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A  d e p th -av e rag ed  h y d ro d y n am ica l num erica l m odel is used  to ev a lu a te  tida l s tresses , 
c u rre n ts , and  m ix in g  in th e  B risto l C hannel and  S evern  E stu ary . B en th ic  m acro fa u n a l a s so ­
c ia tio n s  and se d im e n t b ed  ty p es are show n to d epend  on  the m ag n itu d e  o f  th e  tida l s tre s s , and 
th e  d irec tio n  o f  se d im e n t tran sp o rt (as bed-load) in the cen tra l p arts o f  the C h a n n e l is show n  
to  be  a  co n seq u en ce  o f  e b b  do m in a ted  stress. T h is  a sy m m e try  in the tidal stress is m ainly  
c a u se d  by  M 4 c u rre n ts , and  com p u ted  M 4 e lev a tio n s and cu rre n ts  are c o m p ared  w ith  ob se rv ed  
v a lu es  a t a  n u m b er o f  s ta tio n s . R esidual flow s and  ho rizo n ta l m ix ing  are  d ed u ced  from  the 
h y d ro d y n a m ic a l m o d e l, and  u sed  to construct tran sp o rt re la tio n sh ip s  fo r  an  eco sy stem  m odel.
A g reem en t b e tw een  o b se rv e d  sa lin ity  o v e r a n u m b er o f  y ears and  th a t co m p u ted  by  the 
ec o sy ste m  m o d el is g en era lly  good.

K e y  w o r d s : B ris to l C h a n n e l, hyd rod y n am ica l m o d e l, sa lin ity  m o d el, tida l s tre s s , M4 tid es, 
se d im e n t m o v em en t
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U n  m o d è le  n u m ériq u e  h y d ro d y n am iq u e  à  p ro fo n d eu r m o y en n e  a  se rv i à  é v a lu e r  la 
p re ss io n  des m arées , le s  co u ran ts  e t le m élange dans le  ch en a l de B risto l e t l ’e s tu a ire  de  la 
S e v e rn . O n co n s ta te  q ue  les asso c ia tio n s m ac ro fa u n iq u e s b en th iq u es e t les ty p es de  lits de 
sé d im e n t d é p en d en t de la  p re ss io n  des m arées. O n  d ém o n tre  au ssi q ue  la d irec tio n  du  tran sp o rt 
d es  sé d im e n ts  (co m m e ch a rg e  de  lit) dans les parties  cen tra les  du  chenal ré su lte  de  la  p ress io n  
e x e rc é e  su rto u t par le ju sa n t. C e tte  asy m étrie  de  p re ss io n  ex ercée  par la  m arée  est c au sée  en  
g ran d e  p a rtie  par d es  co u ran ts  M 4, et nous com p aro n s les é lév a tio n s e t co u ran ts  M 4 avec  les 
v a leu rs  o b se rv ée s à  un  ce rta in  nom bre  de  sta tions. L es flux  résid u a ires  et le  m élan g e  h o rizo n ­
ta l so n t d éd u its  du  m o d è le  h y d ro d y n am iq u e  et son t u tilisés  dans l ’é lab o ra tio n  d e  re la tio n s de 
tra n sp o rt e n  v ue  d ’un  m o d è le  d ’écosystèm e. Il y  a g én é ra lem en t bon  acco rd  en tre  la sa lin ité  
o b se rv é e  p e n d a n t p lu s ieu rs  années e t ce lle  ca lcu lée  à  l ’a ide  d u  m odèle  d ’éco sy stèm e.

R e c e iv e d  O c to b e r 14, 1981 R eçu  le 14 o c to b re  1981
A cce p te d  A u g u s t 3 1 , 1982 A ccep té  le  31 a o û t 1982

TIDAL s tream s h av e  a  p ro fo u n d  in flu en ce  o n  the eco lo g y  o f  re lev an ce  o f  th ese  p hysica l p rocesses to  es tu a rin e  eco logy  is
th e  B risto l C hannel and  S ev ern  E stu ary . B ecause  o f  th is , em p h as ized . T h e  p h ilo sophy  b eh in d  th is w o rk  is th a t funda-
h y d ro d y n am ica l n u m erica l m o d els  o f  tida l flow  have an  im - m en ta l s tu d ies o f  p h y sic a l p rocesses can  p ro fitab ly  run in
p o rtan t ro le  to  p lay  in q u an tify in g  eco lo g ica l p ro cesses in th e  paralle l w ith , and  m ak e  im portan t co n trib u tio n s to , research
reg io n . T h e  p u rp o se  o f  th is p ap e r is to  u se  cu rre n ts  co m p u ted  in to  e s tu a rin e  and co asta l m arine  eco lo g y . A lth o u g h  current
from  such  a m o d e l, in co n ju n c tio n  w ith  f ie ld  o b se rv a tio n s , to  m ete r o b se rv a tio n s  a lo n e  cou ld  p rov ide  the n ecessa ry  back-
in v estig a te  th e  fric tio n a l d rag  on  the se ab ed  d ue  to cu rre n t g ro u n d  to  so m e  eco lo g ica l stu d ies , fo r  m any  it is im possib le
flow  (tida l s tre s s) , to g e th e r  w ith  lo n g -te rm , large-scale  c ircu - to ach iev e  th e  req u is ite  geo g rap h ica l and tem poral coverage
la tio n  o f  sed im en t (as b e d -lo a d ), and  w a te r  in th e  area . T h e  o f  o b se rv a tio n a l da ta . U n d er these  c ircu m stan ces th e  app lica­

tio n  o f  h y d ro d y n am ica l m odels is essen tia l.
--------------------  U s in g  a  h y d ro d y n am ica l m o d e l, it is sh o w n  th a t tidal

'This paper forms part o f the Proceedings of the Dynamics o f s tresses a t th e  se ab ed  not on ly  g o v ern  sed im en t b ed  types and
Turbid Coastal Environments Symposium convened at the Bedford d istrib u tio n s o f  ben th ic  m acro faunal asso c ia tio n s (W arw ick
Institute o f Oceanography, Dartmouth, N .S ., Canada, September and  U n c]es jqgQ ), bu t are  also  ab le  to ex p la in  sed im en t trans-
2 9 - October 1, 1981. p 0rt p atdg fo r  5 e d q o ad  ¿n  th e  cen tra l part o f  the B risto l C han-

P rin ted  in C a n ad a  (J6 6 7 3 ) nel (B e ld e rso n  and S trid e  1966). T h e  w ork  o f  P ing ree  and
Im p rim é  au C a n a d a  (J6673)
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Fig . I .  Lattice approximation o f  coastal boundaries in the Bristol 
Channel and Severn Estuary (west and east, respectively, o f Nash 
Point). The medial axis o f the Channel (------ ).

G riff ith s  (19 7 9 ) is ex ten d ed  to  in co rpo ra te  resid u a l (tida lly  
av e rag ed ) cu rre n ts  in th e  fric tional d rag  law , as w ell as e m ­
p lo y in g  a  m u ch  h ig h e r  spa tia l reso lu tion  in th e  num erica l 
m o d el.

A p p lica tio n s  o f  p h y sic a l da ta  to h o listic  eco sy stem  s im u ­
la tio n s  en ta il a  c o a rse r  d escrip tion  o f  the p hysica l p ro cesses 
(b o th  in  tim e and  space) th an  is ob ta in ed  u sin g  h y d ro ­
d y n a m ic a l m o d e ls . H e re , the ro le  o f  p hysica l m o d els  is  to 
a d v ec t and  d isp e rse  b io log ica l and ch em ica l c o m p o n en ts  o f  
th e  ec o sy ste m  th ro u g h  th e  reg ion  o f  in te rest and  o v e r the 
c o u rse  o f ,  p e rh a p s , sev era l y ears (K rem er and  N ix o n  1978). 
T h e  lo n g -te rm  ad v e c tio n  and d isp e rs io n  o f  d isso lv ed  m ateria ls 
is  in f lu e n c e d  b y  tid a lly  induced  resid u a l flow s (U n c les 1982), 
w h ich  can  be  d e riv ed  from  h y d ro d y n am ica l m o d e ls . H o w ­
e v e r , an  em p iric a l ap p ro ach  m ust g en era lly  be used  to  q u a n ­
tify  th e  tra n sp o rt fo r  eco sy stem  stud ies. S u ch  an a p p ro ach  is 
o u tlin e d  fo r  th e  B risto l C hannel and , as illu stra tio n  o f  its 
c a p a b ilit ie s , is u se d  to  com p u te  d istrib u tio n s o f  sa lin ity  o v e r 
th e  re g io n . C o m p a riso n s  o f  com p u ted  w ith  o b se rv ed  d is tr ib u ­
tio n s  o f  sa lin ity  o v e r  a n u m b er o f  y ears are  p resen ted .

T h e  h y d ro d y n am ica l m o d el uses f in ite -d iffe ren ce  m ethods 
to  so lv e  the w e ll-k n o w n  dep th -av erag ed  eq u a tio n s o f  co n ­
tin u ity  an d  m o m e n tu m  in th e ir  s tandard  n o n lin ea r fo rm s (T ee  
1976; P in g re e  and  M ad d o ck  1977). T h e  e ffe c t o f  b u o y an cy  
d u e  to h o rizo n ta l d en s ity  g rad ien ts is tak en  in to  a cco u n t; the 
co e ff ic ie n t o f  h o rizo n ta l ed d y  v isco sity  is ta k e n  to  be 
IO6 c m 2- s _l (T ee  1976), and the d rag  co e ffic ie n t, k ,  in the 
q u a d ra tic  fric tio n  law  is 2 .5  x  IO- 3 . A  (53 x  43) la ttic e  o f  
p o in ts  is  used  w ith  a  un ifo rm  sp ac in g  o f  3.1 k m  (see  F ig . 1). 
T h e  B risto l C h a n n e l and  S ev ern  E stuary  a re  a rb itra rily  de­
f in ed  h e re  as th e  r e g io n s  w est a n d  eas t o f  N ash  P o in t in  F ig . 1. 
A lth o u g h  no t sh o w n  in F ig . 1, the u p p er reach es o f  th e  m odel 
S ev e rn  a re  e x te n d e d  fu rth e r  tow ard s th e  h ead  by 15 k m , u sin g  
a  o n e -d im e n s io n a l ap p ro x im atio n  o f  the e s tu a ry . T h e  co n d i­
tio n s  o n  w a te r  lev e l specified  a t th e  seaw ard  b o u n d ary  a re  the 
re s id u a l (tid a lly  av erag ed ) su rface  e levation  re la tiv e  to  O rd ­
n an ce  D a tu m  (N e w ly n ), and th e  am plitudes and  p h ases  o f  the 
M 2 an d  M 4 tid es ( th e  p rin c ip a l lu n a r sem id iu rnal and  quarte r-
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Fig . 2. Tidally averaged magnitude o f seabed stress for M2 tides, 
and sediment bed types: A, stress (N -n T 2); B , Bed types, R(rock), 
G(gravel), S(sand), M(mud). Linear sand banks are drawn in.

d iu rn a l tidal h e ig h ts). T h e  M 2 e lev a tio n s and cu rre n ts  derived  
fro m  th e  m odel are  in g o o d  ag reem en t w ith  obse rv a tio n s 
(U n c les  1981a).

T idal S tress

U sin g  the q u ad ra tic  fo rm u la tio n , the tida l stress  on  the 
se a b e d  d u e  to  fric tional d rag  o f  w a te r  flo w in g  o v e r it m ay  be 
w ritten :

(1) T  =  p&v|v|,

w h e re  p  is th e  d ensity  o f  se aw ate r, k  is the d rag  c o e ff ic ie n t and 
V is th e  d ep th -av e rag ed  cu rren t; its m ag n itu d e  is:

(2) | t | =  pk |v |2.

B o th  eq u a tio n s can  b e  eas ily  evalu a ted  from  th e  h y d ro ­
dy n am ica l m odel o f  th e  C hannel. A v erag in g  eq u a tio n  (2 ) o ver 
a  tid a l c y c le  y ie ld s th e  tidally  av erag ed  m ag n itu d e  o f  the 
s tre s s , ( | t | ) ,  w hich is co n to u red  in F ig . 2 A  for th e  c ase  o f  M 2
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F ig . 3. Bed types and benthic macrofaunal associations against 
tidally averaged magnitude o f bed stress for M i tides: A , Bed types, 
R(rock), A(type A gravel ribbons), G(smooth gravel), B(type B sand 
ribbons), SW(sand waves), SS(smooth sand), SSM(smooth sand and 
mud); B , Benthic macrofaunal associations.

tida l s tream s. P eak  tida l stresses o c c u r  d u rin g  m ax im um  flood 
and  ebb  tidal s tream s, and  these  a re  app ro x im ate ly  tw ice  the 
v a lu es  show n  in F ig . 2A  o w in g  to  th e  fact tha t the tidal 
cu rre n ts  at each  po in t a re  e ssen tia lly  rec tilin e a r, and ap p ro x i­
m ate ly  sin u so id a l w ith  tim e (U n cles 1981a).

T h e  e ffe c t o f  tida l stress on  th e  su b s tra te  is ev id en t from  
F ig . 2 B , w h ich  sh o w s th e  d istrib u tio n  o f  sed im en t b ed  types 
in the B risto l C h a n n e l and  w este rn  S ev ern  E stuary . T h e  re ­
g ion  o f  h igh  stress  in th e  eas te rn  B risto l C hannel is a zo n e  o f  
e ro sio n  w ith  a  rock  bed ; g rav e l accu m u la tes  in the lo w er stress 
reg io n  seaw ard  o f  th e  zo n e , and  m ay  fo rm  g rav e l rib b o n s 
(T ype A  o f  K en y o n  1970). T h e  w es te rn  part o f  the C hannel 
is a reg ion  o f  la rge  sand  w av es , w h ich  ad jo in s areas o f  sm oo th  
san d  to  the sou th  and n o rth , and  w h ich  is sep ara ted  from  the 
g rav e l and  ro ck  areas to the eas t by  th in  san d  ribbons (T ype 
B o f  K en y o n  1970). In B rid g w ater B ay  (F ig . 2 B ), and fu rther 
up  the e s tu ary , sed im en t bed ty p es a re  g o v ern ed  by  th e  dense 
suspen sio n s o f  p a rticu la te  m ateria l m a in ta in ed  in the w ate r 
co lu m n  by  the s tro n g  cu rren ts .

D ata  from  F ig . 2 (A , B ) hav e  been  sy n th esized  in F ig . 3 A , 
w h ich  sh o w s each  b ed  ty p e  as a  fu n c tio n  o f  the m ean  residual 
( tid a lly .av e rag e d ) tidal stress fo r w h ich  it  o ccu rs . T h ere  is a 
fa irly  sm o o th  p ro g ressio n  from  h igh  tid a l s tresses asso c ia ted  
w ith  the rock  b ed  and g rav e l r ib b o n s , th ro u g h  the in term ed ia te  
s tress  va lu es p ro d u c in g  m ov em en t o f  san d  w av es , to  th e  low  
s tresses re su ltin g  in perm an en t d ep o s itio n  o f  sed im en t to form  
b ed s o f  sm o o th  san d  and  m u d d y  san d . A  s im ila r co rre la tion  
is illu stra ted  in  F ig . 3B  fo r  tidal stress and ben th ic  faunal types 
in th e  B risto l C h a n n e l, and th is co rre la tio n  has been  co n sid ­
ered  in detail by  W arw ick  and  U ncles (1980).

A cco rd in g  to  B e ld e rso n  and  S trid e  (1 9 6 6 ), th e  d irec tio n  o f  
san d  tran sp o rt in th e  C hannel (as b ed -lo ad ) is from  th e  zone 
o f  e ro sio n  to th e  C e ltic  S ea . G e n e ra lly , th e  in stan tan eo u s ra te  
o f  sand  tran sp o rt varies  as th e  cu rre n t sp e ed  raised  to som e 
p o w e r , w h ich  is ty p ica lly  abo u t four. T h is  m eans th a t m ost o f 
th e  tran sp o rt o ccu rs n e a r  peak  flood  o r eb b  cu rren ts (ignoring  
w in d -w a v e  e ffe c ts). A n y  sig n if ican t d iffe ren ce  in the m ag ­
n itudes o f  the peak  flood  and  ebb  cu rre n ts  (th e  asym m etry ) 
w ill th e re fo re  largely  d e te rm in e  th e  re sid u a l tran sp o rt o f  sand . 
T id a l a sy m m etry  in the cu rre n ts  has b een  in v estig a ted  in detail 
fo r  th e  S ev ern  E stuary  (U n cles 1981b). I f  in fin ite ly  rep ea tin g
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Fig . 4. M4 elevations: A , Amplitudes (cm); B, Phases (degrees).

M 2 tid es a re  co n sid ered  as b e in g  rep re sen ta tiv e  o f  average 
tida l co n d itio n s  in the C h a n n e l, then  tida l a sy m m e try  is p ro ­
duced  m ain ly  by re sid u a l (tida lly  averaged) c u rre n ts , and  by 
MU tid es. T h e  effec ts  o f  h ig h e r o v e rtid es (M 6, M R, . . . )  are 
irre lev an t o r  sm a ll. T h e re fo re , th e  h y d ro d y n am ica l m odel has 
b e e n  used  to in v estig a te  M 4 tid es in the C han n e l from  a 
fu n d am en ta l v iew p o in t, as w ell as to id en tify  po ss ib le  trans­
po rt p a th s fo r  se d im e n t b ed -lo ad  d irec tly  fro m  the com pu ted  
tida l cu rren ts .

M 4 T id es

S eaw ard  boun d ary  co n d itio n s fo r th e  M 4 e lev a tio n s w ere 
de riv ed  from  a co arse  g rid  m odel o f  th e  so u th w est sh e lf  (M iles 
1979). T h e  am p litu d es and  ph ases o f  th e  M 4 tid e , accord ing  
to  th e  h y d ro d y n am ica l m o d e l, are co n to u red  in F ig . 4A  and 
B , re sp ec tiv e ly . T h ese  values w ere  d eriv ed  by  ru n n in g  the 
m o d el o v e r  a  n u m b er o f  tidal cy c les  un til pe rio d ic  so lu tions 
w ere o b ta in e d . F o u rie r  analysis o f  th e  co m p u ted  w a te r  e le­
v a tio n s and  v e lo c ities  th en  gave the M 2, M 4, and  residual 
p ro p e rtie s . F o r  ve locity :
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F ig. 5. M4 currents: A , Maximum currents (semimajor axis), 
c n v s -1; B, Phases (degrees).

V =  ( v )  +  V2 +  V 4  +  . . .

w h e re  v 2 is th e  M 2 c u rre n t, and ( v )  and  v 4 are the m u ch  sm a lle r 
re s id u a l and  M 4 cu rre n ts . T h e  am p litu d es o f  the M 4 e lev a tio n s 
in c rease  fro m  ab o u t 6  cm  in the w est to 14 cm  in the m outh  
o f  th e  S ev e rn  ( lo ca ted  at N ash  P o in t, F ig . 4A ). T h e  increase  
in e lev a tio n  c o n tin u es  tow ard s the head  o f  the S ev ern . E n ­
h an ced  e le v a tio n s  o ccu r near h ead lands due to  cen trifugal 
effe c ts  (see a lso  P in g ree  and M ad d o ck  1978). T h e  com p u ted  
M 4 tid e  is th e  su m  o f  co n trib u tio n s due to local non lin ear 
gen e ra tio n  (P in g ree  and  M ad d o ck  1978; U ncles 1981b), and 
th e  p resen c e  o f  an  M 4 w ave p ro p ag a tin g  in to  the C han n e l from  
th e  C e ltic  S e a , w h ere  it is am p lified  by funne llin g . T h e  phases 
o f  th e  M 4 e lev a tio n s  in F ig . 4B  are  p roportional to the tim e  o f  
m ax im u m  e lev a tio n  fo r the M 4 tide. T hese  show  p ro p ag a tio n  
in to  th e  C h a n n e l un til B rid g w a te r  Bay; th ereafte r th e  p ro p ag a ­
tio n  is d o w n -e s tu a ry , in d ica tin g  large  local g en era tio n  in th e  
u p p e r  re a c h e s  o f  the S evern .

T h e  head  o f  th e  dep th  av erag ed  M 4 cu rren t vec to r d escribes 
an e llip se  d u r in g  th e  c o u rse  o f  an M 4 tidal period  o f  6 .2  h . T h e

$
1CA

EW(

2 C A

3 C A BLV

Lundy 1st'

5

Tide g a u g e  sta tion s:

Current m eter  sta tio n s:

15  km

Fig. 6. Tide-gauge stations at which measurements have been 
made for 15 d, 1 mo, and 1 yr are shown as ■ ,  O , and A, re­
spectively. Stations at which two or three recording current meters 
were deployed on a mooring for 1 mo are shown (A ). Near-surface 
current measurements extending over 1 mo are shown (O). Data at 
station BID courtesy of M. J. Howarth (personal communication).

m ax im u m  cu rren ts hav e  m ag n itu d e  a 4, and  d e fin e  the sem i­
m a jo r ax is o f  the e llip se . T h e  o rien ta tio n  o f  th e  e llip se , §4, is 
the d irec tio n  o f  th e  m ax im u m  cu rre n t ( a 4) in an up -channel 
sen se . T h e  m ax im u m  u p -channel cu rre n t is reach ed  at a tim e 
t =  e 4/ to 4, w here e4 is the phase  o f  the cu rre n t, and  o>4 the 
an g u la r  f requency  o f  th e  M 4 tid e  (5 7 .9 7 °h ~ ') . T h e  M 4 curren ts 
re a c h  m in im u m  valu es one quarte r o f  a period  a f te r  th ey  reach 
m ax im u m  values. T h e  m in im u m  cu rren ts have m ag n itu d e  b 4, 
and  defin e  the se m im in o r ax is o f  the e llip se . T h e  se m im in o r 
ax is is positiv e  if  th e  head  o f  the cu rre n t v ec to r  is m oving  
cy c lo n ic a lly  around  the e llip se , and  is n eg a tiv e  i f  it is m ov ing  
an ticy c lo n ica lly .

T h e  m ax im u m  M 4 cu rre n ts  ( a 4, th e  se m im a jo r axes o f  the 
M 4 tidal cu rre n t e llip ses) a re  sh o w n  in F ig . 5A . L arg e  values 
o c c u r  n ear h ead lan d s , w h ich  is ag a in  d ue  to cen trifugal ef­
fe c ts , and  cu rren ts increase  p ro g ressin g  u p -ch an n e l d ue  to 
fu n n e llin g  and  local n o n lin ear g en era tio n . T h e  reg ion  o f  low 
cu rre n ts  n e a r  B rid g w ate r B ay resu lts from  o p p o sin g  phases o f  
the up -estu ary  trav e llin g , and locally  g en e ra ted  IVL, tides. 
P h ase s o f  the M 4 cu rre n ts  ( e 4) are  co n to u red  in F ig . 5 B , w hich  
h as been  d raw n  to show  less de ta il in th e  bays th an  is ev iden t 
fro m  th e  m odel. P ropagation  is ag a in  sh o w n  to b e  up -channel 
se aw ard s  o f  B ridgw ater B a y , and  dow n -ch an n e l fu rth e r  into 
th e  S ev ern .

C o m p a r is o n  w ith  O b se r v a t io n s

S o m e  o f  the resu lts fo r M 4 tid e s  can  be co m p ared  w ith  
o b se rv a tio n s . Positions a t w hich  tida l h e igh ts and  cu rren ts 
h a v e  b een  m easu red  are  d raw n in F ig . 6.

T h e  com p ariso n s b e tw een  obse rv ed  and  co m p u ted  M 4 e le ­
v a tio n  am p litu d es and  phases are  g iv e n , re sp ec tiv e ly , in 
F ig . 7 A  and  7B . T h e  ag reem en t is reaso n a b le  a t th e  low er 
a m p litu d es  (< 1 5  c m , re la tiv e  accu racy  16% ) and  phases 
( < 2 0 ° ,  re la tiv e  accu racy  13% ) o f  the B risto l C h an n e l, but
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F ig. 7. Observed against computed M„ elevations: A, Amplitudes 
(cm); B, Phases (degrees).

bo th  the com p u ted  am p litu d es and  ph ases a re  to o  large  in the 
S ev ern . A lthough  not show n  in  F ig . 7 A , th e  com p u ted  a m p li­
tu d e  at A vonm outh  (see F ig . 6  fo r  lo cation ) is 45  c m , w h ile  
th e  ob se rv ed  v a lu e  is on ly  34 cm . T h u s , the tw o -d im en sio n a l 
s im u la tio n  o f  M 4 tides beco m es in accu ra te  in th e  upper 
S e v e rn , p resu m ab ly  becau se  o f  its p o o r  reso lu tio n  o f  to p o g ra ­
ph y  (espec ia lly  d ep th ) in the u p p e r reach es , w h ere  local g en ­
era tio n  o f  M 4 tides is im p o rtan t. P ran d le  (1980) fo u n d  s im ila r 
ex cess iv e  gen era tio n  o f  M 4 tide  at the head  o f  b o th  th e  S evern  
and  T h am es, and  a ttribu ted  th is to  in accu rac ies  in th e  co m ­
pu ted  fric tional effec ts  in sh a llo w  w ater.

O b serv ed  and  co m p u ted  p ro p erties  o f  the M 4 tida l cu rren ts

T a b l e  1. Observed and computed, ( • ) ,  properties of M4 tidal 
ellipses. Semimajor axis, a4, semiminor axis, b4, phase relative to 
Greenwich, e4, orientation relative to north, ô4. <t> = 2e2 — e4.

Station
a4 

c m -s ’"1
b4

c n v s -1
<?4

degrees
s 4

degrees
COS (<t>)

IB 3(3) -1 (0 ) 273(276) 40(60) —0 .7 (—0.6)
3B 3(4) KD 303(297) 41(42) —0 .1(—0.4)
1C 5(6) 1(0) 323(317) 84(102) —0 .8 (—0.7)
2C 3(6) o (—1) 334(321) 60(81) — 1.0(—0.7)
3C 5(6) 1 ( 2) 328(313) 71(80) —0.8(—0.6)

BID 2(3) 0 ( - l ) 289(297) 53(66) —0.5(—0.7)
BLV 5(5) — 367(341) 92(92) —0.9(—0.6)
EWG 11(12) — 262(250) 57(56) 0.9(1.0)

are co m p ared  in T a b le  1. O ne-m o n th  sta tio n s a re  used  (A  and
0  in F ig . 6 ) , an d  tidal e llip se  data  fo r  a ll cu rre n t m eters on a 
m o o rin g  a re  av erag ed . W ith  th e  ex cep tio n  o f  sta tio n  2C  in 
T ab le  1, th e  c o m p u ted  se m im a jo r and  se m im tn o r axes (the 
m ax im u m  and  m in im u m  M 4 cu rre n ts , a 4 an d  b 4) are  w ith in
1 c m - s " 1 o f  th e  obse rv ed  values. C o m p u ted  and observed  
ph ases o f  th e  M 4 cu rre n ts , e 4, are g en era lly  in ag reem en t to 
w ith in  1 0 ° -2 0 °  ( ~  1 0 - 2 0  m in ), and  a s im ila r  ag reem en t ex ­
ists fo r  th e  o rien ta tio n s  o f  the tida l e llip ses , 84.

T h e  m ax im u m  M 2 and  M 4 tida l cu rre n ts  te n d  to  b e  aligned  
in th e  sa m e  d irec tio n  w ith  th e ir resp ec tiv e  tida l e llip se  sem i­
m ajo r axes p o in tin g  a lo n g  the m ed ia l ax is o f  th e  C hannel (see 
F ig . 1). A ssu m in g  th a t th e  m ax im u m  M 4 and  M 2 cu rren ts are 
p a ra lle l, and  th a t th e  cross-ch an n e l cu rre n ts  (the tida l ellipse 
se m im in o r a x es) are  n eg lig ib le , then  th e  M 4 cu rre n ts  re in fo rce  
e ith er th e  flood  o r  ebb  stream s acco rd in g  to  w h eth er cos(|) is 
g rea te r  o r  less th a n  ze ro , w here:

(3) 4> =  2«?2 -  e 4,

and  w h ere  e 2 is the p h ase  o f  the M 2 cu rre n ts . T h e  peak  M 4 
flood  c u rre n t, a 4, leads the peak  M 2 flo o d  cu rre n t, a 2, by  a 
tim e  cj)/o)4, w h e re  w4 is tw ic e  the an g u la r  freq u en cy  o f  the M 2 
tide.

In  T ab le  1, cos<{> is co m p ared  fo r co m p u ted  and observed  
cu rre n ts . T h e  ag reem en t is reaso n a b le , and  sh o w s that the 
sum m atio n  o f  M 2 and M 4 cu rren ts p ro d u ces  ebb  dom inated  
flow s (cos4> <  0 ) a t all s ta tions e x cep t E W G  (see  F ig . 6 ), 
w h ich  is som e co n s id e rab le  d is tan ce  in to  th e  S evern  (see also 
U ncles 1981b).

R e s id u a l  a n d  M a x im u m  T id a l  St r e sse s

A s a  firs t ap p ro x im a tio n  th e  B risto l C h a n n e l can  b e  trea ted  
as a o n e-d im en sio n a l sy s tem , w ith  cu rre n ts  and spa tia l g ra ­
d ien ts  o c cu rrin g  on ly  a lo n g  its  m edial ax is (see  F ig . 1), so  that 
¿>2 -  0  =  b 4. In  th is case  th e  resid u a l tid a l stress  on  th e  seabed  
d ue  to  th e  su m  o f  M 2 and  M 4 cu rren ts is  ap p ro x im ate ly  (see 
equ a tio n  (1) and U n cles 1981b):

(4) ( t ) '  =  p k ( (v 2 +  v4) |v 2 +  v4|) =  ^ x p k a 2a 4cos4>.

H ere , x  is a un it v e c to r  d irec ted  up -ch an n e l a lo n g  th e  m edial 
ax is in F ig . 1, and  <j> is g iv en  by eq u a tio n  (3 ). In o ne  d im en ­
s io n , the re sid u a l tida l s tre ss  due to  th e  su m  o f  M 2 and  resid u a l 
cu rre n ts  is ap p ro x im a te ly  (U ncles 1981b):
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Fig. 8. Residual and maximum seabed tidal stresses ( t )  and T „,ax (N -irT 2): A, Residual stress, ( t ) ,  including residual currents; B, Residual 
stress, ( t ) ,  excluding residual currents; C , Maximum tidal stress, T max,  including residual currents; D , Maximum tidal stress, T max, excluding 
residual currents.

(5) <t>" -  pk ( ( \ 2 +  <v»|v2 +  (v)|) =» k a 2(v).

F ro m  e q u a tio n s  (1 ), (4) and (5 ) th e  to tal resid u a l tida l stress  
is;

<t )  =  p*<v|v|) -  ( t ) '  +  <t ) " .

In  tw o  d im e n s io n s , th e  to ta l residual tida l stress  d ue  to 
o v e rtid es  and  re sid u a l c u rre n ts , ( t ) ,  can  be co m p u ted  d irec tly  
from  th e  h y d ro d y n a m ic a l m odel u s in g  equation  (1 ). T h e  d is­
tr ib u tio n  o f  ( t )  is sh o w n  in F ig . 8A . O u tside  o f  the b ay s , in 
th e  d e e p e r , cen tra l p a rts  o f  th e  C h a n n e l, the re s id u a l tidal 
stress is d irec ted  fro m  ea s t to  w est. I f  the residual tran sp o rt o f  
san d  as b e d -lo ad  w ere  d e te rm in ed  b y  the residual tida l s tre ss , 
th en  th e  e x p e c te d  se d im e n t tran sp o rt pa ths w ould  be from  the 
zo n e  o f  e ro s io n  (sh o w n  in  F ig . 2 B ) , across th e  san d  w av e  fie ld  
to th e  C e ltic  S ea . T h is  is  in ag reem en t w ith  the re su lts  o f 
B e ld e rso n  an d  S trid e  (1966).

R e sid u a l cu rre n ts  w h ich  hav e  been  com p u ted  here  u sin g  a

d ep th  av e rag ed  m odel m ay  be  d iffe ren t from  those  w h ich  flow  
n ea r th e  seabed  in na tu re  (U ncles 1982), and w h ich  are  ab le  
to  a ffe c t se d im e n t m o v em en t. T h e re fo re , it is im portan t to 
in v es tig a te  th e  se n sitiv ity  o f  the co m p u ted  d istribu tion  o f  re ­
sidua l tida l stress to the residual cu rre n t flow . I f  the com pu ted  
re sid u a l cu rre n ts , (v), are  su b trac ted  from  the com p u ted  to tal 
cu rre n ts , v, b efo re  th e  stress  is ev a lu a ted  in equ a tio n  (1), then 
th e  re s id u a l tidal stress  is so le ly  th e  resu lt o f  M 2, M*, and 
h ig h e r  o v e rtid e  in te rac tio n s, and  is g iven  ap p ro x im ate ly  by 
( t ) '  in eq u a tio n  (4). A c tu a l v a lues o f  ( t ) '  from  the m odel are 
d raw n  in F ig . 8 B . E x cep t in th e  bays and in the u p p er S ev ern , 
the ex c lu s io n  o f  resid u a l cu rre n t f lo w  has no  qua lita tiv e  e ffec t 
on  th e  re s id u a l tidal stress.

M a x im u m  tidal s tre ss , T max, o ccu rs at the tim e o f  m axim um  
w a te r  v e lo c ity , |v |max, and is g iv en  by eq u a tio n  (1) w ith 
|v| =  |v|max. T h e  m ag n itu d e  and  d irec tion  o f  m axim um  
stresses com p u ted  from  the m odel are  show n  in F ig . 8C . T he 
m ax im u m  stress d ep en d s  p rim arily  on  the su m m atio n  o f  the 
M 2, M 4, and  resid u a l cu rren ts . I f  th e  residual tran sp o rt o f  sand
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Fig. 9. Regions used in the GEMBASE model, showing freshwater inputs to each region, Qfi , and 
freshwater-induced flows across region boundaries, Qf . Inner Estuary ( /£ ) ; Outer Estuary (OE);  Inner 
Channel (/C ); Central Channel South and North (CCS and CCN)\ Outer Channel South and North (OCS 
and O C N ); Celtic Sea South and North (CSS and CSN).

as b ed -lo ad  w ere  d e te rm in ed  by th e  m ax im u m  tidal stress, 
th en  th e  expected  sed im en t tran sp o rt pa ths in th e  cen tra l parts 
o f  th e  C hannel w o u ld  again  b e  fro m  the zo n e  o f  erosion  
(F ig . 2 B ), across th e  sand  w ave f ie ld  to  the C e ltic  Sea.

F ig u re  8D  sh o w s th e  m ax im u m  tida l s tresses , Tmax, ca lcu ­
la ted  in the m odel w hen  com p u ted  resid u a l cu rre n ts  a re  su b ­
trac ted .fro m  th e  co m p u ted  to tal cu rre n ts  b e fo re  Tmax is ev a lu ­
a ted  from  equation  (1). In th is c a s e , m ax im u m  stresses 
d ep en d  p rim arily  on  the su m m atio n  o f  M 2 and  M 4 cu rren ts . 
T h e  re su lts  o f  ca lcu la tin g  Tmax in c lu d in g  and  exc lu d in g  
re s id u a l cu rren ts in equation  (1) (F ig . 8C  an d  8D ) are 
q u a lita tiv e ly  th e  sam e in the reg ion  o f  b ed -load  sed im en t 
tran sp o rt.

S im ila r resu lts on th e  d irec tio n  o f  sed im en t tran sp o rt as 
b ed -lo ad  can  be in fe rred  from  w o rk  by  P ing ree  and  G riffith s 
(1 9 7 9 ), w ho  co m p u ted  tidally  av erag ed  and peak  stresses due 
so le ly  to  M 2 and M 4 in te rac tio n s, u sin g  a  co a rse  la ttice  m odel 
o f  th e  U .K . sh e lf. T h e  p resen t w o rk  has ex ten d ed  th is to 
in c lu d e  the effec ts o f  residual f lo w s , and  to  co m p u te  the 
s tre s se s  over a m uch  f in e r  lattice  fo r  th e  B risto l C h a n n e l. T h e  
p ro b lem s o f  su sp en d ed  sed im en t tran sp o rt, bo th  tida l and 
w in d -w a v e  in d u ced , and se d im e n t su p p ly , hav e  no t been 
add ressed .

T ra n sp o rt E quations fo r Ecological M odeling

T h e  num erica l m odel G E M B A S E  (genera l eco sy stem

m odel o f  the B risto l C h a n n e l and  S ev ern  E stuary ) com pu tes 
th e  in te rac tio n s betw een  b io log ica l and  ch em ica l variab les 
d u rin g  m ix in g  and advection  by  tidal and resid u a l curren ts 
(R ad fo rd  1979, 1981; R adfo rd  and Jo in t 1980; Jo in t 1983). 
T h e  n in e  reg ions u sed  in  the G E M B A .SE  m odel are  nam ed  and 
d ep ic ted  sc h em atica lly  in F ig . 9 . F re sh w a te r  inpu ts to each 
G E M B A S E  re g io n , deno ted  by Qf ,¡, a rc  a lso  show n  in F ig. 9; 
on  av e ra g e , the r iv e r  inpu ts from  th e  S evern  E stuary  con­
trib u te  ab o u t 60%  o f  the to tal flow  o f  f re sh w a te r  to the B ristol 
C h a n n e l, w h ile  inpu ts fro m  the n o rth ern  and  so u th e rn  coast­
lin es o f  th e  B risto l C h a n n e l am o u n t to  ab o u t 30 and 10% , 
re sp ec tiv e ly . A d d itio n a l inputs o f  fre sh w a te r , due to the e x ­
cess o f  p rec ip ita tio n  o v e r  ev ap o ra tio n , are  sm all com pared  
w ith  r iv e r  in p u ts , and h av e  been  n eg lec ted .

B ou n d a ry  co n d itio n s  fo r  G E M B A S E  a re  ap p lied  at the 
In n er E stuary  ( IE ) ,  and  at the C eltic  S ea  N orth  (C S N )  and 
C e ltic  S ea  S ou th  (C S S )  reg io n s (see  F ig . 9 ). T h e  boundary  
b e tw een  th e  C eltic  S ea  N orth  (C S N )  and  O u te r  C hannel N orth  
( O C N )  is 6 km  up-ch an n e l from  th e  se aw ard  bou n d ary  o f  the 
h y d ro d y n am ica l m o d el (see  F ig. 1). T h e  rem a in in g  six  m od­
e lled  reg io n s w ere  ch o sen  as a  m in im u m  se t to describ e  the 
sp a tia lly  d iffering  eco lo g ica l and p h y sic a l p roperties o f  the 
C h a n n e l; a la rg er n u m b er o f  reg io n s w o u ld  hav e  required  
e x cess iv e  co m p u te r  tim e  to run th e  m o d el th rough  several 
y ears o f  s im u la ted  tim e fo r  the m an y  n u m erica l experim en ts  
o f  in terest.

T h e  p rob lem  co n sid ered  here is  the d e te rm in a tio n  o f  m ixing
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and  ad v ec tio n  o f  w a te r  and d isso lv ed  m ateria ls b e tw een , and 
th ro u g h , th e  la rg e  G E M B A S E  reg io n s show n  in F ig . 9 , fo r 
p erio d s o f  tim e  o f  the o rd e r  o f  severa l y ears. B o th  th e  spatia l 
and  tem p o ra l sca les a re  m u ch  la rg er than  th o se  asso c ia ted  
w ith  th e  h y d ro d y n am ica l -num erical m odel o f  th e  B risto l 
C h a n n e l, so  that so m e  form  o f  in terfac ing  m ust be d ev ised  
be tw een  th e  tw o  ty p es  o f  m o d els . T h e  m eth o d  d ev ised  fo r 
G E M B A S E  is no t ideal b ecau se  it re lies , in p a rt, on the 
ca lcu la tio n  o f  re sid u a l flo w s and  d isp e rs io n , n e ith er o f  w hich  
are  fu lly  u n d e rs to o d  in e s tu aries  sub jec ted  to s trong  tidal 
cu rre n ts . H o w ev er, th e  m e th o d  has the advan tag es o f  being  
co n cep tu a lly  s im p le , rap id  to ru n , and capab le  o f  gen era tin g  
rea lis tic  ra tes  o f  tran sp o rt b e tw een  reg io n s, as ju d g e d  from  the 
co m p ariso n  o f  co m p u ted  and  ob se rv ed  d istrib u tio n s o f  fresh ­
w ate r in  th e  C h a n n e l. U se  is a lso  m ade o f  the long -te rm  sa lt 
b a la n c e , w h ich , w h ile  be in g  in su ffic ien t to  define  transport 
o v e r th e  tw o -d im e n sio n a l B risto l C hannel reg io n s show n  in 
F ig . 9 , is ab le  to  d o  so  in the o n e-d im en sio n a l reg ions w h ich  
rep re sen t th e  S ev ern  E stu ary  (U n cles and R adfo rd  1980; 
R a d fo rd  e t a l. 1981).

A d v e c t io n  a n d  M ix in g

T h e  tra n sp o rt o f  sa lt and  w a te r  across any boun d ary  b e ­
tw een  tw o  G E M B A S E  reg io n s  in F ig . 9  is considered . T he 
in stan tan e o u s ra te  o f  tran sp o rt o f  w a te r , Q , ac ro ss the b o u n d ­
ary is:

(6) Q  =  A u

w h ere  th e  o v e rb a r d eno tes an av erag e  o v e r th e  b o u n d a ry ’s 
a re a , A,  and  w here  u is the co m p o n en t o f  dep th  averaged  
v e lo c ity , v , p e rp en d icu la r  to A.

T h e  a sso c ia ted  tran sp o rt o f  sa lt is:

(7) F  — A u s  =  A u s  +  A u'  s'

H e re , th e  p rim e  d eno tes a  d ev ia tio n  from  th e  cross-sec tional 
av e rag e ; fo r  ex am p le , 5  =  5  +  5 ' .  T h e  residual ra te  o f  trans­
p o rt ac ro ss A  fo llo w s from  eq u a tio n s (6) and (7):

(8) ( F)  =  ( Q ) ( s )  +  { ( Q s )  + {AÜ'? ) } ,

w h e re  Q  — ( Q )  +  Q  and  5  =  ( 5 ) +  s  —  the tild es denoting  
c ro ss -se c tio n a lly  av erag ed  tidal fluc tuations.

T h e  resid u a l tran sp o rt o f  w a te r  can  be se p ara te d  in to  tw o 
parts : o ne  ( Q f ) is d ue  to fre sh w a te r  inpu ts to the C hannel (for 
e x a m p le , Q /.cc is show n  as flo w in g  from  the C en tra l C hannel 
S o u th  (C C S ) to  the C en tra l C hannel N orth  ( C C N ) in F ig . 9 ), 
and  th e  o th e r  resu lts fro m  all o th e r  m ech an ism s, Q K:

<Q ) =  Q f  +  Q r , 

so  th a t th e  residual tran sp o rt o f  sa lt across A is:

(9) ( F )  = Q f S  +  Q t S  +  { ( ß i )  +  (Am V)},

w h e re  S  — ( s ) .
A n em p iric a l m ix ing  c o e ff ic ie n t, E , is defin ed  by:

(10) E =  ~ { ( Q s )  +  ( Á ¡ 7 7 ) } / b S ,
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Fig. 11. Total west-going residual flow of water, Q R, through the 
Outer Channel North and Central Channel North, according to the 
hydrodynamical model.

in w h ich  8 5  is th e  d ifference  in tid a lly  av erag ed  sa lin ity  b e­
tw een  th e  tw o  G E M B A S E  reg ions u n d er c o n s id e ra tio n . E q u a ­
tio n  (9 ) becom es:

(11) ( F )  =  Q f S  +  Q rS  -  £ 8 5 .

R e s id u a l  F lo w s

T h e  fre sh w a te r  flo w s across reg ion  b o u n d a rie s  in F ig . 9  can  
be d e te rm in ed  from  the hydrod y n am ica l m odel. A s th e  fre sh ­
w a te r  from  each  so u rce  en te rs  a reg ion  it p ro d u ces a  h ead  o f  
w a te r  w h ich  d rives cu rren ts ou t o f  th e  C h an n e l. T h e se  c u r ­
ren ts a re  ex trem ely  sm all com p ared  w ith  th e  tidal f lo w s , so  
th a t f lo w  patterns can  be investiga ted  fo r  each  inp u t o f  fre sh ­
w a te r , and  then  sum m ed  to take  in to  accoun t all in p u ts  a c ­
co rd in g  to:

(12) Qy =  B • Q /„

w h ere  B is a co n stan t (9 x 9) m a tr ix , Qf  are the flo w s QUE 
to Q/.ocs, and Q f ., are  the inpu ts g / . /s  to  Q/.ocs (see  F ig . 9 ).

R esidua] f lo w s, Q R, are sh o w n  in F ig . 10, to g e th e r  w ith  
m ix in g  co effic ie n ts , E , w hich are  d e fin ed  at reg ion  b o u n d ­
aries . T h e  resid u a l flow  from  th e  C en tra l C hannel S o u th  to 
N o rth  is Q r .cc , and  that from  the O u te r  C han n e l S ou th  to 
N o rth  is { Q k.oc -  Q r .c c )- Q r w as co m p u ted  from  th e  h y d ro ­
d y n am ica l m o d el, and  is the resid u a l flow  d u e  to M 2 tidal 
n o n lin earitie s  and d ensity  cu rre n ts  (U ncles 1982). W ind- 
d riven  cu rre n ts  hav e  not yet been  in co rp o ia ted  in G E M B A S E , 
and  the ex ten t to w h ich  they co n tr ib u te  to the se aso n a l v a r i­
ab ility  o f  the eco sy stem  is not k now n .

T h e  resid u a l flow  o f  w ate r th ro u g h  the O u te r C hannel 
N o rth  and  the C en tra l C hannel N o rth , acco rd in g  to  th e  h y d ro ­
d y n am ica l m o d el, is d raw n  in F ig . 11. T h e  spa tia l v ariab ility  
o f  Q r is la rg e , a n d  Q r .cc and Q r .oc a re , u n fo rtu n a te ly , se n si­

tive  to the lo ca tio n s  o f  th e  G E M B A S E  reg io n  b o u n d aries. A 
sc h em atic  p ic tu re  o f  the large-scale  re s id u a l c ircu la tio n , ac­
co rd ing  to  th e  h y d ro d y n am ica l m o d e l, is d raw n  in F ig . 12.

M a ss  Ba l a n c e

T h e  tid a lly  av e rag ed  m ass o f  sa lt in a G E M B A S E  reg ion  o f  
vo lu m e i’ is:

M ,  =  ( v s )

w h ere  s  is  an a v e ra g e  o v e r v. I f  a tilde  is now  used  to denote 
a v o lu m e  av e rag ed  tida l f lu c tu a tio n , th e n  M s m ay  b e  w ritten:

M s =  (p )  (  s )  '  [1 +  < v i ) / < v ) < j > ]  =  VS,

u sin g  V  =  ( v ) ,  5  =  ( s )  and  es tim a tin g  ( v s ) / V S  ~  IO-3 .
T h e  m ass b a lan ce  fo r  sa lt in th e  C en tra l C hannel S o u th , 

u sin g  eq u a tio n  (1 1 ) and  w ith  re fe ren ce  to  F ig . 9  and 10 m ay 
therefo re  be w ritten :

(13) V c c s j t ( S c c s )  =  +  [g / , /c (5 /c  +  S e c s ) / 2
— E / c ( S c c s  -  5 /c )]
~  [( Q f c c s  ~  Q r .c c )  ( S o c s  +  S  c e s ) / 2 
~  E CCs ( S o c s  ~  5 ces)]
— [ (g / .c c  +  Q r . c c )  (Scr/v +  S  c e s ) / 2
— E c c ( S c CN ~  S  CCS )]

A  s im ila r  eq u a tio n  h o ld s fo r each  G E M B A S E  reg io n , and for 
each  variab le  su b je c ted  to ad v ec tio n  and  m ix in g  —  source  
te rm s bein g  add ed  to  eq u a tio n  (13) to  acco u n t fo r possib le  
g ro w th  o r  decay .

E st im a t e s  fo r  M ix in g

Q f  and  Q r have been  d e te rm in ed  fo r use in eq u a tio n  (13); 
the m ix in g  c o e ff ic ie n ts , E , are  m o re  d ifficu lt to co m p u te . T he 
m eth o d  used  to  e s tim a te  E  is b ased  o n  th e  sa tis fac tio n  o f  
eq u a tio n  (13). I f  eq u a tio n  (13) is averag ed  o v e r a  n u m b er o f 
y ea rs , then  5  w ill re p re se n t the lo n g -te rm  av e rag e  sa lin ity  for 
each  G E M B A S E  re g io n , w ith  d S / d t  =  0 , and  Q r and  Q , will 
rep re sen t the lo n g -te rm  flo w s. T h u s , all o f  the ex ten s iv e  sa lin ­
ity d a ta  fo r  each  reg io n  in F ig . 9  w ere  av e rag ed  to  y ield  
long-te rm  values. F o r  the O u te r E stu ary  and  In n e r C hannel 
th e  b a lan ce  is g iv e n  by  eq u a tio n  (11) w ith  Q R -  0  and 
( F )  — 0  (see  a lso  U ncles and  R ad fo rd  1980), so  that:

(14) E  =  Q f S / h S

y ie ld in g  E l t , E o e , and  E ,c . In the tw o -d im e n sio n a l region 
th ere  are  six  m ix in g  c o e ff ic ie n ts , E Cc  to  E  ces  (see  F ig . 10), 
and  on ly  fo u r e q u a tio n s  o f  the fo rm  o f  equ a tio n  (13) —  one 
fo r each  reg ion . T h e re fo re , tw o valu es o f  E  m ust be estim ated  
d irec tly  from  the h y d ro d y n am ica l m o d e l, u sin g  eq u a tio n  (10) 
in co n ju n c tio n  w ith  the lon g -te rm  av e rag ed  sa lin ity  d a ta . T he 
flux  in equ a tio n  (10) co n s ists  o f  a  p a rt d ue  to tida l p um ping , 
( Q s ) ,  and  a p art d ue  to tran sv e rse  sh e a r  in the tida l and 
re sid u a l cu rren ts . F o llo w in g  F isch e r e t a l. (1 9 7 9 ), the effect 
o f  tidal sh e ar can  be  sh o w n  to be n eg lig ib le . T h e  flux  due to 
sh e ar in th e  resid u a l cu rre n ts  is:

(15) ( A u ' s ' )  — ( A )  ( u ' ) ( s ' ) ,
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Fig. 12. Large-scale residual circulation, Q K, in the Bristol Channel.

w h ere , to tak e  in to  acco u n t the S tokes d rift (U ncles and 
Jo rd an  1979), ( u ' )  m u st be co m p u ted  as:

( « ' )  =  { ( H u )  -  ( m i ) } / ( H ) ,

and  w h ere  th e  c ro ss -sec tio n a l av erag e  is o v e r ( A ) ,  H  b e in g  the 
in stan tan eo u s d ep th . T h e  effec ts  o f  tidal p u m p in g  canno t be 
e s tim a ted  w ith  any c e r ta in ty , and a re  igno red ; there fo re , eq u a ­
tions (10) an d  (15) give:

(16) E =  - ( A ) ( u ' ) ( s ' ) / b S ,

w hich  can  be  co m p u ted  using  ( u ' )  fro m  th e  h yd rodynam ical 
m o d e l, and  u s in g  ( s ' )  and  8 S  from  th e  lon g -te rm  av erag ed  
sa lin ity  data .

In p rin c ip le , E  c o u ld  be  deriv ed  fro m  eq u a tio n  (16) fo r each  
boun d ary  b e tw een  G E M B A S E  reg ions. H o w ev er, the cu rren t 
shear a lo n g  th o se  bou n d aries w h ich  te rm in a te  on  head lan d s 
are  d o m in a ted  b y  th e  sm a ll in ten se  c ircu la tio n  patterns n ear 
the h ead lan d s (fo r  ex am p le , b o u n d arie s  w ith  m ix in g  co e ff i­
cien ts E c c s  and  E o e s  in F ig . 10); b ecau se  the obse rv ed  sa lin ity  
is d e te rm in ed  on  a  la ttice  w h ich  has on ly  o ne  th ird  the re so lu ­
tion  o f  th e  h y d ro d y n am ica l m odel (9 km  as oppo sed  to  3 k m ), 
the sh e a r  f lu x  o f  sa lt in these  h ead lan d  c ircu la tio n s can n o t be 
co m p u ted  w ith  accu racy . A lso , the b o u n d ary  b e tw een  the 
O u ter C h a n n e l N o rth  ( O C N )  and  the C e ltic  S ea  N o rth  (C S N )  
in F ig . 9 is v e ry  c lo se  to  the se aw ard  bou n d ary  o f  the hy d ro ­
d ynam ical m o d e l, and  m ay  be  su b je c t to po ss ib le  spurious 
b ou n d ary  c ircu la tio n  p a tte rn s  (P ran d le  1978) and  th e ir a s so c i­
a ted  sh e a r. F in a lly , in v iew  o f  the very  sm a ll sa lin ity  d iffe r­
en ce  ( 8 5  =  0 . 2 2 % o )  betw een  th e  C en tra l C hannel N orth  
( C C N )  and  th e  C en tra l C han n e l S o u th  (C C S ), it w as decided

to  co m p u te  E Cc  from  th e  o b se rv ed  sa lt b a lan ce . T h e refo re , 
E c c n  and  E 0c  w ere  co m p u ted  d irec tly  from  eq u a tio n  (16); the 
m e th o d  y ie lds a sh e a r flux  o f  sa lt in to  the C en tra l C hannel 
N orth  ( C C N )  from  th e  O u ter C hannel N o rth  (O C N )  in F ig . 9  

o f  5 1 7 % o  m 3 *s- 1 , w h ich  w ith  5S  =  0 . 9 8 % o  gives:

E c c n  =  5 X IO2 m 3 - s ~ ‘.

T h e  co m p u ted  sh e a r flux  fro m  th e  O u ter C hannel South  
( O C S )  to th e  O u te r  C h a n n e l N o rth  (O C N )  in F ig . 9  is 
2 3 1 0 % o  m 3 - s _1, w h ich  w ith  5 S  =  0 . 7 2 % o  gives:

E oc  — 3 x  IO3 m 3 , s - 1 .

U s in g  these  v a lu es , the rem a in in g  co effic ien ts  can  b e  deriv ed  
f ro m  th e  lo n g -te rm  sa lt b a lan ce  fo r  each  reg ion  (equations o f  
th e  fo rm  o f  eq u a tio n  (13) fo r  S e e s ,  S Cc n , S o c s , and  S 0 c n  w ith  
d S / d t  =  0 ) .

S im u l a t io n  o f  S a lin ity

T h e  re su lts  o f  a sim u la tio n  o f  th e  sa lt b a lan ce  u sing  the 
p reced in g  m o d el are show n  in F ig . 13. T h e  ag reem en t b e ­
tw een  o b se rv ed  and co m p u ted  d a ta  is g en era lly  g o o d , not only  
fo r  th e  m ean  v a lues o f  sa lin ity  fo r  e ach  reg io n , bu t a lso  fo r the 
seaso n a l v a ria tio n s. T o  ach iev e  th is m easu re  o f  ag reem en t it 
w as n ecessa ry  to  increase  E Ces  by 5 0 %  over th e  v a lu e  co m ­
pu ted  u s in g  th e  lon g -te rm  sa lt b a lan ce , and  to  in crease  E,c  by 
2 5 % .  S u c h  tr ia l and e rro r  ad ju s tm en t is ju s tif ie d  in v iew  o f  the 
n eg lec t o f  tida l p u m p in g  in th e  app lica tio n  o f  eq u a tio n  (10), 
an d , m o re  im p o rtan tly , th e  n eg lec t o f  co rre la tio n s betw een  Qf  
and  S  in  tak in g  the lon g -te rm  av erag e  o f  eq u a tio n  (13). T he
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Fig. 13. Computed and observed salinities for the 
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ag re e m e n t be tw een  observed  and co m p u ted  m ean  v a lu es  o f 
sa lin ity  fo r  each  reg ion  m ight be ex p ec ted  in v iew  o f  th e  fact 
th a t th ese  d a ta  w ere used  in the p ro cess o f  d e fin in g  m ix ing  
co e ff ic ie n ts  fo r  the m odel. N everth e less , the fac t that seasonal 
v a ria tio n s  a rc  a lso  rep roduced  w ith  rea so n a b le  a ccu racy  im ­
p lie s  th a t the m odel has a su b s tan tia l, a lthough  m u ch  s im ­
p lif ie d , physical basis.

Im p ro v em en ts  be tw een  com p u ted  and o b se rv ed  data
co u ld  p oss ib ly  be ach ieved  by in co rp o ra tin g  w in d -d riv en  c u r­
re n ts , o r by  fu rth e r  tria l and e rro r  ad ju s tm en t o f  th e  m ix ing  
c o e ff ic ie n ts .

Discussion

T h is  p ap e r has dem o n stra ted  the v a lu e  o f  a h y d ro d y n am ica l 
m o d el o f  the B risto l C hannel fo r  tw o  p ro b lem s in m arine  
eco lo g y . In the firs t o f  these , th e  m odel has been  used  to 
in v es tig a te  th e  re la tionsh ips betw een  tida l stress and sed im en t 
b e d - ty p e s , and  betw een  tidal stress  and  b en th ic  m acro faunal 
asso c ia tio n s . T h e  m odel has a lso  been  used  to  in fer th e  d ire c ­
tio n  o f  sed im en t tran sp o rt as b ed -load  (n eg lec tin g  w in d -w a v e  
e f fe c ts ) , and  to investiga te  the basic  m ech an ism  p ro d u c in g  
th is  tra n sp o rt, w hich  is the re su lt o f  a sy m m e try  in th e  flood 
and  eb b  cu rren ts d ue  to M 4 and  resid u a l cu rren ts .

T h e  second  p rob lem  concerns the d efin itio n  o f  long-te rm  
tran sp o rt fo r  use  in a  co a rse -la ttice , eco sy stem  m o d el o f  the 
B risto l C hannel. T h e  approach  tak en  here  is so m e w h a t d if fe r­
e n t fro m  that taken  by K rem er and N ixon  (19 7 8 ) in th e ir
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eco sy stem  m o d e l o f  N arrag an se tt B ay . In that w o rk , fine- 
la ttice  h y d ro d y n am ica l and  w ate r q u a lity  m odels w ere  used 
to g e th e r , in o rd e r  to de term ine  the tran sp o rt (du ring  the course 
o f  a  day ) b e tw een  the e ig h t la rge  reg io n s  used  to d e fin e  their 
eco lo g ica l m o d el o f  the B ay. T h e  d a ily  ex ch an g es betw een 
reg io n s w ere  tab u la ted  as functions o f  tida l ran g e  on  th a t day , 
and used  to  ex p ress  th e  transport b e tw een  reg ions d u rin g  the 
co u rse  o f  an eco sy stem  sim u la tio n . T h e  re lev an ce  o f  th e  tidal 
ran g e  can  be seen  from  the flu sh ing  tim e  o f  N arrag an se tt B ay, 
w h ich  is abo u t 30  d (tw o  s p r in g -n e a p  cyc les). T h e  ind iv idual 
flu sh in g  tim es o f  e a c h  o f  the e ig h t eco sy stem  reg io n s w ill be 
m u ch  less th an  th is. T h e re fo re , th e  ex ch an g es betw een  re ­
g io n s w ill h a v e  a  stro n g  s p r in g -n e a p  tida l d ep en d en ce . In 
co n tra s t, the flu sh in g  tim e fo r the S ev ern  E stuary  is in the 
ran g e  1 0 0 - 2 0 0  d  (U ncles and R ad fo rd  1980), and th e  f lu sh ­
ing  tim es fo r  th e  w h o le  o f  the C h a n n e l w ill be m u ch  greater. 
T h u s , v a ria tio n s o v e r a  s p r in g -n e a p  cycle  w ill b e  rather 
sm a ll, and  the d o m in an t varia tio n s w ill be seasonal. F o r this 
reaso n , m ix ing  co e ff ic ie n ts  and tida lly  indu ced  re s id u a l flow s 
fo r  th e  B risto l C han n e l have been  m o d e led  as d ep en d in g  on 
av erag e  (M 2) tidal co n d itio n s. F re sh w ate r-in d u ced  flo w s are 
h ig h ly  seasonal in ch a rac te r , and are  th ere fo re  trea ted  as tim e- 
d ep en d en t. T h e  m eth o d  used  by K rem er and N ix o n  (1978) 
su ffe rs  from  d ifficu lties  a t the o pen  (seaw ard ) bou n d aries o f 
th e ir  f in e -la ttice  h y d rodynam ical and  w a te r  quality  m odels. 
A s w ith  all such  m odels o f  lim ited  e x te n t, co n d itio n s are not 
kn o w n  exactly  at the o p en  b o u n d arie s , so  tha t d ispersive  
tran sp o rt (m ix ing ) ac ro ss th em  is to som e deg ree  uncertain .
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T h is  has no t been  a  d ifficu lty  w ith  the B risto l C hannel m o d el, 
in w h ich  o b se rv ed  sa lin ity  d a ta  h av e  been  used  to defin e  the 
m ix in g .

T h e  p resen t eco lo g ica l m odel docs su ffe r from  th e  lim i­
ta tion  th a t m ix in g  c an n o t b e  defin ed  im m ed ia te ly  in those 
s itu a tio n s  w h ere  m ajo r a lte ra tio n s hav e  o ccu rred  to the tidal 
c u rre n ts , as w ould  b e  the c ase  w ith  th e  in tro d u c tio n  o f , say , 
a tida l barrag e . In  th ese  c ircu m stan ces , residual cu rren ts can 
again  b e  d e riv ed  from  the h y d ro d y n am ica l m o d el, bu t lo n g ­
te rm , la rg e-sca le  m ix in g  co e ff ic ie n ts  w o u ld  need  to b e  de­
fin ed  from  theo re tica l co n s id e ra tio n s . T h e  m ost s tra ig h t­
fo rw ard  w ay  o f  g en e ra tin g  sa lin ity  d a ta  fo r  th e  m ethod  w ould  
b e  th ro u g h  the ap p lica tio n  o f  a f in e-la ttice  sa lin ity  m o d el, the 
open  b o u n d aries  o f  w h ich  ex ten d ed  so m e  consid erab le  d is­
tance  in to  the C e ltic  Sea.

A lth o u g h  not rep o rted  here , the h y d ro d y n am ica l m odel has 
a lso  been  u sed  to  in v estig a te  tim e-sca les fo r  vertica l m ix in g  in 
th e  C h a n n e l. T h e se  d a ta  have co n trib u te d  to an u nderstand ing  
o f  p h y to p lan k to n  d y n am ics in th e  h igh ly  tu rb id  w aters o f  the 
S ev ern  E stu ary  and  eas te rn  B risto l C hannel.
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