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ABSTRACT

Resonant water waves in closed or semi-closed fluid
systems are referred to as "seiches”". Literature on this
topic in recent years can be found in this thesis.

This research is based on wave data in three coastal
bays at the southern coast of Vancouver Island opening to
Juan de Fuca Strait. Preliminéry aim is to look for the
nature and cause of the observed wave motions of these bays.
Time series analysis and numerical modeling are performed to
reveal seiche nature and develop a method to predict
frequency response of bays with arbitrary shapes and
variable depths. The method is evaluated through its
application in the three coastal bays. Results of spectral
analysis and numerical model agree well.

The possible energy sources of observed seiches are
discussed. Edge waves were the major source of observed
seiches. The strongest seiches observed were attributed to
Proudman coupling between pressure waves and water waves.
Oceanic internal tides may contribute energy to a

fortnightly pattern of seiche activity.
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I. INTRODUCTION

Water waves with exceptionally large amplitudes and
well defined frequencies have often been observed,
especially in closed or semi-closed water bodies, such as
lakes, coastal bays etc.. The cause of these periodical
oscillations is attributed to the resonant function of the
fluid systems. These waves are refered to "seiche".

"Seiche" is a French word to describe this natural
phenomenon. In recent publications "Abiki", a Japanese word
with similar meaning, also appears in the oceanographic
literature. Oceanic countries with numerous coastal bays,
inlets, fjords, estuaries and straits are facing the
challenges from the ocean. The creation of these words
reflected the interest in this phenomenon.

In early this century this phenomenon was observed
mostly in lakes and compared with the theoretically computed
resonant periods by diffefent methods. But there was not as
much literature on this subject as on some other topics of
physical oceanography. Within the past two decades this
topic has attracted more scientists' attention and is
studied by means of spectral analysis, analytical models and
numerical models. But there are still many features for
"oceanographers to explore.

This thesis starts from a review of seiche study. Due
to the lack of seiche review in recent years this review
includes as many important papers as possible. The review

includes a discussion of seiche reports, research methods



and energy sburces, and will serve as a guide and a source
of comparisons for this thesis research.

Sea surface oscillations from three coastal bays on the
north shore of Juan de Fuca Strait, British Columbia, are
analysed. The different procedures to remove low fregquency
components are discussed. Spectral analysis reveals seiche
activities in these three bays, some of them having
significant energy. Further attempts are undertaken to study
the stronger seiches and the relation between seiches
occuring and different tidal levels. The coherences of these
data between every pair of bays throw light on the common
energy source of observed seiches.

In order to study the wave response characteristics, a
numerical model is developed. This model works in the
frequency domain to test the frequency response of the bays
with arbitrary shapes and variable depths. The
model-predicted resonant periods agrée well with the result
of spectral.analysis. Some features revealed by the model
are the same as those revealed by the real wave spectra.

| This research uses seismic, wave and meteorological
déta to explore the possible energy sources of the observed
seiches. Travelling edge waves along Juan de Fuca Strait are
studied by different theories. The result of the edge wave
numerical model seems to be acceptable., It is difficult to
verify this result, because there are no wave data available
in the Strait. At last a preliminary conclusion as to the

energy source is reached, it generally attributes the source



of the.observed seiches to edge waves in the Strait, and the
source of the strongest seiches observed to travelling
barometric waves, which excited edge waves in the Strait
through air-sea coupling, therefore thebseiches inside bays

were excited by edge waves passing by their mouths. Internal
| waves may be other exciting source, which is discussed and

supported by available data.



II. A BRIEF REVIEW OF SEICHE STUDIES

This review is organized in three parts. The first part
is a description of observed seiches reported all over the
world from early 1960's until the end of last year. The
second part is about theories and methods used in seiche
studies. The third part describes the possible sources of
seiche energy according to different researchers' opinion.

In each part the material are mentioned chronologically.

A. EXAMPLES OF OBSERVED SEICHE ACTIVITY

Defant (1961) gave a brief survey of observed seiches
in various lakes, including the striking data of Bergsten
(1926) who observed a uninodal, one-dimensional seiche in
Lake Vattern, Sweden.

Waves with large amplitude inside harbours were
frequently reported to cause considerable damage, such as
breaking anchors, destroying coastal projects, etc., even
after constructing breakwaters. Many harbours with narrow
entrances are limited in their usefulness not so much by the
penetrating sea swell as by surging associated with harbour
resonances. This phenomenon was refered to by Miles and Munk
(1961) as a harbour paradox, that is, the wave agitation of
resonance within the harbour may increase when the opening
decreases, thus causing a narrowing of the harbour mouth to
diminish the protection from seiching.

Olsen and Hwang (1971) reported ocean waves having

periods between four minutes and about one hour, which were



measured simultaneously at several locations inside Keauhou
Bay, Hawaii and at two deep-water stations approximately 4
km offshore. Barber and Taylor (1977) reported the measured
data on the distribution of current in Lennox Passage, which
indicated the self-oscillation of Chedabucto Bay, in eastern
Canada. Lemon et al (1979) reported seiche motions observed
with a bottom-mounted pressufe gauge in Port San Juan,
western Canada.

Besides the seiches in closed basins such as lakes, and
half closed basins such as harbours, which are commonly
observed, Petrusevics et al (1979) reported observations of
a continental shelf seiche off south-west Australia, even
though the near shore topography of the continental shelf
does not form a closed basin, nor does it have a single side
fully open to a deep ocean.

Wibber and Krauss (1979) verified the results of their
numerical model by comparison with tide gauge records all
along the Baltic coast and found that eigen-oscillations
play a major role in the Baltic Sea. Their spectral analysis
did not show any preference for special peaks. A wide
variety of periods seems to be possible. Orlié (1980)
reported an exceptional sea-level oscillation in Vela Luka,
a small town on the island of Korcula, Yugoslavia, in the
morning of June 21,1978. The peak amplitudes of sea level
changes were evaluated at about 3 meters, while the period
was eqgual to some 15 minutes; the oscillation lasted for

three hours. At the same time as well as before and after



the date mentioned similar sea-level changes occurred in a
few other places in the Adriatic. Great damage was reported
to have been caused by the phenomenon. Fais and Michelato
(1980) reported on free oscillations of Cagliari Gulf, which
is a gsemi-enclosed basin located at the southern end of
Sardinia, Italy, with periods of 73.1, 35.3, 23.2 and 18.9
minutes. To study the internal seiche, Dyer (1981)
spectrally analyzed the salinity fluctuations at an STD near
the halocline in Southampton Water, England. The predominant
energy-containing periods had values of 7-9 and 3.5-4.5
minutes. His calculated wavelengths of the standing wave
agree well with echo-sounding surveys of the elevation of
the halocline. By careful visual inspection of the sea-level
records at the tidal station of Genoa, which is located in
the inner part of the Ligurian Sea, Papa (1981) reported a
nontidal oscillation with a mean period of about 2.6 hours
and amplitude fluctuations from a few millimeters to some
centimeters. The records cover the interval Oct. 1977 to
March 1978 With sampling rate of 30 minutes. The spectral
analysis revealed that two peaks, 3.36 hours and'2.56 hours,
showed up above the background noise. Ben-Menahem and Vered
(1982) Fourier analysed the mareograms at Haifa Bay, Israel,
which revealed a sharp line spectrum with fundamental peaks
at periods near 54 minutes. Lanyon et al/ (1982) collected
data relevant to shelf waves and bay seiches with periods
between 10-60 minutes both from the open ocean and from the

beach groundwater wells at South Beach, Wollongong,



Australia. Giese er al (1982) reported coastal seiches at
Magueyes Island, Puerto Rico, in distinct fortnightly groups
with maximum seiche activity following new and full moon by
7 days. The result they presented were drawn from a
many-faceted study which had spanned 14 years.

In the study of bay seiches at South Beach, Australia,
Lanyon et al (1982) adopted data obtained both from the open
ocean and beach groundwater wells. They followed Waddell's
conclusion (1976) that the beach front acts as a low-pass
filter, damping high-frequency waves and allowing
low-frequency waves to be propagated onto the groundwater
surface. The observed oscillations with periods between 10
to 60 minutes were refered to shelf waves and bay seiches.

In the early 1980's the Japanese carried out synoptic
studies of the seiche activity, stimulated by a disastrous
seiche which occured in Nagasaki Bay on March 31, 1979. The
seiche was the largest one in the history of tidal
observations in Nagasaki Bay. The maximum amplitude of the
seiche observed at Matsugae Quay, located at the middle part
of the bay, was 278 cm and the period was about 35 minutes,
while it was 478 cm at the mouth of the Urakami-river
located at the northern end of the bay (Akamatsu, 1982). The
large seiches in Nagasaki Bay are most fregquently observed
in winter (Hibiya and Kajiura, 1982).

Besides the research work mentioned above, Isozaki
(1979) reported observed seiches in Habu-harbor on Sept. 17,

1976 and Oct. 8, 1977. Kosuge and Saito (1981) examined the



natural modes of harbour oscillations and effects of
man-made structures on the oscillation in Shimizu Harbour.
They compared maregrams from three locations in the harbbur,
recorded before and after the breakwaters' construction, and
found that in this case the "harbour paradox" did not play
any important role. After the construction of the two
breakwaters, the amplitudes of the oscillations are
decreaéed by one-half, although the periods of the natural
oscillations remain almost about the same. Nakamura and
Serizawa (1983) studied the local climate of shelf-seiches
on the basis of maregrams at Susami where the sea level
variation with 12 minutes of period was significant through

a year.

B. THEORY AND METHOD OF SEICHE STUDY

Early seiche theories were systematically described by
Defant (1961). Afterwards Rao (1966) gave a brief survey
about this topic which made numerous attempts to solve
Helmholtz's equation for the barotropic mode in a
rectangular basin of constant depth.

After the "harbour paradox" theory was advanced by
Miles and Munk in the early 1960's, the development of
coastal survey and projection is bound to be fbllowed by an
active scientific investigation, which challenges physicali
oceanographers into this research field to develop different

methods in seiche study.



Analytical studies of seiche motions have only been
carried out in special cases. Clarke (1968) applied the
Galerkin method to the one-dimensional flow problem.
Afterwards he extended the method in order to treat the
two-dimensional flow problem in a basin whose surface shape
is rectangular and whose depth is arbitrary although subject
to the linear theory. Johns and Hamzah (1969) solved the
seiche mdtion problem in a curved lake, and found that the
periods of the first two modes are not effectively changed
in comparison with those for a straight lake having a length
equal to that of the median line along the curved lake.
Based on the solution of a singular integral equation, Hwang
and Tuck>(1970) developed a theory for calculating
oscillations of harbours of constant depth and arbitrary
shape. Lee (1971) investigated both theoretically and
experimentally the wave-induced oscillations in harbours of
constant depth but arbitrary shape in the horizontal plane
connected to the open-sea. He developed a theory called the
"arbitrary-shape harbour" theory to solve Helmholtz'
eguation for arbitrary-shaped harbours by applying Green's
identity formula and choosing the Hankel function of the
first kind and zeroth order. Olsen and Hwang's (1971)
numerical evaluation of their theory could account for most
of the amplification factors observed in Keauhou Bay,
Hawaii, which were as high as 10°® (in power spectral

density) at selected frequencies.
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Miles (1971) constructed an equivalent electrical
circuit, which contains a radiation impedance and a harbour
impedance, to simulate the response of a harbour as a
Helmholtz resonator. Garrett (1975) extended the harbour
theory of Miles to take into account the tidal forces and
provided a better description of reality. In his paper
Garrett focused his attention on the properties of the
forced oscillation in the gulf induced by the tidal forcing.
Afterwards Garrett's theory was developed by Pierini (1981)
so that its formalism includes the free oscilations
(seiches) of the qulf.

Meanwhile, progress has come about through the
development of the growth of digital computing machines and
techniques for the presentation and analysis of information.
The improved methods are approaching an engineering level of
predictability. Therefore we confine this review to recent
years' work, mainly in late 1970's and early 1980's and with
emphasis on numerical modeling.

For the large-scale numerical study of the world
oceans, Platzman (1975) calculatedathe normal modes for a
homogeneous ocean occupying a connected domain consisting of
the North Atlantic, South Atlantic and Indian Oceans. Based
on the Lanczos process and with a grid of 675 six-degree
Mercator squares, Platzman found 26 gravity modes with
periods from 8 to 67 hours. The North Atlantic co-oscillates
with the South Atlantic at a period of about 42 hours, and

has strong resonances at 23, 21, 14.4, 12.8, 8.6 and 8.3
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hours.

Barber and Taylor (1977) employed maximum entropy (ME)
method (Ulrych and Bishop, 1975) to analyze the current
fluctuations in Chedabucto Bay, eastern Canada. The result
agreed fairly well with the spectrum of the output of their
time-dependent numerical model.

Mattioli and Tinti (1978) humerically investigated the
response of a rectangular large-mouthed harbour to exciting
monochromatic plane waves, particularly to waves with rays
not orthogonal to the straight coastline. In their further
work (1979) they concluded that the reliability of the
results obtained from an integral approach is strongly
dependent on how the kernels are discretized, especially if
rather complicated geometries are involved.

Following the analysis of edge waves over an
exponential bathymetric profile presehted_by Ball (1967),
Lemon er al (1979) constructed a theoretical model of
oscillations in a rectangular basin with an exponential
depth profile.

Isozaki (1979) estimated the resonant period of
Habu-harbor by Merian's formula (LeBlond and Mysak, 1978.
p.293), finding that the result was not consistent with the
observed predominant period of 10.5 minutes. So he examined
some characteristics of the bay water oscillations by means
of a numerical model and obtained periods of 10.5, 2.4 and
1.4 minutes for the uni-, bi-, and tri-nodal oscillations.

It was confirmed from theoretical considerations that the



seiches éf that harbor would be explained by the coupled
oscillation of the system of the harbor part and the canal
part.

Wibber and Krauss (1979) constructed a numerical model
to study the eigen-response of the Baltic Sea. The
calculations took into account the bathymetry and shape of
the Baltic and the earth's rotation, but no friction terms,
though the authors knew that it is essential for an accurate
spectral determination of the eigenfunctions. The seiches
were produced by a forcing function which acted on the water
body during an initial time. The‘resulting oscillations
after the force was switched off were analyzed at each grid
point and displayed in form of co-range and co-tidal lines.
It was shown that the eigenoscillations of the Baltic Sea
were strongly modified by the Coriolis force. Rotation
converts all modes into positive amphidromic waves; only the
interior parts of the Gulfs and of the Western Baltic
exhibited standing waves. The periods of the oscillations
were reduced by the earth's rotation, when they were longer
than‘the inertial period.

Fais and Michelato's two-dimensional model (1980)
resulted in the confirmation of the periods of the first two
longitudinal modes and the first two transversal modes,
which had been identified with the four main resonant
periods of the observed data in the Gulf of Cagliari, Italy.

Orlié (1980) used the Proudman's equations to analyze

the source of seiches in the Adriatic. But he suggested that
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a hydrodynamical numerical model would be needed, since the
existing analytic solutions could not be satisfactorily
applied to the basins in the Adriatic.

thlib and Kagan'(1980) calculated the corresponding
pairs of resonance period and amplification factor in the
Atlantic, Indian and Pacific Oceans.

Papa (1981) employed the leap-frog scheme (Sindermann,
1966) to simulate numerically the water movement of the
Ligurian Sea, in association with a regime of southeasterly
winds. The result agreed well with the observed data.
Afterwards (1983) his model revealed a 5.7 hour period
seiche which was identified in the observed data.

Miles (1981) studied free and forced oscillations-in a
basin connected through a narrow canal to either the open
sea or a second basin. The resulting model yields a
Hamiltonian pair of phase-plane equations for the free
oscillations, which are integrated in terms of elliptic
functions. The corresponding model for forced oscillations
that arﬁ;limited by radiation damping yields’a
generalization of Duffing's equation for an.oscillator with
a soft spring, the solution of which is obtained as an
expansion in the amplitude of the fundamental term in a
Fourier expansion. Ben-Menahem and Vered (1982) simplified
the configuration of Haifa Bay as a semi-elliptic embayment
with a semi-paraboloidal bathymetric profile and solved the
shallow water equations in this domain to get the

eigenperiods of the bay.
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Hibiya and Kajiura(1982) carried out a numerical study
of seiches in Nagasaki bay with the shallow water equations
of motion and continuity including the effect on sea level
of the atmospheric pressure deviation. Akamatsu (1982)
adopted more accurate equations including the effects of
bottom friction and wind stress on sea surface. Odamaki et
al (1983) developed a numerical model to study the water
movement in a large sea area. They added terms to represent
‘the Coriolis force, non-linear and turbulent viscous
effects.

In summary, élong with the development of computer
techniques numerical modelling has replaced the traditional
analytical method, and therefore the complication of
topography is no longer the leading obstacle to studying

seiche motions in real bays.

C. THE EXCITING SOURCES OF SEICHES

In the opinion of Miles and Munk (1961), which is
supported by many documented instances, the surges following
the passage of an atmospheric pressure jump and a sudden
shift in the winds appear to have been responsible for many
seiche excitations. Random variations, which occur at all
times in the normal and tangential stresses on the water
surface, also contribute to the surging. Of incidental
interest is the excitation of the normal modes by movements
of the harbour bottom associated with the arrival of

earthquake waves. Seiches can also be excited through the
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harbour entrance. If there is a broad spectrum of waves
exterior to the harbour, then those particular frequencies
that correspond to the resonant frequencies will excite the
interior resonances; in some localities the spectrum is even
peaked at frequencies typical of harbour seiches. More
frequently seiches ére generated by long waves reaching the
coast from the open sea.(Miles, 1974). Such seiche-producing
long waves can be generated by distant meteorological
disturbances at the sea surface (Munk, 1962, pp647-663) and
by seismic disturbances at the sea bed (Matuzawa er al,
1933).

Heaps and Ramsbottom (1966) did an interesting study of
wind-generated internal seiches in Lake Windermere, England.
Olsen and Hwang (1971) suggested that shelf resonance and
edge-wave effects seemed to play a significant and‘
interesting role for periods somewhat longer than the
fundamental bay resonance.period. Bowers (1977) showed
theoretically that the natural oscillations of a harbour
could be excited directly, without breaking of the primary
wave system, by set-down beneath wave groups, which is a
long-period disturbance travelling towards the shore line at
the group velocity.

After studying the continental shelf seiches of
south-west Australia, Petrusevics et al/ (1979) concluded
that long ocean waves are the most probable source of seiche
excitation, because during high seiche activity there were

no other apparent sources of excitation, such as significant
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changes in wind, or in barometric pressure, and no local
seismic activity. Similar conclusions were made by Munk
(1962) for other continental shelves.

Wibber and Krauss (1979) suggested that the development
of seiches of the entire Baltic Sea requires large-scale
meteorological forcing.

Isozaki (1979) attributed the seiches in Habu-harbor on
Sept.17, 1976 and Oct.8, 1977 to the swells from Typhoon
No.7619 and Typhoon No.7714 respectively.

Fais and Michelato's study of seiches in the Gulf of
Cagliari (1980) suggested that seiche stimulation is mainly
associated with the instability lines or meteorological
fronts crossing the gulf at speeds close to the speeds of
long waves on the gulf. Transversal seiches generally occur
following the passage of atmospheric perturbations moving
eaétward or northeastward across the gulf, while
longitudinal seiches are usually generated by perturbations
passing northward or northwestward over the gulf.

Orlié (1980) studied the source of the seiches in the
~ Adriatic. He gave an explanation connected with a forced
progressive wave in the sea, instead of a free wéve, as the
seiche-exciting source. A gravity wave in the atmosphere
caused a forcedvprogressive wave in the sea, through the
acting of the atmospheric pressure over the sea. The forced
wave was of small amplitude until it met a basin whose
stition and configuration are suitable for an occurrence of

the Proudman resonance, i.e. until the velocity of the
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atmospheric disturbange (and the forced progressive wave)
became equal to the velocity of the long wave in the sea.

Dyer (1982) considered that the lateral internal
‘seiching in Southampton Water was produced by interaction of
the surface seiche with the shallow side of the estuary.
Interaction of a current with a sill could produce internal
seiching if the waves were continually reflected. This has
been experimentally observed at tidal frequencies in Oslo
fjord and explained by a linear mechanism by Stigebrandt
(1976). A non-linear mechanism has been explored by
Blackford (1978).

Papa (1981) discussed the hypothesis of southeasterly
winds as the forcing mechanism of the oscillation revealed
at tide gauges in Ligurian Sea.

Ben-Menahem and Vered (1982) concluded that the
dominant source of the seiches at Haifa Bay is
meteorological and the coastal seiches may be both free and
forced. The analytical study showed that the shape and size
of the resonating water body is dependent to some degree on
the direction and intensity of the exciting meteorological
front.

Giese et al (1982) suggested that some internal waves
were generated by tides in the southeastern Caribbean Sea
and they were responsible for exciting the fortnightly
groups of coastal seiches at Magueyes Island, Puerto Rico.
To support their hypothesis they analysed the

characteristics of coastal seiching at Puerto Princesa on
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Palawan Island in the Philippines and indicated that the
seiching was excited by the Sulu Sea internal waves. Apel et
al (1980) observed the generation of these internal waves by
strong tiaes in Sulu Sea.

Hibiya and Kajiura's numericai model (1982) confirmed
that the exceptionally large range of oscillations in
Nagasaki Bay was indeed produced by a pressure disturbance
travelling eastward with an averaged speed of about 110
kmh-', It was concluded that the exciting mechanism was due
to the leading part of shallow water waves induced by the
atmospheric pressure disturbance being amplified over a
broad continental shelf because of near-resonant coupling.
After leaving this continental shelf region, the amplified
water wave converged into the shelf region. A train of waves
thus formed with a period of about 35 minutes entered
Nagasaki Bay and was resonantly amplified at periods of 36
minutes and 23 minutes which are the eigen-periods of the
Bay. Besides the resonance, the combined effects of shoaling
and reflection inside Nagasaki Bay also enhanced the
amplification. Akamatsu's analysis (1982) led to the
conclusion that this seiche may be due to the severe
barometric pressure jump associated with the cold air front.
After examining the response of Nagasaki Bay to the forcing
at the mouth of the Bay by means of a two-dimensional
numerical model, it was considered reasonable that the
seiches of Nagasaki Bay were caused by the resonance to the

long waves due to the barometric pressure jump. Using a
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similar numerical model, Odamaki et al (1983) confirmed the
results above. They summed up the exciting procedure as
three essential processes: air-sea coupling, refraction and
reflection of the incident water wave by topographic effects
in shelf and the amplification by the harbour resonance.
Furthermore it was indicated that the most important process
was the second, i1.e. the water waves incident onto shelf
generated the local oscillation systems by reflection and
refraction, and caused the seiches in the adjoining bay or
port.

‘Summing up the above researches, seiches may result
from direct disturbances by meteorological forces at the
surface of a coastai bay. More frequently they are generated
. by long waves reaching the coast from the open sea. Such
seiche-producing long waves can be generated by distant
meteorological disturbances at the sea surface. The
mechanism of the latter is more complicated. In some cases
internal waves may be the cause of the seiche excitation.
Sea bottom movements ére considered as an incidental source

too .



ITI1. SPECTRAL ANALYSIS OF SEA SURFACE FLUCTUATIONS IN

COASTAL BAYS

This Chapter analyses the sea surface oscillation data
in Pedder Bay, Becher Bay and Port San Juan on the north
shore of Juan de Fuca Strait. The result identifies seiche
activities, even very strong at times. The strong seiches
and the influence of tidal phase are studied in more detail

in the final sections of this chapter.

A, SYNOPTIC DESCRIPTION OF PHYSICAL OCEANOGRAPHY IN JUAN DE

FUCA STRAIT

Juan de Fuca Strait is a long narrow submarine valley.
Port San Juan near the Pacific entrance is the only major
fjord—like opening along the north coast. Becher Bay and
Pedder Bay are small bays at the eastern end of the strait
near Race Rocks (Figure 1).

Water temperatures throughout the Strait remain colder
than 12°C at depths of more than 10 meters. Salinity
increases from top to bottom and from east to west. The wind
patterns will be mentioned in chapter 6.

Since direct measurements of wind waves have not been
made in the Strait, empirical relationships are relied upon
to estimate their height distributions. Fully developed sea
in the Strait can attain significant wave heights of 1.5 m,
or most probable maximum heights of 2.7 m, for a 10 m/s wind
that blows for at least 10 hours over a fetch of 140 km.

(Thomson, 1981).

20
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A Pedder Bay
4 Becher Bay
O Port San Juan
® Race Rocks
O Cape Beale

PACIFIC
OCEAN

Figuré 1 Map of Juan de Fuca Strait including the
coastal bays in this research.

The oceanic tide travels northward along the west coast
of North America and enters the Strait as a long progressive
wave whose speed and rahge vary eastward as a result of
changes in the depth and geometry of the Strait. The
semidiurnal wave component (M, tide) and the diurnal wave
component (K, tide) are the two main constituents. Tides,
freshwater runoff, winds and along-channel atmospheric
pressure differences are major factors affecting currents in
the Strait. The current distributions from numerical

modeling by Crean (1983) give a detailed illustration.

B. THE SEA SURFACE FLUCTUATION DATA

The data. of sea surface fluctuation adopted in this
research were obtained from Dr. R.E.Thomson, of the

Institute of Ocean Sciences (I0S), Sidney , B.C. These data



22

were measured with pressure gauges. The gauges in Pedder Bay
and Becher Bay were model 2A, manufactured by Aanderaa
Instruments Ltd., the gauge in Port San Juan was model 124,
manufactured by Applied Micro System Ltd.. Original data
were digitized and stored on a computer tape. Part of data
were filtered by 7th order Butterworth digital filter with a
cut off period of two hours which is described in the
.following section. Table 1 gives a simple description of

these data:

Table 1 Original Data of Sea Surface Fluctuations

bays date pre. gauge sampling unfiltered filtered
interval positions rate data points data points
N 48°20.3"
Ped. Jan. 15 %123°33.1' 2 min. 8490 0
1986 grid #161
N 48°20.1'
Bec. Jan. 15 %123°36.0' 2 min. 8439 8435
1986 grid #175
N 48°33.7° .
san. Jan. 15 w124°24.8' 2 min. 7933 7933
U 1986 grid #187
: N 48°20.3"
Ped. Jan. 27 W123°33.1' 2 min. 17475 17000
1986 grid #161
N 48°20.1" :
Bec. Jah. 2l W123°36.0' 2 min, 17444 17000
1986 grid #175
N 48°33.7'
san. Jan. 2l W124°24.8' 2 min. 17304 17000
€ . grid #187

1980
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where the grid #'s denote the corresponding positions in the

numerical model grids.

C. REMOVAL OF TIDAL COMPONENTS

Our interest in this research is to study the high
frequency sea surface oscillation with the range of periods
from several minutes to about one hour. Before analysing the
data to investigate the seiche properties one must remove
the low frequency tidal constituents. There are many methods
to reach this goal.

The widely adopted procedure is to subtract the
predicted tidal components from time series data. If the
amplitudes and phases of all the constituents of the tide
are available, the sea surface variation associated with
tidal stage can be calculated from the formula

h = H, + £ fHcos[at+(Vy+u)-k]
where
Z is the summation sign for ali the tidal
constituents
h = the tide height at time t
Hy, = the mean water height above datum
H = the amplitude of a tidal constituent
f = a factor reducing the mean amplitude H to the
year prediction
a = the angular frequency of the constituent of
amplitude H

t = the time measured from starting point of
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predictions

(Vo+u) = the value of equilibrium argument of the
constituent of amplitude H when t=0 , at
Greenwich

k = the phase of the constituent with respect to
Greenwich (in the Canadian System)

The maximum tidal level and it's corresponding time in
Juan de Fuca Strait can be found in Canadian Tide and
Current Tables (1980).

Considering the filter function of the coastal bays and
the adjacent sea area to tidal waves, the predicted tides at
a specified point of a bay may be distorted at other points,
such as the positions where the pressure gauges were
installed, so after subtracting the predicted tides, there
still remains a residual. Even though the parameters of
tidal constituents are adopted at the position where the
data for analysis were measured, this method still could not
remove all the low fregquency components. An example could be
found in Lemon's thesis (1975).

The simplest way to remove tides and other low
frequency components is to fit a curve to the low frequency
part of the measured time series in the sense of least
square differences. If the data set has only one extremum in
low frequency component, a polynomial fit is sufficient. If
there are two or more extrema, the spline fit need to be
invoked. I chose one piece of time series to demonstrate

this method. The selected time series is half a tidal cycle
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from Port San Juan first data set, and includes 256 data
points with the first point measured at 10:51 Jan. 18 ,
1980. The 10th order polynomial curve fitted to this time
series is the optimum polynomial curve under 16th order in
the sense of least square differences which was selected
automatically by the computer subroutine OLSF (described in
"UBC Curve", computing Center, UBC). Figure 2 shows the time
series and the fitting curve. They coincide pretty well with
each other. Figure 3 shows the difference between original
time series and the fitting curve, it is obvious that low
frequency components have been removed. Figure 4 shows the
spectral density of the filtered data which was calculated
by Fast Fourier Transformation. The spectrum revealed that
most of the energy is concentrated within the frequency band
centered at frequencies 0.03 and 0.075 cycle per minute,
with corresponding periods of 33 and 13.3 minutes. Figure 5
shows the phases of the Fourier coefficients which looks
like pretty random. The Butterworth filtered data at same
time interval were processed by Fast Fourier Transformation
for comparison purpose. Both of these spectral density
curves are shown in Figure 6. These two curves give quite
the same spectra and reveal quite the same seiche
phenomenon. It could be concluded that the filters perform
their effective function to eliminate the tidal effect. The
interesting point to be mentioned here is the difference of
the twb curves at lowest frequency band. The polynomial

filter performs better function in reducing the lowest
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frequency components.

Digital filters afe widely applied in communication
technology, geophysical reseach, etc. . The advantages of
these filters are that they can be applied and studied in
both time and frequehcy domains, and the characteristics of
time series can be interpreted in term of statistics by
fully developed theories. The filtered data used in this
research work were obtained from a 7th order Butterworth
filter. This hierarchy of filters is defined in the

frequency domain by the equality
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1
(3.3-1)

|5, (w)]2 =

B 1+(S—)’:)2n
where
@ is the specified cut off frequency
n‘is the order of filter
Figure 7 shows the frequency response of the 7th order
Butterwofth filter with cut off period 2 hours. The
mathematical formulation, design, characteristics and

application of this filter to tidal time series are fully

described by Thomson and Chow (1980).

D. METHOD OF SPECTRAL ANALYSIS

Spectral Analysis is a very common method. There is
much literature about this field. Only few points need to be
mentioned in this thesis.

- The averaged power spectrum, or the estimator of power
spectrum, may be obtained from ensemble average or frequency
band average of spectra. These two procedures make the
estimates consistent. Futhermore, if in the first case the
time series is divided into / subseries and in the second
~case the spectrum is smoothed over ! frequencies, both of
them will yield same degrees of freedom n=2/ (Bendat and
Piersol, 1971). The procedure to compute the 95% confidence
intervals of power spectra was adopted from Jenkins and
Watts (1968, p239); the values of chi-square distribution,
used for computation of confidence intervals, came from a

chi-square plot (Jenkins and Watts 1968. p82) and a
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chi-square Table (Béndat and Piersol, 1971. p388).

The coherence estimators suggested by Bendat and
Piersol (1971, p193) are freguency band averaged; those of
Jenkins and Watts (1968, p374) and Bloomfield (1976, p214)
are spectral window smoothed. This research mainly uses the
former. The confidence intervals were computed according to
Jenkins and Watts (1968, p379) and indicated by a vertical
bar in each graph. A dashed horizontal line appears in the
graph of coherence too. It is the 95% le&el of the null
hypothesis. It refers to that value exceeded with 5%
probability by randomly related records (Groves and Hannan,
1968). The calculation of these values follows Bloomfield
(1976, p227); the observed values of coherence less than

those lines should be regarded as not significantly
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‘different from zero, and confidence interval should be used
only if the coherences exceed those lines. Examples of the
computation could be found in Chang's thesis (1976). This
procedure to obtain 95% significance levels and confidence
intervals were performed throughout this thesis. Dashed
lines in the graphs of phase are zero phase lines.

The coherence definition given by Godin (1972) is:

1<2(0)V(a)>|?

<[z(a) [Z><]VI{a) %> (3.4-1)

7% (o) =

where < > indicates ensemble averaging. Z{(o)V(o) is the
cross—-spectrum of the observations Z(t) with the values of
V(t) at various times. |Z(o)|? and |V(o)|? are power .
spectra. This method may be used for discontinuous time
series, and performed in the following section to study
seiches in different tidal levels. As far as I know, there
is no way to estimate the significance level and confidence

interval in this case.

E. SPECTRAL ANALYSIS (FIRST DATA SET)

The Butterworth-filtered tiﬁe series were analysed in
order to investigate the seiche activities. The sampling
period of these data is two minutes, éo the cut-off
frequency (highest frequency obtainable by Fourier analysis)
is corresponding to a period of four minutes.

First I analysed the first data set, including the data

from Becher Bay and Port San Juan. The measured time series
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starts from 15:10 Jan. 15 , 1980. The data were input to a
computer program with 256 points per set which stands for a
8 hours 32 minutes time interval, and fed into a Fast
Fourier Transform to get power spectra. Every next
calculation started at a data point 8 hours later, so there
is a 32 minute overlap between successive input data sets.
Each power spectrum represents the frequéncy characteristics
of sea surface fluctuation within the corresponding 8 hours.
Altogethér 33 sets of data were processed to look into the
seiche activities of 11 days in these two bays.

Figure 8 énd Figure 9 1llustrate the successive 33
power spectra of Becher Bay and Port San Juan. In the
- spectra of Becher Bay two columns of peaks are in periods
about 100 minutes and 13 minutes respectively. The 13
minutes period fluctﬁation is identified with excited
resonant Qaves in the bay by numerical result in Chapter 4.
The highest energy was found on Jan. 20. The 100 minutes
period fluctuation may be caused by external forcing or data
processing procedure. For some spectra the 100 minutes
period peaks are absent which supports the first hypothesis.
The spectra of Port San Juan give us a much more random
picture, especially in the high frequency band. Large peaks
can be seen at periods of about 30 to 45 minutes.

It is interesting to note that the high frequency band
oscillations only appears in Port San Juan. Some
explanations may be invoked. One is the filter function of

bays, that means the geometry and bottom topography of Port
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San Juan amplify or maintain the high frequency incoming
waves inside the bay, but those of Becher Bay do not. The
others are the wind momentum input thrﬁugh air-sea
interaction and the swells from Pacific Ocean. The wind
patterns are different in the vicinity of Port San Juan from
that of Pedder Bay and Becher Bay. The latter is an area of
calm airs. The swells of ocean could not maintain their
energy to travel to as far as the vicinity of Becher Bay.
The ensemble averages of 33 power spectra of Becher Bay
and Port San Juan are shown in Figure 10 and Figure 11
respectively. The main features of the spectra discussed
above,are made clear in these two graphs. Figure 12 shows
the frequency band-aVeraged coherence of these two sets of
time series; the main peak occurs at period range about 30
to 70 minutes, other peaks above confidence level have
period 5 to 6 minutes, which implies that these two time
series were correlated in this range of periods, furthe:more
that common sources excited seiches with these periods in

the two bays.

F. SPECTRAL ANALYSIS (SECOND DATA SET)

The measurement of second data set started at 10:40
Jan. 27 , 1980 and lasted a little more than 24 days. The
time series in the three bays beginning from 16:00 Jan. 27 ,
1980 were inputed to a computer program to draw seventy
8-hour power spectra for every bay. The'perspective views of

these successive spectra are shown in Figure 13 to Figure 15
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for the three bays. The one-day ensemble-averaged spectra
beginning from Jan. 28, 1980 are shown in Figure 16 to
Figure 18. The spectral series of Pedder Bay. and Becher Béy
have obvious peaks at the resonant.frequencies (confirmed by
numerical model in Chapter 4), the corresponding period
ranges are centered at 11 and 13 minutes, The spectral
series of Port San Juan displays more disorder; only in the
first and last three daily spectra does the energy appear
concentrated4in well-defined peaks within the period range
about 30 to 40 minutes. There were several days centered on
Feb. 2 when the spectra of all three bays were much more
energetic than during the relatively calmer days, but high
frequéncy band peaks could be seen only in Port San Juan.
Figure 19 to Figure 21 show the ensemble averages of spectra
for the complete 20-day period, i.e. the averages of 60
spectra of every bay respectively, with the corresponding 60
time series beginning Jan. 28, 1980 and lasting 20 days,
every set contains 256 data points representing 8 hours 32
minutes, In