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ABSTRACT

D e s t r a t i f i c a t i o n  i n  t h e  Y o rk  R i v e r ,  USA, d u r i n g  h i g h  s p r i n g  t i d e s  
i s  t h e  r e s u l t  o f  t h e  i n t e r r u p t i o n  o f  n o r m a l  t w o - l a y e r  e s t u a r i n e  f l o w  b y  
a d v e e t i o n  o f  r e l a t i v e l y  f r e s h  w a t e r  i n t o  t h e  R i v e r  mou th  f r o m  t h e  
C h e s a p e a k e  Bay, T h i s  i s  due  t o  t h e  p r e s e n c e  o f  a  l o n g i t u d i n a l  s a l i n i t y  
g r a d i e n t  i n  t h e  Bay a n d  a  d i f f e r e n c e  o f  t i d a l  c u r r e n t  p h a s e  b e t w e e n  t h e  
R i v e r  a n d  t h e  Bay,  S i m i l a r  b e h a v i o r  i s  s e e n  i n  o t h e r  s u h e s t u a t l e s  o f  t h e  
C h e s a p e a k e  Bay an d  may b e  common i n  s u b e s t u a r y  - e s t u a r y  i n t e r a c t i o n s .

C o r r e l a t i o n  and r e g r e s s i o n  a n a l y s i s  a r e  u s e d  t o  e x a m i n e  
r e l a t i o n s h i p s  b e t w e e n  s t r a t i f i c a t i o n  v a r i a t i o n  i n  t h e  l o w e r  Y o r k  R i v e r  
an d  a  v a r i e t y  o f  t i d a l  and  e n v i r o n m e n t a l  p a r a m e t e r s .  A b u l k  m e a s u r e  o f  
s t a t i f i c a t i o n  was d e r i v e d  f r om  n e a r  s u r f a c e  ( 1 ,  3 ,  an d  5 m) a n d  d e e p  (12 
m} s a l i n i t y  s a m p l e s  c o l l e c t e d  a p p r o x i m a t e l y  e v e r y  t h i r d  d a y  a t  a s t a t i o n  
i n  t h e  l o w e r  r i v e r  f o r  a t o t a l  o f  156 o b s e r v a t i o n s  o v e r  a 4 3 4  d a y  p e r i o d  
f r om  F e b r u a r y  1982 t o  A p r i l  1 9 0 3 .  The e n v i r o n m e n t a l  a n d  t i d a l  f a c t o r s  
w h ic h  w e r e  e v a l u a t e d  w e r e  a s s e s s e d  on  a  d a i l y  b a s i s  a n d  i n c o r p o r a t e d  a 
v a r i e t y  o f  l a g s ,  p o l y n o m i a l  f u n c t i o n s  a n d  f u n c t i o n a l  t r a n s f o r m a t i o n s .
The f a c t o r s  I n c l u d e d  w i n d  s p e e d  a n d  d i r e c t i o n ,  f r e s h  w a t e r  r i v e r  f l o w  
fr om  b o t h  t h e  Y o rk  a n d  R a p p a h a n o c k  R i v e r s ,  w a t e r  t e m p e r a t u r e ,  mean s e a  
l e v e l  a n d  t h e  f o l l o w i n g  t i d a l  p a r a m e t e r s ;  o b s e r v e d  an d  p r e d i c t e d  d a l l y  
mean a n d  maximum h i g h  a n d  low t i d e  h e i g h t ,  f l o o d ,  e b b ,  a n d  c o m b i n e d  
f l o o d  a n d  ebb t i d a l  r a n g e s  f o r  t h e  Y o rk  R i v e r  a t  G l o u c e s t e r  P o i n t  a n d  
f o r  Hampton  R p a d s , The r e s u l t s  i n d i c a t e  t h a t ;  ( 1 )  a l m o s t  a l l  o f  t h e  
t i d a l  r a n g e  o r  h i g h  t i d e  h e i g h t  f a c t o r s  t e s t e d  a r e  e q u a l l y  s t r o n g l y  
c o r r e l a t e d  w i t h  s a l i n i t y  d i f f e r e n c e ,  b e i n g  a s s o c i a t e d  w i t h  a s  much a s  
48% o f  t h e  v a r i a t i o n  i n  t h a t  v a l u e ;  ( 2 )  t h a t  a c o m b i n a t i o n  o f  f u n c t i o n s  
o f  t i d a l  r a n g e  an d  mean s e a  l e v e l  a t  G l o u c e s t e r  P o i n t  a r e  a s s o c i a t e d  
w i t h  m o re  t h a n  70% o f  t h e  v a r i a t i o n ;  an d  ( 3 )  t h a t  w i t h  t h e  a d d i t i o n  o f  
w in d  s t r e s s  t e r m s  a s  much a s  00% o f  t h e  v a r i a t i o n  c a n  b e  i n c l u d e d  i n  t h e  
m o d e l .  O v e r  a  r a n g e  o f  o b s e r v e d  s a l i n i t y  d i f f e r e n c e s  f r o m  0 . 0 1  t o  1 1 . 0 6  
p e r  m i l l e  t h e  25 t e r m  mod el  p r e d i c t s  a  r a n g e  o f  - 1 , 0 1  t o  1 1 , 0 9  p e r  m i l l e  
w i t h  a  r o o t  mean s q u a r e d  e r r o r  (RMSE) o f  0 . 9 9  p e r  m i l l e .  A m o d e l  
p r e d i c t i n g  v a r i a t i o n  i n  s u r f a c e  m i x e d  l a y e r  d e p t h  (SMLD) f r o m  s a l i n i t y  
d i f f e r e n c e  i s  a l s o  p r e s e n t e d .

i x
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INTRODUCTION

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

i n t e r e s t  t o  e s t u a r i n e  h y d r o g r a p h e r a  an d  b i o l o g i s t s .  R e c e n t l y  I t  was 

sh own  t h a t  m o d e r a t e l y  s t r a t i f i e d  s u b e s t u a r i e s  o f  t h e  l o w e r  C h e s a p e a k e  

Bay u n d e r g o  p e r i o d s  o f  d e s t r a t i f i c a t i o n  ( i . e .  s u r f a c e  t o  b o t t o m  s a l i n i t y  

d i f f e r e n c e s  l e s s  t h a n  1 p e r  m i l l e )  w h ic h  c o r r e l a t e  w i t h  t h e  o c c u r r e n c e  

o f  h i g h  s p r i n g  t i d e s  ( H a a s ,  1 9 7 7 ) .  F o r  e x a m p l e ,  t h e  l o w e r  Y o r k  R i v e r  

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

t i d e  h e i g h t  e x c e e d s  0 , 8  m ( H a a s ,  1977)  a n d  h o m o g e n e i t y  p e r s i s t s  f o r  

t h r e e  o r  more  d a y s .  T h e s e  e v e n t s  a r e  n o t  c o r r e l a t e d  w i t h  c h a n g e s  i n  

f r e s h  w a t e r  f l o w  I n t o  t h e  R i v e r  ( H a a s ,  1 9 7 7 ) .  Some o f  t h e  s i g n i f i c a n t  

c o n s e q u e n c e s  o f  d e s t r a t i f i c a t i o n  e v e n t s  i n  t h e  Y o r k  R i v e r  I n c l u d e  a 

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

r e n e w a l  o f  n u t r i e n t s  n e a r  t h e  s u r f a c e  ( D ' E l i a ,  e t ,  a ^ .  , 1 9 S 1 ;  R h o e l ,  e t . 

a l . .  1 9 0 1 ;  Webb a n d  D ’ E l i a ,  1 9 8 0 ) ,  a n d  c h a n g e s  i n  p r i m a r y  p r o d u c t i v i t y  

i n c l u d i n g  b l o o m s  o f  d l n o f l a g e l l a t e s  an d  o t h e r  p h y t o p l a n k t o n  ( H a a s ,  

H a s t i n g s ,  a n d  Webb,  1 9 B 1 ) .  A c o n c e p t u a l  m o d e l  o f  t h e  c a u s e s  o f  t h e s e  

d e s t r a t i f i c a t i o n  e v e n t s  I s  p r e s e n t e d  i n  C h a p t e r  I ,

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

p h e n o m e n o n  i n  t h e  Y o rk  R i v e r  h a v e  r e l a t e d  s a l i n i t y  d i f f e r e n c e  w i t h  t i d a l  

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

l a c k e d  e i t h e r  s u f f i c i e n t  f r e q u e n c y  ( i . £ .  >— 0 . 2 5  p e r  d a y )  o r  d u r a t i o n  

( A . £ .  >— 1 y e a r )  t o  p r o p e r l y  a d d r e s s  t h e  p o t e n t i a l  e f f e c t  o f  

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

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

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

t h e  p r o c e s s  o f  v e r t i c a l  m i x i n g  i n  t h e  l o w e r  Y o r k  R i v e r .  F a c t o r s  e x a m i n e d  

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

l e v e l  a t  G l o u c e s t e r  p o i n t  a n d  Hampton  R o a d s ,  w a t e r  t e m p e r a t u r e ,  w in d  

s p e e d  a n d  d i r e c t i o n ,  a n d  f r e s h  w a t e r  d i s c h a r g e  o f  t h e  Y o r k  a n d  

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

e m p i r i c a l  m o d e l s  I s  p r e s e n t e d  i n  C h a p t e r  1 1 ,



CHAPTER I  

YORK RIVER DESTRATIFICATION I 

AN ESTUARY-SUBESTUARY INTERACTION

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

s t r a t i f i c a t i o n  v a r i a t i o n s  h a v e  b e e n  r e p o r t e d  (Bowde n  a n d  H a m i l t o n ,  197&; 

G o d f r e y ,  1 9 8 0 ) .  B o t h  o f  t h e s e  m o d e l s  d e s c r i b e  r e d u c t i o n s  i n  

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

c u r r e n t s  a n d  do n o t  p e r s i s t  i n  t h e  a b s e n c e  o f  s u c h  c u r r e n t s .  T h i s  

c o i n c i d e n c e  i s  i n  c o n t r a s t  t o  d e s t r a t i f i c a t l o n  i n  t h e  l o w e r  Y o r k  R i v e r ,  

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

s t r o n g  t i d a l  c u r r e n t s  a n d  p e r s i s t s  f o r  s e v e r a l  d a y s  t h e r e a f t e r  ( H a a s ,  

1 9 7 7 ;  H a a s ,  H o l d e n ,  a n d  W e lc h ,  1 9 8 1 ) .  A l t h o u g h  G o d f r e y ' s  m o d e l ,  w h i c h  

made v e r t i c a l  s a l i n i t y  d i s t r i b u t i o n  d e p e n d e n t  on t i d a l  c u r r e n t  v e l o c i t y  

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

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

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

Th e s a l t  b a l a n c e  e q u a t i o n  i n  h i s  m o d e l  w o u l d  t h e n  f a i l  up  t o  a b o u t  one  

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

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

t h e  f l o o d  ( G o d f r e y ,  1 9 6 0 ) ,

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

h o m o g e n e i t y  i n  t h e  Y o r k  R i v e r  i s  t h e r e f o r e  a s  f o l l o w s :  I )  

D e s t r a t i f i c a t i o n  c om m ences  when  s p r i n g  t i d e s  e x c e e d  a  c r i t i c a l  h e i g h t  

a n d  r e l a t i v e l y  f r e s h  w a t e r  f r o m  t h e  C h e s a p e a k e  Bay i s  a d v e c t e d  i n t o  t h e

U
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m o u th  o f  t h e  Y o rk  R i v e r ,  2)  T h i s  p r o d u c e s  a  r e d u c t i o n  o r  p o s s i b l y  a 

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

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

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

w a t e r .  3} T h i s  p e r m i t s  e s t a b l i s h m e n t  o f  h o m o g e n e i t y  b y  t h e  u n o p p o s e d  

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

c u r r e n t s .  &) D e s t r a t i f i c a t l o n  c e a s e s  when t h e  d e c r e a s e  i n  t i d e  h e i g h t  

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

Y o rk  R i v e r .  5)  T h i s  a l l o w s  t h e  r e - e s t a b l i s h m e n t  o f  a  n o r m a l  h o r i z o n t a l  

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

l a y e r  e s t u a r i n e  c i r c u l a t i o n  a n d  v e r t i c a l  s a l i n i t y  s t r a t i f i c a t i o n .

T h i s  h y p o t h e s i s  d e v e l o p e d  f r o m  t h e  e x a m i n a t i o n  o f  s a l i n i t y  d a t a  

< F i g s .  1 A , IB)  c o l l e c t e d  d u r i n g  I n t e n s i v e  s t u d i e s  o f  tw o  d e s t r a t i f I c a t i o n  

e v e n t s  w h i c h  w e r e  p r e d i c t e d  o n  t h e  b a s i s  o f  e a r l i e r  w o rk  ( H a a s ,  1 9 7 7 ;  

H a a s ,  H o l d e n ,  a n d  W e lc h ,  1 9 8 1 ) ,  T h e  i n t r u s i o n  o f  r e l a t i v e l y  f r e s h  w a t e r  

w h i c h  I n i t i a t e d  t h e  d e s t r a t i f i c a t i o n  p r o c e s s  I s  I n d i c a t e d  b y  t h e  s h a r p  

d o w n w ard  d i s p l a c e m e n t  o f  l E o h a l l n e s  o n  16 A u g u s t  197B a n d  26 A u g u s t  

1 9 8 0 .  I n  e a c h  c a s e ,  t h i s  was f o l l o w e d  by a  p r o g r e s s i v e  r e d u c t i o n  o f  

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

f r e s h e r  w a t e r  i n t o  t h e  R i v e r  m o u th  c a u s e d  a  r e v e r s a l  o f  t h e  l o n g i t u d i n a l  

s a l i n i t y  g r a d i e n t  p r o d u c i n g  a  m i d - r i v e r  s a l i n i t y  maximum. T h i s  c o n d i t i o n  

i s  i l l u s t r a t e d  i n  T a b l e  1 w h e r e  Y o r k  R i v e r  s a l i n i t y  v a l u e s  a t  1 m d e p t h  

a r e  s h o w n  f o r  t h e  p e r i o d  0 - 3  d a y s  f o l l o w i n g  t h e  i n t r u s i o n  o f  f r e s h e r  

w a t e r  o b s e r v e d  o n  25 A u g u s t  19BQ ( F i g ,  I B ) .  T h e  d a t a  I n d i c a t e  a  r e v e r s a l  

o f  t h e  n o r m a l  l o n g i t u d i n a l  s a l i n i t y  g r a d i e n t  a s  f a r  a s  18 km u p r i v e r ,  A 

s i m i l a r  r e v e r s a l  was  o b s e r v e d  o n  s e v e r a l  o c c a s i o n s  b e t w e e n  15 a n d  20 

A u g u s t  1 9 7 8  ( H a a s ,  H o l d e n  a n d  W e l c h ,  1 9 8 1 ) ,
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F i g u r e  1,  S a l i n i t y  d a t a  f rom  t h e  Y o r k  R i v e r  M o u th  f o r  t h e  p e r i o d s  

1 6 - 2 3  A u g u s t  197B (A) an d  25 A u g u s t - 1  S e p t e m b e r  19B0 ( B ) , S a l i n i t y  i s  

p e r  m i l l e .  T h e  a r r o w s  i n d i c a t e  t h e  d a t e s  o f  maximum s p r i n g  t i d e .  A i s  

t h e  d a i l y  mean  o f  1 m t o  b o t t o m  d i f f e r e n c e s  i n  s a l i n i t y .  P e r i o d s  o f  eb b  

(E)  a n d  f l o o d  (F )  a r e  i n d i c a t e d ,  p o i n t s  i n d i c a t e  m e a s u r e m e n t s .  D a t a  f o r  

F i g u r e  l a  a r e  f r o m  ( H a a s .  H o l d e n  a n d  W e lc h ,  1981)  , D a t a  f o r  F i g u r e  l b  

w e r e  c o l l e c t e d  f r o m  t h e  R .V ,  R e t r i e v e r  u s i n g  a n  I C T I ,  o n  l o a n  f r o m  The 

J o h n s  H o p k i n s  U n i v e r s i t y ,  w h i c h  was l o w e r e d  t h r o u g h  t h e  w a t e r  c o l u m n .
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T a b l e  I .  S a l i n i t y  d a t a  f o r  t h e  Y o rk  R i v e r  2 5 - 2 6  A u g u s t  1 9 8 0 .  D e p t h  I s
1 H an d  a l l  s t a t i o n s  a r e  I n  m i d - c h a n n e l .

DISTANCE UPRIVER KM SALINITY PER MILLE

25 A u g u s t  26 A u g u s t  2 7 A u g u s t  28 A u g u s t
0 . 0 0 2 0 . 5 2 1 , 0 2 1 . 0 2 1 . 8
3 . 3 3 2 1 . 6 22 , 4
5 . 6 6 2 3 , 7 2 1 , 8 22 , 3
B. 33 2 2 . 0 22 . 4
1 2 . 3 6 2 1 . 3 2 6 . 1 23 . 3
IB.  09 22 , 5
2 2 . 5 3 2 1 .  7
3 0 . 1 8 2 0 . 3 * 2 0 , 0

D a t a  a t  0 . 0 0  km a r e  t h e  same a s  a t  1 ra I n  F i g .  l b .  O t h e r  d a t a  w e r e  
c o l l e c t e d  f r om  t h e  R .V ,  Fumpfoip u s i n g  a  YSI  m o d e l  3 3 - S - C - T ,  w i t h  t h e  
p r o b e  l o w e r e d  t h r o u g h  t h e  w a t e r  c o l u m n .  V a l u e s  w e r e  s t a n d a r d i z e d  t o  t h e  
ICTI  u s e d  on t h e  R .V .  R e t r i e v e r  ( F i g .  1 ) .

The r e v e r s a l  o f  t h e  l o n g i t u d i n a l  s a l i n i t y  g r a d i e n t  I s  a l s o  e v i d e n t  

f r o m  t h e  b e h a v i o r  o f  t h e  23 p e r  m i l l e  i s o h a l l n e  i n  t h e  1 9 8 0  d a t a  

( F i g .  I B ) . The a s s u m p t i o n  I s  made t h a t  t h e  s a l i n i t y  c h a n g e s  a t  t h e  

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

u p  a n d  down t h e  R i v e r  b y  t i d a l  c u r r e n t s .  D e p r e s s i o n s  I n  t h e  i s o h a l l n e ,  

I n d i c a t i n g  t h e  p r e s e n c e  o f  f r e s h e r  w a t e r ,  c o i n c i d e  w i t h  s l a c k  b e f o r e  eb b  

t h r o u g h  A u g u s t  2 8 ,  t h e  d a t e  o f  h i g h e s t  t i d a l  h e i g h t s .  A f t e r  t h a t  d a t e  

t h e  23 p e r  m i l l e  i s o h a l l n e  s h o w s  a  p h a s e  r e v e r s a l .  The d e p r e s s i o n s  a r e  

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

t h e  n o r m a l  l o n g i t u d i n a l  s a l i n i t y  g r a d i e n t .  V Jh l l e  t i d a l  h e i g h t s  w e re  

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

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

R i v e r  m o u t h .

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

C h e s a p e a k e  Bay.  An u p r i v e r  s o u r c e  I s  d i s c o u n t e d  f i r s t  b e c a u s e  t h e  w a t e r  

I s  I n t r o d u c e d  i n t o  t h e  R i v e r  m o u t h  o n  f l o o d  t i d e  ( F i g .  I B )  , a n d  s e c o n d
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b e c a u s e  t h e  n e a r e s t  r i v e r i n e  s o u r c e  o f  w a t e r  o f  c o m p a r a b l e  s a l i n i t y  i s  

a p p r o x i m a t e l y  30 kra u p r i v e r  ( T a b l e  1 ) .  On t h e  o t h e r  h a n d ,  b e c a u s e  t h e  

s a l i n i t y  d i s t r i b u t i o n  i n  t h e  C h e s a p e a k e  Bay i s  c h a r a c t e r i z e d  b y  a 

d e c r e a s e  n o r t h w a r d  ( P r i t c h a r d ,  1 9 5 2 ;  P r i t c h a r d ,  1 9 6 7 ) ,  f r e s h e r  Bay w a t e r  

i s  n o t  f a r  f r o m  t h e  R i v e r  m o u t h .  F o r  e x a m p l e ,  p a i r e d  s a m p l e s  t a k e n  

d u r i n g  a  p e r i o d  o f  mean  t i d a l  r a n g e ,  10 a n d  16 J u l y  1 9 8 0 ,  i n  t h e  R i v e r  

m o u t h  a n d  n e a r  New P o i n t  C o m f o r t ,  a n  a r e a  l e s s  t h a n  12 km n o r t h e a s t  

( F i g .  2 ) ,  r e v e a l e d  a  mean s a l i n i t y  d i f f e r e n c e  o f  1 , 2  p e r  m i l i e  

( T a b l e  2 ) .

T a b l e  2 .  S t a t i o n  d a t a  f r o m  t h e  Y o r k  R i v e r  m o u th  (YRM) a n d  t h e  C h e s a p e a k e  
Bay n e a r  New P o i n t  C o m f o r t  (NFC) J u l y  1 9 8 0 ,  D e p t h  I s  1 m.

STATION date MORNING

TEMPERATURE SALINITY

EVENING

TEMPERATURE SALINITY
YRM 7 - 1 0 - 8 0 26.A3 2 0 . 8 6 25 ,  09 2 0 , 9 1
NPC 7 - 1 0 - 8 0 25 . 3A 19 ,  Ai 2A.72 1 9 . A6
YRM 7 - 1 6 - 8 0 2 7 . 3 5 2 0 . 6 2 28 ,  95 2 0 ,  A5
NPC 7 - 1 6 - 8 0 25 . 77 1 9 . 3 2 2 6 . 9 9 1 9 . 8 3

I n s t r u m e n t a t i o n  f o r  t h e s e  d a t a  was  a s  f o r  f i g u r e  i b .  P a i r s  o f  v a l u e s  
w e r e  t a k e n  d a i l y  d u r i n g  t h e  p e r i o d  1 1 - 1 6  J u l y  1 9 8 0  f r o m  t h e  R .V ,  J u d i t h  
A n n . D a t a  w e r e  t a k e n  f i r s t  a t  t h e  Y o r k  R i v e r  M o u th  s t a t i o n  a n d  t h a n  a t  
t h e  t h e  New P o i n t  C o m f o r t  s t a t i o n .

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

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

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

t h e  Bay .  An e x a m i n a t i o n  o f  c o t i d a l  l i n e s  i n  t h e  l o w e r  C h e s a p e a k e  Bay 

( F i g .  2) i l l u s t r a t e s  t h a t  a r e a s  a t  a n d  n e a r  t h e  R i v e r  m o u t h  r e a c h  

maximum f l o o d  c u r r e n t  1 - 2  h o u r s  e a r l i e r  t h a n  t h e  a d j a c e n t  Bay a r e a s .  

T h u s ,  a s  t i d e s  a r e  f l o o d i n g  i n  t h e  R i v e r  m o u t h ,  t h e  c u r r e n t  i n  t h e  

a d j a c e n t  Bay w a t e r  i s  n e a r  s l a c k  b e f o r e  f l o o d ,  a t  t h e  s e a w a r d  m o s t  p o i n t



9

F i g u r e  2, C h e s a p e a k e  Bay ,  c o t l d a l  l i n e s  f o r  s l a c k  b e f o r e  f l o o d  and  

s t a t i o n  l o c a t i o n s .  YRM Y o r k  R i v e r  m o u th  s t a t i o n ,  NFC -  New P o i n t  

C o m f o r t  s t a t i o n  ( A f t e r  S e i t z ,  1 9 7 1 ) .
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o f  i t s  t i d a l  e x c u r s i o n ,  a n d  t h e  w a t e r  b e i n g  d r a w n  i n t o  t h e  l o w e r  R i v e r  

i s  d e r i v e d  f r o m  t h e  l e a s t  s a l i n e  Bay w a t e r  p a s s i n g  t h e  R i v e r  m o u th  

d u r i n g  t h e  s e m i - d i u r n a l  t i d a l  c y c l e .  Th e v o l u m e  o f  w a t e r  m o v i n g  i n t o  t h e  

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

a r e  e x p e c t e d  t o  v a r y  p r o p o r t i o n a l l y  more  t h a n  t h e  t i d a l  h e i g h t  ( H a a s ,  

1 9 7 7 ) .  T h e r e f o r e ,  i t  i s  h y p o t h e s i z e d  t h a t  d u r i n g  n e a p  o r  m ean  t i d a l  

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

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

p r o p o r t i o n a l l y  g r e a t e r  e x c u r s i o n  i n  b o t h  t h e  R i v e r  a n d  t h e  B ay ,  w i l l  

p r o v i d e  r e l a t i v e l y  m o re  f r e s h  w a t e r  t o  t h e  R i v e r  m o u t h .

As a  m e a n s  o f  t e s t i n g  t h e  h y p o t h e s i s ,  s u r f a c e  m a r k e r s  w e r e  p l a c e d  

I n  t h e  C h e s a p e a k e  Bay H y d r a u l i c  Model  o f  t h e  U. S.  C a r p s  o f  E n g i n e e r s ,  

S t e v e n s v l H e , MD. Th e e x p e r i m e n t  was  p e r f o r m e d  d u r i n g  t e s t s  o f  l o w  f l o w  

c o n d i t i o n s .  D u r i n g  s i m u l a t e d  s p r i n g  t i d e s ,  m a r k e r s  p l a c e d  a t  t h e  

a p p r o x i m a t e  l o c a t i o n  o f  t h e  New P o i n t  C o m f o r t  s t a t i o n  ( F i g ,  3) o n  t h e  

m o d e l  w e r e  c a r r i e d  i n t o  t h e  Y o rk  R i v e r  m o u th  i n  a  s i n g l e  t i d a l  c y c l e ,  

D u r i n g  n e a p  t i d a l  c y c l e s ,  t h e y  w e r e  t r a n s p o r t e d  o n l y  15-20% o f  t h e  

d i s t a n c e .

F i g u r e  2 i l l u s t r a t e s  t h a t  B a y - s u b e s t u a r y  c u r r e n t  p h a s e  

r e l a t i o n s h i p s  s i m i l a r  t o  t h o s e  o b s e r v e d  f o r  t h e  Y o rk  R i v e r  a r e  a l s o  

o b s e r v e d  i n  t h e  J a m e s ,  R a p p a h a n n o c k ,  a n d  P a t u x e n t  R i v e r s ,  b u t  n o t  t h e  

P o to m a c  R i v e r ,  H a a s  ( 1 9 7 7 )  r e p o r t e d  t h a t  t h e  J a m e s  a n d  R a p p a h a n n o c k  

R i v e r s  e x h i b i t  d e s t r a t i f i c a t i o n  e v e n t s  s i m i l a r  t o  t h o s e  o b s e r v e d  i n  t h e  

Y o r k ,  A d d i t i o n a l  i n f o r m a t i o n  i n d i c a t e s  t h a t  t h e  P a t u x e n t  R i v e r  a l s o  

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

s u f f i c i e n t  f o r  a  s t r a t i f i e d  s y s t e m  {Dom oto r  a n d  D’E l l a ,  u n p u b . ) .  

D e s t r a t i f i c a t i o n  h a s  n o t  b e e n  r e p o r t e d  i n  t h e  P o to m a c  R i v e r ,



F i g u r e  3 .  D i s t r i b u t i o n  o f  s u r f a c e  m a r k e r s  d u r i n g  h y d r a u l i c  model  

s p r i n g / n e a p  t i d a l  s i m u l a t i o n s .  M a r k e r s  w e r e  i n t r o d u c e d  f o r  b o t h  t r i a l s  

( N e a r  m in im um  n e a p  t i d e  a n d  n e a r  maximum s p r i n g  t i d e )  a t  t h e  New P o i n t  

C o m f o r t  l o c a t i o n  ( S l a c k  b e f o r e  eb b  I ) .  T h ey  w e r e  t r a c k e d  t o  t h e i r  

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

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

The f i e l d s  i n d i c a t e d  a r e  e s t i m a t e s  o f  m a r k e r  d i s t r i b u t i o n  made f r o m  

35 ntm s l i d e  p h o t o g r a p h s .  They a r e  n o t  i n t e n d e d  t o  i m p l y  a  u n i f o r m  o r  

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

e x t e n t .
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CHAPTER I I

EMPIRICAL MODELS OF STRATIFICATION VARIATION IN 

THE YORK RIVER ESTUARY, VIRGINIA,  USA

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

p h y t o p l a n k t o n  p o p u l a t i o n  a n d  p r o d u c t i v i t y  i n  t h e  l o w e r  Y o r k  R i v e r ,  t h e  

r e s u l t s  o f  w h i c h  a r e  I n  p r e p a r a t i o n .  T he  p u r p o s e s  o f  t h e  m o d e l s  a r e  

p r i m a r i l y  t o  p r o v i d e  a  b a s i s  f o r  I n t e r p o l a t i o n  o f  v a l u e s  f o r  s a l i n i t y  

d i f f e r e n c e  b e t w e e n  s a m p l e s  a n d  e s t i m a t e  s u r f a c e  m i x e d  l a y e r  d e p t h  (SMLD) 

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

s t r a t i f i c a t i o n  c o n d i t i o n s  f o r  f u t u r e  s t u d i e s .

M e t h o d s

From F e b r u a r y  12 ,  1902 t o  A p r i l  4 ,  19 8 3  w a t e r  s a m p l e s  w e r e  

c o l l e c t e d  a t  1,  3 ,  5 a n d  12 m d e p t h s  f r o m  a  p i e r  a t  t h e  U n i t e d  S t a t e s  

C o a s t  G u a r d  R e s e r v e  T r a i n i n g  C e n t e r  a t  Y o r k t o w n ,  V i r g i n i a  ( F i g ,  4 ) ,  T h i s  

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

s u b h a l o e l i n e  w a t e r  I n  t h e  l o w e r  Y o r k  R i v e r  t h r o u g h o u t  t h e  e n t i r e  y e a r .  

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

b o t t l e  w h i l e  s a m p l e s  f r o m  12 ra w e r e  c o l l e c t e d  w i t h  a  h a n d  v a c u u m  pump 

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

m e t e r  a b o v e  t h e  b o t t o m ,  S a m p l e s  w e r e  s t o r e d  i n  g l a s s  b o t t l e s  u n t i l

12
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a n a l y z e d  w i t h  a  Beckman I n d u c t i o n  S a l l n o r a e t e r , H o d e l  RS-7B,  w h i c h  

p r o v i d e s  a  p r e c i s i o n  o f  0 . 0 1  p e r  m l l i e .  A l l  s a m p l e s  w e r e  c o l l e c t e d  a t  

a l a c k  b e f o r e  eb b  a n d  s a m p l i n g  f r e q u e n c y  v a r i e d  f r om  0 . 2 9  t o  1 . 0  p e r  d a y

a n d  I n c l u d e d  157 o b s e r v a t i o n s  o v e r  a p e r i o d  o f  434 d a y s ,  Th e s t a t i o n  was

a l s o  o c c u p i e d  o n  13 o c c a s i o n s  f r o m  31 A u g u s t  t o  30 S e p t e m b e r  1983 t o

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

t a k e n  f r o m  t h e  L o c a l  C l l m a t o l o g l c a l  B a t a ,  H o n t h l y  Summary,  f o r  N o r f o l k ,  

V i r g i n i a ,  I n t e r n a t i o n a l  A i r p o r t ,  45  km f r o m  t h e  s a m p l i n g  s i t e  ( F i g .  4 ) .  

R e s u l t a n t  d i r e c t i o n  a n d  r e s u l t a n t  s p e e d  w e r e  u s e d  (NOAA, 19B2 , 1 9 0 3 ) ,  

F r e s h  w a t e r  r i v e r  f l o w  d a t a  w e r e  s u p p l i e d  b y  t h e  U . S .  G e o l o g i c a l  S u r v e y  

I n  R ich m o n d ,  V i r g i n i a  an d  w e r e  f r o m  g a u g i n g  s t a t i o n s  o n  t h e  Fam unkey an d  

M a t t a p o n l  R i v e r s ,  p r i m a r y  t r i b u t a r i e s  o f  t h e  Y o r k  R i v e r ,  a b o u t  1 2 0  km 

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

F r e d e r i c k s b u r g ,  V i r g i n i a  ( F i g ,  4 ) .  The R a p p a h a n o c k  R i v e r  f l o w  was 

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

C h e s a p e a k e  Bay n e a r  t h e  m o u th  o f  t h e  Y o r k  R i v e r  m i g h t  i n f l u e n c e  

s t r a t i f i c a t i o n  w i t h i n  t h e  r i v e r  (H a y w a r d  , 1 9 8 2 )  , B o t h  t h e

Fam un key  a n d  H a t t a p o n l  r e c o r d s  c o n t a i n e d  s e q u e n c e s  o f  a n o m o l o u s  o r  

m i s s i n g  d a t a .  I n  o r d e r  t o  g e n e r a t e  a  c o m p l e t e  r e c o r d  f o r  Y o rk  R i v e r  

f l o w ,  e s t i m a t e s  o f  H a t t a p o n l  f l o w  w e r e  made f r o m  Famunkey f l o w  a n d  v i c e  

v e r s a  t o  f i l l  i n .  The r e g r e s s i o n  model  e x p l a i n e d  60% o f  t h e  v a r i a t i o n  i n  

318 d a l l y  mean f l o w s .  E s t i m a t e s  w e r e  n e c e s s a r y  f o r  116 o f  868 d a i l y  meat: 

f l o w s .

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

t i d a l  r e c o r d  c o l l e c t e d  a t  t h e  V i r g i n i a  I n s t i t u t e  o f  M a r i n e  S c i e n c e  1 . 9  

km f r o m  t h e  s a m p l i n g  s i t e  ( F i g .  4 ) .  T i d a l  h e i g h t s  w e r e  r e c o r d e d  a t  6 

m i n u t e  I n t e r v a l s  o n  a  F i s c h e r - P o r t e r  t i d e  g a u g e  l o c a t e d  a t  t h e  e n d  o f
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F i g u r e  h .  R e g i o n a l  Map s h o w i n g  l o c a t i o n s  o f ;  S a m p l i n g  s t a t i o n  

( C o a s t  Guard  P i e r ) ;  T i d e  g a u g e  s t a t i o n  (V I M S ) ; Wind m e a s u r e m e n t  s t a t i o n  

( N o r f o l k  I n t e r n a t i o n a l  A i r p o r t ) ;  an d  F lo w  g a u g i n g  s t a t i o n s  f o r  t h e  

Paumunkey,  t h e  H a t t a p o n i ,  a n d  t h e  R a p p a h a n n o c k  ( F r e d e r i c k s b u r g )  R i v e r s ,
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t h e  VIMS p i e r  a t  G l o u c e s t e r  P o i n t .  A f t e r  t h e  r e c o r d s  w e r e  e d i t e d  f o r  

a t i o m o lo u s  a n d  m i s s i n g  d a t a ,  h o u r l y  h e i g h t s  w e r e  p r o d u c e d  u s i n g  a  5 p o i n t  

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

f r e q u e n c y  " n o i s e ' 1 w h i l e  l e a v i n g  t i d a l  f r e q u e n c i e s  a t  v i r t u a l l y  f u l l  

r e s p o n s e .  A c c u r a c y  was  m a i n t a i n e d  t h r o u g h  f r e q u e n t  t i m e  a n d  h e i g h t  

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

was n o r m a l l y  b e t t e r  t h a n  ± 0 . 0 2  m. P r e d i c t e d  t i d a l  h e i g h t s  w e r e  

c a l c u l a t e d  u s i n g  p r o c e d u r e s  d e s c r i b e d  i n  Boon  a n d  K i l e y  ( 1 9 7 0 ) .  D a i l y  

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

h e i g h t s  u s i n g  t h e  f i l t e r  p r o p o s e d  by D o o d so n  a n d  W a r b u r g  ( 1 9 4 1 ) ,  

c e n t e r e d  o n  1200 h o u r s  o f  e a c h  d a y .

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

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

( 1 )  t h e  d i f f e r e n c e  b e t w e e n  t h e  mean o f  t h e  s a l i n i t i e s  a t  1 ,  3 ,  a n d  5 m 

an d  t h e  s a l i n i t y  a t  12 m o r  ( 2 )  t h e  d i f f e r e n c e  b e t w e e n  t h e  s a l i n i t y  a t  1 

m a n d  t h e  s a l i n i t y  a t  12 ra. The f i r s t  was  m o r e  s t r o n g l y  c o r r e l a t e d  a n d  

u n l e s s  o t h e r w i s e  n o t e d  w i l l  be  t h e  v a l u e  i n t e n d e d  when  s a l i n i t y  

d i f f e r e n c e  i s  i n d i c a t e d .  The d a t a  ( F i g .  5)  c l e a r l y  i n d i c a t e  s t r o n g  

f o r t n i g h t l y  a s  w e l l  a s  s e a s o n a l  v a r i a t i o n ,

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

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

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

su m m in g  two f l o o d  t i d e  r a n g e s  ( l o w  h e i g h t  t o  h i g h  h e i g h t )  a n d  two e b b  

t i d e  r a n g e s  ( h i g h  h e i g h t  t o  low h e i g h t )  a n d  d i v i d i n g  b y  f o u r .  F o r  d a y s  

w i t h  l e s s  t h a n  2 h i g h s  o r  2 l o w s ,  i m m e d i a t e l y  p r e c e d i n g  o r  i m m e d i a t e l y  

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

u s e d  t o  make a  f u l l  c o m p l e m e n t  o f  r a n g e s .  M ea n d a i l y  f l o o d  a n d  ebb
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F i g u r e  5 .  L i n e  g r a p h  o f  s a l i n i t y  d i f f e r e n c e s  p e r  m l l l e  f r o m  

F e b r u a r y  19B2 t o  A p r i l  1 9 0 3 .  C i r c l e s  i n d i c a t e  d a t a  p o i n t s .
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r a n g e s  w e r e  c a l c u l a t e d  u s i n g  t h e  a p p r o p r i a t e  two o f  t h o s e  f o u r .  E x t r e m e  

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

c a t a g o r y .  I f  o n l y  o n e  r a n g e  i n  a  c a t e g o r y  was  c o m p l e t e l y  w i t h i n  a  g i v e n  

d a y ,  t h a t  r a n g e  was  u s e d .  Mean a n d  e x t r e m e  d a i l y  h i g h  a n d  low t i d a l  

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

h e i g h t s  when  two w e r e  a v a i l a b l e .  I f  o n l y  o n e  o c c u r r e d ,  t h a t  on e  was  

s e l e c t e d .  Th e r e s u l t i n g  t i d a l  f a c t o r s  w e r e  l a g g e d  0 t o  12 d a y s  f o r  

c o r r e l a t i o n  a n a l y s i s .  U n w e i g h t e d  m o v i n g  a v e r a g e s  o f  2 t o  7 d a y s  l a g g e d  0 

t o  5 d a y s  w e r e  a l s o  s u b j e c t e d  t o  c o r r e l a t i o n  a n a l y s i s .

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

movem en t  I n  t h e  C h e s a p e a k e  Bay  n e a r  t h e  r i v e r  m o u t h ,  a s  w e l l  a s  d i r e c t  

s t r e s s  o f  w i n d  a x i a l  t o  t h e  r i v e r ,  m i g h t  I n f l u e n c e  s t r a t i f i c a t i o n  w i t h i n  

t h e  r i v e r  ( H a y w a r d  , 1 9 8 2 ) ,  c a l c u l a t e d  s t r e s s  o f  w i n d  f r o m

n o n & x i a l  a s  w e l l  a s  a x i a l  d i r e c t i o n s  w a s  e x a m i n e d  f o r  r e l a t i o n  t o  

s t r a t i f i c a t i o n  v a r i a t i o n .  A d i r e c t i o n a l  w i n d  s t r e s s  f o r  e a c h  d a y  and 

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

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

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

t o  t h e  f o u r t h  p o w e r  ( S e e  e q u a t i o n  A>. P o w e r s  1 t h r o u g h  6 w e r e  t e s t e d ,  b 

was f o u n d  t o  g i v e  t h e  b e s t  m o d e l  f i t .  T h i s  d i r e c t i o n a l  c o e f f i c i e n t  

w e i g h t e d  w i n d s  a t  t h e  d i r e c t i o n  o f  i n t e r e s t  by a  f a c t o r  o f  16 a n d  w i n d  

180* f r o m  t h e  d i r e c t i o n  o f  i n t e r e s t  b y  0 .  The d i r e c t i o n a l  w e i g h t i n g  was  

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

b a s i n ,  t h e  C h e s a p e a k e  Bay  a n d  t h e i r  c o n n e c t i o n s  a n d  t h e  a s s u m e d  

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

c a l c u l a t e d  a t  15 d e g r e e  i n t e r v a l s  f r o m  0  d e g r e e s  a s  w e l l  a s  a x i a l l y  t o  

t h e  l o w e r  a n d  u p p e r  r i v e r  b a s i n s .  T h e  a x i a l  d i r e c t i o n s  o f  t h e  u p p e r
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r i v e r  b a s i n ,  up  r i v e r  f r o m  G l o u c e s t e r  P o i n t ,  w e r e  c o n s i d e r e d  t o  b e  140°  

a n d  3 2 0 ° ,  a n d  t h e  l o w e r  b a s i n ,  down r i v e r  f r o m  G l o u c e s t e r  P o i n t ,  t o  b e

83* a n d  263* a f t e r  K l l e y  ( I 9 6 0 ) .  Th e r e s u l t i n g  w e i g h t e d  w i n d  s t r e s s

f a c t o r s  w e r e  l a g g e d  0  t o  9 d a y s  f o r  a n a l y s i s .

C o r r e l a t i o n  a n a l y s i s  o f  f r e s h  w a t e r  f l o w  was  p e r f o r m e d  w i t h  f l o w s

l a g g e d  0  t o  30 d a y s  f o r  t h e  Y o r k  R i v e r  a n d  0 t o  80  d a y s  f o r  t h e  

R a p p a h a n o c k  R i v e r ,  a s  w e l l  a s  w i t h  f l o w s  c a t a g o r l z e d  by v a l u e  a n d  

l a g g e d .  The r e s u l t s  s u g g e s t e d  t h a t  l a g  was  r e l a t e d  t o  f l o w  v o l u m e  

l o g a r i t h m i c a l l y ,  t h e r e f o r e  f r e s h  w a t e r  f l o w  f a c t o r s  f o r  u s e  I n  t h e  m o d e l  

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

a l g o r i t h m ;

V a r i a b l e  Lag -  Maximum l a g  - ( S c a l i n g  F a c t o r  *

L o g l 0 ( F r e s h  W a t e r  D i s c h a r g e  m3s  l ) ( 1 )

The Maximum l a g  v s  S c a l i n g  f a c t o r  s p a c e  was  s y s t e m a t i c a l l y  

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

c o n t a i n i n g  t i d a l  a n d  w i n d  s t r e s s  t e r m s .  A v a r i a b l e  l a g  was  c a l c u l a t e d  

f r o m  t h e  f l o w  f o r  e a c h  c a l e n d a r  d ay  a n d  a d d e d  t o  t h a t  d a y  t o  d e t e r m i n e  

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

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

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

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

T a b l e  3.

I n i t i a l  c o r r e l a t i o n  a n a l y s e s  a n d  m u l t i p l e  r e g r e s s i o n  a n a l y s e s  w e r e  

p e r f o r m e d  u s i n g  SPSS p r o c e d u r e s  ( H i e ,  e t . a l . , 1 9 7 5 ;  H u l l  a n d  N i e ,  1 9 S 1 ) . 

The s e a r c h  f o r  o p t im u m  c o r r e l a t i o n  b e t w e e n  c a l c u l a t e d  e f f e c t i v e  f r e s h
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w a t e r  f l o w  a n d  s a l i n i t y  d i f f e r e n c e  was  a  g r i d  s e a r c h  p r o g r a m m e d  b y  t h e  

a u t h o r .  T h e  f i t  o f  SMLD t o  s a l i n i t y  d i f f e r e n c e  was c a l c u l a t e d  u s i n g  t h e  

g r a d i e n t - e x p a n s l o n  a l g o r i t h m  f o r  a  l e a s t - s q u a r e s  f i t  o f  a n o n - l i n e a r  

f u n c t i o n  f o u n d  i n  B e v i n g t o n  ( 1 9 6 9 ) .

T a b l e  3 .  D e s c r i p t i v e  S t a t i s t i c s  f o r  f a c t o r s  i n c l u d e d  i n  m o d e l i n g .

F a c t o r 1Maximum 1 Minimum \ Mean 1
S a l i n i t v  d i f f e r e n c e 1 1 1 . 0 6 L Q.01  ! 2 , 9 2 9  1
R a p p a h a n o c k  R i v e r  f l o w ,  u n l a g g e d | 5 1 5 . 4 t 1 4 2 . 2  |
R a p p a h a n o c k  R i v e r  f l o w ,  v a r i a b l y  l a g g e d | 2 5 6 . 2 \ 3 . 8  | 4 0 , 4  |
Y o r k  R i v e r  f l o w ,  u n l a g g e d | 3 1 8 . 5 f 3 ‘2 1 4 9 . 3  |
Y o r k  R i v e r  f l o w ,  v a r i a b l y  l a g g e d 1 2 0 0 . 0 1 1 . 1  1 4 3 . 1  1
O b s e r v e d  m e a n  s e a  l e v e l | 1 . 6 2 | 0 . 4 6  | 0 , 8 8 9  |
P r e d i c t e d  m e a n  s e a  l e v e l | 0 . 4 0 1 0 . 1 6  | 0 . 3 5 7  |
O b s e r v e d  d a l l y  e x t r e m e  t i d a l  r a n g e | 1 . 2 0 1 0 - 4 5  | 0 . 8 1 6  |
P r e d i c t e d  d a l l v  e x t r e m e  t i d a l  r a n g e 1 1 . 1 3 1 0 . 4 9  1 0 . 7 9 5  1
T e m p e r a t u r e  I n  s u r f a c e  m i x e d  l a y e r 1 2 8 . 8 1 2 . 9  1 1 6 . 2  1
R e s u l t a n t  w i n d  s p e e d 1 4 6 , 0 1 l . P  1 1 4 . 6  [
U n i t s  a r e  a s  f o l l o w s :  S a l i n i t y  d i f f e r e n c e ,  p e r  r a l l l e ;  F r e s h  w a t e r  
f l o w ® ,  ma s  *; S e a  l e v e l ,  m e t e r s  a b o v e  mean low  w a t e r ;  T i d a l  r a n g e ,  
m e t e r s ;  T e m p e r a t u r e ,  d e g r e e s  C e l c i u s ;  Wind s p e e d  kmh *. T i d a l  
o b s e r v a t i o n s  a r e  f o r  G l o u c e s t e r  P o i n t .

S a l i n i t y  d i f f e r e n c e  i s  l i m i t e d  a t  t h e  l o w  e x t r e m e  b y  z e r o  a n d  

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

r a n g e  a s  w e l l  a s  n o n  t i d a l  s e a  l e v e l  we re  n e g a t i v e l y  c o r r e l a t e d  w i t h  

s a l i n i t y  d i f f e r e n c e  b u t  h a v e  v e r y  s i m i l a r  l i m i t  c h a r a c t e r i s t i c s .  T h a t  

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

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

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

w e r e  s c a l e d  a n d  c o m p l e m e n t e d ,  i . e .

p r e d i c t o r  -  1 - — f i c m - M l l M _  ( 2 )
r  s c a l i n g  c o n s t a n t
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w h e r e  t h e  s c a l i n g  c o n s t a n t s  w e re  c l o s e  t o  t h e  maximum v a l u e s  f o r  t h e s e  

f a c t o r s  f o u n d  I n  t h e  d a t a  and w e r e  e s t i m a t e d  b y  I t e r a t i v e  a p p r o x i m a t i o n .  

The p r e d i c t o r s  t h e r e b y  g e n e r a t e d  t e n d  t o  k ee p  t h e  h i g h  o r d e r  t r a n s f o r m s  

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

a p p r o x i m a t i o n  o f  t h e  n e a r l y  a s y m p t o t i c  z e r o  l i m i t  f o r  s a l i n i t y  

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

s m a l l  t i d a l  r a n g e s .

The  p r o c e s s  f o r  g e n e r a t i n g  t h e  r e g r e s s i o n  m ode l  I n c l u d e d :

1) I n i t i a l l y  s e t t i n g  h i g h  p r o b a b i l i t y  l e v e l s  (P -  0 , 2 )  an d  p r e s e n t i n g  

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

Terms w e r e  r a i s e d  t o  h i g h e r  p o w e r s  a s  l o n g  as  t h e  f i t  was i m p r o v e d  a t  

t h a t  p r o b a b i l i t y  l e v e l ;  2 )  U s i n g  t h e  t e r m s  s e l e c t e d ,  a n d  a d d i n g  t h e  wi nd  

t e r m s ,  t h e  p r o b a b i l i t y  l e v e l  was l o w e r e d  (P -  0 . 1 )  and  t h e  b a c k w a r d  

e l i m i n a t i o n  p r o c e d u r e  was  u s e d ;  a n d  3 )  F i n a l l y  t h e  po wer  t o  w h i c h  e a c h  

o f  t h e  r a n g e  a n d  s e a  l e v e l  t e r m s  was r a i s e d  was v a r i e d  an d  c h a n g e s  w h ich  

Im p r o v e d  f i t  w e r e  k e p t .

R e s u l t s

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

T a b l e  4 ,  A s p e c t s  o f  t i d a l  r a n g e  and h e i g h t  we re  e x a m i n e d .  L a g g e d  d a i l y  

v a l u e s  w e r e  g e n e r a l l y  c o r r e l a t e d  a t  a b o u t  - 0 , 6 0 ,  w i t h  a  l a g  o f  a r o u n d  2- 

3 d a y s .  N o t a b l e  e x c e p t i o n s  a r e  o b s e r v e d  mean a n d  e x t r e m e  h i g h  t i d e  

h e i g h t  v a l u e s  f r o m  G l o u c e s t e r  P o i n t  (GP.OMHU an d  GP.OXHH) w h i c h  

c o r r e l a t e d  b e s t  a t  0  a n d  1 d ays  w i t h  much l o w e r  c o r r e l a t i o n s  o f  - 0 , 2 6 .  

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

p r e d i c t i v e  c a p a c i t y  i n  t h i s  s i g n a l .  A l s o  o f  I n t e r e s t  I s  t h e  p o s i t i v e
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c o r r e l a t i o n  w i t h  p r e d i c t e d  e x t r e m e  low t i d e  h e i g h t  a t  Hampton  R o ad s  

(HR.FXLH).  Lower  l o w  t i d e s  a r e  a s s o c i a t e d  w i t h  h i g h  t i d a l  r a n g e s  w h i c h  

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

T a b l e  4 .  B e s t  s i m p l e  c o r r e l a t i o n s  o f  s a l i n i t y  d i f f e r e n c e s  w i t h  n o n ­
a v e r a g e d  a n d  u n w e i g h t e d  m o v i n g  a v e r a g e s  o f  v a r i o u s  t i d a l  a s p e c t s  l a g g e d  
b y  v a r i o u s  a m o u n t s .

SALINITY DIFFERENCE I (N - 1 5  7) SALINITY DIFFERENCE I I  ( N - 1 4 7 )
NON-AVERAGED UNWEIGHTED AVERAGE NON-AVERAGED UNWEIGHTED AVERAGE

T i d a l  | L ag C o r r  j | L a g |  A v e r |  C o r r  | | | t -agf C o r r  | | L ag A v e r  | C o r r  |
A s p e c t  I I I 1 I I I J 1 ! 1

Gp.GMR | 3 - 0 . 6 0 3 | I o 1 f 0 . 6 5 5 1 [j 3 1- 0 . 5 9 8 ) | 0 7 | - 0 . 6 4 6 |
GP.PHR | 3 - 0 . 6 3 7 | 1 0 1 f - 0 . 6 5 5 | | j 2 j - 0 , 6 1 6 | j 1 4 j - 0 , 6 3 2  |
HR.FUR f 3 - 0 . 6 3 2 j 1 0 1 1 - 0 . 6 5 I |  | | 3 j - 0 . 6 1 2 1 | 1 4 | - 0 . 6 2 7 |
GP.OXR 4 - 0 , 6 0 1 1 I 0 1 1- 0 . 6 7 5 | | | 1 | - 0 . 5 4 1 | | 0 7 | - 0 , 6 4 8 |
GP.PXR j 3 - 0 . 6 4 1 | 1 0 1 I ' 0 . 6 7 1 j j j 3 - 0 . 6 1 9 )  j 0 7 | - 0 , 6 4 8 1
HR.PXR j 3 - 0 . 6 2 2 | 1 0 1 | - 0 . 6 4 8 | | | 3 1- 0 . 6 0 0 ) | 0 7 j - 0 , 6 2 5 |
GP.OMFRI 2 - 0 . 5 9 2 1 1 0 1 1 0 . 6 6 2 j | | 2 1- 0 . 6 1 0 ) | 0 7 | - 0 . 6 5 4 |
GP.PMFRj 3 - 0 . 6 3 3 1 I o 1 1- 0 . 6 5 3 | | | 3 1- 0 . 6 1 2 | | 0 7 | - 0 , 6 3 0 |
HR. FMFR| 3 - 0 . 6 3 1 j 0 1 1- O . 6 5 0 | | | 3 1- 0 . 6 1 1 1 | 0 7 | - 0 . 6 2 5 1
GP.OXFR) 4 - 0 . 6 2 2 1 1 0 1 I - 0 . 6 7 5 | | | 2 1- 0 . 5 7 4 | | 0 7 | - 0 . 6 5 4 |
GP.PXFR) 2 - 0 . 5 6 1 1 I o 1 1 - 0 . 6 5 6  j | | 2 - 0 . 6 1 1 ) j 0 7 | - 0 , 6 3 7 |
HR.PXFRj A - 0 . 6 1 3 j 0 1 1- 0 . 6 5 4 | | | 2 1- 0 . 6 0 0 | | 0 7 | - 0 . 6 2 9 |
GP.OMER) 3 - 0 . 5 8 8 1 1 Q 1 I - 0 . 6 4 2 | | | 3 I - 0 . 5 B 8 | | 0 7 j - 0 . 6 3 0  j
GP.FMER| 3 - 0 . 6 4 1 | 1 o 1 1 0 . 6 5 6 ) | | 3 1- 0 . 6 1 9 ) | 1 - 0 . 6 3 5 |
HR. PMER| 3 - 0 . 6 3 3  j 1 0 1 [ - 0 . 6 5 1 1 | | 3 I - 0 . 6 1 4 ) j 1 - 0 . 6 3 0 |
G P . OXER| 4 - 0 . 5 9 4 | 1 0 1 I - 0 . 6 5 8  j | j 3 j - 0 . 5 7 4 ) | 0 7 | - 0 . 6 3 2 |
GF.FXERI 3 - 0 , 6 4 6  j 1 0 1 1- O . 6 7 0 | | | 3 1- 0 . 6 2 6 | | 0 7 j - 0 . 6 4 7  j
HR. FXER| 3 -0  . 6 2 8 | 0 1 1 - 0 . 6 5 6 | | | 3 - 0 . 6 1 3 ) | 0 7 | - 0 . 6 3 9 |
GP.OMHH) 1 - 0 . 2 1 6 1 I o 1 I - 0 . 2 3 1 | | | 0  I - 0 . 2 5 3 ) j 0 7 | 0 , 2 4 6  j
GP.FMHH| 3 - 0 . 6 1 5 1 1 2 1 1 - 0 . 6 1 3 ) j | 2 1- 0 . 6 0 1 ) | 1 4 I - 0 . 5 9 8 1
HR. PMHHj 2 - 0 . 6 5 4 1 | 1 1 1- 0 . 6 5 6 | | | 2 1- 0 . 6 3 4 ) | 1 4 I - 0 , 6 3 0 |
GP.0XHH| 1 - 0 . 2 0 5 1 I o 1 1- 0 . 2 4 7 | j | 1 | - 0 . 2 6 6 ) | 0 7 | 0 . 2 5 8 |
G P . PXHH j 3 - 0 . 6 2 6 1 1 2 1 1- 0 . 6 2 6 | | | 3 I - 0 . 6 1 4 ) | 1 4 | - 0 . 6 1 3 |
HR. PXHH| 3 - 0 . 6 4 8 1 | 1 1 1 - 0 . 6 6 2 j | | 2 - 0 . 6 2 7 ) | 1 - 0 , 6 4 3 )
HR.PXLHI 4 0 . 2 2 1 1 1 ? | 1 0 . 2 1 9 1 1 1 3 1 0 . 2 1 6 1  I 2 3 1 0 . 2 1 2 1
S a l i n i t y  d i f f e r e n c e I  - s a i l l i t y  a t  12m - mean o f  s a l i n i t y a t  l m , 3m,5m.
S a l i n i t y d i f f e r e n c e I I  -  s a l n i t y  a t  I2tn - s a l i n i t y  a t l m . T i d a l a s p e c  t
l e g e n d :  GP — G l o u c e s t e r P o l n , HR — Hampt o n  R o a d s , 0  — O b s e r v e d , P -
P r e d i c t e d ,  H -  D a l l y  m e a n ,  X -  D a i l y  e x t r e m e ,  F -  F l o o d ,  E -  E bb ,  H -  
H i g h  o r  H e i g h t ,  L -  Low, R -  R a n g e ,  l e ,  t i d a l  h e i g h t  d i f f e r e n c e  b e t w e e n  
a low a n d  a  s u b s e q u e n t  h i g h ,  o r  v i c e  v e r s a  a s  a p p r o p r i a t e .  C o n s e c u t i v e  
a v e r a g e s  a r e  u n w e i g h t e d  m o v i n g  a v e r a g e s  e n d i n g  o n  t h e  d a y  d e s i g n a t e d  a s  
Lag  a n d  I n c l u d i n g  t h e  n u m b er  o f  d a y s  d e s i g n a t e d  a s  A v e r ,  e g .  t h o s e  
d e s i g n a t e d  ( 0 | 7 )  I n d i c a t e  a n  a v e r a g e  o f  t h e  7 c o n s e c u t i v e  d a y s  e n d i n g  
w i t h  t h e  d a y  o n  w h i c h  t h e  s a l i n i t y  m e a s u r e m e n t s  w e r e  t a k e n ,  ( 2 ) 3 )  
i n d i c a t e s  a  3 d a y  a v e r a g e  e n d i n g  2 d a y s  b e f o r e  t h e  s a l i n i t y  m e a s u r e m e n t .
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T h e  b e s t  c o r r e l a t i o n s  a r e  g e n e r a l l y  w i t h  u n w e i g h t e d  m o v i n g  

a v e r a g e s  7 d a y s  l o n g ,  c e n t e r e d  o n  d a y  3. S h o r t e r  s p a n s  o f  4 a n d  3 d a y s  

a r e  c e n t e r e d  on d a y s  2 - 3 ,  The s t r o n g e s t  a s s o c i a t i o n s  o v e r a l l  a r e  s e e n  I n  

t h e  e x t r e m e  o b s e r v e d  a n d  p r e d i c t e d  r a n g e s  a t  G l o u c e s t e r  P o i n t  (GP.OXR 

a n d  GP.PXR) w i t h  7 d a y  a v e r a g e s  c e n t e r e d  o n  d a y  3 ,  g i v i n g  c o r r e l a t i o n s  

o f  - 0 , 6 7 5  a n d  - 0 , 6 7 2  r e s p e c t i v e l y .  T h es e  f a c t o r s  w e r e  t h e r e f o r e  s e l e c t e d  

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

t h e  p e r i o d  o f  t h e  s t u d y  w h ic h  was  u s e d  i n  t h i s  s t u d y  i s  sh ow n  I n  F ig ,  6 .  

O b s e r v e d  t i d a l  f a c t o r s  p r o d u c e d  m o d e l s  w h i c h  f i t  t h e  d a t a  much l e s s  w e l l  

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

o f  s i g n i f i c a n c e  ( T a b l e  i t ) .

T h e  a s s o c i a t i o n  o f  t h e  s a l i n i t y  d i f f e r e n c e  w i t h  t i d a l  r a n g e  was 

f o u n d  t o  b e  n o n - l i n e a r .  M o d e l s  c o n s t r u c t e d  f r o m  s i m p l e  l a g g e d  e x t r e m e  

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

f a i r l y  w e l l ,  p r o d u c i n g  R1 v a l u e *  o f  a b o u t  0 . 5 0 ,  b u t  t e n d e d  t o  s e v e r e l y  

u n d e r  p r e d i c t  t h e  l a r g e  p o s i t i v e  e x t r e m e s  ( T a b l e  5 ) .  Th e u s e  o f  h i g h e r  

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

o v e r a l l  f i t  b y  more  t h a n  15* a n d  p a r t i c u l a r l y  i m p r o v e d  t h e  estim a tes  o f  

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

( T a b l e  5)  . M o d e l s  c o n s t r u c t e d  w i t h  h i g h  o r d e r  t r a n s f o r m s  o f  t h e  s c a l e d  

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

20 *  i n  t h e  f i t  a n d  v e r y  go o d  p r e d i c t i o n  o f  t h e  h i g h e s t  s a l i n i t y  

d i f f e r e n c e s  ( T a b l e  5 ) ,

A m o d e l  co m p o sed  e x c l u s i v e l y  o f  p r e d i c t e d  t i d a l  r a n g e  f a c t o r s  i s  

a s s o c i a t e d  w i t h  50* o f  t h e  v a r i a b i l i t y  i n  ( T a b l e  5)  a n d  r e p r o d u c e s  t h e  

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

( F i g .  7 a , c ) .  I t  d o e s  n o t ,  h o w e v e r ,  r e f l e c t  t h e  s e a s o n a l  v a r i a t i o n s  w e l l .
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F i g u r e  6 .  P r e d i c t e d  t i d a l  f u n c t i o n s  a t  G l o u c e s t e r  P o i n t ,  Th e u p p e r  

l i n e  r e p r e s e n t s  d a i l y  e x t r e m e  t i d a l  r a n g e .  Th e l o w e r  l i n e  r e p r e s e n t s  

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

t e m p e r a t u r e  a n d  mean s e a  l e v e l  ( F i g .  6 ) .  W a t e r  t e m p e r a t u r e  was f o u n d  t o  

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

n o n t l d a l  s e a  l e v e l  t e r m s  p r o d u c e d  a  15% i m p r o v e m e n t  i n  m o d e l  f i t  a n d  

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

o b s e r v e d  v a l u e s  ( T a b l e  5 ,  F i g ,  7 b , d )  .

T a b l e  5 ,  C o m p a r i s o n  o f  t h e  r e s u l t s  o f  v a r i o u s  m o d e l s .

Model  d e s c r i p t i o n Maximum | 
p r e d i c t e d  | 
s a l i n i t y  | 
d i f f e r e n c e  f

Minimum | 
p r e d i c t e d  | 
s a l i n i t y  | 
d i f f e r e n c e |

R*
1

RMSE | 
1 
1 
1

O b s e r v e d  s a l i n i t y  d i f f e r e n c e 1 1 . 0 6  j 0 . 0 1  1 1
P r e d i c t e d  t i d a l  a s p e c t  m o d e l s :

Range o n l y  m o d e l :  
( c o m p l e m e n t e d ,  h i g h  o r d e r )

7 . 6 9  | 0 . 4 1  | 0 .  50 1 . 5 5  | 
1

Range a n d  mean s e a  l e v e l  m o d e l s :
1
!

U n c o m p l e m e n te d  f i r s t  o r d e r  
U n c o m p l e m e n te d  h i g h  o r d e r  
C o m p le m e n te d  h i g h  o r d e r

6 . 5 3  j 
7 . 2 6  | 

1 0 . 2 4  |

- 0 . 5 1  | 
- 0 . 7 2  j 
- 0 . 6 1  |

0 .  51 
0 .  59 
0 . 6 7

f
1.  55 | 
1 . 4 3  | 
1 . 26  |

R a n g e ,  mean s e a  l e v e l ,  a n d  w i n d :  
( c o m p l e m e n t e d ,  h i g h  o r d e r )

1 1 . 0 9  f - 1 , 0 1  f 0 . 80
1

0 , 9 9  | 
1

1
O b s e r v e d  t i d a l  a s p e c t  m o d e l ; 1

C o m p le m e n t e d ,  h i g h  c r d e r , r a n g e  
and  m ean  s e a  l e v e l

1 0 , 0 3  | - 0 . 0 3  | 0 .  59
1

1 . 4 6  | 
1 
1

P r e d i c t e d  s a l i n i t y  d i f f e r e n c e s  a n d  r o o t  mean s q u a r e d  e r r o r  (RM5E) a r e  
p e r  m i l l e .

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

d i f f e r e n c e s  w e r e  t h o s e  a x i a l  t o  t h e  u p p e r  a n d  l o w e r  Y o r k  R i v e r  b a s i n s  

a n d  f rom  t h e  N o r t h  a n d  N o r t h e a s t ,  Wind b l o w i n g  a x i a l l y  down t h e  u p p e r  

b a s i n  l a g g e d  0 - 2  d ay s  I s  p o s i t i v e l y  c o r r e l a t e d  w i t h  s a l i n i t y  d i f f e r e n c e
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F i g u r e  7.  C o m p a r i s o n  o f  m o d e l  p r e d i c t i o n s  u s i n g  o n l y  t i d a l  r a n g e  

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

f a c t o r s .  Th e t o p  f i g u r e s ,  7 A a n d  7B, I l l u s t r a t e  t h e  I m p r o v e m e n t  f o r  t h e  

f a l l  s e a s o n  w h i l e  t h e  b o t t o m  f i g u r e s ,  7C and  7 D t I l l u s t r a t e  t h e  

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

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

r i v e r .  T h i s  e f f e c t  was fo u n d  b y  K i l e y  (1 9 B 0 )  i n  t h e  c o r r e l a t i o n  o f  w i n d

s t r e s s  a n d  c u r r e n t  m e t e r  d a t a .  Wind f r o m  t h e  W o r t h ,  N o r t h e a s t ,  a x i a l  t o

t h e  l o w e r  r i v e r ,  a n d  b l o w i n g  u p  t h e  u p p e r  r i v e r  g e n e r a l l y  show n e g a t i v e  

c o r r e l a t i o n s  w i t h  s a l i n i t y  d i f f e r e n c e  when  l a g g e d  0 - 2  d a y s ,  i n d i c a t i n g  

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

t h e  r i v e r  f r o m  t h e  r e g i o n  o f  t h e  C h e s a p e a k e  Bay J u s t  n o r t h e a s t  o f  t h e  

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

t h e  r i v e r  { H a y w a r d ,  e t . a l . , 1 9 B 2 ) . T h r e e - d a y  l a g s  show some r e v e r s a l s  i n  

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

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

o r  v i c e  v e r s a

The a d d i t i o n  o f  w in d  s t r e s s  t e r r a s  e n a b l e d  t h e  m o d e l  t o  make much  

b e t t e r  p r e d i c t i o n s  o f  some o b v i o u s  a n o m a l i e s .  F o r  e x a m p l e ,  i n  M a r c h  19 83  

( F i g .  8 a , b ) ,  w h e r e  t h e  r e s i d u a l  i s  r e d u c e d  f r o m  -A. 59 t o  0 . 5 0  p e r  m l l l e

b y  t h e  a d d i t i o n  o f  t h e  e f f e c t  o f  40 kmh 1 n o r t h e a s t  w i n d  e v e n t  w h i c h

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

t h e  o v e r a l l  f i t  b y  20*.

I n  s p i t e  o f  t h e  e f f o r t s  made t o  r e l a t e  f r e s h  w a t e r  f l o w  t o

s a l i n i t y  d i f f e r e n c e  no s i g n i f i c a n t  c o r r e l a t i o n  c o u l d  b e  f o u n d .  Th e b e s t

c o r r e l a t i o n  f o r  Y o rk  R i v e r  f l o w  was f o u n d  w i t h  a  maximum l a g  o f  2 4 . 1 8  

d a y s  a n d  a  s c a l i n g  f a c t o r  o f  4 . 1 2 .  The l o n g e s t  l a g  g e n e r a t e d  f r o m  t h e

d a t a  w a s  22 d a y s ,  t h e  s h o r t e s t  was  14 d a y s  a n d  t h e  l a g  o f  t h e  m ean  v a l u e

w a s  17 d a y s ,  T h e  v a r i a t i o n  i n  s a l i n i t y  d i f f e r e n c e  a s s o c i a t e d  w i t h  Y o r k  

R i v e r  f r e s h  w a t e r  f l o w  was < 0 .1% a n d  t h e  s i g n i f i c a n c e  o f  t h e  

a s s o c i a t i o n  was  P > 0 , 8 ;  t h e r e f o r e ,  i t  w a s  n o t  I n c l u d e d  a s  a  t e r m  I n  t h e  

c o m p l e t e  m o d e l .  Th e b e s t  c o r r e l a t i o n  f o r  t h e  R a p p a h a n o c k  R i v e r  f l o w  w a s
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F i g u r e  8 .  C o m p a r i s o n  o f  m o d e l  p r e d i c t i o n s  u s i n g  o n l y  t i d a l  f a c t o r s  

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

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

t i d a l  f a c t o r s .
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f o u n d  w i t h  a  maximum Lag o f  5 5 . 0 1  d a y s  a n d  a  s c a l i n g  f a c t o r  o f  7 . 3 2 .  The 

l o n g e s t  l a g  g e n e r a t e d  f r o m  t h e  d a t a  w a s  50 d a y s ,  t h e  s h o r t e s t  w a s  35 

d ay s  a n d  t h e  l a g  o f  t h e  m ean  v a l u e  w a s  43 d a y s . T h e  v a r i a t i o n  i n  

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

was < 0 . 2 5 1 ,  a n d  t h e  s i g n i f i c a n c e  o f  t h e  a s s o c i a t i o n  w a s  P > 0 . 2 ,  a n d  I t  

a l s o  was  n o t  I n c l u d e d  I n  t h e  f i n a l  m o d e l .  T h i s  l a c k  o f  a s s o c i a t i o n  i n  

s p i t e  o f  f l o w  v a r i a t i o n s  o v e r  two o r d e r s  o f  m a g n i t u d e  may be  d u e  t o  t h e  

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

J am es  R i v e r  (C.  C e r c o , p e r s ,  c o m . )  I n d i c a t e  t h a t  t h e  maximum f l o w s  

r e c o r d e d  i n  t h e  Y o rk  R i v e r  s y s t e m  d u r i n g  t h i s  s t u d y  w o u l d  n o t  b e  b e  

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

p r o d u c e  s i g n i f i c a n t  a s s o c i a t i o n .

The f i n a l  m o d e l  ( F i g .  9)  I n c l u d e s  25 t e r m s :  7 t i d a l  r a n g e  t e r m s ,  8 

mean s e a  l e v e l  t e r m s ,  a n d  10 w i n d  s t r e s s  t e r m s .  T h e  t i d a l  t e r m s  a r e  a l l  

i n d i v i d u a l l y  s i g n i f i c a n t  a t  P <  0 . 0 2 ,  a n d  t h e  w i n d  t e r m s  a t  P <  0 . 0 5 .  An 

F s t a t i s t i c  f o r  t h e  m o d e l  w a s  c a l c u l a t e d ,  F ( 4  . 07  , 77 , 7 9 )  , P < 1 .  OE *.  

C o e f f i c i e n t s  f o r  t h e  m o d e l  a r e  p r e s e n t e d  I n  T a b l e  6 .  Th e f o r m  o f  t h e  

m o d e l  i s ;

S D (d )  -  C + ^  a i R ( d - L l 1 ) b l  +- c ^ M ( d - L 2 j ) e j

■+ f k V ( d - L 3 k ) 3 [ l  + c o s  D < d - L 3 k ) ] «  ( 4 )

w h e r e :

5 D (d )  — S a l i n i t y  d i f f e r e n c e  o n  t h e  d a y  o f  i n t e r e s t .

C — C o n s t a n t .

a ^  -  R e g r e s s i o n  c o e f f i c i e n t  f o r  t h e  i t h  R a n g e  c o n s t i t u e n t .
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K ( d - L l ^ )  — S c a l e d  a n d  c o m p l e m e n t e d  p r e d i c t e d  e x t r e m e  t i d a l  r a n g e

o n  t h e  d a y  L l ^  d a y s  b e f o r e  t h e  d a y  o f  I n t e r e s t ,

EflllfiS—
• '  0 . 9 8  *

L l ^  — Lag  f o r  t h e  1 t h  R a n g e  c o n s t i t u e n t ,

-  Pow er  t o  w h i c h  t h e  i t h  R a n g e  c o n s t i t u e n t  i s  r a i s e d .

Cj  -  R e g r e s s i o n  c o e f f i c i e n t  f o r  t h e  J t h  S e a  L e v e l

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

M ( d - L 2 j )  — S c a l e d  a n d  c o m p l e m e n t e d  p r e d i c t e d  Mean Sea  L e v e l  o n  t h e

d a y  L2j  d a y s  b e f o r e  t h e  d a y  o f  I n t e r e s t ,  I . e . ,

^ L e v e l
0 . 4 3

L2 j  — Lag f o r  t h e  j t h  Sea  L e v e l  c o n s t i t u e n t ,

e j  -  Pow er  t o  w h i c h  t h e  J t h  Sea  L e v e l  c o n s t i t u e n t  I s  r a i s e d ,

f ^  — R e g r e s s i o n  c o e f f i c i e n t  f o r  t h e  k t h  Wind S t r e s s

e o n a t l t u e n t .

V ( d - L 3 ^ )  — R e s u l t a n t  w i n d  s p e e d  o n  t h e  d a y  L3^ d a y s  b e f o r e  t h e  day  

o f  I n t e r e s t .

D ( d - L 3 ^ }  -  R e s u l t a n t  w i n d  d i r e c t i o n  o n  t h e  d a y  L3^ d a y s  b e f o r e  t h e

d a y  o f  I n t e r e s t .

L 3 ^  — L ag  f o r  t h e  k t h  Wind S t r e s s  c o n s t i t u e n t .

T h e  p r e d i c t i v e  s k i l l  o f  t h e  m o d e l  was  t e s t e d  a g a i n s t  a  s e t  o f  13



F i g u r e  9 ,  C o m p a r i s o n  o f  a l l  d a t a  p o i n t s  w i t h  c o r r e s p o n d i n g  v a l  

p r e d i c t e d  b y  t h e  f u l l  m o d e l .
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o b s e r v a t i o n s  t a k e n  i n  A u g u s t  - S e p t e m b e r  1 983 .  T h e  RrtSE f o r  t h i s  s e t  was

1 . 2  p e r  m l l l e ,

T a b l e  6 .  C o e f f i c i e n t s  f o r  t e r m s  i n c l u d e d  i n  t h e  f u l l  m o d e l .

S i g n i f i c a n c e
R a n g e  T e r m s :

i
U  i b i 3 i

1 5 1 7 . 5 9 7 0 4 0 .0 000
2 0 1 1 0 . 2 7 1 5 2 0 . 0 0 0 0
3 0 3 - 5 9 . 6 3 6 7 5 0 .0000
4 1 5 6 0 9 . 5 5 8 4 2 0 . 0 0 0 1
6 6 19 0 . 1 1 3 9 4 E + 0 7 0 , 0 0 4 5
6 1 9 - 5 4 1 1 . 3 7 7 7 5 0 . 0 0 4 9
7 2 A - 6 6 . 2 1 3 5 5 0 , 0 1 6 5

Sea  L e v e l  T e r m s ;

j
l 2 j ' J Cj

1 4 3 2 5 7 . 0 1 6 9 4 0 . 0 0 0 0
2 5 3 - 4 1 3 , 3 7 4 6 6 0 . 0 0 0 0
3 6 1 5 . 6 2 6 9 6 0 . 0 0 0 0
4 6 3 1 6 0 , 4 8 8 2 2 0 . 0 0 0 0
5 0 5 - 2 9 5 . 1 4 1 6 7 0 . o o o o
6 2 7 - 8 8 5 . 0 6 1 3 1 0 . 0 0 0 4
7 1 6 7 2 1 . 6 0 3 7 1 0 . 0 0 1 4
8 4 6 1 7 3 . 9 9 4 8 2 0 . 0 0 7 2

*
Wind S t r e s s  T e r r a s ;

k 0 ( d - L 3 k ) L3k f k

1 83 1 - 0 . 2 3 0 7 2 E - 0 3 0 , oooo
2 45 3 - 0 . 6 0 4 6 0 E - 0 3 0 . 0 0 0 7
3 320 0 0 . 2 1 3 2 5 E - 0 3 0 . 0 0 1 8
4 0 0 0 , 146C9E-G3 0 . 0 0 2 9
5 0 3 0 . 4 0 8 6 0 E - 03 0 . 0 0 3 6
6 263 2 - 0 . 1 6 5 9 8 E - 03 0 . 0 0 3 8
7 83 3 0 . 4 4 1 7 7 E - 03 0 . 0 0 4 2
8 0 2 - 0 . 1 0 7 4 3 E - 0 3 0 . 0 2 8 0
9 320 3 - 0 . 20B 3 4 E -0 3 0 , 0 3 4 6

10 320 2 0 .  1 5 5 7 0 E - 0 3 0 . 0 4 7 7

Constant - 0 . 1 5 8 1 9 . . 0 , 5 1 9 8
+ Wind  s t r e s s  c o e f f i c i e n t s  a s s u m e  w i n d  s p e e d  i n  kmh l .



S a l i n i t y  d i f f e r e n c e  I s  v a l u a b l e  t o  b i o l o g i s t s  a s  a n  I n d i r e c t  

i n d i c a t o r  o f  t u r b u l e n t  n i x i n g  ab ove t h e  h a l o c l l n e , A n o t h e r  p a r a m e t e r  o f  

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

t o  w h i c h  t h a t  m i x i n g  e x t e n d s .  W i th  SMLD d e f i n e d  a s  t h e  f i r s t  d e p t h  a t  

w h i c h  a  s a l i n i t y  g r a d i e n t  o f  0 , 2  p e r  m l l l e  p e r  0 . 1  m I s  e n c o u n t e r e d ,  and  

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

w i t h  0 . 1  m d e p t h  r e s o l u t i o n  w e re  a v a i l a b l e  (N — 1 1 ) ,  SMLD w a s  m o d e l e d  a s  

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

81% o f  t h e  v a r i a t i o n  i n  SMLD a t  a s i g n i f i c a n c e  l e v e l  o f  P < 0 . 1

( F i g .  1 0 ) .

f) £ c a
(3 .0666  - 0 . 6 0 & M s a l i n i t y  d i f f e r e n c e  } )

s p i [ . ] i ■  e

F o r  a  s a l i n i t y  d i f f e r e n c e  o f  0 p e r  m i l l e  t h i s  f u n c t i o n  p r e d i c t s  a 

maximum m i x i n g  d e p t h  o f  2 1 . 4 7  m w h i c h  i s  a p r o x l m a t e l y  t h e  maximum d e p t h  

o f  t h e  l o w e r  Y o r k  R i v e r .  F o r  t h e  mean s a l i n i t y  d i f f e r e n c e  f o u n d  I n  t h i s

s t u d y ,  2 . 9 2 9  p e r  m i l l e ,  i t  p r e d i c t s  a  SMLD o f  6 . 3 2  m ,



33.

F i g u r e  1 0 .  C o m p a r i s o n  o f  s u r f a c e  m ixed  l a y e r  d e p t h  m o d e l  

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

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

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

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

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

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

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

t i d a l  v o lum e  I s  e x p e c t e d  t o  v a r y  p r o p o r t i o n a l l y  g r e a t e r  t h a n  t h e  

v a r i a t i o n  i n  t i d a l  r a n g e  and m ean  s e a  l e v e l .  The r e g r e s s i o n  p o l y n o m i a l ,  

w i t h  h i g h  o r d e r  t e r m s  i n  t i d a l  r a n g e  a n d  mean s e a  l e v e l ,  may h e  s e e n  a s  

an  e s t i m a t e  o f  t h e  p o r t i o n  o f  t h e  t i d a l  v o l u m e  f u n c t i o n  d e p e n d e n t  on  

t i d e  h e i g h t .  T h i s  s u p p o r t s  H a a s '  ( 1 9 7 7 )  s u g g e s t i o n .  Th e i n d i c a t i o n  t h a t  

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

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

a n d  e x t e n d s  t h e  s u g g e s t i o n s  made b y  G o d f r e y  (1 9 8 0 )  a n d  e x t e n d s  t h e  

h y p o t h e s i s  o f f e r e d  i n  C h a p t e r  I , a s  a  g e n e r a l  s t a t e m e n t  o f  t h e  Y o r k  

R i v e r  d e s t r a t i f i c a t i o n  m e c h a n i s m .

I f  t h e  r e l a t i o n s h i p  b e t w e e n  a n  e s t u a r y  and  s u b - e s t u a r y  i s  s u c h  

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

b o d i e s ,  an d  t h e  e s t u a r y  I s  c h a r a c t e r i z e d  b y  a l o n g i t u d i n a l  s a l i n i t y  

g r a d i e n t ,  an d  t h e r e  i s  a  s e m i l u n a r  t i d a l  s i g n a l ,  t h e n ,  d u r i n g  a n y  g i v e n  

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

c a n  b e  e x p e c t e d  t o  o c c u r  In  t h e  s u b - e s t u a r y  a t  l e a s t  u p  t o  t h e  h e a d  o f  

t h e  maximum t i d a l  e x c u r s i o n  f r o m  t h e  e s t u a r y / s u b - e s t u a r y  I n t e r f a c e .

As s t a t e d  i n  C h a p t e r  I ,  t h e  p h a s e  d i f f e r e n c e  a n d  t h e  l o n g i t u d i n a l

34



s a l i n i t y  g r a d i e n t  I n  t h e  Bay I m p l i e s  t h a t  w a t e r  w h i c h  i s  b r o u g h t  i n t o  

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

e s t u a r y / s u b - e s t u a r y  i n t e r f a c e  d u r i n g  t h a t  t i d a l  c y c l e .  F u r t h e r ,  t h i s  

l e a s t  s a l i n e  w a t e r  I s  c a r r i e d  t o  t h e  g r e a t e s t  e x t e n t  o f  t h e  t i d a l  

e x c u r s i o n  away f r o m  t h e  I n t e r f a c e ,  up t h e  r i v e r .  T h i s  i s  t r u e  f o r  e v e r y  

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

v a r i a t i o n  I t  I m p l i e s  t h a t  a t  s l a c k  b e f o r e  e b b  o n  s u c c e s s i v e  t i d e s  w a t e r  

o f  l o w e r  and l o w e r  s a l i n i t y  w i l l  b e  f o u n d  f u r t h e r  a n d  f u r t h e r  i n t o  t h e  

s u b - e s t u a r y .  E x a m i n a t i o n  o f  F i g u r e  IB s h o w s  t h a t  b e f o r e  t h e  maximum 

s p r i n g  t i d e ,  minimum s a l i n i t y  w a s  s e e n  a t  t h e  Y o rk  R i v e r  M ou th  d u r i n g  

e b b  f l o w ,  I n d i c a t i n g  t h a t  t h e  p o i n t  o f  minimum s a l i n i t y  was  e v e n  f u r t h e r  

up  r i v e r  a t  s l a c k  b e f o r e  f l o o d .  When t h e  s e m l l u n a r  v a r i a t i o n  d e c r e a s e s ,  

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

b e  f o u n d  a t  t h e  p o i n t  o f  maximum e x c u r s i o n  w h i c h  w i l l  b e  m o v i n g  down t h e  

s u b - e s t u a r y  t o w a r d  t h e  e s t u a r y / s u b  - e s t u a r y  i n t e r f a c e .  Th e r e v e r s a l  o f  

t h e  l o n g i t u d i n a l  s a l i n i t y  g r a d i e n t  i n d i c a t e d  I n  F i g u r e  2B s h o r t L y  a f t e r  

maximum s p r i n g  t i d e  i n d i c a t e s  t h a t  t h e  p o i n t  o f  maximum e x c u r s i o n  h a s  

p a s s e d  b e lo w  t h e  Y o r k  R i v e r  M o u t h  s t a t i o n .

D u r i n g  maximum s e n s i l u n a r  t i d e s ,  t h e  l o w e r  s u b - e s t u a r y  up t o  t h e  

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

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

The m a j o r  d i f f e r e n c e  b e t w e e n  t h i s  d e s c r  l p t  I o n  o f  t h e  m e c h a n i s m  o f  

t h e  c h a n g e s  i n  t h e  L ow er  Y o rk  R i v e r  a n d  t h a t  p r e s e n t e d  i n  C h a p t e r  I I s  

p r i m a r i l y  a  m a t t e r  o f  p e r s p e c t i v e .  W h e r e a s  t h e  f i r s t  p r e s e n t a t i o n  o f  t h e  

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

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

t h e  R i v e r  m o u t h ,  t h i s  s e c o n d  e x p l i c a t i o n  i s  i n t e n d e d  t o  p o i n t  t o  t h e
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I n t r u s i o n  o f  e x o g e n o u s  w a t e r  a t  a i l  d e p t h s  a s  f a r  up  t h e  R i v e r  a s  t h e  

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

t h e r e f o r e  t h e  c o n t i n u o u s  f l u s h i n g  o f  t h e  l o w e r  r i v e r  d u r i n g  t i d e s  o f  

r e l a t i v e l y  l a r g e  t i d a l  v o l u m e .

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

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

new r e g i m e  t o  I n c l u d e  a n  e f f o r t  t o  t a k e  I n t o  a c c o u n t  t h e  f l u x  o f  s u c h  

o r g a n i s m s  t h r o u g h  t h e  s y s t e m .

V e r t i c a l  h o m o g e n e i t y  s e e m s  t o  e x t e n d  much f u r t h e r  up t h e  r i v e r  

(m o re  t h a n  20 km; H a a s ,  H o l d e n  a n d  W e l c h ,  1 9 8 1 )  t h a n  t h e  f a r t h e s t  

r e c o r d e d  p o i n t  o f  minimum s a l i n t y  ( 1 2  km; T a b l e  1 ) .  T h i s  s u g g e s t s  t h a t  

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

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

o p e r a t i n g .



CONCLUSIONS

T h e  s i g n i f i c a n c e  o f  v a r i a t i o n s  I n  v e r t i c a l  s t r a t i f i c a t i o n  f o r  t h e  

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

w a t e r s  h a s  l o n g  b e e n  r e c o g n i z e d  ( R i l e y ,  1 9 4 2 ;  S v e r d r u p ,  1 9 5 3 ) .  O n l y  

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

p r o c e s s e s  I n  r e g u l a t i n g  e s t u a r i n e  p r o d u c t i o n  b e e n  g e n e r a l l y  r e c o g n i z e d .  

F o r  e x a m p l e ,  t h e  f r e q u e n c y  o f  v e r t i c a l  m i x i n g  may b e  d i r e c t l y  r e l a t e d  t o  

t h e  p r o d u c t i v i t y  o f  e s t u a r i n e  s y s t e m s  ( L e g e n d r e ,  1 9 8 1 ) .  B e c a u s e  

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

t i d a l  c y c l e  may c o n t r i b u t e  t o  r e l a t i v e l y  h i g h  f r e q u e n c y  v e r t i c a l  m i x i n g  

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

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

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

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

w e l l .

U h l l e  n e i t h e r  o f  t h e  m o d e l s  p r e s e n t e d  i n  C h a p t e r  I I  c a n  b e  

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

d e m o n s t r a t e  t h e i r  b r o a d  u s e f u l n e s s .  As t h e  m a j o r  p o r t i o n  o f  v a r i a t i o n  

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

d i f f e r e n c e ,  a n d  s e c o n d a r i l y ,  SMLD, c a n  b e  p r e d i c t e d  f o r  t h e  I n d e f i n i t e  

f u t u r e .  T h i s  p r e d i c t i v e  c a p a b i l i t y  w i l l  b e  h e l p f u l  f o r  w a t e r  q u a l i t y  

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

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

m i x e d  l a y e r  p l a n k t o n i e  ph enomena ,  W i t h  t h e  a d d i t i o n  o f  w i n d  s t r e s s

37



3 8 .

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

e n a b l e  m a n a g e r s  t o  a s s e s s  m a j o r  c h a n g e s  i n  t h e  m i x i n g  p a t t e r n .
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I . D a ta  f o r f i g u r e  2 . A,. S t a t i o n d a t a  f r o m t h e  Y o r k R i v e r  m o u t h 16 A n g u s t
19 7 8  t o  24 A u g u s t  1 9 7 B ,. V a l u e s a r e  p e r  m i l l e .

DATE 16AUG7S 16AUG7S 16AUG78 16AUG7S 16AUG7S 16AUG7 6
TIME 0 7 : 0 0 10:  00 13:  00 16 : 0 0 1 9 : 0 0 22 : 00
TIDE STATE 3 7 1

1 . 0 19 . 3 4 1 9 . 0 0 1 9 . 4 6 1 9 . 2 8
2 .0 1 9 . 3 7 19 . 02 1 9 . 4 7 19 . 30 19 .27 1 8 .  67
3 . 0 1 9 , 4 0 19 . 02 1 9 . 6 2 1 9 , 3 1 1 9 . 2 8 1 8 . 6 1
4 , 0 1 9 , 4 0 19 . 06 1 9 . 6 3 1 9 , 2 9 19 . 27 1 8 . 6 3
5 , 0 1 9 . 4 0 1 9 . 1 1 19 . 77 1 9 ,  37 19.  26 18 . 68
6 . 0 19,  39 19 . 24 19 , 72 1 9 , 4 0 19,  25 1 8 . 9 0
7 . 0 1 9 . 4 3 19 .31 1 9 . 9 9 1 9 . 5 0 19,  26 1 8 . 9 1
S O 1 9 . 4 5 19 . 45 2 0 . 0 0 2 0 .  73 19,  26 18 , 9 0
9 . 0 1 9 . 6 0 1 9 ,  67 2 1 . 4 3 22 , 76 19.  33 2 0 . 5 9

1 0 . 0 21.  7B 21 . 80 2 1 . 4 3 2 2 . 9 2 1 9 . 4 9 2 1 .  26
1 1 . 0 2 2 . 8 6 2 2 . 4 9 22 , 95 23 . 0 7 1 9 , 6 3 2 1 . 4 3
12 .0 2 3 . 1 6 2 2 . 6 9 23.  75 2 3 . 3 6 2 0 . 4 4 22 .13
13 .0 2 3 . 9 6 2 3 , 1 7 24,  37 23 . 57 2 1 .  33 2 3 . 1 2
14 .0 24 . IS 2 4 , 2 7 2 4 . 8 7 2 3 . 9 3 2 2 .  28 23 . 54
15 .0 2 4 . 6 7 2 4 . 5 8 2 5 . 1 0 2 3 . 9 5 2 3 ,  30 23 . 86
16 .0 2 5 . 2 6 2 4 ,  64 25,  15 2 4 . 0 0 2 4 , 0 2 2 4 . 1 0
17 .0 25 .32 2 5 , 0 4 2 5 . 1 8 2 4 . 5 1 2 4 ,  37 24 . 72
18 .0 25 . 44 25 . 17 2 4 , 4 2
19 0 2 4 . 4 2
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DATE 17AUG78 17AUG78 17AUG78 17AUG78 17AUG78 21AUG78
TIME 0 1 : 0 0 0 4 : 0 0 0 7 :  00 1 0 : 0 0 1 4 : 0 0 17 :00
TIDE STATE 3 4 6

1 . 0 1 9 . 2 8 1 9 . 6 2
2 , 0 1 9 . 2 3 1 9 . 1 9 1 9 . 2 5 1 9 . 2 8 1 9 . 6 2 1 8 , 6 7
3 . 0 1 9 . 2 2 1 9 . 3 2 19 ,  24 1 9 . 2 8 1 9 . 6 2 18 .  81
4 . 0 19 . 22 19 ,  35 1 9 . 2 6 1 9 . 2 8 1 9 . 6 2 1 8 . 8 3
5 . 0 1 9 . 2 7 1 9 . 5 6 19 . 37 19 ,  35 1 9 . 6 2 18 ,  88
6 . 0 19 . 28 2 0 ,  07 19 . 4 6 19 .  72 20 .  08 1 8 . 9 0
7 , 0 1 9 , 4 3 2 0 . 3 3 2 0 . 0 3 2 0 , 2 7 19 ,  85 18 .91
8 , 0 2 0 . 0 5 2 0 . 9 1 20 . 2 6 2 0 . 4 3 1 9 , 6 2 18 . 9 0
9 . 0 2 0 , 4 6 2 1 . 6 2 20 , 59 2 0 . 6 6 19.  74 2 0 . 5 9

1 0 . 0 2 1 , 3 5 2 2 . 8 6 2 1 . 5 6 2 0 . 9 7 1 9 . 7 4 2 1 . 2 6
1 1 . 0 2 2 . 2 1 2 3 . 5 1 2L. 93 2 2 . 1 6 1 9 . 7 4 2 1 . 4 3
1 2 . 0 2 2 . 8 6 2 3 . 6 5 2 1 ,  87 2 2 . 5 4 2 0 . 2 0 2 2 . 1 3
13 . 0 2 3 . 5 2 2 3 , 6 7 2 1 . 9 4 22 . 9 7 2 0 .  20 23 ,  12
14 ,0 2 3 . 9 5 2 3 . 9 5 22 . 36 23 . 0 3 2 0 .  32 2 3 . 5 4
1 5 . 0 2 4 . 4 2 2 3 , 9 6 24 . 50 23,  19 2 0 . 4 3 2 3 . 8 6
16 .0 2 4 . 4 3 2 4 . 0 2 24 . 54 2 3 , 5 6 20 ,  43 2 4 . 1 0
1 7 , 0 2 4 . 4 7 2 4 . 0 9 2 4 . 5 6 2 4 . 1 5 2 0 . 2 0 2 4 . 7 2
18,  0 2 4 . 4 6 2 4 , 2 3
1 9 . 0

DATE 21AUG78 22AUG78 2 2AUG7 8 22AUG78 22AUG78 22AUG78
TIME 2 0 : 0 0 0 0 : 0 0 0 2 : 0 0 05 : 0 0 0 8 : 0 0 1 1 :00
TIDE STATE 8 3 4 6 a 1

1 .0 2 0 . 9 0 2 0 . 0 8 20 ,  55 2 0 , 6 6 2 0 ,  78 2 0 . 5 5
2..0 2 0 . 6 6 2 0 , 5 5 2 0 , 5 5 2 0 . 6 6 2 0 . 6 6 2 0 . 4 3
3..0 2 0 . 6 6 2 0 . 5 5 2 0 . 5 5 2 0 . 6 6 2 0 , 5 5 2 0 . 5 5
4 . .0 2 0 , 7 8 2 0 . 5 5 2 0 . 4 3 2 0 . 7 8 20 ,  55 20 .  55
5 ..0 2 0 . 6 6 2 0 . 5 5 20 ,  66 2 0 . 9 0 2 0 , 5 5 20 .  66
6..0 2 0 , 6 6 2 0 . 4 3 2 0 , 6 6 2 0 . 9 0 2 0 . 5 5 2 0 . 5 5
7 .0 2 0 . 6 6 2 0 . 2 0 20 . 66 2 0 . 7 8 20 ,  66 20 .  55
8..0 2 0 , 6 6 2 0 , 4 3 2 0 , 6 6 2 0 , 5 5 2 0 . 4 3
9 ,.0 2 0 . 6 6 2 0 . 4 3 2 0 , 6 6 2 0 . 9 0 2 0 ,  55 2 0 . 5 5

10,.0 2 0 . 6 6 2 0 . 5 5 20 ,  55 2 0 . 9 0 2 0 . 5 5 2 0 . 4 3
11 .0 2 0 . 6 6 2 0 . 5 5 20 .  55 2 0 . 7 8 20 .  55 2 0 . 4 3
12,.0 2 0 , 6 6 2 0 , 5 5 20 ,  55 2 0 . 6 6 2 0 . 6 6 2 0 . 3 2
13 .0 2 0 . 6 6 2 0 . 5 5 2 0 , 4 3 2 0 . 9 0 20 ,  55 2 0 , 3 2
14,,0 2 0 . 7 8 2 0 . 5 5 2 0 , 6 6 2 0 . 7 8 2 0 . 5 5 2 0 . 2 0
15,.0 2 0 . 7 8 2 0 . 5 5 20 ,  66 2 0 . 9 0 20 .  66 20 .  32
16 .0 2 0 . 7 8 2 0 . 6 6 2 0 , 6 6 2 1 . 0 1 2 0 , 6 6 2 0 . 4 3
17,.0 2 0 . 6 6 20 ,  78 2 1 . 2 5 2 0 ,  66 20 .  55
IB . 0 2 0 . 6 6 2 0 . 7 8 2 0 . 5 5



d a t e 22AUG7B 22AUG78 22AUG78 22AUG78 23AUG78 23AUG?8
TIME 1 4 : 0 0 1 7 : 0 0 20:  00 2 3 : 0 0 0 2 : 0 0 05 :0 0
TIDE STATE 3 5 7 6 3 5

1 . 0 2 0 . 4 3 19 .74 20 ,  66 2 0 . 6 6 2 0 . 0 8 20 ,08
2 . 0 2 0 . 2 0 19 ,74 2 0 . 6 6 2 0 . 6 6 2 0 , 0 8 2 0 ,0 8
3 , 0 2 0 .  20 1 9 . 8 5 20 .  66 2 0 . 6 6 20 32 2 0 ,2 0
4 .  0 2 0 . 0 8 2 0 . 0 5 2 0 ,  66 2 0 . 6 6 20 55 20 .43
5 , 0 1 9 . 9 7 19,  97 2 0 .  55 2 0 , 6 6 2 0 , 2 0 20 ,43
6 . 0 2 0 . 0 8 2 0 . 2 0 2 0 . 4 3 2 0 . 6 6 20 , 32 20 .43
7 , 0 1 9 . 8 5 20,  20 2 0 . 9 0 2 0 , 7 8 2 0 , 3 2 20 .55
8 . 0 2 0 . 0 8 2 0 . 3 2 2 0 .  90 2 0 . 7 8 2 0 , 4 3 20 .55
9 . 0 2 0 . 2 0 20 .  32 2 0 . 6 6 2 0 , 6 6 2 0 . 4 3 20 .66

1 0 . 0 2 0 ,  20 2 0 . 4 3 2 0 , 6 6 2 0 . 6 6 2 0 . 4 3 20 .66
1 1 . 0 2 0 . 2 0 2 0 . 4 3 2 0 . 6 6 2 0 . 6 6 2 0 . 4 3 20 .66
1 2 . 0 2 0 . 0 8 2 0 . 4 3 20 .  66 2 0 . 6 6 2 0 . 4 3 20. 66
1 3 , 0 2 0 . 0 8 2 0 . 4 3 2 0 . 4 3 2 0 . 6 6 2 0 . 4 3 2 0 . 6 6
1 4 . 0 1 9 . 9 7 2 0 . 4 3 2 0 . 4 3 2 0 . 6 6 2 0 , 4 3 20 .66
15 . 0 1 9 . 9 7 2 0 , 4 3 2 0 . 4 3 2 0 , 6 6 2 0 . 5 5 20 .66
1 6 . 0 19 .  97 2 0 . 4 3 2 0 . 4 3 2 0 . 6 6 2 0 . 5 5 20 .66
17 .0 2 0 . 0 6 2 0 . 4 3 2 0 . 4 3 2 0 , 6 6 2 0 . 5 5 20 ,66
1 8 , 0 2 0 .  20 2 0 . 6 6

DATE 23AUG78 23AUC78 2 3 AUG78 24AUG78 24AUG78 24AUG78
TIME 0 8:  00 1 1 : 0 0 1 4 : 0 0 0 9 : 0 0 1 0 : 0 0 15:00
TIDE STATE 7 8 3 7 8 3

1 , 0 2 0 . 6 6 2 0 . 6 5 2 0 . 2 1 1 9 . 6 2 1 9 . 8 5 2 0 .08
2 . 0 2 0 . 6 6 2 0 . 5 5 19 ,  85 1 9 . 7 4 19 ,85 1 9 .85
3 . 0 2 0 . 6 6 20 ,  55 1 9 . 7 3 1 9 . 7 4 1 9 . 8 5 1 9 .85
4 . 0 20 . 66 2 0 , 5 5 L 9 . 7 3 1 9 . 7 4 19 .73 1 9 .97
5 . 0 2 0 , 6 6 20,  55 1 9 . 9 7 19 .74 1 9 . 8 5 20 .08
6 . 0 2 0 , 4 3 2 0 . 5 5 19 . 97 19 .  74 19 .73 19 .97
7 . 0 2 0 . 4 3 20,  55 1 9 . 7 3 1 9 . 7 4 1 9 . 8 5 20 ,08
8 . 0 2 0 . 4 3 2 0 . 5 5 19 . 73 19 ,  74 1 9 . 8 5 19.97
9 . 0 2 0 , 3 2 2 0 . 5 5 1 9 . 7 3 1 9 . 8 5 1 9 , 8 5 2 0 . 0 8

10 ,  0 2 0 . 4 3 20 .  55 1 9 . 7 3 19 ,  74 1 9 , 8 5 2 0 .08
1 1 , 0 2 0 . 4 3 2 0 . 4 3 19 . 73 1 9 . 7 4 1 9 , 8 5 2 0 .08
1 2 , 0 2 0 . 4 3 2 0 . 4 3 1 9 . 7 3 19 .  74 2 0 , 0 8 2 0 .08
1 3 . 0 2 0 . 4 3 2 0 . 5 5 19 .85 2 0 , 0 8 2 0 . 2 0 2 0 .43
1 4 , 0 2 0 . 4 3 2 0 . 5 5 1 9 . 8 5 2 0 ,  66 2 0 . 4 3 21 .71
1 5 . 0 2 0 . 4 3 2 0 . 4 3 19 ,85 2 1 . 0 1 2 1 . 1 3 22,06
1 6 . 0 2 0 . 4 3 2 0 . 4 3 1 9 , 8 5 2 1 , 4 8 2 1 . 2 5 22,76
17 . 0 2 0 . 3 2 2 0 . 4 3 1 9 , 8 5 2 2 . 7 6 2 3 , 1 0 23.81
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I I .  D a t a  f o r  f i g u r e  2 , B .  S t a t i o n  d a t a  f o r  t h e  Y o r k  R i v e r  m o u t h  21 A u g u s t  
1980 t o  1 S e p t e m b e r  1 9 8 0 ,  V a l u e s  a r e  p e r  m i l l e .

DATE 21AUG80 25AUG0O 26AUG80 26AUC8Q 26AUG80 26AUG80
TIME 0 B - 0 0 1 5 : 3 0 0 7 : 4 0 1 4 : 0 0 17: 30 2 3 : 2 5
TIDE STATE 7 2 6 8 4

0 . 0 2 0 . 2 0
0 . 5 2 0 .  31 20 ,9 7 2 0 ,  69 21,  26
1 . 0 2 0 , 1 0 2 0 .  34 20 . 92 2 0 . 7 0 2 1 . 2 6 2 1 . 1 1
2 . 0 2 0 . 6 1 2 1 . 0 3 20 . 87 21.  27 2 1 . 1 4
3 . 0 2 1 ,  50 2 1 . 0 3 2 1 , 0 5 2 1 . 1 3 21,  29 2 1 . 1 4
4 . 0 2 1 . 3 0 2 1 . 0 8 2 1 . 1 7 21.  28 2 1 . 2 3
5 . 0 2 3 ,  20 2 1 .  74 2 1 , 0 7 2 1 ,  38 21,  29 2 1 . 2 5
6 . 0 2 2 . 3 8 2 1 . 1 0 21 . 54 21.  38 2 1 . 2 6
7 . 0 2 2 , 8 0 22 . 81 2 1 . 1 1 2 1 . 9 2 2 3 , 1 2 2 1 . 2 8
8 . 0 2 3 .  53 2 1 ,  30 22 , 68 2 3 , 1 7 2 1 . 3 0
9 . 0 2 5 , 2 0 23 . 67 2 1 . 5 4 2 3 . 2 0 23.  35 23 . 29

1 0 . 0 2 4 . 8 5 2 1 .  71 23 . 33 23,  39 23 . 67
1 1 . 0 2 6 . 0 0 25 . 49 2 2 .  12 2 3 . 7 6 23.  71 23 .8 8
1 2 . 0 2 6 . 5 0 2 2 .  34 2 4 ,  62 2 4 , 1 4 24 .7 0
1 3 . 0 2 6 . 8 4 2 2 . 4 1 2 4 . 7 4 24.  57 2 4 . 7 7
1 4 . 0 27 .02 22 , 75 2 5 ,  29 24.  70 2 4 . 7 9
1 5 . 0 2 7 . 6 4 ?'*. 13 2 5 . 6 2 2 5 . 4 2 2 4 , 9 6
1 6 . 0 2 4 .  B9 26 . 0 0 2 5 . 4 8 2 5 . 3 2
1 7 0 2 5 . 5 7 26 . 22 2 5 . 4 4 2 5 . 4 5
l e . o 2 5 . 4 5

DATE 27AUG80 27AUG60 27AUG80 27AUGBO 28AUG80 2 8AUG80
TIME 07 : 30 09 :10 11:  30 1 8 : 1 0 0 0 : 1 5 07 :30
TIDE STATE 8 2 4 8 4 8

1 , 0 2 1 . 5 8 2 1 , 5 4 2 1 . 2 5 2 1 . 7 3 2 1 . 6 0 21,  74
2 . 0 2 1 . 6 7 2 1 . 5 3 2 1 . 3 6 2 1 .  73 2 1 . 6 2 2 1 ,  78
3 . 0 2 1 , 6 9 2 1 ,  54 2 1 . 3 4 2 1 . 7 1 2 1 . 6 2 2 1 , 8 7
4 . 0 2 1 , 7 3 2 1 . 5 6 2 1 . 3 2 2 1 . 6 8 2 1 . 6 2 2 1 , 9 6
5 . 0 2 2 , 2 2 2 1 .  57 2 1 , 4 4 2 1 . 6 7 21,  63 2 2 . 4 0
6 . 0 2 2 . 5 8 2 1 . 5 9 2 1 . 5 2 2 1 . 8 6 21.  64 22 . 65
7 . 0 23 , 28 2 1 . 6 2 2 1 .  71 22 . 40 21,  65 2 2 ,  77
a .o 2 3 .  39 2 1 . 7 3 2 1 . 7 7 2 2 , 9 8 21,  67 2 2 . 8 7
9 . 0 2 3 . 4 1 2 1 . 9 6 2 1 . 9 0 22 . 97 21,  77 22 .9 5

1 0 , 0 2 3 . 5 3 2 2 . 3 2 2 2 , 0 4 2 3 , 3 2 21,  79 2 3 . 1 8
1 1 . 0 2 3 . 5B 2 3 . 1 6 2 2 , 1 3 2 3 , 5 2 21 ,  98 2 3 , 5 2
1 2 . 0 2 3 .  94 2 3 . 4 1 2 2 . 2 1 2 3 . 6 6 2 3 . 1 3 2 3 . 5 8
1 3 . 0 2 4 . 1 1 2 3 . 8 9 2 3 , 9 3 2 3 , 9 8 2 3 , 4 0 2 3 .  57
1 4 , 0 2 4 . 2 9 23 . 9 9 2 4 , 2 3 2 4 , 2 6 2 3 , 4 1 2 3 . 5 9
1 5 . 0 2 4 .  74 2 4 . 0 1 2 4 , 5 3 2 4 , 6 8 23 , 74 2 3 .  71
16 ,0 2 4 . 7 4 2 4 . 1 9 2 4 , 5 7 2 4 , 7 6 23.  B2 2 3 . 9 7
1 7 . 0 2 4 . 7 2 2 4 . 2 4 2 4 . 6 8 2 4 , 7 9 23.  95 2 4 . 0 8
1 8 . 0  2 4 . 2 9
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DATE 2 BAUG80 2BAUGB0 28AUG80 28AUC80 2 BAUGSO 29AUGBC
TIME 1 2 : 3 0 1 3 : 1 5 17 :00 18 :47 2 0 : 0 0 0 1 :00
TIDE STATE 4 4 7 8 1 4

1 . 0 21.  67 21 .  73 2 1 . 9 3 2 1 .  98 2 2 . 0 0 22 .09
2 . 0 2 1 . 7 3 2 1 . 7 2 2 1 . 9 2 2 1 . 9 7 2 2 . 0 0 2 2 . 1 0
3 . 0 2 1 . 7 7 2 1 . 9 9 2 1 . 9 3 2 1 .  97 2 2 . 0 1 22 .16
4 . 0 21.  74 22 . 0 4 2 1 . 9 2 2 1 ,  98 2 2 , 0 3 2 2 . 2 5
5 . 0 2 1 . 7 5 2 2 . 3 7 2 2 . 0 5 2 1 . 9 8 22 .  50 22 . 32
6 . 0 22.  OB 2 2 . 3 5 2 2 . 1 5 22 . 0 0 2 2 . 5 9 22 . 33
7 . 0 2 2 , 3 7 2 2 , 4 2 2 2 . 2 3 2 2 . 4 3 2 2 . 6 4 2 2 . 3 6
8 . 0 2 2 . 4 7 2 2 . 4 3 2 2 . 4 3 22.  72 22 ,  69 2 2 . 3 7
9 . 0 2 2 . 5 3 22 ,  50 22 . 6 5 2 2 , 8 5 2 2 , 7 2 2 2 . 3 7

1 0 . 0 2 2 . 5 6 2 2 . 6 3 2 2 . 8 9 2 3 . 0 3 22 ,  91 22 . 38
1 1 . 0 2 2 . 5 7 22 .  75 2 2 . 9 5 23 . 32 2 2 . 9 9 2 2 . 3 9
1 2 . 0 2 2 , 5 7 2 3 , 1 5 2 3 . 0 1 2 3 , 4 1 23 .05 22 . 39
1 3 . 0 2 2 . 5 8 2 3 , 2 0 2 3 . 3 7 2 3 . 4 9 2 3 , 4 5 22 .41
L 4 . 0 22 .  57 23 .  21 2 3 . 7 3 23 .  57 23 .52 2 2 . 7 0
15 . 0 22 ,  62 2 3 , 2 4 2 3 . 7 7 2 3 , 6 9 2 3 . 6 6 23 .09
1 6 . 0 2 3 . 3 7 23 .  25 2 3 . 7 7 2 3 . 7 2 2 3 . 6 7 2 3 . 1 2
1 7 . 0 2 3 . 5 1 2 3 . 3 2 23 . 74 23 . 20
1 8 . 0 2 3 . 5 4

DATE 29AUG80 29AUG80 29AUG8Q 30AUG80 30AUG80 30AUG8<
TIME 0 8 : 1 0 1 4 : 0 0 21 ;00 0 2 :  11 0 9 : 0 0 1 4 : 3 0
TIDE STATE 8 4 8 4 8 4

1 . 0 2 2 . 0 5 22 . 1 3 2 2 . 3 1 2 2 . 3 8 2 2 . 4 8 2 2 . 4 7
2 . 0 2 2 . 0 9 2 2 . 1 3 2 2 , 3 0 2 2 . 3 8 2 2 . 5 2 2 2 . 5 0
3 . 0 2 2 . 1 3 22 .47 22 , 32 2 2 . 4 1 2 2 . 5 2 2 2 . 5 5
4 . 0 2 2 , 3 2 2 2 . 6 4 2 2 . 3 3 2 2 , 4 1 2 2 . 5 2 22,  51
5 . 0 2 2 . 5 6 22 ,  73 22 , 32 2 2 , 4 3 2 2 . 5 2 2 2 . 6 3
6 . 0 2 2 . 5 7 2 2 . 7 7 2 2 . 3 3 2 2 . 4 4 22 ,  52 22 . 71
7 .0 2 2 . 5 8 2 2 , 7 7 22 , 4 0 2 2 . 4 5 2 2 . 5 3 2 2 . 7 8
8 . 0 2 2 . 6 3 2 2 . 7 6 2 2 . 6 9 2 2 . 6 3 22 .  53 22 .82
9 . 0 2 2 . 7 4 22 . 76 2 2 .  67 22 .69 2 2 . 5 3 22 .82

1 0 , 0 2 2 , 7 9 22 ,77 22 , 67 2 2 . 7 2 2 2 . 5 9 2 2 . 8 2
1 1 . 0 2 2 . 9 9 2 2 . 7 9 2 2 . 6 9 2 2 . 7 2 2 2 . 6 1 22 . 82
1 2 . 0 2 3 . 0 5 2 2 . 8 1 22 . 88 2 2 , 7 2 2 2 , 7 6 2 2 , 8 4
1 3 . 0 2 3 . 1 8 2 2 , 8 3 2 2 . 9 1 22 ,  76 2 2 . 8 0 2 2 . 6 4
1 4 . 0 2 3 . 3 0 2 2 , 8 6 2 2 . 9 4 2 2 , 9 0 2 2 . 8 3 22 , 84
15 .0 23 . 39 2 2 . 9 2 2 2 . 9 3 2 2 . 9 8 2 2 . 8 6 2 2 . 8 4
1 6 . 0 2 3 . 4 2 22 . 97 2 3 . 0 0 2 2 . 9 9 22 ,  90 22 . 65
1 7 . 0 2 3 . 4 1 2 3 . 0 9 2 3 . 0 8 2 2 . 9 9 2 2 , 9 0 2 2 . 6 6
IB .0 23 . 0 5 2 2 . 9 8 22,  89 22 .67
1 9 . 0 2 3 . 0 0 2 2 . 9 0 2 2 . 9 2
2 0 . 0 2 3 . 0 0 2 2 , 9 0 2 2 . 9 ?
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DATE 30AUC80 31AUG8J
TIME 2 0 : 4 5 0 3 : 1 0
TIDE STATE 8 4

1 . 0 22 .47 2 2 , 6 0
2 . 0 22 ,48 2 2 , 6 0
3 , 0 2 2 . 4 8 2 2 . 6 2
4 . 0 2 2 . 4 8 2 2 , 6 2
5 . 0 22 ,48 2 2 , 6 5
6 , 0 2 2 . 4 6 2 2 . 6 8
7 , 0 22 .49 2 2 . 7 5
8 , 0 2 2 , 4 9 2 2 . 7 6
9 . 0 2 2 . 5 6 2 2 . 7 6

1 0 . 0 2 2 , 6 4 2 2 . 8 5
1 1 , 0 2 2 . 6 4 2 2 . 8 8
12 , 0 2 2 , 6 9 2 2 , 8 9
1 3 , 0 2 2 . 7 0 2 2 . 8 9
1 4 , 0 2 2 . 7 6 2 2 . 8 9
1 5 . 0 2 2 , 7 9 2 2 . 8 6
1 6 , 0 2 2 , 8 0 2 2 . 8 7
1 7 . 0 2 2 . 8 0 2 2 . 8 7
1 8 . 0 2 2 , 8 0 2 2 . 8 9
1 9 . 0 2 2 , 9 0

DATE 01SEPB0 Q1SEP8I
TIME 0 4 : 3 0 1 0 : 3 0
TIDE STATE 4 8

1 . 0 2 2 , 6 7 2 2 . 5 6
2 . 0 2 2 . 6 7 2 2 . 5 8
3 . 0 2 2 . 6 7 2 2 . 5 7
4 . 0 2 2 . 6 7 2 2 . 6 2
5 . 0 2 2 . 6 8 2 2 . 6 0
6 , 0 2 2 . 6 8 22 , 62
7 , 0 22 .  66 2 2 . 6 5
8 . 0 2 2 , 6 9 22 . 68
9 , 0 2 2 . 7 3 2 2 . 6 9

1 0 . 0 2 2 . 8 0 22 .68
1 1 . 0 22 ,89 2 2 . 6 9
12,  0 22 , 9 0 22 ,  71
1 3 . 0 2 2 . 9 0 22 . 72
1 4 , 0 2 2 . 8 8 2 2 . 7 5
1 5 . 0 2 2 . 9 0 22 . 75
16 . 0 2 2 , 9 3 2 2 . 7 8
1 7 . 0 2 2 . 9 4 2 2 . 8 0
1 8 , 0 2 2 . 9 3 2 2 . 8 3

31AUC80 31AUGB0 31AUCB0 31AUG80
0 9 :5 5  1 3 :0 0  1 4 :1 5  2 2 :0 0

8 2 4 8

22, 52 22 .54 22, 61 22..56
22..51 22 .53 22. 60 22..56
22,.55 22 .54 22.,61 22 ,.57
22 ,,54 22 .55 22. 78 22 .56
22,,56 22 .54 22. , 73 22,.57
22,,59 22 .58 22 ., SI 22 ,.56
22 ,,58 22 .61 22. ,81 22, 68
22,,61 22 .67 22. , 83 22 ,.65
22 .60 22 .76 22. 63 22 .66
22 .62 22 .88 22. .83 22 .67
22 .67 22 .92 22 . B5 22 .69
22 .67 22 .96 22.. 87 22 .70
22 .70 22 .99 22 .92 22 ,70
22 .71 23 .01 22 .97 22 .74
22 .71 23 .01 22.. 98 22 .75
22 .71 23 .02 22 . 99 22 .75
22 .74 23 .02 23..00 22 .76
22 . 75 23 .02 23 .02 22 .79

23 .02

O1SEP0O 
16 :00 

4

2 2 .6 7  
22.  67
2 2 . 6 7  
2 2 , 7 1  
2 2 . 7 3
2 2 . 7 7
2 2 . 7 7
2 2 . 7 8  
2 2 . 8 0  
22 ,  83 
22 .  82 
2 2 . 8 0  
2 2 . 8 1  
2 2 .8 2  
22,  84 
2 2 ,9 9
2 3 . 0 9
2 3 . 1 0
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YEAR

1982
1902
1982
1982
198 2
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1 9 8 2

1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
19B2
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982

4 7 .

DAY DELTA SALINITY PER MILLE TEMPERATURE
OF SALINITY DEGREES C

YEAR OBS PRED 1M 3M 5N BOTTOM IK 3M 5M

43 1 39 1 45 19 91 20 14 2 1 . 27 2 1 . 83 4 .4 4 1 4 3
49 - - 5 . 0 4 9 4 5
54 8 52 6 56 2 7 . 11 4 .7 4 6 4 5
57 3 13 4 . 6 0 2 3 . 28 5 . 0 5 0 5 0
61 0 57 3 . 1 0 2 0 . 75 5 .5 5 4 5 3
64 5 52 4 .62 2 5 . 28 5 .5 5 4 5 4
68 2 16 2 . 4 4 2 1 . 39 5 .7 5 7 5 6
71 0 85 2 . 2 8 19. 65 7 .2 6 6 6 3
74 1 85 2 . 5 5 19. 4 0 8 .5 8 4 8 3
76 3 64 3 . 5 9 19, 87 8 ,5 8 5 8 5
81 10 08 8 . 0 0 25 55 8 .5 8 0 8 0
84 6 51 3 . 3 9 2 3 . 14 9 . 4 9 3 9 2
88 3 00 2 . 5 5 15 .24 15 .47 17 70 19, 14 8 7 8 5 8 5
90 1 69 2 . 3 5 17 .00 17 .15 17 45 18. 89 9 ,2 8 9 8 5
95 2 85 3 .97 15 72 15 .79 17 02 19. 03 10 .2 10 1 10 1
96 1 . 0 5 3 .32 IB 15 18 12 18 09 1 9 , 17 10 .1 10 1 10 1
98 2 . 7 6 2 . 7 9 15 48 15 31 17 14 1 8 . 74 7 . 0 7 5 3 0

102 2 .93 2 . 5 0 16 52 16 50 16 78 19, 53 10 B 10 7 10 0
104 3 29 3 07 17 00 17 11 17 29 2 0 . 42 10 .7 10 4 10 3
110 5 72 7 32 17 35 17 36 17 48 2 3 . 12 13 .1 12 9 12 6
112 4 96 6 04 17 09 17 19 17 24 2 2 . 13 - -

123 - - 17 48 17 91 16 .5 16. 3 15 6
125 4 86 2 55 17 29 17 37 17. 57 2 2 . 27 16 .0 16, 0 16 0
127 3 75 2 96 17 60 17 77 17 83 2 1 . 48 17 5 17 6 17 5
129 4 35 O■L 41 17 89 17 82 17. B8 2 2 . 21 17 4 1 7 . 5 17 6
131 3 13 2 21 17 84 17 73 17. 72 2 0 , 89 18 1 18 1 IB 0
133 3 49 3 44 17 61 17 56 17. 63 2 1 . 09 19 a 1 9 . 8 19 8
137 7 17 5 98 18 29 18 22 1 8 . 17 25 . 4 0 22 . 0 21 8 21 6
139 6 75 4 50 18 29 18 IB IB. 23 2 4 . 9B 21 .1 21 I 21 4
141 5 51 3 35 19 24 19 15 1 9 . 15 2 4 . 69 20 .2 20 2 20 3
144 0 42 0 42 19 93 20 07 20 10 2 0 . 45 21 .3 21 1 20 8
146 0 19 -0 02 20 11 20 03 2 0 . 07 2 0 . 26 21 .7 21 6 21 3
148 0 27 0 12 19 63 19 66 19. 72 1 9 . 94 22 .7 22 5 22 1
150 3 24 1 50 18 87 19 07 19. 50 2 2 . 39 23 .9 23 7 23 3
152 1 52 2 41 19 39 19 38 19. 45 2 0 . 93 23 .6 23 6 23 3
154 4 34 2 94 18 87 19 06 19, 37 23 . 44 23 .6 23 6 23 6
156 2 36 3 31 18 70 19 16 19. 27 2 1 . 40 23 2 23 2 23 4
158 I 63 2 87 19 00 18 96 18, 97 20 . 61 22 .4 22, 5 22 4
160 0 82 3 02 18 81 18 88 18. 98 1 9 . 71 23 .9 23 5 23 1
162 I 09 3 36 19 04 18 97 IB , 92 2 0 . 07 23 .7 23 5 23 4
165 5 4 0 5 36 17 79 17 74 17, 96 2 3 . 23 23 .1 23 0 22 8
167 3 83 4 50 18 45 18 43 IB. 48 2 2 . 28 22 .5 22 4 22 5
169 2 91 3 43 17 29 17 30 17 97 2 0 . 43 23 .4 23 3 23 3
172 0 95 0 96 18 01 18 06 IB 18 1 9 . 03 24 . 0 24 0 23 9
174 1 26 0 49 17 70 17 81 18, 02 1 9 . 10 24 .2 24 1 24 I
176 1 27 0 92 17 64 17 73 18. 20 1 9 . 13 25 .3 25 0 24 7
178 1 49 1 15 17 18 17 40 17, 85 I B . 97 26 .3 25 3 25 3
180 2 10 2 80 17 76 17 70 17 75 1 9 . 64 26 .9 26 6 26 2
182 5 01 3 25 17 15 17 05 17 06 2 0 . 10 25 .1 25 4 25 2



YEAR

1982
1982
1982
1962
1962
1962
1962
1962
1962
1962
1962
1962
1962
1962
1962
1962
1962
1962
1982
1962
1962
1982
1982
1982
1982
1982
1982
1982
1982
1962
1962
1982
1962
1982
1982
1982
1982
1982
1962
1962
1962
1962
1982
1982
1982
1982
1982
1982
1982

DAY DELTA SALINITY PER MILLE TEMFERATURE
OF SALINITY DEGREES C

YEAR OSS FRED 1M 3M 5K BOTTOM IK 3H 5H

189 3 .79 3 88 18 06 16 .08 18 .22 2 1 . 91 25 1 25 1 25 2
186 4 36 4 07 19 24 19 .21 19 .22 2 3 . 58 24 5 24 6 24 7
188 1 .83 4 32 19 04 19 .02 19 .07 2 0 . 87 25 7 25 4 25, 7
190 3 .13 3 61 IB 49 18 .61 19 .05 2 1 . 85 26 8 26 9 27, 2
193 4 .90 4 00 19 45 19 . 53 19 71 24 . 4 6 27 5 26 7 26 7
195 4 .80 4 33 19 25 19 . 42 19 .65 2 4 . 24 26 8 26 6 26 9
197 3 .99 4 02 19 47 19 . 41 19 . 5 0 23 . 45 26 3 26 2 26 2
199 4 .81 2 61 19 75 19 . 74 19 .77 2 4 . 56 26 9 26 9 26 9
201 2 .26 1 56 20 28 20 . 46 20 57 2 2 . 70 27 7 27 e 27 7
203 1 .05 0 64 20 91 21 . 18 21 62 2 2 . 29 27 4 27 2 27 2
205 1 .28 I 01 20 44 21 . 32 21 .49 22 . 36 27 7 27 6 27 4
207 0 .69 1 64 20 27 20 . 99 20 .47 2 1 . 27 29 1 29 2 28 1
209 2 .43 2 65 20 48 20 . 51 20 .41 2 2 . 90 20 1 28 2 28 3
211 4 .60 4 24 20 03 20 . 05 20 32 2 4 , 73 26 7 26 8 26 8
213 5 .04 4 49 19 32 19 . 23 19 . 4 3 2 4 . 37 26 6 26 b 26 6
215 5 .99 5 20 19 26 19 . 35 19 50 2 5 , 36 26 7 26 9 27 1
217 5 .61 5 00 19 43 19 . 6 0 19 .81 2 5 . 22 27 8 27 5 27 6
219 6 .6 6 3 .97 19 40 19 .38 19 .57 2 6 . 11 27 8 27 7 27 8
221 3 .5 3 3 74 20 01 20 .12 20 . 1 6 2 3 . 63 27 8 27 4 27 8
223 4 .4 9 3 .48 19 64 19 ,66 20 . 0 3 2 4 , 27 26 3 26 4 26 4
225 3 .6 6 3 .35 19 .49 19 . 7 9 20 . 1 6 2 3 . 47 26 0 25 4 25 2
228 1 .42 2 .15 19 74 19 . 64 20 .02 2 1 . 29 24 9 25 0 25 1
229 1 .5 8 1 .71 20 .00 20 . 0 0 20 . 0 1 2 1 . 5B 25 2 25 2 25 2
23 0 2 .4 9 1 .18 20 .09 20 . 10 20 . 1 1 2 2 . 59 25 1 25 1 25 1
231 0 .7 6 1 .40 20 .03 20 , 1 3 20 , 2 4 20 91 25 8 25 3 25 2
232 0 . 57 1 .03 19 .96 20 . 0 6 20 . 1 0 20 62 25 7 25 6 25 5
233 0 .3 6 0 .92 19 .46 19 , 60 19 , 6 7 19, 96 25 5 25 6 25 6
234 0 . 17 0 .93 20 .21 20 . 1 3 20 . 1 0 2 0 , 32 25 5 25 .6 25 .6
235 0 .14 1 .13 20 .01 20 ,1 1 20 , 17 2 0 , 24 25 7 25 ,6 25 .5
236 0 .80 1 .30 19 .74 19 .6 8 19 . 8 6 2 0 . 56 26 3 26 .1 25 7
237 2 .55 1 .37 19 .59 19 .6 2 19 . 7 6 2 2 . 21 26 2 26 .1 26 .1
238 2 .26 1 79 19 ,31 19 . 1 0 19 .85 2 1 . 68 26 8 26 .4 25 .6
240 5 .49 3 22 18 .44 18 .6 4 18 . 8 0 2 4 . 12 25 7 25 .6 25 .3
243 3 IB 4 17 19 ,66 19 .6 3 19 .88 2 2 . 90 24 1 24 .1 24 3
246 3 65 3 69 21 .18 21 .1 7 21 . 4 0 2 4 . 90 24 8 24 .8 25 .0
249 1 .45 2 87 21 46 21 .4 7 21 .51 2 2 . 93 24 8 24 .8 25 2
252 - - 21 72 21 . 69 21 73 25 1 24 ,9 24 9
256 0 .42 1 69 21 .12 21 , 2 9 21 .35 21 . 67 22 8 22 9 23 1
259 0 .22 1 07 21 03 21 19 21 . 2 9 2 1 . 39 26 0 25 8 25 6
262 0 .01 0 38 21 .06 21 . 0 1 21 . 1 6 2 1 , 09 24 6 24 6 24 8
265 0 .06 0 52 21 04 21 . 0 4 21 . 0 6 2 1 . 11 22 9 22 6 22 4
268 0 .51 1 07 20 61 20 . 8 3 20 . 8 8 2 1 . 35 22 7 22 7 22 9
272 3 .04 3 11 20 16 20 . 1 7 20 ,25 2 3 . 23 21 5 21 5 21 7
274 I 03 4 15 20 62 20 . 6 6 20 65 2 1 . 67 21 2 21 2 21 0
276 0 25 1 16 20 57 20 59 20 59 2 0 , 83 22 2 22 2 22 6
281 0 51 0 26 20 45 20 44 20 47 2 0 . 96 22 8 23 0 23 0
285 1 26 1 40 20 74 20 71 20 78 22 . 00 21 0 20 5 21 0
288 1 55 1 66 20 77 20 76 20 60 2 2 . 33 - - -

292 1 23 0 41 21 15 21 14 21 24 2 2 , 41 18 1 IB 0 17 9
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year day DELTA SALINITY
OF SALINITY

YEAR oes FRED 1M 3H

19B2 295 1 . 6 9 1 , 2 5 2 1 . 0 1 20 ,  9B
1982 299 2 . 4 4 4 .  54 1 9 . 1 3 1 9 , 0 9
1982 302 3 . 9 2 3 . 57 2 0 .  32 20 ,  37
1982 306 0 . 7 3 0 .  66 2 1 . 4 6 2 1 , 4 6
1982 309 1 . 3 8 - 0 .  29 2 1 . 3 9 21 .  3B
1982 313 1 . 4 8 0 .  57 2 1 .  36 21 ,  28
1982 316 0 . 7 2 1 . 4 4 2 1 . 8 7 2 1 , 8 7
1982 320 1 . 2 5 0 . 9 2 2 1 . 1 0 2 1 . 1 1
1982 323 1 . 7 0 1 , 2 9 2 0 . 9 1 2 0 . 9 2
1982 327 3 . 1 3 3 . 8 1 2 0 . 8 6 20 . 94
1982 330 6 . 5 1 5 , 3 6 2 0 . 4 9 2 0 . 8 0
1982 334 0 . 6 9 1 . 9 6 2 1 . 6 1 2 1 . 6 4
1982 337 0 . 1 3 - 0 . 0 6 2 1 .  50 21 ,  58
1982 341 1 . 1 4 0 . 4 8 2 0 . 9 5 2 0 , 9 5
1982 344 1 . 9 5 2.20 20 . 33 20 .  80
1982 348 2 . 2 1 2 . 8 0 20 , 15 2 0 , 2 2
1982 351 2 , 4 4 2 . 9 8 20 .  1 2 0 . 3 3
1982 354 7. 38 4 . 3 2 20 .  31 2 0 . 3 5
1982 357 8 . 2 1 6 . 9 0 20 .  76 20 .  58
1982 362 5 . 1 2 4 ,  51 2 0 , 7 5 2 1 . 0 0
1982 365 0 . 5 0 1 . 0 0 2 1 . 9 7 2 1 . 8 4
1983 4 0 .  50 1.  76 2 1 . 6 5 2 1 . 6 8
1983 7 1 . 0 5 2 . 2 3 2 1 . 2 1 2 1 . 5 3
1983 11 3 05 2 . 73 2 1 . 0 6 2 1 . 0 5
1983 14 4 . 2 9 4 .  21 2 0 . 2 9 2 0 . 4 8
1983 17 4 ,  09 5 . 2 1 2 0 . 4 0 2 0 . 3 8
1983 21 2 . 9 1 3 . 8 0 19 . 51 19 .  58
1983 25 5. 57 4 . 54 2 0 , 4 2 2 0 . 3 7
1983 28 2 . 6 4 3 . 7 3 2 1 . 4 2 2 1 . 3 1
1983 32 0 .  30 - 1 ,  00 2 1 , 6 8 2 1 . 6 6
1983 35 3 . 8 8 1 . 5 2 2 0 . 8 7 2 0 . 8 5
1983 38 2 . 4 4 2 , 39 21 .  25 2 1 . 2 9
1983 40 4 . 8 0 4 . 5 6 1 9 . 4 9 1 9 . 4 9
1983 42 0 .  38 2 . 71 2 1 . 9 7 2 1 . 9 7
1983 45 2 . 0 1 5 . 0 3 2 0 . 2 7 2 0 . 3 4
1983 47 1 .  37 2 . 54 20 .  35 20 . 35
1983 49 2 .99 2 , 7 6 2 0 . 3 1 2 0 . 3 1
1983 52 4 . 9 1 4 . 1 4 1 8 . 9 4 1 9 . 3 5
1983 54 5 . 3 0 5 . 5 5 19 .25 19 .31
1983 56 5 . 6 1 3 . 6 0 1 9 . 0 9 1 9 , 1 6
1983 59 1 9 . 8 1 1 9 . 8 5
1983 61 2 . 0 0 0 . 6 9 18 . 8 4 1 8 . 2 3
1983 63 2 . 4 0 2 . 6 1 1 8 . 5 6 1 8 . 6 4
1983 66 2 . 2 2 2 . 7 6 1 8 . 2 1 1 8 . 6 0
1983 68 6 .65 7 . 4 9 1 7 . 1 5 1 7 . 9 9
1983 70 1 1 . 0 6 1 0 . 2 4 1 5 . 6 1 1 5 . 4 8
1983 73 4  . 58 4 . 62 18 .13 1 7 , 9 8
1983 75 1 . 8 3 3 . 2 1 1 8 . 5 8 1 8 . 5 7
1983 77 0 .  27 4 .  66 18 .96 IB,  97

PER HILLE TEMPERATURE
DEGREES C

5M BOTTOM 1M 3M 5M

21..04 22 . 7 0 1 7 . 0 17 .0 17 , 2
19 . 91 21 . 82 1 3 . 4 13 .5 13 .7
20 . 36 24 .2 7 1 3 . 9 14 .0 13 .9
21 .43 22 . 1 8 1 6 . 4 16 .1 16 . 3
21 , 36 22 , 76 15 . 3 15 .4 15 .6
21 . 2 0 22 , 7 6 1 4 . 1 14 . 3 14 . 5
21..96 22 . 6 2 1 4 . 3 14 .2 14 .3
21 . 17 22 , 3 8 11 . 9 11 .8 11 .9
21 .06 22 . 6 6 1 2 . 3 12 .3 12 .4
21 . 14 24 , U 13 3 13 .2 13 .0
20 . 76 27 , 1 9 10. 6 11 .1 11 .1
21 . 67 22 , 33 1 1 . 9 11 .8 12 .0
21 . 5 9 21 , 69 12 . 3 12 .2 12 .4
21 .02 22 . 1 1 1 2 . 7 12 .7 12 .8
21 , 04 22 . 67 1 0 . 9 10 . 7 10 .7
20 ,86 22 . 6 2 7 . 0 7 , 0 7 , 5
20 .49 22 . 85 8..1 B,1 6 ,2
21 .74 28 . 1 8 7. 0 6 .9 7 .2
20 . 63 28 . 8 7 7, 0 6 , 9 7 ,1
21 .22 26 .11 9. 1 9 .1 9 .1
21 .95 22 .42 7 . 6 7 .6 7 .9
21 ,69 22 . 17 7 , 3 7 .6 7 .B
21 .39 22 .43 7. 6 7 . 7 8 .1
21,, 06 24 , 11 7 . 6 7 .6 7 .8
20. ,92 24 .85 5 . 4 5 .8 6 .2
20. 47 24 .51 5. 1 5 .1 5 .3
20. , 14 22 .65 2. 7 3 . 0 3 . 0
20. .61 26 .0 4 3 . 8 3 ,9 3 , 9
21. 26 23 . 9 7 4 . 0 4 . 0 4 .0
21. .70 21 . 9 8 5, 2 5 .2 6 ,0
20. 85 24 . 74 5, 4 5 .4 5 .6
21. 23 23 . 7 0 4 , I 4 , 2 4 . 2
20. .06 24 .48 3, 8 3 .8 3 .9
21. 94 22 , 34 3. 5 3 . 5 3 . 5
20. 36 22 .33 3. 4 3 .4 3 .6
20 . 57 21 . 79 4 . 1 4 .0 4 .3
20. 36 23 .32 4 , 5 4 .4 4 .9
19. 86 24 .29 5. 9 5 .3 5 .5
19 .96 24 .81 6 , 0 5 .9 5 .B
19, 27 24,. 78 5. 6 5 .6 5 .6
20, ,25 , - - 5, 6 5 ,4 5 .4
18 .82 20 .63 6. 5 6 . 5 7 .0
19, ,34 21 .25 8, 9 8 . 5 8 , 3
19, .16 20 .88 9. 6 9 . 0 8 .7
17, ,46 24 . 18 9, 3 9 , 3 a . 9
15 , 67 26 . 65 8. 9 8 .9 8 .8
IB 38 22 . 74 a . 0 7 , 9 8 . 3
18, 60 20 .41 8. 7 8 .7 8 .6
19, 02 19 .25 8 , 8 8 . 9 9 .1



DAY
OP

YEAR

80
83
84
85
86
87
88
89
90
91
92
96

102
111

5 0 .

DELTA SALINITY PER H1LLE TEMPERATURE
SALINITY DEGREES C

DBS FRED 1M 3K 5M BOTTOM 1M 3M 5M

6 . 30 3 , 9 3 1 9 . 2 8 1 9 . 3 2 1 9 . 3 6 2 5 . 6 2 11 5 11 6 12 . 5
3 .62 4 . 1 0 1 6 . 7 2 1 9 . 3 4 1 9 . 9 5 2 2 . 2 9 - -
3 . 1 2 4 . 7 4 17 . 8 5 1 7 . 6 8 1 7 , 7 2 2 0 . 8 7 - - —  .  -

2 . 6 0 4 . 2 3 1 6 . 3 9 1 8 , 2 5 1 9 . 3 3 20 . 59 - -
1 . 9 6 3 , 3 4 1 8 . 0 3 1 8 . 0 6 1 8 . 1 0 20 .02 - -
1 . 1 3 1 . 1 9 1 8 . 3 4 1 8 , 6 7 IB .86 1 9 . 7 5 - -

1 .  50 1 , 6 4 1 8 . 1 3 1 8 . 1 5 1 8 . 2 6 19 .68 - -
2 ,  15 1 . 4 2 17 .67 1 7 . 6 7 1 7 , 6 8 1 9 . 8 2 - -
1 .63 2 . 0 9 17 , 9 0 1 8 , 1 3 1 6 . 1 3 1 9 . 6 8 - *
2 , 33 2 . 2 0 1 9 . 7 0 1 9 . 6 9 1 9 . 7 9 22 .06 -
1 . 8 2 2 . 0 2 1 7 , 5 8 1 8 , 3 6 1 8 . 9 1 2 0 . 1 0 - -
5. 53 5 . 2 0 1 4 . 2 6 1 6 . 1 0 1 7 . 1 1 2 1 .  35 11 0 10 6 1 0 . 0
9 ,  50 6 . 8 2 1 3 . 9 3 1 4 . 0 6 15 .11 2 3 . 8 7 11 0 11 0 1 1 . 0
5 . 4 4 3 . 1 7 12 .02 1 2 , 2 6 1 4 . 5 0 I B . 37 11 8 11 3 10.  5
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