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ABSTRACT

A s e r i e s  o f  o b s e r v a t i o n s  o f  t h e  d e n s i t y  d i s t r i b u t i o n  a c ro s s  th e  
York R ive r  e s tu a ry  documents d i s t i n c t  l a t e r a l  d i f f e r e n c e s  in  d e n s i ty  and 
d e g r e e  o f  v e r t i c a l  m ix ing*  The m a g n i tu d e  o f  th e  d e n s i t y  d i f f e r e n c e s  
v a r i e s  throughout th e  t i d a l  c y c le ;  maximum l a t e r a l  g r a d i e n t s  o c c u r  a t  
times o f  minimum c u r re n t*  When th e  d e n s i ty  d i s t r i b u t i o n  i s  s u f f i c i e n t l y  
inhomogenous, lo n g i tu d in a l  e s tu a r i n e  f r o n t s  a re  genera ted*  These f ro n ts  
a re  a x i a l l y  a l ig n e d ,  up to  s e v e ra l  m iles  in  le n g th ,  and a r e  a p p a re n t  fo r  
l e s s  t h a n  2 h o u rs  a t  any g i v e n  l o c a t i o n .  A l t h o u g h  t h e  d e n s i t y  
d i f f e r e n c e  a c r o s s  t h e  f r o n t a l  b o u n d a ry  i s  o f t e n  s m a l l ,  h o r i z o n t a l  
p r e s s u r e  g r a d i e n t s  a c t i n g  o v e r  a b ro a d  f r o n t a l  r e g i o n  g e n e r a t e  th e  
c o n v e r g e n t  c i r c u l a t i o n s  n e c e s s a r y  t o  m a i n t a i n  t h e s e  f r o n t s .  
Measurements o f  t h e  l o n g i t u d i n a l  v e l o c i t i e s  a c r o s s  t h e  same s e c t i o n  
r e v e a l s  n e g l i g a b l e  p h a s e  d i f f e r e n c e  b u t  a s i g n i f i c a n t  a m p l i t u d e  
d i f f e r e n c e  b e tw e e n  t h e  c u r r e n t s  in  t h e  c h a n n e l  and th o s e  o v e r  t h e  
s h o a l s *  D i f f e r e n t i a l  ad v ec tio n  a c ro s s  th e  e s tu a ry  due t o  th i s  v e l o c i t y  
shear  i s  t h e  p r o c e s s  by w hich  th e  o b s e rv e d  d e n s i t y  d i s t r i b u t i o n  i s  
g e n e ra te d .

v i i  i



LATERAL VARIABILITY IN A COASTAL PLAIN ESTUARY



I .  INTRODUCTION

The c l a s s i c a l  p i c t u r e  o f  e s tu a r i n e  c i r c u l a t i o n  emerged from e a r l y  

s t u d i e s  b y *  a m o n g s t  o t h e r s *  S to m m e l  ( 1 9 5 3 )  a n d  P r i t c h a r d  

(1952*1954*1956) . From t h i s  v i e w p o i n t  p a r t i a l l y —mixed e s t u a r i e s  a re  

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

d e c re as in g  from th e  mouth to  th e  head o f  th e  e s tu a ry *  and a lo n g i tu d in a l  

n o n - t i d a l  c i r c u l a t i o n  p a t t e r n  which i s  d i r e c t e d  d o w n - e s tu a r y  n e a r  th e  

su r fa c e  and u p -e s tu a ry  n e a r  th e  bed .  Wind s t r e s s  a t  th e  su r fa c e  may a c t  

to  produce c i r c u l a t i o n s  b u t  t h i s  i s  n o t  a re q u ire m e n t .  G e n e ra l ly  i t  i s  

a s s u m e d  t h a t  t h e s e  c i r c u l a t i o n s  a r e  e v e n ly  d i s t r i b u t e d  a c r o s s  th e  

e s tu a r y .  There a re  in d i c a t i o n s  however t h a t  t h i s  may n o t  be c o r r e c t ,  

and t h a t  l a t e r a l  v a r i a b i l i t y  may p la y  an im portan t r o le  in  th e  dynamics 

o f  p a r t i a l l y - m ix e d  e s t u a r i e s  (Dyer, 1 9 7 7 ) .  L a t e r a l  com ponen ts  t o  th e  

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

e s t u a r y ,  l o n g i t u d i n a l  i r r e g u l a r i t i e s  in  th e  c r o s s - s e c t i o n a l  f o r m ,  

c h a n n e l  bends*  o r  t h e  in f low ing  o f  w a te rs  from t r i b u t a r y  r i v e r s .  Such 

s e c o n d a r y  c i r c u l a t i o n s  hav e  b e e n  d ocum en ted  b y ,  f o r  e x a m p le .  D y e r  

( 1 9 7 3 ) ,  D oyle  and W ilso n  ( 1 9 7 8 ) ,  and  B o ic o u r t  (19 8 2 ) .  D e sp i te  t h i s ,  

f i e l d  o b s e r v a t i o n s  a r e  f r e q u e n t l y  made o n ly  a lo n g  th e  a x i s  o f  t h e  

e s tu a ry  and c o n d i t io n s  a re  assumed c o n s ta n t  a c r o s s  th e  w id th  f o r  a g iven  

d e p th .  Furtherm ore  th e  d i f f i c u l t y  o f  t h r e e  d im e n s io n a l  m o d e l l i n g  h as  

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

e f f e c t s  may be more im p o rtan t  th a n  th e  l a t e r a l ,  and th u s  t r e a t  e s t u a r i e s

2



as  l a t e r a l l y  homogenous. Due to  th e  la rg e  w id th - to -d e p th  r a t i o  o f  many 

c o a s ta l  p l a i n  e s t u a r i e s ,  p lu s  th e  g r e a t  changes in  depth  a c r o s s  a g iv e n  

s e c t i o n ,  i t  i s  u n l i k e l y  t h a t  t h e s e  e s t u a r i e s  a r e ,  in  f a c t ,  l a t e r a l l y  

homogenous. Klemas and P o l l s  (1977) n o te d  r e g i o n s  o f  s t r o n g  l a t e r a l  

d e n s i t y  g r a d i e n t s  i n  t h e  D e la w a re  B ay . T h ese  r e g i o n  a r e  te rm ed  

' f r o n t s ' .

F r o n t s  a r e  a v e r y  w id e s p r e a d  phenomena o ccu rr in g  on many s p a t i a l  

and te m p o ra l  s c a l e s ,  and in  many d i f f e r e n t  e s t u a r i n e  a n d  o c e a n i c  

s y s te m s .  As was noted by Denman and Powell (1984), th e r e  a re  almost as ' 

many d e f i n i t i o n s  o f  f r o n t s  a s  t h e r e  a r e  s c i e n t i s t s  s tu d y in g  f r o n t s !  

G arv in e  and Monk (1974) in  t h e i r  s tudy  o f  th e  C onnecticu t R iver plume 

followed Cromwell and Reid (1955) in  d e f in in g  f r o n t s  as ' a  n a r ro w  band 

on th e  se a  s u r f a c e  a c ro s s  which the  d e n s i ty  changes a b r u p t l y ' .  A more 

p r e c i s e  d e f i n i t i o n  used by Fearnhead (1975) considered  a f r o n t  to  be ' a  

b o u n d a ry  s u r fa c e  formed by th e  h o r iz o n ta l  j u x t a p o s i t i o n  o f  two d i s t i n c t  

w ater m a sses  and th e  i n t e r s e c t i o n  o f  t h a t  s u r f a c e  w i th  th e  a i r - s e a  

boundary*. Klemas and P o l i s  (1977) on th e  o th e r  hand simply considered  

f r o n t s  to  be r e g io n s ,  w i th in  th e  e s tu a r y ,  o f  ex trem ely  s tro n g  g r a d i e n t s  

in  v e l o c i t y  and  d e n s i t y .  I n  t h i s  way th e  term 'f ro n t*  has a l s o  been 

used t o  d e s c r i b e  th e  l e a d i n g  edge o f  t h e  s a l t  wedge i n t r u s i o n  i n t o  

e s t u a r i e s .

The d e f i n i t i o n  used by Denman and P o w e ll  (1984) w i l l  be u se d  in  

t h i s  s t u d y ,  n a m e ly  a ' f r o n t  i s  a d i s c o n t i n u i t y  in  t h e  h o r i z o n t a l  

d i s t r i b u t i o n  o f  w a te r  mass p r o p e r t i e s  on th e  s c a le  o f  o b s e r v a t i o n * .  I n  

e s t u a r i e s ,  t h e  m ost s i g n i f i c a n t  w a te r  mass p ro p e r ty  i s  s a l i n i t y ,  and



th u s  f r o n t s  can be tak en  to  i l l u s t r a t e  b o u n d a r ie s  b e tw een  w a te r  m asses  

o f  d i f f e r i n g  d e n s i t i e s .  F ro n ts  a re  u s u a l l y  o f  g r e a t e r  le n g th  than  w id th  

by s e v e ra l  o rd e rs  o f  m agn itude , and a re  u s u a l ly  c o n s id e r e d  t o  be zones  

o f  c o n v e r g e n t  c i r c u l a t i o n .  By c o n t i n u i t y ,  convergence u s u a l l y  r e q u i re s  

compensatory v e r t i c a l  c i r c u l a t i o n .  F re q u e n t ly  f r o n t s  a re  a l s o  r e g i o n s  

o f  h ig h  c u r r e n t  s h e a r  and enhanced mixing and d i f f u s i o n .  F ro n ts  found 

w i th in  e s t u a r i e s  v a ry  w ide ly  in  t h e i r  r e l a t i o n  to  th e  t i d a l  dynamics and 

b a th y m etry .  V i th in  c o a s t a l  p l a i n  e s t u a r i e s ,  such as th e  York R iv e r ,  the  

f r o n t s  seen axe commonly a l i g n e d  p a r a l l e l  t o  t h e  a x i s  o f  t h e  e s t u a r y  

a n d / o r  t h e  m ain  c h a n n e l ,  and  e x i s t  f o r  o n ly  a few h o u r s .  S i m i l a r  

f e a t u r e s  h a v e  b e e n  d o c u m e n t e d  i n  t h e  D e l a w a r e  Bay (K le m a s  and  

P o l l s ,  1 9 7 7 ) .  T h e se  f r o n t s  may be term ed ' l o n g i t u d i n a l  f r o n t s ' .  T h e ir  

s h o r t  t im e  s c a l e  s u g g e s t s  t h a t . t h e y  a r e  l i n k e d  t o  th e  i n t r a - t i d a l  

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

su g g e s ts  t h a t  th e y  a re  a r e s u l t  o f  th e  l a t e r a l  dynamic b a la n c e .

The o b j e c t i v e s  o f  t h i s  s tu d y  were t o  examine th e  l a t e r a l  v a r i a t i o n  

in  v e l o c i t y  and d e n s i t y ,  th ro u g h o u t th e  t i d a l  c y c l e ,  a c ro s s  a p a r t i a l l y -  

m ix e d  c o a s t a l  p l a i n  e s t u a r y  w i t h  a v ie w  t o w a r d s  d e v e l o p i n g  an 

u n d e rs tan d in g  o f  th e  p o s s i b l e  m echan ism  f o r  g e n e s i s  o f  t h e s e  f r o n t a l  

f e a t u r e s .  The f i e l d  d a t a  w ere  c o l l e c t e d  in  two d i s c r e t e  s e r i e s  o f  

exp er im en ts :  th e  f i r s t  examined th e  l a t e r a l  d e n s i t y  d i s t r i b u t i o n ,  and 

th e  se c o n d  t h e  v a r i a t i o n  i n  t i d a l  c u r r e n t s  a c r o s s  th e  e s tu a r y .  The 

method and r e s u l t s  p e r t a i n i n g  t o  e a c h  o f  t h e s e  d a t a  s e t s  have  been  

com bined  and  a r e  p r e s e n t e d  s e p a r a t e l y  in  C hapters  3 and 4 .  Chapter 3 

o u t l i n e s  the  o b s e rv a t io n s  o f  f r o n t s  in  th e  study a r e a .  The d i s c u s s i o n



o f  t h e s e  r e s u l t s  and id e as  p e r t a in in g  to  f ro n to g e n e s i s  in c o a s ta l  p l a in  

e s t u a r i e s  i s  p re s e n te d  in  C hap ter  6.

DESCRIPTION OF THE STUDY AREA

The York R iv e r  i s  a p a r t i a l l y - m ix e d  c o a s ta l  p l a i n  e s tu a r y  s i t u a t e d  

on th e  w es te rn  shore  o f  th e  Chesapeake Bay ( F i g . l ) .  I t  i s  approx im ate ly  

52 km in  le n g th  from Tue Marsh L ig h t  a t  th e  mouth* to  Vest P o i n t  a t  th e  

c o n f lu e n c e  o f  t h e  M a t t a p o n i  and Pamunkey R iv e r s .  The c o n s t r i c t i o n  o f  

the  channel between G lo u c e s te r  P o i n t  and Y orktow n p r o v i d e s  a n a t u r a l  

d i v i s i o n  o f  t h e  r i v e r  i n t o  two segm ents. The lower p a r t  i s  3 t o  4 km 

wide* has  channe l dep ths  o f  20m and i s  o r i e n t a t e d  e a s t - w e s t .  The u p p e r  

York R iv e r  i s  narrow er w ith  w id th s  o f  2 t o  2 ,5  km and channel dep ths  o f  

10m. I t  i s  o r i e n t a t e d  s o u t h e a s t - n o r t h w e s t  and i s  q u i t e  s t r a i g h t  f o r  

much o f  i t ' s  l e n g th .  There a re  no s i g n i f i c a n t  t r i b u t a r y  r i v e r s .

The e s tu a r y  i s  t i d a l  th roughout*  t h e  mean t i d a l  ra n g e  i n c r e a s i n g

from 0.7m  a t  th e  mouth to  1.1m a t  V est P o in t .  The t i d a l  wave i s  p u re ly

p r o g r e s s i v e  a t  Tue M arsh  b u t  t e n d s  to w a rd  a s t a n d i n g  wave f u r t h e r

u p r i v e r .  At C la y  B ank, a s h o r t  d i s t a n c e  down—e s tu a ry  from th e  study

t r a n s e c t ,  th e  p h ase  d i f f e r e n c e  i s  on t h e  o r d e r  o f  1 .5 - 2  h o u r s .  The

3average f r e sh w a te r  d isc h a rg e  in t o  th e  York R ive r  i s  56 .4  m / s e c  (Hyer e t  

a l . ,  1978).  T h is  in f low  te n d s  t o  be g r e a t e r  than  average in  t h e  p e r i o d  

b e tw e e n  J a n u a r y  and A p r i l .  S u rface  s a l i n i t i e s  vary  s e a s o n a l ly  and a re  

t y p i c a l l y  15 — 21 a t  th e  mouth and 2 -  7 a t  Vest P o in t  (Brooks* 1983).
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The s tudy  t r a n s e c t  was d e l i b e r a t e l y  l o c a t e d  in  one o f  th e  more 

u n i fo rm  r e a c h e s  in  o r d e r  to  minimize th e  p o s s i b i l i t y  t h a t  any observed 

l a t e r a l  v a r i a b i l i t y  in  d e n s i t y  o r  c u r r e n t s  m ig h t  be  a t t r i b u t e d  to  th e  

i n f l u e n c e  o f  b e n d s  in  t h e  c h a n n e l .  The r i v e r  i s  3 ,000  m eters  v id e  a t  

t h i s  p o i n t .  For a lm ost 50% o f  t h i s  d i s t a n c e  th e  w a te r  d e p t h  i s  l e s s  

t h a n  2 m e t e r s .  The m a in  c h a n n e l  i s  1 0 .5 m  d e e p  an d  i s  l o c a t e d  

a y m m e t r i c a l l y  i n  th e  s e c t i o n .  S am p lin g  s t a t i o n s  w e re  l o c a t e d  a t  

p o s i t i o n s  on and between th e  in n e r  edge o f  th e  b o rd e r in g  s h o a ls .



I I .  LITERATURE REVIEW

PART I :  LATERAL CIRCULATION IN ESTUARIES

One o f  th e  e a r l i e s t  i n v e s t i g a t i o n s  o f  th e  l a t e r a l  dynam ic b a l a n c e  

in  e s t n a r i e s  was t h a t  o f  P r i t c h a r d  ( 1 9 5 6 ) .  U t i l i z i n g  t e m p e r a tu r e ,  

s a l i n i t y  and c u r r e n t  v e l o c i t y  d a ta  from two s e c t io n s  o f  th e  Jam es  R iv e r  

he e v a l u a t e d  th e  magnitude o f  each  o f  th e  term s in  th e  l a t e r a l  momentum 

e q u a t io n .  F o r  mean s t e a d y - s t a t e  c o n d i t i o n s  (an d  u s in g  a l e f t - h a n d e d  

c o o rd in a te  system w ith  z  p o s t iv e  dow n-estuary) t h i s  equa t ion  becomes

3 p  * a _ » »  3 * '  a  * *
0 = “ ^ S y ^  + b o + f u -  d l <u v > -  g-<w v > -  g-<v v > (2 .1 )

1 .  2 3 4 5 6

To o b ta in  t h i s  e q u a t i o n  P r i t c h a r d  assum ed  t h a t  ( a )  th e  mean l a t e r a l  

v e l o c i t y  i s  ze ro  and hence a l l  mean f i e l d  a c c e l e r a t i o n  te rm s v an ish  and 

(b) t h a t  th e  mean p r e s s u r e  fo rc e  may be ex p ressed  as th e  p r e s s u r e  f o r c e  

r e l a t i v e  t o  t h a t  a t  th e  s u r fa c e  (Term 1 ) ,  which can be computed knowing 

the  s a l i n i t y  and t e m p e r a t u r e  d i s t r i b u t i o n ,  p l u s  a c o n s t a n t  (Term 2 )  

r e p r e s e n t i n g  t h e  com ponent o f  t h e  p r e s s u r e  f o r c e  a t  t h e  s u r f a c e .  

Furtherm ore  te rm s 4 and 6,  th e  h o r i z o n t a l  com ponen ts  o f  t h e  t u r b u l e n t  

f l u x  o f  m om entum , w ere  c o n s i d e r e d  n e g l i g a b l e .  E v a l u a t i o n  o f  th e  

r e m a in in g  te rm s  l e d  P r i t c h a r d  t o  c o n c l u d e  t h a t ,  i n  t h e  l a t e r a l  

d i r e c t i o n ,  th e  p r im ary  fo rc e  b a la n c e  i s  between th e  C o r io l i s  fo rce  (Term 

3) and th e  l a t e r a l  p r e s s u re  fo rc e  (Term 1 ) .  The d i f f e r e n c e  b e tw e e n  th e

8



two te rm s  was a t t r i b u t e d  to  th e  t u r b u l e n t  eddy te rm  (Term S ) .  S tew art 

(1957) ques tio n ed  th e  e z i s t a n c e  o f  a f i n i t e  v a l u e  f o r  such  a te rm  and 

a l s o  th e  assum ption  t h a t  th e  mean l a t e r a l  v e l o c i t y  i s  z e ro .  In s te a d  he 

proposed t h a t  the p r e s s u r e  g r a d ie n t  and C o r io l i s  fo rce  a re  b a lanced  by a 

c e n t r i f u g a l  f o r c e  due t o  f lo w  c u r v a t u r e .  Using v e l o c i t y  v a lu e s  taken  

from P r i t c h a r d  (1956), a r a d iu s  o f  c u r v a t u r e  was c a l c u l a t e d  w h ich  was 

found to  be in  accordance  w ith  th e  channe l c u rv a tu re  in  th e  James R iv e r .

Dyer (1973) s i m i l a r l y  examined th e  m a g n i tu d e  o f  t h e  te rm s  i n  th e  

l a t e r a l  momentum e q u a t i o n  w h ich  he  f o r m u l a t e d  ( in  a s t e a d y - s t a t e ,  

t id a l ly - a v e r a g e d  c o n d i t io n )  a s :

+ HI" * H!" = -P  _1| £ + C -  f a  + p_1- - 2-  (2 .2 )3x 3y 3z 3y 3z

w here  C i s  a c o n s t a n t  r e p r e s e n t i n g  t h e  s e a  s u r f a c e  s l o p e .  D y e r  

c o n s i d e r e d  t h a t  i n  a meadering e s tu a r y  th e  c u rv a tu re  o f  s t r e a m l in e s  of 

the  flow along the  e s tu a r y  i s  l i k e l y  t o  be s i g n i f i c a n t  and g iv e  r i s e  t o  

c e n t r i p e t a l  a c c e l e r a t i o n s .  T h ese  s h o u ld  be n u m e ric a l ly  equal t o  the 

f i e l d  a c c e l e r a t i o n s  on th e  l e f t - h a n d  s i d e  o f  e q u a t i o n  ( 2 . 2 ) .  I n  

a d d i t io n  he e l im in a te d  th e  te rm s in v o lv in g  th e  sea s u r fa c e  s lo p e  and the 

g ra d ie n t  in  Reynolds s t r e s s ,  b o th  o f  which can be assumed to  be c o n s ta n t  

w ith  d ep th ,  by ta k in g  th e  d i f f e r e n c e  between each  te rm  c a l c u la te d  a t  two 

s e p a ra te  d e p th s .  Thus e q u a t io n  (2 .2 )  becomes:

A(ujj-) + A(V“ ) + A(W~) « -Ap (t - )  — A(fO) (2 .3 )3x 3y 3z 3y
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where A i s  th e  o p e r a to r  d /d z .  Using d a ta  c o l l e c t e d  in  the  V e l l e r  e s tu a ry  

and S o u th am p to n  W ater  t h e  m agn itude  o f  each o f  th e  terms in  (2 ,3 )  was 

o b ta in e d  and u s e d  t o  e s t i m a t e  t h e  r a d i u s  o f  c u r v a t u r e  o f  t h e  f lo w .  

W id e ly  v a r y i n g  r e s u l t s  w ere  o b ta in e d ,  many o f  which d id  n o t  match the
9

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

d i f f i c u l t y  o f  making s u f f i c i e n t l y  a c c u r a te  measurements o f  v e l o c i t i e s  to  

c a l c u l a t e  th e  f i e l d  a c c e l e r a t i o n  te rm s .

The l a t e r a l  dynam ic b a l a n c e  a c r o s s  th e  lo w e r  Hudson e s t u a r y ,  

between Sandy Hook and Rockaway P o i n t ,  was i n v e s t i g a t e d  by D oyle  and 

W i l s o n  ( 1 9 7 8 ) .  U t i l i z i n g  t h e  ' d i f f e r e n c e  t e c h n i q u e '  o f  D yer and 

s i m i l a r l y  assuming t h a t  th e  f i e l d  a c c e l e r a t i o n  te rm s  a r e  e q u i v a l e n t  to  

th e  t i d a l l y - a v e r a g e d  c e n t r i p e t a l  a c c e l e r a t i o n s ,  th e  term s in  th e  l a t e r a l  

momentum e q u a t io n  were c a l c u l a t e d  from f i e l d  d a ta .  In  t h i s  in s ta n c e  the 

f i e l d  a c c e l e r a t i o n  te rm s  th e m s e lv e s  w ere  n o t  e s t i m a t e d ,  in s te a d  the  

t i d a l l y  averaged  v a lu e s  o f  speed  and r a d iu s  o f  c u rv a tu re  were determ ined  

from  c u r r e n t  m e te r  d a t a .  T h ese  a u t h o r s  c o n c lu d e d  t h a t  a c r o s s  t h i s  

t r a n s e c t  th e  c e n t r i p e t a l  and C o r i o l i s  a c c e l e r a t i o n s  a r e  b a la n c e d  by th e  

l a t e r a l  p r e s s u r e  g r a d i e n t .  A lthough th e  numbers th e y  c i t e  c o n ta in  some 

i r r e g u l a r i t i e s  i t  would seem t h a t  th e  p r im a r y  dynam ic b a l a n o e  a t  t h i s  

l o c a t io n  cou ld  be d e s c r ib e d  by such a sim ple r e l a t i o n s h i p .

A q u i t e  d i f f e r e n t  approach  to  th e  f o r m u l a t i o n  o f  l a t e r a l  dynam ic 

b a l a n c e  was adopted  by Nunes and Simpson (1985).  As p a r t  o f  a s tudy  o f  

a x i a l  convergence in  a sm all and w ell-m ixed  e s tu a ry  th ey  assume t h a t  the 

l a t e r a l  p r e s s u r e  g r a d i e n t  i s  b a la n e e d  by i n t e r n a l  f r i c t i o n a l  s t r e s s e s .  

T h a t  i s :
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(2 .4 )

where Nz i s  the  v e r t i c a l  eddy v i s c o s i t y  and  assumed c o n s t a n t  and p i s  

t h e  mean  d e n s i t y .  Thus  no c o n s i d e r a t i o n  i s  g i v e n  to  t h e  r o l e  o f  

C o r i o l i s  and / o r  i n e r t i a l  a c c e l e r a t i o n s .  The l a t e r a l  v e l o c i t i e s  a r e  

c o n s i d e r e d  t o  be  m a i n t a i n e d  s o l e l y  by h o r i z o n t a l  d e n s i t y  g r a d i e n t s .  

Solv ing  e q u a t io n  (2 .4 )  r e s u l t s  in  an e x p r e s s i o n  f o r  v in  t e rm s  o f  th e  

l a t e r a l  h o r i z o n t a l  p r e s s u r e  g r a d i e n t  and w ate r  dep th .  Such a r e s u l t  was 

found t o  f i t  w i th  t h e i r  o b s e r v a t i o n s .  However t h i s  approach may n o t  be

as  a p p l i c a b l e  in  l a r g e r  and more s t r a t i f i e d  e s t u a r i e s .

Prych (1970) conducted a l a b o r a t o r y  s tudy  o f  the l a t e r a l  m i x in g  o f  

t r a c e r  f l u i d s  i n  t u r b u l e n t  o p e n - c h a n n e l  f low. In  the  exper iments  in 

which t h e r e  was a d i f f e r e n c e  i n  d e n s i t y  b e tw e e n  t h e  t r a c e r  and  t h e  

a m b ie n t  f l u i d  i t  was o b s e r v e d  t h a t  d e n s i t y - in d u c e d  secondary  c u r r e n t s  

enhanced the  l a t e r a l  mixing o f  th e  two f l u i d s .  An e x p r e s s i o n  f o r  t h e  

l a t e r a l  momentum b a l a n c e  was f o r m u l a t e d  by e q u a t i n g  t h e  p r e s s u r e  

g r a d i e n t  w i th  eddy v i s c o s i t y .

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

l a t e r a l  g r a d i e n t s  in  d e n s i t y  and v e l o c i t y  t o  the  l o n g i t u d i n a l  d i s p e r s i v e  

c h a r a c t e r i s t i c s  o f  e s t u a r i e s .  The f lu x  o f  s a l t  th rough  a channel  c r o s s -  

s e c t i o n  i s  g ive n  by

F ( t )  = / / u s  dA (2 .5 )s
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Hansen  (1965)  decom posed  t h i s  e x p r e s s i o n  i n t o  t h e  f l n x  due t o  t h e  

s e c t i o n a l  mean c u r r e n t  and s a l i n i t y  p lu s  a f l u x  due t o  l o c a l  d e v i a t i o n s  

o f  s a l i n i t y  and c u r r e n t .  Th is  l a t t e r  has been termed th e  ' s h e a r  e f f e c t '  

and i s  due t o  b o t h  d e n s i t y  c u r r e n t s  and bottom f r i c t i o n .  Using d a t a  

t aken  a c ro s s  a s e c t i o n  n e a r  t h e  mouth o f  t h e  Columbia  R i v e r  e s t u a r y ,  

Hansen  showed t h a t  t h i s  e f f e c t  ba lanced  about  45% o f  the  s a l t  advected 

seaward w i th  the mean r i v e r  d i s c h a r g e .  I n  t h i s  a n a l y s i s  no d i s t i n c t i o n  

was made between the  v e r t i c a l  and l a t e r a l  s h e a r  e f f e c t .

F i s c h e r  (1972) examined t h e  m a g n i tu d e  o f  v a r i o u s '  mass t r a n s p o r t  

mechan isms  in  p a r t i a l l y  mixed e s t u a r i e s .  I n  a manner s i m i l a r  t o  Hansen 

(1955) he decomposed the  in s t a n t a n e o u s  v e l o c i t y  and s a l t  c o n c e n t r a t i o n  

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

N eg lec t ing  the  c o n t r i b u t i o n  o f  the  'phase  e f f e c t ' ,  th e  t o t a l  d i s p e r s i o n  

was  shown t o  be  t h e  sum o f  f o u r  t e r m s  r e p r e s e n t i n g  t r a n s v e r s e  n e t  

c i r c u l a t i o n ,  v e r t i c a l  n e t  c i r c u l a t i o n  (more o f t e n  c a l l e d  g r a v i t a t i o n a l  

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

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

t h e o r e t i c a l  or  e m p i r i c a l  r e s u l t s .  From t h i s  he found th e  d i s p e r s i o n  due 

t o  the  t r a n s v e r s e  n e t  c i r c u l a t i o n  t o  be an  o r d e r  o f  m a g n i tu d e  g r e a t e r  

t h a n  t h e  v e r t i c a l  n e t  c i r c u l a t i o n .  W hi ls t  t h e  v a lu e s  he c a l c u l a t e d  a re  

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

i l l u s t r a t e  the  p o t e n t i a l  importance  in  t r a n s v e r s e  g r a d i e n t s  in  v e l o c i t y  

and s a l i n i t y .

Dyer (1974)  extended  F i s c h e r ' s  method o f  c a l c u l a t i n g  the s a l t  f lux  

by in c lu d in g  the  t i d a l l y - f l u c t u a t i n g  c r o s s - s e c t i o n a l  a r e a .  Using  f i e l d
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m e a su re m e n t s  from t h r e e  s e p a r a t e  e s t u a r i e s  he c a l c u l a t e d  the  magnitude 

o f  each  o f  t h e  mos t  i m p o r t a n t  t e r m s .  I n  Sou tham pton  Water  and t h e  

M ersey  e s t u a r y *  b o t h  p a r t i a l l y - m i x e d *  i t  was found t h a t  in  c o n t r a s t  to  

F i s c h e r ' s  p r e d i c t i o n ,  the  magnitude o f  t h e  n e t  t r a n s v e r s e  c i r c u l a t i o n  

was e q u i v a l e n t  t o  t h a t  o f  t h e  v e r t i c a l  c i r c u l a t i o n .  I n  t h e  V e l l e r  

e s t u a r y  ( sa l t -w edge )  however t h e  n e t  t r a n s v e r s e  c i r c u l a t i o n  was much 

l e s s  t h a n  t h e  v e r t i c a l  c i r c u l a t i o n .  Dyer (1974)  conc luded  t h a t  the  

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

g r e a t e r  i n  p a r t i a l l y - m i x e d  e s t u a r i e s  t h a n  i n  s a l t - w e d g e  e s t u a r i e s .  

Indeed* w i th  a f u r t h e r  d e c r e a se  in  s t r a t i f i c a t i o n *  and development o f  a 

v e r t i c a l l y  homogeneous es tua ry*  l a t e r a l  e f f e c t s  should p redomina te .

Th is  h y p o th e s i s  was i n v e s t i g a t e d  by Murray and S i r ipong  (19 7 8 )  who 

exam ined  t h e  s a l t - f l u x  in  a sha l low  well -m ixed  e s t u a r y .  Using a n a l y s i s  

o f  v a r i a n c e  te ch n iq u es  the  t ime averaged s a l t  f l u x  was decomposed  i n t o  

10 t e r m s .  O n l y  t h r e e  o f  t h e s e  were  c o n s i d e r e d  s i g n i f i c a n t :  t h e  

ad v ec t iv e  f l u x ,  t h e  v e r t i c a l  g r a d i e n t  f l u x  and  t h e  l a t e r a l  g r a d i e n t  

f l u x .  These  te rm s  were e v a l u a t e d  from f i e l d  d a t a  and i t  was found t h a t  

in  t h i s  e s t u a r y  t h e  l a t e r a l  g r a d i e n t  f l u x  i s  1 . 5  t i m e s  t h a t  o f  t h e  

v e r t i c a l .  Us ing  t h i s  same a n a l y t i c a l  method  U n c le s  e t . a l .  (1984)  

examined measurements made in  t h e  upper  r eaches  o f  th e  Tamar e s t u a r y *  a 

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

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

e s t u a r y  b u t  was c o m p a r a b le  w i t h  t h e  v e r t i c a l  shear  d i s p e r s i o n  a t  the 

w id e s t  s e c t i o n .  West and Hangat  (1986) c o l l e c t e d  v e l o c i t y  and s a l i n i t y  

p r o f i l e s  a t  f i v e  s t a t i o n s  a c r o s s  a s e c t i o n  o f  the  Conway e s t u a r y  fo r  

p a r t s  o f  an ebb and f lood  t i d e .  T h e i r  d a t a  showed t h a t  t h e  magnitude o f
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t h e  v e r t i c a l  and t r a n s v e r s e  shea r  d i s p e r s i o n  v a r i e d  bo th  s p a t i a l l y  and 

t e m p o r a l l y .  I t  v a s  found  t h a t  b o t h  v e r t i c a l  and t r a n s v e r s e  s h e a r  

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

c o e f f i c i e n t s  were g e n e r a l l y  l a r g e r  f o r  the  ebb t i d e  t h a n  f o r  t h e  f l o o d  

t i d e .

The occu r rance  o f  n o n - u n i f o r m i ty  i n  s a l i n i t y  and v e l o c i t y  a c r o s s  

p a r t i a l l y - m i x e d  e s t u a r i e s  h a s  b e e n  d o c u m e n te d  i n  many s t u d i e s ,  

P r i t c h a r d  (1952) found t h a t  t h e  mean s a l i n i t y  in  the  Chesapeake Bay and 

J a m e s  R i v e r  was c o n s i s t a n t l y  h i g h e r  on t h e  r i g h t - h a n d  s i d e  o f  t h e  

e s t u a r y  ( l o o k i n g  u p - e s t u a r y )  -  a d i s t r i b u t i o n  he a t t r i b u t e d  t o  th e  

in f lu e n c e  o f  e a r t h ' s . r o t a t i o n .  I n  a s e r i e s  o f  experiments  in  the Mersey 

e s t u a r y  Bowden and S h a r a f - e l - D i n  (1966) o b ta in ed  s i m i l a r  r e s u l t s  w i t h  a 

s a l i n i t y  d i f f e r e n c e  as much as  1 .19  a t  the  s u r f a c e  and 0 .69  a t  the  bed 

over  a h o r i z o n t a l  d i s t a n c e  o f  1 km. The t i d a l l y - a v e r a g e d  d i s t r i b u t i o n  

o f  s i g m a - t  a c r o s s  t h e  Sandy  Hook-Rockaway P t .  t r a n s e c t  dur ing  august
3

1982 re v e a le d  h o r i z o n t a l  d e n s i t y  g r a d i e n t s  a s  h i g h  a s  0 . 6  kg/m /km a t  

m i d - d e p t h  i n  t h e  s e c t i o n ,  a g a i n  w i t h  t h e  h ig h e r  d e n s i t y  w a te r  on the 

r i g h t - h a n d  s i d e  o f  t h e  e s t u a r y  (D o y le  and W i l s o n ,  1 9 7 8 ) .  I n  t h e  

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

s a l i n i t y  d i s t r i b u t i o n  was a l s o  a p p a re n t  (Hansen,  1965) .

A l l  o f  t h e s e  e x a m p le s  p e r t a i n  t o  t i d a l l y - a v e r a g e d  c o n d i t i o n s .  

Quite  d i f f e r e n t  d i s t r i b u t i o n s  may be  s e e n  a t  t i m e s  w i t h i n  t h e  t i d a l  

c y c l e .  Dyer  ( 1 9 7 3 ) ,  u s i n g  an  e x t e n s i v e  s e t  o f  m e a s u re m e n t s  o f  the  

S ou th am p to n  W a t e r ,  found  t h a t  t h e r e  was a s i g n i f i c a n t  g r a d i e n t  i n  

s u r f a c e  s a l i n i t y  a c ro s s  th e  e s t u a r y ,  b o th  a t  h igh  and low w a te r ,  b u t  in



t h i s  in s tance  the  f r e s h e r  w a t e r  was on t h e  r i g h t - h a n d  s i d e .  T h i s  i s  

o p p o s i t e  t o  t h a t  e x p e c t e d  as  a r e s u l t  o f  th e  C o r io l i s  fo rce ,  and Dyer 

a t t r i b u t e d  the  d i s t r i b u t i o n  to  topograph ic  e f f e c t s .  He a l so  found t h a t  

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

dec reas ing  t i d a l  r ange .  At one l o c a t i o n  t h e  maximum l a t e r a l  g r a d i e n t  

was found t o  be about  t h r e e  t imes  the l o n g i t u d i n a l  s a l i n t y  g r a d ie n t .

O b s e r v a t i o n s  o f  t h e  v e l o c i t y  and s a l i n i t y  p r o f i l e s  w e re  made 

t h r o u g h o u t  a t i d a l  c y c l e  a c r o s s  a s e c t i o n  o f  t h e  Rio Guayas e s tu a ry  

(Ecuador) by Hurray e t  a l .  ( 1 9 7 5 ) .  T h i s  s t u d y  i n v e s t i g a t e d  n o t  o n ly  

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

d i s t r i b u t i o n s .  The s e c t i o n  s tu d i e d  was 2280m wide and had an a v e ra g e  

d e p t h  o f  6 ,5m .  H o u r ly  measurements  were taken  a t  s ix  s t a t i o n s  ac ross  

the  e s tu a ry  over  t h r e e  s u cces s iv e  t i d a l  c y c l e s .  These  were assumed to  

g i v e  a n e a r l y  synop t ic  p i c t u r e  due t o  th e  minimal d iu r n a l  i n e q u a l i t y  in  

t e m pera tu re ,  s a l i n i t y  and t i d a l  h e i g h t  a t  t h a t  l o c a t i o n .  The d a t a  were 

combined and maps o f  t h e  c r o s s - s e c t i o n a l  d i s t r i b u t i o n  o f  speed  and 

s a l i n i t y  were c o n s t r u c t e d  f o r  e a c h  l u n a r  h o u r .  L unar  h ou r  z e r o  was 

c h o s e n  as  the  t ime o f  s l a c k  b e fo re  f l o o d .  I n  f a c t  on ly  th e  m id - se c t io n  

o f  the wate r  eolumn appeared to  be s l a c k  a t  t h i s  t ime ,  the  s u r face  l a y e r  

was s t i l l  ebbing w h i l s t  the  c u r r e n t s  a t  the  bottom had s t a r t e d  to  f lood .  

The s a l i n i t y  th roughout the  s e c t i o n  was a t  i t ' s  t i d a l  c y c l e  minimum. 

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

t h a t  to  the s i d e s  was w ell -m ixed .  The l e a s t  d e n s e  w a t e r  was found a t  

the  su r face  on the  r i g h t -h a n d  s ide  ( look ing  u p s t r e a m ) .  Two hours l a t e r ,  

a t  approxim ate ly  maximum f lood ,  c u r r e n t  s p e e d s  o f  up t o  150 cm/s  were 

o b s e r v e d  o v e r  t h e  u p p e r  and e a s t e r n  ( r i g h t -h a n d )  s ide  o f  the  channel .



the  v e r t i c a l  s t r a t i f i c a t i o n  over  th e  channe l  had sharpened and a l ens  o f  

markedly l e s s  dense w a te r  was found on th e  s u r f a c e  l e f t - h a n d  s id e  o f  the  

e s t u a r y .  As the  f lood  c u r r e n t  weakened the  h i g h e r  v e l o c i t i e s  were s t i l l  

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

con t inued  to  i n c r e a s e .  The w a t e r  co lumn r e m a in e d  w e a k ly  v e r t i c a l l y  

s t r a t i f i e d  and z o n e s  o f  s t r o n g  l a t e r a l  s a l i n i t y  g r a d i e n t  developed ,  

p a r t i c u l a r l y  a t  t h e  s i d e s  o f  t h e  c h a n n e l .  At s l a c k  b e f o r e  ebb  a 

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

p r o g r e s s  on the  e a s t e r n  ( r i g h t - h a n d )  s id e  w h i l s t  t h e  o t h e r  s i d e  o f  t h e  

e s t u a r y  had  begun  t o  e b b .  The w a t e r  column o ver  the  channel  was now 

w el l -m ixed ,  t h a t  to  th e  s i d e s  p a r t i a l l y  s t r a t i f i e d .  As t h e  ebb p h a s e  

p ro g re s s e d  th e  maximum v e l o c i t i e s  c o n t in u e d  t o  be found in  a su b - su r f a c e  

j e t  over  the  e a s t e r n  s id e  o f  the  c h a n n e l .  The s a l i n i t y  d i s t r i b u t i o n s  

showed r e g i o n s  o f  s t r o n g  l a t e r a l  g r a d i e n t s  w i th  a w e l l -deve loped  plume 

o f  f r e s h e r  w a te r  forming on th e  s u r f a c e  t o  the  w e s te rn  ( l e f t - h a n d )  s i d e  

o f  t h e  channe l .  At l u n a r  hour  10 th e  edges o f  t h i s  plume showed a change 

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

o b s e r v a t i o n s  c l e a r l y  i l l u s t r a t e  t h e  p o s s i b l e  magnitude and v a r i a t i o n  in 

the  l a t e r a l  s a l i n i t y  g r a d i e n t s  w h ic h  may o c c u r  i n  a p a r t i a l l y - m i x e d  

e s t u a r y .  As t h i s  e s t u a r y  i s  l o c a t e d  i n  t h e  s o u t h e r n  hemisphere  th e  

d i s t r i b u t i o n s  c a n n o t  be  c o n s i d e r e d  due t o  r o t a t i o n a l  e f f e c t s .  The 

a u th o r s  c o n s id e r  them t o  be p o s s i b l y  due t o  channe l  shape.

Other  than  th e  i n f l u e n c e  o f  th e  C o r i o l i s  f o r c e ,  l a t e r a l  c i r c u l a t i o n  

e f f e c t s  i n  e s t u a r i e s  r e s u l t  from topog raph ic  o r  channel  i r r e g u l a r i t i e s ,  

t he  in f lu e n c e  o f  t r i b u t a r y  r i v e r s  and f low around c h a n n e l  b e n d s .  Dyer 

(1977)  p r o p o s e d  t h a t ,  in  p a r t i a l l y - m i x e d  e s t u a r i e s ,  flow around a bend



would produce a secondary  c u r r e n t  from the  o u t s i d e  to  the i n s i d e  o f  t h e  

b e n d  a t  t h e  s u r f a c e #  look ing  seaward# and in  t h e  oppos i te  d i r e c t i o n  in 

t h e  low er  l a y e r .  The p y c n o c l i n e  would  t h u s  be  e x p e c t e d  t o  s l o p e  

d o w n w a rd  t o w a r d  t h e  i n s i d e  o f  t h e  b e n d .  To t e s t  t h i s  h y p o t h e s i s  

B o ic o u r t  (1982) a t tem p ted  t o  o b t a i n  d i r e c t  measurements o f  t h e  d i r e c t i o n  

and  m agn i tude  o f  l a t e r a l  v e l o c i t y  components n e a r  a bend in  th e  Potomac 

R i v e r .  An a r r a y  o f  39 c u r r e n t  m e te r s  on 19 moorings in an 8 km segment 

o f  t h e  r i v e r  was d e p l o y e d .  L a t e r a l  v e l o c i t y  components up t o  40 cm/s 

were measured# and w h i l s t  the  c i r c u l a t i o n  p a t t e r n  d id  n o t  e x a c t l y  fo l low 

D y e r ' s  p r o p o s e d  m ode l ,  d i s t i n c t  s e c o n d a r y  f l o w s  were e v i d e n t  in  th e  

t i d a l  c u r r e n t s  as  were t o p o g r a p h i c a l l y  gene ra ted  eddies# b o th  a lo n g  t h e  

s i d e  b o u n d a r i e s  and o v e r  t h e  deep ch an n e l .  The d a t a  c o l l e c t e d  by Vest  

and Mangat (1986) was t a k e n  a t  a s e c t i o n  im media te ly  d o w n - e s t u a r y  o f  a 

l a r g e  b e n d .  R e s u l t i n g  c r o s s - s e c t i o n a l  d i s t r i b u t i o n s  o f  v e l o c i t y  and 

s a l i n i t y  show h ig h e s t  v e l o c i t i e s  and l o w e s t  s a l i n i t i e s  i n  t h e  d e e p e s t  

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

d i s t r i b u t i o n  i s  c o n s i s t a n t  w i th  a s e c o n d a r y  f lo w  toward  t h e  i n s i d e  o f  

th e  bend a t  t h e  s u r f a c e .

I n  some wide ,  sha l low  and w ell -m ixed  e s t u a r i e s  a l a t e r a l  s e p a r a t i o n  

o f  t h e  r e s i d u a l  f lo w s  h a s  b e e n  o b s e r v e d  (Dyer#  1977) w i t h  t h e  ebb 

c u r r e n t s  dominant in  th e  d e e p e r  channe l  and f lood  c u r r e n t s  do m in a n t  i n  

t h e  s h a l l o w e r  p a r t s .  F o r  p a r t i a l l y —mixed e s t u a r i e s  however# F i s c h e r  e t  

a l .  (1979) p roposed  t h a t  t h e  ups tream flow i s  c o n c e n t r a te d  i n  the  deeper  

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

sh a l lo w s .  A n e t  t r a n s p o r t  from d e e p  t o  s h a l l o w  a r e a s  i s  r e q u i r e d  t o  

c o m p l e t e  t h e  c i r c u l a t i o n .  I t  should  be no te d  t h a t  i t  was t h i s  p a t t e r n
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o f  t r a n s v e r s e  v a r i a t i o n  in  th e  r e s i d u a l  c i r c u l a t i o n  t h a t  F i s c h e r  (1972)  

p re sum end  t o  be  g e n e r a t i n g  t h e  t r a n s v e r s e  n e t  c i r c u l a t i o n  term in  the  

s a l t  b a l a n c e .  However Dyer (1974) in  h i s  e x a m i n a t i o n  o f  t h e  same t e rm  

c o n s i d e r e d  su ch  l a t e r a l  c i r c u l a t i o n s  t o  a r i s e  from the  in f lu e n c e  o f  

C o r i o l i s  and c e n t r i f u g a l  f o r c e s .

I n  t h e  s o u th e r n  p a r t  o f  San F r a n c i s c o  Bay Cheng and O ar tner  (1985) 

concluded  t h a t  t h e  r e s i d u a l  t i d a l  c u r r e n t s ,  w h ic h  showed a d i s t i n c t  

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

g e n e r a t e d  when t h e  wind  i s  low and v a r i a b l e .  I n  t h e  summer m on ths  

h o w ev e r ,  when t h e  winds  a r e  modera te  and s tead y ,  w ind -d r iven  r e s i d u a l s  

dominate .  I n  the  Potomac R ive r  B o ic o u r t  (1982) found t h a t  c r o s s - e s t u a r y  

w in d s  d r i v e  a l a t e r a l  c i r c u l a t i o n  c e l l ,  w i th  upw el l ing  on the  lee  shore  

and d o w n w e l l i n g  on t h e  w indw ard  s h o r e .  The r e t u r n  f l o w  o c c u r e d  

immedia tely below the  p y c n o c l in e .

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

e x p e r i m e n t a l l y  by  Sumer and  F i s c h e r  (1977)  t o  g e n e r a t e  t r a n s v e r s e  

c u r r e n t s  whose d i r e c t i o n  r e v e r s e d  w i th  t h e  t i d e .  The c h a n n e l  s e c t i o n  

u s e d  was a n e a r l y  t r i a n g u l a r  t r a p a z o i d  whose l o n g e r  s lop ing  s ide  was 

made u n d u la t i n g  i n  an a t t em p t  t o  i n t ro d u c e  l a r g e - s c a l e  t r a n s v e r s e  e d d ie s  

i n t o  t h e  f lo w .  They found t h a t  th e  t r a n s v e r s e  s a l i n i t y  g r a d i e n t  v a r i e d  

th roughou t  t h e  t i d a l  cy c l e  due t o  the  i n c r e a s e d  v e r t i c a l  m i x in g  a l o n g  

th e  wavy s i d e ,  p l u s  a f r i e t i o n a l l y - i n d u c e d  phase l a g  between th e  sha llow 

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

t r a n s v e r s e  f lo w  w h ich  was d i r e c t e d  on to  the  shoa l  a r e a s  a t  th e  s u r f a c e  

du r ing  f l o o d  t i d e ,  w i t h  a r e t u r n  f l o w  a l o n g  t h e  b o t t o m ,  and  i n  t h e
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o p p o s i t e  d i r e c t i o n  d a r i n g  ebb  t i d e .  The marked d i f f e r e n c e  in dep ths  

a c r o s s  many c o a s t a l  p l a i n  e s t u a r i e s  may in f l u e n c e  l a t e r a l  c i r c u l a t i o n s  

in  o t h e r  ways a l s o .  S c h i j f  and Schonfe ld  (1953) proposed t h a t  the shoa l  

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

l o n g i t u d i n a l  mix ing .  L a t e r a l  s e i c h i n g  in  Southampton V a te r  measured by 

Dyer (1982) was cons ide red  t o  be due to  i n t e r n a l  waves g e n e r a t e d  by  t h e  

p e r i o d i c  i n t r u s i o n  o f  t h e  p y c n o c l i n e  on t o  the  shal low shoa ls  t o  the 

s i d e s  o f  t h e  c h a n n e l .  Cannon (1969)  m e a s u re d  s i g n i f i c a n t  v e l o c i t y  

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

c a l c u l a t e d  c r o s s - e s t u a r y  s u r f a c e  s e i c h e .

I n  w e l l - m i x e d  e s t u a r i e s  s i g n i f i c a n t  l a t e r a l  g r a d i e n t s  in d e n s i t y  

can be gene ra ted  by d i f f e r e n t i a l  a d v e c t io n  o f  th e  l o n g i t u d i n a l  d e n s i t y  

g r a d i e n t .  T h i s  was f i r s t  n o te d  by Imberger (1976) and examined i n  more 

d e t a i l  by Smith (1980) .  Using t h i s  p r i n c i p l e  Nunes and  Simpson (1985)  

e x p l a i n e d  t h e  t r a n s v e r s e  c i r c u l a t i o n s  and d i s t i n c t  a x i a l  convergence 

which they  observed  i n  the  Conway e s t u a r y  in  N o r th  V a le s *  The c r o s s -  

e s t u a r y  s a l i n i t y  d i f f e r e n c e  and  a s s o c i a t e d  f lows o ccu r red  only  du r ing  

th e  f lood  t i d e  phase ,  and on ly  i n  t h e  r e g i o n  o f  t h e  e s t u a r y  where  t h e  

l o n g i t u d i n a l  g r a d i e n t s  a r e  l a r g e s t .  T r a n s v e r s e  v e l o c i t i e s  up t o  10 

am/*,  o r  20% o f  th e  a x i a l  v e l o c i t y ,  and h o r i z o n t a l  s a l i n i t y  d i f f e r e n c e s  

a c r o s s  the  200m wide channe l  o f  1 were measured.

In  c o n c lu s io n  t h e r e f o r e ,  t h i s  r e v i e w  o f  t h e  l i t e r a t u r e  h a s  shown 

t h a t  t h e r e  have been few s t u d i e s  o f  the  l a t e r a l  d e n s i t y  d i s t r i b u t i o n  in 

e s t u a r i e s ,  and e s p e o i a l l y  o f  t h e  changes  i n  d e n s i t y  w h ic h  o c c u r  on an 

i n t r a - t i d a l  t im e  s c a l e .  L a t e r a l  v a r i a b i l i t y  in  d e n s i t y  and v e l o c i t y
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may, h o w e v e r ,  be d y n a m i c a l l y  i m p o r t a n t ,  and  c h a r a c t e r i s t i c  o f  many 

e s t u a r i e s .

PART I I :  SMALL SCALE FRONTS

F r o n t s  a r e  w idespread  phenomena o f  ocean ic  sys tems .  They occnr  a t  

a l l  s c a l e s ,  from those  which a r e  hundreds  o f  k i l o m e t e r s  i n  l e n g t h  and 

p e r s i s t  f o r  m o n th s  a t  a t i m e ,  t o  t h o s e  o f  o n ly  a few hundred m e te r s ,  

found in  e s t u a r i e s  and o t h e r  sha l low c o a s t a l  a r e a s ,  whose e x i s t a n c e  can  

be v e ry  t r a n s i t o r y .

For  the  pu rposes  o f  t h i s  review on ly  ' s m a l l - s c a l e *  f r o n t s  w i l l  be 

c o n s i d e r e d .  Here ' s m a l l - s c a l e *  i s  t a k e n  to  mean t h a t  r o t a t i o n  does n o t  

p l a y  a major dynamical  r o l e  i n  e i t h e r  t h e  fo rm at ion  o r  m a i n t a i n e n c e  o f  

t h e  f r o n t s .  A f r o n t  i s  g e n e r a l l y  d e f in e d  a s  a boundary between wate r  

masses a c r o s s  which  t h e r e  i s  an a p p r e c i a b l e  g r a d i e n t  i n  d e n s i t y  and 

o t h e r  p h y s i c a l  p r o p e r t i e s .  S m a l l - s c a l e  f r o n t s  can be b ro a d ly  d iv id e d  

i n t o :

( i )  e s t u a r i n e  f r o n t s  -  o c c u r r in g  w i t h i n  e s t u a r i e s  

( i i )  plume f r o n t s  -  o c c u r r i n g  a t  t h e  b o u n d a r i e s  o f  b u o y a n t  o u t f l o w s

i s s u i n g  from the  mouths o f  r i v e r s  a n d /o r  e s t u a r i e s  

( i i i )  s h e l f - s e a  f r o n t s  -  o c c u r r i n g  a t  l o c a t i o n  a c r o s s  t h e  c o n t i n e n t a l

s h e l f  where t h e r e  i s  a t r a n s i t i o n  from a s t r a t i f i e d  

t o  a w ell -m ixed  regime.

T h i s  l a t t e r  t y p e  i s  c o n s i d e r e d  t o  be  q u a s i - g e o s t r o p h i c .  Beyond the  

s h e l f  and w i t h i n  th e  ocean a r e  o t h e r  ty p e s  o f  f r o n t s ,  eg,  b o r d e r i n g  th e
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G u l f  S t r e a m  and in  a s s o c i a t i o n  w i th  a r e a s  o f  upw e l l ing .  b u t  th e se  a r e  

a l l  o f  a much l a r g e r  s c a l e .

1 .  ESTUARINE FRONTS

Although f r o n t s  observed  w i th i n  e s t u a r i e s  appea r  t o  be v a r i e d ,  and 

p o s s i b l y  even s i t e - s p e c i f i c ,  they  a r e  a l l  c h a r a c t e r i z e d  by:

a .  an i n t r a - t i d a l  t ime s c a l e

b .  s p a t i a l  p r e d i c t a b i l i t y ,  which i s  sometimes due t o  a s trong  

b a th y m e t r i c  i n f l u e n c e  on t h e i r  l o c a t i o n .

The d e t a i l s  o f  t h e i r  dynam ics  a r e  d e t e r m i n e d  b y  t h e  c i r c u l a t i o n  and 

mixing o f  w a te r  masses w i t h i n  the  p a r t i c u l a r  e s t u a r y .

The p o s s i b l e  importance  o f  f r o n t s  t o  th e  c i r c u l a t i o n  o f  an e s t u a r y  

was f i r s t  no te d  by Godfrey and Pars low  (1975) who d e s c r ib e d  two k inds  o f  

f r o n t s  w i t h i n  t h e  P o r t  Hacking ( A u s t r a l i a )  e s t u a r y :  one which occurred  

on the  ebbing t i d e  when t h e  b a t h y m e t r i c a l l y  m o d i f i e d  t i d a l  c u r r e n t s  

b r o u g h t  d i s s i m i l a r  w a t e r  m a s s e s  t o g e t h e r ,  and a n o t h e r  which formed on 

th e  f l o o d i n g  t i d e  a t  t h e  b o u n d a r i e s  t o  i n n e r  b a s i n s .  T h es e  l a t t e r  

' r i s i n g - t i d e * f r o n t s  were f u r t h e r  s tu d i e d  by Huzzey (1982) who confirmed 

t h e i r  dynamics a s  be ing  due t o  the  incoming f lo o d  t i d e  e n t e r i n g  th e  more 

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

t h e  f r o n t  was found  t o  be  d e p e n d a n t  on t h e  w a t e r  d e p t h  and d e n s i t y  

d i f f e r e n c e  between th e  two w a te r  masses .

A s i m i l a r  t i d a l l y - i n d u c e d  f r o n t  in  th e  S a in t  Law rence  e s t u a r y  was 

s t u d i e d  b y  In g ra m  ( 1 9 7 6 ) .  T h e r e  i t  was found t h a t  a s h a rp ly  de f in e d
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boundary,  marked by a c o l o r  c h a n g e  and d e n s i t y  d i f f e r e n c e  o f  up t o  5 
3

kg/m , moved l a t e r a l l y  a c r o s s  t h e  e s t u a r y  w i th in  the  f i r 6 t  hour a f t e r  

h ig h  t i d e .  This  b o u n d a r y  e x t e n d e d  8-10m be low th e  s u r f a c e  and i t ' s  

f i n a l  p o s i t i o n  a p p e a r e d  t o  be  l i m i t e d  by b a t h y m e t r y .  C o n v e r g e n t  

v e l o c i t i e s  o f  4 5 -5 0  cm /s  w ere  r e c o r d e d .  I t  was  c o n c l u d e d  t h a t  t h e  

d r i v i n g  mechanism was th e  c r o s s  shannel  p r e s s u r e  g r a d i e n t  r e s u l t i n g  from 

t i d a l  h e i g h t  i n e q u a l i t y .

I n  s h a l l o w e r  and  p a r t i a l l y - m i x e d  e s t u a r i e s  f r o n t s  a r e  f r e q u e n t l y  

found bo rde r ing  s h o a l s  and o t h e r  b a t h y m e t r i c  f e a t u r e s .  An e x t e n s i v e  

n e t w o r k  o f  such f r o n t s ,  which may be te rmed ' l o n g i t u d i n a l * ,  can be seen 

in th e  Delaware Bay. O bse rva t ions  by Klemas and P o l i s  (1977)  r e v e a l e d  

t h a t  some o f  the se  f r o n t s  may ex tend  fo r  many m i l e s  p a r a l l e l  t o  the  ax i s  

o f  th e  B a y ' s  c h a n n e l s .  I n  t h e  v i c i n i t y  o f  th e  s u r f a c e  f r o n t  s a l i n i t y  

g r a d i e n t s  o f  4/m and  c o n v e r g e n t  v e l o c i t i e s  o f  10 cm/s were r e c o rd e d .  

T h e r e  a p p e a r e d  t o  be  a change  b e t w e e n  v e r t i c a l l y  w e l l - m i x e d  a n d  

s t r a t i f i e d  c o n d i t i o n s  a c r o s s  t h e  f r o n t a l  z o n e ,  t h e  f r o n t a l  boundary 

merging i n t o  the  normal pycnool ine  a t  d e p t h .  S e q u e n t i a l  mapping,  u s i n g  

L a n d s a t  images,  showed t h a t  t h e r e  a r e  g r e a t  changes i n  t h e  p o s i t i o n s  o f  

th e s e  f r o n t s  over  one  h o u r  p e r i o d s ,  i n d i c a t i n g  r a p i d  g e n e r a t i o n  and  

decay ,  and t h a t  t h e i r  l o c a t i o n  appeared  t o  be r e l a t e d  t o  t h e  ba thym etry .  

A e r i a l  photography and s a t e l l i t e  imagery were used  to  d e l i n e a t e  f r o n t a l  

zones in  t h e  James R iv e r  and lowere  Chesapeake Bay (N icho ls  e t  a l . , 1 9 7 2 ,  

N i c h o l s , 1975).  Measurements o f  t h e  wate r  p r o p e r t i e s  in  t h e  v i c i n i t y  o f  

t h e s e  b o u n d a r i e s  r e v e a l e d  no  marked  d i s c o n t i n u i t y  i n  t em pera tu re  and 

s a l i n i t y .  I t  was n o t e d  how ever  t h a t  t h e s e  f e a t u r e s  r e c u r r e d  a t  

comparable s t a g e s  o f  s u c c e s s iv e  t i d e s  and i n  s i m i l a r  p o s i t i o n s .
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Within  th e  s m a l l e r  and f r e q u e n t ly  wel l -m ixed  e s t u a r i e s  a round th e  

U n i t e d  K in g d o m  tw o  o t h e r  e x a m p l e s  o f  e s t u a r i n e  f r o n t s  have b een  

observed* b o th  o f  w h ic h  o c c u r  d u r i n g  f l o o d  t i d e .  Simpson and Nunes 

(1981)  d e s c r i b e  a ' t i d a l  i n t r u s i o n ’ f r o n t  which occurs  a t  the mouth o f  

the  R ive r  S e i o n t  a s  t h e  incoming t i d e  s tems the down-es tuary  f re sh  wate r  

f low. The s u r f a c e  f r o n t  i s  V shaped and ex ten d s  a c r o s s  t h e  e n t i r e  w id th  

o f  t h e  e s t u a r y .  C o n v e r g e n t  v e l o c i t i e s  o f  15 cm /s  and a c h a n g e  i n  

s a l i n i t y  o f  up to  30 a c r o s s  th e  f r o n t a l  zone were r e c o rd e d .  Upstream o f  

t h e  f r o n t  the  flow i s  two l a y e re d  and a s i m p l i f i e d  two-dimensional  model 

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

c u r r e n t ,  was deve loped .  I n  c o n t r a s t  t o  t h i s  t y p e  o f  f r o n t  an ' a x i a l  

c o n v e r g e n c e  zone '  has been found in  s e v e r a l  well -mixed e s t u a r i e s  (Nunes 

and Simpson,1985 Simpson and T u r r e l l* 1 9 8 5 )  . This  forms as a r e s u l t  o f  

t r a n s v e r s e  d e n s i t y  g r a d i e n t s  produced b y  the  non-uniform advec tion  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  along t h e  e s t u a r y .  I t  only  occurs  in  

t h e  l a t t e r  p a r t  o f  th e  f lood  cycle* and i n  r e g io n s  o f  th e  e s tua ry  where 

t h e  l o n g i t u d i n a l  d e n s i t y  g r a d i e n t  i s  the  g r e a t e s t .  A d i a g n o s t i c  model  

o f  t h i s  l a t e r a l  c i r c u l a t i o n  was developed  and v e r i f i e d  us ing  f i e l d  d a t a  

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

Convergent v e l o c i t i e s  o f  up t o  20 cm/s were  measured.

2 . PLUME FRONTS

As th e  r e l a t i v e l y  f r e s h e r  w a te r  d i s c h a r g e s  from an e s tu a ry  o r  r i v e r  

mouth i n t o  t h e  a d j a c e n t  c o a s t a l  o c e a n  i t  f r e q u e n t l y  forms  a plume o r  

c o a s t a l  j e t ,  a t  t h e  b o u n d a r i e s  o f  w h i c h  f r o n t s  can  be found. These 

b oundar ie s  a r e  o f t e n  s t r i k i n g l y  appa re n t  due to  the  d i f f e r e n c e  in  c o l o r
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and t u r b i d i t y  b e t w e e n  the  plume and ambient c o a s t a l  w a te r .  Wright and 

Coleman (1971) noted the  appa re n t  convergence a s s o c i a t e d  w i th  t h e  plume 

b o u n d a r y  o f  t h e  M i s s i s s i p p i  R i v e r .  E x t e n s i v e  i n v e s t i g a t i o n s  o f  the 

f r o n t a l  zone o f  the  C onnec t icu t  R iv e r  plume (G arv ine ,1974 ,  Garvine,1977,  

Garvine and Monk,1974) have r e v e a l e d  convergent  v e l o c i t i e s  up t o  50 cm/s
3

and a change i n  d e n s i t y  a c r o s s  the  su r faoe  f r o n t  o f  up t o  9 kg/m . The 

f r o n t a l  b o u n d a r y  a p p e a r e d  s i n o u s .  B e n e a th  t h e  s u r face  the  i n t e r f a c e  

s loped  downward over  a h o r i z o n t a l  d i s t a n c e  o f  th e  o rd e r  o f  50m u n t i l  i t  

a t t a i n e d  a d e p t h  o f  1 t o  2 m e t r e s .  Beyond t h a t  t h e  i sopycna ls  were 

approx im ate ly  l e v e l  and  i t  was t h e r e f o r e  p o s t u l a t e d  t h a t  t h e  c r o s s -  

f r o n t a l  c i r c u l a t i o n  i s  g e n e r a t e d  by th e  h o r i z o n t a l  p r e s s u r e  g r a d i e n t s  

w i t h i n  t h e  f r o n t a l  z o n e ,  c o n t i n u i t y  b e i n g  m a i n t a i n e d  by a downward 

v e r t i c a l  mass f lu x  a c r o s s  th e  i n t e r f a c e .  Bowman (1978) observed f r o n t a l  

zones su r round ing  th e  Hudson Rive r  plume a c r o s s  which t h e r e  was a change 

in  s a l i n i t y  o f  5 .  S t u d ie s  o f  the G rea t  Whale R ive r  plume (Ingram, 1981) 

showed i t  t o  be c h a r a c t e r i z e d  by a t h i c k n e s s  o f  l -2m  and  v e r y  s t r o n g  

h o r i z o n t a l  and  v e r t i c a l  s a l i n i t y  g r a d i e n t s  in  th e  f r o n t a l  zone.A more 

f i n e  s c a l e d  s e t  o f  measurements a c r o s s  a f r o n t a l  zone a s s o c i a t e d  w i t h  

t h e  C o l l i e  R i v e r  o u t f l o w  ( B r u b a k e r ,  1982)  r e v e a l e d  l a r g e  am p l i tude  

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

e n e r g y  g e n e r a t e d  b y  wind  s t i r r i n g  and i n t e r f a c i a l  s h e a r ,  Analagous 

plume f r o n t s  may be found w i t h i n  e s t u a r i e s  fo l low ing  a p e r io d  o f  in tense  

r a i n f a l l  ( G o d f r e y  a n d  P a r s l o w , 1 9 7 5 ,  Wolanski  and C o l l i s , 1 9 7 6 ) . These 

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

days.
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3 .  SHBLF-SEA FRONTS

Beyond t h e  v i c i n i t y  o f  e s t u a r i e s  and  r i v e r s  and t h e i r  b r a c k i s h

e f f l u e n t s ,  a n o t h e r  type o f  s m a l l - s c a l e  f r o n t  can  b e  fonnd  w i t h i n  t h e

r e l a t i v e l y  s h a l l o w  c o n t i n e n t a l  s h e l f  s e a s .  These ’ s h e l f - s e a ’ f r o n t s

were f i r s t  n o te d  by Simpson (1971) who o b s e r v e d  t h a t  a r e g i o n  o f  weak

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

summer m o n t h s ,  and boun d ed  by  marked  t e m p e r a t u r e  f r o n t s .  T h i s  was

f u r t h e r  i n v e s t i g a t e d  by  Simpson and H u n t e r  (1974)  who u s e d  r e m o t e

sens ing  t e c h n iq u e s  p l u s  sh ip  su rveys  t o  map th e  p o s i t i o n s  o f  r e g i o n s  o f

maximum s u r f a c e  t e m p e r a t u r e  g r a d i e n t .  These r e g io n s  were found t o  be

s i m i l a r l y  l o c a t e d  on a l l  su rveys  and c o r r e s p o n d  t o  b o u n d a r i e s  b e t w e e n

s t r a t i f i e d  and v e r t i c a l l y - m i x e d  w a t e r  m a s s e s .  They hypo thes i sed  t h a t

t h i s  t r a n s i t i o n  b e t w e e n  s t r a t i f i e d  and  u n s t r a t i f i e d  r e g i m e s  was

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

m a th m a t ica l ly  by c o n s id e r i n g  the  r a t i o  between the buoyancy input  in  the

form o f  s o l a r  h e a t i n g  and t h e  k i n e t i c  en e rg y  gene ra ted  on the bed by

t i d a l  m ot ion .  When s i m p l i f i e d ,  t h i s  model  p r e d i c t e d  t h a t  a c r i t i c a l
s

v a l u e  o f  t h e  pa ram e te r  h / u  (where h=water  dep th  and u-ampl i tude  o f  the  

t i d a l  v e l o c i t y )  should mark the  d i v i s i o n  between a mixed and s t r a t i f i e d  

w a t e r  c o l u m n .  Happing  v a l u e s  o f  t h i s  pa ram e te r  f o r  the  I r i s h  Sea they  

found t h a t  a  v a l u e  o f  65-100 co r re sponded  t o  t h e  o b s e r v e d  p o s i t i o n  o f  

f r o n t s .

I n v e s t i g a t i o n s  o f  a s i m i l a r  f r o n t  in  t h e  E n g l i s h  Channel by P i n g e e  

e t  a l .  (1974 )  showed t h a t  t h e  w a t e r  on e i t h e r  s i d e  o f  the  f r o n t  was 

d i f f e r e n t i a t e d  by t e m p era tu re  and s a l i n i t y ,  and t h e  f r o n t a l  b o u n d a r y
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i t s e l f  v e r y  t u r b u l e n t  and  s in u o u s #  w i t h  w a v e l e n g t h s  o f  the  o r d e r  o f

100m. Convergent v e l o c i t i e s  o f  a p p r o x i m a t e l y  25 cm /s  were e s t i m a t e d

f rom d ro g u e  s t u d i e s  and# due  t o  t h e  l a c k  o f  s t ro n g  along f r o n t  flow#

th e y  concluded t h a t  t h e  dynamic b a l a n c e  i n  t h e  f r o n t a l  r e g i o n  was n o t

s i m p l y  g e o s t r o p h i c .  However subsequen t  s t u d i e s  by  Siiqpson (1976) and

Simpson e t  a l . ( 1 9 7 9 )  r e v e a l e d  t h e  p r e s e n c e  o f  r e s i d u a l  a l o n g - f r o n t

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

g e o s t r o p i c  shea r  i n f e r r e d  from t h e  d e n s i t y  g r a d i e n t .  T h es e  s t u d i e s
*

c o n f i r m e d  t h a t  t h e  l o c a t i o n  o f  s u c h  f r o n t s  d o e s  conform t o  the  h /u  

model# even though in  the i n s t a n c e  o f  t h e  I s l a y  f r o n t  (S impson  e t  a l . #  

1979)#  t e m p e r a t u r e  p l a y s  a s e c o n d a ry  r o l e  in  c o n t r o l l i n g  the  d e n s i t y .  

T h i s  s tudy a d d i t i o n a l l y  showed t h a t  th e  d i s t r i b u t i o n  and  c o n c e n t r a t i o n  

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

p h y s i c a l  s t r u c t u r e .  S h e l f - s e a  f r o n t s  have  a l s o  b e e n  found  i n  t h e  

E a s t e r n  B e r i n g  S e a  w h e r e  S c h u m a c h e r  e t  a l .  (1979 )  i d e n t i f i e d  a 

p e r s i s t a n t  f r o n t  p a r a l l e l  t o  t h e  50m i s o b a t h  d u r i n g  t h e  i c e - f r e e  

s e a s o n s #  s e p a r a t i n g  a w e l l - m i x e d  c o a s t a l  domain  f rom a two l a y e re d  

c e n t r a l  s h e l f  domain.

Remote s e n s i n g #  p a r t i c u l a r l y  by  IR imagery, has  proved u s e f u l  in  

n o t  on ly  mapping the  p o s i t i o n  o f  t h e s e  f r o n t s  b u t  a l s o  i d e n t i f y i n g  l a rg e  

s c a l e  (20-40km) c y c l o n i c  e d d i e s  w h ic h  a r e  t h o u g h t  t o  p la y  a r o l e  in  

c r o s s - f r o n t a l  mixing (P in g r e e ,  1978) .  S im pson  and Bowers  (1979 )  u s e d  

t h i s  t e c h n i q u e  t o  i n v e s t i g a t e  th e  e x t e n t  t o  whioh t h e  mean p o s i t i o n  o f  

such f r o n t s  a d j u s t s  t o  v a r i a t i o n s  in  b o th  the  r a t e  o f  t i d a l  m i x in g  and 

s u r f a c e  h e a t  f l u x .  They  found  t h a t  t h e s e  f r o n t s  move v e r y  l i t t l e , ^  

s u g g e s t in g  th e  e x i s t e n c e  o f  a feedback  mechanism. In  t h i s  way# once tife
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s t r a t i f i c a t i o n  i s  e s t a b l i s h e d  t h e  e f f i c i e n c y  o f  mixing i s  reduced,  so 

t h a t  even when i n c r e a s e d  t i d a l  s t i r r i n g  o c c u r s  a t  s p r i n g  t i d e s ,  t h e  

s t r a t i f i e d  c o n d i t i o n  p e r s i s t s .  Schumacher e t  a l .  (1979) sugges t  t h a t  

such a feedback mechanism i s  im por tan t  t o  th e  p r o c e s s  o f  f r o n t o g e n e s i s  

i n  t h e  E a s t e r n  B e r i n g  S e a .  F i e l d  i n v e s t i g a t i o n s  o f  the  s t r u c t u r e  o f  

s h e l f - s e a  f r o n t s  u s i n g  an u n d u l a t i n g  towed CTD ( A l l e n ,  Simpson  and 

C a r s o n ,  1980)  have  c o n f i r m e d  t h a t  a l th o u g h  the  f r o n t a l  s t r u c t u r e  does 

respond t o  t h e  s e m i - d i u r n a l  t i d a l  c y c l e  i t ’ s mean p o s i t i o n  r e m a i n s  

c o n s t a n t  and i t  i s  n o t  a f f e c t e d  by th e  n e a p - s p r in g  c y c l e .

4 .  MODELS OF SMALL-SCALE FRONTS

Many a t t e m p t s  have b e e n  made t o  c h a r a c t e r i z e  t h e  observed sm a l l -  

s c a l e  f r o n t a l  s t r u c t u r e s  by m a thm at ica l  m o d e l s .  Most  such  m ode ls  a r e  

concerned  w i th  e i t h e r  s h e l f - s e a  o r  plume f r o n t s  whose dynamics appea r  to  

be more c o n s i s t e n t  and more e a s i l y  g e n e r a l i s e d  th a n  th o s e  o f  ' e s t u a r i n e '  

f r o n t s .

Following h i s  f i e l d  i n v e s t i g a t i o n s  o f  t h e  C o n n e c t i c u t  B i v e r  plume 

G a r v in e  (1974 )  d e v e l o p e d  an  i n t e g r a l  and s t e a d y  s t a t e  two-d imensiona l  

model o f  plume f r o n t s .  I n  t h i s  m ode l  he p r e s c r i b e s  t h e  form o f  t h e  

v e r t i c a l  d e n s i t y  and  v e l o c i t y  v a r i a t i o n  and assumes t h a t  the  d r iv i n g  

fo rc e  fo r  th e  motion i s  the  h o r i z o n t a l  p r e s s u r e  g r a d i e n t  g e n e r a t e d  i n  

t h e  f r o n t a l  zone by  t h e  s l o p i n g  f r e e  s u r f a c e  and i s o p y c n a l s .  Th i s  

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

i n t e r f a c i a l  f r i c t i o n  and mass e n t r a in m e n t .  T h i s  model a l s o  showed the  

s t ro n g  convergence a t  th e  su r f a c e  f r o n t  and a s s o c i a t e d  downwelling along
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t h e  in c l in e d  f r o n t a l  i n t e r f a c e  which had been observed  i n  the f i e l d .  I t  

was found t h a t  an o v e r a l l  dynamic  b a l a n c e  c o u l d  be a c h i e v e d  when t h e  

f r o n t a l  system advanced in to  t h e  ambien t  f l u i d  a t  a speed which made the 

bu lk  Richardson  niunber o f  o r d e r  one.

T h i s  i n t e g r a l  model  was  s u b s e q u e n t l y  expanded t o  i n c o rp o ra te  the  

e f f e c t s  o f  r o t a t i o n  and w in d  s t r e s s  ( G a r v i n e .  1 9 7 9 a .  1 9 7 9 b ) .  The  

p r e d i c t e d  c i r c u l a t i o n  then c o n t a in e d  a j e t  o f  v e l o c i t y  p a r a l l e l  t o  the  

f r o n t  w i th  speeds below g e o s t r o p h i c  v a l u e s ,  a s  w e l l  a s  t h e  t w o - s i d e d  

c o n v e r g e n c e  and s in k in g  normal t o  t h e  f r o n t .  The model was compared to  

f i e l d  o b s e rv a t io n s  o f  f r o n t s  o f  v a r i o u s  s c a l e s  rang ing  from r i v e r  plume 

f r o n t s  t o  th e  Gulf  Stream f r o n t .  U n fo r tu n a t e ly  th e se  f i e l d  obse rva ions  

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

p r o f i l e ,  so  t h e  model  was n o t  r i g o r o u s l y  t e s t e d .  T h i s  c o n c e p t  was 

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

e q u a t i o n  ( G a r v i n e ,  1 9 8 0 )  w h i c h  was  u s e d  t o  e v a l u a t e  t h e  v a r i o u s  

com ponen ts  o f  t h e  p o t e n t i a l  and k i n e t i c  e n e r g y  e q u a t i o n s  f o r  t h e  

d i f f e r e n t  s c a l e  f r o n t s .  T h i s  m ode l  showed t h a t  t h e  d i r e c t i o n  o f  

t u r b u l e n t  mass en t ra in m e n t  i s  always downward. I t  shou ld  be n o t e d  t h a t  

a l l  o f  the se  models developed by Garv ine  p e r t a i n  on ly  t o  the  hydrography 

o f  e s t a b l i s h e d  and  p e r s i s t a n t  f r o n t s .  T h e y  do n o t  o o n s i d e r  t h e  

mechanisms o f  f r o n t o g e n e s i s .

A markedly d i f f e r e n t  a p p r o a c h  t o  m o d e l l i n g  o f  plume f r o n t s  was 

t a k e n  by  Kao e t . a l . ( 1 9 7 7 )  who n u m e r i c a l l y  s o l v e d ,  v i a  an  i n i t i a l  

boundary v a l u e  p r o b l e m ,  t h e  f u l l  t w o - d i m e n s i o n a l  N a v i e r - S t o k e s  and 

d i f f u s i o n  e q u a t i o n s .  A t u r b u l e n c e  model u s i n g  t h e  Hunk—Anderson
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p a r a m e t e r i z a t i o n  f o r  d e n s i t y  s t r a t i f i c a t i o n  was i n c l u d e d .  The r e s u l t s  

showed t h a t  the  p lum e  propagates  a s  a g rav i ty  c u r r e n t ,  with a f ro n t  a t  

i t ' s  o u t e r  boundary ,  a n d  a t t a i n s  a  c o n s t a n t  v e l o c i t y  w i th  magnitude  

dependant  on the d e n s i m e t r i c  Fronde number of  t h e  in f low .  The s t r u c t u r e  

w i t h i n  t h e  plume showed t h e  f e a t u r e s  o f  a h e a d w a v e  w i t h  s h o a l i n g  

i s o p y c n a l s  towards t h e  s u r face  f r o n t ,  downwelling c i r c u l a t i o n  and a two- 

s id e d  s u r f a c e  c o n v e r g e n t  f low a t  t h e  f r o n t .  T h e s e  r e s u l t s  compare 

f a v o u r a b l y  w i th  t h e  f i e l d  o b s e r v a t i o n s  of  Garvine and Honk (1974) and 

i n c i d e n t a l l y  help j u s t i f y  some o f  t h e  a s s u m p t i o n s  made in  tho s t e a d y  

s t a t e  m ode l  o f  Garvine  (1974) .  I n  t h i s  model t h e  e v a lu a t io n  of f r o n t a l  

speed u t i l i z e s  i n v i s c i d  theory  b u t  t h e  o the r  a s p e c t s  (confluence a t  t h e  

f r o n t ,  u p w e l l i n g / d o w n w e l l i n g  e t c )  depend on f r i c t i o n .  In addi t ion  to  

d e s c r i b i n g  the s p re a d in g  d en s i ty  c u r r e n t ,  t h i s  model c o n t r ib u te s  t o  o u r  

u n d e r s t a n d in g  of  th e  dynamics o f  e s t a b l i s h m e n t  o f  t h e  f r o n t  i t s e l f .

I n c l u s i o n  o f  t h e  e f f e c t s  o f  r o t a t i o n  and a m b i e n t  s t r a t i f i c a t i o n  

(K ao  e t . a l . , 1 9 7 8 )  showed t h a t  t h e  d e f l e c t i o n ,  due  t o  the C o r i o l i s  

e f f e c t ,  o f  t h e  fo w a rd  m o t io n  o f  t h e  buoyancy c u r r e n t  d e c r e a se s  t h e  

fo w a rd  s p e e d  o f . t h e  f r o n t .  Vhen s t e a d y  s t a t e  i s  achieved the f r o n t  

becomes s t a t i o n a r y  r e l a t i v e  to  the  ambien t  f l u i d  and  e x h i b i t s  a s t r o n g  

b a r o e l i n i e  a l o n g - f r o n t  j e t  in  a d d i t i o n  t o  s u r f a c e  convergence and 

downwell ing a t  the f r o n t .  I t  was a l s o  found t h a t  i n t e r n a l  waves c o u l d  

be fo rm e d  d u r i n g  f r o n t a l  p r o g r e s s i o n  when the downwelling j e t  impinges 

on t h e  the rm o e l in e .

I n  c o n t r a s t  t o  h i s  e a r l i e r  ( a n d  m a t h e m a t i c a l l y  c o m p le x )  

thermodynamic model o f  upper  ocean d e n s i t y  f r o n t s  G a r v in e  (1981,1982)
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p r o p o s e d  t h a t  b u o y a n t  p lum es  c o u l d  be d i v e d e d  i n t o  two domains -  a 

f r o n t a l  domain where d i s s i p a t i v e  e f f e c t s  a r e  im por tan t  and an i n t e r i o r  

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

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

t r e a t e d  a s  moving d i s c o n t i n u i t y  a c r o s s  which the flow p r o p e r t i e s  are 

r e l a t e d  b y  th e  a p p r o p r i a t e  jump c o n d i t i o n s .  T h i s  a p p r o a c h ,  w h i c h  

n e g l e c t s  r o t a t i o n ,  was used  t o  model the  s t e a d y  s t a t e  flow produced by 

the  s u p e r c r i t i c a l  out f low o f  b u o y a n t  w a t e r  i n t o  c o a s t a l  w a t e r  w i t h  a 

uniform a longshore  c u r r o n t .  The r e s u l t s  were considered  t o  e x p l a in  many 

observed  f e a t u r e s  o f  the Connect icu t  River plume. O'Donnell  and Garvine 

(1983)  deve loped  a numerica l  scheme to  inc lude  time dependance in to  the 

governing eq u a t io n s  and Garvine (1984) used t h i s  model t o  i n v e s t i g a t e  

t h e  mechanism f o r  t h e  fo rmat ion  o f  m u l t i p l e  r i n g s  of  f ro n t s  which have 

been observed in  some shal low buoyant plumes.

S t i g e b r a n d t  (1980) c o n s i d e r e d  t h e  p r o b l e m  o f  the  motion o f  non­

r o t a t i n g  plume f r o n t s  in  terms o f  h y d r a u l i c  t h e o ry .  I t  was assumed t h a t  

t h e  v e l o c i t y  o f  t h e  f r o n t  and dep th  o f  the  l a y e r  ups tream o f  the  f ron t  

i s  c o n t r o l l e d  by a t r a n s i t i o n  s e c t i o n  beh ind th e  c u r r e n t  head where  t h e  

R i c h a r d s o n  number becomes c r i t i c a l .  The dynamics  o f  t h e  h e a d ,  o r  

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

c u r r e n t ,  a l t h o u g h  t h i s  zone  i s  t h e  s i t e  o f  i n t e r f a o i a l  mixing which 

g e n e r a t e s  the  observed convergent  c i r c u l a t i o n  n e a r  the  f r o n t .  Thus t h e  

secondary  c i r c u l a t i o n  i s  viewed as be ing  superimposed on the  f i r s t  o rde r  

h y d r a u l i c  motion o f  the  f ron t*
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Models o f  th e  s h e l f - s e a  f r o n t s  have l a r g e l y  fo l lowed the  p o s t u l a t e  

o f  Simpson and Hunte r  (1974) t h a t  t h e s e  f r o n t s  occur  where t h e  r a t i o  o f  

k i n e t i c  and p o t e n t i a l  energy  w i t h i n  the  w ate r  column a t t a i n s  a c r i t i c a l  

v a l u e .  Th is  ' s t r a t i f i c a t i o n  p a r a m e t e r '  was con toured  over  a p a r t  o f  the 

B r i t i s h  c o n t i n e n t a l  s h e l f  by  Fearnhead  (1975) who found a c r i t i c a l  va lue  

o f  2 . 0  -  2 . 5 ,  d e p e n d i n g  o n  l a t i t u d e .  P i n g r e e  and G r i f f i t h s  (1978)  

u n d e r t o o k  s i m i l a r  c o n t o u r i n g  on t h e  e n t i r e  s h e l f  s ea s  sur rounding  the  

B r i t i s h  I s l e s  and ,  by  c o m p a r i s o n  w i t h  i n f r a r e d  s a t e l l i t e  im ages  and 

o b s e r v a t i o n a l  d a t a  o b t a i n e d  a c r i t i c a l  v a lu e  o f  1 . 5 .  The mixing model 

was extended by Simpson, A l l e n  and Morris  (1978) t o  i n c l u d e  t h e  e f f e c t  

o f  wind mixing .  Thus they  c o n s id e r  th e  o v e r a l l  p o t e n t i a l  energy  ba lance  

o f  the  w a te r  column t o  be t h e  sum o f  the  s t a b i l i z i n g  f o r c e  o f  b u o y an cy  

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

and wind mixing .  Th i s  model assumes a c o n s t a n t  ' e f f i c i e n c y ’ o r  r a t e  o f  

c o n v e r s i o n  o f  k i n e t i c  e n e r g y ,  from wind o r  t i d a l  mixing ,  t o  p o t e n t i a l  

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

o s c i l l a t e  o v e r  t h e  n e a p - s p r in g  t i d a l  c y c l e .  However o b s e rv a t io n s  have 

sugges ted  the  ocourrance  o f  a feedback  mechanism whereby t h i s  e f f i c i e n c y  

i s  i n f l u e n c e d  by  t h e  e x i s t i n g  l e v e l  o f  s t r a t i f i c a t i o n .  A ccord ing ly  

S im pson  and Bow ers  (1981 )  m o d i f i e d  t h e  e n e r g y  m o d e l  t o  a l l o w  f o r  

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

s u c c e s s f u l l y  p r e d i c t  the  mean p o s i t i o n s  o f  s h e l f - s e a  f r o n t s ,  they  do n o t  

p r e d i c t  t h e  d e t a i l e d  s t r u c t u r e  o f  t h e  f r o n t ,  and o o n s id e r  o n ly  v e r t i c a l  

mixing p r o c e s s e s .  The c i r c u l a t i o n  i n  the  f r o n t a l  zone was ■ i n v e s t i g a t e d  

b y  James  (1978) i n  a tw o-d im ens iona l  num eri ca l  model .  By i n c o rp o r a t i n g  

b o th  f r i c t i o n  and C o r i o l i s  f o r c e  he  showed t h a t  c o n v e r g e n t  f lo w  and
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u p w e l l i n g  can occu r  a t  the  t r a n s i t i o n  between well -m ixed  and s t r a t i f i e d  

w a te r  masses .

Assuming n o n - r o t a t i n g  and  f r i c t i o n l e s s  f low Nof (1979) proposed 

t h a t  the  mutual  i n t r u s i o n  ( d r i v e n  by p r e s s u r e  g r a d i e n t s )  o f  water  bod ie s  

w h ic h  had  b e e n  e x p o s e d  t o  v a r y i n g  d e g r e e s  o f  v e r t i c a l  m ix ing  could 

g e n e r a t e  r e g i o n s  o f  s t r o n g  h o r i z o n t a l  d e n s i t y  g r a d i e n t s .  T h e s e  

p r e d i c t i o n s  were t e s t e d  v i a  a ta n k  exper iment and the  d e n s i t y  s t r u c t u r e  

produced was found to  be s i m i l a r  t o  t h a t  observed  in  s h e l f  s e a s .  I t  was 

s u g g e s t e d  t h a t  t h i s  mechanism may a l s o  g e n e r a t e  e s t u a r i n e  f r o n t s .  This  

co n ce p t  was e l a b o r a t e d  upon by  Wang (1984)  u s i n g  a t w o - d i m e n s i o n a l  

n u m e r i c a l  m o d e l .  The f low a d j u s t m e n t  between two i n i t i a l l y  sepa ra ted  

w a te r  masses o f  d i f f e r e n t  d e n s i t y  was found  t o  g e n e r a t e  a s u r f a c e  and 

bottom f r o n t  p ro p ag a t in g  in  o p p o s i t e  d i r e c t i o n s  and s trong r e c i r c u l a t i o n  

in  the  f r o n t a l  zone .  In c lu d in g  v i s c o s i t y  slowed th e  f r o n t a l  p ropaga t ion  

and i n c l u d i n g  r o t a t i o n  g e n e r a t e d  a b a r o c l i n i c  a l o n g - f r o n t  j e t .  The 

in s t a n c e  o f  a s lo p in g  bed was a l s o  c o n s id e re d .  I n  the  n o n - r o t a t i n g  case  

i t  w as  shown t h a t  t h e  f lo w  a d j u s t m e n t  w i l l  be  a f f e c t e d  dow nslope  

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

t h e  d eep  w a t e r  i s  t h e  same a s  i n  t h e  f l a t  b o t t o m  c a s e .  However th e  

shoreward p r o p a g a t io n  o f  the  bottom f r o n t  i s  r e t a r d e d  by g r a v i t y .  Thus,  

b e c a u s e  t h e  h e a v i e r  w a t e r  c a n n o t  i n t r u d e  i n t o  t h e  sha llow r e g io n ,  a 

s t a t i o n a r y  f r o n t  i s  formed a t  t h e  b re a k  in  s lo p e .  The f i n d i n g s  o f  t h i s  

mode l  were  shown t o  compare f a v o u ra b ly  w i th  o b s e r v a t i o n s  o f  the  f r o n t a l  

s t r u c t u r e  and mean southward c u r r e n t  a s s o c i a t e d  w i t h  t h e  New E n g la n d  

s h e l f - s l o p e  f r o n t .



To d a t e ,  no numerical  models  have b e e n  d e v e l o p e d  t o  s p e c i f i c a l l y  

exam ine t h e  dynamics o f  the  type  o f  e s t u a r i n e  f r o n t s  cons idered  in  t h i s  

s tu d y .  There  have been many o b s e r v a t i o n s  o f  such ' l o n g i t u d i n a l  f r o n t s ' ,  

most  n o t a b l y  by Klemas and P o l l s  (1977) in  the  Delaware Bay. However 

the  c o n d i t i o n s  a s s o c i a t e d  w i t h  t h e i r  f o r m a t i o n  and m a i n t a i n e n c e  a r e  

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

p o s s i b l e  f r o n to g e n e s i s  mechanisms,  in  c o n ju n c t io n  w i th  a d e t a i l e d  s t u d y  

o f  t h e  i n t r a - t i d a l  l a t e r a l  v a r i a t i o n  in  v e l o c i t y  and d e n s i t y  a c r o s s  the  

York R ive r  e s t u a r y .



I I I .  LATERAL DENSITY DISTRIBUTION

A. METHODS

A s e r i e s  o f  e x p e r i m e n t s  was conduoted w i th  th e  aim o f  documenting 

the  v a r i a b i l i t y  o f  the l a t e r a l  d e n s i t y  s t r u c t u r e  a c r o s s  t h e  York R i v e r  

th roughout a t i d a l  c y c l e .

S ix  s t a t i o n s ,  m a rk e d  by b u o y s ,  were s e t  up a c r o s s  t h e  s t u d y  

t r a n s e c t  ( s e e  F i g . 3 . 1 ) .  A v e r t i c a l  CTD c a s t ,  u s i n g  a c o n t i n u o u s l y  

r eco rd ing  Nei l-Brown CTD, was made a t  each  s t a t i o n  o nce  e v e r y  h o u r .  

Only  one b o a t  was u s e d ,  t h u s  t h e  s t a t i o n s  were sampled s e q u e n t i a l l y ,  

a l w a y s  s t a r t i n g  a t  s t a t i o n  1 .  The  t r a n s e c t  t o o k  a p p r o x i m a t e l y  15 

m i n u t e s  t o  com ple te .  Each days sampl ing  was t imed  t o  s t a r t  a t  the  time 

o f  p r e d i c t e d  s l a c k  t i d e .  With t h e  e x c e p t i o n  o f  two t i d a l  c y c l e s ,  t h e  

f lood  and ebb p o r t i o n s  o f  t h e  t i d a l  cy c l e  were sampled on s e p a ra t e  days .

P rev ious  s t u d i e s  ( H a a s , 1977 ,  R u z e c k i  and  E v a n s , 1986)  have  shown 

t h i s  e s t u a r y  t o  undergo  a n e a p - s p r i n g  v a r i a t i o n  in  s t r a t i f i c a t i o n .  To 

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

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

p r e d i c t e d  s p r i n g ,  mean and neap t i d e s .  For th e  p u r p o s e s  o f  t h i s  s t u d y  

the  t i d a l  range  was d iv i d e d  in  t h e  fo l lowing  way:

s p r ing  -  t i d a l  range o f  g r e a t e r  t h a n  or  equa l  t o  0 .8  mete rs  

mean -  t i d a l  range o f  0 .7  o r  0 . 6  meters
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neap -  t i d a l  range o f  l e s s  than  o r  equa l  t o  0 .5  meters

S am pl ing  was r e p e a t e d  on s e v e r a l  o c c a s i o n s  f o r  e a c h  t i d a l  r a n g e  

c o n d i t i o n  t o  enab le  a more g e n e r a l i z e d  p i c t u r e  o f  the  d e n s i t y  s t r u c t u r e  

t o  be ob ta ined .T he  d a t e s  a r e  l i s t e d  below.

SPRING MEAN NEAP

12 May 1983 10 May 1983

FLOOD 13 May 1983 17 May 1984 *•

18 May 1984 

15 June 1984

12 May 1983 25 May 1984 21 June 1984

EBB 13 Hay 1983 7 June  1984 22 June 1984

8 June 1984

**exper iments  abandoned due t o  adverse  weather  c o n d i t i o n s

In  o r d e r  t o  s t a n d a r d i z e  and compare t h e  r e s u l t s  f o r  s i m i l a r  p h a s e s  

o f  t h e  t i d a l  c y c l e  from d i f f e r e n t  days*  the  t i d e  was d iv id e d  in to  12 

'T ide  Hours '*  HOUR 1 being th e  time o f  p r e d i c t e d  s l a c k - b e f o r e - e b b  (U .S .  

D e p t ,  o f  Commerce* 1983* 1 9 8 4 ) .  U s ing  t h i s  scheme maximum ebb f a l l s  

between Hour 3 and Hour 4,  maximum f lood  between Hour 9 and Hour 10 and 

Hour 7 i s  the  time o f  s l a c k - b e f o r e - f l o o d .

The main d isadvan tage  o f  t h i s  method i s  t h a t  t h e  t i d a l  o y c l e  i s  n o t  

e x a c t l y  12 h o u r s  i n  d u r a t i o n .  There may a l s o  be a d i f f e r e n c e  in  t i d a l
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phase ac ross  the e s t u a r y  a l though  i t  i s  u n l i k e l y  t h a t  t h i s  i s  a s  g r e a t  

as one hour .  Grouping the  d a t a  in  t h i s  way however makes i t  p o s s i b l e  t o  

o b t a in  an unders tand ing  o f  t h e  g e n e r a l i z e d  change* t h r o u g h  t h e  t i d a l  

c y c l e ,  o f  t h e  l a t e r a l  d e n s i t y  s t r u c t u r e ,  which  was the aim o f  the se  

exper iments.

As i t  i s  on ly  the  r e l a t i v e  d e n s i t y  d i f f e r e n c e ,  in  both  th e  l a t e r a l  

and v e r t i c a l  d i r e c t i o n ,  which i s  o f  i n t e r e s t  h e r e ,  t h e  d a t a  f o r  eac h  

t r a n s e c t  o r  s e c t i o n  was f u r t h e r  s t a n d a rd i z e d  by s u b t r a c t i n g  the  s e c t i o n  

average .  Then the  d a t a  f o r  the  same t i d e  hour on a l l  days ( o f  t h e  same 

t i d a l  range) was then  combined and averaged .

Although th e  1984 da ta  s e t  f o r  mean and n eap  t i d e s  was c o l l e c t e d  

o v e r  a t o t a l  p e r i o d  o f  one month  t h e  f r e s h w a t e r  f low c o n d i t i o n s ,  and 

thus  the average s a l i n i t y ,  v a r i e d  v e r y  l i t t l e  d u r i n g  t h i s  t i m e .  For  

t h i s  r e a s o n  t h e  d a t a  c o l l e c t e d  on 10 May 1983 was n o t  inc luded in  the  

a n a l y s i s  o f  mean t i d e  c o n d i t io n s  because  t h e  s a l i n i t y  was found  t o  be 

v e r y  d i f f e r e n t  on t h a t  d a t e .  I n  an e f f o r t  t o  e l i m i n a t e  t h e  d i r e c t  

e f f e c t s  o f  wind on the  c i r c u l a t i o n ,  d a t a  was c o l l e c t e d  on ly  on days when 

the  winds were 10 mph o r  l e s s .
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B. RESULTS

1. DENSITY DISTRIBUTION

a) SPRING TIDES

The sequence o f  changes in  t h e  l a t e r a l  d e n s i t y  d i s t r i b u t i o n  th rough  

a sp r ing  t i d e  c y c l e  i s  i l l u s t r a t e d  by  d a t a  c o l l e c t e d  on 12 Nay 1983 

( F i g . 3 . 2 ) ,  as  w e l l  as  s t a n d a r d i z e d  and averaged s e c t i o n s  ( F i g . 3 . 3 ) .  In  

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

o c c u r ,  p a r t i c u l a r l y  in  the  upper  2 m e te rs  o f  the  w a te r  column, and t h e r e  

i s  a p e r s i s t a n t  t i l t  t o  t h e  i 6 o p y c n a l s ,  downwards to w a r d  th e  s o u t h ­

w e s t e r n  s i d e  o f  the  e s t u a r y .  As a r e s u l t  t h e  boundary a t  t h e  in n e r  edge 

o f  the  s o u th - w e s t e r n  s h o a l  i s  f r e q u e n t l y  t h e  s i t e  o f  s t r o n g  l a t e r a l  

d e n s i t y  g r a d i e n t s .  T h i s  i s  e s p e c i a l l y  so  d u r i n g  t h e  ebb c y c l e  

( F i g s . 3 . 2 a ,  3 . 3 a ) ,  and may be  a t t r i b u t e d  t o  t h e  i n f l u e n c e  o f  t h e  

C o r i o l i s  fo rce  on the  l o n g i t u d i n a l  f low.

The sequence o f  even ts  th rough  a t i d a l  cy c l e  can  b e s t  be t r a c e d  by  

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

With r e f e r e n c e  t o  th e  12 Hay 1983 d a t a  ( F i g . 3 . 2 ) ,  from which the  s e c t i o n  

a v e r a g e s  h a v e  n o t  b e e n  s u b t r a c t e d ,  and c o n s i d e r i n g ,  fo r  example,  w a te r  

w i th  a d e n s i t y  between 6 .5c^  and 7.0o^  a s  o u r  ' t r a c e r ' ,  i t  can  be  s e e n  

t h a t  a t  Hour 1 ( s l a c k - b e fo r e - e b b )  t h i s  w a te r  i s  in  a narrow band t i l t e d  

downward between S t a t i o n s  5 and 6.  One hour  l a t e r  t h e  l a y e r  h a s  become 

s l i g h t l y  t h i c k e r  and more l a t e r a l l y  e x t e n s i v e .  By Hour 3 i t  can be 

found  i n  a h o r i z o n t a l  band  a b o u t  1 m e t e r  t h i c k  a c r o s s  most  o f  t h e  

e s t u a r y ,  f r o m  s t a t i o n  1 t o  b e t w e e n  s t a t i o n s  4 and  5 i t  i s  a t  t h e
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s u r f a c e ,  s o u th -w e s t  o f  t h a t  i t  p l u n g e s  downward. As the  ebh p h a s e  

p r o g r e s s e s ,  bringing i n  even l e s s  dense water a t  t h e  s o u th -w e s te rn  s i d e ,  

t h i s  l a y e r  remains i n t a c t  b u t  g e t s  dep re s sed  f u r t h e r  down t h e  w a t e r  

c o l u m n .  By Hour 7 ( s l a c k - b e f o r e - f l o o d )  the w a t e r  o f  t h i s  d e n s i t y  

o c c u p i e s  the e n t i r e  w a te r  column over  the  n o r t h - e a s t e r n  shoal ,  ex tending 

down i n  a layer a c r o s s  the  main channe l .  There i s  l i t t l e  change in  the  

n e x t  hour  but by Hour 9 t h e  l a y e r  h a s  th iokened  a n d  s t a r t e d  t o  move 

v e r t i c a l l y  upw ards .  Then a t  Hour 10 i t  o c c u p i e s  m o s t  o f  t h e  w a te r  

column from a depth o f  3 meters  to  the  s u r face  a t  a l l  s t a t i o n s  e x c e p t  

s t a t i o n  6 on t h e  s o u t h - w e s t e r n  s h o a l .  A f t e r  H o u r  10 t h e r e  i s  a 

s i g n i f i c a n t  change, t h e  6 . 5 - 7 .0e^ w a te r ,  having b e e n  d i s p l a c e d  by dense r  

w a t e r  f lo o d in g  a l o n g  t h e  main c h a n n e l ,  i s  once  a g a i n  loca ted  a t  the  

i n n e r  edge of the s o u th -w e s t e rn  s h o a l .  The o b s e r v e d  d i s t r i b u t i o n  a t  

Hour 12 i s  almost i d e n t i c a l  to  t h a t  a t  Hour 1.

A s i m i l a r  s e q u e n c e  can be s e e n  in  the s t a n d a r d i z e d  s e c t i o n s  

i l l u s t r a t e d  in F i g . 3 . 3 .  As the s i g a a - t  values c o n t o u r e d  are r e l a t i v e  to  

each  s e c t i o n  mean a p a r t i c u l a r  wate r  mass cannot be  fo l l o w e d  in  the  same 

way.  However the change in l a t e r a l  d e n s i t y  s t r u c t u r e  c a n  be observed .

At the beginning o f  the ebb c y c l e  (Hour 1) t h e  f r e s h e s t  w a t e r  i s  

l o c a t e d  over  b o t h  s h o a l s ,  and a v e r y  strong l a t e r a l  d en s i t y  g r a d i e n t  

fo rm s  a t  the inner edge o f  the south -wes te rn  shoal w h e r e  the i s o p y c n a l s  

i n t e r s e c t  the bed .  The s t r a t i f i c a t i o n  in the c h a n n e l  i s  much l e s s  than  

a t  mean t id e  (see F i g . 3 . 5 ) ,  and r e m a i n s  so t h r o u g h o u t  the  ebb t i d e .  

A l t h o u g h  t h i s  s e c t i o n  i s  w i t h i n  a p o r t i o n  of  t h e  Y o r k  River t h a t  has 

been  i d e n t i f i e d  ( R u z e c k i  and E v an s ,  1986) as e x p e r i e n c i n g  t h e  l e a s t
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d c s t  r  a t  i f i c a t i o n ,  i t  i s  n o t  s u p r i s i n g  t o  f i n d  m a r k e d l y  l e s s  

s t r a t i f i c a t i o n  a t  t imes o f  sp r ing  t i d e s .  The i s o p y c n a l s ,  e x c e p t  a t  t h e  

i n n e r  edge o f  t h e  s o u t h - w e s t e r n  s h o a l ,  a r e  g e n e r a l l y  l e v e l  ac ro s s  the 

e s t u a r y  a t  Bour  2 .  One h o u r  l a t e r  however  t h e y  s t a r t  t o  show some 

t i l t i n g ,  w i t h  t h e  f r e s h e s t  w a t e r  l a y in g  in  a wedge ex tend ing  from the  

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

p y c n o c l i n e  i n  t h e  main channel  becomes more w e l l - d e f i n e d  (see  F i g . 3 .4 )  

and b y  maximum ebb (Hour  4 )  t h e  s e c o n d a r y  c h a n n e l  a l s o  b e c o m e s  

s t r a t i f i e d .  T h i s  i s  in  c o n t r a s t  t o  mean t i d e s  where s t r a t i f i c a t i o n  i s  

a lmost  e n t i r e l y  r e s t r i c t e d  to  the  main channe l .  At Hour S a r e g i o n  o f  

marked l a t e r a l  d e n s i t y  g r a d i e n t  i s  l o c a t e d  in  th e  c e n t r e  o f  the  e s t u a r y ,  

and by Hour 6,  the  pycnoc l ine  has b ro ad en e d  and t h e  f r e s h e s t  w a t e r  i s  

found  i n  a l e n s  a t  t h e  s u r f a c e  o ve r  the  main channel  and aga in  on the  

sou th -w es t  s h o a l .

T h i s  d e n s i t y  d i s t r i b u t i o n  c o n t in u e s  th rough  the e a r l y  p a r t  o f  th e  

f lood  cy c le  ( see  Hour 7 ,  8,  and 9 ,  F i g . 3 . 3b) t h e  s u r f a c e  f r e s h  l a y e r  

over  th e  channe l  becoming b ro a d e r  w i th  t im e .  There  i s  a d i s t i n c t  change 

however a t  Hour 10.  The l e a s t  dense w a t e r  i n  t h e  s e c t i o n  i s  now once 

a g a i n  l o c a t e d  over  the s o u th -w es te rn  s h o a l .  The inne r  boundary  t o  t h i s  

shoa l  i s  marked by s t e e p l y  t i l t i n g  i s o p y c n a l s ,  a l though  t h e  u p p e r  l a y e r  

o ver  t h e  remainder  o f  th e  e s t u a r y  i s  l a t e r a l l y  homogenous. Some l a t e r a l  

d e n s i t y  g r a d i e n t s  develop by Hour 12 where the  d e n s i t y  d i s t r i b u t i o n  i s  

t r a n s i t i o n a l  t o  t h a t  o f  s l a c k - b e f o r e - e b b .
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b) MEAN TIDES

Look ing  a t  th e  s e q u e n c e  o f  isopycnal  c o n t o u r s  i l l u s t r a t e d  in  Fig 

3 . 5  r e v e a l s  o n c e  a g a i n  a c y c l i c a l  p a t t e r n .  I n  t h i s  i n s t a n c e  

s t r a t i f i c a t i o n  i s  r e s t r i c t e d  t o  the  main c h a n n e l ,  the more dense w a te r  

below the  pycnoc l ine  r a r e l y  i n t r u d i n g  onto the ne ighbour ing  shoals .

With  r e f e r e n c e  to  F i g . 3 . 5 a .  a t  s l a c k -b e fo re —ebb (Hour 1) the  l e a s t  

dense  w a te r  i s  loca ted  over t h e  s h o a l  a r e a s  ( l e s s  t h e n  or  e q u a l  t o  2m 

d e e p )  t o  t h e  s i d e s  of  the e s t u a r y .  A zone o f  s t r o n g  hor izontal  d e n s i t y  

g r a d i e n t  forms a t  th e  i n n e r  e d g e  o f  b o th  o f  t h e s e  s h o a l s .  One h o u r  

l a t e r  (Hour 2 )  t h e  ebb t i d a l  p h a s e  has begun and  l a t e r a l  g r a d i e n t s  in  

the  upper  l a y e r  a re  co n s id e ra b ly  d im in ished .  The f r e s h e s t  water can now 

be  f o u n d  i n  a wedge extending from the n o r t h - e a s t  bank to midway a c ro s s  

the e s t u a r y ,  and again on th e  s o u th -w e s t  shoa l .  A pycnocline h a s  begun  

t o  fo rm o v e r  t h e  main channe l .  As the ebb p r o g r e s s e s  (Hour 3 -  Hour 5) 

t h i s  pycnoc l ine  becomes i n c r e a s i n g l y  w e l l -d e f in e d  ( s e e  F ig .3 . 6 ) .  L a t e r a l  

g r a d i e n t s  i n  t h e  upper  l - 2 m  d i s a p p e a r ,  t h i s  l a y e r  becoming un ifo rm ly  

f r e s h  over  the  complete wid th  o f  t h e  e s tua ry .  The isopycnals a c ro s s  the  

c h a n n e l  show some downward t i l t i n g  on th e  s o u t h - w e s t e r n  s ide  o f  the  

channe l  w h i l s t  t h e  secondary o h a n n e l  becomes p a r t i a l l y  s t r a t i f i e d .  At 

t h e  j u n c t i o n  between t h i s  minor  channel  and t h e  south-western shoa l  the  

i s o p y c n a l s  t u r n  downward a n d  i n t e r s e c t  th e  b e d  making  a d i s t i n c t  

b o u n d a r y  b e t w e e n  a p a r t i a l l y  s t r a t i f i e d  and well-^mixed regime. At th e  

end o f  the ebb c y c l e  (Hour 6)  t h e  l a t e r a l  d e n s i t y  s t r u c t u r e  c h a n g e s  

g r e a t l y .  The pycnocl ine v i t u a l l y  d isappears  ( s e e  F i g , 3.6) and th e  most 

dense  w a te r  i s  lo c a ted  along t h e  r i g h t - h a n d  b a n k  o f  the  ohanne l  b e d .
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The l a t e r a l  h o m o g e n e i ty  o f  t h e  u p p e r  w a t e r  column i s  d i s r u p t e d  by a 

small  l e n s  o f  l e s s  dense w a te r  i s o l a t e d  o ver  the  main channe l .

One ho u r  l a t e r ,  a t  s l a c k - b e f o r e - f l o o d  (Dour 7 ) ,  t h i s  l ens  o f  le ss  

dense w ate r  has become deeper  a n d  b r o a d e r ,  s p r e a d i n g  o v e r  t h e  e n t i r e  

w i d t h  o f  t h e  o h a n n e l .  As a consequence ,  the  e s tu a r y  once a g a in  shows 

l a t e r a l  inhomogeneity a t  the s u r f a c e ,  o n ly  now the  l e a s t  dense w a t e r  i s  

o v e r  t h e  main c h a n n e l .  Below t h i s  the  d e n s i t y  i s  uniform l a t e r a l l y  and 

v e r t i c a l l y ,  below t h i s  in  t h e  c h a n n e l  t h e  d e n s i t y  i n o r e a s e s  l i n e a r l y  

w i t h  d e p t h .  H our  9 i s  the  t ime o f  maximum f lood c u r r e n t  and a minimum 

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

T h ro u g h  th e  subsequent  f lood  t i d e  cyc le  l a t e r a l  inhomogenei t ies  develop 

a s  t h e  w a t e r  o v e r  t h e  n o r t h - e a s t e r n  s h o a l  a r e a  becomes r e l a t i v e l y  

f r e s h e r  ( s e e  H o u r s  1 0 ,11 ,12 ,  F i g . 3 . 5 ) .  V e r t i c a l l y  the  channel  becomes 

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

F i g s . 3 . 5 b ,  3 , 6 )  u n t i l  Hour 12 i s  r e a c h e d .  At t h i s  time the  d en s i ty  

s t r u c t u r e  shows a t r a n s i t i o n  towards  t h a t  o f  Hour 1.  The p y c n o c l i n e  i s  

now domed u p w a rd s  o v e r  t h e  m a in  c h a n n e l  and as r e s u l t  abu t s  the  much 

f r e s h e r  w ate r  l o c a t e d  over t h e  a d j a c e n t  n o r t h - e a s t e r n  sh o a l .  Th is  forms 

a r e g i o n  o f  very  s t r o n g  l a t e r a l  d e n s i t y  g r a d i e n t .

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

d i s t r i b u t i o n  d u r i n g  mean t i d e  c o n d i t i o n s  i t  i s  apparent  t h a t  th e  times 

a t  which the  l a t e r a l  d e n s i t y  d i f f e r e n c e s  a r e  g r e a t e s t  a r e  a t ,  o r  c l o s e  

t o ,  t h e  t i m e s  o f  s l a c k  t i d e .  S p a t i a l l y  t h e s e  r e g i o n s  o f  maximum 

g r a d i e n t  a re  found a t  the i n n e r  edges o f  t h e  shoals  where th e  bathymetry 

shows a d i s t i n c t  b r e a k  in s l o p e .
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c )  NEAP TIDES

The d a t a  s e t  f o r  the  c r o s s - s e c t i o n a l  d e n s i t y  d i s t r i b u t i o n  during 

n e a p  t i d e s  e n c o m p a s s e s  o n l y  t h e  ebb c y c l e  a n d  t h e  t i m e  o f  s l a c k  

b e f o r e f l o o d ,  t h u s  no assessm ent can be made as to  t h e  change in l a t e r a l  

d e n s i t y  th roughout a complete t i d a l  c y c l e .  F o r  t h e  s e c t i o n s  measured  

h o w e v e r  s e v e r a l  f e a t u r e s  a re  ap p a re n t  ( F i g . 3 . 7 ) .  D ur ing  the ea r ly  p a r t  

o f  t h e  ebb cy c l e  (H2,H3) s lo p in g  i s o p y c n a l s  i n  t h e  u p p e r  l a y e r  c r e a t e  

l a t e r a l  d e n s i t y  d i f f e r e n c e s ,  p a r t i c u l a r l y  a t  the  i n n e r  boundary o f  the 

sou th -w es te rn  s h o a l .  This r e g i o n  has a l s o  been  seen t o  be one of  s t rong  

l a t e r a l  d e n s i t y  g r a d i e n t s  u n d e r  o th e r  t i d a l  range c o n d i t i o n s .  As the  

ebb progresses  (H4,H5) the u p p e r  mixed l a y e r  deepens and the p y c n o c l i n e  

n a r r o w s  ( s ee  F i g . 3 . 8 )  r e s u l t i n g  in  l a t e r a l l y  homogenous  c o n d i t i o n s  

a c r o s s  much o f  t h e  upper  l a y e r .  The end  o f  t h e  ebb  b r i n g s  a sudden 

c h a n g e  in  l a t e r a l  d en s i t y  d i s t r i b u t i o n ,  and by H7 l a t e r a l  and v e r t i c a l  

d e n s i t y  d i f f e r e n c e s  across t h e  s e c t i o n  a re  a t  a minimum. By com par ison  

w i t h  mean and s p r i n g  t ide  c o n d i t i o n s  i t  seems t h a t ,  a t  l e a s t  during the  

e b b ,  much o f  the  e s t u a r y  i s  l a t e r a l l y  homogenous, t h a t  s t r a t i f i c a t i o n  i s  

r e s t r i c t e d  t o  t h e  main c h a n n e l  ( e x c e p t  d u r i n g  H2 and  H3 when t h e  

secondary  channe l  i s  p a r t i a l l y  s t r a t i f i e d )  and t h a t  t h e  t o t a l  su r face  t o  

b o t t o m  d e n s i t y  d i f f e r e n c e  i n  t h e  channel i s  l e s s  t h a n  under mean t i d e  

c o n d i t i o n s  (see F i g . 3 . 5a) .

In summary t h e r e f o r e ,  i t  a p p ea r s  t h a t  t h e  g e n e r a l i z e d  change in  the  

l a t e r a l  d en s i ty  d i s t r i b u t i o n  th r o u g h  a t i d a l  cy c l e  i s  independant  o f  the 

t i d a l  r a n g e .  W i t h  excep t ion  o f  the e a r l y  p a r t  o f  t h e  f lood  cycle ,  the  

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

w e s t e r n  shoal .  The  isopycnals  a c r o s s  the s e c t i o n  a r e  f r e q u e n t l y  t i l t e d .
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The d i r e c t i o n  o f  t h i s  t i l t  i s  i n  a c c o r d a n c e  w i t h  g e o s t r o p h i c  

p r e d i c t i o n s .  The magnitude o f  the  s lo p e ,  e s t im a te d  from contour  p l o t s
— 4

o f  the  t i d a l l y - a v e r a g e d  d e n s i t y  f o r  mean t i d e  c o n d i t i o n s ,  i s  - 4 . 3 x 1 0  .

This  i s  s l i g h t l y  g r e a t e r  th a n  p r e d i c t e d  u s in g  the  the rm al  wind eq u a t io n .  

Using r e p r e s e n t a t i v e  v a lu e s  o f  d e n s i t y  d i f f e r e n c e  and  v e l o c i t y  s h e a r ,
- 4

t h e  s l o p e  was e s t i m a t e d  t o  he -2 .0 x 1 0  . The d i f f e r e n c e  between the se

va lu e s  i s  n o t  l a r g e  and t h u s  i t  c an  be  s u p p o s e d  t h a t  t h e  i s o p y c n a l  

s l o p e s  o b s e rv e d  a r e  l a r g e l y  due t o  the  i n f l u e n c e  o f  t h e  C o r i o l i s  f o r c e .  

Comparison o f  th e se  r e s u l t s  w i th  th e  o b s e r v a t i o n s  o f  Murray e t  a l . ( 1 9 7 5 )  

shows some s i m i l a r i t i e s .  The Rio Guayas e s t u a r y  has  a much l a r g e r  t i d a l  

range (3.3m) and a more u n i fo rm  d e p t h  i n  t h e  c r o s s - s e c t i o n ,  t h u s  t h e  

s h o a l  and c h a n n e l  a r e a s  a r e  n o t  so c l e a r l y  d e l i n e a t e d .  However they  

found t h a t ,  as  we have seen in  t h e  York R iv e r ,  t h e  shal low a r e a s  t o  t h e  

s i d e s  o f  t h e  e s t u a r y  remained well -m ixed  th roughout  t h e  t i d a l  cy c le  and 

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

t i d e .

2 .  PRESSURE GRADIENTS

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

h o r i z o n t a l  p r e s s u r e  g r a d i e n t s  which p la y  a s i g n i f i c a n t  r o l e  in  e s t u a r i n e  

dynamics. Assuming p r e s s u r e  t o  fo l low  th e  h y d r o s t a t i c  law :

o r  p ( z ) - p '  = /p gdz

where p '  i s  a c o n s t a n t .  D i f f e r e n t i a t i n g  t h i s  w i th  r e s p e c t  to  y g iv e s :
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(3 .1 )

where q i s  the  f r e e  s u r f a c e  e l a v a t i o n .  Using L e i b n i t z ' s  r n l e  e q u a t i o n

(3 .1 )  can be reduced t o :

Thus the  p r e s s u r e  g r a d i e n t  can be cons ide red  t h e  sum o f  two p a r t s  -  one 

due t o  t h e  f r e e  s u r f a c e  s l o p e ,  t h e  b a r o t r o p i c  component (Term 1 ) ,  and 

the  o t h e r  due t o  t h e  d e n s i t y  d i s t r i b u t i o n ,  t h e  b a r o c l i n i c  component  

(Term 2) .

The b a r o t r o p i c  component canno t  be e v a lu a te d  as q w i l l  always be an 

unknown. T h i s  p r o b l e m  h a s  b e e n  c i r c u m v e n t e d  by o t h e r  r e s e a r c h e r s  in 

v a r io u s  ways; P r i t c h a r d  (1955) n o t e s  t h i s  te rm t o  be c o n s t a n t  b u t  d oes  

n o t  e v a l u a t e  i t  e x p l i c i t l y  n o r  i n c l u d e  when co n s id e r in g  the  r e l a t i v e  

magnitude o f  te rms in  t h e  l a t e r a l  momentum e q u a t io n .  When examining the  

l a t e r a l  dynamic  b a l a n c e  Dyer (1 9 7 3 )  e l i m i n a t e d  t h e  s u r f a c e  s lope  by 

t a k in g  th e  d i f f e r e n c e  between each  te rm in  the  l a t e r a l  momentum eq u a t io n  

c a l c u l a t e d  a t  two s e p a r a t e  d e p t h s .  T h i s  approach was a l s o  fol lowed by 

Doyle and Wilson (1978) .  I n  t h e  f o r m u l a t i o n  o f  t h e  l a t e r a l  momentum 

e q u a t i o n  u s e d  by  Nunes and S im pson  (1985)  t h e  b a r o t r o p i c  t e rm  was 

removed when s o l v i n g  t h e  e q u a t i o n  f o r  v ,  t h e  l a t e r a l  v e l o c i t y ,  by  

j u d i c i o u s  use  o f  boundary c o n d i t i o n s .

(3 .2 )

(1) (2 )



For the  purposes  o f  t h i s  d i s c u s s i o n  no a t tem p t  i s  made t o  e v a l u a t e  

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

c i r c u l a t i o n  v i l l  be co n s id e re d  q u a l i t a t i v e l y .

R e t u r n i n g  t o  e q u a t i o n  ( 3 . 2 ) ,  and d iv id in g  the  eq u a t io n  through by 

p(q)» the b a r o c l i n i c  component becomes:

p - ift) f  !?di <3-3>

S u b s t i t u t i n g  p(q) by a r e f e r e n c e  d e n s i t y ,  i n  t h i s  i n s t a n c e  t h e  c r o s s -  

s e c t i o n a l  mean d e n s i t y ,  and making  e q u a t i o n  (3 .3 )  a p p l i c a b l e  to  data  

measured a t  d i s c r e t e  d e p th s  r e s u l t s  in  the  fo l lowing e x p r e s s i o n  f o r  th e  

l a t e r a l  h o r i z o n t a l  p r e s s u r e  g r a d i e n t :

Ac
(3.4)

p0 Ay

where i s  a dep th -ave raged  v a l u e .

Using t h i s  e q u a t i o n  t h e  h o r i z o n t a l  p r e s s u r e  g r a d i e n t s  w ere  

c a l c u l a t e d  as s imple l i n e a r  g r a d i e n t  between a d j a c e n t  s t a t i o n s  a t  0.25m 

depth  increments  f o r  e a c h  o f  t h e  h o u r l y  s e c t i o n s  r e p r e s e n t i n g  mean, 

s p r i n g  and neap  t i d e s .  By way o f  i l l u s t r a t i o n ,  t h e  m agn i tude  and 

d i r e c t i o n  o f  the se  p r e s s u r e  g r a d i e n t s  a t  dep ths  o f  0.5m, 1.0m, 2.0m and 

3.0m were p l o t t e d  i n  F i g s . 3 . 9 ,  3 .1 0 ,  3 .11 .



HI

N£SW.
M2

sw.

SW, N£

SW, N£
l+S-

sw.

F I G . 3 . 9 a  H o r i z o n t a l  p r e s s u r e  g r a d i e n t s
a t  Mean t i d e s .



NC

SW.

SW.

NCSW,

SW,

NCSW,

F I G . 3 . 9 b  H o r i z o n t a l  p r e s s u r e  g r a d i e n t s
a t  M ean  t i d e s .



s w .

sw . Nfc

SW.

sw.

sw.

sw.

m/sa-c

F I G . 3 . 1 0 a H o r i z o n t a l  p r e s s u r e  g r a d i e n t s
a t  S p r i n g  t i d e s .



F I G . 3 . 1 0 b Horizontal pressure gradients 
at Spring tides.



i

sw. NE

sw . NE

NESW.
Wif N

SW.

SW.

sw .

F I G . 3 . 1 1  H o r i z o n t a l  p r e s s u r e  g r a d i e n t s
a t  N e a p  t i d e s .



F o r  t h i s  s e c t i o n  o f  th e  York River* Ruzecki and Evans (1986) found 

va lues  f o r  the  l o n g i tu d in a l  p r e s s u r e  g r a d ie n t  v a r y in g  be tween  18 Pa/km 

and  29  P e /k m  a t  a d e p t h  o f  3.0m be low  t h e  s u r f a c e .  The numbers 

c a l c u l a t e d  here a r e  in  g e n e ra l  an o rd o r  of  magnitude g r e a t e r ,  a l th o u g h  

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

d i f f e r e n t  t i d a l  range c o n d i t i o n s .  As can  be s e e n  by a com par ison  of  

F i g s . 3 . 9 ,  3 . 1 0  and 3 . 1 1 ,  t h e  p r e s s u r e  g r a d i e n t s  a t  mean t i d e s  are 

g e n e r a l l y  g r e a t e r  than  a t  s p r in g  o r  neap t i d e s ,  and f o r  each t i d a l  range 

c o n d i t i o n ,  t h e  g r e a t e s t  h o r i z o n t a l  p r e s s u re  g r a d i e n t s  a re  found a t ,  or 

n e a r ,  t h e  t i m e s  o f  s l a c k  w a t e r .  T h i s  i s  i n  a c c o r d a n c e  w i t h  the  

p r e v i o u s l y  d i s c u s s e d  d e n s i t y  d i s t r i b u t i o n s .  Conversely the  times of 

maximum c u r r e n t  a r e  the t im es  o f  minimal l a t e r a l  d e n s i t y  g r a d i e n t s  and 

hence minimal h o r i z o n t a l  p r e s s u r e  g r a d i e n t s .

During mean t i d e s  the  l a r g e s t  h o r i z o n t a l  p r e s s u r e  g r a d i e n t s  are 

found  o v e r  t h e  main c h a n n e l  a n d / o r  a t  the inner  edge o f  the  no r theas t  

s hoa l .  At HI ( F i g . 3 .9a) t h e r e  a r e  s i g n i f i c a n t  p r e s s u r e  g r a d ie n t s  a t  the 

i n n e r  edge o f  the  southwest shoal  a l s o .  The l a r g e s t  p re s s u re  gradients  

during the  spr ing  t i d e  c o n d i t i o n s  a r e  l o c a t e d  o v e r  t h e  main c h a n n e l ,  

e s p e c i a l l y  d u r i n g  t h e  e a r l y  f l o o d  c y c l e  ( s e e  H7,H8, F i g . 3 . 10b).  

S im i l a r l y  dur ing neap t i d e s  when the  l a r g e s t  p r e s s u re  g r a d ie n t s  occur at  

s l a e k - b e f o re - f lo o d  (see F i g . 3 .11 )  and over the  main channe l .
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3 , LATERAL CIRCULATION

The l a t e r a l  momentum e q u a t i o n  can  be fo rm u la te d ,  using a r i g h t -  

handed c o o rd in a te  system w ith  x p o s i t i v e  u p - e s t u a r y ,  i n  th e  f o l lo w in g  

way;

~  -  “  p "1! 2 + fu  -  N -  C (3 .5 )d t  dy z dz*

w h e r e  C i s  t h e  c e n t r i p e d a l  a c c e l e r a t i o n .  A ssu m in g  t h a t  t h i s  

a c c e l e r a t i o n  i s  n e g l i g a b l o  f o r  th e  s e c t i o n  o f  th e  York R iv e r  u n d e r  

c o n s i d e r a t i o n ,  and t h a t  fo r  r e l a t i v e l y  small increm ents  o f  time s tead y -  

s t a t e  c o n d i t io n s  p e r t a i n ,  t h i s  eq u a t io n  i s  reduced to :

0 = -  p " l | 2  + fu  -  N f ~  (3 .6 )dy  z dza

Under t i d s l l y - a v e r a g e d  c o n d i t io n s  th e  C o r io l i s  a c c e le r a t io n  and p re s s u re
—* >

g r a d i e n t  te rm s  a re  o f  s im i la r  magnitude (approx . 10 a / s e c  ) and l i k e l y  

to  dominate th e  l a t e r a l  dynamic b a la n c e .  On a more l o c a l i z e d  s p a t i a l  

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

t im es be o f  s u f f i c i e n t  magnitude to  d r i v e  l a t e r a l  c i r c u l a t i o n s .  Such 

c i r c u l a t i o n s ,  i f  t h e y  o ccu r ,  would be t r a n s i t o r y  and e x i s t  on ly  over a 

p o r t io n  o f  th e  w id th  o f  the  e s tu a r y .

In  a c o m p l e t e l y  homogenous w a t e r  mass any h o r i z o n t a l  p r e s s u r e  

g r a d ie n t  i s  caused by  a s u r f a c e  s lo p e .  Under s t r a t i f i e d  c o n d i t i o n s  t h e  

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

u s u a l ly  in c re a s in g  w i th  dep th  such t h a t  the  b a r o t r o p i c  c o n t r i b u t i o n  i s
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g r a d u a l l y  c o m p e n s a t e d .  T h i s  p r i n c i p a l  i s  th e  g e n e r a l l y  a c c e p t e d  

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

( P ry c h ,1 9 7 0 ,  O f f i c e r ,  1977). The lo n g i tu d in a l  s u r fa c e  s lope  a c t in g  in  a 

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

lo n g i tu d in a l  s a l i n i t y  g r a d ie n t  a c t in g  in  th e  u p - e s tu a r y  d i r e c t i o n  d r iv e s  

th e  lo w e r  l a y e r  f l o w .  T h u s  t h e  u p p e r  l a y e r  f l o w  i s  p r i m a r i l y  

b a r o t r o p i c ,  th e  lower la y e r  p r i m a r i l y  b a r o c l i n i c .

T h i s  same a p p r o a c h  c a n  be  a p p l i e d  t o  l a t e r a l  c i r c u l a t i o n .  

C o n s id e r in g  o n l y  mean t i d e  c o n d i t io n s  in th e  f i r s t  in s ta n c e ,  and us ing  

HI ( s l a c k - b e f o r e - e b b )  a s  a n  e x a m p le :  r e t u r n i n g  t o  F i g . 3 . 9 a ,  t h e

h o r i z o n t a l  p r e s s u r e  g r a d i e n t s  a t  t h i s  t im e  between s t a t i o n s  4 and 3, 

s t a t i o n s  3 and 2 ,  and s t a t i o n s  2 and 1 a r e  d i r e c t e d  to  t h e  r i g h t - h a n d  

s i d e  o f  th e  e s t u a r y ,  t h e i r  m a g n i tu d e  in c r e a s in g  w ith  d e p th .  Between 

s t a t i o n s  5 and 6 they  a re  d i r e c t e d  in  th e  o p p o s i t e  d i r e c t i o n ,  to w a rd s  

th e  s o u t h - w e s t e r n  b a n k .  A f lo w  w i l l  be in d u c e d  in  the  d i r e c t i o n  o f  

th e se  p r e s s u r e  g r a d i e n t s .  T h is  flow w i l l  be d i r e c t e d  bankwards o n  b o th  

s id e s  o f  the  e s tu a r y .  I f  we assume, from th e  d e n s i t y  d i s t r i b u t i o n ,  th a t  

th e re  w i l l  be a co rrespond ing  s e t -u p  o f  the  f r e e  s u r fa c e  o v e r  t h e  s h o a l  

a r e a s ,  t h e  s u r fa o e  s lo p e  w i l l  d r iv e  a r e t u r n  flow tow ards  th e  c e n t r e  o f  

the  e s tu a r y .  Thus a c e l l u l a r  c i r c u l a t i o n  p a t t e r n  c a n  be i n f e r r e d  w h ich  

i s  l a r g e l y  b a r o c l i n i c  w i t h i n  th e  w a te r  column and b a ro t ro p ic  n e a r  the  

s u r f a c e .  T h is  i s  i l l u s t r a t e d  in  the  s e c t i o n  l a b e l l e d  HI in  F i g . 3 .1 2 .

U t i l i z i n g  th e  same re a so n in g  l a t e r a l  c i r c u l a t i o n  p a t t e r n s  can be 

drawn f o r  a l l  th e  t im es  when th e r e  a r e  s i g n i f i c a n t  h o r i z o n t a l  p r e s s u r e  

g r a d i e n t s .  F o r  mean t i d e s  t h e s e  h a v e  b e e n  c o m p ile d  i n  s e q u e n c e  in
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at Mean tides.



F i g . 3 . 1 2 ,  c e n t r e d  a ro u n d  s l a c k - b e f o r e - e b b  (H I ,  F i g . 3 .12) and s la c k -  

b e fo re—flood  (H7, F i g . 3 . 1 2 ) .  At t h e  t i m e s  o f  maximum c u r r e n t ,  b o th  

f lo o d  and ebb, vhen the e s tu a r y  i s  most n e a r ly  l a t e r a l l y  homogenous and 

r e s u l t i n g  p r e s s u r e  g r a d i e n t s  m inim al, such l a t e r a l  c i r c u l a t i o n s  would be 

e s s e n t i a l l y  a b s e n t .  At o th e r  t im es  however th e y  may<be s i g n i f i c a n t .  As 

can be seen from F i g . 3.12 th e  l a s t  3 hours  o f  th e  f lood  cy c le  g e n e ra te  a 

zone  o f  s u r f a c e  convergence  toward th e  r ig h t -h a n d  s ide  o f  the  channe l .  

The s t r e n g t h  o f  t h e  f lo w s  on e i t h e r  s i d e  o f  t h e  c o n v e rg e n c e  may be 

unequal c r e a t in g  what i s  sometimes term ed a 'o n e - s id e d  convergence*. By 

Hour 1 t h i s  c o n v e rg e n ce  h a s  moved n e a r e r  t h e  c e n t r e  o f  th e  e s t u a r y .  

Around th e  time o f  s l a c k - b e f o re - f lo o d  a zone o f  su r fa o e  d ive rgence  forms 

over th e  c h a n n e l .

S i m i l a r  r e a s o n in g  was invoked by Simpson and Nunes (1985) in  t h e i r  

d i s c u s s io n  o f  th e  a x i a l  co n v e rg e n c e  f r o n t s  t h e y  had  n o te d  in  s e v e r a l  

s m a l l  and  w e l l - m ix e d  e s t a a r i e s .  I n  t h a t  i n s t a n c e  t h e  d i f f e r e n t i a l  

l o n g i tu d in a l  a d v e c t io n  a c ro s s  th e  e s tu a r y  b rough t more dense w a t e r  i n t o  

th e  c e n t r e  o f  th e  e s tu a r y  du ring  the  f lo o d  t i d e .  The r e s u l t i n g  p r e s s u re  

g r a d ie n ts  a re  d i r e c t e d  outw ards from th e  c e n t r e  w i th in  th e  w ater  column, 

and in w ard  tow ard th e  c e n t r e  a t  th e  s u r f a c e ,  forming th e  observed  a x i a l  

convergence. The d e n s i ty  d i f f e r e n c e  between the  c e n t r e  and th e  s id e s  o f  

t h e  e s t u a r y  was o b se rv ed  to  be app ro x im ate ly  1 s ig m a - t .  These au th o rs  

d id  no t  a t te m p t  to  c a l c u l a t e  th e  m agn itude  o f  t h e  h o r i z o n t a l  p r e s s u r e  

g r a d i e n t s ,  b u t  i n s t e a d  so lved  th e  l a t e r a l  momentum e q u a t io n  f o r  v ,  th e  

expeoted  l a t e r a l  v e l o c i t y ,  w h ich  was s u b s e q u e n t l y  v e r i f i e d  by  d i r e c t  

m e a s u r e m e n t s  (S im p s o n  and  T u r r e l l , 1 9 8 5 ) .  O b s e r v a t i o n s  show good



69

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

d i f f e r e n c e s  can g e n e ra te  l a t e r a l  c i r c u l a t i o n s .

In  the  same way, c i r c u l a t i o n  p a t t e r n s  have  b een  drawn from th e  

d i s t r i b u t i o n  o f  p r e s s u r e  g r a d i e n t s  a t  s p r i n g  and n eap  t i d e s .  The 

a l t e r n a t i n g  zone o f  convergence  and  d i v e r g e n c e  o v e r  t h e  main c h a n n e l  

n o t e d  p r e v i o u s l y  c a n  a l s o  b e  s e e n  a t  s p r i n g  t i d e s  ( F i g . 3 . 1 3 ) .  

C ond it ions  d u r in g  neap t i d e s  ( F i g . 3 .1 4 )  appear to  be anomolous to  t h e s e  

g e n e ra l  t r e n d s .

E xperim ents  conducted by Sumer and F i s c h e r  (1977) in  a flume showed 

s i m i l a r  t r a n s v e r s e  c i r c u l a t i o n s .  T h e i r  flum e, which was t r a p a z o id a l  in  

c r o s s - s e c t i o n ,  had one s id e  sh a l lo w e r  and more g e n t l y  s l o p i n g  th a n  th e  

o t h e r .  Using s t r a t i f i e d  and o s c i l l a t i n g  flow th ey  found t h a t  du r ing  the  

ebb t i d e  th e r e  was a t r a n s v e r s e  c i r c u l a t i o n  from  t h i s  s i d e  to w a rd  th e  

d e e p e r  c h a n n e l  a t  t h e  s u r f a c e ,  w i t h  a r e t u r n  flow a t  d ep th ,  and v ic e  

v e rs a  du ring  f lo o d  t i d e .  The c i r c u l a t i o n  p a t t e r n  in  t h e  York R iv e r  i s  

more com plex  h u t  a d e f i n i t e  r e v e r s a l  i n  f lo w  d i r e c t i o n s  can be seen 

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

c i r c u l a t i o n s  a r e  -very  m in o r  com pared  t o  th e  predom inate  lo n g i tu d in a l  

t i d a l  f low s .  They may however b e  o f  s u f f i c i e n t  s t r e n g t h  t o  g e n e r a t e  

convergences and a s s i s t  in  c r o s s - e s t u a r y  exchange o f  w a te r  m asses.
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IV . CURRENTS

1 .  EXPERIMENTAL METHODS AND GENERAL RESULTS

The magnitude and d i r e c t i o n  o f  th e  c u r r e n t s  in  th e  s tu d y  a r e a  w ere  

m e a su re d  u s in g  G e n e r a l  O e e a n ic s  winged c u r r e n t  m e te rs ,  s e l f - c o n ta in e d  

in c l in o m e te r  ty p e  m e te r s ,  d e p lo y e d  a t  3 l o c a t i o n s  a c r o s s  t h e  e s t u a r y  

from  15 A p r i l  t o  21 May 1 9 8 5 .  The s t a t i o n  lo c a t io n s  and w ater  dep ths  

a r e  l i s t e d  in  T a b le  I V . 1 b e lo w  and  t h e i r  p o s i t i o n  r e l a t i v e  t o  t h e  

b a t h y m e t r y  and  CTD s a m p l in g  s t a t i o n s  i s  shown in  P i g . 4 . 1 .  At th e  two 

s h o a l  s t a t i o n s  t h e  c u r r e n t  m e te r s  w ere s u s p e n d e d  from  an  arm w h ich  

p ro t ru d e d  a t  r i g h t - a n g l e s  t o  a long p o le  s e t  u p r ig h t  in  th e  bed . I n  the  

ohannel a  r e g u la r  t a u t —w ire mooring was u s e d .  A l l  t h e  c u r r e n t  m e t e r s  

w ere s e t  a t  a sampling r a t e  o f  4 o b s e r v a t io n s  (1 .32  sec a p a r t ) / s a m p le ,  4 

sam p les /hou r .

TABLE IV . 1

SIN LAT/LONG WATER DEPTH 
____________________ (» t  MLW)

METER #  METER DEPTH MOORING
___________ (below MLW)___________

CHI 37 22 .03  
76 37.89

2 .8  m 54 1 .5  m po le

CM2 37 21 .95  10.8 m
76 21 .95

52
56

4 .0  m buoy
7 .9  m

CH3 37 21 .58  
76 38.75

2.8 m 53 1 .5  m po le

72
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The c u r r e n t  m e te rs  were n o t  checked o r  c lean ed  d u r in g  dep loym en t*  

hence upon r e t r i e v a l  s e v e ra l  o f  t h e  m eters  were found t o  be c o n s id e ra b ly  

fo u le d .  A p o s t -d e p lo y m e n t  f lum e t e s t  was c o n d u c te d  to  e s t i m a t e  t h e  

e f f e c t  su c h  g ro w th  may h a v e  had  on th e  r e c o r d e d  c u r r e n t  speed . The 

r e s u l t s  showed t h a t  th e  fo u led  m e te rs  r e c o r d e d  h i g h e r  c u r r e n t  speeds*  

b u t  t h e  d i f f e r e n c e  was l e s s  t h a n  5% and t h u s  no a t te m p t  was made t o  

in c lu d e  t h i s  e f f e c t  i n  subsequen t p ro c e s s in g .

The d a t a  re c o v e ry  was a lm o s t 100% on t h r e e  out o f  th e  fo u r  c u r r e n t  

m e te rs  dep loyed : th e  o u r r e n t  m e te r  a t  s t a t i o n  CM3 was a p p a re n t ly  hung up 

on th e  mooring du ring  the  f i r s t  12 days o f  deployment.

The g e n e ra l  f e a tu r e s  o f  th e  raw c u r r e n t  m etes r e c o r d s  c a n  be s e e n  

from th e  t im e  s e r i e s  ' s t i c k - p l o t s *  i l l u s t r a t e d  in  F i g . 4 . 2 .  A l l  e x h i b i t  

a f lo o d /e b b  d i r e c t i o n  o f  NW/SE in  accordance w i th  t h e  a l ig n m e n t  o f  t h e  

e s t u a r y  i n  t h i s  a r e a .  The l a r g e s t  m a g n i tu d e  c u r r e n t s  occurred* n o t  

s u p r is in g ly *  in  th e  channe l w ith  th o s e  a t  4m (CH2U) b e i n g  g r e a t e r *  and

more d i r e c t i p n a l l y  v a r i a b le *  th a n  th o se  a t  8m (CK2L). At s t a t i o n s  CHI

and CK3 th e  m agnitudes  were much l e s s .  D e s p i t e  b e in g  l o c a t e d  a t  t h e  

i n n e r  edge o f  a r e l a t i v e l y  b r o a d  s h o a l*  t h e  r e o o r d  from s t a t i o n  CH3 

shows m inimal wind o s  wave induced s c a t t e r .  By c o m p a r is o n  t h e  c u r r e n t  

m e te r  r e c o r d  from  s t a t i o n  CHI* on th e  n o r t h - e a s t  shoal* shows a marked 

asymmetry in  th e  magnitude o f  th e  f lo o d  and  ebb t i d e *  th e  ebb t i d e  i s  

p a r t i c u l a r l y  v a r i a b l e  in  b o th  magnitude and d i r e c t i o n .

F u r th e r  i l l u s t r a t i o n  o f  th e  d i r e c t i o n a l  v a r i a b i l i t y *  most p r e v a le n t

a t  s t a t i o n s  CM2U and  CHI* c a n  b e  s e e n  i n  t h e  s c a t t e r  p l o t s  shown in
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F i g .4 .3 .  I n  a d d i t io n ,  th e se  p l o t s  show th e  e x t e n t  o f  d e p a r t u r e  from 

e x a c t  a n t i - p a r a l l e l i s m  between flood  and ebb d i r e c t i o n s ,  th e  d i f f e re n c e  

be ing  g r e a t e s t  in  th e  channel and l e a s t  a t  s t a t i o n  CM3. At s t a t i o n  CM2U 

th e  f lo o d  c u r r e n t  shows a change in  o r i e n t a t i o n  w ith  s t r e n g th ,  becoming 

more n o r th e r l y  a t  h ig h e r  s p e e d s .  The ebb c u r r e n t  shows no such  tim e 

h i s t o r y  and  has a maximum v e l o o i ty  g r e a t e r  th a n  th e  flood  c u r r e n t .  The 

o p p o s i te  o ccu rs  a t  s t a t i o n  CM2L w here  t h e  f l o o d  c u r r e n t  i s  s l i g h t l y  

g r e a t e r  t h a n  t h e  ebb c u r r e n t .  The r e c o r d  from  s t a t i o n  CHI shows 

s i g n i f i c a n t  s c a t t e r  a t  low speeds in  b o th  the  f lo o d  and ebb d i r e c t i o n s ,  

and a maximum f lo o d  c u r r e n t  w hich i s  a lm ost 1 .5  times t h a t  o f  th e  ebb 

c u r r e n t .  At s t a t i o n  CM3 the  s t r e n g th  o f  the  f lo o d  and ebb c u r r e n t s  i s  

e q u a l ,  t h e i r  d i r e c t i o n s  very  c lo se  to  a n t i - p a r a l l e l  and s c a t t e r  minimal.

The p r i n c i p a l  a x i s  fo r  th e se  re c o rd s  i s  d e f in e d  as the  d i r e c t i o n  in  

w h ic h  t h e  f l o w  v a r i a n c e  i s  m axim ized  and i s  c a l c u l a t e d  u s in g  th e  

fo llow ing  e q u a t io n  (B o ic o u rt ,  1982):

where u* and v* a re  th e  n o r th  and e a s t  v e l o c i t y  components. Due t o  th e  

marlcod n o n - p a r a l le l i s m  in  f lood  and ebb d i r e c t i o n s ,  a s e p a ra te  f lo o d  and 

ebb p r in o i p a l  a x is  was c a lc u la te d  f o r  e a c h  r e o o r d .  The d i v i d i n g  l i n e  

b e tw e e n  t h e  f l o o d  and  ebb  p o r t i o n s  o f  th e  r e c o r d  was o b t a i n e d  from 

exam ination  o f  th e  s c a t t e r  diagrams in  F i g . 4 .3 .  Using t h i s  method th e  

fo llow ing  d i r e c t i o n s  were o b ta in e d .

0 = ~  a r c ta n
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TABLE IV .2

STATION FLOOD EBB DEPARTURE FROM
__________________________________________ ANTI-PARALLELISM

CHI 309.72 132.19 2.47
C1GU 314.78 127.19 7.59
CH2L 322.35 128.83 13.52
CM3 311.57 133.71 2 .14

The a l ignm ent o f  the  main ehanne l in  t h i s  s e c t io n  o f  t h e  e s tu a r y  is
o o

a lm o s t  s t r a i g h t  and o r i e n t a t e d  321 /1 4 1  . The r e l a t i o n s h i p  betw een 

th e se  p r i c i p a l  axes  and the  ba thym etry  i s  shown in  F i g . 4 . 4 .

A d d i t i o n a l  i n f o r m a t i o n  on e n r r e n t  v e l o c i t i e s  w as o b ta in ed  from 

drogue t r a c k in g  e x p e r im e n t s  c o n d u c t e d  i n  a 2 m i le  r e a c h  o f  th e  Y ork 

R iv e r  s u r r o u n d i n g  th e  s tu d y  t r a n s e c t .  Using up to  4 drogues a t  one 

time* th e  d rogues were t ra c k e d  th ro u g h  p o r t i o n s  o f  s e v e r a l  t i d a l  c y c l e s ,  

w i t h  t h e  aim  o f  e s t a b l i s i n g  th e  n e a r  s u r f a c e  L a g r a n g ia n  c u r r e n t s  a t  

p a r t i c u l a r  p h ases  o f  th e  t i d e .  The drogues used were n e u t r a l l y  b u o y a n t  

c u r r e n t  d r i f t e r s  (D a v is  e t  a l . ,  1 9 8 2 ) ,  i l l u s t r a t e d  i n  F i g . 4 . 5 .  The 

d a t e s ,  t im es  and lo c a t io n s  o f  th e  experim en ts  a re  l i s t e d  i n  T ab le  I V . 3 

below .

TABLE V I .3

DATE TIDAL RANGE TIME #  OF DR0GIES TIDAL PHASE LOCATION
(m) (EST) USED

4 Apr 1 .1 0842-1139 2 max flood/SBE channel
7 Apr 1 .1 0910-1414 3 max flood/SBE chnl/NE s h o a l
13Apr 0 .7 0627-1042 4 ebb chnl/SV shoal
14Apr 0 .7 0614-0856 4 max flood/SBE chnl/NE a h o a l
18Apr 0 .8 0808-1103 3 max flood/SBE ohnl/SWshoal
19Apr 0 .7 0752-1335 3 max flood/SBE ohnl/SY shoal
23Apr 0 .6 0932-1414 4 flood ehnl/N Eshoal
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FIG.4.4 Orientation of principal axes and magnitude
of mean currents, April/May 1985
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PIG.4.5 Schematic diagram of neutrally-buoyant 
drogue.

Construction: sails made of 15oz
ripstop nylon; upper arms contain 
1.14m lengths of capped PVC (1") pipe 
banded by two 7.5cm sections of foam 
pipe insulation; lower arms held rigid 
by 3.5cm diameter aluminum pipe;; 
surface float of polystyrene foam.
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The drogues  were p o s i t i o n e d  u s in g  L o ra n  C. W h i l s t  t h e  a b s o l u t e  

a c c u r a c y  o f  L o ra n  C i s  n o t  o p t im a l  f o r  such a s tu d y ,  i t  was f e l t  t h a t  

th e  r e l a t i v e  a c c u r a c y  o f  r e p e a t e d  f i x e s  was s u f f i c i e n t  t o  t r a c k  th e  

movement o f  t h e  d r o g u e s .  The l o c a t i o n  o f  each  drogue was determ ined 

every  10-20 m i n u te s .  W ate r  d e p t h  and w in d  s p e e d ,  u s in g  a h a n d - h e l d  

a n e m o m e te r ,  w ere  a l s o  r e c o r d e d .  A L o ra n  f i x  was t a k e n  a t  a known 

p o s i t i o n .  Pages S o ck  L i g h t ,  e v e r y  day  t o  d e t e r m in e  th e  o f f s e t  t o  be 

a p p l ie d  t o  t h a t  d a y 's  l a t i t u d e  and lo n g i tu d e  r e a d in g s .

The d rogues  cou ld  be e a s i l y  deployed and r e t r i e v e d  over th e  s id e  o f  

th e  2 4 '  garvey  used  th roughou t th e  s tu d y .  The drogues were r e l e a s e d  a t  

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

i n i t i a l  r e l e a s e  were w i th in  f iv e  m inutes  o f  each o t h e r .  Only one b o a t  

w as u s e d  w h ic h  l i m i t e d  th e  number o f  d rogues  which could  be m on ito red . 

Thus th e  exp er im en ts  were conducted in  t h e  c h a n n e l  and on o n ly  one o f  

t h e  a d j a c e n t  s h o a ls  on a g iv e n  day. Drogues which t r a v e l l e d  beyond th e  

d e f i n e d  s e c t i o n  o f  t h e  r i v e r  w ere p i c k e d  up and  r e - d e p l o y e d .  T he  

e x p e r i m e n t s  w ere  c o n d u c te d  u n d e r  a range  o f  t i d a l  c o n d i t io n s  and o n ly  

when th e  wind was l e s s  th a n  10 k t s .

F i g . 4 . 6  i l l u s t r a t e s  th e  t r a c k l i n e s  and p o s i t i o n s  o f  th e  drogues a t  

30 m inute i n t e r v a l s  f o r  s e l e c te d  days .  The r e s u l t s  o f  th e s e  experim ents  

c l e a r l y  d e m o n s t r a t e  th e  l a rg e  d i f f e r e n c e  in  v e l o c i t y  between th e  shoa l 

and channel w a te r s .  T h is  i s  e s p e c i a l l y  a p p a re n t  on A p r i l  7 ( F i g . 4 . 6 b ) ,  

A p r i l  18 ( F i g . 4 . 6 c )  and A p r i l  23 ( F i g . 4 . 6 e ) .  On A p r i l  4 ( F i g . 6 .4a) a 

d i s t i n c t  foam l i n e  formed down th e  channel between th e  two d ro g u e s  j u s t  

p r i o r  t o  s la c k - b e f o re - e b b .  The d i r e c t i o n  o f  t r a v e l  o f  th e  drogues a f t e r
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t u r n i n g  w i t h  t h e  t i d e  e x h i b i t s  some c o n v e r g e n c e .  The t r a c k l i n e s  

o b t a i n e d  on A p r i l  19 ( F i g . 4 . 6 d )  a r e  i n t e r e s t i n g  b e c a u s e ,  o n  t h i s  

o c c a s i o n  a t  l e a s t ,  t h e  d ro g n e  i n  t h e  c h a n n e l  and t h a t  midway between 

channel and shoa l b o th  tu rn e d  westward w i th  th e  change  i n  t i d e ,  w h i l s t  

t h a t  on t h e  sh o a l  tu rn e d  ea s tw a rd ,  in d i c a t i n g  an a r e a  o f  convergence a t  

t h e  in n e r  edge o f  th e  s h o a l .  No s u r fa c e  f e a t u r e  such as  a foam l i n e  was 

observed  a t  t h i s  tim e however. The drogne experim en ts  served  as a c l e a r  

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

c h a r a c t e r i s t i c  o f  t h i s  s e c t i o n  o f  th e  York R iv e r .

2 .  TIDAL ANALYSIS

The t i d a l  com ponent o f  th e  observed  c u r r e n t s  was determ ined using  

t h e  l e a s t  sq u ares  method o f  harmonio a n a l y s i s .  T h is  p ro ced u re  r e q u i r e s  

29  d a y - lo n g  r e c o rd s  and y e i l d s  q u a n t i t a t i v e  e s t im a te s  o f  th e  a iqp litudes  

o f  25 t i d a l  c o n s t i t u e n t s ,  10 o f  which a r e  c a l c u l a t e d  d i r e c t l y ,  and th e  

rem ainder  i n f e r r e d  u s in g  form ulae o f  Sohureman (Boon and K ile y ,  1978 ) .

The r e q u i r e m e n t s  f o r  a 29 day  r e o o r d  p r e v e n t e d  t h e  d a t a  f ro m  

s t a t i o n  CM3 b e i n g  a n a l y s e d  i n  t h i s  w a y .  A f t e r  s m o o t h i n g  and  

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

HAMELS.29  p r o c e d u r e  (Boon and K i l e y ,  19 7 8 )  was r u n  on th e  th e  o th e r  

t h r e e  c u r r e n t  m eter  r e c o rd s  f o r  a 29 day p e r io d  s t a r t i n g  a t  m i d n ig h t  on 

t h e  16 A p r i l ,  1 9 8 5 .  The n o r t h  and e a s t  v e l o c i t y  com ponen ts  w ere 

a n a l y s e d  s e p a r a t e l y  and t h e n  r e c o m b in e d  t o  o b t a i n  t h e  a m p l i t u d e
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e s t i m a t e s .  O n ly  8 o f  t h e  c o n s t i t u e n t s  were found to  he s i g n i f i c a n t .  

They a re  l i s t e d  in  T ab le  IV .4 along w i th  t h e i r  m agnitudes .

TABLE IV .4

CONSTITUENT PERIOD AMPLITUDE (m/sec)
( s o l a r  hours) CM2U CM2L CHI

01 25.82 0 .044 0.036 0.023
K1 2 3 .9 4 0.044 0.028 0.023

N2 12 .66 0.186 0 .106 0 .048
m 12.42 0 .566 0.391 0.239
S2 12 .00 0.088 0.073 0.047
K2 11.97 0.024 0.020 0.013

M4 6.21 0 .048 0.051 0.038
M6 4 .14 0.013 0.014 0.011

In  g e n e ra l  th e  r e s u l t s  show t h e  e x p e c t e d  dom inance  o f  t h e  sem i­

d i u r n a l  t i d a l  c o n s t i t u e n t s ,  p a r t i c u l a r l y  t h e  M2 whose m a g n itu d e  i s  

app rox im ate ly  5 t im es  t h a t  o f  th e  N2 and S2 c o n s t i t u e n t s .  The 01 and K1 

a r e  th e  dominant d iu r n a l  c o n s t i t u e n t s  and a r e  o f  n e a r l y  equal m agnitude. 

The m a g n itu d e  o f  t h e  o t h e r  h a rm o n ic s  v a r i e s  b e tw e e n  l o c a t i o n s .  Of 

p a r t i c u l a r  i n t e r e s t  i s  t h e  n o n - l i n e a r i t y  in d i c a te d  by th e  in c re a s e  in  

t h e  r e l a t i v e  m a g n i tu d e  o f  t h e  s h a l l o w  w a t e r  t i d e s ,  t h e  H4 a n d  M6 

harm onics ,  b o th  n e a r e r  th e  bed  and in  th e  shallow  w a te r  a t  s t a t i o n  O i l .

I n  a s tu d y  o f  n o n - l i n e a r  t i d a l  p ro p a g a t io n  in  a sha llow  t i d a l  i n l e t  

Aubrey and S peer  (1985) found t h a t  th e  am plitude  o f  th e  h e ig h t  o f  th e  M4 

t i d e  showed a s te a d y  in c re a s e  w i th  d i s t a n c e  i n t o  th e  e s tu a r y .  The r a t e  

o f  growth d i f f e r e d  between channe ls  -  th e  g r e a t e s t  b e in g  a change in  th e  

Jf4/M2 r a t i o  from .0 1  t o  .2 7  in  a d i s t a n c e  o f  21cm. The e x i s t e n c e  o f  

h a rm o n ic s  was s e e n  i n  v e l o c i t y  r e c o r d s  a l s o .  The phase r e l a t i o n s h i p  

between th e  H4 and M2 t i d e s  w i l l  cause  an asymmetry in  th e  d u r a t i o n  and
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m a g n i tu d e  o f  t h e  t h e  f l o o d  and  ebb p o x t i o n s  o f  t h e  t i d a l  c y c le .  In  

Nan a c t  I n l e t ,  Aubrey and Speer (1985) found t h a t  t h e  M2 and M4 w ere in  

p h a s e  g i v i n g  a v e l o c i t y  s ig n a l  c h a r a c te r i z e d  by more in te n se  f lo o d  than  

ebb c u r r e n t s .  The e f f e c t  was more pronounced f u r t h e r  w i th in  th e  e s tu a ry  

where th e  t i d e  i s  more n o n - l i n e a r .  T h is  s tudy  examined most c lo s e ly  the  

v a r i a t i o n  in  th e  t i d a l  h e ig h t  l o n g i t u d i n a l l y  a long  th e  e s tu a r y .  L a te r a l  

and v e r t i c a l  v a r i a t i o n s  in  th e  t i d e  were n o t  c o n s id e re d .

The c u r r e n t  m e te r  r e c o r d s  from  t h e  T o rk  R i v e r  show s i m i l a r  n o n -  

l i n e a r i t i e s  whose magnitude v a r i e d  v e r t i c a l l y  and l a t e r a l l y .  The r a t i o s  

o f  th e  am plitude  ( o f  t h e  v e l o c i t y )  o f  t h e  M4 and  112, and M6 and H2, 

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

fo llow s:

CH2L CM2D CM1

H4/K2 r a t i o :  .130 .085 .159

H6/JQ r a t i o :  .036 .023 .046

There i s  an a lm o s t  100% i n c r e a s e  i n  b o t h  t h e  M4/H2 and M6/M2 r a t i o s  

b e tw e e n  t h e  channel and a d ja c e n t  s h o a l .  The magnitude o f  th e  M4 and N6 

ha rm onics ,  th e  s o - c a l l e d  shallow  w a te r  t i d e s ,  axe e x p e c te d  t o  i n c r e a s e  

i n  t h e  s h a l l o w e r  u p p e r  r e a c h e s  o f  any  e s t u a r y .  I t  i s  n o t  s u p r is in g  

th e r e f o r e  to  f i n d  t h a t  th e y  in c re a s e  in  th e  sh o a l  a r e a s  t o  th e  s i d e s  o f  

th e  e s tu a r y .  How c h a r a c t e r i s t i c  th e s e  m agnitudes  a r e  o f  s i m i l a r  c o a s t a l  

p l a i n  e s t u a r i e s  i s  n o t  known because  o f  th e  p a u c i ty  o f  ou r  know ledge  o f  

t h i s  a s p e c t  o f  l a t e r a l  v a r i a b i l i t y  in  such e s t u a r i e s .
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The n o n - t i d a l  r e s i d u a l  c u r r e n t s ,  c a l c u l a t e d  a s  a mean o v e r  the  

m e asu re m en t p e r i o d ,  gave r e s u l t s  somewhat c o n t r a r y  t o  t h e  ex pec ted  

p a t t e r n  o f  such  e s tu a r i n e  f l o w s .  T h e i r  m a g n i tu d e s  and d i r e c t i o n  a re  

p l o t t e d  i n  F i g . 4 . 7 .  A l th o u g h  s m a l l ,  th e  m agn itudes  ob ta ined  h e r e  a re  

s im i la r  t o  th e  o b s e rv a t io n s  o f  K ile y  (1980) fo r  t h i s  r e a c h  o f  t h e  Tork 

R iv e r .  The d i r e c t i o n s  show a s t ro n g  l a t e r a l  component su p r is in g  i n  such 

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

The r e s i d u a l  a t  s t a t i o n  CHI on th e  n o r th - e a s t  s h o a l  i s  d i r e c te d  n o r th -  

w est along th e  a x i s  o f  th e  e s t u a r y .  T h is  d i r e c t i o n  i s  o p p o s i t e  t o  th e  

p r o p o s a l  o f  F i s c h e r  (19 7 6 )  who s u g g e s te d  t h a t  t h e  n o n - t i d a l  r e s id u a l  

c u r r e n t s  would be d i r e c t e d  dow n-estuary  in  th e  s h a l lo w s .

3 .  LATERAL VARIABILITY IN CURRENT MAGNITUDE AND PHASE

C o as ta l  p l a i n  e s t u a r i e s  a r e  c h a r a c t e r i z e d  b y  h a v in g  one o r  more 

m a jo r  d eep  c h a n n e l s  bo rd e red  by e x te n s iv e  shallow  s h o a l  a r e a s .  Almost 

50% o f  th e  w id th  o f  th e  Tork R iv e r  a t  the  lo c a t io n  o f  th e  study t r a n s e c t  

i s  l e s s  t h a n  2 m e te r s  deep .  I t  would be expected  t h a t  the  c u r r e n t s  in  

such  shallow  r e a c h e s  w ou ld  be  s t r o n g l y  a f f e c t e d  b y  b o t to m  f r i c t i o n .  

T h i s  w ou ld  l e a d  t o  a r e d u c t i o n  i n  c u r r e n t  m a g n i t u d e ,  and p o s s i b ly  a 

change in  phase o f  th e  t i d a l  c u r r e n t s  a c ro ss  the e s t u a r y  in  s u c h  a way 

t h a t  a l l  p h a s e s  o f  th e  t i d e  should  occur f i r s t  on t h e  shoals  (Proudman, 

1953).
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( i )  LATERAL PHASE DIFFERENCE

The p h ase  v a r i a b i l i t y  a c r o s s  th e  s tu d y  t r a n s e c t  v a s  determined

using  c r o s s - s p e c t r a l  a n a ly s i s  between p a i r s  o f  c u r r e n t  m e te r  r e c o r d s .

F o r  t h e  p u r p o s e s  o f  t h i s  a n a l y s i s *  v a lu e s  o f  'a lo n g  c h a n n e l '  v e l o c i ty

were c a l c u la te d  from the  o b s e rv e d  r e c o r d  o f  sp eed  and d i r e c t i o n *  th e
o o

c h a n n e l  o r i e n t a t i o n  b e in g  t a k e n  as 321 /141 . The magnitude o f  th e se  

v a lu es  may v a ry  s l i g h t l y  from th e  ' a l o n g - p r i n c i p a l - a x i s '  v a lu e s  b u t  th e  

p e r i o d i c i t i e s  should be th e  same and such a tech n iq u e  a llow s comparison 

between d i f f e r e n t  re c o rd s .

P l o t s  o f  th e  power s p e c tru m  f o r  each o f  th e  time s e r i e s  ob ta ined  

from th e  shoal s ta t io n s *  p lu s  t h a t  o f  th e  upper channel* a re  i l l u s t r a t e d  

in  F i g . 4 . 8 .  The g r e a t e s t  p eak  in  s p e c t r a l  energy in  a l l  t h r e e  s e r i e s  

occu rs  a t  a frequency o f  0 .087 cph* a f r e q u e n c y  c l o s e l y  e q u i v a l e n t  to  

th e  s e m i - d i u r n a l  t i d a l  frequency . More minor peaks occur a t  a d iu rn a l  

frequency  (0 .040 cph) and* f o r  s t a t i o n s  CHI and CM2U, a t  a q u a r t e r -  

d i u r n a l  f r e q u e n c y  (0 .1 6 5  c p h ) .  The r e c o r d  from  s t a t i o n  CH3 on the  

so u th -w es t  shoa l  i s  n o ta b ly  d i f f e r e n t  having  an energy  peak a t  0.243 cph 

( p e r i o d  o f  4 .1 2  h o u r s )  w h ich  i s  a lm o s t  a s  g r e a t  a s  th e  d iu rn a l*  and 

n e g l ig a b le  energy a t  th e  q u a r t e r - d iu r n a l  frequency .

C ro s s - s p e c t r a l  a n a ly s i s  between th e  re c o rd  ob ta ined  a t  s t a t i o n  CH2U 

and ea c h  o f  s t a t i o n  CHI and  CH3* on th e  s h o a ls *  r e v e a l e d  th e  p h a se  

d i f f e r e n c e s  l i s t e d  in  Table IV .5 below. The coherence a t  each o f  th e se  

f re q u e n c ie s  i s  s i g n i f i c a n t  a t  th e  99% confidence  l e v e l  (Thomson* 1979). 

A p o s i t i v e  s i g n  f o r  th e  p h a s e  d i f fe re n c e *  and co rresponding  time lag*
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means t b a t  t h e  s h o a l  s t a t i o n  (CHI o r  CH3) le a d s  the  channel s ta t io n *  

CH2U.

TABLE IV.S

FREQUENCY PERIOD PHASE TIME DIFFERENCE
(cnh> (hours)  (d eg rees ) (hours  mine)

CH2U/CH1: 0 .040  2 5 .0 0  -4 0
0.087 11 .50  - 7
0.165 6 .0 6  -143

2 48
0 14
2 24

CJQU/CH3: 0 .040
0.087 
0.243

2 5 .0 0
11 .50

4.12

-3 1
- 1
10

2 09
0 02 
0 07

C ons ider ing  t h a t  th e  phase d i f f e r e n c e  between each p a i r  o f  c u r r e n t

frequency  (0 .087  oph)» i t  can be concluded  t h a t  th e r e  i s  no more th a n  14 

m in u te s  d i f f e r e n c e  betw een th e  phase o f  th e  c u r r e n t s  in  t h e  channel and 

th o se  on th e  s h o a l .  Moreover th e se  r e s u l t s  i n d i c a te  th a t*  i f  a n y th in g *  

th e  c u r r e n t s  in  th e  channel le a d  th o se  on th e  s h o a l .  The sampling tim es 

o f  th e  o r i g i n a l  d a ta  reco rds*  in  th e  in s ta n c e  o f  s t a t i o n s  CM2U and CHI* 

a r e  3 m in u te s  a p a r t  w hich may in t ro d u c e  an a r t i f i c i a l  phase d i f f e r e n c e .  

However t h i s  would have a magnitude o f  o n ly  two d e g re e s .  The e s s e n t i a l  

r e s u l t  r e m a in s :  t h i s  a n a l y s i s  shows t h e r e  t o  be n e g l i g a b l e  p h a s e

d i f f e r e n c e  be tw een  th e  c u r r e n t s  on  t h e  s h o a l s  and  t h o s e  i n  t h e  m ain  

c h a n n e l .

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

e x p e r im e n ts * a n d  th e  t h e o r e t i c a l  argum ents  o f  Proudman (1953) had le d  to  

an  a p r i o r i  a s s u m p t io n  t h a t  th e  s h o a l s  l e d  t h e  c h a n n e l  b y  a t i m e  

d i f f e r e n c e  o f  as  much as one h o u r .

m e te r  r e c o rd s  can be r e p re s e n te d  by th e  phase d i f f e r e n c e  a t  th e  dominant
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The e a s i e s t  phase o f  th e  t i d e  to  o b se rv e ,  and t h u s  u se  a s  a g n id e  

t o  p h a s e  d i f f e r e n c e s ,  i s  t h a t  o f  z e r o  o n r r e n t ,  o r  s la c k  v a t e r .  The 

drogne experim en ts  were conducted on b o th  th e  n o r t h - e a s t  and s o u th - w e s t  

s h o a l s  b u t  o n ly  a ro u n d  t i m e s  o f  s l a c k - b e f o r e - e b b .  On th e  n o r th - e a s t  

sh o a l  on th e  7 A p r i l  drogue #4 lo c a te d  i n  6 f e e t  o f  w a te r  r e a c h e d  SBE 

a p p r o x i m a t e l y  7 m in u te s  b e f o r e  d ro g u e  #3 in  20  f e e t  o f  w a te r ,  and 36 

m inu tes  b e fo re  drogue #1 in  th e  main c h a n n e l .  A s i m i l a r  g r a d a t i o n  in  

t im es  o f  s l a c k  w a te r  betw een th e  n o r t h - e a s t  bank and channel was seen  on 

th e  14 A p r i l  on t h a t  day d ro g u e  #5 ( 6 f t )  l e d  d ro g u e  #3 ( 2 0 f t )  by  16 

m inu tes  and drogue #1 in  t h e  channel by  62 m in u te s .  On th e  23 A p r i l  the  

time d i f f e r e n c e  between shoa l and ohannel was 52 m inu tes ,  ag a in  w i th  the  

s h o a l  l e a d i n g .  An experim en t on th e  so u th -w e s te m  s id e  o f  th e  e s tu a ry  

on 19 A p r i l  gave s i m i l a r  r e s u l t s ,  th e  shoa l  le a d in g  th e  main o h a n n e l  by 

44 m in u te s .

An u n d e rs ta n d in g  o f  th e s e  a p p a r e n t l y  c o n f l i c t i n g  r e s u l t s  c a n  be 

o b t a i n e d  i f  we look a t  a time s e r i e s  p l o t  o f  th e  smoothed a long -channe l  

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

c h an n e l-u p p e r  and th e  s h o a l s .  Such a  tim e s e r i e s  i s  p l o t t e d  in  F i g . 4 .9 .  

What i s  im m ediate ly  a p p a re n t  i s  th e  d i f f e r e n c e  i n  form o f  th e  c u r r e n t  

o s c i l l a t i o n  a t  a l l  t h r e e  s t a t i o n s .  T h a t  o f  s t a t i o n  CH2U most n e a r ly  

approx im ates  a  s in u s o id a l  c n r v e ,  b u t  t h o s e  on t h e  s h o a l s  r e f l e c t  t h e  

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

r e l a t i o n s h i p  b e tw e e n  s t a t i o n  CH3 and  s t a t i o n  CM2U ( F i g . 4 . 9b) shows 

g r e a t e s t  c o n s i s te n c y .  The d u r a t i o n  o f  th e  f lo o d  c y c le  a t  s t a t i o n  CH3 i s  

g r e a t e r  th a n  a t  s t a t i o n  CKZTJ. As a r e s u l t  t h e  f l o o d  g e n e r a l l y  s t a r t s  

e a r l i e r  and  ends l a t e r  on th e  s o u th rw e s t  shoa l g iv in g  an a p p a re n t  phase
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d i f f e r e n c e ,  i f  o n ly  t h e  t i m e s  o f  s l a c k  w a te r  a r e  c o n s i d e r e d .  T he  

r e s u l t s  o f  t h e  A p r i l  19 d ro g n e  s t u d y  a r e  how ever i n c o n s i s t e n t  w i th  

t h i s t r e n d .  The phase r e l a t i o n s h i p  between s t a t i o n  CHI and s t a t i o n  CM2D 

i s  more complex. I t  appea rs  t o  change th rough  th e  month as  a comparison 

o f  F ig .4 .9 a  and b r e v e a l s .  Around th e  2 2 -2 5  A p r i l ,  f o r  e x a m p le ,  b o t h  

s l a c k - b e f o r e - e b b  and s l a c k - b e f o r e - f l o o d  o c c u r  f i r s t  a t  s t a t i o n  CHI. 

L a t e r  in  t h e  m e asu re m en t  p e r i o d ,  a ro u n d  t h e  3 r d  and 4 t h  o f  Hay th e  

o p p o s i te  o c c u r s .  T h is  v a r i a b i l i t y  may i n d i c a t e  th e  p resen ce  o f  a lo n g e r  

p e r io d  t i d a l  c o n s t i t u e n t  m o d i fy in g  t h e  f lo w  c h a r a c t e r i s t i c s  on th e  

n o r t h - e a s t  s h o a l .  More l i k e l y  i f  i s  due -to th e  d i s t i n c t  i r r e g u l a r i t y  o f  

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

c y c l e  a t  t h i s  s t a t i o n  i s  a g a i n  g r e a t e r  th an  th e  ebb ( s e e  Table  IV .6 ) ,  

b u t  the  s ta n d a rd  d e v i a t io n s  a re  g r e a t e r  th an  a t  s t a t i o n  CM3. I t  appears  

t h a t  t h e  r e s u l t a n t  c u r r e n t s  a t  s t a t i o n  CHI on any  g i v e n  day  may be 

s t r o n g ly  a f f e c t e d  by wind e v e n ts  o r  bank-induced  tu rb u le n c e .

The a v e r a g e  d u r a t i o n  o f  t h e  f l o o d  and  ebb p o r t i o n s  o f  th e  along 

ohannel v e l o c i t y  f o r  the  p e r io d  o f  22 A p r i l  t o  9 Hay was c a l c u l a t e d  t o  

b e :

TABLE IV .6 
FLOOD EBB

mean s .d mean s .d
S t a t i o n  2U 6:00 .55 6:18 .78
S t a t i o n  3 6:18 .45 6:00 .38
S t a t i o n  1 6 :30 .74 5 :54 .76

Thus, in  summary, i t  would seem t h a t  t h e  c u r r e n t s  a t  t h e s e  t h r e e  

s t a t i o n s  a r e  n o t  fundam en ta l ly  ou t  o f  phase by more th a n  14 m inu tes  b u t  

t h a t  d u r a t io n  asym m etries  in  t h e  f l o o d  and ebb p o r t i o n s  o f  t h e  t i d a l
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c y o l e ,  due  t o  t h e  r o l e  o f  th e  h a rm o n ic  t i d a l  c o n s t i t u e n t s  i n  th e  

shallow er s t a t i o n s ,  g e n e ra te  much o f  th e  observed  'p h a s e - la g s * .

( i i )  VELOCITY SHEAS

An e s t im a te  o f  t h e  v e l o c i t y  s h e a r  a c r o s s  t h e  York R iv e r  i n  t h e  

v i c i n i t y  o f  t h e  s tu d y  t r a n s e c t  c a n  be o b t a i n e d  from moorings o f  the  

G e n e r a l  O c e a n i c  c u r r e n t  m e t e r s ,  an d  f ro m  t h e  d r o g u e  t r a o k i n g  

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

tim es c o n s id e r a b le ,  v e l o c i t y  d i f f e r e n c e  b e tw e e n  th e  s u r f a c e  w a t e r s  o f  

the  main channel and th e  w aters  o ver  the  b o rd e r in g  s h o a ls .

The maximum o b s e r v e d  f l o o d  c u r r e n t s  a t  s t a t i o n  CM2D w e re  

approx im ate ly  0 .85  m/sec w h i l s t  th o se  a t  s t a t i o n  CHI were 0.50 m/sec and 

a t  s t a t i o n  CM3, 0 .4 5 m /s e c .  T h i s  i n d i c a t e s  a r e d u c t i o n  i n  f l o o d  

v e l o c i t i e s  b e tw e e n  th e  ohannel and sh o a ls  o f  up t o  47%. The change i s

ev en  g r e a t e r  d u r in g  t h e  ebb c y c l e  w i th  maximum e b b  v e l o c i t i e s  a t

s t a t i o n s  C H I, CM2U a n d  CH3 o f  0 . 2 5 ,  0 .9 0  and 0 .5 0  m /sec  -  a 72% 

a t t e n u a t io n  between th e  ch an n e l  and  th e  n o r t h - e a s t  s h o a l*  The d e p t h  

c h a n g e s  from a p p ro x im a te ly  10 m eters  in  th e  channel t o  3 m eters  in  th e  

v i c i n i t y  o f  s t a t i o n s  CHI and CH3. According to  Hannings e q u a t io n ,  which 

s t a t e s  t h a t  v e l o c i t y  i s  p r o p o r t i o n a l  to  dep th  t o  th e  tw o - th i rd s  power 

(Henderson, 1966),  a 55% re d u c t io n  in  v e l o c i t y  would be e x p e c t e d .  The 

v a l u e s  o b s e r v e d  i n  t h e  York R iv e r  a re  o f  t h i s  o rd e r  o f  magnitude w ith

th e  exoep t ion  o f  th e  ebb c u r r e n t s  a t  s t a t i o n  CHI. Thus  th e  change  in

v e l o c i t y  a c r o s s  t h i s  e s t u a r y  may be p r i m a r i l y  due t o  t h e  change in 

d ep th .
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C a l c u l a t i n g  t h e  v e l o c i t y  d i f f e r e n c e  between th e  v a lu e s  o f  a lo n g -  

channel v e l o c i t y  a t  S t a t i o n  2U, in  th e  c h a n n e l ,  and S t a t i o n s  1 and 3 on 

t h e  s h o a l s  r e v e a l s  an  o s c i l l a t o r y  d i f f e r e n c e  e s s e n t i a l l y  in  phase w ith  

th e  channe l v e l o c i t y .  A r e p r e s e n t a t i v e  10 day segm ent o f  t h i s  r e c o r d ,  

s t a r t i n g  a t  s p r i n g  (3  H ay) an d  e n d in g  a t  n e a p  t i d e s  (12 Hay) i s  

i l l u s t r a t e d  in  F ig .4 .1 0 .  As we have a l r e a d y  seen  t h e r e  i s  o n ly  a s m a l l  

p h a s e  d i f f e r e n c e  i n  th e  t i d a l  c u r r e n t s  a c ro s s  th e  e s tu a r y .  T h is  means 

t h a t  th e  flow v e l o c i t i e s  w i l l  approach  ze ro  a t  a s i m i l a r  time everywhere 

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

minimal a t  t h i s  t im e .  Haximum v e l o c i t y  d i f f e r e n c e s  o c c u r  a t  t i m e s  o f  

maximum c u r r e n t .  C o n s id e r i n g  t h e s e  v e l o c i t y  d i f f e r e n c e s  as  l a t e r a l  

s h e a r  r e s u l t s  in  v e ry  sm all  v a lu e s  f o r  th e  s h e a r  b e tw e e n  s t a t i o n s  CM2U 

and CK3, due t o  t h e  a s s y m e t r i o a l  p o s i t i o n i n g  o f  t h e  channel in  t h i s  

r eac h  o f  th e  e s t u a r y .

U sing  d a t a  from  t h e  G eneral O cean ics  c u r r e n t  m e te r  moorings g iv e s  

o n ly  an average  v a lu e  fo r  th e  s h e a r  b e tw ee n  th e  c h a n n e l  and t h e  s h o a l  

s t a t i o n s .  The s p a t i a l  v a r i a b i l i t y  o f  t h i s  s h e a r  on a sm a l le r  s c a le  i s  

e v id e n t  from drogue and s u r f a c e  c u r r e n t  m e te r  d a t a .  By way o f  e x a m p le ,  

c o n s i d e r  t h e  d ro g u e  speed i l l u s t r a t e d  in  F ig .4 .1 1 .  The tim es  s e le c te d  

a r e  a l l  a t  o r  n e a r  th e  time o f  maximum c u r r e n t .  L a rg e  d i f f e r e n c e s  in  

c u r r e n t  s p e e d  c a n  be  s e e n  b e tw ee n  th e  sh o a ls  and im m ediately a d ja c e n t  

deeper  w a te r .  The g r e a t e s t  s h e a r  a p p e a r s  t o  b e  l o c a t e d  i n  t h e  w a te r  

d e p t h s  o f  2 t o  4 m e t e r s ,  and th u s  t h e  s h e a r  i s  n o t  even ly  d i s t r i b u t e d  

between th e  main channe l and s h o a l .
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F a t h e r  e v i d e n c e  o f  t h i s  i s  r e v e a l e d  by d a t a  c o l l e c t e d  u s i n g  

' s u r f a c e  c u r r e n t  m e t e r s '  -  an  i n s t r u m e n t  d e v e lo p e d  by D. J o h n so n  o f  

NOKDA to  measure th e  speeds and d i r e c t i o n s  o f  c u r r e n t s  in  th e  very  n e a r -  

s u r f a c e  l a y e r .  The n a tu re  o f  th e se  in s t ru m e n ts  makes them s u s c e p t i b l e  

t o  e r r o n e o u s  r e a d i n g s  when th e re  a r e  s i g n i f i c a n t  s u r fa c e  waves. Under 

calm  c o n d i t io n s  however th e y  a r e  c o n s id e re d  t o  g iv e  r e l i a b l e  e s t i m a t e s  

o f  c u r r e n t  speeds  and d i r e c t i o n s .  On th e  18 th  and 1 9 th  o f  A p r i l  1985. 4 

o f  th e s e  in s t ru m e n ts  were moored a t  l o c a t i o n s  a c r o s s  th e  s o u t h - w e s t e r n  

s id e  o f  the  e s t u a r y .  The magnitude o f  v e l o c i t y  s h e a r  c a l c u la te d  between 

a d j a c e n t  p a i r s  o f  c u r r e n t  m e te r s  w as o b s e rv e d  t o  be l o c a l l y  maximum 

where the  w a te r  d e p th  was 2-3m.

The e x i s t e n c e  o f  a lo c a l i z e d  r e g io n  o f  h igh  v e l o c i t y  s h e a r  a t  t h e  

i n n e r  edge o f  e a c h  o f  th e  sh o a ls  s u g g e s ts  t h a t  th e  w ater masses in  th e  

u p p e r  l a y e r  can be d iv id e d  i n t o  two r e g im e s  -  ' c h a n n e l '  an d  ' s h o a l ' .  

T h o se  on t h e  s h o a l  a r e  s t r o n g l y  a f f e c t e d  by b o t to m  f r i c t i o n  and a r e  

l i k e l y  to  be n o t  o n ly  more t u r b u l e n t  and v e r t i c a l l y  w ell-m ixed ,  b u t  a l s o  

more t u r b i d .  T h i s  idea  was f i r s t  p roposed  by Y eleh (1979) who sugges ted  

t h a t  c o a s t a l  p l a i n  e s t u a r i e s  can  be reg a rd e d  as  h a v in g  w hat was te rm e d  

an  ' i n v i s c i d  c o r e ' ,  w here  f r i c t i o n a l  e f f e c t s  p l a y  a secondary  r o l e ,  

su rrounded  by boundary l a y e r s  i n  which f r i c t i o n  and buoyancy f o r c e s  a r e  

i m p o r t a n t .  A n a l o g i e s  oan  a l s o  b e  made w i t h  s t u d i e s  o f  th e  i n n e r  

c o n t in e n ta l  s h e l f  where a ' c o a s t a l  b o u n d a ry  l a y e r '  h a s  b e e n  n o te d  b y  

some r e s e a r c h e r s .



V, FRONTS IN THE YORK RIVER

F r o n t*  a r e  r e a d i l y  o b se rv ab le  f e a tu r e s  o f  th e  York R iver e s tu a r y .  

They oan be seen in  a l l  p a r t s  o f  t h e  e s t u a r y ,  a r e  g e n e r a l l y  a x i a l l y  

a l ig n ed  and may be s e v e ra l  m ile s  in  l e n g th .  They a r e  r e c u r r in g  f e a tu r e s  

b u t  a re  n o t  p e r s i s t e n t ,  e x i s t in g  f o r  p e r io d s  o f  time vary ing  b e tw e e n  10 

m in u te s  and 2 o r  3 hours  a t  any g iven  lo c a t io n .  Thus t h e i r  time sca le  

i s  d i s t i n c t l y  i n t r a - t i d a l .

They a r e  u s u a l l y  d i s t i n g u i s h e d  as a l i n e  o f  foam, and p o s s ib ly  a 

change in  s u r fa c e  roughness, about 10m w ide. At t im e s  how ever no foam 

l i n e  i s  s e e n ,  o n ly  a s u r f a c e  ' s l i c k *  z o n e .  I t  i s  u n c e r ta in  whether 

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

c i r c u l a t i o n s ,  o r  whether th e  amount o f  foam produced i s  dependent on the  

chem is try  o f  th e  su r face  l a y e r .  T h is  v a r i e s  s e a s o n a l l y ,  th e  l e v e l  o f  

o r g a n i c  compounds • f o r  exam ple , i s  a t  a maximum in  th e  sp r ing  during 

t im es o f  s t ro n g  a l g a l  blooms.

A e r i a l  p h o to g ra p h y  was used as a method o f  lo c a t in g  f r o n t s ,  t h e i r  

p o s i t i o n s  in  r e l a t i o n  to  the bathym etry  and t h e i r  movement w i th  t i m e .  

L arge  d i s t a n c e s  can  be c o v e re d  in  a s h o r t  time a l low ing  a r e l a t i v e l y  

sy o p tic  p i c t u r e  to  be o b ta in e d ,  and th e  complete p a t t e r n  o f  s l i c k s  can  

be s e e n  more c l e a r l y  from th e  a i r  than  from th e  sea  s u r f a c e .  Although 

s t r i c t l y  o b s e r v a t io n a l ,  comparison o f  the  r e s u l t i n g  a e r i a l  p h o to g ra p h s
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w ith  b a th y m e tr ic  c h a r t s  a l low s d e te rm in a t io n  o f  th e  r e l a t i o n ,  i f  any, o f  

snch  f e a t u r e s  t o  t h e  b a t h y m e t r y .  Such  p h o t o g r a p h y  was d o n e  on  4 

d i f f e r e n t  o c c a s i o n s :  A p r i l  1 ,1 9 8 3 ,  November 8, 1984, and on May 5 and 

May 19 , 1985. The camera used  th ro u g h o u t was a H a sse lb la d  500EL, w ith  a 

50mm, 1 :4  Z e is s  l e n s ,  mounted v e r t i c a l l y  in  the  bottom  o f  th e  a i r c r a f t ,  

a de H a v il lan d  B eaver .  To co v er  th e  e n t i r e  w id th  o f  t h e  York R iv e r  in  

one f ra m e ,  g iv e n  t h e  f o c a l  le n g th  and frame s iz e  o f  the  camera, would 

have r e q u i r e d  an a l t i t u d e  o f  14 ,000 f e e t .  Due t o  l o s s  o f  c l a r i t y  and 

r e s o l u t i o n  when pho tograph ing  from t h i s  h e ig h t  i t  was dec ided  to  f l y  a t  

a lower a l t i t u d e  and cover th e  r e q u i re d  ground d i s t a n c e  by f ly in g  t o  th e  

n o r t h w e s t  a lo n g  one bank  and r e tu r n i n g  sou theas tw ard  along th e  o th e r .  

The n e c e ss a ry  a l t i t u d e  was th u s  reduced  to  9 ,500  o r  1 0 ,5 0 0  f e e t .  O nly  

th e  p o r t i o n  o f  t h e  York R iv e r  u p - e s t u a r y  from  G l o u c e s t e r  P o i n t  was 

inc luded  in  th e s e  su rv ey s .

On t h e  1 s t  A p r i l ,  1 9 8 3 ,  2 f l i g h t s  w ere done -  th e  f i r s t  between 

1247 and 1315 EST, th e  second between 1525 and 1600 EST. The t im e  o f  

p r e d i c t e d  s l a c k - b e f o r e - e b b  a t  th e  s tu d y  s i t e  on t h a t  day was 1438 EST. 

The r e s u l t i n g  pho tographs  a r e  i l l u s t r a t e d  in  P i g . 5 . 1 .  D i s t i n c t  foam 

l i n e s  c a n  be seen  a t  many p la c e s  a long  th e  e s tu a r y .  S p a t i a l l y  th e y  a re  

most f r e q u e n t ly  lo c a te d  to  th e  o u te r  edge o f  th e  deeper  channel r e g io n s .  

The r e l a t i v e l y  s h o r t  t im e  f o r  g e n e s i s  and decay o f  th e se  f e a tu r e s  i s  

i l l u s t r a t e d  by th e  changes a p p a re n t  in  th e  2 .5  h o u rs  b e tw e e n  t h e s e  two 

f l i g h t s .  F o r  i n s t a n c e ,  on f l i g h t  #1 a very  d i s t i n c t  foam l i n e  can be 

seen j u s t  u p - e s tu a r y  o f  F e r r y  P o in t  w hich has  d is a p p e a re d  by f l i g h t  # 2 ,  

At o t h e r  p l a c e s ,  f o r  exam ple  i n  th e  v i c i n i t y  o f  T e r ra p in  P o in t ,  i t  i s  

u n c e r ta in  w hether  th e  same f r o n t a l  system  i s  moving l a t e r a l l y  a c ro s s  the



F I G . 5 . 1 Photo mosaic of pictures taken 
during an aerial survey of the 
York River on April 1st, 1983. 
Flying height - 10,500 feet. 
White foam lines marking fronts 
can be clearly seen.

a) 1247 - 1315 EST
b) 1525 - 1600 EST
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e s tu a ry ,  o r  w h e th e r  th e  f e a t u r e s  s e e n  a r e  in  f a c t  d i f f e r e n t  f r o n t a l  

s y s te m s .  The f r o n t s  s e e n  i n  th e  v i c i n i t y  o f  G lo u c e s te r  P o in t  show a 

g r e a t  deal o f  ap p a re n t  movement and c u rv a tu r e .

A s e q u e n c e  o f  s ix  f l i g h t s  was completed on th e  8 th  November, 1984, 

a l l  a t  1 0 ,5 0 0  f e e t .  The foam l i n e s  s e e n  on t h a t  d a y  w e r e  n o t  a s  

d i s t i n o t  o r  a s  n u m e ro u s .  On th e  5 and 19 May, 1985, th e  sequence o f  

f l i g h t s  fo rm ed  a tim e s e r i e s  c o v e r i n g  th e  e n t i r e  t i d a l  c y c l e .  The 

a i r c r a f t  a l t i t u d e  in  t h i s  in s ta n c e  was 9 ,500  f e e t .  Exam ination o f  th e  

r e s u l t i n g  p h o to g r a p h s  o n c e  a g a i n  r e v e a l e d  t h e  te m p o ra l  and s p a t i a l  

v a r i a b i l i t y  o f  th e se  f e a t u r e s .  Looking a t  th e  s e c t i o n  o f  th e  York R iv e r  

between C la y  B ank and F e r r y  P o i n t ,  d i s t i n c t  f r o n t s ,  m arked  by foam 

l i n e s ,  w ere s e e n  on th r e e  d i f f e r e n t  o c c a s io n s :  f l i g h t  #4 (Hour 1 1 /1 2 ) ,  

f l i g h t  #6 (H our  2) and f l i g h t  #7 (Hour 3 / 4 ) .  T h e i r  p o s i t i o n s  a r e  

p l o t t e d  in  F i g . 5 . 2 .  I f  t h e s e  were th e  same f r o n t a l  system , a l a t e r a l  

movement a c r o s s  th e  e s tu a r y  i s  i n d i c a te d .  More l i k e l y  however th e  f ro n t  

s e e n  a t  H l l / 1 2  on th e  n o r t h e a s t  s i d e  o f  th e  c h a n n e l  i s  a s e p a r a t e  

f e a tu r e  to  th o s e  seen l a t e r  du r in g  th e  ebb t i d e  on th e  o th e r  s id e  o f  the  

e s tu a r y .

The p o s i t i o n  o f  any f r o n t s  observed  w h i l s t  c o l l e c t i n g  CID o r  drogue 

d a t a  was a l s o  n o t e d .  A l th o u g h  t o  a l a r g e  e x t e n t  t h i s  in fo rm a tio n  i s  

q u a l i t a t i v e  i t  d o es  show t h e  m ost f r e q u e n t  t i m e s ,  and  p l a c e s ,  o f  

o c c u r r a n o e  o f  f r o n t s  i n  t h e  v i c i n i t y  o f  th e  s tu d y  t r a n s e c t .  V i t h  

re fe re n c e  t o  F i g . 5 .3  i t  can  be  seen t h a t  most o f  t h e  f r o n t s  no ted  du ring  

t h e  l a t e r a l  CTD t r a n s e c t s  (d e s c r ib e d  in  C hapter 3) occu rred  du r in g  the  

ebb t i d a l  phase  (H1-H6) and tow ards th e  s i d e s  o f  t h e  e s t u a r y ,  b e tw e e n



Study transect

i/H4

FIG.5.2 Location and times of fronts noted 
from aerial surveys on the 5th and 
19th May, 1985.
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s t a t i o n  6 and  h a l fw a y  to  s t a t i o n  5 ,  and from midway between s t a t i o n s  3 

and 2 to  s t a t i o n  1 .  P o s i t i o n s  o f  f r o n t s ,  o b ta in e d  from Loran-C , c a n  be 

p l o t t e d  f o r  f r o n t s  observed  on o th e r  f i e l d  days .  As an example, f r o n t s  

observed  du ring  sp r in g  t i d a l  c o n d i t io n s  a re  i l l u s t r a t e d  in  F i g . S . 4 .  I n  

p l a n  v ie w  t h e s e  f e a t u r e s  a re  c l e a r l y  a l ig n e d  w ith  the  d i r e c t i o n  o f  the  

main c h a n n e l .

U n l ik e  t h o s e  o b s e r v e d  a t  t h e  b o u n d a r i e s  o f  b ra c k i s h  plumes (eg .  

G a rv in e  and M onk,1 9 7 4 ) ,  t h e  l o c a l  d e n s i t y  d i f f e r e n c e  a c r o s s  t h e s e  

f r o n t a l  b o u n d a r i e s  i s  v e r y  s m a l l .  Use o f  a f lo w - th r o u g h  sy s te m  

(R uzecki, 1981) to  c o n t in u o u s ly  measure th e  c o n d u c t iv i ty  and tem pera tu re  

a t  a d e p t h  o f  1 m e te r  r e v e a l e d  v e ry  sm all g r a d i e n t s ,  and v e r t i c a l  CTD 

c a s t s  in  th e  v i c i n i t y  o f  th e s e  f r o n t s  showed l i t t l e  d i f f e r e n c e  in  th e  

v e r t i c a l  d e n s i t y  s t r u c t u r e .  D esp i te  t h i s ,  th e se  f r o n t s  were observed  to  

be a c t iv e  co nvergence  z o n e s ,  f r e q u e n t l y  d ra w in g  th e  b o a t  i n t o  t h e i r  

lo c a t i o n .

The o b s e r v a t io n a l  ev idence  i n d i c a t e s  th e r e f o r e  t h a t  f r o n t s  c a n  be 

found  in  t h e  T o rk  R iv e r ,  fu therm ore , th o se  seen in  the  v i c i n i t y  o f  the  

s tudy  a r e a  a r e  m ost f r e q u e n t l y  a l i g n e d  p a r a l l e l  t o  t h e  a x i s  o f  th e  

e s t u a r y  and  o c c u r  d u r i n g  th e  l a t t e r  p a r t  o f  th e  f lo o d  th rough  to  the  

middle o f  th e  ebb t i d a l  o y c le .



H10 - SPRING ; H 1 1 -  S P R I N G

i  l J j J  t I Ll I 1 I I I I t 1 U-l I

H12 - SPRING H1 - SPRING

FIG.5.4 Locations of fronts observed during 
spring tides in the vicinity of the 
study transect.



V I. DISCUSSION

O b s e r v a t i o n a l  e v i d e n c e  b a s  shown t h a t  t h e  l a t e r a l  d e n s i t y  

d i s t r i b u t i o n  i n  t h e  York R i v e r  i s  n o t  u n i f o r m :  on t h e  c o n t r a r y  i t  

e x h i b i t s  a d i s t i n c t  s p a t i a l  and  temporal v a r i a b i l i t y .  How can t h i s  be 

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

l o n g i tu d in a l  f ro n ts ?

The d e n s i ty  d i s t r i b u t i o n  w i t h i n  any e s t u a r y  i s  a r e s u l t  o f  b o th  

a d v e c t i v e  a n d  m ix in g  p r o c e s s e s .  D i f f e r e n c e s  i n  t h e  m a g n itu d e  o f  

ad v ec tio n  and th e  amount o f  t u r b u l e n t  m ix in g  can  be  c o r r e l a t e d  w i t h  

changes in  d e p th .  In  the s h a l lo w e r  a re a s  bo ttom  f r i c t i o n  would a c t ,  n o t  

on ly  to  v e r t i c a l l y  mix th e  w a t e r  colum n, b u t  a l s o  t o  r e t a r d  c u r r e n t  

s p e e d s .  C o a s t a l  p l a i n  e s t u a r i e s  have a c r o s s - s e c t i o n a l  b a th y m e try  

d i s t i n g u i s h e d  by  e x t e n s i v e  s h o a l  a r e a s  b o r d e r i n g  t h e  main c h a n n e l .  

A c r o s s  s u c h  a n  e s t u a r y  t h e r e f o r e ,  s i g n i f i c a n t  d i f f e r e n c e s  in  th e  

magnitude o f  th e s e  p rocesses  c a n  be ex p ec ted .  O b se rv a t io n s  made in  t h i s  

s tu d y  s u p p o r t  t h i s  h y p o t h e s i s .  As was s e e n  in  C h a p te r  3, th e  w ater  

column over th e  s h o a l s  r e m a in s  v e r t i c a l l y  hom ogenous t h r o u g h o u t  th e  

t i d a l  c y o l e ,  t h e  i n n e r  edge o f  th e  s h o a l  r e g io n  a c t in g  as a boundary 

between w ell-m ixed  and p a r t i a l l y - s t r a t i f i e d  r e g im e s .  F u r t h e r m o r e ,  in  

C h a p te r  4 ,  a m arked  d i f f e r e n c e  in  the m agnitude o f  th e  t i d a l  c u r r e n t s  

o v e r  t h e  s h o a l  com pared to  t h o s e  in  t h e  c h a n n e l ,  w as n o t e d .  B o th

1 1 8
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E u l e r i a n  and L a g r a n g la n  m easurem ents  in d ic a te d  t h a t  the  sh ea r  between 

th e  two a re a s  was l o c a l l y  g r e a t e s t  n e a r  th e  in n e r  edge o f  th e  s h o a l .

Com bining t h i s  e v id e n c e  a l l o w s  th e  f o r m u l a t i o n  o f  a concep tua l 

model by which th e  d e n s i ty  v a r i a b i l i t y  c a n  be e x p l a i n e d .  N e g le c t i n g  

d i f f n s i v e  p r o c e s s e s  and assu m in g  t h a t  th e  d e n s i ty  d i s t r i b u t i o n  a t  any 

g iven  p la c e  and t im e  i s  due s im p ly  t o  a d v e c t i o n  i n  th e  l o n g i t u d i n a l  

d i r e c t i o n  we can w r i t e :

T a k in g  d p / d x ,  t h e  lo n g i tu d in a l  d e n s i ty  g r a d i e n t ,  a s  a c o n s ta n t ,  L, and 

c o n s id e r in g  the  d ep th -a v e rag e  d e n s i ty  in  a h o r i z o n t a l  l a y e r  a c r o s s  th e  

e s tu a r y  w i th in  which th e  lo n g i tu d in a l  v e l o c i t y  i s  assumed to  be c o n s ta n t  

w i th  r e s p e c t  to  th e  x and z d i r e c t i o n s ,  g iv e s :

The aim. h e re  i s  t o  e v a lu a te  th e  expec ted  d e n s i t y  d i f f e r e n c e  b e tw e e n  two 

l o c a t i o n s  a c r o s s  t h e  e s tu a r y ,  s p e c i f i c a l l y  the  channe l  and s h o a l ,  th u s  

we can w r i t e :

(6 . 1)

(6 .2 )

"  ” L [u (y  , t )  -  u (y . , t ) ]  Ot a D ; (6 .3 )

w here  Ap = p (y  ) -  p ( y  ) and  'a *  r e f e r s  t o  t h e  c h a n n e l  and ' b '  t o  
a b

th e s h o a l .



1 2 0

Thus, as  d e sc r ib e d  by e q u a t io n  ( 6 . 3 ) ,  th e  d e n s i t y  d i f f e r e n c e  between the 

s h o a l  and channel and i t ' s  change w ith  t im e ,  i s  c o n s id e re d  to  be simply 

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

T h i s  e x p e s s i o n  e a n  be  e v a lu a te d  by assuming a f u n c t io n a l  form fo r

th e  lo n g i tu d in a l  v e l o c i t y ,  u .  Taking

u » -A s i n ( u t )  a a

and i n t e g r a t i n g  w ith  r e s p e c t  to  tim e g iv e s :

A p(t)  = Ap„ + {A. (c o s (u t+ a )  -  cosa)  + A (1 -  cos(cot))} (6 .4 )v (j> o a

where Ap0 = A p(t=0).

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

d i f f e r e n c e ,  t o  th e  r e s u l t i n g  d e n s i t y  d i s t r i b u t i o n ,  e q u a t io n  (6 .4 )  was

e v a lu a te d  f o r  two d i f f e r e n t  c a s e s :

( i )  o = 0 ,  (A^-A ) o f  v ary ing  magnitude

( i i )  A^ and A^ b o th  c o n s ta n t ,  and a  o f  v a ry in g  m agnitude .

Throughout th e s e  c a l c u l a t i o n s  th e  fo llo w in g  v a lu e s  were u sed :
■ #

Ap0 = 0 .24  kg/m 

L = - 2 . 0  x 10 kg/m

u = 0 .5 1  r a d ia n s /h o u r  o r  1 .4  x 10 r a d i a n s / s e c

The v a l u e  o f  Ap0 was t a k e n  from  th e  o b s e r v a t io n a l  d a ta  o f  t h i s  s tu d y .

The lo n g i tu d in a l  d e n s i t y  g r a d ie n t  was o b ta in e d  from th e  York R ive r  S lack

V a t e r  S u rv e y  d a t a  c o l l e c t e d  by VIMS. I t  r e p r e s e n t s  a mean v a lu e ,  a t  a

A. s i n ( u t  + a)
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FIG.6.la. Distribution of the density difference
assuming zero phase and varying amplitude 
difference.
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according to the model.
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depth  o f  2m, f o r  a 10km s e c t io n  o f  th e  York R iver c e n te red  on th e  s tu d y  

t r a n s e c t .

Taking t=0 as the  time o f  s l a c k - b e f o r e - e b b ,  th e  v a r i a t i o n  o f  th e  

d e n s i ty  d i f f e r e n c e  th rough  a t i d e  cy c le  under th e se  d i f f e r e n t  co n d i t io n s  

i s  p lo t t e d  in  F i g s . 6 .1  and 6 .2 .  A p l o t  o f  th e  v e l o c i t y  d i f f e r e n c e  i s  

i n c l u d e d . i n  F i g . 6 . 1 .  A p o s i t i v e  v a l u e  o f  A p ( t )  i n d i c a t e s  t h a t  the  

d e n s i ty  in  th e  channel i s  g r e a t e r  th an  t h a t  o f  th e  th e  s h o a l .  Xf t h e r e  

i s  no  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  c h a n n e l  and s h o a l ,  th e n  th e  

ex p re ss io n  f o r  A p(t) (e q u a t io n  6 .4 )  r e d u c e s  t o  s im p le  c o s in e  f u n c t i o n  

w h ic h  g i v e s ,  a s  i l l u s t r a t e d  in  F i g . 6 . 1 ,  maximum v a l u e s  o f  d e n s i t y  

d i f f e re n c e  a t  tim es o f  minimum v e l o c i ty  and v e l o c i ty  sh e a r .  The l a r g e r  

th e  v a lu e  o f  t h e  a m p l i t u d e  d i f f e r e n c e ,  th e  more extreme the  change in 

A p(t)  th r o u g h  th e  t i d e  c y c l e .  The o b s e rv e d  v a lu e  o f  th e  a m p l i tu d e  

d i f f e r e n c e  o f  the  HZ t i d a l  components between th e  channel and the  n o r th s  

e a s t  shoal was 0 .34  m/sec ( r e f e r  T a b l e I V .4 , p 9 2 ) .  T h i s  i s  p l o t t e d  in  

F i g . 6 .1  a s  d a s h e d  l i n e .  A d i f f e r e n c e  in  the  v a lue  o f  Ap0, th e  i n i t i a l  

d e n s i ty  d i f f e r e n c e ,  w i l l  simply t r a n s l a t e  th e  curve up o r  down the  Ap(t) 

a x i s .  Xt w i l l  no t a l t e r  i t ' s  form.

Using th e  o b s e r v e d  a m p l i t u d e  d i f f e r e n c e  o f  0 . 3 4  m / s e c ,  b u t

in c l u d i n g  a p h a s e  d i f f e r e n c e ,  g i v e s  c u r v e s  f o r  A p ( t )  w h ich  a re  no t
o

s i g n i f i c a n t l y  d i f f e r e n t  (see  F i g . 6 . 2 ) .  Even a phase  d i f f e r e n c e  o f  25

w h ic h ,  f o r  t h e  H2 t i d a l  com ponent, r e p r e s e n t s  a time d i f f e r e n c e  o f  52

m inu tes ,  o n ly  a l t e r s  the  e x p e c te d  maximum n e g a t i v e  v a lu e  o f  A p ( t )  by 
>

0 .06  kg/m . The observed  phase d i f f e r e n c e  between channel and shoal was 
o

on ly  -7  ( r e f e r  C hapter 4 ) .  The tim es a t  which t h e s e  maximum n e g a t i v e
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v a l u e s  o f  A p ( t )  o c c u r  a r e  o f f s e t  compared to  the  'n o -p h a s e '  case  -  i f  

th e  phase i s  p o s i t i v e  they o c c u r  a f t e r ,  and i f  n e g a t iv e ,  b e fo re  the  time 

o f  s l a c k - b e f o r e - f l o o d .  I t  would seem how ever t h a t  th e  a m p l i t u d e ,  

d i f f e r e n c e  p la y s  a f a r  g r e a t e r  r o le  in  g e n e ra t in g  a d e n s i t y  d i f f e r e n c e  

t h a t  any phase d i f f e r e n c e .

O b se rv a tio n s  o f  the d e n s i t y  d i f f e r e n c e s  between th e  sh o a ls  and main 

c h a n n e l  i n  t h e  York River d i s p l a y  th e  same g en e ra l  t r e n d s  as  p r e d ic te d  

by th e  model. The d en s i ty  d i f f e r e n c e s  w ere  c a l c u l a t e d  by  s u b t r a c t i n g  

th e  d ep th  average d en s ity  a t  1.0m a t  the  sh o a ls  ( S ta t io n s  1 and 6 ) ,  from 

t h a t  o f  the  main channel ( S t a t i o n  3 ) .  T h is  was done f o r  each t i d e  hour,  

and  f o r  e a c h  o f  'm ean ' and ' s p r i n g '  t i d a l  c o n d i t io n s .  The r e s u l t s  a re  

p l o t t e d  in  F i g . 6 .3 .  Maximum p o s i t i v e  and n e g a t i v e  v a l u e s  o f  A p ( t )  do 

o c c u r  a t ,  o r  n e a r ,  the  t i m e s  o f  minimum c u r r e n t  -SBE and SBF. However 

t h e  form  o f  t h e  v a r i a t i o n  b e tw e e n  t h e s e  maxima shows a c o n s i s t a n t  

anomoly du ring  the  ebb t i d a l  c y c l e .  I n s t e a d  o f  s t e a d i l y  d e c re as in g  to  a 

maximum n e g a t iv e  v a lu e ,  the d e n s i t y  d i f f e r e n c e  d rops r a p id l y  t o  a l o c a l  

maximum, f o l lo w e d  by an i n c r e a s e  f o r  s e v e r a l  hours  b e fo re  d e c re as in g  

s h a rp ly  a g a in .  I n  o th e r  w o rd s ,  a t  s la c k -b e fo re -e b b  t h e  s h o a l  i s  l e a s t  

d e n s e ,  b u t  w i t h i n  an h o u r  t h i s  t r e n d  i s  re v e rs e d  and th e  l e a s t  dense 

w a te r  i s  found in  t h e  c h a n n e l .  T h i s  i s  so  th r o u g h o u t  t h e  ebb c y c l e  

a l t h o u g h  th e  d e n s i t y  d i f f e r e n c e  i s  minimal a t  tim es o f  maximum c u r r e n t .  

V i th  th e  e x c e p t io n  o f  th e  d e n s i t y  d i f f e r e n c e  b e tw e e n  th e  s o u th - w e s t  

sh o a l  and the  channel under m ean t i d e  c o n d i t io n s  (cu rve  B ,F i g .6 . 3 a ) ,  the  

range o f  observed  v a r i a t io n  i s  much g r e a t e r  th an  p r e d i c t e d .  At s p r in g  

t i d e s  t h i s  can p robab ly  be a t t r i b u t e d  to  a g r e a t e r  magnitude in  (A^-A&) .  

As shown in  F i g . 6 . 3b , th e  d e n s i t y  d i f f e r e n c e  b e tw e e n  th e  s o u th - w e s t
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s h o a l  and th e  c h a n n e l  a t  sp r in g  t i d e s  i s  g r e a t e r  than  zero  fo r  a l l  bu t 

two and a h a l f  hours o f  th e  t i d a l  c y c le .  T hat i s .  the  d e n s i ty  over t h i s  

s h o a l  i s  a lm o s t  a lw ay s  l e s s  th a n  th e  ch an n e l  under th e se  c o n d i t io n s .  

T his  p o in t s  to  the  in f lu en ce  o f  a C o r io l i s  induced r e s id u a l  c i r c u l a t i o n  

which superim poses a d d i t io n a l  d e n s i ty  d i f f e r e n c e s  on those  expected  from 

d i f f e r e n t i a l  a d v e c t io n .

D i f f e r e n c e s  between th e  o b s e rv a t io n s  and th e  co n cep tu a l  model used 

h e r e  a r e  t o  be e x p e c te d  b e c a u s e  o f  t h e  m o d e l ' s  many s i m p l i f y i n g  

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

c i r c u l a t i o n s ,  no account i s  taken  o f  the  p o s s i b i l i t y  o f  l a t e r a l  m ix in g  

b e tw een  w a te r s  o f  c h a n n e l  and s h o a l ,  i n e q u a l i t i e s  in  th e  d u ra t io n  o f  

f lood  and ebb c y c le s  a c ro s s  the  e s tu a ry  o r  l a t e r a l  d i f f e r e n c e s  in  th e  

l o n g i t u d i n a l  d e n s i t y  g r a d i e n t .  As a f i r s t  a p p ro x im a t io n  however i t  

would appear t h a t  th e  o b s e r v e d  l a t e r a l  d e n s i t y  d i f f e r e n c e s  c o u ld  be 

exp la ined  by simple d i f f e r e n t i a l  a d v ec t io n .

I f  t h i s  i s  so , then  d i s t i n c t  d e n s i ty  d i f f e r e n c e s  b e tw ee n  c h a n n e l s  

and s h o a l s  m ig h t  be e x p e c te d  t o  o c c u r  th r o u g h o u t  n o t  o n ly  t h e  7ork 

R i v e r ,  b u t  o t h e r  s i m i l a r  c o a s t a l  p l a i n  e s t u a r i e s .  Such a l a t e x a l  

d e n s i t y  s t r u c t u r e  m igh t in f lu en ce  o th e r  a s p e c t s  o f  e s tu a r in e  dynamics, 

such as  lo n g i tu d in a l  d i s p e r s io n ,  and a llow  th o - fo rm a t io n  o f  lo n g i tu d in a l  

f r o n t s .

By d e f i n i t i o n  f r o n t s  r e p re s e n t  th e  l o c a t io n  o f  a d i s c o n t i n u i t y  in  

t h e  h o r i z o n t a l  d i s t r i b u t i o n  o f  w a te r  m ass p r o p e r t i e s  on th e  s c a le  o f  

o b se rv a t io n  (Denman and P o w e l l ,  1984) . T h i s  means t h e r e f o r e  t h a t  two
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d i f f e r i n g  w a te r  m asses  have to  be b ronght in to  j u x t a p o s i t i o n ,  o r  th e re  

has to  be a s trong  lo c a l  g ra d ie n t  in  mixing p ro cesse s  which would change 

t h e  c h a r a c t e r i s t i c s  o f  t h e  w a te r  m a ss .  I n  g e n e r a l  when two such  

d i s s i m i l a r  f l u i d s  a re  a d ja c e n t ,  h o r iz o n ta l  mixing w i l l  o p e ra te  to  reduce 

t h e  g r a d i e n t s  i n  w a te r  mass p r o p e r t i e s .  In  o rd e r  to  m a in ta in  a sharp 

g r a d i e n t  o r  b o u n d a ry ,  a d v e c t i o n  o f  t h e  w a t e r  m a ss  m u s t  o v e rc o m e  

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

d i s t in g u is h e d  by t h e i r  d e n s i ty  c h a r a c t e r i s t i c s  and th u s  e s tu a r in e  f r o n t s  

o f  a l l  k i n d s  may b e  d e l i n e a t e d  by a d e n s i t y  d i f f e r e n c e  a c r o s s  th e  

f r o n t a l  boundary. T h is  i s  v e ry  c l e a r l y  so in  r i v e r  plume f r o n t s  where 

th e  b uoyancy  d i f f e r e n c e  i s  g e n e r a t e d  by a c o n s t a n t  f lu x  o f  b ra c k ish  

r i v e r  w a te r .  In  some e s tu a r in e  f r o n t s ,  su ch  a s  th e  a x i a l  c o n v e rg e n c e  

zo n es  n o t e d  by Nunes and Sim pson ( 1 9 8 5 ) ,  t h e r e  may n o t  be a marked 

d e n s i ty  d i f f e r e n c e  a t  th e  f r o n t a l  b o u n d ary ,  m e re ly  a d i s c o n t i n u i t y  in  

the  v e l o c i t y  f i e l d s .

The o b s e rv a t io n a l  ev idence from th e  York R ive r  in d i c a te s  t h a t  q u i t e  

s t r o n g  f r o n t s  can  o c c u r  even  th o u g h  th e  l o c a l i z e d  change in  d e n s i ty  

a c ro s s  th e  f r o n t a l  boundary i s  sm a ll .  F re q u e n t ly  th e se  f r o n t s  o c c u r  a t  

th e  t im e s  and  l o c a t i o n s  o f  maximum l a t e r a l  sh ea r  in  th e  lo n g i tu d in a l  

v e l o c i t y .  P resum ably  t h e r e f o r e ,  t h e  l o c a l l y  h ig h  v a l u e  o f  v e l o c i t y  

s h e a r  n o t e d  a t  t h e  in n e r  edge o f  the  s h o a ls  augments the  expec ted  mean 

va lue  o f  th e  d e n s i ty  d i f f e r e n c e  b e tw ee n  c h a n n e l  and s h o a l  t o  su ch  an 

e x te n t  t h a t  d i s c o n t i n u i t i e s  in  the  d e n s i ty  f i e l d  o ccu r .  Suoh c o n d i t io n s  

a re  fav o u rab le  f o r  th e  fo rm ation  o f  f r o n t s .  L a t e r a l  p re s s u re  g r a d i e n t s  

could  th e n  d r iv e  th e  su r fa c e  convergent c i r c u l a t i o n s  which a re  g e n e ra l ly  

co n s id e red  dynam ica lly  n e c e ssa ry  to  m a in ta in  a f r o n t a l  boundary.
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I f  f r o n t s  o c c u r  when th e  d e n s i t y  d i f f e r e n c e  i s  g r e a t e s t ,  t h e n  

f r o n t s  can be expec ted  to  occur a t  o r  n e a r  th e  t im es  o f  minimum c u r r e n t .  

T h i s  i s  t r u e  fo r  s la c k -b e fo re - e b b .  However f r o n t s  a re  very  r a r e l y  seen 

a t  th e  tim e o f  s la c k - b e f o re - f lo o d  -  th e  time o f  maximum n e g a t iv e  s h e a r .  

Why i s  t h i s  s o ,  when th e  a b s o l u t e  d e n s i t y  d i f f e r e n c e  may be j u s t  as 

g r e a t  as  a t  s la c k -b e fo re -e b b ?  The answer would seem to  be t h a t  n o t  on ly  

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

h o r i z o n t a l  d e n s i t y  d i s t r i b u t i o n  su ch  t h a t  t h e  a s s o c i a t e d  p r e s s u r e  

g r a d ie n t s  w i l l  g e n e ra te  convergen t f low s .  The c i r c u l a t i o n  in f e r r e d  from 

th e se  p r e s s u r e  g r a d ie n t  were i l l u s t r a t e d  in  C hap ter  3 and a r e  r e p e a t e d  

h e r e  i n  F i g . 6 . 4 .  I n  g e n e ra l  o n ly  th e  p r e s s u re  g r a d ie n ts  on the  n o r th s  

e a s t e r n  s id e  o f  the  r i v e r  were co n s id e re d  to  be o f  s u f f i c i e n t  s t r e n g t h  

t o  p o s s i b l y  g e n e r a t e  c i r c u l a t i o n s .  These c i r c u l a t i o n s  a r e  seen to  be 

convergen t n e a r  s la c k -b e fo re -e b b  and d iv e rg e n t  n e a r  s l a c k - b e f o r e - f l o o d .  

T h i s  i s  i n  a c c o r d a n c e  w i t h  o b s e r v a t io n s  o f  f r o n t s  in  t h i s  p a r t  o f  the  

York R iv e r ,  and su g g es ts  t h a t  th e  e x i s t e n c e  o f  c o n v e rg e n t  f lo w s  i s  n o t  

n e c e s s a r y  m e re ly  f o r  t h e  m a in t a i n e n c e  o f  f r o n t s ,  b u t  a l s o  f o r  t h e i r  

g e n e s i s .

As a f u r t h e r  c o m p lic a t io n  to  t h i s  a n a ly s i s  o f  f ro n to g e n e s i s  i s  the  

v e ry  f r e q u e n t  o b s e rv a t io n  o f  f r o n t s  a t  th e  in n e r  edge o f  th e  s o u th - w e s t  

s h o a l  d u r i n g  t h e  mid—p a r t  o f  t h e  ebb t i d a l  c y c l e  (H3,H4,H5 — see  

F i g . 5 . 3 ) .  At t h i s  tim e th e  d i f f e r e n c e  between th e  d ep th  average d e n s i ty  

f o r  t h e  u p p e r  1 .0m  a t  s t a t i o n s  6 and 5 i s  v e ry  sm a l l ,  and h o r i z o n ta l  

p re s s u re  g r a d ie n t s  between th e se  s t a t i o n s  a re  a l s o  v ery  s m a l l .  However 

t h i s  l o c a t i o n  m arks  th e  t r a n s i t i o n  between a s t r a t i f i e d  and w e l l  mixed 

w a te r  column. T h is  i s  c l e a r l y  seen in  th e  o b s e rv a t io n s  made a t  H3 on 7
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June , 1984 ( F ig .6 . 5 ) .  F ro n ts  a re  commonly found a t  such  a b o u n d a ry  in  

s h a l l o w  s h e l f  s e a s ,  and  t h e  l o n g i t u d i n a l  f r o n t s  in  D elaw are  Bay 

d e sc r ib e d  by Klemas and P o l i s  (1977) were found  t o  o c c u r ,  a t  l e a s t  in  

one in s ta n c e ,  a t  a t r a n s i t i o n  between s t r a t i f i e d  and mixed w a te r s .

The gen era l  s t r u c t u r e  fo r  such a f r o n t  i s  d e p ic te d  sc h e m a t ic a l ly  in  

F i g . 6 . 6 a ,  the  d e n s i t y  in  the  w ell-m ixed zone being in te rm e d ia te  between 

the  upper and lower la y e r s  o f  the  s t r a t i f i e d  zone. I t  has  been observed 

i n  many s h e l f - s e a  s i t u a t i o n s  t h a t  t h e  s u r f a c e  f r o n t  i s  much l e s s  

p ro n o u n c e d  th a n  t h e  b o t to m  f r o n t  (Van H e i j s t , 1 9 8 6 ) .  A l th o u g h  t h e  

l o c a t i o n  o f  th e se  t i d a l  mixing f r o n t s  can be p r e d ic te d  us ing  the  energy 

c r i t e r i o n  o f  S im pson and I l u n t e r  ( 1 9 7 4 ) ,  u n d e r s t a n d i n g  o f  t h e i r  

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

G a r r e t t  and L o d e r  (1981) fo u n d ,  s e m i - a n a l y t i c a l l y , t h a t  t h e  c r o s s -  

f r o n t a l  flow p a t t e r n  has a tw o -c e l l  s t r u c t u r e  as shown in F i g . 6 . 6b. The 

c i r c u l a t i o n  in  th e  upper c e l l  i s  ex p ec ted  t o  be w eak er  a s  th e  l a r g e s t  

h o r i z o n t a l  d e n s i t y  d i f f e r e n c e s  occur in  th e  deeper  p a r t s  o f  th e  w a te r  

column. Such a v e r t i c a l  v a r i a t i o n  in  h o r iz o n ta l  d e n s i ty  d i f f e r e n c e s  was 

n o te d  a l s o  a t  t h e  i n n e r  edge o f  t h e  s o u th -w e s t  s h o a l .  The dynamics 

used by G a r r e t t  and Loder (1981), how ever, i n c o r p o r a t e d  r o t a t i o n ,  and 

t h e r e f o r e  t h e i r  r e s u l t s  a r e  n o t  d i r e c t l y  a p p l ic a b le  to  e s t u a r i e s .  As 

w ith  th e  f r o n t s  n o te d  a t  o th e r  t im es and p la c e s  du r in g  th e  t i d a l  c y c l e ,  

t h e  m a in t a i n e n c e  o f  t h e s e  f r o n t s  i s  v e ry  dependant on th e  surrounding  

v e r t i c a l  d e n s i ty  s t r u c t u r e .  In  e s tu a r in e  env ironm en ts  c h a n g e s  in  t h i s  

s t r u c t u r e  may o c c u r  very  r a p id l y ,  and th e r e f o r e  i t  i s  n o t  s u p r is in g  to
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FIG.6.5 Isopycnals (0.5 sigma-t intervals) 
between the inner edge of the south 
west shoal and adjacent channel as 
measured on 7 June, 1984.
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FIG.6.6 a) a schematic diagram of a tidal 
mixing front. (solid lines 
represent isopycnals)

b) streamlines of cross-frontal flow, 
dashed lines represent isopycnals. 
(from Garrett and Loder, 1981)
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f in d  t h a t  e s tu a c in e  f r o n ts  have a r e l a t i v e l y  s h o r t  t im e  s c a l e  b e tw een  

g en es is  and decay.

The l a t e r a l  c i r c u l a t i o n s  a s s o c i a t e d  w i t h  h o r i z o n t a l  p r e s s u r e  

g r a d i e n t s *  and a t  t im e s  f r o n t s *  w i l l  a c t  t o  enhance  c r o s s - e s t u a r y  

m ixing . M a te r ia l  which e n te r s  th e  e s tu a ry  from th e  f r in g in g  marshes and 

s m a l l  t i d a l  c r e e k s  w i l l  be  t r a n s f e r r e d  from th e  shoa ls  to  the  f a s t e r  

flow ing w a te rs  o f  th e  channel during  c e r t a i n  t im es o f  th e  t i d a l  c y c l e .  

I n  t h i s  way t h e  e f f e c t i v e  l o n g i t u d i n a l  d i s p e r s io n  o f  such m a te r ia l  is  

g r e a t ly  in c re a s e d .  The idea  t h a t  sh o a ls  may a c t  as  te m p o ra ry  s t o r a g e  

b a s i n s  and  th u s  i n f l u e n c e  l o n g i t u d i n a l  m ix ing  was f i r s t  p roposed by 

S c h i j f  and Schonfe ld  (1953). S i m i l a r i t i e s  a l s o  e x i s t  in  th e  c o a s t a l  

o c e a n  w here  t h e  n e a r s h o r e  zone may be c h a ra c te r i z e d  by h ig h  t u r b i d i t y  

and lo w e r  s a l i n i t y .  The seaw ard  b o u n d a r y  o f  t h i s  z o n e  i s  o f t e n  

d e l i n e a t e d  by f r o n t s .  I n  a s tu d y  o f f  t h e  Georgia coast* B lanton  and 

A tk in s o n  (1978) c o n c lu d e d  t h a t  a l t h o u g h  th e  t r a n s f e r  o f  m a t e r i a l  

a l o n g s h o r e  i s  d o m in a te d  by th e  mean a lo n g sh o re  flow* th e  t r a n s f e r  o f  

m a t e r i a l  a c r o s s  th e  n e a r s h o r e  zone i s  due t o  t h e  mean f r e s h w a t e r  

d i s c h a r g e *  t i d a l l y —in d u c e d  f l u x e s  and f l u x e s  due t o  g r a v i t a t i o n a l  

c i r c u l a t i o n .  T id a l ly -v a ry in g  and d e n s i t y - d r i v e n  l a t e r a l  c i r c u l a t i o n s  

a r e  q u i t e  p o s s ib ly  c h a r a c t e r i s t i c  o f  many e s tu a r i e s *  and measurement of 

t h e i r  magnitudes an im portan t to p ic  fo r  f u tu r e  e s t c a r in e  r e s e a r c h .



V I I .  SUMMARY AND COBCLUSIOHS

The d e n s i t y  d i s t r i b u t i o n  a c r o s s  th e  Yoxk R ive r  i s  c h a r a c te r i z e d  by 

d i s t i n c t  in h o m o g e n e i t ie s . e s p e c i a l l y  in  th e  up p er  2 m e te rs  o f  t h e  w a te r  

column. The p a t t e r n  o f  v a r i a b i l i t y  i s  r e p e t a t i v e  and c l o s e l y  c o r r e l a t e d  

w ith  th e  s e m i-d iu rn a l  t i d a l  c y c l e  and th e  w ater  d e p th .  I n  th e  sha llow er  

a r e a s  t h e  w a te r  column rem ains v e r t i c a l l y  w ell-m ixed a t  a l l  t im e s .  The 

d e n s i t y  d i f f e r e n c e s  a r e  g r e a t e s t  a t  t im e s  o f  minimum c u r r e n t s .  At 

s l a c k - b e f o r e - f l o o d  t h e  l e a s t  d e n se  w a te r  i s  loca ted  in  a  sha llow  le n s  

over t h e  m ain  c h a n n e l .  Tow ards  t h e  end o f  t h e  f l o o d  c y c l e *  and a t  

s l a c k - b e f o r e - e b b  * t h i s  i s  rev e rsed  w ith  th e  l e a s t  dense  w a te r  s i tu a te d  

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

p r e s s u r e  g r a d i e n t s  w h ic h  a t  t i m e s  may b e  o f  s u f f i c i e n t  s t r e n g t h  to  

g e n e ra te  l a t e r a l  c i r c u l a t i o n s .  Such c i r c u l a t i o n  p a t t e r n s  would form 

z o n e s  o f  c o n v e r g e n c e  o r  d iv e rg e n ce  a c ro s s  th e  e s tu a ry  depending on th e  

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

I n  t h e  s h o a l  a r e a s  bottom  f r i c t i o n  p la y s  a m ajor r o l e ,  n o t  on ly  in  

p ro v id in g  s u f f i c i e n t  tu rb u le n c e  t o  f u l l y  mix th e  w ate r  colum n, b u t  a l s o  

by  r e d u c i n g  t h e  l o n g i t u d i n a l  v e l o c i t i e s .  L a t e r a l  d i f f e r e n c e s  in  th e  

s t r e n g t h  o f  th e  a s s o c ia t e d  a d v e e t io n  p ro c e s s e s  r e s u l t .  T h is  d i f f e r e n c e ,  

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

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

d i f f e r e n c e s .
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This l a t e r a l  v a r i a b i l i t y  i n  d e n s i t y  and v e l o c i t y  i s  n o t  e v e n ly  

d i s t r i b u t e d  a c r o s s  th e  e s t u a r y *  Zones o f  la rg e  v e l o c i t y  and d e n s i ty  

sh ea r  can be found, most n o ta b ly  a t  th e  i n n e r  edge o f  t h e  s h o a l s .  At 

t h i s  l o c a t i o n  a l s o ,  l a t e r a l  d i f f e r e n c e s  i n  d e n s i t y *  a n d /o r  v e r t i c a l  

d e n s i ty  s t r u c tu re *  may g e n e ra te  e s tu a r i n e  f ro n ts*  The p resen ce  o f  th e se  

f r o n t s ,  a l though  t r a n s i to r y *  may f u r t h e r  enhance l a t e r a l  flows*

In  co n c lu s io n  th e r e f o r e ,  t h i s  s tu d y  h a s  shown t h a t  d i f f e r e n t i a l  

a d v e c t i o n .  and p o s s i b l y  m ix ing ,  between a re a s  o f  ' s h o a l '  and 'c h a n n e l '  

in  p a r t ia l ly -m ix e d  e s t u a r i e s  may c r e a t e  d i s t i n c t  d e n s i t y  d i f f e r e n c e s  

a c ro ss  th e  e s tu a r y .  These d e n s i ty  d i f f e r e n c e s  may th e n  g e n e r a te  l a t e r a l  

c i r c u l a t i o n s  and e s tu a r i n e  f r o n t s .
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