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CHAPTER 1 INTRODUCTION

The N inga loo  Reef  t rac t  l ies  on  the  v {es tern  coas t ,o f  Aus t ra l ia  be tween

21"47 '  and 24oS and a long long i tude 113"30 'E  (F igur^es  1 .1  and 1 .2) .  The

reef  t rac t  runs  para l le l  to  the  coas t l ine  f rom Gnarna loo  Bay  to  Po in t

Mura t ,  a  d is tance o f  some 280 km (F igure  1 .3 )  and cons is ts  o f  a  bar r ie r

ree f  1 -6  km o f fshore  (average 2 .5  km) ,  backed by  a  sha l low,  sed imentary

lagoon (mean depth at AHD of about 2 m) with occasional patch and nearshore

o la t fo rm neefs .

Coral reefs occur along the central and northern coast of l lestefn

Aust ra l ia ,  bu t  eco log ica l  and phys ica l  s tud ies  have on ly  been car r ied  ou t

in the Dampier Archipelago about 300 km northeast of North l iest Cape, and

at the Abrolhos Islands approximately 800 km south of North Ulest Cape (e.9.

Ch i t t leborough 1983;  Hatcher  and l la lker  1984) .

Extensive coral reef development does not occur south of the Abrolhos

Is lands ,  a l though a  smal l  cora l  ree f  occurs  a t  Rot tnes t  Is land,  and ree f

bu i ld ing  cora ls  a re  found as  fa r  sou th  as  Esperance (F igure  1 .1 ) .

The N inga ' loo  Reef  t rac t  i s  the  la rges t  f r ing ing  cora l  ree f  in

Aust ra l ia ,  p rov id ing  easy  access  fo r  v is i to rs  to  exper ience a  r i ch

d ivers i ty  o f  mar ine  l i fe .  Inc reased recrea t iona l  usage in  recent  years  has

led  to  a  p roposa l  to  es tab l i sh  a  mar ine  park  under  the  management  o f  the

Department of Consenvation and Land Management, to ensure the

sus ta inab i l i l y  o f  these resources .  Research  is  needed to  deve lop  the

knowledge upon which effect ive management can be based. Effect ive

managenent is dependent upon an understanding of the key ecological

p rocesses  o f  the  sys tem,  wh ich  re l jes  in  par t  on  a  bas ic  unders tand ing  o f
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the  phys ica l  env i ronment .  So fa r ,  the  N inga loo  Reef  t rac t  has  been the

sub jec t  o f  on ly  very  l im i ted  s tud ies ,  descr ibed in  the  r -epor ts  o f  Meagher

(1980)  and May e t  a l  .  (1983) .  More  recent ly  S impson and Mas in i  (1986)  have

collected some t idal and seawaten temperature data at a numben of stat ions

w i t h j n  t h e  l a g o o n  ( F i g u r e  1 . 3 ) .  T h e s e  a r e  p a r t i c u l a r l y  r e l e v a n t  t o  t h e

pred ic t ion  o f  the  t im ing  o f  mass  spawning  o f  sc le rac t in ian  cora ls  (S impson

1985;  1986) .  They  have a lso  emphas ised the  genera l  need to  assemble  a

bas ic  unders tand ing  o f  the  phys ica l  p rocesses  wh ich  oper^a te  w i th in  the  neef

and 1  agoon.

This report attempts to lay a foundation for a future programme of

phys ' i  ca l  s tud ies  by  us ing  ex is t ing  knowledge o f  p rocesses  on  cora l  ree fs

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

on reg iona l  oceanograph ic  in fo r rna t ion ,  much o f  v {h ich  comes f rom the  s tud ies

conducted  on  the  Nor th  l , les t  She l f  by  compan ies  invo lved in  o i l  and  gas

exp lora t ion  and ex t rac t ion .  The repor t  iden t i f ies  a reas  o f  phys ica l

neseafch  wh ich  w i l l  con t r ibu te  to  an  unders tand ing  o f  the  s tnuc ture  and

functjon of the Ningaloo Reef ecosystern.

F igune 1 .2  shows the  reg iona l  ba thymet ry  o f  the  cont inenta l  she l f  near

North l , lest Cape. The shelf (defined as the region between the coast and

the 200 m contour) becomes very narrow betv{een North f lest Cape and Point

C loa tes .  The w id th  o f  the  she l f  over^  th is  p iece  o f  s t ra igh t  coas t . l  ine  is

about  10  km,  b r ing ing  the  she l f -b reak  c loser  to  the  coas t  than a t  any  o ther
' loca t ion  

in  Aus tna l ia .  South  o f  Po in t  C loa tes  the  or ien ta t ion  o f  the  coasr

changes so  tha t  the  w id th  o f  the  she l f  inc reases  to  about  50  km a t  Amhers t

Po i  n t .
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The reef fol lows the l ine of the coast as i ts ot^ientat ion changes at

Po in t  C loa tes  and remains  ins ide  the  30  m isobath  (F igure  1 .4 ) .  However ,

there  is  a  reg ion  be tween Po in t  C loa tes  and Po in t  Maud.wher^e  the  lagoon

reaches i ts maximum width of about 6 km. In fact, the bathymetry suggests

tha t  the  N inga loo  Reef  t rac t  can  be  d iv ided in to  th ree  sec tors .

Northern sector. North Hest Cape to Point Cloates (- f20 km) The

lagoon is  less  than 3  km wide  and para l le l  to  a  s t ra igh t  coas t .  The

she l f  b reak  is  a lso  para l le l  to  the  shore  and the  she l f  i s  about  l0  km

wi de.

Cent ra l  sec ton .  Po in t  C loa tes  to  Po in t  Maud.  The 
. lagoon 

is  some 6  km

wide and 50 km long and has the structure of a long embayment with a

major  b reak  in  the  ree f  a t  i t s  sou thern  end near  Po in t  Maud.

Southern sector. Point Maud to Gnarra. loo Bay (90 km). The reef at

Amhers t  Po in t  i s  very  sca t te red  and a  de f in i te  s t ruc tu re  i s  on ly

ev ident  some 35 km south  o f  Po in t  Maud,  a t  Pe l i can  Po in t .  ln  th is

sec tor  the  lagoon is  about  I  km wide .

The northern sector of Ningaloo Reef tract appears to be especial ly

in te res t ing  f rom the  v iewpo in t  o f  phys ica l  s tud ies .  I t  cornpr ises  120 km o f

s t ra igh t  ree f - l  ine ,  c lose  to  bo th  the  she l f -b reak  and shore ,  w i th  a  very

sha l low lagoon.  Lengths  o f  s t ra igh t  bar r ien  ree f  so  c lose  to  the  shore  are

compara t ive ly  fa re  on  the  cont inenta l  she l f .  S tud ies  o f  th is  sec tor  fo rm a

va luab le  cont ras t  o f  sca le  to  the  ex tens ive  work  on  the  Great  Bar r ie r  Reef

where  the  Iagoon is  o f  the  order  o f  100 km wide .  Most  o f  the  d iscuss ion  in

th is  repor t  i s  based on  ideas  wh ich  a l though par t i cu la r ' l y  re levant  to  the

nor thern  sec tor  a re  app l i cab le  to  the  en t i re  length  o f  N inga loo  Reef  t rac t .
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CHAPTER 2 REGIONAL OCEANOGRAPHY

2 .1  Cu r ren t s

The cont inenta l  she l f  in  the  reg ion  o f  the  N inga loo  Reef  t rac t  i s  very

narnow (approx imate ly  10  km) .  To  the  nor th  the  she l f  expands to  near ' l y

400 km wid th  and the  coas t  runs  towards  the  nor theas t .  Th is  reg ion  is

ca l  led  the  Nor th  West  She l f  and has  been the  sub jec t  o f  cons iderab le

oceanograph ic  s tudy  in  re la t ion  to  o i l  and  gas  programmes.  South  o f

N inga loo  the  coas t  runs  to  the  south  w i th  a  max imum she l f  w id th  o f  70  k rn .

The la rge-sca le  cur ren ts  o f f  the  west  coas t  o f  Aus t ra l ja  a re  complex .

Most  tex tbooks  re fe r  to  a  nor thward  f low ing  cur ren t  w i th in  1000 km o f  the

coas t ;  the  West  Aus t ra l ian  Cur ren t .  There  ane two types  o f  ev idence wh ich

suppor t  the  ex is tence o f  th js  cur ren t .  The f i  rs t  i s  the  mj l l ions  o f

observa t ions  o f  sh ip  d r i f t  made fon  mone than a  century  by  merchant  sh ips

(Aust ra l ian  P i lo t  1972) .  The second is  tha t  w ide  s low equatorward  cur ren ts  on

the  eas tern  s ides  o f  oceans are  a  consequence o f  the  w jnd  c i rcu la t ion  around

subt rop ica l  h igh  pressure  sys tems.  In  the  South  Ind ian  0cean the  subt rop ica l

ocean gyre consists of the westward South Equatorial Current near 10oS, the

narrov{ strong poleward Agulhas Current near Afr ica, the eastward |. |est | . | ind

Dnift  near 40"S and a wide weak equatorward f low over most of the eastern

pontion of the gyre. Predicted maximum surface speeds in summer are 0.2 to

0 .4  m s- I  and the  curnents  a re  somewhat  weaker  in  w in te r .

The s t rength  o f  the  West  Aus tna l ian  Cur ren t  shows cons iderab le  annua l

var iab i l i t y  and i t  i s  o f ten  d isp laced away f rom the  cont inent  in  surnmer  by

a  la rge  cyc ' lon ic  eddy  w i th  southward  f low near  the  coas t  (Cresswel l  1977;

Cresswel  I  and Go ld ing  1980) .
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Dur ing  w in te r  a  southwar^d  f low ca l led  the  Leeuwin  Cur ren t  occurs  near

the  she l f -b reak .  Th is  cur ren t  i s  a  re la t i ve ly  recent  d iscovery  (Cresswel  1

and Go ld ing  1980)  and cons iderab. le  da ta  on  i t s  sur face . rnan i fes ta t ion  has

been obtained fron the advanced very high resolut ion rad' iometer (AVHRR) of

the  NOAA sa te l l i te .  Accord ing  to  Ho l loway and Nye (1985)  the  cur ren t

oniginates on the North Hest Shelf and there reaches a maximum speed of

0 .25  m s- I  over  the  she l f -b reak .  The cur ren t  seems to  s t rengthen as  i t

passes  Nor th  V les t  Cape and then f lows as  a  band o f  lov fe r  sa l in i ty ,  warm,

tropical water. The current is some 50 km wide and 200 rn deep. I t  f lows

main ly  over  the  she l f ,  and she l f -b reak ,  and cont inues  around Cape Leeuwin

in to  the  B igh t .  There  is  some ev idence fo r  an  equatorward  undercur ren t

conta in ing  co lder  h jgher  sa l in i ty  water .  The Leeuwin  Cur ren t  i s  be l ieveo

to  be  due to  a  s te r i  c  he igh t  g rad ien t  a long the  coas t  o f  about  0 .5  m over

14"  la t i tude  caused by  d i f fe ren t ia l  heat ing  in  the  t rop ics  (Thompson and

Cresswel l  1983) .  Th is  i s  opposed by  w ind  s t ress  wh ich  is  toward  the

equator .  The ovena l l  e f fec t  o f  the  w ind  s t ress  depends on  the  depth  o f

mix ing  o f  the  momentum.  In  summer ,  and in  water  less  than 30  m depth ,  the

wind  is  dominant  and a  nor thward  f lov r  occurs .  However  in  w in te r  the  mixed

layer becomes much deeper and the pressure gr^adient dominates the surface

reg ion .  The seasona l i t y  o f  the  Leeuwin  Curnent  i s  poor ly  documented.  Th is

is  pant ly  due to  the  AVHRR in fo rmat ion  be ing  degraded by  sur face  so la r

heat ing  in  the  non-w in ter  months  and c loud cover  in  the  nor th .

2.2 Tempe fat u res

There  is  a  cons iderab le  var ia t ion  o f  coas ta l  sea  tempera ture  a long the

west coast of Austral ia. These vary from maximum mean monthly summer

va lues  o f  30 .4 'C a t  K ing  Sound on  the  nor thwest  coas t  to  20 .9 'C a t  A lbany

on the  southern  coas t  (F igure  1 .1 ) .  l , l i n te r  min ima are  24 .3"C a t  K ing  Sound



- 6 -

and 17 .4oC a t  A lbany .  A t  Exmouth  the  range is  26 .6oC (summer)  lo  22 .9"C

(win ter )  (Pearce  1986) .

2 . 3  U p w e l l  i n g

Upwel  
. l  
ing  is  a  p rocess  in  wh ich  subsur face  water  reaches  the

sur face .  I t  i s  a  consp icuous  phenomenon a long the  eas tenn boundar ies  o f

most  oceans due to  the  preva i l ing  equatorwand w inds .  These produce

equatorward  sur face  curnents  wh ich  move o f fshore  due to  the  Cor io l i s  fo rce

so that deeper water moves toward the surface; referred to as Ekman

t ranspor t .  Thus  the  iso therms curve  upward  and there  is  a  reg ion  o f  co lder

wate| i  n a narrow band near the coast. This supply of subsurface lrater is

o f ten  nu t r ien t  n ich ,  and resu l ts  in  inc reased b io log ica l  p roduc t iv i t y .

There  are  no  ind ica t ions  o f  permanent  upwel l ing  on  the  western  coas t

o f  Aus t ra l ia .  Coasta l  tempera tures  are  no t  depnessed and iso therms tend to

curve  downwards .  I t  i s  l i ke ly  tha t  the  Leeuwin  Cur ren t  i s  a  ma jon  reason

for  th js  lack  o f  upwel  1 ing .  However  upwel l ing  is  ev ident  on  the  nor thwest

coas t  dun ing  w in te r ,  a l though the  cause seems unc lear ,  and pr imary

produc t ion  is  h igh  (Ho l loway e t  a l  .  1985) .

2 .4  S t  ra t  i  f i  ca t i  on

During summer there . i  s a stfong temperature gradient fnom surface to

bottom over most of the shelf off  the v{estern and nonthwestern coastl ine of

Western  Aus t ra l ia .  0n  the  Nor th  West  She l f  near  the  she l f -b reak ,  a  we l l -

de f ined thermoc l ine  does  no t  ex is t  in  su f lmer  over  most  o f  the  she l f  and

tempera ture  inc reases  fa i r l y  smooth ly  th rough the  water  co lumn.  La te  in

summer ,  and in to  w in te r ,  a  sur face  mixed layer  deve lops  so  tha t  th is
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ver t i ca l  g rad ien t  o f  tempera ture  is  e roded f rom

a sunface mixed layer  deepens to  f i l l  the  en t i re

thermoc l ine  may ex is t  wh ich  co l lapses  in  w in te r .

s i tua t ion  is  g rea t ly  compl ica ted  by  the  Leeuwin

the seabreeeze near the coast ' in summer.

lhe  sur face  downwards ,  i .e .

water col umn. Neanshore a

Along the west coast the

Cur ren t  in  w in te r ,  and by

?.5  T i  des

Tab le  2 .1  shows the  ampl i tudes  (h )  and phases  (9 )  o f  the  most

impor tan t  as t ronomica l  t ida l  cons t i tuents  a t  a  number  o f  loca t ions  a long

the  west  and nor thvres t  coas t  o f  Aus t ra l ia .  A lso  shown are  the  f requency  in

cycles per year of each component, and the value of the form factor F

def ined as  the  ra t io  o f  the  sum o f  amol i tudes  o f  the  d iu rna l  to  semid iu rna l

components .  An accepted  c lass i f i ca t ion  o f  t ida l  reg imes is :

F  i s  0  to  0 .25 :  Semid iu rna l  t ide .  Two h igh  and two low waters  o f

near ly  the  same he igh t  occur  each day .  The t ime o f  h igh  water  fo l lows

in  near ' l y  cons tan t  t ime in te rva l  a f te r  the  moon 's  t rans i t  o f  the  loca l

mer jd jan .  The mean range a t  spr ing  t ide  is  g i  ven  by  2(M2 +  S2) .

F  i s  0 . 2 5  t o  1 . 5 :  M i x e d ,  p r e d o m i n a n t l y  s e m i d i u r n a l  t i d e .  T w o  h i g h

and two low waters  occur  each day ,  bu t  w i th  la rge  inequa l i t ies  in  range

and t ime.  They  assume the i r  max ima when the  dec l ina t ion  o f  the  moon has

passed i t s  max imum va lue .  The mean spr ing  range is  2 ( t t2  +  Sr ) .

F  i s  1 . 5  t o  3 . 0 :  M i x e d ,  p r e d o m i n a n t l y  d i u r n a l  t i d e .  A t  t i m e s  o n l y

one high water occurs each day, namely after the extremes of the

moon 's  dec l ina t ion .  0 therw ise ,  there  are  two h igh  waters  each day

which ,  however ,  show la rge  inequa l i t ies  in  range and t ime,  espec ia l l y
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when the moon has passed

2 ( K l  +  0 t ) .

over  the  equator . The mean spr ing  range is

F  is  g rea ter  than 3 .0 :  D iu rna l  t ide .  On ly  one h igh  water  occurs  each

day.  A t  neap t ide ,  when the  moon has  c rossed the  equator ia l  p lane,

two h igh  waters  may occur .  The mean spr ing  range is  z (Kr  +  0 t ) .

Ampl i tude (h )  and phase (g )  o f  as t ronomica l  t jdes  a t  var ious
loca t ions  (shown in  F igure  1 .1 )  on  the  eas t  coas t  o f
Aus t ra l ia .  A lso  shown is  the  fo rm fac tor  F  a t  each loca t ion ,
and the  f requency  o f  each t ida l  component  ( f rom Aust ra l ian
Nat iona l  T ide  Tab les ,  pub l i shed by  the  Hydrographer  RAN)

Arnpl i tude (h)
met res

Phase (g )
oegfees

Locati  on M2 0 1KIs2M20 1K1s2
Form Factor

( F )

B u n b u r y  0 . 0 5  0 . 0 5  0 . 1 6  0 . 1 1

F r e m a n t l e  0 . 0 4  0 . 0 4  0 . 1 6  0 . 1 2

G e r a l d t o n  0 . 0 7  0 . 0 5  0 . 1 7  0 . 1 2

Carnanvon 0 .30  0 .14  0 .20  0 .13

Po in t  Mura t  0 .49  0 .27  0 .18  0 .13

Learmonth  0 .66  0 .36  0 .19  0 .14

0 n s l o w  0 . 9 1  0 . 5 3  0 . 2 0  0 . 1 5

Cyc les per yea r

705 730 366 339

L ' L

286

288

304

314

3t2

321

300

302

309

006

026

024

033

2 . 7

2 . 4

0 . 8

0 . 4

0 . 3

o . 2

300 289

308 290

301 285

285 273

302 281

292 28L

290 280

Thus the

p redomi nantl  y

becomes 'mi xed

'  semi  d i  u rna l  '

l i de  on  the  west  Aus t ra l ian  coas t  changes f rom 'mixed

d i u r n a l '  a t  B u n b u r y  t o ' d i u r n a l ' a t  F r e m a n t l e  a n d  t h e n

predominant ly  semid iu rna l '  a t  Carnarvon,  and progresses  to

a t  ons low on the  Nor th  l les t  She l f .
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Below Carnarvon the semidiurnal t ide is most evident away from the

d iu rna l  spr^ ing  t ide .  Thus  the  t ida l  record  has  the  appearance o f  d iu rna l

spr ings  w i th  neaps  showing semid iu rna l  t ides .  Above Cannarvon the  d iu rna l

t ide tends to be more pronounced away fnom the semidiurnal springs.

The Ningaloo Reef tract I ies between the standard ports of Carnarvon

and Po in t  Mura t  (F igure  1 .3 ) .  Pressure  sensor  dep loyments  a long the

Ninga loo  Reef  t rac t  ind ica te  tha t  the  t ides  w i th in  the  lagoon a long most  o f

the  t rac t  a re  be t te r  conre la ted  in  phase and ampl i tude w i th  the  pred ic ted

tides at Carnarvon than at Point Munat (Sinpson and Masini 1986). The

t ides  a t  N inga loo  are  mixed,  p redominant ly  semi -d iu rna l  w i th  a  fo rm fac tor

near 0.8 and a maximum range at springs of about 2 m.

Apant from the t idal components discussed hene there is a range of

smaller and lower frequency components. These alter the effect ive

ampli tude and phase of the major components.

An inpontan t  annua l  var ia t ion  in  mean sea- leve l  occurs  in  the  southe fn

par t  o f  the  west  coas t .  I t  i s  o f  ampl i tude 0 .1  m wi th  zero  occur r ing  in

0c tober  and March  and the  e leva t ion  be ing  pos i t i ve  in  w in ten .  The annua l

variat ion seems to be absent at Nor^th }|est Cape but is pr"esent on the North

West  She l f  w i th  oppos i te  phase,  i .e .  e leva t ion  is  negat ive  in  w in te r .

2.6 Internal t , ' laves

In te rna l  waves  are  grav i ta t iona l  osc i l la t ions  o f  the  thermoc l ine

separa t ing  bo t tom denser  water  f rom the  upper  l igh ter  water .  In  fac t ,  i t

is not necessary to have a sharp interface between the two f luids for

internal v{aves to occur; any var"iat ion of density thnough the water column

wi l l  suppor t  in te rna l  waves .
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The waves  have f requenc ies  wh ich  vary  be tween the  loca l  iner t ia l

f requency  (per iod  o f  31 .9  hours  a t  N inga loo  Reef )  and the  depth-averaged

buoyancy frequency

) ' t  1 t

f c  o  Y ' l - / 2'  '  o z '

where  T(z )  i s  the  tempera ture  pro f i le  th rough the  water  co lumn and

c  -  10-4oC is  the  thermal  expans ion  coef f i c ien t .  Usua l ly  th is  f requency  is

o f  o rder  0 .01  to  0 .1  s - l  in  a  s t ra t i f ied  sea,  and the  in te rna l  waves  o f

in te res t  a re  o f  much lower  f requency .  Max imum ver t i ca l  d isp lacements  occur

in  the  in te r io r  o f  the  water  co lumn and max imum hor izon ta l  ve loc i t ies  near

the  sur face  and bo t tom.

Wyr tk i  (1962)  repor ted  tha t  in tenna l  waves  produced vent ica l

d isp lacements  o f  i so therms o f  tens  o f  met res  o f f  the  west  coas t  and th is

has  been s tud ied  in  de ta i l  by  Ho l loway (1983;  1986a)  on  the  Nor th  l les t

She l f .  The in te rna l  (o r  baroc l in ic )  waves  are  fo rced by  the  as t ronom. ica l

t ide  and are  re fe r red  to  as  the  baroc l in ic  t ide  because they  have the  same

frequency components as the ordinary (or barotropic) t ide. However the

baroc l in jc  t ide  is  no t  coherent  and appears  as  a  se t  o f  waves  o f  randorn

phase wh ich  seem to  p ropagate  onshore  w i th  typ ica l  phase speed o f

0 .4  m s- r ,  i .e .  tak ing  4  days  to  cover  140 km f rom the  she l f -b reak  to  shore

at  Dampier .  They  have a  typ ica l  wave length  o f  20  km and are  rap id ly  damped

in ampli tude as they cross the shelf.  They are assumed to be generated by

lhe  ac t ion  o f  the  baro t rop ic  t ide  f low ing  over  the  she l f -b reak  bu t  th is

genera t ion  reg ion  does  no t  appear  to  be  very  loca l  i sed .

Ho l loway (1983)  found ver t i ca l  d isp lacements  o f  up  to  30  m in  water  o f

depth  less  than 100 m.  The resu l t ing  bar "oc l in ic  cur ren ts  reached
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magn i tudes  o f  0 .2  m s- r  in  the  c ross-she l f  d i rec t ion .  Ba ines  (1981)  has

a lso  ident i f ied  in te rna l  waves  on  the  Nor th  l , les t  She l f  f rom Landsat

imagery ,  f ind ing  packets  o f  waves  w i th  wave lengths  f rom 300 to  1000 m,

25 km between packets  and propagat ion  speeds o f  0 .5  to  1 .0  m s-1 .

Ho l loway (1986a)  has  deve loped the  idea o f  a  c l imate  fo r  the

baroc l in ic  t ide .  Th is  g ives  a  month ly  assessment  o f  the  mean ampl i tude o f

the  (semid iu rna i  )  in te rna l  t ide .  The c l imato logy  has  i t s  o r ig ins  in  a

number  o f  phys ica l  fac to rs  wh ich  have seasona l  var ia t ion :  the

s tna t i f i ca t ion  or  buoyancy  f requency  is  the  most  impor tan t .  The ampl i tude

of  the  baroc l in ic  t ide  is  max imum in  the  pen iod  Novemben to  Apr i l  and  fa l l s

off by about a factor of 2 to become minimum in June to September. This is

essent ia l l y  a  resu l t  o f  the  buoyancy  f requency  becoming smal l  as  the  she l f

waters  become ver t i ca l  1y  mixed in  w in te r .

In te rna l  waves  on  the  Nor th  l les t  She l f  have very  la rge  ampl i tude in

re la t ion  to  the  water  depth .  In  th is  sense the  waves  are  o f ten  c lose  to
'b reak ing ' .  Ho l loway (1986b)  f inds  tha t  the  waves  show ' in te rna l  jumps ' .

F igure  2 .1  shows a  t ime ser ies  f rom March  2  to  5 ,  1982,  a t  the  Nor th  Rank in

moor ing  near  the  she l f -b reak  o f f  Dampier ,  o f  the  he igh ts  o f  th ree  iso therms.

I t  i s  poss ib le  tha t  such la rge  waves  may break  the  sur face  and so

re lease co lder  bo t tom water  jn to  the  sha l  low lagoon o f  the  N inga loo  Reef

t ract .

2.7 Exmouth Pl ateau

The

Exmouth.

rece i  ved

Exmouth  P la teau is  a  sha l low reg ion  ly ing  -  250 km

I t  i s  the  c loses t  anea to  the  N inga loo  Reef  t rac t

de ta i led  oceanograph ic  s tudy  (Ho l  Ioway 1986c) .

offshore from

whi  ch  has
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L ike  the  N inga loo  Reef  t rac t ,  the  p la teau has  mixed d iu rna l  and

semid iu rna l  t ides .  However  t ida l  curnents  seem to  be  main ly  semid iu rna l

w i th  on ly  weak cur ren ts  a t  the  d iu rna l  f requency .  Th is  i s  cons is ten t  w i th

observa t ions  on  the  west  coas t  (e .9 .  Heann e t  a l .  1985)  where  the

semid iu rna l  t ide  is  much smal le r  and t ida l  cur ren ts  a re  o f  o rder

0 .02  m s- r  in  the  oDen ocean.  The semid iu rna l  t ida l  cur ren ts  a re  bo th

baro t roo ic  and baroc l  i  n i  c .

Ho1 loway (1986c)  found s t r^ong iner t ia l  per iod  cur ren ts  and h igh  energy

burs ts  o f  shor t  per iod  ( -  30  minu tes)  in te rna l  s ,aves .  A  sa l in i ty  and

temperature survey conducted from July to November 1978 showed the absence

of  a  we l l -m ixed sur face  layer ;  tempera ture  fe l l  fa i r l y  s tead i l y  f rom 24oC

at  the  sur face  to  l0 "C a t  300 m depth .  Sa l in i ty  was  c lose  to  35o/oo  bu t

w i th  a  s l igh t  max imum of  35 .6" /o"  near  200 m depth .

2 .8  Coasta l  C incu la t ion

Cur ren ts  on  the  cont inenta l  marg in  a re  s t rong ly  in f luenced by

meteoro log ica l  fo rces .  There  are  severa l  components  to  th is  fo r .c ing :

momentum t rans fer  th rough the  w ind  s t ress ;  v { ind  s t i r r ing  o f  the  water

co lumn;  p ressure  ad jus tments ;  heat  f luxes ,  and mass  (water )  t rans fer

th rough evapora t ion  and prec ip i ta t ion .  These fo rces  ac t  on  a  hos t  o f

d i f fenent  space and t ime sca les  th r "ough var ious  meteoro log ica l  phenomena.

In  th is  sec t ion  some d iscuss ion  is  p resented  o f  quas i -s teady  cur ren ts

genera ted  by  w i  nd  fo rc ing .

Sur face  w ind  s tness  in  a  coas ta . l  reg ion  produces  a  ve loc i ty  v { i th in  the

water  co lumn wh ich  var ies  w i th  depth .  Sur face  water  a lways  moves

essent ia l l y  w i th  the  w ind .  Hov . rever  be low the  sur face  the  d i rec t ion  and
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speed o f  the  waten  is  contno l led  by  a  ba lance be tween the  downward  f lux  o f

momentum f rom the  w ind ,  the  iner t ia  o f  the  water  co lumn,  p ressure  grad ien ts

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

due to  the  ean lh 's  ro ta t ion .  G iven th is  var ie ty  o f  fo rces  i t  i s  necessar .y

to  cons ider  spec ia l  cases  in  o rder  to  a l low a  t rac tab le  f ramework  fo r

a n a l y s i  s .

Coasta l  ocean c i rcu la t ion  is  there fore  s tud ied  us ing  a  waten  body ,

e i ther  o f  un i fo rm dens i ty ,  o r  as  a  f in i te  number  o f  layers  o f  d i f fe ren t

dens i t ies .  0n1y  the  fo rmer  case (baro t rop ic  mot ion)  i s  cons idered here .

In  th is  case the  depth-averaged ve loc i ty ,  wh ich  de termines  the  ne t

t ranspor t  o f  water ,  can  be  der ived  f rom the  ba lance o f  w ind  s t ress ,  bo t tom

f r ic t ion ,  and the  hor izon ia l  p ressure  grad ien t  due to  the  s lope o f  sur face

e leva t ion  o f  the  waten .  The e f fec t  o f  w ind-s t ress  and sur face  e leva t ion

are  separab le  and the  cur ren t  can  be  expressed as  a  sum o f  a  w ind-cur ren t

and a  s lope-cur ren t .  However ,  the  depth-averaged cur ren t  must  sa t is fy  the

cons t  ra i  n ts  o f  con t inu i ty .

The cur ren ts  induced by  a  w ind  s t ress  ac t ing  on  a  coas ta l  sea  are

determined by  two major  cons idera t ions .  The f i  rs t  o f  these is  the

a longshore  var iab i l j t y  o f  the  sys tem,  and invo lves  changes in  w ind-s t ress ,

coas ta l  d i rec t ion ,  and o f fshore  ba thymet ry .  The second is  the  o f fshore

bathymet ry .  The s imp les t  poss ib le  case o f  an  in f in i te  s t ra igh t  coas t  w ' i th

cons tan t  v ra te f  depth  and w ind  s t ress  was so lved by  Ekman in  1905.  A l though

these so lu t ions  fo rmed a  majon  s tep  in  our  bas ic  unders tand ing  o f  coas ta l

oceanography ,  the  c incu la t ion  c rea ted  by  w ind  s t ress  on  a  rea l  coas t  i s

cont ro l led  by  ba thymet ry  and a longshore  var ia t ions .
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Csanady (1978;  1980)  has  cons idered the  coas ta l  c i  rcu la t ion  wh ich

ar ises  in  a  ver t i  ca l  l y -mi  xed ocean as  a  resu l t  o f  c ross-s1ope and

a longshore  w ind  s t ress  wh. ich  var ies  in  magn i tude in  an ,a longshore

d i  rec t ion .  Th is  in t roduces  an  a longshore  length  sca le  Lu lonn over  wh ich

the  w ind  s t ress  var ies  and an  o f fshore  length  Lo f1  wh ich  is  de f ined by

Loff

where  r  i s  the  f r i c t ion  ve loc i ty ,  f  the  Cor io l i s  parameter ,  and s  i s  the

mean o f fshore  s lope o f  the  she l f .  Typ ica ' l  va lues  o f  Lo66 are  o f  o rder

10 km.

I f  La long >> Lo f f  the  e f fec ts  o f  the  a longshore  w ind  is  genera l l y

dominant  wh i  l s t  fo r  La long << Lo lg  the  o f fshore  w ind  is  the  more

important. For most meteorological systems L"1onn would be expected to be

of  the  order  o f  1000 km so  tha t  a longshore  w ind  cont ro ls  c i rcu la t ion .

Csanady (1978)  shows tha t  th is  p roduces  an  'a r res ted  or  t rapped topograph ic

wave '  w i th  nearshore  f low in  the  d i rec t ion  o f  the  w ind  uD to  an  o f fshore

' t rapp i  ng  d i  s tance '  o f

(Lo t r  .  Lur  ono )  
t / ,

i .e .  t yp ica l l y  less  than 100 km.  Beyond th is  ' coas ta l  boundary  layer '

c ross-shore  Ekrnan f low occurs .  Assoc ia ted  w i th  the  wave is  a  sea- leve l

var ia t ion  wh ich  is  max imal  a t  the  shore .

F igure  2 .2a  shows a  t rapped wave due to  a  van ia t ion  in  magn i tude and

s ' i  gn  o f  the  a longshore  w ind .  The f igure  shows reg ions  o f  h igh  pressure

(sea- leve1 ra ised)  and low pressure  (sea- leve l  reduced) .  These prov ide  a

2 r ,
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pressure  grad ien t  wh ich  ba lances  the  Cor io l i s  fo rce  due to  near -shore  f low

para l le l  to  the  shore .  I t  i s  expec ted  tha l  th is  c i  rcu la t ion  and sur face

e leva t ion  w i l l  m igra te  a long the  coas t  w i th  the  meteoro log ica l  sys tem.  A

nearshore  cur ren t  o f  0 .1  m s- r  wou ld  typ ica l Iy  be  assoc ia ted  w i th  e leva t ion

changes of order a few centimetnes.

I n  t h e  c a s e  w h e r e  L u l o n n  i s  l e s s  t h a n  L o f f ,  o r  o f  a  s i m i l a r  s i z e  t o

Logg,  the  c ross-shore  w inds  become e f fec t i ve  in  ra is ing  the  sea- leve l  a t

the  coas t .  Th is  i s  shown by  F igure  2 .2b .  The changes in  v {a te r  e leva t ion

produce pressure  grad ien ts  to  oppose the  cnoss-shore  v t inds  a t  the  coas t .

However  the  loca t ion  o f  the  max ima and min ima in  the  e leva t ion  ane

d isp laced f rom the  po in ts  o f  max imum wind  s t ress .  The t rapp ing  d is tance js

the  same as  fo r  a longshore  w inds  and w i th in  the  coas ta l  boundary  layer  the

cur ren ts  aga in  f low para l le l  to  shore .  Fur^ ther  o f fshore ,  geos tnoph ic

ba lance occurs  v r i th  f low perpend icu lan  to  the  w ind  s t fess .

Sea- leve l  changes produced by  c ross-shore  w inds  are  typ ica l l y  o f  the

order  o f  l0  cm,  i .e .  an  order  la rger  than fo r  longshore  w inds .  They

migra te  w j th  meteoro log ica l  sys tems.  However  they  are  usua l ly  on ly

impor tan t  fo r  s to rm cond i t ions  on  a  s t ra igh t  coas t ,  o r  in  the  v ic in i ty  o f

sudden changes in the direct ion of a coast or i ts bathymet ry.

Cyc lones  (Sec t ion  4 .6 )  a re  occas iona l  occur rences  on  the  Nor th  l les t

She l f .  They  have spat ia l  sca les  fo r  w ind  var ia t ion  o f  the  order  o f  100 km;

the  core  o f  the  cyc lone is  much smal le r  ( -  30  km)  and w inds  are  nax ima l  a t

the  edge o f  th is  core .  Cyc lones  a lso  produce curnents  th rough the  spat ia l

g rad ien t  o f  the i r  a tmospher ic  p ressure .  However  cyc lones  are  in f requent .
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I t  i s  shown in  Sec t ion  3 .2  tha t  w inds  near  the  N inga loo  Reef  t rac t  may

have a  spat ia l  var ia t ion  c loser  to  100 km than 1000 km because o f  the

change in coastal orientat ion at North !. |est Cape.

The value of Loff for the shelf near the central and southern sectors

o f  the  N inga loo  Reef  t rac t  i s  typ ica l l y  10  km.  Howeven the  she l f  i s  much

steeper for the northern sector and Loff reduces to a value of the order of

1km.  I t  there fore  seems tha t  a longshore  w inds  w i l l  be  dominant  over  the

ent i re  length  o f  coas t  in  wh ich  the  ree f  i s  s i tua ted .  Typ ica l  va lues  fo r

the  t rapp ing  d is tance w i l l  be  10  to  30  km.

It must be emphasised that these features refer to Iarge-scale

c i r^cu la t ion  on  the  she l f  ou ts ide  the  ree f  edge;  c i rcu la t ion  w i th in  the

l a g o o n  i s  d i s c u s s e d  i n  S e c t i o n  4 . 3 .
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CHAPTER 3 CLIMATE

3.1  I  n t  roduc t  ion

.  The annua l  var ia t ion  in  the  c l imate  o f  Western  Aus t ra l ia  i s  a  resu l t  o f

the  movement  o f  a  ma jon  a tmospher ic  c i rcu la t ion  knowns as  the  Had ley  ce l l .

Th is  cons is ts  o f  wanm a i r  r i s ing  in  the  t rop ics  and then mov ing  po leward  to

descend in  the  sub- t rop ics .  Th is  descend ing  a i r  c rea tes  a  reg ion  o f  h igh

pressufe known as the sub-trop' ical r idge. I t  forms a belt of warrn dry air

a found the  g lobe and is  assoc ia ted  w i th  the  wor lds  major  deser ts .

In the southern summer the meteorological equator migrates southward

and the  sub- t rop ica l  r idge  is  loca ted  be tween 35o and 40"S.  In  w in te r

there is a corresponding northward movement with the r^idge between 25 and

30oS.  As  a  nesu l t ,  nor thern  Aus t ra l  ia  exper iences  dry  cond i t ions  dur ing

win ten  wh i ls t  in  summer  i t  l i es  w i th in  the  t rop ica l  1ow pressure  sys tem.

The equatorward rnovement of surface air has a component tov{ards the

l res t ,  due to  the  ro ta t ion  o f  the  ear th ,  and oven the  ocean th is  c rea tes  the

southeas t  t rade w inds .  These tend to  dominate  the  preva i l ing  w ind

condit jons at North l iest Cape for most of the year. In v'r inter the

nor thward  movement  o f  the  r idge leads  to  the  preva i l ing  w inds  becoming more

easterly. However the Cape does not expenience the summer northwester ' ly

w inds  and monsoon cond i t ions , .  wh ich  occur  fu r ther  nor th .

3.2 l , l i  nds

v | ind  da ta  a re  co l lec ted  by  the  Bureau o f  Meteoro logy  a t  Cannarvon,

Learmonth, and Exmouth. Cannarvon is 130 km south of the southenn boundary
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of  the  N inga loo  Reef  (Gnar ra loo  Bay)  and is  representa t ive  o f  the  southern ,

and perhaps central ,  sectors of the reef. Learmonth and Exmouth are close

to the northern sector of the reef but are separated from the reef by the

Cape Range mounta ins  wh ich  l ie  a long the  cent re  o f  Exmouth  Pen insu la r .  The

pen insu lan  is  some 25 km in  w id th  and the  range reaches  300 m above sea-

leve l  .  Fur thenmore  cer ta in  loca l  aspec ts  o f  w inds  a t  these s ta t ions  ane

ev ident ly  contno l led  by  a i  r -sea  in te rac t ions  w i th in  Exmouth  Gu l f .  Thus  no

ne l iab le  da ta  ex is ts  fo r  w ind  cond i t ions  on  the  N inga loo  Reef  t rac t ,

espec i  a1 ly  the  nor the fn  sec tor .

u l ind  s ta t i s t i cs  have been deve loped here  f rom data  supp l ied  by  the

Bureau of Meteorol ogy.

Tab les  3 .1  and 3 .2  show mean month ly  w ind  speeds and d i r .ec t ions  based

on 09.00 and 15.00 hours data at Carnarvon and Lear"month. The means are

based on  the  w ind  run ,  and w ind  ve loc i ty  vec tor .  An equ iva len t  mean w ind

for "  the  sur face  s t ress  vec ton  (wh ' i  ch  i s  the  ve loc i ty  vec tor  mu l t ip l ied  by

wind  speed)  i s  a lso  inc luded.  The tab les  pnesent  the  measuned w ind  speed

and no  cor rec t ion  has  been app l ied  fo r  anemometer  e leva t ion  (4  and 5  m a t

Cannarvon and Learmonth ,  respec t ive ly ) .  The da ta  i s  a  mean over  39  years

a t  Carnanvon and over  9  years  a t  Learmonth .  t , J ind  run  is  s l igh t ly  lower  a t

Learmouth  than Carnarvon.  However  the  mean w ind  ve loc i ty  and mean w jnd

s tness  is  much lower  a t  Learmonth  because the  d inec t ion  o f  the  w ind  is  much

mone var i  ab l  e .

Tab le  3 .1  shows tha t  the  mean annua l  w ind  (s t ress)  d i  rec t ion  a t

Carnarvon is  194o.  A t  09 .00  (Tabte  3 .3 )  the  d i  rec t ion  is  152o,  and a t

15 .00  hours  (Tab le  3 .4 )  i t  i s  205 ' .  Th is  change is  due to  the  seabreeze

which  produces  a  d iu rna l  cyc l ing  o f  the  w ind  d inec t ion  f rom southeas t  to
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southwest. The effect is observed along the enti  re west and southwest

coas t  bo th  a t  coas ta l  s ta t ions  and some hundreds  o f  k i lomet res  in land.

A seabreeze is  iden t i f ied  on  approx imate ly  70% o f  a f te rnoons (Souther .n

1 9 7 9 ) .

A t  Learmonth  (Tab les  3 .2 ,3 .5  and 3 .6)  the  mean annua l  w ind  (s t ress)

d i rec t ion  is  178"  w i th  a  change f rom 171"  a t  09 .00  hours  to  229"  a t  15 .00

hours .  The w ind  d i rec t ion  a t  Learmonth  is  ro ta ted  to  the  west  re la t i ve  to

Carnarvon;  the  09 .00  w inds  a t  Learmonth  a fe  mone southeas ter ly  and the

15.00  w inds  are  much more  wester ly .  However  the  15 .00  w ind  speed is  much

weaker  on  average,  and as  a  resu l t ,  the  mean annua l  w ind  d i rec t ion  a t

Learmonth  is  s ' im i la r  to  tha t  a t  Cannarvon.

The weaker southwesterly seabreeze at Learrnonth is actual ly a nesult

o f  two par t ia l  l y  compensat ing  a f te rnoon w ind  s i tua t ions .  Tab les  3 .7  and

3.8 show the annual occurrence matrices at Carnanvon and Learmonth for

09 .00  and 15 .00  hours .  A t  Carnarvon the  w ind  d i rec t ions  a t  09 .00  hours  l ie

main ly  be tween south  and eas t  and a t  15 .00  the  d i rec t ion  is  sou th  to

southwest. At Learmonth the |{ ind di rect ion at 09.00 is also between soutn

and eas t .  However  the  d i  rec t ion  o f  the  w ind  a t  Learmonth  a t  15 .00  hours

l ies  e i ther  south  to  west  o r  eas t  to  nor th .  Inspec t ion  o f  the  occur rence

matrix at Learmonth at 15.00 hours shows that the afternoon northeasterly

wind is weakef than the southwesterly seabreeze. I t  occurs on 56% of days

wi th  a  mean speed o f  16 .8  km hr - l  (4 .7  r  5 - l )  wh i l s t  the  southwester ly

occurs  on  40% of  days  w i th  a  mean speed o f  22 .7  kn  hr - l  (6 .3  m s-1) .
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Table 3.1 Monthly and annual
(39  years  o f  da ta)

mean wi nd
based on

speed and
09.00 and

di rect ion at Carnarvon
15.00 hours obsenvati  ons

Mean l l i  nd Run Mean t{'i nd Vel oci ty ltlean l.|ind Stress

Speed
m  5 - l

Speed
m  s - r

Di recti on
Degrees

Speed
m  s - l

Di rect i  on
Degrees

January

February

March

Apni I

May

June

Ju l  y

August

Septenber

0ctober

November

December

ANNUAL

7  . t 7
6 . 6 7

6 . 3 7

5 . 6 1

5 .  1 9

4 . 5 1

4.69

5.  39

6 . 3 9

6.94

7.40

7 . 3 0

6  . 1 4

5 . 3 1

4.69

4.86

3 . 8 1

2 .6 r
I  .30
1.83
3.00
4 .31
4.88
5.83
5. s6

3.89

196

189

184

t77

157

L52

155

168

181

191

196

198

184

6.69

6 . t 2

6 . 0 7

5 . 1 6

4 . 1 2

2 . 7 1

3.30

4.59

5 . 8 7

6.29

7 . 0 0

6.83

5 . 5 1

193

187

183

t76

156

156

158

168

L79

188

194

196

184



Tab le  3 .2  Month ly  and annua l  mean
(9  years  o f  da ta)  based
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wind speed and direct ion at Learmonth
on 09 .00  and 15 .00  hours  observa t ions

Mean l{ i  nd Run Mean l,li nd Vel oci ty Mean l , | ind Stress

Speed
m  s - l

Speed

m  s - l

Di rect i  on
Degrees

Speed
m  s - I

Di rect i  on
Degrees

January

February

March

Apri I

May

June

Ju ly

August

September

0ctober

November

December

ANNUAL

5 . 9  7

5 . 2 9

4.89

4 . 2 5

4 . 2 2

4 . t 2

4 . 2 8

4 . 4 1

3 . 5 J

6 .  1 6

5 . 9 9

5 . 0 6

2 . 2 L

1 .07

I . 4 2

1 .  1 4

1 . 9 4

L . 7 3

1 .69

1 . 4 ?

2 . 3 7

2 . 2 5

3 . 1 4

3 . 0 5

1  . 5 3

2r3
207

134

139

tt2

103

r  l v

L28
r R a

L8?

199

203

165

4 . 3 6

2 . 7 7

2 . 7 9

2 . 3 6

3 . 0 9

?.89

3 . 0 0

2 . 6 3

3 . 9 8

4 . 1 2

4 . 9 2

4.87

?  1 0

2L6

2L5

140

150

1 1 3

94

118

134

165

190

203

205

r / 6
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(39 years of data)
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mean wind speed and direct ion at Carnarvon
at 09.00 hou rs

Mean Wind Run Mean l'|ind Vel oci ty Mean t ' | ind Stress

Speed
m s-  I

Speed
m  s - l

Di rect i  on
Degrees

Speed
m  5 - I

Di rect i  on
Degrees

January

February

March

Apri I

May

,June

Ju ly

August

September

October

November

December

ANNUAL

6 . 6 5

6 . 2 6

6.06

5.09

4 . 6 7

3 . 9 2

4 . 0 2

4.80

5.69

6.  41

6 . 7 8

6 . 7 5

5 . 5 9

4 . 7 8

4 . 3 2

4 . 7 2

3 . 6 8

3.30

2 . L 6

?.48

3 . 2 9

4.08

4.44

5.42

5.04

3 . 6 5

6 . 3 1

5.87

5.90

4 . 9 3

4.44

3.26

3 . 5 7

4 . 6 2

5.60

5.96

6 . 6 0

6.44

5 . 2 4

t67

159

158

141

LLz
105

109

L25

144

L57

169

171

152

169

159

159

t42

1 1 1

99

106

t23

146

161

L72

175

150
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Tab le  3 .4 Monthly and annual
(39 years of data)
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mean wind speed and direct ion at Carnarvon
at 15.00 hou rs

Mean Wind Run Mean l,li nd Vel oci ty l i lean t l ind Stress

Speed

m s -  I
Speed Di recti on
m s-r Degrees

Speed Di rect i  on
m s-l  Degrees

January

February

March

Apri I

May

Ju ne

Ju ly

August

September

0ctoben

November

December

ANNUAL

7 . 6 8

7 .67

6 . 6 6

6 .  t t

5 . 6 8

5.  10

5 . 3 3

5.99

7 .08

7 .48

7 . 9 7

7 .85

6 . 6 7

6 . 6 5

5.99

5 . 7  4

5 .06

J .  O J

? . L 2
2 .72
4 .37
5.78
6.  35
6 .94
6 .79

5 .  15

2t4
210
204
202
194
204
L97
200
205
2L2
2r3
215

207

7 .50

6.87

6 . 6 3

5 . 9 7

4.86

3.38

4.02

5.  50

6 . 8 2

7 . 2 3

7 . 7 7

7 . 6 2

6  . 3 1

2TL

207

20r
198

190

201

193

L97

20r
209

210

2L3

205



Tab le  3 .5  Month ly  and
(9  years  o f
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annual mean wind speed and di rect ion at Learmonth
data) at 09.00

Mean l,r | ind Run

Speed
m  s - l

Di rect i  on
Degrees

Di rect i  on
Degrees

Mean t l i  nd Vel oci ty Mean Wi nd St ness

Speed
m  s - l

Speed
m  s - l

January

February

March

Apr i l

May

June

J u l y

August

September

0ctober

November

December

ANNUAL

5.42

4.  95

4 . 7  0
4 .  03

3 . 8 7

3.60

3  . 9 0
4 . L 4

5 .34

5 . 2 8

5 . 7  4

5 .  53

4 . 7  |

2  / l E

? n o

3 . 3 8

2 . 8 7

2 . 7 6

2.43

2 . 7 1

2 . 6 5

4 . 3 4

4 . 0 2

4 . 3 3

4 . 2 5

3 . 2 7

189

186

168

169

t47

146

t62

158

173

177

184

170

4.88

4.29

4 . 3 8

3 . 6 2

3.  31

3  . 6 9

3 . 6 2

3 . J l

5 .22
5.46
R 2 2

4 . 3 9

t9?

188

168

170

144

133

154

159

164

L t 4

179

185

17t



T a b l e  3 . 6 Month ly  and
(9  years  o f
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annual mean wind speed and direct ion at Leannonth
data ) at 15.00 hours

Mean t,lli nd Run Mean t l | ind Vel oci ty Mean t l i  nd St ress

Speed

m  s - l

Speed

m  s - t

Di rect i  on
Degrees

Speed
m  s - l

Di rect i  on
Degrees

January
Februa ry

March

Apri 1

May

Ju ne

Ju ly

August

September

0ctober

November

December

ANNUAL

6 . 5 0
q R )

5 . 0 7

4.45

4 . 5 1

4.  55

4 . 5 7

4 . 6 5

5 . 3 2

6 . 2 6

6 . 6 0

6 . 4 2

1 . 8 7
't ,q

1  . 7 8

I  . 3 1

2 . t 3

2 . L 7

2 . 0 7

1 .  3 7

0 . 6 4

0.86

2 . 7 9

2 . 5 2

0 . 2 6

259
150
228
225
252
244
zJ+

247
tt7
233
Z 5 J

234

236

+ .  J 5

2 .83
2 .92
2 . t s

3.  18
3 . r 2
a . 5 a

1 . 9 7
? r q

4 . 9 5

4 . 7 9

1 .68

245
130
225
222
257
239
258
252
L72
2 ?'4,

233
229

229
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Tab le  3 .7 Annual occurnence matrices at Carnarvon

Di rect i  on l - 5

09.00 hou rs
Speed (km/hour )

6 -10  11-20 21-30 31-40 40+

N
NE
E
5 L

St^l
H
Nt^l

0 . 4
0 . 8
1 . 1
1 . 0
n 6

0 . 0
0 . 0
0 . 0

l 1

1 A

2 . 8
2 . 6
t . 9
1 E

0 . 8
n ?

1 . 8
2 . 7
o . J

8 . 3
8 . 6
? o

1 . 6
0 . 7

q n

a 7
1 ?  1

2 . 2
n (

0 . 0
0 . 4
2 . 2
4 . 6
7 . 2
0 . 4
0 . 0
0 . 0

0 . 0
0 . 0
0 . 4
1 . 1
1 0

0 . 0
0 . 0
0 . 0

6 . 9
1 7 . 8
26.2
33.2
8 . 0
2 . 9
r . l

100a 7 t2.8 33.7 3 1  . 4 1 4  . 8 3 . 4

Di  rec t  ion 1 - 5

15.00  hou rs
Speed (km/hour )

6 -10  11-20 2L-30 31-40 40+

N
NE
E
) E

sli
t,ll
Nt,l

0 . 0
0 . 0
0 . 0
0 . 0
0 . 0
0 . 1
0 . 0
0 . 0

0 . 1
0 . 0
0 . 2
0 . 2
0 . 4
1 . 5
1 . 1
0 . 1

n ?

I . I

0 . 9
6 . 1

1 1 . 1
4 . 8
1 . 1

n ?
n ?

i . o
1 . 4

1 5 . 8
1 8 .  7
4 . 4
1 . 3

0 . 2
0 . 0
0 . 2
0 . 6

t 2 . l
R O

0 . 8
0 . 8

0 . 1
0 . 0
0 . 0
0 . 0
2 . 4
1 . 4
0 . 0
0 . 0

1 . 0
0 . 5

3 . 1
36 .8
4 1  . 8
1 1 . 1
3 . 3

0 . 0 3 . 6 25.9 4 3 .  1 23.5 ? o 100
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Tab le  3 .8 occurrence matni ces at Learmonth

Di rect i  on 1 - 5

09.00 hou rs
Speed (kn/hour)

6-10  11-20 2r -30 31-40 40+

N
NE
E
SE
s
st.l
t{
N|.l

0 . 1
0 . 4
0 . 7
1 ?

2 . 2
0 . 6
0 . 2
0 . 0

0 . 2
0 . 7
2 . 2
? n

t . 7
0 .4
0 . 1

L . 2
2 . 4
3 . r
8 . 2

20.  1
5 . 2

n ?

U . J

L . 2
1 . 4
4 . 3

1 R  O

4 . 8
1 . 0
0 . 0

0 .0
0 . 1
n ?

1 . 6
4 . 3
0 . 8
0 . 0
0 . 0

0 . 0
0 . 0
0 . 0
0 . 0
0 . 2
0 . 0
0 . 0
0 . 0

1 . 8
4 . 9
o 7

1 a  R

48.6
13 .1
3 .0
0 . 4

5 . 5 14.2 44.0 29.0 7 . 1 1000 . 2

Di rect i  on I  - 5

15.00  hours
Speed ( km/hour )

6 -10  11-20 21-30 31-40 40+

N
NE
E
5L

5W
t{
N!l

n ?

0 . 6
0 . 6
0 . 2
0 . 0
0 . 0
0 . 0
0 . 0

1 . 9
2 . 8
2 .9
0 . 7
o . 2
0 . 0
0 . 3
0 . 2

9 . 4
t3.2
9 . 4
4 . 0
2 . 9
2 . 2
z . u
1 n

6 . 1

0 . 9
2 . 9
5 . 4
6 . 5
5 . 7
0 . 6

1 . 3
1 . 0
0 . 0
0 . 5
) 7 .

2 . 1
0 . 1

0 . 2
0 . 2
0 .0
0 .0
0 . 3
0 . 5
0 . 1
0 . 0

t9.2
23.  I
1 3 . 7
8 . 2

1 1  . 0
72.7
L0.?

1 q

1001 . 6 8 . 9 44.0 ? 2  ? 10.8 1 . 3
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The northeaster ' ly is evidently a seabreeze from Exrnouth Gulf.

Learmonth is subject to both the southwesterly seabreeze from the west

coas t  and th is  add i t iona l  seabreeze f rom the  nor theas t .  Th is  i s  a  fa i r l y

complex  s i tua t ion  and e i ther  e f fec t  may be  dominant  on  a  par t i cu la r  day .

There  is  a lso  the  poss ib i l i t y  o f  a  t rans i t ion  f rom one seabreeze e f fec t  to

the  o ther  dur i  ng  one day .

The N inga loo  Reef  t rac t  i s  l i ke ly  to  be  par t ia l l y  she l te red  f rom the

nor theas ter ly  by  the  Cape Range.  However  the  southwester^ ly  w i l1  c lear ly  be

af fec ted  by  the  Gu l f  and Cape Range.  I t  i s  an t ic ipa ted  tha t  the  ne t

stnength of the southwesterly wi l l  be much lower on the northern sector of

the  N inga loo  Reef  than on  the  southern  or  cen t ra l  sec tors  wh ich  are  fu r ther

from both Exmouth Gulf and the northwest coast. This very important change

' i  n  w ind  cond i l ions  over  a  d is tance o f  o rder  100 km is  l i ke ly  to  have

' impor tan t  e f fec ts  on  la rge  sca le  c i rcu la t ion  on  the  she l f  as  ment ioned jn

Sect i  on  2 .8 .

3 . 3  R a i n f a l l ,  E v a p o r a t i o n  a n d  S o l a r  R a d i a t i o n

Ninga loo  Reef  l ies  in  the  ar id  reg ion  o f  Westenn Aust ra l ia  wh ich

covers  a l l  o f  the  nor thenn Dar ts  o f  the  west  coas t  and ex tends  in land to

the  cent ra l  ,  eas tern  and southern  par ts  o f  the  s ta te .  Mean annua l  na in fa l l

l i es  be tween 250 and 300 mm.  There  is  however  cons . iderab le  var iab i l ' i t y  in

ra in fa l I  be tween years .  Much o f  the  ra in  resu l ts  f rom s torms and cyc lones

and th is  enhances  the  var i  ance o f  the  ra in fa l l .  The low te r res t r ia l  nunof f

f rom th is  a r id  reg ion  has ,  v { i thout  doubt ,  a ided the  deve lopment  o f  a  ma jor

bar r ie r  ree f  so  c lose  to  the  cont inent .
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Tab le  3 .9  shows mean and med ian  month ly  ra in fa l l  a t  Learmonth  based on

86 years  o f  da ta .  Ra in  occurs  on  compara t ive ly  few days  main ly  be tween

February and July. There are no nivers in the region and surface water

en ters  the  neef  anea th rough c reeks .

Evapora t ion  a t  N inga loo  s ta t ion  is  typ ica l  o f  the  reg ion  and grea t ly

exceeds mean najnfal l  throughout the year. Based on 14 years of data from

c lass  A pan evaporometers  the  mean annua l  evapora t ion  is  about  2700 mm.

Al though such da ta  may no t  be  s tn ic t l y  app l i cab le  to  a  coas ta l  lagoon i t

p rov ides  a  reasonab le  es t imate .  Tab le  3 .10  g ives  month ly  means.

The annua l  g loba l  rad ia t ion  a t  N inga loo  based on  da ta  fo r  1968 to

1974 is  265 J  s - l  m-2 .  The is  c lose  to  the  max imum fo f  the  who le  o f

Aus t ra l ia .  The month ly  means fo r  January ,  Apr i1 ,  Ju ly  and 0c tober  a re

g i  v e n  i n  T a b l e  3 . 1 1 .

Tab le  3 .9  Mean and med ian  month ly  ra in fa l I  in  run ,  and number  o f  ra in  days
at Learmonth based on 1898 to 1984 data

Jan Feb Man Apn May Jun Jul Aug Sep Oct Nov Dec

1 7 4 9 4 8 2 8  1 6 3 2 L 2

3 3 7 3 7 2 0  1 0 0 0 0 0

1 4 5 4 3 1 1 0 0

Mean

Medi  an

Rai n days

30 33

9 5

L Z

l 8

L
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Jan. Feb. Mar. Apri l  May June July Aug. Sept. Oct. Nov. Dec.

350 320 300 200 180 120 135 170 240 300 300 360

Table 3.10 Estinated mean monthly pan evaporation at Ningaloo stat ion in
rnn based on 1967 to 1981 data

Table 3.11 Estimated mean month' ly global radiat ion at Ningaloo
Reef in J s-r m-2 based on data from 1968 to 1974

January. Apri l  July 0ctoben Annual

336 240 168 319 265
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CHAPTER 4 OCEANOGRAPHIC PROCESSES ON THE REEF AND IN THE LAGOON

The fol lowing sections describe component parts of the oceanographic

processes  fon  the  N inga loo  Reef  t rac t  and i t s  lagoon.  The i r  separa t ion ,

a l though sonewhat  a r t i f i c ia l  in  a  p rac t ica l  sense,  he lps  to  c la r i f y  the

natune o f  the  ind iv idua l  p rocesses .  The overa l l  dynamics  can then be

synthes ised fo r  any  combina t ion  o f  d r iv ing  fo rces .

4.1 f lave Pumpi ng

F igure  4 .1  shows a  typ ica l  c ross-sec t ion  o f  N inga loo  Reef  taken normal

to  the  shore .  I t  cons is ts  o f  a  seaward  ree f  s1ope,  a  ree f  c res t ,  a  ree f

f la t ,  a  lagoon and the  shore .  t l i th in  the  lagoon there  are  fu r ther  sha l low

patch  ree fs  and occas iona l  p la t fo rm ree fs  a long the  shore l ine .

The seaward reef slope has not been examined in detai l  but presumably

has  a  s imi la r  s t ruc tu re  to  tha t  o f  o ther  h igh  enengy cona l  ree fs .  The mai  n

phys ica l  func t ion  o f  the  seaward  ree f  s lope is  to  d iss ipa te  the  energy  o f

' i  nc ident  waves .  In  th is  respec t  i t  senves  as  a  very  e f f i c ien t  b reakwater .

The d iss ipa t ion  process  is  ach ieved by  grooves  wh ich  cu t  the  seaward  face

of  the  ree f  a t  fa i r l y  regu la r  in tenva ls .  The moda l  wave length  o f  th js

spat ia l  a r ray  o f  g rooves  is  usua l ly  about  10  m or  more .

The grooves commence at a depth of some tens of metres and run up the

ree f  s lope in to  and th rough the  sur f  zone.  A t  the  inner  end they  may end

abrupt ly  o r  fo rm surge channe ls .  Munk and Sargent  (1948)  f i rs t  po in ted  ou t

tha t  the  s ta r t ing  po in t  o f  these grooves  cor responds to  the  depth  a t  wh ich

wave ac t ion  becomes s ign i f i can t .  The thnesho ld  ve loc i ty  fo r  movement  o f

sand o f  l  mm d iameter  i s  about  0 .3  m s-1 .  For  the  swe l l  and w ind  waves
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t yp ica l  o f  the  west  coas t  th is  o rb i ta l  ve loc i ty  i s  reached a t  a  depth  o f

about  20  m.  Th is  i s  typ ica l  o f  most  cora l  ree fs  th roughout  the  Cfop ics .

Inspec t ion  o f  aer ia l  photographs  o f  the  N inga loo  Reef  shows s tnuc tune

in  f ron t  o f  the  sur f -zone wh ich  probab ly  cor responds to  gnooves .  The l ines

are  es t imated  to  be  o f  the  order  o f  10  to  20  m long.  Accord ing  to  Rober ts

e t  a l  .  (1975)  the  spat ia l - f requency  d is t r ibu t ion  o f  the  quas i -per iod ic

groove and spur  s t ruc tu res  have a  s imi la r  shape fo r  most  ree fs .  However

the  moda l  wave length  becomes shor te r  as  the  energy  o f  imp ing ing  waves
' i  nc reases .  Grooves  are  usua l ly  normal  to  the  ree f  l ine  and on ly  occur  on

those par ts  o f  the  ree f  where  th is  normal  l ies  w i th in  a  dominant  Dant  o f

the  annua l  wave rose .

The N inga loo  Reef  has  an  ou tward  normal  wh ich  most ly  l ies  in  the

quadrant northwest-to-southwest. Howeven port ions of the reef do face

nor th  and south .  I t  wou ld  appear  f rom the  aer ia l  photographs  tha t  g rooves

are  absent  f rom the  nor thward  fac ing  ree f  f ron ts  wh ich  is  cons is ten t  w i th

the  d i  rec t ion  o f  w ind  and s r {e l1  waves .

Cora l  ree fs  usua l ly  con ta in  surge  channe ls  on  the  ree f  c res t  wh ich  are

essent ia l l y  ex tens ions  o f  the  grooves .  The channe ls  he lp  to  d iss ipa te  wave

energy  by  a  p rocess  o f  des t ruc t ive  in te r fenence be tween success ive  waves .

The ac t ion  o f  the  grooves  and channe ls  i s  to  remove a  major  f rac t ion  o  o f

the  wave energy  th rough f r j c t iona l  p rocesses  o f  var ious  types .

A f rac t ion  o f  the  incoming f lux  o f  water  p roceeds to  c ross  the  ree f

c res t  and en ter  the  lagoon.  Th is  appears  as  a  fa i r l y  cons tan t  f low and

does not contain any appreciable component at the wave frequency. The
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dynamics  o f  the  f low are  cont ro l led  by

Th is  e leva tes  the  t ime averaged water

fo r  the  open ocean.  The e leva t ion  ah

energy  f l  ux  i s  E

a wave set-up on the reef crest.

leve l  on  the  ree f  to  above the  leve l

i s  such tha t  i f  the  incoming wave

( 1  - c ) E = p g A h Q

where  Q is  the  vo lume f ' lux  (normal  to  the  ree f )  pass ing  over  the  ree f

c res t ,  p  i s  the  dens i ty  o f  seawater  and g  the  acce le ra t ion  due to  g rav i ty .

The e leva t ion  Ah serves  to  d r ive  water  over  the  ree f  f la ts  in to  the

lagoon.  The usua l  s i tua t ion  is  tha t  waten  ex i ts  f rom the  lagoon th rough

breaks  in  the  ree f .  Th is  f low is  a lso  a t  leas t  par t ia l l y  dn iven by  the

wave se t -up  ah  so  tha t  the  en t i  re  lagoon has  a  water  leve l  e leva ted  w i th

respec t  to  the  ocean.  Water  en ters  the  lagoon by  t rans fer r ing  a  par t  o f

i t s  k ine t ic  energy  in to  po ten t ia l  energy .  f la te r  ex i ts  the  lagoon by

conver t ing  po ten t ia l  energy  back  to  k ine t ic  energy  jus t  as  in  normal  p ipe

fl  ow.

The e leva t ion  decreases  a long the  cunrent  t ra jec to r ies  th rough the

lagoon to provide the force necessary to overcome bottom fr i  ct ion.

Neg lec t ing  Cor io l i s  fo rces ,  and any  t ida l  o r  w ind  e f fec ts ,  the  fo rce

ba l  ance is  s i  mp ly

- s h # . - , n : + = c D u 2

where  x  i s  a  coord ina te  measured a long the  t ra jec to ry ,  h  i s  the  water

depth ,  and u  is  the  depth-mean ve loc j ty  a long the  x -d i rec t ion .  Cg is

bo t tom drag coef f i c ien t .

the
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Because h  is  min ima l  over  the  ree f  f la t ,  u  must  be  max imal  here  in

order  to  ma in ta in  the  cont inu i ty  o f  vo lume f lux .  Hence,  the  f r i c t iona l

te rm is  la rges t  oven th is  reg ion  and Ah decreases  rap id ly .  Away f rom the

reef f1 at, Ah changes mor"e slow1y and the f inal reduction of ah to zeno

occuns across  breaks  in  the  ree f  wh ich  serve  as  cur ren t  ex i ts  to  the  ocean.

F lows wh ich  are  dr iven  by  a  ba lance be tween pressure  fo rces  and bo t tom

f r ic t ion  tend to  be  s t ronges t  in  deep channe ls .  Th is  i s  s imp ly  because the

to ta l  fo rce  on  the  v {a te r  co lumn due to  p ressure  grad ien ts ,  i .e .  e leva t ion

change,  i s  p ropor t iona l  to  h .  F igure  4 .1  shows a  typ ica l  ba thymet r ic

cnoss-sec t ion  f rom the  shore  to  the  ree f .  A  channe l  o f  deoth  2  m is

ev ident  c lose  to  the  shone.  Such channe ls  a re  no t  unconmon in  coas ta l

lagoons beh ind  cora l  ,  and o ther ,  bar r ie r  r ^ee fs  and are  ne fer red  to  by  a

v a r i e t y  o f  n a m e s  i n c l u d i n g  ' m o a t ' ,  ' g u t t e r ' ,  a n d  ' d n a i n a g e  c h a n n e l ' .

Centa in ly ,  cur ren ts  w i th in  such channe ls  a re  o f ten  found to  be  subs tan t ia l

and c lear ly  ev ident  to  the  eye ,  i .e .  0 .1  to  0 .5  m s- I .  They  tend to  fonm

by a  na tura l  p rocess  o f  sand scour  th rough ree fs  f r ing ing  the  shore .

Casua l  observa t ion  by  one o f  the  au thors  (CJH)  shows tha t  such cur ren ts

wi l l  t yp ica l l y  move,  and e jec t ,  cora l  debr is  o f  d iameter  up  to  about

0 .15  m.  The dominance o f  water  mot ion  th rough these channe ls  i s  due to  the

pressure- f r i c t ion  ba lance wh ich  has  been descr ibed.

The mot ion  o f  water  w i th ' i  n  the  channe ls  can be  eas i l y  demonst ra ted

mathemat ica l l y .  Th is  i s  most  s imp ly  ach ieved by  a  pure ly  a l  ongshore

mode l  .  In  the  rea l  cona l  ree f  c i rcu la t ion  prob lem,  inv rard  cur ren t

t ra jec to r ies  ex is t  eve fywhere  a long the  ree f .  They  converge to  fo rm an

increas ing  a longshore  cur ren t  wh ich  then ex i ts  th rough a  break  in  the

ree f .  However ,  the  s imp le  a longshore  mode l  assumes th is  a longshore  cur ren t

to  be  fu l l y  fo rmed and neg lec ts  any  fu r ther  across- ree f  con t l ibu t ion .  I t
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also assumes that the 'next '  break in the reef is far nemoved from the

neg ion  o f  i  n te res t .

Le t  the  y -ax is  be  pana l le l  to  the  shore  w i th  the  x -ax is  d rawn c ross-

shore .  In  the  a longshore  mode l  the  a longshore  cur ren t  u  and depth  h  a re

func t ions  o f  x  on ly  and there  is  no  c ross-shore  cur ren t .  The e leva t ion  ah

is  there fore  cons tan t  w i th  respec t  to  x ,  i .e .  there  is  no  c ross-shone pressure

grad ien t .  In  fac t ,  Ah  var ies  I  inear ' l y  w i th  y  and the  fo rce  ba lance is

-  . l  ^h

s h(x) i fr = co u2(x)

fo r  a  quadra t ic  bo t tom f r i c t ion  law w i th  d rag  coef f i c ien t  Cg.  Th is

equat ion  ind ica tes  tha t  u  i s  p ropor t iona l  to  the  square- roo t  o f  h .  I t  i s

usua l ly  be t te r  to  rep lace  the  quadra t ic  Iaw by  a  l inear  fo rm so  tha t  the

force bal ance gi ves

q hr (x )  d  ah /dy
u o ( x )  = cD ' f

where  the  subscr ip t  zero  imp l ies  a  par t i cu la r^  va lue  o f  water  leve l  and ue

is  a  'background '  ve loc i ty  due to  wave and o ther  p rocesses .  Thus  u  i s

propor t iona l  to  h  and to ta l  t ranspor t  var ies  as  the  square  o f  h .

F igure  4 .1  g ives  a  curve  o f  to ta l  vo lume t ranspor t  der ived  us ing  th is

square- law (w i th  an  e leva t ion  change o f  0 .05  m in  10  km)  fo r  the

bathymetl ic section which is shown and water^ level at AHD. The dominance

of  the  channe l  (de f ined as  the  reg ion  o f fshore  to  1000 m)  i s  ev ident  w i th

about 70% of the volume f low occurning in the channel .  The process is very

s imi la r  to  tha t  encountered  in  the  w ind  f lush ing  o f  a  bay  or  harbour  by  a

deep channe l  (Hearn  e t  a l  .  1985) .
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D i rec t  observa t ions  o f  channe l  f low have been made by  Marsh  e t  a1  .

(1981)  jn  two lagoons in  Guam which  resemble  fa i r l y  c lose ly  the  topography

of  the  N inga loo  Reef  t rac t .  one o f  these is  shown in  F igure  4 .2 .  An

impor tan t  d i f fe rence f rom Ninga loo  is  tha t  the  lagoon is  c losed by  rocky

head lands  a t  each o f  i t s  ends .  However ,  the  lagoon is  o therw ise  s imi la r

w i th  very  sha l low water  (o f  o rder  1m depth  a t  Guam and 2  m a t  N inga loo)

and a  neanshore  channe l  (o r  'moat ' ) .  The t ida l  range is  0 .4  m to  0 .9  m

(neaps and spr ings ,  respec t ive ly )  a t  Guam which  is  a lso  about  a  fac to r  o f  2

lower  than a t  N inga loo  (0 .8  m and 2 .0  m,  nespec t ive ly ) .

F igure  4 .2  shows the  cur ren t  t ra jec to r ies  (so l  id  a r rows)  deduced by

dye s tud ies  in  Tumon Bay,  Guam.  Sur f  d r iven  water  moves across  most

por t ions  o f  the  ree f  marg ins  and f lows shoreward  gradua l ly  chang ing

d i rec t ion ;  i t  f lows as  an  a longshore  cur ren t  in  the  deep channe l  ad jacent

to  the  shore .  The a longshore  cur ren t  eventua l l y  ex i ts  th rough the  main

break  in  the  ree f  (San V i to res  Channe l  ) .  There  are  a lso  minon br^eaks  in

the  ree f  wh ich  car ry  ou t f low on ly  dur ing  heavy  su t " f  cond i t ions .

Current speeds in Tumon Bay moat ranged up to 0.6 m s-l  and landward

f lows on  the  ou ter  ree f  f la t  reached 0 .3  m s- r .  F lovrs  th rough San V i tones

Channe l  were  1m s- l  under  heavy  (bu t  no t  max imal )  sur f .  These ve loc j tes

are  no t  un typ ica l  o f  cur ren ts  across  cora l  ree fs  (e .9 .  Maragos  1978;  Fr i th

1983 ) .

Marsh  e t  a l  .  (1981)  found tha t  a  la rge  (bu t  ra then var iab le )

percentage o f  the  vo lume t ranspor t  occur red  w i th in  the  noat ;  a  typ ica l

value for Tumon Bay is 40%.
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I t  i s  very  ev ident ,  bo th  f rom the  s imp le  a longshone mode l  deve loped

here ,  and the  da ta  o f  Marsh  e t  a . l  .  (1981) ,  tha t  the  f rac t ion  o f  t ranspor t

in  the  channe l  (o r  moat )  i s  a  func t ion  o f  t ida l  he igh t .  I f  the  na ter  depth

h  (x )  i s  expressed as

h ( x )  =  h o ( x )  + h r i d e  +  a h

where  ho  is  the  depth  re la t i ve  to  a  da tum

pos i t i ve  a t  a l l  x ,  and h t i6 .  i s  the  water

from the previous equation becomes

(say ,  AHD) ,  such tha t  i t  i s

l e v e l  r e l a t i v e  t o  t h e  d a t u m ,  u ( x )

u ( x )  =  A ( h o ( x )  *  h 6 o " )

where

n = (s d nh/dy)/co u,

This  re la t ion  on ly  app l ies  fo r  ha i6"  +  Ah >  -ho(x )  and u(x )  i s  o therw ise

zero .  However ,  no te  tha t  the  cons tan t  A  is  p ropor t iona l  to  d  Ah/dy  wh ich

may change w i th  t ida l  he igh t .  The equat ion  shows tha t  the  pro f i le  o f  u (x )

is  p ropor t iona ' l  to  the  ac tua l  water  depth  h(x ) ;  t ranspor t  i s  p ropor t iona l

to  i t s  square .  Thus  i f ,  fo r  example ,  water  leve l  in  F igure  4 .1  d rops  f rom

AHD to  AHD -  0 .5  m the  f rac t ion  o f  t ranspor t  in  the  channe l  inc reases  to

a lmost  100%.

T ida l  van ia t ion  has  two add i t iona l  e f fec ts .  lhe  f i rs t  concerns  cur ren ts

induced by  the  ebb and f lood  o f  water  be tween the  ocean and lagoon.  Th is  i s

t rea ted  in  the  nex t  sec t ion .  The second invo lves  the  var ia t ' ion  o f  wave-pumped

vo lume t ranspor t  ( in to  the  lagoon)  w i th  t ida l  he igh t .  Th is  i s  an  ex t remely

non- l  inear  re la t ionsh ip .  Cer ta in ly ,  there  is  some cr i t i ca l  v {a te r  leve l  a t

wh ich  the  bar r ie r  ree f  c res t  becomes to ta l l y  d ry  ( fo r  a  g iven he igh t  o f  wave

f ie ld ) .  The quant i t y  c ,  in t roduced ear l ie r  ( to  denote  the  f rac t ion  o f

incident v{ave energy removed by the reef),  then becomes unity and Q is zero.
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For  a  s i tua t ion  in  wh jch  the  ree f  i s  we l  1  covered by  the  inc ident

waves ,  the  re la t ionsh ip  be tween Q and Ah ( in  the  energy  f lux  equat ion)  i s

pnobab ly  cont ro l led  by  the  lagoon.  Th is  invo lves  the  var ia t ion  o f  f r i c t ion

a long the  cur ren t  t ra jec to r ies  th rough the  lagoon and ou t  to  the  ocean v ia

the  breaks  in  the  ree f .  Marsh  e t  a l  .  (1981)  co l lec ted  da ta  wh ich  show

large  van ia t ions  in  vo lume t ranspor t  (up  to  2  o rders  o f  magn i tude)  w i th

t ida l  he igh t .  However ,  i t  i s  c lear ' l y  a  p rob lem wh ich  can on ly  be

ra t ' iona l i sed  by  the  app l ica t ion  o f  a  numer ica l  mode l  to  the  rea l

ba thymet ry .  Th is  wou id  inc lude the  inc ident  wave energy  and t ida l  he igh t

( in  the  ocean)  as  i t s  ma jor  parameters .  The mode l  wou ld  then proceed to

ca lcu la te  t ime-dependent  curnents  th roughout  the  sys tem inc lud ing  the

ef fec ts  o f  d ry ing  o f  neefs  and var ia t ion  o f  f r i c t ion  w i th  water  depth  and

sea-s ta te .  The mode l  wou ' ld  then be  ca l ib ra ted ,  and ver i f ied ,  by  compar ison

w i t h  f i e l d  d a t a .

A l though the  de ta i led  app l ica t ion  o f  numenica l  mode ls  to  wave-pumping

of  cur ren ts  in  sha l low cora l  bar r ie r  ree f  coas ta l  lagoons l ies  as  a  fu tu re

research  pro jec t  i t  seems tha t  the  bas ic  phys ics  o f  the  processes  is

a1 ready understood. Breaking waves on the reef crest drive water through

the lagoon by creating an elevated v{ater level .  l , later enters across the

ree f  c res t  and moves shoreward .  Near  to  the  shore ,  i t . jo ins  an  a longshor^e

cur ren t  f low ing  th rough a  deep channe l  (o r  moat ) .  These channe ls

eventua l l y  move o f fshore  to  ex i t  the  lagoon th rough the  breaks  jn  the

ree f ,  These ex i t  cur ren ts  a re  s imi  lan  to  the  ' r " ips '  genera ted  by  l  i t to ra l

cur ren ts  f low ing  a long beaches due to  b reak ing  waves  on  the  shor "e .  The

s t rength  o f  the  ex i t  cur ren ts  inc reases  w i th  the  sur f  s ta te .

Le t  B  be  the  f rac t ion  o f  the  ree f  l ine  wh ich  is  occup ied  by  breaks .

Measurements  on  aen ia l  photographs  o f  the  nor thern  sec tor  o f  N inga loo  Reef
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suggest  tha t  g  -  0 .15  oven the  sec t ion  f rom Tantab idd i  Cneek to  Po in t

B i l l i e .  T h i s  i s  b a s e d  o n  b r e a k s  b e i n g  i d e n t i f i e d  a s  r e g i o n s  w i t h o u t

v is ib le  sur f  a t  the  t ime o f  the  f l igh t  (water  ' leve l  
wa5 c lose  to  mean sea

I e v e l ) .

Thus  i f  u . " " ;  i s  the  cur ren t  across  the  ree f  c res t ,  and hree f  i s  the

mean watet^ depth over the reef, the exit  cunrent through the breaks

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

hree f  u  ree f"wave - -\r€ak-f-

where  hbreak  is  the  water  depth  in  the  breaks .  Tak ing  uree f  to  be

0.5  nr  s -1 ,  as  a  typ ica l  va lue ,  and hbr .eak  -  2  m g ives

uwave =  1 .7  h . " "g

so  tha t  a t  h igh  water  spr i  ngs ,  when h . " " ,  -  1m,  unuu"  may reach 1 .7  m s- r

i f  our  va lue  o f  u ree f  i s  reasonab le .

Cora l  ree fs  wh ich  l ie  a long coas ts  in  wh ich  there  are  no  na tura l

contno l  o f  b reaks  (such as  r i ver  ex i ts )  may we l  l  assume a  va lue  o f  ts  wh ich

is  de termined by  break- th rough o f  ex i t  cur ren ts .  Thus  i f  B  i s  in i t ia l l y

very  smal l  any  na tura l  smal l  b reach in  the  r^ee f  w i l l  incur  a  la rge  ex i t

cunrent .  Th is  w i l l  en la rge  the  break  un t i l  the  va lue  o f  u*uu"  fa l l s  be low

the th resho ld  fo r  phys ica l  rup ture  o f  the  ree f  s t ruc tu re .

There are other controls on the development of neef structure which

can o f ten  de termjne the  va lue  o f  B .  For  a  coas ta l  lagoon,  one (wh ich  is

no t  opera t ive  a t  N inga loo)  i s  g roundwater  d ischarge a t  low water  wh ich
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p laces  the  cora l  under  s t ress .  B  must  be  la rge  enough to  a l low adequate

f lush ing  o f  th is  f reshwater  f rom the  lagoon i f  the  ree f  i s  to  surv ive .

F igure  4 .3  shows an aer ia l  photograph o f  a  pont ion  o f  N inga loo  Reef .

C lear ly  ev ident  in  the  photograph is  a  s t ruc tune o f  l ines  runn ing  across

the reef towards the shore. The l ines are about normal to the direct ion of

the  banr ie r  ree f  and usua l ly  te rmina te  in  one o f  the  darker  s t r ips  runn ing

a longshore .  These s t r ips  can be  ident i f ied  as  the  deep channe ls  wh ich  have

been the  sub jec t  o f  d iscuss ion  in  th is  sec t ion .  Nean to  b reaks  in  the

ree f ,  the  l ines  do  no t  necessar i l y  te rmina te  in  one o f  the  channe ls  bu t

swing  th rough an  arc  o f  180"  and ex i t  th rough the  break .

I t  i s  appanent  tha t  the  l ines  are  fo1  low ing .  the  same rou tes  tha t  have

been es tab l i shed fo r  the  cur ren t  t ra jec to r ies .  The I ines  must  then be  maps

of  the  cur ren t  t ra jec to r ies  wh ich  are  c rea ted  by  processes  o f  e ros ion

thnough the  neef  and scour "  over  the  mob i le  sandy  subs t ra tes .

The mater ia l  wh ich  cu ts  these l ines  th rough the  sys tem is  p robab ly

produced b io log ica l l y  and removed by  wave energy .  The l ines  serve  as  a
' long- t ime 

average o f  the  bo t tom cur ren t  t ra jec to r ies .  The l ines  v i r tua l l y

cover  the  who le  lagoon up  to  the  coas t  and th is  i s  s imp ly  a  consequence o f

the  prox imi ty  o f  the  coas t  to  the  barn ie r  ree f .  S imi la r  I ines  w i th in  a

lagoon o f  the  s ize  o f  the  Great  Bar r ie r  Reef ,  o f f  nor theas tern  Aus t ra l ia ,

wou ld  map on ly  a  fnac t ion  o f  i t s  lagoona l  cur ren ts .

The l ines  represent  the  t racks  o f  par t i c les  o r ig ina t ing  on  the  ree f

crest and therefore are presumably specif ic to v{ave-pumped currents. This,

together  w i th  the  na tura l  long- t ime averag ing  wh ich  is  inherent  in  the

fo .mat ion  o f  the  1 ines ,  cou ld  make the  I ine  pa t te rn  super io r  to  o ther
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current trajectory data (for example, from dye or drogues) for

unders tand ing  and mode l l ing  wave-pumped c i  rcu la t ion .

The seoara t ion  o f  the  l ines  can be

the  photograph o f  F igure  4 .3 .  However ,

wou ld  cer ta in ly  be  o f  va lue  as  i t  cou ld

the wave Drocesses on the reef.

resolved down to a few metres in

a proper spectral decompos i  t i  on

conta' in important i  nformati on on

An impor tan t  fea ture  o f  these I ines  on  the  N inga loo  Reef  i s  tha t  they

suggest  a  nor thward  a longshone mot ion  in  the  channe ls .  Ind iv idua l  l ines

tend to  sw ing  nonthward  as  they  meet  the  channe ls .  A lso ,  the  l ines  o f ten

run  more  nor theas ter ly  than in  a  d i rec t ion  s t r i c t l y  normal  to  the  ree f
' I  
i  ne.

The or ig in  o f  th is  p re fe r red  d i  rec t ion  presumably  l ies  in  the  wave

rose wh ich  is  b iased towards  swe l l  and w ind  waves  f rom the  south .  I t  may

a lso  re f lec t  d i rec t  w ind-dr iven  cur ren ts  f rom a  dominant ly  souther ly

w ind .  I t  i s  poss ib le  tha t  the  channe ls  themse lves  tend to  d i rec t  the

cur ren t  nor thward  and have been fo rmed in  th is  o r jen ta t ion  by  a  h is to ry  o f

scoun and eros i  on .

The channe l - fo rming  processes  nus t  inc lude dr i f t  cur^ ren ts  fo rmed by

break ing  waves  on  the  shore  and i t s  f r ing ing  ree fs .  These resu l t  f rom wave

propagat ion  th rough the  breaks  in  the  ree f  and are  a lso  respons ib le  fo r  the

format ion  o f  embayments  and head lands .  The processes  ane i l lus t ra ted  in

F igure  4 .4 .  Apar t  f rom d i f f rac t ion  th rough ho les  in  the  ree f  there  are

pnocesses  o f  re f rac t ion  over  the  ree f  c res t  wh ich  are  impor tan t  a t  h igh

water .
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4.2  T i  da l  Cu r  ren t  s

T ida l  e leva t ion  changes in  the  ocean produce cor respond ing  changes in

the  lagoon w i th  sorne  a l tenuat ion  and phase lag .  In  a  long coas ta l  lagoon

l ike  the  N inga loo  Reef  lagoon there  are  two aspec ts  to  the  t ida l  cur ren ts .

The f i rs t  i s  the  propagat ion  o f  an  a longshone t ida l  v {ave  th rough the  lagoon

wi th  on ly  secondary  c ross-shore  cur ren ts .  The second invo lves  cnoss- ree f

processes acting to exchange v{ater between the lagoon and open ocean; the

a longshone wave propagates  in  the  deep water  beyond the  ree f .  In  th is

second t ida l  mode there  are ,  o f  course ,  a longshore  cur ren ts  in  the  lagoon

s ince  the  c ross- ree f  f low is  no t  spa t ia l l y  un i fo rn  bu t  con t ro l led  by  loca l

topography. The second mode would occur fon example in Tumon Bay (Figure

4 .2)  where  the  lagoon is  c losed a t  i t s  ends  by  head lands .

Because the  N inga loo  Reef  lagoon is  very  sha l low the  speed c  o f  a  f ree

g r a v i t a t i o n a l  w a v e  i s  l o w ,  e . g .  f o r  h  =  1 m ,  c  -  3  m  s - 1 .  H e n c e  t h e

t rans i t  t ime f rom one end o f  the  lagoon to  the  o ther  ( -  200 km)  wou ld  be

about  18  hours .  Add i t iona l  l y  the  wave wou ld  be  h igh ly  damped.  I t

there fore  seems reasonab le  to  suppose tha t  th is  t ida l  mode p lays  a

n e g l i g i b l e  r o l e  i n  N i n g a l o o  R e e f  l a g o o n .

Thus g iven a  loca l  change in  the  leve l  o f  the  ocean,  cur ren ts  c ross

the  ree f  l ine  due to  p ressure  fo rces  c rea ted  by  a  d i f fe rence in  water

e leva t ion  be tween the  lagoon and ocean.  The major  p rob lem is  to  de te fmine

whether  these t ida l  cur ren ts  en ter  p redominant ly  th rough the  breaks  in  the

ree f  o r  across  the  ree f  c res t .

A t  low water  there  is  on ly  one rou te ,  and tha t  i s  th rough the  breaks ,

because the  ree f  c res t  i s  d ry .  Th is  i s  a lso  the  cond i t ion  fo r  wh ich  t ida l
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cur ren ts  a re  most  ev ident  s imp ly  because wave pumping  has  ceased;  h igher

ve loc i t ies  a re  a lso  necessary  to  car ry  the  vo lume f luxes  th rough the

shal I  ow water.

Ins ide  the  lagoon the  t ida l  f low is  cont ro l led  by  a  ba lance o f

pressufe  and bo t tom f r i c t ion .  I t  there fore  favours  the  same channe ls  as

the  wave-pumped f low.  The d i f fe rence is  a  change o f  d i  rec t ion  w i th  water

en te ,^ ing  ( ra ther  than leav ing)  th rough the  ree f  b r^eaks .  Th is  i s  fo l lowed

by a  f low in to  the  lagoon th rough the  channe ls .  The dashed ar rows in

F igure  4 .2  show th is  reversed f low fo r  Tumon Bay,  Guam,  a t  low t ide .

Measurements  made by  Marsh  e t  a l  .  (1981)  show tha t  the  reversed f low is

s imi la r  to  the  normal  f low in  tha t  i t  occurs  dominant ly  in  the  moat  and

typ ica l  va lues  are  50% of  to ta l  t ranspor t .

The l ida l  range ins ide  the  lagoon may be  smal ' le r  than in  the  open

ocean because o f  the  e leva t ion  d i f fe rence necessany to  d r ive  water  thnough

the  ree f .  Th is  w i l l  a lso  resu l t  in  a  phase d i f fe rence w i th  the  lagoon t ide

lagg ing  beh ind  the  ocean t . ide .  For  the  s i tua t ion  v {here  the  ree f  c res t  ' i  s

dry  the  lagoona l  t ide  is  con t ro l led  by  the  va lue  o f  B  ( the  f rac t ion  o f  ree f

occup ied  by  breaks) .  I t  i s  impor tan t  to  no te  tha t  a  t ide  gauge dep loyment

ins ide  the  lagoon g ives  da ta  on  the  lagoona l  t ide  and th is  may d i f fe r

s ign i f i can t ly  f rom the  open ocean t ide .  There  may a lso  be  a  spat ia l

var i  a t i  on  a long the  Iagoon.

I f  the  t ida l  range in  the  lagoon is  H and the  per iod  T ,  and in  the

absence of wave dri  ven f low over the reef crest the nean t idal current

th rough the  break  is

2 H w
f , t oe T h

breaK
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where w is the width of the lagoon and hg.""1 the water depth in the reef

b r e a k s .  U s i n g w - 2 x  1 0 3  m ,  a n d  h 6 . " u 1  =  2 m ,  t h i s  g i v e s  f o r  a  s e m i -

d i u r n a l  t i d e  w i t h  H  =  2  m ,  u t i d e  =  0 . 6  m  s - 1 .

F igure  4 .5  shows a  map o f  sur face  tempera ture  ins ide  the  N inga loo  Reef

lagoon in  the  v ic in i ty  o f  Cora l  Bay  Set t lement .  The map was ob ta ined in

ear ly  morn ing  on  a  r i s ing  t ide .  N igh t - t ime coo l ing  has  depressed waten

temperatures within the lagoon re1 at ive to those of the open ocean. There

appeans from the map to be a temperature signal of a fevi tenths of a degree

ce lc ius  wh ich  is  ac t ing  as  a  t racer  o f  ocean water  t ida . l  l y  f lood ing  the

lagoon.  Cer ta in ly  the  map prov ides  suppor t  fo r  the  t ida l  mode l  in  wh ich

waten en ters  th rough bneaks  in  the  ceef  and then fo l lows the  channe ls

a longshore .  I t  a lso  shows the  dominant  nor thward  a longshore  mot ion

d iscussed in  the  prev ious  sec t ion .  Th is  nesu l t  emphas ises  tha t  the

nor thward  mot ion  is  a  resu l t  o f  the  or ien ta t ion  o f  the  channe ls .  Fu l t

de ta i l s  o f  th is  tempera ture  da ta  se t  a re  g iven in  Append ix  I  and the  method

i s  d i s c u s s e d  i n  C h a o t e r  5 .

A t  h igher  va lues  o f  water  leve l  t ida l  cur ren ts  can pass  ove f  the  ree f

c res t  as  we l l  as  th rough the  breaks  in  the  ree f .  A l though pressure  and

f r i c t ion  are  the  dominant  fo rces  w i th in  the  lagoon the  f low th rough the

channe ls  c rea ted  by  ree f  b reaks ,  and over  the  c res t ,  a re  s tnong ly

in f luenced by  iner t ia l  fo rces .  A  measure  o f  the  re la t i ve  magn i tude o f  such

forces companed with fr ict ion is given by the Reynolds number fon the reef

de f ined as  the  na t io  o f  iner t ia l  to  f r i c t iona l  fo r^ce ,

- = -*i*
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where  h  i s  a  water  depth ,  u  curnent  speed,  u6  the  background ve loc i ty ,  and

X is  the  hor izon ta l  space sca le .  Sens ib le  cho ices  o f  typ ica l  va lues  fo r

these parameters  in  the  ree f  b reaks  lead to  R in  excess  o f  un i ty  and

probably of onden 10. However, over the neef crest R may be lower due to

wave break ing  v rh ich  inc reases  u f .

l f  the  Reyno lds  R

reef  b reaks  ,  the  ra l io

the  c res t  i s

o f

much grea ter  than un i ty  over  the  ree f  c res t  and

volurne transport through the breaks to that over

e ( n .  t h  .  )" \  "b reak' "c res t . ,

I f  however  f r i c t ion  is  dominant  on  the  ree f  c res t  the  ra t io  i s  inc reased bv

a fac to r  Rcres t  
- '2 .  

There fore ,  dS hcres t  inc reases ,  there  is  a  smooth

t rans i t ion  to  a  f low pat tenn in  wh ich  par t  o f  the  t ida l  cur ren t  f lows over

the  ree f .  However ,  t ida l  f low over  the  cnes t  may be  la rge ly  obscured,  o r

masked,  by  the  la rger  wave-pumped cur ren t .

Deta i led  mapp ing  o f  t ida l  curnents  f low ing  th rough gaps  be tween ree fs

has recently been obtained by the HF radar surface Doppler technique (Heron

et  a l  .  1985) .  Th is  shows tha t  g iven  su i tab le  geometny  a  sys tem o f  vor t i ces

forms beh ind  the  ree f .  Th is  i s  a  compara t ive ly  smal l  -sca le  aspec t  o f  the

t ida l  f low on the  N inga loo  Reef  t rac t  bu t  may be  impor tan t  in  the

in te rac t ion  o f  t ida l  f low across  the  ree f  and th rough the  breaks .

4 .3  l , l i  nd  Fo rc i  nq

I t  has  been shown in  Sec t ion  3 .2  tha t  w ind  s t ress  occur "s  p redominant ly

f rom the  south  bu t  w ' i th  eas ter ly  and wester ly  components  dur ing  cer ta in
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seasons;  occas iona l  s to rm ga les  come f rom the  nor th .  Th is  w ind  pa t te rn  . i s

s imi la r  to  tha t  a t  po in ts  fu r ther  south  a long the  west  coas t .  However ,  the

c i rcu la t ion  pa t te rns  induced by  the  w ind  a t  N inga loo  w i l l  be  very  much

af fec ted  by  the  topography  o f  the  lagoon and ree f .  D iscuss ion  w i th in  th is

section is restr icted to the effects of the souther. ly component of the

wind ;  c ross-shore  w jnds  are  no t  cons idered here .

F low dr iven  by  a  souther^ ly  w ind  w i l l  cons is t  bas ica ' l  l y  o f  an  an t . i  -

c lockwise  gyre  w i th  water  mov ing  no f thv{ard  (downwind)  in  the  sha l low Iagoon

and re tu rn ing  southwafd  ( in to  the  w ind)  beyond the  ree f .  Th is  gyr^e  has  j t s

or ig ins  in  the  depth  d i f fe ren t ia l  be tween the  lagoon and open ocean.  Thus

wind s t ress  is  dominant  in  the  sha l low lagoon wh i ls t  the  resu l tan t  p ressure

grad ien t  i s  the  major  fo rce  in  the  open ocean.  These remarks  app ly  to  the

depth-mean cur ren ts ;  sun face cur ren ts  w i l ' l  f low w i th  the  w ind  in  bo th

c a 5 e s .

Add i t iona l  to  th is  ma in  gyne there  w i l l  be  some f low th rough the  ree f

l ine .  Th is  can,  in  p r inc ip le ,  occur  bo th  over  the  ree f  c res t  and th rough

the  breaks  in  the  ree f .  The re la t i ve  magn i tudes  o f  these contn jbu t ions

depends on  a  number  o f  fac to rs  and th js  has  been d iscussed in  Sec t ion

4.1 .  For  the  case in  wh ich  f low on ly  occurs  th rough the  breaks  in  the  ree f

the  c i rcu la t ion  pa t te rn  w i l l  have the  fo rm shown in  F igure  4 .6 .

The magn i tude o f  the  cur ren t  in  the  lagoon can be  es t . imated  by  mak ing

the  assumpt ion  tha t  the  water  i s  su f f i c ien t ly  sha l low to  nequ i re  a  fo rce

ba lance be tween w ind  s t ress  and bo t tom f r i c t ion  thus

pA cw u2
' w i n d - e E u f
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where  oO is  the  dens i ty  o f  a i r  ( -  f .S  tg  m-3) ,  Qr  i s  the  sunface drag

coef f i c ien t  ( -  tO- t1 ,  U is  the  w ind  speed and p  is  the  dens i ty  o f  water

( -  tO l  rg  m-3)  thus

u w i n d u f : 5 x 1 0 - 4 U 2

Tak ing  the  annua l  mean va lue  o f  U2 fo r  Carnarvon (U =  5 .51  m s- I ,  Tab le

3 . 1 )  a n d  u 1  =  0 . 1  m  s - l  g i v e s  u w i n d  =  0 . 1 5  m  s - i .

Th is  va lue  o f  , * r ind  is  smal le r  than t ida l  speeds a t  spr ings  and lower

than speeds induced by  wave pumping  ( fo r  modera te  o r  h igh  swe l l  ) .  lhe

wind-dr iven  cur ren ts  w i l l  have a  super imposed in te rna l  mot ion  w i th in  the

lagoon. This may consist of southward f lorr through the deeper channels and

nor thward  f low over  the  sha l lowen ree f  tops .  Th is  type  o f  s t ruc tu re  i s

very  uncenta in  because o f  the  prob lem o f  f r i c t ion  over  the  ree f  and i t  i s

poss ib le  tha t  f low w i l l  on ly  occur  (nor thward)  in  the  channe ls .

The above value for unin6 ma)/ be an overestimate because of set-up

forces  w i th in  the  lagoon;  these are  most  l i ke ly  to  be  caused by

or ien ta t iona l  changes in  the  channe ls  as  they  ex i t  the  lagoon th r .ough

breaks  in  the  ree f .

4 .4  F l  ush i  no  T imes

There  is  cons iderab le  in te res t  f rom a l ' l  t ypes  o f  mar ine  sc ien t is ts  in

the  f lush ing  t ime o f  any  water  body  (e .9 .  the  d ispersa l  o f  cora l  la rvae in

re la t ion  to  se t t lement  and recru i tment ) .  In  rea l i t y  th is  f lush ing  t ime js

no t  a  we l l  de f ined concept  and consequent ly  cons iderab le  confus ion  and

a m b i g u i t y  u s u a l l y  a r i s e s  i n  c a l c u l a t i o n s  o f  i t s  v a l u e .  F o r  t h e  N i n g a l o o
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Reef  t rac t  an  opera t iona l  de f in i t ion  o f  f lush ing  t ime w i l l  be  adopted :

' t lha t  i s  the  average t ime taken fo r  a  par t i c le  re leased w i th in  one o f  the

channe l  reg ions  o f  the  lagoon to  ex i t  th rough the  r .ee f  ,  l i ne ' .  Th is  o f

counse g ives  no  in fo rmat ion  on  the  assoc ia ted  process  in  wh ich  an  e jec ted

par t i c le  re -en ters  the  lagoon across  another  par t  o f  the  ree f .  In  fac t ,

ex is t ing  knowledge o f  mix ing  processes  i f ined ia te ly  ou ts ide  the  ree f  i s  too

l ' im i ted  to  make any  rea l i s t i c  a t tempt  a t  ca lcu la t ing  these re tu fn

o r o b a b i l i t i e s .

Three major  p rocesses  are  l i ke ly  to  be  impor tan t  in  f lush ing  the

I  agoon.

l , lave  Pumping:  F low occurs  inward  across  the  ree f  and most ly  in to  the

deep channe ls  f rom wh ich  i t  i s  gu ided ou t  th rough breaks  in  the

ree f .  Inspec t ion  o f  the  t racks  (d iscussed in  Sec t ion  4 .1 )  on  the

aer ia l  photographs  suggests  tha t  on ly  in f low occurn ing  w i th in  about

one lagoon w id th  o f  a  b reak  takes  the  shor te r  rou te  o f  a  d i rec t  a rc

out  th rough the  break  (w i thout  reach ing  the  inshore  channe l  ) .  The

f ina l  ex i t  ve loc i ty  th rough the  break  due to  wave dr iven  f low has  been

ca lcu la ted  in  Sec t ion  4 .1  as  unuu" .  Vo lume t ranspor t  in  the  channe l

w i l l  vary  approx imate ly  l inear ly  w i th  a longshore  pos i t ion ,  s ta r t ing

perhaps  f rom a  s tagnat ion  po in t ,  and reach ing  a  max imum wi th in  a

lagoona l  w id th  o f  a  b reak .  The cor respond ing  speed depends,  o f

course, on the v{idth and depth of the channel .

Cons ider  the  s imp le  a longshore  mode l  o f  Sec t ion  4 .1  in  wh ich  u

i n c r e a s e s  l i n e a r l y  w i t h  x ,  i . e .

d
di (Achannel u) = ureef hreef



- 4 9 -

where  A.6 .nn" l  i s  the  c ross-sec t iona l  a rea  o f  the  channe l  .  I f  th is  i s

assumed constant together with the velocity and depth over the reef,

xu = uwaue T

where  I  i s  the  length  o f  the  sec t ion  o f  unbroken ree f .  Hence the

t rave l  t ime t  f rom x  to  the  break  is

t  =  I  t o q lunuu" - x

I f  u n u u "  =  l m s - 1 ,  I  =  1 0  k m ,  x >  1 k m ,  t  <  6  h o u r s .  T h i s  v a l u e  o f

u*uua there fore  g ives  the  f lush ing  t ime due to  wave pumping

ds  rwaue -  6  hours  and th is  app l ies  to  modera te  to  s t rong sur f

cond i t ions .  I t  on ly  app l ies  v {hen the  t ida l  he igh t  and wave se t -up

covers  the  ree f  c res t .  However ,  g iven  the  mixed d iu rna l /semi -d iu rna l

f requency  o f  the  t ide  the  f lush ing  t ime c lear ly  remains  be low one day

for  these sur f  cond i t ions .

Par t i cu la r  reg ions  o f  the  lagoon w i l l  c lear ly  have much longer

f lush ing  t imes fo r  wave pumping .  Th is  i s  due to  the  she l te r ing  e f fec t

o f  head lands ,  vany ing  speeds around fn ing ing  ree fs ,  and t rapp ing  o f

water within deep holes. The ecology of systems may be as much

cont ro l led  by  these a typ ica l  neg ions  as  by  the  rna jo r i t y  behav iour ;  i t

i s  necessary  to  der ive  a  who le  spec t rum o f  f lush ing  t imes and use

those appropr ja te  to  a  g iven eco log ica l  ques t ion  (Hatcher  e t  a l  .

1 9 8 6 ) .

T ida l  Exchanqe:  A  s tandand ca lcu la t ion  fo r  the  I ida l  f lush inq  o f  an

enc losed water  body  is  the  vo lumet r ic  ra l io  t ime,



- 5 0 -

tvol  
ume

where  aV is  the  t ida l  p r ism ( the  vo lume d i f fe rence be tween h igh  and

low water ) ,  V  is  the  mean vo lume o f  the  water  body ,  and T  is  the  t ida l

per iod .  For  the  N inga loo  Reef  |agoon aV l ies  rough ly  in  the  range V/2

to  V /4  so  tha t  r  i s  one or  two days .

For  sha l low water  sys terns  the  ac tua l  t ida l  fush ing  t ime ta rOa is

cons iderab ly  in  excess  o f  tvo lume,  because the  incoming t ida l  p r ism

does no t  mix  io ta l  l y  w i th  the  water  remain ing  in  the  sys tem a t  the  end

of  the  las t  ebb t ide .  Ins tead,  the  in te r face  be tween the  res idua l

water  and the  t ida l  p r ism tends  to  be  more  near ly  ver t i ca l  than

hor izon ta l .  Thus ,  ins tead o f  the  t ida l  p r ism f i l l i ng  space above the

res idua l  water  i t  fo rms a  f ron t  and the  res idua l  water  inc reases  i t s

depth ,  and reduces  i t s  hor izon ta l  spread,  as  the  t ida l  leve l  r i ses .

Th is  f ron t ,  o r  in te r face ,  moves inward  on  the  f lood  t ide  and ou tward

on the ebb.

There  are  two aspec ts  to  the  ca lcu la t ion  o f  the  t ida l  f lush ing  t ime in

such systems. The f i  rst concerns the amount of mixing across the

f ron t  dur ing  a  t ida . l  per iod .  The second invo lves  the  fa te  o f  the

t ida l  p r ism vrh i l s t  i t  i s  ex te rna l  to  the  sys tem.  I t  i s  usua l  to

assume tha t  a  new t ida l  pn ism enters  the  sys tem on each f lood  t ide ;

any  po l lu tan t  co l lec ted  by  the  pr ism dur ing  c ross- f ron ta l  m ix ing  on

the previous t idal cycle does not re-enter the system. However,

empi  r i ca l l y ,  a  ' re tu rn  coef f i c ien t '  r  vary ing  f ro rn  zero  (no  re -en t ry )

to  un i ty  ( to ta l  re tu rn)  can be  inc luded to  represent  th is  aspec t  o f

the  f l  ush i  ng  pnocess .

= -  I
AV
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Mix ing  across  the  f ron t  leads  to  a  charac ter is t i c  t ime

4 1 2
- f ron t  

12  D

whene I  i s  the  length  o f  the  sys tem,  and D is  a  d ispers ion ,  o r  mix ing ,

coef f i c ien t ;  th is  i s  the  t ime tha t  i t  wou ld  take  fon  a l l  the  water  o f

the  sys tem to  to ta l l y  mix  w i th  the  t ida l  p r ism.  The rna in  d i f f i cu l ty

l ies  in  es t imat ing  a  va lue  fo r  D.  Ma jor  cont r ibu t ions  to  D an ise  f rom

ver t i ca l  and a long- f ron ta l  rn ix ing  processes .  They  depend upon the

dynamics  o f  the  sys tem,  such as  wave pumping  and w ind  fo rc ing ,  and ane

greatly affected by density dif ferences between the two v{aten masses.

I f  I  =  10  km in  the  N inga loo  Reef  lagoon and D is  taken as  100 m2 s - r

then . f ron t  =  4 .7  days .  Th is  va lue  o f  D is  p r .obab ly  app l i cab le  to

cond i t ions  o f  s t rong wave pumping .  The inc lus ion  o f  a  re tu rn

coef f i c ien t  d i f fe r ing  f rom zero  has  v i r . tua l l y  no  a f fec t  on  ta . ,O"  fo r

such a  va lue  o f  r f ron t  and so

' t ide  -  5  days

I t  may be  more  appropr ia te  nean h igh  t ide  to  rep lace  I  by  the  w id th  o f

the lagoon which varies from l to 2 km. In this cds€ .front becomes

m u c h  s h o r t e r ,  i . e .  1 t o  5  h o u r s .  T h e  t i d a l  f l u s h i n g  t i m e  i s  t h e n

l im i ted  bJ  .vo lume and the  va lue  o f  r ,  i .e .

rvol ume'tide - -f:-F-

Hence a  typ i  ca1  va lue

days which is not too

which  g i  ves  conf i  dence

of  r  -  0 .5  leads  to  r r . ,O"  be ing  o f  va lue  2  to  4

d i s s i m i l a r  t o  t h e  e a r l i e n  v a l u e  u s i n g  I  =  1 0  k m ,

i n  t h i s  v a l u e  o f  t a r O " .
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t l i nd  F lush ing :  Sur face  'd ind  s t ress  ac ts  to  f lush  the  N inga loo  Reef

lagoon by  dr^ iv ing  waten  w i th in  the  lagoon in  a  downwind d i  rec t ion .

Such water crosses the reef to form a retunn current outside the reef

(F igure  4 .6 ) .  The process  re l ies  on  the  depth  d i f fe rence be tween the

lagoon and ocean;  w ind-s t ress  is  dominant  in  the  lagoon and a longshore

pressure  grad ien ts  in  the  ocean.

I t  i s  es t imated  in  Sec t ion  4 .3  tha t  the  mean annua l  w ind-dr . i  ven

cur ren t  in  the  lagoon is  0 .15  m s- r .  Th is  i s  p robab ly  an  overes t imate

but  i t  seems fa i r  to  adopt  0 .1  m s- l  as  a  work ing ,  o rder -o f -magn i  tude,

va lue .  I t  i s  less  easy  to  ca lcu la te  a  vo lume f lux  because so  much is

uncer ta in  about  f low over  the  top  o f  f r ing ing  ree fs  w i th in  the  lagoon.

However  the  de f in i t ion  o f  f lush ing  t ime adopted  here  on ly  invo lves

f low th rough the  channe ls .  A  par t i c le  re leased in to  a  channe l  w i th

s p e e d  0 . 1  m  s - r  w i l l  t a k e  a  t i m e  o f  1 0 s  s  ( 2 7 . 8  h o u r s )  t o  e x i t  t h e

lagoon i f  i t  i s  requ i red  to  t rave l  l0  km.

Th is  p laces  w ind  f lush ing  as  somewhat  fas te r  than t ida l  f lush ing .

However  w ind  f1  ush ing ,  l i ke  wave-purnped f l  ush ing ,  i s  sub jec t  to

uncertainty regarding the subsequent noute taken by water expel led

through the  breaks  in  the  ree f .

Cons ider ing  the  overa l l  f lush ing  prob lem fo r "  N inga loo  Reef  
' l  
agoon i t

seems that wave pumping is the dominant process. For^ moderate to

s t rong sur f  cond i t ions ,  w i th  the  ree f  covered,  the  f lush ing  t ime,  as

def ined here ,  i s  less  than 6  hours .  Thus ,  g iven  tha t  the  ree f  c res t

is  exposed dur ing  a  par t  o f  most  t ida l  cyc les  (S impson and Mas in i

1986) ,  i t  seems sa fe  to  quote  ha l f  a  day  as  the  usua l  f lush ing  t ime.

However  there  is  a  na tuna l  var i  ance to  the  incoming wave f ie ld .  I t
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wou ld  be  necessary  to  look  a t  the  de ta i led  annua l  s ta t i s t i cs  o f  the

wave rose  in  o rder  to  assess  the  recur rence per iod  o f  longer  f lush ing

t i m e s .

T ida l  f lush ing  appears  to  be  2  to  5  days  under  spr ings  t ides  and a

fac lo r  o f  two longer  a t  neaps .  l , l i nd  f l  ush ing  is  es t imated  a t  l  day  as

an upper  l im i t  fo r  mean annua l  w ind  s t ress .  l , , l i nd  f lush inq  is  a lso

sub jec t  to  the  na tura l  var iance o f  w ind  events .

By the standard of most coral reef systems studies to date, the

Ninga loo  Reef  lagoon appears  to  have a  very  shor t  f1  ush ing  t ime.  Th is

is  rea l  l y  jus t  a  consequence o f  the  sha l low nature  o f  the  lagoon and

i ts  l im i ted  w id th .  Th is  may p lace  the  ree f  in  a  spec ia l  ca tegory  . in

regard  to  i t s  eco logy  and env i ronmenta l  s tab i l i t y .

A  fu r then mat te r  o f  impor tance here  is  the  ver t i ca l  m ix ing  t ime,

Because the  Iagoon is  so  sha l low and cur ren t  speeds are  h igh ,  the  ver t i ca l

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

es t jmate .  I t  wou ld  there fore  be  an t ic ipa ted  tha t  the  water  co lumn shou ld

a lways  be  we l  I  m ixed.

The on ly  p iece  o f  phys ica l  da ta  ava i lab le  to  suppor t  the  present

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

compar ison by  S impson and Mas in i  (1986)  o f  lagoon and ocean tempenatures .

Th is  was based on  mean week ly  da ta  co l lec ted  f r .om f i xed  ins t rument

dep loyments  in  the  lagoon and sa te l l i te  (G0SSTCO' |P)  sur face  tempera tures .

For  approx imate ly  5  weeks ,  d is t r i  bu ted  over  May to  December  1986,  the

agreement between the temperatufes was good (r = 0.98). This corresponds

to  a  5oC var ia t ion  in  ocean te rnpera ture  wh ich  is  near  to  the  annua l  nanoe
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(Sec t ion  2 .2 )  fo r  the  western  coas t  o f  Aus t ra l ia .  Th is

f l u s h i n g  t i m e  i s  l e s s  t h a n  1  w e e k .

4.5 Temperature Anomal i  es

S impson and Mas in i  (1986)  have found tempera ture  anomal ies  in  the

Ninga loo  Reef  lagoon wh ich  invo lve  the  water  tempera ture  be ing  depnessed,

be low the  seasona l  va lues ,  fo r  2  o r  3  days .  An example  is  shown in  F igure

4 .7 .  The magn i tude o f  the  anomal ies  i s  about  t  o r  2 "C,  and i t  appears  tha t

the  events  usua l  l y  occur  near  neap t ides .  S impson and Mas in i  po in t  ou t

tha t  th is  i s  the  t ime o f  max inum wave pumping  because the  neef  c res t  i s

covered dur ing  the  who le  o f  the  t ida l  cyc le .  They  there fore  conc lude tha t

the anomalies are probably due to advection into the lagoon (over the reef

crest) of a mass of cold water from the open ocean.

The anomal ies  may have the i r  o r ig in  in  the  en t ry  o f  co ld  water  masses

in to  the  lagoon.  Under  modera te  to  h igh  sunf  cond i t ions  the  f lush ing  t ime

of  the  lagoon is  on ly  6  hour^s  by  wave pumping  (Sec t ion  4 .4 ) .  Thus  a  sudden

drop o f  water  tempera ture  ou ts ide  the  ree f  wou ld  g ive  an  ident ica l  s igna l

ins ide  the  lagoon w i th in  a  t ime o f  about  12  hours .  The t ime fo r  onset  o f

the  anomal ies  in  the  S i rnpson and Mas in i  (1986)  da ta  cer ta in ly  seems to  be

of this order. Thus the onset t ime would seem to be l imited by the

transfer process into the Iagoon rather than by the t ime for the ocean

temperatune to drop. This means the ocean temperatufe must drop by about

l " C  i n  1 2  h o u r s .

There are two obvious scenarios for the change in ocean temperature.

The f irst is that a surface temperature front arr ives at the reef causing

co ld  r  a te r  to  advec t  in to  the  lagoon.  However ,  to  g ive  an  anomaly  o f
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duration l  or 2 days, the front must be fol lowed by recovering to normal

sea surface temperatune. I f  the front moved onto the reef at 0.1 m s-l  the

tempenature  gnad ien t  wou ld  be  lo0  in  4 .3  km wh ich  seems very  h igh .  I t  j s

feasible that such fronts are produced by the Leeuwin Current nean North

f ' lest Cape, but the anomalies also occur outside of the winter season when

the  cunrent  i s  no t  f low inq .

The second scenaf l io  fo r  the  ar r i va l  o f  co ld  water  a t  the  ree f  i s  tha t

upwel l ing  has  occur red .  A  drop  o f  loC invo lves  a  ver t i ca l  d isp lacement  o f

on ly  20  m (based on  Exmouth  P la teau da ta ;  Ho l loway,  1986c) .  The prev ious

d iscuss ion  imp l ies  tha t  the  upwe ' l  l i ng  occurs  in  the  immedia te  v ic in i ty  o f

the  ree f ;  ' i t  i s  no t  upwel led  and then advec ted .

F igune 4 .8  shows weather  maps fo r  Aus tna l ia  fo r  May 13  to  20 ,  1985 to

encompass the  per iod  o f  the  anomaly  in  the  N inga loo  Reef  lagoon f rom May 18

to 19. I t  shows a fai r ly steady weather pattern over the northwest and

there  is  cer ta in ly  no th ing  to  suggest  a  d ramat ic  change in  w ind  on  pressune

at the t ime of the anomaly. The wind appears to be easter ' ly or

nor theas ter ly .  lh is  i s  no t  1 ike ly  to  p roduce the  nor thward  f low necessary

fo r  c lass ica l  upwel l ing  a l though the  o f fshore  component  migh t  be  e f fec t i ve

in  mov ing  sur face  waters  away f rom the  ree f .  The d i f f i cu l ty  i s  tha t  th is

o f fe rs  no  exp lanat ion  fo r  the  sudden occur rence o f  upwel l ing .

Loca l  upwel l ing  is  known to  be  caused by  vor tex ,  o r  eddy  mot ion ,  in

the  lee  o f  i s lands  (Takahash i  e t  a1  .  1981;  l lo lansk i  e t  a l  .  1986) .  Such

edd ies  evo lve  very  qu ick ly  in  a  t ime-dependent  cur ren t  such as  the  t ida l

cur ren ts  on  the  Great  Bar r ie r  Reef .  The upwel l ing  is  due to  an  in te rna l

secondany motion within the eddy which forces bottorn vrater to the surface

at  the  cent re ;  downwel l ing  occurs  near  the  edges.  I t  i s  a lso  respons ib le
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fo r  upwel l ing  by  the  Gu l f  S t ream f low ing  over  seamounts  and a long the

cont inenta l  she l f  edge (P ingree 1978) .  However  the  mot ion  wou ld  need to  be

s t rong enough to  overcome dens i ty  d i f fe rences  th rough the  water  co lumn.

Two sources  o f  edd ies  wou ld  be  the  Leeuwin  Cur ren t  o r  t ida l  s t reaming

near  the  ree f .  The fo rmer  i s  un l i ke ly  because anomal ies  occut^  ou ts ide  the

usua l  season fo r  the  cur ren t .  T ida l  sources  fo r  the  edd ies  are  ooss ib le

but  wou ld  be  recur ren t .

The most  I i ke ly  exp lanat ion  o f  the  t rans ien t  upwel l ing  wh ich  seems to

genera te  the  tempera ture  anomal ies  i s  the  arn iva l  o f  an  in te rna l  wave o f

su i tab le  ampl i tude.  Near ly  a1  1  in te rna l  waves  in  th is  r .eg ion  are  semi -

d iu rna l  so  tha t  the  fu l l  ver t ' i ca l  r ^ ise  o f  an  jso therm takes  on ly  6  hours .

Th is  i s  cons is ten t  w i th  the  onset  t ime o f  the  anomal  ies .

In te rna l  waves  have zero  d isp lacement  a t  the  sur face .  Water  en ter i  ng

the  lagoon wou ld  o r ig ina te  f rom the  top  10  m or  so  o f  ocean water .  Hence

an internal wave which could produce the type of temperature changes

necessary  fo r  the  anomal ies  wou ld  need to  be  o f  very  la rge  ampl i tude.  I t

i s  poss ib le  tha t  the  waves  are  fonced in to  a  very  non- l  inear  s ta te  by  the

shoa l  ing  o f  the  she l f  o r  a re  b reak ing  (V ta1  lace  and l , l i l k inson 1981)  o r

undergoing the type of internal hydrau.l  ic jump reported by Hol Ioway (1986b)

on the  Nor th  West  She l f .

One o f  us  (B .G.H. )  has  observed tempera ture  anomal  ies  a t  the  Abro lhos

Is lands .  An App l ied  Mic rosys tems pnessure  and tempera ture  sensor ,  sampl ing

for 4 minutes every half-hour at a frequency of 4 Hz has been deployed in

4 m of water at the northet^n end of the west reef of the Easter Group (21o

4 3 '  3 0 " S ,  1 1 4 ' 4 3 '  0 0 ' E ) .  I t  s h o w s  a n o m a l i e s  o f  s e v e r a l  d e g r e e s  c e l c i u s
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about once per month between December and Apri1. A very superf icial

inspec t ion  o f  meteoro log ica l  da ta  ( f rom Gera ld ton)  does  no t  suggest  tha t

these events  a re  l inked to  unusua l  ,  o r^  spec i f i c ,  w ind  cond i t ions .

Fur thermone the  anomal ies  do  no t  seem to  occur  a t  a  spec ia l  po in t  in  the

spr ing-neap cyc le .  S ince  the  Abro ' lhos  Is lands  are  s i tua ted  on  the  she l f

b reak  ( l i ke  the  N inga loo  Reef  t rac t )  i t  i s  te rnp t ing  to  assume tha t  the

anomal  i  es  have a  s i  m i  I  a r  o l i  g i  n .

The onset  and recovery  t imes o f  the  anomal ies  a t  the  Abro lhos  Is lanos

are  much gneater  than on  the  N inga loo  Reef  t rac t .  The onset  t ime is

typ ica l  l y  severa l  days .  Th is  cou ld  e i ther  be  due to  the  t ime requ i red  to

advec t  water  in to  the  lagoon,  i .e .  a  t ime o f  o rder  o f  the  f lush ing  t ime,  o r

the  t ime fo r  bu i ld -up  o f  the  co ld  water  body  ex terna l l y  to  the  lagoon.  The

Easter  Group lagoon d i f fe rs  f rom the  N inga loo  Reef  lagoon in  be ing  much

deeper  (about  10  m compared to  2  m fo r  N inga loo)  and hav ing  a  g rea ter

lagoona l  a rea  per  length  o f  w indward  ree f .  These fac to rs  inc rease the

f lush ing  t ime o f  the  bu lk  o f  the  
' lagoon.  

However ,  the  ins t rument  loca t ion

near  to  the  ree f  imp l ies  tha t  i t  i s  sens ing  a  water  mass  wh ich  is  f lushed

more  nap id ly  than the  bu lk  o f  the  lagoon.  Thus  an  onset  t ime o f  2  o r  3

days would seem to be reasonably attr ibuted to the advecti  on/mi xi ng

processes near the neef.

The recovery  t ime o f  the  anomaly  in  the  Eas ten  Group lagoon is  3  o r  4

days  wh ich  is  aga in  cons is ten t  w i th  the  f lush ing  t ime a t  the  loca t ion  o f

the  i  ns tnument .

Anomal ies  o f  the  type  d iscussed

on the  Great  Bar r ie r  Reef .  However ,

such changes in  deepen water  due to

here do not seem to have been observed

l lo lansk i  and P ickard  (1983)  have no ted

i  n te rna l  waves .  Upwel l ing  and



- 5 8 -

downwel l ing  occur  per iod ica l l y  on  the  Queens land she l f  and accompany long-

per iod  waves  w i th  a  w ide  range o f  f requenc ies  (Andrews 1983) .  These

pnoduce onshore  surges  o f  she ' l  f -b reak  water  wh ich  is  1 . to  4 .5oC coo ler  than

lagoon water  (depend ing  on  the  season) .  Th is  upwel led  bo t tom water  i s

enr iched in  nu t r ien ts ,  wh ich  p1  ay  a  fundamenta l  ro le  in  the  func t ion ing  o f

t^eef al ecosystems .

Thompson and Go ld ing  (1981)  have suggested  tha t  the  very  s t rong t ida l

cur fen ts  wh ich  f low th rough breaks  in  the  Great  Bar r ie r  Reef  may serve  to

induce upwel  
. l  
ing .  Th is  mechan ism re l ies  on  the  ree f  be ing  s i tua ted  on  the

edge o f  a  very  s teep she l f  b reak .  However ,  t ida l  pnocesses  are  necunrent

and do  no t  there fore  seem to  be  the  or ig in  o f  the  tempera ture  anomal ies

d i  scussed here .

4.6 Tropi cal Cycl ones

A t rop ica l  cyc lone deve lops  f rom a  t rop ica l  depress ion  fo rmed over  the

sea.  I t  may ex is t  fo r  weeks  oven the  ocean bu t  once i t  c rosses  land i t

very  qu ick ly  beg ins  to  d iss ipa te  and loses  much o f  i t s  in tens i ty  and

charac ter is t i cs .  Nean ly  10% of  the  g loba l  to ta l  o f  t rop ica l  cyc lones

deve lop  in  the  warm t rop ica l  water  o f f  nor thwest  Aus t ra l ia .  In  a  typ ica l

cyclone season, from November to Apri l ,  about seven to 10 cyclones form

between the  Cocos  Is lands  and Darwin ;  two to  th ree  may make landfa l l  on  the

Western  Aus t ra l  i  an  coas t .

Cyc lones  have ga le  fo rce  w i  nds  (speed grea ter  than 17 .5  r  5 -1)  wh ich

typ ica l l y  reach 50  m s- r .  These can produce w ind  waves  o f  the  order  o f

10  m he igh t .  Most  cyc lones  on  the  nor thv{es t  coas t  have min imum cent ra l

p ressures  o f  about  950 mb.  Th is  p roduces  a  sea leve l  change wh ich  wou ld  be
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a b o u t  0 . 5  m  i n  i s o s t a t i c  e o u i  l i b r i u m  i n  t h e

changes are  a lso  produced by  the  w ind .  The

processes  is  a  top ic  o f  cur ren t  nesearch  in

c ross ing  a  cyc lone typ ica l  1y  p roduces  a  sea

Coasta l  ra jn fa l l  i s  typ ica l l y  some hundreds

days  o f  the  passage o f  the  cyc lone.

open ocean.  Ma jor  sea leve l

actual dynamics of these

oceanognaphy. At a coastal

leve l  surge  o f  up  to  1  m.

o f  mi l l  imeters  dur ing  the  few

A survey  o f  Aus t ra l ian  t rop ica l  cyc lones  f rom 1909 to  1980 by  Lourensz

(1981)  showed a  mean inc idence o f  8 .9  cyc lones  every  ten  years  w i th in  the

5"  la t i tude / long i tude square  enc los ing  the  N inga loo  Reef  t rac t .  The to ta l

decada l  inc idence o f  coas ta l  c ross ings  by  cyc lones  was about  0 .5  per  100 km

of  coas t  a t  N inga loo ,  i .e .  about  2  per  decade fo r  the  comple te  ree f .

F igure  4 .9  shovrs  the  pa th  o f  cyc lone Ian  (March  1 to  6 ,  1982)  taken

f rom Lynch (1982) .  The number^s  on  F igure  4 .9  g ive  in fo rmat ion  on  the  t ime

and day  a t  wh ich  the  cyc lone occup ied  a  par t i cu la f  pos i t ion  and i t s  cen t ra l

p ressure  p .  Thus ,  e .9 .  640420 means p  =  964 on  March  4  a t  20 .00  hours .

Th is  cyc lone c rossed the  ree f  severa l  t i rnes .  Ian  reached peak  in tens i ty  on

March 4 while offshore from Broone with estimated central onessur^e of 964

mb and max imum wind  o f  40  m s- r .

Ho l loway and Nye (persona l  communica t ion)  have ana lysed the

oceanograph ic  response to  cyc lone Ian  us ing  da ta  co l lec ted  fo r  the  Nor th

West  She l f  gas  pro jec t .  Cur ren ts  were  measured a t  f i ve  moor ings  acnoss  the

she l f  fnom Danp ien .  0n  the  she l f ,  baro t rop ic  cur ren ts  o f  up  to  0 .8  m s- r

were  observed w i th  a  cur ren t  o f  0 .3  m s- l  a t  3  m above the  sea bed in  70  m

of  water .  0n  the  she l f  b reak  (Nor th  Rank in )  cur ren ts  wene much weaker

(a l though the  cyc lone passed d i rec t l y  over  th is  s ta t ion)  and d id  no t  exceed

the  Leeuwin  Cur ren t  in  maqn i tude.  Near  sur face  cur ren ts  over  the  she l f



were about 0.5 m s-I.  A summary of

Arch ipe lago dur ing  the  same cyc lone

shows oeak  cur ren ts  o f  0 .5  m s- r .
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current meter data frorn the Dampier

i s  g i v e n  b y  M i l l s  e t  a l  .  ( 1 9 8 6 )  a n d

Temperature profi les on the North l lest Shelf before and after the

passage of cyclones have been studied by Holloway and Nye (pers. conrn.).

For  12  cyc lones ,  fo r  wh ich  da la  ex is ts  be tween 1979 and 1984,  a l l  p roduced

longshore  cur ren ts  towards  the  southwest .  Th is  d i  rec t ion  favours

downwel l ing  ( ra ther  than upwel l  ing)  a l though on ly  th ree  o f  the  cyc lones  d id

pr^oduce downwel l ing  on  the  she l f  b reak  (o f  wh ich  cyc lone Ian  was one) .

On ly  one o f  the  cyc lones  produced s ign i f i can t  ver t i ca l  m ix ing  over  the

she l f ;  fo r  Ian  the  waters  were  a l ready  we l  I  m ixed.

I t  there fore  appears  tha t  the  poss ib le  oceanograph ic  e f fec ts  o f

cyc lones  on  the  N inga loo  Reef  occur  on ly  th rough the  spec ia l  cur ren t

reg imes.  The d i  nec t  cur ren ts  induced on  the  open she l f  a re  no t  s ign i f i can t

compared with the normal currents experienced in the lagoon; they v{ould

a lso  be  f r i c t iona l l y  l  im i ted  in  sha l low water .  However ,  the  ex t reme r { inds

pnoduce abnormally large waves which in tunn create excessive wave-pumped

cur ren ts  th fough the  ree f .  A  w ind  s t rength  o f  40  m s- r  fe tch- l im i ted  over

a  d is tance o f  100 km wou ld  p roduce 8  m h igh  waves .  Thus  ex i t  cur ren ts  f rom

the neef  wou ld  be  o f  o rder  3  to  5  m s- r .  Fur^ thermore ,  the  break ing  waves

damage the  ree f  and produce rubb le  wh ich  erodes  the  l i v ing  cora l  wh i ls t  i t

remai  ns  w i th in  ree f  s t ruc tu re .

I t  seems tha t  such cur ren ts  may we l l  serve  as  a  cont ro l l ing  in f luence

on the  s ize  o f  b reaks  in  the  ree f .  In  Sec t ion  4 .1  unu" "  was  shown to  be

inverse ly  p ropor t iona l  to  B  the  f rac t ion  o f  ree f  occup ied  by  breaks .  I t



- 6 1  -

would be of value to survey the reef before and after a cyclone to

detenmine v{hether physical changes have occurred near the breaks.

The other major possible effect on the reef comes from intense

rainfal l  often associated with tropical cyclones. Terrigenous sediment

transported into the lagoon via creek nunoff may sett le on corals causing
' s t r e s s r .
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Figure 4.1 1



- 6 2 -

CHAPTER 5 CONCLUSIONS AND RECO..TMENDATIONS

5.1  Overv iew o f  the  0ceanography  o f  N inga loo  Reef

The N inga loo  Reef  t rac t  i s  loca ted  near  the  she l f -b reak  on  the  westenn

coast  o f  Aus t ra l ia .  F rom the  phys ica l  v iev{po in t  i t  i s  un ique because the

coas t l ine  l ies  on ly  2  to  6  km beh ind  the  ree f .  Th is  cneates  a  nar row ano

very  sha l low (mean depth  -  |  to  2  m)  coas ta l  lagoon beh ind  a  major  bar r ie r

ree f ,  loca ted  on  the  nar rowest  por t ion  o f  con t inenta l  she l f  in  Aus t ra l  ia .

wave-pumped currents have a major inf luence on the dynamics of the

lagoon.  The cur ren t  t ra jec to r ies  c ross  the  s t ra igh t  ree f - l  jne  normal ly  and

are  on ly  de f  lec ted  ' i  n to  an  a longshore  d i  rec t ion  a t  d is tances  o f  a  few

hundred metres from the shore. 0ver 50% of this alongshore f low occurs

th rough deep channe ls .  These bas ica l l y  run  a longshor^e  and then swing

of fshore  to  ex i t  the  lagoon th rough breaks  in  the  ree f .

The N inga loo  Reef  t rac t  appears  to  d iv ide  na tura l l y  in to  th ree  sec tors

hav ing  d i f fe ren t  topograph ies  o f  the  ree f  and lagoon.  0n ly  over  the

nor thern  sec tor  (Nor th  t ^ les t  Cape to  Po in t  C loa tes)  i s  the  ree f  s t r i c t l y  on

the  she l f -b reak  and th is  sec tor  i s  o f  g rea tes t  phys ica l  in te res t .

0ver  the  nor thern  sec tor  some 15% of  the  length  o f  the  ree f - l ine  is

occup ied  by  breaks .  I t  i s  es t imated  here  tha t  a t  h igh  spr ing- t ide  the  ex i t

current through the breaks generated by breaking waves is I  to 2 m s-r

unden modera te  to  h igh  swe l l  cond i t ions .

The average f lush ing  t ime o f  the  lagoon due to  b reak ing  waves  is

es t imated to  be  less  than a  day ;  the  lagoon is  there fore  we l l  - f lushed and
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th is  i s  a  consequence o f  i t s  very  smal l  vo lume per  un i t  leng th  o f  ree f

( i .e .  c ross-sec t ' iona l  a rea) .

The lagoon w i l l  be  we l l -m ixed ver t i ca l l y  a t  most  t imes.  Th is  i s  a

consequence o f  i t s  l im i ted  depth  and s t r^ong cur ren t  f  low;  ver t i ca l  m ix ing

t imes are  es t imated  to  be  less  than I  hour .

Li nes ar^e vi si  b le

whi ch conform with the

the I agoon by br"eaking

expected and may serve

f low in  the  I  agoon.

in  the  aer ia l  photography  o f  the  N inga loo  Reef  f la t

expected current trajectories of water pumped into

waves. The l  ines enter the deep channels as

as  a  un ique long- t ime average o f  sur f - induced warer

The outer reef slope and reef crest appears to contain a groove and

spur  s tnuc ture  w i th  wave length  o f  o rder  10  m.  Th is  i s  absent  in  the

occas iona l  segments  o f  nor^ th - fac ing  ree f  wh ich  do  no t  l ie  w i th in  the

dominant  d i  rec t ions  o f  incoming waves .

T ides  over  the  ree f  a re  mixed d iu rna l /semi -d iu rna l  ( fo rm fac tor  i s

about  0 .8 )  ;  Nor th  West  Cape l ies  in  the  t rans i t ion  reg ion  be tween the

mixed,  bu t  p redominant ly  d iu rna l  t ides ,  o f  the  west  coas t  and the  semi -

d iu rna l  t ides  o f  the  Nor th  l tes t  she l f .  spr ing  t ides  are  bas ica l l y  semi -

d iu rna l  w i th  h igh  water ,  con t ro l led  by  the  52  phase,  a t  about  midday  ano

midn igh t .  co inc idence o f  the  d iu rna l  and sern i -d iu rna l  spr ing-neap cyc les

occurs  a t  Po in t  Mura t  near  the  end o f  March .

Whilst the neef-crest is dry (at low water) t . idal currents enter

through the reef breaks. They then tend to fol low through the deep

channe l  s ;  the  f rac t ion  o f  vo lume f lux  car r ied  by  the  channe ls  i s  s im i la r  to
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tha t  fo r  the  f lux  induced by  break ing  waves .  A t  spr ing  t ide  max imum

cur ren t  speed th rough the  breaks  ( in  the  nor thern  sec tor )  i s  about

0 . 6  m  s - r .

T ida l  f low can occur  over  the  ree f  when the  ree f -cnes t  i s  covered.

The fo rm o f  the  var ia t ion  o f  f low pat te rn  w i th  water  leve l  i s  con t ro l led  by

the  Reyno lds  number  wh ich  is  p resent ly  unknown.

T ida l  f lush ing  t imes are  es t imated  to  be  about  4  o r  5  days ;

cons iderab ly  longer  than those due to  b reak ing  waves .

The mean wind speed and direct ion at Carnarvon (based on wind stress)

is  5 .51  m s- r  f rom 1840.  Th is  i s  p robab ly  the  most  re l iab le  es t imate  o f

w inds  over  the  southern  sec tor  (sou th  o f  Po in t  Maud)  o f  the  N inga loo  Reef

tract. Carnarvon shows the dai ly sea-breeze cycle typical of the west

coas t  o f  Aus t ra l ia  w i th  a  s t rong south-wester ly  w ind  dur ing  la te  morn ing

and a f te rnoon.

Thene is a definite change in wind pattern between the west and

northwest coasts. The weather stat ion at Leanmonth, on the eastenn side of

the  Exmouth  Pen insu la ,  and west  coas t  o f  Exmouth  Gu l f  shows a  mix tune o f

south-westenly and north-easterly sea breezes.

The Cape Range wh ich  ex tends  down the  midd le  o f  Exmouth  Pen insu la

she' l ters the northern sector of the Ninga.loo Reef tract from much of the

eas ter l ies .  However  the  she l f  in  th is  reg ion  is  l i ke ly  to  expen ience

a longshore  var iab i l i t y  o f  w ind  d i rec t ion  on  a  sca le  o f  100 k rn .  Cons ider ing

the  s lope o f  the  she l f  i t  appears  tha t  a longshore  w inds  are  dominant  in

de termin ing  the  w ind-dr i  ven  component  o f  v {a te r  c i rcu la t ion  on  the  she l f .
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The southerly wind over the reef creates a structured topographic gyre

with northward movement in the lagoon and southward return cunrents outside

the  ree f ;  t yp ica l  lagoona l  cur ren ts  a re  0 .1  m s-1 .  Lagoona l  f lush ing- t imes

due to  the  v { ind  are  s l igh t ly  in  excess  o f  one day  and fas te r  than t . ida l

f  I  u s h i  n q .

The Leeuwin Current is a southward movement of tropical warm, low-

sa l in i ty ,  water  wh ich  occurs  ' i  n  au tumn or  w in te r  a long the  Nor th  Uest  She l f

and west  coas t  o f  Aus t ra l ia .  There  is  no  in fo rmat ion  ava i lab le  on  i t s

structure near North West Cape. I t  would be anticipated that the currenr

has  a  s ign i f i can t  e f fec t  on  the  N inga loo  Reef  t rac t  because the  ree f  i s

Ioca ted  on  the  she l f -b reak  wher "e  the  cur ren t  i s  max imal ;  the  cur ren t  i s

s imi ia r ly  ev ident  a t  the  Abro lhos  Is lands .

There  are  two poss ib le  e f fec ts  o f  the  cur ren t .  F i r t l y  i t  may induce a

southward  water  movement  in  the  Iagoon.  The pressure  grad ien t  d r iv . i  ng  the

southward  f low is  equ iva len t  to  a  water  s lope o f  3  x  l0 -7 .  In  l  m o f  water

th is  wou ld  c rea te  a  ve loc i ty  o f  0 .01  m s- r  i f  i t  were  ba lanced by  bo t tom

f r jc t ion  w i th  a  'background water  speed '  o f  0 .1  m s-1 .  Thus  i t  i s  sa fe  to

assume tha t  the  lagoon is  too  sha l low fo r  the  head dr iv ing  o f  the  Leeuwin

Current to generate any appreciable lagoona' l  f low. However the current

shou ld  be  ev ident  o f fshore  o f  the  ree f .

Second ly ,  the  Leeuwin  Cur ren t  may advec t  warm,  lower -sa l in i ty ,  waten

onto  the  she l f -b reak .  Because the  lagoon is  t igh t ly  coup led  to  the  open

ocean th rough the  fas t  f lush ing  processes ,  i t  w i l l  be  occup ied  by  th is

Leeuwin  Cur ren t  water .  Ex is t ing  tempera ture  da ta  fo r  the  lagoon conf i rm

the h igh  degree o f  cor " re la t ion  be tween lagoona l  and ocean mean (week ly )

temperatunes.
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Lagoona l  waters  show a  d iu rna l  heat ing /coo l ing  cyc le  o f  about  2oC.

Th is  i s  typ ica l  o f  water  o f  th is  depth  in  es tuar ine  env i ronments  on  the

west  coas t ;  ' i  n  coas ta l  waters  i t  normal ly  on ly  occurs  w i th in  the  sur face

mixed I  ayer .

The f  im i ted  amount  o f  tempera ture  da ta  f rom the  N inga loo  Reef  lagoon

show severa l  tempera ture  anomal ies .  These cons is t  o f  a  d rop  in  mean waten

tempera tune o f  l  to  2oC be low the  seasona l  average fo r  2  o r  3  days .  I t  i s

c lear  tha t  th is  i s  due to  coo le r  water  a r r i v ing  on  the  she l f  and be ing

advec ted  in to  the  lagoon.  The t imes fo r  onset  and decay  o f  the  anomal  ies

wi th in  the  lagoon ane re la ted  to  the  f lush ing  t ime o f  the  lagoon.  I t  i s

ev ident  tha t  the  ar r i  va l  o f  the  coo len  water  on  the  she l f  i s  a  rap id  event

occurn ing  w i th in  about  12  hours .  S imi la r  tempera tune anomal ies  have been

reconded a t  the  Abro lhos  Is lands ,  and the  longer  onset  t imes there  may

re f lec t  the  g fea ter  f lush ing  t imes o f  the  deepen lagoon.

The most  l i ke ly  cause o f  the  tempera ture  anomal ies  i s  upwel l ing  on to

the  she l f  caused by  break ing  in te rna l  waves .  Such waves  are  known to

produce ver t i ca l  d isp lacements  o f  30  m in  water  o f  depth  
' l  
ess  than 100 m a t

the North Rankin moorings on the North l , lest Shel f ;  Ningaloo Reef tract and

the  Abro lhos  Is lands  are  s i tua ted  a  s imi la r  d is tance f rom the  she l f

b reak .  The in te rna l  waves  a fe  semi -d iu rna l  bu t  a re  no t  coherent  w i th  the

baro t rop ic  t ide  and show no spr ing-neap cyc le .

The neares t  loca t ion  to  the  N inga loo  Reef  t rac t  where  de ta i led  open

ocean s tud ies  have been made is  in  Exmouth  P la teau wh ich  is  a  re la t i ve ly

shal low region 250 km offshore from North t, lest Cape. Tidal currents are

na in ly  semi -d iu rna l .  There  are  a lso  s t rong iner t ia l  per iod  (31 .9  hours  a t

N inga loo)  curnents  and h igh  enengy burs ts  o f  shor t -per iod  in te rna l  waves .
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5 .2  Base l  i  ne  Stud ies

A most  impontan t  foundat ion  fo r  any  phys ica l  ,  o r  eco log ica l  ,  mar ine

research  prog fam is  a  se t  o f  base l  ine  phys ica l  da ta .  Th is  i s  a lso  v i ta l  to

the preparation of any environmental resources management plan. proper

pnotection and management of the coastal environment cannot be

rea l i s t i ca l  l y  a t te rnp ted  w i thout  adequate  da ta .  There  is  a  min imum data  se t

wh ich  phys ica l  oceanogr^aphers  need in  o rder  to  be  ab le  to  adv ise  on  mat te rs

re la t ing  to  man ine  b io logy  and coas ta l  eng ineer - ing .

A  b a s  i c  I i s t  f o l l o w s :

.  T ides  A t ide  gauge shou ld  be  dep loyed fo r  one year  and sub jec t  to

deta i  led  harmon i  c  ana lys is .

.  Currents A knowledge of mean current speeds over an extended perioo

is  impor tan t .  I t  i s  suggested  tha t  an  e lec t romagnet ic  o r  acous t ic

cur ren t  meter  be  dep loyed in  one o f  the  deep channe ls  in  the  lagoon.

Th is  shou ld  be  sub jec ted  to  s ta t i s t i ca l  ana lys is .

.  t , l i nd  Ins ta l la t ion  o f  a  w ind  anemometer  near  the  N inga loo  Reef  i s

v i t a l ;  a  w e l  1  p o s i t i o n e d  ( e a s i l y  a c c e s s a b l e )  l a n d  s t a t i o n  i s

adequate .  Long- te rm data  shou ld  be  ana lysed.

. Waves A wave-rider buoy should be deployed off the reef and subject

to  s tandard  ana lys i  s .

.  Bathymetny The bathymetry of the lagoon should be establ ished over

one hundred transects normal to the shore.

Sate l l i te  da ta  p rov ide  mean week ly  tempera tures  fo r  the  lagoon bu t

shou ld  be  proper  l y  ana lysed on  a  v {eek ly ,  month ly ,  seasona l  ,  and annua l

b a s  i  s .
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5 .3  C i  rcu l  a t ion  Stud ies

The bas ic  p rocesses  o f  water  movement  w i th in  the  lagoon have been

d iscussed in  th is  repont .  Th is  serves  as  a  s ta r t ing  po in t  fo r .  more

deta i  I  ed  s tud i  es .

The f ins t  fac to r  to  emphas ise  is  the  ex t reme complex i ty  o f  cur ren ts  in

the  lagoon.  Th is  i s  a  consequence o f  the  th ree  dr iv ing  fo rces :  b reak ing

waves,  t ida l  var ia t ion ,  w ind  s t ress ;  wh ich  have comparab le  magn i tudes .

Fur thermore  the  wave-dr iven  and w ind-cur ren ts  a re  s t rong ly  coup led  in

magn i tude to  the  t ida l  e leva t ion .

I t  i s  thenefore  essent ia l  tha t  a  two-d imens iona l  hydrodynamic

numer ica l  mode l  o f  water  f low be commiss ioned.  Th is  shou ld  conta in  the

ih ree  dr iv ing  fo rces  and be  fu l l y  non- l  inear  and inc lude dry ing  o f  ree fs .

The mode l  wou ld  be  used to  de f ine  per iods  when f ie ld  da ta  shou ld  be

co l lec ted .  These da ta  enab le  the  mode l  to  be  ver i f ied  and ca l ib ra ted .  The

mode l  p red ic t ions  o f  mean long- te rm f low cou ld  be  compared w i th  the  l ines

of  the  aer ia l  photographs  (Sec t ion  4 .1 )  wh ich  have been a t t r ibu ted  to

tna jec tor i  es  o f  wave-dr iven  cur ren ts .

The mode l  wou ld  be  cons t ruc ted  fo r  a  spec i f i c  a rea  o f  the  lagoon wh ich

wou ld  become a  major  s tudy  area  fo r  f ie ld  work .  Cons ider ing  the  topography

of  the  lagoon a  f in i te  d i f fe rence gr id  cons is t ing  o f  ce l l s

200 x  200 m wou ld  seem adequate .  G iven a  max imum depth  o f  5  m an exp l i c i t

sys tem wou ld  requ i re  a  L ime-s tep  o f  20  s .  For  pnac t ica l  purposes  th is

res t r i c ts  the  mode l  to  about  1000 ce l |s ;  i f  the  lagoon is  2  km wide ,  the

model can extend a maximum of 20 km alonqshore.
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Given the  cho ice  o f  a  s tudy  area ,  f ie ld  work  wou ld  be  necessary  to

prov ide  de ta i led  maps o f  ba thymet ry  and ree f  topography .  Fo l low ing  the

operation of the model ,  neasurements would be made of water movements. The

s imples t  techn iques  are  dye  re lease over  the  ree f  c res t  and dnogue t rack ing

in  the  deep channe ls .  There  is  cons iderab le  d rogue- t rack ing  exper t i se  in

the Centre for l , later Research and the Ningaloo Reef tract could become part

o f  the  f ie ld  p rognamme conducted  by  the  Aus t ra l ian  Survey  Of f i ce .

In  Sec t ion  4 .2  a  se t  o f  tempera ture  contours  was used to  imp ly  the

s t ruc tu fe  o f  t ida l  cur ren ts  w i th in  the  N inga loo  Reef  lagoon.

I t  i s  to  be  s t ressed tha t  F igure  4 .5  i s  on ly  a  f i rs t  a t tempt  a t

current mapping through a temperature tracen. However the data set does

show the  po ten t ia l  o f  th is  techn ique fo r  the  N inga loo  Reef  lagoon.  The

method is  app l i cab le  there  fo r  two reasons .  F i r .s t l y  the  lagoon is  nar row

so tha t  i t  i s  poss ib le  to  sample  i t s  en t i re  l r id th  be tween ree f -b reaks  jn  a

mat te r  o f  an  hour  o r  so .  Th is  a l lows a  synopt ic  v iew o f  tempera tures  in

the  lagoon to  be  ob ta ined over  an  e lapsed t ime wh ich  is  smal  1  compar"ed  to

the  t ida l  per^ iod .  In  a  la rger  lagoon th is  wou ld  no t  be  prac t ica l  us ing  a

s ing le  boat .  Second ly  the  lagoon is  very  sma ' l  1 ,  i .e .  o f  depth  comparab le

to  the  t ida l  range.  Th is  means tha t  t ida l l y  advec ted  water  en ter ing  the
' |  
agoon main ta ins  i t s  temper tu re  d i f fe ren t ia l  and th is  i s  no t  g rea t ly

reduced by  ex tens ive  mix ing  w i th  ex is t ing  lagoona l  water .

I t  i s  perhaps  wor th  d rawing  an  ana logy  be tween th is  tempera ture  survey

f rom a  smal l  boat  a t  N inga loo  and Landsat  images o f  the  Great  Bar r ie r  Reef

area ;  l , lo1  ansk i  e t  a l  .  (1984) .  Both  use  a  t racer  ( tempera ture  in  the  one

case and tu rb id i ty  in  the  o ther )  to  p roduce in fo rmat ion  on  cur ren ts .  The

Ninga loo  Reef  lagoon is  so  much eas ie r  to  survey  s imp ly  because one is
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concerned 'r i th phenomena on scales of a few hundred metres compared with

10 's  o f  k i lomet res  on  the  Great  Bar r ie r  Reef .  The cos t  o f  ob ta in ing

Landsat  da ta  and process ing  i t  i s  very  la rge  compared w i th  a  s imp le

temperature survey which can be contoured using a standard software

package,  e .g .  the  GPGS nout ines  on  the  DEC-10 a t  the  Western  Aus t ra l  ian

Regional Computi ng Cent re.

The tempera ture  mapp ing  method is  capab le  o f  g iv ing  quant i ta t i ve

in fo rmat ion  on  cunnents  in  the  lagoon;  no th ing  o f  th is  de ta i l  has  been

at tempted here ,  and F igune 4 .5  g ives  on ly  a  qua l i ta t i ve  impress ion  o f

cur ren ts .  The method to  be  employed is  the  ' inverse  techn ique,  and th is

a t tempts  to  f ind  an  advec t ive  ve loc i ty  f ie ld ,  and d ispers ion  mat r ix ,  wh ich

wi  l I  a l low the  advec t ive-d i f fus ion  equat ion  to  have a  so lu t ion

conrespond ing  to  the  tempera ture  map.

Data col lect ion from a boat is a perfect ly adequate method of mapping

cur ren ts  on  spat ia l  sca les  o f  hundreds  o f  met res  and tempora l  sca ' les  o f

hours .  For  h igher  reso lu t ion  an  a i rborne  in f ra - red  rad iometer  can be

used. An example of this type of survey on the western coast of Austral ja

can be  found in  Hearn  and Pearce  (1985) .  Th is  employed the  F27 a i rc ra f t

wh ich  was then opera ted  by  CSIR0;  i t  i s  now a  na t iona l  fac i l i t y .  The

in f ra - red  l inescan equ ipment  on  the  a i rc ra f t  i s  o f  a  very  advanced des ign

g iv ing  a  spat ia l  reso lu t ion  o f  o rder  10  m (a t  the  f l y ing  a l t i tude  necessary

to  scan the  who le  lagoon and an  equa l  s t r ip  o f  open ocean beyond the

ree f ) .  The tempora l  reso lu t ion  is  s imp ly  a  mat te r  o f  the  f l  igh t - t ime over

the  length  o f  lagoon be ing  surveyed.  G iven the  h igh  speeds o f  water

m o v e m e n t ,  i . e . 0 . 1  t o  1 m  s - I ,  i n s t a b i l i t i e s  o v e r  s c a l e s  o f  h u n d r e d s  o f

met res  may have charac ter is t i c  t imes o f  minu tes .  Hence an  aer ia l  survey

wou ld  c lear ly  be  conducted  over  a  d is tance o f  some 10 km (as  proposed fo r



the  length  o f  s tudy  reg ion  be low)  w i th  repeated  over  f l igh ts  every  few

mi  nu tes  fon  some hours .

The va lue  o f  an  aer ia l  survey  depends on  the  ex is tence o f  an  adequate

tempera ture  s igna l  .  A i rborne  rad iometers  have a  tempera ture  reso lu t ion

w h i c h  i s  t y p i c a l l y  0 . l " C  a n d  s o  a n  o v e r a l l  s i g n a l  o f  a b o u t  1 o C  j s

requ i red .  The cos t  o f  mount ing  such a  sunvey  is  very  h igh  and a

cons iderab le  amount  o f  work  i s  invo lved in  da ta  pnocess ing  and ana lys is .

Spec ia l  i sed  image-hand l ing  hardware  and so f tware  is  requ i red  and th is  does

exist with the l , lestern Austral ian Department of Lands and Surveys. The

cos t  o f  a  survey  and ana lys is  i s  o f  o rder  $30,000.  I t  wou ld  there fore  on ly

be undentaken a f te r  cons iderab le  knowledge o f  the  sys tem had been acqu ined

through o ther  types  o f  da ta  co l lec t ion  and i t s  ana lys is .

The NOAA sa te l I i te  p rov ides  a  fac i l i t y  fo r  co l lec t ion  o f  sea  sur face

tempenatu fes  v ia  i t s  advanced very  h igh  neso lu t ion  rad iometer  (AVHRR) .

Th is  has  the  much lower  spat ia l  reso lu t ion  o f  about  1km,  and (a l though

data  co l lec t ion  cos ts  a re  no t  borne  by  the  inves t iga tor )  i t  i s  no t

there fore  an  a t t rac t i ve  too l  fo r  s tud ies  w i th in  the  N inga loo  Reef  lagoon.

5.4 Study Regi on

Both  the  numer ica l  mode l  and the  requ i rements  o f  a  f ie ld  pnogram

requ i re  the  de f in i t ion  o f  a  s tudy  reg ion .  As  d iscussed in  Sec t ion  5 .3 ,  the

model would have a maximum area of about 40 km2. The need to specify

boundary  cond i t ions  means tha t  no t  a l l  o f  th is  a rea  cou ld  be  used fo r  the

ac tua l  s tudy  reg ion .  Exper ience ga ined by  Hearn  and Hunter  (1985)  in

mode l l ing  the  Marmion Reef  (wh ich  a lso  has  a  cont inuous  coas ta l  lagoon)

suggests  tha t  a l though the  s tudy  reg ion  may in  p rac t ice  occupy  most  o f  the
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model  a rea  i t  i s  w ise  to  use  on ly  50% o f  i t s  a rea .  Thus  the  s tudy  reg ion

shou ld  have an  area  o f  about  20  kn2.

A spec ia l  fea ture  o f  the  N inga loo  Reef  t rac t  i s  the  ex is tence o f  a

sha l low,  nar row,  Iong coas ta l  lagoon c lose  to  the  she l f -b reak  in  the

nor thern  sec tor .  For  th is  reason the  s tudy  reg ion  shou ld  be  s i tua ted  in

th is  sec tor .  An idea l  r ^eg ion  wou ld  have a  long length  o f  unbroken ree f

w i th  a  major  b reak  towards  i t s  sou thern  boundary .  The lagoon shou ld  be  as

nar row as  poss ib le  w i th  a  we l l -de f ined deep nearshore  channe l  .

A  su i tab le  s tudy  reg ion  is  loca ted  be tv {een Yard ie  Creek  and

Pi lg ramunna,  cent red  on  Sandy Bay;  the  nor thern  par t  o f  th is  reg ion  is

s h o w n  i n  F i g u r e s  4 . 1 0  a n d  4 . 1 1 .

The s tudy  reg ion  w i l I  serve  as  the  foca l  po in t  o f  most  sc ien t i f i c

inves t iga t ions  o f  the  N inga loo  Reef  t rac t .  By  coord ina t ing  the  work  w i th in

one such area  ( fo r  v {h ich  a  h igh  quat i t y  p red ic t i ve  mode l  o f  water

c i rcu la t ion  ex is ts )  i t  w i l l  be  poss ib le  to  deve lop  a  comprehens ive

unders tand ing  o f  the  dominant  eco log ica l  p rocesses .  The in te r -

re la t ionsh ips  ident i f ied  in  the  s tudy  reg ion  w i l l  be  genera l l y  app l i cab le

to  the  who le  ree f  t rac t  and prov ide  a  sound sc ien t i f i c  bas is  fo r  management

o f  the  Mar ine  Pa rk .

5.5 0pen 0cean Studj es

I t  i s  wor thwh j le  to  inves t iga te  the  e f fec t  o f  she l f  dynamics  on  the

Iagoon.  Par t i cu la r "  events ,  such as  break ing  in te rna l  waves ,  may be  the

source  o f  abnormal  phenomena l i ke  the  tempera ture  anomal ies  d iscussed in
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Sect ion  4 .5 .  Such p |ocesses  may be  impor tan t  to  the  ex terna l  supp ly  o f

nu t r i  en ts  to  the  neef .

This type of study is outside the oceanographic resounces of f lest

Aus t ra l ian  ins t i tu t ions .  However ,  a  la rge  s tudy  o f  the  t rop ica l  Eas te fn

Ind ian  0cean in  1986/87  w i l l  be  conducted  by  RV 'F rank l in '  the  new

Austna l ian  na t iona l  oceanograph ic  fac i l i t y .  Data  v { i1 l  be  co l lec ted  f rom

Nor th  Hest  Cape to  Chr is tmas Is land as  a  par t  o f  the  LUCIE pnogram (Leeuwin

Cur ren t  In te rd isc ip l inary  Expen iment ) .  Th is  p rov ides  a  good case fo r

immedia te ly  ins ta l l ing  a  thermis to r  s ta t ion  in  the  s tudy  reg ion  to  co l lec t

hour ly  tempera ture  da ta  oven a  comple te  year .  RV rFrank l in '  w i l l  a lso  be

co l  lec t ing  o ther^  da ta  on  the  she l f  ad jacent  to  N inga loo  Reef  and south  to

Shark Bay duning the f ir^st half  of 1987. I t  nust however be stressed that

sc ien t i f i c  e f fo r t  wou ld  have to  be  funded in  o rder "  to  ana lyse  th is  da ta .

Cons idera t ion  shou ld  be  g iven to  the  long- te r  m dep loyment  o f  a  cur ren t

meter  ou ts ide  the  bar r ie r  ree f  fo r  mon i to r ing  annua l  var ia t ions  in

s t rength ,  dunat ion  and t im ing  o f  the  Leeuwin  Cur ren t ,  a f te r  the  cessat ion

of  the  LUCIE programme.  Th is  wou ld  p rov ide  use fu l  long- te rm data  fo r

s tudy ing  d ispersa l  and recnu i tment  pa t te rns  o f  the  p lank ton ic  la rva l  s tages

of many coral reef organisms.
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APPENDIX I

Notes on the preparation of a map showing general bathymetry and

surface seawatet^ i  sotherms i  n the vi ci  nity of Coral Bay i  n the

Ninga loo  Reef  lagoon,  on  March  31 ,  1986.
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BATHYM ETRY

Aer ia l  photographs  a t  a  sca le  o f  1 :20 ,000 I l iA  2290(c)  12-03-85 N inga loo  Mar" ine
Park  (Coast  run ,  Cape Farquan-Norweg ian  Bay) l  were  t raced,  to  p rov ide  a  map o f
the  coas t l ine  and pos i t ion  fea tures  such as  the  ou ter  bar r ie r  ree f  and i t s
channe ls ,  sand banks ,  a reas  o f  cora l  cover  and bare  sand.  The areas  covereo
by  cora l  were  d iv ided in to  'h igh  in te r t ida l  ree f '  and  ' low in te r t ida l /sub t ida l
ree f '  on  the  bas is  o f  tona l  d i f fe rences ,  compan isons  w i th  1 :25 ,000 aer ia l
photographs  ( l . lA  2162(c)  15-07-83 Coast l ine :  Cora l  Bay  -  Carnarvon)  and 'g round

t ru th ing ' .  I t  shou ld  be  no ted  tha t  some por t ions  o f  the  ou ter  ree f  shown in
F igure  4 .5  were  no t  in  the  aer ia l  photographs ,  and the i r  pos i t ion  shou ld  on ly
be taken as  an  approx imat ion .

TRAVERSES

Six temperature travenses were Derformed with a 5 m runabout driven at
cons tan t  speed (approx imate ly  5  knots ) ,  employ ing  a  thermis to r  ( i  0 .02 'C)
a t tached to  the  s te rn  o f  the  boat ,  20  cm be low the  v {a te r  sur face .

Instantaneous measurements of seawater temoerature were necorded on a data
logger  (V ' l indr i f t  Ins t ruments ,  t , l .A . )  a t  30  second in tenva ls .  A l l  t raverses
wene performed at a bearjng of 80" to corBpicuous landmarks on the coast.
Traverses  were  per fo rmed dur ing  a  spn ing  f lood  t ide .

DATA AOJUSIMENT

Seawaten tempera tures  in  the  N inga loo  Reef  lagoon are  known to  exh ib i t  a
pronounced d iu rna l  var ia t ion  o f  about  2oC,  cons is tan t  w i th  heat ing  dur ing  the
day  by  inso la t ion ,  and coo l  ing  a t  n igh t  (S impson and Mas in i  1986) .
Approximate' ly 90 minutes elapsed between the end of tnaverse #2 and the start
o f  t raverse  #3 ;  a l l  o ther  t ravenses  v {ere  per fo rmed in  success ion  w i th  an

e lapsed t ime o f  Iess  than 10  minu tes  be tween them.  S imul taneous measunements

o f  seawater  tempera ture  a t  a  s i te  w i th in  the  t raversed ar "ea  (s i te  1 ,  F igure

1 .3)  us ing  a  da ta  logger  ( l , l l i ndr i f t  Ins t ruments ,  t , l .A . )  mounted  in  a  submers ib le
hous ing  showed an inc rease in  bo t tom water  tempera ture  o f  0 .52"C dur ing  the  90
minutes  tha t  e lapsed be tween the  second and the  las t  four  t raverses .  As  th is
s i te  i s  re la t i ve ly  we l l -m ixed ver t i ca l l y ,  measured tempenatures  on  t ransec ts  1
and 2  were  ad jus ted  by  +0 .52oC to  cons tnuc t  the  sur face  iso therms.
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NOTES

Deepwater  (>  4  m)  channe ls  a re  commonly  found inshore  f rom breaks  or
d iscont inu i t ies  in  the  ou ter  ree f  and in  some areas  o f  the  lagoon c loser  to
shore ,  ad jacent  to  e rod ing  landforms (such as  la rge  sandh i l l s ,  c l i f f s ,  e tc )  o r "
o f f  the  end o f  sand sp i ts .  These channe ls  a re  pnedominant ly  found in  nar row
sect ions  o f  the  lagoon.  One such channe l  and break  in  the  neef  i s  loca ted  on
the  southern  s ide  o f  the  t raversed area .  From the  iso therms i t  appears  tha t  a
body  o f  warm water  (>  26 .2"  C)  in t ruded f rom the  v ic in i ty  o f  the  break  in  the
outer  ree f  and progressed down channe ls  para l  1e1 to  the  shore .  The re la t i ve ly
coo len  water  a round the  gnoup o f  in te r t ida l  'bommies '  wes t  o f  the  Cona l  Bay
set t lement  suppor ts  the  in fe r rence tha t  'wanmer '  ocean ic  water  i s  in t fud ing
in to  the  lagoon where  f low is  re1  a t i ve ly  unres t r i c ted ,  tha t  i s  v ia  the
channe ls ,  and takes  longer  to  mix  w i th  the  coo le r  lagoona l  water  where  f low is
res t r i c ted  due to  the  ba f f l jng  e f fec t  o f  the  cora l  g rowth  fo rm in  tha t  a rea .

A l though the  lagoona l  water  was coo le r  than the  ocean ic  water  a t  the  t ime tha t
the  t raverses  were  per fo rmed,  a rguab ly ,  a  s imi la r  p lo t  o f  tempenatures  under
the  same t ida l  reg ime and cond i t ions ,  bu t  Ia te r  in  the  a f tennoon when lagoona l

waters  commonly  reach the i r  max imum,  wou ld  appear  as  an  in t rus ion  o f  ' coo le r '

ocean ic  waten  in to  the  warm lagoon,  v ia  these same channe ls .

The maximum temperature of 28.0oC recorded in Coral Bay was only 1 record and
was probab ly  the  resu l t  o f  water  f low ing  o f f  the  ex tens ive  sha l . low sandf la t  on
the  leeward  s ide  o f  sandh i l l s  and as  such can be  cons idered a  veny  loca l i sed

ohenomenon.


