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ABSTRACT 

Resonant water waves i n c l o s e d or semi-closed f l u i d 

systems are r e f e r r e d to as " s e i c h e s " . L i t e r a t u r e on t h i s 

t o p i c i n recent years can be found i n t h i s t h e s i s . 

T h i s r e s e a r c h i s based on wave data i n three c o a s t a l 

bays at the southern coast of Vancouver I s l a n d opening to 

Juan de Fuca S t r a i t . P r e l i m i n a r y aim i s to look f o r the 

nature and cause of the observed wave motions of these bays. 

Time s e r i e s a n a l y s i s and numerical modeling are performed to 

r e v e a l seiche nature and develop a method to p r e d i c t 

frequency response of bays with a r b i t r a r y shapes and 

v a r i a b l e depths. The method i s evaluated through i t s 

a p p l i c a t i o n i n the three c o a s t a l bays. R e s u l t s of s p e c t r a l 

a n a l y s i s and numerical model agree w e l l . 

The p o s s i b l e energy sources of observed s e i c h e s are 

d i s c u s s e d . Edge waves were the major source of observed 

s e i c h e s . The s t r o n g e s t s e i c h e s observed were a t t r i b u t e d to 

Proudman c o u p l i n g between pressure waves and water waves. 

Oceanic i n t e r n a l t i d e s may c o n t r i b u t e energy to a 

f o r t n i g h t l y p a t t e r n of s e i c h e a c t i v i t y . 
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I . INTRODUCTION 

Water waves with e x c e p t i o n a l l y l a r g e amplitudes and 

w e l l d e f i n e d frequencies have o f t e n been observed, 

e s p e c i a l l y i n c l o s e d or semi-closed water bodies, such as 

l a k e s , c o a s t a l bays e t c . . The cause of these p e r i o d i c a l 

o s c i l l a t i o n s i s a t t r i b u t e d to the resonant f u n c t i o n of the 

f l u i d systems. These waves are r e f e r e d to " s e i c h e " . 

"Seiche" i s a French word to d e s c r i b e t h i s n a t u r a l 

phenomenon. In recent p u b l i c a t i o n s " A b i k i " , a Japanese word 

with s i m i l a r meaning, a l s o appears i n the oceanographic 

l i t e r a t u r e . Oceanic c o u n t r i e s with numerous c o a s t a l bays, 

i n l e t s , f j o r d s , e s t u a r i e s and s t r a i t s are f a c i n g the 

c h a l l e n g e s from the ocean. The c r e a t i o n of these words 

r e f l e c t e d the i n t e r e s t i n t h i s phenomenon. 

In e a r l y t h i s century t h i s phenomenon was observed 

mostly in lakes and compared with the t h e o r e t i c a l l y computed 

resonant p e r i o d s by d i f f e r e n t methods. But there was not as 

much l i t e r a t u r e on t h i s s u b j e c t as on some other t o p i c s of 

p h y s i c a l oceanography. Within the past two decades t h i s 

t o p i c has a t t r a c t e d more s c i e n t i s t s ' a t t e n t i o n and i s 

s t u d i e d by means of s p e c t r a l a n a l y s i s , a n a l y t i c a l models and 

numerical models. But there are s t i l l many f e a t u r e s f o r 

oceanographers to e x p l o r e . 

T h i s t h e s i s s t a r t s from a review of s e i c h e study. Due 

to the lack of seiche review i n recent years t h i s review 

i n c l u d e s as many important papers as p o s s i b l e . The review 

i n c l u d e s a d i s c u s s i o n of s e i c h e r e p o r t s , r e s e a r c h methods 
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and energy sources, and w i l l serve as a guide and a source 

of comparisons f o r t h i s t h e s i s r e s e a r c h . 

Sea s u r f a c e o s c i l l a t i o n s from three c o a s t a l bays on the 

north shore of Juan de Fuca S t r a i t , B r i t i s h Columbia, are 

analyse d . The d i f f e r e n t procedures to remove low frequency 

components are d i s c u s s e d . S p e c t r a l a n a l y s i s r e v e a l s seiche 

a c t i v i t i e s i n these three bays, some of them having 

s i g n i f i c a n t energy. F u r t h e r attempts are undertaken to study 

the stronger s e i c h e s and the r e l a t i o n between s e i c h e s 

o c c u r i n g and d i f f e r e n t t i d a l l e v e l s . The coherences of these 

data between every p a i r of bays throw l i g h t on the common 

energy source of observed s e i c h e s . 

In order to study the wave response c h a r a c t e r i s t i c s , a 

numerical model i s developed. T h i s model works i n the 

frequency domain to t e s t the frequency response of the bays 

with a r b i t r a r y shapes and v a r i a b l e depths. The 

model-predicted resonant p e r i o d s agree w e l l with the r e s u l t 

of s p e c t r a l a n a l y s i s . Some f e a t u r e s r e v e a l e d by the model 

are the same as those r e v e a l e d by the r e a l wave s p e c t r a . 

T h i s research uses s e i s m i c , wave and m e t e o r o l o g i c a l 

data t o ex p l o r e the p o s s i b l e energy sources of the observed 

s e i c h e s . T r a v e l l i n g edge waves along Juan de Fuca S t r a i t are 

s t u d i e d by d i f f e r e n t t h e o r i e s . The r e s u l t of the edge wave 

numerical model seems to be a c c e p t a b l e . I t i s d i f f i c u l t to 

v e r i f y t h i s r e s u l t , because there are no wave data a v a i l a b l e 

in the S t r a i t . At l a s t a p r e l i m i n a r y c o n c l u s i o n as to the 

energy source i s reached, i t g e n e r a l l y a t t r i b u t e s the source 
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of the observed s e i c h e s to edge waves in the S t r a i t , and the 

source of the strongest s e i c h e s observed to t r a v e l l i n g 

barometric waves, which e x c i t e d edge waves i n the S t r a i t 

through a i r - s e a c o u p l i n g , t h e r e f o r e the s e i c h e s i n s i d e bays 

were e x c i t e d by edge waves passin g by t h e i r mouths. I n t e r n a l 

waves may be other e x c i t i n g source, which i s d i s c u s s e d and 

supported by a v a i l a b l e data. 



I I . A BRIEF REVIEW OF SEICHE STUDIES 

T h i s review i s organized i n three p a r t s . The f i r s t p a r t 

i s a d e s c r i p t i o n of observed s e i c h e s r e p o r t e d a l l over the 

world from e a r l y 1960's u n t i l the end of l a s t year. The 

second p a r t i s about t h e o r i e s and methods used in seiche 

s t u d i e s . The t h i r d part d e s c r i b e s the p o s s i b l e sources of 

seiche energy a c c o r d i n g to d i f f e r e n t r e s e a r c h e r s ' o p i n i o n . 

In each part the m a t e r i a l are mentioned c h r o n o l o g i c a l l y . 

A. EXAMPLES OF OBSERVED SEICHE ACTIVITY 

Defant (1961) gave a b r i e f survey of observed s e i c h e s 

i n v a r i o u s l a k e s , i n c l u d i n g the s t r i k i n g data of Bergsten 

(1926) who observed a uninodal, one-dimensional seiche i n 

Lake V a t t e r n , Sweden. 

Waves with l a r g e amplitude i n s i d e harbours were 

f r e q u e n t l y r e p o r t e d to cause c o n s i d e r a b l e damage, such as 

breaking anchors, d e s t r o y i n g c o a s t a l p r o j e c t s , e t c . , even 

a f t e r c o n s t r u c t i n g breakwaters. Many harbours with narrow 

entrances are l i m i t e d in t h e i r u s e f u l n e s s not so much by the 

p e n e t r a t i n g sea s w e l l as by s u r g i n g a s s o c i a t e d with harbour 

resonances. T h i s phenomenon was r e f e r e d to by M i l e s and Munk 

(1961) as a harbour paradox, that i s , the wave a g i t a t i o n of 

resonance w i t h i n the harbour may i n c r e a s e when the opening 

decreases, thus causing a narrowing of the harbour mouth to 

d i m i n i s h the p r o t e c t i o n from s e i c h i n g . 

Olsen and Hwang (1971) r e p o r t e d ocean waves having 

p e r i o d s between four minutes and about one hour, which were 

4 
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measured simultaneously at s e v e r a l l o c a t i o n s i n s i d e Keauhou 

Bay, Hawaii and at two deep-water s t a t i o n s approximately 4 

km o f f s h o r e . Barber and T a y l o r (1977) repo r t e d the measured 

data on the d i s t r i b u t i o n of c u r r e n t i n Lennox Passage, which 

i n d i c a t e d the s e l f - o s c i l l a t i o n of Chedabucto Bay, i n e a s t e r n 

Canada. Lemon et al (1979) reported seiche motions observed 

with a bottom-mounted pressure gauge in Port San Juan, 

western Canada. 

Besides the s e i c h e s i n c l o s e d basins such as l a k e s , and 

h a l f c l o s e d basins such as harbours, which are commonly 

observed, P e t r u s e v i c s et al (1979) repo r t e d o b s e r v a t i o n s of 

a c o n t i n e n t a l s h e l f s e i c h e o f f south-west A u s t r a l i a , even 

though the near shore topography of the c o n t i n e n t a l s h e l f 

does not form a c l o s e d b a s i n , nor does i t have a s i n g l e s i d e 

f u l l y open to a deep ocean. 

Wiibber and Krauss ( 1 979) v e r i f i e d the r e s u l t s of t h e i r 

numerical model by comparison with t i d e gauge records a l l 

along the B a l t i c coast and found that e i g e n - o s c i l l a t i o n s 

play a major r o l e i n the B a l t i c Sea. T h e i r s p e c t r a l a n a l y s i s 

d i d not show any p r e f e r e n c e f o r s p e c i a l peaks. A wide 

v a r i e t y of p e r i o d s seems to be p o s s i b l e . O r l i c (1980) 

re p o r t e d an e x c e p t i o n a l s e a - l e v e l o s c i l l a t i o n i n V e l a Luka, 

a small town on the i s l a n d of K o r c u l a , Y u g o s l a v i a , i n the 

morning of June 21,1978. The peak amplitudes of sea l e v e l 

changes were evaluated at about 3 meters, while the p e r i o d 

was equal to some 15 minutes; the o s c i l l a t i o n l a s t e d f o r 

three hours. At the same time as w e l l as before and a f t e r 
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the date mentioned s i m i l a r s e a - l e v e l changes o c c u r r e d i n a 

few other p l a c e s i n the A d r i a t i c . Great damage was repor t e d 

to have been caused by the phenomenon. F a i s and M i c h e l a t o 

(1980) r e p o r t e d on f r e e o s c i l l a t i o n s of C a g l i a r i G u l f , which 

i s a semi-enclosed basin l o c a t e d at the southern end of 

S a r d i n i a , I t a l y , with p e r i o d s of 73.1, 35.3, 23.2 and 18.9 

minutes. To study the i n t e r n a l s e i c h e , Dyer (1981) 

s p e c t r a l l y analyzed the s a l i n i t y f l u c t u a t i o n s at an STD near 

the h a l o c l i n e i n Southampton Water, England. The predominant 

e n e r g y - c o n t a i n i n g p e r i o d s had values of 7-9 and 3.5-4.5 

minutes. His c a l c u l a t e d wavelengths of the standing wave 

agree w e l l with echo-sounding surveys of the e l e v a t i o n of 

the h a l o c l i n e . By c a r e f u l v i s u a l i n s p e c t i o n of the sea l e v e l 

r e c o r ds at the t i d a l s t a t i o n of Genoa, which i s l o c a t e d in 

the inner p a r t of the L i g u r i a n Sea, Papa (1981) r e p o r t e d a 

n o n t i d a l o s c i l l a t i o n with a mean p e r i o d of about 2.6 hours 

and amplitude f l u c t u a t i o n s from a few m i l l i m e t e r s to some 

c e n t i m e t e r s . The records cover the i n t e r v a l Oct. 1977 to 

March 1978 with sampling r a t e of 30 minutes. The s p e c t r a l 

a n a l y s i s r e v e a l e d that two peaks, 3.36 hours and 2.56 hours, 

showed up above the background n o i s e . Ben-Menahem and Vered 

(1982) F o u r i e r analysed the mareograms at H a i f a Bay, I s r a e l , 

which r e v e a l e d a sharp l i n e spectrum with fundamental peaks 

at p e r i o d s near 54 minutes. Lanyon et al (1982) c o l l e c t e d 

data r e l e v a n t to s h e l f waves and bay se i c h e s with p e r i o d s 

between 10-60 minutes both from the open ocean and from the 

beach groundwater w e l l s at South Beach, Wollongong, 
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A u s t r a l i a . Giese et al (1982) repo r t e d c o a s t a l s e i c h e s at 

Magueyes I s l a n d , Puerto Rico, i n d i s t i n c t f o r t n i g h t l y groups 

with maximum seiche a c t i v i t y f o l l o w i n g new and f u l l moon by 

7 days. The r e s u l t they presented were drawn from a 

many-faceted study which had spanned 14 y e a r s . 

In the study of bay s e i c h e s at South Beach, A u s t r a l i a , 

Lanyon et al (1982) adopted data obtained both from the open 

ocean and beach groundwater w e l l s . They f o l l o w e d Waddell's 

c o n c l u s i o n (1976) that the beach f r o n t a c t s as a low-pass 

f i l t e r , damping high-frequency waves and a l l o w i n g 

low-frequency waves to be propagated onto the groundwater 

s u r f a c e . The observed o s c i l l a t i o n s with p e r i o d s between 10 

to 60 minutes were r e f e r e d to s h e l f waves and bay s e i c h e s . 

In the e a r l y 1980's the Japanese c a r r i e d out syn o p t i c 

s t u d i e s of the seiche a c t i v i t y , s t i m u l a t e d by a d i s a s t r o u s 

s e i c h e which occured i n Nagasaki Bay on March 31, 1979. The 

se i c h e was the l a r g e s t one in the h i s t o r y of t i d a l 

o b s e r v a t i o n s i n Nagasaki Bay. The maximum amplitude of the 

se i c h e observed at Matsugae Quay, l o c a t e d at the middle p a r t 

of the bay, was 278 cm and the p e r i o d was about 35 minutes, 

while i t was 478 cm at the mouth of the Urakami-river 

l o c a t e d at the northern end of the bay (Akamatsu, 1982). The 

l a r g e s e i c h e s i n Nagasaki Bay are most f r e q u e n t l y observed 

i n winter (H i b i y a and K a j i u r a , 1982). 

Besides the r e s e a r c h work mentioned above, I s o z a k i 

(1979) r e p o r t e d observed s e i c h e s i n Habu-harbor on Sept. 17, 

1976 and Oct. 8, 1977. Kosuge and S a i t o (1981) examined the 
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n a t u r a l modes of harbour o s c i l l a t i o n s and e f f e c t s of 

man-made s t r u c t u r e s on the o s c i l l a t i o n i n Shimizu Harbour. 

They compared maregrams from three l o c a t i o n s in the harbour, 

recorded before and a f t e r the breakwaters' c o n s t r u c t i o n , and 

found that i n t h i s case the "harbour paradox" d i d not play 

any important r o l e . A f t e r the c o n s t r u c t i o n of the two 

breakwaters, the amplitudes of the o s c i l l a t i o n s are 

decreased by one-half, although the p e r i o d s of the n a t u r a l 

o s c i l l a t i o n s remain almost about the same. Nakamura and 

Serizawa (1983) s t u d i e d the l o c a l c l i m a t e of s h e l f - s e i c h e s 

on the b a s i s of maregrams at Susami where the sea l e v e l 

v a r i a t i o n with 12 minutes of p e r i o d was s i g n i f i c a n t through 

a year. 

B. THEORY AND METHOD OF SEICHE STUDY 

E a r l y seiche t h e o r i e s were s y s t e m a t i c a l l y d e s c r i b e d by 

Defant (1961). Afterwards Rao (1966) gave a b r i e f survey 

about t h i s t o p i c which made numerous attempts to sol v e 

Helmholtz's equation f o r the b a r o t r o p i c mode in a 

r e c t a n g u l a r basin of constant depth. 

A f t e r the "harbour paradox" theory was advanced by 

M i l e s and Munk in the e a r l y 1960's, the development of 

c o a s t a l survey and p r o j e c t i o n i s bound to be followed by an 

a c t i v e s c i e n t i f i c i n v e s t i g a t i o n , which c h a l l e n g e s p h y s i c a l 

oceanographers i n t o t h i s r e s e a r c h f i e l d to develop d i f f e r e n t 

methods i n seiche study. 
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A n a l y t i c a l s t u d i e s of seiche motions have only been 

c a r r i e d out i n s p e c i a l cases. C l a r k e ( 1 9 6 8 ) a p p l i e d the 

G a l e r k i n method to the one-dimensional flow problem. 

Afterwards he extended the method i n order to t r e a t the 

two-dimensional flow problem in a basin whose s u r f a c e shape 

i s r e c t a n g u l a r and whose depth i s a r b i t r a r y although s u b j e c t 

to the l i n e a r theory. Johns and Hamzah ( 1 9 6 9 ) s o l v e d the 

seiche motion problem i n a curved l a k e , and found that the 

pe r i o d s of the f i r s t two modes are not e f f e c t i v e l y changed 

in comparison with those f o r a s t r a i g h t lake having a l e n g t h 

equal to that of the median l i n e along the curved l a k e . 

Based on the s o l u t i o n of a s i n g u l a r i n t e g r a l equation, Hwang 

and Tuck ( 1 9 7 0 ) developed a theory f o r c a l c u l a t i n g 

o s c i l l a t i o n s of harbours of constant depth and a r b i t r a r y 

shape. Lee ( 1 9 7 1 ) i n v e s t i g a t e d both t h e o r e t i c a l l y and 

e x p e r i m e n t a l l y the wave-induced o s c i l l a t i o n s i n harbours of 

constant depth but a r b i t r a r y shape i n the h o r i z o n t a l plane 

connected to the open-sea. He developed a theory c a l l e d the 

" a r b i t r a r y - s h a p e harbour" theory to so l v e Helmholtz' 

equation f o r a r b i t r a r y - s h a p e d harbours by a p p l y i n g Green's 

i d e n t i t y formula and choosing the Hankel f u n c t i o n of the 

f i r s t kind and z e r o t h order. Olsen and Hwang's ( 1 9 7 1 ) 

numerical e v a l u a t i o n of t h e i r theory c o u l d account f o r most 

of the a m p l i f i c a t i o n f a c t o r s observed in Keauhou Bay, 

Hawaii, which were as high as 1 0 3 ( i n power s p e c t r a l 

d e n s i t y ) at s e l e c t e d f r e q u e n c i e s . 
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M i l e s (1971) c o n s t r u c t e d an e q u i v a l e n t e l e c t r i c a l 

c i r c u i t , which c o n t a i n s a r a d i a t i o n impedance and a harbour 

impedance, to simulate the response of a harbour as a 

Helmholtz r e s o n a t o r . G a r r e t t (1975) extended the harbour 

theory of M i l e s to take i n t o account the t i d a l f o r c e s and 

pr o v i d e d a b e t t e r d e s c r i p t i o n of r e a l i t y . In h i s paper 

G a r r e t t focused h i s a t t e n t i o n on the p r o p e r t i e s of the 

f o r c e d o s c i l l a t i o n i n the g u l f induced by the t i d a l f o r c i n g . 

Afterwards G a r r e t t ' s theory was developed by P i e r i n i (1981) 

so that i t s formalism i n c l u d e s the f r e e o s c i l a t i o n s 

( s e i c h e s ) of the g u l f . 

Meanwhile, progress has come about through the 

development of the growth of d i g i t a l computing machines and 

techniques f o r the p r e s e n t a t i o n and a n a l y s i s of i n f o r m a t i o n . 

The improved methods are approaching an e n g i n e e r i n g l e v e l of 

p r e d i c t a b i l i t y . T h e r e f o r e we c o n f i n e t h i s review to recent 

years' work, mainly i n l a t e 1970's and e a r l y 1980's and with 

emphasis on numerical modeling. 

For the l a r g e - s c a l e numerical study of the world 

oceans, Platzman (1975) c a l c u l a t e d the normal modes f o r a 

homogeneous ocean occupying a connected domain c o n s i s t i n g of 

the North A t l a n t i c , South A t l a n t i c and Indian Oceans. Based 

on the Lanczos process and with a g r i d of 675 six-degree 

Mercator squares, Platzman found 26 g r a v i t y modes with 

p e r i o d s from 8 to 67 hours. The North A t l a n t i c c o - o s c i l l a t e s 

with the South A t l a n t i c at a p e r i o d of about 42 hours, and 

has s t r o n g resonances at 23, 21, 14.4, 12.8, 8.6 and 8.3 
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hours. 

Barber and T a y l o r (1977) employed maximum entropy (ME) 

method ( U l r y c h and Bishop, 1975) to analyze the c u r r e n t 

f l u c t u a t i o n s i n Chedabucto Bay, e a s t e r n Canada. The r e s u l t 

agreed f a i r l y w e l l with the spectrum of the output of t h e i r 

time-dependent numerical model. 

M a t t i o l i and T i n t i (1978) n u m e r i c a l l y i n v e s t i g a t e d the 

response of a r e c t a n g u l a r large-mouthed harbour to e x c i t i n g 

monochromatic plane waves, p a r t i c u l a r l y to waves with rays 

not orthogonal to the s t r a i g h t c o a s t l i n e . In t h e i r f u r t h e r 

work (1979) they concluded that the r e l i a b i l i t y of the 

r e s u l t s obtained from an i n t e g r a l approach i s s t r o n g l y 

dependent on how the k e r n e l s are d i s c r e t i z e d , e s p e c i a l l y i f 

r a t h e r complicated geometries are i n v o l v e d . 

F o l l o w i n g the a n a l y s i s of edge waves over an 

e x p o n e n t i a l bathymetric p r o f i l e presented by B a l l (1967), 

Lemon et al (1979) c o n s t r u c t e d a t h e o r e t i c a l model of 

o s c i l l a t i o n s i n a r e c t a n g u l a r b a s i n with an e x p o n e n t i a l 

depth p r o f i l e . 

I s o z a k i (1979) estimated the resonant p e r i o d of 

Habu-harbor by Merian's formula (LeBlond and Mysak, 1978. 

p.293), f i n d i n g that the r e s u l t was not c o n s i s t e n t with the 

observed predominant p e r i o d of 10.5 minutes. So he examined 

some c h a r a c t e r i s t i c s of the bay water o s c i l l a t i o n s by means 

of a numerical model and obtained p e r i o d s of 10.5, 2.4 and 

1.4 minutes f o r the u n i - , b i - , and t r i - n o d a l o s c i l l a t i o n s . 

I t was confirmed from t h e o r e t i c a l c o n s i d e r a t i o n s that the 
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s e i c h e s of that harbor would be e x p l a i n e d by the coupled 

o s c i l l a t i o n of the system of the harbor part and the canal 

p a r t . 

Wiibber and Krauss (1979) c o n s t r u c t e d a numerical model 

to study the eigen-response of the B a l t i c Sea. The 

c a l c u l a t i o n s took i n t o account the bathymetry and shape of 

the B a l t i c and the earth's r o t a t i o n , but no f r i c t i o n terms, 

though the authors knew that i t i s e s s e n t i a l f o r an accurate 

s p e c t r a l d e t e r m i n a t i o n of the e i g e n f u n c t i o n s . The s e i c h e s 

were produced by a f o r c i n g f u n c t i o n which acted on the water 

body during an i n i t i a l time. The r e s u l t i n g o s c i l l a t i o n s 

a f t e r the f o r c e was switched o f f were analyzed at each g r i d 

p o i n t and d i s p l a y e d i n form of co-range and c o - t i d a l l i n e s . 

I t was shown that the e i g e n o s c i l l a t i o n s of the B a l t i c Sea 

were s t r o n g l y m o d i f i e d by the C o r i o l i s f o r c e . R o t a t i o n 

converts a l l modes i n t o p o s i t i v e amphidromic waves; only the 

i n t e r i o r p a r t s of the G u l f s and of the Western B a l t i c 

e x h i b i t e d standing waves. The p e r i o d s of the o s c i l l a t i o n s 

were reduced by the e a r t h ' s r o t a t i o n , when they were longer 

than the i n e r t i a l p e r i o d . 

F a i s and M i c h e l a t o ' s two-dimensional model (1980) 

r e s u l t e d in the c o n f i r m a t i o n of the p e r i o d s of the f i r s t two 

l o n g i t u d i n a l modes and the f i r s t two t r a n s v e r s a l modes, 

which had been i d e n t i f i e d with the four main resonant 

p e r i o d s of the observed data i n the Gulf of C a g l i a r i , I t a l y . 

O r l i c (1980) used the Proudman's equations to analyze 

the source of s e i c h e s i n the A d r i a t i c . But he suggested that 
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a hydrodynamical numerical model would be needed, s i n c e the 

e x i s t i n g a n a l y t i c s o l u t i o n s c o u l d not be s a t i s f a c t o r i l y 

a p p l i e d to the basins i n the A d r i a t i c . 

G o t l i b and Kagan (1980) c a l c u l a t e d the corresponding 

p a i r s of resonance p e r i o d and a m p l i f i c a t i o n f a c t o r i n the 

A t l a n t i c , Indian and P a c i f i c Oceans. 

Papa (1981) employed the l e a p - f r o g scheme (Sundermann, 

1966) to simulate n u m e r i c a l l y the water movement of the 

L i g u r i a n Sea, i n a s s o c i a t i o n with a regime of s o u t h e a s t e r l y 

winds. The r e s u l t agreed well with the observed data. 

Afterwards (1983) h i s model r e v e a l e d a 5.7 hour p e r i o d 

seiche which was i d e n t i f i e d in the observed data. 

M i l e s (1981) s t u d i e d f r e e and f o r c e d o s c i l l a t i o n s i n a 

basin connected through a narrow c a n a l to e i t h e r the open 

sea or a second b a s i n . The r e s u l t i n g model y i e l d s a 

Hamiltonian p a i r of phase-plane equations f o r the f r e e 

o s c i l l a t i o n s , which are i n t e g r a t e d i n terms of e l l i p t i c 

f u n c t i o n s . The corresponding model f o r f o r c e d o s c i l l a t i o n s 

that are l i m i t e d by r a d i a t i o n damping y i e l d s a 

g e n e r a l i z a t i o n of D u f f i n g ' s equation f o r an o s c i l l a t o r with 

a s o f t s p r i n g , the s o l u t i o n of which i s obtained as an 

expansion i n the amplitude of the fundamental term i n a 

F o u r i e r expansion. Ben-Menahem and Vered (1982) s i m p l i f i e d 

the c o n f i g u r a t i o n of H a i f a Bay as a s e m i - e l l i p t i c embayment 

with a s e m i - p a r a b o l o i d a l bathymetric p r o f i l e and s o l v e d the 

shallow water equations i n t h i s domain to get the 

eig e n p e r i o d s of the bay. 



1 4 

H i b i y a and Kajiura(1982) c a r r i e d out a numerical study 

of s e i c h e s i n Nagasaki bay with the shallow water equations 

of motion and c o n t i n u i t y i n c l u d i n g the e f f e c t on sea l e v e l 

of the atmospheric pressure d e v i a t i o n . Akamatsu (1982) 

adopted more accurate equations i n c l u d i n g the e f f e c t s of 

bottom f r i c t i o n and wind s t r e s s on sea s u r f a c e . Odamaki et 

al (1983) developed a numerical model to study the water 

movement i n a l a r g e sea area. They added terms to represent 

the C o r i o l i s f o r c e , n o n - l i n e a r and t u r b u l e n t v i s c o u s 

e f f e c t s . 

In summary, along with the development of computer 

techniques numerical m o d e l l i n g has r e p l a c e d the t r a d i t i o n a l 

a n a l y t i c a l method, and t h e r e f o r e the c o m p l i c a t i o n of 

topography i s no longer the l e a d i n g o b s t a c l e to studying 

s e i c h e motions i n r e a l bays. 

C. THE EXCITING SOURCES OF SEICHES 

In the o p i n i o n of M i l e s and Munk (1961), which i s 

supported by many documented i n s t a n c e s , the surges f o l l o w i n g 

the passage of an atmospheric p r e s s u r e jump and a sudden 

s h i f t i n the winds appear to have been r e s p o n s i b l e f o r many 

sei c h e e x c i t a t i o n s . Random v a r i a t i o n s , which occur at a l l 

times i n the normal and t a n g e n t i a l s t r e s s e s on the water 

s u r f a c e , a l s o c o n t r i b u t e to the s u r g i n g . Of i n c i d e n t a l 

i n t e r e s t i s the e x c i t a t i o n of the normal modes by movements 

of the harbour bottom a s s o c i a t e d with the a r r i v a l of 

earthquake waves. Seiches can a l s o be e x c i t e d through the 
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harbour entrance. If there i s a broad spectrum of waves 

e x t e r i o r to the harbour, then those p a r t i c u l a r f r e q u e n c i e s 

that correspond to the resonant f r e q u e n c i e s w i l l e x c i t e the 

i n t e r i o r resonances; in some l o c a l i t i e s the spectrum i s even 

peaked at f r e q u e n c i e s t y p i c a l of harbour s e i c h e s . More 

f r e q u e n t l y s e i c h e s are generated by long waves reaching the 

coast from the open sea ( M i l e s , 1974). Such seiche-producing 

long waves can be generated by d i s t a n t m e t e o r o l o g i c a l 

d i s t u r b a n c e s at the sea s u r f a c e (Munk, 1962, pp647-663) and 

by seismic d i s t u r b a n c e s at the sea bed (Matuzawa el al, 

1933). 

Heaps and Ramsbottom (1966) d i d an i n t e r e s t i n g study of 

wind-generated i n t e r n a l s e i c h e s i n Lake Windermere, England. 

Olsen and Hwang (1971) suggested that s h e l f resonance and 

edge-wave e f f e c t s seemed to p l a y a s i g n i f i c a n t and 

i n t e r e s t i n g r o l e f o r p e r i o d s somewhat longer than the 

fundamental bay resonance p e r i o d . Bowers (1977) showed 

t h e o r e t i c a l l y that the n a t u r a l o s c i l l a t i o n s of a harbour 

c o u l d be e x c i t e d d i r e c t l y , without breaking of the primary 

wave system, by set-down beneath wave groups, which i s a 

l o n g - p e r i o d d i s t u r b a n c e t r a v e l l i n g towards the shore l i n e at 

the group v e l o c i t y . 

A f t e r studying the c o n t i n e n t a l s h e l f s e i c h e s of 

south-west A u s t r a l i a , P e t r u s e v i c s et al (1979) concluded 

that long ocean waves are the most probable source of seiche 

e x c i t a t i o n , because d u r i n g high seiche a c t i v i t y there were 

no other apparent sources of e x c i t a t i o n , such as s i g n i f i c a n t 
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changes i n wind, or in barometric p r e s s u r e , and no l o c a l 

seismic a c t i v i t y . S i m i l a r c o n c l u s i o n s were made by Munk 

(1962) f o r other c o n t i n e n t a l s h e l v e s . 

Wubber and Krauss (1979) suggested that the development 

of s e i c h e s of the e n t i r e B a l t i c Sea r e q u i r e s l a r g e - s c a l e 

m e t e o r o l o g i c a l f o r c i n g . 

I s o z a k i (1979) a t t r i b u t e d the s e i c h e s i n Habu-harbor on 

Sept.17, 1976 and Oct.8, 1977 to the s w e l l s from Typhoon 

No.7619 and Typhoon No.7714 r e s p e c t i v e l y . 

F a i s and M i c h e l a t o ' s study of sei c h e s i n the Gulf of 

C a g l i a r i (1980) suggested that seiche s t i m u l a t i o n i s mainly 

a s s o c i a t e d with the i n s t a b i l i t y l i n e s or m e t e o r o l o g i c a l 

f r o n t s c r o s s i n g the g u l f at speeds c l o s e to the speeds of 

long waves on the g u l f . T r a n s v e r s a l s e i c h e s g e n e r a l l y occur 

f o l l o w i n g the passage of atmospheric p e r t u r b a t i o n s moving 

eastward or northeastward across the g u l f , while 

l o n g i t u d i n a l s e i c h e s are u s u a l l y generated by p e r t u r b a t i o n s 

p a s s i n g northward or northwestward over the g u l f . 

O r l i c (1980) s t u d i e d the source of the s e i c h e s i n the 

A d r i a t i c . He gave an e x p l a n a t i o n connected with a f o r c e d 

p r o g r e s s i v e wave i n the sea, i n s t e a d of a f r e e wave, as the 

s e i c h e - e x c i t i n g source. A g r a v i t y wave i n the atmosphere 

caused a f o r c e d p r o g r e s s i v e wave i n the sea, through the 

a c t i n g of the atmospheric pressure over the sea. The f o r c e d 

wave was of small amplitude u n t i l i t met a b a s i n whose 

p o s i t i o n and c o n f i g u r a t i o n are s u i t a b l e f o r an occurrence of 

the Proudman resonance, i . e . u n t i l the v e l o c i t y of the 
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atmospheric d i s t u r b a n c e (and the f o r c e d p r o g r e s s i v e wave) 

became equal to the v e l o c i t y of the long wave in the sea. 

Dyer (1982) co n s i d e r e d that the l a t e r a l i n t e r n a l 

s e i c h i n g i n Southampton Water was produced by i n t e r a c t i o n of 

the s u r f a c e seiche with the shallow s i d e of the e s t u a r y . 

I n t e r a c t i o n of a c u r r e n t with a s i l l c o u l d produce i n t e r n a l 

s e i c h i n g i f the waves were c o n t i n u a l l y r e f l e c t e d . T h i s has 

been e x p e r i m e n t a l l y observed at t i d a l f r e q u e n c i e s i n Oslo 

f j o r d and e x p l a i n e d by a l i n e a r mechanism by St i g e b r a n d t 

(1976). A n o n - l i n e a r mechanism has been expl o r e d by 

B l a c k f o r d (1978). 

Papa (1981) d i s c u s s e d the hypothesis of s o u t h e a s t e r l y 

winds as the f o r c i n g mechanism of the o s c i l l a t i o n r e v e a l e d 

at t i d e gauges i n L i g u r i a n Sea. 

Ben-Menahem and Vered (1982) concluded that the 

dominant source of the s e i c h e s at H a i f a Bay i s 

m e t e o r o l o g i c a l and the c o a s t a l s e i c h e s may be both f r e e and 

f o r c e d . The a n a l y t i c a l study showed that the shape and s i z e 

of the r e s o n a t i n g water body i s dependent to some degree on 

the d i r e c t i o n and i n t e n s i t y of the e x c i t i n g m e t e o r o l o g i c a l 

f r o n t . 

Giese et al (1982) suggested that some i n t e r n a l waves 

were generated by t i d e s i n the southeastern Caribbean Sea 

and they were r e s p o n s i b l e f o r e x c i t i n g the f o r t n i g h t l y 

groups of c o a s t a l s e i c h e s at Magueyes I s l a n d , Puerto R i c o . 

To support t h e i r hypothesis they analysed the 

c h a r a c t e r i s t i c s of c o a s t a l s e i c h i n g at Puerto P r i n c e s a on 
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Palawan I s l a n d in the P h i l i p p i n e s and i n d i c a t e d that the 

s e i c h i n g was e x c i t e d by the Sulu Sea i n t e r n a l waves. Apel et 

al (1980) observed the g e n e r a t i o n of these i n t e r n a l waves by 

strong t i d e s i n Sulu Sea. 

H i b i y a and K a j i u r a ' s numerical model (1982) confirmed 

that the e x c e p t i o n a l l y l a r g e range of o s c i l l a t i o n s i n 

Nagasaki Bay was indeed produced by a pressure d i s t u r b a n c e 

t r a v e l l i n g eastward with an averaged speed of about 110 

kmh"1. I t was concluded that the e x c i t i n g mechanism was due 

to the l e a d i n g part of shallow water waves induced by the 

atmospheric pressure d i s t u r b a n c e being a m p l i f i e d over a 

broad c o n t i n e n t a l s h e l f because of near-resonant c o u p l i n g . 

A f t e r l e a v i n g t h i s c o n t i n e n t a l s h e l f r e g i o n , the a m p l i f i e d 

water wave converged i n t o the s h e l f r e g i o n . A t r a i n of waves 

thus formed with a p e r i o d of about 35 minutes entered 

Nagasaki Bay and was r e s o n a n t l y a m p l i f i e d at p e r i o d s of 36 

minutes and 23 minutes which are the e i g e n - p e r i o d s of the 

Bay. Besides the resonance, the combined e f f e c t s of s h o a l i n g 

and r e f l e c t i o n i n s i d e Nagasaki Bay a l s o enhanced the 

a m p l i f i c a t i o n . Akamatsu's a n a l y s i s (1982) l e d to the 

c o n c l u s i o n that t h i s s e i c h e may be due to the severe 

barometric pressure jump a s s o c i a t e d with the c o l d a i r f r o n t . 

A f t e r examining the response of Nagasaki Bay to the f o r c i n g 

at the mouth of the Bay by means of a two-dimensional 

numerical model, i t was c o n s i d e r e d reasonable that the 

s e i c h e s of Nagasaki Bay were caused by the resonance to the 

long waves due to the barometric pressure jump. Using a 
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s i m i l a r numerical model, Odamaki et al (1983) confirmed the 

r e s u l t s above. They summed up the e x c i t i n g procedure as 

three e s s e n t i a l processes: a i r - s e a c o u p l i n g , r e f r a c t i o n and 

r e f l e c t i o n of the i n c i d e n t water wave by topographic e f f e c t s 

i n s h e l f and the a m p l i f i c a t i o n by the harbour resonance. 

Furthermore i t was i n d i c a t e d that the most important process 

was the second, i . e . the water waves i n c i d e n t onto s h e l f 

generated the l o c a l o s c i l l a t i o n systems by r e f l e c t i o n and 

r e f r a c t i o n , and caused the s e i c h e s in the a d j o i n i n g bay or 

p o r t . 

Summing up the above researches, s e i c h e s may r e s u l t 

from d i r e c t d i s t u r b a n c e s by m e t e o r o l o g i c a l f o r c e s at the 

s u r f a c e of a c o a s t a l bay. More f r e q u e n t l y they are generated 

by long waves reaching the coast from the open sea. Such 

se i c h e - p r o d u c i n g long waves can be generated by d i s t a n t 

m e t e o r o l o g i c a l d i s t u r b a n c e s at the sea s u r f a c e . The 

mechanism of the l a t t e r i s more complicated. In some cases 

i n t e r n a l waves may be the cause of the se i c h e e x c i t a t i o n . 

Sea bottom movements are c o n s i d e r e d as an i n c i d e n t a l source 

too. 



I I I . SPECTRAL ANALYSIS OF SEA SURFACE FLUCTUATIONS IN 

COASTAL BAYS 

T h i s Chapter analyses the sea s u r f a c e o s c i l l a t i o n data 

i n Pedder Bay, Becher Bay and Port San Juan on the north 

shore of Juan de Fuca S t r a i t . The r e s u l t i d e n t i f i e s s e iche 

a c t i v i t i e s , even very strong at times. The strong s e i c h e s 

and the i n f l u e n c e of t i d a l phase are s t u d i e d i n more d e t a i l 

in the f i n a l s e c t i o n s of t h i s c hapter. 

A. SYNOPTIC DESCRIPTION OF PHYSICAL OCEANOGRAPHY IN JUAN DE  

FUCA STRAIT 

Juan de Fuca S t r a i t i s a long narrow submarine v a l l e y . 

Port San Juan near the P a c i f i c entrance i s the only major 

f j o r d - l i k e opening along the no r t h c o a s t . Becher Bay and 

Pedder Bay are small bays at the e a s t e r n end of the s t r a i t 

near Race Rocks (Figure 1). 

Water temperatures throughout the S t r a i t remain c o l d e r 

than 12°C at depths of more than 10 meters. S a l i n i t y 

i n c r e a s e s from top to bottom and from east to west. The wind 

p a t t e r n s w i l l be mentioned in chapter 6. 

Since d i r e c t measurements of wind waves have not been 

made in the S t r a i t , e m p i r i c a l r e l a t i o n s h i p s are r e l i e d upon 

to estimate t h e i r height d i s t r i b u t i o n s . F u l l y developed sea 

in the S t r a i t can a t t a i n s i g n i f i c a n t wave he i g h t s of 1.5 m, 

or most probable maximum he i g h t s of 2.7 m, f o r a 10 m/s wind 

that blows f o r at l e a s t 10 hours over a f e t c h of 140 km. 

(Thomson, 1981). 

20 
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F i g u r e 1 Map of Juan de Fuca S t r a i t i n c l u d i n g the 
c o a s t a l bays i n t h i s r e s e a r c h . 

The oceanic t i d e t r a v e l s northward along the west coast 

of North America and enters the S t r a i t as a long p r o g r e s s i v e 

wave whose speed and range vary eastward as a r e s u l t of 

changes i n the depth and geometry of the S t r a i t . The 

s e m i d i u r n a l wave component (M 2 t i d e ) and the d i u r n a l wave 

component (K, t i d e ) are the two main c o n s t i t u e n t s . T i d e s , 

freshwater r u n o f f , winds and along-channel atmospheric 

pressure d i f f e r e n c e s are major f a c t o r s a f f e c t i n g c u r r e n t s i n 

the S t r a i t . The c u r r e n t d i s t r i b u t i o n s from numerical 

modeling by Crean (1983) give a d e t a i l e d i l l u s t r a t i o n . 

B. THE SEA SURFACE FLUCTUATION DATA 

The data- of sea s u r f a c e f l u c t u a t i o n adopted i n t h i s 

r e s e a r c h were obtained from Dr. R.E.Thomson, of the 

I n s t i t u t e of Ocean Sciences (IOS), Sidney ,- B.C. These data 
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were measured with pressure gauges. The gauges i n Pedder Bay 

and Becher Bay were model 2A, manufactured by Aanderaa 

Instruments L t d . , the gauge i n Port San Juan was model 12A, 

manufactured by A p p l i e d Micro System L t d . . O r i g i n a l data 

were d i g i t i z e d and s t o r e d on a computer tape. Part of data 

were f i l t e r e d by 7th order Butterworth d i g i t a l f i l t e r with a 

cut o f f p e r i o d of two hours which i s d e s c r i b e d i n the 

f o l l o w i n g s e c t i o n . Table 1 g i v e s a simple d e s c r i p t i o n of 

these data: 

Table 1 O r i g i n a l Data of Sea Surface F l u c t u a t i o n s 

bays date pre. gauge 
i n t e r v a l p o s i t i o n s 

sampling 
r a t e 

unf i l t e r e d 
data p o i n t s 

f i l t e r e d 
data p o i n t s 

Ped. 
seti 

Jan. 
Jan. 
1 980 

1 5 
26 

N 48°20.3' 
W123°33. 1' 
g r i d #161 

2 min. 8490 0 

Bee. 
seti 

Jan. 
Jan. 
1 980 

1 5 
26 

N 48°20.1' 
Wl23°36.0' 
g r i d #175 

2 min. 8439 8435 

San. 
seti 

Jan. 
Jan. 
1 980 

1 5 
26 

N 48°33.7' 
W124°24.8' 
g r i d #187 

2 min. 7933 7933 

Ped. 
s et 2 

Jan. 
Feb. 
1980 

27 
20 

N 48°20.3' 
W123°33. 1' 
g r i d #161 

2 min. 17475 17000 

Bee . 
s et 2 

Jan. 
Feb. 
1980 

27 
20 

N 48°20.1' 
W123°36.0' 
g r i d #175 

2 min. 1 7444 1 7000 

San. 
s el 2 

Jan. 
Feb. 
1 980 

27 
20 

N 48°33.7' 
W124°24.8' 
g r i d #187 

2 min. 17304 17000 
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where the g r i d #'s denote the corresponding p o s i t i o n s i n the 

numerical model g r i d s . 

C. REMOVAL OF TIDAL COMPONENTS 

Our i n t e r e s t i n t h i s r e s e a r c h i s to study the high 

frequency sea sur f a c e o s c i l l a t i o n with the range of pe r i o d s 

from s e v e r a l minutes to about one hour. Before a n a l y s i n g the 

data to i n v e s t i g a t e the seiche p r o p e r t i e s one must remove 

the low frequency t i d a l c o n s t i t u e n t s . There are many methods 

to reach t h i s g o a l . 

The widely adopted procedure i s to s u b t r a c t the 

p r e d i c t e d t i d a l components from time s e r i e s data. If the 

amplitudes and phases of a l l the c o n s t i t u e n t s of the t i d e 

are a v a i l a b l e , the sea su r f a c e v a r i a t i o n a s s o c i a t e d with 

t i d a l stage can be c a l c u l a t e d from the formula 

h = H 0 + Z fHcos[at+(V 0+u)-k] 

where 

I i s the summation sign f o r a l l the t i d a l 

c o n s t i t u e n t s 

h = the t i d e height at time t 

H 0 = the mean water height above datum 

H = the amplitude of a t i d a l c o n s t i t u e n t 

f = a f a c t o r reducing the mean amplitude H to the 

year p r e d i c t i o n 

a = the angular frequency of the c o n s t i t u e n t of 

amplitude H 

t = the time measured from s t a r t i n g p o i n t of 
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p r e d i c t i o n s 

(V 0+u) = the v a l u e of e q u i l i b r i u m argument of the 

c o n s t i t u e n t of amplitude H when t=0 , at 

Greenwich 

k = the phase of the c o n s t i t u e n t with respect to 

Greenwich ( i n the Canadian System) 

The maximum t i d a l l e v e l and i t ' s corresponding time in 

Juan de Fuca S t r a i t can be found in Canadian T i d e and 

Current Tables (1980). 

C o n s i d e r i n g the f i l t e r f u n c t i o n of the c o a s t a l bays and 

the adjacent sea area to t i d a l waves, the p r e d i c t e d t i d e s at 

a s p e c i f i e d p o i n t of a bay may be d i s t o r t e d at other p o i n t s , 

such as the p o s i t i o n s where the pressure gauges were 

i n s t a l l e d , so a f t e r s u b t r a c t i n g the p r e d i c t e d t i d e s , there 

s t i l l remains a r e s i d u a l . Even though the parameters of 

t i d a l c o n s t i t u e n t s are adopted at the p o s i t i o n where the 

data f o r a n a l y s i s were measured, t h i s method s t i l l c o u l d not 

remove a l l the low frequency components. An example co u l d be 

found in Lemon's t h e s i s (1975). 

The simplest way to remove t i d e s and other low 

frequency components i s to f i t a curve to the low frequency 

part of the measured time s e r i e s i n the sense of l e a s t 

square d i f f e r e n c e s . If the data set has only one extremum in 

low frequency component, a polynomial f i t i s s u f f i c i e n t . If 

there are two or more extrema, the s p l i n e f i t need to be 

invoked. I chose one p i e c e of time s e r i e s to demonstrate 

t h i s method. The s e l e c t e d time s e r i e s i s h a l f a t i d a l c y c l e 
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from Port San Juan f i r s t data s e t , and i n c l u d e s 256 data 

p o i n t s with the f i r s t p o i n t measured at 10:51 Jan. 18 , 

1980. The 10th order polynomial curve f i t t e d to t h i s time 

s e r i e s i s the optimum polynomial curve under 16th order i n 

the sense of l e a s t square d i f f e r e n c e s which was s e l e c t e d 

a u t o m a t i c a l l y by the computer subroutine OLSF ( d e s c r i b e d i n 

"UBC Curve", computing Center, UBC). F i g u r e 2 shows the time 

s e r i e s and the f i t t i n g curve. They c o i n c i d e p r e t t y w e l l with 

each other. F i g u r e 3 shows the d i f f e r e n c e between o r i g i n a l 

time s e r i e s and the f i t t i n g curve, i t i s obvious that low 

frequency components have been removed. F i g u r e 4 shows the 

s p e c t r a l d e n s i t y of the f i l t e r e d data which was c a l c u l a t e d 

by Fast F o u r i e r T r a n s f o r m a t i o n . The spectrum r e v e a l e d that 

most of the energy i s c o n c e n t r a t e d w i t h i n the frequency band 

ce n t e r e d at f r e q u e n c i e s 0.03 and 0.075 c y c l e per minute, 

with corresponding p e r i o d s of 33 and 13.3 minutes. F i g u r e 5 

shows the phases of the F o u r i e r c o e f f i c i e n t s which looks 

l i k e p r e t t y random. The Butterworth f i l t e r e d data at same 

time i n t e r v a l were processed by Fast F o u r i e r Transformation 

f o r comparison purpose. Both of these s p e c t r a l d e n s i t y 

curves are shown in F i g u r e 6. These two curves g i v e q u i t e 

the same sp e c t r a and r e v e a l q u i t e the same se i c h e 

phenomenon. It c o u l d be concluded that the f i l t e r s perform 

t h e i r e f f e c t i v e f u n c t i o n to e l i m i n a t e the t i d a l e f f e c t . The 

i n t e r e s t i n g p o i n t to be mentioned here i s the d i f f e r e n c e of 

the two curves at lowest frequency band. The polynomial 

f i l t e r performs b e t t e r f u n c t i o n i n reducing the lowest 
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f r e q u e n c y components. 

D i g i t a l f i l t e r s a r e w i d e l y a p p l i e d i n communication 

t e c h n o l o g y , g e o p h y s i c a l r e s e a c h , e t c . . The advantages of 

thes e f i l t e r s a r e t h a t they can be a p p l i e d and s t u d i e d i n 

bo t h time and fr e q u e n c y domains, and the c h a r a c t e r i s t i c s of 

time s e r i e s can be i n t e r p r e t e d i n term of s t a t i s t i c s by 

f u l l y d e v e l o p e d t h e o r i e s . The f i l t e r e d d a t a used i n t h i s 

r e s e a r c h work were o b t a i n e d from a 7th o r d e r B u t t e r w o r t h 

f i l t e r . T h i s h i e r a r c h y of f i l t e r s i s d e f i n e d i n the 

f r e q u e n c y domain by the e q u a l i t y 
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1 
|H_ (co) | 2 = (3.3-1) 

1 + ( *L_ ) 2 n 

Cc) 
c 

6j i s the s p e c i f i e d cut o f f frequency 

n i s the order of f i l t e r 

F i g u r e 7 shows the frequency response of the 7th order 

Butterworth f i l t e r with cut o f f p e r i o d 2 hours. The 

mathematical f o r m u l a t i o n , design, c h a r a c t e r i s t i c s and 

a p p l i c a t i o n of t h i s f i l t e r to t i d a l time s e r i e s are f u l l y 

d e s c r i b e d by Thomson and Chow (1980). 

D. METHOD OF SPECTRAL ANALYSIS 

S p e c t r a l A n a l y s i s i s a very common method. There i s 

much l i t e r a t u r e about t h i s f i e l d . Only few p o i n t s need to be 

mentioned i n t h i s t h e s i s . 

The averaged power spectrum, or the esti m a t o r of power 

spectrum, may be obtained from ensemble average or frequency 

band average of s p e c t r a . These two procedures make the 

estimates c o n s i s t e n t . Futhermore, i f i n the f i r s t case the 

time s e r i e s i s d i v i d e d i n t o / s u b s e r i e s and i n the second 

case the spectrum i s smoothed over / f r e q u e n c i e s , both of 

them w i l l y i e l d same degrees of freedom n=2/ (Bendat and 

P i e r s o l , 1971). The procedure to compute the 95% confidence 

i n t e r v a l s of power s p e c t r a was adopted from Jenkins and 

Watts (1968, p239); the val u e s of c h i - s q u a r e d i s t r i b u t i o n , 

used f o r computation of c o n f i d e n c e i n t e r v a l s , came from a 

chi- s q u a r e p l o t (Jenkins and Watts 1968. p82) and a 
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c h i - s q u a r e Table (Bendat and P i e r s o l , 1971. p388). 

The coherence e s t i m a t o r s suggested by Bendat and 

P i e r s o l (1971, p193) are frequency band averaged; those of 

Jenkins and Watts (1968, p374) and B l o o m f i e l d (1976, p214) 

are s p e c t r a l window smoothed. T h i s r e s e a r c h mainly uses the 

former. The confidence i n t e r v a l s were computed a c c o r d i n g to 

Jenkins and Watts (1968, p379) and i n d i c a t e d by a v e r t i c a l 

bar i n each graph. A dashed h o r i z o n t a l l i n e appears i n the 

graph of coherence too. I t i s the 95% l e v e l of the n u l l 

h y p o t h e s i s . I t r e f e r s to that value exceeded with 5% 

p r o b a b i l i t y by randomly r e l a t e d r e c o rds (Groves and Hannan, 

1968). The c a l c u l a t i o n of these values f o l l o w s B l o o m f i e l d 

(1976, p227); the observed v a l u e s of coherence l e s s than 

those l i n e s should be regarded as not s i g n i f i c a n t l y 
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d i f f e r e n t from zero, and confidence i n t e r v a l should be used 

only i f the coherences exceed those l i n e s . Examples of the 

computation c o u l d be found i n Chang's t h e s i s (1976). T h i s 

procedure to o b t a i n 95% s i g n i f i c a n c e l e v e l s and c o n f i d e n c e 

i n t e r v a l s were performed throughout t h i s t h e s i s . Dashed 

l i n e s i n the graphs of phase are zero phase l i n e s . 

The coherence d e f i n i t i o n given by Godin (1972) i s : 

« * l n \ - \<Z(0)V(0)>\ 2 . n 

1 { o ) - < l z ( a ) l a > < l V ( a ) l a > (3.4-1) 

where < > i n d i c a t e s ensemble averaging. Z(a)V(o) i s the 

cross-spectrum of the o b s e r v a t i o n s Z(t) with the v a l u e s of 

V ( t ) at v a r i o u s times. | Z ( o ) | 2 and | V ( a ) | 2 are power 

s p e c t r a . T h i s method may be used f o r d i s c o n t i n u o u s time 

s e r i e s , and performed i n the f o l l o w i n g s e c t i o n to study 

s e i c h e s i n d i f f e r e n t t i d a l l e v e l s . As f a r as I know, there 

i s no way to estimate the s i g n i f i c a n c e l e v e l and c o n f i d e n c e 

i n t e r v a l in t h i s case. 

E. SPECTRAL ANALYSIS (FIRST DATA SET) 

The B u t t e r w o r t h - f i l t e r e d time s e r i e s were a n a l y s e d i n 

order to i n v e s t i g a t e the seiche a c t i v i t i e s . The sampling 

p e r i o d of these data i s two minutes, so the c u t - o f f 

frequency (highest frequency o b t a i n a b l e by F o u r i e r a n a l y s i s ) 

i s corresponding to a p e r i o d of four minutes. 

F i r s t I analysed the f i r s t data s e t , i n c l u d i n g the data 

from Becher Bay and Port San Juan. The measured time s e r i e s 
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s t a r t s from 15:10 Jan. 15 , 1980. The data were input to a 

computer program with 256 p o i n t s per set which stands f o r a 

8 hours 32 minutes time i n t e r v a l , and fed i n t o a Fast 

F o u r i e r Transform to get power s p e c t r a . Every next 

c a l c u l a t i o n s t a r t e d at a data p o i n t 8 hours l a t e r , so there 

i s a 32 minute o v e r l a p between s u c c e s s i v e input data s e t s . 

Each power spectrum represents the frequency c h a r a c t e r i s t i c s 

of sea s u r f a c e f l u c t u a t i o n w i t h i n the corresponding 8 hours. 

A l t o g e t h e r 33 s e t s of data were processed to look i n t o the 

seiche a c t i v i t i e s of 11 days i n these two bays. 

F i g u r e 8 and F i g u r e 9 i l l u s t r a t e the s u c c e s s i v e 33 

power s p e c t r a of Becher Bay and Port San Juan. In the 

s p e c t r a of Becher Bay two columns of peaks are i n p e r i o d s 

about 100 minutes and 13 minutes r e s p e c t i v e l y . The 13 

minutes p e r i o d f l u c t u a t i o n i s i d e n t i f i e d with e x c i t e d 

resonant waves i n the bay by numerical r e s u l t i n Chapter 4. 

The highest energy was found on Jan. 20. The 100 minutes 

p e r i o d f l u c t u a t i o n may be caused by e x t e r n a l f o r c i n g or data 

p r o c e s s i n g procedure. For some s p e c t r a the 100 minutes 

p e r i o d peaks are absent which supports the f i r s t h y p o t h e s i s . 

The s p e c t r a of Port San Juan give us a much more random 

p i c t u r e , e s p e c i a l l y i n the high frequency band. Large peaks 

can be seen at p e r i o d s of about 30 to 45 minutes. 

It i s i n t e r e s t i n g to note that the high frequency band 

o s c i l l a t i o n s only appears i n Port San Juan. Some 

ex p l a n a t i o n s may be invoked. One i s the f i l t e r f u n c t i o n of 

bays, that means the geometry and bottom topography of Port 
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San Juan a m p l i f y or maintain the high frequency incoming 

waves i n s i d e the bay, but those of Becher Bay do not. The 

others are the wind momentum input through a i r - s e a 

i n t e r a c t i o n and the s w e l l s from P a c i f i c Ocean. The wind 

p a t t e r n s are d i f f e r e n t i n the v i c i n i t y of Port San Juan from 

that of Pedder Bay and Becher Bay. The l a t t e r i s an area of 

calm a i r s . The swel l s of ocean c o u l d not maintain t h e i r 

energy to t r a v e l to as f a r as the v i c i n i t y of Becher Bay. 

The ensemble averages of 33 power sp e c t r a of Becher Bay 

and Port San Juan are shown i n F i g u r e 10 and F i g u r e 11 

r e s p e c t i v e l y . The main f e a t u r e s of the spe c t r a d i s c u s s e d 

above, are made c l e a r i n these two graphs. F i g u r e 12 shows 

the frequency band-averaged coherence of these two se t s of 

time s e r i e s ; the main peak occurs at p e r i o d range about 30 

to 70 minutes, other peaks above confidence l e v e l have 

p e r i o d 5 to 6 minutes, which i m p l i e s that these two time 

s e r i e s were c o r r e l a t e d i n t h i s range of p e r i o d s , furthermore 

that common sources e x c i t e d s e i c h e s with these p e r i o d s i n 

the two bays. 

F. SPECTRAL ANALYSIS (SECOND DATA SET) 

The measurement of second data set s t a r t e d at 10:40 

Jan. 27 , 1980 and l a s t e d a l i t t l e more than 24 days. The 

time s e r i e s i n the three bays beginning from 16:00 Jan. 27 , 

1980 were inputed to a computer program to draw seventy 

8-hour power s p e c t r a f o r every bay. The p e r s p e c t i v e views of 

these s u c c e s s i v e s p e c t r a are shown i n Fi g u r e 13 to Fi g u r e 15 
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fo r the three bays. The one-day ensemble-averaged s p e c t r a 

beginning from Jan. 28, 1980 are shown i n Fig u r e 16 to 

F i g u r e 18. The s p e c t r a l s e r i e s of Pedder Bay and Becher Bay 

have obvious peaks at the resonant f r e q u e n c i e s (confirmed by 

numerical model i n Chapter 4), the corresponding p e r i o d 

ranges are centered at 11 and 13 minutes, The s p e c t r a l 

s e r i e s of Port San Juan d i s p l a y s more d i s o r d e r ; only in the 

f i r s t and l a s t three d a i l y s p e c t r a does the energy appear 

con c e n t r a t e d i n w e l l - d e f i n e d peaks w i t h i n the p e r i o d range 

about 30 to 40 minutes. There were s e v e r a l days centered on 

Feb. 2 when the s p e c t r a of a l l three bays were much more 

e n e r g e t i c than d u r i n g the r e l a t i v e l y calmer days, but high 

frequency band peaks c o u l d be seen only i n Port San Juan. 

F i g u r e 19 to F i g u r e 21 show the ensemble averages of s p e c t r a 

f o r the complete 20-day p e r i o d , i . e . the averages of 60 

s p e c t r a of every bay r e s p e c t i v e l y , with the corresponding 60 

time s e r i e s beginning Jan. 28, 1980 and l a s t i n g 20 days, 

every set c o n t a i n s 256 data p o i n t s r e p r e s e n t i n g 8 hours 32 

minutes, In Pedder Bay and Becher Bay the 11 minutes and 13 

minutes p e r i o d peaks are very remarkable, i n Port San Juan 

the frequency band over 0,04 c y c l e per minute (25 minutes 

period) c o n t a i n s a l a r g e q u a n t i t y of energy. F i g u r e 22 shows 

the coherence and phase of time s e r i e s of Pedder Bay and 

Becher Bay, F i g u r e 23, Pedder Bay and Port San Juan, F i g u r e 

24, Becher Bay and Port San Juan. The coherences were 

estimated by t a k i n g frequency band-average. F i g u r e 22 

r e v e a l s that the c o r r e l a t e d p e r i o d s are more than one hour 
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F i g u r e 18 D a i l y s p e c t r a of Port San Juan, February. 

F i g u r e 19 20-day averaged power s p e c t r a of Pedder 
Bay. 
95% co n f i d e n c e i n t e r v a l : (0 .79,1.31)*P(f) 
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F i g u r e 21 20-day averaged power s p e c t r a of Port 
San Juan. 
95% co n f i d e n c e i n t e r v a l : (0.79,1.31)*P(f) 
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F i g u r e 22 Coherence and phase of wave time s e r i e s 
between Pedder Bay and Becher Bay, 
February. 
E r r o r bars: 95% c o n f i d e n c e i n t e r v a l s . 
Dashed l i n e : 95% s i g n i f i c a n c e l e v e l 
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F i g u r e 24 Coherence and phase of wave time s e r i e s 
between Becher Bay and Port San Juan, 
February. 
E r r o r bars: 95% confidence i n t e r v a l s . 
Dashed l i n e : 95% s i g n i f i c a n c e l e v e l 



47 

and 15, 10-12, 7.5 minutes, the range of p e r i o d s 10 to 15 

covers the resonant p e r i o d s of the two bays. F i g u r e 23 shows 

that the c o r r e l a t e d p e r i o d s cover a wide range. F i g u r e 24 

shows predominant peaks at low frequency band with 

corresponding p e r i o d s 30 to 80 minutes; i t may be compared 

with F i g u r e 21: the peaks occur at same frequency band in 

the power spectrum of Port San Juan as i n the coherence 

between Becher Bay and Port San Juan, there i s random noise 

throughout high frequency band in power spectrum, meanwhile 

i t i s g r e a t l y reduced i n coherence. Keeping i t i n mind that 

the mouths of these two bays open on the same s t r a i t at the 

same coast l i n e , i t i s l o g i c a l to assume that the low 

frequency f l u c t u a t i o n s of the two bays may be e x c i t e d by 

common e x t e r n a l f o r c i n g sources, such as edge waves, 

t r a v e l l i n g along the coast l i n e and p a s s i n g a c r o s s the 

mouths. The high frequency f l u c t u a t i o n of the two bays are 

not c o r r e l a t e d . 

The above a n a l y s i s d e s c r i b e s the general f e a t u r e s of 

the s p e c t r a i n those three bays. The ensemble averages throw 

l i g h t on these general f e a t u r e s . The coherences imply common 

e x c i t i n g sources, which w i l l be d i s c u s s e d i n Chapter 6. 

G. DETAILED EXAMINATION OF TYPICAL SEICHES 

By v i s u a l examination of a l l the data i t was found that 

the s e i c h e occurs at any stage of t i d e c y c l e ; sometimes i t 

i s very strong, sometimes i t d i s a p p e a r s . The t y p i c a l s e i c h e s 

had w e l l d e f i n e d f r e q u e n c i e s and o f t e n observed i n these 
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three bays, which r e v e a l e d the d i f f e r e n t resonant 

fr e q u e n c i e s of these three bays. 

The t y p i c a l s e i c h e s were found in a l l the three bays. 

These o s c i l l a t i o n s are t y p i c a l to r e v e a l the wave response 

c h a r a c t e r i s t i c s of every bay. Four s e t s of 500 minutes time 

s e r i e s were s e l e c t e d to look i n t o t h i s f e a t u r e ; they are 

d e s c r i b e d i n Table 2 

Table 2 Data of T y p i c a l Seiches (500 min.) 

s t a r t time and date bays t y p i c a l p e r i o d 

1st s e t 00:00 18 Feb., 1 980 Pedder 1 1 

2nd set. 09:20 2 Feb., 1980 Becher 1 3 

3rd s e t 18:40 29 Jan. , 1980 San Juan 33 

41 h set 1 0:40 11 Feb., 1980 San Juan 13-15 

F i g u r e 25 to F i g u r e 28 are these u n f i l t e r e d time 

s e r i e s . The time s e r i e s were chosen from stages of both high 

t i d e and low t i d e . F i g u r e 29 to F i g u r e 32 are the same time 

s e r i e s , from which the low frequency components a s s o c i a t e d 

with t i d e s were removed by a Butterworth f i l t e r . F i g u r e 29 

shows the t y p i c a l seiche i n Pedder Bay with p e r i o d about 11 

minutes. F i g u r e 30 shows the t y p i c a l seiche i n Becher Bay 

with p e r i o d about 13 minutes. F i g u r e 31 and F i g u r e 32 show 

the t y p i c a l s e i c h e i n Port San Juan. The f i r s t to s i x t h 

peaks i n F i g u r e 31 have average p e r i o d about 33 to 34 

minutes, the other peaks have roughly same p e r i o d s . F i g u r e 

32 shows s e i c h e s with p e r i o d range about 8 to 15 minutes. 



f-\ 1 1 1 1 1 1 1 1 
D . D 6 2 . 5 125.0 JB7.5 2 5 0 . 0 332.5 3 7 5 . 0 4 3 7 . 5 500 

TIME (MIN.) 

F i g u r e 25 Wave time s e r i e s beginning at 00:00 Feb. 
18, 1980 i n Pedder Bay. 

S i i i i i i i i i 
0.0 6 2 . 5 125.0 1B7.5 2 5 0 . 0 332.5 3 7 5 . 0 437.5 500 

TIME (MIN.) 

F i g u r e 26 Wave time s e r i e s beginning at 09:20 Feb. 
2, 1980 i n Becher Bay. 
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X 

LU' 

a 

i i -1 1 1 1 
6 2 . 5 J25.3 itO . 5 2 5 3 . 0 332 .5 3 7 5 . 0 

T]ME (MIN.) 

437.5 

F i g u r e 27 Wave time s e r i e s beginning at 18:40 Jan. 
29, 1980 i n Port San Juan. 

F i g u r e 28 Wave time s e r i e s 
11, 1980 i n Port 

beginning at 10:40 Feb. 
San Juan. 



3 3 2 . 5 
(MJN.) 

437 .5 5 0 0 . 0 

F i g u r e 29 High frequency components of wave time 
s e r i e s beginning at 00:00 Feb. 18, 1980 
in Pedder Bay. 

0 . 0 
-i i r 
6 2 . 5 125.0 1B7.5 TIME 

250. 
1 

3 ) 2 . 5 
(MIN . ) 

T 
437. 5 0 0 . 0 

F i g u r e 30 High frequency components of wave time 
s e r i e s beginning at 09:20 Feb. 2, 1980 
in Becher Bay. 



437.5 5 0 0 . D 

F i g u r e 31 High frequency components of wave time 
s e r i e s beginning at 18:40 Jan. 29, 1980 
in Port San Juan. 

UJ 

1 
3 3 2 . 5 

(MIN . ) 

—I 
375.0 

~1 
437.5 O.D 62.5 125.0 187.5 

TIME 
250 .0 

I 
5 0 0 . 0 

F i g u r e 32 High frequency components of wave time 
s e r i e s beginning at 10:40 Feb. 11, 1980 
in Port San Juan. 
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Longer time s e r i e s around those of t a b l e 2 were subject 

to s p e c t r a l a n a l y s i s to i n s p e c t the frequency s i g n a t u r e of 

the strong s e i c h e s . Four s e t s of time s e r i e s from three bays 

which c o n t a i n the strong s e i c h e s of t a b l e 2 were s e l e c t e d . 

Each time s e r i e s c o n s i s t s of continuous 2,048 sampling 

p o i n t s , or 68 hours 16 minutes, and i n c l u d e s the time s e r i e s 

shown i n F i g u r e 29 to F i g u r e 32 which i l l u s t r a t e the t y p i c a l 

f e a t u r e of the 68-hour time s e r i e s . These 68-hour data are 

d e s c r i b e d i n Table 3 

Table 3 Data of T y p i c a l Seiches (4096 min.) 

s t a r t time and date bays t y p i c a l p e r i o d 

1st set 00:00 16 Feb., 1980 Pedder 1 1 

2nd set 00:00 31 Jan., 1980 Becher 1 3 

3rd s e t 00:00 28 Jan., 1980 San Juan 33 

4t h s e I 00:00 9 Feb., 1980 San Juan 13-15 

The four s e l e c t e d time s e r i e s were processed as 

f o l l o w s . F i r s t , power s p e c t r a were c a l c u l a t e d by Fast 

F o u r i e r Transformation and 1,025 s p e c t r a l c o e f f i c i e n t s were 

obtained f o r each s e r i e s at the f r e q u e n c i e s : 

F n = 47M6 n = 0 ' 1 ' 2 1 ' 0 2 4 

Then from F,to F, 0 2 1 1 every 8 s u c c e s s i v e c o e f f i c i e n t s 

were averaged and set to the c e n t r a l frequency, i . e . the 

coef f i c i e n t 
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1 8k 
p = — L F. 
~ k 8 i=6k-7 1 

was a t t r i b u t e d t o the f r e q u e n c y 

f _ k 3.5 1 
k 512 8.0 512 

These band-averaged f r e q u e n c i e s g i v e e q u i v a l e n t r e s u l t 

t o the ensemble a v e r a g i n g method (Bendat and P i e r s o l , 1971) 

F i g u r e 33 t o F i g u r e 36 show the f o u r band-averaged 

f r e q u e n c y s p e c t r a . 

H. THE SHIFT OF RESONANT PERIOD BETWEEN HIGH AND LOW TIDE  

STAGES 
1 A c c o r d i n g t o M e r i a n ' s f o r m u l a (LeBlond and Mysak, 1978. 

p.293) the resonant f r e q u e n c y changes w i t h the v a r i a t i o n of 

water depth of a bay, namely w i t h the stage of t i d e l e v e l s . 

T h e r e f o r e I examined s e i c h e a c t i v i t y at h i g h and low t i d e s 

r e s p e c t i v e l y . Twelve time s e r i e s were chosen from h i g h and 

low t i d e l e v e l s r e s p e c t i v e l y i n each bay. F i g u r e 37 t o 

F i g u r e 39 show a t what t i d a l s t a g e the time s e r i e s were 

p i c k e d up f o r a n a l y s i s . Each time s e r i e s l a s t s f o u r hours 

and 16 m i n u t e s . The o r i g i n of the X - a x i s s t a n d s f o r the time 

00:00 J a n . 27, 1980. At h i g h t i d e l e v e l s the s e l e c t e d d a t a 

s e t s i n Becher Bay a r e 16 minutes e a r l i e r than those i n 

Pedder Bay; i n P o r t San Ju a n , 32 minutes e a r l i e r than those 

i n Pedder bay. At low t i d e l e v e l s the da t a s e t s i n Becher 

Bay a r e 32 minutes e a r l i e r than those i n Pedder Bay; i n P o r t 
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F i g u r e 33 Power spectrum of strong seiche of 
Pedder Bay. 
95% confidence i n t e r v a l : (0.55,2.32)*P(f) 

F i g u r e 34 Power spectrum of strong seiche of 
Becher Bay. 
95% con f i d e n c e i n t e r v a l : (0.55,2.32)*P(f) 
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o.os 
FREQUENCY 

o.is 
(CYC/MIN. 

0.27 

F i g u r e 35 Power spectrum of strong s e i c h e of Port 
San Juan ( 1 ) . 
95% c o n f i d e n c e i n t e r v a l : (0.55,2.32)*P(f) 

0.0 0.03 0.06 0 .09 
FREQUENCY 

0.12 T r 
O . ' S D . l f i 

(CYC/MIN.) 

0 .21 0.24 0.27 

F i g u r e 36 Power spectrum of strong s e i c h e of Port 
San Juan ( 2 ) . 
95% c o n f i d e n c e i n t e r v a l : (0.55,2.32)*P(f) 



F i g u r e 37 Tides i n Pedder Bay, dotted l i n e : whole 
t i d a l data; t h i c k l i n e : s e l e c t e d time 
s e r i e s . 

a' 

F i g u r e 38 Tides in Becher Bay, dotted l i n e : whole 
t i d a l data; t h i c k l i n e : s e l e c t e d time 
s e r i e s . 
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i i i i i i i i 
0.0 3.3 6.0 9.0 12.0 15.0 18.0 21.0 21.0 TIME (DRY! 

F i g u r e 39 Tides i n Port San Juan, dotted l i n e : 
whole t i d a l data; t h i c k l i n e : s e l e c t e d 
time s e r i e s . 

San Juan, 80 minutes e a r l i e r than those i n Pedder bay. T h i s 

treatment c o u l d p o s i t i o n the i n d i v i d u a l time s e r i e s at 

c e n t r a l high or low t i d e l e v e l s and maintain constant time 

la g s i n d i f f e r e n t bays at high and low t i d e l e v e l s 

r e s p e c t i v e l y . The time d i f f e r e n c e s are the rough estimates 

of time i n t e r v a l f o r t i d e to t r a v e l from one bay to the 

other, which were obtained from v i s u a l examination of 

o r i g i n a l time s e r i e s in F i g u r e 37 to F i g u r e 39. 

F i g u r e 40 shows the power s p e c t r a of each time s e r i e s 

at low t i d e l e v e l in the three bays. F i g u r e 41 to F i g u r e 43 

show ensemble averages of 12 time s e r i e s i n the three bays. 

In Pedder Bay the 11 minutes p e r i o d peak of F i g u r e 33 i s not 

prominent i n F i g u r e 41; r a t h e r , a low frequency peak 

predominates. Looking back to F i g u r e 40 a l a r g e low 



" I — I — I I — I — I — I — I 
0.1 0 . 1 5 

:RE0UENCY CPM 
0.0 0.05 0.1 0 . 1 5 0.2 0.25 

§^ ^ K S B • ttm- a • • » .mm. mmm. m . ^ 

F i g u r e 40 Power s p e c t r a of s e l e c t e d low t i d e s of 
Pedder Bay ( u p p e r ) , B e c h e r Bay ( m i d d l e ) 
and P o r t San J u a n ( l o w e r ) . 
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c o s o 
FREQUENCY 

0.)S 
( C Y C / M I N . ) 

0.77 

F i g u r e 41 Averaged power spectrum of s e l e c t e d low 
t i d e s of Pedder Bay. 
95% c o n f i d e n c e i n t e r v a l : (0.61,1.94)*P(f) 

F i g u r e 42 Averaged power spectrum of s e l e c t e d low 
t i d e s of Becher Bay. 
95% c o n f i d e n c e i n t e r v a l : (0.61 ,1 . 94)*P(f) 
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-1 i i 1 1 1 1 1 1 s 
O .D 0 . 0 3 0 . 0 6 0 . 0 9 0 . i " 2 0 . 1 5 DAB 0.2) 0 . 2 4 0 21 

FREQUENCY ( C Y C . / M J N . ) 

F i g u r e 43 Averaged power spectrum of s e l e c t e d low 
t i d e s of Port San Juan. 
95% con f i d e n c e i n t e r v a l : (0.61,1.94)*P(f) 

frequency peak appears i n s p e c t r a of Pedder Bay i n the s i x t h 

spectum, which may be e x c i t e d by e x t e r n a l f o r c i n g . F i g u r e 42 

shows a predominant peak at about 13 minutes p e r i o d . F i g u r e 

43 shows a somewhat random spectrum i n Port San Juan, 

s i m i l a r to the s p e c t r a of t h i s bay we d e a l t with before. 

F i g u r e 44 to F i g u r e 46 show the coherences of Pedder Bay 

versus Becher Bay, Pedder Bay versus Port San Juan and 

Becher Bay versus Port San Juan r e s p e c t i v e l y . Some l a r g e 

peaks appear i n high frequency band which may be caused by 

same high frequency e x t e r n a l f o r c i n g . 

At h i g h t i d e s , the p e r s p e c t i v e view of s p e c t r a l s e r i e s 

i s shown i n F i g u r e 47. Comparing with F i g u r e 40 the peaks at 

the resonant f r e q u e n c i e s of Pedder Bay and Becher Bay are 

much more obvious. F i g u r e s 48 to 50 show ensemble averaged 



F i g u r e 44 Coherence of s e l e c t e d low t i d e s , Pedder 
Bay versus Becher Bay. 

FREQUENCY (CYC./MJNJ 

F i g u r e 45 Coherence of s e l e c t e d low t i d e s , Pedder 
Bay versus Port San Juan. 



F i g u r e 46 Coherence of s e l e c t e d low t i d e s , Becher 
. Bay versus Port San Juan. 



F i g u r e 4 7 Power s p e c t r a of s e l e c t e d high t i d e s of 
Pedder Bay (upper), becher Bay (middle) 
and Port San Juan ( l o w e r ) . 
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s p e c t r a of the 12 time s e r i e s i n the three bays 

r e s p e c t i v e l y . The l a r g e peaks at the resonant f r e q u e n c i e s of 

Pedder Bay and Becher Bay are p r e t t y n o t i c e a b l e . F i g u r e 51 

to F i g u r e 53 show the coherences of Pedder-Becher, 

Pedder-San Juan and Becher-San Juan. 

F i g u r e 54 to F i g u r e 56 show the comparisons of ensemble 

averaged power s p e c t r a between low and high t i d e l e v e l s i n 

the three bays r e s p e c t i v e l y . In Pedder Bay and Becher Bay 

the peaks at resonant f r e q u e n c i e s i n high t i d e l e v e l s are 

much l a r g e r than those i n low t i d e l e v e l s . The l o g i c a l 

c o n j e c t u r e i s that s e i c h e s are more e a s i l y e x c i t e d at high 

t i d e s ; in other words, the resonant a m p l i f i c a t i o n f a c t o r s at 

high t i d e s may be l a r g e r than those at low t i d e s . 

F i g u r e s 57 to 59 compare the coherences between low and 

high t i d e s of Pedder-Becher, Pedder-San Juan and Becher-San 

Juan. F i g u r e 57 show a wide peak at high t i d e s i n frequency 

range 0.08 to 0.105 cpm or p e r i o d s 12.5 to 9.5 minutes, 

which g e n e r a l l y covers the range of resonant f r e q u e n c i e s of 

Pedder Bay and Becher Bay. T h i s peak suggests a common 

source of resonant o s c i l l a t i o n s i n these two bays. But at 

low t i d e s coherence i s very low i n same frequency range. A 

general f e a t u r e i s that low f r e q u e n c i e s seem to be 

c o r r e l a t e d a t high t i d e s , high f r e q u e n c i e s , at low t i d e s . 

F i g u r e 58 shows s e v e r a l peaks at low t i d e s , two of them are 

at p e r i o d s 10 and 14 minutes. F i g u r e 59 shows many sharp 

peaks at h i g h t i d e s . The o s c i l l a t i o n s at these f r e q u e n c i e s 

may be generated by waves propagating i n Juan de Fuca 



3.03 0.06 
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FREQUENCY 0 . 1 5 

(CYC./MJN. 

F i g u r e 48 Averaged power spectrum of s e l e c t e d high 
t i d e s of Pedder Bay. 
95% confidence i n t e r v a l : (0.61,1.94)*P(f) 

F i g u r e 49 Averaged power spectrum of s e l e c t e d high 
t i d e s of Becher Bay. 
95% confidence i n t e r v a l : (0.61,1.94)*P(f) 



T 1 1 1 r 

0 . 0 0 . 0 3 0 . 0 6 fl.09 0 . 1 2 0 . 1 5 0 . 1 8 
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0.2J 0.24 0.21 

F i g u r e 50 Averaged power spectrum of s e l e c t e d high 
t i d e s of Port San Juan. 
95% confidence i n t e r v a l : (0.61,1.94)*P(f) 

i 
0 . 0 0 .03 

i r 
0 0 6 0 . 0 S 0 . ! 2 0 . 1 5 0 . 1 8 

FREQUENCY (CYC./MIN.) 
0.21 

F i g u r e 51 Coherence of s e l e c t e d high t i d e s , Pedder 
Bay versus Becher Bay. 
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F i g u r e 52 Coherence of s e l e c t e d high t i d e s , Pedder 
Bay versus Port San Juan. 

F i g u r e 53 Coherence of s e l e c t e d high t i d e s , Becher 
Bay versus Port San Juan. 
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. 2 1 

FREQUENCY ( C Y C / M I N . ) 

F i g u r e 54 Comparison of averaged power s p e c t r a 
between low ( s o l i d l i n e ) and hig h 
(dashed l i n e ) t i d e s of Pedder Bay. 

F i g u r e 55 Comparison of averaged power s p e c t r a 
between low ( s o l i d l i n e ) and hig h 
(dashed l i n e ) t i d e s of Becher Bay. 



F i g u r e 56 Comparison of averaged power s p e c t r a 
between low ( s o l i d l i n e ) and high 
(dashed l i n e ) t i d e s of Port San Juan. 

F i g u r e 57 Comparison of coherences between low 
( s o l i d l i n e ) and high (dashed l i n e ) 
t i d e s , Pedder-Becher. 



7 1 

F i g u r e 58 Comparison of coherences between low 
( s o l i d l i n e ) and high (dashed l i n e ) 
t i d e s , Pedder-San Juan. 

0 . 2 7 

FREQUENCY ( C Y C / M I N . ) 

F i g u r e 59 Comparison of coherences between low 
( s o l i d l i n e ) and high (dashed l i n e ) 
t i d e s , Becher-San Juan. 
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S t r a i t . The above three F i g u r e s d e s c r i b e an i n t e r e s t i n g 

f e a t u r e . I t seems that Pedder Bay and Becher Bay are 

c o r r e l a t e d at both low and high t i d e s f o r d i f f e r e n t 

frequency bands, Pedder Bay and Port San Juan are more 

c o r r e l a t e d at low t i d e s , Becher Bay and Port San Juan are 

more c o r r e l a t e d at high t i d e s . 



IV. NUMERICAL MODELLING OF SEICHES IN COASTAL BAYS 

As a d i r e c t r e s u l t of r a p i d progress of computer 

techniques i n l a s t decade, p h y s i c a l oceanographers move 

t h e i r a t t e n t i o n from seeking s p e c i a l f u n c t i o n s s a t i s f y i n g 

the f l u i d dynamical equations to numerical m o d e l l i n g , which 

i s a more powerful t o o l i n s o l v i n g c h a l l e n g i n g problems. 

The work d e s c r i b e d i n t h i s chapter t r i e s to f i n d a 

simple method to model the seiche a c t i v i t y i n c o a s t a l bays. 

Due to the c o n s i d e r a t i o n of f u r t h e r extending the model, the 

s i m p l i c i t y and computing cost of t h i s b a s i c model has been a 

s e n s i t i v e f a c t o r i n i t s development. 

A. THE FORMULATION OF THE BASIC NUMERICAL MODEL 

To d e s c r i b e the c h a r a c t e r i s t i c s of the wave response of 

a bay, we s t a r t from the shallow water equations: 

DU 
Dt + 2ftXU + gVr? + gU ? T = 0 

(4.1-1) 
+ V- ( H + T J ) U = 0 

where 

U h o r i z o n t a l v e l o c i t y v e c t o r 

l o c a l v e r t i c a l component of angular v e l o c i t y of 

the e a r t h 

9 g r a v i t a t i o n a l a c c e l e r a t i o n 

e l e v a t i o n of sea s u r f a c e above mean sea l e v e l 

H depth of sea 

73 
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C : Chezy c o e f f i c i e n t 

For s i m p l i c i t y the n o n - l i n e a r e f f e c t i s ignored. For 

seiche s t u d i e s of t h i s p r o j e c t we c o n f i n e our a t t e n t i o n to 

small bays which are much smaller than the dimension of the 

e a r t h and to high f r e q u e n c i e s which are much higher than the 

angular v e l o c i t y of the e a r t h , so that the C o r i o l i s f o r c e 

may be ignored. F i r s t i n the numerical model, the f r i c t i o n 

term i s dropped i n t h i s s e c t i o n . Since the r a t i o 77/H i s 

normally of the order 0.001 to 0.01, we re p l a c e H+77 by H. 

Then we get the s i m p l i f i e d shallow water equations: 

9u , n dr\ n 

at + g di = 0 

f^glf = 0 (4.1-2) 

l-Hu + -l-Hv + I? = 0 9x 9y 9t 

Assuming the time harmonic f a c t o r e1"^" f o r the 

v a r i a b l e s u,v and 77, a f t e r d i f f e r e n t i a t i n g with r e s p e c t to t 

and c a n c e l l i n g the f a c t o r e l w t , equations (4.1-2) may be 

w r i t t e n i n the form of 

icou + qr> = 0 

icov + gr?y = 0 (4.1-3) 

(Hu) x + (Hv) + itoti = 0 
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S u b s t i t u t i n g u,v from the f i r s t two equations i n t o the 

l a s t , we get an equation f o r the s i n g l e v a r i a b l e TJ: 

VH-VT} + H V 2 7 j + |^-77 = 0 ( 4 . 1 - 4 ) 

T h i s equation governs the s p a t i a l d i s t r i b u t i o n of the 

sea s u r f a c e w i t h i n a bay. The sea s u r f a c e behaves as a f i e l d 

of s t a n d i n g waves when the input source to the mouth 

boundary of the bay i s p e r i o d i c . 

The l a n d boundary of the bay i s t r e a t e d as a r i g i d 

v e r t i c a l w a l l . Then the normal v e l o c i t y at that boundary 

v a n i s h e s ; from equation (4.1-3) we get VT7=0 at the land 

boundary. For s i n u s o i d a l s o l u t i o n s , at the land boundary the 

amplitude of the v e l o c i t y reaches i t s minimum and the 

e l e v a t i o n of sea s u r f a c e reaches i t s l o c a l maximum because 

of the 7r/2 phase d i f f e r e n c e between the v e l o c i t y and the 

e l e v a t i o n of sea s u r f a c e . 

The sea surface f l u c t u a t i o n at the mouth of the bay i s 

t r e a t e d as a p e r i o d i c f u n c t i o n which i s represented by 

r? m e l a ) t , where 7?m i s c o n s t a n t . Assuming the s o l u t i o n i n the 

bay i s 77̂  ( x , y ) e l c o t , the a m p l i f i c a t i o n f a c t o r i s 

i c o t 

A = ^ — = — (4.1-5) 
l u ) t 7} 

m 

Because of the l i n e a r i t y of equation (4.1-4), A i s the 

s o l u t i o n of the equation w i t h boundary c o n d i t i o n A=1 at the 

mouth. Then' we set boundary c o n d i t i o n at mouth to be 1 and 
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s o l v e e q u a t i o n (4.1-4) t o c o n s t r u c t the a m p l i f i c a t i o n f i e l d . 

I t s h o u l d be p o i n t e d out t h a t rj i n e q u a t i o n (4.1-4) i s 

t r e a t e d as a complex v a r i a b l e , the a m p l i t u d e and phase of rj 

r e p r e s e n t r e s p e c t i v e l y the a m p l i t u d e a m p l i f i c a t i o n and phase 

s h i f t between waves i n the bay and a t i t s mouth. There i s no 

i m a g i n a r y s i g n ' i ' i n e q u a t i o n (4.1-4) i n the absence of 

f r i c t i o n , so t h a t the r e a l and i m a g i n a r y p a r t s of the 

e q u a t i o n a r e i d e n t i c a l . Due t o the z e r o boundary c o n d i t i o n 

at the mouth i n the i m a g i n a r y p a r t of the e q u a t i o n , which 

l e a d s t o a homogeneous l i n e a r e q u a t i o n system i n a n u m e r i c a l 

model, o n l y z e r o s o l u t i o n s e x i s t f o r the i m a g i n a r y p a r t of 

e q u a t i o n . Based on the a n a l y s i s above we can t h u s t r e a t 77 as 

a r e a l v a r i a b l e . 

The method of f i n i t e d i f f e r e n c e l e a d s t o a system of 

l i n e a r a l g e b r a i c e q u a t i o n s . The o r d e r of the m a t r i x of t h i s 

system i s the number of g r i d p o i n t s . The computing time 

i n c r e a s e s c u b i c a l l y w i t h the number. T h i s work r e s t r i c t s the 

number of g r i d p o i n t s t o l e s s than 200 g e n e r a l l y . In 

c o n s i d e r a t i o n of the same o r d e r v a r i a t i o n , b oth i n 

x - d i r e c t i o n and y - d i r e c t i o n , of the bottom topography i n the 

c o n c e r n e d bays, square g r i d s a r e adopted. 

The s i m p l i f i e d s h a l l o w water e q u a t i o n (4.1-4) i s 

d i s c r e t i z e d t o the d i f f e r e n c e e q u a t i o n 

H. - H. 

2A 2A 

H . - H. 
i , j - 1 + 

2A 
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+ H. . • - H i ^ l i ^ L i l (4.1-6) 

! » 3 A 2 

+ T7 . • = 0 

The s u b s c r i p t ( i , j ) i n d i c a t e the p o s i t i o n (x^ , y j ), 

x i = iA 0<i<N 

y^ = jA 0<j<M 

A i s the g r i d l e n g t h . 

In t h i s d i s c r e t i z a t i o n procedure, f i r s t order c e n t r a l 

d i f f e r e n c e s and second order c e n t r a l d i f f e r e n c e s are adopted 

to r e p l a c e the corresponding d e r i v a t i v e s , which in t r o d u c e 

only second order e r r o r s , i . e . 0 ( A 2 ) . The f i r s t order 

c e n t r a l d i f f e r e n c e c o u l d be w r i t t e n i n the form of ^^+1/2 j 

- H ^ _ i / 2 j e t c . , but c o n s i d e r i n g that the values H 

• J . - . /-, -and H. . / 0 . are l i n e a r i n t e r p o l a t i o n s , we have 1+1/2,] 1-1/2,] 

H i + 1 , j " H i - 1 , j =
 H i + 1 / 2 , J " H i - 1 / 2 , J 

2A A 

so the d i s c r e t i z a t i o n procedure i s only operated at the 

a c t u a l g r i d p o i n t s . Another method to d i s c r e t i z e equation 

(4.1-4) was used by Olsen and Hwang (1971); t h e i r method 

took the d i f f e r e n c e forms of HV77 f i r s t through both forward 

and backward d i f f e r e n c e s , then took c e n t r a l d i f f e r e n c e s to 

estimate V ' ( H V T J ) . T h i s method in t r o d u c e s f i r s t order e r r o r 

0(A), and performs the d i s c r e t i z i n g procedure twice. In 
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s p i t e of the c o n s i d e r a t i o n above, i t i s s t i l l d i f f i c u l t to 

judge which one i s more reasonable. 

Using the n o t a t i o n s 

H • , . - H • . 
H X = -i±U IZI^J. 

4A 2 

HY = H i ^ + 1 " H i - J ' 1 (4.1-7) 
4A 2 

H. . 
H = - L t l , 

A 2 

the d i f f e r e n c e equation (4.1-6) has the form 

(H+HX ) T J i + 1 ^ .. + (H+HY ) T 7 i f j + 1 + ( H - H X ) r j . _ U j + (H-HY) Vi f j _ , 

+ ( | ^ - 4 H ) 7 ? i . = 0 (4.1-8) 

At the land boundary the bay shore i s approximated by 

segments of s t r a i g h t l i n e i n the g r i d system; thus the 

normal d e r i v a t i v e s 3?i/3n are taken i n e i t h e r the x or y 

d i r e c t i o n s . If a p o i n t ( i , j ) has a r i g h t boundary, we have 

377- • 7 ? . , . . - T J . 

3n A 

SO T? • , , . = 77 • 

at the boundary, the term rj. . . i n (4.1-8) disappears and 
I + I , j 

i t s c o e f f i c i e n t i s added to that of 77. • . The boundaries at 
1 /1 
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other s i d e s can be d e a l t with i n the same way. 

If ( i , j ) i s adjacent to a mouth po i n t ( i , j - l ) , the 

term r). . i s r e p l a c e d by 1 ; then the constant (H-HY) i s 

moved to the r i g h t hand s i d e of the a l g e b r a i c equation 

system. 

Through the procedure d e s c r i b e d above the corresponding 

a l g e b r a i c equation c o u l d be c o n s t r u c t e d at every g r i d p o i n t , 

which formed an a l g e b r a i c equation system. For convenience 

the equation system i s w r i t t e n i n matrix n o t a t i o n 

A7j=b (4.1-9) 

Throughout t h i s t h e s i s the bo l d Roman l e t t e r s and greek 

l e t t e r s with t i l d e denote matrix or vecto r without f u r t h e r 

n o t a t i o n . Examples: A, b, D, U, rj, rj^. and 77̂  . 

The c o e f f i c i e n t matrix A and the r i g h t hand s i d e column 

ve c t o r b are formed through the procedure mentioned above. 

In order to apply t h i s to a r b i t r a r y shaped bays, the 

computer program has a s p e c i a l treatment to detect the 

r e l a t i v e p o s i t i o n between a c u r r e n t g r i d p o i n t and land 

boundary and mouth p o i n t s . Equation (4.1-8) i n d i c a t e s that C J 

only appears i n the di a g o n a l of matrix A, which needs to be 

c a l c u l a t e d only once at w=0; when CJ i s changed, the value 

w 2/g i s added to the di a g o n a l of A to o b t a i n the amplitude 

f i e l d f o r the s p e c i f i e d frequency C J . 

For t h i s program the main computing c o s t i s r e l a t e d to 

the subroutine SLE which s o l v e s the l i n e a r a l g e b r a i c a l 
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equation system. To guarantee the accuracy of the numerical 

model output the double p r e c i s i o n subroutine SLE was chosen 

i n s t e a d of s i n g l e p r e c i s i o n subroutine FSLE (See "UBC 

M a t r i x " ,Computing Center, UBC, f o r d e s c r i p t i o n of these two 

subrouti n e s SLE and FSLE). 

Double p r e c i s i o n computing uses double storage space 

and much more computing time; the major drawback i s the 

l i m i t a t i o n i n the number of g r i d p o i n t s ; as a compromise, 

double p r e c i s i o n was d e c l a r e d only f o r the v a r i a b l e s 

d i r e c t l y used i n the subroutine SLE. 

Let x be the c a l c u l a t e d value i n SLE or FSLE and Sx be 

the d i f f e r e n c e of c a l c u l a t e d and t r u e v a l u e s . The f r a c t i o n a l 

e r r o r i s 

6x I | < n»C-10 - t (4.1-10) x 

where n and C are the order and c o n d i t i o n number of 

c o e f f i c i e n t matrix A and 

15-16 double p r e c i s i o n SLE 
t-{ (4.1-11) 

6-7 s i n g l e p r e c i s i o n FSLE 

The e s t i m a t i o n (4.1-10) was given by Conte and Boor 

(1972). 
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B. APPLICATION OF THE BASIC MODEL AND PREDICTION OF RESONANT  

FREQUENCIES IN COASTAL BAYS 

We f i r s t d e s c r i b e the g r i d s used i n Pedder Bay, Becher 

Bay and Port San Juan r e s p e c t i v e l y . 

Pedder Bay i s a t r i a n g u l a r bay with a wide mouth 

(Figure 60). I t i s d i f f i c u l t to decide e x a c t l y where the 

mouth i s . The resonant f r e q u e n c i e s are dominated by the 

geometry and bottom topography, so that the p o s i t i o n of the 

mouth a f f e c t s the values of these f r e q u e n c i e s . Under rough 

e s t i m a t i o n the main resonant p e r i o d i s the time w i t h i n which 

the wave t r a v e l s a quarter of wave leng t h , i . e . , 

/ i s the the i n t e g r a l path from mouth to the head of bay. In 

Pedder Bay the value of h at mouth i s much l a r g e r than that 

at the head, so that the resonant p e r i o d s h i f t i s not very 

s e n s i t i v e to the p o s i t i o n of the mouth adopted by the 

numerical g r i d . For t h i s work the mouth i s chosen as a 

s t r a i g h t l i n e from Cape Ca l v e r to W i l l i a m Hd ( F i g u r e 60). 

Numerical r e s u l t s f o r other mouth p o s i t i o n s have been 

compared and c o n f i r m the i n s e n s i t i v i t y of the resonant 

p e r i o d s to a change of mouth p o s i t i o n . 

Becher Bay i s a roughly square bay with i s l a n d s i n s i d e 

i t ( F i gure 61). The g r i d mouth i s chosen as a s t r a i g h t l i n e 

from A l l d r i d g e P t. to Church Pt.. Two i s l a n d s are drawn i n 

the g r i d ( F igure 62). 



F i g u r e 61 The shape of Becher Bay. 
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F i g u r e 62 The numerical g r i d of Becher Bay. 

The case of Port San Juan i s a l i t t l e troublesome. T h i s 

port i s roughly r e c t a n g u l a r , but the c e n t r a l l i n e i s not 

p e r p e n d i c u l a r to the coast l i n e ( F i g u r e 63). F i r s t I took 

the extended coast l i n e as i t s mouth which r e s u l t e d i n a 

ragged lan d boundary (Figure 64). At the sharp convex 

co r n e r s the v a r i a b l e s should be s i n g l e - v a l u e d as anywhere 

e l s e , but a c t u a l l y m u l t i - v a l u e d n e s s i s i n t r o d u c e d by the 

boundary c o n d i t i o n 3rj/3n = 0 which l e a d i n g to the e q u a l i t i e s 

T? . . = r j . ^ . . and 77. . = 77. . , i n the case that 77 i s at the '1,] + j '1,3 'i,D"1 ' 
land boundary (Roache, 1976). Numerical r e s u l t s from the 

g r i d shown i n F i g u r e 64 were c h a o t i c i n s t e a d of showing 

resonance modes. Then I changed to the g r i d shown i n F i g u r e 

65. The shortcoming of t h i s g r i d i s that the mouth l i n e does 

not l i n e up with the coast l i n e . But the numerical r e s u l t 



F i g u r e 63 The shape of Port San Juan. 

F i g u r e 64 The numerical g r i d of Port San Juan. 



F i g u r e 65 The m o d i f i e d numerical g r i d of Port San 
Juan. 

from t h i s g r i d i s more accep t a b l e a f t e r comparison with the 

s p e c t r a l a n a l y s i s of measured data. 

I n t e r p o l a t i o n s of chart depths were d i r e c t l y adopted as 

input to the numerical model; these are water depths at 

lower low water of l a r g e t i d e s . The i d e a l input depth should 

be that at mean sea l e v e l . At mean t i d e s , the rims of the 

bays w i l l be drowned by incoming t i d e s , r e s u l t i n g i n changes 

of area, and i n the r e p r e s e n t a t i o n of the bays' geometry. 

The output of the numerical model a p p l i e d to the three 

bays i s a f u n c t i o n of 3-dimensional v a r i a b l e : rj(x,y,o)), For 

convenience of p r e s e n t a t i o n i n 2-dimensional graphs, only 5 

g r i d p o i n t s were s e l e c t e d at s e l e c t e d p o s i t i o n s i n each bay 

(Figure 60 , F i g u r e 62 and F i g u r e 65). 
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F i g u r e 66 shows the a m p l i f i c a t i o n f a c t o r versus p e r i o d 

at g r i d p o i n t #161 of Pedder Bay (pressure gauge p o s i t i o n ) 

from the output of numerical model. Here we use a b s o l u t e 

v a l u e s of the a m p l i f i c a t i o n f a c t o r s i n the graph and w i l l do 

so i n subsequent graphs i f there i s no s p e c i a l e x p l a n a t i o n . 

In t h i s F i g u r e there are three obvious peaks at p e r i o d s 18, 

11 and 7 minutes. F i g u r e 67 shows the a m p l i f i c a t i o n f a c t o r 

at a l l 5 p o i n t s i n Pedder Bay. At a l l 5 p o i n t s the same 

resonant p e r i o d s are r e v e a l e d , but the values of the f a c t o r s 

have some d i f f e r e n c e s . G e n e r a l l y speaking, f o r the f i r s t 

mode the c l o s e r to the head of the bay the l a r g e r the 

a m p l i f i c a t i o n f a c t o r s a r e . F i g u r e 68 shows the curve of 

a m p l i f i c a t i o n f a c t o r at g r i d p o i n t #175 i n Becher Bay 

(pressure gauge p o s i t i o n ) . Two peaks are r e v e a l e d : the 

p e r i o d s at 13 and 7 minutes. F i g u r e 69 shows the 

a m p l i f i c a t i o n f a c t o r s at a l l of the 5 p o i n t s i n Becher Bay. 

The same peaks are r e v e a l e d ; the g r i d p o i n t s c l o s e r to the 

head have l a r g e r a m p l i f i c a t i o n f a c t o r s . F i g u r e 70 and F i g u r e 

71 show the a m p l i f i c a t i o n f a c t o r s i n Port San Juan. A l a r g e 

resonant peak appears at p e r i o d 33 minutes, and there i s 

a l s o a small resonant peak at p e r i o d 11 minutes. 

For a more d e t a i l e d p r e s e n t a t i o n , contour graphs are 

used to d e s c r i b e the d i s t r i b u t i o n s of the a m p l i f i c a t i o n 

f a c t o r s in d i f f e r e n t bays at d i f f e r e n t t y p i c a l resonant 

per i o d s . 

F i g u r e s 72 to 74 show the a m p l i f i c a t i o n f a c t o r f i e l d s 

i n Pedder Bay. F i g u r e 72 g i v e s the f a c t o r f i e l d at p e r i o d 18 
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F i g u r e 66 A m p l i f i c a t i o n f a c t o r of g r i d 161 i n 
Pedder Bay. 
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n g r i d 084 
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F i g u r e 67 A m p l i f i c a t i o n f a c t o r a t 5 p o i n t s of 
Pedder Bay. 
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F i g u r e 68 A m p l i f i c a t i o n f a c t o r at g r i d 175 i n 
Becher Bay. 
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F i g u r e 69 A m p l i f i c a t i o n f a c t o r at 5 p o i n t s of 
Becher Bay. 



F i g u r e 70 A m p l i f i c a t i o n f a c t o r at g r i d 187 of Port 
San Juan. 

g r i d 187 
n g r i d 029 
A g r i d 099 
\ g r i d 1 62 
X g r i d 182 

22.5 30.0 
PERIOD ( M I N . 

6 0 . 0 

F i g u r e 71 A m p l i f i c a t i o n f a c t o r at 5 p o i n t s of Port 
San Juan. 
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minutes which i s the resonant p e r i o d of f i r s t mode. There i s 

no nodal l i n e a cross the bay, the a m p l i f i c a t i o n f a c t o r gets 

l a r g e r from mouth to head. The a m p l i f i c a t i o n f a c t o r v a l u e s 

i n c r e a s e g r e a t l y along the i n l e t to the head of the bay. 

F i g u r e 73 shows the a m p l i f i c a t i o n f i e l d at p e r i o d 11 

minutes, i t i n d i c a t e s that t h i s p e r i o d i s a second mode 

resonant p e r i o d with a s i n g l e nodal l i n e a c r o s s the bay; the 

values of a m p l i f i c a t i o n i n the inner part become ne g a t i v e , 

which means that the f l u c t u a t i o n of sea s u r f a c e i n t h i s area 

has i n v e r s e phase. F i g u r e 74 shows the d i s t r i b u t i o n of 

a m p l i f i c a t i o n f a c t o r at the t h i r d mode, with resonant p e r i o d 

7 minutes. Two nodal l i n e s can be seen from the contour 

graph. 

F i g u r e 75 and F i g u r e 76 are a m p l i f i c a t i o n f a c t o r f i e l d s 

in Becher Bay, r e p r e s e n t i n g a f i r s t mode with resonant 

p e r i o d 13 minutes and a second mode with resonant p e r i o d 7 

minutes r e s p e c t i v e l y . 

F i g u r e 77 to F i g u r e 79 show a m p l i f i c a t i o n f i e l d s i n 

Port San Juan, the corresponding p e r i o d s are 33,13 and 11 

minutes s u c c e s s i v e l y . Periods 33 and 13 minutes are resonant 

p e r i o d s . The a m p l i f i c a t i o n i s small at p e r i o d 11 minutes, 

t h i s p e r i o d i s chosen to show the d i f f e r e n t nodal l i n e s . 

C. INFLUENCE OF TIDAL LEVEL 

To i n s p e c t the e f f e c t s of a change of water depth the 

c a l c u l a t i o n was done at mean sea l e v e l i n Pedder Bay, i . e . 

adding 1.8 meters to c h a r t depth. F i g u r e 80 shows the 
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F i g u r e 72 Contour map of a m p l i f i c a t i o n f a c t o r : 
f i r s t mode of Pedder Bay. 

Fi g u r e 73 Contour map of a m p l i f i c a t i o n f a c t o r : 
second mode of Pedder Bay. 
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F i g u r e 75 Contour map of a m p l i f i c a t i o n f a c t o r : 
f i r s t mode of Becher Bay. 



F i g u r e 77 Contour map of a m p l i f i c a t i o n f a c t o r : 
f i r s t mode of Port San Jaun. 
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F i g u r e 79 Contour map of a m p l i f i c a t i o n f a c t o r : 
t h i r d mode of Port San Juan. 
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comparison in the 5 g r i d p o i n t s of Pedder Bay. The s o l i d 

l i n e s represent a m p l i f i c a t i o n f a c t o r at c h a r t depth, the 

dashed l i n e s represent the f a c t o r at mean sea l e v e l . When 

the depth i s i n c r e a s e d , the peaks of the dashed l i n e s s h i f t 

l e f t , i . e . the corresponding resonant f r e q u e n c i e s become 

hig h e r . T h i s phenomenon agrees with the rough e s t i m a t i o n of 

resonant f r e q u e n c i e s i n an open-ended r e c t a n g u l a r bay of 

uniform depth: 

f r e s = T^n^TTT n = 1 , 2 (4.3-1) 

where / i s the length of the bay. A f t e r adding 1.8 meters, 

the t h i r d mode peaks become s m a l l e r . The r e s u l t represented 

by dashed l i n e s c o u l d not be t r e a t e d as the a c t u a l 

a m p l i f i c a t i o n f a c t o r at mean sea l e v e l , because the area of 

the r e a l bay changes due to the r i s i n g t i d e . G e n e r a l l y 

speaking, the p o s i t i o n of land boundary p l a y s a s i g n i f i c a n t 

r o l e i n governing the resonant f r e q u e n c i e s . The water depth 

of the rim of bays i s much shallower than that of bays' 

c e n t e r s or bay mouths, so waves t r a v e l very slowly, which 

i n c r e a s e s the wave p e r i o d g r e a t l y . Therefore the p o s i t i o n of 

the land boundary has a s i g n i f i c a n t i n f l u e n c e to the 

resonant p e r i o d . T h i s f e a t u r e i s not considered above. 

The reasonableness of adopting c h a r t depth may be 

e x p l a i n e d by rough e s t i m a t i o n . Based on (4.2-1) 
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we have 

| £ < 0 and JJ- > 0 (4.3-2) 

so when the t i d e r i s e s , both h and / i n c r e a s e , and t h e i r 

e f f e c t on the resonant frequency of bay i s to o f f s e t each 

o t h e r . We w i l l use the output of the numerical model at 

c h a r t depth f o r comparison purposes in f u r t h e r work. 

The r e a l s i t u a t i o n i s much more complicated because of 

the a r b i t r a r y shape of a bay which may not be s i m p l i f i e d to 

one-dimensional. In order to t e s t the e f f e c t of the change 

of a bay's area, the g r i d of Port San Juan was augmented as 

shown i n F i g u r e 81, where the water depths of augmented area 

are assumed to be 0 . 5 meter. Using the b a s i c numerical model 

the a m p l i f i c a t i o n s from the augmented g r i d are shown i n 

F i g u r e 82. We see the resonant peaks of augmented g r i d s h i f t 

to s h o r t e r p e r i o d s i n s t e a d of longer p e r i o d s . 

The a m p l i f i c a t i o n s i n F i g u r e 82 are a b s o l u t e values as 

mentioned b e f o r e . F i g u r e 83 show valu e s of these 

a m p l i f i c a t i o n s themselves. We may n o t i c e the changes of 

si g n s of a m p l i f i c a t i o n s , which i m p l i e s that the dominant 

peaks from b a s i c g r i d and augmented g r i d belong to d i f f e r e n t 

modes. There i s no way to separate l o n g i t u d i n a l modes and 

t r a n s v e r s a l modes i n a r b i t r a r y domain, t h e r e f o r e there i s no 

way to i d e n t i f y e x p l i c i t l y the same order modes of d i f f e r e n t 

g r i d s . The f u r t h e r e x p l o r a t i o n of t h i s problem i s beyond the 

scope of t h i s r e s e a r c h . 



F i g u r e 81 Augmented g r i d of Port San Juan. 
Thick l i n e s are p r i m i t i v e and augmented 
boundaries. 



g r i d 2 9 

g r i d 9 9 

- i — " — i - i ••' 
15.0 JO.O ?5.0 30.0 35.0 PERIOD IMIN.) 0.0 5 0 10.0 

— I 
45.0 50 0 

— I 
55.0 

. I* 
10.0 ="1 

15.0 

g r i d 162 

0 . 0 so 
—I 1 

J5.0 30.0 35.0 
PERIOD IMIN.) 

40 0 45.0 50.0 55.0 

— I ' 
10.0 

g r i d 182 

0.0 5.0 
T* 1 1 
?5.0 30.0 35.0 PERIOD (MIN.) 

- 1 1 1 1 1 
40.0 45.0 50.0 55.0 SO. 0 

0.0 5.0 10.0 15.0 JO.O 
1 1 

75.0 30.0 35.0 PERIOD IMIN.) 

g r i d 187 

I I I I I 
40.0 45.0 50.0 55.0 60.0 

F i g u r e 82 Comparison of a m p l i f i c a t i o n s (absolute 
values) between b a s i c g r i d and augmented 
g r i d , Port San Juan. 
S o l i d l i n e : augmented g r i d . 
Dashed l i n e : b a s i c g r i d . 



0.0 vo 

g r i d 29 

RIOD (MIN.) 

g r i d 99 

~"i 1 — 
10.0 ISO 

-1 1 1 1 1 1 1 
0.0 5.0 25.0 30.0 35.0 

PERIOD IM1N.) 
40.0 45.0 50 0 55.0 60.0 

1 r 
0.0 5.0 

g r i d 162 

— i — 
2 0 . 0 

I 1 • 1 
R.I 90.0 35.0 
PERIOD (MIN.) 

— i — 
40.0 

— I 1 1 1 
45.0 50.0 55.0 BOO 

- 1 
10.0 

1 
15.0 

g r i d 182 

1 — 
0.0 5.0 

D 

I 1 
no 3 0 . 0 PERIOD (MIN. 

- 1 — 
35.0 

~1 
1 0 . 0 15.0 20.0 40.0 45.0 50 0 55.0 60.0 

g r i d 187 

— i — 
5.0 

— I 
10.0 

I 
15.0 

- 1 
2 0 . 0 

— i r 
25.0 30.0 35.0 
PERIOD (MIN.) 

— I — 
40.0 45.0 50.0 55.0 60.0 

F i g u r e 83 Comparison of a m p l i f i c a t i o n s ( t r u e 
v a l u e s ) between b a s i c g r i d and augmented 
g r i d , Port San Juan. 
S o l i d l i n e : augmented g r i d . 
Dashed l i n e : b a s i c g r i d . 



101 

D. THE EFFECT OF BOTTOM FRICTION 

To c o n s i d e r the e f f e c t of f r i c t i o n we s t i l l s t a r t from 

the l i n e a r i z e d shallow water equations, f o r s i m p l i c i t y , 

adopting the l i n e a r f r i c t i o n terms Xu and Xv : 

u t + qr>x + X u = 0 

v f c + g r j y + Xv = 0 (4.4-1 ) 

(Hu) x + (Hv) + r?t = 0 

Time harmonic dependence e l u > ^ i s assumed to e l i m i n a t e 

the v a r i a b l e t i n equation (4.4-1) ; thus u=u 0 (x , y) e l c J t , 

v=v 0 ( x , y ) e l a , t , r?=7?0 (x,y ) e l w t . A f t e r the e l c J t i s c a n c e l l e d 

and dropping the ' 0 ' we o b t a i n 

iwu + g?7x + Xu = 0 

icov + g r j y + Xv = 0 (4.4-2) 

(Hu) x + (Hv) + itori = 0 

From the f i r s t two equations of (4.4-2) we have 

9VK 

u = -
icv+X 

9V, 
v = - —L-

icj+X 
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s u b s t i t u t i n g i n t o the t h i r d equation of (4.4-2) 

I C J + X 'x x ito+X 'y y ' 

which may a l s o be w r i t t e n , a f t e r m u l t i p l i c a t i o n by (ico+X) 

[VH-V + HV 2 + — - i — ] T J = 0 g g 

I n t r o d u c i n g L = VH«V+HV 2+co 2/g-icoX/g as a l i n e a r 

o p e rator, then we have 

Lr) = 0 (4.4-3) 

The r e s u l t we are i n t e r e s t e d i n i s only the r a t i o of TJ 

at a s p e c i f i e d p o i n t i n the bay to the TJ at mouth : 

T? *(x,y,co) 
A<*'Y.'»> = TJ *(x,y,c) ( 4 ' 4 " 4 ) 

'm ' 2 ' 

where TJ£ stands for TJ i n the bay 'b 
TJ* stands f o r T? at the mouth m 

We set boundary c o n d i t i o n at mouth TJ* = TJ e m as a J m 'm 
uniform p e r i o d i c o s c i l l a t i o n with maximum amplitude j?m and 

phase <p , and assume the s o l u t i o n of boundary value problem 
i (b 

(4.4-3) i s TJ£ = TJ^ e b , i . e . standing wave with maximum 

amplitude rj^ (x,y,u>) and phase <p^ (x,y,co). 

T h e r e f o r e we get 
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A = ^ e
i{<pb -*m } (4.4-5) 

'm 

s u b s t i t u t i n g (4.4-5) i n t o (4.4-3), we have 

r » r r ^ b i(<p, -<j> ) •, L A = L I — e b m 1 

= L [ T 7 b ( x , y , a ; ) e i 0 ( x ' y ' a ; ) • ( % e^m ] (4.4-6) 

= (,m e 1 ^ )" 1 L [ % ( x , y , W ) e i ^ , ( x ' y ' c j ) ] = 0 

Then the boundary value problem becomes 

LA = 0 i n s i d e the bay (4.4-7) 

A = 1 at the mouth (4.4-8) 

For the f o l l o w i n g work we j u s t c o n s i d e r equation 

(4.4-3) p l u s open boundary c o n d i t i o n TJ=1 at mouth. T h i s i s 

e q u i v a l e n t to the problem f o r the a m p l i f i c a t i o n f a c t o r A. 

N o t a t i n g TJ = TJ^ + ir)^ where 

7? r r e a l p a r t of TJ 

r?̂  imaginary p a r t of r? , 

equation (4.4-3) i s d i v i d e d i n t o two p a r t s : 

Arjv + Dr\i = 0 

-DTjr + Ar}i = 0 

(4.4-9) 
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with the o p e r a t o r s 

A = VH«V + HV 2 + — 
9 

The open boundary c o n d i t i o n i s TJ = 1 and 77 ^ = 0 , i . e . 

<t>, =1 and (j) =0 . b m 

A i s an operator of the f r i c t i o n l e s s shallow water 

equation (4.1-4) l e a d i n g to matrix A i n (4.1-9), D 

represents the e f f e c t of f r i c t i o n . 

To o b t a i n numerical s o l u t i o n of [(4.4-7)+(4.4-8)], I 

c o n s i d e r e d four p o s s i b l e methods. 

The f i r s t method i s i d e n t i c a l to that used i n 

f r i c t i o n l e s s model, f o r which we had (4.1-9) from 

Ar\ = 0 i n s i d e the bay 

(4.4-10) 

7? = 1 at the mouth 

The d i s c r e t e f i n i t e d i f f e r e n c e form of (4.4-10) leads 

to a system of l i n e a r a l g e b r a i c equations 

A 7 7 0 = b 0 (4.4-11) 

here A i s the matrix of c o e f f i c i e n t s , i d e n t i c a l to the A i n 

(4.1-9), 7 7 0 i s the vector of s o l u t i o n and b 0 i s the v e c t o r 
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introduced by the open boundary v a l u e . The open boundary 

value i s a constant f a c t o r of b 0 ; i t doesn't c o n t r i b u t e 

anything to matrix A . 

Now TJ denotes a column v e c t o r formed by rjr and rj^ , b, 

a column v e c t o r formed by b 0 and a same s i z e zero v e c t o r and 

D i s the product of — and an i d e n t i t y matrix: 
9 

V 
L J n X ! (4.4-12.1) 

L J 2 n X l 

b 
b 0 

L J n X l 
(4.4-12.2) 

0 
L J 2 n X l *- J n X l 

g 00 -, 
0 

D (4.4-12.3) 

0 
L 00 

The equation system [(4.4-7) + (4.4-8) ] leads to a system 

of l i n e a r a l g e b r a i c e q u a t i o n s : 
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A D 

V 
— b 

- D A 
(4.4-13) 

With t h i s method we have to de a l with l a r g e s i z e 

matrix, i t not only i n c r e a s e s computing expenses, but a l s o 

decreases the accuracy. 

From the handl i n g of the equation system i t i s obvious 

that the bottom f r i c t i o n not only changes the amplitude of 

the a m p l i f i c a t i o n f a c t o r , but a l s o causes a phase s h i f t . 

System (4.4-13) can be s o l v e d by subroutine SLE as d e s c r i b e d 

b e f o r e . 

A second method s t a r t s from (4.4-13), which we s p l i t 

i n t o r e a l and imaginary p a r t s : 

hrjr +DT? 1 =b 0 (4.4-14) 

hrji - D 7 7 R =0 (4.4-15) 

from (4.4-14) 

9?i =D- 1b 0-D" 1 A ? ? R = D - 1 ( b 0 - A 7 7 R ) . 

S u b s t i t u t i n g i n t o (4.4-15) 

A D " 'bo-AD- ' A T J J . - D 7 ? R = 0 
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i . e . 

D" 1 (Ab 0-A 2 T 7 r -D 2r? r ) = 0 

Ab 0-A 2 77r ~D 2 77r = 0 

l\v = (A 2+D 2)" 1Ab 0 

Because D i s the product of a constant and the i d e n t i t y 

matrix, we need only one matrix m u l t i p l i c a t i o n to get 

A*=A 2+D 2 

and one m u l t i p l i c a t i o n of a matrix and a v e c t o r to get 

b*=Ab 0 

In order to o b t a i n 77̂  , we so l v e the a l g e b r a i c equation 

system 

A* r j j . =b* 

i n s t e a d of c a l c u l a t i n g the i n v e r s e matrix ( A * ) " 1 i n 

c o n s i d e r a t i o n of saving computing time. 

Table 4 shows the comparison of computing times of 

l i n e a r a l g e b r a i c equation system and i n v e r s e matrix, where N 

i s the order of matrix, namely the number of g r i d p o i n t s . 
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Table 4 CPU Time f o r subrout i n e s SLE and INV 

N System of L i n e a r Equations (SLE) Inverse Matrix (INV) 

20 0.003 0.012 

50 0.013 0. 154 

100 0.051 1 . 1 77 

1 50 0.114 3.973 

200 0.201 '9.355 

From Table 4 we know that computing time i n c r e a s e s 

g r e a t l y along with the order of matrix, and the computing of 

inv e r s e matrix should be r e p l a c e d by s o l v i n g the 

corresponding system o f . l i n e a r e quations. 

The t h i r d method s t a r t s from (4.4-14) and (4.4-15). 

From (4.4-15), 

s u b s t i t u t i n g i n t o (4.4-14), we get 

(AD" 1A+D)?7i = b 

To proceed t h i s way, we have to c a l c u l a t e 77̂  f i r s t , but 

77̂  i s smaller than 77̂. , and as a r e s u l t small round o f f 

e r r o r s i n 77̂  maybe causes l a r g e e r r o r s i n 7}r . 

A f o u r t h method was c o n s i d e r e d . From (4.4-15) 

77i = A' 1D??r • 
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s u b s t i t u t i n g i n t o (4.4-14), we get 

A 7 ? r + D A - 1 D 7 ? r = b 0 

(A + DA' 1D ) 7 7 r = b 0 

But the c a l c u l a t i o n of A" 1 c o s t s much more computing 

time as shown i n Table 4. 

A f t e r performing computation with the f i r s t three 

methods with one value of X in Pedder Bay, I found that 

methods 2 and 3 saved about 3/4 computer storage space and 

1/3 computing time compared with method 1. There was no 

s u b s t a n t i a l d i f f e r e n c e of computed r e s u l t s among the 3 

methods when double p r e c i s i o n was invoked, but f o r s i n g l e 

p r e c i s i o n the d i f f e r e n c e reached up to 10% i n some cases. 

Taking X=3.O X l0 _ 5•s - 1 (Proudman 1953; Jamart and Winter 

1978) and computing with method 3, the r e s u l t shows that the 

bottom f r i c t i o n doesn't cause any meaningful change in the 

a m p l i f i c a t i o n f a c t o r s . Two other v a l u e s , X=3.0X10 _ U and 

X=1.0X10 - 3 were taken i n t o the same computing procedure i n 

the three bays. The r e s u l t s are shown i n F i g u r e 84 to F i g u r e 

86, where the s o l i d l i n e s are f r i c t i o n l e s s output of 

numerical model, "A" f o r X=3.0X10" 5, "-f" f o r X=3.0X10-", " X " 

f o r X=1.0X10" 3. 

For the l a r g e r a m p l i f i c a t i o n f a c t o r , I s o z a k i (1979) 

p o i n t e d out that the l i n e a r model produced a s l i g h t l y l a r g e r 

amplitude of sea l e v e l o s c i l l a t i o n s than the n o n l i n e a r 
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model, but the d i f f e r e n c e s are not s i g n i f i c a n t . Another 

p o s s i b l e damping f a c t o r i s the e f f e c t of ocean impedance 

through the boundary c o n d i t i o n . In the case of l a r g e 

a m p l i f i c a t i o n the water communication between open ocean and 

a bay becomes an important f a c t o r , the ocean impedance c o u l d 

not be ignored. 

In s p i t e of the reasons given above the range of 

a m p l i f i c a t i o n i s s t i l l an argueable problem. Olsen and Hwang 

(1971) r e p o r t e d the simultaneously measured wave data i n s i d e 

and o u t s i d e Keauhou Bay, Hawaii, which do show a m p l i c a t i o n s 

of as much as 33 at s e l e c t e d f r e q u e n c i e s . 



V. COMPARISON OF THE RESULTS BETWEEN NUMERICAL MODEL AND 

SPECTRAL ANALYSIS 

The a m p l i f i c a t i o n f a c t o r s p r e d i c t e d by the numerical 

model are compared here with the power s p e c t r a of measured 

data. 

The seiche does not always occur due to the absence of 

e x c i t i n g sources, so f i r s t I compared the numerical r e s u l t s 

with the t y p i c a l resonant s p e c t r a , i . e . with band averaged 

s p e c t r a d e s c r i b e d i n Chapter 3 and presented i n F i g u r e 33 to 

F i g u r e 35. These s p e c t r a were c a l c u l a t e d from s e l e c t e d time 

s e r i e s when t y p i c a l s e i c h e f l u c t u a t i o n occured. 

F i g u r e 87 shows the comparison in Pedder Bay. The s o l i d 

l i n e i s the measured spectrum, the symbol n r e p r e s e n t s the 

a m p l i f i c a t i o n f a c t o r i n g r i d #161, where the pressure gauge 

was i n s t a l l e d to measure the sea l e v e l f l u c t u a t i o n s . The 

a m p l i f i c a t i o n f a c t o r s were m u l t i p l i e d by 80 to make the 

maxima of spectrum and the f a c t o r s have the same s c a l e . The 

peaks at 11 minutes p e r i o d agree very w e l l with each other. 

The n u m e r i c a l l y p r e d i c t e d resonant p e r i o d s at 18 and 7 

minutes peaks, or 0.06 and 0.14 cpm i n frequency, are not 

present i n the observed spectrum. The low frequency peaks of 

s p e c t r a may not be due to resonance. 

F i g u r e 88 shows the comparison in Becher Bay at g r i d 

#175 which i s the gauge p o s i t i o n . The a m p l i f i c a t i o n f a c t o r s 

were enlarged 50 times. The peaks at p e r i o d 13 minutes 

(0.077 cpm i n frequency) agree very w e l l . In the observed 

s p e c t r a there i s no peak at the p r e d i c t e d second resonant 

114 
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F i g u r e 87 Comparison between observed spectrum 
( s o l i d l i n e ) and a m p l i f i c a t i o n f a c t o r s 
(n) i n Pedder Bay. 

F i g u r e 88 Comparison between observed spectrum 
( s o l i d l i n e ) and a m p l i f i c a t i o n f a c t o r s 
(n) i n Becher Bay. 
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p e r i o d 7 minutes. The low frequency peak of the spectrum at 

p e r i o d about 100 minutes should be a t t r i b u t e d to e x t e r n a l 

f o r c i n g . 

F i g u r e 89 shows the comparison i n Port San Juan at g r i d 

#187 (pressure gauge p o s i t i o n ) . The resonant p e r i o d f o r the 

p r e d i c t e d f i r s t mode (33 minutes) agrees very w e l l with the 

observed spectrum. Another peak of spectrum i s in p e r i o d 

about 15 minutes which may be a t t r i b u t e d to the second mode 

with p e r i o d 13 minutes. 

Summarizing the above comparisons we c o u l d conclude 

that the main a m p l i f i c a t i o n f a c t o r s of numerical model are 

always i d e n t i f i e d i n the observed s p e c t r a , even though the 

numerical model i s c o n s t r u c t e d on the b a s i s of a very 

s i m p l i f i e d equation system. In other words, the resonant 

f r e q u e n c i e s of a bay are c o n t r o l l e d only by g r a v i t a t i o n a l 

a c c e l e r a t i o n , p r e s s u r e g r a d i e n t and water mass c o n t i n u i t y . 

T h e r e f o r e i t i s p r a c t i c a l and r e a l i s t i c to p r e d i c t the 

resonant f r e q u e n c i e s of these bays by the numerical model on 

the b a s i s of only these three terms. 

F i g u r e 90 to F i g u r e 92 show the same comparisons i n 

Pedder Bay, Becher Bay and Port San Juan r e s p e c t i v e l y , but 

the observed s p e c t r a are the 20-day ensemble averaged 

s p e c t r a shown i n Chapter 3 Fig u r e 19 to f i g u r e 21. Features 

s i m i l a r to those seen i n the l a s t three f i g u r e s are 

observed. I t i s worth p o i n t i n g out that i n Port San Juan 

there i s s u b s t a n t i a l h i g h frequency energy which i s not 

r e l a t e d to the a m p l i f i c a t i o n f a c t o r p r e d i c t e d by numerical 
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F i g u r e 89 Comparison between observed spectrum 
( s o l i d l i n e ) and a m p l i f i c a t i o n f a c t o r s 
(n) i n Port San Juan. 

F i g u r e 90 Comparison between 20-day averaged 
observed spectrum ( s o l i d l i n e ) and 
a m p l i f i c a t i o n f a c t o r s (n) i n Pedder Bay. 
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F i g u r e 91 Comparison between 20-day averaged 
observed spectrum ( s o l i d l i n e ) and 
a m p l i f i c a t i o n f a c t o r s (n) i n Becher Bay. 

F i g u r e 92 Comparison between 20-day averaged 
observed spectrum ( s o l i d l i n e ) and 
a m p l i f i c a t i o n f a c t o r s (n) i n Port San Juan. 
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model. 

F i g u r e 93 compares the numerical model and the observed 

spectrum i n Pedder Bay under the circumstance of deeper 

water. The dashed l i n e i s the a m p l i f i c a t i o n f a c t o r when a 

depth of 1.8 meters was added to c h a r t depth at g r i d #161 

shown i n Chapter 4 F i g u r e 80 f o u r t h graph by a dashed l i n e . 

The s o l i d l i n e i s the high t i d e l e v e l spectrum of Pedder Bay 

shown in Chapter 3 F i g u r e 48. Because of the reason 

d i s c u s s e d i n Chapter 4 the depth-added numerical p r e d i c t i o n 

i s not r e a l l y r e l i a b l e , t h e r e f o r e the comparison shows poor 

agreement. 

In the sp e c t r a of Port San Juan l a r g e peaks are of t e n 

seen at p e r i o d s of about 30 to 45 minutes, the mean of t h i s 

p e r i o d range being a l i t t l e l a r g e r than the resonant p e r i o d 

of 33 minutes p r e d i c t e d by the numerical model. T h i s 

d i s c r e p a n c y c o u l d be i n t e r p r e t e d by the g r i d of Port San 

Juan: part of the bay c l o s e to the mouth i s not in c l u d e d i n 

the g r i d of numerical model because of the l i m i t a t i o n of the 

c h a r t used in t h i s work, which undoubtedly reduces the 

p r e d i c t e d resonant p e r i o d of the numerical model. 



1 20 

F i g u r e 93 Comparison of observed spectrum ( s o l i d 
l i n e ) and a m p l i f i c a t i o n f a c t o r s (n) f o r 
deep water i n Pedder Bay. 



VI. INVESTIGATION OF EXCITING SOURCES FOR OBSERVED SEICHES 

In my summary of seiche e x c i t i n g sources i n Chapter 2, 

I concluded that the most probable causes of s e i c h e s are 

seismic a c t i v i t y on the ocean bottom, incoming waves from 

adjacent waters and wind s t r e s s or barometric jump. In the 

other words, s e i c h i n g c o u l d be e x c i t e d through the i n v a s i o n 

from "army, navy and a i r f o r c e " . T h i s Chapter d i s c u s s e s these 

p o s s i b i l i t i e s . 

The coherences from f i r s t data set and second data set 

showd very obvious c o r r e l a t i o n w i t h i n the range of p e r i o d s 

30 minutes to about 1 hour between Becher Bay and Port San 

Juan. The coherence peaks w i t h i n t h i s range are w e l l above 

confidence l e v e l s . We may conclude that those o s c i l l a t i o n s 

were e x c i t e d by sources which t r a v e l e d along,Juan de Fuca 

S t r a i t . From the coherences of second data set we have found 

that the o s c i l l a t i o n s of Pedder Bay were c o r r e l a t e d with 

those of other bays at p e r i o d more than 30 minutes and many 

sh o r t e r p e r i o d s , i n c l u d i n g i t s resonant p e r i o d 11 minutes,, 

which suggests the common e x c i t i n g sources had wide range of 

p e r i o d s . 

Looking back to F i g u r e s - 8 to 9 and F i g u r e s 13 to 18 in 

Chapter 3, we may f i n d that around Jan. 20 and Feb. 2 there 

were o b v i o u s l y s t r o n g s e i c h e s whose d e t a i l i s shown in 

F i g u r e 94. 

In order to r e v e a l the common sources of these strong 

s e i c h e s , coherences and phases were computed and shown in 

F i g u r e s 95 to 98. The data used span one day and ten hours, 

121 



1 22 

8-
r8-
- O C O -

I 

8. 
I 

8-
.8-
"8J 

Tidts in Pedder Bay 

Tides in Becher Bay 

Tides in Port San Juan 

Hi-freq. osciliaiion in Pedder Bay 

Hi-freq. osciJiaiion in Becher Bay 

Hi-freq. osciliaiion in PorT San Juan 

J F H 2d JBN. 71 FEB. 2 FEB. 3 

F i g u r e 94 Strong s e i c h e s and corres p o n d i n g t i d e s . 
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F i g u r e 95 Coherence and phase between Becher Bay 
and Port San Juan, January. 
E r r o r bars: 95% c o n f i d e n c e i n t e r v a l s . 
Dashed l i n e : 95% s i g n i f i c a n c e l e v e l 



F i g u r e 96 Coherence and phase between Pedder Bay 
and Becher Bay, February. 
E r r o r b ars: 95% c o n f i d e n c e i n t e r v a l s . 
Dashed l i n e : 95% s i g n i f i c a n c e l e v e l 
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F i g u r e 97 Coherence and phase between Pedder Bay 
and Port San Juan, February. 
E r r o r b ars: 95% c o n f i d e n c e i n t e r v a l s . 
Dashed l i n e : 95% s i g n i f i c a n c e l e v e l 
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F i g u r e 98 Coherence and phase between Becher Bay 
and Port San Juan, February. 
E r r o r b ars: 95% confidence i n t e r v a l s . 
Dashed l i n e : 95% s i g n i f i c a n c e l e v e l 
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beginning from 00:00 Jan. 20 and 00:00 Feb. 2 r e s p e c t i v e l y . 

The o s c i l l a t i o n s of Becher Bay and Port San Juan were 

c o r r e l a t e d on both Jan. 20 and Feb. 2 at low frequency band. 

But Pedder Bay shows poor coherences with o t h e r s . 

We now concentrate on these dates to r e v e a l the 

s e i c h e - e x c i t i n g sources. 

A. SEISMIC ACTIVITY 

By c a r e f u l reading of the "Canadian Earthquakes 

N a t i o n a l Summary", there was no recorded seismic a c t i v i t y on 

January 18 and 19, 1980. The recorded earthquakes of January 

20 are d e s c r i b e d in Table 5: 

Table 5 Seismic A c t i v i t i e s , Jan. 20, 1980 

DATE(1980) H-TIME(UT) LATITUDE 
(NORTH) 

LONGITUDE 
(WEST) 

MAGNITUDE 

JAN. 20 11:33 (1) 59.40 134.65 ML=3.5 

JAN. 20 13:01 (2) 59.45 134.61 ML=2.0 

From Jan. 25 to Feb. 4, 1980, a l l earthquake records 

are shown in Table 6: 

Table 6 Seismic A c t i v i t i e s , Jan. 25 to Feb.4, 1980 

DATE(1980) H-TIME(UT) LATITUDE 
(NORTH) 

LONGITUDE 
(WEST) 

MAGNITUDE 

JAN. 28 00:41 (3) 46.67 122.20 ML=2.9 

JAN. 29 00:41 (1) 46.68 122.09 ML=2.8 
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JAN. 29 06:07 (1) 47.92 122.49 ML=1.3 

JAN. 31 00:00 (2) 49.35 115.18 ML=2.9 

JAN. 31 01:41 (2) 48.72 122.06 ML=1.2 

The above earthquakes occured i n l a n d f a r from Juan de 

Fuca S t r a i t . The magnitudes are comparatively s m a l l . 

T h e r e f o r e we conclude that the observed s e i c h e s are not 

r e l a t e d to the seismic a c t i v i t y . 

B. INCOMING WAVES 

The p o s s i b l e incoming waves which e x c i t e s e i c h e s i n 

c o a s t a l bays are edge waves, s w e l l and i n t e r n a l waves. 

1. EDGE WAVES 

The f i r s t candidate of s e i c h e - e x c i t i n g waves i s edge 

waves pa s s i n g along the coast by the mouths of bays. 

The bottom p r o f i l e of Juan de Fuca S t r a i t j u s t o f f the 

three bays may be represented by e x p o n e n t i a l curve. Then we 

s e l e c t parameters H 0 and a to f i t the e x p o n e n t i a l f u n c t i o n s 

in the form of H=H 0[1-exp(-ax)] to estimate the s e c t i o n of 

the S t r a i t . Afterwards we c o u l d e x a c t l y f o l l o w B a l l ' s method 

(1967) to c a l c u l a t e the d i s p e r s i o n r e l a t i o n of edge waves i n 

term of hypergeometric f u n c t i o n (Abramowitz and Stegun, 

1970). 

F i g u r e 99 shows the s e l e c t e d e x p o n e n t i a l f u n c t i o n by 

the s o l i d curve and sounding depths by the c i r c l e s f o r the 

bottom p r o f i l e o f f Pedder Bay. Fi g u r e 100 i s the r e s u l t i n g 
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S H E L F DEPTH P R O F I L E 
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F i g u r e 99 E x p o n e n t i a l f i t t i n g f o r bottom p r o f i l e 
o f f Pedder B a y . C i r c l e s are sounding depths. 

d i s p e r s i o n r e l a t i o n from B a l l ' s method. The dashed l i n e s 

i n d i c a t e modes which do not s a t i s f y the boundedness 

c o n d i t i o n s as x goes to » imposed by B a l l ' s theory. Bottom 

p r o f i l e s and d i s p e r s i o n r e l a t i o n s are shown i n F i g u r e 101 

and F i g u r e 102 f o r Becher Bay, F i g u r e 103 and F i g u r e 104 f o r 

Port San Juan. 

Based on the c a l c u l a t e d modes the corresponding sea 

s u r f a c e s are shown in F i g u r e 105 f o r Pedder Bay, where the 

maximum wave amplitude at coast i s assumed to be 1. F i g u r e 

106 f o r Becher Bay, F i g u r e 107 and F i g u r e 108 f o r Port San 

Juan f o r d i f f e r e n t p e r i o d s . The width of the S t r a i t of Juan 

de Fuca i s only about 20 km, but the sea s u r f a c e 

displacement does not change s i g n i f i c a n t l y w i t h i n a d i s t a n c e 

of the same order. B a l l ' s theory assumes an i n f i n i t e s h e l f , 
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F i g u r e 101 E x p o n e n t i a l f i t t i n g f o r bottom p r o f i l e 
o f f Becher B a y . C i r c l e s are sounding depths. 



F i g u r e 103 E x p o n e n t i a l f i t t i n g f o r bottom p r o f i l e 
o f f P o r t San J u a n . C i r c l e s are sounding 
depths. 
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Sea Surface Displacement 
oi Edge Waves With Exponential Slope 
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F i g u r e 106 Sea s u r f a c e displacement i n p e r i o d 
min. o f f Becher Bay. 
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Sea Surface Displacement 
al Edge Wnv-t With Exponential Slope 
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F i g u r e 108 Sea s u r f a c e displacement i n p e r i o d 16 
min. o f f Port San Juan ( e x p o n e n t i a l 
p r o f i l e ) . 

•wo.o 

t h e r e f o r e the c a l c u l a t e d modes do not decay r a p i d l y enough 

to f i t i n t o the S t r a i t of Juan de Fuca. 

More attempts were made i n Port San Juan. The bottom 

p r o f i l e was set as a s t r a i g h t l i n e H=-ax o f f the Port as 

shown i n F i g u r e 109, where the c i r c l e s i n d i c a t e sounding 

depths. The modes of d i s p e r s i o n r e l a t i o n s were c a l c u l a t e d i n 

term of Laguerre f u n c t i o n (LeBlond and Mysak, 1978. p.231). 

F i g u r e 110 shows the f i r s t four modes. F i g u r e 111 and F i g u r e 

112 are the sea s u r f a c e displacement with wave p e r i o d s 33 

and 16 minutes. F i g u r e 113 shows the sea s u r f a c e 

displacement at 6,000 meters o f f the coast a g a i n s t d i f f e r e n t 

p e r i o d s . 

The a n a l y s i s mentioned above i s not s a t i s f a c t o r y f o r 

t h e o r e t i c a l or p r a c t i c a l c o n s i d e r a t i o n s . These edge wave 
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109 L i n e a r f i t t i n g f o r bottom p r o f i l e of 
Port San J u a n . C i r c l e s are sounding depth. 

110 D i s p e r s i o n r e l a t i o n of edge waves with 
l i n e a r depth p r o f i l e o f f Port San Juan. 
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min. o f f Port San Juan ( l i n e a r p r o f i l e ) . 

F i g u r e 112 Sea s u r f a c e displacement i n p e r i o d 16 
min. o f f Port San Juan ( l i n e a r p r o f i l e ) . 
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F i g u r e 113 Surface displacement at 6,000 m o f f Port 
San Juan ( l i n e a r p r o f i l e ) . 

t h e o r i e s can only be a p p l i e d i n the case of a s i n g l e s i d e 

boundary. For our problem we need to o b t a i n s o l u t i o n s from 

both s i d e s of the s t r a i t and match the s o l u t i o n s (sea 

s u r f a c e displacement and i t s d e r i v a t i v e ) at one p o i n t of the 

s t r a i t . From the computing r e s u l t s presented above i t seems 

f u t i l e to t r y to match the s o l u t i o n s . Thereby numerical 

modeling was invoked again to seek the a c c e p t a b l e modes of 

d i s p e r s i o n r e l a t i o n i n the S t r a i t of Juan de Fuca. 

We s t a r t from the equation (4.1-4) for the s i n g l e 

v a r i a b l e TJ as shown i n the d e r i v a t i o n of b a s i c model: 

VH-VT? + H V 2 T J + ^ - T J = 0 

The depth H changes only i n the c r o s s - s t r a i t d i r e c t i o n and 
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the plane waves propagate along the s t r a i t , i . e . H=H(x) and 

77=77* (x ) e ^ C J t . A f t e r d i f f e r e n t i a t i o n with respect to y 

and dropping the "*", we get 

gH77xx + gH x 77x + (a;2 - g H * 2 ) 7 } = 0 

s u b s t i t u t i n g U=T?x the second order equation becomes two 

f i r s t order e q u a t i o n s : 

77 = u x 

H 2 

U X = " r T U ~ ( f l i " 

with u=0 on both boundaries. 

F i g u r e 114 i s a s p l i n e f i t of the bottom p r o f i l e o f f 

Port San Juan. The v a r i a b l e s H, u and 77 take 100 values 

r e s p e c t i v e l y at equal i n t e r v a l s along the x d i r e c t i o n , i . e . 

, u^ and 77̂  , i = 1 , 2 , . . . 1 00 . Using the corresponding 

d i f f e r e n c e equations we are able to c a l c u l a t e the H^ + 1 , 

u^ + 1 and T?̂  + 1 from r i \ , u^ and 77̂  , i = 1,2,...99. The H, and 

H 1 0 0 take the value 0.5 m i n s t e a d of 0 to a v o i d 

s i n g u l a r i t i e s on both boundaries. The u, takes the value of 

0 and 77, takes the value of 0.1. The co's take values 

corresponding to p e r i o d s of every h a l f minute from 1 minute 

to 40 minutes. The jfc's take v a l u e s c o r r e s p o n d i n g to wave 

le n g t h s of every h a l f km from 1 km to 120 km. A f t e r 

computation we get the values of u 1 0 o on the g r i d of u>-k. In 
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F i g u r e 114 S p l i n e f i t of the depth p r o f i l e o f f Port 
San Juan. 

c o n s i d e r a t i o n of c o n t i n u i t y of u as a f u n c t i o n of CJ and k, 

the 0-contours are drawn on t h i s g r i d which i s shown i n 

F i g u r e 115. These 0-contours are t r e a t e d as the d i s p e r s i o n 

r e l a t i o n curves of the along s t r a i t p ropagating waves. 

For comparison purpose the a n a l y t i c a l d i s p e r s i o n 

r e l a t i o n i s c a l c u l a t e d i n the case of f l a t bottom. The 

a n a l y t i c a l d i s p e r s i o n r e l a t i o n i s 

u>2 n 2 7 r 2 

— - = k2 

gH L 2 

where L i s the width of the s t r a i t and n i s the mode number. 

Taking the averaged depth of the s t r a i t as H, the c a l c u l a t e d 

d i s p e r s i o n r e l a t i o n curves are shown in F i g u r e 116. These 

two s e t s of curves are q u i t e resemblant and c o n f i r m the 
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F i g u r e 116 D i s p e r s i o n r e l a t i o n of edge waves from 
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c o r r e c t n e s s of the numerical r e s u l t s . 

The corresponding r e s u l t s of the s t r a i t o f f Becher Bay 

are shown i n F i g u r e 117 to F i g u r e 119. When these edge waves 

with p e r i o d s c l o s e to the ei g e n - p e r i o d s of bays propagate by 

the mouths of the bays, s e i c h e s i n s i d e the bays w i l l be 

exc i t e d . 

Looking back to F i g u r e 12 and Figu r e 24 we f i n d that at 

low frequency band (corresponding p e r i o d s 20 to 60 minutes) 

the coherences are w e l l above the confidence l e v e l s . I t 

suggests that the o s c i l l a t i o n s of Becher Bay and Port San 

Juan are h i g h l y c o r r e l a t e d w i t h i n t h i s range of p e r i o d s , 

furthermore these o s c i l l a t i o n s may be e x c i t e d by common 

source. We hypothesize that the common source i s i n the form 

of plane waves t r a v e l l i n g along the S t r a i t and the phase 

d i f f e r e n c e s c o n t i n u o u s l y change with f r e q u e n c i e s . A f t e r 

adding 2n to c e r t a i n values of phases i n the p e r i o d range of 

20 to 60 minutes, we f i n d that the phases Ac/>'s i n c r e a s e 

approximately l i n e a r l y with f r e q u e n c i e s . The approximate 

value of C=Ac/»/f i s 160 minutes. The d i s t a n c e between Port 

San Juan and Becher Bay i s L=68km. The source at the mouths 
i ( kx —tot) 

of these two bays may be w r i t t e n as e and 

r 
so that A0=kL=cjL/c, and the phase speed c 

may be c a l c u l a t e d : 

2 7 T f L 

A<t> 
2TTL 
C =* 2.67 km/min. 160 km/hr. 

From the c a l c u l a t e d d i s p e r s i o n r e l a t i o n s of edge waves we 
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F i g u r e 119 D i s p e r s i o n r e l a t i o n of edge waves from 
a n a l y t i c model with f l a t bottom ( o f f 
Becher Bay). 

know that the phase speed of edge waves i s approximastely 

160 km/hr. w i t h i n the p e r i o d range of 20 to 40 minutes. T h i s 

r e s u l t v e r i f i e s the above h y p o t h e s i s . Based on t h i s a n a l y s i s 

we conclude that the common source was edge waves. These 

edge waves o f t e n occur i n Juan de Fuca S t r a i t and are most 

important common sources throughout the observed s e i c h e s i n 

t h i s r e s e a r c h . T h i s t h e s i s only r e v e a l e d a l i t t l e of t h i s 

f a c t , mainly at low frequency band. The c a l c u l a t e d 

d i s p e r s i o n r e l a t i o n s of edge waves, coherences and phases of 

observed o s c i l l a t i o n s imply that the o s c i l l a t i o n s i n three 

bays were o f t e n generated by edge waves with wide range of 

p e r i o d s . The f u r t h e r a n a l y s i s , e s p e c i a l l y the a n a l y s i s of 

phases, has not been completed i n t h i s t h e s i s . 
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2. SWELL 

Data of waves at T o f i n o (west coast of Vancouver 

Island) are a v a i l a b l e and presented i n F i g u r e 120 and F i g u r e 

121. In January the peak p e r i o d of waves reaches i t s maximum 

(about 20 seconds) on the 20th. On February the 2nd, peak 

p e r i o d reaches i t s l o c a l maximum. On the other days of 

February the longer peak p e r i o d s appeared again, but the 

cor r e s p o n d i n g s i g n i f i c a n t wave h e i g h t s are low. During these 

two days i n t e n s i v e s e i c h e energy was found. The longer peak 

p e r i o d s (15 to 20 seconds) a s s o c i a t e d with l a r g e r 

s i g n i f i c a n t height of waves seem to be c o r r e l a t e d with 

occurrences of s e i c h e s . 

Within the days Jan. 16 to Feb. 18, the high frequency 

band of power s p e c t r a i n Port San Juan contained more energy 

on Jan. 16 to 17, Jan. 20 to 24, Jan. 31 to Feb. 4 and Feb. 

7 to 8 than that on the other days. The corresponding 

s i g n i f i c a n t height of s w e l l s were o b v i o u s l y high. We may 

conclude that the high frequency peaks i n the s p e c t r a of 

Port San Juan were r e l a t e d to l a r g e s w e l l s observed at 

T o f i n o . The f r e q u e n c i e s of those s w e l l s (periods 10 to 20 

seconds) were much higher than the cut o f f frequency of the 

power s p e c t r a , they c o n t r i b u t e d power to the s p e c t r a through 

a l i a s i n g . Those s w e l l s were not r e l a t e d to the o s c i l l a t i o n s 

i n Pedder Bay and Becher Bay. 
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3. INTERNAL WAVES 

I n t e r n a l waves may be one of the sources of the e x c i t e d 

s e i c h e s . Deep ocean i n t e r n a l waves commonly o r i g i n a t e from 

the i n t e r a c t i o n between t i d a l c u r r e n t s and bottom 

topography, such as a b y s s a l h i l l s , submarine mountains, or 

other sea bottom d i s c o n t i n u i t i e s . I t i s g e n e r a l l y accepted 

that oceanic i n t e r n a l t i d e s are generated at the edge of a 

c o n t i n e n t a l s h e l f . Recently Baines (1983) estimated the 

g l o b a l i n t e r n a l t i d e energy gene r a t i o n at a l l c o n t i n e n t a l 

s h e l f - s l o p e j u n c t i o n s f o r M 2 and S 2 f r e q u e n c i e s . 

Observations have shown that i n t e r n a l t i d e s have l a r g e 

amplitudes i n the v i c i n i t y of c o n t i n e n t a l s l o p e s , and 

c o n t r i b u t e a s i g n i f i c a n t f r a c t i o n of the h o r i z o n t a l v e l o c i t y 

f i e l d at t i d a l f r e q u e n c i e s (LeBlond and Mysak, 1978. p60). A 

p o r t i o n of the waves t r a v e l onto the s h e l f . 

Observations o f f the coast of B r i t i s h Columbia and 

Washington v e r i f y the e x i s t e n c e of l a r g e i n t e r n a l 

o s c i l l a t i o n s . Measurement of bottom pressure and temperature 

v a r i a t i o n o f f the B.C. coast suggest that i n t e r n a l t i d e s 

o r i g i n a t e with t i d a l flow over seamounts, a b y s s a l h i l l s and 

rough s e a f l o o r t e r r a i n . Within c e r t a i n B.C. c o a s t a l waters 

groups of i n t e r n a l waves cover a wide range of p e r i o d s and 

amplitudes. (Thomson, 1981) 

F i g u r e 122 shows a s a t e l l i t e image of s u r f a c e s l i c k 

bands at the mouth of Juan de Fuca S t r a i t , which i l l u s t r a t e s 

the i n t e r n a l waves i n t h i s r e g i o n . F i g u r e 123 i s a t r a c i n g 

of p a r t of t h i s image. The troughs of i n t e r n a l waves produce 
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convergences of s u r f a c e waters over them, the c r e s t s produce 

d i v e r g e n c e s . When these waves approach the mouth of a bay, 

the convergences and divergences work as a pump to dis c h a r g e 

and charge the bay. In a two-layer system, f o r example, 

where the upper l a y e r o f f s h o r e i s t h i c k e r than the depth of 

the bay, the h o r i z o n t a l flow i n the upper l a y e r w i t h i n the 

bay may not be completely balanced by an opposite flow i n 

the lower l a y e r , and sea l e v e l o s c i l l a t i o n s w i l l r e s u l t . 

T h i s procedure may t r a n s f e r energy from i n t e r n a l waves to 

s e i c h e s . 

Giese et al (1982) put forward an hypothesis about the 

r e l a t i o n s h i p between c o a s t a l s e i c h e s and oceanic i n t e r n a l 

t i d e s . They examined t i d e records from 1955 through 1971 at 

Magueyes I s l a n d , Puerto Rico, and found that the seiche 

a c t i v i t y was h i g h l y c o r r e l a t e d with lunar phase. The maximum 

a c t i v i t y occured approximately 7 days a f t e r new and f u l l 

moon; the mean number of o s c i l l a t i o n s per f o r t n i g h t v a r i e d 

i n v e r s e l y with the ab s o l u t e d i f f e r e n c e i n time between the 

preceding new and f u l l moon and the perigee nearest to i t , 

i . e . the degree of seiche a c t i v i t y depended upon the 

magnitude of the preceding s p r i n g t i d e s . The authors 

concluded that the i n t e r n a l waves were formed by t i d a l 

c u r r e n t s along the southeastern margin of the Caribbean Sea 

where the s e m i d i u r n a l t i d e reached i t s g r e a t e s t range; i t 

took f i v e days f o r these waves to t r a v e l to Puerto R i c o . 

Since the age of the t i d e i n the southeastern Caribbean was 

about two days, the l a r g e s t i n t e r n a l waves would reach 
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Puerto Rico approximately 7 days a f t e r new and f u l l moon. 

T h i s hypothesis was v e r i f i e d again by the observed i n t e r n a l 

waves and s e i c h e s i n the Sulu Sea. The o b s e r v a t i o n of 

i n t e r n a l waves i n Sulu Sea was c a r r i e d out by Apel et al 

(1980). 

In t h i s r e s e a r c h the a v a i l a b l e data cover the days from 

Jan. 15 to Feb. 20. Within t h i s p e r i o d there were two 

prominent seiche a c t i v i t i e s around Jan. 20 and Feb. 2, on 

Feb. 15 to 18 small s e i c h e s were observed i n the three bays. 

The time i n t e r v a l between these seiche a c t i v i t i e s was a 

f o r t n i g h t which suggests a p o s s i b l e c o r r e l a t i o n between 

s e i c h e s and lunar phase. 

F i g u r e 124 shows the t i d e r e c o r d at Port San Juan, 

which i s the smoothed curve of the o r i g i n a l data of t h i s 

r e s e a r c h . Time la g s between s p r i n g t i d e s and the f o l l o w i n g 

s t r o n g s e i c h e s were approximately one to two days. If we 

assume these strong s e i c h e s were generated by t i d e - i n d u c e d 

i n t e r n a l waves, these one to two days were the time 

d i f f e r e n c e between the su r f a c e t i d e s and the t i d e - i n d u c e d 

i n t e r n a l waves t r a v e l l i n g from the place where the i n t e r n a l 

waves were generated by t i d e s (probably at the edge of a 

c o n t i n e n t a l s h e l f ) to Juan de Fuca S t r a i t . 

We may estimate the speed of i n t e r n a l waves (Pond and 

P i c k a r d , 1983. p238): 
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and take values of the water depths of c o n t i n e n t a l s h e l f o f f 

Juan de Fuca S t r a i t , and of the winter d e n s i t y p r o f i l e i n 

that area (Werner and Hickey, 1982): h^SOm, h 2 = l50m, 

p!=1-025, p 2=1.026. The estimated speed C=2.16 km/hr.. The 

width of the c o n t i n e n t a l s h e l f o f f Juan de Fuca S t r a i t i s 

about 100 km; i f i n t e r n a l waves were generated at the edge 

of the c o n t i n e n t a l s h e l f , i t would take them 46 hours to 

t r a v e l to Juan de Fuca S t r a i t . Thus the i n t e r n a l waves would 

a r r i v e i n Juan de Fuca S t r a i t a l i t t l e l e s s than two days 

a f t e r the preceding s p r i n g t i d e s . If the i n t e r n a l waves were 

generated at the edges of banks 40 to 80 km from Juan de 

Fuca S t r a i t on the c o n t i n e n t a l s h e l f , i t would take them 

about 19 to 37 hours to t r a v e l to Juan de Fuca S t r a i t . 

From F i g u r e 124 we may see the s p r i n g t i d e of middle 

January was l a r g e r than that of l a t e January, but degrees of 

succedent s e i c h e s were i n v e r s e , e s p e c i a l l y i n Port San Juan 

( l o o k i n g back to F i g u r e 94). On the other hand the observed 

s e i c h e s a f t e r s p r i n g t i d e of mid-February were small (see 

F i g u r e s 13 to 18). The above f a c t s may not d i s p r o v e the 

hypothesis that t i d e - i n d u c e d i n t e r n a l waves were r e s p o n s i b l e 

f o r the observed strong s e i c h e s , s i n c e the gener a t i o n of 

i n t e r n a l waves not only depends upon the producing f o r c e s , 

but a l s o upon the s t r a t i f i c a t i o n of sea water. The source 

which may have enhanced the s e i c h e s of Feb. 2 w i l l be 

d i s c u s s e d i n f o l l o w i n g s e c t i o n . 

I t i s suggested that long-term (eg. more than one year) 

o b s e r v a t i o n of sea s u r f a c e o s c i l l a t i o n should be c a r r i e d out 
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to t e s t the f o r t n i g h t l y p a t t e r n , which may improve our 

understanding not only of s e i c h e s , but a l s o of i n t e r n a l 

waves o f f B.C. c o a s t . 

C. WINDS 

P r e v a i l i n g oceanic winds o f f the outer B r i t i s h 

Columbia-Washington coast are from the southwest in winter. 

The flow of a i r w i t h i n Juan de Fuca S t r a i t i s s t r o n g l y 

i n f l u e n c e d by the a d j o i n i n g mountainous t e r r a i n ; the 

c o r r e s p o n d i n g wind d i r e c t i o n s are e a s t e r l y in winter. 

Because of the funneling. e f f e e t of the topography, these 

e a s t e r l y winds undergo a seaward a c c e l e r a t i o n along the 

S t r a i t . Wind p a t t e r n s i n the e a s t e r n s e c t o r of the S t r a i t 

are f u r t h e r complicated by the i n e r t i a of l o c a l a i r flow. In 

the l e e of the mountains the winds overshoot and leave an 

area of calm a i r s i n the v i c i n i t y of Port Angeles (Thomson, 

1981). 

From the s p e c t r a l a n a l y s i s we found energy at h i g h 

frequency only i n Port San Juan. Besides the s w e l l s 

d i s c u s s e d before, the strong winds i n the eastern s e c t o r of 

Juan de Fuca S t r a i t may a l s o c o n t r i b u t e energy to the high 

frequency o s c i l l a t i o n s of Port San Juan. Pedder Bay and 

Becher Bay are l o c a t e d in an area of calm a i r s , t h e r e f o r e 

i t ' s very r a r e to f i n d high-frequency o s c i l l a t i o n s . 

The wind data are a v a i l a b l e at Race Rocks ( c l o s e to 

Pedder Bay and Becher Bay) and Cape Beale ( c l o s e to Port San 

Juan, see F i g u r e 1). These data are presented by s t i c k 
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diagrams in F i g u r e 125 and F i g u r e 126. The same data are 

presented by s p e e d - d i r e c t i o n time s e r i e s and compared with 

seiche energy in F i g u r e 127 and F i g u r e 128. The winds at 

Race Rocks may a f f e c t Pedder Bay and Becher Bay. The winds 

at Cape Beale may a f f e c t Port San Juan; w i t h i n Juan de Fuca 

S t r a i t the winds are i n f l u e n c e d by mountainous t e r r a i n . 

For the peak of s e i c h e energy on Jan. 20 the wind 

speeds are g e n e r a l l y small at both s t a t i o n s . The d i r e c t i o n 

of winds does not change s h a r p l y . Therefore i t i s hard to 

f i n d any obvious c o r r e l a t i o n between the seiche energy peak 

and wind d a t a . For the peak of wave energy on Feb. 2 the 

wind speeds are comparatively l a r g e at both s t a t i o n s . 

By v i s u a l examination of these wind data F i g u r e s , the 

seiche a c t i v i t i e s observed i n the three bays were n e i t h e r 

r e l a t e d to s t r o n g winds, nor c e r t a i n d i r e c t i o n s of winds. I t 

i s f a i r l y obvious that the observed s e i c h e s were not caused 

d i r e c t l y by winds. 

D. BAROMETRIC VARIATION 

The other p o s s i b l e source of the l a r g e amplitude 

seiches i s the barometric pressure v a r i a t i o n s . The 

atmospheric pressure data w i t h i n that p e r i o d are given i n 

F i g u r e 129. F i g u r e 130 i s the r a t e of change of the 

p r e s s u r e . There was no s i g n i f i c a n t pressure jump on Jan. 20. 

On Feb. 1 to Feb. 2 there was peak on the p r e s s u r e curves 

and the r a t e of change of the pressure dropped a b r u p t l y . 

S i m i l a r barometric jumps c o u l d be found Feb. 3 through 8. 
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F i g u r e 128 The comparison of s e i c h e 
data at Cape Beale. 

energy and wind 
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The notable f e a t u r e of the p r e s s u r e on Feb. 1 to Feb. 2 i s 

that the pressure i n c r e a s e d to the maximum and dropped to 

minimum w i t h i n about one day, but the s i m i l a r process on 

Feb. 3 to 8 took four days. 

F i g u r e 131 shows the s e a - l e v e l pressure maps of Jan. 

20. The time on these maps i s Greenwich time. On Jan. 20 the 

pressure g r a d i e n t i s not along the S t r a i t of Juan de Fuca. 

The 1028 mb contour moved about 50 km from 00:20 to 15:00 

along the S t r a i t at speed l e s s than 5 km. F i g u r e 132 shows 

the s e a - l e v e l pressure maps of Feb. 2. On Feb. 2 the 

pressure contours are p e r p e n d i c u l a r to the middle l i n e of 

the s t r a i t , so that the p r e s s u r e g r a d i e n t i s al o n g the 

s t r a i t . Taking 1008 mb contour as an example, on Feb. 2, 9 

o'clock a c r o s s northern end of Vancouver I s l a n d , 15 o'clock 

a c r o s s the southern end, 21 o' c l o c k s t i l l a c r o s s the 

southern end, then back to no r t h e r n end at 3 o' c l o c k of Feb. 

3. Then we estimate that the pr e s s u r e f r o n t moved at a speed 

about 100 km/hr. on the f i r s t h a l f day of Feb. 2 i n 

d i r e c t i o n SSE and on the second h a l f day of Feb. 2 i n the 

opp o s i t e d i r e c t i o n . 

Proudman (1953) d i s c u s s e d the problem of c o u p l i n g 

between moving a i r - p r e s s u r e d i s t u r b a n c e s and sea l e v e l 

v a r i a t i o n . Platzman (1958) performed a numerical s i m u l a t i o n 

of the surge of 26 June 1954 on Lake Michigan caused by an 

intense and fast-moving s q u a l - l i n e . O r l i c (1980) and H i b i y a 

(1982) e x p l a i n e d the cause of observed s e i c h e s by Proudman 

c o u p l i n g . Our problem i s to f i n d a q u a n t i t a t i v e r e l a t i o n 
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F i g u r e 131 Barometric maps (1). 
Upper: Jan. 20 0200. 
L o w e r - l e f t : Jan. 20 0900. 
Lower-right: Jan. 20 1500. 



F i g u r e 132 Barometric maps (2) . 
U p p e r - l e f t : - F e b . 2 0900. 
Up p e r - r i g h t : Feb. 2 1500. 
L o w e r - l e f t : Feb. 2 2100. 
Lower-right: Feb. 3 0200. 
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between the t r a v e l l i n g atmospheric pressure d i s t u r b a n c e and 

the generated water waves, and then how the generated water 

waves e x c i t e d s e i c h e s i n the c o a s t a l bays. 

In the case of wave propagation i n x - d i r e c t i o n , a 

f o r c e d wave rj(x-vt) with phase v e l o c i t y v c o u l d be generated 

by a t r a v e l i n g atmospheric pressure d i s t u r b a n c e with the 

v e l o c i t y v of the form r j * ( x - v t ) . I f 77 i s the water s u r f a c e 

e l e v a t i o n r e l a t i v e to mean sea l e v e l , then 7j* = -p/(p«g) 

re p r e s e n t s the barometric response, where p i s the 

atmospheric pressure d e v i a t i o n at sea s u r f a c e , g the g r a v i t y 

a c c e l e r a t i o n and p the mean d e n s i t y of sea water. Then TJ i s 

given by TJ=7J*/( 1 - v 2 / c 2 ) where c i s the phase speed of 

shallow water waves (Proudman, 1953). For example, i f c=*120 

km/hr. and v=O00 km/hr., c > v , the water wave t r a v e l s i n 

phase with the pressure d i s t u r b a n c e . The s u r f a c e e l e v a t i o n 

i s a m p l i f i e d by 77/77* =3.3. When v approaches c, the resonance 

w i l l generate l a r g e amplitude propagating waves. A 

s i n g u l a r i t y v=c i n d i c a t e s a maximum a m p l i f i c a t i o n . Taking 

v=80~120 km/hr, i . e . v=22~33 m/s, i f v=c=v/gh, we have 

h^50~1l0 m. Therefore f o r the occurrence of Proudman 

resonance the depths from 50 to 110 m are needed. These 

depths can be found i n f r o n t of those c o a s t a l bays. The 

speed of the pressure d i s t u r b a n c e changes w i t h i n some range, 

and the speed of shallow water waves changes due to water 

depth i n d i f f e r e n t r e g i o n s . The averaged c and v were c l o s e 

enough to make sure t h i s resonance would probably happen. 
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The c a l c u l a t e d d i s p e r s i o n r e l a t i o n of edge waves i n 

Juan de Fuca S t r a i t shows that the water waves with p e r i o d 

10 to 40 minutes have speed about 120 to 170 km/hr., which 

i s comparable to the speed of the barometric f r o n t . In the 

v i c i n i t y of resonant c o n d i t i o n v=c, we have to t r e a t the 

problem as an i n i t i a l value problem, i n which the amplitude 

of the water waves i n c r e a s e l i n e a r l y with time t . Thus edge 

waves along the S t r a i t may be generated by the t r a n s i e n t 

f o r c i n g of the impulsive pressure d i s t u r b a n c e , then e x c i t e 

the seiches i n s i d e the bays. 

In c o n t r a s t f o r the case of a pure f o r c e d wave, the 

maximum e l e v a t i o n Ar? of water l e v e l appears i n the f r o n t 

p a r t of the f o r c i n g r e g i o n , and i s given by 

Arj=- (Ar?*/L) -x/2 

where x i s the d i s t a n c e t r a v e l l e d by the f r o n t , L i s the 

d i s t a n c e from the pressure maximum to the f r o n t (Hibiya and 

K a j i u r a , 1983). I t i s noted that AT? i s p r o p o r t i o n a l to x and 

i n v e r s e l y p r o p o r t i o n a l to L. So the high p ressure gr a d i e n t 

and long d i s t a n c e t r a v e l l e d by the pressure d i s t u r b a n c e 

c o u l d e x c i t e l a r g e amplitude f o r c e d water waves. T h i s 

s i t u a t i o n can be found on the barometric maps of Feb. 2. 

E. CONCLUSION 

A f t e r examining every p o s s i b i l i t y of s e i c h e - e x c i t i n g 

sources, we may approach our p r e l i m i n a r y c o n c l u s i o n . 

Edge waves i n Juan de Fuca S t r a i t are the major source 

of s e i c h e s i n these three bays. The study of coherences and 
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phases r e v e a l s the phase speed of the e x c i t i n g source with 

d i f f e r e n t p e r i o d s , which agrees very w e l l with the computed 

speed of edge waves i n the S t r a i t . 

The s t r o n g e s t s e i c h e s on Feb. 2 may be e x p l a i n e d by 

Proudman resonance of the observed t r a v e l i n g atmospheric 

pressure wave. The pressure wave may have generated long 

waves i n Juan de Fuca S t r a i t . When these waves passed by the 

mouths of the c o a s t a l bays, the s e i c h e s were e x c i t e d at the 

resonant f r e q u e n c i e s of the corresponding bays. Looking back 

to F i g u r e s 96 to 98 we may f i n d that o s c i l l a t i o n s i n Becher 

Bay and Port San Juan were c o r r e l a t e d at d i f f e r e n t 

f r e q u e n c i e s , which supports the hypothesis that these 

o s c i l l a t i o n s were e x c i t e d by waves with wide range of 

p e r i o d s t r a v e l i n g i n the S t r a i t . The o s c i l l a t i o n s of Pedder 

Bay showed poor coherences with those of other two bays, the 

strong s e i c h e s i n Pedder Bay may not be generated by the 

same t r a v e l i n g waves, but by same barometric d i s t u r b a n c e 

through Proudman resonance. 

As f o r the e x c i t i n g source of s e i c h e s of Jan. 20, i t i s 

f a i r l y obvious that those s e i c h e s were not r e l a t e d to 

seismic a c t i v i t y or wind and barometric p r e s s u r e , as shown 

by the a v a i l a b l e data. F i g u r e 95 shows that o s c i l l a t i o n s of 

Becher Bay and Port San Juan were c o r r e l a t e d at low 

frequency band. A p o s s i b l e candidate i s waves ( s u r f a c e or 

i n t e r n a l ) propagating from the ocean, t r a v e l i n g i n t o the 

S t r a i t and e x c i t i n g the s e i c h e s i n the bays. 
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Ti d e - i n d u c e d i n t e r n a l waves may p l a y the l e a d i n g r o l e 

i n the g e n e r a t i o n of these s e i c h e s . T h i s hypothesis may 

e x p l a i n the f o r t n i g h t p a t t e r n of strong s e i c h e s observed on 

January 20 and February 2. The s a t e l l i t e image shows that 

i n t e r n a l waves reach only the mouth of Juan de Fuca S t r a i t , 

which may e x p l a i n why Port San Juan always possessed more 

wave energy. U n f o r t u n a t e l y the necessary data of 

displacement of i s o p y c n a l s are u n a v a i l a b l e , we c o u l d not 

reach our c o n c l u s i o n through an a n a l y s i s of t i d a l data whose 

d u r a t i o n was not g r e a t l y longer than a lunar month. 

The s w e l l data of T o f i n o were o b v i o u s l y c o r r e l a t e d with 

the high frequency o s c i l l a t i o n s of Port San Juan, they 

c o n t r i b u t e d power to s p e c t r a through a l i a s i n g . 

I n t e r n a l waves and edge waves damped when they 

t r a v e l l e d to the east end of Juan de Fuca S t r a i t , and winds 

were g e n e r a l l y strong i n the v i c i n i t y of Port San Juan, that 

i s why o s c i l l a t i o n s i n Port San Juan possessed more energy. 
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