point Dume and to the seuth at Point Vincente.

From Newport to the Mexice border the Davidson Season currents
are effectively northward offshore with meandering eddies nearshore.

2.2.3  UPWELLING PERIOD

During the Upwelling Period (March threugh August) winds par-
allel to the coast move surface waters offshere allowing deeper
ocean water to surface. This effect seems to be intensified near
submarine canyons and south of capes and points which extend out
into the current stream. On the current plots, Figures 2-7 and
2-8, the process of upwelling is illustrated with a "U". These
colder upwelling waters are often rich in nutrients with the addi-
tional result that plankten bloems often accompany this peried in
the spring and again in late summer.
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trend. Similar features on a more local scale are &etectab1e by

From the Oregon border to Punta Gorda the California Current
sweeps close in toward land with gyres and upwellings off the points,
Sediment transport out to sea is found primarily at Point St. George
and at Cape Mendocino. At Punta Gorda the coast changes direction
to more NW-SE tending; and, with the strong N winds of spring there
develeps between Punta Gorda and Fort Bragg a series of strong near-
shore upwellings that appear on the high altitude and Landsat imagery
as extremely clear waters adjacent te trapped sediment laden coast
waters. Figure 2-2 {andsat image 2415-18131-4 of 12 March 1976)
illustrates the effect of the California Current beceming effective
to the nerth of Cape Mendocino but not yet dominant between the Cape
and Fert Bragg. However, upwellings are evident near the coast.

The winter of 1975-1976 was one of the driest of all times on
the California coast. This lack of storm activity as well as the
1ighter than normal winds of spring and summer resulted in Landsat
images depicting weaker currents and many more meanders than during
“"normal” yvears.

Between Point Arena and Bodega Bay another NW-SE tending coast-
line exists and displays many of the same upwelling tendencies as
the Mendecino—Fort-Bragg reach but seems to have less ebvious and
less powerfuy? surfacings. This may be due to the broader shelf in
the nearshore region.

In Southern California another Ni-SE c1iff backed coast is
found between Point Pings near Monterey and Point Buchon near Merro
Bay. The narrow continental shelf, southwestward current and north-
west wind combine to provide a wealth of sealife of upwelled watered
kelp forests,

. At Point Conception the coast takes a sharp bend to the east
and sets up a gyre and suspected upwelling. As shown en Figure 2-8,
the upwelling season in the Santa Barbara Channel is generalized as
being made up of two counter rotating gyres with upwellings near-
shore along high c1iff or hili backed coasts that channel the winds
parallel to the shore. From Point Bume to Mexico the currents shown
on the generalized figure were weak and unclear because of the low
contrasts of sediments in the imagery. However, enough images de-
picted the same trends to develop the representatien on the Tower
portion of Figure 2-8.
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2.2.4 OCEANIC PERIOD

The Califernia Current system dominates the nearshore surface
current patterns during the Oceanic Period from July to November.
In the offshore area, this current is the driving force of open ocean
waters throughout the year.

The ceastal current effects during the Oceanic Period are
shown on Figures 2-9 and 2-10. The California Current is the south-
ward component of the clockwise circulation of the North Pacific
Ocean. As this current siowly meanders southward at speeds generally
less than 0.25 m/sec (0.82 ft/sec), it becomes warmer (nder the influence
of the sun and mixing with the warm waters to the west. On the in-
shore side of the current are found the numerous local disturbances
which are of interest in this study. By comparing Figures 2-9 and
2-10 with Figures 2-7 and 2-8, one may observe that the seasons are
similar except for a general lessening of current strength because
of low surface wind and wave forces.

Off Point St. George a large gyre is normally found offshore
from the sandy beaches extending south for a distance up to 40 km
- (24.8 miles).

In the Humboldt Bay area the sediment being transported comes
mainly from the Mad and Eel Rivers and has been observed moving
southward and offshere to a distance of 100 km (62 miles) from the
entrance to Humboldt Bay.

Between Cape Mendecino and the San Francisco Bay entrance a
number of sediment gyres are set up meving fine material directly
offshore. At Point Arena a linear plume of material moves westward
for a distance of about 25 km (15.5 miles). The first 5 km (3.1 miles)
of this feature appears to be heavily laden with sediment. Further
offshore, settling and mixing of the material causes the gradual
decrease in this visible pattern. This feature appears to be the
result of a small clockwise gyre set up just north of Point Arena.
Similar processes are present off Shelter Cove.

At Bolinas Bay, about 15 km (9.3 miles) northwest of the Golden
Gate the predominant direction of littoral drift past the entrance
of the lagoon is from east to west. Reinforcement of drift occurs
during storms when the wind and waves are frem the southeast and
during the Davidson Current Period. A clockwise gyre is often pre-
sent off the San Francisco Bay entrance which brings sediment from
the Bay system northward inte the Bolinas area. This is part of
the overall Gulf of the Farallons current and transport celld.

Seme of the most complicated local currents occuring aleng the

California coast take place near the entrance te San Francisco Bay.
They result from high current velocities throcugh the Golden Gate
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during flood and ebb tides, variations in bottom topography and

the highly variable wind drift all imposed on the caastal currants.
It should also be noted that rough water conditions which are often
present in the Gulf of the Farallons have always made detailed
survey ship operations extremely difficult.

In Monterey Bay the nearshore area out to about 3 km (1.86 miles)
contains suspended sediment which forms a crescent shaped pattern
similar to the contour of the bay. Two breaks occur in this pattern,
however. The first, 8 km (4.96 miles) north of Monterey and the
second over the Monterey Submarine Canyon off Mess Landing. These
breaks appear as areas of clear water in the nearshore suspended
sediment pattern. The Monterey Submarine Canyon is the Tocation of
numereus upwellings which are indicated by Tower temperature lenses
which move to the nerth and south of the canyon. The feature 8 km
(4.96 miles) north of Monterey appears to be a divergence between
a small clockwise gyre in the southern end of the bay and a counter-
clockwise gyre north to the Monterey Canyon.

The coastline between Point Conception and the Mexican Border
is considered as a single system which has been described as the
Southern California Bight. It is caused by the sharp eastern break
of the coast to the south of Point Conception and the resulting in-
dentation that extends for 575 km (356.5 miles) to Cabo Colmett on
the Baja California coast. This Bight modifies the southern fiow
of the dominating California Current. The hydrodynamic discentinuity
forms a return eddy and a semi-indepencent system of water circyla-
tion within the Bight. This is called the Seuthern California
Countercurrent and is a combination of converging southern, western,
noerthern and upwelling waters. What is generally seen during the
Oceanic Period in the Bight is a counterclockwise gyre which passes
northward through the eight Channel IsTands.

In the Océanic Period a small plume of suspended material moves
south and southeast around Point Conception - Point Arguello. This
represents the split between the south moving California Current and
the material entering the Califernia Countercurrent gyre in the west-
ern Santa Barbara Channel. This counterclockwise movement is apparent
along the Channel Islands and then coastward to a point between Point
Conception and Goleta Peint. At the same time the nearshore sediment
transport is to the east.

Within the Santa Monica Bay, the currents and sediment transport
are clockwise along the coast to Point Vicente. Very Tittle material
rounds the pensinsula because of the rembination of the Santa Monica
Submarine Canyon sediment capture and the offshore sediment movement.

South of Long Beach transport is mixed or northwest. In the
vicinity of Dana Peint and Oceanside, current transport is often
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2.3

offshore to about 3 km (1.86 miles) then southeast. Although the
waters off San Diego contain 1ittle suspended sediment, the trans-
port is normally seen to be southward.

CCNCLUSIONS

The nearshore surface currents along the coast of California
have been seriously studied by numerous investigators for the last
fifty years. Early investigators could only obtain localized current
data, and spatial and temporal characteristics were inferred by
assembling mosaics of local observations. Within the last few years,
aircraft and satellite remote sensors have obtained the synoptic
“big picture” with respect to nearshore surface currents along the
ceast of California.

The surface currents are driven and affected by gravity, fric-
tion, forces due to pressure gradients and Coriolis accleration.
Nearshore water movements, however, which overlie the continental
shelf are affected to a greater degree by wind, tidal forces, and
irreguiarities in the ocean bottom. The features which are of parti-
cular interest in this study and are often visible aon high altitude
imagery, 1ie within this continental shelf zone. Before the use of
remote sensing systems, it was often found during studies of Tocal
currents, that shelf effects, combined with seasonal run-off, dis-
torted the nearshore currents to such a degree that it was difficult
to determine the regional circulation. Landsat and U-2 imagery
graphically illustrate the California Current as well as the near-
shere currents, when suspended material acts as a detectable tracer.

Recently evolved techniques applied to the expanding data
bank of imagery afford greater definition of sea surface dynamics.
Concurrently, surface observations have assumed a new importance as
they are required to praovide "sea truth" for the observed sea sur-
face phenomena.

In this study we have demonstrated the capability of LANDSAT
and aircraft sensor systems to be utilized to define the oceanic
and nearshore surface currents. At this time we do not know that
what we have observed can be stated to be 100 percent correct in
generalized content. However, we do feel the observatiaons and
analyses performed for the California nearshore surface current
seasons make up as good an evaluation of the nearshore currents as
can be found. We recommend the use of the remote sensing tool for
any nearshere study where large spatial reaches are to be observed.
The questions raised as to the absolute velocities and directions
of our coastal currents will only be answered after much more surface
data are taken and compared with additional aircraft and satellite
imagery.
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3.1

3.0 SANTA BARBARA CHANMEL

The Santa Barbara Channel area is an essential part of the
southern California ceast which 1is being subjected to development.
The oil1 finds and associated oil spills have been well publicized
and there are plans for future petroleum developments. Along the
coast are several pepular harber and marina areas plus the northern
Channel Islands. This area, as shown 1in Figure 3-1, is defined as
the northern end of the California Continental Borderland which
stretches from Point Conception eastward to Port Hueneme and ceaward
to include the four northern Channel Islands {San Miguel, Santa Rosa,
Santa Cruz, and Anacapa). There are four major harbor areas includ-
jng Santa Barbara, Ventura, Channel Island, and Port Hueneme. Each
of these harbors has its own particular sedimentation problem. Six-
teen kilometers (10 miles) of coastline considered to be eroding at
a critical rate are located in this area (National Shoreline Study,
1971). The objective of this study is to determine what impact
man's activities, such as effshore drilling and pollution, have on
the marine environment. This is aliso of great importance to Channel
Islands National Menument which new includes Anacapa and San Miguel
Isiands in the Santa Barbara Channel area plus Santa Barbara Island
Further southeast. The Landsat satellite provides continuous data
which is usable as a valuable source of ocean surface infermation
for these areas. On several of the Landsat overpass days, sea truth
information was collected and aircraft phetographs were taken. This
information was used for calibrating and interpreting the Landsat
imagery. It is in such an area with its diverse and eften conflict-
ing usage requirements for coastal waters that Landsat can be most
beneficial.

SANTA BARBARA CHANNEL CURRENT PATTERN

The general surface circulation over the Santa Barbara Channel
and surrounding borderiand is dominated by a permanent cyclenic
Southern California Eddy. The eddy is formed as the California
Current water passes southward into the lee created by the eastward
turr/ of the coast aleng the Transverse Range (Point Conception).
The cold California Current sweeps inte the Santa Barbara Channel.
The. eastern edge of the current beyond Point Coenception bathes San
Miquel Island with cold water, some of which is deflected into the
Santa Barbara Channel {Neushul, 1967). The main stream of the
California Current continues its southeasterly direction to San
Nicelas Island where seme of the water from its eastern edge enters
the semipermanent counterclockwise Southern Califernia Counter-
current. Seasonal variations in this pattern have been well docu-
mented (Reid and others, 1958; Emery, 1969). In the spring and
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summer the North Pacific high pressure cell is well established and
generates consistant northwest winds which tend to drive the Calif-
ornia Current eastward toward the coast. In the fall and winter
months, the high pressure cell degenerates and splits into two smaller
highs lecated off Baja California and over Nevada. In response to

the wind change the axis of the California Current moves farther
offshore allowing a coastal counter current of warm water to develop.
This current, called the Davidson Current or California Countercurrent,
has been detected along the Pacific Coast as far north as Oregon
(Sverdrup and Fleming, 1942).

The inflow of water at either end of the Channel is partially
blocked by current action. This is significant to the suspended
sediment system. The trapped eddy in the western sector serves to
partially halt rapid escape of water flowing westward from near
Ventura. Runoff and suspended sediment supply by streams to the
south of Oxnard is always lower than local supply from the Santa
Clara and Ventura Rivers (Rodelfo, 1970 and Gersline, 1968). The
Anacapa Current from the east (Drake, 1972) is generally relatively
clear and does not add appreciable quantities of particulate matter
to the area but it has the impertant hydrologic effect of blecking
the southern escape of material te the southeast.

The affect of the ocean circulation on the Channel Islands is
of special interest to the marine 1ife evaluations in the Santa
Barbara Channel. The California Current continues seoutheasterly
after passing Point Cenception. San Miguel, the western half of
Santa Resa, and San Nicelas are all strongly influenced by the cold
CaTifornia Current, whereas, Santa Barbara Island, Santa Cruz,
Anacapa, and the eastern half of Santa Resa receive both coeld water
from the California Current and warmer water from the south, moving
up along the Southern California ceoast. Further south, Santa Cata-
Tina and San Clemente Islands are bathed throughout the greater
part of the year by the warmer southern waters. Current and circu-
lation in the island area aré further complicated by local upwelling
in the summer months.

LANDSAT-SANTA BARBARA CHANNEL

The Landsat imagery of Santa Barbara Channel, when studied in
conjunction with the collected aircraft imagery and sea truth data,
gives a clear and reliable picture of surface oceanegraphic infor-
mation (Figure 3-2). Because of the land usage in this area, the
oceanegraphic information is essential as a basis for water survey
and shore protection eperations. The main feature which is detect-
“able is the reflectivity or coleratien changes at or near the water
surface. The reflectivity changes are caused by the sediment in
suspension, water bedy characteristics, sun angle, wave patterns,
water depth, pollutents, floating fauna and flora, and bottem
characteristics. '
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Figure 3-2 Santa Barbara Channel

This April 2, 1973, image from the upwelling current period illustrates the affect
of a large upwelling south of Pt. Conception. Note the wind induced lineations south
of Santa Rosa Island. NASA/LANDSAT 1253-18075-5



Landsat imagery was considered from the standpoint of pro-
viding a synoptic view of currents in the channel, the source of
sediment from fluvial discharges and longshore drift and finally
the transport of mainland sediment offshore. Band 4 and § are
interpreted for water penetration differences. The film density
differences in the water are interpreted as being mainly due to
the variable Toad of suspended sediment. The turbidity plumes
visible in the enhancement of the LANDSAT imagery originates
along the mainland and bathes the entire east end of Anacapa
Istand. A principal coentributor to the suspended materials is
the plume often appearing from the Santa Clara and Ventura Rivers
and their agricultural watersheds (Figure 3-3). It is 1ikely
the pesticides from these agricultural lands are absorbed in the
s011s that erode into the rivers and subsequently flow inte the
ocean. Reproductive failures as in the Anacapa Island popula-
tion of the brewn pelican have been linked with exceptionally high
Tevels of DDT (Delong et.al., 1973). The California Sea Lion has
also experienced problems with premature births which have been
traced to high organechlorine pollutants. The offshore transport
noted in Figure 3-3 is often detectable in the Landsat imagery.

3.2.1 IMAGERY SUMMARY

In viewing all of the Landsat jmagery available for the Santa
Barbara Channel several striking features are apparent (Table 3-1).
There is a considerable period of the year during the dry seasoen
when most of the suspended sediment is Tocated only in the near-
shore area. This is a result of littoral drift, offshore winds
and suspension of particles caused by heavy swells. During per-
iods when the rivers and streams are flowing, the resulting plumes
are greatly affected by cemplex offshore current patterns. A large
countercurrent is eften present between the Northern Channel Islands
and the mainland causing westward current along the coast. In the
period between November and February, the Davidson current is alse
visible moving suspended material westward along the coast. In the
majority of the images, the dominant current is eastward.

Table 3-1 gives a short review of some of the features located
on the indicated imagery.

Summary of Table 3-1

81 Total Landsat picture interpretable
56 East current dominant :
14 West current dominant

10 Offshore sediment plumes

17 Clouds

-2 Dark

15 Upwelling detected
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Figure 3-3 Anacapa Current

This color picture was taken on December 13, 1974, at 1245PM PST. The
Anacapa Current blocks the movement of suspended sediment into Santa Monica
Bay to the southeast. Sediment and polluents from the mainland are forced
seaward where they bathe the shore of Anacapa Island. This is part of the
Channel Islands National Monument where the Brown Pleican and California Sea

Lions populations were adversely affected by pollutents. NASA/AMES 13 Dec 74
FLT 74-206 ACC 1981
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LEGEND

E
W

East Current
West Current
PH Port Hueneme
SB  Santa Barbara

TABLE 3-1

SANTA BARBARA CHANNEL
LANDSAT COVERAGE

v
A

Ventura Harbor
Anacapa Island SM
$C  Santa Cruz

SCR Santa Clara River

VR Ventura River
Santa Monica

PC Point Conception
SLO San Luis Obispe

LANDSAT ID DATE REMARKS
1 1055-18064 16 Sep 72 E Clouds, minor sed visible
2 1073-18064 4 Oct 72 E Plume off PH 10 km excellent
3 1090-18012 21 Oct 72 E Minor seds
4 1127-18073 27 Nev 72 W Plume, lineation ¥ to SC Istand off
¥V nodal Pt.
5 144-18M5 14 Dec 72 W Plume, wind blown lineation
6 1163-18072 2 Jan 73 W OGffshere plume VYR and SCR 8 km
7 1180-18013 19 Jan 73 E Offshore plume SB to SM Bay
8 1217-18074 25 Feb 73 W 20 km plume off Ventura, PC west
9 1252-18021 T Apr 73 E Hazy - clouds
0 1253-18075 2 Apr 73 E Mederate seds coastal (7 km) plume
1T 1270-1802] 19 Apr 73 E Offshore plume 16 km
12 1271-18075 20 Apr 73 E Offshore plume PC reverse gyre
13 1288-18020 7 May 73 E Clouds
14 1289-18074 8 May 73 E Fog
15 1324-18014 12 Jun 73 E Minor seds
16 1342-18012 30 Jun 73 Clouds
17 1396-18004 23 Aug 73 E Small gyre SCR-VR, PH lineation
18  1415-18060 11 Sep 73 E Clouds minor seds
19 1432-175%95 28 Sep 73 E Minor seds
20 1469-18045 4 Nov 73 E Minor seds excellent
21 - 1486-17590 21 Nov 73 E Blockage Anacapa Channel, excellent
plume PH
22 9 Dec 73 W Minor seds, plume VR excellent

1504-17585



TABLE 3-1 (Continued)

LANDSAT 1D DATE REMARKS

23 1505-18043 10 Dec 73 i Minor seds, plume YR excellent

24 1523-18041 28 Dec 73 Clouds

25 1541-18034 15 Jan 74 E Nearshore W is Anacapa Channel N SLO

26 1577-18024 20 Feb 74 E Nearshore ¥ offshore - Anacapa Channel
excellent (upwelling PH)

27  1594-17564 g Mar 74 E Nearshore blockage Anacapa Channel - W

28  1595-18022 10 Mar 74 Clouds

29 1631-18014 15 Apr 74 No seds visible, Excellent wind

' shadow islands

30 1666-17545 20 Apr 74 E Band of seds approx. 10 km wide

31 1702-17535 25 Jun 74 E Minor seds

32 1703-17593 26 Jun 74 E Minor seds Channeél Islands and coast
Leeward pattern (wind)

33 1720-17531 13 Jul 74 Clouds

34 1721-17585 14 dul 74 Clouds

35 1757-17574 19 Aug 74 Clouds leeward patterns Channel Islands
inland

36 1774~17511 5 Sep 74 Clouds, seds L.A. Harbor, good terrain
reselution

37  1792-17502 23 Sep 74 Excellent, gyre PH, nearshore seds SB

38 1828~17495 29 Oct 74 Excellent, plume half way to A bleckage

39 1865-17540 5 Dec 74 E Nearshore seds, SB to PA to 7 km

40 1882-1747 22 Dec 74 W Nearshore east movement, gyre Goleta

41  1883-17532 23 Dec 74 W Anacapa B]ockagé large eddy Santa Barbara

42  1900-17465 9 Jan 75 Low haze, sediment pattern

43 1901-17523 10 Jan 75 E Current reverse, since Dec. nearshore

_ sed out to 5 km

44  1936-17452 14 Feb 75 E Long nearshore discharge pattern
through A channel

45 1937-17510 15 Feb 75 E Nearshore pattern out to 7 or 8 km

46 2033-17555 24 Feb 75 E Gyre off PH and Mugu 10-15 km offshore
plume

47  2051-17554 14 Mar 75 E PC gyre heavy sed concentration

nearshore 5 to 7 km
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TABLE 3-1 (Continued)

LANDSAT 1D DATE 7 REMARKS
48  1973-17492 23 Mar 75 E Excellent PC to Mugu, 5-8 km gyres
49  2087-17553 19 Apr 75 E Seds nearshore, wind shadow effect
50 5009-17473 28 Apr 75 E Seds nearshore 6-8 km
51  2104-17495 6 May 75 E Seds nearshore V to Pt. Dume then
offshore
52 5027-17464 16 May 75 E Clouds SB east
53 5062-17390 20 Jdun 75 E Light seds minor nearshore ‘
54  2158-17495 29 Jun 75 Clouds Santa Menica Bay east cloud free
55 2159-17554 30 Jun 75 E Minor seds, wind shadow effect
56  5080-17375 8 Jul 75 E Minor seds clouds
57  5081-17433 9 Jul 75 E Clouds
58 2176-17494 17 Jul 75 E Minor seds clouds PH east
59 2212-17484 22 Aug 75 E Clouds
60 2249-17547 28 Sep 75 E Clouds
61 2266-17482 15 Oct 75 E Minor seds P/C flight
62 2284-17481 2 Nov 75 E Minor seds clouds
63 2285-17535 3 Nov 75 E Clouds
64 2302-17480 20 Nov 75 E Seds starting to show plume (8 km) v
65  2303-17534 21 Nov 75 E Seds plume (V)
66 2320-17474 8 Dec 75 W Minor seds
67 2321-17533 9 Dec 75 W Minor seds
68 2339-17532 27 Dec 75 W Minor seds clouds
69 2374-1747 31 Jan 76 E Minor seds clouds current reversal
70 2375-17525 1 Feb 76 E Plume V, nearshore clouds offshore
71 2392-17464 18 Feb 76 E Clouds offshore minor seds
72 2410~17461 7 Mar 76 E Nearshore plumes SB to PH
73 2428-17454 25 Mar 76 W Nearshore seds plume PH
74 2429-17512 26 Mar 76 W- Nearshore seds plume PH
75  2447-17505 13 Apr 76 E Nearshore plume PH (6-8 km)
76 2464-17443 30 Apr 76 E Minor seds
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TABLE 3-1 (Continued)

LANDSAT IDB DATE REMARKS
77  2464-17450 30 Apr 76 E Minor seds
78  2465-17502 1 May 76 E Minor seds, clouds
79 5386-17183 9 May 76 Dark, coulds
80 5387-17241 10 May 76 East, dark coulds
81  2482-17441 18 May 76 ~ Clouds



3.3

At times when heavy river di
Ventura and Santa Maria Rivers, i
of the Anacapa Current. The sedi
Anacapa current waters provide st

scharge is taking place from the
t is ?ossibTe to see the effect
ment laden water and the clear
riking patterns detectable

on the Landsat imagery. Figure 3-2 ic a prime example. At the
time this image was taken, the surface component of the Anacapa

Current is obviously offshore whi
porting the nearshore sediments.

Te a southeast current is trans-

This southeast current is part of the California Current which

brings cool, low salinity water i

nto the Santa Barbara Channel from

the west and southwest. In response to seasonal changes in winds

and the position of the Californi

Tocal runoff at certain times of

a Current, the intrusion is at a

the year, nearshore wind-driven

turbid plumes around Point Conception (Figure 3-4) enter the area,

Suspended sediment concentrations
(Drake, 1972) in these plumes.

SANTA BARBARA CHANNEL SEA SURVEY

As part of the Landsat analy
three oceanographic data collecti
surveys toek place simultaneousTy
ber 16, 1975 (Oceanic Current Per
Current Peried), and May 27, 1976
During the first two surveys simu
data was also collected (see Appe
(Figure 3-5) were used for collec

have been found to exceed 1.0 ma/1

OPERATIONS

sis of the Santa Barbara Channel

ng surveys were carried out. The
with Landsat overpasses on Octo-
iod), February 18, 1976 {Davidson

{Upwelling Current Period). (Table 3-5).

1taneous aircraft remote sensor
ndix A). The ocean surveys
ting water samples, Secchi disk

measurements and water temperature. The percentage of suspended

solids present in the water samp]
micropore filter technique. The
utilized in analyzing the suspend
taneously collected Landsat and a

es were determined using the
information from the surveys were
ed particles detected on the simul-
ircraft imagery. The first survey

started from the Ventura Marina while the second and third survey

started from Channel Island Harbo
they ended near the 1ighthouse on
The tip of Anacapa Island was a g
locating the ocean stations on th

r near Port Hueneme. In each case
the eastern tip of Anacapa Island.

ood offshore refarence point for

e satellite imagery. This was a

valuable asset during the interpretation phase of the study.

Water samples, transmissivit
were taken every mile between the
Island. The chlorophyll-a, total
Spectra were also measured. Duye

Yy profiles and Secchi disk readings
ceast and the east end of Anacapa
suspended load, and particle size

to the Timited amount of data it

is possible to make only point source correlations with the Landsat

data.
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TABLE 3-2 SANTA BARBARA CHANNEL - OCEAN SURVEY SUMMARY
16 Octeber 1975 18 February 1976 27 May 1976
Nautical Ocean Temp Secchi Mg/1 Nautical Ocean Temp Secchi Mg/1 Nautical Ocean Secchi Mg/l
Miles Sta °C M Miles Sta ° M Miles  Sta M
Ventura 0 1 16.7 3.0 1.5
Harbor
1 2 16.0 4.5 1.5
2 3 16.4 4.0 1.6
Channel Is. _
3 4 16.5 6.0 1.5 Harbor 0O 1 14.0 5 1.5 0 1 5.0 3.9
4 5 16.4 6.5 1.4 1 2 14.0 9 1.5 1 2 -—- 2.9
5 6 16.5 7.0 1.5 2 3 14.2 10 1.5 2 3 8.5 1.9
[
é: 6 7 16.5 7.5 1.4 3 4 14.4 12 1.5 3 4 g 7
7 8 16.4 8.0 1.5 4 5 14.5 17 1.5 4 5 10 1.9
8 9 16.8 9.5 1.4 5 6 14.4 16 1.5 5 6 10 .5
9 10 16.8 10.0 1.4 6 7 14.2 16 1.5 6 7 10 1.3
10 11 16.8 10.0 1.4 7 8 14.4 14 1.5 7 8 12 1.5
1 12 16.8 10.5 1.3 8 9 14.5 15 1.5 8 9 14 1.3
12 13 16.8 11.0 1.3 9 10 14.1 15 1.5 9 10 12 1.7
13 14 16.7 12.5 1.4 10 11 13.8 17 1.5 10 11 16.5 .7
Anacapa
Anacapa 14 15 16.4 13.0 1.4 Is. 11 12 13.8 19 1.5
Island
15 16 17.3 19.0 1.4 No Temperatures

See Figure 3-5 for acean station locations.
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3.3.1

Transmissivity measurements were made using a Hydro Products
transmissometer with 1 metey (3.28 feet) path length. The output
was recorded on an X-Y plotter as transmissivity vs. depth measure-
ments. Measurements were taken at § foot (1.52 meters) down to a
maximum of 50 feet (15.2 meters). The 5 foot {1.52 meters) measure-
ments were used in correlation with the surface water samples.

Surface water samples for the total suspended load measure-
ment and the particle size spectra were taken at each station and
approximately one quart of sea water was added to 1.5 9z. of formal-
dehyde { ~5% formaldehyde as preserver). Bottle samples were kept
coo0l and in the dark until they were analyzed. Total suspended
load determinations were obtained by initially weighing each filter
twice {mean A weight of two determination was =~0.019 mg) filtering
approximately 750 mil through a Whatman GF/C glass filter and re-
weighing dried filters. Two determinations were again made
( ~AW = 0.024 mg).

The particle size spectrum was determined using a coulter
counter to electronically count particle sizes. The precedure used

is essentially that found in Strickland and Parson, 1972. A 100 micro-

meters aperture was employed, thereby allowing particles in the range
of 5-20micrometersto be measured. Measuring times were for 30 sec.
and 60 sec., and the data appropriately averaged,

Two chlorophyll-a samples were collected at each station and
analyzed ‘on a Turner Fluorimeter. The collection procedure was to
immediately filter 106 m] of surface water through a Whatman GF/C
glass filter, place filter in 10 m1 of 90% acetone and stored on ice.

RESULTS OF SEA SURVEY OPERATIONS

The transmissometer profiles for May 27, 1976 from nearshore
waters out 3.7 kilometers (2 nautical miles) showed a low % of

mined in the collected water samples. OQutside the Channel Island
breakwater suspended particle content of 3.9 mg/1 was found and
at 1.85 kitemeters (1 nautical mile) the reading was 2.9 mg/1.
From the three mile station (5.5 kilometer) out to Anacapa Island
the % of light transmission at the surface and at depth increased
to_about 60% and then stayed approximately equal. All of the
velume readings were between 0.5 and 1.9 mg/1 indicating the very
low amount of suspended particle during May of 1976.

Surface temperature proefiles across the Anacapa Channel in-
dicates slight, but signicicant, changes in the surface water move-
ment patterns. In Octaber 1975 there was a warming trend toward
Anacapa Island. Near Ventura the water was 16.1°C and off the
Anacapa Tight 17.3°C. The Southern California Eddy appears to be
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3.4

bringing cooler water inshore with the possibility of an upwelling
northwest of Port Hueneme. In February 1976, the cooler surface
waters were inshore (14.0°C) and off Anacapa Island (13.8°C). In
between, warmer water (14.5°C) appears to be entering the area
from the south.

The suspended particle content was unusually low throughout
the year. This was mainly due to a Tow precipitation level (7"
rainfall in Los Angeles as opposed to the 14" average) throughout
the 1975-1976 climate y=ar. In October and February, the surface
concentrations across the channel were about 1.5 mg/1. In
the nearshore concentrations were higher, although no rivers or
streams were running in the area. Near the coast the concentration
was about 3.0 mg/1 and out beyond 3 miles (4.8 kilometers) about
1.0 mg/1. Overall, a very low particle transport year as compared
to recent studies.

The chlorophyli-a measurements indicated a low concentration
in May 1976 with the lone exception of the nearshore sample. In
the shallow water (5 meters or 16.4 feet) outside the Channel Island
Harbor breakwater a reading of 4.96 mg/1 chlorophyll-a was recorded.
The rest of the readings were between 0.77 and 1.49 mg/1. The
high nearshore reading is probably the result of nutrient input
from the coastal land area and/or upwelling in the immediate near-
shore area.

SANTA BARBARA CHANNEL CONCLUSIONS

The Landsat imagery illustrates the complex surface current
patterns as they change from season to season (Figures 3-6, 3-7,
and 3-8). Although 1975 and 1976 were years of Tow runoff, the
Tittoral currents and plankten provide sufficient "tracers" for
analyzing the current movement. During the Upwelling Current Period
the countercurrent in the Santa Rirbara Channel rotates across the
entire basin. In the Oceanic Current Period this countercurrent
is mainly confined to the southwest corner of the basin. At certain
times during the Davidsen Current Period all coeastal transport was
toward the west and northwest. The Anacapa Current appeared to be
active throughout the year moving westward from Santa Monica Bay
inte the Santa Barbara Channel.

the dominant eastward current transports material inte all the
major harbor areas. At Santa Barbara Harbor, Ventura Marina, Channel
Island Harber and Port Hueneme depesition of sand from the west re-
quires periodic or continuous removal. : _
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Sea truth surveys across the Santa Barbara Channel from Channel
Island Harbor te Anacapa Island indicate complex current and trans-
port patterns. These patterns were confirmed on the May 1976 Landsat
jmagery. A west moving current in the center of the channel is brack-
eted by east moving currents along the coast and Anacapa Island.

This movement pattern was further complicated by a gyre near the coast.

Landsat imagery presents a readily available means of position-
ing oceanographic stations for collecting base line information at
optimum locations. These locations can be positioned accerding te
the investigators needs (i.e., plankton, sediment transport, current
velocity or pollution) rather than merely in a grid pattern as has
been the common previeus practice.

There are complex gyres often present off the Ventura area. The
sea truth measurements confirmed lenses of sediment which were pro-
bably transported from the Ventura or Santa Clara Rivers to the off-
shore ocean stations. A counterclockwise gyre often results from
strong Anacapa Current action trending westward or opposite to the
east moving waters in the channel,
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4.0 MONTEREY BAY CURRENTS

Monterey Bay is a unique and beautiful feature of the California
coast. It is not surprising that many of the residents of the commun-
ities bordering the bay are concerned with maintaining their lovely
environment. Proposals or plans to modify the environment in any way
become the subject of a great deal of public interest and discussion.
Disposal of sewage from the area is ne exception. Concern with the
existing arrangements for sewage dispesal became increasingly evident
during the late sixites and led to several of the cities of Monterey
Bay forming the Monterey Peninsula Water Pollution Control Agency for
the purpese of planning and implementing new sewage treatment and dis-
posal systems. Concern for river borne sediment and pollutants,
thermal discharge patterns and harbor circulation is also evident in
the planning organizations of the Monterey Bay area.

To best positien future outfalls and manage resources, all plan-
ning agencies reguire a knowledge of the Monterey Bay water circula-
tion patterns. The purpose of this study is to extend the knowledge
of the surface water circulation of Monterey Bay by building on the
previous nearshore eceanographic studies of numerous investigators
with the relatively new toel of remote sensing data interpretation.
Known literature on Monterey Bay circulation has been reviewed, com-
pared and is presented and followed by a description as viewed from
space with Landsat imagery, high altitude or U-2 aircraft data; and
mid-altitude Army, MASA, and commercial afrcraft imagery. The authors
believe that the remote sensing analysis of the various Monterey Bay
circulation seasons, although probably not 100% correct, present as
good an evaluation of the generalized current syst=ms as is now avail-
able. However, since our current descriptions have not been rigorously
field checked, they should be used with cautien.

DESCRIPTION AND SEASONS

Monterey Bay is a nearly semi-elliptical embayment (see Figure 4-1)
on the coastline of central California. It is approximately 35 km
(21.7 miles} long from north to south and has a maximum indentatien
inte the open coast of about 18 km (11.16 miles).

The bay is an area of wide flat continental shelf bisected by
the deep intrusion ef the Monterey Submarine Canyon which has its
head very close to shore off Moss Landing. It can be considered to
be composed of three physiographic units: the northern and southern
shallow shelves and the canyon. The shallow regions are less than
100 meters (328 feet) deep and exceedingly flat while the submarine
canyon has very steep sides and reaches depths of over 1,500 meters
(4,920 feet) within the bay. The presence of the canyon allews deep
oceanic water access along the center of Monterey Bay.
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Water movements at a specific nearshore location result from
the complex interaction of a number of factors: the nearshore com-
ponent of the main ocean circulation pattern; local wind-driven
currents; tidal currents; wave-induced longshore currents; and
rip currents.

In the context of riverborne silts and ocean outfall location,
wave-induced Tongshore currents and rip currents are of minor im-
portance because they are primarily restricted to the surf zone.
Tidal effects are of Tittle importance because of the exposed nature
of the greater part of Monterey Bay, which precludes the development
of strong tidal currents beyone one km {.62 miles) from shore. Some
fnvestigators (Dooly, 1968; Gatje and Pizinger, 1965; and Njus, 1968)
have found that the currents near the bottom at the head of the Mon-
terey Submarine Canyen offshore of Moss Landing were related to the
tidal stage and flowed down canyon during flood tide and up canyon
during ebb tide. However, Glenn and Webb (1966) could find no re-
latienship between surface longshore currents near the head of the
Monterey Submarine Canyon and bottem currents in the canyon head,
and could find no relationship between the longshore current measured
at Moss Landing and the direction of tidal flow.

Skogsberg (1936) made the first comprehensive oceanographic
investigation of the circulation regimes in the Menterey Bay. He
occupied 23 stations Tocated in the bay., taking measurements of
temperature, salinity, and ether chemical parameters. From his
study, he was able to divide a year into three oceanographic seasons.
These have been standarized as the Upwelling Peried, the Oceanic
Period, and the Davidson Current Peried. Belin (1963), in a study
of one station over the Monterey Submarine Canyon for a five-year
period, confirmed Skogsberg's work and refined the definition of
these oceanographic seasons. Present cpinien among physical oceano-
graphers is that the concept of oceanic seasons is somewhat arbitrary
in view of the observed variability of ocean conditions and the time
of occurrence from year to year. However, the generalizations do
presist.

Skogsberg's exhaustive study of thermal conditions prevailing
in Monterey Bay from 1929 to 1933 showed that, due to the open
nature of the bay, water movement: in a large part of the bay are
similar to those at open coastai locations. Water masses moving
either north or south aleng the cvast pass through the outer bay
in the ferm of large eddies. Relatively small, clesed eddies are
formed clese to Monterey Harbor and at Soquel Cove. Thus the near-
shore component of the main ocean circulation pattern and Jocal wind-
driven currents are the principal factors determining the current
regime of the Monterey Bay area (Engineering-Science, Inc. 1976).
Brift card studies in Monterey Bay (Blaskovich, 1974; Griggs, 1974)
show that the surface flow traced by drifters follows the wind
almost directly at about three te four percent of the wind speed.
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4.2

The prevailing winds in the area tend to correspond with the
direction of the Oceanic Current. During the Davidson period, the
prevailing winds are from the south or southwest while during the
rest of the year, when the California Current dominates, the coastal
circulation, north er northwest winds predominate.

It is expected that rotary tidal currents occur in the bay,
but they have never been measured in situ. The tides exhibit a
diurnal inequality with a mean range from mean high water to mean
Tow water of 1.16 meters (3.80 feet) and a diurnal range between
mean higher high water and mean lower Tow water of 1.68 meters
(5.51 feet).

In this section the oceanic seasons have been averaged over a
number of years, and for an individual year the time of onset and
termination of these seasons may vary by as much as a month or two
due to changes in the driving forces that causa them.

The Upwelling Peried in Monterey Bay generally begins in mid-
February or March and extends to late August or early September.
Upwelling reaches a maximum in April er May and begins to decrease
in June. The Upwelling Period is characterized by the ascending of
cold subsurface water from depths as great as 150 meters (492 feet)
causing the depths of the various isotherms te become shallower.
The surface water temperatures are between 10° and 11° C in much
of the bay.

The Oceanic Period tends to be rather short, usually occuring
from September to mid-November. It is characterized by a strong
vertical temperature gradient in the upper 100 meters (328 feet)
and the highest sea surface temperatures of the year reaching over
13° C. Both the Upwelling and the Oceanic periods are associated
with the southerly flow of the California Current along the coast.

From mid-November to mid-February or March the northward-
flowing Davidson Current is in effect. During this period, the
countercurrent flews at the surface near the coast. There are some
indications from CalCOFI or geostrophic computations (Wylie, 1966)
and drift bottle results (Crowe and Schwartzlese, 1972) that there
may sometimes be a northerly flow at the surface at other times
of the year. During the Davidson Current period, the upper 50 meters
(164 feet) tend to be well mixed with a weak vertical temperature
gradient. Surface temperatures are usually lower than in the Oceanic
Period, but not as low as those occuring during the Upwelling Period.

OCEAN CURRENT MODELS
Garcia (1971) developed a theoretical model of the circulation
pattern of Monterey Bay using the shear flows of the ocean currents

that occur off the bay as the sole driving mechanism. The open
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4.3

coast circulation varies throughout the year in a manner described
by the three oceanic seasons, as discussed previously. Accordingly,
the bay circulation was expected to respond seasonally as well.

During the Upwelling Period and the Oceanic Period, the offshore
current flows southward aleng the coast. Collectively, these two
periods are called the California Current season after the predomi-
nant offshore current. During the Davidson Current season, the off-
shore current flows toward the north.

The southerly California Current was expected to produce a
counterclockwise circulation pattern in the bay. Either a single
gyre or a two gyre pattern appeared probable. Because of the symme-
try of the bay, the division between the two gyres was expected to
occur in the area of the Monterey Submarine Canyan with a northern
gyre flowing in the same direction as the southern gyre.

The circulation in the bay during the Dceanic Period was ex-

pected to be different from that occurring during the Upwelling
Period even though the offshore current direction was the same.
The lack of upwelling during the Oceanic Perjod and the associated
decrease in the intensity of the northwest winds along the Pacific
coast were important in causing a difference in the bay circulation
between the Upwelling and Oceanic Periods.

The northward flowing Davidson Current was expected to cause
the water in the bay to circulate in a clockwise pattern. For this
time of the year either a single or a two gyre pattern was expected.

These shear-flow driven models have been adopted as the most
probable general circulation patterns expected to occur seasonally
in Monterey Bay and were used as a guide in interpreting drift
bottte studies, drogue studies and remote sensing reaearch.

DRIFT BOTTLE STUDIES

In order to examine the variations of Monterey Bay current
seasons, Reise {1973) conducted bottle drops that were divided into
three groups that were to represent the oceanic seasons. The time
limits of the seasons were categorized according to the expected
times of the seasons and supported by the results of the CalCOFI
drift bottle study (Crowe and Schwartzlose, 1972) and a geostropic
current study (Wylie, 1966) for the period of time of the drift
bottie survey.

Drift bottle results for the Upwelling Period indicated a
variable current along the nerthern shore of the Monterey Penin-
sula. The current turned northward and flowed upcoast from Monterey
Harbor. There was a separate circulation in the northern bay.
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4.4

The circulation along the coast was similar to that predicted by
Garcia's model if extended to the nearshore regions. The model
predicted a counterclockwise gyre or two counterclockwise gyres
when a southerly current flowing offchore as occurs during the
Upwelling Period.

Drift bottle results from the Oceanic Period suggested that
the current in the southern bay was in the same direction as during
the Upwelling Period, but with a weaker circulation. The bottle
drift in the southern bay suggested a counterclockwise current
pattern along the shore similar to that predicted by Garcia's shear-
flow medel. The returns from the northern bay were too few to in-
dicate whether or not a separate current gyre existed there. The
returns te the north of the bay suggested that the Davidson Current
may have been present part of the time.

The drift bottle results from the Davidson Period appeared to
fit Garcia's ocean current shear model as a description of the move-
ment along the coast of the drift bottles. A clockwise current
pattern with a southerly current along the coast which turns west
and flows aleng the north shore of the Monterey Peainsula appeared
to exist and suggested a two gyre model with one gyre in the northern
bay and the other in the southern bay.

During the Davidson Period, the surface circulation seemed to
pe contained within the bay since few botties Teft the bay. Those
that did were only transported as far as the seaward side of the
Monterey Peninsula. Also supporting the view of a relatively closed
circulation was the fact that ne bottles were found to the north of
the bay even though the predominant direction of the offshore current
was northward.

OTHER CURRENT STUDIES

While it is difficult to compare measurements made using dif-
ferent methods and done at different times, there are several studies
of the circulation in or near Menterey Bay which are useful for com-
parison with the resuits ef this study.

A current drogue study was done by Stevenson (1964) in the
southern part of Monterey Bay. Stevenson observed the simultaneous
movement of drogues at depths of 0.6, 1.2, 2.5, and 4.3 meters
(1.97, 3.94, 8.2, and 14.0 feet) for periods not exceeding six hours.
He conducted two surveys in August and October 1963 and eight more
between January and March 1964.

Stevenson found his drogues to move in directions to the right
of the wind for wind directiens other than northwesi. For moderately
strong southwest winds, his drogues moved substantially to the Teft
of the wind direction.
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In a period of 1ight winds during the Davidson Period. Steven-
son's results show the drogue tracks to be much farther to the right
of the wind than would be expected for pure wind drift. The extra
movement to the right may have been due 1o the clockwise gyre pre-
dicted by the Garcia model for this time of the year. These results
are interpreted here as wiad drift superimposed on the oceanic com-
ponent driven by the Davidson Current. It is considerad that the
diminished wind drift cue to weak winds allowed the oceanic component
to be more visible than at times of strenger winds. [t was cencluded
in both Stevensen's study and in drift bottle studies that, except
during periods of calm, the dominant driving force of the surface
circulation is the wind in the shallow waters of the bay.

Stoddard (1971), in a study to test the feasibility of shore-
based radar in tracking current drogues in Monterey Bay, released
a total of 41 parachute drogues. The drogues were set at a mean
depth of about 14 meters (46 feet) and were tracked for periods
of 6 to 20 hours and occasienally longer. Most of the drops were
in the southern bay, but a few were in the northern bay and some
seaward of the bay. The period covered in his study was from August
to Nevember, 1970. Current speeds measured by the drogues were
generally between 0.1 m/sec to 0.2 m/sec.

Stoddard's results seem to indicate a clockwise pattern in the
bay during the Davidson Current peried and a counterclockwise gyre
during the time of the califernia Current. The oceanic current pre-
valent at these times were determined from drogues tracked seaward
of a line betwesy Santa Cruz and Point Pinos. He concluded that the
oceanic currents were probably the dominant driving force of the bay
circulation, with the possibility of tidal forces being impertant in
the shallower regions of the bay. It should be noted that at the
depth at which drogues were nlaced the wind-driven effect was probably
weak except at times of sustained high winds. It may thus be expected
that the effects of the ocean currents should deminate the current
pattern. Stoddard's results generally agree with the bay circulatien
model of Garcia and the drift bottle observations.

Drogue studies were also carried out by persennel of the Naval
Postgraduate School and from the Association of Monterey Bay Area
Governments (AMBAG) from June to August, 1972. In‘two drogue studies
in June and July, a clockwise circulation was indicated for the south-
ern bay. This is opposite fo the counterclockwise circulation which
js predicted by Garcia's model for the southerly oceanic current
expected for this time of year. Drogues tracked in the northern part
of Monterey Bay in early August indicated a counterclockwise circula-
tion cell in the northern bay, with fiow out of the bay along the
northern coast past Santa Cruz and to the northwest. Drogues tracked
in Jate August in both the northern and seuthern bay appeared 1o
indicate a countercleckwise gyre for the whole bay with flow out of
the bay to the north.
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In June and July, as stated, the results were contrary to
Garcia's model if the direction of the ocean current Flowing along
the open coast were southerly. The supposition of a southerly ocean
current during these months may have been incorrect for 1972 since
variability has been shown to exist from year to year by the CalCOFI
drift bottle study (Crowe and Schwartzlose, 1972), Three of the four
AMBAG drogue studies appeared to indicate a two gyre current pattern
while the other defined a single gyre for the whole bay. The average
speeds were similar to those obtained from the drift bottle results.
the AMBAG drogues were designed to show the influence of ocean cur-
rents, as Stoddard's results did, rather than wind-driven transport.

A regular CalCOFI drift bottle station was Tocated in the sea-
ward edge of Monterey Bay off Santa Cruz (Crowe and Schwartzlese,
1972). Upon occasion, drift bottle returns frem this station sug-
gested a counterclockwise circulation pattern extending from Monterey
Bay to Ano Nuevo Point or pessibly further north. The drop of
April 1976 appears to be a good example of this, Five to twelve days
after being dropped, bottles were found along the coast north of
Santa Cruz to be about 80 kn (49.6 miles) south of San Francisco.
Bottles from the same drop were found in seuthern Monterey Bay 37
to 94 days later. The oceanic current at that time appeared to be
directed southward according to the returns from other nearby drop
stations,

Lammers (1971) and Moomy (1973) deduced the geostrophic circu-
lation of the bay from the temperature structure of the water.
Lammers' results appear to agree with the Garcia's proposed bay cir-
culatien pattern for October through April, but differ for the period
of May to September. Moemy's results for geostrophic currents deter-
mined from surface segment values appear to agree with the current
gyres predicted from Garcia's mode] during all three oceanic seasons,
with the drift bottle study, and with a number of the AMBAG drogues
tracked at the same time as Moomy's study.

The methods used by Moomy and Lammers may not work at times due
to failure of the assumption for geostrophy. Salinity variations,
which were not considered by Lammers, can significantly affect the
determination of geastrephic currents. Additienally, Monterey Bay
surface currents are weak and may be perturbed by lecal winds,
bottom topography, or tidal forces. Changes in offshore eddies or
meanders may also cause these approaches to circulation determinatioen

to be mis wading.

WIND
The seasonal wind regime on the California coast, including the

Monterey Bay area, is reflected in the seasonal offshore current
patterns. When considered on a short-term basis, the winds blowing
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over Monterey Bay are variable in speed and direction in response
to the changing synoptic weather conditions and to the local sea-
land breeze circulation in the vicinity of the coast. These local
winds create wind-driven currents in the bay of a relatively trans-
ient nature. It is to the transient systems that the following
discussion is directed.

The deminant wind direction in Monterey Bay, as on most ef the
Califernia coast, is from the northwest. This may be attributed in
large part to the presence of the quasi-permanent subtrepical high
pressure cell that is centered off the California coast. In addi--
tion, a diurnal pattern of onshore-offshere winds is present along
the Monterey coast during most of the year. The stronger afternoon
seabreeze component is characteristically from the neorthwest while
the low wind speeds found at night and in the early morning are
usgally offshore.

The Ekman wind-drift model predicts that in the absence of a
coastal barrier, a water mass will tend to move in a direction 45
degrees to the right of the wind in deep water in the northern hemi-
sphere. As the watcv gets shallower, the angle diminishes until for
shallow depths the water meves in the direction of the wind. The
water depth is actually a relative depth governed by the wind speed,
so that as the wind speed increases the relative depth becomes
smaller (Neumann, 1968).

The angle between the current direction and ~.e net wind dir-
ection over intervals has been determined. Careful examipation of
the data showed that southern Monterey Bay currents moved signifi-
cantly to the left of the wind (by as much as 80 to 100 degrees)
when associated with a northwest wind direction and that for other
wind directions current drift was generally approximated by the
Ekman model. It is hypethesized that a northwest wind induces a
strengthening of the northward longshore flow in the extreme south-
ern end of the bay.

The components of the bay currents caused by winds and by the
offshore currents may act to reinforce or oppose each other. Rein-
forcement appears to occur frequently in the southern bay for north-
west winds during “the months when the California Current flows along
the outer coast. Winds seem to be the primary cause of transient
surface currents in soythern Monterey Bay.

In summary, altheugh the effect of the Garcia-type model is

evident, the apparent direction of current movement in the bay is
determined by the wind direction much of the time.

4-9



4.6

4.7

4.8

WAVES

For the case of wind waves, it appears from Stokes third-order
theery that the surface transport due to waves is less than a tenth
of that produced by the wind (Wiegel, 1964, pp. 324). Accordingly,
the mass transport due to wind waves may be considered a part of the
wind-driven transport. It is therefere considered that winds alone
effectively represent the combined effects of waves and wind in
moving the surface water.

TIDES

Tides can be an important current-causing force in coastal
waters. Tides in Monterey Bay, as for most of the Pacific coast of
the United States, are of the semi-djurnal mixed types. This pattern
of tides leads to a rather complicated pattern of tidal currents.
Tidal currents on the open centinental shelf in the northern hemi-
sphere are rotary, turning clockwise and completing a cycle every
12.4 hours. Because of the inequality of the tide heights and times,
the twe tidal current cycles per day differ in their speeds and their
rate of change of direction. However, from one day to the next, the
diurnal pattern approximately repeats itself so that 1ittle net tidal
transport of water occurs. Tidal currents of this character occur
off the entrance of San Francisco Bay and it is probable that a simi=
Tar tidal current pattern exists in Monterey Bay.

No successful attempt at measuring the tidal currents over the
broad shelves of Monterey Bay has been made, although tidal currents
with velocities of up to 0.5 m/sec have been observed in the Monterey
Submarine Canyon (McKain and Booenkow, 1972). Tidal current tables
for the Pacific coast describes the tidal currents in the bay as weak
and variable. Lazanoff (1971), in an unsuccessful attempt to verify
Hansen's hydrodynamic-numerical model for Monterey Bay. concluded
from his examinatien of current data that he could make no direct
statement about tidal current velecities and directions, but suggested
that the currents are probably less than 0.05 m/sec.

From Dorman's {1968) drogue study results it appears that tidal
currents are not an important factor in net long-term movement of
the water in Monterey Bay, and therefore, because of their rotary
nature, have a negligible affect on the average flow.

MONTEREY BAY CURRENTS FROM REMOTE SENSING DATA

From the preceding sections it may be ebserved that the Monterey

Bay surface current circulation system is cemplex, difficult to mode]

and poorly understood. Utilizatien of the remete sensing imagery of
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Monterey Bay was undertaken to clarify the mixture of models and
study res:'1ts and to Present a gualitative picture of the generalized
seasenal current systems observed during the time peried from October
1971 to June 1976. Flights over the site on 102 separate occasions

from the Landsat satellites, 17 from the NASA U-2 aircraft and 1T from
either NASA or commercial mid-altitude aircraft. Because of film
density and spectral selection characteristics of the Landsat sat-
etlites only 18 images could be considered excellent in current evaiu-
ating quality. However, 13 of the 17 U-2 flights produced excellent

Imagery selected for analysis represented all three oceanographic
seasons with an assortment of wind and wave conditions. Seasonal sets
were produced and from these sets, three currents charts (Figures 4-2

U-2 phetegraphic imagery was found to be best suited to this site
study because of its scale characteristics (1:130,000) and resolution.
Landsat imagery was best suited to oceanic processes that affected
the bay's circulation.

During the Monterey Bay Oceanic season, surface currents were
observed to pe dominated by the driving force of the California
Current. Two large counterclockwise gyres were commeniy observed

clockwise pattern directly off of Moss Landing Harbor. Drifs alang
the nerthern side of the Menterey Peninsula varied from eastward to
westward and divergence of currents between Marina and Seaside and
off the mount of the Pajaro River were common. Convergent currents
near the Salinas River mouth and most coastal points were also fre-
quently observed. The Oceanic season plaot (Figure 4-2) seems to
agree well with the primary results of the drift bottle study as wel]
as the drogue studies, Also it can be seen that the dual gyre circy-
lation could be misconstrued to be a simple gyre because of the Moss
Landing cel] transport 1ink.

AT currents observed during the Oceanic seasen seemed to be
rather weak with wind effects present but transitery. Red Tide con-
ditions were observed during the Oceanic Period and may have resulted
from the poor circulation of the surface waters coupled with the in-
flux of nutrients and solar heated surface layers. Circulation was
minimal off Seaside during Octeber 1971 when large blooms of Red Tide
viere imaged (Figure 4-5),
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Figure 4-5 Southern Monterey Bay and Monterey Harbor Area Imaged on
4 Oct 1971, from NASA Mission 186, Altitude of 10,000 Feet.
Original Photography was in Yellow Filtered Color and Defined

Currents, Sediments and Red Tide Bloom.
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4.9

The Davidson Current season during winter is represented by

Figure 4-3. This season finds Monterey Bay currents being driven

by a northward flowing coastal current that protrudes into the bay.
Inshore of this current, three gyres form, the most massive of which
is present off Moss Landing Harbor. Because of the high velocity of
both north and south winds expected during winter conditions, Ekman
wind-drift phenomena 1inked with the driving power of the Davidson
Current produce clockwise cells in the inner eastern portion eof the
bay. The Monterey Submarine Canyon plays an important part in the
development of the Davidson season circulation by channeling a high
volume of water deep inte the bay. A high correlation exists between

current plots and bathymetry. Figure 4-7 shows Pajaro River sediments.

This descriptien of the Davidsen currents in Monterey Bay tends
to disagree with earlier field investigation. The clockwise circula-
tien in the southern end of the Bay is similar to that expected by
Garcia and Stoddard but the northerly tending flow (Figure 4-6) seen
off of Moss Landing and the Salinas River is oppesite to their pre-
dictions. The weak counterclockwise circulation off of Soquel and
the meandering streams off the mouth of the Pajaro River were also
unexpected. Both the Pajaro's and the Salinas' mouths are at loca-
tions where meanders and tidal influenced currents were observed in
the imagery. See Figure 4-6 for a late Davidson season Landsat image.

The Upwelling seasen (Figure 4-4) is of impertance to the bay
because as the seuthward flowing California Current establishes it-
self in spring and summer and the north and northwest winds freshen,
upwelling of cold and nutrient rich water occurs ever the submarine
canyon and off of Aptos. In the aircraft imagery the vertically
moving waters appear darker than the normal surface waters with wave-
1ike rings being common. The three upwelling areas presented on the
Upwelling season current plot have been abserved from Landsat as well
as by mid and high altitude aircraft and surface measurements. The
principal current trends are the formatien of gyres similar to those
of the Oceanic Period but shifted to the north and streonger. The
authors interpretation of the current directions during this season
is different from and more compiex than the previously referenced
results. Generally, the mass transport of water seems to be in the
bay south of the canyon, entrapment and gyres in the north bay, and
exiting near the Monterey Peninsula. The wind does seem te play an
impertant rele in the transpert of seuth bay water up inte the nerth
bay with the primary divergence being offshore of Marina.

CONCLUSIONS
The nearshore surface currents along the coast of California
have been seriously studied by numerous investigators for the last

fifty years. Early investigators could only obtain Tecalized current
data, and spatial and temporal characteristics were inferred by
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Figure 4-6 Landsat Satellite Image 1183-18175-4,
Coast from San Francisco to Monterey.
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Figure 4-7 NASA Ames U-2 Photograph of Moss Landing Area.

Image taken on 4 April 1974. Upper sediments are from the Pajaro River,
darker center sediments are from Moss Landing harbor, and lower sediments
are from the Salinas River.
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assembling mosaics of local observations. Within the last few years,
aireraft and satellite remote sensors have obtained the synoptic
picture with respect to nearshore surface currents along the coast

of California. Recently evolved techniques applied to the expanding
data bank of imagery afford greater definition of sea surface dynamics.

In this section we have demonstrated the capability of different
sensor systems to be utilized to define the oceanic and nearshore
surface currents. At this time we do not know that what we have
observed can be stated to be 100 percent correct in its generalized
content. However, we do feel that the observations and analyses per-
formed for the California nearshore current seasons make up as good
an evaluation of the nearshore currents as found anywhere. We recom-
mend the use of the remote sensing tool, especially high resolution
satellite and U-2 imagery, for any nearshore study where Targe spatial
reaches are to be observed. The questions raised as to the absolute
velocities and directions ef our coastal currents will only be answered
after much more surface data is taken and compared with additional
aircraft and satellite imagery.
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5.0 SAN FRANCISCO BAY AREA

The waters of San Francisco Bay and adjacent coastal areas are
used by millions of people. These include not only those who inhabit
the area but visitors from around the world. These people use the
bay for recreation, commerce, municipal and industrial sewage dis-
posal, and as a source of aesthetic pleasure. Keeping the quality
of the water in a state that will continue to be compatible with
these uses is essential to the people. In investigating the liter-
ature on the bay area it is obvious that many and detailed studies
have been accomplished both before and during the advent of Landsat.
What is also obvious is that the detailed reports often required
time consuming and expensive data collection and survey methods.
This applies te methods ranging from collected sediment samples from
the mud flats, water and gravel samples from shipboard, to photo-
graphy from aircraft. The major problem with each of these methods
is that during a point source data collection operation concerning
water processes, some feature or parameter was changing in other
parts of the bay. The repeatable Landsat imagery shows the Bay and
offshore waters all at one instant of time. Even with the reselu-
tion restrictions, these Landsat images present a powerful toel to
the investigator. One of the other advantages is that surface para-
meters are "frozen" at one instant of time for later analysis. This
is not a new tool since aerial photography has provided such infor-
mation for years. What is new is the large area covered and the
repeatability of the satellite (Figure 5-1).

The majer usable feature which is visible on the Landsat imagery
in the bay are the patterns of suspended sediment in the surface and
near surface waters. These patterns change as a result of, or are
influenced by, fresh water discharge, tidal cycle, bottom topography,
wind action, currents and to some extent sanitaticn and waste water
discharges. In Landsat bands 4 and 5 the materials in the water are
clearly detectable. The band 4 imagery was the most useful in de-
tecting the maximum amount of sediment because of -the water pene-
tration capability of this blue green band. This allows the viewer
to analyze the surface patterns and subsurface features down to 10
meters (32.8 feet) (Polcyn, 1973). Twe probiems are associated
with the band 4 imagery which must be considered during evaluatioen.
The problem of determining the depth of the features that the viewer
is evaluating must be appraised. Is the patterns of sediment trans-
port on the surface or further down in the water celumn? Poessibly
the pattern extends from the surface beyond extinction depth. Part
of the answer te this problem can be answered by utilizing band 5.
Band 5 is useful for detecting the surface and nearsurface suspensate
and can be compared with band 4 to differentiate the deeper materials.
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5.1

CIRCULATION AND PARTICULATE INPUT

More than 90 percent of the mean annual river dincharge (840
m3/sec) entering San Francisco Bay system is contributed to north
bay by the combined inflows of the Sacramento and San Joaquin rivers
(Carlson et.al. 1975); about 5 percent is contributed directly into
south bay by the small local streams. This mean annual discharge,

4 m3/sec, is less than that of the wastewater flows, 10 m3/sec {220
million gallons/day)}, contributed directly into south bay by the
heavily populated surrounding communities (Hines, 1973). High
river runoff eccurs during the winter months and reflects the high
precipitation in the surrounding drainage basin.

The diurnal tidal range varies from 7.7 meters (4.13 feet) at
Gelden Gate to 2.7 meters {7.46 feet) at the south end of the bay
system (U.5. National Ocean Survey, 1976). Waves generated in re-
sponse to high winds and the long fetch within the south bay play
a significant role in sediment transport. The observed frequency
of wave heights of 0.5 to 1 meter (1.64 to 3.28 feet) is at Jeast
50 percent (Conomos, 1963).

The water turbidity, expressed as Secchi disc depths, typically
ranges from less than 0.25 meters (.82 feet) in the shallow areas to
over 3 meters (9.84 feet) in the channels nearest Golden Gate. The high
turbidity is partially caused by wind, wave and current resuspension
of fine-grained sediment in the shailow areas. In north bay, river-
borne suspended particles are a dominant factor in increasing the
turbidity. In south bay, secondary sources of turbidity are the
streams and sewage effluents, and low salinity high turbidity river
water transported southward frem north bay (McCullech and others,

1970; Carison and McCulloch, 1974).

Dilution of Pacific Ocean water by Sacramento-San Joaquin
river discharge decreases the salinity and increases the turbidity
in north bay. In south bay the small streams and wastewater flows
have only local effects in decreasing the salinity. Water salinity
varies greatly both spatially and seasonally. At Golden Gate, for
example, winter salinities typically range from 18 to 26 O/oo0 and
reflect the high river inf?owsé while summer salinities are somewhat
higher, ranging frem 29 to 32 9/00. Salinity stratification is pre-
sent during winter (vertical differences of up to 10 0/00) in most
portions of the bay system. In the seuth bay during summer, however,
little low-salinity water is present and the water column is well
mixed by tidal currents and wind generated waves.

Water temperatures vary seasonally and are generally controlled
by ocean and river water temperatures and insolation effects. In
the channels, typical winter temperatures are 7 to 9°C; summer temper-
atures often exceed 20°C.
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5,2

The circulation in the San Francisco Bay estuary is controlled
by tidal and nen-tidal water movements (Figure 5-2). In geometric-
ally simple estuaries, unlike the San Francisco Bay, fresh water
enters the estuary from one end and ocean water from the other.

These waters are mixed by several processes within the estuary,
principally by tides, and because the river discharge produces a

net outflow of these tidally mixed waters, the estuary is flushed.
The seuth bay does net enjoy this normal flushing pattern, for

there is no large fresh water discharge at its head near San Jose.
Instead the south bay is dependent upon water that enters it from
the rest of the estuary system for its flushing. Tidal currents
often in excess of 100 cm/sec (3.28 ft/sec), mix and move water
which in turn transports and resuspends bottom sediments. Non-tidal
circulation, generated by water density differences and wind is
generally less than 10 cm/sec (.33 ft/sec). For describing this nen-
tidal circulation, the bay systém can be divided into (1} a north bay --
central bay -- Gulf of the Faralloner region that demonstrates a per-
manent circulation cell typical of a partially mixed estuary, and

{(2) a south bay region that has seasonally reversing but sluggish
near-bottom and surface currents (McCulloch and other, 1970: Conomos
and others, 1971).

The fresh water discharge of the Sacramento River is the major
control of the salinity and suspended sediment of San Francisce Bay.
During years of high rainfall when the Sacramento River discharges
is high, flushing significantly removes undesirable constituents
from the south bay, but in low rainfali years the concentration of
pollutants increases, sometimes reaching dangerous levels (Morse
and others, 1968).

LANDSAT

The Landsat imagery from the San Francisco Bay area is summar-
ized in Table 5-1. At times during the four years from which this
imagery was taken, the sediment discharge inte San Francisce Bay
from the Sacramento and San Joaquin Rivers was so heavy it oblit-
erated normal surface current patterns. This was the case in the
spring of 1974. Of the 80 images reviewed, 47 had total or partial
cloud/fog cover over San Francisco Bay. This is a commen eccurance
at 10:00 AM in the San Francisco Bay area. Overall, however, the
imagery provided a good basis for detailed analysis of the water
surface in the bay and offshore waters. Flushing patterns are de-
tectable as are complex gyres and eddies, wind effect and some man
made features (effluent discharge). To the limit of resolution
(80 meters or 262 feet) the Landsat imagery provides a detailed,
instantaneous view not available to an investigator in any other way.
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LEGEND

Mont.

- Monterey Bay
SP Bay - San Pablo Bay

TABLE 5-1

SAN FRANCISCO BAY AREA
LANDSAT COVERAGE

SF - San Francisco Bay
3B - South Bay

GG - Golden Gate Seds - Sediment Transport

LANDSAT 1D DATE REMARKS

1 1003-18175 26 Jul 72 Cleuds ocean, seds

2 1022-18230 14 Aug 72 Clouds

3 1039-18172 31 Aug 72 Miner seds, clouds

4 1075-18173 6 Oct 72 Clear, minor seds

5 1093-18173 24 Qct 72 SP miner seds, clouds central bay

6 1129-18181 29 Nev 72 Seds offshore, clouds SP Bay

7 1165-18174 4 Jan 73 Seds off GG, gyre off Ano Nuevo

8 1183-18174 22 Jan 73 Heavy seds, SF, Menterey Bay

9 1184-18234 23 Jan 73 Seds, clouds SP, Angel Island gyre
10 1238-18242 18 Mar 73 Excelient, large plume off Pt. Reyes,

nearshore Pigeon Pt, seds
11 1255-18183 4 Apr 73 Excellent, large discharge plume off GG
12 1273-18183 22 Apr 73 Excellent, SP heavy seds, gyre Petaluma R.
13 1274-18241 23 Apr 73 Excellent, SP-Tineation and entrainment
patterns
14 1291-18182 10 May 73 Excellent, gyre Bolinas Bay, entrainments,
: plume GG, minor seds
15 1292-18240 11 May 73 Excellent, possible red tide Pt. Reyes
te Devils Slide
16 1309-18181 28 May 73 Good sed patterns, clouds
17 1327-18180 15 Jun 73 Minor seds SP, Bolinas gyre, South bay
flushing

18  1345-18174 3 Jul 73 Good patterns SF, especially south bay
19  1363-18173 21 Jul 73 Clouds GG, entrainment SP, south bay good
20 1264-18231 22 Jul 73 Minor seds, Bolinas gyre
21 1399-18170 26 Aug 73 Cleuds offshore, Richmend entrainment
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TABLE 5-1 {Continued)

LANDSAT ID DATE REMARKS

22  1436-18215 2 Oct 73 Seds SP, gyre Bolinas Bay

23 1489-18152 24 Nov 73 Excellent, seds SP, Berkeley Flats gyre

24 1525-18145 30 Dec 73 Excellent, heavy seds bay and coast
gyre 40 km

25 1561-18133 4 Feb 74 Clouds, some seds

26 1562-18191 5 Feb 74 Clouds, fog, heavy seds 25 km gyre

27 1573-18131 22 Feb 74 Clouds, plume GG, SP seds

28 1580-18190 23 Feb 74 Heavy seds, gyre, GG, Pt. Reyes

29  1652-18173 6 May 74 Clouds off GG, heavy seds SP

30 1669-1811 23 May 74 Seds, cleuds off coast

3 1670-18165 24 May 74 SP, off GG heavy seds, excellent,
50ssible red tide

32 1687-18104 10 Jan 74 Clouds offshore to GG, entrainment SP

33 1688-18162 1T Jun 74 Clouds SP entrainment

34 1705-18100 28 Jun 74 PTume GG, jetting release Mare Island
entrainment 5P

35  1724-181517 17 Jul 74 C1ouqs offshore to GG, flooding pattern
unique

36 1759-18081 21 Aug 74 Minor seds, clouds off GG

37  1760-18135 22 Aug 74 Clouds offshore, minor seds

38 1777-18073 8 Sep 74 Clouds at GG, minor seds, entrainment SP

39 1813-18063 14 Oct 74 Ciouds at GG, minor seds, pattern SP

40  1831-18060 1T Nov 74 Clouds, no offshore seds

47 1867-18043 7 Dec 74 Clouds, south bay and south coast
somewhat ciear

42  1868-18103 8 Dec 74 Clouds SP, some seds

43 1886-18093 26 Dec 74 Clouds

44  1921-18022 30 Jan 75 Excellent, plume GG, sed patterns SP,

South Bay

45  1939-18013 17 Feb 75 Clouds

46  1957-18011 7 Mar 75 Clouds

47  1975-17595 25 Mar 75 Clouds 3B, heavy sed discharge

48  2072-18120 4 Apr 75 Clouds
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TABLE 5-1 (Continued)

LANDSAT ID DATE 7 REMARKS

43  2089-18061 21 Apr 75 Clouds

50 50117-17580 30 Apr 75 Clouds offshore, heavy seds SP, GG plume

51  2107-18060 9 May 75 Clouds offshore

52  5029-17571 18 May 75 Clouds offshore GG, seds SP, some
entrainment

53  5048-18015 6 Jun 75 Clouds

54  2161-18061 2 Jul 75 Clouds offshore GG, seds entrainment GG

55 5C33-17541 11 dul 75 Clouds, some seds SP

56  5084-17595 12 Jul 75 Light seds, entrainment SP, low tide

57  2179-18060 20 Jul 75 Clouds _ :

58 2180-18114 21 Jul 75 Clouds offshore GG nerth SP, some seds .

59  2197-18053 7 Aug 75 Light seds, minor patterns SP

60 2270-18183 19 Oct 75 Minor seds

61  2288-18101 6 Nov 75 Minor seds, entrainment SP and SB

62  2305-18042 23 Nov 75 Minor seds, entrainment SP patterns

63 2306-18100 24 Nov 75 Clouds, GG plume

64  2324-18095 12 Dec 75 Minor seds, some SP pattern

65 2341-18040 29 Bec 75 Minor seds and patterns

66 2342-18094 30 Pec 75 Minor seds and patterns

67 2359-18035 16 Jan 76 Minor seds, entrainment SP

68 2360-18090 17 Jan 76 Clouds

69  2378-18091 4 Feb 76 Minor seds, SB patterns

70 2395-18030 21 Feb 76 Clouds

71 2414-18081 11 Mar 76 Patterns and entrainment SP

72 2431-18020 28 Mar 76 Seds, clouds

73 2432-18002 29 Mar 76 Excellent seds, gyre Pt. Reyes and
Devils Slide, GG Tinear pattern

74 2449-18012 15 Apr 76 Clouds, heavy seds

75 2450-18070 16 Apr 76 Excellent, heavy seds, pattern SP,
band 7 gnod

76  2467-18005 3 May 76 Clouds GG, SP excellent patterns alse SB
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TABLE 5-1 {Continued)

LANDSAT ID DATE ___REMARKS
77 2468-28063 4 May 76 Clouds
78  2485-18002 2] May 76 Cleuds offshore, seds
79  24856-18061 22 May 76 Clouds, seds
80 5390-17403 23 May 76 Minor seds, gyre GG

Clouds 47/80 Excellent 12/80
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5.3

DRELGE DISPOSAL STUDY ~ LANDSAT CORRELATION

Landsat imagery from 1974 was used in combination with a de-
tailed dredge disposal study to determine sedimentation patterns in
San Pablo Bay (northern San Francisco Bay). The Landsat film density
patterns formed from the radiance levels in the bay waters were con-
toured. They were ther. comparad with sedimentation patterns in the
bay. These sedimentation patterns were determined as part of the
U.S. Army Corps of Engineers Dredge Disposal Study, 1975. In San
Pablo Bay, Carquinez Strait and Suisun Bay, 111 sediment samples
stations (Figure 5-3 were menitored during the study. It was not
possible to control the day the samples were taken in relationship
to the Landsat overpass so there was up to a 2 week delay. However,
during periods when samples were collected close to the Landsat
overpass fairly close correlations were reached.

The San Francisco Districts Dredge Disposal Study of San Fran-
cisco Bay and Estuary was to identify possible environmental impacts
resulting from dredging an aquatic disposal of dredged material.

One part of this effort was a study to follow the initial movement
and recirculation of material dredged from Mare Island Strait and
disposed ef at the Carquinez Strait disposal site.

To accomplish the tracing study, a joint program was initiated
between the San Francisco District, the Explosive Excavation Research
Laboratory (now the Explosive Effects Division of the Weapons Effects
Laboratory, U.S. Army Engineer VWaterways Experiment Station), and the
Stanford Research Institute to quantify the horizontal and vertical
extent of dredged material deposition and recirculation within San
Pablo Bay, Mare Island Strait, Carquinez Strait and Suisun Bay.
Tracing was accomplished by tagging 21,729 pounds of previously dred-
ged material with 22 pounds (approximately 10 kilograms} of iridium.
Then introducing these tagged sediments into approximately 500,000
Tong tons of Mare Island Strait dredge material and dispose of them
off Mare Island. This teok place in the February-March 1974 dredging
period. Neutron activation of sediment samples collected from March
through Derember 1974 was determined with a gamma-ray spectrometry.
This was done to determine the guantity of iridium and, hence, dredge
material in the samples. Volumes of dredged material were calculated,
using simplifying assumption, for three layers (the top one inch and
two succeeding 4-inch layers of sediment sample) for each sampling
period. Sampling periods were designated by month. '

The tagged material was added to the two dredge hoppers for each
of the 706 dredging cycles in February-March 1974. For a calculated,
hopper volume of 2,300 yd3 {1,758 m3) a total volume of 1,623,800 yd3
(1,241,437 m3) was dredged. Using a wet density of dredged sediments
of 81.2 1bs/ft3 (1.3 g/cc), the total weight of dry sediment dredged
was 5.06 x 1071 grams (500,000 long tons). Thus, the copcentration of
iridium in the disposed dredged sediments was 1.895 x 1078 grams of
dry sediment. The naturally occurring background concentration of
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iridium (determined from sediment samples taken in Mare Isiand
Strait, Carquinez Strait, and San Pablo Bay) is 5 x 10-10 gram
Ir/gram of dry sediment. Thus, the concentration of iridium in
the tagged sediments was approximately 40 times the background level.

The study period, March-December, 1974, was divided into 11
sampling periods. Not all 111 Tocations were sampled for each
sampling period. The sampling periods selected were early March,
late March, arid each month from April-December 1974. For the two
March perijods samples were collected in Mare Island and Carquinez
Straits and a Timited number of stations in San Pablo and Suisun Bays.

Seven months of Landsat data from 1974 were used as the basis for
the project (March, May, June, July, August, October and November).
For each month density contour maps were made from the Landsat imagery
for the San Pablo Bay -- Suisun Bay area. Spot densitometer readings
were also taken frum areas of maximum and minimum suspended sediment
levels. These readings along with sediment distribution data and
Landsat imagery density wedge levels were used as calibration.

Figures 5-4 to 5-10 are e.largements of San Pablo Bay for the respec-
tive months. On each figure surface current patterns have hzen plot-
ted along with detectable water boundaries and wind shear. In several
cases 4uring ebb tide the hydraulic release effect can be seen where
the Sccramento River enters San Pablo Bay. Figures 5-11 to 5-17 are
contour maps of the density plots from the lLandsat imagery in

Figures 5-4 to 5-10. These were made using a Data Color densitometer

enhancements of the film negatives. In each case the higher the

i.."ber of the contour the greater the amount of suspended sediment found
in tie imagery. These Tevels have not been assigned absolute suspended
sediment concentration levels because the availabie data was taken

from bay bottom samples. In meny cases the samples were taken up to

two weeks before or after the time of the Landsat overpass. The result
was that only relative conclusions could be made from their correla-
tion process. Once the samples stations sediment cores were analyzed,
the distribution patterns of suspended sediment from the source point
off Mare Island were known. These patterns were then compared with

the surface pattern visible on the Landsat imagery. Although this

was only a cursory comparison it did allow the investigators to

confirm the patterns noted on the Landsat imagery. Much of the fines
from the sediment discharges from the Sacramento River is deposited

on the flats in the north part of San Pablo Bay. Although a large
quantity is transported directly through the Bay, a large volume remains
behind on the flanks or sides of the main channel. During periods of
high northwest winds much of the material deposited on the flats is
resuspended by the wind and wave action. 7% is then transported
to new locations within the Bay or swept out completely.
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5.4

The dredge disposal sampling progran; presented the investigato,«
with a wide spread network of station data for use in this Landsat
study. This type of field data collection was impassible under the
study's Timited budget. Resulting information from the sampling and
analysis provided a basis for understanding the complex movement of
sediment within San Pablo Bay. The fact that coordination between
the projects was not possible caysed some obvious drawbacks.

Some of the problems encountered include:

-

) Delay between sediment sample collectijon and Landsat overpass.

2) No surface sampies were taken, only bottom core samples. Thus,
what is seen at the water surface station will not necessarily
correlate with a core at the bottom from the same station,

3) At times whon a number of cores were taken around a station
differing results were found.

4) Material from the distribution point off Mare Island only was
being monitored.

5)  The densitometer spot size used for analyzing the Landsat
imagery was the smallest available. It covered 3.1 sg km
(1.2 sq miles) of the water surface. This is over 700
Landsat picture elements, a large ground area to compare to
the point source sampling stations (70 mm ilm clip used).

6) The density step wedges on the film transparencies used for
this experiment varied from frame to frame. ATthough the
variation was often small, any variation would cause a large
statistical error in expected results.

7)  The surface material being analyzed was obvious]y moving in
relationship to the bottom samples.

CONCLUSIONS

The Landsat imagery of San Francisco Bay provides a detailed
syneptic view of the estuarine processes affecting the surface and
nearsurface waters. Tidal current patterns. eddies, gyres, wind
action and resulting sediment transport is detectable. Manual and
automatic means of manipulating the imagery is usefy] in enhancing
these patterns. Four years of imagery is now available for use as
a historical record of the processes. Future investigators will
have the opportunity to use techniques such as densitometer analysis
and band to band comparison in evaluations and predictions of estuarine
Frocesses within the bay. This sould provide excellent background
fer marine construction, shore protection or environmental analyses,
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The correlation of sediments collected at 111 stations through-
out San Pablo Bay, with patterns on the Landsat imagery provided
general background on sediment transport within the bay. This infor-
mation will be useful in predicting the location of future daeposition
and erosion sites within this study area. Although cleser cocrdi-
nation and timing between the sampling of water stations and the
Landsat overpass would have been useful, the overall sedimentation
patterns were detectable.

In future studies such as the San Pablo Bay experiment several
sampling changes would provide much more usable background data.
The recommended methods that follow could be easily accomplished
at the same time a shipboard core sample was being collected. First
use a calibrated transmissometer and lower it below the light extension
depth. Collect water samples for use in determining the total suspen-
ded cediment load and for checking the transmissometer calibration.
Make the data collections as close to the Landsat overpass as possible.
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6.0 RUSSIAN RIVER

This section on the coastal processes in the vicinity of the
Russian River is included to demonstrate the capability of Landsat
ana aircraft imagery to supplement standard coastal engineering data
in the description of a coastal reach. The Russian River Basin,
Tocated in northern California (Figure 6-1) is a unique and valuable
natural and economic resource. To preserve the basin's environment
and protect, maintain and enhance the standard of living of residents,
requires controlled and Proper use of its natural resources. This
can oniy be achieved through acquisition of data on these resources
and development of Proper management programs. As part of the deve-
Topment of resource data on the Russian River Basin, river mouth
configurations, sediment transport and nearshore currents were
studied and included with this Landsat work.

The study area is limited to those inTand, coastal and offshore
areas which would be affected by material discharged from the Russian
River and extends from Point Arena to Point Reyes as shown in Figure
6-1. The coastline within this area has vast stretches of sandy
beaches as well as many miles of intermittently rocky and beached
shoreline. Aside from the broad sandy beaches, the coastline is
backed by irregular c]iffs ranging from 15 to 60 meters (50 to
200 feet) in height. Fronting these cliffs are narrow pocket
beaches whose material is often composed of shingles. The foreshore
is typically rocky. The shoreline is oriented in the northwest to
southeast direction. The Russian River is the main discharge into
the Pacific Ocean within this stretch of coastline. A few small
creeks of unappreciable discharge are characterized by short, widely-
spaced tributaries, alluvia]l valleys, gentle gradients, and barred
estuarine mouths,

Historically the Russian River Supported one of the major fish-
eries along the Pacific Coast. While hard data on the magnitude of
this fishery is Timited, personal and recorced historical information
supports that such is true. Flow in the Russian River is critical
for the maintenance of an adequate resident and anadromous fishery.
Present operating criteria provides for maintenance of a minimum
maintained flow of 3-5 cubic meters per second at a distance of 22 km
(13.6 miles) from the mouth. The basis for this flow is questioned
but studies to determine an optimum flow for fishery purposes have
not been conducted. Determination of benefits to be achieved by
Tower flow rates and periods of maintained flow is needed.

Turbidity and sediment resulting from various watershed activ-
ities including construction, legging, gravel mining and water
diversions among others are harmful to the water quality necessary
for maintenance of the fishery. Insecticides, many mineral and
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6.1

organic substances, some resulting from improper waste disposal, also
threaten maintenance of acceptable fishery water quality.

The need for acceptable water quality in the Russian River Basin
as recognized by water quality planning objective is common to most
elements of the basin's environment. Since water is the environment
in which fish must carry on ail Tife processes, maintenance of appro-
priate water quality is critical to the existence of a healthy and
diverse fishery. Increasing recreational usage of the river demands
a clear, high quality water, but often the water quality is degraded
by the activities of the recreationists themselves.

The findings of previous studies confirmed the obvious existence
of extensive sediment in the Russian River resulting in frequent turbid
river and ocean water conditions. Several sources and causes of %his
turbidity have been identified. These include rainstorms and conse-
quent erosion, diversion of extremely turbid waters from the Eel River,
sand and gravel mining operations, road construction and logging
practices and algal blooms which tend to perpetuate the turbid con-
ditions.

Excessive turbidity is known to have an adverse effect on the
production of healthy salmon and steelhead as well as adversely
affecting angling. These effects occur throughout the Russian River
and appear to be particularly significant on the upper river. No
studies or data are available to determine the magnitude of these
adverse effects; however, they are considered to have contributed
to the general decline in the overall Russian River fishery.

COASTAL CURRENTS

In the Russian River coastal area there are four prineipai
sources of material for the formation of beaches:

Stream-borne sediments,

erosion of alluvial deposits,

onshore movement of sand,

material moving laterally along the coast.

o po —
et el Nt

The Russian River is thought to annually discharge an average
of 130,000 cubic meters of beach sand in addition to many times this
amount in silts and clays. The deposition locations of the important
beach sands are primarily dictated by wave energy distribution 1in
conjunction with nearshore currents. The silts and clays, however,
are not influenced as much by wave energy as by coastal currents and
river flow.
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Four types of nearshore currents affect the study reach and
are caused by: tidal, wave, wind stress, and water density distri-
bution. Currents resulting from density distribution and wind
stress are the iarge scale ocean currents and are relatively feeble.
Among these large scale ocean currents is the California Current
(see Section 2.0). The California Current is a cold mass of water

United States. The California Current is part of the large scale
North Pacific gyre circulation pattern.

The Davidson Current jis generally a deep countercurrent below
200 meters {656 feet} which flows to the northwest along the coast

from Baja California to some point beyond Cape Mendocino. It brings

this countercurrent forms at the surface, well on the inshore side
of the main stream of the California Current. The temperature con-
tours in the eastern Pacific bend to the north along the coast during
the height of the Davidson Current activity with the most dramatic
changes taking place in February.

These two coastal currents, the Davidson and the California are
the prime movers of the silts and clays that are flushed from the
mouth of the Russian River each winter. The impact of man's activ-
ities on the make-up of the sediments is not really known at this
time. Unfortunately the impact of these streamborne sediments on
the anadromous fish populations is also unknown.

Salt in the ocean water acts as a flocculative agent which com-
bines with the silts and clays in the riversg' stream flow and even-
tually this mixing of stratified nearshore waters results in deposi-
tion of flocs in the ocean bottom offshore in more tranquil waters.
The settlement of Fiow may take place many kilometers tg sea from
the river mouth.

The imagery from the Landsat satellite was used to trace the
nearshore currents out to approximately 50 km (37 miles) to provide
data on the seasonal varijations on plume location for Ffuture use by
fishery researchers and geologists. The plume position is dependent
upon the ocean current and stream flow prevalent at any particular time.

DAVIDSON CURRENT PERIOD

The complex movements of the Russian River plume during the
Davidson Current period (normally between November and February)
were obtained from Landsat imagery spanning the period from the
winter of 1972 to spring of 1976. In the Study area, the Davidson
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Current is not strong but is effective in developing gyres that trap
sediment laden river waters near shore behind water mass fronts,
These gyres and fronts restrict the transport of silts and clays to
an area between Point Arena and Point Reyes and tend to account for
an initial winter flocculation and deposition of fines and muds out
to 25 km (15.5 miles). Figure 6-2 depicts a generalization of the
Davidson Current Season in the study reach.

UPHWELLING PERIOD NEAR THE RUSSIAN RIVER

The Upwelling Period, between February and July, marks the per-
iod of strongest ocean currents with the California Current moving
to the south aleng the coastal reach from Point Arena to Point Reyes,
Strong winds parallel to shore support a coastal upweiling while
point gyres support headland upwellings. Figure 6-3 illustrates
these interesting features as well as sketching the normal position
of the Russian River plume. Figure 6-4 is an excellent Landsat image
of the period.

Although substantial quantities of rainfall occurs during December

and January, Northern California's runoff intensifies during the early
upwelling period. This increased runoff coupled with nutrient-rich
upwelling waters is of interest to fishery researchers since any
mixing of pollutants with nutrients in a fish production area may
result in detrimental effects.

OCEANIC SEASON

From the end of July to the beginning of the winter storms in
November, comes a period where currents are slow, poorly defined
and tend to meander. Tidal effects seem to have as much to do with
the surface currents as does wind stress. However, there is a south-
ward tendency to the sluggish currents as the California Current is
still in effect. Figure 6-5 illustrates the current meanders. It
is interesting to note that during the winter of 1975-1976, Northern
California received Tittle rain. As few storm fronts crossed
northern California, the upwellings and the spring currents were not
as strong as usual. The Davidson Current did not develop as normal
and the river runoff was far below normal. Although it is still too
early to determine the effect of the lack of winter storms on the
coastal fishery, it is possible that Landsat data will be used as a
data seurce to assist in assessment of fishery statistics in the
future. This is especially true if the 1976-1977 winter is as dry
as the 1975-1976 storm season. :
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RUSSIAN RIVER MOUTH

The Russian River alternately flows freely into the Pacific
Ocean or is impeded from doing so by the creation of a sand barrier
at the river mouth. These actions are part of a complex natural
system, including wind, waves, sand movement, riverflow and other
environmental parameters which are continually at work. Beyond the
natural or environmental complexities of the mouth of the Russian
River, several economic and political elements must also be consid-
ered. Traditionally there has been an effort to secure continued
free passage at the river mouth for various purposes. Included
among these were, ecoromic development, commercial operations, recrea-
tional boating, fiood prevention and fishery access. O0Of perhars the
most importance were the attempts to commercially mine the gravels
occuring at the river mouth, with concurrent development of recrea-

tional and commercial navigation facilities and a planned subdivision.

These plans were objectionable to a significant portion of the local
population and these objections were voiced strongly. Over an ex-~
tended period of activity from 1964 to 1971, various private com-
panies, citizens groups and governmental agencies were involved in
the controversy. While the history of this era is too extensive to
accurately present in this report, it is of value to consider the
final outcome, which consisted of the ultimate denial of use permits
for gravel extraction at the river mouth and return to a semi-natural
inlet condition.

In the absence of any modifications, the conditions at the river
mouth will continue in accordance with a natural cycle, That is,
generally in the late fall the sand bar forms across the river until
the first heavy winter flow, which opens the mouth through winter and
into spring at which point the bar begins to once again build through-
out the summer ultimately closing the entrance in the early faltl.

In the absence of man made changes and within this natural cycle,
navigation of the entrance is dangerous at best and 1iti'e economic
development of the area is expected. In general, the natural re-
sources of the area should remain intact, and continue to function
in an unaltered natural cycle.

Cherry (1964), Minard (1971), Johnson (1959), and others have
investigated transport phenomenon along the Pacific Coast near the
mouth of the Russian River (Figure 6-6). Using available evidence in
the form of technical reports, historical documents, maps, charts,
photographs, field data, etc., they concluded that there is an ex-
tremely low intensity of sediment movement in the littoral zone near
the Russian River. This condition is principally the result of a Very
small sediment supply to the coast and the refraction of prevailing
waves such that Tittoral currents probably are relatively smail. ATl
investigators seem to agree that the rate of Jittoral drift along the
coast is small and the quantities involved are unknown (Rice, 1974).
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The rugged beaches northward of the Russian River mouth are more or
less pocket beaches (small physiographic units) and 1ittoral drift
in the usual sense iz non-existant or neariy so. Sand can be moved
from north to south, in the study area, by wave action in depths
out to 60 feet (18.2 meters) or more.

Over a period of vears the general cunfiguration of a shoreline
appears to be relatively permanent. However, there are local changes
in the surf and beach zones which result from the daily and seasenal
variation in the direction and intensity of wave attack. During this
study, the authors reviewed the Landsat and aircraft imagery as well
as the historical charts and determined that the seasonal waterlines
are guite clese to those rivermouth configurations found early in
this century.

The majority of the Russian River bed load sediments that con-
tribute to the 1ittoral drift seems to be a seasonal supply. The
first heavy runoff of the year removes the entire bar north of the
jetty. By doing so, the river mouth and estuary are flushed of the
coarse grained sandy materials that had deposited there the year
bhefore,

When the flood season has passed and the river flow decreases,
the sand bar begins to build at the northerly headland at the Russian
River Cove and progresses southward. There seems to be a complete
cycle of sand mgvement between headlands at the mouth of the river
in a counterclockwise direction. During the summer months, when the
normal currents and tides are not disturbed by high stream flows or
high wave action, the littoral drift starts to replace the northerly
bar and by early fall this accretion has been carried in a southerly
direction until the top of the bar reaches a position to the lee of
the jetty.

Examination of the computer program for the met annual trans-
port volumes of littoral sands reveals no orderiy annual transport
relationships neither on a volume basis nor as'to Tocation along the
study shoreline except that the predominant direction of net annual
transport is to the south. From a careful scrutiny of the monthly
transport rates (DeGraca, 1976), one begins to see a relationship
in the seasonal longshore transport. During the winter months,
December through February, and during the spring, March and April,
the rates of transport are greatest and the transport is southerly
directed over most of the shoreline. The summer-fall season, May
through November, experiences theoretical lower rate of transport
with many more periods of convergence and divergence of wave enercy
along the shoreline resulting in many areas of temporary accumula-
tion and erosion. Unfortunately, most programmers obtain wave sta-
tistics that tend to ignore the long summer swells that arrive in
the study area from the typhoon tracks off the Pacific coast of Mexico.
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These swells with Tong wave periods tend to translate into a northerly
component of Tittoral drift at the river mouth during the summer and
early fall.

The existence of extensive beaches and wel] developed dune
deposits in areas south of the river mouth imply that the Supply
of beach materia? exceeds the demand for longshore transport. The

The finer sediment fraction (less than 0.125 mm) discharged
from the Russian River is carried offshore and deposited as shelf
deposits, whereas the coarser faction (greater than 0.725 mm) qs
distributed atong the shoreline. Furthermore, 87 percent of the total
sediment discharge from the Russian River occurs during December
through February representing the winter season with its predominant
southerly transport {DeGraca, 1976). Since much of the sediment djs-

exceeding the potential longshore transport within this period,
especially for years with nigh discharges (January 1965 at the Russian
River). Thus, a temporary stockpile of beach material will be depos-
ited near the mouth of the Russian River during maximum discharges
which will then feed the Tittoral regime during the ensuing months
until these stockpiles are exhausted. The discharge beach material
that is not deposited continues in transit to the south and is de-
posited offshore.

CONCLUSTON
The use of Landsat and aircraft imagery has made it possible to

qualitatively define the complex ceastal processes near the mouth of
the Russian River. This is most important in evaluating the inexact
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7.0 HUMBOLDT BAY AREA

Humboldt Bay is Jocated in Humboldt County in Northern Cali-
fornia. It is the only naturally enclosed harboyr offering deep
draft commercial facilities between S5an Francisco 416 km (225 nm)
to the south and Coos Bay, Oregon 288 kn (156 nm) to the north
(Figure 7-1). The cities of Eureka and Arcata are located on its
shores. The area is developing fast becayse of its allure ac a
"remote coastal" location and the harbor which ig accessible for
both recreation and commerce. The climate in the area is one of the
wettest in the State of California. The Fel River empties into the
Pacific Ocean 16 km (10 miles) south of Humboldt Bay. It has the
highest recorded average annual suspended sediment discharge per
square mile of drainage area, of any river of its size gr larger in
the United States (Brown and Ritter, 1971). The Mad River enters
the Pacific Ocean 8 km (4.9 miles) north of Humboldt Bay and the
Klamath River enters the ocean 80 m (50 miles) north of the Bay.
The ocean surface currents which transport discharges from these
rivers resylt in extensive surface plumes. These plumes can be de-
tected and mapped on Landsat imagery the year round. The result is
the ability to gain a clear picture of the forces effecting offshore
ocean surface utilizing Landsat data.

Because of new urban development in the Humboldt Bay area, which
necessitate construction of onshore and offshore facilities, the ares
is well suited for Landsat investigation. Little is quantitatively
known about the dynamics of the offshore region (U.S. Army Engineer
District, San Francisco, 1976). This is partially due to the winter
storms which are accompanied by high waves. There have been few
detailed studies of the area ty date. The storm waves which often
reach heights of over 8 meters (26 feet) preclude extensive oceano-
graphic shipboard surveys much of the year (Gast, 1976). The need

dynamics using the extensive suspended sediments make the Humboldt
Bay coastal area highly suitable for analysis. For the immediate
Humboldt Bay offshore area, detaiied oceanographic information js
presently being evaluated by Winzler and Kelly's (1976) oceano-
grapkic study for the Humboldt Bay Wastewater Authority. This study
is part of a site analysis for proposed wastewater facilities,

Humboldt Bay is Tong and narrow, shallow at the extremitjes

with deep dredged centra] channels. The bay is about 23 km (14 mites)
long and varies in width from less than 9.8 km (0.5 miles) wide in
the middle to about 6.4 kn (4 miles) wide at the north end. It is
separated from the ocean by two long narrow sand Spits. The bay is
properly classed a coasta] plain estuary formed by the drowning of
one or more former river valleys. The dominant agent of transport
and sorting in the bay appears to be tidal currents and wind.
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These currents are strong at the bay entrance and decrease away
from the bay mouth. Entrance velocities reach 1.8 m/sec (3.5 knots)
during maximum current periods {National Ocean Survey, 1978).

Humboldt Bay should be considered in three distinct units:
the South Bay; the Entrance Bay; and the North Bay, or Arcata Bay.
The South Bay is drained by two major channels, surrounded by ex-
tensive mud flats. Both South and Avcata Bays are navigable only
in the main channels at low tide. The Bay is quite shallow, and
channels for fishing boats and shipping vessels are maintained by
dredging. Jacoby and Freshwater Creeks dischar e into the north
end of the bay, and Elk River and Salmon Creek ischarge into the
central portion and southern end of the bay respectively. These
streams and their corresponding slough are tidal from 1.6 to 3.2 km
(1 to 2 mites) inland from their mouths.

Two protected jetties mark the entrance to Humboldt Bay and
lead directly into the sub-bay generally known as Entrance Bay.
The east portion of Entrance Bay is shallow as compared with the
west where the main shipping channels occur. These channels are
maintained by dredging operations and allow large vessels access
to Samoa Channel, the channel which leads north to Arcata Bay. The
Entrance Bay has a mean high water area of 7.5 sq km (2.9 sq miles) and
this area is practically the same regardless of the tidal height {Gast,
1964). As with altl the sub-bays, Entrance Bay marks the seaward end
of a major stream-flow system. ETk River flows directly +into Entrance
Bay and accounts for approximately one-fifth of the watershed runoff
entering Humboldt Bay.

The southern portion of Humboldt Bay, South Bav, extends ap-
proximately 6 km from the entrance, widening to nearly 3 km at
the southernmost end. The South Bay is generally shallow
with large areas of tidal flats being exposed at Tow water.

A fairly deep, narrow, natural channel follows the North Spit
tor about 5 km north from the jetties to a point defined by the
junction of Samoa and Eureka Channels. The area extending north of
this junction being Arcata Bay.

The Corps of Engineers has continued its harbor improvements
of Humboldt Bay which began as construction of jetties at the
entrance in 1889. The jetties have been improved and rebuilt a
number of times. The navigation channels have been deepened and
widened, following the trends of the original natural channels
(NobTe, 1971). Maintenance dredging continues to the present day.

At the present time, a new sanitation project is planned for

the cities of Eureka and Arcata adjacent to Humboldt Bay. The
objective of the project is compliance with the State Water Resources
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Control Board mandate to improve the overall sewage handling pro-
cesses. The reason for the extensive Winzler and Kelly (1976)

study previously mentioned is to have as complete a picture of the
oCean parameters at the proposed outfall site as possible. This
discharge for the new facility is plannad for the ocean as opposed
to the bay discharge presently in use. Two major offshore dis-
charges (Figure 7-2) are presently operating. They expell wash
waters from two pulp mills on the peninsula adjacent to Humboldt
Bay. This effluent is clearly visible on most of the Landsat
imagery as the discharge effluent comes ta the surface and disperses
into the sediment laden ocean water. The diverse plans for future
utilization of the waters around Humboldt Bay made it essential that
a thorough investigation of the water dynamics be determined before
additional facilities are added. Landsat provides information that
can be essential to the overall surficiai oceanographic picture and
add greatly to the detailed current meter array data.

LANDSAT EVALUATION

The major variances in coastal and open ocean surface dynamics
are indicated on the Landsat pictures by the sediment transport
patterns which act as tracers for the currents. The Northern Cali-
fornia coast has several major rivers including the Eel, Mad, Klamath
and Mattole. Heavy rain and snow throughout much of the area,
especially in the fall and winter, provides large volumes of seds-

ment to the coastal area. Figure 7-3, taken during March 1975,

is a striking example of the extensive ocean plume resulting from
heavy runoff. Surface material extends out to 70 km off the coast,
In the nearshore areas, gyres and eddies cause complex patterns in
the dominant California Current's southern movement. Added to this
are tides, upwellings, and the action of meteorological variations
which further complicate the picture. A summary of the Landsat
imagery from the Humboldt Bay area is seen on Table 7-1. One of
the major changes noted during the study is the change in nearshore
current direction. In the January - March period, north moving
nearshore currents are often present and the rest of the year the
pattern 1s generally south. This period of north moving current
(Davidson Current) sometimes starts as early.as November (i.e., 1975)
along the Southern California coast, but at this northern latitude,
such an occurence appears unusual.

This period of current reversal was called an upwelling influ-
ence by Skeesick (1963). He found significant changes in the Bay
water in December 1961. The salinity increased, and there was a
decrease in water temperature, the sigma-T values increased, there
was a decrease in dissolved oxygen concentration, an increase in
the phosphatephosphorus concentration, and an increase in the silicate-
silicon concentration - samplings which appears attributable to
upwelling. Skeesick found that in January all these changes again
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Spring image of the northern California coast on March 27, 1975.
Complex currents are outlined by the sediment transport patterns. Heavy
discharge from the Mad, Eel and Mattole Rivers is clearly seen. Adjacent
A number of upwellings

to Humboldt Bay effluent discharge can be seen.
(U) are bringing clear supbsurface water into the sediment Taden surface.
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TABLE 7-1

HUMBOLDT BAY
LANDSAT COVERAGE

LEGEND
(M - Cape Mendocino (C) - Clockwise Slow Appearance
HB - Humboldt Bay N - North Moderate of Current
PG - Punta Gorda S - South Fast Velocity
LANDSAT 1D DATE REMARKS
1 1095-18283-5 26 Oct 72 3 Slow, few sediments
2  1096-18341-4 27 Qct 72 S Slow, gyre off Cape Mendocino
3 1167-18283-4 6 dan 73 N Moderate, offshore currents heavy
sediment discharge -- 6-3 km sedi-
ment strip
1222-18345-5 2 Mar 73 N Moderate, nearshore current
5 1258-18345-4 7 Apr 73 5 Moderate, 8-10 km sediment strip
6 1275-18290-4 24 Apr 73 S Moderate, sediment, moderate upwelling,
sediment strip
1276-18345-4 25 Apr 73 S Slow, fog narrow strip
8 1312-18343-4 371 May 73 S Slow, sediment minor, offshore pattern CM
1330-18342-4 18 dun 73 S Slow, sediment minor, nearshore
10 1347-18282-4 5 Jul 73 S Slow, gyre off HB, shear off CM, and
PG, upwelling
1T 1348-18340-4 6 Jul 73 S Slow, gyre HB, shear breakup, upwelling,
offshore
12 1365-18281-4 23 Jul 73 S Slow, gyre HB, minor sediment
13 1366-18335-4 24 Jul 73 S Slow, minor sediments
14 1401-18273-4 28 Aug 73 S Slow, minor sediments
15 1420-18330-4 16 Sep 73 S Slow, minor sediments, CM, offshore
movement
16 1420-18330-4 16 Sep 73 S Slow, nearshore gyre, CM offshore
_ movement :
17 1437-18265-4 3 Oct 73 S Slow, nearshore gyre, CM offshore
18- 1438-18323-4 4 0ct 73 S Slow, minor sediments
19  1528-18310-4 2 Jan 74 S Slow, Eel offshore, CM large gyre (C)
20 1546-18303-4 20 Jan 74 N Moderate, sediment 40 km offshore
21 1581-18235-4 24 Feb 74 N Moderate, nearshore N. current, offshore

S. current
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TABLE 7-1 (Continued)
LANDSAT 1D DATE REMARKS

22 1635-18225-4 19 Apr 74

[¥g]

Moderate, HB effTuent-visible, nearshore
heavy

23 1708-18262-4 1 Jul 74 S Slow, upwelling CM

24 1744-18251-4 & Aug 74 N Slow, HB north current anomalous

25  1815-18171-4 16 Oct 74 S Slow, minor sediments

26 1888-18201-4 28 Dec 74 S Slow, minor sediments, 32 km offshore
patterns

27 1959018112-4 9 Mar 75 N Moderate, strong Davidson Current,
32 km offshore

28  1960-18170-4 G0 Mar 75 N Moderate, heavy sediments, CM gyre

29 1977-18103-4 27 Mar 75 S Fast, heavy sediments, large offshore
patterns 64 km

30  5013-18084-4 2 May 75 S Slow, nearshore current is loggy

31 2181-18163-4 22 Jul 75 S Slow, minor sediments

32 2307-18150-4 25 Nov 75 M Slow, heavy sediment, Davidson Current

33 2343-18743-4 31 Dec 75 S Moderate, moderate sediments, CM
offshore 40 km

34 2415-18031-4 12 Mar 76 S Moderate, offshore CM 64 km

35  2469-18113-4 5 May 76 S Slow, light sediments, HB effluent

36 5391-17452-4 14 May 76 S Moderate, offshore movement, CM 40 km

37  2487-18110-4 23 May 76 S Slow, nearshore movement
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reversed. Adams (1975) in his study of Humboldt Bay found that

during the months of November and December 1971, the average monthily
water temperatures were 2°C and 1.5°C respectively below the monthly
means. In January and February 1972, he found temperatures were 1°C
and 0.5°C respectively below the monthly means. By March through August,
the temperatures were very close to the monthly means for 8 years,

In the Environmental Impact Statement for the new sewage facility
at Humboldt Bay (Environmental Research Consultants, 1974) it was
noted that virtually no information was zvailable concerning trans-
port and dispersion of the immense silt and clay loads entering
this coastal area from the Eel and Mad Rivers. Thompson (1971) sug-
gests that substantial quantities of silt and clay are contributed
to Humboldt Bay by the Eel and Mad Rivers. However, his findings
were based on sparse evidence. He implies movement of materials
under the influence of littora] currents, which reverse with the
season. Movement of suspended material outside the surf zone is pre
sumably controlled by tidal and wind-driven currents. This infor-
mation is put forth to re-emphasize the need for all available in-
formation - especially when designinga structure such as the planned
offshore effluent outlet. .

Not all of the currents along the coast fit the general pattern
-0f south movement. In August 1974, for example, a Landsat image
(Figure 7-4) shows an anomalous north moving nearshore current at
the entrance to Humboldt Bay. This was in the middle of the oceanic
current period when the south moving California Current usuaily
dominates. The U.5. Geological Survey (Carlson, 1975) found some
similar anomalous currents during a 1973 drift card study. During
the U.S.G.S. study, northward transport from the mouth of the Egl
River was noted on three occasions; June, August and October. On
two of these occasions, northwest winds were biowing, making the
results somewhat surprising. The tidal current must have been the
dominant influencing agent. In Figure 7-4, although the materia]
at Humboldt Bay is moving north, the suspended material near the Eel
River and Cape Mendocino is moving southard. Hence, a nodal point
between opposite moving current appears to have been present between
the Humboldt Bay entrance and the Ee] River. Although no meteoro-
logical data was collected during the Landsat Qverpass, a south or
southwest wind was probably blowing. Such an effect was often found
to_be present during the oceancgraphic study made by Winzler and
Kelly (7976).

The Winzler and Kelly study reports several occasions when high
wind velocity overcomes the current flow especially when the wind
blows for extended periods. They used current meter arrays with
both near surface and bottom current collection stations. Typical
array at or near the proposed sanitation cutfall consisted of a
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Figure 7-4 - Humboldt Bay Anomalous North Current

This August 6, 1974, Landsat image shows a north trending
current at Humboldt Bay which is unusual for this period of

the year. The probable cause is wind induced littoral currents.
NASA/ Landsat 1744-18251-4.
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currcnt meter i:ored 6 meters (20 feet) below the surface and 1.5
meters (5 feet) off the bottom where the water was 18 meters (59 feet)
deep. In analyzing the data from such an array it was usually found
that the dominant current pattern controlled the bottom meter read-
ings, while the variable surface winds often effected the surface
meter. For example, a southwest wind blowing during:the period

June 29 to August 2, 1976, resulted in an interruption in the dominant
south moving California Current pattern. The southerly winds in

1976 were of low velocity and short duration and were not capable of
establishing a northerly current but only to interrupt the sgutherly
flowing current. The metecrological parameters which were occuring
during the Landsat overpass seen in Figure 7-4 were probably somewhat
similar. However, the south or southwest wind at Humboldt Bay was

“probably of Tonger duration resulting in the northern surface current

illustrated by the north moving sediment plume.

QCEAKIC CURRENT PERIOD - NORTHERN CALIFORNIA COAST

Quring the Oceanic Current Period (Figure 7-5) the California
Current is dominant and with few exceptions current transport is
southward. Suspended sediment available for transport is at a
minimum but still of sufficient quantity to be detectable. The fal]l
of 1975 was a period in which a smallest volume of suspended sedi-
ment was available because of the low rainfall. The high volume
ot precipitation in the Northern California area does provide for
a great volume of runoff. The major problem for the investigator is
obtaining ¢loud and fog free imagery for the area. Much of the time
when the Tand was clear the ocean was obscured by a cioud or fog cover.

The majority of the material seen in this area comes from the
Klamath, Mad, Eel and Mettole Rivers. This is true throughout the
year. As the suspended sediment is transported southward during
Oceanic Current Period many eddies and gyres are formed. This is
especially true behind or southward of land masses which protrude
into the flow. An example of this is seen repeatedly at Cape Men-
docino and Point Gorda south of Humboldt Bay. The flow of the
California Current is disturbed at these points and as the water
moves eastward past the protruding land a counterclockwise eddy is
often formed. Often the material in these eddies spin off seaward
10 to 20 km (6 to 12 miles). A number of images have been seen
where the O0ffshore pattern is the periodic north moving trend which
has been local in extent and caused by south or southwest winds of
short but steady duration,

DAVIDSOM CURRENT PERIOD - NORTHERN CALIFORNIA COAST

During the Davidson Current Period (late November to February)
the transport of suspended sediment is often northward or opposite
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3

to the general pattern found the rest of the year (Figure 7-6).
Since this period coincides with the start of the rainy season

some spectacular offshore patterns are often present. The David-
son Current forms when north winds are weak or absent and sur-
faces on the inshore side of the main stream of the California
Current. The interesting point that is noted in viewing all the
available Landsat imagery is that the nerthern transport near

the coast is constantly interrupted by the south trending Cali-
fornia Current offshore. The distance at which this phenomena
occurs varies but it is often found at approximately 8 to 16 km

(5 to 10 miles) offshore. The result is a number of counter-
clockwise eddies formed along the coast. The offshore component

of the interrelated forces involved is often 40 or 50 km (25 or 31
miles). In other words the material from the river and streams is
transported northward, then westward and then southward and is still
detectable at the surface 40 or 50 km (25 or 31 miles) off the coast.
Land protrusions into the northern flow disturb the pattern similar
to the way they modify south moving current. FEddies form clock-
wise patterns that transports material shoreward. The nodal point
between the north moving Davidson Current and the south moving
California Current is sometimes found along the Northern California
coast. In this case large offshore eddy patterns form. The David-
son Current Period extended into March 1975 so the February cut-off
date must be modified sometimes.

UPWELLING CURRENT PERIOD - NORTHERN CALIFORWIA COAST

The Upwelling Current Period (Figure 7-7) is a result of north
and northwest winds in the spring which move surface water offshore.
The replacement waters are from the deep ocean and are cooler and
higher in nutrients. This upwelling effect is visible on the Landsat
imagery because of the Tack of suspended sediment in the waters. The
high reflectance pattern from the sediment laden waters is modified
by the low reflectance upwelling waters brought to the surface. The
dynamic patterns seen at the ocean surface are complex in nature.
These upwellings often occur behind (south of) points of land.

This is because as the winds blow from the north or northwest a
low pressure zone is formed leeward of land masses. At the same
time these winds are blowing surface waters seaward. The combi-
nation allows the subsurface water to come to the surface south of
the protruding land masses.

Since the Upwelling Current Period is in the spring (late
February through June) there are large volumes of runoff and
sediment discharge from the river. In the relatively straight
coastal areas, 1ike the stretch from north of Humboldt Bay to
Cape Mendocino, the current transport patterns trend generally
southward. During this period an upweliing is often present
south of Cape Mendocino, Punta Gorda and Shelter Cove.
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At these and similar localities the south moving tangent pattern is
modified. Gyres and surface eddies form and offshore movement occurs.
As the material moved westward and southward past the location of the
upwelling a reversal of pattern often takes place. Inshore or east-
ward movement combines with the always dominant southward transport-

ing forces. As viewed On a Landsat image this process repeats it-
self at each land break in the south moving current.

:

DISCUSSION OF HUMBOLDT BAY EFFLUENT DISCHARGE FACILITIES

As a result of the 1973 break in the major sewage line at Hum-
boldt Bay, the bacteriological quality, as determined mainly from the
harvested shellfish, was reduced to a dangerously low level. After
the break, only 19 of 35 water sampling stations throughout the Bay
were capable of meeting the restricted growing area classification
requirements (Envircomental Research Consultants, 1974). This break
pointed up the need for new sewage facilities. At present, the re-
commended plan that has the most support from several alternatives
is the discharge of sewage into the ocean (see U.S. Army Engineer
District, San Francisco, 1976, Public Notice No. 10603-21). The
physical and political ramification of such a project are complex
and varied, but the area of interest most directly related to this
Landsat study is the expected effluent discharge as a“fasted by
the nearshore currents. The location of the proposed discharge as
shown on Figure 7-2 is seen in section view Figure 7-8. This pro-
posed outfall will extend 1829 meters (6,000 feet) off the Sonoma
Peninsula with the Tast 152 meters {500 feet) being a diffuser. The
end of the outfall wiil be in about 18 meters {60 feet) of water.
The discharge at that location will be transported by the nearshore
currents which can be seen and traced on the Landsat imagery. This
has been especially true for the Humboldt area, because of the two
major rivers, Mad (north) and Eel (south) which bracket the Bay.

In viewing all the Landsat imagery for the California coast, it was
noted that the northern coastal currents and sediment transport pat-
terns can be continuously monitored.

In studying satellite and aerial photography of the Humboldt
Bay entrance and the adjacent coastal areas, it becomes apparent that
during certain tidal and current periods, gyres and eddies set up
near the entrance breakwaters. These eddies combined with the tidal
current to bring suspended materials from the nearshore area into
the bay. The percentage of occurrence of this phenomena is not known
and could only be determined through a continuing detailed survey of
the water dynamics and physical parameter. The survey of Landsat
imagery listed in Table 7-1, gives the direction and features noted
for all imagery available. This, however, is just a start since, at
best, it covers every nine days with many interruptions for cloudy
or foggy weather.
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7.3

HUMBOLDT BAY CONCLUSIONS

The use of information provided from Landsat imagery in coastal
construction design is an on-going program at Humboldt Bay. The
proposed wastewater facilities off the north spit of the bay is pre-
sently being evaluated. Landsat provides an overview of the seasonal
and monthly changes in current patterns. Such information can be
correlated with the detailed sea truth information being collected
at the proposed wastewater outfall itself. It is too early to evalu-
ate the scientific and cost benefits of such LANDSAT utilization but
preliminary results indicate that this information is an extremely
useful and economical tool. This is especially true during periods
of the year when storm waves precludeshipboard oceanographic data
collection.

A review of the available Landsat imagery shows discharge plumes
that confirm the expected transport patterns the majority of the time
(i.e., south current during the Tate spring, summer and fall, inter-
mittent north current from November to March). The south currents
result from the effect of the California Current - the north, the
effect of the Davidson Current. Exceptions to this basic pattern
have been found at various short periods especially in the late
summer and fall. These variations usually are accompanied by south-
west winds reinforcing the anomalous current patterns.

The effect of tidal currents can be detected on the Landsat
imagery at the mouth to Humboldt Bay. Current velocities appear
higher on the flooding tide and Tower on the ebbing tide. Large
plumes of suspended sediment from the mud flats are often present
in the form of a bay mouth eddy during and after ebb tide.

Upwellings have been detected by the current meter array out-
side the entrance to the bay. These upwellings are often detect-
able on the Landsat imagery. They show up as darker patches within
the Tighter sediment laden coastal waters. On a smaller scale the
effluent discharge from the pulp mills also appear on aircraft and
satellite imagery. Upwelling occurs when the southerly winter winds
are replaced by northerly winds of high velocity which tend to rein-
force the southerly flowing California Current.
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8.1

8.0 IMAGE PROCESSING

In viewing the many images available for the Califernia coast,
it is_cTear that for much of the year there is Tittie that can be

low level of suspended sediment in ‘the ocean waters. For this
reason, the use of image processing techniques for enhancing the
sediment patterns that were present, became a tool that was

most important in the understanding of the coastal processes. A good
example is illustrated by Figures 8-1 and 8-2. In this case the
enhancement technique was ASTRETCH and the season of the year was
fall (October 15, 1975) in southern California when the streams and
rivers were dry. In the ASTRETCH enhancements, the 1imited digital
number range which represents the suspended sediment patterns are

tabTe on the original imagery. In the original image in this exampie
no sediment pattern except in the immediate vicinity of the beach
were detectable.

The discussion included in this section will be confined to
techniques applied to the coastal process enhancements. For any
detail of the computer compatible tapes, as supplied by NASA, the
reader is referred tg Thomas, 1975 which gives the details of the
tape generation and characteristics. As received from NASA the
CCT's required three steps before the film generation phase. The
acronyms for the three camputerized steps which are described below
are:r 1) TAPEIN; 2) ASTRETCH: and 3) PLOTAPE. The flow of the infor-
mation is shown on Figure 8-3, Processing of the tape took place on
a Data General Eclipse 5200 Computer.

PROCESSING STEPS, SOFTWARE DESCRIPTION AND FILM GENERATION

STEP 1 - TAPEIN 4s a pProgram to read, unpack and generate a disk
resident image strip file. The image strip file contains
2256 lines of data corresponding to an image strip. Fach
Tine of data contains image data and a selected portion
of the calibration information. User inputs define the
tape file number, the strip number and band to he extracted,

STEP 2 - The ASTRETCH program provides the capability to perform a
Vinear expansion of a user defined range of data to a new
range of data. The data outside the range is compressed
accordingly. User inputs define the input/output file
names and the parameters for the stretching. This technique
allows the user to perform contrast enhancements that can-
not be conveniently done by ordinary photegraphic technique.
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Figure 8.1 - Astretch Enhancement Graph.

Above is a 5X enhancement of the line 1990 from the image of the Santa
Barbara Channel (see Figure 8.2). A1l water features are in the 40 to 55
range of digital numbers of the 5X Astretch. In the original the range is
8 to 12. NASA/Landsat 2266-17482-4
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» ANACAPA IS.
SCAN LINE NO. 1990

SANTA CRUZ IS.

Figure 8.2 - Astretch Enhancement of Santa Barbara Channel.

This enhancement of the area between Ventura and Anacapa Island highlights
sediment transport patterns present during the fall (15 October 75) when
stream and river discharge is essentially non-existant. On the film product
no visible patterns are present offshore. The scan line shown refers to the
graphs shown in Figure 8.1. NASA/Landsat 2266-17482-4.
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NASA IMAGE TAPES (CCT'S)

STEP 1 CHOICES. . .
_ FILE NUMBER
USER INPUTS TAPEIN STRIP IDENTIFICATION
BAND NUMBER (4,5,6,7)
v
DISK RESIDENT IMACE STRIP FILES
STEP 8

CHOICES, ..
INPUT/OUTPUT FILE NAMES
RANGE OF D4T4 TO BE STRETCHED
LINEAR OR NONLINEAR

L — ASTRETCH

USER INPUTS

v
DISK RESIDENT IMAGE STRIFP FILES
"ENHANCED"
STEP 3
CHOICES. ..

NO. OF STRIPS
INPUT FILE NAMES
STARTING AND ENDING LINE NO.

USER INPUTS T~ PLOTAPE

SKEW ANGLE
/ HARDCOPY PLOTTER
F I'-M GENERATION FILM DENSITY RANGE

POSITIVE OR FEGATIVE

Figure 8.3 - Flow Diagram - Image Enhancement.
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STEP 3 - PLOTAPE is a versicn of the output tape generation soft-
ware especially modified to create tape compatible with
a Geo Space plotter. The program can merge a user de-
fined set of strips (up to 4 for a full image}, lines and
also perform skew corrections. Skew anjle correction is
performed by padding either the beginning or end of each
line of output. A tape record consists of skew correction
pixels, a merge of the image strips and any padding pixels
necessary to keep each tape record a constant length.
User inputs (strip numbers and scan line range) allow a
selected portion of the image to be written to tape for
image generation.

Film Generation - The magnetic tape is then used to drive a Geo
Space plotter to create a photo film. The film is created by writing
133.33 pixels/inch and 96 1ine/inches which yields a good representa-
tion of the actual pixel to line spacing ratio (1ess than 1% error).
The operator has control of the film density range and the option to
produce either positive or negative images.

LANDSAT IMAGE ANNOTATION DATA RETRIEVAL SYSTEM

Data describing each Landsat image is available on two magnetic
tapes and exists as 174388 records of 200 bytes each, packed 8 records
to a tape block. To facilitate information retrieval a two pass tape
scan system has been developed. In the first pass the two master
data tapes are read sequentially and records falling within user
specified geographical 1imits are transferred to a second tape. Only
a selected portion of the input record is retained to reduce subsequent
tape search time. The output tape is formatted as 16 records of 100
bytes each per tape block. The first 88 bytes of each record contain
data, the rest is padded with zeros.

The second pass uses the previously created tape as input and
creates a temporary disk file or records which meet user imput geo-
graphical and cloud cover limits.

The user has the option of listing the selected records or of
saving the disk data and using it and/or tape data in another
selection pass. _

The use of CCT's are preferable over film for manipulation
bacause accuracy is lost in recording radiometric information on
Film and is further degraded by duplication. Also scanning intro-
duces additional noise into the signal. Other advantages of using
the tapes for analyses include considerable analytical flexibility,
reproducable results and relatively reasonable costs. Of course this
cost compared to the purchase of several negatives is censiderably
higher but the detail and manipulation possible is necessary and
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8.3

preferable during certain analysis techniques. An additional ex-
ample of ASTRETCH erhancement is seen in Figure 8-4. Several
other enhancement techniques which are utilized are described in
Table 8-1,

DISPSCAN - Display of individual scan lines for analysis.

ERTSRPT - ERTS scene summary and annotation.

EXTRACT - Extract multispectral data for statistical analysis.

GENRAD - generate slopes and offsets for banding removal and
radiometric correction.

HISTO - generate histogram of an image line.

IMLOCATE - to determine image file location information.

MLDR - maximum 1ikelihood decision rule classification program,

STATISTICS - program to generate statistical parameters for
pattern recornition.

[ - N J

REFERENCE
1. Thomas, Valerie L., Generation and Physical Characteristics ¢f

the Landsat 1 and 2 MSS Computer Compatible Tapes, Goddard
Space Flight Center, Greenbelt, MD., x-563-75-223, 1975.
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Table 8-1 CCT Enhancement and Manipulation Techniques
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TabTle 8-1 CCT Enhancement and Manipulation Techniques (Continued)
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Figure 8-4 Enhanced Image of San F

S

rancisco

The plume of material discharge from San Francisco Bay is enhanced
by the ASTRETCH process. The diqital numbers 0-20 were stretched 3 times
to 0-60. NASA/Landsat 2305-18G42-5, 23 Nov 75
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9.0 CONCLUSIONS AND RECOMMENDATIONS

The 1ittoral and nearshore processes including sediment trans-
port, riverine discharge, nearshore currents and estuarine flushing
were analyzed using the Landsat imagery. Specific studies of imagery
sets from Humboldt Bay, Russian River, San Francisco Bay, Monterey
Bay and the Santa Barbara Channel were emphasized. In each case the
patterns formed in the water by suspended particles were interpreted.
The tracer particles consisted mainly of suspended sediment, plankton,
and in some cases pollutants. They were detectable on the Landsat
imagery (primarily bands 4 and 5) because of the radiance Tevel dif-
ferences between the ambient waters and those waters containing the
suspended material. Movement of the suspensate resulted from river
discharge, tidal currents, geostrophic current, wind, waves, and up-
wellings. Because of the transport of the suspended material, the
dynamic forces affecting the ocean surface could be analyzed. Using
the Landsat imagery combined with available aircraft photography
and sea truth data it was possible to formulate an accurate picture
of the California nearshore processes. This includes diagrammatical
charts of the three current seasans (Oceanic, Davidson and Upwelling)
that continually effect the California coast.

Sea truth measurements were taken in the Santa Barbara Channel
and in San Francisco Bay during this experiment. Although the sam-
pling was limited relative to the overald study period the data pro-
vided an essential input to the study results. At the Santa Barbara
Channel, oceanographic stations were occupied during three different
Landsat overpasses. Total solids in surface water samples plus trans-
parency, temperature and transmittance was measured. This information
combined with simultaneously collected aircraft imagery provided a
calibration of the patterns seen in the Landsat images. What appeared
to be sediment lensing from the water samples was, in several instances,
sediment plumes being formed into complex gyres by the currents in the
area. It was possible to calibrate the image density difference ac-
cording to the volume of suspended sediment measured in the sea truth
samples.

The authors' investigation of the currents of Monterey Bay
resulted in a set of surface current charts that are already being
used by waste water managers for the assessment and review of con-
tracted reports on alternative ocean outfall locations and impacts.
The use of Landsat and aircraft imagery allowed the macro and micro
investigation of regional current systems that could influence the
outfall effluent mixing. Landsat data alone would not have been
sufficient to allow a current definition for the smal] scale gyres
such as those Tocated in Monterey Bay. They are near the resolution
Timit of Landsat. However, Landsat was capable, on a timely basis,
ot defining the oceanic parameters that influenced the Monterey Bay
Circulation. Buttressed by high resoluticn U-2 and other aircraft
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imagery, the Landsat data began to divulge the basic current patterns
needed by coastal engineers and planners. This data has already been
worth at least $20,000 to the San Francisco District of the U.S. Army
Corps of Engineers. The technique is unique so no price could be
placed on a parallel technique for cost comparison.

In the San Francisco Bay Study data from the U.S. Army Corps of
Engineers Dredge Disposal Study was used as calibration. One hundred
and eleven sampling stations in the San Pablo Bay (north San Francisco
Bay) were occupied monthly from March to December in 1974 and the
sedimant distribution as determined from the sample evaluation was
used in the Landsat interpretation. When the sampling was done close
to the Landsat overpass a fairly close correlation resulted when ex-
pected sediment depositional sites were compared with the measured
depositional concentrations.

The maximum utility of the Laidsat data has yet to be realized by
the authors' organizations or supported agencies. The Corps' study of
the Russian River system, for example, is still in its infancy. How-
ever, land use of the river and various upstream regional parameters
have been or are now being defined. The capability to model river
flow and fishery projections based on observable fiow characteristics
is now thought possible. Land use modifications and resource inven-
tories should soon be using the qualitative Landsat data source.
Additional quantitative information necessary for imodel input will
use the results of this work as a source of data suitable for Tocating
and timing coastal and oceanographic surveys. One of the best uses
of photographic aircraft and sateilite data is for the definition of
"where to look Tor answers". Where are current meters, suspended
sediment, and w:ter analysis stations positioned for the maximum
return on time and effort spent? This positioning is an operational
occurance utilizing Landsat data but it is presently “mpossible for
the authors to select a monitary value.

At Humboldt Bay a new ocean sewage discharge facility is being
planned. A detailed study of the oceanographic parameters that will
effect the discharge site is taking place. tandsat imagery has pro-
vided an overview of the nearshore and offshore currents in the area
Tor the last four years. Each available image has been analyzed for
use in the model being applied to the oceanographic analysis. Several
anomalous currents have been discovered which are being considered in
the overall current season and suspensate transport picture. Although
no cost can be applied to this capability it does provide information
impossible to gather as economicaily by any other means. The nearshore
processes data as determined from Landsat is especially valuable in
an area such as the Northern California coast where Tittle previous
offshore information was availabie.
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The techniques utilized for enhancing and interpreting the
Landsat imagery ranged from manual photo interpretation to computerized
image processing. Various photographic methods were used including
enlargements and modified developing and printing techniques. The
development time and printing were optimized to enhance minor changes
in density that represented differing suspended sediment levels in the
nearshore waters. The image processing enhancement that was the most
successful was density stretching. Density Tevels of areas of interest
as represented by digital numbers on the computer compatible tapes
were first played back in graphic format. The amplitude range between
ambient ocean water and water containing the maximum suspended sediment
was determined. From this, a density stretch multiplier was calculated
for use in the image play back mode. This technique proved to be very
successful in enhancing subtie coastal features. Both image processed
and straight photegraphic products were scrutinized utilizing densito-
meters. A spot densitometer was used for point source analysis and
a tull image Data Color densitometer was used for areal analysis.

A zoom transfer scope gave the investigators the ability for scale
changing. In addition color photographs from both high and Tow alti-
tude aircraft flights were evaluated as a calibration source,

In interpreting the good imagery from the Tast four years the
authors found that the best correlation between suspended sediment
and radiance level variations was in Landsat band & (0.6 - 0.7
micrometers). In many instances, bands 4, 5, and 6 were utitized
for the interpretation. In band 4 the sediment plume showed up
but it was often difficult to differentiate between surface suspended
sediment and bottom features. In utilizing band 6, the contact be-
tween water and land features was possible. The wind effect on the
water surface is a major influencing factor in the analysis of sur-
face sediment.

The importance of analyzing as large a statistical sample of
Coastal current images as possible can t be gver emphasized. The
need for the larger sample is to increase confidence in the seasonal
results, Ground (ocean) sampling of current parameters sould be
continued and supported by a federal agency. The authors have been
asked repeatedly for explicit information on currents an varjous
sections of the California coast. Unfortunately, only seasonal ten-
dencies could be provided. Even the seasonal tendencies were given
with some lack of confidence for some portions of the coast that are
often cloud or fog covered.

The work initiated under Landsat I was continued for the defini-
‘tion of generalized caastal currents during the Landsat II study for
the entire California coast. Information from this study has already
been used specifically at Humboldt Bay, San Francisco Bay, the Russian
River and Monterey Bay. The dredging operations in Humboldt Bay, for
example, were planned to make use of the dispersing characteristics
of the nearshore curren*s determined from Landsat imagery. At Monterey
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Bay alternative ocean outfall plans are under consideration utilizing
the current and mixing patterns detectable on Landsat imagery. At the
Russian River mouth Landsat combined with aircraft imagery has made it
possible to qualitatively define the complex coastal processes. This
is most important in evaluating the sediment budget for the beaches in
the area. In San Francisco Bay new dredging and construction opera-
tions utilize the erosional and depositional patterns that Landsat
combined with aircraft imagery provides. The overall seascnal Cali-
fornia currents and their affect on nearshore processes, form the
prime contribution to the study sites along the coast. Mo cost figure
may yet be placed on the value of this current charting. Past multi-
ple usage has saved the combined agencies a total cost many times the
cost invested to support this lLandsat II report. Other investigations
are now underway which will use other platforms (NOAA satellites) to
plot ¢ _.ean currents. The results of these investigations coupled with
the seasonal descriptions contained in this study will provide coastal
engineers and oceanographers with specific dynamic parameters that are
characteristic of the varied California coastal currents.
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October 16, 1975

TABLE A-1 SANTA BARBARA CHANNEL

Anacapa Channel

Operator: M. Mel and R. MacKenzie

Pilot: Colby
LINE START TIME FINISH TIME ALTITUDE REMARKS
1 Ventura Harbor 9:45 Anacapa Island 9:55 6000 Nearshore Sediment
2 Anacapa Island 9:58 Ventura Harbor 10:08 6000
3 Goleta 10:37 Point Dume 11:20 6000 Dredging Santa Barbara
4 Santa Monica Bay 11:40 King Harbor 11:49 6000 Effluent Discharge
EQUIPMENT
Camera #1 Camera #2
Type - Hasselblad Type - Hasselblad Precision
Film - Color 70mm 2448 Film - Color Infrared 70mm 2443 Radiation
Fitter - W-12 Filter - W-12 ) Thermometer
f Stop - 4 f Stop - 4 PRT-5
Speed - 500 Speed - 500



TABLE A-2 SANTA BARBARA CHANNEL

February 18, 1976 _ Anacapa Channel Operator: R. MacKenzie and

S. Gallenson
Pilot: Colby

E-¥

LINE START. TIME FINISH TIME ALTITUDE REMARKS
1 Point Dume 9:43 Ventura Harbor 10:02 6000 0i1 Slick - Sediment Gyre
2 Ventura Harbor 10:10 Anacapa Island 10:20 6000
3 Anacapa Island 10:20 Ventura Harbor 10:30 6000
4 Ventura Harbor 10:30 Goieta 10:40 6000 Some Clouds - 011 STick
Sediment Off Santa Barbara
5 Goleta 10:47 Point 10:56 6000 Some Clouds
Conception
EQUIPMENT
Camera #1 Camera #2
Type - Hasselblad Type - Hasselblad Handheld Precision
Film - Color 70mm 2448 Film - Color Infrared 70mm 2443 Radiation
Filter - W-12 Filter - W-12 Thermometer
f Stop - 4 f Stop - 4 PRT-5
Speed - 125 Speed -~ 500




TABLE A-3 HUMBOLDT BAY
June 28, 1976 Humboldt Bay Operator: D. Steller and
R. MacKenzie
Pilot: Stickler
(Fortuna Aviation)
LINE START TIME FINISH TIME ALTITUDE REMARKS
1 Eel River 12:30 Fel River 12:40 3000 Offshore Sediment
2 South Bay 12:45 Eureka 12:50 3000 Thermal Effluent Discharge
3 Eureka 12:50 Arcata Bay 13:00 2000 Sanitation Discharge
4 Arcata 13:70 Mad River 13:25 2000 Gyre Offshore
fi 5 Mad River Mouth 13:30 Humboldt Bay 13:40 3000 Pulp Mi11 Discharge
Breakwater
6 Humboldt Bay 13:40 Eel River 13:55 3000
Breakwater
EQUIPMENT
Camera #1} Camera #2
Type - Pentax Type - Pentax
Film - Ektachrome 64 Film - Color Infrared
Filter - W-12 Filter - W-12
f Stop - 8 f Stop - 11
Speed - 250 Speed - 125
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