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ABSTRACT

OBSERVATIONS OF TIDES
AND
TIDAL CURRENTS IN ELKHORN SLOUGH

by Cary R. Wong

Marshland restoration, from 1983 to 1986, has altered
the hydrography of Elkhorn Slough. A time series study of
tidal height and current velocity in September 1986
characterized the changed tidal regime.

Results indicate that intertidal water storage over
the tidal flats was responsible for an asymmetric tide, a
lTonger rising water duration and a higher ebb current.
These characteristics classify Elkhorn Slough as an ebb
dominant system. Tide asymmetry was also indicated by the
generation of shallow water constituents, M4, MK3 and 2MK3.

Phase lags of high and low water have doubled since
1976, and at the slough entrance, currents have increased
55% since 1972. The highest predicted current velocity is
now 113 cm/s. Low tide volume has increased from 2.0 x 106
to 2.1 x 105 m3 while diurnal high tide volume has
increased from 6.0 x 108 to 7.8 x 106 w3 with a mean

diurnal tidal prism of 5.7 x 106 m3.
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INTRODUCTION

Coastal regions, such as Elkhorn Slough and San
Francisco Bay, have been highly modified by the influence
of man. Early Tand usage focused on the development of
estuarine environments and the consequent removal of
wetlands from tidal circulation. After many years of
rectaiming marshland from tidal influence, a growing
awareness of the damage done to the environment caused a
slow down, and in Elkhorn Slough, a reversal in the
practice of diking tidal lands. The effect on the slough’s
hydrography of restoring former salt marshes back to tidal
influence, is investigated in this study.

Elkhorn Slough is a shallow tidal embayment located at
the head of Monterey Bay, California (Fig. 1). During most
of the year, the combination of negligible freshwater input
and evaporation produces hypersaline conditions typically
found in coastal lagoons, such as along the Gulf Coast of
southern Texas. Although the slough does not exhibit
estuarine conditions throughout the majority of the year,
it is often referred to as an estuary.

Early use of both Elkhorn Slough and San Francisco Bay
encompassed considerable wetland reclamation. Since the
mid 1800’s wetlands have been reclaimed for urban,
industrial and agricultural use in the San Francisco bay

system and for agricultural use in slough. Organized
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Figure 1. Charf of Monterey Bay and Elkhorn Slough.



efforts to maintain tidal marshes in the{r pristine
condition began only after the 1960°’s, in California.
Ecological concern over the extensive loss of California’s
coastal wetlands has led to the creation of organizations
such as the San Francisco Bay Conservation and Development
Commission (BCDC), the Nature Conservancy and Elkhorn
Slough National Estuarine Research Reserve (ESNERR). The
main impetus of the BCDC has been to preserve the remaining
tidal marshes in and around San Francisco Bay.

The ESNERR has actively restored former marshland to
tidal circulation. In 1983, and again in 1985, several
hundred acres of former wetlands were intentionally
returned to tidal influence as part of ESNERR management.
This acreage, along with marshlands restored to tidal
circulation resulting from dike failures, has significantly
increased the area subjected to tidal circulation and the
water volume of the slough.

Presumably, the recent addition of tidally influenced
wetlands to the slough system has modified its hydrography.
The California Department of Fish and Game, which ‘
administers the ESNERR, has plans to enhance and restore
other Qet1and areas within the slough. The information
presented here is intended to be useful for formulating
plans for the future of Elkhorn Slough, since understanding

the physical processes is an impoftant aspect of effective

management planning.



Oceanographic Background

Open ocean tides drive the vertical and horizontal
motion of water in Elkhorn Slough. As such, a brief
discussion of tidal theory is presented as background for
this study.

Equilibrium Tide. Tides are caused by the difference
in gravitational forces resulting from the change of
position of the sun and moon relative to points on the
earth’s surface. The force of gravity is proportional to
the product of the masses of the two objects and inversely
proportional to the square of the distance between them
(Knauss, 1978).

Consider the gravitational attraction between the moon
and water parcels at two points, a and b, on the earth’s
surface (Fig. 2). The gravitationai attraction and the
centripetal acceleration of the earth-moon system are in
dynamic balance with respect to the common axis of
rotation. Although centrifugal force, Fc, is the same for
all points on the earth, a slight difference in the moon’s
gravitational attraction is exerted on parcels of water on

the earth’s surface by:
Fn. = GMm / (P #R)2, (1)

where Fp is the moon’s gravitational attraction, G is the
universal gravitation constant, M is the mass of the moon,

m is the mass of a water parcel on the surface of the



Moon
Earth

Figure 2. Difference in thf moon’s gravitational
attraction, Fp = GMm / (P+R)%,. on water parcels at
different points, a and b, on the earth.



earth, P is the distance between the center of the earth
and moon, and R is the earth’s radius. -The deviation in Fp
is about- 3% greater at point a, and 3% less at point b,
relative to the center of the earth. A larger value of Fp
on the sublunar side of the earth causes a net
gravitational attraction directed towards the moon and a
smaller value on the side opposite the moon causes a net
centrifugal force directed outward from the moon. The
differential force Fy - Fc, is proportional to M/P3, and is
the force responsible for the creation of tides (Knauss,
1978).

The differential force can be resolved into vertical
and horizontal components. The maximum vertical components
located at points closest to and opposite the moon are
seven orders of magnitude less than the earth’s gravity and
is usually disregarded (Pond and Pickard, 1983). The
horizontal component or tractive force is also small, but
is comparable to other barotrophic and barocliinic pressure
forces in the ocean. The tractive force is the effective
force responsible for tidal generation.

In equilibrium fheory, the entire earth is considered
to be covered with water of uniform depth and density and
the.effects of friction are omitted. The envelope of water
surrounding the earth would form two bulges in accordance
to the tractive force. With the earth rotating beneath the

mounds of water, a point on the surface of the earth would



experience two high and two low stands of water during
each lunar day. The rotation of the earth about its'axis
beneath two mounds of water generated from the tractive
force of the moon is the principle behind the semidiural
tide.

The same principle describing the lunar tide-
generating force is also true for the sun. The influence
of tide-generating force for the earth/sun system is
independent of the earth/moon system and the resultant tide
is the summation of all the tide-generating forces.

Tidal Constituents. In principle, all astronomical
bodies in the universe produce tide-generating forces.
However, the next largest astronomical tide-generating body
after the moon and sun is Venus, with a tractive force five
orders of magnitude less than that of the moon. In
reality, only the moon and sun are close enough to the
earth with sufficient mass to significantly effect earth
tides.

Other important astronomical components that
contribute significantly to the height of the tide include:
the elliptical orbits of the earth around the sun, the moon
around the earth, and the variations in declination of the
moon and sun with respect to the earth. Because the
periods of astronomical components are precisely known, the
resultant tide can be calculated as the sum of the

amplitudes attributed to each-tide-generating component



(i.e. constituent). . The sum of all tide-generating
components can be expressed as a simple harmonic equation
(Schureman, 1971):

i=63

Ht = Hg + .2

(I, AG % cos (Ni*t-Ly), (2)

where Ht is the tidal height at a given location, Hy is the
mean lower low water (MLLW) level at a given location where
the tide datum is MLLW, A; is the amplitude of the ith
constituent, Nj is its speed number usually expressed in
degrees/hour. Time, t, is usually reckoned from the
beginning of the year, and Lj is the phase lag of the ith
constituent between the time of maximum tide-generating
force and the time of maximum local effect.

The coefficients in (2) are considered to be constant
over a 1oﬁg period at a particular locality provided that
there are no physical changes in the region that might
affect the tidal conditions. The coefficient Hy is the
MLLW datum calculated from the arithmetic mean of the lower
low water heights of a mixed tide observed over a 19 year
metonic cycle. Aj is the maximum vertical displacement
attributed to the ith constituent and i§ derived by
harmonic analysis from observed data. N;j is-the speed of
the ith constituent and is forhu]ated from angular
constants and integer multiples of one or more of the four
astronomical eiements stated in Table 1 (Schureman, 1971).
"Ly is the interval between high water of an equilibrium

'8



Table 1. Astronomical elements of a tide constituent
Argument (after Schureman,1971).

Element Speed Description
(degs/hr)
T 15.000000 mean solar day
S 0.549017 sidereal month relative to the

fixed stars
0.410686 mean solar year
0.004642 revolution of lunar perigee

-2

Table 2. Classification of tides based on the local
response to diurnal and semidiurnal
constituents.

Type Tide description per lunar day
Diurnal One high and one low water.
Semidiurnal Two high and two low waters of about

equal height.

Mixed, mainly Usually one high and one low with
Diurnal periods of two high and low waters of
large inequalities in height and phase.

Mixed, mainly Two high and two low waters of large
Semidiurnal inequalities in height and phase.

tide to the high water of the Tocal observed tide of the
ith constituent, derived from observed tides.

Up to 63 constituents are recognized as significant in
describing tides, although the four primary constituents
(K1, 01, M2, S2) can account for about 70% of the total
tidal amplitude (Defant, 1964). These constituents are
generally divided into three "species," with periods of
about half a day (semidiurnal), a day (diurnal) and Tong

9



period (periods of two weeks and longer).

Along the. coast, there is considerable variability in
the vertical displacement of tides based on the differences
in the local response to the various constituents (Pond and
Pickard, 1983). The different tide types are classified
into four classes (Table 2): diurnal, common in the Gulf of
Mexico; semidiurnal, typical along the U.S. Atlantic coast;
mixed mainly diurnal, found in Manila; and mixed mainly
semidiurnal, typical along the U.S. Pacific coast
including Monterey Bay and Elkhorn Slough.

The amplitude and period of the tide along the
Atlantic coast is regulated predominantly by the lunar
semidiurnal constituent, My, whereas on the Pacific coast,
the mixed semidiurnal tide is influenced by both diurnal
and semidiurnal constituents, Ky and M.

The four primary tidal constituents are used to
systematically classify local tides into their tide types
by the "form ratio," F, (Defant, 1964):

F = (Ky +01) / (M2 + S2),

where Kj, 01, M2 and Sp are the local tidal amp]ithdes of
the lunisolar diurnal, principal lunar diurnal, principal
lunar semidiurnal and principﬁ] solar §emidiurna]
constituents, respectively. Form ratios between 0 to 0.25
indicate equal semidiurnal tides, between 0.25 to 1.5,

mixed mainly semidiurnal tides, between 1.5 to 3.0, mixed

10



mainly diurnal tides and g?eater than 3.0, diurnal tides.
‘The form ratio of 0.96 for Monterey Bay is indicative of
mixed semidiurnal tides.

Tide predictions are made by summing constituents with
the most significant amplitudes into (2). Real tides vary
from place to place due to local conditions. As a
consequence, tide predictions are estimated empirically
from observations of tidal height (taken for a minimum of
29 days) and the resultant tidal curve is analyzed to
determine the amplitude and phasing of the harmonic
constituents. These constituents are in turn reapplied to
make future tide predictions.

Ocean_and Shallow Water Tides. In the real ocean,

equilibrium theory is modified by continent-bounded ocean
basins of variable depth. Instead of tidal envelopes
revolving around the earth, tidal waves propagate in rotary
motion about nodal points within ocean basins. Nodes or
amphidromic points are areas sf vertically stationary sea
level. Tidal waves extend out from each amphidromic point
as lines of equal tidal phase, called cotidal lines
(Fig. 3). In the northern hemisphere cotidal lines usuaT]y
rotate in anti-clockwise direction.

In the Northeast Pacific Ocean, the oceanic tide
progresses northward along the California coast until it
enters into Monterey Bay and Elkhorn Slough. As the open

ocean tidal ‘wave reaches the relatively shallow water of

11



Northeastern
Pacific Ocean

Figure 3. Hourly phase of semidiurnal cotidal lines
extending from an amphidromic point in the Northeastern
Pacific Ocean, from Defant (1974). :
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Monterey Bay and Elkhorn Slough its speed decreases while
its height increases.
A tidal wave is a long period wave and its speed of

propagation can be calculated by the Ideal Wave equation:
C = [ gL/2x * tanh (2xh/L)]11/2,

where C is wave celerity, g is gravitational coefficient

(9.8 m/sz), L is wavelength and h is water depth. When the
ratio h/L is less than 1/20, as in the case of tidal waves,
the hyperbolic tangent function approaches one and celerity

of shallow water waves can be approximated by:
C = [g*(h+)]11/2. (3)

where ¢ is tidal elevation.

Tidal waves entering a relatively shallow embayment or
estuary will progress up the channel as a progressive wave.
The progressive wave travels up the channel until it
reaches the end, which acts as a barrier, where it may be
reflected and travel as a progressive wave in the opposite
direction back out into the open ocean. Providing that
friction doeg not dampen out the progressive waves, a wave
with standing wave characteristics may be created (Defant,
1964; Redfield, 1980).

" The celerity of a shallow water wave can affect the
phase velocity of the tide when the tidal amplitude becomes

a significant fraction of the water depth. In the open

13



ocean, the period of a semidiurnal tide is 12.4 hr, with
corresponding periods of rising and falling water equal to
6.2 hr. In an estuary, the duration of rising and falling
water may become asymmetric when the tidal amplitude
becomes a large fraction of the water depth. As water
height varies over the tidal cycle, depth may be
significantly greater at wave crest (high water) than at
the wave trough (low water). Because the crest moves
faster than the trough (3), high tide partially overtakes
low tide and the tidal curve becomes distorted, such that
the duration of rising tide is shorter than the duration bf
falling tide (Fig. 4) (Doodson and Warburg, 1952; Defant,
1964; Redfield, 1980). This process produces what has been
termed a "flood dominant" system (Friedrichs and Aubrey,
1988). A "flood dominant" system is a tidal system that
experiences a shorter interval of rising water than
falling water and higher flood velocity than ebb velocity.
Friction reduces tidal amplitude and increases tidal
phase lag in tidal embayments. Dissipation of tidal energy
and increased phase lags are largest where channels are
shallow (Aubrey and Speer, 1985). Thus, greater frictional
effect‘retards the rate of water level change at low tide
more than at high tide. Corresponding phase lags are
longer at low tide than high tide resulting in longer ’
durations of ebbing flow than flooding flow. Tidal wave

asymmetry is enhanced in favor of a flood dominant system

14
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Figure 4. Tide asymmetry resulting from shallow
water tidal wave propagation.
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as tﬁe ratio of the tidal amplitude to tidal height or
distance into an estuary. increases. -

"Ebb dominant” systems are tidal systems with a long
duration of rising water and high ebb current velocity.

Ebb dominance occurs in tidal systems that have a large
ratio of intertidal storage volume to channel volume.
Friction over intertidal marshes and flats can cause high
tide to propagate slower than low tide, causing ebb tide to
be short in duration and high in current velocity (Speer
and Aubrey, 1985; Friedrichs and Aubrey, 1988).

Asymmetry in the rise and fall time of estuarine tides
can be represented by the generation of higher order
harmonics of the principal astronomic tide constituents
(Boon and Byrne, 1981; Speer and Aubrey, 1985). Studies of
asymmetric tidal propagation in estuaries along the U.S.
east coast have shown that the relatively large magnitude
of the M2 constituent and its corresponding first harmonic
overtide, Mg, are the primary constituents regulating
asymmetric tidal propagation there (Speer and Aubrey, 1985;
Friedrichs and Aubrey, 1988). Numerical modelling (Bcon
and Byrne, 1981) has demonstrated thét estuarine tide
asymmetry can be traced to phase difference in the
significant shallow water constituent relative to its
predominant astronomical constituent. The asymmetric tide
found in tidally influenced systems and its representation

in the generation. of higher.order harmonics of'the

16



principal astronomic constituents are important points
which will be discussed later.

Tidal Currents. Tidal currents in narrow coastal

inlets and channels, such as Elkhorn Slough, are reversing .
currents. A flood.current flows inland during the rising
tide and an ebb current flows seaward during the falling
tide. The direction of current flow is generally parallel
to the along-channel axis.

Since an incoming progressive wave and an outgoing
reflected progressive wave can produce a wave with standing
wave characteristics in tidal embayments, the time of
maximum current flow generally occurs about midway between
high and low tide. Slack water usually occurs around the
time of highest and Towest water. Because large volumes
" of water may be transported through relatively narrow
coastal inlets and straits, high tidal current velocities

can occur within these tidal channels.

Geology

Elkhorn Slough has evolved through geological time and
although the slough is a small geographic feature, its
geologic history is linked to one of the world’s largest
submarine canyons. Elkhorn Valley was formed about the
same time that the Monterey Submarine Canyon was formed
during the late Pliocene and eariy Pleistocene (Martin, .

1964). It has been suggested (Martin, 1964; Jenkins, 1974)
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~ that periods of large scale drainage from the Santa Clara
valley emptiéd into Monterey Bay through Elkhorn Slough.
During the most recent low stand of sea level, 16,000 to
18,000 years ago, Elkhorn Slough was incised by river
erosion to 30 m below present sea level. By the middle to
late Pleistocene, tectonic activity along the San Andreas
fault had disrupted most drainage through Elkhorn Valley
(Schwartz, 1983). Between 8,000 and 10,000 years ago
rising sea level produced a high energy tidal inlet similar
to present day Elkhorn Slough. From 2,000 years ago to as
recent as 1946, "extremely quiet estuarine conditions"
existed in the slough allowing almost complete infilling of

the slough (Schwartz, 1983).

Recorded History

Since recorded history Elkhorn Slough and the
surrounding regions have been influenced by both natural
and human factors. In the 1800’s, the slough was a quiet
shallow brackish water inlet less than 1 m deep and 5 nm
wide (MacGinitie, 1935). The mouth of the slough opened
into the Salinas river,which emptied into Monteréy Bay Jjust
north of. the s]ough, at the north end of Moss Landing
Harbor (Fig. 5). Tidal exchange was highly restricted
within the slough.

In the mid 1800°’s through the early 1900’s much of the

slough’s wetlands were diked, ditched and drained for
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Figure 5. General physical features and commercial
operations at the entrance to Elkhorn Slough.
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agriculture (Gordon, 1977). A major change in the slough’s
hydrography during this reclamation period (1910) was the
diversion of the Salinas River mouth into Monterey Bay,

8 km south of Elkhorn Slough (Fig. 1). This diversion
removed a major source of freshwater, and it’s likely that
if the slough were left in this condition it would probably
have evolved into a dry alluvial valley similar to other
sloughs in the region (Schwartz, 1983).

The next major change in the slough’s hydrography
occurred in 1946 when the Moss Landing Harbor was
completed. A permanent harbor entrance to Monterey Bay was
opened in direct line with the slough’s mouth (Fig. 5).

The harbor entrance has had a dramatic effect on the
slough’s hydrography, changing it from a quiet shallow
brackish water inlet with highly restricted tidal exchange
into an expanding tidally influenced estuary with strong
tidal currents.

Since the opening of the harbor entrance, several
parcels of Elkhorn Slough (including South Marsh, Parson
Slough, salt ponds, North Marsh and Dolan Marsh) have been
restored to tidal inundation. Present]y,.Elkhorn Slough
has an average channel depth of 3 m, ranging from 9 m at
the entrance to 0.5 m néar the head of the slough. Total
length extends approximately 10 km inland and the average -
channel width is about 100 m. Extensive tidal flat,

marshiand and tidally restored land are present the length
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of the slough channel. Although the s]ohgh contains over
12 km2 of channel, tidal flat and salt marsh, the total.
drainage basin is only 585 km2 (Browning, 1972).

The upper region is surrounded by agricultural lands,
primarily artichoke and strawberry fields. The middle
region is land controlled primarily by conservation groups,
such as the Nature Conservancy and the ESNERR, which are
interested in preserving the wetlands of the slough.
Remnants of an oyster farm are visible along the north
bank of the lower slough, which is adjacent to some salt
ponds. Various private enterprises such as a dairy and the
Pacific Gas and Electric (P.G. & E.) power plant are
located along the south shore of the lower slough. The
mouth of Elkhorn Slough splits the Moss Landing Harbor
district where it intersects the 01d Salinas River. Both
Elkhorn Slough and the 01d Salinas River channel have a
common opening to Monterey Bay through a jetty that is in

direct Tine with the entrance to the slough (Fig. 5).

Previous Studies

The oceanography and hydrography of Elkhorn Slough
have Been investigated by several researchers (Broenkow and
Smith, 1972; Clark, 1972; Smith, 1974; Reilly, 1978).
Clark’s (1972) study, completed before restoration,
indicated a maximum channel depth, at the Highway 1 bridge,

of 7 m at high tide. Clark estimated that the effective
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slough area was 1.1 and 1.5 km2, at low and high tide,
respectively. He determined maximum current speéds at the
entrance of the slough to be 60 and 70 cm/s for the flocd
and ebb tides.

Smith (1974) described the slough’s cross sectional
geometry as a three level system (Fig. 6). The lowest
level is the slough channel, which is bordered by the tidal
flats having an elevation of 0.9 m above MLLW and salt
marshes at 1.5 m. From this idealized geometry of the
slough he calculated the cumulative voiume of Elkhorn
Slough to be 6.0 X 106 m3 at high tide with a mean tidal
prism of 4.0 X 106 m3. Smith also estimated tidal
diffusion coefficients at various locations in the slough.
The eddy diffusion coefficient ranged from
430 X 104 cm?/s, 2 km inland, to 5.9 X 104 cm2/s, 9 km
inland. This led Smith to conclude that residence time in
the upper slough to be in excess of 300 days.

Reilly (1974) found that flooding currents lasted
longer and were lower in velocity than ebbing currents. In
addition, he observed that tidal currents could be
described usiﬁg a 3-component harmonic regression that
included the diurnal, semidiurnal and quarterdiurnal'

periods.

Purpose of Study

The primary objective of this study was to evaluate
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the change in the hydrography of the slough system
resulting from returning formerly diked wetlands to tidal
circulation. Tidal height observations were used to
establish the tidal range in the slough, durations of
rising and falling water, and high and low tide phase 1ag;
from predicted Monterey Bay tides. Tidal heights were also
compared to National Oceanic and Atmospheric Administration
(NOAA) constituents, estimated in 1976, to determine
changes in tide phase lags subsequent to the restoration.
Current velocity observations were compared to
previous data to calculate changes in currents, caused by
the addition of tidal lands, that coincided with increased
tidal prism in the slough. Current and tidal data were
used to establish the effective surface area, cumulative
volume and tidal prism at selected locations of the slough

over different tide elevations.
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METHODS

Instrumentation

Five current meters were made available to this study

from other Moss Landing Marine Laboratories (MLML)

projects, during September 1986. Three of the meters were
Endeco type 174 current meters and two were InterOcean
Systems model S4 current meters. The Endeco is an axial-
flow, ducted-impeller current meter. The S4 is a two axis
electro-magnetic current meter.

The Endeco recording medium was digital magnetic tape.
The sample interval was set to 2 min, and current speed,
current direction, water temperature and pressure (tidal
height) were digitized by an 8-bit A/D converter. Except
for pressure measurements, calibrations for the Endeco
meters were factory specified (Appendix 1).

The S4 meter recorded data internally in RAM memory
modules. The sample interval was set to 2 min, and the S4
sampled voltage reference, northerly and easterly current
vector components, water temperature and depth using 16-bit
precision. A1l calibrations for the S4 meters were factory

specified (Appendix 1):

Pressure

Tidal height was estimated using Kavlico P650 pressure

transducers in the Endeco meters. Pressure calibrations
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for the Kavlico-P650 pressure transducers were performed at
MLML using a 6 m Etandpipe filled with fresh water.
Calibration curves estimating water depth were calculated
directly from pressure counts (Appendix 1). Kavlico tidal
height resolution was 0.5 cm with an accuracy of + 2.5 cm.

Full scale range was 11 m with a foldover range of 1.3 m.

Field Work

Five current meters were deployed at four stations in
Elkhorn Slough from 12 through 29 September 1986 (Fig. 7).
Station 1, located near the slough entrance, was
established to monitor tidal heights and currents of lTower
Elkhorn Slough, and to estimate tidal flux of the slough as
a whole. Station 2, 1ocaféd 4.5 km inland in a secondary
channel leading to the South Marsh of the ESNERR and Parson
Slough (SM/PS), was positioned to observe tidal heights and
currents leading to SM/PS. This area was completely
restored to tidal influence by 1984. Station 3,
approximately 5 km inland in the main channel, was
positioned to monitor tidal heights and currents affecting
the upper slough. Station 4, located at the head of the
South Marsh was established to examine tida1 heights in the
Research Reserve. '

Current meters were deployed in the deepest area of

the channel, determined by Tead line soundings normal to

the channel-axis at each station (Fig 8). Tide staffs,
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placed near each station,'were surveyed to known National

- Ocean Survey (NOS) elevation bench marks. Surveying
accuracy was * 0.3 cm in vertical elevation.-over a 200 m
distance. With the knqwn water level elevation determined
with pressure transducers, tidal heights was referenced to
MLLW, the tide datum for the United States Pacific West
Coast. The tide staff at station 1 was referenced to bench
mark NOS 3623A 1976 with an estimated accuracy of + 0.6 cm.
Bench mark NOS 3623A 1976 was located on the north west
corner of the old Highway 1 bridge abutment over Elkhorn
Slough. Tide staffs at stations 2 through 4 were tied into
bench marks NOS 3631A 1976 and NOS 3631B 1976. The
estimated accuracy of the tide staff elevation was £ 0.3 cm
at station 2 and + 4.5 cm at stations 3 and 4, which were
about 0.5 km away from the NOS bench marks. NOS bench
marks NOS 3631A 1976 and NOS 3631B 1976 were located along
the Southern Pacific (SP) Railroad right of way just north
of the SP bridge that c¢rosses the SM/PS channel.

A flat bottom slough boat was used to deploy, service,
and retrieve the current meters. Current meters deployed
4at stations 1 through 3 were secured to bottom moorings’
constructed of 1.5 inch pipe and steel reinforcing bars
(Fig. 9). Each corner was weighted by_20 1bs of lead for
mooring stability. Endeco meters were bolted to swivels
attached to the moorings, allowing for free horizontal

rotation. 'S4 meters were bolted securely to the top of the
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moorings.

At station 1, both Endeco meter # 100 and S4
meter # 04670917 were set in 7 to 9 m of water for current
meter intercomparisons. At station 1, the Endeco meter was
situated 1.3 m above the bottom and the S4 was secured
1.6 m above the bottom. At station 2, S4 meter # 0460916
was deployed 1.6 m above the bottom in 2 to 4 m of water.
At station 3, Endeco meter # 101 was placed 1.0 m above the
bottom in 3 to 5 m of water. This current meter was
lowered from its initial deployment height of 1.3 m to
1.0 m when the mooring was nearly damaged by a fisherman’s
outboard motor. At station 4, Endeco meter # 102 was
secured to a 3 m pole, 0.2 m above the bottom in 0.5 to
2.5 m of water. The purpose of this meter was to monitor
only pressure (tidal height) and temperature.

The current meters were periodically serviced during
slack tide to remove fouling by Enteromorpha sp. and kelp.
Enteromorpha is a green algae commonly found growing along
the tidal flats in Elkhorn Slough. During the warm summer
months it is frequently found floating in thick mats
throughout fhe middle and lower portions of Elkhorn Slough.
Kelp grows subtidally in rocky portions of Monterey Bay and
is occasionally washed into Elkhorn Slough on the flood
tide. Kelp presented only an incidental concern in fouling
the Endeco meter. Enteromorpha contributed the greatest

problem in fouling the propeller of the Endeco meters. Of
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the two Endeco meters recording tidal currents, virtually
all the fouling occurred to the meter at station 1.

Tide staff readings were taken before and after each
servicing to account for the depth change that occurred
after each servicing period. The Endeco meter at station 4
was serviced only once to redeploy it into deeper water
after it was apparent that its initial deployment was too

shallow for tidal measurements during the lower low tides.

Data Processing

Hewlett Packard series 200 computers were used for
data processing and analysis. Endeco current speed and
direction were edited for current speed spikes. Spiking
occurred at tide reversals before the meter could realign
itself with the new direction of flow. Gaps in the data
record during meter servicing periods were interpolated
from data taken a half hour before and after each
servicing period.

It will be shown later that flood and ebb flow do not
simply reverse direction by 180° as would be expected by
currents in long straight channels. Consequentliy, the
average directions of flood and ebb flow were calculated
separately to remove the "bend" in the channel axis between
the reversing currents. First, current speed and
direction were converted to their magnetic vector

quantities to find the general axis of flood and ebb flow.
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A vector approximating the flood axis was chosen and all
flood current data that were within 30° of either side of
this vector were assumed to be flood current. Observations
outside the 30° bands were considered turbulent flow and
were not included in calculating the directional flow along
the channel axis. Velocities below 20 cm/s were also
excluded because of noisy recorded current direction at low
current speeds.

Using the above criteria the average flood direction
was estimated. The original vector approximating the flood
axis was replaced with the calculated flood axis and the
process was repeated using a 15° band swath to either side
of the calculated flood axis. The axis of flood current
direction was determined by iteration until the average
direction of flow was reproduced to 0.5°. This procedure
was repeated for ebb currents and at each station.
Following these corrections, Endeco current speed and
direction data and S4 magnetic vector components were
converted to their vector quantities aligned parallel and

normal to the channel axis.

Pressure Correction

Pre]iminary analysis of pressure data indicated a
variety of problems. The S4 pressure resolution, at
station 1, was too coarse to be useful and pressure data

from this meter were not used. The Endeco meters at
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staiions.l and 4 appeared to have a temperature effect and
pressure data at station 1 appeared to be attenuated by 30%
based upon comparisons to Monterey predicted tides.
Correction of the temperature effect required taking
pressure readings at constant pressure but varying
temperature. These data were obtained by varying
temperature at atmospheric pressure before field
deployment. The algorithms for temperature correction for

the Kavlico pressure transducers were:

Piog = X + 5.0 * (293.5 - T)

P1o2

X + 2.4 * (293.5 - T)

where P is temperature corrected pressure, X is uncorrected
pressure, 293.5 is the reference temperature in °K
(recorded temperature of current meter when assembled for
deployment), T is observed temperature in °K, and the
constants 5.0 and 2.4 are pressure correction coefficients.
Fluctuations in back pressure on the pressure
transducer resulting from temperature changes in an
enclosed meter housing caused the observed pressure
variations. The pressure ca]ibratibns were made with the
sensors and electronics outside of the meter housing at
atmospheric pressure. The reference temperature for the
pressure correction was, therefore, taken as the recorded
temperature of the current meter at the time that the

current meters were assembled prior to dep]oymént. No
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discernible temperature effect was noted for meter # 101.
Correlations of tidal height between the pressure
transducers and tide staff observations, at each station,
indicated that observed tidal heights are corrected to

within £ 0.1 m of MLLW (Fig. 10).

Comparison of Endeco and S4 current meters

One Endeco and an S4 meter were deployed
simultaneously at station 1, during the September time
series. Concurrent 30 min vector averaged velocity and
temperature data were compared between the meter types.
Current velocities measured by the Endeco and S4 meters
were in good agreement as long as the Endeco remained free
of fouling (Fig. 11A). Velocity measurements recorded
immediately after servicing were essentially equivalent for
both meters. As entangling green algae retarded impeller
motion, observed current velocities decreased for the
Endeco meter (Figs. 11B and 11C). S4 current observations
were as much as 40% higher than Endeco measured currents
at peak current flow during periods of fouling (Fig. 11B).
The magnitude of fouling is similar to that found in a
field study comparing Endeco and S4 current meters in San
Francisco Bay,.where the S4 meter was found to indicate
speeds 20 to 50% higher than the Endeco meter during
periods of maximum ebb and flood flow (Gartner and Oltuman,

1985).
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Endeco and S4 directional data agréed well.

Initially, temperature measurements were well correlated.
However, approximately two days into the S4 deployment, 15
September, an electronic problem caused periodic offsets in
the temperature data (Fig. 12). Pressure measurements were
not directly comparable between the two meters because of
low resolution of the 1000 m range pressure transducer in
the S4 current meter.

Comparison of Endeco and S4 current velocity
measurements indicate a good correlation between the meter
types when the Endeco was not fouled. Since the Endeco
meter was prone to fouling, only the S4 current
observations were used for this station. Conversely,
temperature and tidal height data were taken only from the

Endeco meter at station 1.

Vertical Profile

A profile of the vertical velocity distribution was
conducted to resolve current observations in the benthic
boundary layer to sectional mean velocity. Velocity
profile measurements were taken only at station 1, where
the méters were moored within the boundary layer. Velocity
measurehents at stations 2 and 3 were assumed to be
outside the boundary layer because they were deployed at
mid-channel depth, so no profilés were taken at these

stations.
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Vertical velocity profiles were observed using an S4
current meter and a NEC laptop computer to obtain real time
data. Current observations were sampled at 1 m intervals
between the surface and the bottom, and vector averaged at
0.5 sec intervals for 1 min. Velocities were observed'at
peak flood and ebb flow to obtain observations as close to
a steady flow condition as possible, and the averaging
interval was kept short to minimize trends in velocity
changes over time. A1l current velocity observations, at
station 1, have been corrected to nonboundary layer

velocities and are reported as such in this report.
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RESULTS and DISCUSSION

Tidal Elevation

Changes in tidal elevation were measured to compare
tidal ranges in the slough to Monterey predicted ranges.
The times of highest and Towest water were used to
determine rise and fall duration and phasing of the tide.
The.duration of rising and falling water can be an
important parameter in influencing the strength of flood
and ebb tidal currents (see below). Observed phase lags of
high and Tow water were compared to predicted 1ags,_derived
from tidal constitutents estimated before slough
restoration, to determine changes in tidal phase lags.

The mixed semidiurnal tide characteristic of Elkhorn
Slough is the major feature shown in the tidal record
(Fig. 13). The tidal record indicated unequal tides that
began during the spring tide with a diurnal range of about
2 m. The time series continued through the neap cycle and
reentered the spring tide before the observations were
completed. Spectral analysis of 30 min averaged data
confirmed thﬁt the majority of the tidal height variance
was concentrated in the semidiurnal (0.081.hr'1) and
dfurnal (0.040 hrfl) periods accounting for 98% of the
total variance at all four stations (Fig. 14).

The greatest tidal height variation came from the

semidiurnal period followed by the diurnal period.. The
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next two largest spectral peaks were centered in the"

0.121 hr-l (8.3 hr) and 0.161 hr-1l (6.2 hr) frequencies and
account for 0.2 to 0.3% of the remaining tidal variance
(Fig. 14 and Table 3). The magnitude of the 8.3 and 6.2 hr
variances doubled from 0.1% at the slough’s entrance to 0.2
to 0.3% of the total variance at the inland stations, while
the magnitude of the semidiurnal variance decreased in the
inland direction (Table 3).

Table 3. Variances of tidal elevation of the four largest
tidal periods, derived from spectral analysis.

Station
Period 1 2 3 4

(hr) (cm2) (%) (cm?) (%) (cm®) (%) (cm) (%)

24.8 1940 44.9 1400 38.2 1460 40.0 987 42.8
12.4 2310 53.5 2210 60.2 2140 58.9 1270 55.1
8.3 4.9 0.1 7.8 0.2 10.5 0.3 5.6 0.3
6.2 4.9 0.1 10.4 0.3 8.8 0.2 5.2 0.2

Percent variation is of the total variance.

The 8.3 hr, teridiurnal and 6.2 hr, quarterdiurnal
periods are shallow water constituents. The teridiurnal
compound constituents (MK3 and 2MK3) are the result of the
'sum and the difference of the speed nuhbers of the
Aprincipa] constituents (M2 and K;). The quarterdiurnal
harmonic (Mg) is an overtide of the M2 constituent, its
~ speed number is exactly double that of the Mp. These
shallow water constituents are an important characteristic
of tides iﬁ the slough and will be discussed below.
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The observed tidal ranges at stations 2, 3 and 4 were
97, 94 and 87% of Monterey predicted tides. However, the
uncorrected range at station 1 (not shown) was only 69 % of
Monterey predicted tides. The tidal ranges at stations 1
and 4 were independently compared to Monterey predicted
tides by tide staff observations during a spring tide in
August 1988 (Fig. 15). Relative tide elevations were
observed at 0.5 hr intervals for 27 hrs at each station.
These tide staff observations indicated that the tidal
ranges at stations 1 and 4 were 99 and 94% of Monterey
predicted tides, and suggest errors in the pressure
transducer measurements.

The partial collapse of the oil filled septum that
encased the sensing element of the Endeco pressure
transducer used at station 1 is probably responsible for
the attenuated tidal range observed at this station. Tidal
heights at station 1 were corrected to Monterey predicted
ranges because station 1 is located near the bay (and
should respond like Monterey tides), the other observed
tidal ranges were larger, and the observed tide staff
ranges, at station 1, were within 99% of Monterey ranges
(Fig. 15A). Therefore, all consequent analyses were made
with the corrected data (Fig. 13A). At station 4, a 7%
difference between the transducer range (87% of predicted)
and tide staff range (94% of predicted) was observed.

However, no physical aberrations of the pressure
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transducer assembly were'noted to justify editing the
attenunated pressure signal.

The 7% increase (relative to predicted tides) in
transducer tidal ranges, from .September 1986, to the tide
staff ranges, in August 1988, may be due to erosion of the
dike that restricted water flow into the South Marsh.
Strong tidal currents may have eroded the dike between
1986 and 1988, allowing greater volume transport into the
South Marsh and increased the tidal range.

Slough restoration has had 1ittle effect on the tidal
range of the main channel of the slough. The observed
ranges at station 2 were 3% less than Monterey predicted
ranges, based on tidal constituent estimates. This range
is the same as the mean predicted range at NOAA’s station
# 493, which is also 3% less than Monterey predicted tides
(NOAA tide tables, 1986).

Table 4. Mean duration of rising and falling water.

Station
1 2 3 4 *
Period Time Time Time Time
(hr) (hr) (hr) (hr)
Combined 6.2 6.2 6.2 6.2
Rise 6.4 7.1 7.0 6.9
Fall 6.0 5.4 5.5 5.6
Asymmetry 0.4 1.7 1.5 1.3

* Mean.duration.ca]culated from tide data after
shallow meter deployment at station 4.
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Duration of Rising and Falling Water Level. The duration’

of rising and falling water in Elkhorn Slough is dependent
on friction in a shallow channel, the inefficient transport
of water over tidal flats and the unequal range of the
mixed tides (Fig. 4). Friction in a shallow channel
decreases rising water duration, while tidal flats and
unequal tides common to Elkhorn Slough increase rising
water duration. The implication of a longer or shorter
duration of rising or falling water ic that tidal currents
are higher in either the flood or ebb direction. This
usually leads to either deposition or erosion of sediment
into or out of the system.

The duration of rising and falling water was analyzed
to document the magnitude of tide asymmetry in the slough.
A five point binomial filter was used to smooth the two-
minute tidal height data to remove spurious high frequency
tidal elevation noise from the level of high and Tow
water. These filtered data were used to determine the
times of high and low water level. The average duration of
the observed half-tide cycle was 6.2 hr. However, the
duration of rising water is longer than falling water
(Fig. 16 and Table 4). The shortest mean duration of rise
was 6.4 hr, at station 1, and the Tongest was 7.1 hr, at
station 2. The longest mean duration of fall was 6.0 hr,
at station 1, and the shortest was 5.4 hr, at station 2.

Stations 3 and 4 were similar to station 2 with
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substantially longer rising tides than falling tides (Fig.
16 and Table 4). Note, although the mean durations of
rising and falling wafer are not significant in a
statistical sense, there is still meaning in the values in
a physical sense.

Elkhorn Slough exhibited a tidal asymmetry that is
characteristic of "ebb dominant" systems. Ebb dominance
has been attributed to the inefficient water exchange
between tidal flats and tidal channels at high water (Speer
and Aubrey, 1985; Friedrichs and Aubrey, 1988). In tidal
embayments where the ratio of intertidal volume is 1argé
relative to channel volume, friction over intertidal
marshes and flats can cause high tide to propagate slower
than low tide. 1In effect, tidal flats store water without
transporting momentum. The inefficient transport of water
over tidal flats causes high tide to lag longer than low
tide, resulting in short duration ebb tides (Speer and
Aubrey, 1985; Friedrichs and Aubrey, 1988). Time asymmetry
is a cumulative effect and increases as the tidal crest
progresses up an embayment.

Ebb dominance, which is characterized by short
durations of falling water and higher ebbing tidal
currents, is an attribute of Elkhorn Slough which can be
illustrated by the difference in the duration of rising and
falling water at each station (Fig. 16). Station 1, located

near the slough entrance, exhibited the least amount of
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time distortion from a sinusoidal ocean tide. As the tidal
crest progresseed up the slough, tidal flat area .and time
asymmetry between rising and falling water increased.
Station 2, located in a channel that communicates with an
area having a large tidal flat to channel ratio (Fig. 7),
showed the longest time asymmetry of 1.7 hr. Station 3,
located in the main channel approximately mid-way up the
slough, indicated a difference of 1.5 hr (Table 4).

Station 4, located at the head of the South Marsh in
the Research Reserve, dispiayed only a 1.3 hr difference
between rise and fall durations. It might be expected that
this difference should be longer since the South Marsh is
located in an extensive tidal flat area and is isolated by
a shallow narrow channel. However, the small tide
asymmetry observed may be explained by Aubrey and Speer’s
(1985) observation that time asymmetry can virtualily
disappear during neap tide. At station 4, spring tide
durations were not observed because the pressure sensor was
above water at lowest low tide (Fig. 13). Thus, the mean
durations of rising and falling water were biased by a lack
of observations during the spring tides, perhaps accounting
for a smaller tide asymmetry.

‘Tide asymmetry can be represented as a phase
difference between significant shallow water constituents
relative to their predominant astronomical constituents.

Figure 17 illustrates the tide asymmetry produced by the My
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and its overtide, Mg, at different phasing. When bhase
differences between M2 and Mg are 0° or 180° a symmetric ‘
tide is produced. At 0° phase difference, M2 and Mg sum to
produce extreme high tides but interfere at low tide to
produce moderate low tides (Fig. 17A). The reverse occurs
when the phase difference is 180°, producing extreme low
tides and moderate high tides (Fig. 17C).

Nonsymmetric tides are generated when the shallow
water constituent, Mg, leads or lags the Mg constituent;
the maximum effect occurs when the phase difference is 90°.
When M4 leads M2, duration of falling water is longer than
rising water, resulting in a "flood dominant" tide
(Fig. 17D). When Mg lags My, duration of falling water is
shorter than rising water, resulting in an "ebb dominant"
tide (Fig. 17B).

Tidal wave asymmetry has been modelled using only the
M2 and Mg constituents, along the east coast of the United
States. Since the east coast tide is typically classified
as semidiurnal, the Ki constituent does not play a major
ro]e in producing tides. However, along the U.S. west
coast, including ETkhorn Slough, the tide is classified as
mixed, mainly semidiurnal, Both the My and Kj
constituents b]ay a major role in tide generation here.

Tide asymmetry can be represented by comparing the
duration of rising and falling water of the primary

astronomical constituents with the duration of rising and
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Table 5. The primary astronomical and shallow water
constituents used to model tide duration
asymmetry in Elkhorn Slough, based on NOAA
station # 493 tide constituents.

. Constituent Speed # Height kappa kappa

(deg/hr) (cm) (deg) (hr)
K1 15.041069 35.60 103.0 6.8
M> 28.984104 49.68 303.7 10.5
Mg 57.968208 1.34 356.5 6.1
Mk3 44.025173 1.52 185.4 4.2
2MK3 42.927140 1.34 196.2 4.6

falling water of the sum of the primary and major shallow
water constituents. This process was used to model tide
asymmetry in Elkhorn Slough (Table 5). The
constituents used for this analysis were taken from NOAA
constituents obtained during a 365 day time series in 1976,
at station # 493, called Elkhorn, Elkhorn Slough
(Appendix 2). This station is situated less than 0.5 km
inland from station 3. Tide predictions generated from
these constituents were used to observe the impact of
shallow water constituents on tide asymmetry relative to
the primary semidiurnal and diurnal constituents (Fig. 18).
Predictions using only Kj and M2 produced mean durations
for both rising.and falling water of 6.2 hr (Figs. 18A
and_léB). However, tidal durations of the larger
semidiurnal tidal ranges were a]ways‘greater than 6.2 hr,
while durations of the smaller ranges were less than
6.2 hr. Predictions which included the shallow water
constituents M4, MK3 and 2MK3, as well as Kj and Mj,
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followed the same pattern of longer durations for larger
tide ranges and shorter duration for smaller ranges

(Figs. 18C and 18D). In addition, these predictions
resulted in a longer mean rise duration of 0.2 hr and a
shorter mean fall duration of 0.2 hr, over the K; and My
predictions (Figs. 18E and 18F). The tide asymmetry
represented in the production of shallow water constituents
suggests that this technique may be useful in determining
tide asymmetry of tidally influenced systems along the
Pacific West Coast.

Slough restoration has increased the ratio of tidal
flat to channel volume, causing an increase in tide
asymmetry in the ebb dominant direction. Tide predictions
at station # 493, using 1976 constituents (Table 5), for
September 1986, showed that the duration of rise would be
an average of 0.4 hr longer than the fall (Fig. 18E
and 18F). However, the observed tides, during September
1986, at station 3, indicated that the duration of rise
lasted 1.5 hr longer than fall. The increased asymmetry in
tide duration was Tikely the result of an expanded water
storage capacity over the tidal flats whjch retarded the
propagation of high tide. Additional salt marsh
restoration in the s]oﬁgh will probably enhance ebb
dominance further.

Phase Lags. Local phase Tag of high and low water has

doubled since 1976. The mean tidal lags at each station,
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Table 6. Phase Tag of high and low wafer relative to
Monterey predicted tides, during September 1986.

Station High std. dev. Low std. dev.
(hr) (hr) (hr) (hr)
1 -0.1 0.5 -0.1 0.7
2 0.8 0.4 0.2 0.3
3 0.7 0.3 0.2 0.2
4 * 0.8 0.4 0.8 0.3
493 + 0.3 0.1
+ Station # 493 from NOAA tide tables.
*

Lag time of extreme tide ranges not obtained
from 12 to 17 September, at station 4.

relative to Monterey predicted tides, were calculated from
two-minute filtered tidal height data (Table 6). Time of
high and Tow water at the slough entrance (station 1)
generally occurred 0.1 hr earlier than Monterey predicted
tides and lagged later as the tidal crest progressed
inland. A comparison of mean lag times indicated that the
lag had apparently doubled at station 3, relative to
station # 493, since tidal constituents were estimated in
1976 (Appendix 2). This gives further evidence of the
impact that the restored areas have had on the tidal

characteristic of Elkhorn Slough.

Temperature .
Although an analysis of temperature in Elkhorn Slough
was not a primary objective of‘this study, the temperature

data showed some interesting features. The mean water
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Table 7. Observed water temperature during September 1986.

Statistic Station

1 2 3 4
mean 15.9 17.7 17.9 18.4
std. dev. 1.4 1.2 1.3 1.1
minimum 12.3 14.6 14.5 15.7
maximum 19.2 21.1 20.6 22.0

temperature in September 1986, at station 1, was_15.9°C and
increased in an inland direction to 18.4°C, at station 4
(Table 7). The lowest recorded temperature was 12.4°C, at
station 1, and is representative of September surface
temperature of central Monterey Bay water (Dr. William
Broenkow, per. comm.). Solar insolation increased slough
water temperatures to a maximum of 22.0°C, at station 4.

The temperature structure during the time series
appeared to be typical for Elkhorn Slough during September
(Smith, 1974; Nybakken et al., 1977). The average
temperature increased in an inland direction by
approximately 2°C along the main channel.

A semidiurnal temperature fluctuation (Fig. 19) was
inversely correlated with the semidiurnal period of tidal
height, at stations 1 through 3. Spectral analysis
confirmed that the temperature variance was concentrated in
the semidiurnal (0.081 hr-l) and diurnal (0.040 hr-1)
periods (Fig. 20), and water temperature was about 180° out
of phase with tidal height (Table 8).

In terms of tidal flux, the inverse relation between

58



Temperature (C) Temperature (C) Temperature (C)

Temperature (C)

s rrrrrT Tty rrryvy v v v rd ¥ T . Ty

i Station 4 ]
20} ’ -
16} ]
2‘ v ¥ ¥ B L] LJ L] L4 L] LS L2 L) L] LJ L] LJ L] L]

Station 2 .

16

Station 3 |

e 8.8 2 % & 3 & & & & & & ¢ g .3 ¢ . .t &bl ohttt bl b

2R

L NS M SN BN S | Ty Ty Ty vy Yy vy vy s v

\/\j\AA Station 4 *

44 16 18 20 2 24 - 8 ]
September 1986

Figure 19. Time series of observed water temperature at .

*

stations shown in Fig. 7.

Gaps in temperature record indicate missing data during

shallow meter deployment at station 4.

59



L. 1. + +
'I. Statton 1 ] Station 2
-~ 8.8 - O
[,'] o
£ <
e e
- 89 'y
e [N
3 2
© ad e e s
[ 4 -
-9 Q.
= 3
o -]
= a2t ¢ - o
o o
bt ¥ &1 82 0.3 X bt ) [X] [¥] e
Frequency (1/hr) Frequency (i/hr)
l..I + + + t. " .
Station 3 4 Stattion 4
-~ a.0f - B
[, ] [,']
£ £
e e
P [ 83 P. [ X
[ [
3 >
= -
« 8.4 . &
- -
a. | [- 9
S 5
1 \/\ -
PAN . — — .
) D} 0.2 ¥ L4 Ty e ez T sa 4

Frequency (1/hr) Frequency (1/hr)

Figure 20. Water temperature spectra showing large diurnal
and semidiurnal variances at stations 1 through 3, but only
lTarge diurnal variance at station 4.

60



Table 8. Phase lag and variance between the time of
highest tide height and the time of highest water
temperature for the semidiurnal period, derived
from cross spectral analysis.

Station Phase Co-variance
(deg) (deg*cm)
1 190 1225
2 193 1165
3 177 1134
4 165 663

temperature and tidal height was associated with advection
of warm upper slough water flushing out into Monterey Bay
on the ebb tide, and cold Monterey Bay water returning to
Elkhorn Slough on the flood tide. A significant
temperature variation between high and low tide is one
indication that much of the water expelled from the slough
on the ebb tide does not reenter Elkhorn Slough on the
flood tide. This result agrees with conclusions observed
by Smith (1974) and Reilly (1978) that the majority of
water leaving the slough on the ebb tide does not return to
Elkhorn Slough.

In contrast to the stations located in tidal channels,
station 4 exhibited a predominantly diurnal (0.040 hr'l)
periodicity (Fig. 20D). Temperatures peaked during early
evening and dropped to a minimum during early morning. .
This periodicity follows the typical pattern of the daily
heating cycle of surface water in an enclosed body of water

(Knauss, 1978). Since station 4 is located at the head of
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the South Marsh, water from other segments of the slough
does not flow through this site. Thus, water temperature
here is not as strongly influenced by tides as are the
channel areas.

Temperature, in the South Marsh, is affected more by
solar radiation and sensible heat exchange with the
atmosphere than advection of water from other parts of the
slough. A least squares regression of daily mean
temperature with daily mean solar irradiance (MLML weather
report, unpublished) initially showed a poor correlation
(r = 0.27)(Fig. 21A). However, when solar irradiance
values were lagged by a day, the correlation value doubled
(r = 0.58)(Fig. 21B). The lagging effect is the result of
weighting the daily meaﬁivalues to noon of each day.
Because highest water temperature is attained during the
evening, this has the effect of lagging observed water
temperature by a day relative to the irradiance
observations. When the lag effect was removed, 34% (rz)
of the change in water temperature was explained by the
change in daily solar irradiance.

When solar insolation is converted to thermal heating
~of slough water, a correlation between solar insolation and

mean water temperature can be made, such that:
T = Etotal / Zmean * Cp / d,
where T is potential thermal warming of the slough water,
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Etota] is the solar broad band insolation, Zpgan is mean
water depth,-Cp is specific heat of water and d is water
density. Based on the assumption that the South Marsh is
uniformly 0.5 m deep and the temperature lag is removed,
the water in the South Marsh warms up 0.2°C for each degree
of potential thermal warming by solar insolation. These
temperature observations indicate that as much as 20% of
the daily solar broad band insolation may be absorbed by

the water of the slough (Fig. 21C).

Tidal Currents

Tidal current measurements were taken to describe the
current properites of Elkhorn Slough and to compare present
day currents, at the slough entrance, with Clark’s (1972)
data to determine if the currents have changed. Currents
in the slough were aligned with the channel axis as is
characteristic of most narrow coastal inlets and estuaries.
Current velocities were converted to their vector
components, along-channel axis and cross-channel axis
(Figs. 22 and 23). Positive values of along-channel
velocity represent flood, and negative values rebresent ebb
currents. Positive values of cross-channel velocity
represent flow to thé right'and negafive values represent
flow to the left in‘the direction of flood currents. The
relative magnitude of the cross-channel flow is

insignificant, root-mean-square (RMS) values of 2.2, 2.9
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and 1.0 cm/s (Fig. 23), compared to the along-channel RMS
values of 29.6, 56.7 and 16.2 cm/s (Fig. 22).

Current velocities observed at the slough entrance
were compared to Clark’s (1972) station (slough entrance).
He metered "free streaming” currents at mid-channel and
mid-water depth, where the boundary friction effect is
small. Current observations at station 1 were taken only
1.6 m above the bottom in 8 m of water, which is within the
benthic boundary layer (Fig. 8A). Consequently, vertical
profile measurements of currents were used (Fig. 24) to
correct current velocity observations, taken in the
boundary layer during September 1986, to "free streaming"
velocities. These corrected values were then compared with
Clark’s data. These corrected values were also used to |
compute the sectional mean velocity to estimate volume
transports, discussed later.

A logarithmic velocity distribution occurs in the
boundary layer of tidal flows (Bowden, 1962; Ludwick, 1974;
Sternberg, 1967). This distribution can be described using
the Karman-Prandtl equation relating mean flow, Uz, at

height Z, above the bottom, to boundary frictional stress:
Uz/Ux = 1/k Tn[(Z+Z¢)/Z0], (4)

where Ux is the frictional drag velocity, k- is Von Karman’s
constant (approximately 0.4), and Z, is a roughness length.

L, was computed by regressing observed current
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velocities in the estimated boundary layer againsf In (Z).
The ordinate axis intercept gives the first approximation
of Zg. This value of Zy is entered in a second
regression, velocities vs 1In (Z + Zy). The resulting value
of Zy, is considered to be the estimated roughness length
(Inman, 1963) (Fig. 25). The average Zg in the bottom 3 m,
at station 1, was 6.5 cm. The boundary layer velocity, Ugz,
was interpolated to the current meter moored height of
1.6 m and its average value was estimated to be 41.9 cm/s.
The values of U, and Z, were entered into (4) to
calculate an average Ux at the slough entrance. The
calculated average Ux value of 4.4 cm/s appears to be a
reasonable estimate compared to ranges of Ux, 2.4 to
4.5 cm/s, found in Puget Sound (Kackel and Sternberg,
1971), and 1.2 to 12.8 cm/s in Chesapeake Bay (Ludwick,
1974).
The computed mean value of Ux was then used to
estimate the thickness of the boundary layer, D, using the

velocity defect law (Komar, 1976):
" (U - Uz) / Ux = -8.6 log (Z/D), (5)

where U, is the mean velocity outside the boundary Tayer to
the sea surf&ce. From (5), the mean boundary layer
thickness was estimated to be 3.3 m at the entrance.

The velocity defect, (Uyp - Uz) / Ux, is correlated to

the relative distance above the bottom within the boundary

71




layer. The mean value of U, at station 1 is in fair
agreementvﬁith the theoretical distribution (Fig. 26).

Equation 5 applies to boundary layer currents under
steady unidirectional flow. Current observations, taken
during September 1986, at station 1, varied over the tide
cycle. To correct boundary layer observations to
nonboundary layer velocities, the following assumptions
were made: the boundary layer thickness and Ux remains
constant throughout all tide phases and the mean varying
nonboundary layer velocity, U, can be estimated by the
ratio Uy/Uz. The calculated ratio of Uy,/Uz, at station 1,
was 1.21. A1l current velocity observations, at station 1,
have been corrected to nonboundary layer velocities using
this coefficient. Unless otherwise stated, all references
to current velocities, at station 1 are corrected "free
streaming" velocities. Current velocities observed at
stations 2 and 3, which were near mid-depth, were assumed
to be outside the boundary layer and were treated

accordingly.

Table 9. Maximum observed current velocities during
September 1986.

Station Flood Ebb ' Date
(cm/s) (cm/s)
1 53.1 - 85.2 15 September 1986
2 81.4 -153.6 15 September 1986
3 -24.1 - 58.9 16 September 1986
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Current observations indicate that the highest
velocities occurred in the ebb direction at all stations
(Fig. 22 and Table 9). Highest velocities were found at-
station 2 and lowest velocities took place at station 3
(Table 9) and coincided with the larger semidiurnal tidal
ranges (Figs. 13 and 22). Spectral analysis showed that
semidiurnal and diurnal tidal forcing was responsible for
92 to 96% of the total current velocity variance (Fig. 27).

Flood and ebb current did not simply reverse
directions by 180° as would be expected for current flow in
a long straight channel. Elkhorn Slough is composed of
meandering channels, typical of tidal lagoons, estuaries
and rivers. As water flows around a bend the outer bank
deflects water flow and changes the direction of flow,
while centripetal acceleration causes currents in the outer
loop of the bend to move faster than currents in the inner
loop. If currents are metered near a channel bend, the
change in current direction will be metered in water flow
following the bend but will not be affected by flow in the
opposite direction. In addition, if currents are metered
along the outer loop, the centripetal acceleration of
currents will only be observed in the channel flow after
the bend. This shape effect was likely observed at each
meter station since the reverse in tidal currents did not
simply change diréction by 180°, and channel bends are

present near each station. The directional shape effect
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was removed during calculation of the 51ongrchanne1 and
cross-channel vectors.

Highest current velocities were in the ebb direction
of Elkhorn Slough (Table 9). The maximum ebb velocity
during September 1986 was about twice as high as the flood
velocity. A higher maximum ebb velocity was consistent
with an ebb dominant estuary as described by Friedrichs and
Aubrey (1988) for the U.S. east coast, where ebb tides have
higher currents and shorter durations than flood tides.
However, on the U.S. west coast, including Elkhorn Slough,
mixed semidiurnal tides are prevalent. A characteristic of
mixed tides, in Elkhorn Slough, is that the greatest tidal
range usually occurs from higher high water to lower Tlow
water. Highest current velocities were observed during
this period. Although the duration of diurnal flood tides
was longer than ebb tides, higher ebb velocity is as much
a function of a larger ebb tidal range as the asymmetric
tide resulting from tidal flats. Because tides on the
U. S. west coast are mixed, maximum velocity of flood and
ebb currents may not be as useful a criterion in .
classifying tidal embayments as flood or ebb dominant
sysfems along the west coast of the United States.

Tides may exhibit standing wave and progressive wave
characteristics. A feature of a pure standing wave tide is
that maximum currents occur midway between the time of high

and low water. In contrast, maximum flood and ebb currents
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in progressive wave tides coincide with high and Tow water.
Tidal currents in Elkhorn Slough are mixed in this regard:
the average time of maximum current speed generally
occurred during the latter half of the half-tidal cycle for
all stations (Table 10).

Table 10. Mean duration of rising and falling water and
mean lag time to maximum current velocity,
during September 1986.

Station
1 2 3

Period Time std. dev. Time std. dev. Time std. dev.

(hr)  (hr) (hr) (hr) (hr) (hr)
Flood
duration 6.4 1.0 7.1 0.7 7.0 0.9
lag 5.1 1.1 5.2 0.8 3.8 1.1
Ebb
duration 6.0 1.8 .4 1.6 5.5 1.8
lag 3.0 1.1 3.8 1.1 2.3 0.7
Combined
duration 6.2 1.4 6.2 1.5 6.2 1.6
lag 4.0 1.5 4.1 1.4 3.0 1.1

The time of maximum flood velocity was shifted towards
the time of high water, while the time of peak ebb velocity
was shifted slightly later or occurred midway through the
ebb tide (Fig. 28). Tidal flats are probably responsible
for thé long lTag of maximum flood velocity from the time
mid-way between high and low water. When the rising tide
reaches the elevation of the tidal flats, an increase in
current speed is required to move enough water volume to
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fi11l the expanded area over the tidal flats. This
generally happens during the latter half of the flood tide
cycle; and causes the time of maximum flood current
velocity to occur up to 1.9 hr later than the midpoint of
the half-tide cycle (Table 10). However, during the ebb
tide, water over the tidal flats is able to flow seaward
immediately after the tide reverses; this reduces the lag
of maximum ebb velocity from the midpoint of the half-tide
cycle.

Maximum currents are not solely a function of tidal
range because of variations in the duration of flood or ebb
tides over the same tidal range. Sverdrup et al. (1942)
have related maximum current velocity, U, at a particular

channel Tlocation to its basin geometry by:
U=4/3 * /2 * A/S * H/T (6)

where U is the maximum tidal velocity over the half-tidal
period, 4/3 relates the cross-sectional mean velocity to
the mean mid-channel velocity, n/2 relates the mean
velocity of the half-tidal period to the maximum half-tidal
velocity, H is the half-tidal range, A is the surface area
of the basin, S is the cross-sectional area, and T is the
duration of the half-tide.period. Equation 6 states that
tidal currents in a chahnel are proportional to the surface
area of the basin and the range of the tide, but inversely

proportional to the cross-sectional area and half-tidal
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period. Assuming. constant basin shape and cross-sectional
area, tidal currents are directly related to the water
level’s rate of change during a half-tide cycle, H/T.
Clark used (6) in a least squares regression model to
describe maximum current velocity at the mouth of Elkhorn
Slough (Fig. 29).

The regression model can be used to describe three
parameters of the slough. The intercept gives an
indication of the net nontidal currents, the slope gives an
estimate of the geometry of the slough and the summation of
the area, based on slough geometry, and tidal height gives

the volume of the slough.

Table 11. Statistics of'1east squares regression of
maximum current velocity vs H/T for
stations 1, 2, 3 and Clark’s (1972) station.

Station Statistics
Regression r Syx Sp N
1 Vmax = -9.6 + 297 H/T 0.96 9.7 8.1 51
2 Vmax = -8.9 + 463 H/T 0.98 10.3 8.3 56
3 Vmax = -4.5 + 148 H/T 0.95 5.4 4.4 59
Clark’s
data Vmax = 6.4 6.4 15

-3.1 + 187 H/T 0.97

The intercept of the regression of.maximum current
velocity over the half-tidal period againét H/T suggests a
nontidal seaward flow from Elkhorn Slough at all stations
(Table 11). Sources that'mighﬁ contribute to nontidal

currents include: agricu]tdra] inflow, evaporation, pumping
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by P.G. & E., rain runoff and measurement bias.
Agricultural inflow is estimated to be 2 X 106 m3/day
(Water Resources Engineers, 1969). Evaporation from
Elkhorn Slough for the month of September is estimated to
be about 1 X 104 m3/day and would cause a net landward flow
(Smith, 1972). P.G. & E. discharges approximately

4 X 105 m3 of coolant water into Elkhorn Slough per day
(Ecological Analysts, Inc., 1983) and the net seaward flow
observed by Clark at station 1 was attributed to

P.G. & E.’s discharge. However, this source would not
contribute to a seéward flow at stations 2 and 3. A mean
daily volume exchange in Elkhorn Slough of 11.4 X 106 p3
(see volume exchange) is 2 to 3 orders of magnitude greater
than agricultural runoff or evaporation. The total daily
P.G. & E. discharge amounts to 4% of the mean daily volume
exchange and can account for 1.7 cm/s of the apparent total
nontidal outflow of slough water at station 1.

A storm dropped 4 cm of rain into the slough area
from 23 through 27 September 1986 (Melaine Munk,
Watsonville Register Pajaronian, pers. comm.). The
drainage basin of the Elkhorn Slough area is 585 kmz,
giving a potential inflow 2.3 X 107 m3 of water over the
five day period of précipitation, or an average of
4.6 X 106 m3/day, which is about half of the daily mean
tidal prism. Factors such as the infiltration of rain

water, uneven precipitation, water diversion within the
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drainage basin and evaporation make it difficult to
estimate the impact of rain on the slough’s hydrography.
There was no noticeable change in the data for tides or
currents (Figs. 13 and 22}. However, it is probably safe
to assume that rainfall did contribute to a net seaward
flow after 24 September and continued to be some factor
until the end of the time series.

Another source of an apparent net transport out of
Elkhorn Slough may be attributed to shape effect of the
channel discussed previously. Since each station was
situated along the outer bank of a bend relative to the ebb
flow, the centripetal acceleration resulting from the
channel bend, may have been measured as a seaward current,
causing an apparent net nontidal ebb flow. Whatever the
source of the apparent net nontidal seaward flow, its
magnitude is within the standard error of the estimate
(Table 11) and is not statistically different than zero at
all stations. Therefore, the net transport may or may not
be real. Since nontidal currents seem to have been found
at all stations over both studies, this may be a subject
for further investigation. .

A comparison of current velocities between station 1
and data collected by C]ark.indicatéd that the velocities
at the entrance of Elkhorn Slough have increased
approximately 55% since Clark’s observations (Fig. 29).

This is indicated by an increase of the regression slope
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from 187, for Clark’s déta, to 297 cm-hr/m-s for the
present study (Table 11). A t-test showed that the slopes
were significantly different (P < 0.001).. The slope of
maximum velocity vs H/T represents the ratio of the
"effective surface area"” of the embayment to cross-
sectional area of the channel, A/S. When the channel is
enlarged, such as by dredging, the cross-sectional area is
increased and current velocities decrease. However, when
the effective surface area of the embayment is increased,
such as in the restoration of former wetlands to Elkhorn
Slough, current velocities increase. The observed increase
in current velocities at the entrance of the slough is
compeliling testimony of a significant expansion of tidally
influenced lands within the Elkhorn Slough system since
Clark’s study.

Clark (1972) suggested that the highest current
velocity, at the slough entrance, should occur during the
December spring tides with an expected tidal range of 2.5 m
over a 7.2 hour half-tidal period, which corresponds to an
H/T equal to -0.35 m/hr for an ebb tide. He predicted a
maximum ebb current of -72 cm/s (1.5 kt) and a maximum
flood current of 60 cm/s, at the slough entrance. Results
from this study show that the maximum predicted velocities
have changed: maximum ebb velocity is now -113 cm/s |
(2.3 kt) and maximum flood velocity is 94 cm/s (1.9 kt).

The maximum currents at station 2 were 55% higher than
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at station 1.' The higher velocities observed at station 2
can be accounted for by the relatively large water volume
that must be funneled through a small channel area

(Fig. 7). The predicted maximum velocities, at station 2,
would be -171 cm/s (3.4 kt) and 153 cm/s (3.1 kt).

Station 3 velocities were 50% lower than at station 1.
Since the channel is wide relative to the discharge volume,
it is reasonable to expect significantly lower current
velocities at this lTocation. The maximum expected
velocities, at station 3, are -56 cm/s (1.1 kt) and 47 cm/s
(0.9 kt).

The linear model (6) used to describe maximum velocity
vs H/T is only accurate to describe a channel of uniform
éhape. In such a channel, maximum current velocity is
directly proportional to the change in tidal height.

Adding tidal flats to the channel area would change the
shape of the regression curve when tide level reaches tidal
flat elevation. This change occurs because friction over
the tidal flats does not allow for effective water
transport. Thus, current velocity in the channel must
increase to compensate for the increase in volume tfansport
within the channel boundaries. Maximum velocity is no
longer directly proportional to H/T and the relationship
between current velocities vs H/T becomes nonlinear. Tidal
flats are located along the slough’s middle and upper

reaches at approximately mean sea level. Consequently, the
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relationship between maximum velocity and H/T is not
entirely linear. The error involved in using a linear
equation to model Elkhorn Slough currents is that
velocities may be over-estimated during large tidal ranges

and under-estimated during small tidal ranges.

Effective Surface Area and Volume Transport

Clark calculated the "effective surface area" of

ETkhorn Slough by:
A=S* (3/4 *2/x* D), (7)

where b is the least squares slope from (6) (Fig. 29 and
Table 11). The effective surface areas of the slough
inland to each station were calculated using this method
(Table 12). A comparison of the slough’s change in
effective surface area indicates that the Tow tide (0.0 m)
area covered by water has increased from 1.1 to 2.1 km2 and
the mean high tide (1.5 m) area from 1.5 to 3.1 km2. The
maximum effective surface area covered by water on the
highest tide (2 m) is now 3.5 km2.

Wate§ volume was computed as a function of tidal

height, H and effective surface area, A (Table 12):
V = H*A.

These values were compared to cumulative volume estimates

made by Smith (1972). He estimated the cumulative slough

85




Table 12. Cumu1§tive surface area and volume estimates,
derived from maximum current velocity observations.

Tide Station

Height 1 2 3
(m) A ] A v A v
2.0 3.5 10.0 1.3 3.3 1.1 3.3
MHHW 1.7 3.3 9.0 1.2 2.7 1.0 2.8
1.5 3.1 7.8 1.1 2.2 0.9 2.3
MSL 1.0 2.7 5.4 0.9 1.4 0.6 1.2
0.5 2.4 3.6 0.7 0.7 0.5 0.8
MLLW 0.0 2.1 2.1 0.6 0.3 0.3 0.3
-0.5 1.9 0.9 0.5 <0.1 0.2 0.1
Area = A X 106 p2
Volume = V X 106
Assumptions:

Main channel effective water depth at MLLW = 1 m.
SM/PS effective water depth at MLLW = 0.5 m.

volume as the product of water height and the area over the
channel, mud flat and marsh. The area of water coverage
over the channel, mud flat and marsh was estimated by
planimetry of an Elkhorn Slough map (drawn by John C.
Hansen). The idealized cross sectional geometry (Fig. 6)
was used to estimate water height over each section. For
this study, the effective MLLW depth for the entire slough,
inciuding SM/PS, was estimated to be 1 m. Consequently,
the volume at MLLW is estimated to be 2.1 X 106 m3, which
is only 5% greater than the 2.0 X 106 m3 estimated by
Smith. However, the mean diurna] high tide volume has
increased from 6.0 X 10% to 9.0 X 106 m3. The mean tidal
prism has én]arged from 4.0 X 105 to 6.9 X 106 m3 and total
cumulative water volume of Elkhorn Slough on the highest
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tide has grown from 8.5 X 106 to 10.0 X 106 m3.

The mean diurnal tide, (0.0 to 1.7 m) flushes
approximately 75% of the total volume out of the slough.
. This is about the same proportion of flushing observed by
Smith. Considering Smith’s assumption that the remaining
slough water mixes insignificantly with incoming Monterey
Bay water, the tidal prism would extend 4.8 km inland,
which is just beyond the entrance to SM/PS. After the
restoration of former wetlands to tidal circulation the
proportion of tidal flushing remains virtually unchanged.
Smith’s observation of a foam line introduced from the
P.G. & E. discharge appearing 4 to 5 km inland is still
observed today.

It is interesting to note that the effective surface
area has essentially doubled since Clark’s study in 1972,
but the low tide volume has remained about the same as
shown by Smith for 1974. Enlargement of the channels by
erosion, since 1974, should have increased the low tide
volume. Because of imperfections in both models used, it
is difficult to ascertain which model is in greater error.
Howgver, a 50% increase in diurnal high tide volume,
including SM/PS, since 1974, appears to be reasonable
estimate for the entire Elkhorn Slough system.

Comparison of volume capacity calculated at stations
1 through 3 (Table 12) indicates that the upper slough and

SM/PS contain approximately equal water volume. At low

87




tide, 70% of the total volume is concentrated in the lower
slough while remaining 30% is divided equally between the
upper slough and SM/PS region. At mean diurnal high tide,
the lower slough volume drops to 40% as the holding
capacity of the upper slough and SM/PS regions increase
dramatically with infilling over the tidal flats.
Approximately 30% of the slough volume is held in the
upper slough and about 30% of the volume is present in the
SM/PS region at mean diurnal high tide.

Volume transports through each station section were
also calculated using an integrated volume transport model
over a half-tide cycle. The exchange volume was estimated
by integrating the mean cross-sectional velocity, U., and
the cross-sectional area of the channel, S, over time a

half-tidal cycle (Hansen, 1965):

high
= A(t)dt,
V= (I Uc*A(t) (8)

where V is the half-tide exchange volume and t is time.
Volume transports for each half-tide cycle were
regressed against tidal range to produce a tidal prism
model (Fig. 30). Similar to the haximum velocity analysis,
the volume transport regressions resulted in negative
intercepts indicating a net nontidal transport seaward at
each station. The apparent nontidal flow of water from the
slough, at station 1, is 4.9 X 105 p3 per semidiurnal. tide.

The P.G. & E. semidiurnal discharge of 2 X 105 m3 into
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Elkhorn Slough accounts for about 40% of this nontidal flux
and 1.7 cm/s of the nontidal ebb flow, at station 1. Since
the volume exchange calculations are linked to tidal
velocity measurements, they are affected by the same
sources of error. As with the velocity calculations, the
magnitude of the nontidal transport cannot be statistically
differentiated from zero (Table 13). Thus the intercept
was adjusted to reflect zero nontidal transport for
calculations using this model.

Table 13. Statistics of least squares regression of

exchange volume vs tidal range for stations 1,
2 and 3, based on the integral method.

Station Statistics
Regression r Syx  Sp N
1 V = -0.5 + 2.4 *R 0.98 0.51 0.07 51
2 V = -0.1 +1.0 *R 0.98 0.23 0.03 56
3 V = -0.1 + 0.6 *R 0.96 0.19 0.02 59
V = exchange volume (106 m3)
R = tidal range (m)

The mean diurnal tidal prism calculated by the integral
technique was 3.6 X 108 m3 and the tidal prism for an
extreme spring tide of 2.5 m was 5.9 X 106 m3: The mean
exchange volumes calculated by the integral method were 35%
less than the volumes calculated from (6), at station 1
(Tables 12 and 14). Compared to (6), the integral method
under-estimated volume transport by 20% at station 2 and

50% at station 3. The linear integral model relating the
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Table 14. Exchange volume calculated by the integrated
volume transport method.

Station
Tide Range 1 2 3
(m) v v v
2.5 5.9 2.6 1.6
2.0 4.8 2.1 1.3
1.5 3.6 1.6 1.0
1.0 2.4 1.1 0.7
0.5 1.2 0.6 0.4
Exchange volume = V X 106 p3

slough’s exchange volume directly to the change in tidal
range is probably not appropriate in Elkhorn Slough, where
the channel geometry changes at mud flat elevation. A
nonlinear geometry combined with mixed semidiurnal tides
caused large differences in volume transport estimates over
the same tidal range depending on whether the transport
transpired above or below the tidal flat elevation.

Poor accuracy in referencing pressure observations to
MLLW may have contributed to part of the discrepancy
between the two methods of estimating volume exchange. But
the greatest error in (6) and (8) stems from the deployment
of only one current meter at each station, giving a _poor
estimate of the true cross-sectional mean velocity.
Aquiring accurate yo]ume transport estimates using
more current meters per station is a project worthy of
further study. Despite the difficulty in calculating

volume estimates, the Tower transports calculated by (8) is
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Table 15. Cumulative surface area of South Marsh and
Parson Slough, derived from planimetered data.

Location Channel area Tidal Flat area
A A

South Marsh
Parson Slough
SM/PS

[~ N =N
w =N
—t -
00 == =~

Cumulative surface area = A X 10 p?

Table 16. Volume estimate of South Marsh and
Parson Slough, derived from planimetered
cumulative surface areas.

Location

Tide Height SM PS Total SM/PS
(m) ) ) v
2.0 1.2 1.4 2.6
MHHW 1.7 1.0 1.2 2.2
1.5 0.9 0.9 1.7
MSL 1.0 0.5 0.3 0.8
0.5 0.4 0.2 0.6
MLLW 0.0 0.3 0.1 0.4
-0.5 0.2 0.1 0.2

Volume = V X 106 m3

Assumptions:
Tidal flat elevation
Effective MLLW depth

0.9 m.
0.75 m.

an indication that the estimated slough-volume and volume
exchange derived from (6) may be over-estimated.

Cumulative water volume for the SM/PS region was
independently calculated from planimetered data off an
aerial photograpﬁ similar to figure 31. The product of the
digitized area (Table 15),'using the idealized slough
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Figure 31. Aerial photograph of Elkhorn Slough, at low
tide on 19 May 1983. Scale = 1:24000.
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geometry (Fig. 6), and tidal height were used to ca]cu]ate
total water volume in SM/PS over the full tidal range
(Table 16). The planimetered total volume estimates for
SM/PS were as much as 50% greater at lowest tide (-0.5 m)
and 20 % smaller at highest tide (2 m) than estimateS
derived by (6) (Tables 12 and 16). This discrepancy in
volume estimate also indicated that the linear model used
to estimate water volume in Elkhorn Slough may be over-
estimating high tide volumes and under-estimating low tide
volumes. In the final analysis, the estimates derived by
(6) appear to be high compared to the values derived by
(8), and the planimetered method gives estimates that fall
somewhere between these two methods. The planimetered
technique is probably the most accurate and volume
estimates for the entire slough likely falls somewhere

between the values derived by (6) and (8).
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CONCLUSIONS

The restoration of former wetlands has ihcreased the
tidal flat area and altered the tidal characteristics of
Elkhorn Slough. Distortion of the oceanic semidiurnal tide
period is evident in longer durations of rising water.

This feature has become more pronounced since the
restoration of wetlands and has increased the phase lag of
high tide. The high tide phase lag is produced when a
large volume of water is transported across the tidal
flat, late in the flood cycle. Therefore, it takes longer
to fill the slough than if the additional areas at tidal
flat elevation were not present. Because most of the
volume transport takes place during the later part of the
flood cycle, the time of maximum current is also shifted to
the later half of the flood period. Tide asymmetry may be
represented by the generation of shallow water
constituents, M4, MK3 and 2MK3.

Water temperature in the channel varies inversely with
the semidiurnal tide illustrating the removal of warm water
out of the's1ough and the introduction of cold Monterey Bay

water returning into the slough. Diurnal variation in
.water temperature at the head of the South Marsh indicgtes
a lower turnover rate for areas in the upper reaches of the
Research Reserve and a estimated transfer of 20% of the

sclar insolation to thermal heating of slough water.
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Semidiurnal and diurnal tidal forcing was responsible
for 97 to 99% of the variance in Elkhorn STough currents.
Current velocities at the entrance of the sTough have
increased by 55% since Clark’s (1972) study. Most of this
increase in tidal flow is due to slough restoration, while
some of the increase may be attributed to sTough erosion.
The highest expected velocity at the entrance of Elkhorn
STough is estimated to be 94 cm/s (1.9 kt) on a flood tide
and -113 cm/s (2.3 kt) on an ebb tide. Higher maximum ebb
velocity in conjunction with longer flood durations are the
criteria used in classifying Elkhorn Slough as an "ebb
dominant" system. Although ebb dominant embayments are
normally described as stable systems, Elkhorn Slough has
and is still experiencing significant erosion, caused by
high current velocities. Addition of more land to tidal
circulation will Tikely prolong or increase erosion.

The "effective surface area" has apparently doubled
over Clark’s estimates. The cumulative mean diurnal volume
and tidal prism have expanded 50% and 70% over Smith’s
estimates, respectively. The ratio of the tidal prism to
high tide volume remains about the same as earlier
estimates, at approximately 3/4 of the mean high water
volume. The upper slough and SM/PS regions hold
approximately equal volumes of water. At low tide the
Tower slough held 70% of the cumulative water volume.

However, Tower slough volume decreased to 40% of the total
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volume at diurnal high tide after water fills the tidal
flats in the SM/PS and along thg upper slough regions.

The intentional and accidental restoration of former
wetlands to tidal circulation has not only directly
expanded the area and volume of tidally influenced lands,
but has indirectly contributed to the expansion of Elkhorn
Slough through erosion caused by increased tidal currents.
The erosion process was initiated by the opening of a
permanent harbor channel at the entrance of Elkhorn Slough
in the 1940°’s. It is likely that the channel area will
continue to widen and deepen, even if no additional former
wetlands are returned to tidal circulation. 1In view of the
erosion caused by tidal currents, it might be advisable to
conduct a quantitative study of sediment transport before

further alterations to the Slough are considered.
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APPENDIX 1
Current meter characteristics

Endeco
Current Speed

Sensitivity

Range 0 to 223.2 cm/s

@ 2 min interval
Threshold < 2.57 cm/s
Resolution 0.9 cm/s
Accuracy + 3.0 % (full scale)

S4

57.58 RPM/51.44cm/s

0 to 350 cm/s

2 min interval

1.0 cm/s

0.2 cm/s

2.0 % (full scale)

N @

I+

Current Direction

Range 360° 360°
Resolution 1.4° 0.5°
Accuracy £+ 7.2° + 2.0°
Temperature
Sensor Thermistor Semiconductor
Range -5 to +45 °C -5 to +45 °C
Resolution 0.2 °C 0.2 °C
Accuracy £+ 0.1 °C £ 0.05 °C
Depth (Kavilco transducer)
Range 1l m 0 to 1000 dBar
(station 1)
0 to 70 dBar
(station 2)
Resolution 0.5 cm 1 dBar (1000 dBar)
4 mm 70 dBar)
Accuracy + 2.5 cm £ 0.25 % (full scale)

Algorithm for Kavilco P650 pressure transducer

Piog = [(N - 221) - (256 * M)] * 0.52
Plo1 = [(N - 33.8) - (256 * M)] * 0.53
~Plo2 = [(N - 230) - (256 * M)] * 0.53

where P is water depth, N is observed pressure counts and M
is the number of foldover ranges. The depth range before
folding occurs is 1.3 m.
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Appendix 2

TIDAL CONSTITUENTS

Station # 483: Monterey, California
Latitude 36 36.3 N Longitude 121 53.3 W’
20 Constituents from Analysis of 365 Day Series in 1974

# Name Speed # Amplitude Kappa

deg/hr ft deg hrs
0 MSL 2.870

1 Jl 15.585443 0.071 107.0 6.9
2 K1 15.041069 1.216 97.8 6.5
3 K2 30.082137 0.121 287.7 9.6
4 L2 29.528479 0.046 322.8 10.9
5 M1 14.496694 0.117 114.8 7.9
6 M2 28.984104 1.628 297 .4 10.3
11 N2 28.439730 0.366 272.0 9.6
12 2N2 27.895355 0.046 248.5 8.9
13 01 13.943036 0.763 81.4 5.8
14 001 16.139102 0.039 119.6 7.4
15 Pl 14.958931 0.381 92.7 6.2
16 Ql 13.398661 0.137 72.9 5.4
17 2Q1 12.854286 0.020 65.0 5.1
19 S1 15.000000 0.038 202.3 13.5
20 S2 30.000000 0.425 295.5 9.9
23 T2 29.958933 0.025 295.5 9.9
24 1Imbda2 29.455625 0.011 296.5 10.1
25 mu2 27.968208 0.046 234.4 8.4
26 nu2 28.512583 0.069 279.4 9.8
0 3 5.5

27 rhol 13.471515 .029 74.

Extreme Tides: Low = -2.7 High

= 8.5
Principle Range 2*(K1+01+M2+S2) = 4.0
Form Ratio (K1+01)/(M2+S2) = 0.96
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Appendix 2 (cont.).

TIDAL CONSTITUENTS

Station # 485: Moss Landing, California
Latitude 36 48.1 N Longiiude 121 47.4 W
20 Constituents from Analysis of 29 Day Series in 1976

# Name Speed # Amplitude Kappa
deg/hr ft deg hrs
0 MSL 2.790
1 J1 15.585443 0.058 108.0 6.9
2 K1 15.041069 1.135 99.3 6.6
3 K2 30.082137 0.114 295.8 9.8
4 L2 29.528479 0.047 321.2 10.9
5 M1 14.496694 0.052 90.6 6.2
6 M2 28.984104 1.664 295.3 10.2
11 N2 28.439730 0.342 269.5 9.5
12 2N2 27.895355 0.046 243.7 8.7
13 01 13.943036 0.728 81.8 5.9
14 001 16.139102 0.031 116.7 7.2
15 Pl 14.958931 0.378 99.3 6.6
16 Q1 13.398661 0.141 73.1 5.5
17 201 12.854286 0.019 64.3 5.0
18 R2 30.041067 0.003 295.8 9.8
20 S2 30.000000 0.418 295.8 9.9
23 T2 29.958933 0.025 295.8 9.9
24 1mbda2 29.455625 0.012 295.5 10.0
25 mu?2 27.968208 0.040 294.8 10.5
26 nu2 28.512583 0.066 273.0 9.6
27 rhol 13.471515 0.028 74.3 5.5
Extreme Tides: Low = -2.6 High = 8.1
Principle Range 2*(K1+01+M2+S2) = 3.9
Form Ratio (K1+401)/(M2+S2) = 0.89
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Appendix 2 (cont.)

TIDAL CONSTITUENTS

Station # 493: ' Elkhorn Slough, California
Latitude 36 49.1 N Longitude 121 44.7 W
22 Constituents from Analysis of 365 Day Series in 1976

# Name Speed # Amplitude Kappa

deg/hr ft deg hrs
0 MSL 2.760

1 J1 15.585443 0.062 130.9 8.4
2 K1 15.041069 1.168 103.0 6.8
3 K2 30.082137 0.119 283.9 9.4
4 L2 29.528479 0.031 297.7 10.1
5 M1 14.496694 0.047 130.8 9.0
6 M2 28.984104 1.630 303.7 10.5
8 M4 57.968208 0.044 356.5 6.1
11 N2 28.439730 0.370 280.3 9.9
12 2N2 27.895355 0.044 255.1 9.1
13 01 13.943036 0.725 87.1 6.2
14 001 16.139102 0.036 147.3 9.1
15 Pl 14.958931 0.377 100.8 6.7
16 Q1 13.398661 0.129 82.1 6.1
17 2Q1 12.854286 0.019 71.2 5.5
18 R2 30.041067 0.003 306.3 10.2
20 S2 30.000000 0.426 306.3 10.2
23 T2 29.958933 0.025 306.3 10.2
24 1mbda2 29.455625 0.011 304.9 10.4
26 nu2 28.512583 0.062 286.4 10.0
27 rhol 13.471515 0.028 80.3 6.0
28 MK3 44.025173 0.050 185.4 4.2
0.044 196.2 4.6

29 2MK3 42.927140

- Extreme Tides: Low = -2.7 High

= 8.2
Principle Range 2*(K1+01+M2+S2) = 3.9
= 0.92

Form Ratio . . (K1+01)/(M2+S2)
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