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ABSTRACT 

OPTICAL AnSNOATION CO^ICIENTS IN OCEANIC AND ESTUARINE WATERS 

b y 

DEIKK ARTHUR P I L ^ I H , B.Se., K.Sc., Master Mariner. 

P u b l i s h e d b y d r o - o p t i c a l t b e o r y p e r t i n e n t t o t b i s s t u d y i s c r i t i c a l l y 
r e v i e w e d ; t b e o p t i c a l q u a l i t y o f t b e i n s t r u m e n t a t i o n u s e d i s 
a s s e s s e d and a method i s p r o p o s e d f o r j u d g i n g t h e a n g u l a r r e s p o n s e o f 
a d i f f u s e c o l l e c t o r . C o n s i d e r a t i o n i s g i v e n t o t h e p o s s i b i l i t y o f 
s e l f s h a d i n g , b y an U n d u l a t i n g O c e a n o g r a p h i c R e c o r d e r (UOR), o f 
u p w e l l i n g i r r a d i a n c e measurements; t h i s w o u l d a d v e r s e l y a f f e c t t h e 
c a l c u l a t i o n . o f r e f l e c t a n c e , an i m p o r t a n t o p t i c a l p a r a m e t e r i n remote 
s e n s o r c a l i b r a t i o n work. 

A s e l e c t i o n o f o p t i c a l measurements made a t e s t u a r i n e , c o a s t a l and 
deep sea l o c a t i o n s a r e a n a l y s e d and e m p i r i c a l r e l a t i o n s h i p s between 
o p t i c a l c o e f f i c i e n t s a r e p r e s e n t e d . A sample s e t o f d a t a o b t a i n e d b y 
means o f a UOR d u r i n g a tow a c r o s s t h e A r c t i c F r o n t i s c o n s i d e r e d i n 
d e t a i l , and a s i m p l e a n a l y s i s o f t h e c o n t r i b u t i n g components o f t b e 
d i f f u s e a t t e n u a t i o n c o e f f i c i e n t i s c a r r i e d Out. 

S i n c e u n d e r w a t e r v i s i b i l i t y i s l i m i t e d b y t h e beam and d i f f u s e 
a t t e n u a t i o n c o e f f i c i e n t s , d i v e r o b s e r v a t i o n s o f t a r g e t s o f known 
o p t i c a l q u a l i t y s h o u l d p r o v i d e a s i m p l e means o f e s t i m a t i n g t h e s e . 
Two methods s u g g e s t e d i n t h e l i t e r a t u r e a r e c o n s i d e r e d b u t r e j e c t e d 
on b o t h t h e o r e t i c a l and p r a c t i c a l g r o u n d s ; new methods a r e p r o p o s e d , 
t e s t e d , f o u n d s a t i s f a c t o r y and recommended f o r d i v e r u s e . 

R e l a t i o n s h i p s a r e e s t a b l i s h e d between t h e t u r b i d i t y and t h e 
p e n e t r a t i o n o f l i g h t i n a n e s t u a r i n e e n v i r o n m e n t . The p r o p o r t i o n o f 
l i g h t r e a c h i n g t h e bed o f an e s t u a r y depends upon t h e d e p t h and 
t u r b i d i t y , and t h i s may be r e p r e s e n t e d b y t h e d i f f u s e o p t i c a l d e p t h 
o f t h e bed, J h . 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 show t h a t J h ( t ) v a r i e s a t 
t w i c e t h e t i d a l f r e q u e n c y and t h i s i s c o n f i r m e d b y f i e l d o b s e r v a t i o n s . 
C a l c u l a t i o n s i n d i c a t e t h a t t h e same phenomenon must o c c u r i n c o a s t a l 
w a t e r s where t i d a l r a n g e s and t i d a l v a r i a t i o n s i n t u r b i d i t y a r e 
s i g n i f i c a n t . 

C e r t a i n a s p e c t s o f h y d r o - o p t i c a l r e s e a r c h t h a t r e q u i r e f u r t h e r work 
a r e i d e n t i f i e d , and v i a b l e programmes o f i n v e s t i g a t i o n a r e p r o p o s e d . 
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Chapter 1 

I N T R O D U C T I O N 
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I t was recommended b y Dominique A r g o , t b e n i n e t e e n t b c e n t u r y 

a s t r o n o m e r and o p t i c a l p h y s i c i s t , t h a t ' s a i l o r s s h o u l d s t u d y t h e 

t r a n s p a r e n c y o f t h e sea and i t s c o l o u r ' . T h i s i d e a was t a k e n up b y 

Commander A l e s s a n d r o C i a l d i who, i n 1865, was head o f t h e P a p a l Navy. 

I t was C i a l d i who p r e p a r e d a number o f ' d i s c s o f d i f f e r e n t c o l o u r and 

s i z e s ' ( C i a l d i , 1 8 6 6 ) , and engaged P r o f e s s o r PA S e c c h i t o o r g a n i z e 

and c o n d u c t a programme o f o b s e r v a t i o n s f r o m on b o a r d t h e p a p a l b a r g e 

L'Immacolata C o n c e z i o n e , ( C o l l i e r e t a l , 1 9 6 8 ) . Thus began a c e n t u r y 

o f s h i p - b o a r d o b s e r v a t i o n s o f h y d r o - o p t i c a l phenomenon and improved 

measurement t e c h n i q u e s , the most s i g n i f i c a n t o f w h i c h was t h e 

development b y HH P o o l e and WRG A t k i n s a t P l y m o u t h i n t h e 1920s, o f 

an e l e c t r i c a l i r r a d i a n c e meter ( P o o l e , 1925, 1928; P o o l e and A t k i n s , 

1926, 1928, 1 9 2 9 ) . 

The s t a t u s o f h y d r o - o p t i c a l r e s e a r c h was much enhanced i n 1978 w i t h 

t h e l a u n c h o f t h e C o a s t a l Zone C o l o u r S c a n n e r , w h i c h was d e s i g n e d 

s p e c i f i c a l l y f o r t h e remote s e n s i n g o f t h e a q u a t i c e n v i r o n m e n t . The 

scope o f remote s e n s i n g i s g l o b a l ; t h e s i n g l e o b s e r v a t i o n s w h i c h 

S e c c h i made o f f t b e c o a s t o f C i v i t a v e c c h i i n t h e M e d i t e r r a n e a n may 

now be i m i t a t e d s y n o p t i c a l l y o v e r whole o c e a n s . However, t h i s 

quantum advance i n o b s e r v a t i o n a l t e c h n i q u e has n o t r e n d e r e d 

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

has c r e a t e d an u r g e n t need f o r a p p r o p r i a t e and p r o p e r l y o b s e r v e d 

ground t r u t h d a t a , p a r t i c u l a r l y t h o s e w h i c h r e l a t e u p w e l l i n g f l u x e s 

o f l i g h t t o t h e o c e a n o g r a p h i c c o n d i t i o n s - b i o l o g i c a l , b i o c h e m i c a l , 

p h y s i c a l and/or g e o p h y s i c a l - o f t h e w a t e r s c o n c e r n e d . 

C u r r e n t i n t e r e s t i n o p t i c a l oceanography i s n o t r e s t r i c t e d t o t b e 

c a l i b r a t i o n o f remote s e n s i n g d a t a , however. There r e m a i n s g r e a t 

1.2 



scope f o r f u n d a m e n t a l r e s e a r c l i i n such, d i v e r s e a r e a s a s : p r i m a r y 

p r o d u c t i v i t y , i n s i t u measurement o f suspended sediment c o n c e n t r a 

t i o n , f l u x , and p a r t i c l e s i z e d i s t r i b u t i o n , t b e u n d e r w a t e r v i s i b i l i t y 

p r o b l e m s o f man, f i s b and p b o t o g r a p b e r , and s u b m a r i n e - s a t e l l i t e 

c o m m u nication by l a s e r . 

I n any o p t i c a l e x p e r i m e n t o r i n v e s t i g a t i o n i t i s " i m p o r t a n t t b a t 

s p e c i f i c and a p p r o p r i a t e o p t i c a l p r o p e r t i e s o f t b e w a t e r o r l i g b t 

f i e l d be i d e n t i f i e d f o r s t u d y . O n l y t b e n c a n t b e c o r r e c t i n s t r u m e n t 

a t i o n be s e l e c t e d o r m o d i f i e d . U s u a l l y i t i s a p p r o p r i a t e t o s p e c i f y 

tb e r e q u i r e d c b a r a c t e r i s t i c s o f t b e l i g b t s e n s o r t o be u s e d - i n 

terms o f t b e s p e c t r a l and a n g u l a r r e s p o n s e o f i t s c o l l e c t o r and t b e 

u n i t s o f measurement. F o r example, t b e ( a p p a r e n t ) p r o p e r t y w b i c b 

b e s t i d e n t i f i e s t b e p o t e n t i a l o f a column o f w a t e r t o a t t e n u a t e l i g b t 

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

" c o e f f i c i e n t o f quantum s c a l a r i r r a d i a n c e i n t h e 350-700 nm wave-band, 

(UNESCO, 1 9 6 5 ) . I t f o l l o w s t h a t t h e c o r r e c t s e n s o r t o be u s e d i n t h e 

s t u d y o f a q u a t i c p h o t o s y n t h e s i s i s a 4n s c a l a r ( s p h e r i c a l ) c o l l e c t o r 

w i t h an o u t p u t p r o p o r t i o n a l t o t b e quantum f l u x . A n o t h e r a p t example 

i s t h e use o f t h e S e c c h i d i s c i n e s t i m a t i n g o p t i c a l p r o p e r t i e s o f t h e 

w a t e r column; i t i s n o t a l w a y s r e c o g n i s e d t h a t as t h e S e c c h i d e p t h i s 

an o b s e r v e d v a l u e t h e n , s t r i c t l y , o n l y o p t i c a l c o e f f i c i e n t s s p e c i f i c 

t o t h e s p e c t r a l r e s p o n s e o f human v i s i o n c a n be e s t i m a t e d . I n 

p r a c t i c e , i t may be v i a b l e t o use o p t i c a l c o e f f i c i e n t s w h i c h a r e n o t 

s t r i c t l y a p p r o p r i a t e ; however, i n t h e d e s i g n o f any programme o f 

o p t i c a l o b s e r v a t i o n i t i s i m p e r a t i v e t h a t t h e o r e t i c a l c o n s t r a i n t s a r e 

n o t t o t a l l y i g n o r e d f o r t h e sake o f p r a c t i c a l i t y . 

B a s i c o p t i c a l t h e o r y has b e e n p r e s e n t e d i n s e v e r a l b o o k s , eg J e r l o v 
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(1965, 1968, 1 9 7 6 ) , P r e i s e n d o r f e r (1976) and K i r k ( 1 9 8 3 ) , and 

numerous p a p e r s , i n c l u d i n g H u l b e r t ( 1 9 4 5 ) , T y l e r and P r e i s e n d o r f e r 

( 1 9 6 2 ) , Smitb and T y l e r (1967, 1 9 7 5 ) , T y l e r e t a l ( 1 9 7 2 ) , T i m o f e e v a 

( 1 9 7 4 ) , M o r e l ( 1 9 7 4 ) , T y l e r (1977) and Gordon e t a l (1979, 1 9 8 4 ) . 

C b a p t e r 2 o f t b i s t b e s i s c o m p r i s e s o f a s e l e c t i o n o f " t b o s e o p t i c a l 

t h e o r y t o p i c s w h i c h a r e p e r t i n e n t t o t h e s e v e r a l f a c e t s o f t h e s t u d y 

u n d e r t a k e n , s t a r t i n g w i t b a d e t a i l e d r e v i e w o f t h e terms and.cLuant-

i t i e s w h i c h d e s c r i b e and d e f i n e r a d i o m e t r i c f l u x . 

Two p r o c e s s e s f u n d a m e n t a l t o any o p t i c a l phenomenon are a b s o r p t i o n 

and s c a t t e r i n g . The p r e s e n t s t u d y i s p r i m a r i l y p h y s i c a l i n a p p r o a c h , 

w h i l s t t h e a b s o r p t i o n o f l i g h t i s a p h o t o c h e m i c a l p r o c e s s . The f i r s t 

a t o m i c and/or m o l e c u l a r e v e n t s w h i c h f o l l o w t h e a b s o r p t i o n o f a 

p h o t o n (a quantum o f l i g h t e nergy) a r e t h e r e f o r e d e s c r i b e d and some 

i m p o r t a n t h y d r o - o p t i c a l examples - w a t e r , C h i . a and t h e m a j o r 

a c c e s s o r y p i g m e n t s - a r e c o n s i d e r e d . 

An i m p o r t a n t c o n c e p t i n t h e s t u d y o f h y d r o - o p t i c s i s t h e d i s t i n c t i o n 

between an i n h e r e n t p r o p e r t y , t b e o p e r a t i o n a l v a l u e o f w h i c h i s 

independent o f t h e r a d i a t i o n f i e l d , and an a p p a r e n t o p t i c a l p r o p e r t y 

w h i c h i s n o t i n d e p e n d e n t o f t h e r a d i a t i o n f i e l d . T h i s d i s t i n c t i o n -

e s s e n t i a l t o t h e d e f i n i t i o n o f o p t i c a l p r o p e r t i e s and t o t h e d e s i g n , 

use and c a l i b r a t i o n o f o p t i c a l i n s t r u m e n t a t i o n - i s e x p l o r e d , as i s 

t h e d i f f e r e n c e between r a d i a n c e ( c o l l i m a t e d f l u x ) and i r r a d i a n c e 

( d i f f u s e f l u x ) . 

There t h e n f o l l o w s a t h e o r e t i c a l r e v i e w o f t h e measurement o f t h e 

d i f f u s e a t t e n u a t i o n c o e f f i c i e n t . The measurement o f o p t i c a l 

c o e f f i c i e n t s i s f u n d a m e n t a l t o t h e aims o f t h e p r e s e n t s t u d y , and t h e 
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two most i m p o r t a n t o f t h e s e a r e t h e beam a t t e n u a t i o n c o e f f i c i e n t ( o f 

c o l l i m a t e d l i g h t ) , c(X), and t h e d i f f u s e a t t e n u a t i o n c o e f f i c i e n t ( o f 

d i f f u s e l i g h t ) , K(A,). The beam a t t e n u a t i o n c o e f f i c i e n t i s an 

i n h e r e n t p r o p e r t y and i t s measurement i s , i n t b e o r y , s t r a i g h t 

f o r w a r d . F o r example, i t i s q u i t e i n o r d e r t o remove a w a t e r sample 

f o r measurement o f c ( X ) b y a beam t r a n s m i s s o m e t e r , p r o v i d i n g t h a t 

t h i s r e m o v a l does n o t cause a p h y s i c a l change i n t h e w a t e r , s u c h as 

t h e f l o c c u l a t i o n o r breakdown o f p a r t i c u l a t e s . The d i f f u s e a t t e n 

u a t i o n c o e f f i c i e n t , however, i s an a p p a r e n t p r o p e r t y so must be 

measured i n s i t u . T h i s i n v o l v e s some form o f v e r t i c a l p r o f i l i n g o f 

t h e w a t e r column. A l s o c o n s i d e r e d i s t h e range o f i r r a d i a n c e 

c o l l e c t o r s a v a i l a b l e f o r m e a s u r i n g d i f f e r e n t a s p e c t s ( v e c t o r / s c a l a r , 

u p w e l l i n g / d o w n w e l l i n g / t o t a l ) o f t h e i r r a d i a n c e f i e l d . 

A s i g n i f i c a n t p a r t o f t i i s s t u d y was d e v o t e d t o t h e a n a l y s i s o f d i v e r 

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

w a t e r v i s i b i l i t y p r o b l e m s , s u c h as t h e s e l e c t i o n o f optimum f i s h i n g 

n e t c o l o u r (Hemmings and L y t h g o e , 1965; Tsudo and Inoue, 1 9 7 3 ) , i s 

n o t new. I n r e c e n t y e a r s , c o n s i d e r a b l e a t t e n t i o n has been g i v e n t o 

t h e l i m i t a t i o n s o f u n d e r w a t e r v i s i b i l i t y i n d i v e r o p e r a t i o n s . Most 

o f the f u n d a m e n t a l p r o b l e m s o f d i v e r v i s i o n and image t r a n s m i s s o n 

have been d e s c r i b e d i n t h e work o f Hemmings ( 1 9 6 5 ) , Hemmings and 

Ly t h g o e ( 1 9 6 5 ) , Gazey ( 1 9 7 0 ) , L y t h g o e (1971, 1 9 7 9 ) , and C o c k i n g 

( 1 9 7 6 ) . O t h e r s p e c i f i c s t u d i e s i n c l u d e s i z e and d i s t a n c e judgement 

b y d i v e r s ( R o s s , 1 9 6 5 ) , d i v e r s ' s t e r e o s c o p i c a c u i t y ( R o s s , 1 9 6 7 ) , 

p o l a r i z e d l i g b t and v i s i o n ( L y t b g o e and Hemmings, 1 9 6 7 ) , c o l o u r 

v i s i o n u n d e r w a t e r ( F a y , 1 9 7 6 ) , p e r c e p t i o n o f c o l o u r change w i t h 

d i s t a n c e (Emmerson, 1 9 8 4 ) , f i e l d dependency ( L e a c h , 1 9 8 5 ) , t h e 

e f f e c t s o f n i t r o g e n n a r c o s i s upon d i v e r s ' v i s u a l a b i l i t i e s (Ross and 
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Rejman, 1 9 7 6 ) , and t h e e f f e c t s o f t a r g e t - d i v e r movement upon t h r e s h -

h o l d d e t e c t i o n (Emmerson, 1 9 8 7 ) . These s t u d i e s a r e , i n t h e main, 

c o n c e r n e d w i t h t h e ways i n w h i c h o p t i c a l p h y s i o l o g y and t h e p r o p a g 

a t i o n o f u n d e r w a t e r l i g h t a f f e c t a d i v e r ' s v i s u a l c a p a b i l i t i e s . I n 

the v i s i b i l i t y work c a r r i e d o u t i n t h e c o u r s e o f t h e p r e s e n t s t u d y , 

t h e p r o b l e m was approached and e x p l o i t e d f r o m t h e o p p o s i t e d i r e c t i o n . 

S i n c e u n d e r w a t e r v i s i b i l i t y i s l i m i t e d b y t h e beam, and d i f f u s e 

a t t e n u a t i o n c o e f f i c i e n t s , d i v e r o b s e r v a t i o n s o f t a r g e t s o f known 

o p t i c a l q u a l i t y s h o u l d p r o v i d e a means o f e s t i m a t i n g t h e s e c o e f f 

i c i e n t s and o t h e r c l o s e l y r e l a t e d p a r a m e t e r s . The l a s t p a r t o f 

Ch a p t e r 2 t h e r e f o r e c o n c e n t r a t e s on t b o s e a s p e c t s o f u n d e r w a t e r 

v i s i b i l i t y t h a t a r e d i r e c t l y r e l a t e d t o t h i s work. As o p t i c a l 

c o e f f i c i e n t s a r e t o be e s t i m a t e d from v i s u a l r a n g e s , i t i s i m p o r t a n t 

t h a t t h e p e r f o r m a n c e o f t h e eye be a s s e s s e d i n t h e same way as any 

o t h e r o p t i c a l s e n s o r , i e i n terms o f i t ' s a n g u l a r and s p e c t r a l 

r e s p o n s e , and u n i t s o f f l u x measurement. T h i s i s f o l l o w e d b y an 

e x p l a n a t i o n o f t h e two b a s i c c o n c e p t s u s e d i n t h e s t u d y o f u n d e r w a t e r 

v i s i b i l i t y : c o n t r a s t t r a n s m i t t a n c e and t h r e s h o l d c o n t r a s t . F i n a l l y , 

t h i s t h e o r y i s a p p l i e d t o t h e v i s i b l e r a n g i n g o f two o f t b e o p t i c a l 

t a r g e t s employed i n subsequent e x p e r i m e n t a l work, namely t h e S e c c h i 

d i s c , and t h e p a i r o f g r e y and w h i t e d i s c s p r o p o s e d b y D u n t l e y 

( 1 9 5 2 ) , and d e s c r i b e d b y P r e i s e n d o r f e r (1976, 1 9 8 6 ) . 

Most o f t h e h i g h t u r b i d i t y o b s e r v a t i o n s were made i n t h e e s t u a r y o f 

t h e R i v e r Tamar and P l y m o u t h Sound. T h i s a r e a has r e c e i v e d 

c o n s i d e r a b l e a t t e n t i o n r e c e n t l y i n t h e s t u d y o f e s t u a r i n e geo

c h e m i s t r y (eg M o r r i s e t a l , 1981, 1982a, 1982b, 1982c; A c k r o y d e t a l , 

1982; G l e g g e t a l , 1 9 8 5 ) , hydrodynamics (eg U n c l e s e t a l , 1983, 1985, 

1 9 8 6 ) , sediment t r a n s p o r t (eg B a l e e t a l , 1985; B a l e and M o r r i s , 
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1985) and p r i m a r y p r o d u c t i o n (eg J o i n t , 1978; J o i n t and Pomroy, 1981; 

U n c l e s and J o i n t , 1 9 8 2 ) . I t was a l s o t h e l o c a t i o n o f v e r y e a r l y 

h y d r o - o p t i c a l work (eg P o o l e , 1925, 1928; P o o l e and A t k i n s , 1926, 

1928, 1929; Cooper and M i l n e , 1 9 3 8 ) . C o a s t a l w a t e r o b s e r v a t i o n s were 

o b t a i n e d o f f P l y m o u t h , i n t h e SW Approaches ( F r e d e r i c k R u s s e l l 

c r u i s e s , 1985 and 1 9 8 7 ) , and i n t h e E n g l i s h Channel and I r i s h Sea 

( L y n c h c r u i s e , 1 9 8 7 ) . O c e a n i c d a t a were c o l l e c t e d i n t h e NE A t l a n t i c 

( F r e d e r i c k R u s s e l l c r u i s e s ) , and Norwegian and G r e e n l a n d Seas ( L y n c h 

c r u i s e ) . F o r s a f e t y r e a s o n s , d i v i n g o p e r a t i o n s were c o n d u c t e d o n l y 

i n e s t u a r i n e and c o a s t a l w a t e r s , m o s t l y i n P l y m o u t h Sound, a l o c a l 

f r e s h - w a t e r r e s e r v o i r and t h e t u r b i d i n s h o r e w a t e r s o f S i n g a p o r e and 

SE M a l a y s i a . 

The o b j e c t i v e s o f t h i s programme o f r e s e a r c h were: 

( i ) To c r i t i c a l l y r e v i e w e x i s t i n g o p t i c a l t h e o r y r e l a t e d t o t h e 

work t o be u n d e r t a k e n . 

( i i ) To e s t a b l i s h r e l a t i o n s h i p s between t h e t u r b i d i t y and t h e 

p e n e t r a t i o n o f l i g h t i n an e s t u a r i n e e n v i r o n m e n t . 

( i i i ) To c r i t i c a l l y r e v i e w e x i s t i n g e m p i r i c a l methods o f e s t i m a t i n g 

o p t i c a l c o e f f i c i e n t s , and t o f o r m u l a t e new ones. 

( i v ) To o b t a i n i r r a d i a n c e measurements i n c o a s t a l and o c e a n i c 

w a t e r s i n o r d e r t o a s s e s s t h e c o n t r i b u t i o n made b y 

p h y t o p l a n k t o n , and c o v a r y i n g p i g m e n t e d d e t r i t a l p r o d u c t s , t o 

t h e d i f f u s e a t t e n u a t i o n c o e f f i c e n t . 
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(v) To c o n d u c t u n d e r w a t e r v i s i b i l i t y e x p e r i m e n t s , and t b e r e b y 

e s t i m a t e p h o t o m e t r i c a t t e n u a t i o n c o e f f i c i e n t s . 

( v i ) To a s s e s s t h e p e r f o r m a n c e and s u i t a b i l i t y o f a v a i l a b l e o p t i c a l 

i n s t r u m e n t a t i o n . 
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Chapter 2 

O P T I C A L T H E 0 R Y 
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2.1 THE BEHAVIOTJR OF LIGHT 

L i g h t i s a f o r m o f e l e c t r o m a g n e t i c r a d i a t i o n . James C l e r k M a x w e l l 

(1831-1879) u n i f i e d t h e l a w s o f e l e c t r i c i t y and magnetism i n t o a 

s i n g l e t h e o r y o f e l e c t r o m a g n e t i s m w h i c h i n c o r p o r a t e s a l l t h a t i s 

known about t h e m a c r o s c o p i c e f f e c t s o f e l e c t r i c i t y , magnetism and 

e l e c t r o m a g n e t i c waves. Fundamental t o t b i s t h e o r y i s t h e e x i s t e n c e 

o f e l e c t r o m a g n e t i c waves: gamma r a d i a t i o n , v i s i b l e l i g h t , r a d i o waves 

and so on. These d i f f e r e n t t y p e s o f r a d i a t i o n d i f f e r o n l y i n wave 

l e n g t h and a r e , e s s e n t i a l l y , a l l o f t h e same s t r u c t u r e , namely a t i m e 

v a r y i n g c o m b i n a t i o n o f e l e c t r i c and m a g n e t i c f i e l d s , i n phase and 

p e r p e n d e n d i c u l a r t o t h e d i r e c t i o n o f p r o p a g a t i o n i . e . t h e y a r e 

t r a n s v e r s e waves. The b a n d w i d t h o f v i s i b l e l i g h t i s a v e r y s m a l l 

p o r t i o n o f t h e t o l a l e l e c t r o m a g n e t i c s p e c t r u m , and e x t e n d s f r o m about 

400 nm (deep v i o l e t ) t o 700 nm ( d a r k r e d ) . The a b s o r p t i o n o f l i g h t 

f o r p h o t o s y n t h e s i s i s a l s o l i m i t e d t o t h i s n a r r o w b u t i m p o r t a n t band. 

2.1.1 P r o p e r t i e s o f t h e r a d i a t i o n f i e l d 

The r a d i o m e t r i c q u a n t i t i e s a r e t h o s e w h i c h d e s c r i b e t h e s u b s t a n c e o f 

t h e r a d i a n t f i e l d and i n c l u d e t h e two v e r y i m p o r t a n t f i e l d 

q u a n t i t i e s : r a d i a n c e and i r r a d i a n c e . I n t h e d e f i n i t i o n s f o l l o w i n g , ? 

i s t b e z e n i t h a n g l e (0 t o ji) and r\ i s t h e a z i m u t h (0 t o 2JI) . 

R a d i a n t f l u x , F ( X , z ) [qs-^,W], i s t h e f u n d a m e n t a l c o n c e p t w h i c h 
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d e s c r i b e s l i g b t p r o p a g a t i o n and i s t b e t i m e r a t e f l o w o f r a d i a n t 

e n e r g y : 

F ( X , z ) = d Q ( X , z ) / d t [ q s - i ( o r W ) ] (2.1) 

R a d i a n t i n t e n s i t y , I ( X , z , $ , n ) [qs-^,W], i s t b e measure o f t b e r a d i a n t 

f l u x p e r u n i t s o l i d a n g l e i n a s p e c i f i e d d i r e c t i o n : 

I ( X , z , ? , T i ) = dF(X.z , 5,n)/da) = daa(X,z,?,Ti)/dw.dt (2.2) 

R a d i a n c e , L ( X , z , ? , T i ) [ q s - * B i - * , l n - * ] , ( a l s o termed r a d i a n t pbase 

d e n s i t y b y P r e i s e n d o r f e r , 1976) combines t b e c o n c e p t s o f r a d i a n t 

i n t e n s i t y and f l u x d e n s i t y . I t i s t b e e n e r g y p e r u n i t t i m e p e r u n i t 

a r e a p e r u n i t s o l i d a n g l e i n c i d e n t upon a p o i n t f r o m t b e d i r e c t i o n 

?,Tl ( S m i t b and T y l e r , 1 9 7 5 ) : L(X,z,5 , t i) = d'Q(X,z,§,ii)/dt.dA.du, and 

i n c o r p o r a t i n g Eqns.2.1 and 2.2: 

L(X,z,§,n) = d2F(X,z.§,Ti)/dA.do) = dI(X,z,§,ti)/dA (2.3) 

I r r a d i a n c e , E ( X , z ) [qs-*Hi-»,Wm-*], i s t b e r a d i a n t f l u x i n c i d e n t o n an 

element o f s u r f a c e d i v i d e d b y t b e a r e a o f t b a t element ( S m i t b and 

T y l e r , 1 9 7 5 ) . 

D o w n w e l l i n g v e c t o r i r r a d i a n c c , E d ( X , z ) , i s t h e r e f o r e t b e f l u x 

i n c i d e n t p e r u n i t a r e a measured on a h o r i z o n t a l , upward f a c i n g c o s i n e 

c o l l e c t o r (see F i g . 2 . 8 ) : 

E d ( X , z ) = L(X,z,§,ii) .cos§.d(d 
•'2n 

. j i / 2 

(2.4) 

where da = 
2n 

dn.d? 
5=0 "11=0 
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and f o r u p v e l l i n g i r r a d i a n c e E u ( X , z ) : 

E u ( X , z ) = L(X,z,^,-i\). | c o s ? i .do) 
-2jt 

(2:5) 

where d(i)- = -
-2n 

dti.d? 
5=n/2 "11=0 

Net d o w n w e l l i n g i r r a d i a n c e , E e ( X , z ) , i s t h e r e f o r e g i v e n b y : 

E e ( X , z ) = E d a . z ) - E u ( X , z ) = L ( X , z , § . t i ) - c o s ^ . d a 
''4JI 

(2.6) 

where d(i) = 
4n 

dn.d? 
?=0 -11=0 

The s c a l a r i r r a d i a n c e , E o ( X , z ) , i s t h e i n t e g r a l o f a r a d i a n c e 

d i s t r i b u t i o n a t a p o i n t a t d e p t h z o v e r a l l d i r e c t i o n s about t h e 

p o i n t and i s e q u i v a l e n t t o t h e t o t a l e n e r g y f l u x , d F ( X , z ) / d t : 

E o ( X , z ) = j L(X,z,?,Ti) .du (2.7) 

We may a l s o have d o w n w e l l i n g s c a l a r i r r a d i a n c e , E o d ( X , z ) : 

Eod(X,z) = f L(X,z,§,n). 
•'in 

db) (2.8) 

and u p w e l l i n g s c a l a r i r r a d i a n c e , E o u ( X , z ) : 
4^ 

Eo u ( X , z ) = L(X,z,§,Ti) .da 
-2n 

(2.9) 

The f o l l o w i n g summation i s v a l i d ( H j S j e r s l e v , 1984): 

E o ( X , z ) = Eod(X,z) + Eou(X,z) (2.10) 
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Some a u t h o r s (eg S h i f r i n . 1983; H ^ j e r s l e v , 1984) d e f i n e a s p h e r i c a l 

i r r a d i a n c e , E s , as t h e r a t i o o f r a d i a n t f l u x o n t o a s p h e r i c a l s u r f a c e 

t o t h e t o t a l a r e a o f t h e s u r f a c e : 

E s ( X , 2 ) = dF / 4n r2 = Eo / 4 (2.11) 

The r a d i o m e t r i c q u a n t i t i e s o f p a r t i c u l a r i n t e r e s t i n t h i s work a r e 

t h e quantum i r r a d i a n c e s ( e s p e c i a l l y 2ji and 4n s c a l a r ) i n t h e 400-

700 nm p h o t o s y n t h e t i c h a nd. Measurement i n quanta o v e r t h e 400-700 nm 

b a n d w i d t h w i l l be i n d i c a t e d b y t h e s u p e r s c r i p t so t h a t , f o r , 

example: 

T h i s w i l l be r e f e r r e d t o , s i m p l y , as PAR i r r a d i a n c e . ¥ e may a l s o u s e 

<'Eod(z) and oEou(z) f o r t h e 2n d o w n w e l l i n g and u p w e l l i n g quantum 

s c a l a r i r r a d i a n c e s , and » E d ( z ) , *»Eu(z), " E e ( z ) f o r t h e d o w n w e l l i n g , 

u p w e l l i n g and n e t d o w n w e l l i n g quantum v e c t o r i r r a d i a n c e s , a l l i n t h e 

400-700nm band. 

I n t h i s s u b s e c t i o n t h e f u l l s u f f i x n o t a t i o n (X,z,Tr,il) has b e e n u s e d 

i n d e f i n i n g t h e r a d i o m e t r i c t e r m s . From h e r e on, f o r ease o f 

r e a d i n g , s u f f i x terms w i l l be i n c l u d e d o n l y where n e c e s s a r y ; u s u a l l y , 

t h e s i m p l e r s u f f i x ; ( X , z ) w i l l s u f f i c e . 

2.1.2 The a b s o r p t i o n o f l i g h t 

I f l i g h t i s t o i n d u c e p h o t o c h e m i c a l change t h e n i t must f i r s t be 

a b s o r b e d ( G r o t t h u s - D r a p e r l a w ) . C h e m i c a l change need n o t f o l l o w 

<'Eo(z) = Lq(X,T,Ti,z).dX.du 
•'4nX=400 

(2.12) 
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a b s o r p t i o n b u t i f i t does t b e n o n l y 1 p h o t o n p e r a b s o r b i n g m o l e c u l e 

( % p h o t o n s p e r mol) i s n o r m a l l y r e q u i r e d ( S t a r k - E i n s t e i n l a w ) . I t 

i s s i g n i f i c a n t t h a t a b s o r p t i o n o f l i g h t i s q u a n t i s i z e d ; t h i s i s due 

t o t h e f a c t t h a t a n atom o r m o l e c u l e i s l i m i t e d t o a d i s c r e t e s e r i e s 

o f e n e r g y l e v e l s . 

The s i m p l e s t f o r m o f a t o m i c a b s o r p t i o n c a u s e s an e l e c t r o n t o move t o 

a h i g h e r e n e r g y l e v e l a t an i n c r e a s e d d i s t a n c e f r o m t h e n u c l e u s . The 

e l e c t r o n c a n have o n l y c e r t a i n e n e r g y l e v e l s b e c a u s e , a c c o r d i n g t o 

t h e quantum t h e o r y , o n l y c e r t a i n o r b i t a l s (wave f u n c t i o n s o r s t a n d i n g 

p r o b a b i l i t y waves) a r e p o s s i b l e . I n h y d r o g e n , f o r example, a s i n g l e 

p h o t o n c o u l d l e a d t o a t r a n s i t i o n f r o m t h e ground s t a t e , I s ^ , t o t b e 

l o w e s t e x c i t e d s t a t e , 2s*'; t h e r e i s , t h e r e f o r e , a s e r i e s o f e n e r g y 

l e v e l s c o r r e s p o n d i n g e x a c t l y t o t h e o r b i t a l e n e r g i e s . F o r o t h e r 

atoms t h e s i t u a t i o n i s c o m p l i c a t e d b y e l e c t r o n - e l e c t r o n r e p u l s i o n so 

t b a t e n e r g y / o r b i t a l l e v e l s do n o t c o r r e s p o n d e x a c t l y . E n e r g y l e v e l s 

may a l s o be s p l i t b e c a u s e s p i n - o r b i t c o u p l i n g , an i n t e r a c t i o n between 

an e l e c t r o n ' s s p i n and o r b i t a l m o t i o n , c a u s e s t h e two components o f 

the d o u b l e t *P s t a t e t o have s l i g h t l y d i f f e r e n t e n e r g i e s . 

Of c o u r s e , a m o l e c u l e has e l e c t r o n i c e n e r g y l e v e l s a s s o c i a t e d w i t h 

t h e e l e c t r o n s o f i t s component atoms; i t a l s o has q u a n t i s i z e d 

v i b r a t i o n a l and r o t a t i o n a l e n e r g y l e v e l s . V i b r a t i o n a l e n e r g y l e v e l s 

a r e a s s o c i a t e d w i t h o s c i l l a t i o n s i n atom-atom bond d i s t a n c e s , and 

r o t a t i o n a l e n e r g y l e v e l s a r i s e f r o m t h e r o t a t i o n o f m o l e c u l e s i n 

s p a c e . The e n e r g i e s a s s o c i a t e d w i t h t r a n s i t i o n s between d i f f e r e n t 

r o t a t i o n a l e n e r g y l e v e l s a r e much s m a l l e r t h a n t h o s e f o r v i b r a t i o n s 

w h i c h a r e , i n t u r n , l e s s t h a n t h o s e i n v o l v e d i n changes i n e l e c t r o n i c 

e n e r g y l e v e l s . C o n s e q u e n t l y , each e l e c t r o n i c l e v e l has a s s o c i a t e d 
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w i t h i t s e v e r a l v i b r a t i o n a l l e v e l s and e a c h o f t h e s e have a l a r g e 

E n e r g y 

F i g . 2 . 1 
Ground s t a t e o f HjO 

number o f r o t a t i o n a l l e v e l s . The ground 
e l e c t r o n i c c o n f i g u r a t i o n o f H2O i s shown on 

t h e r i g h t . There a re e i g h t v a l e n c e 

e l e c t r o n s ( H : l x 2 , 0 : 6 ) , and s i n c e s i x a t o m i c 

o r b i t a l s a r e i n v o l v e d i n b o n d i n g ( H : l s , 

0:2s+2p), t h e r e a r e s i x m o l e c u l a r o r b i t a l s o f 

w h i c h t h e l o w e s t f o u r a r e o c c u p i e d . The 

l o w e s t e n e r g y t r a n s i t i o n s h o u l d be n^a^* and 

i s t h o u g h t t o be r e s p o n s i b l e f o r an 

a b s o r p t i o n band w i t h a maximum n e a r 165 nm. 

A h i g h e r e n e r g y band i n t h e UV i s a s s o c i a t e d 

w i t h e x c i t a t i o n o f an e l e c t r o n f r o m 0̂ 3 t o an 

o r b i t a l i n v o l v i n g t h e 3s a t o m i c o r b i t a l o f oxygen ( a Rydberg 

t r a n s i t i o n ) . A b s o r p t i o n i n t h e v i s i b l e r e g i o n i n v o l v e s n o t 

e l e c t r o n i c e x c i t a t i o n b u t m o l e c u l a r v i b r a t i o n . P a t e l and Tam (1979) 

have made a c c u r a t e a b s o r p t i o n measurements o f pure w a t e r a t 210C 

i n t h e 450-700 nm band u s i n g a s p e c i a l l y d e v e l o p e d o p t o - a c o u s t i c 

t e c h n i q u e . They f o u n d a minimum a b s o r p t i o n (1.7x10—* cm-^) a t 475 nm 

and d i s t i n c t s h o u l d e r s a t 514 nm and 604 nm a s s o c i a t e d w i t h t h e s i x t h 

and f i f t h h a r m o n i c s o f 0-H v i b r a t i o n . S m i t h and B a k e r (1981) have 

p u b l i s h e d a t a b l e o f t h e o p t i c a l p r o p e r t i e s o f pur e w a t e r and 

c l e a r e s t ocean w a t e r s . P a r t o f t h i s t a b u l a t i o n (400-700 nm) i s 

r e p r o d u c e d i n T a b l e 2.1, and t h e a b s o r p t i o n c o e f f i c i e n t o f p u r e w a t e r 

i n t h e v i s i b l e band i s graphed i n F i g . 2 . 2 . 

C h l o r o p h y l l - a i s r e s p o n s i b l e f o r t h e c o n v e r s i o n o f l i g h t e n e r g y i n t o 

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

b e l o n g s t o a group o f i m p o r t a n t n a t u r a l l y o c c u r i n g t e t r a p y r r o l 

p i g m e n t s termed m e t a l l o p o r p h i n s . The s t r u c t u r e o f t h e C h l - a m o l e c u l e 
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T a b l e 2.1: A b s o r p t i o n c o e f f i c i e n t o f p u r e w a t e r and t b e s c a t t e r i n g 
and e x t i n c t i o n c o e f f i c i e n t s f o r c l e a r e s t o c e a n w a t e r s 
i n t b e 400-700nm PAR band ( f r o m & n i t b and B a k e r , 1981) 

3l(nm) a ' ( i i - i ) b ' d j - ^ ) flm-^) X ( n i i ) a'(i»-i) b ^ ( B - i ) I ' ( B - I ) 

400 0.0171 
410 0.0162 
420 0.0153 
430 0.0144 
440 0.0145 
450 0.0145 
460 0.0156 
470 0.0156 
480 0.0176 
490 0.0196 

500 0.0257 
510 0.0357 
520 0.0477 
530 0.0507 
540 0.0558 

0.0076 0.0209 
0.0068 0.0196 
0.0061 0.0184 
0.0055 0.0172 
0.0049 0.0170 
0.0045 0.0168 
0.0041 0.0176 
0.0037 0.0175 
0.0034 0.0194 
0.0031 0.0212 

0.0029 0.0271 
0.0026 0.0370 
0.0024 0.0489 
0.0022 0.0519 
0.0021 0.0568 

550 0.0638 
560 0.0708 
570 0.0799 
580 0.108 
590 0.157 

600 0.244 
610 0.289 
620 0.309 
630 0.319 
640 0.329 
650 0.349 
660 0.400 
670 0.430 
680 0.450 
690 0.500 

700 0.650 

0.0019 0.0648 
0.0018 0.0717 
0.0017 0.0807 
0.0016 0.109 
0.0015 0.158 

0.0014 0.245 
0.0013 0.290 
0.0012 0.310 
0.0011 0.320 
0.0010 0.330 
0.0010 0.350 
0.0008 0.400 
0.0008 0.430 
0.0007 0.450 
0.0007 0.500 

0.0007 0.650 

i s b a s e d upon a r i n g o f f o u r c o n j u g a t e d p y r r o l e s w i t b a s i n g l e 

magnesium a t i t s c e n t r e and a l o n g c h a i n p h y t o l t a i l . I t has one 

hy d r o g e n a t e d o u t e r d o u b l e bond and i s t h e r e f o r e a c h l o r i n ; hence 

i t s name. D i f f e r e n t c h l o r o p h y l l s have d i f f e r e n t s i d e c h a i n s ; t b e 

most i m p o r t a n t i s C h l - a , t b e p r i n c i p l e p i g m e n t . The s t r o n g 

a b s o r p t i o n b y C h l - a i s p r i m a r i l y due t o i t s e x t e n d e d c o n j u g a t e d 

system. When two c a r b o n s u n i t e t h e y f o r m a d o u b l e bond (C=C) w h i c h 

r e q u i r e s one n o r b i t a l ; t h e o t h e r 10 e l e c t r o n s go i n t o 5 a o r b i t a l s . 

The ground c o n f i g u r a t i o n o f ethene i s , t h e r e f o r e : (ax)^(02)^(03)^ 

( f f 4 ) * ( < y s ) * ( n x ) * . The e n e r g y d i a g r a m , ( F i g . 2 . 3 ) , shows t h e e f f e c t o f 
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' -1 1 I \ 1 1 1 
400 450 500 550 600 650 700 

Wavelength (nm) 

F i g . 2 . 2 : R e l a t i v e a b s o r p t i o n s p e c t r a o f p u r e v a t e r , c h l o r o p y l l - a , 
p - c a r o t e n e and g i l v i n , u s i n g d a t a f r o m : S m i t b and B a k e r 
(1981) f o r p u r e w a t e r . M o r e l and P r i e u r . (1977) f o r 
c b l o r o p b y l l - a . K i r k (1983) f o r p - c a r o t e n e , and K i r k (1976) 
f o r t y p i c a l g i l v i n ( B u r r i n j u c k Dam) 

E n e r g y Jt4' 

r* -

AE i s o AE c o n j 

"a 

n 

i s o l a t e d 
C=C 

i s o l a t e d 
nx C=C 

F i g . 2 . 3 : ' D e l o c a l i s e d n o r b i t a l s i n t b e c o n j u g a t i o n o f two e t b e n e s 
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c o n j u g a t i n g two e t i e n e s as i n b u t a , l - 3 d i e n e (=-=). The jt m o l e c u l a r 

o r h i t a l s combine t o g i v e d e l o c a l i s e d o r b i t a l s : n i and m. I n t h e 

same way, t b e two n* o r b i t a l s g i v e r i s e t o d e l o c a l i s e d o r b i t a l s : ns* 

and n4*. Thus t h e l o w e s t e n e r g y t r a n s i t i o n , nz-^ns*, o c c u r s a t a l o w e r 

e n e r g y t h a n f o r t h e i s o l a t e d C=C bonds i n , f o r example, hexa-1,5 

d i e n e ( = = ) . The e f f e c t o f f u r t h e r c o n j u g a t i o n s u c h as t h a t i n 

t h e e x t e n d e d s y s t e m o f C h l - a i s t o l o w e r s t i l l f u r t h e r t h e e n e r g y 

t r a n s i t i o n from t h e h i g h e s t o c c u p i e d n o r b i t a l t o t h e l o w e s t 

u n o c c u p i e d j i * o r b i t a l (OU.S341, 1 9 8 2 ) . The a b s o r p t i o n s p e c t r u m o f 

C b l - a i s i l l u s t r a t e d i n F i g . 2 . 2 and i t i s a p p a r e n t t b a t t h e r e a r e two 

i m p o r t a n t a b s o r p t i o n bands (B and Q) c e n t r e d a t about 440 and 660 nm 

n e a r each end o f t h e PAR r a n g e ; t h e Q band i s a c t u a l l y a s e r i e s o f 

o v e r l a p p i n g b a n d s . The u n u t i l i z e d e n e r g y c e n t r e d a t 550 nm i s 

r e f l e c t e d as t h e c h a r a c t e r i s t i c g r e e n c o l o u r o f c h l o r o p h y l l . I n 

marine a l g a e , t h e a b s o r p t i o n band may be e x t e n d e d i n t o the g r e e n b y 

t h e a c t i o n o f a c c e s s o r y p i g m e n t s , p r i n c i p a l l y : c h l o r o p h y l l - b , c i , cz, 

and t h e many c a r o t e n o i d s and b i l i p r o t e i n s . F o r example, t h e 

a b s o r p t i o n s p e c t r u m o f p - c a r o t e n e i s i l l u s t r a t e d i n F i g . 2 . 2 ; 

a b s o r p t i o n i s maximum a t about 450 nm and z e r o a t A.>550, hence i t s 

' c a r r o t - r e d ' c o l o u r . As i n t h e c a s e o f C h l - a , t h e s t r o n g a b s o r p t i o n 

b y a c c e s s o r y p i g m e n t s i s due t o jf>Jt* t r a n s i t i o n s a s s o c i a t e d w i t h 

e x tended systems o f c o n j u g a t e d c a r b o n d o u b l e - b o n d s . 

N a t u r a l w a t e r s c o n t a i n ' y e l l o w s u b s t a n c e ' , sometimes known as ' y e l l o w 

o r g a n i c a c i d s ' , ' d i s s o l v e d humic a c i d ' , 'humolimnic a c i d ' , ' f u l v i c 

a c i d ' o r b y i t s German name ' G e l b s t o f f ' ; K i r k (1976) has c o i n e d t h e 

t e r m ' g i l v i n ' . G i l v i n i s p r o d u c e d d u r i n g t h e d e c o n ^ o s i t i o n o f 

o r g a n i c m a t t e r b y b a c t e r i a . S t u d i e s i n d i c a t e t h a t t h e s e s u b s t a n c e s 

a r e p o l y m e r s o f p h e n o l i c and b e n z e n e c a r b o x y l i c a c i d ( K i r k , 1 9 8 3 ) . 
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Some o f t l i e g i l v i n o f e s t n a r i n e and c o a s t a l w a t e r s i s g e n e r a t e d 

w i t h i n t h e w a t e r body b y t h e d e c o m p o s i t i o n - o f p l a n t m a t e r i a l ; i t may 

a l s o o r i g i n a t e as w a t e r - s o l n b l e hnmic s u b s t a n c e s i n s o i l w h i c h 

becomes l e e c h e d o u t b y r a i n w a t e r . A g a i n , i t i s n ^ j t * t r a n s i t i o n s 

w h i c h l e a d t o t h e s t r o n g a b s o r p t i o n i n t h e b l u e . A t y p i c a l g i l v i n 

a b s o r p t i o n s p e c t r u m i s i l l u s t r a t e d i n Fig.2.3:. The c o n c e n t r a t i o n o f 

g i l v i n i n n a t u r a l w a t e r s v a r i e s e n o r m o u s l y . K i r k (1975, 1983) 

s u g g e s t s t h a t t h e c o n c e n t r a t i o n o f g i l v i n be i n d i c a t e d b y g44o, t h e 

a b s o r p t i o n c o e f f i c i e n t a t 440 nm. B r i c a u d e t a l (1981) s a y t h a t 

t h r o u g h o u t t h e 350-700 nm domain, a b s o r p t i o n b y g i l v i n a p p r o x i m a t e l y 

f o l l o w s t h e l a w : a(X)= a(Xo) . e x p [ - S ( X - X o ) ] , where 0.01<.SiO.02. T h i s 

i s c o n s i s t e n t w i t b o t h e r p u b l i s h e d r e s u l t s , eg S=0.015 ( J e r l o v , 1 9 6 8 ) , 

and 0.011<.S<0.017 ( L u n d g r e n , 1 9 7 6 ) . 

Suppose a r a d i a n c e , L ( X ) i s p r o p a g a t e d t h r o u g h an i n f i n i t e s i m a l l y 

t h i n l a y e r o f a b s o r b i n g b u t n o n - s c a t t e r i n g medium, d z . There w i l l be 

a b s o r p t i o n l o s s , d L a ( X ) , so t r a n s n i t t a n c e : T(X) = ( L ( X ) - d L a ( X ) ) / L ( X ) 

= l - d L a ( X ) / L ( X ) , where d L a ( X ) / L ( X ) i s t h e a b s o r b a n c e , A ( X ) . A 

s p e c i f i c e x p r e s s i o n o f t b e a b s o r p t i o n r a t e i s p r o v i d e d b y t h e 

a b s o r p t i o n c o e f f i c i e n t , a ( X , z ) : 

a ( X , z ) = A ( X , z ) ^ d L a ( X , z ) / L ( X , z ) ^ ^ 1 L n [ L ( X , z ) 3 (2.13) - dz dz dz 

and b y i n t e g r a t i o n o v e r t h e r a n g e 0>i>z: 

L ( X , z ) 
L ( X , 0 ) = T ( X , z ) = expC-a(X,z) .Az] (2.14) 

T h i s i s B e e r - L a m b e r t ' s l a w f o r r a d i a n c e a b s o r p t i o n . 
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2.1.3. The s c a t t e r i n g o f l i g h t 

When a p h o t o n i n t e r a c t s w i t h a m o l e c u l e o r p a r t i c l e i t may n o t be 

a b s o r b e d ; i t may s i m p l y undergo a change i n d i r e c t i o n . There a r e two 

b a s i c forms o f s c a t t e r i n g ; d e n s i t y f l u c t u a t i o n s c a t t e r i n g and 

p a r t i c l e s c a t t e r i n g . 

D e n s i t y f l u c t u a t i o n s c a t t e r i n g 

A c c o r d i n g t o t h e R a y l e i g h t h e o r y , when a p a r t i c l e s u c h as an a i r 

m o l e c u l e i s p l a c e d i n a l i g h t f i e l d , a d i p o l e i s i n d u c e d b y t h e 

e l e c t r i c v e c t o r o f t h e f i e l d . As t b e d i p o l e o s c i l l a t e s a t t h e 

f r e q u e n c y o f t h e e x c i t i n g r a d i a t i o n t h e n i t e m i t s r a d i a t i o n o f t h e 

same f r e q u e n c y i n a l l d i r e c t i o n s . T h i s r e r a d i a t i o n i s t h e s c a t t e r e d 

l i g b t ; i t s i n t e n s i t y , I ( o - ) , i n d i r e c t i o n a, i s g i v e n ( M o r e l , 1974) by: 

1 
Kor) = 2d2 j ^ ^ ] * . p*. (1 - cos^ff) (2.15) 

where I i s t h e i n c i d e n t i n t e n s i t y and d i s t h e p a r t i c l e d i a m e t e r . 

Three i m p o r t a n t r e s u l t s a r e a p p a r e n t f r o m t h i s e q u a t i o n ; d e n s i t y 

f l u c t u a t i o n s c a t t e r i n g i s : 

- p r o p o r t i o n a l t o \-*, i e g r e a t e r a t s m a l l e r w a v e l e n g t h s 

- p r o p o r t i o n a l t o d-*, i e g r e a t e r f o r p a r t i c l e s s m a l l compared t o 

t h e w a v e l e n g t h o f l i g h t 

- s y m m e t r i c a l about t h e d i r e c t i o n o f p r o p a g a t i o n . 

I n f a c t , R a y l e i g h s c a t t e r i n g i s a p p l i c a b l e o n l y t o g a s e s , ( t b e 

atmosphere, f o r e x a m p l e ) , and n o t t o dense f l u i d s s u c h as l i q u i d s ; 

however, \-* t y p e s c a t t e r i n g does o c c u r i n v e r y c l e a r sea w a t e r and 

i s o f t e n r e f e r r e d t o l o o s e l y as ' R a y l e i g h s c a t t e r i n g ' . I t i s , i n 
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f a c t , a type o f m o l e c u l a r s c a t t e r i n g c a u s e d b y t b e w a t e r i t s e l f and 

i t s d i s s o l v e d s a l t s , w b i c b c a n be d e t e r m i n e d t h e o r e t i c a l l y b y t b e 

f l u c t u a t i o n t h e o r y o f Smoluchowski and E i n s t e i n ( K u l l e n b e r g , 1 9 7 4 ) . 

T h i s t h e o r y a t t r i b u t e s t h e s c a t t e r a n c e t o d e n s i t y o r c o n c e n t r a t i o n 

f l u c t u a t i o n s b y m o l e c u l a r movements. T h i s t y p e o f s c a t t e r i n g i s 

p r o p o r t i o n a l t o \-* and h a s , as r e g a r d s i n t e n s i t y d i s t r i b u t i o n , t h e 

same p r o p e r t i e s as R a y l e i g h s c a t t e r i n g . 

P a r t i c l e s c a t t e r i n g 

The d e n s i t y f l u c t u a t i o n t y p e o f s c a t t e r i n g a p p l i e s o n l y when t h e 

s c a t t e r i n g c e n t r e s a r e s m a l l r e l a t i v e t o t h e w a v e l e n g t h o f l i g h t . 

The p a r t i c l e s o f n a t u r a l w a t e r s have a c o n t i n u o u s , a p p r o x i m a t e l y 

h y p e r b o l i c d i s t r i b u t i o n i n w h i c h th e number o f p a r t i c l e s , n, w i t h 

d i a m e t e r g r e a t e r t h a n d, i s e x p r e s s e d ( K i r k , 1 9 8 3 ) : 

n = 1/d™; 0.7<m<.6 (2.16) 

T h i s d i s t r i b u t i o n i m p l i e s more s m a l l t h a n l a r g e p a r t i c l e s ; however, 

J e r l o v (1968) summarizes measurements b y s e v e r a l w o r k e r s who have 

shown t h a t most o f t h e s c a t t e r i n g o f l i g h t i n n a t u r a l w a t e r s i s f r o m 

p a r t i c l e s o f d>2|im, i e p a r t i c l e s l a r g e compared t o t h e w a v e l e n g t h o f 

l i g h t . S c a t t e r i n g b y t h e s e ' l a r g e ' p a r t i c l e s c o m p r i s e s o f t h r e e 

phenomena: d i f f r a c t i o n , r e f r a c t i o n and r e f l e c t i o n . The d i f f r a c t i o n 

i s d e t e r m i n e d b y t h e s i z e and shape o f t h e p a r t i c l e , whereas 

r e f r a c t i o n and r e f l e c t i o n depend upon i t s c o m p o s i t i o n ( r e f r a c t i v e 

i n d e x ) , ( K u l l e n b e r g , 1 9 7 4 ) . 

The b a s i s f o r p r e d i c t i n g t h e l i g h t s c a t t e r i n g b e h a v i o u r o f s p h e r i c a l 

p a r t i c l e s o f any s i z e i s t h e Mie t h e o r y , d e v e l o p e d b y Mie i n 1908. 
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T h i s t h e o r y i s s i m i l a r t o t h a t o f R a y l e i g h in. t h a t i t c o n s i d e r s t h e 

o s c i l l a t i o n s s e t np w i t h i n a p o l a r i z a h l e body b y t h e i n c i d e n t l i g h t 

f i e l d and t h e l i g h t r e i r a d i a t e d ( s c a t t e r e d ) f r o m t h e body as a r e s u l t 

o f t h e s e o s c i l l a t i o n s . I n s t e a d o f e q u a t i n g t h e p a r t i c l e t o a s i n g l e 

d i p o l e , the Mie t h e o r y c o n s i d e r s t h e a d d i t i v e c o n t r i b u t i o n s o f a 

s e r i e s o f e l e c t r i c a l and m a g n e t i c m u l t i p o l e s l o c a t e d w i t h i n t h e 

p a r t i c l e ( K i r k , 1 9 8 3 ) . The advantage o f t h e Mie t b e o r y i s t h a t i t i s 

a l l - e m b r a c i n g ; f o r v e r y s m a l l p a r t i c l e s , f o r example, i t l e a d s t o t h e 

same p r e d i c t i o n s as t h e R a y l e i g h t h e o r y . A l l w o r k e r s a r e a g r e e d on 

one p o i n t : t h e a n a l y t i c a l e x p r e s s i o n s o f t b e Mie t h e o r y a r e complex 

and do n o t l e n d t h e m s e l v e s t o e a s y n u m e r i c a l c a l c u l a t i o n . The 

magnitude o f Mie s c a t t e r i n g f o r any p a r t i c l e s i z e a t any w a v e l e n g t h 

i s g e n e r a l l y e x p r e s s e d i n terms o f t h e l i g h t s c a t t e r i n g e f f i c i e n c y , 

e, ( e f f e c t i v e s c a t t e r i n g a r e a o v e r a c t u a l a r e a ) , t h e p a r t i c l e s i z e 

p a r a m e t e r a=nd/X and t h e r e l a t i v e r e f r a c t i v e i n d e x , ! ( f i - i i y ) / { i ^ | . 

T h i s t y p e o f p a r t i c l e s c a t t e r i n g i s i l l u s t r a t e d i n F i g . 2 . 4 and i t 

i s a p p a r e n t t b a t when t h e p a r t i c l e s i z e p a r a m e t e r i s s m a l l , ( p a r t i c l e 

d i a m e t e r s m a l l compared t o w a v e l e n g t h ) , t b e n t h e amount o f e n e r g y 

s c a t t e r e d i s q u i t e s m a l l b u t r i s e s t o a maximum as p a r t i c l e 

s i z e i n c r e a s e s . W i t h a f u r t h e r i n c r e a s e i n a , t h e v a l u e o f e 

d e c r e a s e s and t h e n o s c i l l a t e s , and e v e n t u a l l y s e t t l e s about a v a l u e 

o f 8=2. A c c o r d i n g t o B e a r d s l e y e t a l ( 1 9 7 0 ) , i n a t y p i c a l m a r i n e 

s u s p e n s i o n t h e i n d e x o f r e f r a c t i o n d i f f e r e n c e i s o f t h e o r d e r o f 0.1. 

T h i s i s a p a r e n t l y c o r r e c t ; eg t a k i n g j i ^ = 4/3 and pi = 1.15 f o r c l a y s / 

s i l t s ( W i l l i a m s , 1 9 7 0 ) , t h e n I ( f i - j i ^ ) / ^ ^ ! ~ 0.138. The p a r t i c l e s i z e 

p a r a m e t e r o w i l l t h e r e f o r e be o f t h e o r d e r : nd/X = 2n/0.5 = 12.6, so 

t b a t a. I ({i-n^)/n^I < 1.3. I t f o l l o w s , f r o m F i g . 2 . 4 , t h a t 1<.8<.3 f o r 

m a r i n e p a r t i c u l a t e s ; i n f a c t J e r l o v (1968) has measured v a l u e s i n t h e 

r a n g e : 1.4<.8<.3.2. We a l s o see f r o m F i g . 2 . 4 t h a t i n v e r y c l e a r w a t e r 
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F i g . 2 . 4 : Mie s c a t t e r i n g c u r v e ( W i l l i a m s , 1970) 

( s m a l l a) t l i e n f o r any p a r t i c l e s i z e : e'^il/X); i e s c a t t e r i n g w i l l be 

g r e a t e r f o r s b o r t e r ( b l u e ) w a v e l e n g t h s . 

Tbe e x t e n t t o w b i c b a f l u x o f p h o t o n s i s s c a t t e r e d b y a s c a t t e r i n g 

medium may be e x p r e s s e d i n terms o f t h e volume s c a t t e r i n g f u n c t i o n 

and c o e f f i c i e n t s , . These a r e w i d e l y d e r i v e d and e x p l a i n e d i n t h e 

l i t e r a t u r e [ eg. T y l e r and P r e i s e n d o r f e r ( 1 9 6 2 ) , D u n t l e y ( 1 9 6 3 ) , 

J e r l o v and N i e l s e n ( 1 9 7 4 ) , S m i t h and T y l e r ( 1 9 7 5 ) , P r e i s e n d o r f e r 

( 1 9 7 6 ) , M o r e l ( 1 9 7 4 ) , K i r k (1983) e t c . ] . F i g . 2 . 5 i l l u s t r a t e s r a d i a n t 

i n t e n s i t y , I , b e i n g s c a t t e r e d b y a s m a l l volume o f s c a t t e r i n g medium, 

8V = 6A . 5 r . The volume s c a t t e r i n g f u n c t i o n p(>,,z,ff), i s t h e r a d i a n t 

i n t e n s i t y s c a t t e r e d i n a g i v e n d i r e c t i o n , a, f r o m volume e l e m e n t , 8V, 
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r a d i a n t i n t e n s i t y , 
d I ( X , z , ( y ) , s c a t t e r e d 
i n d i r e c t i o n a 

F i g . 2 . 5 S c a t t e r i n g o f i r r a d i a n c e . 

i l l x u n i n a t e d b y a p a r a l l e l beam o f l i g b t , p e r u n i t o f i n c i d e n t 

i r r a d i a n c e o n t o t b e c r o s s - s e c t i o n o f tbe volume, and p e r u n i t volume 

( K i r k , 1 9 8 3 ) . I t i s g i v e n b y : ; 

p(X,z,cy) = dI(X,z,<r)/I(>„z).5V (2.17) 

Tbe t o t a l volume s c a t t e r i n g c o e f f i c i e n t , b ( X , z ) , i s t b e p r o p o r t i o n o f 

i n c i d e n t i n t e n s i t y s c a t t e r e d i n a l l d i r e c t i o n s : 

b ( X , z ) = p(X,z,<y) .doj. 
4n 

(2.18) 

S i m p l y , b i s t b e i n t e g r a l o f p(<y) o v e r a l l d i r e c t i o n s . I t i s 

sometimes u s e f u l t o c o n s i d e r t b e t o t a l s c a t t e r i n g c o e f f i c i e n t , b , as 

c o m p r i s i n g o f f o r w a r d - s c a t t e r i n g , b f , and b a c k s c a t t e r i n g , b^, 

c o e f f i c i e n t s : 

b = b f ( X , z ) + b b ( X , z ) 

= 2n P ( X , z <r).sinff.do + 2n p(X,z,cr) .sincr.do 
0 •'ji/2 

(2;19) 
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To compare t h e shape o f t h e a n g u l a r d i s t r i b u t i o n o f s c a t t e r i n g i n 

d i f f e r e n t m e d i a , i t i s c o n v e n i e n t t o use t h e n o r m a l i z e d volume 

s c a t t e r i n g c o e f f i c i e n t s p(or), 5 f and 5^, ( K i r k , 1 9 8 3 ) : 

P(X,z,(y) = p ( X , z , o ) / b ( X „ z ) 

B f ( X , z ) = b f ( X , z ) / b ( X . z ) 

bi , ( X , z ) = b i , ( X , z ) / b ( X , z ) (2.20) 

K a l l e ' s h y p o t h e s i s s t a t e s t h a t t h e p a r t i c l e s c a t t e r i n g c o e f f i c i e n t 

i s p r o p o r t i o n a l t o t h e t o t a l c r o s s s e c t i o n o f t h e p a r t i c l e . T h i s 

y i e l d s a s i m p l e e q u a t i o n ( B e a r d s l e y e t a l , 1970) f o r t h e s c a t t e r i n g 

c o e f f i c i e n t o f a d i s t r i b u t i o n o f n s p h e r i c a l p a r t i c l e s h a v i n g 

d i f f e r e n t d i a m e t e r s and i n d i c e s o f r e f r a c t i o n : 

As ( F i g . 2 . 4 ) , t h e n f o r most e x p e c t e d m a r i n e p a r t i c l e s t h i s 

e q u a t i o n may be s i m p l i f i e d t o : ' 

n 

i=l 

(2.21) 
i = l i=l 
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2,2 O F n C A L PROPERTIES OF AQTWriC MEDIA 

O p t i c a l p r o p e r t i e s a r e g e n e r a l l y grouped i n t o two main c l a s s i f i c a 

t i o n s : i n h e r e n t and a p p a r e n t , p l u s a h y b r i d c l a s s i f i c a t i o n . 

2 . 2 . 1 . Inherent o p t i c a l p r o p e r t i e s 

A p r o p e r t y i s d e f i n e d as i n h e r e n t i f i t s o p e r a t i o n a l v a l u e a t a g i v e n 

p o i n t ' i n a g i v e n medium i s i n v a r i a n t under a l l changes o f t h e 

r a d i a t i o n d i s t r i b u t i o n a t t h a t p o i n t ( P r e i s e n d o r f e r , 1 9 6 0 ) . The 

i n h e r e n t o p t i c a l p r o p e r t i e s a r e now c o n s i d e r e d . 

The v o l i n e absorption c o e f f i c i e n t , a(X,,z), t h e volume s c a t t e r i n g 

function, p(X,z,a), and t h e t o t a l volume s c a t t e r i n g c o e f f i c i e n t , 

1>(X,z). These were d e a l t w i t h i n d e t a i l i n s u b s e c t i o n s 2.1.2 and 

2.1.3, where t h e y were d e f i n e d b y Eqns.2.13, 2.17 and 2.18. 

The volume (beam) attenTiation c o e f f i c i e n t , c(X,z). We may now w r i t e 

f o r a medium i n w h i c h t h e r e i s b o t h a b s o r p t i o n and s c a t t e r i n g , 

e q u i v a l e n t t o Eqn.2.13 f o r a n a b s o r p t i o n - o n l y medium: 

~ -V - c(Kz)7Z^dUx,z)/Mx,zf_ - d , T T ^ T T c ( X , z ) - , = — -r= — L n [ L ( X , z ) ] (2.22) 

where dLf=dLa+dLb, and i n w h i c h i s i n t r o d u c e d t h e attenuance, C(X,z), 

and attenuation c o e f f i c i e n t , c(X,z), d e f i n e d b y Gordon (1984) as t h e 

f r a c t i o n o f ene r g y i n a beam removed b y b o t h a b s o r p t i o n and 

s c a t t e r i n g p e r u n i t d i s t a n c e . By i n t e g r a t i o n o f Eqn.2.22 o v e r t b e 
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depth, range 0>.z2z we h a v e , e q u i v a l e n t t o Eqn.2.14, B e e r Lambert's law 

f o r r a d i a n c e a t t e n u a t i o n : 

L(X,Z2) 
L(>.,zi) 

= TiX.z) = e x p [ - c ( X , z ) . A z ] = e x p [ - j ( X , z ) ] (2.23) 

j ( X , z ) i s t h e o p t i c a l l e n g t h / d e p t h / t h i c k n e s s : 

j ( X , z ) = c ( X , z ) . A z = ( a ( X , z ) + b ( X , z ) ) . A z (2.24) 

A t e r m sometimes p r e f e r r e d t o c, (eg W i l l i a m s , 1 9 7 0 ) , i s t h e 

c h a r a c t e r i s t i c a t t e n u a t i o n l e n g t h , & Q ( X , Z ) , t h e d i s t a n c e a t w h i c h t h e 

t r a n s m i s s i o n , T, i s e q u a l t o 1/e. S u b s t i t u t i n g i n t o Eqn.2.23: 

e x p [ - l ] = e x p [ - c . f e g ] , i e feg = 1/c. 

2.2.2 A p p a r e n t o p t i c a l p r o p e r t i e s 

A p p a r e n t o p t i c a l p r o p e r t i e s a r e d e f i n e d as t b o s e w h i c h a r e n o t 

i n v a r i a n t w i t h changes i n t h e r a d i a t i o n d i s t r i b u t i o n ; however, n o t 

a l l a u t h o r s a g r e e on w h i c h t h e s e a r e . Some (eg P r e i s e n d o r f e r , 1960; 

Gordon e t a l , 1 9 8 4 ) , i n c l u d e r a d i a n c e , L, and i r r a d i a n c e , E, w h i l s t 

o t h e r s (eg K i r k , 1 9 8 3 ) , c o n s i d e r t h e s e t o be p r o p e r t i e s o f t h e 

r a d i a t i o n f i e l d . They have b e e n t r e a t e d as f i e l d p r o p e r t i e s i n t h i s 

work ( s u b s e c t i o n 2 . 1 . 1 ) . P r e i s e n d o r f e r (1960) a l s o i n c l u d e s t b e 

d i s t r i b u t i o n f u n c t i o n , D, and r e f l e c t a n c e , R. K i r k (1983) p o i n t s o u t 

t h a t many w o r k e r s now c o n s i d e r d i m e n s i o n l e s s D and R t o be p r o p e r t i e s 

o f t h e r a d i a t i o n f i e l d . T h i s i s s o ; however, i n t h i s s t u d y i t w i l l 

be c o n v e n i e n t t o t r e a t them as a p p a r e n t p r o p e r t i e s o f t b e w a t e r i n 

w h i c h t h e y a r e measured. The a p p a r e n t o p t i c a l p r o p e r t i e s a r e now 

c o n s i d e r e d . 
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T i e K - c o e f f i c i e n t s , Z.(X,z) d e s c r i b e t b e l o s s o f photons d u r i n g t h e 

p r o p a g a t i o n o f i r r a d i a n c e , so a r e sometimes r e f e r r e d t o as d i f f u s e 

attennation c o e f f i c i e n t s . They a r e c o n s i d e r e d a p p a r e n t because t h e y 

change, f o r example, w i t h s o l a r e l e v a t i o n , c l o u d c o v e r and sea s t a t e 

( H f i j e r s l e v , 1 9 7 8 ) . F i e l d o b s e r v a t i o n s have i n d i c a t e d t h a t t h e s e 

changes a r e n o r m a l l y v e r y s m a l l ( P r e i s e n d o r f e r , 1960)> so t h a t t h e 

K - c o e f f i c i e n t s have become w i d e l y u s e d i n t h e s t u d y o f m a r i n e o p t i c s . 

They a r e o f fun d a m e n t a l i m p o r t a n c e t o t h i s s t u d y where t h e y w i l l be 

g r a n t e d much t h e same s t a t u s as t h e i n h e r e n t p r o p e r t i e s ; t h e r e i s 

c o n s i d e r a b l e j u s t i f i c a t i o n f o r t h i s i n t u r b i d w a t e r where t h e 

r a d i a t i o n d i s t r i b u t i o n r a p i d l y a p p roaches i s o t r o p i c w i t h d e p t h . 

The e x t i n c t i o n c o e f f i c i e n t f o r downwelling irradiance, Ed, may be 

e x p r e s s e d ( K i r k , 1 9 8 3 ) : 

Kd(>.,z) = ad(X,z) + bbdO-.z) - b|„j(X,z).R(X,z) (2-25) 

where the n e g a t i v e t e r m d e s c r i b e s t h e r e i n f o r c e m e n t o f d o w n w e l l i n g 

i r r a d i a n c e b y t h e downward s c a t t e r i n g o f u p w e l l i n g i r r a d i a n c e . A l s o , 

we may w r i t e f o r K, e q u i v a l e n t t o Eqn.2.22 and Eqn.2.23 f o r c: 

^a.z) - -^ '^y^<^- '> = ^ . ' - 1 ^ = L . [ E ( X , z ) ] (2.26) dz E ( X , z ) dz dz 

ll^'^^^l = e x p [ - K ( X , z ) . A z ] = e x p [ - J ( X ) ] (2.27) E(A,,Zi) 

where K ( X , z ) . A z = J(X,z) i s e q u i v a l e n t t o c ( X , z ) . A z = y ( X , z ) , t h e 

o p t i c a l l e n g t h f o r r a d i a n c e ( E q n . 2 . 2 3 ) . K i r k (1983) r e f e r r e d t o K.z 

s i m p l y as an ' o p t i c a l d e p t h ' ; P r e i s e n d o r f e r (1986) u s e d t h e t e r m 

d i f f u s e o p t i c a l depth, w h i c h i s p r e f e r r e d f o r t h i s work; ' o p t i c a l 
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l e n g t h / d e p t h ' w i l l r e f e r o n l y t o : j = c.Az. The c o e f f i c i e n t s w h i c h 

may be e x p r e s s e d i n t h e form o f Eqns.2.26 and 2.27 a r e f o r 

d o w n w e l l i n g .vector i r r a d i a n c e : 

K d (X,z) = - d / d z ( L n [ E d a , z ) ] ) 

f o r n p w e l l i n g v e c t o r i r r a d i a n c e : 

K n ( X , z ) = - d / d z ( L n [ E n ( X , z ) ] ) 

and f o r n e t downward i r r a d i a n c e : 

(2.28) 

(2.29) 

K ( X , z ) = - d / d z ( L n [ E d ( X , z ) - E n ( X , z ) ] ) (2.30) 

E q u i v a l e n t e x p r e s s i o n s may be w r i t t e n f o r d o w n w e l l i n g , u p w e l l i n g and 

t o t a l ( r a t h e r t h a n n e t ) s c a l a r i r r a d i a n c e and PAS i r r a d i a n c e , eg: 

» K o ( z ) = - d / d z ( L n [ 0 E o ( z ) ] ) (2.31) 

<>Jo(z) = OKo(z).Az (2.32) 

E q u i v a l e n t t o t h e c h a r a c t e r i s t i c a t t e n u a t i o n l e n g t h , fee, f o r r a d i a n c e 

t h e r e i s a c h a r a c t e r i s t i c e x t i n c t i o n l e n g t h : fe^=l/K, "fej^=l/'>Ko e t c . 

I n h e r e n t o p t i c a l p r o p e r t i e s a r e a d d i t i v e so t h a t we may w r i t e , f o r 

example, f o r t h e ( t o t a l ) a b s o r p t i o n c o e f f i c i e n t : a*©* = a ^ + aS + a* 

+ aP^, where t h e s u p e r s c r i p t s i n d i c a t e : t o t a l , w a t e r , g i l v i n , t r i p t o n 

and p h y t o p l a n t t o n r e s p e c t i v e l y . The t e rms on t h e r i g h t - h a n d s i d e o f 

t h i s e q u a t i o n a r e t h e p a r t i a l c o e f f i c i e n t s . K i r k (1983) has p o i n t e d 

o u t t h a t t h e r e i s no o b v i o u s r e a s o n f o r s u p p o s i n g t h a t an a p p a r e n t 

p r o p e r t y , s u c h as K, c a n be p a r t i t i o n e d i n t h i s way. However, b y 
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f u r t h e r s u b d i v i s i o n o f t b e v, g, t , p h - components o f K i n t o t h e 

terms g i v e n i n Eqn.2.25, K i r k a r g u e s t h a t : K = a^^ + ag^+ .... 

b \ u * ^ IJ^bu*^' * ° th&t p a r t i a l a p p a r e n t o p t i c a l p r o p e r t i e s c a n 

be u n a m b i g u o u s l y d e f i n e d i n the same way as p a r t i a l i n h e r e n t 

p r o p e r t i e s . I t must t h e r e f o r e be l e g i t i m a t e t o w r i t e : 

K(X) = K^(X) + Kg(X) + K*(>,) + KP^^(X), where K = K, OKo e t c (2.33) 

H f 5 j e r s l e v (1975) a l s o d e f i n e s K l and K2 w h i c h w i l l be u s e d i n 

a s s o c i a t i o n w i t h t h e i r r a d i a n c e c o l l e c t o r s d e s c r i b e d i n s u b s e c t i o n 

2.4.3. I n terms o f PAR i r r a d i a n c e : 

o K K z ) = «>K(z) °5?^f^ ^ ! ^ ? ^ ! = -d/dz(Ln[<'Eo(z) + <'E(z)]) (2.34) OK(z) + <»a(z) 

" ^ ( z ) = <»K(z) " Î i'! = -d/dz(Ln[«>Eo(z) - 0 E ( z ) ] ) (2.35) OK(z) - •>a(z) 

The d i s t r i b u t i o n f u n c t i o n , D ( X , z ) , o r i t s r e c i p r o c a l , t h e a v e r a g e 

c o s i n e , c o s y ( X , z ) , d e s c r i b e s t h e a n g u l a r s t r u c t u r e o f t h e r a d i a t i o n 

f i e l d a t any p o i n t . D i s e q u a l t o t h e mean p a t h - l e n g t h s t r a v e l l e d b y 

p h o t o n s p r o p a g a t i n g t h r o u g h a l a y e r o f u n i t t h i c k n e s s . F o r 

d o w n w e l l i n g l i g h t : 

L ( X , z , Y , T i ) .d(i) 
2jt _ E o d ( X , z ) 

D d ( x , z ) = = 'rr^'^'r' (2.36) 
f x / , ^ ^ Ed(X,z) L(X,z,y,n).cosy.da 

f o r u p w e l l i n g l i g h t : 

Du(X,z) = Eou(X,z)/Eu(X,z) (2.37) 
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and f o r t l i e t o t a l l i g h t f i e l d : 

E ( X , z ) E d ( X . z ) - Eu ( X , z ) Ed(X,z) + l E n ( X , z ) | 

Some w o r k e r s p r e f e r t o use t h e average c o s i n e , C O S Y ( X , Z ) , t h e 

r e c i p r o c a l o f t h e d i s t r i b u t i o n f u n c t i o n : 

, E d ( X , z ) „ E u ( X , z ) 
c o s y d ( X , z ) = _ ' ; ' ; C O S T U O - . Z ) = ^ ' \ E o d ( X , z ) ^ E o u ( X , z ) 

E ( X , z ) 

B e s i d e s b e i n g a s i m p l e c o n c e p t u a l i n d i c a t o r o f t h e s t r u c t u r e o f t h e 

r a d i a n c e f i e l d , t h e d i s t r i b u t i o n f u n c t i o n s a r e i n d i s p e n s a b l e l i n k s 

between t h e v a r i o u s o p t i c a l p r o p e r t i e s ( P r e i s e n d o r f e r , 1 9 6 0 ) . 

The i r r a d i a n c e r e f l e c t a n c e , R ( X , z ) , i s t h e r a t i o o f u p w e l l i n g t o 

d o w n w e l l i n g i r r a d i a n c e a t a g i v e n p o i n t i n t h e r a d i a t i o n f i e l d : 

R ( X , z ) = E u ( X , z ) / E d ( X , z ) ; o E o ( X , z ) = ' » E o u ( X , z ) / » E o d ( X , z ) e t c (2.40) 

A l t h o u g h n o t d i r e c t l y u s e d i n t h i s work, m e n t i o n i s made o f t h e 

' r e f l e c t a n c e ' o f remote s e n s i n g methods (Gordon e t a l , 1 9 8 4 ) : 

R R S ( X , Z ) = L u ( X , z ) / E d ( X , z ) . 

2.2,3 H y b r i d o p t i c a l p r o p e r t i e s 

H y b r i d o p t i c a l p r o p e r t i e s a r e measured w i t b r e f e r e n c e t o u p w e l l i n g o r 

d o w n w e l l i n g s t r e a m s ; t h e y a r e p r o d u c e d b y c o m b i n i n g i n h e r e n t and 
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a p p a r e n t o p t i c a l p r o p e r t i e s and so escape s i m p l e o p e r a t i o n a l 

d e f i n i t i o n . 

The f o r w a r d s c a t t e r i n g , h f ( k , z ) , and biack s c a t t e r i n g , hh(X,z), c o e f f 

i c i e n t s . These were d e s c r i b e d i n s u b s e c t i o n 2.1.3 

The d i f f u s e a b s o r p t i o n , a * ( X „ z ) , d i f f u s e s c a t t e r i n g , b * ( X , z ) , and 

d i f f u s e a t t e n u a t i o n , c * ( X , , z ) , c o e f f i c i e n t s . I n s u b s e c t i o n 2.1.2, 

2.1.3 and 2.2.1, a(J , ) , b ( X ) and c ( X ) were d e f i n e d i n terms o f 

c o l l i m a t e d r a d i a n c e . A n a l a g o u s c o e f f i c i e n t s may be d e f i n e d f o r t h e 

l o s s o f p h o t o n s f r o m u p w e l l i n g and d o w n w e l l i n g streams o f d i f f u s e 

l i g h t . a*(X)>a(X) because o f t h e i n c r e a s e d p a t h l e n g t h s , r e p r e s e n t e d 

b y t h e d i s t r i b u t i o n f u n c t i o n , D(X) ( E q n s . 2 . 3 6 - 2 . 3 8 ) , and s o : 

a*d(X,z) = D d ( X , z ) . a ( X ) ; a % ( X , z ) = Du(X,z) .a(X) (2.41) 

S i m i l a r l y , t h e f o l l o w i n g r e l a t i o n s h i p s h o l d : 

b * a(X,z) = b * f d ( X , z ) + b*bd(X,z) = D d ( X , z ) . b ( X ) (2.42) 

b * ^ ( X , z ) = b * f ^ ( X , z ) + b * | j u ( ^ ' Z ) = D u ( X , z ) . b ( X ) (2.43) 

c * d ( X , z ) = a *a(X,z) + b * d ( X , z ) (2.44) 

c * ^ ( X , z ) = a*^(X ,z) + b * ^ ( X , z ) (2.45) 

A c c o r d i n g t o K i r k ( 1 9 8 3 ) , t h e r e l a t i o n s h i p between b*^ and b^, i s n o t 

so s i m p l e b u t may be c a l c u l a t e d ; i n n a t u r a l w a t e r b o d i e s b*t,d i s 

commonly 2-5 t i m e s as b i g as b-j,. 

2.24 



2.3 SIMPLE MODELS FOR RADIANCE AND IRRADIANCE 

Tlie s t r u c t u r e o f t i e l i g h t f i e l d i s i n f i n i t e l y complex so t h a t 

p r e c i s e d e s c r i p t i o n i s i m p o s s i b l e . T h e o r e t i c models s i m p l i f y t h e 

p r o b l e m b y c o n c e n t r a t i n g on j u s t one f a c e t o f t h e c o m p l e x i t y . The 

two s i m p l e models f o r r a d i a n c e and i r r a d i a n c e w h i c h f o l l o w d e s c r i b e 

t h e l i g h t f i e l d s g e n e r a t e d by s u n l i g h t and s k y l i g h t . 

2.3.1 The r a d i a n c e model 

The r a d i a n c e model r e l a t e s t h e r a d i a n c e s a t t h e b e g i n n i n g and end o f 

an a r b i t r a r y p a t h as i l l u s t r a t e d i n F i g . 2 . 6 . I t i s e x p r e s s e d b y t h e 

e q u a t i o n o f r a d i a t i v e t r a n s f e r . The d e r i v a t i o n o f t h e e q u a t i o n o f 

r a d i a t i v e t r a n s f e r , g i v e n b e l o w , i s d i s t i l l e d f r o m a number o f p a p e r s 

s u c h as P r e i s e n d o r f e r (1960,1961,1976), T y l e r e t a l ( 1 9 7 4 ) , T y l e r and 

P r e i s e n d o r f e r ( 1 9 6 2 ) , Gordon (1975,1980), S m i t h e t a l (1974) and F r y 

( 1 9 7 4 ) . 

S n e l l ' s c l a s s i c a l l a w o f r e f r a c t i o n must a p p l y t o f l u x a c r o s s an a i r -

w a t e r i n t e r f a c e : va/v2 = s i n ^ i / s i n ^ a = p., t h e r e f r a c t i v e i n d e x . As 

l i g h t p a s s e s t h r o u g h t h e a i r - s e a i n t e r f a c e t h e r e w i l l be a g e n e r a l 

n a r r o w i n g o f a b u n d l e o f r e f r a c t e d l i g h t r a y s . The i n c r e a s e i s b y a 

f a c t o r o f n2 = ( 4 / 3 ) * = 1.78; an i n c r e a s e o f 78%. T h i s i s t h e n*-law 

o f r a d i a n c e w h i c h s t a t e s t h a t a l o n g an a r b i t r a r y p a t h t h r o u g h a 

medium w h i c h e x h i b i t s n e i t h e r a b s o r p t i o n , s c a t t e r i n g n o r s e c o n d a r y 

s o u r c e o f r a d i a n t f l u x , t h e n L/]i^ i s i n v a r i a n t . I n s u c h a c a s e , t h e 

e q u a t i o n o f r a d i a t i v e t r a n s f e r i s : (1/v) .D/Dt(L/{i») = 0. I f t h e p a t h 
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F i g . 2 . 6 : The r a d i a n c e model 

i s now d i r e c t e d t h r o u g h a r e g i o n i n w h i c h t h e r e i s a b s o r p t i o n h u t no 

s c a t t e r i n g , t h e n : (1/v) .D/Dt(L/n*) = - a . L / j i ^ . ' I n a r e a l medium t h e r e 

must be s c a t t e r i n g : (1/v) .D/Dt(L /( i2) = - ( a + b ) . L / f i * = - c . L / n ^ . The 

s c a t t e r i n g medium w i l l a l s o s c a t t e r l i g h t i n t o t h e p a t h . I t i s t h i s 

i n c o m i n g r a d i a n c e , termed t h e p a t h f u n c t i o n , L*, w h i c h g i v e s r i s e t o 

the v e i l i n g l i g h t o f v i s i b i l i t y p r o b l e m s . T a k i n g t h i s i n - s c a t t e r e d 

r a d i a n c e i n t o a c c o u n t we have t h e E q u a t i o n o f R a d i a t i v e T r a n s f e r : 

(1/v) .D/Dt[L(X,z,5 ,Ti)/n» a , z) ] 

= -c(X,z).La,z,5,ii ) /n2a",z) + L*(X,z,§,n)/n*(X,z) (2.46) 
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where L*(X,z,§,n) = L ( X , Z , | , T I ) Z,?,TI) .dto 

L i g h t " f i e l d s i n t h e sea a r e i n t h e s t e a d y s t a t e (D/Dt=0) and t h e 

i n d e x o f r e f r a c t i o n i s e s s e n t i a l l y c o n s t a n t w i t h i n t h e body o f t h e 

sea (dn/dt=0) ( P r e i s e n d o r f e r , 1 9 6 0 ) . I t f o l l o w s t h a t t h e r a d i a t i v e 

t r a n s f e r e q u a t i o n c a n be s i m p l i f i e d t o t h e more u s e f u l : 

d L ( X ) / d z = - c ( X , z ) . L ( X , z ) + L * ( X , z ) (2.47) 

Some o p t i c a l i n s t r u m e n t s , s u c h as t h e beam t r a n s m i s s o m e t e r , a r e 

s h i e l d e d f r o m i n - s c a t t e r e d ambient l i g h t so t h a t d L / d r = - c ( z ) . L ( r ) : 

c{X,2) = -1 d L ( X ) l 
L L ( X , r ) * d r J L * ( X ) = 0 — . L n .r 

r L ( X , r ) 
L L ( X , 0 ) J J L * ( X ) = 0 

(2.48) 

The d i f f e r e n t i a l e q u a t i o n , Eqn.2.46, i s r e a d i l y i n t e g r a t e d i f i t i s 

assumed t h a t c i s c o n s t a n t a l o n g t h e p a t h , and t h a t L * v a r i e s i n t h e 

manner: L * ( X , Z 2 ) = L * ( X , z i ) . e x p [ - K . A z ] w i t h d e p t b o n l y ( P r e i s e n d o r f e r , 

1 9 7 6 ) : 

L ( X , z ) = L ( X , z o ) . e x p [ - c ( X ) . r ] + i L * ( X , z ' ) . e x p [ - c ( r - r ' ) ] d r ' (2.49) 
•'o 

where z' = z o - r ' . c o s ? , t h e r e f o r e : 

L ( X , z ) = L ( X , z o ) . e x p [ - c ( X , r ) ] 

L * ( X , z ) 
c ( X , z ) + K ( X , z ) . c o s 5 . 1 - e x p [ - ( c ( X , z ) + K ( X , z ) . c o s ? ) . r ] (2.50) 

P r e i s e n d o r f e r (1960) p r e s e n t s an i n t e r e s t i n g f o r m o f Eqn.2.50 b a s e d 

on t h e f a c t t h a t i n t h e s e a , t h e r a d i a n c e a l o n g a h o r i z o n t a l p a t h i s 

i n v a r i a n t w i t h d i s t a n c e r , i e dL/dr=0, i n w h i c h c a s e : c=L*/L. T h i s 
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e q u a t i o n s t a t e s t h a t t h e s p a t i a l r a t e o f l o s s o f r a d i a n c e b y 

a t t e n u a t i o n , c.L = d L / d r , i s e x a c t l y r e p l a c e d b y t h e s p a t i a l r a t e o f 

l i g h t s c a t t e r e d i n , L*. K i r k (1983) u s e s Eqn.2.47 t o d e r i v e t h e w e l l 

known o p t i c a l d i v e r g e n c e e q u a t i o n o r i g i n a l l y p r e s e n t e d b y Gershun 

( 1 9 3 6 ) . He ar g u e s t h a t s i n c e d r = d z . c o s ? t h e n t h i s e q u a t i o n may be 

r e w r i t t e n : c o s ? . d L / d r = - c . L + L*. I n t e g r a t i n g e a c h t e r m o v e r a l l 

a n g l e s : 

whence i t may be deduced t h a t : 

d E ( X , z ) / d z = - c ( X , z ) . E o ( X , z ) + b ( X , z ) . E o ( X , z ) = - a ( X , z ) . E o ( X , z ) (2.52) 

Gershun (1936) e x p r e s s e d t h i s e q u a t i o n : d i v E = -a.Eo, b u t s i n c e 

d i v g E = 0 i n t h e s e a t h e n Eqn.2.52 must f o l l o w . I t may be assumed 

t h a t t h e h y d r o - o p t i c a l e n v i r o n m e n t i s h o r i z o n t a l l y s t r a t i f i e d ; t h i s 

i s so even i n f r o n t a l zones because t h e s l o p e o f p - i s o s u r f a c e s and 

c - i s o s u r f a c e s i s so s m a l l ( H * 5 j e r s l e v , 1 9 8 6 ) . 

H a j e r s l e v (1972) combines Eqn.2.52 w i t h K = - ( 1 / E ) . ( d E / d z ) , 

( E qn.2.26), t o d e r i v e t h e e x p r e s s i o n b y w h i c h t h e a b s o r p t i o n 

c o e f f i c i e n t c a n be measured b y means o f t h e 2x2jt i r r a d i a n c e s e n s o r 

d i s c u s s e d i n C h a p t e r s 3 and 4: 

(2.51) 

a ( X , z ) = K ( X , z ) . E ( X , z ) / E o ( X , z ) = K ( X , z ) . c o s ? ( X , z ) (2.53) 
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2.3.2 The t w o - f l o w model f o r i r r a d i a n c e 

The t w o - f l o w model supposes t h a t i n a n a t u r a l h y d r o s o l , t h e f i e l d i s 

d i v i d e d i n t o two f l u x e s , namely t h e d o w n w e l l i n g and u p w e l l i n g 

i r r a d i a n c e s , Ed and Eu ( P r e i s e n d o r f e r , 1 9 7 6 ) . The p u r p o s e o f t h e 

model i s t o p r e d i c t Ed and Eu a t any z , g i v e n v a l u e s a t any o t h e r 

d e p t h . I t i s assumed t h a t t h e p r o p a g a t i o n medium i s p l a n e - p a r a l l e l 

and t h a t : Dd = Du = D = Eod/Ed = Eou/Eu. I f a i s t h e a b s o r p t i o n 

c o e f f i c i e n t f o r i r r a d i a n c e , t h e n f r o m s u b s e c t i o n 2.2.3: a* = D.a and 

b|,* = D.b|,. S c a t t e r e d p h o t o n s a r e n o t l o s t f r o m t h e d i f f u s e f l u x b u t 

o n l y r e d i r e c t e d ; i t f o l l o w s t h a t t h e b a c k - s c a t t e r i n g c o e f f i c i e n t , 

b * f D.b b u t b * = b . So, t h e f l u x l o s t f r o m Ed i n p r o p a g a t i n g Az i s : 

D.a.Ed.Az + b.Ed.Az. Added t o t h i s f l u x w i l l be t h e photons b a c k -

s c a t t e r e d (upwards) f r o m Eu, so t h a t : 

AEd = -(a.D+b).Ed.Az + b.Eu.Az (2.54) 

and f o r t h e u p w e l l i n g f l u x : 

AEu = -(a.D+b).Eu.(-Az) + b . E u . ( - A z ) (2.55) 

D i v i d i n g t h e s e e q u a t i o n s b y Az and -Az r e s p e c t i v e l y , and l e t t i n g 

Az->0: 

4 Ed(X,z) = - ; a ( X , z ) . D ( X , z ) + b ( J . , z ) . E d ( X , z ) + b ( X , z ) . E u ( X , z ) (2.56) dz 

4 E u ( X , z ) = - ; a ( X , z ) . D ( X , z ) + b ( X , z ) . E u ( X , z ) + b ( X , z ) . E d ( X , z ) (2.57) dz 

These two e q u a t i o n s c o n s t i t u t e t h e t w o - f l o w model f o r i r r a d i a n c e , f o r 
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w h i c h t h e s o l u t i o n s ( P r e i s e n d o r f e r , 1976) a r e : 

Ed(X,z) = M u . ( l - a ( X , z ) . D ( X , z ) / K ( X , z ) ) . e x p [ K ( X , z ) . z ] 

+ M d . ( l + a ( X , z ) . D ( X , z ) / K ( X , z ) ) . e x p [ - K ( X , z ) . z ] (2.58) 

Eu(X , 2 ) = M u . ( l + a ( > . , z ) . D ( X , z ) / K ( X , z ) ) . e x p [ K ( X , z ) . z ] 

+ Md . ( l - a ( X , z ) . D ( > „ z ) / K ( X , z ) ) . e x p C - K ( > . , z ) . z ] (2.59) 

where Mu, Md a r e a r b i t r a r y c o n s t a n t s f i x e d b y s p e c i f y i n g Ed o r Eu a t 

two d e p t h s , and: 

K ( X , z ) = ( a ( X , z ) . D ( X , z ) . ( a ( X , z ) . D ( X , z ) + 2 . b ( X , z ) ) ) o * s (2.60) 

i n w h i c h c a s e we may w r i t e f o r PAR i r r a d i a n c e : 

"Ko = (<'a.0D.(0a.0D + 2.«»b))«''* (2.61) 
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2.4 THE EXTINCTION OF IKBADIANCE 

2.4.1 The i r r a d i a n c e p r o f i l e 

I n a colnmn o f homogeneous w a t e r , quantum s c a l a r i r r a d i a n c e , °Eo a t 

any d e p t h , z, i s g i v e n f r o m Eqn.2.27: <*Eo(z) = oEo(O) .exp[-°Ko.z] . 

G e n e r a l l y , t h e column w i l l n o t he t o t a l l y homogeneous so we i n t r o d u c e 

<0Ko>, t h e depth-mean v a l u e o f "Ko between t h e s u r f a c e and d e p t h z: 

o E o ( z ) = « E o ( 0 ) . e x p [ - < < > K o > . z ] ; <0Ko> = -d/dz(Ln[<'Eo(z)]) (2.62) 

I t i s u s u a l l y p r e f e r r e d t o e x p r e s s t h e e x p o n e n t i a l p r o f i l e as a 

s t r a i g h t l i n e o f g r a d i e n t -<0Ko>, i e L n [ » E o ( 2 ) ] = Ln[«'Eo(0)]-<«»Ko>.z. 

I t i s seldom t h e a b s o l u t e v a l u e o f L n [ « E o ( z ) ] t h a t i s o f i n t e r e s t as 

t h i s i s a f u n c t i o n o f °Eo(0), and so s u b j e c t t o l a r g e and r a p i d 

v a r i a t i o n s i n s k y l i g h t . More u s e f u l i s t h e PAR d i f f u s e o p t i c a l 

d e p t h , f r o m Eqn.2.27: » J o ( z ) = <<»Ko>.z = Ln[«Eo(0)/<>Eo(z)]. 

F r e q u e n t r e f e r e n c e i s made i n b i o l o g i c a l t e x t (eg Z i r k , 1983) t o t b e 

e u p h o t i c zone, w h i c h e x t e n d s f r o m t h e s u r f a c e t o t h e e u p h o t i c d e p t h , 

Ze, t h e d e p t h a t w h i c h t h e l i g h t l e v e l i s 1% o f t h e s u r f a c e v a l u e . 

From Eqn.2.27: 

o j e = Ln[OEo(0)/oEo(Ze)] = L n [ 1 0 0 ] = 4.605 (2.63) 

and f o r t h e m i d - d e p t h o f t h e e u p h o t i c zone, Zm, a t w h i c h t h e PAR 
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l e v e l must be 1 0 % o f t b e s u r f a c e v a l u e : 

ojm = Ln[OEo(0)/oEo(Zm)] .= L n [ 1 0 ] = 2.303 (2.64) 

Eqns.2.62, 2.63 and 2.64 a r e i l l u s t r a t e d i n F i g . 2 . 7 . 

B i o l o g i c a l t e x t s a l s o r e f e r t o t b e c o m p e n s a t i o n d e p t b , Z c , a t w b i c b 
t h e r a t e o f p h o t o s y n t b e s i s i s e q u a l t o t b e r a t e o f r e s p i r a t i o n and 
s u g g e s t t b a t Zc l i e s , a p p r o x i m a t e l y , a t t b e 1% l e v e l . I t i s t o be 
n o t e d , however, t h a t Zc r e p r e s e n t s a b i o l o g i c a l c o n c e p t w h i l s t Ze i s 
an a p p a r e n t o p t i c a l p r o p e r t y o f t h e w a t e r . 

o j e = 4.605 ojm = 2.303 <>Jo(0) = 0 

z + 

F i g . 2 . 7 : The • J o ( z ) p r o f i l e 
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2.4.2. I r r a d i a n c e c o l l e c t o r s 

The form o f i r r a d i a n c e measured b y a s y s t e m depends upon t h e shape 

and c o n f i g u r a t i o n o f i t s c o l l e c t o r . A range o f i r r a d i a n c e c o l l e c t o r s 

has been r e v i e w e d b y H j i j e r s l e v (1975) and a r e i l l u s t r a t e d i n F i g . 2 . 8 

on t h e n e x t page. They a r e ; 

E d - c o l l e c t o r . T h i s i s t b e c l a s s i c a l c o s i n e c o l l e c t o r i n w h i c h t b e 

c o l l e c t e d f l u x , F, i s g i v e n by: 

F = L(5,Ti).cos5.d(u = Ed (2.65) 
^2n 

I n v e r t e d , i t becomes an E u - c o l l e c t o r . An E - c o l l e c t o r , o r J a n u s 

c o l l e c t o r c o m p r i s e s o f two s u c h c o l l e c t o r s b a c k - t o - b a c k . 

E o - c o l l e c t o r . The f l a t s e n o r dS i s p l a c e d h o r i z o n t a l l y a t t h e base o f 

an o p a l s p h e r e . The f l u x f r o m ?,TI i s : dF(5,Ti) = J i r * . L ( § , T i ) .do), so 

t h e t o t a l f l u x i s : 

F = j dF(§,n).de) = n r ^ L(§,n).dM = nr>.Eo (2.66) 
4n 4n 

E o d - c o l l e c t o r . The c o l l e c t o r i s s i t e d on an i n f i n i t e , a b s o l u t e l y 

b l a c k , h o r i z o n t a l p l a n e a t t h e same l e v e l as dS. C l e a r l y , i n t e g r a t i o n 

i s now p o s s i b l e o n l y f o r 0<^<ni 

F = J dF(§,Ti).da = n r ^ L ( 5 , T i ) . d « = n r ^ . E o d (2.67) 
2n In 

I n v e r t e d , i t becomes a E o u - c o l l e c t o r . 
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V / / / / / 
( c ) E o d - c o l l e c t o r 

(d) i ( E o d + E d ) - c o l l e c t o r (e) J ( E o + E ) - c o l l e c t o r 

F i g . 2 . 8 : I r r a d i a n c e c o l l e c t o r s 

A 

V 

'A 
B 

F A I = i ( E o + E ) A . 

F g i = J ( E O - E ) B 

0 

A 

V 

F B 2 = i(Eo+E) 

F A 2 = i ( E o - E ) 

F i g . 2 . 9 : H ^ j e r s l e v ' s J ( E o - E ) + i ( E o - E ) s y s t e m 

2 . 3 4 



i ( E o d + E d ) - c o l l e c t o r . The h o r i z o n t a l b l a c k p l a n e e x t e n d s from t h e 

e q u a t o r o f t h e sphere t o i n f i n i t y , and t h e l o w e r hemisphere i s 

a b s o l u t e l y b l a c k . 

d F ( y , i i ) i n r 2 . L ( y , i i ) .d(i) + i n r ? . L ( y , T i ) .cosy.doj 

s o , F i n r * J L ( y , i i ) .du + l n r 2 | L ( y , T i ) .cosy.du 

inr2(Eod+Ed) (2.68) 

I n v e r t e d , i t becomes a l ( E o u + E u ) - c o l l e c t o r . 

i ( E o + E ) - c o l l e c t o r . A g a i n , o n l y t h e u p p e r hemisphere i s exposed b u t 

t h e i n f i n i t e h o r i z o n t a l p l a n e i s removed. L i m i t s o f i n t e g r a t i o n a r e 

now 0<y<2n; 

I n v e r t e d , i t becomes a J ( E o - E ) - c o l l e c t o r . 

W j e r s l e v ' s i ( E o + E ) + i ( E o - E ) s y s t e m . H ^ j e r s l e v (1975) d e s c r i b e s a 

meter w h i c h measures i(Eo+E) and l ( E o - E ) . From v e r t i c a l p r o f i l e s o f 

t h e s e p a r a m e t e r s i t i s p o s s i b l e t o c a l c u l a t e K d ( z ) , K o ( z ) and 

a ( z ) . M o r e o v er, b y making t h e i n s t r u m e n t i n v e r t i b l e , i t does n o t 

r e q u i r e t h e d i f f i c u l t c a l i b r a t i o n p r o c e d u r e s g e n e r a l l y a s s o c i a t e d 

w i t h a b s o r p t i o n m e t e r s . C o n s i d e r t h e meter as i l l u s t r a t e d i n F i g . 2 . 9 

and suppose t h a t s e n s o r s A and B have unknown c a l i b r a t i o n f a c t o r s : f^^ 

and f g . 

= i n r 2 ( E o + E d - Eu) = i n x ^ i E o + E) (2.69) 
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The f o u r o u t p u t s (A and B, u p w e l l i n g and d o w n w e l l i n g ) w i l l h e : 

Ad = f A . i ( E o + E ) A 

Au = f A - K E o - E ) A 

Bd = f B . 5 ( E o + E ) B 

Bu = f f i . K E o - E ) B 

whence: 

Ad + Au = 

Bd + Bu = 

Ad - Au = 

Bd - Bu = 

fA.Eo 

fB-Eo 

f A . E 

f B - E 

We may t h e r e f o r e w r i t e ; 

<Ko>A = (-d/dz.LnEEo])A = - ^ . L n [ ^ t 
dz L f ^ J 

dz' L n [ A d + A u ] , f o r f = c o n s t (2.70) 

and b y s i m i l a r argument: 

<Ko>B = - ^ . L n [ B d + B u ] , f o r f „ = c o n s t dz (2.71) 

Of c o u r s e Eqns.2.70 and 2.71 s h o u l d be t h e same; i n p r a c t i c e a mean 

v a l u e may be u s e d . By e x a c t l y s i m i l a r r e a s o n i n g we may f i n d , f o r t h e 

e x t i n c t i o n o f v e c t o r i r r a d i a n c e : 

<K>A = -^.LnEAd - Au] , and = — . L n [ B d - Bu] (2.72) 
Q 2 = ^ A rr dz 
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Because dE/dz = -a.Eo ( G e r s h u n , 1 9 3 6 ) , and K = (-1/E) .dE/dz, t h e n 

t h e a b s o r p t i o n c o e f f i c i e n t , a ( z ) may be o b t a i n e d f r o m : 

a<2)A = -^.Ln[Ad-An] . dz 
Ad-An 
LAd+A a(z)g = — . L n - d , FBd-Bn 

dz LBd-BnJ (2.73) 

The average c o s i n e f o r t h e t o t a l l i g h t f i e l d , c o s ? ( z ) = E ( z ) / E o ( z ) , 

i s g i v e n b y: 

c o s ? ( z ) ^ FAd-Anl 
LAd+AnJ ; c o s ? ( z ) g = FBd-Bu 

LBd+BuJ (2.74) 

The v e c t o r r e f l e c t a n c e c o e f f i c i e n t , R ( z ) = E u ( z ) / E d ( z ) , c a n n o t be 

c a l c n l a t e d a s Eu and Ed a r e n o t s e p a r a t e l y o b t a i n e d . 

2.4.3 K i r k ' s Honte C a r l o model f o r s c a l a r i r r a d i a n c e 

The i n h e r e n t o p t i c a l p r o p e r t i e s s p e c i f y t h e p r o b a b i l i t y o f c e r t a i n 

e v e n t s o c c u r r i n g , eg c ( X ) gove r n s t h e p r o b a b i l i t y o f a p h o t o n 

t r a v e l l i n g a c e r t a i n d i s t a n c e b e f o r e i n t e r a c t i n g w i t h some component 

o f t h e medium ( K i r k , 1 9 8 1 a ) . The i n h e r e n t p r o p e r t i e s t h e r e f o r e 

p r o v i d e a means o f m o d e l l i n g l i g h t p r o p a g a t i o n b y t h e Monte C a r l o 

method; the f a t e s o f l a r g e numbers o f p h o t o n s a r e i n d i v i d u a l l y 

f o l l o w e d i n t h e computer and t h e ave r a g e b e h a v i o u r o f t h e t o t a l f l u x 

c a l c u l a t e d . T h i s t e c h n i q u e has been u s e d b y s e v e r a l w o r k e r s , 

i n c l u d i n g P l a s s and K a t t a w a r (1969, 1 9 7 2 ) , K a t t a w a r and P l a s s ( 1 9 7 2 ) , 

Gordon and Brown (1973, 1974, 1 9 7 5 ) , Gordon e t a l ( 1 9 7 5 ) . However, 

t h i s work has c o n c e n t r a t e d on m a r i n e o r c l e a r f r e s h w a t e r s y s t e m s ; 

K i r k (1981a) c o n d u c t e d a Monte C a r l o s i m u l a t i o n o f l i g h t p r o p a g a t i o n 

i n t u r b i d w a t e r . K i r k ' s model i s d e s c r i b e d i n some d e t a i l i n K i r k 

(1981a, 1 9 8 1 c ) , and a F o r t r a n programme i s p r e s e n t e d i n K i r k ( 1 9 8 1 c ) . 
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To s i m p l i f y t h e c o m p u t a t i o n . K i r k assumes t h a t a l l i n p u t l i g h t i s 

d i r e c t s u n l i g h t and t h a t s u r f a c e r e f l e c t i o n i s z e r o . Once w i t h i n a 

w a t e r body, t h e p r o b a b i l i t y o f a p h o t o n f o l l o w i n g a p a t h l e n g t h , r , 

b e f o r e i n t e r a c t i n g w i t h a component o f t h e medium i s governed b y t h e 

a t t e n u a t i o n c o e f f i c i e n t , c. Thus t h e p r o b a b i l i t y o f a t t e n u a t i o n 

w i t h i n d i s t a n c e r i s g i v e n b y: 1 - e x p [ - c . r ] . A random number, 

0<.n<.l, i s g e n e r a t e d b y t h e programme and t h e p a t h l e n g t h c a l c u l a t e d : r 

=. - (1/c) . L n [ l - n ] . A n o t h e r random number, 0<.n<.l, i s s e l e c t e d and i f r 

<. a/(a+b) t h e n a b s o r p t i o n i s assumed and a new p h o t o n i s i n t r o d u c e d . 

I f r > a/(a+b) t h e n t h e p h o t o n i s c o n s i d e r e d t o be s c a t t e r e d a t 

randomly g e n e r a t e d a n g l e , a, and a new t r a j e c t o r y i s f o l l o w e d . I t i s 

assumed t h a t p h o t o n s r e a c h i n g t h e s u r f a c e a t an a n g l e >. 41.4*' p a s s 

t h r o u g h ; o t h e r p hotons a r e r e f l e c t e d down a g a i n . E v e r y p h o t o n i s 

t h u s f o l l o w e d u n t i l i t i s a b s o r b e d , r e a c h e s t h e t o t a l l y a b s o r b i n g 

b o t t o m o r i s l o s t t h r o u g h t h e s u r f a c e . By means o f t h i s model. K i r k 

(1981a) has shown t h a t t h e averge c o s i n e , cos5(>,,z), and i r r a d i a n c e 

r e f l e c t a n c e , R ( X , z ) , may be deduced from a knowledge o f t h e 

i r r a d i a n c e d e p t h , J ( X , z ) , s c a t t e r i n g - a b s o r p t i o n r a t i o , b ( X ) / a ( X ) , and 

s o l a r a l t i t u d e . C o n v e r s e l y , a ( X ) , b ( X ) and cos§(X,z) m a y b e f o u n d 

f r o m measurements o f J ( X , z ) and R ( X , z ) . Of g r e a t e r s i g n i f i c a n c e t o 

t h e p r e s e n t r e s e a r c h programme i s t h e work o f K i r k (1986) i n w h i c h 

be shows t h a t cos§(z) and t h e r a t i o o f t h e d i f f u s e c o e f f i c i e n t s , 

bo/ao, m a y b e f o u n d f r o m s c a l a r p r o p e r t i e s J o ( z ) and R o ( z ) . F o r 

c o n v e n i e n c e , he u s e s Ro(Zm) and Jo(Zm) a t t h e 1 0 % l e v e l , Zm, and 

p r o c e e d s ° i n t h e f o l l o w i n g manner. Ro(Zm) i s f o u n d f r o m Eou/Eod a t 

Zm, and u s e d i n F i g . 2 . 1 0 t o o b t a i n bo/ao(Zm) and cos§(Zm) f o r 

a p a r t i c u l a r s o l a r a l t i t u d e . U s i n g a = cos^.Ke and assuming t h a t Ke 

= Ko, ( f o u n d f r o m t h e E o ( z ) p r o f i l e ) , t h e n ao(Zm) = cos5(Zm).Ko(Zm). 

S i n c e bo/ao(Zm) i s known t h e n bo(Zm) may a l s o be deduced. 
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cos^(Zm) bo/ao (Zm) 

Ro(Zm) % 

F i g . 2 . 1 0 : Graphs o f t h e av e r a g e c o s i n e , cos§(Zm), f o r sun's 
a l t i t u d e SO", 4 5 ° and 90°, and t h e r a t i o bo/ao ( ^ i ) 
as f u n c t i o n s o f w a t e r r e f l e c t i v i t y Ro(Zm). Zm i s 
th e d e p t h a t w h i c h E o d ( z ) / E o d ( 0 ) = 10%, and 
c o r r e s p o n d s a p p r o x i m a t e l y t o t h e m i d - d e p t h o f t h e 
e u p h o t i c zone, ( K i r k , 1 9 8 6 ) . 
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2.5 UNDERWATER V I S I B I L I T T 

2.5.1 P h o t o m e t r i c measurement 

P h o t o m e t r y r e f e r s t o l i g h t f l u x v i s u a l l y p e r c e i v e d b y t h e human eye. 

The f u n d a m e n t a l q u a n t i t y u s e d i n t h e r a d i o m e t r i c d e f i n i t i o n s 

c o n s i d e r e d i n s u b s e c t i o n 2.1.1 was r a d i a n t e n e r g y , g i v e n b y Eqn.2.1: 

F ( X ) = d Q ( X ) / d t . T h i s f l u x i s an a b s o l u t e q u a n t i t y i ndependent o f 

t h e s e n s i t i v i t y o f t h e d e t e c t i n g d e v i c e . The f l u x u n i t s u s e d i n 

p h o t o m e t r y depend upon t h e s p e c t r a l s e n s i t i v i t y o f t h e human eye 

w h i c h r i s e s f rom z e r o a t 400nm t o a peak a t 555nm ( y e l l o w - g r e e n ) , 

d e c r e a s i n g t o z e r o a t 700nm. F o r example, i t w o u l d t a k e about 2 

w a t t s o f b l u e - g r e e n (510nm) o r orange (610nm) l i g h t t o produce t h e 

same s e n s a t i o n o f b r i g h t n e s s as 1 w a t t o f y e l l o w - g r e e n (555nm) l i g h t . 

The u n i t o f l u m i n o u s ( p h o t o m e t r i c ) f l u x i s t h e lumen, d e f i n e d as t h e 

l u m i n o u s f l u x e m i t t e d i n a l l d i r e c t i o n s b 7 a b l a c k body o f s u r f a c e 

a r e a 1/60 cm^ a t a t e m p e r a t u r e o f 2042 K ( P r e i s e n d o r f e r , 1 9 7 6 ) . 

E q u i v a l e n t r a d i o m e t r i c / p h o t o m e t r i c u n i t s a r e g i v e n i n T a b l e 2.2. 

P r e i s e n d o r f e r (1976) g i v e s t h e f o l l o w i n g e q u a t i o n t o c o n v e r t a 

r a d i o m e t r i c c o n c e p t , X ( r a d ) , t o i t s p h o t o m e t r i c c o u n t e r p a r t X ( p h o t o ) : 

X ( p h o t o ) = 680 X ( r a d ) . y ( X ) . d X (2.75) 

Where y ( X ) i s t h e l u m i n o s i t y f u n c t i o n , eg y ( X ) = 0 ( 4 0 0 ) , 0 . 0 3 ( 4 5 0 ) , 

0 . 3 2 ( 5 0 0 ) , 0 . 9 9 ( 5 5 0 ) , 1 . 0 0 ( 5 5 5 ) , 0 . 6 4 ( 6 0 0 ) , 0 . 1 1 ( 6 5 0 ) , 0 ( 7 0 0 ) . 
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T a b l e 2.2: E q u i v a l e n t r a d i o m e t r i c / p b o t o m e t r i c u n i t s 
( f r o m P r e i s e n d o r f e r , 1976) 

R a d i o m e t r y I P h o t o m e t r y 

R a d i a n t f l u x 
Fix) [W] 

Luminous f l u x 
F [lumens] 

R a d i a n c e 
L ( X ) [q.s-^m-a] 

Luminance ( b r i g h t n e s s ) 
L [lumens m-* = l u x ] 

I r r a d i a n c e 
E a ) [q.s-^m-a] 

I l l u m i n a n c e 
E [lumens m-* = l u x ] 

I n d i s c u s s i n g S e c c h i d i s c v i s i b i l i t y (see s u b s e c t i o n 2 . 5 . 4 ) , 

H j 5 j e r s l e v (1986) p o i n t s o u t t h a t t h e a p p r o p r i a t e p a r a m e t e r s a r e t h e 

p h o t o m e t r i c c ( l u x ) , K ( l u x ) , R ( l u x ) e t c . T h i s i s a v e r y i m p o r t a n t 

d i s t i n c t i o n w h i c h i s n o t g e n e r a l l y made i n t h e l i t e r a t u r e ; i n t h i s 

work, p h o t o m e t r i c ( l u x ) p a r a m e t e r s w i l l be i n d i c a t e d b y u n d e r l i n i n g : 

K> £.» R* L and E. 

2.5.2 C o n t r a s t t r a n s m i t t a n c e 

The v i s i b i l i t y o f an o b j e c t i s t h e maximum range a t w h i c h i t c a n be 

v i s u a l l y d e t e c t e d a g a i n s t i t s b a c k g r o u n d . I f t h e o b j e c t i s a 

d i f f e r e n t c o l o u r t o i t s b a c k g r o u n d t h e n i t may be v i s i b l e because o f 

i t s c o l o u r c o n t r a s t . The s e l e c t i v e a b s o r p t i o n o f p a r t i c u l a r 

w a v e l e n g t h s ( o r b r o a d w a v e l e n g t h bands) l e a d s t o monochromatic 

c o n d i t i o n s u n d e r w a t e r . F o r example, c l e a r w a t e r becomes b l u e w i t h 

d e p t h ; p r o d u c t i v e w a t e r , due t o t h e p r e s e n c e o f g i l v i n , d i s p l a y s a 

' y e l l o w s h i f t ' t owards s e a - g r e e n . M o r e o v e r , w i t h d e p t h , o r i n t u r b i d 
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c o a s t a l w a t e r s , l i g h t l e v e l s may he t o o low f o r p.hotopic v i s i o n . I t 

f o l l o w s , t h e r e f o r e , t h a t u n d e r w a t e r v i s i b i l i t y i s u s u a l l y l i m i t e d h y 

b r i g h t n e s s ( l u m i n a n c e ) c o n t r a s t , C, d e f i n e d b y : 

^ _ t a r g e t l u m i n a n c e - b a c k g r o u n d l u m i n a n c e 
b a c k g r o u n d l u m i n a n c e 

We t h e r e f o r e e x p r e s s t h e i n h e r e n t c o n t r a s t , Co, t h e c o n t r a s t a t a r g e t 

w o u l d have i f v i e w e d a t z e r o d i s t a n c e , b y : Co = ( t L ( O ) - ^ L ( O ) )/|,L(0), 

where s u b s c r i p t s t and b i n d i c a t e t a r g e t and b a c k g r o u n d . I t i s 

c o n v e n i e n t a t t h i s p o i n t , t o i n t r o d u c e a s i g h t i n g a n g l e , y, measured 

f r o m t h e h o r i z o n t a l (+y downwards and - y upwards; y = § - n / 2 ) . The 

i n h e r e n t c o n t r a s t o f a t a r g e t v i e w e d v e r t i c a l l y downward (y = n /2) i s 

d e s c r i b e d b y T y l e r (1968), and i l l u s t r a t e d i n F i g . 2 . 1 1 . The o b j e c t , 

(eg S e c c h i d i s c ) , has r e f l e c t i v i t y and t h e w a t e r - b a c k g r o u n d has 

r e f l e c t i v i t y R. I f the d o w n w e l l i n g i r r a d i a n c e ( i l l u m i n a n c e ) i s Ed 

t h e n f r o m Eqn.2 .76: 

Co(^,n/2) = ^ - q / ; - g'g^/" = £ / R - 1 (2.77) 
R.Ed/n 

Co (p., n /2) = fi./R - 1 

Ed 

p..Ed 

R 

F i g . 2 . 1 1 : I n h e r e n t c o n t r a s t o f t a r g e t s i g h t e d v e r t i c a l l y downwards 

R. 

Ed 
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The d i v i s i o n b y JI on t b e r i g h t hand s i d e o f Eqn.2.77 i n d i c a t e s t h a t 

the r e f l e c t e d l i g h t i s d i f f u s e . I t c a n c e l s and s o , f o r s i m p l i c i t y , 

• w i l l n o t be i n c l u d e d f r o m h e r e on. 

The i n h e r e n t c o n t r a s t o f n o n - b l a c k t a r g e t s s i g h t e d h o r i z o n t a l l y 

(y = 0) i s n o t w i d e l y d i s c u s s e d i n t h e l i t e r a t u r e , b u t we may assume 

t b a t a f o r m o f Eqn.2.77 wou l d n o t be a p p r o p r i a t e as t h e w a t e r -

b a c k g r o u n d b r i g h t n e s s depends n o t upon th e w a t e r ' s r e f l e c t i v i t y , b u t 

upon t h e h o r i z o n t a l l y i n v a r i a n t s p a c e l i g h t : ^ ^ ( 0 ) = L* (see 

s e c t i o n 2.3.1). T h i s i s i l l u s t r a t e d i n F i g . 2 . 1 2 , and i n d i c a t e s 

t h a t : 

Co(fi.,0) = ^ - - ' r -* = p. - 1 = - ( 1 - £ ) (2.78) 
Li 

C o ( £ , 0 ) = - ( 1 - £ ) 

F i g . 2 . 1 2 : I n h e r e n t c o n t r a s t o f t a r g e t s i g h t e d h o r i z o n t a l l y 

E q u a t i o n 2.78 i m p l i e s t h a t t h e i n h e r e n t c o n t r a s t , and hence t h e 

v i s i b i l i t y o f a h o r i z o n t a l l y - v i e w e d t a r g e t d e c r e a s e s w i t h 

r e f l e c t i v i t y ; t h a t a w h i t e t a r g e t w i l l be l e s s v i s i b l e t h a n a g r e y 

one. T h i s i s so o n l y i n v e r y t u r b i d w a t e r where th e b a c k g r o u n d w a t e r 

i s ' m i l k y - w h i t e ' ; g e n e r a l l y , Co(p.,0) i s o b s e r v e d t o i n c r e a s e w i t h p.. 

T h i s i s because u n d e r w a t e r o b j e c t s t e n d t o be i l l u m i n a t e d b y h i g h 

i n t e n s i t y d o w n w e l l i n g l i g h t r a t h e r t h a n l o w e r i n t e n s i t y s i d e l i g h t . 

L ' > 
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as i m p l i e d b y Eqn.2.78. Tbe c o n t r a s t p r o b l e m i s f u r t b e r c o m p l i c a t e d 

b y t b e f a c t t h a t d o w n w e l l i n g and s i d e l i g h t s have d i f f e r e n t s p e c t r a l 

i n t e n s i t y c u r v e s so t h a t w h i t e t a r g e t s , p a r t i c u l a r l y , w i l l d i f f e r 

s l i g h t l y i n c o l o u r f r o m t h e watesr-background. I n e x p e r i m e n t s o f f 

M a l t a , a t a d e p t h o f 15m, Hemmings and L y t h g o e (1965) found t h a t t h e 

r a t i o o f i n t e n s i t y o f s i d e l i g h t t o d o w n w e l l i n g l i g h t was about 10% 

a t 450 nm, d e c r e a s i n g t o about 4% a t 570 nm. Tbe r a t i o o f t a r g e t 

( w h i t e ) r a d i a n c e t o w a t e r - b a c k g r o u n d r a d i a n c e was 2.5 a t 440 nm and 

2.2 a t 460 nm, i n c r e a s i n g t o 5.2 a t 550 nm. I t must f o l l o w , t h e r e f o r e , 

t h a t Eqn.2.78 does n o t p r o p e r l y d e s c r i b e t h e i n h e r e n t c o n t r a s t o f a 

h o r i z o n t a l l y - s i g h t e d , n o n - b l a c k t a r g e t . 

The f i r s t r i g o r o u s u n d e r w a t e r v i s i b i l i t y t h e o r y i s u s u a l l y a t t r i b u t e d 

t o t h e work o f D u n t l e y and P r e i s e n d o r f e r ( 1 9 5 2 ) , who r e p o r t e d an 

e x p e r i m e n t a l i n v e s t i g a t i o n o f t h e r e d u c t i o n o f v i s u a l c o n t r a s t 

u n d e r w a t e r , w h i c h t h e y had c o n d u c t e d i n 1948. T h e i r o b s e r v a t i o n s 

r e v e a l e d t h a t t h e a p p a r e n t c o n t r a s t , C r , o f a t a r g e t i s e x p o n e n t i a l l y 

a t t e n u a t e d w i t h d i s t a n c e a l o n g any p a t h o f s i g h t ( i e , t b a t l i k e 

b r i g h t n e s s , b r i g h t n e s s c o n t r a s t f o l l o w s B e e r - L a m b e r t ' s Law). F u r t h e r 

e x p e r i m e n t s i n 1949 showed t h a t a l o n g h o r i z o n t a l p a t h s o f s i g h t , t h e 

c o n t r a s t t r a n s m i t t a n c e e q u a l s t h e beam t r a n s m i t t a n c e o f t h e same 

w a t e r . B o t h o f t h e s e f i e l d o b s e r v a t i o n s c a n be d e r i v e d f r o m t h e 

e q u a t i o n o f r a d i a t i v e t r a n s f e r ( E q n . 2 . 4 6 ) , as now shown. 

Suppose a t a r g e t a t d e p t h z^. and range r i n i n f i n i t e l y deep w a t e r , i s 

o b s e r v e d a t a n g l e 0<.yin/2 f r o m d e p t h z, as i l l u s t r a t e d i n F i g . 2 . 1 2 . 
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F i g . 2 . 1 3 : C o n t r a s t t r a n s m i t t a n c e 

We may w r i t e , f r o m t h i s f i g u r e : 

Co(fi.,Y,Zt) = t L ( z t , Y ) - ^ L ( z t , Y ) 
^ L C z ^ . r ) 

(2.79) 

C r ( £ , Y . z ) = t L ^ ^ ' T ) - hUz,y) 
t I i ( z , Y ) 

(2.80) 

The a p p a r e n t r a d i a n c e i L ( z , y ) i s g i v e n b y eqn 2.46: 

tU2,y) = t L ( z t , Y ) . e x p [ - c . r ] + \i^'V—•(! " e x p [ - ( c + K . s i n Y ) . r ] ) 
c+K. s m Y 

(2.81) 

Tbe f i r s t t e r m on t b e r i g h t d e s c r i b e s t h e l o s s o f i m a g e - f o r m i n g l i g b t 

and t h e second t e r m d e s c r i b e s the',gain i n v e i l i n g o r space l i g h t (non 

image-forming d i f f u s e l i g h t ) . 'The b a c k g r o u n d i n h e r e n t and a p p a r e n t 
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r a d i a n c e s a r e t h e r a d i a n c e o f t h e space l i g h t g i v e n h y Eqn.2.81, 

v i e w e d f r o m r=<», i e : 

B i U . r ) - . L ( z „ r ) - (2.82) 

By s n b s t i t n t i o n o f Eqns 2.81 and 2.82, t h i s e q u a t i o n i s r e d u c e d , 

( P r e i s e n d o r f e r , 1 9 7 6 ) , t o : 

C r ( Y ) = C o ( y ) . e x p [ - ( c + K . s i n Y ) . r ] (2.83) 

T h i s i s . t h e C o n t r a s t T r a n s m i t t a n c e Law, p r e s e n t e d h y D u n t l e y and 

P r e i s e n d o r f e r (1952) f o r u n d e r w a t e r work, and l a t e r , h y D u n t l e y , 

B o i l e a u and P r e i s e n d o r f e r (1957) f o r use i n t h e atmosphere. F o r 

o b s e r v a t i o n s o f h o r i z o n t a l v i s i b i l i t y (Y = 0 ) , Eqn.2.83 r e d u c e s t o : 

Cr(fi.,0) = C o ( £ , 0 ) . e x p [ - c . r ] (2,84) 

F o r v e r t i c a l l y downward s i g h t i n g (y = n/2, eg S e c c h i d i s c ) : 

Cr(fi.,n/2) = Co(2.,n/2).exp[-(c+K).r] (2.85) 

and f o r v e r t i c a l l y upward s i g h t i n g ( y = - n / 2 ) : 

Cr(p.,-n/2) = C o ( f i . , - n / 2 ) . e x p [ - ( c - K ) . r ] (2.86) 

E x p e r i m e n t a l v e r i f i c a t i o n o f Eqn.2.84 was o b t a i n e d b y D u n t l e y and 

P r e i s e n d o r f e r ( 1 9 5 2 ) , f o r l i g h t and d a r k o b j e c t s , b y means o f 

p h o t o g r a p h i c and p h o t o e l e c t r i c t e l e p h o t o m e t e r s mounted a t f i v e f o o t 

i n t e r v a l s a l o n g a t r a c k w a y p r o j e c t i n g f r o m a b a r g e . These r e s u l t s 

s t r o n g l y s u p p o r t e d t h e i r h y p o t h e s i s t h a t t h e o n l y l i g h t f r o m and 

t a r g e t r e a c h i n g an o b s e r v e r i s l i g h t w h i c h has t r a n s v e r s e d t h e 
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i n t e r v e n i n g space w i t h o u t s c a t t e r i n g ; s c a t t e r e d l i g h t f r o m t h e t a r g e t 

s e r v e s s o l e l y as a c o n t r i b u t i o n t o t h e s c a l a r i r r a d i a n c e . I t has b e e n 

p o i n t e d o u t b y H j S j e r s l e v ( 1 9 8 6 ) , however, t h a t t h i s t h e o r y h o l d s o n l y 

where a t t e n u a t i o n i s c o n s t a n t f o r a l l z,^,-i\ w h i c h may n o t be t h e case 

i n some s u r f a c e w a t e r s . 

2.5.3 V i s u a l r a n g e s . 

Of c o u r s e , a range may be r e a c h e d a t w h i c h Cr i s r e d u c e d t o a l e v e l 

t o o l o w f o r v i s u a l d e t e c t i o n b y the o b s e r v e r . T h i s l i m i t i n g a p p a r e n t 

c o n t r a s t i s termed t h e l i m i n a l o r t h r e s h o l d c o n t r a s t , C t . I n a 

p i o n e e r i n g p a p e r on t h e s u b j e c t , B l a c k w e l l (1946) d e f i n e d t h e 

a p p a r e n t c o n t r a s t o f an o b j e c t as t h r e s h o l d i f an o b s e r v e r , on 

r e p e a t e d a t t e m p t s under i d e n t i c a l c o n d i t i o n s t o d e c i d e whether an 

o b j e c t i s v i s i b l e , d e c i d e s t h a t i t i s so on 50% o f t h e o c c a s i o n s . 

B l a c k w e l l r e p o r t e d e x p e r i m e n t a l d e t e r m i n a t i o n s o f Ct i n w h i c h 450,000 

o b s e r v a t i o n s ( o u t o f o v e r two m i l l i o n ) b y 19 t r a i n e d o b s e r v e r s were 

a n a l y s e d t o c o m p i l e t h r e s h o l d t a b l e s and d i a g r a m s . These t a b l e s 

g i v e : Ct = 0.0033 f o r c i r c u l a r t a r g e t s i n a i r . T y l e r (1968) 

s u g g e s t e d t h a t t h i s be d o u b l e d f o r u n d e r w a t e r work and so a v a l u e o f 

Ct = 0.0066 has been u s e d b y many w o r k e r s (eg Holmes, 1970; 

H ^ j e r s l e v , 1977, 1986; P r e i s e n d o r f e r , 1976, 1 9 8 6 ) . W o r k i n g w i t h a 

S e c c h i d i s c i n G o l e t a Bay, Holmes (1970) deduced a t h r e s h o l d c o n t r a s t 

o f 0.0013, i m p l y i n g a t h r e s h o l d v i s u a l s e n s i t i v i t y t w i c e t h a t f o u n d 

by B l a c k w e l l i n a i r . T h i s seems u n l i k e l y as i n r e p o r t i n g h i s w a r t i m e 

e x p e r i m e n t s B l a c k w e l l (1946) w r i t e s t h a t 'The o b s e r v e r s were young 

women, aged 19-26 y e a r s , whose v i s u a l a c u i t y i n e a c h eye and i n b o t h 

eyes was a p p r o x i m a t e l y 20/20 w i t h o u t r e f r a c t i v e c o r r e c t i o n ... 

O b s e r v e r s were s e a t e d a t t h e r e a r o f t h e o b s e r v a t i o n room i n 

2.47 



u p h o l s t e r e d c h a i r s ... O b s e r v e r s were a l l o w e d t o adapt t o t h e 

o b s e r v a t i o n room b r i g h t n e s s . . . b y p r e l i m i n a r y a d a p t a t i o n o u t s i d e t h e 

l a b o r a t o r y w i t h s t a n d a r d P o l a r o i d d a r k a d a p t a t i o n g o g g l e s . . . The 

o v e r a l l b r i g h t n e s s o f t h e o b s e r v a t i o n room was s u b j e c t t o p r e c i s e 

c o n t r o l . . . ' . C l e a r l y t h i s s c e n a r i o does n o t t y p i f y t h e o p t i c a l 

c o n d i t i o n s endured b y t h e m i d d l e aged oceanographer as he hangs o v e r 

t h e s i d e o f a h e a v i n g b o a t p e e r i n g i n t o t h e murky d e p t h s b e l o w . 

L y t h g o e ( 1 9 7 9 ) has shown t h a t a d i v e r , w i t h n o r m a l v i s i o n and u s i n g a 

f a c e mask, c a n p e r c e i v e a b r i g h t n e s s c o n t r a s t o f 2 % ; a v a l u e o f C t = 

0 . 0 2 w i l l t h e r e f o r e be p r e f e r r e d i n t h i s work. S u b s t i t u t i n g Ct f o r 

Cr i n E q n . 2 . 8 3 , and i n t r o d u c i n g t h r e s h o l d v i s i b i l i t y , V ( Y ) : 

Cr = Ct = 0 . 0 2 = Co.exp[-(c+K.(sin yX.VCy)] 

. V ( Y ) = L n t C o / C t ] ^ L n [ C o / 0 . 0 2 ] ^ Ln[SO.Co] 8 7 ) 
c + Z . s i n y c + Z . s i n y c + Z . s i n y 

I n t h e s p e c i a l c a s e o f a z e r o - r e f l e c t o r , ( p = 0 ; eg t h e l i g h t - t r a p 

d e s c r i b e d i n Ch a p t e r 3 ) , t h e i n h e r e n t c o n t r a s t i s , from E q n . 2 . 7 7 : 

Co ( 0,y) = - 1 . The n e g a t i v e s i g n i n d i c a t e s a t a r g e t d a r k e r t h a n i t s 

ba c k g r o u n d , so must r e m a i n i n f o r c e t o t h e p o i n t o f t h r e s h o l d 

v i s i b i l i t y , i e Ct = - 0 . 0 2 . S u b s t i t u t i n g i n t o E q n . 2 . 8 7 : 

V ( 0 , y ) = L ^ [ ( - l ) / < - 0 - 0 2 ) ] = Ln[503 ( 2 . 8 8 ) 
• c + Z . s i n y c + Z . s i n y 

D u n t l e y and P r e i s e n d o r f e r ( 1 9 5 2 ) c o i n e d t h e t e r m h y d r o l o g i c a l r a n g e , 

v ( y ) , t o d e f i n e t h e d i s t a n c e t h r o u g h o p t i c a l l y homogeneous w a t e r 

f o r w h i c h t h e c o n t r a s t t r a n s m i t t a n c e i s r e d u c e d t o 2 % . They were 
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" t h e r e f o r e a b l e t o w r i t e : 

Cr/Co = 0.02 = e x p [ - ( c + K . s i n Y ) . V ( Y ) ] 

v ( Y ) = (2.89) c+K. s m Y 

I n g e n e r a l , t b i s e q u a t i o n does n o t d e f i n e t h r e s h o l d v i s i b i l i t y . I n 

D u n t l e y ' s d e f i n i t i o n , t h e 2% i s , 2% o f t h e o r i g i n a l c o n t r a s t , Co, i e 

Cr/Co = 0.02. An a b s o l u t e v i s u a l c o n t r a s t o f 2% must be d e f i n e d b y : 

Cr = Ct = 0.02., as i n Eqn.2.87. However, as i s iapparent from Eqns. 

2.88 and 2.89, t h e h y d r o l o g i c a l r ange i s e q u a l t o t h e t h r e s h o l d r a n g e 

o f a z e r o - r e f l e c t o r . T h i s s i m p l e e q u a l i t y i s much u s e d i n t h e 

p r a c t i c a l v i s i b i l i t y e x p e r i m e n t s d e s c r i b e d i n t h e c u r r e n t work. I n 

t h e s e e x p e r i m e n t s , t h r e s h o l d v i s i b i l i t y measurements aire always made 

v e r t i c a l l y downwards, v e r t i c a l l y upwards o r h o r i z o n t a l l y , and w i l l be 

i n d i c a t e d b y Z, U and V r e s p e c t i v e l y . E q u i v a l e n t h y d r o l o g i c a l r a n g e s 

w i l l be g i v e n b y t h e t h r e s h o l d v i s i b i l i t i e s o f a z e r o - r e f l e c t o r , 

i n d i c a t e d b y 'h': 

^ L n [ l / C t ] L n [ 5 0 ] 3.91 _ 3.91 _ 3.91 
Zn — = = ; Uh = ; Vh = 

c+K c+K c+K c-K c 
( 2 . 90, 2.91, 2.92) 

E q u i a t i o n 2.92 i s t h e o r i g i n o f the o f t - q u o t e d D u n t l e y (1952) r u l e - o f -

thumb, t h a t d i v e r s c a n e s t i m a t e c from: 

c. = • (2.93) 
h o r i z o n t a l v i s i b i l i t y o f a d a r k o b j e c t 

a c o n v e n i e n t 'dark o b j e c t ' b e i n g t h e neoprene w e t - s u i t o f a f e l l o w 

d i v e r . 
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2.5.4 The S e c c h i d e p t h 

T r a d i t i o n a l l y , o c e a n o g r a p h e r s and m a r i n e b i o l o g i s t s have a s s e s s e d 

w a t e r c l a r i t y b y means o f a w h i t e S e c c h i d i s c , w h i c h i s l o w e r e d 

t h r o u g h the w a t e r column u n t i l i t j u s t d i s a p p e a r s a t t h e S e c c h i 

d e p t h , Z s . T h i s d e p t h i s g i v e n , f r o m Eqns.2.87 and 2.77: 

L n 
Zs = — 

•£/R - 1 
L C t F s 

(2.94) c + K c + K 

S t r i c t l y , from t h i s e q u a t i o n , measurement o f Zs c a n produce o n l y an 

e s t i m a t e o f t h e c o m b i n a t i o n (c+K), w h i c h i s n o t a u s e f u l o p t i c a l 

p a r a m e t e r . I n p r a c t i c e , e m p i r i c a l f o r m u l a e i n c o r p o r a t i n g Zs have 

b e e n f o r m u l a t e d t o e s t i m a t e t h e s i n g l e c o e f f i c i e n t s c. and K, o r e v e n 

suspended p a r t i c l e c o n c e n t r a t i o n (eg P i l g r i m , 1 9 8 4 ) . 

The c o u p l i n g f a c t o r , F s , depends upon t h e assumed v a l u e s o f p., R and 

C t . 

( i ) D i s c r e f l e c t i v i t y , fi.. I t i s g e n e r a l l y a g r e e d i n t h e l i t e r a t u r e , 

(eg T y l e r , 1 9 6 8 ) , t h a t t h e r e f l e c t i v i t y o f w h i t e p a i n t i s about 80%. 

I n an e x p e r i m e n t w i t h f l a t w h i t e p a i n t . Holmes (1970) measured a 

r e f l e c t a n c e o f 84% when d r y , i n c r e a s i n g t o 9 3 % on immersion i n pur e 

w a t e r . However, as p o i n t e d o u t b y H^ S j e r s l e v (1977 , 1 9 8 6 ) , s m a l l 

v a r i a t i o n s i n g_ make v e r y l i t t l e d i f f e r e n c e t o F s ; as i s a p p a r e n t 

f r o m T a b l e 2.3. 

( i i ) Water r e f l e c t a n c e , R. R e f l e c t a n c e must v a r y f r o m w a t e r t y p e t o 

w a t e r t y p e . T y l e r (1968) s a y s t h a t t h e r e f l e c t a n c e o f most n a t u r a l 
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T a b l e 2.3: Range o f F s p r o d u c e d b y s e l e c t e d v a l u e s 
o f p., R and C t ( % ) . 

1 = 1 R = 2 R = 5 R = 10 R = 20 

0 3.912 3.9li2 3.912 3.912 3.912 
£ = 24 7.048 6.310 5.247 4.248 2.303 

Ct = 2 
£ = 
£ = 

70 
80 

8.146 
8.281 

7.438 
7.576 

6.477 
6.620 

5.704 
5.858 

4.828 
5.010 

£ = 90 8.401 7.696 6.745 5.991 5.165 
£ = 100 8.507 7.804 6.856 6.109 5.298 

£ = 0 4.605 4.605 4.605 4.605 4.605 
£ = 24 7.741 7.003 5.940 4.942 2.996 

c t = 1 
£ = 
£ = 

70 
80 

8.839 
8.975 

8.132 
8.269 

7.170 
7.313 

6.397 
6.551 

5.521 
5.704 

£ = 90 9.094 8.389 7.438 6.685 5.858 
£ = 100 9.200 8.497 7.550 6.802 5.991 

£ = 0 5.116 5.116 5.116 5.116 5.116 
£ = 24 8.251 7.514 6.451 5.452 3.507 

Ct = 0.66 
£ = 
£ = 

70 
80 

9.350 
9.485 

8.642 
8.780 

7.681 
7.824 

6.908 
7.062 

6.032 
6.215 

£ = 90 9.605 8.900 7.949 7.195 6.369 
£ = 100 9.711 9.008 8.060 7.313 6.502 

£ = 0 6.645 6.645 6.645 6.645 6.645 
£ = 24 9.781 9.043 7.980 6.982 5.036 

c t = 0.13 
£ = 
£ = 

70 
80 

10,88 
11.02 

10.17 
10.31 

9.210 
9.353 

8.437 
8.591 

7.562 
7.744 

£ = 90 11.13 10.43 9.479 8.725 7.899 
£ = 100 11.24 10.54 9.590 8.843 8.032 

w a t e r s , measured f o r t b e p b o t o p i c band w i d t b , i s about 2%. I n a 

s e r i e s o f measurements i n G o l e t a Bay ( C a l i f o r n i a ) , Holmes (1970) 

measured 5.9% 1 R <. 9.5% (mean R = 8.0%; s d = 1 . 3 % ) , b u t be does n o t 

s t a t e bow, (R(X) o r R ( l u x ) ? ) . H j S j e r s l e v (1986) b e l i e v e s t b a t t b e s e 

u n e x p e c t e d l y b i g b v a l u e s may bave been due t o b o t t o m r e f l e c t i o n 

e f f e c t s ; be q u o t e s t b e f o l l o w i n g o b s e r v e d v a l u e s o f R: 0.75% i n t b e 
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B a l t i c ( H j J j e r s l e v , 1 9 7 4 ) , 0.95% i n C r a t e r Lake ( T y l e r e t a l , 1972) 

and 1.3% i n t l i e S a r g a s s o Sea (Lnndgren and H j J j e r s l e v , 1 9 7 1 ) . He a l s o 

r e p o r t s l u x r e f l e c t a n c e s o f 0.75% and 1% i n t l i e B a l t i c ( p e r s o n a l 

c o m m u n i c a t i o n , 1985) and c o n c l u d e s t h a t R = 1.0% i s a v e r y l i k e l y 

v a l u e f o r most w a t e r s . He a g r e e s , however, t h a t R may a t t a i n much 

h i g h e r v a l u e s i n t h e s o - c a l l e d ' m i l k y w a t e r s ' , (eg P r i e u r , 1976) who 

r e p o r t s a v a l u e o f R = 5.3%. 

( i i i ) T h r e s h o l d C o n t r a s t , C t . As d i s c u s s e d i n s u b s e c t i o n 2.5.3, 

many w o r k e r s a p p p a r e n t l y assume i d e a l o b s e r v a t i o n c o n d i t i o n s and u s e 

a v a l u e , Ct=0.66%, as p r o p o s e d b y T y l e r ( 1 9 6 8 ) . L y t h g o e (1979) 

recommends a v a l u e Ct = 2% f o r d i v e r s , and t h i s i s u s e d h e r e . 

2.5.5 D u n t l e y d i s c s 

D u n t l e y (1949) has p r o p o s e d a method o f d e d u c i n g c and K s e p a r a t e l y 

b y u s i n g two d i s c s , one w h i t e and one g r e y v i e w e d f r o m above and f r o m 

b e l o w . T h i s method i s sometimes r e f e r r e d t o b y o t h e r w o r k e r s , (eg 

P r e i s e n d o r f e r 1976,1986; H ^ j e r s l e v , 1 9 8 7 ) , b u t i t r e c t u i r e s t h a t t h e 

o b s e r v e r be a d i v e r , and a p a r t f r o m o u r own work ( P i l g r i m et. a l , 

1 9 8 8 ) , no o t h e r r e p o r t has been found i n t h e l i t e r a t u r e o f s u c h d i s c s 

b e i n g c o n s t r u c t e d and u s e d . P r e i s e n d o r f e r (1976) o u t l i n e s t h e 

o p t i c a l t h e o r y o f D u n t l e y d i s c s ; e s s e n t i a l l y , h i s argxunent i s as 

f o l l o w s . 

I f t h e w h i t e and g r e y d i s c s a r e l o w e r e d t o t h e same d e p t h , z i , t h e n 

t h e r e i s a l u m i n a n c e m i s m a t c h between them; t b e w h i t e d i s c a p p e ars 

b r i g h t e r t h a n t h e g r e y one. F o r l u m i n a n c e match, t h e w h i t e d i s c must 

be l o w e r e d t o a g r e a t e r d e p t h z x + d i , (see F i g . 2 . 1 4 ) , where i t s 
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A fi.(g) 
g r e y 

g r e y £ ( g ) 
w h i t e 

w h i t e £ ( w ) w, I 

F i g . 2 . 1 4 : D u n t l e y d i s c s s i g h t e d v e r t i c a l l y upwards and v e r t i c a l l y 
downwards ( f r o m P r e i s e n d o r f e r , 1976) 

a p p a r e n t c o n t r a s t i s , f r o m Eqns.2.83 and 2.77 

C r ( w , z i + d i ) = ( £ ( w ) / R - l ) . e x p [ - ( c + K ) . ( z i + d x ) ] (2.95) 

The a p p a r e n t c o n t r a s t o f t h e g r e y d i s c i s t h e r e f o r e g i v e n by: 

C r ( g , z i ) = ( p . ( g ) / R - . l ) . e x p [ - ( c + K ) . z x ] (2.96) 

As t h e r e i s l u m i n a n c e match t h e n : 

Cr(w,zx+da) = C r ( g , z x ) (2.97) 

and s o , f r o m Eqns 2.95 and 2.96: 

(e.(w)/R- l ) . e x p [ - ( c + K ) . ( z x + d i ) ] = (fi.(g)/R - 1) .exp[-(c+K) .zx] 

from w h i c h : 

(c + K) = i - . L n 
dx 

Co(w)1 ^ 1 ^ ̂ ra(w) - R I 
L c o ( g ) J dx* l£(g) - R J 

(2.98) 
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and as £.(•), fi.(g) >> R, t h e n : 

(c + K) = Ln[^(w)/g.(g)] (2.99) 

When t h e d i v e r l o o k s upwards a t t h e d i s c s , t h e w h i t e d i s c i s 

a t d i s t a n c e r and" t h e g r e y one i s a t g r e a t e r d i s t a n c e r+da. 

P r e i s e n d o r f e r (1976) a r g u e s t h a t : ' . . b y s i m p l y a p p e a l i n g t o Eq[n.2.83 

w i t b y = -n/2, we c o u l d deduce t h a t , a n a l o g o u s l y t o Eqn.2.99....': 

(c - K) = ^ . L n 
da 

Co(w) 
LCo(g)J 

^ L n [ p ( w ) / p ( g ) ] 
da 

(2.100) 

A d d i n g and s u b t r a c t i n g Eqns.2.99 and 2.100: 

„ _ Ln[p.(w)/£(g)3 1 + 1 
Ldi daJ (2.101) 

and 

J ^ Ln[p.(w)/p.(g)3 
f - - - l Lda d j (2.102) 

I t w i l l be shown i n C h a p t e r 4 t h a t Eqn.2.100, and hence 2.101 and 

2.102, a r e i n e r r o r . 
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C h a p t e r 3 

I N S T R U M E N T A T I O N A N D M E T H O D S 
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3.1 MEASUREMENT OF THE DIFFUSE ATTENUATION COEFFICIENT 

The d i f f u s e a t t e n u a t i o n c o e f f i c i e n t s , K ( X ) , were d e s c r i b e d and 

d e f i n e d i n s u b s e c t i o n 2.2.1. I n s u b s e c t i o n 2.4.1 i t was shown and 

i l l u s t r a t e d t h a t depth-mean <K(X)> may be o b t a i n e d from t h e d e p t h 

p r o f i l e o f E ( z ) . The v a r i o u s p r a c t i c a l means o f o b t a i n i n g an E ( z ) 

p r o f i l e , and hence K(X) o r <K(X)>, have b e e n r e v i e w e d b y P i l g r i m and 

A i k e n ( 1 9 8 8 ) , and i n c l u d e t h e S i n g l e Sensor System ( S S S ) , t h e B i o -

o p t i c a l P r o f i l i n g System (BOPS), t h e M u l t i c h a n n e l E n v i r o n m e n t a l 

R a d i o m e t e r (MER), t h e V i s i b i l i t y L a b o r a t o r y I r r a d i a n c e M e t e r ( V L I M ) , 

t h e U n d u l a t i n g O c e a n o g r a p h i c R e c o r d e r (UOR) and t h e M u l t i - d e p t h 

Sensor A r r a y System (MSAS). I n t h e r e s e a r c h programme d e s c r i b e d i n 

t h i s t h e s i s , o n l y a n SSS and a UOR were u s e d t o o b t a i n <K(X)> d a t a , 

so o n l y t h e s e two w i l l be c o n s i d e r e d f u r t h e r i n t h i s c h a p t e r . 

Any l i g h t - p r o f i l i n g s ystem must i n c o r p o r a t e t h r e e e s s e n t i a l 

components: a l i g h t s e n s o r , a d e p t h s e n s o r and a r e c o r d e r o r some 

means o f t r a n s m i t t i n g t h e s i g n a l s t o a d i s p l a y a t t h e s u r f a c e . 

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

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

measured b y a sys t e m depends upon t h e shape and c o n f i g u r a t i o n o f i t s 

c o l l e c t o r . A range o f i r r a d i a n c e c o l l e c t o r s has been r e v i e w e d b y 

H«5jerslev ( 1 9 7 5 ) ; t h e s e were d e s c r i b e d i n s u b s e c t i o n 2.4.2, and 

i l l u s t r a t e d i n F i g . 2 . 9 . 

An i m p o r t a n t a s p e c t o f m o n i t o r i n g t h e p r o p a g a t i o n o f p h o t o -

s y n t h e t i c a l l y u s e f u l l i g h t i s t h e u n i t s o f measurement employed. 

3.2 



O s t e n s i b l y , a s i m p l e measurement o f i r r a d i a n t e n e r g y f l u x (W.m-*) 

s b o u l d s u f f i c e ; d i v i d e d b y tbe v e l o c i t y o f l i g b t t b i s g i v e s J.m-^, 

tbe t o t a l i n f l u x o f r a d i a n t e nergy p e r u n i t volume o f w a t e r . 

However, p b o t o s y n t b e s i s i s a p b o t o c b e m i c a l mechanism, the r a t e o f 

w h i c h depends upon the r a t e o f i n t e r a c t i n g p h o t o n s so t h a t l o w - e n e r g y 

'r e d p h o t o n s ' are j u s t as e f f e c t i v e as h i g h - e n e r g y ' b l u e p h o t o n s ' . 

C l e a r l y , p h o t o s y n t h e t i c l i g h t must be measured i n quanta r a t h e r t h a n 

t o t a l e nergy. Working Group 15 (UNESCO., 1965) recommended, a s t a n d a r d 

t e c h n i q u e f o r m e a s u r i n g p h o t o s y n t h e t i c e n e r g y i n t h e sea by means o f 

a c o n c e p t i o n a l l y i d e a l e q u i v a l e n t d e t e c t o r , i e a d e t e c t o r t h a t , f o r 

the same r a d i a n t f l u x i n p u t , y i e l d s a r e s p o n s e e q u i v a l e n t t o t h a t o f 

a p b y t o p l a n k t o n , ( S m i t h and W i l s o n , 1 9 7 2 ) . A l t h o u g h i m p r a c t i c a l t o 

c o n s t r u c t a s i n g l e i n s t r u m e n t w i t h i d e a l r e s p o n s e c h a r a c t e r i s t i c s . 

Working Group 15 recommended a s e n s o r w h i c h measures t o t a l quanta i n 

tbe 350-700 nm band, w i t h a g e o m e t r i c a l r e s p o n s e independent o f 

d i r e c t i o n . I t i s w i d e l y acknowledged t h a t t h i s approaches a 

p r a c t i c a l optimum f o r m o n i t o r i n g p h o t o s y n t h e t i c a l l y a v a i l a b l e 

r a d i a t i o n (PAR). The r e l a t i v e s p e c t r a l s e n s i t i v i t y o f an i d e a l 

quantum meter i s compared t o t h a t o f an i d e a l r a d i o m e t e r ( m e a s u r i n g 

energy) i n F i g . 3 . 1 . A l s o i l l u s t r a t e d , i s t h e s p e c t r a l r e s p o n s e o f t h e 

human eye ( l u x measurement, as w o u l d be a p p r o p r i a t e f o r m o n i t o r i n g 

u n d e r w a t e r v i s i b i l i t y ) . I n a s e r i e s o f model c a l c u l a t i o n s , S i e g e l et. 

a l (1986) have i l l u s t r a t e d how t h e s p e c t r a l c h a r a c t e r i s t i c s o f an 

i r r a d i a n c e s e n s o r c a n a f f e c t e s t i m a t e s o f the v e r t i c a l s t r u c t u r e o f 

t h e d i f f u s e a t t e n u a t i o n c o e f f i c i e n t f o r d o w n w e l l i n g i r r a d i a n c e , 

Z d ( X , z ) . F o r example, t h e y f o u n d t h a t i n c l e a r o c e a n i c w a t e r s , a 

s u b s t a n t i a l p o r t i o n o f t h e v e r t i c a l s t r u c t u r e f o r o r a n g e - r e d 

wavebands may be a t t r i b u t e d t o t h e c h a r a c t e r i s t i c s o f t h e i r r a d i a n c e 

s e n s o r . The two systems employed i n t h i s work w i l l now be c o n s i d e r e d . 
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F i g . 3 . 1 : I d e a l r e l a t i v e s e n s i t i v i t i e s o f , (a) a r a d i o m e t e r m e a s u r i n g 
W a t t s , (b) a quantum m e t e r , and ( c ) a l u x meter 

3.1.1 Tbe s i n g l e s e n s o r system 

Tbe s i m p l e s t metbod o f i r r a d i a n c e p r o f i l i n g i s t o l o w e r a s e n s o r 

t h r o u g h the w a t e r column, r e c o r d i n g t he l i g h t l e v e l and d e p t h a t 

c o n v e n i e n t i n t e r v a l s . T h i s method was us e d d u r i n g t h e o p t i c a l 

s u r v e y s o f the t u r b i d w a t e r s o f t h e Tamar E s t u a r y , and t h e c l e a r e r 

o c e a n i c w a t e r s o f t h e NE A t l a n t i c , ( P i l g r i m , 1 9 8 7 ) . I n t h i s work 

use was made o f a B i o s p h e r i c a l I n s t r u m e n t s I n c QSP s e r i e s P r o f i l i n g 

Quantum S c a l a r I r r a d i a n c e System. T h i s i n s t r u m e n t has b e e n 

d e s c r i b e d and e v a l u a t e d i n some d e t a i l b y B o o t h ( 1 9 7 6 ) . The 4n 

s c a l a r c o l l e c t o r - d i f f u s e r i s a 1.9 cm d i a m e t e r s o l i d T e f l o n sphere 

w i t h an o p t i c f i b r e o u t p u t e n c a s e d i n a s t a i n l e s s s t e e l p i p e . The 

f i b r e o p t i c g u i d e s l i g h t t o t h e f i l t e r - d e t e c t o r u n i t where i t i s 
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r o u g h l y c o l l i m a t e d b y a l e n s o f s h o r t f o c a l l e n g t h f o r t r a n s m i s s i o n 

t h r o u g h t h e f i l t e r s . The f i l t e r s i n c l u d e a C o r n i n g 1-62 b l u e f i l t e r , 

a h e a t a b s o r b i n g g l a s s f i l t e r , a t h i n f i l m h o t m i r r o r , and Eodak 

c o l o u r - c o m p e n s a t i n g f i l t e r s . T h i s c o m b i n a t i o n a p p r o x i m a t e s a quantum 

r e s p o n s e between 400 and 700 nm, w i t h s h a r p c u t - o f f above and below 

t h i s band. The d e t e c t o r i s an EG+G UV-lOO p h o t o d i o d e w h i c h g e n e r a t e s 

a c u r r e n t ( 1 0 - ' - 10-^* amp) i n p r o p o r t i o n t o t h e i n c i d e n t r a d i a t i o n . 

T h i s c u r r e n t i s a m p l i f i e d b y a c u r r e n t t o v o l t a g e c o n v e r t e r b e f o r e 

t r a n s m i s s i o n , v i a c a b l e , t o t h e on-board s i g n a l p r o c e s s i n g u n i t where 

th e s i g n a l i s d i g i t a l l y d i s p l a y e d i n quanta s-^ cm-*. Depth i s 

measured b y a p r e s s u r e t r a n s d u c e r b u i l t i n t o t h e u n d e r w a t e r u n i t , and 

d i s p l a y e d d i g i t a l l y . The s e n s o r i s r a t e d t o 200 m, and has an 

o p e r a t i n g t e m p e r a t u r e range o f -1 t o 35<*C. The i n s t r u m e n t used i n 

t h i s s t u d y was r e t u r n e d t o t h e m a n u f a c t u r e r f o r c a l i b r a t i o n b e f o r e 

t h e work began. 

From Eqn.2.62: 

<0Ko> = — Ln[OEo(z)] dz 

<<'Ko> may t h e r e f o r e be o b t a i n e d b y g r a p h i n g t h e Ln[°Eo](z) d a t a as 

i l l u s t r a t e d i n F i g . 2 . 7 o r , more u s u a l l y , b y l i n e a r r e g r e s s i o n u s i n g 

a m i c r o c o m p u t e r t o f i n d t h e g r a d i e n t o f t h e ' b e s t ' l i n e . 

Of c o u r s e , Eqn.2.62, and<- t h e method d e s c r i b e d , assume a c o n s t a n t 

s u r f a c e v a l u e , '>Eo(0). T h i s i s r a r e l y t h e c a s e ; c o m p a r a t i v e l y s m a l l 

changes i n c l o u d c o v e r c a n g i v e r i s e t o s u r p r i s i n g l y l a r g e and r a p i d 

v a r i a t i o n s i n °Eo(0). The p r o b l e m i s overcome i n t h e B i o s p h e r i c a l 
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I n s t r u m e n t s I n c system b y i n c l u s i o n o f a s k y l i g h t m o n i t o r i n g meter 

s i t e d on deck. E s s e n t i a l l y , t h i s d e v i c e i s a d u p l i c a t e o f t h e 

u n d e r w a t e r m e t e r , b u t mounted i n a 25 cm d i a m e t e r n o n - r e f l e c t i n g pan 

so t h a t e x a c t l y h a l f o f t h e s p h e r i c a l T e f l o n c o l l e c t o r p r o t r u d e s 

above t h e p l a n e o f t h e pan r i m . T h i s meter t h e r e f o r e f u n c t i o n s as a 

h e m i s p h e r i c a l c o l l e c t o r ; and p r o d u c e s an o u t p u t p r o p o r t i o n a l t o t h e 

d o w n w e l l i n g s k y l i g h t . A f t e r a m p l i f i c a t i o n , t h i s s i g n a l i s d i s p l a y e d 

d i g i t a l l y a t t h e s i g n a l d i s p l a y u n i t . Suppose f r a c t i o n , F, o f t h e 

s k y l i g h t p e n e t r a t e s t h e sea s u r f a c e so t h a t , f r o m Eqn.2.62: 

OEo(z) = F.<»Eref .exp[-<°Ko>.z] 

t h e r e f o r e , L n [ 0 E o ( z ) / 9 E r e f ] = L n [ F ] - < » K o > . z , so t h a t : 

^ Ln[<'Eo(z)/OEref] = <«Ko> (3.1) dz 

Underwater l i g h t l e v e l s may t h e r e f o r e be n o r m a l i z e d b y d i v i s i o n b y 

°Eref, and <<»Ko> o b t a i n e d f r o m t h e d e p t h - g r a d i e n t o f I J I [ < ' E O ( Z ) / " E r e f ] . 

I n p r a c t i c e , i t has b e e n f o u n d t h a t s k y l i g h t l e v e l s c a n change 

s i g n i f i c a n t l y d u r i n g t h e t i m e t h a t i t t a k e s t o s w i t c h between 

u n d e r w a t e r and s k y l i g h t s e n s o r s , and make t h e n e c e s s a r y s c a l e 

a d j u s t m e n t . I n t h i s s t u d y t h e s y s t e m was m o d i f i e d t o t a k e t h e two 

s e n s o r o u t p u t s t o a v o l t a g e d i v i d e r w i t h i t s own d i g i t a l d i s p l a y 

w h i c h gave t h e r a t i o °Eo(z)/'>Eref d i r e c t l y . The d i g i t a l d i s p l a y o f 

t h e s i g n a l p r o c e s s o r was s e t t o g i v e d e p t h . A l t e r n a t i v e l y , a n alogue 

o u t p u t s from t h e s i g n a l p r o c e s s o r may be t a k e n t o a c h a r t r e c o r d e r , 

o r v i a an i n t e r f a c e t o a m i c r o c o m p u t e r . 
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I n t h e e x p e r i m e n t d e s c r i b e d i n C h a p t e r 4, i t was n e c e s s a r y t o measure 

the s c a l a r r e f l e c t i v i t y o f the w a t e r : <>Ro(z) = °Eou/oEod(z). To 

o b t a i n t h e 2n and -2n s c a l a r i r r a d i a n c e s , "Eou and "Eod, t h e s e n s o r 

was f i t t e d w i t h a b l a c k , h o r i z o n t a l mask as i l l u s t r a t e d i n F i g . 2 . 9 ( c ) . 

The l o w e r i n g frame s u p p l i e d b y B i o s p h e r i c a l I n s t r u m e n t s I n c keeps t h e 

s e n s o r p o i n t i n g v e r t i c a l l y upwards. A new frame was t h e r e f o r e b u i l t 

i n house w h i c h a l l o w e d t h e masked s e n s o r t o be i n v e r t e d w h i l s t under 

w a t e r . 

When u s i n g t h e S i n g l e Sensor System, ( o r t h e BOPS, MER, o r V L I M ) , 

c a r e must be t a k e n t o o b t a i n a l l measurements on t h e sunny s i d e o f 

t h e s h i p / b o a t . Voss e t a l (1986) have s t u d i e d t h e e f f e c t s o f s h i p 

shadow on a p p a r e n t o p t i c a l p r o p e r t i e s , and have found t h a t i n 

c l o u d l e s s c o n d i t i o n s t b e e f f e c t o f s h i p shadowing on t h e d e r i v e d 

v a l u e o f Ed and K may be c o n s i d e r a b l e . The e f f e c t upon R was f o u n d 

t o be n e g l i g i b l e . 

3.1.2 The U n d u l a t i n g O c e a n o g r a p h i c R e c o r d e r (UOR) Mark 2 

The S i n g l e S e n s or System method o f p r o f i l i n g f r o m a s t a t i o n a r y v e s s e l 

l i m i t s t h e a c q u i s i t i o n o f <K(X)> d a t a t o j u s t a few p e r day. 

To e x t e n d t h e c o v erage g e o g r a p h i c a l l y and s e a s o n a l l y , A i k e n and 

B e l l a n (1986b) have f i t t e d a s u i t e o f l i g h t s e n s o r s ( A i k e n and 

B e l l a n , 1986a) t o t h e U n d u l a t i n g O c e a n o g r a p h i c R e c o r d e r ( A i k e n 1981a, 

1985) w h i c h c a n be towed a t speeds o f 4 t o 10 m.s-^ (8 t o 20 k n o t s ) , 

and p r o v i d e measurements o v e r d i s t a n c e s o f 200 t o 300 km d-* ( a t , 2 0 
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km h.-^, 11 k n o t s ) . The TJOR i s a m u l t i - s e n s o r , o c e a n o g r a p h i c s a m p l e r 

w h i c h a u t o m a t i c a l l y p r o f i l e s f r o m n e a r s u r f a c e t o 60 o r 70 m, w i t h an 

u n d u l a t i o n p i t c h t y p i c a l l y 1 n a u t i c a l m i l e (1.85km). A s c h e m a t i c 

d i a g r a m o f t h e UOR and i t s s e n s o r s u i t e i s shown i n F i g . 3 . 2 . 

0.99' 

F i g . 3 . 2 : Schematic d i a g r a m o f t h e UOR Hark 2 ( A i k e n , 1987, f r o m 
u n p u b l i s h e d r e p o r t w i t h p e r m i s s i o n ) 

I n a d d i t i o n t o t h e l i g h t s e n s o r s , t h e TOR measures d e p t h , t e m p e r a t u r e 

and c h l o r o p h y l l c o n c e n t r a t i o n s ( f l u o r o m e t e r ) . D a t a f r o m up t o 15 

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

d a t a l o g g e r a t r a t e s o f 10.8k d a t a . h - ^ (5 s s c a n r a t e ) . The l i g h t 

s e n s o r s a r e a r r a n g e d i n d o w n w e l l i n g / u p w e l l i n g p a i r s a t 5 o r 6 

d i f f e r e n t w a v e l e n g t h s so t h a t t h e w a t e r r e f l e c t a n c e , R(X) = 

E u ( X ) / E d ( X ) c a n be d e t e r m i n e d . D a t a d e t e r m i n e d b y t h e TOR have been 

compared w i t h t h o s e o b t a i n e d b y c o n v e n t i o n a l s e n s o r s , s u c h as t h e 

MER, and t h u s i t has been shown t h a t TOR measurements a r e f r e e f r o m 

any a r t e f a c t w h i c h might be i n d u c e d b y t h e t o w i n g method ( A i k e n , 

p e r s o n a l c o m m u n i c a t i o n ) . However, i t i s s u g g e s t e d here t h a t s e l f -
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s h a d i n g h y t h e body o f t h e UOR may a f f e c t r e a d i n g s o f some u p w e l l i n g 

i r r a d i a n c e s i n some o c e a n o g r a p h i c c o n d i t i o n s . D a t a f r o m u p w e l l i n g -

d o w n w e l l i n g p a i r s o f s e n s o r s a r e u s e d t o d e t e r m i n e t h e r e f l e c t a n c e , 

R ( X ) , w h i c h may t h e n be u s e d i n t h e i n t e r p r e t a t i o n o f r e m o t e l y sensed 

images o f ocean c o l o u r . The q u e s t i o n i s : c a n s h a d i n g b y t h e UOR body 

be enough t o i n f l u e n c e t h e i n t e n s i t y o f u p w e l l i n g i r r a d i a n c e s , Eu(A.)? 

Of c o u r s e , t h e shape, o r i e n t a t i o n and r e l a t i v e ' i n t e n s i t y ' o f any 

s h a d i n g must depend upon s u c h v a r i a b l e s as t h e amount o f c l o u d 

c o v e r , the a l t i t u d e o f t h e s u n , t h e s c a t t e r i n g o f l i g h t i n t h e w a t e r 

( e f f e c t i v e l y K ( X ) ) , t h e s t a t e o f t h e sea s u r f a c e , and t h e d e p t h o f 

the UOR b e l o w t h e s u r f a c e . P r e c i s e d e f i n i t i o n i n any p a r t i c u l a r 

c i r c u m s t a n c e w o u l d t h e r e f o r e be complex and d i f f i c u l t . However, a 

f e e l f o r t h e s i t u a t i o n may be g a i n e d b y c o n s i d e r i n g where, b e l o w t h e 

s e n s o r , t h e r e c e i v e d u p w e l l i n g l i g h t a c t u a l l y comes f r o m , and hence, 

whether t h i s zone i s l i k e l y t o be i n f l u e n c e d b y t h e s h a d i n g from a 

1.0 X 0.3 m UOR body. 

The s i t u a t i o n i s d e p i c t e d i n F i g 3.3. The UOR i s a t some a r b i t r a r y 

d e p t b , z = 0, where d o w n w e l l i n g i r r a d i a n c e i s E d ( 0 ) . The u p w e l l i n g 

i r r a d i a n c e , ^ ^ ^ ( O ) , r e c e i v e d b y t h e UOR f r o m d e p t h z. ( n o t f r o m t h e 

sub-UOR w a t e r column as a w h o l e ) , i s g i v e n by: 

ZEu(O) = ZEu(z).exp[-Ku.z3 

= b | , ( z ) . E d ( z ) . e x p [ - K u . z ] 

= b b ( z ) . E d ( 0 ) . e x p [ - K d . z ] . e x p [ - K u . z ] (3.2) 

where b|,(z) i s t h e b a c k - s c a t t e r i n g c o e f f i c i e n t a t d e p t h z. Assuming 

t h a t Kd A J K U C f K , and t h a t bt,(z) = c o n s t a n t w i t h d e p t h = b^,, t h e n t h e 

t o t a l u p w e l l i n g i r r a d i a n c e r e c e i v e d a t t h e UOR f r o m t h e w a t e r column 
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—UOR-

z=0 Ed(0) 

=Eu(0) 

ZEu(z) = b i , ( z ) . E d ( z ) 

z=z b b ( z ) E d ( z ) 

F i g . 3 . 3 : U p w e l l i n g l i g b t r e c e i v e d a t s e n s o r f r o m d e p t b z 

be l o w i s g i v e n b y : 

z=«'> 
°Eu(0) = 

•Z='o 
ZEu(O) = b t . E d ( O ) . e x p [ - 2 . K . z ] 
0 •'o 

= bb.Ed ( O ) . 
L-2.K 

.exp[-2.K.z] Z=os 
0 

^ bT,.Ed(0) 
2.K (3.3) 

Now c o n s i d e r t b e t o t a l u p w e l l i n g i r r a d i a n c e r e c e i v e d from t b e f i r s t 

d i f f u s e o p t i c a l d e p t b , ( J = K.z = 1, so z = 1/K), b e l o w t b e UOR: 

J E U ( O ) = b t . E d ( O ) . L-2.K 
. exp[-2.K.z] z = l / K 

0 

0.865 ^ b J i i W 
2.K 

(3.4) 
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T i e r e f o r e , from Eqns.3.3 and 3.4: 

^ = 0 . 8 6 5 

i e 86.5% o f t h e measured u p w e l l i n g l i g h t comes f r o m t h e f i r s t d i f f u s e 

o p t i c a l d e p t h b e l o w t h e UOR. The q u e s t i o n i s now one o f s c a l e : i s 

one o p t i c a l d e p t h l a r g e o r s m a l l compared t o t h e s i z e o f t h e UOR ( s a y 

1 m)? I n C h a p t e r 4, one s e t o f UOR d a t a (Tow 1 5 , L y n c h c r u i s e , 1987) 

i s c o n s i d e r e d i n d e t a i l . A t 450 nm: 0.060 <. K <. 0.161, and so 16.7 >. 

1/Z 2 ^.2 m, d e p t h s l a r g e compared t o 1 m. However, a t 670 nm: 0.192 

<. K <. 0.560, and so 5.2 >. 1/K > 1.9 m, i e d e p t h s comparable t o t h e 

s i z e o f t h e UOR, and so c a n n o t be i g n o r e d . I t may b e , t h e r e f o r e , t h a t 

s e l f - s h a d i n g w i l l g i v e r i s e t o s i g n i f i c a n t e r r o r i n measurements o f 

Eu(X) and R ( X ) : 

( i ) i n c l e a r o c e a n i c w a t e r s , a t l o n g w a v e l e n g t h s where K w i l l be 

h i g h due t o t b e s e l e c t i v e a b s o r p t i o n b y H2O 

( i i ) i n t u r b i d w a t e r s a t a l l w a v e l e n g t h s . 

V a l u a b l e e x p e r i e n c e o f t h e o p e r a t i o n o f t h e UOR was g a i n e d d u r i n g a 3 

week r e s e a r c h c r u i s e (29 J u l y t o 18 August,1987) on b o a r d USNS L y n c h , 

o r g a n i s e d b y t h e V i s i b i l i t y L a b o r a t o r y , S c r i p p s I n s t i t u t i o n o f 

Oceanography, U n i v e r s i t y o f C a l i f o r n i a . The o b j e c t i v e o f t h i s c r u i s e 

was t o measure t h e 3 - d i m e n s i o n a l d i s t r i b u t i o n o f b i o - o p t i c a l 

p r o p e r t i e s , and t h e a s s o c i a t e d p h y s i c a l s t r u c t u r e and b i o g e n i c 

components o f t h e w a t e r column t h r o u g h o u t t h e c r u i s e a r e a ( e a s t e r n 

N . A t l a n t i c Ocean, and Norwegian and G r e e n l a n d S e a s ) . Of p a r t i c u l a r 

i n t e r e s t was a m i n i - s u r v e y o f t h e b i o - o p t i c a l p r o p e r t i e s a l o n g t h e 

A r c t i c f r o n t l o c a t e d , a t t h e t i m e , t o t h e West o f J a n Mayen; A n a l y s e s 
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o f d a t a c o l l e c t e d b y t b e UOR bave been p r e s e n t e d i n a r e p o r t ( A i k e n , 

1 9 8 7 ) , w b i c b a l s o o u t l i n e s t b e s u r v e y r o u t i n e f o l l o w e d t b r o u g b o u t t b e 

c r u i s e . E s s e n t i a l l y , t b i s r o u t i n e c o m p r i s e d o f d e t a i l e d p r o f i l i n g a t 

28 s t a t i o n s (see map. F i g . 3 . 4 ) , .and a l o n g - t r a c k measurements between 

tb e s t a t i o n s . 

U s u a l l y , two s t a t i o n s were o c c u p i e d e a c h day a t a p p r o x i m a t e l y 0900 

and 1330. A t e a c h s t a t i o n , t h e f o l l o w i n g measurements were made: 

( i ) CTD ( v e r t i c a l c a s t t o 500 m). 

( i i ) O p t i c a l p r o p e r t i e s / v e r t i c a l c a s t t o 200 m o f t h e M a r i n e 

E n v i r o n m e n t a l R a d i o m e t e r , t b e V i s i b i l i t y L a b o r a t o r y I r r a d i a n c e 

M e t e r and t h e V i s i b i l i t y L a b o r a t o r y M n l t i s p e c t r a l t r a n s 

m i s s o m e t e r . 

( i i i ) C h l o r o p h y l l and a c c e s s o r y pigment c o n c e n t r a t i o n ( b y HPLC) f r o m 

f i l t e r e d w a t e r samples f r o m v a r i o u s d e p t h s t h r o u g h o u t t h e 

e u p h o t i c z o n e ) . 

C o n t i n u o u s a l o n g - t r a c k measurements o f c h l o r o p h y l l f l u o r e s c e n c e 

( T u r n e r f l u o r o m e t e r ) , t e m p e r a t u r e ( t h e r m i s t o r p r o b e ) , and beam t r a n s 

m i s s i o n a t 660 nm (Sea T e c h I n c t r a n s m i s s o m e t e r ; d e t a i l s o f 

measurements p r e s e n t e d i n C h a p t e r 4 ) , were r e c o r d e d f r o m t h e pumped 

sea w a t e r s u p p l y and l o g g e d by A p p l e l i e m i c r o c o m p u t e r . A t t h e s t a r t 

and end o f e a c h UOR tow, and a t s i g n i f i c a n t b i o - o p t i c a l f e a t u r e s 

a l o n g t h e t r a c k , s u r f a c e w a t e r samples were t a k e n f o r a n a l y s i s 

(HPLC) and f i l t e r e d f o r subseq.uent i d e n t i f i c a t i o n o f p h y t o p l a n k t o n 

s p e c i e s ( s t o r e d i n b u f f e r e d f o r m a l d e h y d e and L y g o l s i o d i n e s o l u t i o n ) . 

E x pendable b a t h y t h e r m o g r a p h p r o f i l e s were a l s o o b t a i n e d a t s i x - h o u r l y 

i n t e r v a l s and a t s i g n i f i c a n t f e a t u r e s . 
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F i g . 3 . 4 : T r a c k l i n e o f c r u i s e o f USNS L y n c h , 30 J u l y t o 
16 August 1987. F i g u r e s a r e s t a t i o n numhers; 
Tow 15 was between S t a t i o n s 10 and 1 1 . ( f r o m 
SIO/IMR T e c h Memo OcOp-88t-001, J a n 1988) 
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Tie" UOR was towed a t f u l l speed ( c a 10 k n o t s ) , and s e t t o u n d u l a t e 

f r o m s u r f a c e t o 60 m, i n t o t h e morning s t a t i o n ( f o r about 3 b o u r s a t 

3 s s c a n r a t e ) , between s t a t i o n s ( f o r about 3 b o u r s a t 3 s s c a n r a t e ) 

and o u t o f t b e a f t e r n o o n s t a t i o n f o r a l o n g e r tow ( t y p i c a l l y 5 t o 6 

b o u r s a t 10 s s c a n r a t e ) . A d j a c e n t t o e a c h s t a t i o n , t b e UOR was 

towed a t s l o w speed (2-4 k n o t s ) t o o b t a i n a deep O l O O m), a l m o s t 

v e r t i c a l p r o f i l e . 

D u r i n g t b e 3 week c r u i s e , t b e UOR was towed 40 t i m e s , c o v e r i n g a 

t o t a l d i s t a n c e o f 1364 .n.miles (2526 km); t b i s amounts t o some 54% o f 

tb e t o t a l c r u i s e d i s t a n c e ( s t a t i o n 1 t o s t a t i o n 28) o f 2541 .miles 

(4706 km). Seven deployments (tows 15 - 21) were made a c r o s s t b e 

A r c t i c f r o n t . I n a l l , 1407 u n d u l a t i o n s were made, and t b e 15 s e n s o r s 

p r o d u c e d a t o t a l o f 1.7 m i l l i o n data!-

3.1.3 H j ^ j e r s l e v ^ t y p e J a n u s c o l l e c t o r s 

I n c b a p t e r 4 i s d e s c r i b e d an e x p e r i m e n t i n w b i c b t b e average c o s i n e , 

cos§, and d i f f u s e a b s o r p t i o n c o e f f i c i e n t , "ao, a r e d e t e r m i n e d f r o m 

measurements w i t b an H j 5 j e r s l e v - t y p e s e n s o r as i l l u s t r a t e d i n 

F i g . 2 . 8 ( e ) and 2.9, and d e s c r i b e d i n s u b s e c t i o n 2.4.2. Tbe s e n s o r 

system was b u i l t i n bouse. Tbe c o l l e c t o r was m a n u f a c t u r e d and 

do n a t e d b y P l y m o u t b M a r i n e L a b o r a t o r y , and was i d e n t i c a l t o t b a t 

d e s c r i b e d b y A i k e n and B e l l a n (1986a) f o r f i t t i n g t o t b e UOR, b u t 

m o d i f i e d by masking t b e t a p e r e d base so as t o more c l o s e l y r e s e m b l e 

tb e s e n s o r i n F i g . 2 . 8 ( e ) . 
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3.2 MEASBBEMENT OF BEAM TRANSMISSION 

ThrOTigliont t h i s programme o f r e s e a r c h , beam t r a n s m i s s i o n was measured 

a t 660 nm by means o f a Sea Tech I n c 25 cm p a t h - l e n g t h t r a n s 

m i s s o m e t e r . T h i s i n s t r u m e n t , w i d e l y u s e d i n o p t i c a l oceanography, 

was d e v e l o p e d a t t h e Oregon S t a t e U n i v e r s i t y . T r a n s m i s s i o n i s 

measured u s i n g a mod u l a t e d LED and synchronous d e t e c t o r ; t h e 

c o l l i m a t e d LED t r a n s m i t t e r has a beam d i v e r g e n c e o f l e s s t h a n 3 m.rad 

and t h e o p t i c a l r e c e i v e r has an a c c e p t a n c e a n g l e o f l e s s t h a n 18 

ffl.rad. The LED p r o d u c e s a 20 mm d i a m e t e r beam w i t h a r a d i a t e d power 

o u t p u t o f 3 X 1 0 - ' a t 660 nm. B a r t z e t a l (1978) r e c o r d t h a t 

t h i s w a v e l e n g t h c h o i c e was g e n e r a t e d b y o u r d e s i r e t o e l i m i n a t e 

a t t e n u a t i o n due t o d i s s o l v e d humic a c i d s ... y e l l o w m a t t e r a b s o r b s 

l i g h t s t r o n g l y a t s h o r t e r w a v e l e n g t h s ... c a n be i g n o r e d f o r 

wa v e l e n g t h s l a r g e r t h a n 660 nm'. T h i s i s t r u e - however, i t i s a l s o 

known t b a t i t i s e x t r e m e l y d i f f i c u l t t o m a i n t a i n a s t a b l e o u t p u t f r o m 

an LED a t s h o r t e r w a v e l e n g t h s . C e r t a i n l y t h e r e i s a l o n g overdue 

need f o r t r a n s m i s s o m e t e r s o f comparable q u a l i t y , p e r f o r m a n c e and 

s t a b i l i t y t o measure t r a n s m i s s i o n s a t , f o r example, 450 nm (peak 

a b s o r p t i o n o f C h i . a ) , and 555 nm (peak o f s e n s i t i v i t y s p e c t r u m o f 

human v i s i o n ) . 

A s i g n i f i c a n t e r r o r w h i c h a r i s e s i n m e a s u r i n g beam t r a n s m i s s i o n i s 

due t o t h e i n c l u s i o n o f f o r w a r d - s c a t t e r e d l i g h t . P e t z o l d and A u s t i n 

( 1 9 6 8 ) , and A u s t i n and P e t z o l d ( 1 9 7 7 ) , have d i s c u s s e d t h e o p t i c a l 

d e s i g n o f beam t r a n s m i s s o m e t e r s , i n c l u d i n g t h e p r o b l e m o f r e c e i v i n g 

f o w a r d - s c a t t e r e d l i g h t w i t h i n t h e a c c e p t a n c e a n g l e o f t h e r e c e i v e r . 
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( t h e h a l f - a n g l e , (o, o f t h e r e c e i v e r i s g i v e n b y t h e r a t i o o f beam 

r a d i u s , r , t o beam l e n g t h , L ) . They quote an e q u a t i o n f r o m 

P r e i s e n d o r f e r ( 1 9 5 8 ) , w h i c h g i v e s t h e p e r c e n t a g e e r r o r . A, i n beam 

a t t e n u a t i o n c o e f f i c i e n t , c, i n terms o f t h e measured ( e r r o n e o u s ) 

a t t e n u a t i o n c o e f f i c i e n t , c ', and t h e f o r w a r d s c a t t e r i n g f u n c t i o n , ^f. 

A = £ : Z £ ^ 100 = ZlsHs^, 
c c 

F o r t h e Sea T e c h I n c t r a n s m i s s o m e t e r r / L = 10 mm/25 cm = 0.04. The 

f o r w a r d s c a t t e r i n g f u n c t i o n may be l a r g e , however. B a r t z et. a l (1978) 

have shown t h a t when the volume s c a t t e r i n g f u n c t i o n i s p ( a ) , t h e n t h e 

a t t e n u a t i o n c o e f f i c i e n t w i l l be u n d e r e s t i m a t e d b y : 

X 100 (3.5) 

g = 2n P(or) .sincr.dor (3.6) 
0 

The measured t r a n s m i s s i o n w i l l t h e r e f o r e be o v e r e s t i m a t e d b y a f a c t o r 

o f e x p [ - g ] . B a r t z e t a l (1978) have t a b u l a t e d s o l u t i o n s t o Eqn.3.6 

( T a b l e 3 . 1 ) , a p p r o p r i a t e t o t h e o p t i c s o f t h e Sea T e c h I n c t r a n s 

m i s s o m e t e r , u s i n g a f o r w a r d s c a t t e r i n g f u n c t i o n , P f , b a s e d upon a 

h y p e r b o l i c p a r t i c l e s i z e d i s t r i b u t i o n w i t h a s l o p e o f 2.9, and a 

r e f r a c t i v e i n d e x o f 1.05. I n s p e c t i o n o f T a b l e 3.1 sbows t b a t t h e 

c o r r e c t i o n t o c may be c o n s i d e r a b l e . The w o r s t t a b u l a t e d c a s e i s : 

Pf = 1000, c = 11.30, % e r r o r i n T = 53.93. F o r a 25cm p a t h l e n g t h , 

t r a n s m i s s i o n w i l l be g i v e n b y : 

T' = 1.5393 T = 0.09128 

U s i n g t h i s v a l u e t o c a l c u l a t e c, w i t h o u t a l l o w i n g f o r f o r w a r d 
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s c a t t e r i n g , t h e n t h e e r r o n e o u s beam a t t e n u a t i o n c o e f f i c i e n t i s : 

e> . Z L n m = - L n t O - f l ^ 8 J = 9.58, i e c = 1.18 c' (3.7) r 0.25 

So, e r r o r s o f t h e o r d e r o f 2 0 % may he e x p e c t e d i n t u r b i d e s t u a r i n e 

w a t e r s ( s e e , f o r example. F i g . 4 . 1 9 ) , and i t i s a m a t t e r o f c o n c e r n 

t h a t some w o r k e r s may n o t have c o r r e c t e d t h e i r d a t a - o r , a t l e a s t , 

i t i s n o t a p p a r e n t f r o m t h e i r p u b l i s e d r e s u l t s whether t h e y have o r 

n o t ! A l l beam a t t e n u a t i o n s p r e s e n t e d i n t h i s t h e s i s have been 

c o r r e c t e d , u s i n g an a l g o r i t h m deduced f r o m T a b l e 3.1 

T a b l e 3.1: P e r c e n t a g e e r r o r i n T b y w h i c h t h e t r a n s m i s s o m e t e r 
o v e r r e a d s f o r a f o r w a r d s c a t t e r i n g f u n c t i o n g i v e n 
b y Pf, a h y p e r b o l i c p a r t i c l e s i z e d i s t r i b u t i o n w i t h 
a s l o p e o f 2.9, and a p a r t i c l e r e f r a c t i v e i n d e x o f 
1.09 ( B a r t z e t a l , 1978) 

Pf (m -1 sr-i) 1 10 50 100 250 500 750 1000 

c (m-*) 0.01 0.11 0.56 1.13 2.83 5.65 8.48 11.30 

% error i n T 0.077 0.77 3.80 7.46 17.62 32.13 44.08 53.93 
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3.3 UNDERWATER OPTICAL TARGETS AND INSTRUMENTATION 

A s i g n i f i c a n t component o f t h i s r e s e a r c h programme was the 

measurement h y d i v e r s , o f the l i m i t i n g d i s t a n c e o f v i s i b i l i t y o f 

s e v e r a l ' s t a n d a r d ' t a r g e t s . These a r e now d e s c r i b e d . 

3.3.1 The S e c c h i d i s c 

The S e c c h i d i s c i s s i m p l y a f l a t w h i t e 30cm d i a m e t e r h o r i z o n t a l p l a t e 

w h i c h i s l o w e r e d t h r o u g h t h e w a t e r column u n t i l i t i s o b s e r v e d t o 

j u s t d i s a p p e a r a t t h e S e c c h i d e p t h , Z s . The i d e a o f a s s e s s i n g t h e 

t r a n s p a r e n c y o f w a t e r b y making v i s u a l o b s e r v a t i o n s o f a submerged 

w h i t e d i s c i s n o t a new one b u t may have o r i g i n a t e d w i t h a c a s u a l 

o b s e r v a t i o n by a c e r t a i n C a p t a i n A l e x a n d r e B e r a r d i n the e a r l y 1 9 t h 

c e n t u r y ( T y l e r , 1 9 6 8 ) . D u r i n g a passage f r o m W a l l i s I s l a n d t o t h e 

M u l g r a v e s , Belrard n o t i c e d a w h i t e d i s h e n t a n g l e d i n a f i s h i n g n e t a t 

a d e p t h o f 40 m. T h i s o b s e r v a t i o n was mentioned i n t h e w r i t i n g s o f 

Dominique Argo t h e F r e n c h a s t r o n o m e r and p h y s i c i s t , and s u b s e q u e n t l y 

r e a d b y Commander A l e s s a n d r o C i a l d i who, i n 1865, was head o f t h e 

P a p a l Navy and i n t e r e s t e d i n t h e t r a n s p a r e n c y o f t h e sea and 

v i s i b i l i t y b f t h e sea bed. C i a l d i p r e p a r e d a nximher o f d i s c s o f 

d i f f e r e n t c o l o u r s and s i z e s ( C i a l d i , 1 8 6 6 ) , and engaged t h e s e r v i c e s 

o f P r o f e s s o r P A S e c c h i t o o r g a n i s e and c o n d u c t a programme o f 

o b s e r v a t i o n s from on b o a r d t h e p a p a l b a r g e L'Immacolata C o n c e z i o n e . 

S e c c h i measured t h e d e p t h o f d i s a p p e a r a n c e o f C i a l d i ' s d i s c s o f f a 

g r a d u a t e d l i n e . I n h i s r e p o r t ( S e c c h i , 1865; t r a n s l a t i o n b y C o l l i e r 

e t a l , 1 9 6 8 ) , S e c c h i r e c o r d s t h a t t h e l a r g e s t d i s c d e p l o y e d was o f 

3.18 



3.73m d i a m e t e r formed o f an. i r o n c i r c l e c o v e r e d w i t l i o i l e d 

s a i l c l o t h and v a r n i s h e d w i t h w h i t e l e a d ' . S m a l l e r d i s c s were 0.4 m i n 

d i a m e t e r and '... o f d i v e r s e s u b s t a n c e s . One was p u r e w h i t e e a r t h e n 

ware p l a t e ... o t h e r s were c l o t h d i s c s s u p p o r t e d b y i r o n c i r c l e s ... 

b u t o f d i f f e r e n t c o l o u r s : w h i t e , y e l l o w and t h e c o l o u r o f s e a - s l i m e . ' 

t h e s e v a r i o u s d i s c s were d e p l o y e d 6-12 m i l e s o f f the c o a s t o f 

C i v i t a v e c c h i a i n M e d i t e r r a n e a n w a t e r w h i c h was '... p e r f e c t l y c l e a r , 

o f a b e a u t i f u l c o l o u r and o f a g r e a t p u r i t y ... w h i c h f o r a l o n g t i m e 

had n o t been s t r o n g l y a g i t a t e d ' . D u r i n g t h e voyage S e c c h i c a r e f u l l y 

examined and r e c o r d e d t h e e f f e c t s o f many v a r i a b l e s upon t h e 

v i s i b i l i t y o f C i a l d i ' s submerged d i s c s ; t h e s e a r e summarised i n 

P i l g r i m ( 1 9 8 4 ) . A f t e r 1866 t h e S e c c h i d i s c became e s t a b l i s h e d as a 

s t a n d a r d i n s t r u m e n t f o r m e a s u r i n g t u r b i d i t y a t s e a . I t ' s s i m p l i c i t y 

and cheapness g u a r a n t e e d i t s s u r v i v a l , even a f t e r t he i n t r o d u c t i o n 

e a r l y t h i s c e n t u r y o f t h e p h o t o e l e c t r i c c e l l f o r t h e measurement o f 

unde rwat e r i l l u m i n a t i o n . 

I t i s n o t common p r a c t i c e t o d a y t o c o n s t r u c t a S e c c h i d i s c w i t h a 

3.73 m d i a m e t e r i r o n r i n g c o v e r e d w i t h o i l e d s a i l c l o t h and v a r n i s h e d 

w i t h w h i t e l e a d . Nor i s s e a - s l i m e a f a s h i o n a b l e c h o i c e o f c o l o u r . 

C u r i o u s l y , e x a c t s i z e and r e f l e c t i v i t y have n o t y e t been s t a n d a r d i s e d 

i n t e r n a t i o n a l l y , though i t i s u s u a l t o use f l a t w h i t e p a i n t e d d i s c s 

o f 30 cm d i a m e t e r . A l l e s t u a r i n e S e c c h i d e p t h s o b t a i n e d i n t h e 

c o u r s e o f t h i s r e s e a r c h were o b s e r v e d t h r o u g h a g l a s s - b o t t o m e d b u c k e t 

o r d i v e r ' s f a c e mask t o a v o i d image p r o b l e m s a s s o c i a t e d w i t h s u r f a c e 

r e f r a c t i o n and r e f l e c t i o n . D i s c s were l o w e r e d on a p l a s t i c - c o v e r e d 

s t e e l s u r v e y o r ' s t a p e f o r ease o f measurement. F o r m e a s u r i n g S e c c h i 

d e p t h s o f l e s s t h a n 1.5 m, a d i s c was f i t t e d t o t h e end o f a 

gr a d u a t e d p o l e . T h i s was e s p e c i a l l y u s e f u l i n t u r b i d , f a s t f l o w i n g 
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w a t e r as t h e p o l e m a i n t a i n e d a v e r t i c a l l i n e o f s i g h t . I n r e a l l y -

f a s t f l o w i n g w a t e r , a l i n e was a t t a c h e d t o t h e b o t t o m o f the p o l e and 

s e c u r e d a t t h e f o r e p a r t o f t h e an c h o r e d s u r v e y v e s s e l . 

3.3.2 The l i g h t t r a p , c o r n e r r e f l e c t o r and n e u t r a l f i l t e r . 

I t w i l l be shown i n C h a p t e r 4 t h a t a u s e f u l o p t i c a l t h e o r y c a n be 

d e v e l o p e d f o r t h e t h r e s h o l d v i s i b i l i t y o f an a b s o l u t e l y b l a c k , 

n o n - r e f l e c t i n g t a r g e t . I t w i l l a l s o be d e m o n s t r a t e d i n C h a t e r 4 t h a t 

a f l a t b l a c k s u r f a c e w i l l u s u a l l y r e f l e c t some l i g h t and i s t h e r e f o r e 

u n s u i t a b l e . However, a m a t t e - b l a c k , s h e e t m e t a l cone w i t h an open 

base d i a m e t e r o f 30 cm s e r v e s as a v e r y e f f i c i e n t l i g h t t r a p 

u n d e r w a t e r . The i n s i d e o f t h e cone i s o b s e r v e d a l o n g i t s a x i s . Any 

l i g h t e n t e r i n g t h e c o r e i s r e f l e c t e d away fr o m t h e o b s e r v e r t o w a r d s 

t h e apex so t h a t t b e l i g h t t r a p a p p e ars a b s o l u t e l y d a r k , has a 

r e f l e c t a n c e o f z e r o , and an i n h e r e n t c o n t r a s t (Eqn.2.77) o f - 1 . Such 

a l i g h t t r a p i s me n t i o n e d b y H»5jerslev ( 1 9 8 6 ) . 

I n t h e same way, the 100% r e f l e c t o r p r o v i d e s t h e b a s i s f o r some 

u s e f u l o p t i c a l t h e o r y i n C h a p t e r 4. I t i s b e l i e v e d t h a t t h e f i r s t 

r e f e r e n c e t o s u c h a t a r g e t , t h e c o r n e r r e f l e c t o r , i s i n P i l g r i m e t a l 

( 1 9 8 8 ) . The r e f l e c t o r was c o n s t r u c t e d o f wood s t r e n g t h e n e d b y a n g l e 

i r o n ; i t i s about 30 cm a c r o s s and p l a t e d i n t e r n a l l y w i t h 4 mm m i r r o r 

g l a s s . A s i l i c o n s e a l a n t was a p p l i e d t o a l l m i r r o r edges and j o i n t s 

t o p r e v e n t t h e i n g r e s s o f s e a w a t e r . The t h r e e m i r r o r e d s u r f a c e s , s e t 

a t r i g h t - a n g l e s t o e a c h o t h e r i n t h r e e p l a n e s , e n s u r e s t h a t any 

p h o t o n e n t e r i n g t h e c o r n e r i s r e f l e c t e d b a c k i n t h e a p p r o p r i a t e 

d i r e c t i o n . 
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A l s o i n t r o d u c e d i n P i l g r i m et. a l ( 1 9 8 8 ) , and c o n s i d e r e d i n C h a p t e r 4, 

i s t h e use o f n e u t r a l f i l t e r s as u n d e r w a t e r t a r g e t s . T h i s i s a very-

a t t r a c t i v e p r o p o s i t i o n f o r two i m p o r t a n t r e a s o n s . F i r s t l y , i t i s 

much e a s i e r t o s p e c i f y o r measure t h e t r a n s m i s s i o n o f a t a r g e t t h a n 

i t i s t o s p e c i f y o r measure i t s r e f l e c t i v i t y . S e c o n d l y , when 

o b s e r v i n g t h e c o n t r a s t o f a n e u t r a l f i l t e r a g a i n s t i t s b a c k g r o u n d , 

t h e n t h e t a r g e t and b a c k g r o u n d s h a r e t h e same s o u r c e o f i l l u m i n a t i o n . 

C o n s e q u e n t l y , t h e i n h e r e n t c o n t r a s t o f t h e t a r g e t c a n be s p e c i f i e d 

w i t h o u t knowing t h e r e f l e c t i v i t y o f t h e w a t e r , (eg compare t h e 

e q u a t i o n s p r e s e n t e d i n T a b l e 4 . 3 ) . A 30 cm d i s c o f a l m o s t any 

m a t e r i a l w i t h a f l a t t r a n s m i s s i o n between 400 and TOOnm would be 

s u i t a b l e . I n t h i s s t u d y , s h e e t s o f n e u t r a l f i l t e r ( o f s p e c i f i e d 

t r a n s m s s i o n ) were o b t a i n e d f r o m a l o c a l t h e a t r i c a l l i g h t i n g s u p p l i e r , 

and sandwiched between s h e e t s o f p e r s p e x . P e r s p e x has a r e f r a c t i v e 

i n d e x v e r y c l o s e t o t h a t o f w a t e r , so i s n o n - r e f l e c t i n g and non-

r e f r a c t i n g u n d e r w a t e r . 

A l l u n d e r w a t e r t h r e s h o l d d i s t a n c e s were measured f r o m t h e f a c e p l a t e 

o f t h e d i v e r t s mask o r g l a s s o f the g l a s s - b o t t o m e d b u c k e t , t o t h e 

n e a r e s t 10 cm o r , i n t h e case o f v e r y s h o r t d i s t a n c e s , 5 cm. 

3.3.3 D u n t l e y d i s c s 

The 50 cm and 30 cm d i a m e t e r D u n t l e y d i s c s ( s e e F i g . 2 . 1 4 ) were 

p a i n t e d m a t t e - w h i t e on one s i d e and g r e y on t h e o t h e r . The l a r g e r 

was f i t t e d w i t h an a x i a l r o d , and t h e o t h e r w i t h an a x i a l tube 

t h r o u g h w h i c h p a s s e d t h e m e a s u r i n g t a p e t o t h e l a r g e r d i s c . F l o a t s 

s u p p o r t e d t h e t a r g e t s d u r i n g v e r t i c a l l y upwards s i g h t i n g s . 
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T i e D u n t l e y d i s c p r i n c i p l e depends upon knowing t i e r e f l e c t i v i t i e s o f 

t i e g r e y and w i i t e d i s c s , o r r a t i e r t i e r a t i o o f t i e i r r e f l e c t i v i t i e s 

p ( g ) / p ( w ) . T i i s was d e t e r m i n e d b y m e a s u r i n g t i e i l l t u n i n a n c e 

( r e f l e c t e d i r r a d i a n c e ) o f t i e d i s c s i n a l a r g e l a b o r a t o r y t a n k b y 

means o f an u n d e r w a t e r p i o t o m e t e r , under e x a c t l y t i e same l i g i t i n g 

c o n d i t i o n s . T i e average o f a number o f r e a d i n g s i n d i c a t e d a 

r e f l e c t a n c e r a t i o o f p(g)/p(w) = 23%. 

3.3.4 D i v e r h e l d p b o t o m e t e r 

A p i o t o m e t e r s u i t a b l e f o r d i v e r use was c o n s t r u c t e d i n bouse. T i e 

c o l l e c t o r - s e n s o r was a s t a n d a r d Crump S c i e n t i f i c I n s t r u m e n t s s y s t e m , 

t i e o u t p u t f r o m w i i c i was a m p l i f i e d and d i s p l a y e d on a R a d i o Spares 

v o l t m e t e r . T i e a m p l i f i e r and d i s p l a y was i o u s e d i n an a l u m i n i u m box 

w i t b a p e r s p e x window. T i e e x t e r n a l c o s i n e c o l l e c t o r was f i t t e d w i t i 

a removable tube t o produce r a d i a n c e measurements. 
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C h a p t e r 4 

R E S U L T S A N D D I S C U S S I O N O F F I E L D W O R K 
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E s s e n t i a l t o t h e theme o f t h i s r e s e a r c h programme i s t h e o b s e r v a t i o n 

o f o p t i c a l c o e f f i c i e n t s i n t h e n a t u r a l e n v i r o n m e n t . F i v e approaches 

t o the p r o b l e m o f a c q u i r i n g m e a n i n g f u l d a t a have b e e n i n v e s t i g a t e d : 

d i r e c t measurement, e s t i m a t i o n f r o m e m p i r i c a l r e l a t i o n s h i p s , 

e s t i m a t i o n s f r o m models and s p e c i a l s e n s o r s , o b s e r v a t i o n s o f u n d e r 

w a t e r v i s i b i l i t y , and l a s t l y , t h e d e d u c t i o n o f t i m e - s e r i e s p a t t e r n s 

i n l i g h t p e n e t r a t i o n . These f i v e m e t h o d o l o g i e s a r e c o n s i d e r e d 

s e p a r a t e l y i n t h e f i v e s u b s e c t i o n s o f t h i s c h a p t e r , u s i n g d a t a 

c o l l e c t e d a t t h r e e l o c a t i o n s : t h e e s t u a r i n e environment o f t h e 

R i v e r Tamar and P l y m o u t h Sound, t h e c l e a r e r ocean w a t e r s o f 

t h e NE A t l a n t i c d u r i n g two voyages o f RRV F r e d e r i c k R u s s e l l , and 

t h e f r o n t a l a r e a s o f t h e Norwegian and G r e e n l a n d Seas d u r i n g a 

voyage o f USNS L y n c h . 

I n s u b s e c t i o n , 4.1, a r e c o n s i d e r e d d i r e c t measurements o f t h e d i f f u s e 

a t t e n u a t i o n c o e f f i c i e n t s , °Ko and K ( X ) , b y i n s t r u m e n t a t i o n d e s i g n e d 

s p e c i f i c a l l y f o r t h a t p u r p o s e , namely t h e B i o s p h e r i c a l I n s t r u m e n t s 

I r r a d i a n c e P r o f i l e r w h i c h was u s e d i n t h e e s t u a r y and NE A t l a n t i c , 

and t h e PML U n d u l a t i n g O c e a n o g r a p h i c R e c o r d e r w h i c h was d e p l o y e d 

d u r i n g t h e L y n c h c r u i s e . 

I r r a d i a n c e p r o f i l i n g i s a t r i c k y and t i m e consuming p r o c e d u r e f o r 

w h i c h t h e v e s s e l must be s t o p p e d ; few d a t a p e r day c a n be c o l l e c t e d 

i n t h i s way. By means o f a UOR, v a s t numbers o f c o n t i n u o u s d a t a o v e r 

a c o n s i d e r a b l e g e o g r a p h i c a l a r e a may be o b t a i n e d i n a s i n g l e day's 

work. However, UOR deployment i s e x p e n s i v e i n terms o f 

i n s t r u m e n t a t i o n c o s t s and t h e need f o r s k i l l e d o p e r a t o r s . I n some 

c i r c u m s t a n c e s , t h e r e f o r e , i t may be a c c e p t a b l e t o e s t i m a t e t h e 

d i f f u s e a t t e n u a t i o n c o e f f i c i e n t o r , a t l e a s t , i t s t e m p o r a l o r 
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g e o g r a p l i i c a l v a r i a t i o n , b y means o f a c o n t i n u o u s ' r e c o r d i n g o f t b e 

c l o s e l y r e l a t e d , and e a s i l y measured beam a t t e n u a t i o n c o e f f i c i e n t . 

Tbe e s t i m a t i o n o f <''Ko> and <K(X)> f r o m beam t r a n s m i s s o m e t e r 

measurements o f c(660nm) i s c o n s i d e r e d i n s u b s e c t i o n 4.2. 

D u r i n g t b e L y n c b c r u i s e deployment o f t b e TJOR, Kd(X) and Ku(X) a t a 

number o f w a v e l e n g t h s were measured b u t n o t t b e quantum c o e f f i c i e n t 

"Ko. A means o f e s t i m a t i n g "Ko f r o m a range o f K(X) r e a d i n g s i s a l s o 

i n c l u d e d i n s u b s e c t i o n 4.2. 

Tbus f a r , o n l y t b e measurements o f d i f f u s e and beam a t t e n u a t i o n 

c o e f f i c i e n t s bave b e e n c o n s i d e r e d . Two p r o c e d u r e s a r e c o n s i d e r e d i n 

s u b s e c t i o n 4.3 b y w b i c b i t i s p o s s i b l e t o o b t a i n v a l u e s o f t b e 

average c o s i n e , c o i ? , and t b e a b s o r p t i o n and s c a t t e r i n g . c o e f f i c i e n t s 

a and b. Tbe f i r s t i s K i r k ' s Monte C a r l o Model f o r w b i c b i t i s 

n e c e s s a r y t o measure t b e w a t e r r e f l e c t i v i t y . M o d i f i c a t i o n o f t b e 

B i o s p b e r i c a l p r o f i l e r f o r t b i s p u r p o s e was d e s c r i b e d i n C b a p t e r 3. 

Tbe second metbod i n v o l v e s t b e use o f a J a n u s - p a i r o f s p e c i a l 

H j S j e r s l e v - t y p e s e n s o r s , a l s o d e t a i l e d i n C b a p t e r 3. 

I t i s r e c o g n i s e d (eg Eqn.2.87) t b a t u n d e r w a t e r v i s i b i l i t y i s l i m i t e d 

b y tbe combined e f f e c t o f t b e beam and d i f f u s e a t t e n u a t i o n 

c o e f f i c i e n t s . I t must t h e r e f o r e f o l l o w t h a t v i s i b i l i t y measurements 

o f u n d e r w a t e r o b j e c t s o f known o p t i c a l q u a l i t y must t e l l u s something 

about t h e c o n t r o l l i n g a t t e n u a t i o n c o e f f i c i e n t s . T h i s i s n o t a new 

i d e a ; f o r example, i t i s w e l l known t h a t t h e t r a d i t i o n a l S e c c h i d e p t h 

i s p r o p o r t i o n a l t o t h e sum (c + K ) . I n s u b s e c t i o n 4.4 t h e scope o f 

t h i s s i m p l e i d e a i s g r e a t l y e xtended b y u s i n g s e v e r a l ' s t a n d a r d ' 

t a r g e t s o t h e r t h a n t h e m a t t e - w h i t e p a i n t e d S e c c h i d i s c , and b y u s i n g 
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d i v e r s t o make o b s e r v a t i o n s n o t o n l y v e r t i c a l l y downwards, b u t a l s o 

v e r t i c a l l y upwards and b o r i z o n t a l l y . Tbe ' s t a n d a r d ' t a r g e t s i n c l u d e 

t b e n o n - r e f l e c t i n g l i g b t t r a p r e f e r r e d t o b y H ) 5 j e r s l e v ( 1 9 8 6 ) , and 

t b e two n o v e l t a r g e t s d e v e l o p e d i n t b e c o u r s e o f t b i s r e s e a r c h and 

d e s c r i b e d i n C b a p t e r 3, namely the c o r n e r r e f l e c t o r and n e u t r a l 

f i l t e r . 

I n b r o a d t e r m s , t b e s m a l l e r t h e a t t e n u a t i o n c o e f f i c i e n t s , c and/or K, 

t h e n t h e c l e a r e r the w a t e r and t h e g r e a t e r t h e p r o p a g a t i o n o f 

i l l u m i n a t i n g and/or v i s u a l l i g h t . I t m i g h t t h e r e f o r e be i m p l i e d t h a t 

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

c o e f f i c i e n t s , i e b y t h e t r a n s p a r e n c y o f t h e w a t e r . T h i s i s n o t t h e 

c a s e , however, where t h e t h i c k n e s s o f w a t e r t h r o u g h w h i c h t h e l i g h t 

must p r o p a g a t e i s a l s o s u b j e c t t o v a r i a t i o n . I n t h i s s i t u a t i o n we 

must c o n s i d e r t h e combined e f f e c t o f c o e f f i c i e n t and p h o t o n p a t h -

l e n g t h , i e t h e o p t i c a l d e p t h / d i s t a n c e , j = c . r , o r t h e d i f f u s e 

o p t i c a l d e p t h , J = K.z. An a p t example i s t h e c y c l i c v a r i a t i o n i n 

d i f f u s e l i g h t r e a c h i n g t h e bed o f an e s t u a r y , where t h e d i f f u s e 

o p t i c a l d e p t h i s s u b j e c t t o t h e c y c l i c v a r i a t i o n i n t i d a l h e i g h t and, 

a p p r o x i m a t e l y 2ti o u t o f p h a s e , t h e c y c l i c v a r i a t i o n i n t u r b i d i t y 

i n d u c e d b y t i d a l f l o w . T h i s phenomenon i s e x p l o r e d i n d e t a i l i n 

s u b s e c t i o n 4.5 where a n a l y s e s o f d a t a c o l l e c t e d i n t h e Tamar e s t u a r y 

r e v e a l i n t e r e s t i n g and p r e d i c t a b l e p a t t e r n s . 
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4.1 DIRECT MEASUREMENT OF <0Ko> AND <K(>,)> 

4.1.1 D i r e c t measurement o f <«K6> f r o m » E o p r o f i l e s 

I n t h e c o u r s e o f t h i s r e s e a r c h programme, o v e r 200 d e t e r m i n a t i o n s o f 

<°Ko> were made f r o m t h e g r a d i e n t s o f Ln[°Eo(z)] p r o f i l e s (Eqn.2.62) 

measured w i t h a B i o s p h e r i c a l I n s t r u m e n t s I n c QSP s e r i e s P r o f i l i n g 

Quantum S c a l a r I r r a d i a n c e System, ( a s d e s c r i b e d i n C h a p t e r 3 ) . Of 

t h e s e d a t a , about 50 were o b t a i n e d i n t h e c l e a r oce'anic w a t e r s o f t h e 

NE A t l a n t i c , from on b o a r d RV F r e d e r i c k R u s s e l l (26 F e b r u a r y - 4 

March 1985, 27 F e b r u a r y - 14 March 1 9 8 7 ) ; t h e r e m a i n d e r were measured 

i n t h e t u r b i d w a t e r s o f t h e t h e Tamar E s t u a r y o v e r a p e r i o d o f 5 

y e a r s ( A p r i l 1982 t o June 1 9 8 7 ) . These <0Ko> d a t a have been i n c o r p 

o r a t e d i n t o a n a l y s e s : 

( i ) t o d e t e r m i n e r e l a t i o n s h i p s between <''Ko> and o t h e r o p t i c a l 

p r o p e r t i e s s u c h as t h e S e c c h i d e p t h , Z s , and beam a t t e n u a t i o n 

c o e f f i c i e n t , c ( X ) , ( s u b s e c t i o n s 4.2 and 4.3, and P i l g r i m , 1 9 8 7 ) . 

( i i ) t o s t u d y t h e t i d a l v a r i a t i o n s i n o p t i c a l p r o p e r t i e s i n an 

e s t u a r y , e s p e c i a l l y t h e c y c l i c v a r i a t i o n s i n i r r a d i a n c e r e a c h i n g 

t h e e s t u a r y bed ( s u b s e c t i o n 4.5, and P i l g r i m and M i l l w a r d , 1 9 8 8 ) , 

Some 80 d e t e r m i n a t i o n s o f <0Ko> were made a t s e a fr o m Ln[°Eo(z)] 

p r o f i l e s measured w i t h a p a i r o f b a c k - t o - b a c k H j i j e r s l e v - t y p e i ( E o + E) 

s e n s o r s (as d e s c r i b e d i n C h a p t e r 3 ) . These d a t a a r e c o n s i d e r e d i n 

c o n n e c t i o n w i t h t h e d e t e r m i n a t i o n o f c o s ? and "ao i n s u b s e c t i o n 4.3. 
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4.1.2 D i r e c t measurement o f <K(X)> b y UOR 

Tbe UOR Mark 2, and i t s deployment d u r i n g t b e 1987 C r u i s e o f USNS 

Ly n c b was d e s c r i b e d i n C b a p t e r 3. Tbe 15 p a r a m e t e r s measured were: 

- Deptb, z(m) 

- Tem p e r a t u r e , T ( » C ) 

- C b l o r o p b y l l c o n c e n t r a t i o n , C b l (mg.l-^) 

- D o w n w e l l i n g and u p w e l l i n g s c a l a r i r r a d i a n c e s , E o d ( 4 5 0 ) , E o d ( 4 9 0 ) , 
E o d ( 5 2 0 ) , E o d ( 5 5 0 ) , E o u ( 4 5 0 ) , E o u ( 4 9 0 ) , Eou(520) and Eou(550) 

- D o w n w e l l i n g and u p w e l l i n g v e c t o r i r r a d i a n c e s , E d ( 4 9 0 ) , E d ( ( i 7 0 ) , 
Eu(490) and E u ( 6 7 0 ) . 

From t b e 12 l i g b t measurements i t was p o s s i b l e t o c a l c u l a t e t b e 12 

e q u i v a l e n t d i f f u s e a t t e n u a t i o n c o e f f i c i e n t s : K o d ( 4 5 0 ) , K o d ( 4 9 0 ) , 

K o d ( 5 2 0 ) , K o d ( 5 5 0 ) , K o u ( 4 5 0 ) , K o u ( 4 9 0 ) , K o u ( 5 2 0 ) , K o u ( 5 5 0 ) , K d ( 4 9 0 ) , 

K d ( 6 7 0 ) , Ku(490) a n d K u ( 5 7 0 ) , t b e 4 s c a l a r i r r a d i a n c e r e f l e c t a n c e s : 

R o ( 4 5 0 ) , R o ( 4 9 0 ) , Ro{520), R o ( 5 5 0 ) , and t b e 2 v e c t o r i r r a d i a n c e 

r e f l e c t a n c e s : R(490) and R ( 6 7 0 ) . 

To d e m o n s t r a t e t b e scope and v a l u e o f UOR d a t a , a p a r t i c u l a r l y 

i n t e r e s t i n g tow c a r r i e d o u t d u r i n g t b e L y n c b c r u i s e bas been 

a n a l y s e d , namely Tow 15, a c r o s s t b e A r c t i c f r o n t d u r i n g t b e n i g b t 

o f 5-6 A u g u s t , 1987. Tbe UOR was l a u n c h e d a t 2056 GMT (69» 48.9'N, 

0 4 ° 37.6'W), and r e c o v e r e d a t 0752 GMT (71 " 27.1'N, 04° 53.5'W); on 

tbe map ( F i g . 3 . 4 ) , Tow 15 i s l o c a t e d between s t a t i o n s 10 and 1 1 . 

Tbe tow l a s t e d 10b 56m, d u r i n g w b i c b t i m e t b e UOR made 103 

u n d u l a t i o n s and c o v e r e d a d i s t a n c e o f 98.5 [.miles; a l l 15 c h a n n e l s 

were l o g g e d t h r o u g h o u t a t 10s i n t e r v a l s . The f r o n t a l s t r u c t u r e w h i c h 

e x i s t e d a t t h e t i m e o f Tow 15 i s i l l u s t r a t e d i n F i g s . 4 . 1 ( a ) , ( b ) , ( c ) 
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a: 27 July 1987 J2" - • 

b:7 August 1987 12.10 

Jan Mayen I. 

c Jan Mayen I. 

: 7August 1987 08.39 

Spitsbe 

F i g . 4 . 1 : A V H R R I m a g e s (Un i v .o f D u n d e e ) 
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which, are AVHRR images o f SST i n t h e J a n Mayen r e g i o n on 27 J u l y and 

7 Angnst 1987. The p h o t o g r a p h s i n d i c a t e a s t r o n g t e m p e r a t u r e f r o n t 

( l i g h t = c o l d , d a r k = warm) r u n n i n g i n a g e n e r a l E-W d i r e c t i o n a t 

70°N i n t h e G r e e n l a n d Sea s o u t h o f J a n Mayen. On t h e b a s i s o f t h e s e 

images, and t e m p e r a t u r e s o b s e r v e d d u r i n g t h e L y n c h c r u i s e , A i k e n 

(1987) has i d e n t i f i e d t h e f o l l o w i n g w a t e r masses: 

( i ) The most n o r t h e r l y w a t e r s were c h a r a c t e r i s e d b y s u r f a c e temper

a t u r e s o f 4-60C, <-l<'C a t 40-60m and >0<»C a t 120 -140m. As t h e s e 

were t h e o n l y s u b - z e r o t e n ^ e r a t u r e s e n c o u n t e r e d , t h e n t h e s e must 

be A r c t i c W a t e r s . On t h i s b a s i s , t h e J a n Mayen f r o n t w h i c h was 

c r o s s e d d u r i n g Tow 15 i s i d e n t i f i e d as t h e A r c t i c f r o n t . 

( i i ) Sea s u r f a c e t e m p e r a t u r e s t o t h e s o u t h o f t h i s f r o n t a r e 

t y p i c a l l y 8-10<»C w i t h s u b - s u r f a c e t e n ^ e r a t u r e s always >0<»C. 

Because t h e o b s e r v a t i o n s showed m i x i n g o f A r c t i c Waters i n t h i s 

p a r t o f t h e .Norwegian Sea, t h e n t h e s e w a t e r s c o u l d be d e s c r i b e d 

as M o d i f i e d A r c t i c Waters o r M o d i f i e d P o l a r Water. However, i n 

r e c o g n i t i o n o f t h e g e n e r a l l y h i g h s u r f a c e " t emperatures a t t h i s 

t i m e o f t h e y e a r , t h e n i t may be a p p r o p r i a t e t o d e s c r i b e them as 

M o d i f i e d N o r t h A t l a n t i c W a t e r s . 

F i g u r e s 4 . 2 ( a ) - ( c ) a r e t h r e e d i f f e r e n t i l l u s t r a t i o n s o f t h e f r o n t a l 

t e r ^ e r a t u r e s t r u c t u r e deduced f r o m TJOR measurements d u r i n g Tow 15. 

F i g u r e 4.2(a) i s a d e p t h - d i s t a n c e p l o t o f i s o t h e r m s , T ( z , x ) , p r o d u c e d 

b y SDS ( S u r f a c e D i s p l a y System) on an IBM-XT m i c r o c o m p u t e r . F i g u r e 

4.2(b) i s an SDS } 3 - d i m e n s i o n a l v e r s i o n , and F i g . 4 . 2 ( c ) i s a t i m e - p l o t 

o f t h e mean t e m p e r a t u r e (0-20 m). I t i s a p p a r e n t f r o m e a c h o f t h e s e 
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2 S . M 37.a a . M g.a TS.W 8 7 . M m,m 

STIM sirs 5 ! M TC!S 5 ? ^ 1 H . H 

F i g . 4 . 2 ( a ) : P l o t o f i s o t h e r m s as a f u n c t i o n o f d e p t h (m) 
and d i s t a n c e ( n . m i l e s ) f o r Tow 1 5 , L y n c h 1987 

F i g . 4 . 2 ( b ) : 3 - d i m e n s i o n a l p l o t o f Temperature as a f u n c t i o n o f 
d e p t h (m) and d i s t a n c e ( n . m i l e s ) f o r Tow 1 5 , L y n c h 1987 
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F i g . 4 . 2 ( c ) : T i m e - p l o t o f mean t e m p e r a t u r e (»C, 0-20 m) f o r Tow 15, 
L y n c t 1987 

p l o t s t h a t t i e r e was a s t e a d y d e c r e a s e i n t e m p e r a t u r e on a p p r o a c h t o 

the f r o n t (0-450 mins f r o m t h e s t a r t o f t h e t o w ) , and a v e r y marked 

drop i n t e m p e r a t u r e as t h e TJOR p a s s e d t h r o u g h t h e f r o n t a t 450-490 

mins (c.0425 - 0505, 6 A u g u s t ) . The h u n c h i n g o f i s o t h e r m s i n 

F i g . 4 . 2 ( a ) marks t h e t h e r m o c l i n e , so i t i s a p p a r e n t t h a t on a p p r o a c h 

t o t h e f r o n t t h e s u r f a c e m i x e d l a y e r (SML) d e c r e a s e d f r o m >30 m t o 

<15 m, and t h a t t h e SML t e m p e r a t u r e f e l l f r o m c a S^C t o c a fioc. 

F i g u r e 4 . 3 ( a ) - ( c ) a r e e q u i v a l e n t p l o t s o f c h l o r o p h y l l c o n c e n t r a t i o n 

(mg.m-3) d u r i n g tow 15. I n t h e M o d i f i e d N . A t l a n t i c W a t e r s , s o u t h o f 

the f r o n t , t h e c h l o r o p h y l l was c o n c e n t r a t e d i n t h e SML w i t h v a l u e s o f 

>1 - 1.5 mg.m-3. N o r t h o f t h e f r o n t t h e c h l o r o p h y l l d i s t r i h u t i o n 

became v e r y p a t c h y w i t h some c o n c e n t r a t i o n s o f >2 mg.m-'. T h i s 

extreme p a t c h i n e s s i s b e s t i l l u s t r a t e d i n F i g . 4 . 3 ( b ) , t h e 3-

d i m e n s i o n a l p l o t , as a c l u s t e r o f s p i k e s w h i c h c o n t r a s t s m a r k e d l y 

w i t h t h e smooth p a t t e r n s o u t h o f t h e f r o n t . T h i s s p i k y , s i g n a t u r e 

i s u s u a l l y an i n d i c a t o r o f P h a e o c y s t i s n o u c b e t i i i n i t s c o l o n i a l 

f o r m , ( A i k e n , 1 9 8 7 ) . N o t w i t h s t a n d i n g t h e s e p e a k s , c h l o r o p h y l l 
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m n.a m.i 

F i g . 4 . 3 ( a ) : P l o t o f i s o t a c h s o f c h l o r o p l i y l l c o n c e n t r a t i o n (mg.in-») 
as a f u n c t i o n o f d e p t h (m) and d i s t a n c e ( n . m i l e s ) 
f o r Tow 15, L y n c h 1987 

F i g . 4 . 3 ( b ) : 3 - d i m e n s i o n a l p l o t o f C h l o r o p h y l l c o n c e n t r a t i o n (mg.m-») 
as a f u n c t i o n o f d e p t h (m) and d i s t a n c e ( n . m i l e s ) f o r 
Tow 1 5 , L y n c h 1987 
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•CHLORO, m9.m-3 

I ^ ' ' ' I I ' I > I I I 1 1—i—I 1—I—1—1—i—1—T—I—1—i—I—I—1—I—1—r 
0- 120. 240. 360. 480. 600. 

Time, mins 

F i g . 4 . 3 ( c ) : T i m e - p l o t o f mean c h l o r o p l i y l l c o n c e n t r a t i o n (mg.m-', 
0-20 m) f o r Tow 15, L y n c h 1987 

c o n c e n t r a t i o n d e c r e a s e d w i t h , t h e f r o n t a l d r o p i n t e m p e r a t u r e . T h i s i s 

app a r e n t f r o m t h e two t i m e - p l o t s , ( F i g . 4 . 2 . ( c ) and F i g . 4 . 3 ( c ) ) , and 

fro m F i g . 4 . 4 , a p l o t o f c h l o r o p h y l l c o n c e n t r a t i o n a g a i n s t t e m p e r a t u r e . 

A l t h o u g h Tow 15 t o o k p l a c e f r o m e v e n i n g t o e a r l y m o r n i n g , t h e r e was 

s u f f i c i e n t l i g h t t h r o u g h o u t t h e A r c t i c summer n i g h t t o measure 

d o w n w e l l i n g i r r a d i a n c e s a t a l l w a v e l e n g t h s e x c e p t t h e r e d ; Ed(670) 

was n o t r e c o r d e d d u r i n g t h e f i v e d a r k e s t h o u r s . U p w e l l i n g i r r a d i a n c e s 

were r e c o r d e d o n l y d u r i n g t h e l a s t few (morning) h o u r s o f t h e tow. 

The o v e r n i g h t v a r i a t i o n i n ambient l i g h t i s i l l u s t r a t e d i n F i g . 4 . 5 , a 

t i m e p l o t o f t h e s u r f a c e v a l u e s o f E o d ( 4 5 0 ) . These v a l u e s were 

d e t e r m i n e d b y t h e e x t r a p o l a t i o n o f Eod(450,z) d a t a t o z=0, f o r e a c h 

u n d u l a t i o n . F i g u r e 4.5 i s a p l o t o f E o d ( 4 5 0 , z , x ) . The v e r t i c a l 

s p a c i n g o f t h e Eod i s o i r r a d s i s an i n d i c a t i o n o f t h e d i f f u s e 

a t t e n u a t i o n c o e f f i c i e n t , K o d ( 4 5 0 , z ) . Tbe t i m e v a r i a t i o n i n t h e mean 

v a l u e o f Kod(450,z) between t h e s u r f a c e and 20 m i s i l l u s t r a t e d i n 

F i g . 4 . 7 . S i m i l a r s e t s o f dia g r a m s were p r o d u c e d f o r t h e o t h e r wave

l e n g t h s . 
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Chl.a (mg.m'̂ ) 
2-5 

2 -

1 - 5 -

1 -

0 - 5 -

0 

Front 
at c.yc 

(see FigA2(c)) 

6> o 

8b 
o 

North of Front South of Front o o 
o 

o 
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^ o o o 
o o ° o o 

o 

5-5 

F i g . 4 , 

6-5 7 7-5 8 
mean SST (°C) 

8-5 9-5 

4: Marked changes i n C h l o r o p h y l l c o n c e n t r a t i o n (mg.m-*) 
and mean s u r f a c e Temperature (°C, 0-20 m) a c r o s s t h e 
A r c t i c F r o n t d u r i n g Tow 1 5 , L y n c h 1987 

Eod(450,0) 

200 300 400 500 
Elapsed time (minutes) 

F i g . 4 . 5 : T i m e - p l o t o f Eod(450,z=0) f o r Tow 15,Lynch. 1987 
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We i a v e f r o m Eqii.2.33 ( Z i r k , 1 9 8 3 ) : 

K(X) = Zw(X) + Zg(X) + Z t ( X ) + Z p l i ( X ) 

J 

On t i e b a s i s o f measurements o f t b e s p e c t r a l v a r i a t i o n o f Zd(X) i n 

v a r i o u s o c e a n w a t e r s , S m i t b and B a k e r (1978b) bave c o n c l u d e d t i a t i n 

r e g i o n s away f r o m t e r r i g e n o u s i n f l u e n c e s , t i e a t t e n u a t i o n ( a p a r t from 

t i a t due t o w a t e r ) i s m a i n l y due t o t i e p i y t o p l a n k t o n and t i e 

p i g m e n t e d d e t r i t a l p r o d u c t s t i a t c o v a r y w i t i i t . A p r a c t i c a l measure 

o f t i e s e p l a n k t o n i c m a t e r i a l s i s t i e c o n c e n t r a t i o n o f c i l o r o p i y l l , 

i n d i c a t e d b y i t s f i r s t a b s o r p t i o n peak a t 450 nm. We may t h e r e f o r e 

w r i t e : 

wbere C b l i s c b l o r o p b y l l c o n c e n t r a t i o n (mg.m-'), ka i s t b e s p e c i f i c 

d i f f u s e a t t e n u a t i o n c o e f f i c i e n t due t o c b l o r o p b y l l and c i l o r o p i y l l -

l i k e p i g m e n t s a s s o c i a t e d w i t i c i l o r o p i y l l , and Z x i s t i e c o n t r i b u t i o n 

b y p a r t i c l e s and d i s s o l v e d compounds w b i c b a r e n o t r e l a t e d i n any way 

t o t b e c o n c e n t r a t i o n o f c b l o r o p b y l l . 

Tbe r e l a t i o n s h i p between Zod(450) and c h l o r o p h y l l c o n c e n t r a t i o n 

d u r i n g Tow 15 i s i l l u s t r a t e d i n F i g . 4 . 8 , and i n d i c a t e s t h a t : 

The i n t e r c e p t , 0.0597, i s t h e sum Zw(450) + Z x ( 4 5 0 ) . S m i t h and B a k e r 

(1981) g i v e Kw(450) = 0.0158, i n w h i c h c a s e f o r Tow 15: Zx(450) = 

0.0429. The g r a d i e n t , d Z / d C h l = 0.040 i n Eqn.4.2 i s k a . A c c o r d i n g 

t o S m i t h and B a k e r ( 1 9 7 8 b ) , k 2(450) = 0.037. The d i f f e r e n c e , 8 k a , i s 

o n l y 0.003 i n t h i s c a s e . S i m i l a r a n a l y s e s o f t h e o t h e r Zod(X) and 

Zd(450) = k a ( 4 5 0 ) . C h i + Zw(450) + Z x ( 4 5 0 ) (4.1) 

Kod(450) = 0.0402 C b l + 0.0597 ( r2=0.782, n=101) (4.2) 
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F i g . 4 . 6 : P l o t o f Eod(450) i s o i r r a d s as a f u n c t i o n o f d e p t h (m) 
and d i s t a n c e ( n . m i l e s ) f o r Tow 15, L y n c h 1987 

°Kod{450) (m'̂ ) 

0- 16-^ 

200 300 400 500 
Elapsed time (minutes) 

F i g . 4 . 7 : T i m e - p l o t o f mean Kod(450, 0-20 m) f o r Tow 15, L y n c h 1987 
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Kod{450) (m"̂ ) 

Chi (mg.m"^) 

F i g . 4 . 8 : R e l a t i o n s h i o b e t v e e n Eod(450 nm) and C b l o x o p b y l l 
c o n c e n t r a t i o n (mg m - » ) d u r i n g Tow 1 5 , L y n c b 1987. 

T a b l e 4.1: Si m p l e a n a l y s e s ( s ee t e x t ) o f t b e c o n t r i b u t i n g components 
o f K o d O , ) , K d(X) f o r UOR Tow 15 ( L y n c b c r u i s e , 1 9 8 7 ) . 
V a l u e s o f Kw(>,) and k z i k ) a r e f r o m S m i t b and Ba k e r (1981) 
and ( 1 9 7 8 b ) , r e s p e c t i v e l y . 

K(X) Kw(X)+ 
Kx( X ) Kw(X) K x ( X ) dK(X) 

d C b l k a ( X ) 6k,(X) 

Kod(450) 0.0597 0.0168 0.0429 0.040 0.037 0.003 

Kod(490) 0.0545 0.0212 0.0333 0.029 0.026 0.003 

Kod(520) 0.0547 0.0489 0.0058 0.031 0.019 0.012 

Kod(550) 0.0908 0.0648 0.0260 0.012 0.012 0 

Kd(490) 0.0638 0.0212 0.0426 0.028 0.026 0.002 

Kd(670) 0.3500 0.4300 (-0.08) 0.080 0.015 0.065 
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Kd(X) d a t a a r e p r e s e n t e d i n T a b l e 4.1 

I t i s a p p a r e n t f r o m T a b l e 4.1 t b a t t b r o u g b o n t Tow 1-5 v a l u e s o f 

Eod(670) were t o o l o w f o r p r o p e r d e d u c t i o n o f K o d ( 6 7 0 ) . Tbe v a l u e o f 

8k3(520) = 0.012 i s , p e r b a p s , a l i t t l e b i g b ; i t was subsequently-

d i s c o v e r e d t b a t t b e Eod(520) s e n s o r bad l e a k e d , so Kod(520) v a l u e s 

must be. c o n s i d e r e d s u s p e c t . 

O n l y one w a v e l e n g t b , 490 nm, was m o n i t o r e d b y b o t b s c a l a r and v e c t o r 

c o l l e c t o r s on t b e UOR. Comparison o f Kd(490) w i t b Kod(490) d u r i n g 

Tow 15 p r o d u c e d t b e r e l a t i o n s b i p : 

Kod(490) = 0.864 Kd(490) + 0.004 ( r2=0.883, n=103) (4.3) 

and t b r o u g b 0,0: Kod(490) = 0.906 Kd(490) (4.4) 

T b i s i s i n agreement w i t b K i r k ( 1 9 8 3 ) , and o t b e r s , t b a t K o d ~ K d . 
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4,2 ESTIMATION OF <»Ko> AND <K(>,)> 

The measurement o f an i r r a d i a n c e p r o f i l e i s a time-consuming 

p r o c e d u r e . M o r e o v e r , i r r a d i a n c e p r o f i l e s cannot he o b t a i n e d a t n i g h t 

n o r i n v e r y d u l l c o n d i t i o n s . A number o f e x p e r i m e n t s were t h e r e f o r e 

c o n d u c t e d t o f i n d e m p i r i c a l r e l a t i o n s h i p s between <0Ko> and o t h e r , 

more e a s i l y o b t a i n e d , o p t i c a l p a r a m e t e r s . 

4.2.1 E s t i m a t i o n o f <«>Ko> f r o m c ( 6 6 0 nm) 

Where a c o n t i n u u m o f o b s e r v a t i o n s i s r e q u i r e d , o r where d a t a a r e 

o b t a i n a b l e o n l y a t n i g h t , t h e n r e a s o n a b l e e s t i m a t e s o f <°Ko) c a n be 

made f r o m t h e e a s i l y measured beam a t t e n u a t i o n c o e f f i c i e n t , c(.X). 

The r a t i o c ( X ) / K ( X ) i s about 2.7 i n c l e a r ocean w a t e r ( T y l e r , 1 9 6 8 ) , 

b u t i n c r e a s e s i n t u r b i d w a t e r s ; i t must t h e r e f o r e be d e t e r m i n e d f o r 

the p a r t i c u l a r w a t e r s u n d e r i n v e s t i g a t i o n . 

V a l u e s o f c ( 6 6 0 ) were o b t a i n e d i n t h e n o r t h e a s t A t l a n t i c and Tamar 

u s i n g a 0.25 m p a t h - l e n g t h , . Sea T e c h I n c t r a n s m i s s o m e t e r (see 

C h a p t e r 3 ) . The a t t e n u a t i o n o f 660 nm l i g h t b y g i l v i n i s n e g l i g i b l e 

compared w i t h t h a t due t o t h e w a t e r s and t h e i r suspended p a r t i c u l a t e 

m a t t e r . The c(660):<°Ko> d a t a were p a r t i t i o n e d f o r o c e a n i c 

(<'Ko<0.27) and t u r b i d (°Ko>0.27) a n a l y s e s , t h i s s e p a r a t i o n b e i n g 

about midway between J e r l o v ' s o c e a n i c t y p e I I I and c o a s t a l t y p e 1 

w a t e r s (see J e r l o v , 1976; T a b l e 2 7 ) . L i n e a r r e g r e s s i o n o f c:K d a t a 

o b t a i n e d b y W i l l i a m s e t a l . (1984) i n t h e P a t u x e n t R i v e r , Chesapeake 

Bay and A t l a n t i c Ocean p r o d u c e d d i f f e r e n t s l o p e s f o r t h e t h r e e c a s e s . 
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O b s e r v a t i o n s made i n t b e c o u r s e o f t b i s work r e v e a l e d a s i m i l a r 

d i f f e r e n c e , as i s a p p a r e n t f r o m t b e l o g a r i t h m i c r e g r e s s i o n s p r e s e n t e d 

b e l o w ( P i l g r i m , 1 9 8 7 ) . F i g u r e 4.9 shows the r e l a t i o n s h i p between 

<°Ko> and c(66 0 ) f o r t h e combined, o c e a n i c and t u r b i d w a t e r s , d a t a . 

A l l o b s e r v a t i o n s ; 0.0517 <. "Ko < 4.276 

<<>Ko> = 0.113 c i * * » 8 ( r2=0.996, n=37) (4.5) 

O c e a n i c («>Ko < 0.27); 0.0517 <. ̂ Ko < 0.2677 

<0Ko> = 0.127 c^*m ( r2=0.955, n=14) (4.6) 

T u r b i d C Z o > 0.27); 0.2902 < "Ko <. 4.276 
<<>Ko> = 0.107 c ^ ' S " (ra=0.927, n=23) (4.7) 

Ln[°Ko] 

1 - 8 ^ 
Turbid 

0 -

-1 -

-2 - Oceanic 6^^^^ 

^ °Ko = 0.113 ĉ -̂ ^̂  

(r̂  = 0.996, n = 37) 

-3 - 1 1 -I - • n ^ 1 1 1 1 
- 1 0 1 2 3 

Ln[c(660 nm)] 

F i g . 4 . 9 : R e l a t i o n s h i p between Ln[<«»Ko>] and L n [ c ( 6 6 0 ) ] f r o m a l l 
o b s e r v a t i o n s . c ( 6 6 0 ) v a l u e s were c o r r e c t e d f o r f o r w a r d 
s c a t t e r i n g b y t h e method g i v e n b y B a r t z e t a l . (1978) f o r 
a h y p e r b o l i c p a r t i c l e s i z e d i s t r i b u t i o n w i t b a s l o p e o f 
2.9, and a r e f r a c t i v e i n d e x o f 1.05, (see T a b l e 3.1) 
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4.2.2 E s t i m a t i o n o f Z(X) f r o m c ( 6 6 0 ) 

Beam t r a n s m i s s i o n s were measured d u r i n g t l i e L y n c l i 1987 c r u i s e w i t l i a 

Sea Tech. I n c t r a n s m i s s o m e t e r , and l o g g e d b y means o f a WDC 131/132 

i n t e r f a c e and A p p l e l i e m i c r o c o m p u t e r as d e s c r i b e d i n C b a p t e r 3. 

Sampling i n t e r v a l s were 1 mi n u t e d u r i n g tows and 5 m i n u t e s between 

tows. F i g u r e 4.10 i s a t i m e - p l o t o f b o u r l y means o f c ( 6 6 0 ) f o r t b e 

e n t i r e c r u i s e . 

UOR d a t a p r e s e n t e d t b e o n l y a p p o r t u n i t y , t b r o u g b o u t t b i s programme o f 

r e s e a r c h , o f comparing v a l u e s o f t b e a t t e n u a t i o n and d i f f u s e 

a t t e n u a t i o n c o e f f i c i e n t a t n e a r l y t b e same w a v e l e n g t b , namely: c ( 6 6 0 ) 

and K d ( 6 7 0 ) . Tbese d a t a a r e p r e s e n t e d i n F i g . 4 . 1 1 , and sbow t b a t : 

Kd(670) = 0.230 c(66 0 ) + 0.203 ( r * = 0.773, n=40) (4.8) 

and t b r o u g b 0,0: 

c ( 6 6 0 ) / K d ( 6 7 0 ) = 2.173 (4.9) 

L o g a r i t h m i c l e a s t s q u a r e s r e g r e s s i o n p r o d u c e s : 

Kd(670) = 0.433 c{660)°'S09 (4.10) 

A t c(660) = 0.93, t h e mean v a l u e d u r i n g Tow 15, Eqn.4.10 r e d u c e s t o : 

c ( 6 6 0 ) / K d ( 6 7 0 ) = 2.23 (4.11) 

T y l e r (1968) says t h a t c/K 2.7 i n o c e a n i c w a t e r s , and t h i s f i g u r e 

i s w i d e l y q u o t e d . However, t h e p h o t o n s u r v i v a l p r o b a b i l i t y model o f 
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F i g . 4 . 1 0 : T i m e - p l o t o f h o u r l y means o f e(660), L y n c h 1987. 

Kd(670) (m"̂ ) 
0 -55 
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Kd(670) = 0.230 c(660) + 0.203 

(r̂  = 0.773. n = 40) 

c(660)/Kd(670) = 2.173 ^ , ^ 
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c(660) (m"') 
F i g . 4 . 1 1 : R e l a t i o n s h i p between <Kd(670)> and c ( 6 6 0 ) d u r i n g Tow 1 5 , 

L y n c b 1987. c(6 6 0 ) v a l u e s were c o r r e c t e d as f o r t h e 
c(660) d a t a i n F i g u r e . 4 . 9 
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T i m o f e e v a (1973) ( s e e T a b l e 4 . 4 ) , i n d i c a t e s t b a t r a t i o s s m a l l e r 

t b a n t b i s a r e t o be e x p e c t e d i n c o m p a r a t i v e l y c l e a r ( l o w 

s c a t t e r i n g , s m a l l b/c) o c e a n i c w a t e r s . 

4.2.3 E s t i m a t i o n o f <<>Ko> fro m E d ( X i , z ) ... Ed(.Xj^,z) 

D u r i n g t b e L y n c b 1987 c r u i s e , t b e TJOR was n o t f i t t e d w i t b a b r o a d 

band PAR quantum s e n s o r , so t b a t <0Ko> was n o t d i r e c t l y c a l c u l a t e d . 

An a t t e m p t was made, bowever, t o e s t i m a t e <OKod> fr o m t b e a v a i l a b l e 

Eod(X,z) d a t a . 

Suppose t b a t F i g . 4 . 1 2 r e p r e s e n t s an Eod(X,,0) s p e c t r u m c o n s t r u c t e d 

from measurements o f E o d ( X i ) , Eod(X2) ... E o d ( X n ) , and assumed c u t 

o f f a t 400 and 700 nm. 

X 

400 X i Xa 700 

F i g . 4 . 1 2 : C o n s t r u c t e d Eod(X,0) o r » E o d ( X , 0 ) s p e c t r u m 
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To c o n v e r t each v a l u e o f Eod(X,0) f r o m W.m-* t o q.s-^.m-^, use i s 

made o f t h e M o r e l and S m i t h (1974) e q u a t i o n : 

W . ( q . s - i ) - i = X/h.c = X(nm) x 0.5035 x lO*-* (4.12) 

The s p e c t r u m , ( F i g . 4 . 1 2 ) , now becomes one o f •'Eod(X,0), and t h e t o t a l 

quantum PAR a t z=0 i s g i v e n b y : 

^ E o d ( X , 0 ) = J » E o d ( X i , 0 ) . ( X i - 4 0 0 ) 

+ i (<'Eod(Xi,0) + OEod(Xa,0)) . ( X a - X i ) ] 

+ i (OEod(Xn-i,0) + '>Eod(Xn,0)) . ( X n - X n - i ) 

+ i «>Eod(Xn,0) .(700-Xn) (4.13) 

A t some d e p t h , z, e a c h v a l u e o f °Eod(X) i s r e d u c e d t o : 

0Eod(X,z) = OEod(X,0).exp[-OKod(X).z] 

A c c o r d i n g t o K i r k ( 1 9 8 3 ) , and o t h e r s , « K o d Kod Kd, so: 

<'Eod(X,z) = » E o d ( X , 0 ) .exp[-Kod(X) .z] 

We may t h e r e f o r e w r i t e f o r •'Eod(X,z) a t , s a y , z = l : 

0 E o d(X,l) = <'Eod(X,0).exp[-Kod(X)] (4.14) 
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and f o r t o t a l PAR qnanta a t z = 1, a m o d i f i e d f o r m o f Eqn.4.13: 

^"EodCX,!) = i <>Eod(X,l).(Xi-400) + (4.15) 

I t i s a p p a r e n t t h a t : 

»0Eod(X,l) = )oEod(X,0).exp[-<<»Kod>.l] 

where <OKod> i s t h e r e q u i r e d e s t i m a t i o n o f t h e PAR e x t i n c t i o n 

c o e f f i c i e n t , i e : 

S i x d o w n w e l l i n g i r r a d i a n c e s , ( E o d ( 4 5 0 ) , E o d ( 4 9 0 ) , E o d ( 5 2 0 ) , E o d ( 5 5 0 ) , 

Ed(490) and E d ( 6 7 0 ) ) , were measured d u r i n g t h e L y n c h 1987 c r u i s e . 

Because o f s e n s o r l e a k a g e , Eod(520) was n o t u s e d i n t h i s c a l c u l a t i o n , 

and Eod(490) was p r e f e r r e d t o E d ( 4 9 0 ) . P o s s i b l y , t h e 4 d o w n w e l l i n g 

i r r a d i a n c e s a t 450, 490, 550 and 670 nm do n o t g i v e an adequate c o v e r 

o f t h e c o n s t r u c t e d 400-700 nm sp e c t r u m ( F i g . 4 . 1 2 ) ; however, t h e 

a n a l y s i s was c a r r i e d out t o t e s t i t s f e a s i b i l i t y 

Tbe i r r a d i a n c e d a t a and Eqns.4.12-4.16 were e n t e r e d i n t o a M i n i t a b 

w o r k s h e e t ( P r i m e ) , and <<»Kod> (Eqn.4.16) was c a l c u l a t e d . The r e l a t 

i o n s h i p between e s t i m a t e d <''Kod> and c ( 6 6 0 ) was f o u n d t o be: 

(4.16) 

<°Ko> = 0.201 c ( 6 6 0 ) o - " » ( r2=0.527, n=41) (4.17) 
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F o r c ( 6 6 0 ) = 0.93, t h e average v a l u e d u r i n g Tow 15, Eqn.4.17 i s 

r e d u c e d t o : 

c{660)/<0Kod> = 4.76 (4.18) 

T h i s may he compared t o the r e s u l t t h a t would he g i v e n h y u s i n g 

c ( 6 6 0 ) = 0.93 i n Eqn.4.6 ( P i l g r i m , 1 9 8 7 ) , w h i c h was d e r i v e d f r o m 

d i r e c t measurements o f <°Ko> h y means o f a B i o s p h e r i c a l I n s t r u m e n t s 

I n c p r o f i l i n g s y s t em: 

The r a t h e r l a r g e d i f f e r e n c e between Eqns.4.18 and 4.19 i s a l m o s t 

c e r t a i n l y due t o i n h e r e n t e r r o r s i n t h e e s t i m a t i o n method. F o r 

example, the measured (UOR) i r r a d i a n c e s have s i g n i f i c a n t b a n d w i d t h s 

w h i c h must d i s t o r t t h e shape o f t h e c o n s t r u c t e d s p e c t r u m o f F i g . 4 . 1 2 . 

Tow 15 was made i n t h e l o w - l i g h t c o n d i t i o n s o f an A r c t i c n i g h t so 

t h a t u p w e l l i n g i r r a d i a n c e s were i n s i g n i f i c a n t . I n b r i g h t e r , d a y l i g h t 

c o n d i t i o n s , v a l u e s o f E o u ( X ) , Eu(X) s h o u l d be added t o e q u i v a l e n t 

E o d ( X ) , Ed(X) measurements a t t h e s t a r t o f t b e a n a l y s i s o u t l i n e d 

h e r e . T h i s w o u l d p r o d u c e an e s t i m a t e o f <oKo> r a t h e r t h a n < Kod>. 

J e r l o v (1974) and H 0 j e r s l e v and J e r l o v (1977) have p r o p o s e d two 

s i m p l e methods o f e s t i m a t i n g d o w n w e l l i n g quantum i r r a d i a n c e , *»Eod(z). 

I n t h e f i r s t , °Eod(z) i s e s t i m a t e d f r o m measurements o f E d ( 4 6 5 ) . I n 

t h e s e c o n d , t h e d e p t h s a t w h i c h O E o d ( z ) / « E o d ( 0 ) = 30%, 10%, 3% and 1% 

ar e e s t i m a t e d f r o m measurements o f t h e c o l o u r i n d e x : F ( z = l ) = 

L u ( 4 5 0 , l ) / L u ( 5 2 5 , l ) =f E u ( 4 5 0 , l ) / E u ( 5 2 5 , l ) . These methods a r e f u r t h e r 

c o n s i d e r e d i n C h a p t e r 5 where p r o p o s e d f u t u r e work i s d i s c u s s e d . 

c(660)/<«>Ko> = 8.21 (4.19) 
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4.3 ESTIMATION AND INDIEECT MEASUREMENT OF TEE ABSORPTION AND 

SCATTERING COEFFICIENTS 

4.3.1 E s t i m a t i o n o f c o s ^ , "ao and "bo f r o m K i r k ' s Monte C a r l o Model 

K i r k ' s Monte C a r l o model was i l l u s t r a t e d i n F i g . 2 . 1 0 , and d e s c r i b e d 

i n C b a p t e r 2, wbere i t was shown t h a t t h e average c o s i n e , and 

a b s o r p t i o n and s c a t t e r i n g c o e f f i c i e n t s , may be e s t i m a t e d f r o m 

measured v a l u e s o f Ko and t h e s c a l a r i r r a d i a n c e r e f l e c t i v i t y , Ro. 

The PAR s c a l a r i r r a d i a n c e r e f l e c t i v i t y , "Ro = 0Eou/<»Eod, i s r e a d i l y 

d e t e r m i n e d from measurements o f u p w e l l i n g and d o w n w e l l i n g s c a l a r 

i r r a d i a n c e . Twenty-seven o b s e r v a t i o n s o f <'Eou,°Eod were made i n t h e 

NE A t l a n t i c and Tamar E s t u a r y b y masking and i n v e r t i n g t h e 

B i o s p h e r i c a l I n s t r u m e n t s I n c QSP s e r i e s p r o f i l i n g Quantum S c a l a r 

I r r a d i a n c e System as d e s c r i b e d i n C h a p t e r 3. 

I t i s t h e o r e t i c a l l y p o s s i b l e t o d e t e r m i n e *»Ro(z) b y l o w e r i n g t h e 

i n s t r u m e n t t o d e p t h z t o measure '*Eod(z), and t h e n i n v e r t i n g i t t o 

measure o E o u ( z ) . T h i s i s n o t a p r a c t i c a l s o l u t i o n , however, as 

i n v e r s i o n o f the i n s t r u m e n t i n v o l v e s a change i n c o l l e c t o r d e p t h ; 

moreover, t h e ambient ( s k y ) l i g h t l e v e l may v a r y s u b s t a n t i a l l y d u r i n g 

t h e t i m e i n t e r v a l i n v o l v e d . A method was t h e r e f o r e d e s i g n e d b y w h i c h 

<*Ro was c a l c u l a t e d from s e p a r a t e p r o f i l e s o f "Eou and "Eod. We may 

w r i t e : oRo = 0Eou/<»Eod = Yu/Yd, where Yu,Yd = o f i o u / E r e f , ^ E o d / E r e f , 

t h e n o r m a l i s e d u p w e l l i n g and d o w n w e l l i n g v a l u e s . 
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T h e r e f o r e : 

T d ( z ) Yd(0).exp[-OKod.z] ^^'^^^ 

These d e r i v e d v a l u e s o f "RoCz) were s u b s e q u e n t l y u s e d i n t h e K i r k 

(1986) v e r s i o n o f h i s Monte C a r l o m odel, where z = Zm, t h e 10% l e v e l . 

T h i s i s t h e d e p t h a t w h i c h <»Eo(z)/oEo(o) = 0.1, and c o r r e s p o n d s t o 

the m i d - d e p t h o f t h e e u p h o t i c (1%) zone, t h e r e f o r e : 

= 0.1 = exp [-oKo.Zm], whence: 
<»Eo(0) 

Zm = Ln(0.1)/-<»Ko = 2.303/OKo, t h e r e f o r e , f r o m Eqns.4.20: 

°Ro(Zm) = exp L n [ Y u ( 0 ) ] - L n [ Y d ( 0 ) ] + ("Kou + "Kod) 
OKo 

(4.21) 

T h i s e q u a t i o n i s i l l u s t r a t e d i n F i g . 4 . 1 4 , and i m p l i e s t h a t i t i s a l s o 

n e c e s s a r y t o f i n d °Ko, i e n e c e s s a r y t o t a k e a s e p a r a t e p r o f i l e w i t h 

th e i n s t r u m e n t unmasked. T h i s w o u l d he i n c o n v e n i e n t , so an e q u a t i o n 

f o r f i n d i n g ^Ko f r o m "Kod, "Kou, Y u ( o ) , Yd(o) was d e r i v e d . We have, 

f r o m Eqn.3.1: 

OKo = L n [ Y ( 0 ) ] - L n [ Y ( z ) ] 

. ^, . o E o ( z ) OEou(z) + oEod(z) „ , ^ ^ ^ j., 
and as Y ( z ) = ^—^ = — ^—^ = Y u ( z ) + Y d ( z ) t h e n : 

E r e f E r e f 

^ L n [ Y u ( o ) + Y d ( o ) ] - L n [ Y u ( z ) + Y d ( z ) ] 
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T h e r e f o r e : 

°Ko.z = L n rYu(o) + Yd(o) LYu(z) + Y d ( z ) 

= L n Yn(o) + Yd(o) 
LYu(O).exp[-OKou.z] + Y d ( 0 ) . e x p [ - » K o d . z ] J 

whence, f o r z = 1, say: 

OKo(du) = L n Yu(o) + Yd(o) (4.22) LYu(O).exp[-»Kon] + Yd(0).expE-^Kod]J 

As u p w e l l i n g i r r a d i a n c e s a r e so l o w , p a r t i c u l a r l y i n t u r h i d e s t u a r i n e 

w a t e r s , measurements o f "Eou a r e s u b j e c t t o c o n s i d e r a b l e f l u c t u a t i o n . 

T h e r e f o r e , d u r i n g t h e s e r e f l e c t i v i t y e x p e r i m e n t s , i n c o m i n g s i g n a l s 

were n o t r e a d f r o m t h e d i s p l a y u n i t i n t h e u s u a l way b u t were 

d i r e c t e d , v i a ' a TOC 131/132 d a t a - l o g g i n g i n t e r f a c e , t o an A p p l e l i e 

z=0 
Yu(0) 
—^<r-

Yd(0) 
] >}— L n [ Y ] 

Zm 

z 

F i g . 4 . 1 4 : R e l a t i o n s h i p between Ln[ORo(Zm)] and p r o f i l e s o f 
LnEOEou/Eref and L n [ O E o d / E r e f ] 

4.28 



m i c r o c o m p u t e r . R e a d i n g s were o b t a i n e d a t 5 sec i n t e r v a l s , and mean-

v a l u e s were c a l c u l a t e d (programme: MEANER) and d i s p l a y e d b y t b e 

computer. T b i s s y s t e m worked s a t i s f a c t o r i l y . 

Tbe Monte C a r l o Model o f K i r k ( 1981a, 1981c, 1986) was d e s c r i b e d i n 

C b a p t e r 2"and i l l u s t r a t e d i n F i g . 2 . 1 0 . E n t e r i n g t b i s g r apb w i t b 

''Ro(Zt), t b e n v a l u e s o f t b e average c o s i n e , c o s ? , and t b e r a t i o o f 

d i f f u s e s c a t t e r i n g t o a b s o r p t i o n c o e f f i c i e n t s , "bo/^ao, may be 

e x t r a c t e d . Now a = c o s ^ . K e , and assuming t b a t °Ko Ke ( K i r k , 1 9 8 6 ) , 

t b e n : <»ao = c o s ^ . ^ K o . A l s o , we bave "bo/^ao, s o : °bo = C b o / ^ a o ) .°ao 

and °co = °ao + "bo . 

R e s u l t s o f t b e 27 o b s e r v a t i o n s a r e p r e s e n t e d i n T a b l e 4.2. Column 1 

i s o f p r o f i l e numbers p r e f i x e d : (27) NE A t l a n t i c , (28) Tamar-Lynber 

E s t u a r i n e c o n f l u e n c e , (25) Tamar E s t u a r y , and (29) P l y m o u t b Sound. 

Column 2 c o m p r i s e s o f ''Ko(du), ( v a l u e s o f °Ko c a l c u l a t e d b y Eqn.4.22) 

and "Ko measured d i r e c t l y w i t b an umnasked i n s t r u m e n t . R e f l e c t i v i t i e s , 

''Ro(Zm), and S e c c b i c o e f f i c i e n t s , 1/Zs, a r e l i s t e d i n column 3. 

V a l u e s o f c o s ? and "*bo/°ao e x t r a c t e d f r o m F i g . 2 . 1 0 ( K i r k ' s Monte 

C a r l o model) a r e p r e s e n t e d i n column 4. Columns 5, 6 and 7 c o n t a i n 

t b e c a l c u l a t e d v a l u e s o f <»ao, °bo, " c o , <'co/<*Ko(du) and °co + 

*'Ko(du) . V a l u e s o f c(660nm) o b t a i n e d b y t r a n s m i s s o m e t e r a r e a l s o 

l i s t e d i n column 7. 

C a l c u l a t e d v a l u e s o f '»Ko(du) (Eqn.4.22) a r e p l o t t e d a g a i n s t measured 

v a l u e s o f ""Ko i n F i g . 4 . 1 5 . L e a s t - s q u a r e r e g r e s s i o n i n d i c a t e s t b a t : 

«>Ko(du) = 1.022 oKo - 0.009; OKo(du) = 1.015 'Ko (ra=0.992, n=18) 

(4.23) 
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T a b l e 4.2: R e s u l t s o f a n a l y s e s u s i n g K i r k ' s Monte C a r l o model 

• I o ( d » ) • E O ( Z B ) • i . •o •(o+I)o(du) 
• l o 1 / Z » • ( b / « ) . • b . 0(660) • ( o / K ) o ( d » ) 

2701 0.0525 5.63 0.636 0.0334 0.1373 0.1898 

- - 3.116 0.1040 0.6040 2.6160 

02 0.0538 4.30 0.655 0.0353 0.1202 0.1740 

- - 2.409 0.0850 0.6404 2.235 

09 0.0796 4.19 0.657 0.0515 0.1724 0.2520 
0.0783 0.0526 2.351 0.1210 0.7482 2.202 

10 0.1143 3.69 0.668 0.0803 0.2469 0.3612 
0.1202 0.0667 2.076 0.1666 0.8950 2.054 

12 0.0605 5.04 0.644 0.0411 0.1563 0.2168 
0.0638 0.0323 2.803 0.1152 0.5943 2,450 

13 0,0560 5.32 0.640 0.0355 0.1401 0.1961 
0.0554 0.0435 2.951 0.1047 0.5922 2.530 

U 0.0561 5.61 0.644 0.0398 0.1638 0.2199 
0.0618 0.0323 3.115 0.1240 0.5943 2.651 

15 0.0664 3.61 0.681 0.0466 0.1411 0.2075 
0.0684 0.0476 2.031 0.0945 0.6465 2.063 

16 0.0578 3.42 0.686 0.0385 0.1125 0.1703 
0.0561 0.0476 1.924 0.0740 0.6234 2.005 

17 0.1307 13.13 0.541 0.0709 0.5921 0.7228 
0.1311 0.0833 7.355 0.5212 1.0935 4.516 

18 0.2027 11.86 0.556 0.1103 0.8247 1.0274 
0.1985 0.1540 6.475 0.7140 - 4.155 

2801 2.538 
2.372 

10.07 
1.5600 

0.576 
5.642 

1.3662 
7.7080 

9.074 
12.276 

11.612 
3.825 

04 0.866 
0.726 

12.67 
0.5714 

0.544 
7.141 

0.3950 
2.8210 

3.216 
4.538 

4.082 
4.430 

05 0.943 
0.978 

9.710 
0.588 

0.577 
5.588 

0.5646 
3.155 

3.719 
4.961 

4.662 
3.803 

06 1.050 
1.148 

11.49 
0.606 

0.519 
8.659 

0.5956 
5.157 

5.753 
5.587 

6.803 
5.011 

07 1.051 
1.126 

15.32 
0.714 

0.496 
10.208 

0.5589 
5.705 

6.264 
6.118 

7.315 
5.563 

2516 1.145 
1.064 

13.86 
0.910 

0.521 
8.552 

0.5539 
. 4.737 

5.291 6.436 
3.999 

IS 1.256 
1.252 

14.30 0.505 
9.496 

0.6325 
6.006 

6.639 7.895 
5.148 

22 1.201 
1.236 

19.13 
1.110 

0.512 
9.051 

0.6331 
5.730 

6.363 7.564 
5.302 

25 1.701 
1.732 

9.560 
1.670 

0.566 
6.072 

0.9796 
5.948 

6.927 8.628 
4.972 

2901 0.6123 12.49 0.476 
11.859 

0.2914 
3.455 

3.746 
4.788 

4.358 
6.119 

03 0.5389 22.50 0.478 
11.720 

0.2574 
3.016 

3.274 
4.961 

3.813 
6.074 

04 0.5157 22.18 0.512 
9.087 

0.2639 
2.398 

2.661 
4.320 

3.177 
5.161 

05 0.5773 11.06 0.564 
6.125 

0.3258 
1.995 

2.321 
4.691 

2,898 
4.021 

OS 0.6290 14.48 0.567 
6.018 

0.3566 
2.146 

2.502 
4.480 

3.131 
3.978 

07 0.6249 16.90 0.566 
6.061 

0.3536 
2.143. 

2.497 
4.936 

3.122 
3.995 

08 0.6265 14.95 0.588 
5.152 

0.3683 
1.897 

2.266 
4.813 

2.893 
3.616 
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3 
°Kd(du) (m"̂ ) 

2-5 -
°Ko(du) = 1.022 °Ko - 0.009 

(r̂  = 0.922. n = 18) o 

2 -

1 - 5 -

1 -

0 - 5 -

0 
0 0-5 1 1-5 2 2-5 3 

F i g . 4 . 1 5 : R e l a t i o n s h i p between c a l c n l a t e d v a l u e s o f "KoCdu) 
and measured v a l u e s °Ko 

E q u a t i o n 4.23 shows t h a t i t i s i n o r d e r t o c a l c u l a t e t h e t o t a l 

e x t i n c t i o n c o e f f i c i e n t f r o m Eqn.4.22. 

We may w r i t e , from Eqn.2.94, f o r t h e S e c c h i d e p t h : 

R e g r e s s i o n o f " ( c + K)o v a l u e s w i t h v a l u e s o f S e c c h i c o e f f i c i e n t , 

1/Zs, i s i l l u s t r a t e d i n F i g . 4 . 1 6 and shows t b a t : 

" ( c + K )o = 6.719 Z s - i + 0.299; "Fs = " ( c + K)o = 6.998 m 7 
( r * = 0.916, n = 17) (4.25) 

I t w i l l be shown l a t e r t h a t a n a l y s i s o f p h o t o p i c o b s e r v a t i o n s b y 

d i v e r s p r o d u c e s t h e e q u i v a l e n t e s t i m a t e : F s = (£+K) = 5.98 (V 6 

o ( c + K ) o = «>Fs Zs 
(4.24) 
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°{c + K)o (Kirk) (m'^) 
12-5 o 

• 7 -5 -

2 - 5 -

1 0 -

5 -

o 

0 
0 0-5 1 1-5 

Secchi coeff., 1/Zs (m'̂ ) 

F i g . 4 . 1 6 : R e l a t i o n s l i i p b etween o ( c + K ) o , c a l c u l a t e d f r o m K i r k ' s 
Uonte C a r l o m o d e l , and t b e measured S e c c b i c o e f f i c i e n t 

O t b e r l e a s t - s q u a r e s r e g r e s s i o n s o f d a t a e x t r a c t e d f r o m T a b l e 4.2 a r e 

now c o n s i d e r e d . 

R e g r e s s i o n o f c a l c u l a t e d v a l u e s o f "co w i t b measured v a l u e s o f c(660) 

p r o d u c e s : 

oco = 0.816 c(660) + 0.479; »co = 0.733 c ( 6 6 0 ) (r*=0.937, n = 22) 
(4.26) 

Tbe c o r r e l a t i o n i s r e a s o n a b l e . We w o u l d n o t e x p e c t t o f i n d t b a t "co 

= c ( 6 6 0 ) as c( 6 6 0 ) i s t b e beam a t t e n u a t i o n o f narrow-band, c o l l i m a t e d 

l i g b t , wbereas "co a p p l i e s t o broad-band, d i f f u s e l i g b t . 

R e g r e s s i o n o f °co = °Ko(du) d a t a g i v e s : 

<»co = 4.679 «»Ko ^'^^^ (r2 = 0.982 n = 27) (4.27) 
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The n o n - l i n e a r i t y o f t h i s r e l a t i o n s h i p i s dne t o t h e i n c r e a s e i n t h e 

r a t i o 'co/'Ko w i t h i n c r e a s e i n t u r b i d i t y , i n d e e d , we may w r i t e , from 

Eqn.4.27: 

"co/oKo = 4.679 oKo " ' ^ z s (4.28) 

As e x p e c t e d , r e f l e c t i v i t y 'Ro(Zm) i s shown t o i n c r e a s e w i t h t h e 

a t t e n u a t i o n c o e f f i c i e n t r a t i o , Oco/^Ko: 

''Ro(Zm)% = 3.739 Oco/'Ko - 3.489 ( r * = 0.748, n = 27) (4.29) 

4.3.2 I n d i r e c t d e t e r m i n a t i o n o f c o s ? and "ao f r o m measurements w i t h 
a H j i j e r s l e v ^ t y p e s e n s o r 

H j S j e r s l e v (1975) d e s c r i b e s a s e n s o r - p a i r w h i c h measures i ( E o + E) and 

i ( E o - E ) . The s e n s o r was i l l u s t r a t e d i n F i g s . 2 . 8 and 2.9, and 

d e s c r i b e d i n C h a p t e r 2 where i t was a l s o shown t h a t d a t a o b t a i n e d 

w i t h t h i s t y p e o f meter may be u s e d t o c a l c u l a t e <Ko> (Eqns.2.70 and 

2 . 7 1 ) , <K> (Eqn.2.72), a ( z ) (Eqn.2.73) and c o I ? ( z ) (Eqn.2.74). 

A H>5jerslev-type s e n s o r was c o n s t r u c t e d i n bouse, as d e s c r i b e d i n 

C h a p t e r 3 , and was u s e d t o o b t a i n o b s e r v a t i o n s i n t h e NE A t l a n t i c 

d u r i n g t h e 1987 F r e d e r i c k R u s s e l l c r u i s e . As t b e s e n s o r s began t o 

l e a k w a t e r e a r l y i n the c r u i s e , t h e number o f t h e s e d a t a i s l i m i t e d . 

F i g u r e 4.17 i l l u s t r a t e s v a l u e s o f <Ko>, c a l c u l a t e d f r o m H<5jerslev-

t y p e meter measurements and Eqns.2.70 and 2.71, compared t o v a l u e s o f 

<'>Ko> o b t a i n e d b y d i r e c t measurement w i t h a B i o s p h e r i c a l I n s t r u m e n t s 
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0-11 
°Ko(H0j) (m-̂ ) 

o 

0 09 -

0 - 1 0 -

0-06 -

0 0 8 -

0-07 -

o 
0.804, h = 8) 

0 05 
005 006 0-07 0-08 

°Ko{Bios) (m'̂ ) 

F i g . 4 . 1 7 : Comparison o f v a l u e s o f <Ko> c a l c u l a t e d f r o m H j S j e r s l e v -
t y p e meter measurements, and v a l u e s o f <»Ko> o b t a i n e d 
b y measurements w i t b a B i o s p b e r i c a l QSP meter 

In c QSP system. L e a s t - s q u a r e s r e g r e s s i o n sbows t b a t : 

<Ko> (H*5jerslev) = 1.639 <0Ko> ( B i o s p b e r i c a l ) - 0.0242 
( r2=0.804, n=8) (4.30) 

and t b r o u g b 0,0: 

<Ko> ( H j S j e r s l e v ) = 1.254 <0Ko> ( B i o s p b e r i c a l ) (4.31) 

Tbere s b o u l d n o t , o f c o u r s e , be sucb a marked d i f f e r e n c e between 

t b e s e two d a t a s e t s . 

We bave, from t b e d e r i v a t i o n o f Eqn.2.73, t b a t dE/dz = - a ( z ) . E o ( z ) = 

- K ( z ) . E ( z ) , whence: a ( z ) = K ( z ) . E ( z ) / E o ( z ) . I t must t h e r e f o r e 
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f o l l o w t h a t : 

a o . ( z ) = K o { z ) . E ( z ) / E o ( z ) (4.32) 

F i g u r e 4.28 shows v a l u e s o f <a> ( 0 ) and <ao> ( A ) , c a l c u l a t e d f r o m 

H j S j e r s l e v - t y p e m eter d a t a and Eqn.4.32, p l o t t e d a g a i n s t v a l u e s o f "ao 

e s t i m a t e d f r o m K i r k ' s Monte C a r l o model ( F i g . 2 . 1 0 ) and measurements 

o f <0Ro> o b t a i n e d w i t h a masked B i o s p h e r i c a l I n s t r u m e n t s I n c QSP 

syst e m as d e s c r i b e d i n C h a p t e r 3. The d a t a p o i n t s , p a r t i c u l a r l y A , 

s h o u l d be c l o s e t o t h e 1:1 l i n e . 

T h i s c o n s i d e r a b l e d i s c r e p a n c y w i l l be d i s c u s s e d i n C h a p t e r 5. 

a,ao (HsJjerslev) (m"') 
0- 12 

0 - 1 0 -

0 0 8 -

0 06 -

0 - 0 4 -

0 02 
002 0 0 4 006 008 0-10 

'ao (Kirk) (m'̂ ) 

F i g . 4 . 1 8 : P o o r c o m p a r i s o n between v a l u e s o f <a> ( 0 ) and <ao> ( A ) , 
c a l c u l a t e d f r o m H j i j e r s l e v - t y p e m eter d a t a , and v a l u e s o f 
<*aft> e s t i m a t e d f r o m K i r k ' s Monte C a r l o model 
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4.4 ESTIMATION OF OPTICAL COEFFICIENrS FROM VISUAL RANGES 

A l l o f t h e t h r e s h o l d v i s u a l r a n g e s r e f e r r e d t o i n t h i s s u h s e c t i o n a r e 

o b s e r v e d v e r t i c a l l y downwards ( Z ) , v e r t i c a l l y upwards (U) o r 

h o r i z o n t a l l y ( V ) . We h a v e , Eqn.2.87: 

= L n [ C o / C t ] 
c. + E . s i n Y 

f r o m w h i c h we may w r i t e : 

Z = i ^ f ^ (4.33) 

U = L n l £ £ Z £ t l 
c. ~ S 

The t a r g e t s u s e d i n t h e u n d e r w a t e r o b s e r v a t i o n s bave b e e n d e s c r i b e d 

i n C h a p t e r 3 and were: S e c c h i d i s c ( s ) , w h i t e d i s c / t a r g e t ( w ) , g r e y 

d i s c / t a r g e t ( g ) , b l a c k d i s c / t a r g e t (b) o r l i g h t - t r a p ( h ) , c o r n e r 

r e f l e c t o r ( i ) and n e u t r a l f i l t e r ( f ) . 

I t was made c l e a r i n C h a p t e r 2, and i s a p p a r e n t f r o m Eqns.4.33-4.35 

above, t h a t u n d e r w a t e r v i s i b i l i t y depends upon t h e t r a n s m i t t a n c e o f 

i n h e r e n t c o n t r a s t . The i n h e r e n t c o n t r a s t o f a t a r g e t o f r e f l e c t i v i t y 

p., s i g h t e d v e r t i c a l l y downwards (fi.=n/2), i s i l l u s t r a t e d i n F i g . 2 . 1 1 , 

and a g a i n i n F i g . 4 . 1 9 ( a ) . 
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(a) 
Co = fi./R - 1 

t t 
fi..Ed R.Ed 

(b) (c ) 

Ed L* 

Ed Ed 4 
f . E d 

<r- fi..f.Ed 
< EL'h* 
< 

t 
R.Ed 

Ed f.Ed 

J 

Ed 
p.R.Ed 

fl..f.Ed 

L* 
Co = fi..(f.Ed/L* + 1) - 1 Co = - ( 1 - fi..(f+R)) 

F i g . 4 . 1 9 : I n b e r e n t c o n t r a s t o f t a r g e t o f r e f l e c t i v i t y £ 

(a) 
Co = 1/R - 1 

Co = 1 - R 

F i g . 4 . 2 0 : I n b e r e n t c o n t r a s t o f c o r n e r r e f l e c t o r (£ = 1) 

(a) 
Co = 1 -

t t 
T.Eu En 

|— T=T 

En En 
I I 

(b) ( c ) 

Ed Ed 

f — — 

yk <— T.L* 
« — L* — -=- L* 

Co = 1 - T 

T.Ed Ed 

1 1 

Co = 1 - T 

F i g . 4 . 2 1 : I n b e r e n t c o n t r a s t o f n e u t r a l f i l t e r (T = T) 
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Tlie i n h e r e n t c o n t r a s t o f s u c h a t a r g e t i s e x p r e s s e d b y Eqns.2.76 and 

2.77: 

The c o r n e r r e f l e c t o r i s d e s i g n e d t o g i v e p r a c t i c a l l y 100% r e f l e c t i o n 

(fi.=l). The v e r t i c a l l y downward s i g h t i n g o f a c o r n e r r e f l e c t o r i s 

i l l u s t r a t e d i n F i g . 4 . 2 0 ( a ) , and shows t h a t : 

Co(e.=l,Y=n/2) = ^ f = 1/R - 1 (4.37) 

F i g u r e 4.21(a) i l l u s t r a t e s t h e v e r t i c a l l y downward s i g h t i n g o f a 

n e u t r a l f i l t e r o f t r a n s m i s s i o n T. I t i s a p p a r e n t t h a t : 

Co(e.=T.Y=n/2) .= - - ^ ^ ^ = T - 1 = - ( 1 - T) (4.38) 
Eu 

The n e g a t i v e s i g n i n Eqn.4.38, and s e v e r a l subsequent e q u a t i o n s , 

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

'maximum' c o n t r a s t o f a d a r k t a r g e t a g a i n s t a l i g h t b a c k g r o u n d , no 

m a t t e r bow b r i g h t , i s -1 ( f o r T=0, o r £.=0); i n t h e o r y t h e r e i s no 

l i m i t t o t h e ( p o s i t i v e ) c o n t r a s t o f a b r i g h t t a r g e t a g a i n s t a d a r k 

b a c k g r o u n d . 

I t i s a p p a r e n t , w i t h o u t i l l u s t r a t i o n , t h a t a p e r f e c t z e r o - r e f l e c t o r , 

eg a l i g h t - t r a p ( s e e C h a p t e r 3 ) , has z e r o r e f l e c t i v i t y (fi.=0), t h e n : 

Co(p.=0,Y=Ji/2) = ° = -1 (4.39) 
r<u 
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The i n h e r e n t c o n t r a s t o f a t a r g e t , o f r e f l e c t i v i t y g_, s i g h t e d 

h o r i z o n t a l l y (y=0)-, was i l l u s t r a t e d i n F i g . 2 . 1 2 , and e x p r e s s e d h y 

Eqn.2.78 a s : Co{e.=p.,Y=0) = - ( 1 - p.). However, i t was p o i n t e d out i n 

C h a p t e r 2 t h a t Eqn.2.78 i m p l i e s t h a t t h e i n h e r e n t c o n t r a s t o f a 

h o r i z o n t a l l y ^ s i g h t e d t a r g e t d e c r e a s e s w i t h r e f l e c t i v i t y ; t h a t a w h i t e 

t a r g e t , f o r example, would be l e s s v i s i b l e t h a n a g r e y one. The 

p r o b l e m was r e c o g n i s e d as b e i n g t h a t o f t a r g e t i l l u m i n a t i o n b y h i g h 

i n t e n s i t y d o w n w e l l i n g l i g h t r a t b e r t h a n l o w e r i n t e n s i t y s i d e l i g h t . 

Suppose, as i l l u s t r a t e d i n F i g . 4 . 1 9 ( b ) , t b a t some f r a c t i o n , f.>R, o f 

the d o w n w e l l i n g i r r a d i a n c e i s s c a t t e r e d o n t o t h e t a r g e t s u r f a c e and 

so becomes a v a i l a b l e f o r r e f l e c t i o n . The i n h e r e n t c o n t r a s t i s 

t h e r e f o r e g i v e n by: 

Co(fi.=£,y=0) = f•-* " -* = £ . ( f . E d / L « + 1) - 1 (4.40) 

I t i s t o be n o t e d t h a t £ and f. may be l a r g e enough f o r p . f . E d > L » , i n 

w h i c h c a s e Eqn.4.40 becomes p o s i t i v e , i e t h e t a r g e t a p p ears b r i g h t e r 

t h a n i t s b a c k g r o u n d , w h i c h i s o f t e n t h e o b s e r v e d c a s e . U n f o r t u n a t e l y 

Eqn.4.40 d e f i e s s i m p l i f i c a t i o n so t h a t h o r i z o n t a l o b s e r v a t i o n s o f 

t a r g e t s o f r e f l e c t i v i t y 0 < £ < 1 a r e o f l i t t l e p r a c t i c a l u s e . 

The h o r i z o n t a l s i g h t i n g o f a c o r n e r r e f l e c t o r i s i l l u s t r a t e d i n F i g . 

4 . 2 0 ( b ) , w h i c h shows t h a t : 

Co(p.=l,y=0) = -* ~ -* = 0 (4.41) 

T h i s i s i n v i s i b i l i t y - o f t h e t y p e employed b y s i l v e r - s i d e d f i s h . I n 

a s h o a l , s u c h f i s h s i g n a l t b e i r p r e s e n c e t o n e i g h b o u r s b y o c c a s i o n a l 

s i d e - r o l l s ; t h e s i l v e r s i d e s t h e n r e f l e c t b r i g h t e r d o w n w e l l i n g 
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i r r a d i a n c e , E d, w h i c h c o n t r a s t s n i c e l y a g a i n s t b a c k g r o u n d L*. 

The i n h e r e n t c o n t r a s t o f a n e u t r a l f i l t e r , s i g h t e d h o r i z o n t a l l y , i s 

i l l u s t r a t e d i n F i g 4.21(b) w h i c h shows t h a t : 

Co(T=T,y=0) = ^•-* -* = T - 1 = - ( 1 - T) (4.42) 

Of c o u r s e , s u c h a t a r g e t w i l l always appear d a r k e r t b a n i t s 

b a c k g r o u n d , so Co(T,y=0) i s always n e g a t i v e . 

C l e a r l y , t h e i n h e r e n t c o n t r a s t o f a h o r i z o n t a l l y s i g h t e d z e r o -

r e f l e c t o r ( p e r f e c t l y b l a c k t a r g e t o r l i g b t t r a p ) w i l l b e ; 

Co(p.=0,y=0) = ^ ^ - ^ = -1 (4.43) 

F i g u r e s 4 . 1 9 ( c ) , 4.20(c) and 4.21(c) i l l u s t r a t e v e r t i c a l l y upward 

s i g h t i n g (y=-jt/2) o f t a r g e t s . I t i s a p p a r e n t t h a t we may w r i t e : 

Co(fi.=£,y=-7t/2) = ^'^'^ ^ = fi..l - 1 = - d - fi..(i+E)) (4.44) 
Ed 

Co(e.=l,y=-n/2) = ^ - ^ ^ ^ = R - 1 = - ( 1 - R) (4.45) 
Ed 

C o ( ^ , y = - , / 2 ) - ^ = T - 1 = - ( 1 - T) (4.46) ' 

Co(£r0,y= - 7 t/2) = ^ — ^ = -1 (4.47) 
Ed 
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T i e use o f a l i g i t t r a p as a b l a c k t a r g e t i s m e n t i o n e d i n H j i j e r s l e v 

(1986) and i n H j i j e r s l e v (1987, p e r s o n a l c o m m n n i c a t i o n ) . I t i s 

b e l i e v e d t b a t t b e t b e o r y , c o n s t r u c t i o n and -use u n d e r w a t e r o f b o t b t h e 

c o r n e r r e f l e c t o r and n e u t r a l f i l t e r i s o r i g i n a l t o P i l g r i m e t a l . 

( 1 9 8 8 ) . These t h r e e t a r g e t s p o s s e s s t h e p a r t i c u l a r a dvantages o f 

b e i n g o f known r e f l e c t i v i t y / t r a n s m i s s i o n , and o f b e i n g u n a f f e c t e d b y 

s i d e / t o p l i g h t i n g . The n e u t r a l f i l t e r , moreover, may be c h o s e n t o 

have any d e s i r e d t r a n s m i s i o n . A l l o f t h e i n h e r e n t c o n t r a s t e q u a t i o n s 

d e r i v e d i n t h i s s u b s e c t i o n a r e summarised i n T a b l e 4.3. 

T a b l e 4.3: I n h e r e n t c o n t r a s t s o f f o u r ' s t a n d a r d ' t a r g e t s w i t h 
a l l o c a t e d e q u a t i o n numbers; a l l o p t i c a l p a r a m e t e r s a r e p h o t o m e t r i c . 

S i g h t i n g a n g l e , f 

V e r t i c a l l y 
downwards 
y.= n/2 

H o r i z o n t a l l y 

r = 0 

V e r t i c a l l y 
upwards 

y = -n/2 T a r g e t 

V e r t i c a l l y 
downwards 
y.= n/2 

H o r i z o n t a l l y 

r = 0 

V e r t i c a l l y 
upwards 

y = -n/2 

p a i n t e d 

r e f l e c t o r 

p = p 

Co(p,n/2) = 

p/R - 1 

(4.36) 

Co(p,0) = 

p . ( f . E d / L * + 1) -1 

(4.40) 

Co(p,-n/2) = 

- ( 1 - p . ( f + R ) ) 

(4.44) 

c o r n e r 

r e f l e c t o r 

P = 1 

C o d , n / 2 ) = 

1/R - 1 

(4.37) 

C o ( l , 0 ) = 

0, i n v i s i b l e 

(4.41) 

C o ( l , - n / 2 ) = 

- ( 1 - R) 

(4.45) 

l i g h t -

t r a p 

p = 0 

Co(0,n/2) = 

-1 

(4.39) 

Co(0,0) = 

-1 

(4.43) 

Co(0,-n/2) = 

-1 

(4.47) 

n e u t r a l 

f i l t e r 

T = T 

Co(T,n/2) = 

- ( 1 - T) 

(4.38) 

Co(T,0) = 

- ( 1 - T) 

(4.42) 

Co(T,-n/2) = 

- ( 1 - T) 

(4.46) 
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4.4.1 E s t i m a t i o n o f (c+K) and c.,K f r o m Zs 

The sum o f t h e c o e f f i c i e n t s c. and K i s p r o v i d e d h y t h e S e c c h i d i s c 

e q u a t i o n , Eqn.2.94: 

c + K = Ln[(p./R - 1 ) / C t ] ^ F s 
- - Zs Zs 

As d i s c u s s e d i n C h a p t e r 2, t h e v a l u e o f t h e c o u p l i n g c o n s t a n t , F s , 

depends i n p r a c t i c e upon t h e c h o i c e / e s t i m a t i o n o f v a l u e s o f p, R and 

C t . These a r e g i v e n i n T a b l e 2.3. 

Over 300 S e c c h i d i s c d e p t h s were o b s e r v e d , i n t h e c o u r s e o f t h i s work 

(0.35<.Zs<.31), i n e s t u a r i n e and c o a s t a l w a t e r s , and i n r e l a t i v e l y 

c l e a r o c e a n i c w a t e r s . 

I t i s a l m o s t u n i v e r s a l l y r e c o g n i s e d among S e c c h i d i s c c o g n o s c e n t i 

t h a t g i v e n a good e s t i m a t e o f F s , t h e d i s c p r o v i d e s an e s t i m a t e o f 

£ + K b u t n o t o f t h e s e p a r a t e v a l u e s c.,K. C l e a r l y c.,K c o u l d be deduced 

f r o m c+K o n l y i f t h e r a t i o K/c. were a c o n s t a n t f o r a l l w a t e r s , b u t 

t h i s i s n o t t h e c a s e . However, H»Sjerslev (1986) c l a i m s t h a t i t i s 

p o s s i b l e t o s e p a r a t e c. and K, w i t h i n r e a s o n a b l e e r r o r s , f r o m a s i n g l e 

S e c c h i d e p t h . The same argument i s r e p r o d u c e d b y P r e i s e n d o r f e r 

( 1 9 8 6 ) . 

H j S j e r s l e v u s e s p. = 0.8 and Ct = 0.0066, w h i c h , s u b s t i t u t e d i n t o 

Eqn.2.94, g i v e s : 

(c + K ) . Z s = 4.80 - L n [ R ] (4.48) 
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whence: 

c . z s = ^-^Q - ^"^^^ (4.49) ~ 1 + K/c 

H»5jersiev t h e n u s e s t h e o p t i c a l model o f T i m o f e e v a (1974) w h i c h g i v e s 

R and K/c. i n terms o f p h o t o n s u r v i v a l p r o b a b i l i t y b/c., ( c o l s . 1-3 i n 

T a b l e 4 . 4 ) , and c a l c u l a t e s , f r o m Eqn.4.56, t h e e q u i v a l e n t v a l u e o f 

o.Zs ( c o l . 4 i n T a b l e ) . 

T a b l e 4.4: S e c c b i d i s c p a r a m e t e r s as a f u n c t i o n o f p h o t o n s u r v i v a l 
p r o b a b i l i t y , b / c , from T i m o f e e v a (1974). [ c o l s . 1 - 3 ] , 
H j S j e r s l e v (1978) [ c o l . 4 ] , and a c a l c u l a t i o n p r e s e n t e d 
h e r e [ c o l . 5 = c o l . 2 x c o l . 4 ] . 

(1) (2) (3) (4) (5) 

h/c S/c c/K R c.Zs K.Zs 

0.1 0.93 1.08 0.0014 5.89 5.48 
0.2 0.85 1.18 0.0021 5.93 5.04 
0.3 0.77 1.30 0.0032 5.96 4.59 
0.4 0.68 1.47 0.0050 6.01 4.09 
0.5 0.60 1.67 0.0075 6.06 3.64 
0.6 0.50 2.00 0.0123 6.13 3.07 
0.7 0.40 2.50 0.0203 6.21 2.48 
0.8 0.30 3.33 0.0334 6.31 .1.89 
0.9 0.19 5.26 0.0508 6.43 1.22 

He t h e n t a k e s t h e average v a l u e o f c..Zs f r o m c o l . 4 , and w r i t e s : 

c.Zs = 6.10 (4.50) 

O b s e r v a t i o n s o f c. and Zs o b t a i n e d i n t h i s s t u d y p r o d u c e d a s i m i l a r 

e s t i m a t e : c.Zs = 4.75 ( E q n . 4 . 9 5 ) . 
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S u b s t i t u t i n g Eqn.4.50 i n t o Eqn.4.49 g i v e s : 

K.Zs = -1.3 - Ln[R] 

A t t b i s p o i n t , H j S j e r s l e v a r g u e s 

R = 0.15 e x p [ - 5 K / c ] , t b e n : 

K.Zs = 3 . 3 

(4.51) 

t b a t s i n c e , f r o m T i m o f e e v a ( 1 9 7 4 ) , 

(4.52) 

I n e f f e c t t b i s must mean t b a t T a b l e 4.4 was a g a i n u s e d t o e x t r a c t an 

'average' v a l u e o f K/c. = 0.54, a p p r o p r i a t e t o c..Zs = 6.10. I n a 

s i m i l a r argument, ( H ^ j e r s l e v , p e r s o n a l c o m m u n i c a t i o n , 1 9 8 6 ) , be says 

t b a t as 'R = 0.01 i s a v e r y l i k e l y v a l u e f o r most o c e a n i c w a t e r s ' , 

t b e n s u b s t i t u t i n g t b i s mean a p p r o x i m a t i o n i n t o Eqn.4.51 p r o d u c e s 

Eqn.4.52. 

I t i s c o n s i d e r e d t b a t t b i s metbod o f s e p a r a t i n g c.,K i s u n s a t i s f a c t o r y 

f o r t b r e e m ain r e a s o n s : 

( i ) As s t a t e d e a r l i e r , s o l u t i o n f o r two unknowns r e q u i r e s two 

e q u a t i o n s u n l e s s t b e two unknowns b e a r a c o n s t a n t r e l a t i o n s b i p . 

( i i ) D i v i s i o n o f Eqn.4.52 b y Eqn.4.50 g i v e s K.Zs/c.Zs = K/c. 

= 3.3/6.10 = 0.54 a l w a y s , no m a t t e r wbat t b e S e c c b i d e p t b . T b i s 

r a t i o was a l s o assumed i n . c o n v e r t i n g Eqn.4.51 i n t o Eqn.4.52. 

However, i t i s w i d e l y r e c o r d e d (eg T y l e r , 1 9 6 8 ) , t b a t K/c. d e c r e a s e s 

w i t b t u r b i d i t y , as i s q u i t e c l e a r f r o m T a b l e 4.4, t b e b a s i s o f 

H j S j e r s l e v ' s argument. T o p l i s s (1982) bas fo u n d K/c v a l u e s as low as 

0.1 i n L i v e r p o o l Bay, and s i m i l a r v a l u e s w i l l be i n d i c a t e d b y 

o b s e r v a t i o n s made d u r i n g t b i s s t u d y and p r e s e n t e d l a t e r i n t b i s 

c b a p t e r . Indeed, i f K/c. = c o n s t i s t o be a t e n e t o f t b i s p r o o f , t b e n 
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Eqns.4.50 and 4.52 c o n l d be d e r i v e d d i r e c t l y f r o m t b e S e c c b i d i s c 

e q u a t i o n ( E q n . 2 . 9 4 ) , w i t b o u t t b e t o r t u o u s j o u r n e y t b r o u g b T i m o f e e v a ' s 

p b o t o n s u r v i v a l p r o b a b i l i t y model. 

( i i i ) I n T a b l e 4.4, tbe range i n c.Zs i s s m a l l (5.48 i c.Zs <. 6.43), 

so t b a t i t may seem n o t u n r e a s o n a b l e t o e x t r a c t t b e mean v a l u e : c..Zs 

= 6.10. However, a s s o c i a t e d w i t b t b i s range i s a c o m p a r a t i v e l y l a r g e r 

K/c. r ange (0.93 >. K/c >. 0.19). I f we now add t o H ^ j e r s l e v ' s t a b l e 

w i t b c o l . 5 = c o l . 2 x c o l . 4 , t b e n we deduce t b a t 1.22 <. K.Zs <. 5.48 

w b i c b i s n o t r e a s o n a b l y a p p r o x i m a t e d b y t b e p r o p o s e d u n i v e r s a l K.Zs = 

3.3 of Eqn.4.52. 

I t i s s t r e s s e d t b a t no case i s b e i n g made a:gainst Eqns.4.50 and 

4.52 as g e n e r a l a p p r o x i m a t i o n s f o r , s a y , most o c e a n i c w a t e r s ; t b e 

o b j e c t i o n i s t o H j S j e r s l e v ' s c l a i m t b a t i t i s p o s s i b l e t o s o l v e f o r 

t b e two unknowns, c. and K, fr o m a s i n g l e o b s e r v a t i o n . I t i s s u r e l y 

a p p a r e n t t b a t two S e c c b i - t y p e e q u a t i o n s a r e r e q u i r e d . I t w i l l be 

d e m o n s t r a t e d i n t b e n e x t two s u b s e c t i o n s t b a t t b i s may be a c h i e v e d b y 

c o m b i n i n g b o t b downward and upward, o r downward and h o r i z o n t a l 

o b s e r v a t i o n s . 
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4.4.2 E s t i m a t i o n o f c,K f r o m D n n t l e y d i s c d i s t a n c e s 

I n t h e p r e v i o u s s u b s e c t i o n i t was arg u e d t h a t s e p a r a t i o n o f (c+K) 

i n t o c.,K c o u l d be a c h i e v e d o n l y b y o b t a i n i n g two d i f f e r e n t 

o b s e r v a t i o n s i n t h e same w a t e r . 

We have, from Eqns.2.98, 2.99 and 2.100 ( P r e i s e n d o r f e r , 1 9 7 6 ) : 

(c + K) .= i - . L n f ^ d i LCo(g)J 
^ Ln[p.(w)/p.(g)3 (4.53) 

(c - K) = i - . L n 
da 

rco(w) 
LCo(g)J 

^ Ln[p.(w)/£(g)] 
da 

(4.54) 

where dx and da a r e t b e s e p a r a t i o n , upwards and downwards, o f a p a i r 

o f w h i t e (w) and g r e y (g) D u n t l e y d i s c s . So, Eqns.2.101 and 2.102: 

c = Ln[p(w)/p.(g)] 2 
1 + i 
Ldx da 

(4.55) 

K = Ln[p.(w)/^(g)] 2 
1 _ 1 
Ldx dz 

(4.56) 

So, t h e s e l a s t two e q u a t i o n s a p p a r e n t l y s a t i s f y t b e r e q u i r e m e n t , and 

a r e t b e b a s i s o f t h e method p r o p o s e d b y D u n t l e y , and d e s c r i b e d b y 

P r e i s e n d o r f e r ( 1 9 7 6 ) . Now Eqn.4.53 i s b a s e d upon t h e same r e a s o n i n g 

as t h e S e c c h i d i s c e q u a t i o n so must be c o r r e c t , b u t from Eqns.4.53 

and 4.54, because (c+ K ) > ( c - K ) , t h e n l / d x > l / d a , i e da>dx. A l s o , f r o m 

Eqn.4.56, t o keep K p o s i t i v e , t h e n da>dx. However, o b s e r v a t i o n s i n 

Plymoutb Sound and M a l a y s i a n w a t e r s , ( P i l g r i m e t a l , 1 9 8 8 ) , have 

shown t h a t dx>da a l w a y s . E q u a t i o n 4.54 i s c l e a r l y s u s p e c t , and t h e 

q u e s t i o n now i s : i s i t v i a b l e t o f o l l o w P r e i s e n d o r f e r ' s argument 
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and ' . . s i m p l y a p p e a l t o Eqn.2.83 with. Y=-jr/2..' and t h e r e b y t r a n s f o r m 

Eqn.2.99 i n t o Eqn.2.100? The p a i r o f d i s c s a r e n o t o n l y t u r n e d 

upside-down; the w h i t e d i s c i s p l a c e d n e a r e r t o the o b s e r v e r , 

P r e i s e n d o r f e r ' s r e a s o n i n g p r o d u c e s t h e a p p a r e n t c o n t r a s t s : 

C r ( w , r ) = ( f i . ( w ) / R - l ) . e x p [ - ( c - I ) . r ] 

and 

Cr(g,r+d2) = (fi.(g)/R - l ) . e x p [ - ( c - K ) . ( r + d 2 ) ] 

E q u a t i n g a t l u m i n a n c e m a t c h i n g : 

(p.(w)/R- l ) , e x p [ - { c - K ) . r ] = ( p . ( g ) / R - 1 ) . e x p [ - ( c - K ) . (r+da)] 

w h i c h r e d u c e s t o : 

(c - K) = - ^ . L n Co(g) da LCo(w)J d 
_ Ln[p.(g)/p.(w)] (4.57) 

l2 

w h i c h i s n o t t h e same as t h e r e s u l t g i v e n i n Eqn.4.54, f r o m 

P r e i s e n d o r f e r ( 1 9 7 6 ) . M o r e o v e r , Eqn.4.57 i m p l i e s t b a t K>c. so i s 

e n t i r e l y wrong, u n l e s s t h e g r e y d i s c s h o u l d be n e a r e r t o t h e o b s e r v e r 

t h a n t h e w h i t e d i s c ( t o make da e f f e c t i v e l y n e g a t i v e ) . T h i s cannot 

be. B o t h d i s c s must appear d a r k e r t h a n the b r i g h t s e a - s u r f a c e 

b a c k g r o u n d ; t h e g r e y d i s c must t h e r e f o r e be f u r t h e r away f r o m t h e 

o b s e r v e r t o reduc e t h e g r e a t e r c o n t r a s t . O b s e r v a t i o n s i n P l y m o u t h 

Sound have c o n f i r m e d t h a t t h i s i s al w a y s s o . By ' i n v e r t i n g ' Eqn.4.53 

t o . d e r i v e Eqn.4.54, i t i s i m p l i e d , t h a t when o b s e r v i n g t h e d i s c s f r o m 

b e l o w , t h e n t h e b a c k g r o u n d b r i g h t n e s s i s c o m p r i s e d o f R.Eu ( a n a l a g o u s 

t o R.Ed i n Eqn.2.77 when l o o k i n g down), i e j u s t a p e r c e n t o r so o f t h e 

4.47 



u p w e l l i n g i r r a d i a n c e . This i s i l l u s t r a t e d i n F i g . 4 , 2 2 ( a ) , b u t cann o t 

r e p r e s e n t t b e t r u e c a s e ; t b e overwhelming component o f tbe ba c k g r o u n d 

b r i g h t n e s s seen when l o o k i n g upwards i s t h e v e r y b r i g h t d o w n w e l l i n g 

i r r a d i a n c e , Ed. T h i s was r e c o g n i s e d i n t h e model p r o p o s e d i n 

F i g . 4 . 1 9 ( c ) , and r e p r o d u c e d i n F i g . 4 . 2 2 ( c ) . 

(a) 

Ed 

Co = p^/R 

P.Eu 
Eu 

(b) 

I J 

Ed 

^ r,. Ed -R . E d - ^ — — 

e..R.Ed 

\ c o = - ( 1 - fi..R) 

Ed f . E d 
fi..f.Ed 

Co = - ( 1 - p..(f+R)) 

F i g . 4 . 2 2 : I n h e r e n t c o n t r a s t o f D u n t l e y d i s c s i g h t e d v e r t i c a l l y 
upwards, 
(a) as i m p l i e d b y P r e i s e n d o r f e r ( 1 9 7 6 ) , and 

comparable t o F i g . 2 . 1 1 
(b) improved b u t u n r e a l i s t i c model w h i c h t a k e s no 

a c c o u n t o f s i d e - l i g h t i n g . 
(c) p r o p o s e d h e r e as a r e a l i s t i c model 

T h i s model a l s o t a k e s a c c o u n t o f t h e s i d e - l i g h t i n g w h i c h must a r i s e , 

and i t i s i n t e r e s t i n g t o n o t e t h a t i f t h i s a l l o w a n c e were n o t made 

t h e n t h e s i t u a t i o n would be as d e p i c t e d i n F i g . 4 . 2 2 ( b ) . The i n h e r e n t 

c o n t r a s t w o u l d t h e n be g i v e n b y: 

C o ( £ , 0 ) = g-'R-M - Ed = _ 1 = _ ( i _ ^.R) (4,58) 
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S u b s t i t u t i o n o f Eqn.4.58 f o r p ( g ) and p(w) i n Eqn.4.51 g i v e s : 

(c - K) = — .Ln 
da 

E q u a t i o n 4.59 i s a g r e a t improvement on Eqn.4.57 i n t b a t i t g i v e s 

c.>K, bowever, as e..R<<l t b e n i t i m p l i e s t b a t Co(p.,0) •> 1, i e t b a t a 

w b i t e t a r g e t , f o r example, w o u l d s e l f - s b a d e and appear a l m o s t b l a c k . 

O b s e r v a t i o n s i n P l y m o u t b Sound bave sbown t b a t t b i s i s n o t t b e c a s e ; 

tbe d i s c i s i l l u m i n a t e d b y s i d e - l i g b t (see F i g . 4 . 1 9 ( c ) ) , and a p p e ars 

d u l l b u t n o t b l a c k . ¥ e a r e t h e r e f o r e j u s t i f i e d i n u s i n g d e r i v e d 

e q u a t i o n Eqn.4.44: 

Co(fi.,-n/2) = - ( 1 - p..(f+R)) 

wbere f (>R) i s t b e f r a c t i o n o f t b e d o w n w e l l i n g i r r a d i a n c e w b i c b i s 

b a c k - s c a t t e r e d o n t o t b e u n d e r s i d e o f t b e t a r g e t . So, Eqn.4.59 

becomes v i a b l e i n t b e f o r m : 

•Co(g)- ^ L n [ ( l - p . ( g ) . R ) / ( l - p.(w).R)] 
.Co(w)J d. 

(4.59) 

(c - K) = .Ln 
0-2 

Co(g) 
LCo(w)J 

= L n [ ( l - a ( g ) . ( f + R ) ) / ( l - i i ( w ) . ( f + R ) ) ] ^4 
da 

A d d i n g and s u b t r a c t i n g Eqns.4.53" and 4.60: 

1 
^ = 2 

Ln[p.(w)/p.(g)] ^ L n [ ( l - p.(g) ( f + R ) ) / ( 1 - p.(w)(f+R)] 
d i da 

(4.61) 

rLn[p.(w)/p.(g)] _ L n [ ( l - fl.(g) ( f + R ) ) / ( 1 - a ( w ) ( f + R ) ] 
d i da 

(4.62) 

Tbese new e q u a t i o n s , e a s i l y s o l v e d b y m i c r o c o m p u t e r , a r e t h e r e f o r e 

p r o p o s e d as s o l u t i o n s t o D u n t l e y d i s c o b s e r v a t i o n s . U n f o r t u n a t e l y , 

t h i s means o f f i n d i n g c,K, w h i c h f o r c o n v e n i e n c e w i l l be c a l l e d 
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c,K method I , s u f f e r s f r o m two s e r i o u s p r a c t i c a l d i f f i c u l t i e s . 

F i r s t l y , r e l i a b l e o b s e r v a t i o n s o f d i and da a r e n o t e a s i l y o b t a i n e d . 

E x p e r i e n c e o f m e a s u r i n g d i and da o v e r a p e r i o d o f two y e a r s has 

sbown t h a t i t i s e x t r e m e l y d i f f i c u l t f o r a d i v e r t o d e c i d e t h e e x a c t 

p o i n t o f l u m i n a n c e m a t c h i n g , as t h i s t y p e o f assessment i s t o o 

s u b j e c t i v e . J u d g i n g a t h r e s h o l d d i s t a n c e i s more o b j e c t i v e ('see' o r 

'not s e e ' ) , and hence c o m p a r a t i v e l y s i m p l e , and i t w i l l now be shown 

t h a t t h e D u n t l e y d i s t a n c e s , d i and d a , c a n be d e r i v e d f r o m t h e 

t h r e s h o l d r a n g e s Zw, Zg, Uw and Tig o f t h e w h i t e and g r e y d i s c s : 

C t = Co(w).exp[-(c+K).Zw)] = C ( g ) . e x p [ - ( c + K ) . Z g ] (4.63) 

t h e r e f o r e : 

Co(g)/Co(w) = exp[-(c+K).(Zw-Zg)] (4.64) 

b u t a t l u m i n a n c e m a t c h i n g , f r o m Eqn.2.97: C r ( w , z x + d i ) = C r ( g , z i ) , i n 

w h i c h c a s e , f o r z i = 0 : 

C r ( w , d i ) = C r ( g , 0 ) = Co(g) (4.65) 

i e , a t l u minance m a t c h i n g t h e a p p a r e n t c o n t r a s t o f t h e w h i t e d i s c i s . 

s i m p l y , the i n b e r e n t c o n t r a s t o f t h e g r e y one, and so we may w r i t e : 

Co(g)/Co(w) = C r ( w , d i ) / C o ( w ) = e x p [ - ( c + K ) . d x ] (4.66) 

E q u a t i n g 4.64 and 4.66, and b y a s i m i l a r argument f o r upward s i g h t i n g : 

dx = Zw - Zg; da = Ug - Uw (4.67) 
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The second p r o b l e m w i t h c,K method I , and hence Eqns.4.68 and 4.69, 

i s t h a t t h e s i g n i f i c a n t v a l u e o f f^ niust depend upon t h e volume 

s c a t t e r i n g f u n c t i o n .g.(o-), and so c o n s t i t u t e s y e t a n o t h e r v a r i a b l e 

w i t h w h i c h one must c o n t e n d ; n o r i s i t r e a d i l y a s s e s s e d b y 

o b s e r v a t i o n . A l s o , one must know t h e more e a s i l y measured 

r e f l e c t i v i t i e s : fi.(w) and p.(g) . 

The s o l u t i o n t o t b e s e p r o b l e m s i s t o be f o u n d i n t h e use o f a c o r n e r 

r e f l e c t o r and l i g h t t r a p , b o t h o f t h e s e t a r g e t s b e i n g o f known 

r e f l e c t i v i t y and u n a f f e c t e d b y s i d e - l i g h t i n g . U s i n g t h e v a l u e s o f 

i n h e r e n t c o n t r a s t g i v e n i n T a b l e 4.3, E t n s . 4 . 5 3 and 4.59 become: 

c. + K = — . L n C o d , n / 2 ) 
Co(0,n/2) 

^ L n [ l / R - 13 
Zx - Zh (4.68) 

c - K = -.Ln •Co(0,-n/2) 
L C o ( l , - n / 2 ) J 

^ L n [ l / ( 1 - R ) ] 
Uh - Ux (4.69) 

and s o : 

1 
^ = 2 

• L n [ l / R - 1] ̂  L n [ l / ( 1 - R ) ] 
. Zx - Zh Uh - Ux (4.70) 

^ 4 
r L n [ l / R - 13 Ln[l/(1-R)]1 
L Zx - Z h Uh - Ux . (4.71) 

These n o v e l e q u a t i o n s r e p r e s e n t p r o p o s e d c,K method I I and ar e r a t h e r 

e l e g a n t i n t h a t t h e y r e q u i r e o n l y one a s s u m p t i o n : t h e v a l u e o f R. 

The m a j o r d i s a d v a n t a g e o f method I I i s a p p a r e n t f r o m Eqn.4.69: 

because da 1/(c.-K), t h e n i n c l e a r w a t e r where c.,K and hence C.-K ar e 

s m a l l , Uh may become g r e a t e r t h a n t h e o b s e r v e r ' s s a f e o r c o n v e n i e n t 
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maximum d i v i n g d e p t h . T h i s has n o t been a p r o b l e m i n t u r b i d P l y m o u t h 

waters.. 

I t i s s u g g e s t e d t h a t t h i s d i v i n g - d e p t h ' p r o b l e m may be overcome i n 

c l e a r w a t e r b y u s i n g two n e u t r a l f i l t e r s ( s e e C h a p t e r 3 ) , u n a f f e c t e d 

b y s i d e - l i g h t i n g , f o r t h e upward o b s e r v a t i o n s . The i n h e r e n t c o n t r a s t 

o f s u c h f i l t e r s i s g i v e n , i n T a b l e 4.3, as -(1-T) i n w h i c h c a s e 

Ec[n.4.70 becomes: 

c - K = ^ L n 
da 

C o ( f a ) - l ^ Ln[(l-Ta ) / ( 1-Ti )3 
LCo(fa ) J Ufa - U f i (4.72) 

where Ti>Ta. A d d i n g and s u b t r a c t i n g Eqns.4.68 and 4.72: 

c = i r L n [ l / R - 13 ^ Ln[(l-Ta ) / (1-Ti )3 -
~ 2 L Zx - Z h Ufa - Uf1 (4.73) 

K = i L n [ l / R - 13 _ L n [ ( l - T a ) / ( 1 - T i ) ] 1 
2 L Zx - Z h U f , - U f J (4.74) 

T h i s i s p r o p o s e d c,K method I I I , cumbersome i n t h a t i t u s e s f o u r 

d i f f e r e n t t a r g e t s b u t p r o b a b l y t h e most p r a c t i c a l f o r use i n c l e a r 

w a t e r . As deep c l e a r w a t e r t e n d s t o l o o k d a r k when s i g h t e d v e r t i c a l l y 

downwards ( l o w R ) , t b e n t h e o b v i o u s s i m p l i f i c a t i o n - u s i n g n e u t r a l 

f i l t e r s b o t h upwards and downwards - may n o t be p r a c t i c a b l e . I f i t 

i s v i a b l e , t h e n t h e e q u a t i o n s f o r c,K method I V a r e : 

c = 1 | X n [ ( l - T i ) / ( l - T a ) 3 ^ Ln[(l-Ta ) / ( 1-Ti )3 
- 2 1 Z f j - Z f a Ufa - U f i (4.75) 

K = i 
- 2 

X n t ( l - T i ) / ( 1 - T a ) ] _ Ln[(l-Ta ) / ( 1-Ti )3 
Z f a - Z f a Ufa - U f i (4.76) 
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4.4.3 E s t i m a t i o n , o f C./K, and c.,K f r o m d i v e r o b s e r v a t i o n s o f If,V,Z 

F n r t b e r metbods o f e s t i m a t i n g c,K and c/K f r o m d i v e r o b s e r v a t i o n s o f 

U,V and Z w i l l now be e x p l o r e d . F o r c o n v e n i e n c e , . e x p r e s s i o n s f o r 

t h r e s h o l d v i s i b i l i t i e s a r e .summarised i n T a b l e 4.5; t h e y a r e d e r i v e d 

f r o m t h e i n h e r e n t c o n t r a s t s o f T a b l e 4.3 and t h e t h r e s h o l d v i s i b i l i t y 

e q u a t i o n , Eqn.2.87. 

T a b l e 4.5: T h r e s h o l d v i s i b i l i t i e s o f f o u r ' s t a n d a r d ' t a r g e t s w i t h 
a l l o c a t e d e q u a t i o n numbers; a l l o p t i c a l p a r a m e t e r s a r e p h o t o m e t r i c 

S i g h t i n g a n g l e , y 

V e r t i c a l l y 
downwards 

y = n/2 

H o r i z o n t a l l y 

y = 0 

V e r t i c a l l y 
upwards 
y = -n/2 T a r g e t 

V e r t i c a l l y 
downwards 

y = n/2 

H o r i z o n t a l l y 

y = 0 

V e r t i c a l l y 
upwards 
y = -n/2 

p a i n t e d 
r e f l e c t o r 

P = P 

Zp = Zs = 

L n [ ( p / R - 1 ) / C t ] 

Vf 

L n 

) = 

•p(f.Ed/L» + l ) - l - j 

Up = 

L n [ ( l - p . ( f + R ) ) / C t ] 
p a i n t e d 

r e f l e c t o r 

P = P 
c + E 

(4.77) 

Vf 

L n L Ct J c - K 

(4.79) 

p a i n t e d 
r e f l e c t o r 

P = P 
c + E 

(4.77) 

c 

(4.78) 

c - K 

(4.79) 

c o r n e r 
r e f l e c t o r 

p = 1 

Zx = 

L n [ ( l / R - 1 ) / C t ] 
c + K 

(4.80) 

Vx: 

i n v i s i b i l i t y 

Ux = 

L n [ ( l - R ) / C t ] 
c - K 

(4.81) 

l i g h t 
t r a p 

p = 0 

Z h = 
L n [ l / C t ] 
c + K 

(4.82) 

Vh = 
L n [ l / C t ] 

c 

(4.83) 

Uh = 
L n [ l / C t ] 
c - K 

(4.84) 

n e u t r a l 
f i l t e r 

T = T 

Z f = 

L n [ ( l - T ) / C t ] 
c + K 

(4.85) 

V f = 

L n [ ( l - T ) / C t ] 
c 

(4.86) 

Uf = 

L n [ ( l - T ) / C t 3 
c - K 

(4.87) 
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Tiie e s t i m a t i o n o f c.,K from d i v e r o b s e r v a t i o n o f a p a i r o f D u n t l e y 

d i s c s was c o n s i d e r e d , i n some d e t a i l , i n t b e p r e v i o u s s u b s e c t i o n , and 

c.,K metbods I t o I V were p r o p o s e d . As t b e s e me.tbods produce s e p a r a t e 

e s t i m a t e s o f c. and K, t b e n C./K, e f f e c t i v e l y a measure o f s c a t t e r i n g , 

c a n a l s o be c a l c u l a t e d . 

B e t t e r e s t i m a t e s o f c./K and c.,K may be o b t a i n e d f r o m t b e two s i m p l e 

l i g b t t r a p o b s e r v a t i o n s Vb and Zb. From Eq,ns.4.82 and 4.83: 

L n [ l / C t ] = (c+K).Zb = c.Vb, wbence: 

c/K = Zb 
Vb - Zb (4.88) 

an e q u a t i o n q u i t e i ndependent o f p. R o r C t . From Eqn.4.83, and b y 

c o m b i n i n g Eqns.4.83 and 4.88: 

^ ^ L n [ C t ] ^ 3.9 
- Vb Vb (4.83) 

K = ( c / K ) - . c = ^ ^ 3 ^ . ^ = 3 . 9 LZb VbJ (4.89) 

Tbe c o m p a r a t i v e ease o f t b e s e two n o v e l measurements - h o r i z o n t a l and 

v e r t i c a l l y downwards o b s e r v a t i o n s o f a l i g b t t r a p - and t b e e l e g a n t 

s i m p l i c i t y o f Eqns.4.88, 4.83 and 4.89 compare f a v o u r a b l y w i t b t b e 

d i f f i c u l t i e s a s s o c i a t e d w i t b D u n t l e y d i s c t y p e o b s e r v a t i o n s and 

t b e i r a n a l y s e s , T b i s i s c,K metbod V and i s s t r o n g l v recommended f o r 

r o u t i n e d i v e r o b s e r v a t i o n s . 

S i m i l a r l y , f r o m o b s e r v a t i o n s o f a l i g b t t r a p v e r t i c a l l y downwards and 
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v e r t i c a l l y upwards, from T a b l e 4.5: 

Eqn.4.82: c+K = L n [ l / C t ] Zb 

Eqn.4.84: c-K = ^ ^ ^ ^ ^ ^ Ub 

wbence, b y a d d i t i o n and s u b t r a c t i o n : 

c = ( L n [ C t ] / 2 ) . •1 + 1 
LZb UbJ = 1.95 

•1 + 1 
LZb UbJ (4.90) 

K = ( L n [ C t ] / 2 ) . 
LZb UbJ 1.95 1_ 

LZb UbJ (4.91) 

fr o m w b i c b , a g a i n i n d e p e n d e n t o f p., R o r even C t : 

c/K = Ub + Zb Ub - Zb (4.92) 

T b i s i s c.,K metbod V I w b i c b may s u f f e r t b e same d i s a d v a n t a g e as 

d i s c u s s e d f o r c.,K metbod I I : i n c l e a r w a t e r t b e d i v e r may need t o go 

u n c o m f o r t a b l y deep f o r t b r e s b o l d o b s e r v a t i o n Ub. 

Some r e s u l t s o f d i v e r o b s e r v a t i o n s o f Vb, Zb, Ub, Vb, Zb, Ub, Zx, Ux 

and Z s , a n a l y s e d b y metbods I I , V and V I , a r e now p r e s e n t e d . I t i s 

c o n v e n i e n t t o combine t b e v e r y s i m i l a r Vb, Zb, Ub and Vb, Zb, Ub. 

However, a l t b o u g b a m a t t - b l a c k s u r f a c e s b o u l d , i n t b e o r y , bave a 

r e f l e c t i v i t y o f z e r o , t b i s i s r a r e l y t b e c a s e ; moreover, i t bas been 

n o t e d i n t b e c o u r s e o f t b e s e e x p e r i m e n t s t b a t a v e r t i c a l m a t t - b l a c k 

s u r f a c e r e c e i v e s and r e f l e c t s a s i g n i f i c a n t amount o f t b e i n t e n s e 

d o w n w e l l i n g i r r a d i a n c e (see F i g . 4 . 1 9 ( b ) ) . T b i s i s a l s o t r u e o f t b e 
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b l a c k neoprene w e t s u i t o f a d i v e r ( s e e , f o r example, Eqn.2.93). 

O b s e r v a t i o n s i n P l y m o u t b Sound bave i n d i c a t e d t b a t t b e b y d r o l o g i c a l 

r a n g e , Vb, i s about 1 5 % g r e a t e r t b a n t b e t b r e s b o l d range o f a b l a c k 

t a r g e t , Vb, i e : 

1.15 Vb = Vb' = Vb (4.93) 

From Eqn.2.94, S e c c b i d e p t b , Zs = f (c+K) and s o , as c.>K (see eg T a b l e 

4 . 4 ) , t b e n Zs i s c o n t r o l l e d more b y c. t b a n b y K. F i g u r e 4.23 

compares v a l u e s o f c, c a l c u l a t e d b y metbods V, V I and I I , w i t b 

c o n c u r r e n t o b s e r v a t i o n s o f Z s - ^ . F i g u r e 4.24 compares s i m i l a r v a l u e s 

o f K w i t b Z s - ^ . I t i s a p p a r e n t t b a t : 

( i ) v a l u e s o f c and K c a l c u l a t e d by metbods V and V I ( 0 and A ) 

compare c l o s e l y w i t b e a c b o t b e r , p a r t i c u l a r l y i n t b e case o f c. 

( i i ) v a l u e s o f c. and K c a l c u l a t e d b y metbod I I ( • ) do n o t 

compare c l o s e l y w i t b t b o s e f o u n d b y metbods V and V I 

( i i i ) as e x p e c t e d , t b e r e i s a b e t t e r c o r r e l a t i o n between c. and Z s - ^ 

t b a n between K and Z s - * and s o , f r o m metbod V o n l y : 

o = 4.711 Z s - i + 0.109 (1.95<Zs<19.0, r2=0.925, n=66) (4.94) 

and t b r o u g b 0,0: c.Zs = 4.75 (4.95) 

K = 0.634 Z s - i + 0.192 ( r2=0.269, n=33) (4.96) 

and t b r o u g b 0,0: K.Zs = 1.39 (4.97) 

T b i s a n a l y s i s s u p p o r t s t b e e a r l i e r recommendation t b a t metbod V i s t o 

be p r e f e r r e d f o r r o u t i n e d i v e r o b s e r v a t i o n . 
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c{V.VI,ll) (m'') 

3 -

2 -

1 -

0 0 

c(V) = 4.711/Zs + 0.109 

(r^ = 0.925, n = 66) 

c(V).Zs = 4.75 

0-1 0-2 0-3 0-4 0-5 0-6 
Secchi coeff., 1/Zs (m ) 

F i g . 4 . 2 3 : R e l a t i o n s l l i p b etween t b e S e c c b i c o e f f i c i e n t , Z s - * and t b e 
p b o t o p i c beam a t t e n n a t i o n c o e f f i c i e n t , c, f o u n d b y metbod 
V ( 0 ) i n P l y m o u t b Sound, B u r r a t o r R e s e r v o i r and M a l a y s i a n 
w a t e r s , and b y metbods V I ( A ) and I I ( • ) i n P l y m o u t b 
Sound and B u r r a t o r R e s e r v o i r , ( P i l g r i m e t a l , 1988) 

K(V,VI.VII) (m"') 

0-8 -

0-6 -

0 - 4 -

0 - 2 -

0 0 

K(V) = 0.634/Zs + 0.192 

(r^ = 0.269, n = 33) 

K(V).Zs = 1.39 
O 

Q 

0-1 0-2 0-3 0-4 
Secchi disc coeff, 1/Zs (m'^ 

0-5 0-6 

F i g . 4 . 2 4 : R e l a t i o n s b i p b e t w e en t b e S e c c b i c o e f f i c i e n t , Z s - * and t b e 
p b o t o p i c d i f f u s e a t t e n u a t i o n c o e f f i c i e n t , K, f o u n d b y metbod 
V ( 0 ) i n P l y m o u t b Sound, B u r r a t o r R e s e r v o i r and M a l a y s i a n 
w a t e r s , and b y metbods V I ( A ) and I I ( • ) i n P l y m o u t b 
Sound and B u r r a t o r R e s e r v o i r 
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We have t h e S e c c h i d i s c e q u a t i o n , Eqn.2.94: c.+K = F s / Z s , where Fs. i s 

a f u n c t i o n o f d i s c r e f l e c t i v i t y , q_, t h r e s h o l d c o n t r a s t , C t , and w a t e r 

r e f l e c t i v i t y , R. F i g u r e 4.25 p r e s e n t s v a l u e s o f c.+K c a l c u l a t e d h y 

method V from 34 d i v e r o b s e r v a t i o n s o f Vh and Zh, r e g r e s s e d a g a i n s t 

c o n c u r r e n t o b s e r v a t i o n s o f Z s - * -

-1\ c+K{V) (m"') 

3 -5 -

3 -

2 -5 -

2 -

1 -5 -

1 -

0 -5 -

c+K = 5.347/Zs + 0.159 

(r̂  = 0.933, n = 34) 

(c+K).Zs = Fs = 5.98 

0 0 0-1 0-2 0-3 0-4 0-5 0-6 
Secchi coeff., 1/Zs (m') 

F i g . 4 . 2 5 : R e l a t i o n s h i p b e t w een v a l u e s o f £ + K and Z s - * i n P l y m o u t h 
Sound ( 0 ) and B u r r a t o r R e s e r v o i r ( • ) , c a l c u l a t e d b y 
method V 

These d a t a produce t be r e g r e s s i o n : 

c+K = 5.347 Z s - * + 0.159 (1.95<Zs<12.5, r2=0.933, n=34) (4.98) 

and t h r o u g h 0,0: C.+K = 5.98 Z s - * , i e Fs 6 (4.99) 

V a l u e s o f F s = f ( £ , C t , R ) a r e p r e s e n t e d i n T a b l e 2.3, and i t c a n be 

seen t h a t F s = 6 c o r r e s p o n d s t o , say: p. = 80%, Ct = 2% and R = 9%. 
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However, R = 9% must be s e e n o n l y as an average c o n d i t i o n o f t b e 

w a t e r s o b s e r v e d . Indeed, a m a j o r p r o b l e m i n u s i n g a S e c c b i d i s c i s 

t b a t w b i l s t p. and Ct a r e e s s e n t i a l l y c o n s t a n t f o r a g i v e n d i s c and 

o b s e r v e r , w a t e r r e f l e c t a n c e v a r i e s w i t b t u r b i d i t y - t b e p a r a m e t e r 

b e i n g measured. T b i s i s i l l u s t r a t e d i n F i g . 4.26 i n w b i c b 

r e f l e c t a n c e s , Rp, o b s e r v e d b y a d i v e r w i t b a b a n d - h e l d photometer, 

(see C h a p t e r 3 ) , i n Plsnnoutb Sound and B u r r a t o r R e s e r v o i r (Dartmoor) 

are compared, w i t h c o n c u r r e n t o b s e r v a t i o n s o f t h e S e c c h i d e p t h . 

B u r r a t o r R e s e r v o i r i s a s h a l l o w and dar k - b o t t o m e d l a k e ; c o n s e q u e n t l y , 

i t s r e f l e c t a n c e i s a n o m a l o u s l y l ow. 

Reflectivity, Rp (%) 

2 4 6 
Secchi depth, Zs (m) 

F i g 4.26: I l l u s t r a t i o n o f t h e g e n e r a l t r e n d f o r w a t e r r e f l e c t i v i t y 
t o d e c r e a s e w i t h i n c r e a s i n g S e c c h i d e p t h . Measurements o f 
Rp were o b t a i n e d b y a d i v e r w i t h a h a n d - h e l d photometer i n 
Pl y m o u t h Sound ( 0 ) , and t h e c o m p a r a t i v e l y s h a l l o w w a t e r s 
o f dark-bottomed B u r r a t o r R e s e r v o i r , Dartmoor ( • ) . 
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F i g u r e 4.26 w e l l i l l u s t r a t e s the i m p o r t a n t g e n e r a l t r e n d f o r w a t e r 

r e f l e c t a n c e t o i n c r e a s e w i t h d e c r e a s i n g S e c c h i d e p t h ( i n c r e a s i n g 

t u r b i d i t y ) , b u t i t w o u l d be n e i t h e r a p p r o p r i a t e n o r u s e f u l t o f i t a 

c u r v e t o t h e s e p a r t i c u l a r d a t a . We now see t h a t a S e c c h i D i s c 

E q u a t i o n s h o u l d , p r o p e r l y , i n c o r p o r a t e t h e v a r y i n g n a t u r e o f R, and 

hence F s , w i t h Z s . We have f r o m Eqn.2.94: 

Zs = F s . ( c + K ) - * 

b u t assuming t h a t F s = f ( Z s ) , t b e n t h i s w o u l d be improved a s : 

Zs = F s i . ( c + K ) - £ ^ a 

i e L n [ Z s ] = L n [ F s i l - Fs2.Ln[c+Kl (4.100) 

U s i n g t h e d a t a p r e s e n t e d i n F i g . 4 . 2 5 , and Eqns.4.98 and 4.99: 

c+K = 4.8 Zs-O'^*; Zs = 6.4 (c+K)-*-* (1.95iZs<12.5, ra=0.916, n=34) 
(4.101) 

E q u a t i o n 4.101 i s t h e r e f o r e p r e s e n t e d as an 'improved' S e c c b i D i s c 

E q u a t i o n w h i c h p r o p e r l y i n c o r p o r a t e s t h e v a r i a t i o n i n w a t e r 

r e f l e c t a n c e w i t h t u r b i d i t y . 

As i s a p p a r e n t f r o m T a b l e 4.4 ( T i m o f e e v a ' s m o d e l ) , i n c r e a s e d p h o t o n 

s c a t t e r i n g (b/c.), and consequent d e c r e a s e d S e c c h i d e p t h , Z s , a l s o 

g i v e s r i s e t o an i n c r e a s e i n t h e r a t i o C./K. Method V was u s e d t o 

o b t a i n e s t i m a t e s o f c_/K f r o m d i v e r o b s e r v a t i o n s o f Vh and V z ; t b e s e 

are compared t o c o n c u r r e n t o b s e r v a t i o n s o f Z s - * i n F i g . 4 . 2 7 . 
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I 



c/K (-) 
8 -I 

o 
o 

y n I I I I ] 
0 0 0-1 0-2 0-3 0-4 0-5 

Secchi coeff., Zs"^ {m'̂ ) 

F i g . 4 . 2 7 : O b served r e l a t i o n s b i p between S e c c b i c o e f f i c i e n t , Z s - * and 
c/K f r o m d i v e r o b s e r v a t i o n s i n P l y m o u t b Sound ( 0 ) 
and B a r r a t o r R e s e r v o i r ( • ) , b y a e t b o d V. B o t b c/K and 
Z s - * a r e e x p e c t e d t o i n c r e a s e w i t b i n c r e a s e d s c a t t e r i n g 

4.4.4 E s t i m a t i o n o f Yb f r o m Z s 

I n o p t i c a l work, i t i s f r e q u e n t l y u s e f u l t o be a b l e t o e s t i m a t e 

h o r i z o n t a l v i s i b i l i t y f r o m an on-board o b s e r v a t i o n , (eg i n t b e 

assessment o f n e t v i s i b i l i t y i n an i n s i t u s t u d y o f ' g b o s t - n e t ' 

f i s h i n g ; P i l g r i m e t a l . , 1 9 8 5 ) . F i f t y ^ e i g h t c o n c u r r e n t o b s e r v a t i o n s 

o f h o r i z o n t a l v i s i b i l i t y and S e c c h i d e p t h have b e e n o b t a i n e d b y 

d i v e r s i n t h e w a t e r s o f P l y m o u t h Sound, SE M a l a y s i a and S i n g a p o r e 

( P i l g r i m e t a l , 1 9 8 8 ) , and a r e p r e s e n t e d i n F i g . 4 . 2 8 . Some o f t h e s e 

v i s i b i l i t i e s were t h e h y d r o l o g i c a l r a n g e , Vh, o f a l i g h t t r a p ; some 
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were t h e t h r e s h o l d v i s i b i l i t i e s o f a m a t t - b l a c k d i s c , Vb, a d j u s t e d b y 

Eqn.4.93. 

20 
Vh, Vb' (m) 

1 5 -

1 0 -

5 -

0 
0 

Vh = 0.812 Zs + 0.133 

(r̂  = 0.949, n = 58) 

Vh = 0.83 Zs 

5 10 
Secchi depth, Zs (m) 

1^ 
15 20 

F i g . 4 . 2 8 : R e l a t i o n s h i p between t h e h y d r o l o g i c a l r a n g e , Vh, and 
t h e S e c c h i d e p t h , Z s , i n P l y m o u t h Sound ( 0 ) , B u r r a t o r 
R e s e r v o i r ( t ) and SE M a l a y s i a n w a t e r s ( 9 ) 

R e g r e s s i o n o f t h e d a t a p r e s e n t e d i n F i g . 4 . 2 8 p r o d u c e s t b e e q u a t i o n s : 

Vh = 0.812 Zs + 0.133 (1.95<.Zsa9.0, ra=0.949, n=58) (4.102) 

and t h r o u g h 0,0: Vh = 0.83 Zs (4.103) 

F o r p r a c t i c a l p u r p o s e s , and i n c o r p o r a t i n g Eqn.4.93, we may w r i t e : 

Vh = 0.8 Zs (4.104) 

Vb = 0.7 Zs (4.105) 
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4.4.5 Estimation of c.+K, p., R and Ct from on-board observations of Z 

If diver observations are unobtainable or inconvenient, tben only 

vertically downward measurements (Zp, Zb, Zx and Zf) are viable. 

Likely useful rearrangements of Eqns.4.77, 4.80, 4.82 and 4.85 (Table 

4.5), for our 4 standard targets, are tabulated'in Table 4.6. 

Table 4.6: Useful rearrangements of equations for vertically down
wards tbresbold vis i b i l i t y witb allocated equation 
numbers; a l l optical parameters are photometric. 

Standard target type 

painted 
reflector ligbt-trap corner 

reflector 
neutral 
fil t e r 

P = P p = 0 P = 1 T = T 

Ln rp-R 1 Ln l/R - 1- Ln i - r 
c+K = 

Ln LR.CtJ Ln[Ct] Ln 
L c t J 

Ln L ctJ c+K = 
Zp Zb Zx Zf 

(4.106) (4.107) (4.108) (4.109) 

P = R.(Ct.exp[(c+K).Zp] + 1) 
(4.110) 

R = P 1 1 1 
R = Ct.exp[(c+K).Zp] + 1 Ct.exp[(c+K).Zx] + 1 

(4.111) (4.112) 

Ct = p/R -• 1 1 1/R - 1 1 - T Ct = exp[(c+K).Zp] exp[(c+K).Zb] exp[(c+K).Zx] exp[(c+K).Zf] 
(4.113) (4.114) (4.115) (4.116) 

Tbe sum c+K bas l i t t l e tbebretical value but is tbe parameter 

estimated from tbe Seccbi disc equation (Eqn.4.106), and is useful as 

a broad measure of optical turbidity. Values of p., R and Ct must be 

assumed, and tbis is particularly risky in very turbid waters wbere 
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R may be b i g b and unknown. By u s i n g t b e c o r n e r r e f l e c t o r , t b e t a r g e t 

r e f l e c t i v i t y i s known (fi.=l) b u t an assumed v a l u e f o r R i s s t i l l 

r e q u i r e d : 

L n 
Eqn.4.108: c+K = 

1/R - 1 
Ct J 

Zx 

I n t u r b i d w a t e r i t i s b e t t e r t o use t b e l i g b t t r a p ( t b i s bas a l s o 

b e e n recommended b y H j S j e r s l e v , 1 9 8 6 ) , o r n e u t r a l f i l t e r , as i t i s 

t b e n n e c e s s a r y t o assume o n l y a v a l u e f o r C t , s a y 2%, ( H j S j e r s l e v u s e s 

0.66%); so: 

Eqn.4.107: c+K = = i ^ ^ = 
Zb Zb 

o r 

L n 
Eqn.4.109: c+K = 

1-n 
Let J L n [ l - T ] + 3 . 9 1 
Z f Z f 

I n t b e u n l i k e l y e v e n t o f t b e o b s e r v e r p r e f e r r i n g an e s t i m a t e o f R t o 

one o f C t , t b e n an e s t i m a t e o f c+K may be o b t a i n e d b y u s i n g t b e l i g b t 

t r a p and c o r n e r r e f l e c t o r t o g e t h e r . E q u a t i n g Eqns.4.114 and 4.115: 

Ct = 1/R - 1 
exp[(c+K).Zb] e x p [ ( c + K ) . Z x ] 

so , - ( c + K ) . Z b = L n [ l / R - 1] - (c+K).Zx, wbence; 

Zx - Zb (4.117) 

Tbe l i g b t - t r a p and c o r n e r r e f l e c t o r p a i r may a l s o be u s e d t o e s t i m a t e 
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t h e uninown r e f l e c t i v i t y o f a t h i r d d i s c : 

E qii.4.110: £_= R.Ct.exp[(c+K) .Zp] + 1 

EaiL.4.117: c+K = - L i i [ C t ] / Z h 

E q i i . 4 . 1 1 2 : R = l / ( C t . e x p [ ( c + K ) .Zx] + 1) 

S u b s t i t u t i n g c+K and R f r o m Eqns.4.107 and 4.112, i n t o Eqn.4.110: 

C t . e x p f = 5 ^ 2 M l . Z p L Zh + 1 

Ct.exp •-Ln[Ct] 
L Zh .Zx + 1 

e x p [ - L n [ C t ] Zp/Zh] + 1 
e x p [ - L n [ C t ] Zx/Zh] + 1 (4.118) 

and as Zp/Zh, Zx/Zh A/ 2, t h e n e x p [ ] > > l , and s o : 

^ e x p [ - L n [ C t ] Zp/Zh] ^ 
^ e x p [ - L n [ C t ] Zx/Zh] 

3.91 
L Z h (Zp - Zx) (4.119) 

T a b l e 4.7 l i s t s o b s e r v a t i o n s o f Zx, Z h and Zs i n d i f f e r e n t w a t e r s . 

The 'unknown' p i s t b a t o f a m a t t - w h i t e p a i n t e d S e c c h i d i s c -

g e n e r a l l y assumed t o be about 80%, (eg T y l e r , 1 9 6 8 ) . 

By e q u a t i n g Eqns.4.107 and 4.108, w a t e r r e f l e c t i v i t y , R, may be 

e s t i m a t e d : 

c+K 
- L n [ C t ] 

Z h 

L n r i / R - r 
Ct • 

Zx 
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t h e r e f o r e , L n ^ =3.91 Zx/Zh, and s o : 
Ct 

R = (0.02 exp[3.91 Zx/Zh] + 1 ) - * 

T a b l e 4.7: Some c a l c u l a t i o n s o f p b y ' E q u a t i o n 4.119 

(4.120) 

O.b s e r V a t i o n R e f l e c t i v i t y o f S e c c h i 
d i s c c a l c u l a t e d from 

E q u a t i o n 4.119 Zh Zs Z x 

R e f l e c t i v i t y o f S e c c h i 
d i s c c a l c u l a t e d from 

E q u a t i o n 4.119 

5.55 9.30 9.55 0.839 
2.66 . 4.50 4.57 0.902 
5.90 10.76 11.22 0.737 

Hean: 0.826 

T h i s r e s u l t a g r e e s c l o s e l y w i t h t h e 80% s u g g e s t e d b y T y l e r ( 1 9 6 8 ) . 

L a s t l y , c o n s i d e r a means o f e s t i m a t i n g t b e o b s e r v e r ' s t h r e s h o l d 

c o n t r a s t , C t . The c o r n e r r e f l e c t o r i s n o t u s e f u l i n t h i s c a s e as 

Eqn.4.121 c o n t a i n s b o t h R and c+K. However, use may be made o f a 

n e u t r a l f i l t e r o f known t r a n s m i s s i o n , T, and a l i g h t t r a p . E q u a t i n g 

Eqns.4.107 and 4.109: 

c+K = ~ ^ t C t ] ^ L n [ l - T ] - L n [ C t ] 
Z h 

t h e r e f o r e , - L n [ C t ] . 

Z f 

1^ 
LZh Z f J 

L n [ l - T ] 
Z f , and so: 

Ct = exp - L n [ l - T ] • 
Zf/Zh - 1. 

(4.121) 
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4.4.6 E s t i m a t i o n o f <»Ko> f r o m Zs 

Tlie S e c c h i d i s c d e p t h i s a f u n c t i o n o f p h o t o p i c c. and K, (Eqn.4.106). 

T r a d i t i o n a l l y , however, w o r k e r s have e s t i m a t e d t h e e u p h o t i c d e p t h , 

Ze'^ a f u n c t i o n o f d i f f u s e a t t e n u a t i o n o n l y , h y assuming an e m p i r i c a l 

r e l a t i o n s h i p o f t h e form: <'»Ko>.Zs = °Js, where " J s i s t h e PAR 

d i f f u s e o p t i c a l d e p t h o f t h e S e c c h i d e p t h (eg P o o l e and A t k i n s , 1929;. 

C l a r k e , 1941; G a l l , 1949; D u n t l e y and P r e i s e n d o r f e r , 1952; Graham, 

1966; T y l e r , 1968; W i l l i a m s , 1968; Quasim e t a l , 1968; Holmes, 1970; 

I d s o and G i l b e r t , 1974; Weinberg, 1976; Otobe e t a l , 1977; W a l k e r , 

1982; H j S j e r s l e v , 1 9 8 6 ) . Most agree t h a t 1.3 <. K.Zs <. 1.8, b u t 

deb a t e t h e e x a c t f i g u r e , (where K = <K>, <Kd>, <'»Ko> o r , o f t e n , an 

u n s p e c i f i e d f o r m o f K; t h e y a r e , i n any c a s e , a p p r o x i m a t e l y e q u a l ) . 

There i s l i t t l e t o be g a i n e d f r o m t h i s s e a r c h f o r g r e a t a c c u r a c y 

s i n c e Zs i s a f u n c t i o n o f c and K, and c i s s e v e r a l t i m e s as b i g as 

K. The e x p r e s s i o n : K.Zs = c o n s t a n t , ( o r c.Zs = c o n s t a n t ) , r e p r e s e n t s 

a p a r a b o l a , and some w o r k e r s , (eg I d s o and G i l b e r t , 1974; H j S j e r s l e v 

1977 , 1978, 1 9 8 6 ) , have p r e s e n t e d t h e i r d a t a c l o s e l y s c a t t e r e d about 

a c u r v e o f t h i s form. I n f a c t , t h e shape o f t h i s p a r a b o l a i s r a t h e r 

i n s e n s i t i v e t o s m a l l changes i n t h e c h o s e n c o n s t a n t , p a r t i c u l a r l y a t 

l a r g e o r s m a l l S e c c h i d e p t h s (eg c l e a r o c e a n o r t u r b i d e s t u a r i n e 

w a t e r s ) . T h i s i s i l l u s t r a t e d i n F i g . 4 . 2 9 b y t h e two p a r a b o l a s : K.Zs = 

1 and K.Zs = 2 w i t h i n w h i c h , s e e m i n g l y , w o u l d f i t a l l o f t h e 

c u r v e s s p e c i f i e d b y t h e l i s t e d w o r k e r s . Of g r e a t e r s i g n i f i c a n c e , t h e 

l i s t i n g i n c l u d e s t h e number o f o b s e r v a t i o n s (n) and range o f S e c c b i 

d e p t b s on w h i c h t h e s e ' l a w s ' were b a s e d . I t i s a p p a r e n t t h a t some 

were b a s e d on t o o few o b s e r v a t i o n s and t o o l i m i t e d a range o f 

t u r b i d i t i e s f o r u n i v e r s a l a p p l i c a t i o n ; t h e scope o f P i l g r i m (1987) 

compares w e l l w i t h most. 
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Diff. att. coeff., K (m*̂ ) 
8 

7 -

3 -

2 -

1 -

K.Zs = 2 

K.Zs = 1 

10 20 30 
Secchi depth, Zs (m) 

40 

Js: 1.7 

Pool and Atkins, 1929 
H n. 12 

i s : 1.7 
Clarke, 1941 

Js: 1-41 

Gall , 1949 
J s : 1.46 

Js: 1.5 
Quasi'ni"et*Sl.l96g 

, J s : 1-44 

Graham, 1966 
H n. 42 

Holmes, 1970 
J s U ' X 

ldso"an(?Silbert, 1974 

H n. 13 

J s : 1.39 

Weinberg, 1976 
. Js : 1.47 , 
' Otobe e t a l , 1977 " " ^ ^ 

Js: 1.46 

H n. 24 

Walker,1982 
H n>2000 

Js;1.48 

Pilgrim. 1987 
^n.201 

50 

H n . 2 5 

F i g . 4 . 2 9 : The two p a r a b o l a s K.Zs = J s = 1,2; and v a l u e s o f 
K.Zs - J s p u b l i s h e d b y e l e v e n w o r k e r s ( i n c l u d i n g 
P i l g r i m , 1987) w i t h t h e number (n) and range (I 1) 
o f S e c c b i d e p t h s measured 
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F i g u r e 4.30 i l l u s t r a t e s 201 <0Ko>:Zs d a t a - p a i r s c o l l e c t e d i n t h e NE 

A t l a n t i c and Tamar E s t u a r y . 

°Ko (m-''} 

F i g . 4 . 3 0 : R e l a t i o n s l l i p b etween <°Ko> and Zs f r o m d a t a c o l l e c t e d 
a t 201 s t a t i o n s i n t b e NE A t l a n t i c and Tamar E s t u a r y 

L e a s t - s q u a r e s r e g r e s s i o n a n a l y s i s g i v e s : 

<'>Ko> = 1.470 Z s - * - 0.0114 (4.122) 
(0.35<Zs<31, 0.05171<'Ko<4.276, r2=0.895, n=201) 

and t b r o u g b 0,0: <oKo>.Zs = " J s = 1.48 (4.123) 

S e c c b i d i s c d a t a were a l s o p a r t i t i o n e d f o r ' o c e a n i c ' ( Ko < 0.27) and 

' t u r b i d ' ('Ko > 0.27) a n a l y s e s . T b i s s e p a r a t i o n i s about midway 

between J e r l o v ' s o c e a n i c t y p e I I I and c o a s t a l t y p e I w a t e r s ( s e e 
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J e r l o v , 1976, T a b l e 2 7 ) . Tbe e q u a t i o n s d e r i v e d f r o m t b e s e a n a l y s e s 

a r e : 

O c e a n i c ("Ko < 0.27) 

<<'Ko> = 1.309 Z s - * + 0.0073 (4.124) 
(6.5<Zs<.31, 0 . 0 5 1 7 < » K o < 0 . 2 6 7 7 , r2=0.811, n=48) 

and t b r o u g b 0,0: <<»Ko>.Zs = <»Js = 1.38 (4.125) 

T u r b i d (OKo > 0.27) 

<<»Ko> = 1.450 Z s - * + 0.0327 (4.126) 
(0.35<Zs<.2.7, 0.2902iOKo<.4.2767, r2=0.834, n=153) 
and t b r o u g b 0,0: <«>Ko>.Zs = » J s = 1.48 (4.127) 

Tbe 153 ' t u r b i d ' d a t a - p a i r s were o b t a i n e d i n t b e same w a t e r s i n w b i c b 

P o o l e and A t k i n s (1929) d e r i v e d : K.Zs= 1.7 ( b a s e d on 12 d a t a p o i n t s ) . 

R e c a l c u l a t i o n o f t b e i r d a t a ( W a l k e r , 1980) gave a more a c c u r a t e 

e s t i m a t e : K.Zs = 1.4, a v a l u e c l o s e r t o t b e 1.48 p r e s e n t e d b e r e . 

U n l e s s t b e l o c a l v a l u e o f " J s bas r e c e n t l y been d e r i v e d from d i r e c t 

o b s e r v a t i o n s o f <0Ko>, t b e n i t i s s u g g e s t e d t b a t b i o l o g i s t s adopt t b e 

w o r k i n g r e l a t i o n s b i p : 

o j s = < « K o > . Z s = 1.5 (4.128) 

and bence, f r o m Eqn.2.63, f o r t b e e u p b o t i c d e p t b , Ze: 

= 7 ^ = -MtT- = 3 Z S (4.129) <<'Ko> 1.5/Zs 

Tbe r e g r e s s i o n a n a l y s e s r e v e a l a s m a l l d i f f e r e n c e between t u r b i d 

("18= 1.48) and o c e a n i c ("Js = 1.38) w a t e r s , w b i c b may be r e a l , o r 

p o s s i b l y a consequence o f t b e f a c t t b a t a l l . o f t b e t u r b i d 
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o b s e r v a t i o n s were made u s i n g a g l a s s - b o t t o m e d b u c k e t o r d i v e r ' s f a c e 

mask, ( t o a v o i d t b e a d v e r s e e f f e c t s o f s u r f a c e r e f l e c t i o n and 

r e f r a c t i o n ) , wbereas the o c e a n i c o b s e r v a t i o n s were made fr o m t h e deck 

o f a r e s e a r c h s h i p . 

That t h e r e s h o u l d be m a r k e d l y b e t t e r c o r r e l a t i o n between Z s , a 

f u n c t i o n o f c+K, and Vh, a f u n c t i o n o f c. o n l y ( r * = 0.949, Eqn.4.102) 

t h a n between Z s - * and <«»Ko> ( r ^ = 0.895, Eqn.4.122) may be a t t r i b u t e d 

t o t h e f a c t t b a t c. i s s e v e r a l t i m e s as b i g as K o r <'>Ko>, and so t h e 

more s i g n i f i c a n t p a r t o f t h e p a r a m e t e r o+K. 

The r e g r e s s i o n s p r e s e n t e d i n Eqns.4.122 - 4.127 a r e v e r y s l i g h t l y 

d i f f e r e n t t o t h o s e p u b l i s h e d i n P i l g r i m (1987) f o r t h e same d a t a . 

I n t h a t p a p e r , r e g r e s s i o n s were c a l c u l a t e d b y t h e method g i v e n b y 

Pedoe ( 1 9 7 0 ) , i n w h i c h i t i s assumed t b a t b o t h x and y, ( i n t h i s c a s e 

Z s - * and <'>Ko>), are s u b j e c t t o o b s e r v a t i o n a l e r r o r . T h i s i s 

c e r t a i n l y c o r r e c t , b u t i t i s now a p p r e c i a t e d t h a t a d o p t i o n o f t h i s 

method may n o t a l l o w p r o p e r c o m p a r i s o n w i t h t h e p u b l i s h e d r e s u l t s o f 

o t h e r w o r k e r s , who a l m o s t c e r t a i n l y use t h e s t a n d a r d method o f l e a s t 

s q u a r e s . Throughout t h i s c u r r e n t work, a l l l e a s t - s q u a r e s r e g r e s s i o n s 

have b e e n o b t a i n e d f r o m t h e MINITAB package on PRIME. Of c o u r s e , 

t h e s e s m a l l d i f f e r e n c e s a r e o f no p r a c t i c a l s i g n i f i c a n c e ; t h e 

i m p o r t a n t c o n c l u s i o n s (Eqns.4.128 and 4.129) a r e unchanged. 
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4.4.7 E s t i m a t i o n o f <<»Ko> f r o m Vh 

The M a r i n e C o n s e r v a t i o n S o c i e t y i s c u r r e n t l y o r g a n i s i n g a n a t i o n w i d e 

o b s e r v a t i o n scheme, V i s w a t c h , i n w h i c h d i v e r s a r e asked t o n o t e t h e 

d e p t h o f t h e d e e p e s t k e l p p l a n t and t h e h o r i z o n t a l v i s i b i l i t y a t t h e 

seabed. The r e a s o n i n g b e r e i s a p p a r e n t : t h e b e t t e r t h e v i s i b i l i t y , 

t h e n t h e c l e a r e r t h e w a t e r and so t h e deeper t h e p e n e t r a t i o n o f 

s u n l i g h t f o r p h o t o s y n t h e s i s . T b i s r e s e a r c h e r was i n v i t e d t o a n a l y s e 

t b e c o l l e c t e d d a t a . The q u e s t i o n t h e r e f o r e a r o s e : what i s t h e most 

a p p r o p r i a t e e m p i r i c a l r e l a t i o n s h i p between t h e d e p t h o f t h e e u p h o t i c 

zone, Ze, a f u n c t i o n o f K'Ko), and t h e b y d r o l o g i c a l r a n g e , Vh, a 

f u n c t i o n o f c? No doubt a s o l u t i o n o f s o r t s c o u l d be d e r i v e d f r o m 

t h e c(660):<OKo> d a t a w h i c h p r o d u c e d Eqn.4.5 - 4 . 7 . However, 

t r a n s m i s s i o n a t 660 nm i s n o t a good r e p r e s e n t a t i o n o f broad-band 

v i s i o n . A more d i r e c t a p p r o a c h was t h e r e f o r e t a k e n b y u s i n g t h e r e a l 

o b s e r v a t i o n s o f h o r i z o n t a l v i s i b i l i t y . Combining Eqns.4.129 and 

4.103: 

I f p r e f e r r e d , <"Ko> may be e s t i m a t e d f r o m Eqns.4.127 and 4.103: 

<<'Ko>.Vh = 0.83 Z s , i e <0Ko> = (4.131) Zs Vh 

U n f o r t u n a t e l y , t h e M a r i n e C o n s e r v a t i o n S o c i e t y gave no i n s t r u c t i o n s 

t o d i v e r s on how t o o b s e r v e ' h o r i z o n t a l v i s i b i l i t y ' , w h i l s t t h e 

o b s e r v a t i o n s o f Vh, w h i c h p r o d u c e d t h e r e l a t i o n s h i p s g i v e n i n 
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E(iii.4.130 and 4.131 are o f t h e t y d r o l o g i c a l range as d e f i n e d b y 

Eqn.2.92, i e t b e t b r e s b o l d v i s n a l range o f a z e r o - r e f l e c t o r . I n a 

s e r i e s o f e x p e r i m e n t s i n Pl y m o u t b Sound and tbe w a t e r s o f E a s t 

M a l a y s i a and S i n g a p o r e , d i v e r s were asked t o e s t i m a t e t b e ' h o r i z o n t a l 

v i s i b i l i t y ' n e a r the bed, no i n d i c a t i o n b e i n g g i v e n on how t h i s 

s h o u l d be done. These e s t i m a t e s ( V i s ) a r e compared t o measured-

v a l u e s o f Vh ( l i g h t t r a p ) and Vb' ( b l a c k d i s c , a d j u s t e d ) i n F i g . 4 . 3 1 . 

Estimated vis.. Vis (m) 

Hydrol. range. Vh (m) 

F i g . 4 . 3 1 : R e l a t i o n s h i p between measured v a l u e s o f t h e h y d r o l o g i c a l 
r ange (Yh,Vb') and 73 d i v e r s ' e s t i m a t e s o f ' v i s i b i l i t y ' 
( V i s ) . V e r t i c a l l i n e s j o i n e s t i m a t e s o f f e r e d b y s e v e r a l 
d i v e r s on t h e same o c c a s i o n . O b s e r v a t i o n s were made i n 
t h e w a t e r s o f : P l y m o u t h Sound ( 0 ) and SE M a l a y s i a ( 9) 
The b r o k e n l i n e i n d i c a t e s t h e e q u a l i t y : V i s = Vh. 
( P i l g r i m e t a l , 1988) 

4.73 



L e a s t - s q u a r e s r e g r e s s i o n o f t h e d a t a i n F i g . 4 . 3 1 p r o d u c e s t h e 

r e l a t i o n s h i p ( P i l g r i m e t a l , 1 9 8 8 ) : 

Vh = 0.909 V i s + 2.020 (1.6<Vh<.15.0, r2=0.640, n=73) (4.132) 

and t h r o u g h 0,0: Vh = 1.17 V i s • (4.133) 

T h a t V i s < Vh i s t o he e x p e c t e d ; an u n i n s t r u c t e d o i j s e r v e r w i l l n o t 

j u d g e 'the v i s i b i l i t y ' t o be the a b s o l u t e t h r e s h o l d range o f a z e r o 

r e f l e c t o r , b u t r a t h e r t h e maximum range a t w h i c h common o b j e c t s a r e 

j u s t v i s i b l e . 

4.4.8 E s t i m a t i o n o f p a r t i c l e c o n c e n t r a t i o n f r o m Zs 

I t i s a p p a r e n t t h a t t h e S e c c h i d e p t h must d e c r e a s e w i t h i n c r e a s e d 

suspended p a r t i c l e c o n c e n t r a t i o n , P, u s u a l l y e x p r e s s e d i n p a r t s p e r 

m i l l i o n (ppm). There i s no g o v e r n i n g t h e o r y w h i c h g i v e s P i n terms 

o f Zs so t h i s r e l a t i o n s h i p must be d e t e r m i n e d e m p i r i c a l l y . The d a t a 

p l o t t e d i n F i g . 4 . 3 2 were o b t a i n e d f r o m on b o a r d 3 b o a t s a n c h o r e d i n 

t h e l o w e r r e a c h e s o f t h e R i v e r Tamar on two s e p a r a t e o c c a s i o n s (30 

June and 7 J u l y , 1 9 8 2 ) ; t h e s e d a t a a r e i n c l u d e d i n t h e two t i d a l 

t i m e - p l o t s . F i g s . 4 . 3 3 ( a ) and ( b ) . The p a r t i c l e c o n c e n t r a t i o n P (ppm) 

was o b t a i n e d b y t u r b i d i t y m e t e r s w h i c h had been c a l i b r a t e d a g a i n s t 

i n t e r n a t i o n a l s t a n d a r d f o r m a z i n . ' The l e a s t — s q u a r e s r e g r e s s i o n 

e q u a t i o n s a r e : ' 

P = 24.71 Z s - * - 9.16; Z s - * = 0.033 P + 0.45 (r2=0.823, n=52) (4.134) 
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F i g . 4 . 3 2 : E e l a t i o n s l i i p between S e c c b i c o e f f i c i e n t , 1/Zs, 
and t b e g r a v i m e t r i c p a r t i c l e c o n c e n t r a t i o n , P, 
d n r i n g two s u r v e y s o n t b e R i v e r Tamar: 30 June 
1982 (neaps) and 7 J u l y 1982 ( s p r i n g s ) . 

Tbe r a t b e r b i g b degree o f s c a t t e r i n Eqn.4.134 i s n o t u n e x p e c t e d . 

Tbe t u r b i d i t y meter e f f e c t i v e l y measures beam t r a n s m i s s i o n w b i c b i s a 

f u n c t i o n o f p a r t i c l e s i z e as w e l l as c o n c e n t r a t i o n ( G i b b s , 1 9 7 4 ) ; t b e 

s c a t t e r t h e r e f o r e s u g g e s t s a range o f p a r t i c l e s i z e s d i f f e r e n t t o 

t b a t o f t b e f o r m a z i n s t a n d a r d . 

Tbe r e l a t i o n s b i p between p a r t i c l e c o n c e n t r a t i o n and S e c c b i d e p t b 

p r e s e n t e d i n Eqn.4.134 compares v e r y c l o s e l y w i t b t b a t f ound b y J o i n t 

(1983) f r o m g r a v i m e t r i c measurements i n t b e B r i s t o l C h a n n e l i n 1973 

and 1974: 

Z s - i = 0.040 P + 0.10 (4.135) 
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T h i s e q u a t i o n i s p l o t t e d ( b r o k e n l i n e ) i n F i g . 4 . 3 2 . Tbe i n t e r c e p t s 

i n Eqns.4.134 and 4.135 r e p r e s e n t S e c c b i d e p t b s o f 2.2 (Tamar) and 

iO.O ( B r i s t o l Channel) a t P=0, and may r e f l e c t d i f f e r e n c e s i n 

c o n c e n t r a t i o n s o f d i s s o l v e d o r g a n i c s i n t h e two r i v e r s . The 

g r a d i e n t s , d ( Z s - * ) / d P , a r e v e r y s i m i l a r : 0.033 (m-*).ppm-* i n t h e 

Tamar, and 0.040 (m-*).ppm-* i n t h e S e v e r n . 
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4.5 TIDAL VARIATIONS I N OPTICAL PROPERTIES 

4.5.1 T i d a l v a r i a t i o n i n <«>Ko>, Zs e t c 

A l t h o u g h i n t e r n a l c y c l i n g o f sediment w i t h i n t h e Tamar e s t u a r y i s 

p r e d o m i n a n t l y d r i v e n b y s e a s o n a l changes i n r i v e r f l o w ( B a l e e t a l , 

1985), i t has b e e n d e m o n s t r a t e d b y U n c l e s e t a l (1985) and U n c l e s e t 

a l (1986) t h a t r e s u s p e n s i o n o f sediment i s l o c a l l y enhanced b y t i d a l 

bed s t r e s s w i t h a l a r g e s p r i n g s - n e a p s v a r i a b i l i t y i n a manner s i m i l a r 

t o t h a t d e s c r i b e d f o r t h e G i r o n d e and Autune b y A l l e n e t a l (1980) . 

F i g u r e s 4.33(a) and (b) show t h e g r a d u a l changes i n f i v e t i d e - r e l a t e d 

p a r a m e t e r s measured a t h a l f - h o u r l y i n t e r v a l s t h r o u g h o u t a neaps and a 

s p r i n g t i d a l c y c l e . These p a r a m e t e r s a r e : d e p t h o f w a t e r u n d e r the 

b o a t , h, ( e f f e c t i v e l y t h e h e i g h t o f t i d e ) , t h e depth-mean PAR d i f f u s e 

a t t e n u a t i o n c o e f f i c i e n t , <''Ko>, t h e depth-mean p a r t i c l e c o n c e n t r a t i o n 

P, t b e S e c c h i c o e f f i c i e n t , 1/Zs, and t h e f r a c t i o n o f f r e s h w a t e r , 

FFW, ( t a k e n t o be: ( ( 3 5 - S ) / 3 5 ) x l 0 0 % ) . As t h e d i m e n s i o n and/or 

n u m e r i c a l range o f eacb p a r a m e t e r i s d i f f e r e n t , d a t a have b e e n 

c o n v e r t e d t o ' p e r c e n t a g e o f range above minimum', and so e a c b c u r v e 

c o v e r s t h e f u l l 100% s c a l e . Two c o n t r o l l i n g f a c t o r s a r e a p p a r e n t . 

Tbe v e r y d i s t i n c t c o n t r o l i s FFW f o r i t i s t h e f r e s h r i v e r o u t f l o w 

w h i c h i s r e s p o n s i b l e f o r t h e down-stream f l u x o f suspended p a r t i c l e s 

f rom t h e t u b i d i t y maximum. The r i s i n g t i d e b r i n g s c l e a r e r s a l i n e 

w a t e r i n t o t b e e s t u a r y . T h i s dependence o f suspended sediment 

c o n c e n t r a t i o n upon s a l i n i t y i s a l s o i l l u s t r a t e d i n F i g s . 4 . 3 4 ( a ) and 

( b ) . I f sediment c o n c e n t r a t i o n depended o n l y upon t h e i n f l u x b y 

r i v e r w a t e r and sea w a t e r , t h e n t h e sediment c o n c e n t r a t i o n s i n t h e s e 
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F i g . 4 . 3 3 : T i d a l v a r i a t i o n s i n t u r b i d i t y p a r a m e t e r s a t C a r g r e e n 
(19.7 km f r o m W e i r , R i v e r Tamar) on: (a) 30 June 
1982 ( n e a p s ) , and (b) 7 J u l y 1982 ( s p r i n g s ) . Tbe 
c u r v e s a r e ; 
- O - b e i g b t o f t i d e , b 
* ^ ^ P A R d i f f u s e a t t e n u a t i o n c o e f f i c i e n t , < » K o> 
'^H S e c c b i c o e f f i c i e n t , 1/Zs 
/\ p a r t i c l e c o n c e n t r a t i o n , P 

f r a c t i o n o f f r e s b w a t e r , FFW 
O r d i n a t e s c a l e s a r e : % o f range above minimum 
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F i g . 4 . 3 4 : R e l a t i o n s h i p between PAR d i f f u s e a t t e n n a t i o n c o e f f i c i e n t 
and s a l i n i t y a t C a r g r e e n (19.7 km from W e i r , R.Tamar) on: 
(a) 30 Jnne 1982 ( n e a p s ) , (b) 7 J u l y 1982 ( s p r i n g s ) 
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two would be g i v e n b y e x t r a p o l a t i o n t o S=0 and S=35: 

Neaps: <0Ko) = -0.0561S + 2.61 (r2=0.793, n=26) (4.136) 

w b i c b p r o d u c e s t b e e x t r a p o l a t i o n s : 

S = 0, <oKo> = 2.61 ( r i v e r w a t e r ) 

S = 35, <0Ko> = 0.647 ( s e a w a t e r ) 

S p r i n g s : <0Ko> = -0.206S + 7.61 (r2=0.879, n=26) (4.137) 

w b i c b p r o d u c e s t b e e x t r a p o l a t i o n s : 

S = 0, <OKo> = 7.61 ( r i v e r w a t e r ) 

S = 35, <0Ko> = 0.40 ( s e a w a t e r ) 

Tbe s e a w a t e r v a l u e s o f <*'Ko> a r e o f t b e r i g b t o r d e r ; o t b e r w i s e t b e s e 

r e s u l t s t e l l us l i t t l e . I t w o u l d be a m i s t a k e t o assume t b a t t b e 

r i v e r c o n t r i b u t i o n t o <°Ko> on t b e two o c c a s i o n s was 2.61 and 7.61 

m-* r e s p e c t i v e l y ; t b e r e must be a c o n s i d e r a b l e c o n t r i b u t i o n b y t i d a l 

r e s u s p e n s i o n o f t b e t y p e d e s c r i b e d b y A l l e n e t a l . ( 1 9 8 0 ) , M o r r i s e t 

a l ( 1 9 8 2 a ) , U n c l e s e t a l ( 1 9 8 5 ) , U n c l e s (1986) and o t b e r s . 

Tbe o t b e r i m p o r t a n t c o n t r o l upon t u r b i d i t y i s t b e w a t e r column 

t u r b u l e n c e , a f u n c t i o n o f w a t e r v e l o c i t y . A l t b o u g b t u r b u l e n c e was 

n o t measured d i r e c t l y , i t s e f f e c t i s j u s t n o t i c e a b l e a t b i g b w a t e r 

and low w a t e r . We see fro m F i g s . 4 . 2 3 ( a ) and (b) t b a t a t s l a c k w a t e r 

<''Zo>, P and 1/Zs d e c r e a s e f o r a s b o r t p e r i o d as t b e l a r g e r p a r t i c l e s 

s e t t l e o ut i n t b e t e m p o r a r y l o w - t u r b u l e n c e c o n d i t i o n s . S a l i n i t y i s 

no t a f f e c t e d i n t b e same way and so t b e FFW c u r v e s do n o t e x b i b i t 

p e r t u r b a t i o n s a t HW o r LW. 

I t i s ap p a r e n t from F i g s . 4 . 3 3 ( a ) and (b) t b a t t b e pbase a n g l e , (J, 
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between t b e b e i g b t o f t i d e , b ( t ) , and t b e a p p r o x i m a t e l y s i n u s o i d a l 

v a r i a t i o n i n t u r b i d i t y , s a y < » K o > ( t ) , i s about n. I t i s g i v e n by: 

<<»Ko>(t) = a + p.COs(<Tt'+(!>), wbere t = t i m e , t ' = t - t(HW), a = 

2 n / d u r a t i o n o f t i d e , and o,p a r e c o n s t a n t s . T h e r e f o r e : 

<°Ko>(t) = a + p.cos c t ' . c o s * + p . s i n c r t ' . s i n <> 

= a + P x . c o s at' + P a . s i n at' (4.138) 

where p i = p.cos <>, Pa = p . s i n (> and ^ = t a n - * ( p 2 / P x ) a r e o b t a i n e d b y 

m u l t i p l e r e g r e s s i o n o f <°Ko>(t) d a t a a g a i n s t cos at' and s i n at'. 

R e s u l t s showed t h a t d u r i n g t h e p a r t i c u l a r t i d e s i n q u e s t i o n : t h e 

<<'Ko>(t) c u r v e a t neaps ( F i g . 4 . 3 3 ( a ) ) l a g g e d t h e t i d a l c u r v e b y 1.08jt 

and a t s p r i n g s ( F i g . 4 . 3 3 ( b ) ) b y 0.84n. 

4.5.2 T i d a l v a r i a t i o n s i n i r r a d i a n c e r e a c h i n g an e s t u a r y b e d . 

A s i g n i f i c a n t p r o p o r t i o n o f t o t a l e s t u a r i n e p r i m a r y p r o d u c t i o n t a k e s 

p l a c e on t h e e s t u a r y bed. The most i m p o r t a n t p r o d u c e r s a r e t h e 

i n t e r t i d a l a ngiosperms s u c h as Z o s t e r a spp., and s a l t - m a r s h S p a r t i n a 

spp. A l s o o f c o n s i d e r a t i o n a r e t h e m a c r o p h y t e s , m a i n l y Fucus spp., 

f i l a m e n t o u s a l g a e s u c h as Enteromorpha spp. , and d i a t o m s and o t h e r 

m i c r o a l g a e ( m i c r o p h y t o b e n t h o s ) v e r y n e a r t h e s u r f a c e o f mud f l a t s 

( McLusky,1981). C o l i j n (1982) has measured PAR d i f f u s e a t t e n u a t i o n 

c o e f f i c i e n t s i n t h e E m s - D o l l a r t . E s t u a r y and has c a l c u l a t e d column 

i r r a d i a n c e s f o r p h y t o p l a n k t o n , and i r r a d i a n c e s r e a c h i n g submerged 

m i c r o p h y t o b e n t h o s o v e r m u d - f l a t s a t h i g h w a t e r . P a t e r s o n (1986) has 

i n v e s t i g a t e d , i n a l a b o r a t o r y t i d a l m i c r o - s y s t e m , t h e s t a b i l i s a t i o n 

o f c o h e s i v e s e d i m e n t s b y t h e m u c o p o l y s a c c h a r i d e s p r o d u c e d b y 
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i n t e r t i d a l d i a t o m s . S p e c i e s o f N a v i c n l a and N i t z c h i a were o b s e r v e d 

t o m i g r a t e t o t b e sediment s u r f a c e wben p b o t o n f l u x d e n s i t i e s were 

i n c r e a s e d above 0.5 |iE m-*s-*; a f t e r 4 b o u r s t b e r e was a syncbronous 

appearance o f l a r g e numbers o f S c o l i a n l e u r a t u m i d a . 

Tbe amount o f l i g b t a v a i l a b l e t o b e n t b i c f l o r a must depend on t b e 

s k y - l i g b t l e v e l , a f u n c t i o n o f l a t i t u d e , s e a s o n , t i m e o f day and 

c l o u d c o v e r , and t b e p r o p o r t i o n o f s u r f a c e l i g b t w b i c b i s a b l e t o 

p e n e t r a t e t b e o v e r l y i n g w a t e r column, a f u n c t i o n o f w a t e r d e p t b and 

t u r b i d i t y . I n t b e Tamar E s t u a r y t b e m a i n component o f t u r b i d i t y i s 

suspended i n o r g a n i c p a r t i c l e s ( m a i n l y q u a r t z , w i t b s m a l l e r f r a c t i o n s 

o f t o u r m a l i n e , l i l i n e n i t e , m a g n e t i t e , f e l d s p a r and g r a n i t e f r a g m e n t s ) , 

and t b i s v a r i e s t i d a l l y , r e a c h i n g a maximum a t low w a t e r w i t b t b e 

r e s u s p e n s i o n o f sediment b y i n c r e a s e d t u r b u l e n c e , and a c o r r e s p o n d i n g 

minimum a t about b i g b - w a t e r ( M o r r i s e t a l , 1982; B a l e et. a l , 1985; 

U n c l e s e t a l , 1 9 8 6 ) , (see eg F i g s . 4 . 3 3 ( a ) and ( b ) ) . I t i s t h e r e f o r e 

a p p a r e n t t b a t t h e two f a c t o r s l i m i t i n g l i g h t i n t e n s i t y a t t h e bed a r e 

about n o u t o f phase and c o u n t e r a c t ; when t b e d e p t h i s l e a s t , so i s 

t h e t r a n s p a r e n c y and v i c e v e r s a . I t m i g h t be assumed t h e r e f o r e 

t h a t t h e two o p p o s i n g f a c t o r s s i m p l y c a n c e l , b u t t h i s i s n o t t h e 

c a s e , as d e m o n s t r a t e d b y P i l g r i m and M i l l w a r d ( 1 9 8 8 ) . The t i m e 

v a r i a t i o n i n the n a t u r a l l o g o f t b e p r o p o r t i o n o f s u r f a c e l i g h t 

r e a c h i n g t h e bed i s e x p r e s s e d b y J t ( t ) , g i v e n b y : J i i ( t ) = h ( t ) . K ( t ) 

where, f o r s i m p l i c i t y , we w r i t e Jj^(t), K ( t ) f o r "Jj^ii), <0Ko>(t), s o : 

J i ( t ) = h ( t ) . K ( t ) 

= ( E + — . (cos 0 ) ) . (K + — . (-cos 6 ) ) 2 2 
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whence: 

J t C t ) = E.E + E . ^ . ( - c o s G) + K . ^ . ( c o s G) - ^ ^ ^ . c o s * e (4.139) 

2t Ar ^ 

where Ah, AK, To., S a r e t h e t i d a l r a n g e s and mean v a l u e s o f w a t e r 

d e p t h and d i f f u s e a t t e n u a t i o n c o e f f i c i e n t , and 6 i s t h e t i d a l a n g l e . 

Suppose t h a t AK/E = Ah/E, i e t h a t E.AK = E.Ah; c l e a r l y t h e second and 

t h i r d terms w o u l d c a n c e l so t h a t : 

J ] i ( t ) = E.Z - ^ ^ ^ . c o s * G = h.K - ^ ^ ? ( 1 - c o s 20) (4.140) 

T h i s f u n c t i o n v a r i e s a t t w i c e t h e t i d a l f r e q u e n c y (cos.29) as 

i l l u s t r a t e d i n F i g . 4 . 3 5 , c u r v e ( a ) , w h i c h i n d i c a t e s maximum l i g h t 

p e n e t r a t i o n (minimum Jj^) a t b o t h HW and LW and minima a t r i s i n g and 

f a l l i n g m i d - t i d e s . I t i s a l s o a p p a r e n t t h a t a l l t h e maxima and minima 

a r e e q u a l ; eg Jii(HW) = Jjj^(LW), and t h i s may be w r i t t e n : 

( h + J A b ) . ( K - l A K ) = ( h - i A h ) . ( K + i A Z ) (4.141) 

w h i c h s i m p l i f i e s t o Ah/E = AK/K. t b e s p e c i a l p r e c o n d i t i o n . T b i s 

s i t u a t i o n w i l l t h e r e f o r e be c a l l e d : e q u i l i b r i u m J i i ( t ) , o c c u r r i n g a t 

the e q u i l i b r i u m d e p t h . 

I n s h a l l o w e r w a t e r ( n e a r e r t o t h e bank r a t b e r t h a n u p - e s t u a r y , so 

g i v i n g a p p r o x i m a t e l y t h e same A K / E ) , t b e r a t i o Ah/E w i l l be l a r g e r 

and Jji(HW) > J i i ( L W ) . T h i s c o n d i t i o n w i l l be c a l l e d t i d e - d o m i n a t e d 

J l i ( t ) , as l i g h t p e n e t r a t i o n i s c o n t r o l l e d more b y t h e t i d a l v a r i a t i o n 

i n w a t e r d e p t b t h a n b y t h e o p p o s i n g v a r i a t i o n i n K. I t i s 

c h a r a c t e r i z e d b y Ah/E > AK/K and i l l u s t r a t e d i n F i g . 4 , 3 5 , c u r v e ( b ) . 
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I t c a n be s e e n from c u r v e ( c ) t b a t as Ab/b >> AK/K, t b e Jj^Ct) c u r v e 

t e n d s t o f o l l o w t b e d e p t b c u r v e . T b i s w i l l t h e r e f o r e be known as 

t i d e - f o l l o w i n g J ^ C t ) . 

I n w a t e r deeper t b a n t b e e q u i l i b r i u m d e p t b : Ab/E < AK/Z. T b i s i s t b e 

t u r b i d i t y - d o m i n a t e d J j i ( t ) t y p e i n w b i c b J^CHW) < Jjj^(LW), and i s 

i l l u s t r a t e d i n F i g . 4 . 3 5 , c u r v e ( d ) . As Ab/S << AK/K ( c u r v e ( e ) ) , t b e 

J j i ( t ) c u r v e t e n d s t o f o l l o w t b e t u r b i d i t y c u r v e , K ( t ) , w b i c b i s 

i d e n t i f i e d as t u r b i d i t y - f o l l o w i n g Jj^(t). 

h, K, Jh 

Time (hours) 

F i g . 4 . 3 5 : T h e o r e t i c a l c u r v e s o f t h e t i m e v a r i a t i o n i n t b e d i f f u s e 
o p t i c a l d e p t h , J j ^ ( t ) , o f an e s t u a r y b e d . 

(a) J h ( t , r = l ) (b) J h ( t , T>1) ( c ) J h ( t , T » l ) 

(d) J i ( t , T<1) (e) J i ( t , r « l ) 
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I t i s sometimes more c o n v e n i e n t t o e s t i m a t e K f r o m t h e S e c c h i d e p t h , 

Z s . A l t h o u g h Zs i s i n v e r s e l y p r o p o r t i o n a l t o t h e sum c+K, s i m p l e 

e m p i r i c a l f o r m u l a e a r e f r e q u e n t l y u s e d t o g i v e s e p a r a t e v a l u e s o f K 

and/or c. I t has been f o u n d , f o r example, t h a t f o r work i n t h e Tamar 

E s t u a r y ( P i l g r i m , 1 9 8 7 ) : <OKo>.Zs = J g = 1.5, where i s t h e d i f f u s e 

o p t i c a l d e p t h o f t h e S e c c h i d e p t h . We may t h e r e f o r e w r i t e : 

= K.h = ( 1 . 5 / Z s ) . h i e J h = h/Zs. The t e r m h/Zs w i l l he r e c o g n i z e d 

as t h e s c a l e d d e p t h , H, u s e d h y P i n g r e e (1978, 1986) i n c o n s t r u c t i n g 

S-H ( s t a b i l i t y - s c a l e d deptb) diagrams w h i c h d e s c r i b e t h e 

r e l a t i o n s h i p between e n v i r o n m e n t a l c o n d i t i o n s and t h e s t a r t o f t h e 

p r o d u c t i v e s e a s o n i n c o a s t a l w a t e r s . We may t h e r e f o r e use H as 

a m e a n i n g f u l s u b s t i t u t e f o r J j ^ . S i m i l a r l y , K may be e s t i m a t e d . 

l o c a l l y f rom an e m p i r i c a l K:c r e l a t i o n s b i p . I n t h e Tamar E s t u a r y , 

t h e c o r r e l a t i o n : K = 1.1066 c ^''i* has b e e n o b t a i n e d ( P i l g r i m , 1987) 

where c i s measured a t 660 nm and c o r r e c t e d f o r f o r w a r d 

s c a t t e r i n g b y t h e method g i v e n b y B a r t z e t a l ( 1 9 7 8 ) . A c t u a l 

c o n v e r s i o n i s u n n e c e s s a r y ; t b e g e n e r a l p a t t e r n o f Jj^it) may be 

s t u d i e d f r o m a n a l o g o u s t i m e s e r i e s o f i r i ( t ) , We may t h e r e f o r e 

p r e d i c t t h e J j i ( t ) c u r v e t y p e b y c a l c u l a t i o n o f t b e r a t i o x: 

- Ah/E _ Ah/E _ Ah/E 
AK/K A ( l / Z s ) / ( 1 / Z F ) A c / c -* ' 

Tbe c h a r a c t e r i s t i c s o f t b e f i v e named J j i ( t ) t j r p e s a r e summarised i n 

T a b l e 4.8. 
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T a b l e 4.8: Sommary o f J ^ C t ) c u r v e t y p e s and c b a r a c t e r i s t i c s 

Jjj^(t) c u r v e 
t y p e 

Curve i n 
F i g . 4 . 3 5 

X Sbape o f Jj^Ct) c u r v e S i t u a t i o n - one 
o r more o f : 

T i d e -
f o l l o w i n g c T » l 

F o l l o w s d e p t b c u r v e ; 
s i n g l e p e n e t r a t i o n max 
{min Jj^) a t LW 

S b a l l o w w a t e r 

L a r g e t i d a l range 

H i g b t u r b i d i t y 

S m a l l t u r b i d i t y 
r ange 

T i d e -
dominated b T>1 

S m a l l p e n e t r a t i o n max 
(low Jj^) a t HW; l a r g e r 
max (min J^^) a t LW 

S b a l l o w w a t e r 

L a r g e t i d a l range 

H i g b t u r b i d i t y 

S m a l l t u r b i d i t y 
r ange 

E q u i l i b r i u m a X=l 

E q u a l p e n e t r a t i o n 
maxima (Jjj^ minima) a t 
LW and HW 

S b a l l o w w a t e r 

L a r g e t i d a l range 

H i g b t u r b i d i t y 

S m a l l t u r b i d i t y 
r ange 

E q u i l i b r i u m a X=l 

E q u a l p e n e t r a t i o n 
maxima (Jjj^ minima) a t 
LW and HW 

Deep w a t e r 

S m a l l t i d a l r a nge 

Low t u r b i d i t y 
; 
L a r g e t u r b i d i t y 

r a nge 

T u r b i d i t y -
d o minated d X<1 

S m a l l p e n e t r a t i o n max 
(lo w J^) a t LW; l a r g e r 
max (min J-^) a t HW 

Deep w a t e r 

S m a l l t i d a l r a nge 

Low t u r b i d i t y 
; 
L a r g e t u r b i d i t y 

r a nge 

T u r b i d i t y -
f o l l o w i n g e x«l 

F o l l o w s t u r b i d i t y c u r y 
s i n g l e p e n e t r a t i o n max 
(min Jj^) a t HW 

Deep w a t e r 

S m a l l t i d a l r a nge 

Low t u r b i d i t y 
; 
L a r g e t u r b i d i t y 

r a nge 

Tbese t b e o r e t i c a l p a t t e r n s bave been o b s e r v e d i n d a t a o b t a i n e d i n t b e 

Tamar E s t u a r y . K ( t ) and Z s ( t ) d a t a were o b t a i n e d d u r i n g two s u r v e y s 

(30 J u n e , 1982, and 7 J u l y , 1982) a t s t a t i o n s 8.8, 19.7, 23.3 and 

26.7 km do w n - e s t u a r y o f a w e i r u s e d as t b e b a s e l i n e f o r d i s t a n c e s . 

A n o t b e r s u r v e y , w b i c b i n c l u d e d t b e c o l l e c t i o n o f beam t r a n s m i s s o m e t e r 

(660 nm) d a t a , was c a r r i e d o u t on 19-20 March, 1987, a t t b e 

c o n f l u e n c e o f t b e L y n b e r and Tamar (26 km f r o m t b e w e i r ) . 

F i g u r e s 4.36 - 4.41 i l l u s t r a t e o b s e r v e d t i d a l v a r i a t i o n s i n b ( t ) , 

K ( t ) and J j i ( t ) ( o r t b e i r S e c c b i d i s c o r beam t r a n s m i s s i o n 

4.86 



e q u i v a l e n t s ) . P e r c e n t a g e s c a l e s c o v e r i n g t h e f u l l o r d i n a t e a r e a g a i n 

u s e d so t h a t any t i d a l p a t t e r n i s i m m e d i a t e l y a p p a r e n t . The d a t a 

r e l e v a n t t o t h e s e p e r c e n t a g e s c a l e s , t h e x r a t i o s and t h e p r e d i c t e d 

Jjj^(t) c u r v e t y p e s a r e p r e s e n t e d i n T a b l e 4.9. 

T a b l e 4.9: D a t a i l l u s t r a t e d i n F i g s 4.36 - 4.41, c a l c u l a t e d x and 
p r e d i c t e d J ^ C t ) c u r v e t y p e s . The t u r b i d i t y d a t a a r e : 
K i n F i g . 4 . 3 6 , 1/Zs i n F i g s 4.37 - 4.40, and c i n 
F i g . 4 . 4 1 . 

F i g u r e 
1 

Np/Sp 

r i d < 

h(HW) h ( L ¥ ) 

Turb: 

max 

I d i t y 

m i n 
X 

P r e d i c t e d 
Jh<t> 

c u r v e t y p e 

4.36(a) Np 7.10 4.25 1.549 0.787 0.770 t u r b i d i t y - ^ dominated 

4.36(b) Sp 6.36 1.95 4.850 0.770 0.731 t u r b i d i t y - ' dominated 

4.37(a) Np 7.10 4.25 1.020 0.561 0.864 t u r b i d i t y -d o minated 

4.37(b) Sp 6.36 1.95 1.538 0.541 1.106 e q u i l i b r i u m ) 

4.38(a) Np 7.95 5.30 0.811 0.400 0.589 t u r b i d i t y 7 ^ ^ 

4.38(b) Sp 7.80 3.85 0.884 0.403 0.908 e q u i l i b r i u m 

4.39(a) Np 4.45 1.70 0.646 0.408 1.978 t i d e - . f o l l o w i n g 

4.39(b) Sp 5.10 1.15 0.546 0.278 1.945 t i d e - . f o l l o w i n g 

4.40(a) Np 4.20 1.25 10.00 2.443 0.891 e q u i l i b r i u m 

4.40(b) Sp 4.85 0.80 10.00 1.867 1.046 e q u i l i b r i u m 

4.41 - 20.43 14.96 12.04 1.17 0.188 t u r b i d i t y -f o l l o w i n g 
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Time (hours) Time (hours) 

. F i g . 4 . 3 6 : V a r i a t i o n i n K ( t ) (A), l i ( t ) (0), and Jj^it) (f) a t C a r g r e e n 
(19.7 km), (a) 30 Jnne 82, neaps; (b) 7 J u l y 82, s p r i n g s 

F i g . 4 . 3 7 : V a r i a t i o n i n 1 / Z s ( t ) (A), b ( t ) (0), and H(t) (t) a t C a r g r e e n 
(19.7 km), (a) 30 Jnne 82, neaps; (b) 7 J u l y 82, s p r i n g s 
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F i g . 4 . 3 9 : V a r i a t i o n i n 1 / Z s ( t ) (A), h ( t ) ( 0 ) , and H ( t ) (t) a t D ' p o r t 
(26.7 km), (a) 30 Jnne 82, neaps; (b) 7 J u l y 82, s p r i n g s 
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Time (hours) Time (hours) 

F i g . 4 . 4 0 : V a r i a t i o n i n 1 / Z s ( t ) ( A ) , Mt) ( 0 ) , and H ( t ) ( t ) a t C a l s t o c k 
(8.8 km), (a) 30 Jnne 82, neaps; (b) 7 J u l y 82, s p r i n g s 

(days) 

F i g . 4 . 4 1 : V a r i a t i o n i n c ( t ) ( A ) , b ( t ) ( 0 ) , and y h ( t ) ( t ) a t t b e 
Tamar-Lynber c o n f l u e n c e (26.0 km), 19-20 Marcb 87 
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F i g u r e s 4.36(a) and (b) show t h e t i m e s e r i e s h ( t ) , K ( t ) and J-^^it) a t 

C a r g r e e n (19.7 km) a t neaps (30 J n n e , 1982) and s p r i n g s (7 J u l y , 

1 9 8 2 ) . From T a b l e 4.9 i t i s se e n t h a t T < 1, (Ah/E < A K / Z ) , i n e a c h 

c a s e , and from T a b l e 4.8 t h a t t h i s t u r b i d i t y - d o m i n a t e d s i t u a t i o n 

s h o u l d produce a d o u b l e - f r e q u e n c y c u r v e w i t h a low a t LW and a 

minimum J j ^ a t HW. T h i s i s n i c e l y i l l u s t r a t e d i n b o t h c a s e s . The 

same e x p e c t e d p a t t e r n i s d i s p l a y e d b y t h e neaps s c a l e d - d e p t h c u r v e 

( F i g . 4 . 3 7 ( a ) ) . The s p r i n g s s c a l e d - d e p t h c u r v e ( F i g . 4 . 3 7 ( b ) ) shows 

t b e d i s t i n c t d o u b l e f r e q u e n c y b u t H(LW) < H(HW). T h i s may be due t o 

one o r two anomalous S e c c h i d e p t h r e a d i n g s n e a r LW, w h i c h w o u l d a l s o 

a c c o u n t f o r t h e e r r o n e o u s ' e q u i l i b r i u m J i j ^ ( t ) ' p r e d i c t i o n ( T a b l e 4 . 9 ) . 

A t S a l t a s h (23.3 km), r << 1 d u r i n g t h e neaps o b s e r v a t i o n ( T a b l e 

4 . 9 ) . As e x p e c t e d , t b e H ( t ) c u r v e c l o s e l y f o l l o w s t h e 1 / Z s ( t ) c u r v e 

( F i g . 4 . 3 8 ( a ) ) i n t h i s t u r b i d i t y - f o l l o w i n g s i t u a t i o n ( T a b l e 4 . 8 ) . 

A n o t h e r t u r b i d i t y - f o l l o w i n g s i t u a t i o n i s shown f o r t b e beam 

t r a n s m i s s i o n o b s e r v a t i o n s made a t t h e Tamar-Lynher c o n f l u e n c e (26 

km); .the o p t i c a l d e p t h c u r v e , y i i ( t ) , f o l l o w s t b e a t t e n u a t i o n 

c o e f f i c i e n t c u r v e , c ( t ) , a l m o s t e x a c t l y ( F i g . 4 . 4 1 ) . 

A t s p r i n g s a t S a l t a s h ( F i g . 4 . 3 8 ( b ) ) , x = 1 and we see an e q u i l i b r i u m 

H ( t ) c u r v e somewhat d i s t o r t e d b y i r r e g u l a r i t i e s i n t h e 1 / Z s ( t ) c u r v e . 

A t neaps and s p r i n g s a t Devonport (26.7 km), x » 1, and t b e c u r v e s 

o f H ( t ) c l o s e l y f o l l o w t h o s e o f h ( t ) , ( F i g s . 4 . 3 9 ( a ) and ( b ) ) , as 

a n t i c i p a t e d i n t h i s l o w - t u r b i d i t y , t i d e - f o l l o w i n g s i t u a t i o n . 

F i g u r e s 4.40(a) and (b) p r e s e n t neaps and s p r i n g s c u r v e s o b t a i n e d a t 

C a l s t o c k (8.8 km). T a b l e 4.9 shows t h a t r = 1 ( e q u i l i b r i u m H ( t ) ) 
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on b o t h o c c a s i o n s . A l t h o u g h b o t h H ( t ) c u r v e s d i s p l a y something o f a 

d o u b l e - f r e q u e n c y p a t t e r n , t b i s sbape i s g r e a t l y i n f l u e n c e d by t h e 

d i s t i n c t b u c k l e i n the 1 / Z s ( t ) c u r v e s a t LW. T b i s S e c c b i d e p t h 

p e r t u r b a t i o n i s t o be e x p e c t e d . A t t h i s d i s t a n c e up t h e e s t u a r y , 

m i d - t i d e f l o w v e l o c i t i e s and a s s o c i a t e d t u r b u l e n t - s u s p e n s i o n 

t u r b i d i t i e s a r e h i g h ; t h e t e m p o r a r y b u t marked r e d u c t i o n i n 1/Zs a t 

LW must be due t o t h e s e t t l i n g o u t o f l a r g e r p a r t i c l e s d u r i n g t b i s 

p e r i o d o f s l a c k t i d e . S m a l l e r LW p e r t u r b a t i o n s c a n be seen i n t h e K, 

1/Zs and P c u r v e s ( F i g s . 4 . 3 3 ( a ) and ( b ) ) ; i t i s s i g n i f i c a n t t h a t t h e 

a s s o c i a t e d FFW c u r v e s do n o t d i s p l a y t h e s e p e r t u r b a t i o n s . 
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C h a p t e r 5 

S U M M A R Y A N D C O N C L U S I O N S 



The aim o f t h i s r e s e a r c h programme was t o s t u d y t h e o p t i c a l 

a t t e n u a t i o n c o e f f i c i e n t s and r e l a t e d o p t i c a l p r o p e r t i e s o f o c e a n i c 

and e s t u a r i n e w a t e r s , and the methods o f m e a s u r i n g and e s t i m a t i n g 

them. P r i n c i p a l l y , t h e s e are forms o f the d i f f u s e a t t e n u a t i o n 

c o e f f i c i e n t , K ( X ) , t h e beam a t t e n u a t i o n c o e f f i c i e n t , c ( X ) , t h e 

a b s o r p t i o n c o e f f i c i e n t , &(X), t h e s c a t t e r i n g c o e f f i c i e n t , b(>.), t h e 

o p t i c a l d e p t h s , J{X), j ( X ) and H ( X ) , and t b e r e f l e c t a n c e , R ( X ) . Of 

s p e c i a l s i g n i f i c a n c e a r e t h e narrow-band c o e f f i c i e n t s r e l a t e d t o 

p a r t i c u l a r c o n d i t i o n s o f t b e w a t e r , (eg t h e 450 nm a b s o r p t i o n peak o f 

C h l . a ) , t b e broad-band a t t e n u a t i o n o f PAR, and t h e broad-band 

p h o t o m e t r i c c o e f f i c i e n t s r e l a t e d t o v i s i o n . 

A p p r o p r i a t e and a c c e s s i b l e c o e f f i c i e n t s were s t u d i e d i n two ways: 

b y o p t i c a l i n s t r u m e n t a t i o n ( r a d i o m e t r i c e n e r g y measure, qs-*m-* o r 

Wm-*), and b y t h e v i s u a l o b s e r v a t i o n o f ' s t a n d a r d ' o p t i c a l t a r g e t s 

( p h o t o m e t r i c measure; lumens m-* = l u x ) . The second a p p r o a c h i s n o t 

w e l l c o v e r e d i n t h e l i t e r a t u r e , and t h i s p r e s e n t e d t h e o p p o r t u n i t y o f 

d e v e l o p i n g improved and n o v e l t h e o r y and m e t h o d o l o g i e s . 
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5.1 DIBECT MEASUBEMENTS OF OPTICAL COEWflCIENNTS 

I n t h i s s t u d y , d i r e c t measurements o f t h e d i f f u s e a t t e n u a t i o n 

c o e f f i c i e n t were o b t a i n e d f r o m t h e c a l c u l a t e d g r a d i e n t s o f the l o g -

i r r a d i a n c e p r o f i l e s . T h i s was i l l u s t r a t e d i n F i g . 2 . 7 , and e x p r e s s e d 

b y Eqn.2.62: K = - d / d z ( L n [ E ( z ) ] ) . F o u r methods o f m e a s u r i n g E ( z ) were 

employed i n t h e c o u r s e o f t h i s work, ( o t b e r s a r e r e v i e w e d b y P i l g r i m 

and A i k e n , 1 9 8 9 ) ; t h e y were: t h e B i o s p h e r i c a l I n s t r u m e n t s I n c QSP 

s e r i e s P r o f i l i n g Quantum S c a l a r I r r a d i a n c e System m e a s u r i n g °Eo(z), 

t b e same i n s t r u m e n t m o d i f i e d i n house t o measure •>Eod(z) and <'Eou(z), 

a H f S j e r s l e v - t y p e Janus p a i r o f s e n s o r s , and l a s t l y , b o t h v e c t o r and 

h e m i s p h e r i c a l s e n s o r s mounted on t b e PML U n d u l a t i n g O c e a n o g r a p h i c 

R e c o r d e r . 

Some o f t b e e a r l i e s t r e c o r d e d i r r a d i a n c e p r o f i l e s were o b t a i n e d , n e a r 

P l y m o u t b , b y s t a f f o f the M a r i n e B i o l o g i c a l A s s o c i a t i o n ( P o o l e , 1925, 

1928; P o o l e and A t k i n s , 1926, 1928, 1 9 2 9 ) . R e c e n t work i n c l u d e s 

measurements i n t h e W e s t e r n M e d i t e r r a n e a n ( H j S j e r s l e v , 1973, 1 9 7 4 a ) , 

t b e B a l t i c ( H f S j e r s l e v , 1 9 7 4 b ) , L i v e r p o o l Bay ( T o p l i s s , 1 9 8 2 ) , 

Chesapeake Bay ( W i l l i a m s e t a l , 1 9 8 4 ) , t h e E m s - D o l l a r d E s t u a r y 

( C o l i j n , 1 9 8 2 ) , t h e Western E n g l i s h C h a n n e l ( A i k e n and B e l l a n , 1 9 6 8 a ) , 

t h e NE A t l a n t i c and Tamar E s t u a r y ( P i l g r i m , 1 9 8 7 ) , and an e x t e n s i v e 

s t u d y o f A u s t r a l i a n w a t e r s ( K i r k , 1976, 1977, 1979, 1980a, 1980b, 

1981a, 1981b, 1 9 8 3 ) . C l e a r l y , t b i s metbod i s w e l l e s t a b l i s h e d i n 

o p t i c a l oceanography; i t bas b e e n f o u n d a l t o g e t h e r s a t i s f a c t o r y i n 

t h e p r e s e n t work. 

P a r t i c u l a r c a r e must be t a k e n , however, when i n t e r p r e t i n g t h e d e p t h 
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Diff. opt. depth, J (-) 

F i g . 5 . 1 : Example o f a b i p h a s i c J ( z ) p r o f i l e i n c l e a r w a t e r , o b s e r v e d 
i n t b e NE A t l a n t i c b e f o r e t b e s p r i n g bloom, 6 Marcb 1985. 

dependence o f broad-band i r r a d i a n c e , s u c b a s PAR, i n v e r y c l e a r w a t e r 

wbere t b e p r o f i l e i s g e n e r a l l y b i p b a s i c w i t b a b i g b e r v a l u e o f K n e a r 

t b e s u r f a c e . An example o f t b i s pbenomenon i s i l l u s t r a t e d i n F i g . 5 . 1 ; 

t b e p r o f i l e was o b t a i n e d i n t b e c l e a r , p r e - b l o o m w a t e r s o f t b e NE 

A t l a n t i c on 6 t b Marcb, 1985, ( f i r s t F r e d e r i c k R u s s e l l c r u i s e ) . Tbe 

mean g r a d i e n t o f t b i s p r o f i l e s u g g e s t s t b a t <0Ko> = 0.092. Near t b e 

s u r f a c e (z<.7.5m), bowever, t b e w a t e r bas an e x t i n c t i o n c o e f f i c i e n t 

o f 0.187, w b i l s t a t d e p t b (z>.17.5m) t b e r e i s a p p a r e n t l y c l e a r e r w a t e r 

o f <0Ko> = 0.063. 

T b i s c u r i o s i t y i s w e l l documented (eg K i r k , 1983) and u n d e r s t o o d . As 

s o l a r r a d i a t i o n p e n e t r a t e s a w a t e r body, i t becomes p r o g r e s s i v e l y 

i m p o v e r i s b e d i n t b o s e w a v e l e n g t h s w h i c h a r e a b s o r b e d s t r o n g l y , and so 

r e l a t i v e l y e n r i c h e d i n t h o s e w h i c h a b s o r b w e a k l y . The d i f f u s e 

a t t e n u a t i o n o f PAR i s h i g h n e a r t h e s u r f a c e where r e d i s s t r o n g l y 
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a b s o r b e d ; i t f a l l s t o a l o w e r v a l u e a t d e p t b wbere t b e s u r v i v i n g b l u e 

i s l e s s r e a d i l y a b s o r b e d . 

I n t u r b i d w a t e r t b e r e i s a t e n d e n c y f o r d i f f u s e a t t e n u a t i o n t o 

i n c r e a s e 1 w i t b dejptb due t O j t b e f l u x becoming more d i f f u s e , i e t b e 

p b o t o n s f o l l o w l o n g e r p a t b l e n g t b s . T b i s e f f e c t c o u n t e r a c t s t b a t due 

t o t b e cbange i n s p e c t r a l c o m p o s i t i o n so t b a t i n t u r b i d w a t e r i t i s 

g e n e r a l l y f o u n d t b a t t b e i r r a d i a n c e p r o f i l e i s r e m a r k a b l y l i n e a r . 

As d e s c r i b e d i n C b a p t e r 3, u n d e r w a t e r i r r a d i a n c e measurements 

o b t a i n e d by t b e B i o s p b e r i c a l I n c u n d e r w a t e r s e n s o r were d i v i d e d b y a 

s k y - l i g b t r e a d i n g t o a l l o w f o r any changes i n t b e s k y - l i g b t d u r i n g 

t b e p r o f i l i n g p e r i o d . T b e r e i s no p r o v i s i o n f o r s k y — l i g b t m o n i t o r i n g 

i n t b e UOR system. A l l o f t b e UOR d a t a i n c l u d e d i n t b i s p r e s e n t 

r e s e a r c h were o b t a i n e d i n t h e Norwegian-Cfreenland Seas i n o v e r c a s t 

c o n d i t i o n s and v e r y s t e a d y ambient l i g h t (eg see F i g . 4 . 5 ) . However, 

i f t h e UOR were t o be d e p l o y e d i n c l o u d y - a n d - c l e a r c o n d i t i o n s t h e n 

s i g n i f i c a n t e r r o r s c o u l d a r i s e . F o r example, i f t h e s k y - l i g h t l e v e l 

were t o d o u b l e o r h a l v e d u r i n g t h e 2-3 m i n u t e s o f a h a l f - u n d u l a t i o n , 

t h e n t h e e r r o r i n K w o u l d be: L n [ 2 , i ] / A z = +O.7/A2. 

A n o t h e r c o n c e r n about t h e p e r f o r m a n c e o f t h e UOR, namely t b e 

p o s s i b i l i t y o f s e l f - s h a d i n g a f f e c t i n g measurements o f u p w e l l i n g 

i r r a d i a n c e (and hence i m p o r t a n t r e f l e c t a n c e ) , i s d e a l t w i t h l a t e r i n 

t b i s c h a p t e r . 

N o t w i t h s t a n d i n g t h e s e r e s e r v a t i o n s , e x p e r i e n c e o f u s i n g t h e system 

d u r i n g t h e L y n c b c r u i s e , and t h e subsequent a n a l y s i s o f t h e c o l l e c t e d 

d a t a , bave shown c o n c l u s i v e l y t h a t t h e UOR p r o v i d e s b y f a r t h e b e s t 
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means o f c o l l e c t i n g o p t i c a l d a t a a t s e a . W o r k i n g w i t h t h e B i o s 

p h e r i c a l system i n t h e NE A t l a n t i c ( F r e d e r i c k R n s s e l l c r u i s e s ) , i t was 

u s u a l l y p o s s i b l e t o o b t a i n o n l y 2 o r 3 p r o f i l e s e a c h day - f o r w h i c h 

tbe s h i p had t o be s t o p p e d . The UOR measures two p r o f i l e s e v e r y 

u n d u l a t i o n ( c a 5 m i n u t e s ) , f o r as many ho u r s as i s r e q u i r e d . O n l y 

w i t h a c o n t i n u o u s l y r e c o r d i n g s y s t e m s u c h as t h i s c a n knowledge be 

g a i n e d o f t h e w i d e s p r e a d d i s t r i b u t i o n o f o p t i c a l p r o p e r t i e s , and 

p e r h a p s more i m p o r t a n t l y , t h e o c c u r r e n c e o f l o c a l a n o m a l i e s . 

M e a n i n g f u l measurements o f beam t r a n s m i s s i o n , t o c a l c u l a t e c ( X ) , c a n 

be o b t a i n e d o n l y f r o m t r a n s m i s s o m e t e r s o f t h e h i g h e s t q u a l i t y and 

most e x a c t i n g d e s i g n . The i n s t r u m e n t u s e d t h r o u g h o u t t h i s programme 

was t h e Sea T e c h I n c 25cm p a t h - l e n g t h t r a n s m i s s o m e t e r w h i c h o p e r a t e s 

a t 660 nm. A r e m a r k a b l e f e a t u r e o f t h i s e x c e l l e n t i n s t r u m e n t i s i t ' s 

s t a b i l i t y . T r a n s m i s s i o n s were s u c c e s s f u l l y l o g g e d f o r 430 h o u r s 

d u r i n g t h e L y n c h c r u i s e ( s e e F i g . 4 . 1 0 ) ; a l t h o u g h f r e q u e n t c h e c k s were 

made, r e c a l i b r a t i o n was u n n e c c e s s a r y t h r o u g h o u t t h i s p e r i o d . 

T r a n s m i s s o m e t e r d a t a must be c o r r e c t e d f o r f o r w a r d s c a t t e r i n g ( s ee 

T a b l e 3.1 f r o m B a r t z e t a l , , 1 9 7 8 ) ; t h i s c o r r e c t i o n i s v e r y h i g h f o r 

t u r b i d w a t e r and c a n n o t be i g n o r e d . 

U n f o r t u n a t e l y , Sea T e c h I n c t r a n s m i s s o m e t e r s o p e r a t e a t 660 nm o n l y . 

There i s a g r e a t need, i n o p t i c a l o ceanography, f o r ' h i g b q u a l i t y 

t r a n s m i s s o m e t e r s o p e r a t i n g a t o t h e r w a v e l e n g t h s , eg a t 555 nm, t h e 

peak o f t h e human p h o t o p i c s p e c t r u m , and a t 450 nm, t h e peak o f t h e 

C h l . a a b s o r p t i o n s p e c t r u m . 
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5.2 INDIEECT MEASUBEMENTS AND ESTIMATIONS OF OPTICAL COEFFICIENrS 

I t has been emphasized t h r o n g h o n t t h i s work t h a t t b e beam a t t e n u a t i o n 

c o e f f i c i e n t , c ( X ) , does n o t b e a r a f i x e d r e l a t i o n s h i p t o t h e d i f f u s e 

a t t e n u a t i o n c o e f f i c i e n t , K ( X ) . I n c r e a s e d t u r b i d i t y g i v e s r i s e t o 

i n c r e a s e d s c a t t e r i n g , w h i c h i n t u r n g i v e s r i s e t o i n c r e a s e d p a t h 

l e n g t h s i n d i f f u s e p r o p a g a t i o n , and bence some i n c r e a s e i n K(X.) . I n 

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

d i r e c t p h o t o n l o s s so t h a t c ( X ) i s i n c r e a s e d c o n s i d e r a b l y . So, w i t h 

i n c r e a s e d t u r b i d i t y t h e r a t i o c/K must i n c r e a s e . 

I t must f o l l o w , t h e r e f o r e , t h a t K(3l) c a n n o t be p r o p e r l y c a l c u l a t e d 

f r o m t h e more e a s i l y measured c ( X ) . However, f r o m t h e argument above, 

i t i s a p p a r e n t t h a t any e m p i r i c a l e q u a t i o n t h a t i s f o r m u l a t e d s h o u l d 

be o f t h e g e o m e t r i c form K(X) = f i . c ( X ) ^ * , i n r e c o g n i t i o n o f t b e non

l i n e a r i n c r e a s e i n c/K w i t h t u r b i d i t y . T h r e e s u c h e q u a t i o n s (Eqns.4.5 

- 4.7) were p r e s e n t e d i n P i l g r i m (1987) f r o m d a t a c o l l e c t e d i n t h e NE 

A t l a n t i c and Tamar E s t u a r y , f o r e s t i m a t i n g °Ko f r o m c ( 6 6 0 ) : 

A l l o b s e r v a t i o n s ; 0.0517 < °Ko < 4.216 

<°Ko> = 0.113 c*-»»» (r*=0.996, n=37) 

O c e a n i c ; 0.0517 < °Ko <. 0.2677 

<OKO> = 0.127 c*-*'s (r3=0.955, n=14) 

T u r b i d ; 0.2902 1 ^Ko <. 4.276 

<OKO> = 0.107 c*-»** (r*=0.927, n=23) 

I t i s t h e o r e t i c a l l y p o s s i b l e t o c a l c u l a t e °Ko a l m o s t e x a c t l y f r o m a 
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s e l e c t i o n o f E(X) measurements. T h i s was d e m o n s t r a t e d i n C h a p t e r 4 

where v a l u e s o f <°Ko> were e s t i m a t e d f r o m E(X) measurements o b t a i n e d 

b y t h e TOR d u r i n g Tow 15, L y n c h c r u i s e . The TOR was-not f i t t e d w i t h 

a PAR s e n s o r d u r i n g t h i s c r u i s e , so d i r e c t c o m p a r i s o n c o u l d n o t be 

made. An e m p i r i c a l c o m p a r i s o n was made t h r o u g h Eq[n.4.6, and t h i s 

c a s t some doubt on t h e <<*Ko> e s t i m a t e s . The method i s t h e o r e t i c a l l y 

sound: t h e p r o b a b l e e r r o r may be a t t r i b u t e d t o t h e f a c t t h a t e a c h o f 

tb e E(X) s e n s o r s bave a c o n s i d e r a b l e b a n d w i d t h w h i c h d i s t o r t s t h e 

shape o f t h e c o n s t r u c t e d s p e c t r u m . T h i s i s a p r o b l e m t o be c o n s i d e r e d 

i n f u t u r e work (see s e c t i o n 5.6). 

K i r k ' s Monte C a r l o Metbod ( F i g . 2 . 1 0 ) was u s e d t o e s t i m a t e v a l u e s o f 

cos5(Zm), °ao(Zm) and °bo (Zm) f r o m measured v a l u e s o f °Ko(2in) and 

'»Ro(2in). E s t i m a t e s d e r i v e d f r o m 27 o b s e r v a t i o n s were p r e s e n t e d i n 

T a b l e 4.2. These were compared t o c o n c u r r e n t o b s e r v a t i o n s o f Zs and 

c ( 6 6 0 ) , and r e a s o n a b l e c o r r e l a t i o n s were o b t a i n e d (Eqns.4.25 - 4 . 2 9 ) . 

I t i s c o n c l u d e d t h a t a Monte C a r l o model o f t h i s t y p e w o u l d be a 

v a l u a b l e a s s e t t o t h e h y d r o - o p t i c a l work c u r r e n t l y under way i n 

P l y m o u t h . However, the model w i l l need a h i g h degree o f f l e x i b i l i t y 

t o accommodate t h e d i v e r s e p r o b l e m s t h a t w i l l be t e s t e d . A l s o , t h e 

model must be b a s e d upon p a r a m e t e r s w h i c h d e f i n e l o c a l , r a t h e r t b a n 

A u s t r a l i a n o r US, b y d r o - o p t i c a l c o n d i t i o n s . 

As d e s c r i b e d i n 4.3.2, a t t e m p t s were made, i n t h e N o r t h A t l a n t i c and 

Tamar E s t u a r y , t o c a l c u l a t e t h e ave r a g e c o s i n e and a b s o r p t i o n c o e f f 

i c i e n t from measurements o f u p w e l l i n g and d o w n w e l l i n g i r r a d i a n c e 

o b t a i n e d f r o m a H j 5 j e r s l e v - t y p e s e n s o r - p a i r ( H ^ j e r s l e v , 1 9 7 5 ) . T h i s 

s e n s o r - p a i r i s i l l u s t r a t e d i n F i g . 2 . 8 and 2.9, and was c o n s t r u c t e d i n 

house u s i n g c o l l e c t o r s d o n a t e d b y P l y m o u t h M a r i n e L a b o r a t o r y . Tbese 
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were i d e n t i c a l t o the. c o l l e c t o r d e s c r i b e d b y A i k e n and B e l l a n (1986a) 

f o r f i t t i n g t o t b e TJOR, b u t m o d i f i e d b y m a s k ing tbe t a p e r e d base so 

as t o more c l o s e l y r e s e m b l e t b e s e n s o r i n F i g . 2 . 8 . ( e ) . I t i s 

a p p a r e n t from F i g . 4 . 1 8 t b a t t b i s e x p e r i m e n t was n o t s u c c e s s f u l . 

T bere was p o o r c o m p a r i s o n b e t w een v a l u e s o f <a> and <ao> c a l c u l a t e d 

f r o m t b e H>5jerslev-type meter d a t a , and v a l u e s o f <<'ao> e s t i m a t e d 

f r o m K i r k ' s Monte C a r l o metbod and measurements o f <*>Ro> o b t a i n e d 

w i t b a masked B i o s p b e r i c a l s e n s o r . 

Tbe s e n s o r o f A i k e n and B e l l a n (1986a) i s a l m o s t l i k e s e n s o r (d) i n 

F i g . 2 . 8 , and H j S j e r s l e v (1975) s a y s t b a t t b e r e s p o n s e o f t b i s i s : 

3l(Eod + E d ) . Of c o u r s e , t b e c o n s t a n t 1 i s i r r e l e v a n t i n terms o f 

o u t p u t v o l t a g e ; t b e s i g n i f i c a n t f a c t o r i s t b e v e c t o r component Ed 

w b i c b w i l l d e c r e a s e f r o m a maximum a t 5 = 0 " t o z e r o a t 5 = 900, 

C o u l d i t be t b a t t b e s e n s o r r e s p o n s e s p r e s e n t e d b y H j J j e r s l e v ( 1 9 7 5 ) , 

and r e p r o d u c e d i n F i g . 2 . 8 , a r e i n c o r r e c t ? U n f o r t u n a t e l y , H j S j e r s l e v 

does n o t p r o v i d e p r o o f s o f b i s f i n d i n g s , so a s i m p l e metbod o f 

j u d g i n g t b e a n g u l a r r e s p o n s e o f a d i f f u s e c o l l e c t o r bas b e e n 

d e v e l o p e d . 

Tbe t o t a l f l u x r e c e i v e d b y an i r r a d i a n c e s e n s o r i s t b e sxim, o v e r a l l 

a n g l e s , o f t b e i n t e n s i t y o f t b e i n t e r c e p t e d r a d i a n t f l u x m u l t i p l i e d 

b y t b e i n t e r c e p t a r e a : F = A i x /L.d§. As o p t i c a l c o n s t r u c t i o n s a r e 

r e v e r s i b l e , t b e n t b e a n g u l a r r e c e p t i o n r e s p o n s e o f t b e s e n s o r must he 

the same as t b e a n g u l a r d i s t r i b u t i o n o f r a d i a n c e t b a t i t w o u l d 

produce i f i t were a t r a n s m i t t e r . A p l o t o f t b e a n g u l a r d i s t r i b u t i o n 

o f t r a n m i t t e d r a d i a n c e w o u l d t b e n f o r m a c u r v e i d e n t i c a l i n sbape 

t o t b a t o f t b e a n g u l a r d i s t r i b u t i o n o f r e c e i v e d r a d i a n c e . An i d e a l 

r e c e i v e r o f r a d i a n c e i s t b e e y e ; i t must t h e r e f o r e f o l l o w t b a t t b e 
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r e s p o n s e o f a s e n s o r a t any a n g l e ? may be j u d g e d b y ' s e e i n g ' t b e 

r e l a t i v e s i z e o f t b e exposed s e n s o r a r e a . T b i s metbod i s t e s t e d i n 

F i g . 5 . 2 f o r t b e f i v e s e n s o r s ( a ) - ( e ) d e s c r i b e d b y H| 5 j e r s l e v (1975) 

and i l l u s t r a t e d i n F i g . 2 . 8 . 

(a) T b i s i s a c l a s s i c a l p a i r o f b a c k - t o - b a c k ( J a n u s ) c i r c u l a r c o s i n e 

c o l l e c t o r s . From 5 = 0 , t b e c o l l e c t o r i s se e n as a c i r c l e ( a r e a 

= 1 ) . F o r 0 < 5 < +n/2, t b e c o l l e c t o r i s seen as an e l l i p s e o f 

d e c r e a s i n g a r e a ( L < 1 ) . A t ? = +jr/2 i t d i s a p p e a r s . F o r +n/2 < 

5 <. JT t b e eye sees an e l l i p s e i n c r e a s i n g i n a r e a t o a c i r c l e . 

'Seen a r e a s ' a r e e q u i v a l e n t t o r a d i a n c e , L. A p l o t o f t b e 

a n g u l a r d i s t r i b u t i o n o f L p r o d u c e s t b e e x p e c t e d c o s i n e c u r v e 

( t b e u p w e l l i n g r a d i a n c e i s n e g a t i v e ) . So, s e n s o r measures Ed,Eu. 

(b) T b i s i s t b e c l a s s i c a l s p b e r i c a l 4n i r r a d i a n c e s e n s o r . I t i s se e n 

as a c i r c l e ( L = 1) f r o m a l l d i r e c t i o n s . S e n s o r measures Eo. 

( c ) Tbe s p b e r i c a l s e n s o r i s p l a c e d on a b l a c k p l a n e . As i n t b e case 

o f ( b ) , i t i s seen as a c i r c l e ( L = 1) wben 0 <. ? <. +jr/2. On 

c r o s s i n g t b e p l a n e t b e r e i s a s b a r p c u t - o f f and t b e spbere i s n o t 

see n ( L = 0 ) . Sensor measures Eod. 

(d) Hemispbere on b l a c k p l a n e . I t i s se e n as a c i r c l e ( L = 1) a t ? = 

0, and as an e l l i p s e o f d e c r e a s i n g a r e a (1 > L > i ) wben 0 < ? < 

+n/2. A t 5 = ±n/2 i t i s s e e n as a s e m i c i r c l e ( L = i ) , f o l l o w e d 

b y c u t - o f f ( L = 0 ) . Sensor measures l ( E o d + E d ) , 

(e) T b i s i s t b e w e l l known ' H j S j e r s l e v c o l l e c t o r ' . I t l o o k s l i k e (d) 

f o r 0 <. § <. +71/2. Tbere i s no c u t o f f a t +n/2; t b e eye sees a 
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F i g . 5 . 2 : F i v e examples o f a p r o p o s e d 'seen a r e a ' method f o r j u d g i n g 
t h e a n g u l a r r e s p o n s e o f a d i f f u s e c o l l e c t o r ; ( t h e s e a r e 
t h e same c o l l e c t o r s as d e p i c t e d i n F i g . 2 . 8 and 2.9, from 
H ^ j e r s l e v , 1975) 
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c r e s c e n t o f d e c r e a s i n g a r e a ( i > L >. 0) f o r ±n/2 From 

th e p l o t i t i s to be seen t b a t t b e a n g u l a r d i s t r i b u t i o n o f L i s 

e q u i v a l e n t t o i L + i L . c o s wbence F = 5L + i L . c o s ? = l ( E o 

E ) . So, s e n s o r A measures 5(Eo + E) and s e n s o r B measures i ( E o -

E ) . 

A l l o f t b e s e d e d u c t i o n s , ( a ) - ( e ) , a r e i n t o t a l agreement w i t b t b e 

f i n d i n g s o f H j S j e r s l e v (1975) as r e p r o d u c e d i n F i g s . 2 , 8 and 2.9. I t i s 

t h e r e f o r e r e a s o n a b l e t o suppose t h a t t h i s t e c h n i q u e o f j u d g i n g t h e 

r e s p o n s e o f a s e n s o r may be u s e d i n t h e s t u d y o f any e x i s t i n g l i g h t 

c o l l e c t o r ( w i t h a d i f f u s i n g s u r f a c e ) , o r i n t h e d e s i g n o f new o n e s . 

F o r example, t e f l o n s p h e r e s a r e n o t e a s y t o p r o d u c e , and t h e i r 

m ounting i s f r a g i l e . So i s t h e r e a hemisphere t y p e o f s e n s o r t h a t 

has a r e s p o n s e t h a t a p p r o x i m a t e s t o , s a y , t y p e ( c ) ? Seen f r o m ^ = 0, 

the s e n s o r w i l l be c i r c u l a r ( a r e a = n r * ) . I t must t h e r e f o r e have an 

a p p a r e n t a r e a o f n r ^ when se e n from ? = +n/2. Two p o s s i b i l i t i e s a r e 

i l l u s t r a t e d i n F i g . 5 . 3 . One i s a hemispbere mounted on a c y l i n d r i c a l 

b ase o f h e i g h t j t r / 4 = 0.785 r ; t h e o t h e r i s a cone o f h e i g h t j t r . 

The o r i g i n a l p r o b l e m r e m a i n s . On t h e b a s i s o f F i g . 5 . 2 , t h e s e n s o r o f 

A i k e n and B e l l a n (1986a) s h o u l d have a r e s p o n s e somewhere between 

t y p e s (d) and ( e ) , p r o b a b l y more l i k e ( d ) , T h i s bas b e e n checked b y . 

c a l i b r a t i o n ( A i k e n 1988, p e r s o n a l c o m m u n i c a t i o n ) , and t h e a n t i c i p a t e d 

1 + } c o s | r e s p o n s e has b e e n f o u n d . T h e r e f o r e , t h e r e s h o u l d be much, 

b e t t e r agreement, i n F i g . 4 . 1 8 , between a b s o r p t i o n c o e f f i c i e n t s a and 

ao ( H o j e r s l e v ' s method), and "ao ( K i r k ' s m o d e l ) . 

A s i m p l e a n a l y s i s was p e r f o r m e d ( T a b l e 4.1) on t h e K ( X ) d a t a f r o m UOR 

Tow 15 ( L y n c h c r u i s e , 1987) t o a s s e s s t h e c o n t r i b u t i o n t o K(>.) b y t h e 
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nr/4 = 

F i g . 5 . 3 : Two a p p r o x i m a t e 2n c o l l e c t o r s p r o p o s e d b y means o f t b e 
'seen a r e a ' metbod o f j u d g i n g a s e n s o r ' s a n g u l a r r e s p o n s e 

components: w a t e r ( K ( A , ) ) , p l a n k t o n i c m a t e r i a l s measured as c b l o r o p b y l l 

c o n c e n t r a t i o n ( k 2 ( X ) . C b l ) , and p a r t i c l e s p l u s d i s s o l v e d compounds n o t 

r e l a t e d t o t b e c o n c e n t r a t i o n o f c b l o r o p b y l l ( K x ( X ) ) . Tbe c a l c u l a t e d 

v a l u e s o f k a , t b e s p e c i f i c d i f f u s e a t t e n u a t i o n c o e f f i c i e n t due t o 

c b l o r o p b y l l - l i k e p i g m e n t s a s s o c i a t e d w i t b c b l o r o p b y l l , agree c l o s e l y 

w i t b t b o s e f r o m Smitb and B a k e r ( 1 9 7 8 b ) . ^:in t b e c a s e o f X = 45.Q rm, 

i t i s a p p a r e n t f r o m F i g . 4 . 7 t b a t f o r Tow 15 t b e average v a l u e o f 

OKod i s about 0.110 m-*, and from T a b l e 4.1 t b a t Kw(450) = 0.017 m-* 

and Kx(450) = 0.043 m-*. So, i n t b e p a r t i c u l a r example c o n s i d e r e d , 

t b e a p p r o x i m a t e c o n t r i b u t i o n s t o °Kod(450) were: w a t e r 15.5%, 

c b l o r o p b y l l and c b l o r o p b y l l - l i k e p i g m e n t s 45.5%, and p a r t i c u l a t e s 

p l u s n o n - c b l o r o p b y l l r e l a t e d compounds 39%. 
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5.3 MEASimEMENTS OF WATER REFLECTANCE 

S i n c e the l a u n c h o f t h e C o a s t a l Zone C o l o u r Scanner (CZCS) i n 1978, 

i n c e a s i n g u s e has been made, i n oceanography, o f i n f o r m a t i o n g a t h e r e d 

h y the remote s e n s i n g o f r a d i a t i o n emanating from t h e sea s u r f a c e . 

The scope o f remote s e n s i n g i s g l o b a l , and p r o v i d e s a s y n o p t i c v i e w 

o f w i d e s p r e a d phenomena s u c h as p h y t o p l a n k o n b l o o m s . R a d i o m e t e r s i n 

the CZCS measure i n s i x b a n d s : b l u e (443+10 nm), . g r e e n (520+10 nm), 

y e l l o w (550+10 nm), r e d (670+10 nm), n e a r i n f r a - r e d (750+50 nm), and 

i n f r a - r e d (11500+1000 nm). The measured r a d i a n c e i s s t r o n g l y 

d ominated b y a t m o s p h e r i c s c a t t e r i n g and a b s o r p t i o n . Even u n d e r 

f a v o u r a b l e c o n d i t i o n s , t h i s may be as much as 80% i n t h e r e d and 9 0 -

95% i n the b l u e , so t h a t s u b s u r f a c e o p t i c a l p r o p e r t i e s change t h e 

measured r a d i a n c e b y o n l y 10-20% o r l e s s (SjSrensen, 1 9 8 1 ) . Of t h i s 

emergent f l u x , about 90% o r i g i n a t e s f r o m the f i r s t d i f f u s e o p t i c a l 

d e p t h , J = 1/K, ( K i r k , 1 9 8 3 ) . 

V a l u e s o f upward r a d i a n c e may be o f i n t e r e s t i n t h e m s e l v e s ; however, 

by f a r the most i m p o r t a n t use o f remote s e n s i n g i s i n a s s e s s i n g t b e 

c o n c e n t r a t i o n s o f o p t i c a l l y s i g n i f i c a n t c o n s t i t u e n t s i n t h e s u r f a c e 

l a y e r : p l a n k t o n , suspended s e d i m e n t s , d i s s o l v e d m a t e r i a l s e t c . I t i s 

tb e t a s k o f t h e o p t i c a l o c eanographer t o s t u d y and measure t h e 

r e l a t i o n s h i p s between t h e s p e c t r a l q u a l i t y o f u p w e l l i n g l i g h t and t h e 

p a r t i c u l a r h y d r o l o g i c a l c o n d i t i o n s o f t h e w a t e r : p h y s i c a l , b i o l o g i c a l 

and/or c h e m i c a l . The q u a l i t y o f u p w e l l i n g l i g h t must a l s o depend 

upon t h a t o f t b e d o w n w e l l i n g f i e l d , and t h i s w i l l v a r y w i t b c l o u d 

c o v e r , sun's a l t i t u d e e t c . The h y d r o l o g i c a l i n f l u e n c e o f i n t e r e s t 

may be i s o l a t e d b y d i v i d i n g t h e u p w e l l i n g b y t h e d o w n w e l l i n g f l u x . 
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and t h i s amounts t o m e a s u r i n g t h e w a t e r ' s i r r a d i a n c e r e f l e c t a n c e : 

Ro(X,z) = E o u ( X , z ) / E o d ( X , z ) , where z^O. 

I t i s t o he e x p e c t e d t h a t r e f l e c t a n c e w i l l i n c r e a s e w i t h an i n c r e a s e 

i n h a c k s c a t t e r i n g , and d e c r e a s e w i t h an i n c r e a s e i n t h e a b s o r p t i o n o f 

d o w n w e l l i n g p h o t o n s ; i n f a c t R « bt/{a+b|j), ( K i r k 1 9 8 3 ) . As b | , « a i n 

n a t u r a l w a t e r , t h e n t h i s may be s i m p l i f i e d t o : R « b ^ / a , eg P r i e u r 

(1976) p r o p o s e s t b e a p p r o x i m a t i o n : R(0) = 0.33 b|j/a. K i r k (1981a) 

f o u n d t h a t R(0) i n c r e a s e s w i t h d e c r e a s e i n t h e sun's a l t i t u d e , and 

p r o p o s e d t h e v e r y s i m i l a r e x p r e s s i o n : R(0) = f . b ^ / a , where f = 0.328, 

0.391, 0.449, f o r sun's a l t i t u d e = 9 0 ° , 450, 30o. B o t h t h e d i f f u s e 

a t t e n u a t i o n c o f f i c i e n t , Ko, and t h e S e c c h i c o e f f i c i e n t , Z s - * , must 

i n c r e a s e w i t h b^,/a (eg see F i g . 2 . 1 0 ) . I t i s t h e r e f o r e t o be e x p e c t e d 

t h a t r e f l e c t a n c e w i l l i n c r e a s e w i t h an i n c r e a s e i n Ko o r Z s - * , 

assuming t h a t s c a t t e r i n g m a t e r i a l i s p r e s e n t , (Gordon and C l a r k , 1 9 8 1 , 

have shown t h a t i n w a t e r c o n t a i n i n g p i g m e n t s o n l y , t h e n r e f l e c t a n c e 

i n c r e a s e s i n t h e r e d and d e c r e a s e s i n t h e b l u e w i t h i n c r e a s e i n 

pigment c o n c e n t r a t i o n , w h i l s t i n t b e g r e e n and b l u e - g r e e n i t i s 

u nchanged). 

Water r e f l e c t a n c e s were o b t a i n e d b y f o u r d i f f e r e n t methods i n t h e 

c o u r s e o f t b i s r e s e a r c h , and t h e s e p r o d u c e d f i v e d i f f e r e n t t y p e s o f 

r e f l e c t a n c e measurement: '»Ro(Zm), Rp, <R(X,z)>, <Ro(X,z)> and R. 

These d a t a a r e summarised i n F i g . 5 . 4 , f r o m w h i c h t h e f o l l o w i n g 

c o n c l u s i o n s may be drawn: 

( i ) The e x p e c t e d o v e r a l l i n c r e a s e i n oRo(Zm), R p ( z ) and R, w i t h 

t u r b i d i t y , i s a p p a r e n t . 
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F i g . 5 . 4 : Summary o f measured w a t e r r e f l e c t a n c e s . Symbols a r e : 

A , 0 "Ro(Zm) measured b y ad a p t e d B i o s p b e r i c a l i r r a d i a n c e 
meteT i n t b e NE A t l a n t i c ( A ) and Tamar E s t u a r y / P l y m o u t b 
Sound ( O ) . Tbese d a t a were l i s t e d i n T a b l e 4.2. 

0,9 R p ( z ) measured b y b a n d - b e l d ( d i v e r ) pbotometer i n 
Ply m o u t b Sound ( o ) and B u r r a t o r R e s e r v o i r ( • ) . Tbese 
d a t a were p l o t t e d i n F i g . 4 . 2 6 . 

• , • R c a l c u l a t e d (Eqn.4.120) f r o m v i s u a l o b s e r v a t i o n s o f 
Zx and Zb i n P l y m o u t b Sound (•) and B u r r a t o r R e s e r v o i r 
( • ) . 

+450,+490,+550,X490 . 
Average v a l u e s o f |^Ro(450^h' R o ( 4 9 0 , z ) , Ro(550,z) and 
R(490,z) measured b y UOR d u r i n g tow 15, L y n c b c r u i s e 
1987. 

Wbere "Zo o r K(X) b u t n o t Zs was measured, t b e n c o n v e r s i o n 
f o r p l o t t i n g was b y : K.Zs = 1.48 (Eqn.4.123) 
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( i i ) T h i s t r e n d i s p a r t i c u l a r l y marked, i n t h e <»Ro(Zm) d a t a w h i c h 

c o v e r t h e f u l l range o f t h e p l o t . I n t h e Tamar E s t u a r y and 

P l y m o u t h Sound, 0Ro(Zm)>.9.6%. I n t h e NE A t l a n t i c , oRo(Zm)<.5.6%, 

e x c e p t f o r two v e r y h i g h v a l u e s , 11.9% and 13.1%, w h i c h were 

measured a t a s t a t i o n 70 n . m i l e s west o f t h e S c i l l i e s i n w a t e r 

t h a t was r i c h i n c o c c o l i t h s . The s e a s u r f a c e appeared 

r e m a r k a b l y ' m i l k y w h i t e ' a t t b e t i m e . 

( i i i ) As n o t e d e a r l i e r , i n d i s c u s s i n g F i g . 4 . 2 6 , r e f l e c t a n c e s measured 

i n B u r r a t o r R e s e r v o i r ( • and • ) a r e m a r k e d l y low. T h i s i s 

b e c a u s e o f t h e s t r o n g a b s o r p t i o n o f s h o rt-wave i r r a d i a t i o n i n 

w a t e r r i c h i n d i s s o l v e d o r g a n i c s ( G e l b s t o f f ) , b u t low i n 

p a r t i c u l a t e ( s c a t t e r e r ) c o n c e n t r a t i o n , as d e s c r i b e d b y Gordon 

and C l a r k ( 1 9 8 1 ) . ( I n f a c t , a d e c r e a s e i n R must a l s o 

i n c r e a s e t b e i n h e r e n t c o n t r a s t o f t h e S e c c h i d i s c and l e a d t o a 

c o r r e s p o n d i n g i n c r e a s e i n Z s . However, Eqn.2.94 o r i n s p e c t i o n 

o f T a b l e 2.3 shows t h a t a d e c r e a s e i n R g i v e s r i s e t o a 

p r o p o r t i o n a l l y s m a l l e r i n c r e a s e i n F s , eg C t = 2, p. = 80, R = 

10, F s = 5.858; b u t Ct = 2, p. = 80, R = 5, Fs = 6.620). 
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5.4 V I S I B I L I T T OBSERVATIONS 

I n t i e v i s i b i l i t y work c a r r i e d o u t i n t b e c o n r s e o f t b e p r e s e n t 

s t u d y , i t was r e c o g n i s e d t b a t s i n c e u n d e r w a t e r v i s i b i l i t y i s l i m i t e d 

b y t b e a t t e n u a t i o n c o e f f i c i e n t s c, and K, t b e n d i v e r o b s e r v a t i o n s o f 

t a r g e t s o f known o p t i c a l q u a l i t y p r o v i d e a means o f e s t i m a t i n g t b e s e 

c o e f f i c i e n t s and otbeir c l o s e l y r e l a t e d p a r a m e t e r s . Tbe most u s e f u l 

o f t b e s e are summarised, i n T a b l e 5.1, f o r e a c b o f f o u r c a t e g o r i e s : 

d i v e r / s u r f a c e o b s e r v e r , and t b e o r e t i c a l / e m p i r i c a l . Wbere more t b a n 

one a p p r o a c h i s p o s s i b l e t b e n o n l y t b e b e s t , as d e t e r m i n e d b y t b i s 

s t u d y , i s l i s t e d : f o r example, measurements b a s e d upon Metbod V a r e 

p r e f e r r e d t o t b e use o f D u n t l e y D i s c s . Tbree p o i n t s o f p a r t i c u l a r 

n o t e , f r o m T a b l e 5.1, a r e : 

- Metbods ( v i i ) - ( x i ) use t b e new t y p e s o f t a r g e t s i n t r o d u c e d i n 

t b i s s t u d y . 

- Metbods ( v i i ) and ( v i i i ) a r e p r e s e n t e d as p r e f e r r e d a l t e r n a t i v e s t o 

u s i n g a S e c c i i d i s c . U n l i k e t b e S e c c h i d e p t h e q u a t i o n ( E q n . 2 . 9 4 ) , 

n e i t h e r ( v i i ) n o r ( v i i i ) r e q u i r e s an e s t i m a t e o f t h e d i s c r e f l e c t 

i v i t y , p., o r w a t e r r e f l e c t a n c e , R. 

- Method ( x i i i ) i s a p r o p o s e d a l t e r n a t i v e t o ( x i i ) , t h e t r a d i t i o n a l 

S e c c h i d i s c e q u a t i o n , f o r use i n v e r y t u r b i d w a t e r s (Zs<2 m; 

Zs-*>0.5 m). I t a l l o w s f o r t h e s i g n i f i c a n t i n c r e a s e i n r e f l e c t a n c e , 

R, t b a t o c c u r s i n h i g h t u r b i d i t y w a t e r . E q u a t i o n s f o r ( x i i ) and 

( x i i i ) a r e p l o t t e d t o g e t h e r i n F i g . 5 . 5 

5.18 



T a b l e 5.1: Summary o f recommended t b r e s b o l d v i s i b i l i t y metbods 

t o f i n d measure Equat i o n 

DIVER ONLY 
T b e o r e t i c a l 

i c. Vb 

i i K Vb.Zb 

i i i c/K Vb.Zb 

c = 3.9/Vb 

Lzb VbJ 
c/K = Zb/(Vb - Zb) 

(4.83) 

(4.89) 

(4.88) 

E m p i r i c a l 
i v <<'Ko> Vb <oKo> = 1.23/Vb (4.131) 
V Ze Vb Ze = 3.7 Vb (4.130) 

v i V i s Vb V i s = 1.17 Vb (4.133) 

SURFACE OBSERVER 
T h e o r e t i c a l 

v i i 

v i i i 

i x 

X 

x i 

c + K 

R 

Ct 

E m p i r i c a l 

x i i 
x i i i 
x i v 
X V 

x v i 
x v i i 

x v i i i 
x i x 

c + K 

c. 
K 

<0Ko> 
Ze 
Vh 
P 

Zh 

Z f 

Zs,Zx 

Zh,Zx 

Z f , Z h 

Zs 

Zs 
Zs 
Zs 
Zs 
Zs 
Zs 

c + K = 3.9/Zh 

L n [ l - T ] + 3 . 9 c + K = 

p. = exp 3.9 LZh 

Z f 

(Zs - Zx) 

(4.107) 

(4.109) 

(4.119) 

R = [ ( 0 . 0 2 e x p [ 3 . 9 Zx/Zh]) + 1 ] - J ̂ ^^^ 
- L n [ l - T ] 

C t = exp LZf/Z h - I J 

c + K = 6 Z s - * 
c + K = 4.8 Z s - o * * * ; (Zs±2) 

c = 4.8 Z s - * 
K = 1.2 Z s - * 
<<'Ko>.Zs = J s = 1.5 
Ze = 3 Zs 
Vh = 0.83 Zs 
P = 24.7 Z s - * - 9.16 

(4.121) 

(4.99) 
(4.101) 
(4.95) 
(5.1) 

(4.128) 
(4.129) 
(4.103) 
(4.134) 

V,Z = h o r i z o n t a l and v e r t i c a l l y downward t h r e s h o l d v i s i b i l i t i e s 
h = l i g h t t r a p 
f = n e u t r a l f i l t e r 
s = S e c c h i d i s c 
X = c o r n e r r e f l e c t o r 
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F i g . 5 . 5 : Comparison o f S e c c b i d i s c e c i u a t i o n s f o r p h o t o m e t r i c c+K 
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5.5 TIDAL VARIATIONS I N THE DIFFUSE OPTICAL DEPTH 

I n s u b s e c t i o n 4.5, t b e c u r i o u s and u n e x p e c t e d pbenomenon o f t i d a l 

v a r i a t i o n i n l i g b t p e n e t r a t i o n t o t b e bed o f an e s t u a r y was examined 

i n some d e t a i l . I t was d e m o n s t r a t e d t b a t tbe c o m b i n a t i o n o f 

s i n u s o i d a l l y v a r y i n g w a t e r d e p t b and t u r b i d i t y r e s u l t s I n a 

s i n u s o i d a l v a r i a t i o n i n t b e d i f f u s e o p t i c a l d e p t b o f tbe bed a t 

d o u b l e t b e t i d a l f r e q u e n c y . A range o f p o s s i b l e c u r v e s o f l i g b t 

p e n e t r a t i o n w i t b t i m e were i l l u s t r a t e d i n F i g . 4 . 3 5 and, f o r c l a r i t y , 

were c l a s s i f i e d i n T a b l e 4.8 a s : T i d e - f o l l o w i n g , T i d e - d o m i n a t e d , 

E q u i l i b r i u m , T u r b i d i t y - d o m i n a t e d o r T u r b i d i t y - f o l l o w i n g . P r e d i c t e d 

c u r v e t y p e s were found i n d a t a o b t a i n e d i n t b e Tamar E s t u a r y , as 

i l l u s t r a t e d i n F i g s . 4 . 3 6 - 4 . 4 1 , and d e t a i l e d i n T a b l e 4.9. I t i s w o r t b 

n o t i n g b e r e t b a t s u i t a b l e d a t a f o r a n a l y s i s c a n be o b t a i n e d w i t b t b e 

s i m p l e s t o f i n s t r u m e n t a t i o n : a S e c c b i d i s c and a s o u n d i n g l e a d ! 

Tbe q u e s t i o n a r i s e s as t o wbetber t b e s e f i n d i n g s a r e a p p l i c a b l e 

o u t s i d e o f tbe e s t u a r i n e s y s t e m , and wbetber t b e s e c y c l i c v a r i a t i o n s 

i n l i g b t l e v e l o c c u r i n c l e a r e r c o a s t a l w a t e r s . T b i s pbenemenon 

must o c c u r wbere w a t e r s a r e t i d a l and matcbed b y a s i g n i f i c a n t t i d a l 

v a r i a t i o n i n t u r b i d i t y ; f o r example, o f f b e a d l a n d s wbere b i g b t i d a l 

v e l o c i t i e s and a s s o c i a t e d sediment r e s u s p e n s i o n may o c c u r a t m i d -

t i d e . Suppose t b a t t b e r e i s an 8% v a r i a t i o n i n K, i e AK/K = 0.08, 

and a t i d a l range (Ab) o f 4m. I t f o l l o w s t b a t t b e r e w i l l be an 

e q u i l i b r i u m t y p e v a r i a t i o n ( c u r v e a. F i g . 4 . 3 5 ) a t a d e p t b o f 50 m 

wbere x = (Ab/b)/(AK/K) = 1 . A t s h a l l o w e r d e p t b s (T>1) t b e r e w i l l be 

a t i d e f o l l o w i n g / d o m i n a t e d p a t t e r n ( c u r v e b , c ) . I n deeper w a t e r 

(T<1) tbe c y c l i c v a r i a t i o n w i l l be t u r b i d i t y f o l l o w i n g / d o m i n a t e d ; o f 
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c o u r s e , i t i s assumed t h a t K i s low enough, t o a l l o w l i g h t t o 

p e n e t r a t e t o t h e s e d e p t h s . 

The magnitude o f t h e v a r i a t i o n , A J h , i n t h e d i f f u s e o p t i c a l d e p t h , i s 

g i v e n by: 

A J b = h.K - ( h + l A h ) . (K - i A K ) 
= i h . A K - i K . A h + * Ah.AK 

b u t i n e q u i l i b r i u m c o n d i t i o n s : Ab/h = AK/K, i n w h i c h c a s e i K . A h = 

i h . A K , so t h a t : 

A J h = U h . A k (5.2) 

A J h _ 1 A h AK 
J h 4 h K 

I n t h e example quoted above, where AK/K = Ab/h = 8%, t h e n A J h / J h = 

0.16%. The e f f e c t o f a 0.16% change i n J h w i l l , o f c o u r s e , depend 

upon t h e a c t u a l v a l u e o f J h ; i n t b i s example i t w i l l depend upon t h e 

p r e v a i l i n g v a l u e o f K. Suppose t h a t K = 0.1 ( e q u i v a l e n t t o a S e c c h i 

d e p t h o f about 15 m), so t h a t a t 50 m d e p t h : 

I m a i = E ( 0 ) . e x p [ - J b ^ ^ ^ 3 ^ exp[-0.104 x 483 = ^ 
^min E(0).exp[-Jhj„^^] e x p [ - 0 . 1 x 50] 

and J h = 0.102 x 49 /y 5 

So, i n t h i s example ( h = 50, A h = 4, K = 0.1, AK = 0.008), t h e r e w i l l 

be an e q u i l i b r i u m t y p e c y c l i c v a r i a t i o n i n t h e d i f f u s e o p t i c a l d e p t b . 

However, t h e a m p l i t u d e o f t h i s v a r i a t i o n w i l l amount t o o n l y about 1% 

o f t h e l i g b t l e v e l a t t h a t d e p t h . The mean l i g h t l e v e l a t 50 m w i l l 
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be 0.7% ( J b = 5) o f t b e s u r f a c e i n t e n s i t y , ( t b e 1% l e v e l i s a t 46 m). 

O t ber p o s s i b l e c o m b i n a t i o n s o f b,K and AK wbicb. p r o d u c e an e q u i l i b 

r i u m t y p e v a r i a t i o n i n J b f r o m a 4 m t i d a l r a n g e , may be e x t r a c t e d 

f r o m F i g . 5 . 6 . Tbe g r a p b a l s o g i v e s t b e r a t i o F^ax^^nin t b e 

a p r o x i m a t e S e c c b i d e p t b s f r o m Eqn.4.128. F o r example, suppose t b a t 

o v e r a t i d a l c y c l e 0.5<K12.5; e n t e r i n g F i g . 5 . 6 w i t b K = 1.5 and AK = 

2 sbows t b a t an e q u i l i b r i u m t y p e v a r i a t i o n w i l l o c c u r a t a d e p t b o f 3 

m, and t b a t t b e maximum l i g b t l e v e l s ( o c c u r r i n g a t HW and LW) w i l l be 

7.4 t i m e s t b e minimum ( o c c u r r i n g a t m i d - t i d e ) . 

Tbe sbaded p a r t o f F i g . 5 . 6 i s an i m p o s s i b l e , no-go a r e a w b i c b w o u l d 

i n v o l v e n e g a t i v e v a l u e s o f b and K. A l s o p l o t t e d on t b e d i a g r a m , a r e 

c u r v e s o f J = 4.6,18,34. Tbe J = 4.6 c u r v e r e p r e s e n t s , t b e a p p r o x i m a t e 

l i m i t o f n e t p r i m a r y p r o d u c t i o n ( J = 4.6 i s e q u i v a l e n t t o 1% o f 

s u r f a c e i l l u m i n a t i o n ) , P b o t o s y n t b e s i z i n g o r g a n i s m s w i l l t h e r e f o r e 

e x p e r i e n c e an e q u i l i b r i u m t y p e v a r a t i o n o n l y w i t b i n t b e a r e a bounded 

b y t b i s l i n e and t b e sbaded c o r n e r . Most o f t b i s p e r m i t t e d a r e a 

s p e c i f i e s s b a l l o w , t u r b i d w a t e r w i t b a l a r g e t i d a l v a r i a t i o n i n 

t u r b i d i t y , i e t y p i c a l e s t u a r i n e c o n d i t i o n s . Tbe b o t t o m p a r t o f t b e 

a r e a sbows t b a t e q u i l i b r i u m t y p e c o n d i t i o n s a r e p o s s i b l e i n d e e p e r , 

c l e a r e r w a t e r s ; bowever, b e l o w about 30 m t b e a m p l i t u d e o f v a r i a t i o n 

(Enax^Emin) may be t o o s m a l l t o bave any s i g n i f i c a n t e f f e c t upon 

p b o t o s y n t b e s i s . 

A c c o r d i n g t o P a r s o n s e t a l ( 1 9 7 7 ) , c o l o u r v i s i o n i s p o s s i b l e t o a 

d i f f u s e o p t i c a l d e p t b o f about J=18, and d e t e c t i o n o f l i g b t b y man o r 

deep sea f i s b i s l i m i t e d t o J<.34. Tbese c u r v e s a r e a l s o sbown on 
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F i g . 5 . 6 , from w M c h i t i s a p p a r e n t t h a t s i g n i f i c a n t t i d a l v a r i a t i o n s 

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

o c c u r o v e r a wide range o f t u r b i d i t i e s and d e p t h s i n c o a s t a l w a t e r s . 

Zs 

2 - 3 4 5 

F i g . 5 . 6 : P o s s i b l e c o m b i n a t i o n s o f h, K ( o r Z s ) and AK w h i c h w i l l 
p roduce e q u i l i b r i u m type v a r i a t i o n s i n t h e d i f f u s e 
o p t i c a l d e p t h o f t h e b e d , J h ( t ) , w i t b a 4 m t i d a l r a n g e ; 
t h e t h r e e J c u r v e s r e p r e s e n t t h e a p p r o x i m a t e l i m i t s o f 
n e t p h o t o s y n t b e s i s ( 4 . 6 ) , c o l o u r v i s i o n (18) and d e t e c t 
i o n b y man and deep s e a f i s h e s (34) 
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5.6 FCTUBE WORK 

T i e most v a l u a b l e c o n c l u s i o n t b a t c a n be drawn f r o m t b i s programme o f 

s t u d y i s t b a t t b e r e are c l e a r l y i d e n t i f i a b l e a r e a s o f b y d r o - o p t i c a l 

r e s e a r c h t b a t u r g e n t l y r e q u i r e f u r t b e r work. Tbe s i x most i m p o r t a n t 

are now d i s c u s s e d , and i t w i l l be a p p a r e n t t b a t t b e s e p r o p o s e d 

programmes are c l o s e l y i n t e r r e l a t e d . 

5.6.1 UOR i n s t r u m e n t a t i o n and d a t a a n a l y s e s 

Among t b e b i o l o g i c a l l y most s i g n i f i c a n t b y d r o - o p t i c a l p a r a m e t e r s i s 

OKo, t b e 4jt d i f f u s e a t t e n u a t i o n c o e f f i c i e n t i n t b e 350-700 nm PAR 

band (UNESCO, 1 9 6 5 ) . I n C b a p t e r 4, s e v e r a l metbods o f e s t i m a t i n g 

broadband PAR fr o m s i m p l e r measurements were c o n s i d e r e d and t e s t e d . 

I f t b e UOR were t o c a r r y a 350-700 nm quantum s e n s o r f i t t e d w i t b a 

s c a l a r c o l l e c t o r , t b e n t b i s w o u l d p r o v i d e t b e means o f f u l l y t e s t i n g 

s e v e r a l e s t i m a t i o n metbods o v e r a wide range o f b y d r o - o p t i c a l 

c o n d i t i o n s . (Because s e l f - s b a d i n g b y t b e UOR may a f f e c t t b e 

measurement o f u p w e l l i n g i r r a d i a n c e , i t w o u l d be b e s t t o f i t o n l y an 

u p w a r d - l o o k i n g s e n s o r , and measure " E o d ) . F o u r e s t i m a t i o n metbods, 

( i ) - ( i v ) , w b i c b c o u l d t b e n be t e s t e d a r e now c o n s i d e r e d . 

( i ) I n C b a p t e r 4, a metbod was p r o p o s e d f o r c o n s t r u c t i n g t b e f u l l 

PAR quantum s p e c t r u m f r o m a v a i l a b l e E ( X) d a t a , (see F i g 4 . 1 2 ) . 

I t was r e c o g n i s e d t b a t t b e b a n d w i d t b s o f t b e E(X) measurements 

may g i v e r i s e t o some u n c e r t a i n t y . G i v e n p r o p e r "Eo d a t a f o r 
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c o m p a r i s o n , t h e n t h i s p r o b l e m c o n l d be f u l l y a n a l y s e d and a 

b e t t e r a l g o r i t h m deduced. 

( i i ) A v e r y a t t r a c t i v e p r o p o s i t i o n i s t h a t o f f i n d i n g a good 

c o r r e l a t i o n between "Eo and a s i n g l e E(J,) measurement. Such 

an a l g o r i t h m w o u l d be v e r y v a l u a b l e i n t b e a n a l y s i s o f remote 

s e n s i n g d a t a . J e r l o v (1974) has p r o p o s e d a method b y w h i c h 

OEo may be e s t i m a t e d from E ( 4 6 5 ) . 

( i i i ) H ^ j e r s l e v and J e r l o v (1977) have p r o p o s e d a method o f e s t i m a t 

i n g quanta i r r a d i a n c e f r o m t h e c o l o u r i n d e x , F, a t Im d e p t h , 

wbere: F ( z = l ) = [ L u ( 4 5 0 , l ) / L u ( 5 2 5 , l ] - [ E u ( 4 5 0 , l ) / L ( 5 2 5 , l ) ] . 

( i v ) I n C h a p t e r 4, "Ko d a t a were compared t o s u r f a c e measurements 

o f t h e beam a t t e n u a t i o n c o e f f i c i e n t , c, a t 660 nm. A more 

r e l i a b l e c o m p a r i s o n c o u l d be made, e s p e c i a l l y i n c o a s t a l and 

e s t u a r i n e w a t e r s , b y mou n t i n g t h e beam t r a n s m i s s o m e t e r on t h e 

UOR. The Sea Tech I n c t r a n s m i s s o m e t e r i s f i t t e d w i t h a 

b r a c k e t f o r t h i s p u r p o s e . 

I t i s t o be n o t e d t h a t methods ( i i ) and ( i i i ) a r e s t r o n g l y dependent 

upon t h e measured w a t e r h a v i n g an a b s o r p t i o n s p e c t r u m w h i c h conforms 

t o t h e scheme o f w a t e r t y p e s s p e c i f i e d b y J e r l o v ( 1 9 7 6 ) . These 

methods may p r o v e l e s s u s e f u l i n t h e s t u d y o f h y d r o - o p t i c a l a n o m a l i e s 

s u c h as may o c c u r a t an o c e a n i c f r o n t o r i n c o a s t a l / . e s t u a r i n e w a t e r s . 

Of c o u r s e , a s i m i l a r r e s e r v a t i o n must be made i n t h e c a s e o f method 

( i v ) . 
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5.6.2 Water r e f l e c t a n c e and t h e p r o b l e m o f i n s t r u m e n t a l s e l f s h a d i n g 

I n d i s c u s s i n g t b e measurement o f w a t e r r e f l e c t a n c e , and i t s r e l e v a n c e 

t o o b t a i n i n g ground t r u t h s f o r remote s e n s o r c a l i b r a t i o n , i t was 

n o t e d t h a t n e a r l y a l l o f t h e r e m o t e l y d e t e c t a b l e f l u x comes f r o m 

w i t h i n t h e f i r s t d i f f u s e o p t i c a l d e p t h o f t b e s u r f a c e . I t i s v i t a l , 

t h e r e f o r e , t b a t sound t e c h n i q u e s be u s e d i n m e a s u r i n g u p w e l l i n g and 

d o w n w e l l i n g r a d i a n c e s / i r r a d i a n c e s , and hence r e f l e c t a n c e s , a t a 

minimum p r a c t i c a l d e p t b b e l o w t h e sea s u r f a c e . T h i s c o n s t r a i n t g i v e s 

r i s e t o t h r e e h y d r o - o p t i c a l p r o b l e m s w b i c b c a l l f o r e a r l y i n v e s t i g 

a t i o n ; 

( i ) There a r e s e r i o u s p h y s i c a l d i f f i c u l t i e s a s s o c i a t e d w i t h n e a r -

s u r f a c e measurement, p a r t i c u l a r l y i n bad w e a t h e r . W i t h d e p t h , 

however, t h e r e must be changes i n R(X) due t o t h e v e r t i c a l 

s t r u c t u r e o f t h e w a t e r column. The q u e s t i o n t h e r e f o r e a r i s e s 

as t o what i s t h e maximum d e p t h a t w h i c h m e a n i n g f u l measure

ments o f r e f l e c t a n c e c a n be o b t a i n e d . 

( i i ) H a v i n g d i s c o v e r e d , f r o m ( i ) , how s h a l l o w t h e s e n s o r s must be 

s e t , how i s t h i s t o be done? A r e d a t a o b t a i n e d d u r i n g , o r a t 

th e t o p of' a normal UOR u n d u l a t i o n adequate, o r must t h e UOR 

o r s i m i l a r s l e d g e be towed much c l o s e r t o t h e s u r f a c e ? Must 

a s p e c i a l v e h i c l e be d e v e l o p e d ? 

( i i i ) I n C h a p t e r 3, t h e p r o b l e m o f s e l f - s h a d i n g b y an i n s t r u m e n t as 

l a r g e as a UOR was c o n s i d e r e d . I t was e s t i m a t e d ( E q n . 3 . 5 ) , 

t h a t o v e r 85% o f t h e measured u p w e l l i n g l i g h t comes f r o m 

w i t h i n a d i s t a n c e o f one d i f f u s e o p t i c a l d e p t h o f t h e s e n s o r . 
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I t was t h e n s u g g e s t e d t h a t t h i s c o u l d p r e s e n t a r e a l p r o b l e m 

a t l o n g w a v e l e n g t h s and/or i n t u r b i d w a t e r s . I t i s p r o p o s e d 

t h a t a t e m p o r a r y boom be e x t e n d e d f r o m t h e UOR t o l o c a t e a 

p a i r o f s e n s o r s w e l l c l e a r o f any s h a d i n g . R e f l e c t a n c e d a t a 

from t b e s e s e n s o r s c o u l d t h e n be compared t o t h a t o b t a i n e d 

f r o m an i d e n t i c a l p a i r f i t t e d t o t h e body o f t h e UOR. 

5.6.3 Underwater v i s i b i l i t y t h e o r y and measurements 

The s t u d y o f u n d e r w a t e r v i s i b i l i t y has made a s i g n i f i c a n t c o n t r i b 

u t i o n t o t h i s programme o f r e s e a r c h . Some p u b l i s h e d t h e o r y has b e e n 

found w a n t i n g , and improvements have b e e n p r o p o s e d . N o v e l method

o l o g i e s f o r use b y d i v e r s and s u r f a c e o c e a n o g r a p h e r s have b e e n 

recommended. I n a l l t b i s work i t has been assumed t h a t t h e b a s i c 

t h e o r y o f u n d e r w a t e r v i s i b i l i t y , and e s p e c i a l l y c o n t r a s t v i s i b i l i t y 

as p r o v i d e d b y Eqn.2.76, i s c o r r e c t . However, t h e r e a r e a s p e c t s o f 

t h i s s i m p l e e q u a t i o n w h i c h g i v e r i s e f o r c o n c e r n . F o r example, i t 

i m p l i e s t h a t t h e i n h e r e n t c o n t r a s t o f a n o n - r e f l e c t o r , eg a l i g h t 

t r a p , i s -1 no m a t t e r what t h e b a c k g r o u n d l u m i n a n c e . I t a l s o i m p l i e s 

t h a t when t h e b a c k g r o u n d i s a b s o l u t e l y b l a c k , t h e n the i n h e r e n t 

c o n t r a s t i s " f o r a t a r g e t o f any r e f l e c t i v i t y . From D u n t l e y ' s 

c o n t r a s t t r a n s m i s s i o n l a w (Eqn.2.83 and F i g . 2 . 1 3 ) , t b e a p p a r e n t 

c o n t r a s t must a l s o be «> a t any d i s t a n c e r . I n f a c t t h i s has no 

p r a c t i c a l meaning u n d e r w a t e r wbere, i n t h e p r e s e n c e o f i l l u m i n 

a t i o n , t b e background' c a n n o t be a b s o l u t e l y b l a c k s i n c e t h i s would 

i m p l y z e r o - s c a t t e r i n g w a t e r . A l w a y s , p(or) ^ 0, so t b e r e must a l w a y s 

be some b a c k g r o u n d s p a c e - l i g h t , L*. But what i f t h i s i s v e r y l o w , as 

i n v e r y c l e a r w a t e r ? 
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A l s o , i t w o u l d be u s e f u l t o examine t b e i n b e r e n t c o n t r a s t e q u a t i o n 

(Eqn.2.76) i n t b e more common s i t u a t i o n i n w b i c b n e i t b e r t b e t a r g e t 

n o r t b e b a c k g r o u n d i s b l a c k , b u t r a t b e r d i f f e r e n t i n t e n s i t i e s o f t b e 

same t o n e . Tbe r e a l s i t u a t i o n may be f u r t b e r c o m p l i c a t e d b y t b e f a c t 

t b a t t b e u n d e r w a t e r environment i s r a r e l y a b s o l u t e l y monocbromatic, 

( L y t b g o e , 1988, p e r s o n a l c o m m u n i c a t i o n ) . 

A n o t b e r u n d e r w a t e r v i s i b i l i t y p r o b l e m c o n c e r n s t b e e f f e c t o f t b e 

ambient l i g b t l e v e l upon t b e o b s e r v e r ' s t b r e s b o l d c o n t r a s t . C o n s i d e r , 

as a p r a c t i c a l example, t b e S e c c b i d i s c e q u a t i o n (Eqn.2.94): 

C + K 

Tbe i n b e r e n t c o n t r a s t o f t b e d i s c i s r e p r e s e n t e d b y t b e c o n s t a n t t e r m 

(P./R-1) . Tbe t b r e s b o l d c o n t r a s t , C t , v a r i e s w i t b t b e o b s e r v e r and 

t b e o b s e r v i n g c o n d i t i o n s , i n c l u d i n g t b e ambient l i g b t l e v e l . Tbere 

must be an i n c r e a s e i n t b r e s b o l d c o n t r a s t t o a c c o u n t f o r t b e o b v i o u s 

and o b s e r v a b l e d e c r e a s e i n S e c c b i d e p t b t b a t o c c u r s a t low ambient 

l i g b t l e v e l s . I t i s u n l i k e l y t b a t t b i s pbenomenon bas bad a 

s i g n i f i c a n t e f f e c t upon t b e measurements o b t a i n e d so f a r i n t b e 

co u r s e o f t b i s r e s e a r c h , as a l l o f t b e o b s e r v a t i o n s were made i n 

n e a r - s u r f a c e w a t e r s i n f a i r l y b r i g h t c o n d i t i o n s . However, i f t h e s e 

s t u d i e s a r e t o be a p p l i e d t o l o w ambient l i g h t s i t u a t i o n s , s u c h as 

t h e v i s i b i l i t y o f f i s h i n g n e t s i n d e e p e r , . d a r k e r w a t e r s , t h e n Ct c a n 

no l o n g e r be c o n s i d e r e d c o n s t a n t . 

C l e a r l y , t h e r e i s a need t o re-examine t h e t h e o r y and p r a c t i c a l 

5.29 



a p p l i c a t i o n s o f i n h e r e n t and t h r e s h o l d c o n t r a s t ' s nnder'water, h n t i n 

c o n t r o l l e d c o n d i t i o n s o f i l l n m i n a t i o n ( i n t e n s i t y , w a v e l e n g t h and 

h a n d w i d t h ) , w a t e r t r a n s m i s s i o n ( t y p e o f d i s s o l v e d s u b s t a n c e s , and 

p a r t i c l e t y p e , s i z e and s i z e d i s t r i b u t i o n ) , and t a r g e t - b a c k g r o u n d 

c o l o u r and i n t e n s i t y . T h i s w i l l n o t be a c h i e v e d . i n t h e f i e l d , and so 

a l a b o r a t o r y model i s p r e s e n t l y u n d e r c o n s t r u c t i o n ; see F i g . 5 . 7 . 

B a s i c a l l y , t h e v i s i b i l i t y t a n k i s a l o n g a q u a r i u m - t y p e v e s s e l w i t h 

t h e b ottom, ends and one s i d e c o m p r i s i n g o f f r o s t e d , m i r r o r e d g l a s s . 

These s u r f a c e s w i l l m a i n t a i n t h e d i f f u s e d l i g b t f i e l d emanating from 

t h e c o n t r o l l e d l i g h t s o u r c e v i a t h e f r o s t e d g l a s s s i d e o f t h e t a n k . 

The t a r g e t - b a c k g r o u n d w i l l c o m p r i s e o f n e u t r a l f i l t e r s s andwiched 

between p e r s p e x s h e e t s . T h i s arrangement w i l l a v o i d a l l t h e p r o b l e m s 

a s s o c i a t e d w i t h s i d e l i g h t i n g (eg see F i g . 4 . 2 2 , and Eqn.4.78), and 

w i t h the measurement o f t a r g e t and b a c k g r o u n d r e f l e c t i v i t y . A 

m i n i a t u r e l i g b t t r a p and c o r n e r r e f l e c t o r may a l s o be u s e d . Tbe w a t e r 

may be n a t u r a l , d i l u t e d n a t u r a l o r , more l i k e l y , made up w i t h e x a c t 

c o n c e n t r a t i o n s o f known p a r t i c l e s and d i s s o l v e d o r g a n i c s and/or 

i n o r g a n i c s . The w a t e r w i l l be c i r c u l a t e d t h r o u g h a s p e c t r o p h o t o m e t e r 

and/or t r a n s m i s s o m e t e r f l o w c e l l t o o b t a i n s p e c t r a l and t r a n s m i s s i o n 

i n f o r m a t i o n . Ambient l i g h t l e v e l s w i t b i n t h e t a n k w i l l be m o n i t o r e d 

b y means o f a photometer w i t b a p h o t o m e t r i c r e s p o n s e s p e c t r u m , (TIDT 

model P I N l O A P ) . 

I t i s a n t i c i p a t e d t h a t many u s e f u l e x p e r i m e n t s w i l l be p o s s i b l e w i t b 

t h i s v i s i b i l i t y t a n k . I n i t i a l l y , however, a t t e n t i o n w i l l be d i r e c t e d 

t o w a r d s t b e two problems o u t l i n e d e a r l i e r : 

( i ) A more comprehensive d e f i n i t i o n o f i n h e r e n t c o n t r a s t 
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( i i ) A s t u d y o f t h e v a r i a t i o n i n t h r e s h o l d c o n t r a s t w i t h s u c h f a c t o r s 

a s : d i f f e r e n t o b s e r v e r s , d i f f e r e n t c o n d i t i o n s o f l i g h t - d a r k 

a d a p t a t i o n , d i f f e r e n t t y p e s and c o n d i t i o n s o f f a c e mask and, 

p a r t i c u l a r l y , d i f f e r e n t l e v e l s and s p e c t r a l q u a l i t y o f ambient 

l i g b t . 

g l a s s end, s i d e -
and b o t t o m w i t h -
f r o s t e d m i r r o r e d -
s u r f a c e 

w a t e r i n t a n k _ 
c i r c u l a t e d t o beam 
t r a n s m i s s o m e t e r and 
s p e c t r o p h o t o m e t e r 

g r a d u a t e d s c a l e 

g l a s s end w i t h 
f r o s t e d , m i r r o r e d 
s u r f a c e 

- g l a s s w i t h d i f f u s i n g 
s u r f a c e o r o p a l 
s h e e t i n g 

s o u r c e o f c o n t r o l l e d 
i l l u m i n a t i o n 

s l i d i n g t a r g e t -
b a c k g r o u n d frame 

F i g . 5 . 7 : P l a n v i e w o f p r o p o s e d v i s i b i l i t y t a n k , p r e s e n t l y 
u n d e r c o n s t r u c t i o n 

V i s i b i l i t y e x p e r i m e n t s i n t h e sea w i l l c e r t a i n l y c o n t i n u e ; f o r 

example, the r e s u l t s o f v i s i b i l i t y t a n k e x p e r i m e n t s w i l l need t o be 
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c o n f i r m e d i n t h e f i e l d . A l s o , use o f t h e c o r n e r r e f l e c t o r + l i g h t 

t r a p + n e u t r a l f i l t e r d i s c s u i t e o f t a r g e t s f r o m a s u r f a c e b o a t , 

( r a t h e r t h a n d i v e r ) , has y e t t o he. t e s t e d . The e q u a t i o n s c o n c e r n e d 

were p r e s e n t e d i n T a b l e 4.6. Of p a r t i c u l a r i n t e r e s t w i l l be t h e 

c a l c u l a t i o n o f w a t e r r e f l e c t i v i t y , R , b y Eqn.4.120, and t h e o b s e r v e r ' s 

t h r e s h o l d c o n t r a s t , C t , b y Eqn.4.121. 

The i n s p i r a t i o n f o r t h i s whole s t u d y o r i g i n a t e d i n an u n d e r w a t e r 

i n v e s t i g a t i o n o f the p r o b l e m o f 'ghost n e t ' f i s h i n g b y l o s t and 

abandoned m o n o f i l a m e n t g i l l n e t s i n s h a l l o w w a t e r ( P i l g r i m e t a l . 

1 9 8 5 ) . S u b s e q u e n t l y , a t t e m p t s were made t o p r o d u c e e q u a l l y i n v i s i b l e 

n e t s b y c o l o u r - p a t t e r n c a m o uflage o f e n v i r o n m e n t a l l y more a c c e p t a b l e 

m u l t i f i l a m e n t n e t t i n g . R e s u l t s o f t h e s e e x p e r i m e n t s were p r o m i s i n g , 

b u t s t a t i s t i c a l l y i n c o n c l u s i v e . T h i s p o t e n t i a l l y v a l u a b l e work w i l l 

be r e a s s e s s e d and c o n t i n u e d i n t h e f i e l d and i n t h e v i s i b i l i t y t a n k . 

5.6.4 I n f l u e n c e o f p a r t i c l e s i z e and s i z e d i s t r i b u t i o n upon l i g h t 

p r o p a g a t i o n 

O p t i c a l t u r b i d i t y i s a f u n c t i o n o f a t l e a s t t h e f o l l o w i n g p a r a m e t e r s : 

p a r t i c l e c o n c e n t r a t i o n , p a r t i c l e s i z e , p a r t i c l e shape, p a r t i c l e s i z e 

d i s t r i b u t i o n and p a r t i c l e m i n e r a l ( r e f r a c t i v e i n d e x ) . M o r e over, 

p a r t i c l e s i z e , shape and r e f r a c t i v e i n d e x must be g r e a t l y i n f l u e n c e d 

b y t b e s c a l e and n a t u r e o f any o r g a n i c o r i n o r g a n i c c o a t i n g ( G l e g g e t 

a l , 1 9 8 5 ) , and t b e s e w i l l v a r y i n t h e e n v i r o n m e n t w i t h : l o c a t i o n , 

d e p t h , s t a t e o f t i d e , r i v e r f l o w and s a l i n i t y ( f l o c c u l a t i o n ) . These 

v a r i a b l e s cannot be s e l e c t e d t o o r d e r i n t h e f i e l d . To s t u d y t h e i r 

e f f e c t upon o p t i c a l t u r b i d i t y i t w i l l be n e c e s s a r y t o d e s i g n a 
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l a b o r a t o r y model, and t b e n t o c o n t r i v e t u r b i d i t i e s o f s e l e c t e d and 

c o n t r o l l e d m i n e r a l s , s i z e s , d i s t r i b u t i o n s and c o n c e n t r a t i o n . Tbe 

e f f e c t o f p a r t i c l e v a r i a t i o n upon t b e beam a t t e n u a t i o n c o e f f i c i e n t 

and upon v i s i b i l i t y p r o b l e m s may be s t u d i e d i n t b e t r a n s m i s s o m e t e r 

f l o w c e l l and v i s i b i l i t y t a n k d e s c r i b e d e a r l i e r i n t b i s c b a p t e r . But 

wbat o f t b e d i f f u s e a t t e n u a t i o n c o e f f i c i e n t , K? 

F r i e d m a n e t a l (1981) bave d i s c u s s e d t b e p r o b l e m o f m e a s u r i n g t b e 

a b s o r p t i o n c o e f f i c i e n t o f t u r b i d w a t e r b y s p e c t r o p b o t o m e t e r ; a 

s y s t e m a t i c e r r o r r e s u l t s f r o m t b e i n c r e a s e d p a t b l e n g t b s f o l l o w e d b y 

s c a t t e r e d p a r t i c l e s . B r i c a u d ejt a l . (1981) bave n o t e d t b a t even a f t e r 

f i l t r a t i o n , s e a w a t e r r e m a i n s a s c a t t e r i n g medium so t b a t t b e c o e f f 

i c i e n t o b t a i n e d f r o m a c o n v e n t i o n a l s p e c t r o p b o t o m e t e r i s i n t e r m e d i a t e 

between a(X) and c(X). I t may f o l l o w , t h e r e f o r e , t b a t i f a s p e c t r o 

p b o t o m e t e r c e l l were so d e s i g n e d t b a t a l l o f t b e s e s c a t t e r e d p b o t o n s 

were c o l l e c t e d b y t b e r e c e i v e r , t b e n t b i s measure w o u l d be e q u i v a l e n t 

t o t b e a t t e n u a t i o n c o e f f i c i e n t f o r d i f f u s e l i g b t , Z ( X ) . S b i b a t a 

(1959) bas d e s c r i b e d s e v e n r e p r e s e n t a t i v e t y p e s o f a t t e n u a n c e ( s e e 

T a b l e 5.2) b y a s s i g n i n g a p r e c e d i n g s u b s c r i p t t o i n d i c a t e t b e n a t u r e 

o f t b e i n c i d e n t l i g b t , and a f o l l o w i n g s u b s c r i p t t o d e s c r i b e t b e 

n a t u r e o f t b e l i g b t a f t e r i t bas p a s s e d t b r o u g b t b e sample. 

R e c t i l i n e a r a t t e n u a n c e , c A c , i s t b e a t t e n u a n c e t b a t w o u l d o c c u r i n a 

s p e c t r o p b o t o m e t e r wben m e a s u r i n g a n o n - s c a t t e r i n g sample; s i m p l y , cAc 

i s t b e g e n e r a l l y sought a b s o r b a n c e . Q u a s i - a t t e n u a n c e , c E f , i s o f 

s i g n i f i c a n c e t o t h e p r o p o s e d method o f m e a s u r i n g K ( X ) . I t i s 

i l l u s t r a t e d i n F i g . 5 . 8 , and i s now c o n s i d e r e d i n f u r t h e r d e t a i l . 

Some o f t h e c o l l i m a t e d i n c i d e n t l i g b t , c l , i s n e i t b e r a b s o r b e d n o r 

s c a t t e r e d , and r e a c h e s t h e d e t e c t o r as I c . Some f r a c t i o n , 0 < f < l , o f 
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T a b l e 5.2: Seven t y p e s o f a t t e n u a n c e ( S b i b a t a , 1959) 

Type o f 
A t t e n u a n c e 

I n c i d e n t l i g b t 
C o l l i m a t e d j D i f f u s e D e f i n i t i o n 

R e c t i l i n e a r cAc - L n [ I o / I c ] 

Q u a s i - c E f - T,n[Io/(Ic + f . I d ) ] 

S e m i - i n t e g r a l c E t d E t L n [ I o / I t ] 

I n t e g r a l c E t r d E t r L n [ I o / ( I t + I r ) ] 

R - c o r r e c t e d c r E t d r E t T,Ti[(Io - I r ) / I t ] 

R e f l e x 
0 < f < l and c E r d E r L n [ I o / I r ] 
Ip+Id = I t 

c = c o l l i m a t e d ; d = d i f f u s e ; r = r e f l e c t e d ; t = t o t a l 

t r a n s m i t t e d ; f = measured f r a c t i o n o f t b e t o t a l d i f f u s e 

l i g b t ( 0<f<l) 

d e t e c t o r 

F i g . 5 . 8 : Tbe o p t i c s o f CLuasi-attenuance measurement i n a 
s p e c t r o p b o t o m e t e r ( S b i b a t a , 1 9 5 9 ) . 
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c l w i l l Tje s c a t t e r e d i n t o t h e a c c e p t a n c e a n g l e o f t h e meter as 

d i f f u s e f l u x , f . I d . The r e m a i n i n g p h o t o n s , ( l - f ) . I d , w i l l he l o s t 

and t r e a t e d i n t h e same way as a b s o r b e d photons i n t h e i n s t r u m e n t a l 

' c a l c u l a t i o n ' o f a b s o r b a n c e . T h i s i s t h e t r o u b l e s o m e e r r o r w h i c h 

p l a g u e s s e e k e r s o f s i m p l e a b s o r b a n c e . Nor, u n f o r t u n a t e l y , i s i t a 

measure o f d i f f u s e a t t e n u a n c e (K x c e l l l e n g t h ) . A measure o f 

d i f f u s e a t t e n u a n c e s h o u l d i n c l u d e a l l o f t h e f o r w a r d p r o p a g a t i o n 

f l u x , I c + f . I d + ( l - f ) . I d , b u t none o f t h e b a c k - s c a t t e r e d p h o t o n s o f 

I r . T b i s s u g g e s t s one p o s s i b l e t e c h n i q u e f o r m e a s u r i n g E: d e s i g n a 

s p e c t r o p h o t o m e t e r w i t h a d e t e c t o r l a r g e enough t o c o l l e c t a l l o f the 

f o r w a r d f l u x l e a v i n g t h e sample c e l l . 

An a l t e r n a t i v e a p p r o a c h i s prompted b y t h e e f f o r t s o f S h i b a t a ( 1 9 5 9 ) , 

t o remove t h e e r r o r c a u s e d b y l o s t f l u x ( l - f ) . I d . He d e s c r i b e s a 

s i m p l e t e c h n i q u e i n w h i c h a s m a l l p i e c e o f o p a l g l a s s i s p l a c e d 

e i t h e r between t b e sample and d e t e c t o r ( p r o c e d u r e A ) , o r between t h e 

l i g h t s o u r c e and t h e sample ( p r o c e d u r e B; see F i g . 5 . 9 ) , i n w h i c h c a s e 

b o t h t b e r e f e r e n c e c e l l ( w a t e r ) and t h e sample c e l l a r e i l l u m i n a t e d 

b y d i f f u s e l i g h t . S i n c e t h e l i g h t emerging from t h e sample and 

r e f e r e n c e c e l l s bave b e e n c o m p l e t e l y d i f f u s e d , t h e v a l u e o f a t t e n 

uance t h u s measured i s , s a y s S h i b a t a , '... t h e a p p r o x i m a t e v a l u e o f 

s e m i - i n t e g r a l a t t e n u a n c e f o r d i f f u s e i n c i d e n t l i g h t , w h i c h i n c l u d e s 

t h e e f f e c t o f m u l t i p l e r e f l e c t i o n ' . S e m i - i n t e g r a l a t t e n u a n c e i s t b e 

t h i r d o f t h o s e l i s t e d i n T a b l e 5.2, and i s e x p r e s s e d : l n [ I o / I t ] where 

I t i s t h e t o t a l t r a n s m i t t e d f l u x . T b i s i s , s u r e l y , d i f f u s e a t t e n 

u a n c e , and s o : 

K = ( l / r ) . L n [ I o / I t ] (5.4) 

where r i s t h e c e l l l e n g t h . 
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To i n c r e a s e t h e a c c u r a c y and s e n s i t i v i t y o f t h e system, a 100 mm 

f l o w - c e l l was u s e d . As s c a t t e r e d p h o t o n s w o u l d be l o s t t h r o u g h the 

s i d e o f t h e f l o w - c e l l , t h i s was s i l v e r e d . I f t h e f l o w - c e l l i s 

i m a g i n e d t o be a column o f w a t e r i n t h e s e a , t b e n t b e r e f l e c t e d 

p hotons i n t h e c e l l r e p r e s e n t t h e random f l u x o f p h o t o n s t h a t would 

be s c a t t e r e d i n t o the column t o e x a c t l y r e p l a c e t b o s e randomly 

s c a t t e r e d o u t . Tbe s i l v e r e d f l o w - c e l l was a r r a n g e d as i l l u s t r a t e d i n 

F i g . 5 . 9 i n an U l t r a s c o p e 4050 s p e c t r o p h o t o m e t e r (LKB B i o c h r o m L t d ) . 

The whole c a l i b r a t i o n and m e a s u r i n g p r o c e d u r e was c o n t r o l l e d b y a 

m i c r o p r o c e s s o r i n t e r f a c e d w i t h an A p p l e l i e m i c r o c o m p u t e r w h i c h 

d i s p l a y e d (VDU), r e c o r d e d ( s o f t d i s c ) and p r i n t e d a l l measured 

s p e c t r a . 

o p a l g l a s s s i l v e r e d f l o w c e l l 

lamp d e t e c t o r 

1̂  

F i g . 5 . 9 Arrangement o f o p a l g l a s s and s i l v e r e d f l o w c e l l i n 
s p e c t r o p h o t o m e t e r 

A number o f a t t e m p t s have b e e n made t o s i m u l a t e d i f f u s e t r a n s m i s s i o n 

- and bence measurement o f K - i n t h e system i l l u s t r a t e d . So f a r , t b e 

r e s u l t s have been u n c o n v i n c i n g . I t was o n l y d u r i n g t h e l a s t o f t b e s e 

e x p e r i m e n t s t b a t t b e r e a s o n f o r t h i s was f u l l y d e m o n s t r a t e d . The 

s p e c t r o p h o t o m e t e r was opened i n a d a r k e n e d room and a w h i t e c a r d was 

p l a c e d between t h e sample t u b e and t b e d e t e c t o r t o examine t b e shape 

and s i z e o f t h e emergent d i f f u s e beam. I t was a p p a r e n t t h a t w i t h 

i n c r e a s e d sample t u r b i d i t y , and hence i n c r e a s e d s c a t t e r i n g , t h e beam 
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was w i d e n i n g so t h a t t h e f l n x d e n s i t y was b e i n g r e d u c e d ( a p a r t f r o m 

th e i n t e n d e d r e d u c t i o n due t o i n c r e a s e d K ) . As t b e r e c e i v e r does n o t 

c o l l e c t t h e whole beam, b u t o n l y a sample t h r o u g h i t s window (see 

F i g . 5 . 9 ) , t h e n t h i s g i v e s r i s e t o a l a r g e and s e r i o u s e r r o r . 

C l e a r l y , some fo r m o f l e n s s y s t e m w i l l have t o be p l a c e d between t h e 

tube and window so t h a t a l l o f t h e emergent f l u x c a n be c o l l e c t e d and 

f o c u s e d o n t o t h e r e c e i v e r . 

5.6.5 The development o f Honte C a r l o m o d e l l i n g o f u n d e r w a t e r l i g h t 

The techniq.ue o f Monte C a r l o m o d e l l i n g t o s t u d y o r j p r e d i c t t h e 

b e h a v i o u r o f l i g h t u n d e r w a t e r has b e e n employed b y s e v e r a l w o r k e r s 

i n c l u d i n g P l a s s and K a t t a w a r (1969,1972), K a t t a w a r and P i a t t ( 1 9 7 2 ) , 

Gordon and Brown (1973, 1974, 1975) and Gordon e t a l ( 1 9 7 5 ) . I n 

C h a p t e r s 2 and 4, t h e Monte C a r l o m o d e l l i n g o f K i r k (1981a, 1981c, 

1986a,1986b), was d e s c r i b e d and a g r a p h i c a l r e p r e s e n t a t i o n ( F i g . 2 . 1 0 ) 

o f one s e t o f r e s u l t s ( K i r k 1986a) was u s e d i n t h e a n a l y s i s o f d a t a 

o b t a i n e d i n t b e N o r t h A t l a n t i c and Tamar E s t u a r y ( T a b l e 4.2, F i g s 

4.15 and 4.18, and Eqn 4 . 25). 

A m a t h e m a t i c a l model o f l i g h t p r o p a g a t i o n w o u l d be most u s e f u l t o t h e 

PML+IMS (Plymouth) work. An e a r l y v e r s i o n o f K i r k ' s model was 

p u b l i s h e d i n K i r k ( 1 9 8 1 c ) ; however a new model s b o u l d be p r o d u c e d a s : 

( i ) K i r k ' s model i s n o t u b i q u i t o u s i n a p p l i c a t i o n ; a new model w o u l d 

be t a i l o r e d t o p a r t i c u l a r needs, s u c h as t h e s t u d y o f n e a r -

s u r f a c e r e f l e c t a n c e o r t h e p r o b l e m o f i n s t r u m e n t a l s e l f - s h a d i n g . 
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( i i ) M a t h e m a t i c a l models n e c e s s a r i l y i n c o r p o r a t e measured c o n s t a n t s 

and e m p i r i c a l a l g o r i t h m s d e r i v e d f r o m r e g i o n a l d a t a t h a t may n o t 

he a p p r o p r i a t e f o r use e l s e w h e r e ; a new model would i n c l u d e 

e m p i r i c a l p a r a m e t e r s a p p o s i t e t o t h e a r e a ( s ) o f i n v e s t i g a t i o n . 

5.6.6 S p e c t r a l measurements o f i r r a d i a n c e and/or r a d i a n c e 

As d e m o n s t r a t e d i n t h i s programme o f r e s e a r c h , a c o n s i d e r a b l e range 

o f o p t i c a l i n f o r m a t i o n c a n be g a t h e r e d u s i n g i n s t r u m e n t a t i o n 

o p e r a t i n g i n a s i n g l e , n a r r o w band (eg c ( 6 6 0 ) ) , o r i n a s i n g l e , b r o a d 

band (eg " K o ) . The scope w o u l d be much wid e n e d , however, b y 

m e a s u r i n g o p t i c a l p r o p e r t i e s o v e r a range o f s e l e c t e d narrow, b a n d s , 

so t h a t t h e s p e c t r a l p r o p e r t i e s o f t h e w a t e r s c o u l d be d e f i n e d . F o r 

example, b y m e a s u r i n g K(X) v a l u e s , t h e n J e r l o v ' s w a t e r t y p e ( J e r l o v , 

1976) may be d e t e r m i n e d . 

S p e c t r a l i r r a d i o m e t e r s / r a d i o m e t e r s a r e c o m m e r c i a l l y a v a i l a b l e ; b u t 

t h e y a r e e x t r e m e l y e x p e n s i v e . A s y s t e m i s t h e r e f o r e s u g g e s t e d b y 

w h i c h s i m p l e measurements o f s p e c t r a l r a d i a n c e and/or i r r a d i a n c e c a n 

be o b t a i n e d b y means o f an xinderwater camera. 

The p r o p o s e d metbod ( s e e F i g . 5 . 1 0 ) e n t a i l s t a k i n g a p h o t o g r a p h o f t h e 

i l l u s t r a t e d f i l t e r frame u s i n g an i n d u s t r i a l q u a l i t y b l a c k and w h i t e 

f i l m (eg Kodak Tmax P r o f e s s i o n a l ) . The frame w i l l c o n s i s t o f an 

opaque p l a s t i c s h e e t w i t h a s e r i e s o f c i r c u l a r windows and a s i n g l e 

r e c t a n g u l a r window. The c i r c u l a r windows w i l l be f i t t e d w i t b 

c o l o u r e d f i l t e r s a t t h e w a v e l e n g t h s o f i n t e r e s t . The r e c t a n g u l a r 

window w i l l be f i t t e d w i t h a g r a d u a t e d s e r i e s o f n e u t r a l f i l t e r s . A t 
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F i l t e r frame 

Camera w i t l i 
c l o s e - u p "~ 
l e n s / t u b e 

F i g . 5 . 1 0 : P r o p o s e d camera + f i l t e r frame s p e c t r a l 
i r r a d i a n c e / r a d i a n c e meter 

any d e p t b , z, t b e camera may be p o i n t e d i n any d i r e c t i o n , t o 

measure t b e s p e c t r a l d i s t r i b u t i o n , E ( X , z , 5 ) . A f t e r e x p o s u r e , t b e 

f i l m w i l l be d e v e l o p e d ( n e g a t i v e ) b u t n o t p r i n t e d . Tbe g r a d u a t e d 

n e u t r a l f i l t e r e xposure w i l l be u s e d t o c a l i b r a t e a s t a n d a r d 

p b o t o g r a p b i c d e n s i t o m e t e r w b i c b w i l l t b e n be u s e d t o measure 

tbe r e l a t i v e i n t e n s i t i e s o f t b e c o l o u r e d f i l t e r e x p o s u r e s . I f t b e 

f i l t e r windows were t o be f i t t e d w i t b Gersbun t u b e s , t b e n t b e s y s t e m 

w o u l d measure r a d i a n c e , L ( X ) , r a t b e r t b a n i r r a d i a n c e , E ( X ) . 

Tbe p r o p o s e d system i s v e r y f l e x i b l e ; a s e t o f d i f f e r e n t f i l t e r 
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frames c o u l d be made t o m o n i t o r d i f f e r e n t s e l e c t i o n s o f w a v e l e n g t b s ) 

eg: 

( i ) 555 nm p l u s s e v e r a l b i g b e r and l o w e r w a v e l e n g t h s t o c o v e r t b e 

buman p b o t o p i c s p e c t r u m 

( i i ) a s u i t a b l e r ange o f w a v e l e n g t h s t o e s t i m a t e PAR, as d i s c u s s e d 

i n 5.5.1 

( i i i ) t h e w a v e l e n g t h s m o n i t o r e d b y any p a r t i c u l a r s a t e l l i t e o r 

• a i r b o r n e remote s e n s i n g s y s t e m , eg t h e CZCS (443, 520, 550, 

670, 750 nm) 

( i v ) t h e I n v i v o peak a b s o r p t i o n w a v e l e n g t h s o f a l g a l p i g m e n t s 

( c h l o r o p h y l l s , c a r o t e n o i d s and b i l i p r o t e i n s ) , ( s e e eg K i r k , 

1983) 

(v) s i m i l a r l y , t h e peak a b s o r p t i o n w a v e l e n g t h s o f t h e v i s u a l 

p i g m e n t s ( r h o d o p s i n ) o f s e l e c t e d f i s h e s , ( s e e eg t b e l i s t o f 

r e f e r e n c e s i n P a r t r i d g e , 1988) 

( v i ) t h e s u i t e o f s e n s o r s f i t t e d t o a UOR i n r e l a t e d e x p e r i m e n t s 

( v i i ) t b e s e l e c t i o n o f f i l t e r s u s e d b y Hemmings and L y t b g o e (1965) 

i n t b e i r d i v e r - o p e r a t e d d e v i c e u s e d t o compare t b e r e l a t i v e 

s p e c t r a l i n t e n s i t y o f t o p l i g b t and s i d e l i g b t . By chance, 

t h i s d e v i c e was f i r s t u s e d o f f M a l t a d u r i n g an u n d e r w a t e r 

s c i e n c e e x p e d i t i o n i n 1965. The p r o p o s e d camera s y s t e m w i l l 

be u s e d i n o u r own work i n t h e s e same w a t e r s i n 1989; i n d e e d , 

i t i s l i k e l y t b a t t h e e x p e r i m e n t d e s c r i b e d b y Hemmings and 

Lyth g o e w i l l be r e p e a t e d e x a c t l y f o r c o m p a r i s o n . 
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T h i s system c o u l d a l s o he u s e d f r o m a b o a t f o r m e a s u r i n g t h e s p e c t r a l 

d i s t r i b u t i o n o f u p w e l l i n g i r r a d i a n c e , Eu(X.), b y s i m p l y d i p p i n g i t 

i n t o t h e w a t e r , A l s o , b y p o i n t i n g i t upwards, i t c o u l d be used t o 

measure t h e s p e c t r a l d i s t r i b u t i o n o f s k y l i g h t . 

On t b e w h o l e , t h e o b j e c t i v e s o f t h i s s t u d y have b e e n f u l f i l l e d , 

t h o u g h each i n v e s t i g a t i o n has r a i s e d new q u e s t i o n s . H o p e f u l l y , t b i s 

w i l l c o n t i n u e t o be t h e c a s e ; i t w i l l be a sad day t b a t p r o d u c e s no 

new q u e s t i o n s . 
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The Secchi Disc in principle and in use 
D.A. Pilgrim, Dept. of Marine Science, Plymouth Polytechnic. 

1. Introduction 
The Secchi disc is simply a flat white 20-30cra diameter 
horizontal plate which is lowered through the water column 
until it is observed to just disappear — at the Secchi depth Zs. 
It is apparent that in broad terms Zs must be a function of the 
turbidity of the water and indeed, the Secchi disc has been 
used by oceanographers and marine biologists as a means of 
assessing water clarity for well over a century. To understand 
the operation of this ostensibly straight forward instrument 
— and rather more importantly, to understand what it 
measures exactly — then we shall need to consider certain 
aspects of established optical theory as applied to the 
propagation of light underwater and to the concept of 
contrast visibility. We may then consider the disc's practical 
uses. 

r r 

CEIL 

Fig. 1 

Attenuation of a collimated beam of light (radiance, N) 

2. Some optical'theory 
2.1 The attenuation of underwater light 
It is observed that when light is propagated through water it 
suffers a loss in intensity'. Fig. 1 illustrates the path of a beam 
of coUimated light of intensity (radiance) No at the source 
which is anenuated to intensity Mr during its passage through 
distance r. This beam attenuation is due to both absorption 
and scattering. Photons of light are absorbed by organic and 
inorganic particles in suspension, dissolved inorganic salts, 
plankton and by molecules of the water itself As only 
collimated light is accepted through the Gershun tube of the 
receiver then any light scattered out of the beam by particles, 
plankton, salt and water molecules is totally lost. The beam 
attenuation (or simply anenuation) is therefore the sum of 
absorption and scattering. It may be demonstrated that the 
consequent decrease in light intensity with distance is 
exponential and expressed by Beer-Lambert's lata: 

N M - N M . t x p [ - ( » . b ) . r ] . N p j . o j > [ - « j ] - Kt<9,«xp[-rj eq. 1 

where a is the absorbtion coefficient, b is the scattering co
efficient and the sum of a and b, is the (beam) attenuation 
coefficient. The geometrical path length r multiplied by the 
attenuation coeffiicient a is termed the optical length 7f . A 
very good example of a receiver which accepts only collimated -
direct - rays of light is the eye and its mechanical equivalent, the 
camera; indeed the attenuation coefficient a is usually 
associated with some aspect of visibility or photography. 
2.2 The extinction of underwater light 
Thus far it has been assumed that photons flow in a 
collimated beam and that scattered light is therefore lost. This 

Fig. 2 
Extinction of diffused light (Irradiance, H) is not necessarily the case. Suppose an underwater surface 

such as that illustrated inî ĵ ..? is iZ/uminareif by downwelling 
irradiance H; that is to say by light arriving from a range of 
directions due to scaneiing. It is apparent that as scattering is 
essentially a random process then for every photon which is 
randomly scattered out of the water column above the 
receiving surface then a photon will be randomly scattered 
into the column. If this were not the case then presumably the 
column would brighten or darken. It must therefore follow 
that there is no net loss from the column directly by 
scattering; however there will be additional absorption 
associated with the increased path lengths followed by the 
scattered streams of photons. We may therefore write Beer-
Lamben's law for irradiance: 

Htfl = HtoJ.etp = HtoJ.exp [-K.i] • H M [-j} C q . 2 

where a' represents the increase in the value of the absorption 
coefficient due to the increased path length followed by the 
scattered light and K is the extinction coefficient or diffuse 
attenuation coefficient. J, the multiple of the geometrical 
length of the path and the extinction coefficient may be 
termed the optical length for irradiance. Just as beam 
anenuation is usually associated with visibility so is extinction 
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. generally associated with some form of illumination. The 
Secchi disc is illuminated by downwelling irradiance and its 
upwclling radiance is observed by the eye; we should not be 
surprised therefore to find that the Secchi depth is a function 
of both a and K. 
2.3 Contrast visibility 
An object may be visually detected against its background if it 
is a different colour to its background; this is known as colour 
contrast. If the object is the same colour as its background 
then it may still be deteaed if it has a different brightness to 
its background. This is brightness contrast, the phenomenon 
which most often limits' visibility in the generally, 
monochromatic subsurface world. Contrast C is defined by: 

C = 
object brightness — background brightness 

background brightness 

We may therefore express the inherent contrast Co of an 
object — the contrast that it would have if viewed at zero 
distance — by the expression: 

Co = 
No bNo 

bNo 

where N is radiance and b indicates background. At some 
finite distance r the apparent contrast will be expressed by: 

G = 
Nr — bNr 

bNr 

These contrasts are illustrated in Fig. 3. Apparent contrast 
Cr is diminished with increased distance r by two concurrent 
processes. Light from the object is anenuated by absorption 

= 0 
r „ _ No-bNo 

bNo 

' " ° Inherent Conlrast 

bNr 

Apparent Contrast 

Fig. 3 
Brightness contrast 

and scattering so that there will be a reduction in object 
radiance; at the same time incoming daylight is scattered 
towards the observer throughout the entire length of the path 
of sight producing a veil of light behind which the object 
becomes increasingly indistinct. The diminution in apparent 
conttast to which these two processes contribute is given by 
Duntley's lata of contrast reduction (Duntley, 1952): 

Cr . CO.CXP f - (0£» K.«in g ) t j 

contrAtt redueticn 
f»ctor 

eq.3 

The situation in which this equation is derived is illustrated 
in Fig. 4. It can be seen from eq. 3 that the apparent contrast 
Cr decreases exponentially with range r as a funaion of both 
the anenuation and extinction coefficients and sighting angle 
B. Of course, a range may be reached at which Cr is reduced to 
a level too low for visual detenion by the observer. This 
limiting apparent contrast is termed the threshold contrast Ct. 
Duntley (1952) coined the term hydrological range V to 

C r - C o . e x p - (K4-K.s ine) r 

Dunlley,l9S2 

F!g.4 
Duntley's law of contrast reduction 

describe this distance of disappearance. Substitution of Ct 
and V into eq. 3 gives: 

K . s i n 0 eq.4 

where P represents the term Ln [Co/Ct], a constant for any 
given object and observer. Eq. 4 shows that the range of 
visibility for, say, a fish or diver is maximum when looking 
vertically upwards (6 = -90"; sin 9 = -1), minimum when 
looking vertically downwards (9 — 0°; sin fi= 0). We should 
now consider the special case of the visibility of a flat white 
disc viewed from above. 
2.4 The Secchi depth 
Suppose a flat white disc of surface reflectivity f is situated 
at depth z and is observed from above as illustrated 'mFig. 5. 
The disc is illuminated by irradiance Hz so that its inherent 
brightness at depth z must be f .Hz. The mass of water itself 
will reflcCT (back scatter) light; this property of the water is 
charaaerised by its reflectance R. It follows that the inherent 
brightness of the background water against which the disc is 
observed must be given by R.Hz and so we may write for 
mherent contrast of the disc: 

^.Ha - B.Ha 
R.HI 

So, the inberent contrast of the submerged disc and indeed, 
any imderwater object, depends only upon its own reflectivity 
and the reflectance of the water; it is not a function of the 
ambient light conditions assuming that these are bright 
enough for efficient vision. The disc will be observed 
vertically downwards (9 = 90°) so that K.sin 8= K. At Zs, the 
depth of disappearance, the apparent contrast will be the 
threshold connast Ct so that from eq. 4 we may now write the 
Secchi depth equation: 

rr- ° 1 In ct.» . 
4- Mh«nc« (t)^ K] eq. 5 

3. 
3.1 Secchi's experiment 
The idea of assessing the transparency of water by making 
visual observations of a submerged white disc is not a new one 
but may bave originated with a casual observation by a certain 
Captain Alexandre Berard in the early 19th century (Tyler, 
1968). It is recorded that on some occasion during a passage 
from Wallis Island to the Mulgraves, B£rard noticed a white 
dish entangled in a fishing net at a depth of 40m. This 
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Fig. 5 
observation was mentioned in the writings of Dominique 
Argo the French astronomer and physicist whose optical 
work included photometric measurements of the brightness 
of the stars, proof of the relationship between the aurora 
borealis and magnetic variation and important observations 
of the total solar eclipse of 1842. The works were 
subsequently read by Commander Alessandro Cialdi who, in 
1865, was head of the Papal Navy and interested in the 
transparency of the sea and visibility of the sea bed. Cialdi 
prepared a number of discs of different colours and sizes 
(Cialdi, 1866) and engaged the services of Professor PA 
Secchi to organise and conduct a programme of observations 
from on board the papal barge L'Immacolata Concezione. 
Secchi measured the depth of disappearance of Cialdi's discs 
off a graduated line. In his report (Secchi, 1865; translation 
by Collier et al, 1968) Secchi records that the largest disc 
deployed was of 3.73m diameter "... formed of an iron circle 
covered with oiled sailcloth and varnished with white lead". 
Smaller discs were 0.4m m diameter and "... of diverse 
substances. One was pure white earthenware plate... others 
were cloth discs supported by iron circles... but of dilferent 
colouis: white, yellow and the colour of sea mud." These 
various discs were deployed 6-12 miles off the coast of 
Civitavecchia in Mediterranean water which was "... 
perfectly clear, of a beautiful colour and of a great purity... 
which for a long time had not been strongly agitated". 

During the voyage Secchi carefully examined and recorded 
the effects of many variables upon the visibility of Cialdi's 
submerged discs. His conclusions were: 

(i) Influence of size of disc. The large discs were found to 
have a greater depth of visibility than the smaller ones 
"... because the images of the laner... arc deformed in all 
dirertions by refraaion, and become so diffused that it 
is impossible to recognise the object exactly, even when 
it is sufficiently clear." 

(ii) Influence of shadow of ship. Secchi recorded that depths 
of disc visibility were approximately equal on the 
shaded and sun-lit sides of the ship "... provided that 
the solar rays reflected by the water were prevented 
from reaching the eye." 

(iii) Influence of height of observer above the tvater. It was 
determined that "... by placing the eye as near as 
possible to the water the depth increases...", and that 
"... between the measurements taken on the deck of the 
ship and in the smaller craft there was a difference of 
2m, but this advantage was more noticeable for the little 
discs than for the large ones." 

(iv) Influence of altitude of sun and cloud cover. "The most 
important faaors are the height of the sun and the 
clearness of the sky.", wrote Secchi who found that a 
sky even thinly covered with light clouds resulted in "... 
4m less of depth..." than a perfectly clear sky. 

(v) Colour of disc and water. Secchi analysed the light 
reflected by white discs by means of a spectroscope and, 
as may be expected in his "... perfectly clear ..." 
Mediterranean water, he found that the 5ist colour to 
disappear was red followed by yellow and green whilst 
"... blue, indigo and violet remain completely 
unaltered., that explains the colour of the seawaier 
which is of a lovely blue darkening to violet". Cialdi had 
also provided discs painted yellow "... and the colour of 
the sea slime...", (whatever that might be in a 19th 
century Mediterranean "... of great purity ..."!), and 
Secchi noted that these disappeared at depths 
representing hardly half of those of the white ones. 

(vi) Maximum depth of disc visibility (i.e.,maximum Secchi 
depth). During this original series of experiments 
Secchi recorded depths no greater than 45m — little 
more than Berards 40m'observation — but wrote that 
"... I believe that in seas like our Mediterranean, one 
could reach at the most only 50m and, with great 
difficulty 60m..." This is probably about right as Tyler 
(1968) has calculated an absolute maximum Sccchi 
depth of 67m for pure water. 

(vii) The use of polarizers. Secchi did try some observations 
"... using polarizers proposed by Argo... to destroy the 
reflection of the light on the water which greatly 
impaired distinct vision... but without any 
advantage...". He found that the advantage of reduced 
suidigbt reflection was outweighed by the unwanted 
absorption by the polarizer and "... the necessity of 
using a single eye...". [In faa I have experimented with 
modem polarizing sunglasses — two eyes — and have 
foimd them to be of some advantage; however I much-
prefer to use a glass-bottomed bucket as this completely 
removes both surface reflection and irregularities in 
surface refraction, the phenomenon which causes the 
disc image deformation referred to by Secchi in (i).] 

(viii) Point of actual disc disappearance. Even during these 
first recorded observations Secchi notes that"... in each 
experiment the disappearance happened in rather 
narrow limits of depth, varying rarely from one meter in 
the same circumstances...". [This is an interesting 
point, I bave made many Secchi disc observations and 
underwater measurements of horizontal visibility and 
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have always been surprised that the disc or fellow diver 
should disappear at such an exact depth or range. One 
might imagine that the target would gradually fade into 
the background over a considerable range of distance 
but this is not usually the case except in water rich in 
planktonic 'bloom'. I have also found remarkable 

• agreement in the observations by several observers or 
divers in the same water.] 

After 1866 the Secchi disc became established as a standard 
instrument for measuring turbidity at sea. Its simplicity and 
cheapness guaranteed its survival — even after the 
introduction, early this century, of the photoelectric cell for 
the measurement of underwater illumination. 
3.2 The Secchi disc today 
It is not common practice today to construCT a Secchi disc 
with a 3.73m diameter iron ring covered with oiled sailcloth 
and varnished with white lead. Nor is sea slime a fashionable 
choice of colour. Curiously, exact size and reflectivity have 
not yet been standardised internationally though it is usual to 
use flat white painted discs of 20-30cm diameter. [I did not 
use painted discs in the collection of the data presented in 
seaion 4. To maintain a repeatable standard throughout, I 
used 30cm discs of ordinary 4mm mirrored glass which had 
been Frosted by rubbing with a small piece of glass and wet, 
grade 1 carborundum powder. The mirrors were glued to an 
aluminium base plate which was rigged with a 3-legged 
bridle. Of exactly Im depth, and anached to a plastic covered 
steel surveyors' tape. The Secchi depth was therefore the tape 
measurement plus Im. For measuring Secchi depths of less 
than 1.5m I have fixed a 20cm mirrored disc to a graduated 
pole. This is especially useful in turbid, fast flowing water as 
the pole keeps the line of sight vertical. In really fast flowing 
water a line may be anached to the bonom of the pole and 
secured at the fore part of the anchored survey vessel. As 
mentioned in section 2, a glass-bonomed bucket was used 
throughout.} 

3.3 A working value of fis 
We have from eq. 5 that (a + K) = ps/Zs and that /Js = Ln 
[(f — R)/Ct.R)]. Qearly we need some realistic values for 
f R and Ct if we are to use the Secchi disc to calculate (a + K), 
the sum of the anenuation and extintion coeffldents. 

The reflectivity f of bright white paint is generally taken 
to be 80-85% though Holmes (1970) does mention that in an 
experiment with flat white paint a reflectance of 84% was 
measured when dry but this increased to 93% on immersion in 
pure water. It is usual to assume a value of 82%. 

The reflectance of the water R must vary from water type to 
water type. It is generally agreed (e.g. Tyler, 1968) that R is 
typically 2%. [Incidently, this means iht when a diver, in deep 
water, looks up he observes a downwelling irradiance 50 times 
As bright as that which he sees when he looks downwards.] 

The threshold visual contrast Ct is simply the lowest value 
of contrast detectable by the eye. Blackwell (1946) describes 
the extensive experimentation that was conducted at the 
Tiffany Foundation, New York, during the 2nd World War 
to determine the contrast threshold for the normal human 
observer under a wide variety of conditions. The results of 
these experiments are presented in Blackwell's paper as tables 
of threshold contrast of discs of various sizes (angular 
subtense) both brighter and darker than their backgroimd. 
Entering these tables with typical Secchi disc angular 
subtense and reported ambient light levels then it may be 
deduced (Tyler, 1968) that its liminal visual contrast would 
be 0.0066. 

If we now use these values ( C = 82%, R = 2% and Ct = 
0.7%) in eq. 5 then we get Ln ((0.82 — 0.02)/(0.007 X 0.02)] 

= 8.65 = /3s. In experiments in Goleta Bay, Holmes (1970) 
deduced values of ^ = 9.4 and Ct = 0.0013. Of course this 
implies a human liminal vision twice as sensitive as that found 
by Blackwell. This is certainly curious for in reporting his 
wartime experiments Blackwell (1946) writes that "The 
observErs were young women, aged 19-26 years, whose visual 
acuity in each eye and in both eyes was approximately 20/20 
without refractive correction... Observers were seated at the 
rear of the observation room in upholstered chairs... 
Observers were allowed to adapt to the observation room 
brightness... by preliminary adaptation outside the 
laboratory with standard Polaroid dark adaptation goggles... 
The overall brightness of the observation room was subject to 
precise.control...", and so on. Clearly this scenario does not 
typify the optical conditions endured by the middle aged 
oceanographer or hydrographer as he hangs over the side of a 
heaving boat peering into the murky depths below. 

In faa the combination {a + K) is not a very useful 
parameter anyway. It is more usual to try to calculate the 
more meaningful single quantities K or a or even suspended 
particle concentration from empirical formulae incorpora
ting Zs. We shall now consider an example of each 
of these. 

9.3 8.4 Q.S Q.S 0.7 8.8 - 8.3 

Fig. 6 
Turbidity v. Secchi depth 

4. Secchi disc measurements 
4.1 Turbidity 
It is apparent that the Secchi depth must decrease with 
increased suspended particle concentration P, usually 
expressed in parts per million (ppm). There is no governing 
theory which gives P in terms of Zs so this relationship must 
be determined by calibration against some known standard. 
The data ploned in Fig. 6 were obtained from on board 3 
boats anchored in the lower reaches of the River Tamar on 
two separate occasions (30 June and 7 July, 1982). The 
panicle concentration P (ppm) was obtained by turbidity 
meters which had been calibrated against international 
standard formazin. In Fig. 6 P is plotted against 1/Zs; the 
least squares regression equation is P = 16.86/Zs — 3.00, r' = 
0.722, The rather high degree of scatter is not unexpected. 
The turbidity meter effectively measures beam transmission 
which is a funaion of particle size as well as concentration 
(Gibbs, 1974); the scatter therefore suggests a range of 
particle sizes different to that of the formazin standard. 
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4.2 Extraction coefficient 
We have from eq. 5 that Zs is a funaion of both the 
attenuation and extinaion coefficients i.e. Zs = K). 
It is far more useful, however, to know the value of the 
extinaion coefficient alone; for example it is the extinaion of 
downwelling pliotosyntltetically active radiation (PAR) the 
band of light between 400 and 700 nanometers (about the 
same band as visible light) which is of such interest to marine 
biologists and oceanographers in the study of photosynthesis 
by phytoplankton. Again an empirical approach must be 
made to the problem. Some of the earliest work with 
photoelearic cells was carried out near Plymouth by H.H. 
Poole and W.R.G. Atkins (Poole, 1925; Poole and Atkins, 
1926; Poole and Atkins, 1928; Poole and Atkins, 1929) who 
were the first to offer the marine biologist a relationship 
between the extinction coefficient and the Secchi depth. 
They gave this relationship as K.Zs = 1.7. Neither these 
workers, nor the several others who have published a value for 
K.Zs have specifically mentioned the faa that the constant 
K.Zs is, of course, the optical depth of irradiance of the 
Secchi depth — the term that I labelled Js in eq. 2. Published 
values of K.Zs range from about 1.3 to 1.7 and include those 
listed in the table following. 

We know that K and Zs are not theoretically related and the 
values of Js given in Table 1 were obtained from data obtained 
in many different kinds of water.- There is then, a remarkable 
agreement between these results. Fig. 7 illustrates the 
combined observations obtained from on board the Plymouth 
Poljftechnic research vessel Catfish whilst anchored at 4 
different stations in the Tamar estuary on 30 June 1982, 7 

... 

July 1982, 31 May 1984 and 1 June 1984. The least squares 
regression is 1/K = 0.95 Zs — 0.42 (r' = 0.89). The best 
straight line through 0,0 is 1/K = 0.716 Zs, a result which 
gives Js = K.Zs = 1.4 for the range of small values of Secchi 
depth obtained in this way very turbid estuarine water. 

Of very special interest to the marine biologist is an 
estimate of the compensation depth Zc. At this depth the light 
level — the compensation light intensity — is such that a 
plankton fixes carbon at exactly the same rate as it loses it by 
respiration. The compensation depth therefore represents the 
limiting depth at which real growth can take place. It is widely 
observed that at the compensation depth there is increased 
photosynthetic aaivity withiii a layei- about 10m thick Kirk 
(1983). It is generally assumed that at the compensation 
depth the light level is 1% of that at the surface. Hence, from 
eq. 2 we may write for the optical depth of the compensation 
depth: Js = Ln [1%] = 4.6. Using a value of 1.5 for Js (see 
Table 1) we may write: 

Js. K.Zs 1.5 

Table 1 - Published values of K.Zs =Js 
M 

K.Zs = Js Area Reference 12 

1.7 English Channel Poole and Atkins (1929) 
1.59 Tamar estuary Cooper and Mitoc (1938) 10 

1.7 South of Bermuda Clarke (1914) 
1.42 North Sea & English Channel Gall (1949) a 
1.46 North Pacific Graham (1966) II 

1.5 Cochin estuary Quasim et al (1968) e 
1.44 California coast Holmes (1970) 
1.7 (sewage ponds) Idso and Gilbert (1974) 
1.39 Mediterranean Weinberg (1976) 
1.47 Bering Sea & North Pacific Otobe et al (1977) 2 

1.45 (by recalculation of the 
pioneering data of Poole 
and AtUns, 1929) 

Walker (1980) 
e. 

1.46 Nonh East Australia Walker (1982) 

Fig. 7 
1/Extinction coefficient v. SeiichI depth 
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Fig. 8 

Horizontal visibility v. Secchi depth 
i.e. the compensation depth is approximately 3 times the 
Secchi depth (Zc - 3Zs). 
4.3 Horizontal visibility 
The hydrological range V is given by eq. 4. If the sighting is 
horizontal then fl = 0 and we may therefore say that Vh = /3/a 
i.e. the horizontal visibility is a funaion of anenuation only. 
Underwater visibility is generally reckoned in terms of a black 
objea such as a neoprene-suited diver. Assuming that black 
represents a refleaivity of zero then we can write for the in
herent contrast of such a black body: Co = (,e — R)/R = -1. 
The negative sign has no physical significance beyond 
indicating that we are dealing with a dark objea against a 
brighter background rather than a bright object viewed 
against a dark background. It is quite in order therefore, to 
say that for a black body: Co = |(Jo| = 1. It is most unlikely 
that a diver wearing a face mask will have a threshold contrast 
Ct of less than about 2% (Gazey, 1970) whence /3 = Ln 
[Co/Ct] = Ln [1/0.02] = 3.9. This result agrees with the rule 
of thumb given by Duntley (1952) that Vh = 4/a. Fig. 8 
presents data obtained during dives in the Plymouth area and 
it will be seen that there is a very strong correlation (r̂  = 
0.975) between the horizontal visibility Vh and the Secchi 
depth Zs. The equation is Vh = 0.73 Zs + 0.1 but as the least 
squares regression line passes almost through 0,0 then we 
may neglea the small intercept and say Vh = 0.73 Zs. 
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5. In conclusion 
The Secchi disc is a cheap and simple instrument that gives an 
immediate indication of water turbidity. Although, strictly, 
we should interpret disc observations only in terms of (0;+ K) 
we may take an impirical approach to obtaining more useful 
parameters such as the compensation depth (a function of K 
only), the horizontal visibility (a function of a only) or even 
the turbidity (ppm) — theory notwithstanding. 
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Measurement and estimation of the extinction coefficient in turbid 
estuarine waters 
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Abstract—Measurement of the depth-mean PAR (photosynthetically active radiation) extinction 
coefficient, {°Ko), is important in the study of estuarine productivity. Measurements of {°Ko}, 
beam attenuation coefficient and Secchi disc depth are presented for the turbid waters of the 
Tamar Estuary. Equations are formulated which allow good estimates ot{°Ko) to be determined 
both from the beam attenuation coefficient (at 660 nm) and from the Secchi disc depth. For 
comparison, similar data are presented for the clearer waters of the northeast Atlantic. 

A N important control on estuarine plant productivity is exerted by downwelling light 
(McLusKY, 1981), specifically quantum scalar irradiance in the 400-700 nm (photosyn
thetically active radiation, P A R ) band. The purpose of this paper is to present measure
ments of the P A R extinction coefficient, attenuation coefficient and Secchi disc depth for 
the Tamar Estuary. The data are used to formulate equations to predict the P A R 
extinction coefficient from both the beam attenuation coefficient and the Secchi disc 
depth, for a medium whose optical properties are dominated by suspended particles. 

Because aquatic flora are generally able to absorb light arriving from any direction (4n 
scalar irradiance, Eo), their productivity must depend upon the magnitude of °Eo, where 
the superscript signifies measurements of quanta in the 400-700 nm P A R band. The 
vertical propagation of monochromatic irradiance, E(X), in an homogeneous medium is 
described by Beer-Lambert's law: 

The extinction coefficient, K{X), is an apparent propery of the water: K{X) = a^i(X) + 
t>d{X) - b^{X).R(X) (PREISENDORFER, 1961), where R(X) = Eu{X)IEd{X) is the irradiance 
reflectance, is the diffuse absorption coefficient for downwelling photons, and ba, 
are the back-scattering coefficients for downwelling and upwelling photons. From 
equation (1): K(k) = -d(ln[£(z)]) /dz. 

Equation (1) may not adequately describe the depth profile of a broad-band irradiance 
such as °Eo{z). For example, ln[°£o(2)] profiles from the northeast Atlantic, and in 
exceptionally clear-water conditions in the Tamar, tend to have higher values of °Ko near 
the surface due to selective absorption of longer wavelengths (e.g. KIRK, 1977,1983). In 
turbid water, this effect tends to be balanced by the increase in extinction with depth. 

• Departme.nt of Marine Science, Plymouth Polytechnic, Plymouth PL4 8AA, U.K. 
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I N T R O D U C T I O N 

EiX,z) = EiX,0).exp[-K(X).z]. (1) 
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resulting from the downward flux becoming more diffuse due to scattering (KIRK, 1983). 
Therefore, in estuaries, ln[°Eo(z)] is usually linear with z, so that a water column can be 
described at any time by a single, depth-mean value of the PAR extinction coefficient, 

{°Ko} = -d(ln[°£o(2)])/dz. (2) 

M E T H O D S 

Direct measurement of (°Ko) 

Irradiances were measured with a Biospherical Instruments Inc. quantum scalar 
irradiance meter, incorporating a 4K underwater sensor, and an upward-looking 2TI 
skylight sensor. {°Ko} was obtained from vertical profiles of-ln[°£(3(z)/°£'o(i(ref)], where 
°Eod(Tef) is the downwelling ambient (sky) irradiance measured on the boat; this 
eliminated the considerable effect of rapidly varying skylight. 

A biologically important parameter is the euphotic depth, Zeu, at which °Eo(z) is 
reduced to 1% of its surface intensity. Zeu is often used-as an approximation of the 
compensation depth, Zc, at which the rate of photosynthesis is equal to the rate of 
respiration. From equation (2): 

Zeu = ln[0.01]/(°Ko) = 4.6/<°ii:o). (3) 

Estimation o/<°Ko) from the beam attenuation coefficient, cQJ) 

The measurement of an irradiance profile is a time-consuming procedure. Moreover, 
irradiance profiles cannot be obtained at night nor in very dull conditions. Where a 
continuum of observations is required, or where data are obtainable only at night, then 
good estimates of {°Ko) can be made from the easily measured beam attenuation 
coefficient, c{X). The ratio c(X)IK(X) is about 2.7 in clear ocean water (TYLER, 1968), but 
increases in turbid waters; it must therefore be determined for the particular waters 
under investigation. 

Values of c(660 nm) were obtained in the northeast Atlantic and Tamar using a 0.25 m 
path-length,. Sea Tech. Inc. transmissometer. The attenuation of 660 nm light by 
gelbstoff is negligible compared with that due to the waters and their suspended 
particulate matter. Linear regressions of c/K data obtained by WILLIAMS et al. (1984) in 
the Patuxent River, Chesapeake Bay and Atlantic Ocean produced different slopes for 
the three cases. Our turbid (Tamar) and oceanic (northeast Atlantic) observations 
revealed a similar difference. Geometric regressions (PEDOE, 1970) of these data showed 
much closer agreement, however, and these equations are presented later. 

Estimation o/{°Ko> from the Secchi depth 

The Secchi disc depth is a function of both attenuation and extinction: Zs = r/{c+K). 
The parameter F, which varies with the reflectivity of the disc, the irradiance reflectance 
of the water, and the threshold visual contrast of the observer, lies between about 5.5 and 
9.5 (PREISENDORFER, 1986). Traditionally, workers have estimated Zeu, which is a 
function of extinction only (equation 3), by assuming an empirical relationship of the 
form: K.Zs = Js, where Js is the diffuse optical depth of the Secchi depth (e.g. POOLE and 
ATKINS, 1929; DUNTLEY and PREISENDORFER, 1952; T Y L E R , 1968; WILLIAMS, 1968; HOJER-
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SLEv, 1986). Generally, 1.3 < 7,y < 1.8, depending on the local and temporal character
istics of the waters. 

R E S U L T S A N D D I S C U S S I O N 

("Ko) and Secchi depth.data from the northeast Atlantic and Tamar Estuary give 

{°Ko) = 1.591 Zs-^ - 0.0625 (r ^ = 0.946, n = 201); °Js = 1.53. 

The value °Js = 1.53 is the gradient of the best straight line through the origin. 
Secchi disc depth data were also partitioned for "oceanic" {°Ko < 0.27) and "turbid" 

(°Ko > 0.27) analyses. This separation is about midway between Jerlov's oceanic type III 
and coastal type I waters (see JERLOV; 1976; Table 27). The equations derived from these 
analyses are presented in Table 1. 

The 153 "turbid" data-pairs were obtained in the same waters in which POOLE and 
ATKINS (1929) derived: K.Zs = 1.7 (based on 12 data points). Recalculation of their data 
(WALKER, 1980) gave a more accurate estimate: K.Zs = 1.4, a value closer to the 1.53 
presented here. Unless the local value of °Js has recently been derived from direct 
observations of {°Ko), then it is suggested that biologists adopt the working relationships 
(see equation 3): 

°Js = {°Ko).Zs == 1.5 and Zeu = 3 Zs. 

Regression analyses (see Table 1) show a small difference between turbid (°Js = 1.527) 
and oceanic {°Js = 1.419) waters, which is possibly a consequence of the fact that all of 
the turbid observations were made using a glass-bottomed bucket (to avoid the adverse 
effects of surface reflection and refraction), whereas the ocean observations were made 
from the deck of a research ship. 

In conclusion, it has been shown that the optical measurement appropriate to the study 
of estuarine productivity is the inean coefficient of extinction of 4K quantum scalar 
irradiance in the 400-700 nm PAR band, {"Ko). Preferably, {°Ko) should be obtained 
from the slope of the -\n[°Eo{z)/''Eod{ie{)] profile, although it can be estimated from the-
beam attenuation coefficient, c{X), or the Secchi disc depth, Zs. 

Table 1. Summary of regression equations. Beam attenuation coefficient, c, refers lo c(660 nm) values which 
have been corrected for forward scattering by the method given by BARTZ et al. (1978) for a hyperbolic particle 

size distribution with a slope of 2.9, and a refractive index of 1.05 

Equation n 

Oceanic (°Ko < 0.27); 0.0517 °Ko ̂  0.2677 
(°Ko) = 0.1270 c'-5" 
{°Ko) = 0.511 Zs-' - 0.009; Vs = 1.419 

14 
48 

0.955 
0.901 

Turbid (°Ko 5= 0.27); 0.2902°Ko ^ 4:276 
CKo) = 0.1066 c'-3" 
CKo) = 1.652 Zs-' - 0.125; "Js = 1.527 

23 
153 

0.927 
0.913 

All obs; 0.0517 ̂  °Ko « 4.276 
{"Ko) = 0.1131 c"-^ 
CKo) = 1.5912 Zs-' - 0.0625; Vs = 1.527 

37 
201 

0.996 
0.946 
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