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SYNOPSIS

A h a rb ou r  i s  be in g developed i n  the n o r th e r n  p o r t i o n  o f  Richards 

Bay. Concern has been expressed by e c o l o g i s t s  a t  the p o s s ib le  
t h r e a t  to  the ecology  o f  the sou th e rn  p o r t i o n  o f  the  bay which is  
t o  be developed as a n a tu re  r e s e r v e .  The o b j e c t  o f  t h i s  s tud y is  
to  compare by mathe mat ic a l  m o d e l l in g  the  be h a v io u r  o f  the 

proposed new n at ur e res er ve  w i t h  t h a t  o f  the o r i g i n a l  undeveloped 
sys tem. I t  is  hoped t h a t  the  r e s u l t s  o f  t h i s  work w i l l  make i t  
p o s s i b l e  t o  a n t i c i p a t e  any e c o l o g i c a l  problems t h a t  may a r i s e  
and f a c i l i t a t e  the  des ign o f  r eme dia l  measures.

A mat he mat ica l  catchm ent  model dev eloped by P i t m a n 8 has been used 
to  s y n th e s is e  50 year s o f  month ly  r u n o f f  i n t o  the bay f o r  sev er a l  
c o n d i t i o n s  o f  catchment  development .  The f i o o d  hydrographs 
a s s o c ia te d  w i t h  s e v e ra l  r e c u r re n c e  i n t e r v a l s  were a ls o 
c o n s t r u c t e d  by u n i tg r a p h  te c h n iq u e .

T id a l  l e v e l  f l u c t u a t i o n s ,  v e l o c i t i e s  and volumes were s im ul at ed  

f o r  the  o r i g i n a l  system and f o r  the proposed n at ur e res er ve f o r  
ext reme and average sea boundary c o n d i t i o n s  us in g a one- d imens ional  
m at he m at ic a l  t i d a l  p ro p a g a t i o n  model developed by H u tc h is o n 16 .

Th is  model was a l s o  a p p l i e d  to  the  passage o f  f l o o d s  through 
the o r i g i n a l  bay and new n a tu re  re s e r v e .

Long - te rm wat e r  and s a l t  c i r c u l a t i o n s  w i t h i n  the  two systems were 
s i m u la te d  us ing a lake model developed by H u tc h is o n 22 .

I t  i s  con c luded t h a t  the  e s t u a r y  mouth des igned by the CSIR 
f o r  the n a tu re  res er ve  g i ves  r i s e  to  un ac cept ab ly  h igh t i d a l  
f l u c t u a t i o n s  w i t h i n  the  bay.  There is  a ls o  a s t r o n g  l i k e l i h o o d  
t h a t  ov er  the g r e a t e r  p a r t  o f  the  lagoon the bed w i l l  be exposed 
a t  lew t i d e  f o r  some t im e a f t e r  the  mouth has been scoured ou t  
by the passage o f  a la r g e  f l o o d  throu gh the system. There is  
l i t t l e  danger o f  a s a l i n i t y  b u i l d - u p  i n  the fo r e s e e a b le  f u t u r e  

and f l o o d  l e v e l s  are found t o  be a c c e p ta b le .

A s a t i s f a c t o r y  c o n f i g u r a t i o n  o f  the e s tu a r y  mouth i s  proposed 
w i t h  the  nec essary bed and bank p r o j e c t i o n  to  min i mi se scour  

d u r in g  f l o o d s .
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1. I N T R O D U C T I O N
1 .1 D e s c r i p t i o n  of the system

{ a ) The n a t u r a l  system b e fo re  harbo ur  development

Befo re man's a c t i v i t i e s  commenced Richards Bay was a sedi men tar y  
bas in  o f  area 3 050 ha w i t h  a narrow o u t l e t  to  the I n d ia n  Ocean 
a t  the n o r t h - e a s t e r n  e x t r e m i t y .  The f r e s h  w a te r  s up p ly  to  the 

bay came m a in l y  f r om  the n o r t h - w e s t .  The average depth o f  the 
bay was a p p ro x im a te l y  one metre.

The banks i n  the i n t e r i o r  o f  the bay were l o w - l y i n g  and marshy,  the 
n o r t h e r n  and we ste rn  marg ins be in g covered by swamp v e g e t a t i o n , 
w h i l e  mangroves occu pied  the  sou th er n and e a s te rn  ma rg in s.  The bay 
was i n h a b i t e d  by la r g e  c o lo n ie s  o f  s h r im p s , prawns and c r a b s .

Some 183 spec ies o f  f i s h  have been i d e n t i f i e d 1 , the the most 
n o ta b le  be ing  sa lmon,  g r u n t e r ,  bream and s p r i n g e r .  Of p a r t i c u l a r  
s i g n i f i c a n c e  i s  the  f a c t  t h a t  n e a r l y  a l l  o f  the  f i s h  found were 
j u v e n i l e s  which depended f o r  t h e i r  food sup pl y  l a r g e l y  on 
e x t e n s i v e  beds o f  ee l  grass [?oBaste?a aa-peneis)  i n  the ent ra nce  
channel  o f  the bay and on the  s o f t - b o d i e d  organisms found i n  the 
sou th er n  p o r t i o n  o f  the bay.

( b ) Harbour  developments

I n i t i a l  pro gr es s  has a l re a d y  been made towards the  e s ta b l i s h m e n t  
o f  a ha rbour  which w i l l  u l t i m a t e l y  be cap able o f  h a n d l i n g  sh ip s 
o f  up to  250 000 tons d . w . t .  The ha rbo ur  w i l l  occupy about  two- 
t h i r d s  o f  the  bay area i n  the  n o r t h - e a s t e r n  s e c t o r  and w i l l  be 
separatee1 f rom the  sou th -w e s te rn  p o r t i o n  by a 4,5  km lon g berm 
w a l l * .  The so ^t hf i r n  p o r t i o n  i s  t o  be preserved as a n at ur e 

re s e r v e .

The e n t ra nc e to  the  ha rbour  w i l l  be formed by a curved 1 ,2-km- 
long sou th er n bre ak wat er  and a s t r a i g h t  0 ,4 -k m - lo n g  n o r th e rn  
bre a kw a te r .  The approach channel i s  to  extend 3,5 km beyond the 

s o ut he rn br e a k w a te r .  The depth o f  t h i s  channel  w i l l  va ry  between 
-24 in IW0ST* a t  the  seaward end to  -19 m LW0ST in  the  t u r n i n g  
ba s in  w i t h i n  the h ar bo u r  p ro p e r .  The w id th  o f  the channel  between 
the  breakwaters;  i s  to  oe 300 m.

*  The LW0ST r e f e r r e d  to  i n  t h i s  c h a p te r  i s  LWOST(SAR), i . e .  0 ,900 m 
GMSL. See f i g u r e  E . l  o f  Appendix  E.



( c )  Proposed n a tu re  res erv e

The n a tu re  res er ve in  the  s o ut he rn  p o r t i o n  o f  Richards Bay, 
sep ar at ed f rom  the  har bou r  by a berm w a l l ,  re c e i v e s  the r u n o f f  
f r om  the e n t i r e  Um hl a l uz i  and Nsezi catchm ents.

An a r t i f i c i a l  mouth is be in g p r ov id ed  to  open the  n a tu re  res er ve  
to  the sea and w i l l  be formed by f i v e  channels  se par ate d by levees 
b u i l t  to  h e ig h ts  o f  a p p r o x im a te l y  4 ,6  m LWOST8, The c e n t r a l  
ch a n n e l ,  des igned to  f a c i l i t a t e  t i d a l  exchange,  i s  to  have a 
depth o f  0 ,0  m LWOST and a o o l t c m  b re ad th  o f  285 m. The rem ain ing  
f o u r  channels  are to  be dredged to  - 4 , 5  m LWOST and w i l l  be 
b l ock ed a t  t h e i r  seaward s i t ie  by a 200  m wide sand-b r  w i t h  c r e s t  
a t  +2 ,0 nt LWOST. These channels  are in te nd ed  s o l e l y  t o  d i spo se o f  
f l o o d  d is ch ar ge s and are des igned to  m a in ta in  a bay v a t e r  
e l e v a t i o n  n o t  h i g h e r  than 3,1 ;« LWOST f o r  a f l o o d  d i s c h a rg e  o f  
4 300 m3/s? T i d a l  gates w i l l  be p r ov id ed  in  the berm w a l l  t o  pass 
p a r t  o f  the d i sc ha rge  th ro ug h  the  ha rbo ur  when the Umhlatuz i  is  
in  h igh  f l o o d .

1 .2  The problem

When the  pro pos al  to  dev elo p Richa rds  Bay as a ha rbour  was made 
p u b l i c ,  co ns id er ab e concern was expressed a t  p o s s i b l e  adverse 
e f f e c t s  on the  e co lo gy  o f  t h i s  n a t u r a l  area .  Parameters  t n a t  
are co ns id er ed  o f  impor tanc e by e c o l o g i s t s  and t h a t  can to  a 
c e r t a i n  degree be ma ni pu la te d by e n g in e e r i n g  means are the 
f o l l o w i n g : -

(a )  The w a te r  l e v e l  regime in  the proposed n a tu re  re ser ve 
(1)  T id a l  f l u c t u a t i o n s

( 1 i )  T id a l  v e l o c i t i e s  and volumes 
( i i i )  Long ter m f l u c t u a t i o n s  i n  lagoon l e v e l s  ( i . e .  over  a 

p e r io d  o f  50 ye ar s o r  more)
( i v )  F lood l e v e l s

(b )  The s a l i n i t y  regime i n  the proposed n at ur e res erv e
( i )  S a l i n i t y  f l u c t u a t i o n s  d u r i n g  a t i d a l  cyc le

( i ' )  Long term s a l i n i t y  f l u c t u a t i o n s  (ove r  a p e r i o d  o f  
50 years  o r  m o ro ) .

These parameters  t o  a la r g e  e x t e n t  d i c t a t e  the type o f  ecosystem 
t h a t  e x i s t s .  I d e a l l y  t h e r e f o r e  i t  would seem a d v is a b le  to  ensure 
t h a t  they are ma in ta in ed  i n  the  newly  c rea te d n a tu re  re s e rv e  or  
a t  l e a s t  to  ensure t h a t  un avo id ab le  changes are r e l a t i v e l y  s m a l l .



I f  t h i s  is  n o t  done t h e r e  i s  a s t r o n g  p o s s i b i l i t y  t h a t  the  n at ur e 
res er ve  may degenerate t o  a d i f f e r e n t  type o f  ecosystem.

1.3  Pre v i ou s res ea rch on the  n a tu re  res er ve 

In  1972 the CSIR1* developed a s i m pl e mathem at i ca l  model 
s a t i s f y i n g  the  c o n t i n u i t y  and momentum e q u at io ns  i n  o r d e r  to  
s im u la t e  the t i d a l  f l u c t u a t i o n s  and v e l o c i t i e s  in  the la g o o n .

The model was s u b je c t  to  the f o l l o w i n g  l i m i t a t i o n s :

( i )  In the momentum e q u a t i o n  the non -s te ad y and n on -u ni fo rm  
terms were n e g le c te d .  Th is  i m p l i e s  t h a t  h o r i z o n t a l  i n e r t i a  is  
ig no red  as a l s o  B e r n o u l l i  e f f e c t s .  B e r n o u l l i  e f f e c t s  become 
e s p e c i a l l y  i m p o r t a n t  i n  the re g io n  o f  the  e s t u a r y  mouth where 
c o n s t r i c t e d  f l o w  areas g iv e r i s e  to  l a r g e  changes i n  v e l o c i t y .

( i i ) The Ri chards bay system was assumed t o  c o n s i s t  o f  a lake 
connected to  t h e  sea by means o f  a s t r a i g h t  u n i fo rm  channel  in  
which the  w a te r  l e v e l  v a r i e d  l i n e a r l y  f r om  the  sea to  the  la ke .  
The model was c a l i b r a t e d  by a d j u s t i n g  th e  ChSzy roughness 
c o e f f i c i e n t  u n t i l  the  bay l e v e l s  gen erated by the  model agreed 
w i t h  those  reco rded i n  the  o r i g i n a l  Richa rds  bay a r e a . Because 
o f  the  s i m p l i c i t y  o f  the  model the  ChZzy c o e f f i c i e n t  compensates 
f o r  i n a c c u r a c i e s  i n  the  mode l led channel  geometry  and as a 
r e s u l t  the  model i s  a p p l i c a b l e  o n ly  to  the  p a r t i c u l a r  system 
and f o r  the s p e c i f i c  c o n d i t i o n s  f o r  which i t  was c a l i b r a t e d .

Evidence o f  p o s s i b l e  i n a c c u r a c ie s  i n  the  model are to  be seen 
in  the  f a c t  t h a t  t h e  two d i f f e r e n t  mouth c o n d i t i o n s  f o r  which 

the model was c a l i b r a t e d  re q u i r e d  Chezy c o e f f i c i e n t s  o f  27 m^/s 
and 38 m^/s r e s p e c t i v e l y .  I t  would - eem to be u n r e a l i s t i c  
t h e r e f o r e  to  a p p ly  t h i s  model to  a n ot he r  e s t u a r y  system such as 
the n a tu r e  re s e r v e ,  which has a t o t a l l y  d i f f e r e n t  ge o m e tr ic a l  
c o n f i g u r a t i o n .  For  these  and o t h e r  reasons the  a u th o r  f e l t  t h a t  
the s im u la te d  t i d a l  ranges and v e l o c i t i e s  y i e l d e d  by the CSIR 
model f o r  the n a tu re  res er ve  would no t  be s u f f i c i e n t l y  a c c u ra te .

I t  sh oul d be noted a l s o  however  t h a t  the CSIR model t e s t s  were 
c a r r i e d  o u t  o n l y  f o r  the n a tu re  res erv e system, whereas a t r ue  
compar ison between the o r i g i n a l  untrammeled Richards bay system 
and the proposed n a tu re  res er ve  system r e q u i r e s  t h a t  b o th  be- 

model led f o r  s i m i l a r  o f f - s h o r e  t i d a l  c o n d i t i o n s .

The CSIR a l so  s e t  up f i x e d  bed‘'and moving bed3 p h y s i c a l  models 
t o  e s t a b l i s h  peak bay f l o o d  l e v e l s  f o r  v a r io u s  mouth c o n d i t i o n s  
i n  the  n a tu re  res er ve system. R e l a t i v e  l e v e l s  were e s ta b l is h e d
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f o r  a c o n s t a n t  d i s c h a rg e  i n  the  p r o t o t y p e  o f  4 300 m3/ s ,  which 
was assumed to  be a f l o o d  o f  100 -y ea r  re c u r re n c e  i n t e r v a l  ( R . I . ) .  
Acc or d i ng t o  the  author*s c a l c u l a t i o n s  (see c h a p te r  2 .5 )  the 
100 -yea r  peak d i s c h a rg e  i s  o n l y  about  2 800 m3/ s .  A d d i t i o n a l  
f l o o d  e s t im a te s  were thus deemed neces sar y.

No pr e v io u s  work has been c a r r i e d  out  t o  e s t a b l i s h  the  parameters  
(a)  ( H i ) ,  (b )  ( i )  and (b)  ( i i )  above.

1. 4 Aim o f  t h i s  s tud y

The aim o f  t h i s  s tu dy  i s  to  compare the  w a te r  c i r c u l a t i o n  regime 
in  th e  o r i g i n a l  Richards Bay w i t h  t h a t  i n  the  new n a tu re  res er ve  
lagoon w i t h  r e s p e c t  t o  the parameters  l i s t e d  i n  1 .2  above.  Th is  
i s  ac com pl ish ed w i t h  the  a i d  o f  e x i s t i n g  d e t a i l e d  ma them at ica l  
models w h i c h ,  once c a l i b r a t e d ,  can be a p p l i e d  to  systems o f  
d i f f e r e n t  geometry ( i n  o t h e r  words the  ina de qu at e i n f o r m a t i o n  
abo ut  the geometry i s  n o t  taken care o f  mer e ly  by a d j u s t i n g  the  
Chdzy c o e f f i c i e n t ) .  These models are c a l i b t a t e d  on the  ba s is  o f  
rec or ded  data f rom the  o r i g i n a l  system. A f t e r  c a l i b r a t i o n  o f  the 
models ,  both the  o l d  Richa rds  Bay system and the  n a tu re  res erve
are mo del le d f o r  s i m i l a r  boundary c o n d i t i o n s  so as to  a l l o w
d i r e c t  compar ison to  be made between the two w i t h  r e s p e c t  t o  the
parameters  l i s t e d  i n  1 .2 above.



2. CLIMATOLOGY AND HYDROLOGY 0: THE RICHARDS BAY ESTUARY
SYSTEM

2.1 General  d e s c r i p t i o n o f  tha  system

The Richar ds Bay sy. shown i n  f i g u r e  2.1 , i s  d e f i n e d  f o r  the 
purposes o f  t h i s  s t v  e bay i t s e l f ,  the two l a r g e  r i v e r
catchments fe e d in g  rrom the  n o r t h - w e s t  and two m in or  c o as ta l  
catchments fe e d in g  i t  f rom the n o r t h - e a s t  and s o u th - w e s t .  The 
two l a r g e r  catchments are d ra in e d  by the  Umhlatuz i  and N s e z i .

The Nsezi  and the  two minor  r i v e r s  d r a i n i n g  the  co a st a l  
catchments t e r m i n a t e  i n  f r e s h  w a te r  la kes  f ro m which some f l o w  
e n te r s  the  bay by way o f  swamps and gr o u n d w a te r . Top og ra ph ic a l  
f e a t u r e s  o f  the  system are I l l u s t r a t e d  i n  f i g u r e  2 . 2 .

2 .2  Rai n f a l 1

2 .2 .1  Mean annual  r a i n f a l l

Month ly  r a i n f a l l  re co rd s were ab s ta c te d  f r om  the rec or ds  o f  
the  Weather  Bureau , Department  o f  T r a n s p o r t 5, The l o c a t i o n s  o f  
the  r e c o r d i n g  s t a t i o n s  u sed , as w e l l  as mean annual  i s o h y e t s , 
ar e shown i n  f i g u r e  2 .3 .  These is o h y e ts  were drawn'  among 
annual  p r e c i p i t a t i o n  v a lu es  f o r  the s t a t i o n s  i n d i c a t e d .
Mean annual  p r e c i p i t a t i o n  (MAP) decreases f ro m 1 400 mm in  the 
s o u t h - e a s t e r n  c o a s ta l  r e g i o n  to  800 mm in  the n o r t h - c e n t r a l  
r e g io n .

Tab le 2.1 g i v e s  the  n a m e , p o s i t i o n ,  MAP and l e n g t h  o f  r ec or d 
f o r  each s t a t i o n  ( o n l y  s t a t i o n s  w i t h  re a s o n a b ly  lon g reco rds  
were used) .

2 . 2 . 2  R a i n f a l l  re co rd s

O p er at io n o f  the  ma th em at ica l  cat chment  model (see s e c t i o n  2 . 4 )  
r e q u i r e s  as i n p u t  mo nth ly  r a i n f a l l  and mean month ly  e v a p o r a t i o n  
ove r  each catc hment .  R a i n f a l l  h i s t o r i e s  f o r  a l l  r a i n f a l l  s t a t i o n s  
used are  exp ressed as perce nta ges  o f  mean annual  p r e c i p i t a t i o n  
as reco rd ed  a t  each- gauge.  For  each sub -cat ch men t  these  mo nth ly  
pe r c e n ta l  va lu es  f o r  s e l e c t e d  gauges are  averaged o u t  t o  y i e l d  
catchm ent  va l ues  as perce nta ges  o f  cat chment  MAP. The mean annual 
r  ' c i p i t a t i o n  va lue s f o r  each sub -cat ch men t  are taken f rom f i g u r e

For  each catchm ent  mont h ly  r a i n f a l l  r ec or ds  expressed as per centages 
o f  cat chment  MAP ara reprodu ced  i n  t a b l e s  A . 1 to  A . 7 i n  Appe ndix  A. 
The p r e c i p i t a t i o n  rec or ds  have been pre se nt ed  i n  t h i s  form f o r
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Tab le  2,1  : D e t a i l s  o f  r a i n f a l l  s t a t i o n s

No. S t a t i o n La t . Lon* .

i e c o r d -

o f

number name o - o t I

1 303/122 Nkandhla 28 32 31 886 1901 1971
2 303/695 28 35 31 24 809 1899 1971
3 303/833 f-showe 28 53 31 28 1327 1915 1971
4 304/283 Kwayaya 28 43 31 40 745 1921
5 304/487 Lavonl 28 37 31 47 837 1924
6 304/631 P or t  D u rn fo rd 28 51 31 53 1357 1915
7 304/736 Empanftenl 28 46 31 55 1110 1906 1971

304/822 Kulu H a l t 28 43 31 57 1017 1916 1971
9 305/ 37 F a l r v t e w 28 37 32 997 1926 1971

10 305/  43 Enselen i 28 36 31 52 1213 1931 1971
11 305/167 R ic ha rd s Bay 28 47 32 1192 1921 1971
12 305/308 Kwa-Mbonahl -8os 28 38 32 11 1358 1930 1971
13 337/143 Babanango 28 23 31 892 19 28 1971
14 337/628 Nton ja ne n l 28 28 31 21 814 1937 1971

T a b le  2.2  z D e t a i l s  o f  D.W.A.  e v a p o r a t i o n  mea sur ing  s t a t i o n s

S t a t i o n Lons. Mean annual 
Symons nan 
p o t e n t i a l  
e v a o o r a t I o n

s t a t i o n

ooenednumber name 0 -

1 U2F02 Oedara 29 32 30 17 120 4 1952
2 U2E03 Mldmar Dam 29 30 30 12 1362 1964
3 U3603 Chakas Kraal 29 27 31 12 1342 1962
4 U4E01 Sevenoaks 29 13 30 35 1160 * 1965
5 U5E02 D a r n a l1 29 16 31 22 1140 * 196-5

V2E01 28 59 30 22 1190 * 1965
W1E01 M tu n z ln l 28 57 31 46 1200 * 1965
W1E03 Empangenl 28 45 31 57 1340 * 1967

9 411504 Am at lk u lu 29 03 31 32 1270 * 1966
10 W2EG1 Vr yhe ld 27 46 30 47 1466 1952
11 W2E02 R lv e rv le w 28 27 32 17 1240 * 1968
12 W3E01 C h a r t e r ' s  Creek 28 12 32 25 1416 1950
13 W3E02 L i s t e r ' s  P o in t 27 58 32 23 1548 1964
14 W3E03 Hluhluwe Dam 28 07 32 11 1705 1963

No te : *  Denotes t h a t  Symons pan va lu e s  have been c a l c u l a t e ' !
by means o f  e q u a t i o n  2 ,1 .
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th e reasons s t a t e d  be low:

(1 )  I n d i v i d u a l  r a i n  gauge rec ords  are too  le n g t h y  to  rep roduce
(2 )  Average p r e c i p i t a t i o n  va lues f o r  each catchment  are  more 

e a s i l y  v i s u a l i s e d  th an i s o l a t e d  p o i n t  va lues
(3 )  The math em at i ca l  catchment  model r e q u i r e s  a r e a l l y  averaged 

m ont h ly  r a i n f a l l  r e c o rd s .

2 . 3  Symons pan e va p o ra t i o n

Lo ca t io n s o f  the  r e l e v a n t  Symons and Class A e v a p o r a t i o n  pans 

o f  the  Depar tment  o f  Water  A f f a i r s 6 are  shown i n  f i g u r e  2 . 4 .  Data 
p e r t a i n i n g  to  each s t a t i o n  are shown i n  t a b l e  2 . 2 .  Most o f  the 
s t a t i o n s  used have on ly  • '» ss  A pan d a ta .  These c la s s  A pan 
va l ues  were co n v e r te d  t o  t -• i v e l e n t  Symons pan va lues  by the 
e q u a t i o n :

Es = 0,625 Ea + 280 mm ...........................   ( 2 . 1 )

where Es *  annual Symons pan e v a p o r a t i o n  (mm)
Ea -  annual c l a s s  A e v a p o r a t io n  (mm)

Equa t io n 2.1 was developed by Lund7 .

Because o f  the  low d e n s i t y  o f  measur ing s t a t i o n s  i t  was not  

p o s s i b l e  t o  draw r e a l i s t i c  i s o l i n e s  o f  mean annual  e v a p o r a t i o n .
I t  was t h e r e f o r e  dec ided t o  use the  m on th ly  e v a p o r a t i o n  maps 
produced by Pi tm a n 8. I t  i s  e v i d e n t  f rom thes e maps t h a t  the 
e v a p o r a t i o n  i s  r e l a t i v l y  c o n s ta n t  ov er  the e n t i r e  s tu d y  are a.
Mean mo nth ly  e va p o ra t i o n  va l ues  were a b s t r a c t e d  and are l i s t e d  
i n  ta b le  2 .3 .

Table 2.3  : Average m ont h l y  p o t e n t i a l  e v a p o r a t i o n  as measured 
by Symons pan

Month Uan Fob Mar A p r  May dun J u l  Aur Aep ( let  Mov hoc

Ev ap or at io n 150 135 130 95 82 65 70 95 110 130 140 155

Annual  t o t a l  = 1357 nm
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2 .4  R i v e r  r u n o f f

2 .4 .1  Measured r u n o f f

L o c at io ns  o f  the Depar tment  o f  Water A f f a i r s  (D .W.A.)  r i v e r  f l o w  
ga uging s t a t i o n s 9 are l i s t e d  i n  f i g u r e  2 . 1 .  D e t a i l s  o f  the 
gauging s t a t i o n s  used are l i s t e d  i n  t a b l e  2 .4 .

Table  2.4 : D e t a i l s  o f  D.W.A. r u n o f f  gaugin g s t a t i o n s  used

Scot Ion R iv er Catchment

eas t
o f

No, km* o , o - ( y e a rs )

W1M01 Umhlatuzl m s wel r 26 46 31 29 1921-39

W1M09 2293 28 45 31 45 1962-70

Measured m ont h ly  f l o w s  a t  the  two gauges are shown in  t a b l e s  2.5 
and 2 . 6 .  These data were a b s t r a c t e d  f ro m the  D.W.A. re c o rd s  and 

f rom re fe r e n c e  9.

For  months where the  gauge c a p a c i t i e s  were exceeded, o r  where
da ta were m i s s i n g ,  t h e  r u n o f f  volumes were es t i m a te d  by

c o r r e l a t i o n  w i t h  cat chment  r a i n f a l l  u s in g  th e  math em at i ca l  
catchment  model i n  an i t e r a t i v e  c a l i b r a t i o n  p r oc es s.  Und er l i ne d 
va l ues  i n  the  t a b l e s  are e s t im a t e s .

2 . 4 . 2  R u n o f f  m o d e l l i n g

For  h y d r o l o g i c a l  s i m u l a t i o n  o f  the  e s t u a r y  system to  be m ean ing fu l
I t  sho ul d extend ov er  a p e r i o d  o f  about  50 y e a r s .  The record ed

st re a m f lo w  d a ta ,  l i s t e d  i n  t a b !  ,s 2 .5  and 2.6  are thus c l e a r l y  
i na deq uat e as i n p u t  to  the model as the y  are  to o  s h o r t .  In 
a d d i t i o n ,  the  gauges are In c ap ab le  o f  m o n i t o r i n g  h ig h  d i s c h a rg e s .  

I t  was thus nec essary t o  use « math em at i ca l  catchment  model to  
s y n th e s i z e  r u n o f f  va l ues  f ro m m ont h ly  r a i n f a l l  and p o t e n t i a l  
e v a p o r a t i o n  r e c o r d s .  Average month ly  r a i n f a l l  da ta  f o r  each 
cat chment  are a v a i l a b l e  f rom 1921 to  1971 { t a b l e s  A . l  to  A . 7 in  
Appendix  A) and average m on th ly  p o t e n t i a l  e va p o ra t i o n  va l ues  
appear i n  t a b l e  2 .3 .

(a )  The catchment  model and i t s  c a l i b r a t i o n

A c on c i se d e s c r i p t i o n  o f  the math em at i ca l  catchment  model i s  to 
be found  i n  Appendix  B. S u f f i c e  i t  t o  say here t h a t  th e  model 
sy n th e s i z e s  mont h l y  r u n o f f  us in g m on th ly  r a i n f a l l  and p o t e n t i a l  
e v a p o ra t i o n  data and t h a t  the key to  i t s  a p p l i c a t i o n  l i e s  in  
e v a l u a t i n g  the tw el ve model p a ra m e te rs . These parameters  are
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f u n c t i o n s  o f  the  g e o lo g y ,  top o g ra p h y,  s o i l  and ve g e ta l  cove r  and 
the  degree o f  a g r i c u l t u r a l  and i n d u s t r i a l  development  w i t h i n  the 
catch ment .  C a l i b r a t i o n  can be f a c i l i t a t e d  by assuming i n i t i a l  
va lues based on P i t m a n 's  r e g i o n a l  para met ers .

The model is  then run f o r  the  p e r i o d  f o r  which r u n o f f  r ec ord s 
are a v a i l a b l e  and the s y n th e s i z e d  r u n o f f  compared w i t h  the 
measured r u n o f f .  The model parameters  are n e x t  a d ju s te d  u n t i l  
an " a c c e p ta b le  f i t "  between model and p r o t o t y p e  f l o w s  i s  
a t t a i n e d .  Wi th  the new parameters  the model can then be used to 
ex ten d the  r u n o f f  r e c o rd  t o  co ve r  the p e r i o d  o f  a v a i l a b l e  
r a i n f a l l  r e c o r d .  The same parameters  can be used to  s im u la te  
r u n o f f  r ec ord s f rom a d j o i n i n c  ungauged ca tc hm en ts ,  p ro v id e d  the 
g e o lo g y ,  to pog rap hy and o t h e r  p e r t i n a n t  catchment  fe a t u r e s  are 
s i m i l a r .

In t h i s  s tud y the s im u la t e d  r u n c , , s  sre r e q u i r e d  p r i m a r i l y  f o r  
p r e d i c t i o n  o f  the  f u t u r e  b e h a v io u r  i f  the  Ri chards Bay e s tu a ry  
system. For thes e c o n d i t i o n s  an "a c c e p ta b le  f i t "  sho uld  be based 
upon the  f o l l o w i n g  c h a r a c te r i s e  ;cs  o f  model and p r o t o t y p e  r u n o f f  

r e c o r d s :

(1)  Mean annual  r u n o f f  (m3x 10s )

= MAR *  1  V  T.  ............................................................................. ( 2 . 2 )
n i  = 1 1

where n *  number o f  yea rs  (October  to  September)
T.j = t o t a l  r u n o f f  f o r  yea r  1 (m3x 10*)

( 2 ) Mean lo g  annual r u n o f f

■ MARL = 1 2 lo g  (T. .)   ..........................- ............................., ( 2 . 3 )

where l o g  has the base 10.

(3)  Standard d e v i a t i o n  o f  the  log of annual  r u n o f f

: (logT,)' T,)
1=1 1 "  1=1 . ( 2 . 4 )

' ( 4 )  Annual d i s t r i b u t i o n  o f  f lo w  ( i . e .  the  mean Octob er ,  
November .........  September  f lo w s  -  msx 10s ) .



Table 2.5 Recorded r u n o f f  a t  gauge W1H01

Recorded r u n o f f  a t  gauge W1M09

Table 2.7  z Sy n th es iz ed r u n o f f  a t  gauge W1M01
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Assuming t h a t  annual  r u n o f f  f o l l o w s  a log- n o rm a l  d i s t r i b u t i o n ,  
i tems  (2)  and (3) above se rv e  to  compare th e  d i s t r i b u t i o n  o f  the  
model w i t h  t h a t  o f  t h e  n a t u r a l  syste m. I n . o r d e r  to  len d meaning to 
the s ta n d a rd  d e v i a t i o n  o f  the log o f  annual r u n o f f ,  the  range o f  
t h i s  q u a n t i t y  can be c a l c u l a t e d  as f o l l o w s :

Tmax = a n t i ! o g 10 (MARL + SL) (msx 108)  ( 2 .5 )

Tmin = a n t i l o g 10 (MARL -  SL) (msx TO') .........................( 2 .6 )

where Tmax and T  ̂ d e f i n e  the upper  and lo w e r  l i m i t s  o f  the 

range w i t h i n  which t w o - t h i r d s  o f  the  annual  r u n o f f  t o t a l s  cov ld  
be expe cted  to  l i e  i f  the  va l ues  were n o r m a l l y  d i s t r i b u t e d .

The l o g  o f  annual r u n o f f  can a l s o  be exp ressed in  p h y s i c a l  
terms by:

T= a n t i l o g 10(MARl) (max 10 *)   ( 2 . 7 )

The two sub-c atc hme nts  used f o r  model c a l i b r a t i o n  are both 
d r a in e d  by the  llmhl a t u z i , v i z .  W1M01 and W1M09.

Gauge W1M01 was in  o p e r a t i o n  f rom 1921 to  1939 d u r i n g  which 
p e r io d  i t s  catc hm ent  remained p r a c t i c a l l y  undeveloped w i t h  
r e s p e c t  t o  a g r i c u l t u r e  and u r b a n i z a t i o n .  Records f o r  gauge 
W1M09 are a v a i l a b l e  f ro m 1962 to  1970.  I t  sho uld  be note d t h a t  
c o n s id e r a b le  a g r i c u l t u r a l  development  has s in c e  taken p la c e  in  
t h i s  ca tchment  and d u r i n g  t h e  p e r i o d  In  q u e s t i o n  a p p ro x im a te l y
7 600 ha*  o f  1 i.nd was under  i r r i g a t e d  sugar  cane . In o r d e r  to  
ac cou nt  f o r  i r r i g a t i o n  l os se s the  n e t  m ont h ly  Symons pan 
e va p o ra t i o n  f rom  an area o f  7 600 ha was deducted f ro m the 
sy n th e s iz e d  m ont h l y  r u n o f f s . The assumpt ion here i s  t h a t  a l l  o f  
the lan d i s  c o n t i n u a l l y  i r r i g a t e d .

Table 2.9 l i s t s  the  sub-ca tchme nts used to  c a l i b r a t e  the  model 
and i n d i c a t e s  the f i t  o b ta in e d  between the model and the  n a t u r a l  

system w i t h  re s p e c t  t o  i tems (1)  to  (3 )  l i s t e d  above . The two 
c a l i b r a t i o n  s i m u l a t i o n s  are  g iven  ; n t a b l e s  2.7  and 2 . 8 ,  I tem ( 4 ) ,  
th e  annual d i s t r i b u t i o n  o f  f l o w  f o r  model and n a t u r a l  sys tem, is  
shown i n  f i g u r e  2 .5 .

*  A d e t a i l e d  e x p l a n a t i o n  o f  how t h i s  f i g u r e  was reached i s  
pres ent ed i n  Appendix C.
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Table 2 ._9_ : Catchm ent model c a l ib r a t io n  re s u lts

T 10*

Ant I log Range o f  standard dev iation 
o f lag annua^ runoff

record catchment natura l
system

model natura l
system

mode, natura l
system

mode,

Tmln w Tmln Tmax

W1M01 1921-39 Virgin 180 13 62

W1M09 1962-70 developed 148 74 269 76

Table  2.1 0 : Source data used to  sy n th e s i z e  r u n o f f s  f r om  catchments

■nrHpl nara-netsrs

Umhtatuzl r iv e r

section 2(a)
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The model parameters  used f o r  the  c a l i b r a t i o n  s i m u l a t i o n s  are 
shown in  t a b l e  B.2 o f  Appendix  B. I t  w i l l  be n o t i c e d  t h a t  i d e n t i c a l  

param eter s  were used f o r  gauges M1M01 and W1M09.

The model parameters  f o r  the two smal l  c o a s ta l  catchments to  the 
n o r t h - e a s t  and so u th -w e s t  o f  the bay,  which are  ex t re m e ly  f l a t  
and sandy,  were chosen so as to  cause the r u n o f f  to  appear  m os t ly  

n r o un d- w at er  seepage. The model parameters  adopted are 
ic i e . i t l c a l  to  those used by Hu tch i son  and Pi tm an 7 f o r  s i m i l a r  St .
LU"." ' ,.ake catc hme nts .  In the  absence o f  q u a n t i t a t i v e  measurements 

u ' a t i o n  was no t  p o s s i b l e  b u t  the mean annual  r u n o f f s  f rom 
t h \.* y j a tc hm ent s were checked a g a in s t  the r a i n f a l l - r u n o f f  
r e l a t i o n s h i p s  prese nte d i n  re fe re n c e  10 and the r e s u l t i n g  
compar isons are  g i ven  i n  t a b l e  2 .1 7 .

( b ) Syn t h e t i c  r u n o f f  f rom the  undeveloped catchments

Using the model parameters  r e f e r r e d  to  in  (a )  above,  extended
m o n th ly  r u n o f f s  were s y n th e s i z e d  f o r  the f o l l o w i n g  catchm ents:

(1 )  Umhlatuz i  catchment  ( e x c l u d i n g  t h a t  p a r t  o f  the  catchment  
dr a in e d  by the N s e z i )

' l a )  Umhlatuz i  catchment  commanded by gauge W1M01 

( l b )  Umhlatuz i  catchment  e x c lu d in g  thos e p o r t i o n s  commanded by 
gauge W3M01 and d ra in e d  by th e  Nsezi  r i v e r .

(2)  Nsez i catchment  ( t o  co n f l u e n c e  w i t h  the  U m h la tu z i )

(3 )  N o r t h - e a s t e r n  c o a s ta l  cat chment  fe e d in g  i n t o  the  e s tu a ry  
v i a  th e  Mzingaz i  and gr oun dw ate r  f lo w

(4 )  Sou th -w es te rn  c o a s ta l  catchment  f e e d in g  d i r e c t l y  i n t o  the 
bay v ia  i n t e r f l o w  and gr ou ndw a te r  seepage.

Ta bl e 2.10 i n d i c a t e s  source data p e r t a i n i n g  to  the  s y n t h e s i z a t i o n  
process f o r  each o f  the  catchments l i s t e d  above.

The r e s u l t i n g  s y n t h e t i c  m ont h ly  f lo w s  f o r  the  f o u r  t o t a "  catchments 
i n  undeveloped c o n d i t i o n  are p r es en te d i n  t a b l e s  2.11 t o  2 .1 4 ,  
w h i l e  those f o r  the Umhla tuz i  s u b -c at ch m en t ;  upst ream and 
downstream o f  gauge WtMQl are  l i s t e d  i n  t a b l e s  2.16 and 2 .1 6.

The MAR’ s f o r  the undeveloped catchments a r r i v e d  a t  by t h i s  
proce ss  are compared i n  t a b l e  2 .17 w i t h  those shown i n  HRU 
r e p o r t  No, 2 /69 16.



Tab le 2.17 : Compar ison o f  mean annual  r u n o f f s  f rom undeveloped
catchments

catchment MAR 3X 10s

No. nanrn t h i s  sudy HRU 2/69

1 t l n h l a t i i z i  ( e x c lu d in g Msez l ) 358 3U4
? Msezl  ( t o  co n f l t m n c a w i t h  U m h la tu z i ) 126 131

catchment 55 05
S o ut h- w es te rn  c o a s ta l catchment 33 37

Tot a l 572 577

( c ) M o d e l l i n g  i f  w a te r  usage to  s im u la te  1970 c o n d i t io n s  

The -, t i ly change o f  s i g n i f i c a n c e  to  b« accounted f o r  is  t h a t  
r e s u l t i n g  f r om  a b s t r a c t i o n  o f  wa te r  f o r  i r r i g a t i o n .  For 
c o n d i t i o n s  p r e v a i l i n g  i n  1970 the  es t i m a te d  areas o f  land 
under  suga r  i n  the  Umh latuz i  and Nsezi catchments were 
r e s p e c t i v e l y  12 300 and 11 100 h a * .  To s im u la t e  the c o n d i t i o n s  

p r e v a i l i n g  a t  t h a t  t im e f l o w s  c o r r es po nd in g to  ne t  e va p o ra t i o n  
f rom the lan d under  c u l t i v a t i o n  in  each catchment  were deducted 
f rom the s im u la t e d  m ont h ly  r u n o f f s  f o r  undeveloped ca tc h m e n ts . 
The r e s u l t i n g  m ont h ly  f l o w s  are l i s t e d  i n  t a b l e s  2.18 and 2.19 .

The m on th ly  f l o w s  f rom the two c o a s ta l  catchments were assumed
t o  be u n a l t e r e d  f r o m  th e  v i r g i n  c o n d i t i o n s  ( i . e .  as i n  t a b le s  
2.13 and 2.14 i n  (b )  ab o v e ) .

( d ) M o d e l l i n g  o f  w a te r  usage to  s i m u la t e  ye a r  1990 
condi  t i  ons

The major  developments t h a t  have to  be accounted f o r  w i t h i n  the 
catchments are:

{1 )  Inc rea sed  a b s t r a c t i o n  o f  w a te r  f o r  su ga r  cane i r r i g a t i o n

(2 )  The c o n s t r u c t i o n  o f  a s to ra g e  dam11 on the  Umhlatuz i

(3)  A b s t r a c t i o n s  f r o m  the  Umhlatuz i  a t  i t s  mouth and f rom the
t h re e  c o a s ta l  lake s f o r  i n d u s t r i a l  and urban usage in  the
Richards bay area .

These w a te r  usages are summar ized In  t a b l e  2 .2 0. '

*  see Appendix  C.
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Tab le 2.2 0 : E s t im at ed  wi' t e r  demands as a t  1990

catch ment source

U mh lat uz! -  
downstream 
o f  smuqe 
W1M01 * Nkwaleni  s e t t l e m e n t  G 509 ha 

Ntamhanana v a l l e y  * *  5 201) ha 
Bantu res er ve  2 000 ha 
Ntamhanana v a l l e y  2 900 ha

urban and i n d u s t r i a l

R ic ha rd s  bay 0.77 x 10* m /month 
"  11 7.93 x 10 m /month

M fu le  * * *  

c o a s ta l  lakes

U m hl at uz l -

o f  sause 
W1M01 * sug ar  cane ROO ha* U mh lat uz1

Nsez t

suga r  cane 14 100 ha* Nsezl

Gauge W1M01 i s  l o c a t e d  a t  the  s i t e  o f  the  proposed dam.

* *  I t  i s  proposed t o  su p p l y  t h i s  area f rom dam s to rag e o n l y  
when d i r e c t  pumping f rom the  M fu le  proves i n a d e q u a te .

* * *  The M fu le  is  a t r i b u t a r y  o f  the  U m h la t u z l .

+ These e s t i m a te s  are based on r e s u l t s  from Appendix C. 

A ccor d i ng  to  re fe re n c e  11 minimum w a te r  re qu i r e m e n ts  f o r  the 
Nkwalen i  S e t t l e m e n t  and the  Nat ure Reserve have been s e t  a t  
108 000 ma/d  (3 ,2 9 x  10s ma/mont h)  w h i l e  thos e f o r  the 
Ntambonana v a l l e y  have been s e t  a t  65 00 m3/d  (1 , 98  x 10Gms/ 
m o n th ) .

From t a b l e  2.20 i t  may be noted t h a t  t o  s a t i s f y  a h i g h l y  r e l i a b l e  
c o n t i nuo us  demand o f  7 ,93 x 10* m3 p e r  month the  t h r e e  c o as ta l  
la kes  are needed. As the t o t a l  s u r f a c e  area o f  thes e th re e  lake s 
i s  abou t  2 010 h a ,  i t  f o l l o w s  t h a t  a b s t r a c t i o n  o f  7 ,9 3 x 10* m8 
pe r  month f o r  any thr e e -m o n th  p e r i o d  d u r i n g  which t h e r e  is  
n e g l i g i b l e  r u n o f f  i n t o  the  la kes  w i l l  cause the w a te r  l e v e l  to  
drop by 1,2  m e t re s . As such a lo w e r i n g  o f  the w a te r  l e v e l  m ig ht  
be damaging both to  t h e  l o c a l  ec o lo gy and to  r e c r e a t i o n a l  
f a c i l i t i e s ,  i t  was dec ide d to  assume t h a t  the  la k e  l e v e l s  w i l l  
be m a in ta in e d  a t  a c o n s t a n t  l e v e l , i . e .  d u r i n g  any one month 
a b s t r a c t i o n  f rom the lake s may no t  exceed th e  r u n o f f  i n t o  the 

lak es  f o r  t h a t  month. I t  was assumed t h a t  any s h o r t f a l l  i n  sup pl y



as sur ed I r r i g a t i o n  a t t o c a t t o n -

o

maximum su p p ly  » n e t  e v a p o r a t l o

10 m /month 

r i v e r  channel  

wa te r  t r a n s p o r t

a g r i c u l t u r a l  consumpt ion

urban and I n d u s t r i a l  consu mpt lo

la k e  s to rag e

FIGURE 2 ,6





catchment  No. 3



w ould be made good from  the  U m hla tuz i dam.

O p e ra t in g  r u l e  f o r  the  dam

To model w a te r  usage f o r  1990 c o n d i t i o n s  i t  was nec ess ary  to  
a:., ume an o p e r a t i n g  r u l e  f o r  the  proposed dam11 on the 
U m h l a t u z i . The proposed c a p a c i t y  i s  295 x 10* m3. From t a b l e  2 .1 5 ,
i t  i s  e v i d e n t  t h a t  the MAR o f  the catchment  commanded by the dam
i s  168 x 106 tna . The d r a f t  t h a t  sho uld be su s ta in e d  by the 
r e s e r v o i r  a t  a h igh degree o f  assurance i s  6 ,0 4 *  x I D 6 nt3 { i . e .  
43% MAR). From the  d r a f t - s t o r a g e - f r e q u e n c y  r e l a t i o n s h i p  f o r  the 
r e l e v a n t  re g io n  in  Appendix  E o f  r e fe re n c e  10,  i n  o r d e r  to 
s u s t a i n  a d r a f t  o f  43% MAR in  the fac e o f  a d rou gh t  o f  RI 100
ye a rs  the s to ra g e  must e. 'ceed 23% MAR, i . e .  40 x 10s ma . Thus f o r
the  purposes o f  s i m u l a t i o n  i t  was assumed t h a t  whenever  the 
s to ra g e  dropped below 40 x 10V , the  m ont h l y  I r r i g a t i o n  s u p p l i e s  
t o  t h e  Kkwalen i  S e t t le m e n t  and the  Ntombonana V a l l e y  were 
r e s t r i c t e d  to  3 ,2 9 and 1 ,98 x 106tn3 r e s p e c t i v e l y .

A ma th em at ica l  model was s e t  up t o  s i m u la t e  the  w a te r  usage 
a p p r o p r i a t e  t o  1990 c o n d i t i o n s  as de s c r ib e d  above . A sym bol ic  
r e p r e s e n t a t i o n  o f  the mode l led c o n d i t i o n s  i s  g i ven  i n  f i g u r e  
2 . 6 .  O ut pu t  f rom the  model take s the  form o f  m ont h ly  r u n o f f s  
f r om  the  f o u r  catchments i n t o  the Ri chards Bay e s t u a r y . These 
r u n o f f s  are l i s t e d  i n  t a b l e s  2.21 to  2 .2 4.

(e)  Compar ison o f  v i r g i n ,  1970 and 1990 r u n o f f s  

A compar ison o f  the  mean annual  r u n o f f s  f o r  und eve loped ,  p res en t  
day and p r o j e c t e d  1990 c o n d i t i o n s  i s  g ive n i n  t a b l e s  Z 25 and 
2 .2 6.

The f i g u r e  o f  6 ,04

Richar ds  Bay and Eshowe urban and 
i n d u s t r i a l  demand

Minimum I r r i g a t i o n  re q u i r e m e n t  f o r  
Ntombonana v a l l e y  
Minimum i r r i g a t i o n  re q u i r e m e n t  f o r  
Nkwalen i  S e t t le m e n t  and Bantu Reserve

108m3per  month i s  broken down as f o l l o w s :  

0 ,77 x 1 0 6m3/fecmth

1 ,98 

3,29

6, 04  x 106m3/month
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Table 2.2R : Summary o f  mean annual r u n o f f  va lues

catchment t Ime p e r i o d

No. name undev s loped 1970 1990

nf x l O * mm m'xiO® mm m3*  10s mm

1 Umhtatuzl 358 128 301 107 220 78

2 Nse-il 126 150 94 112 82 **

3
c o i i s t a f

55 278 55 278 29 146

If so u th -w e s t
c o a s ta l

33 326 33 326 7 69

Table 2.26 : Summary o f  appr ox im ate  median annual  r u n o f f s

catchment t i m e  n a r l o d

No. Name tmdevF loped 1970

m3> 106 mm m3*106 mm n f x lO 6 mm

1 l lm hl at uz i 284 101 203 72 77 27

2 91 108 35 42 8 10

3 n o r t h - e a s t
c o a s ta l

43 218 43 218 1 5

4 sou th -w e s t
co a s ta l

25 248 25 248 0 0



2,5 F lood  d i sc ha rge s f rom the catchments fe e d in g  

Richards Bay

2 .5 .1  Design f l o o d  c r i t e r i a

Al t h o u g h ,  s t r i c t l y  sp e a k in g ,  the  catchment  i s  n o t  o f  
s u f f i c i e n t  s i z e  (4 000 km2 ) to  be c l a s s i f i e d  as a " l a r g e  
ca tc h m e n t" * ,  t h e r e  i s  no hard and f a s t  r u l e .  On the o t h e r  hand 
the f l o o d  response o f  the  Richar ds Bay e s tu a r y  system could 
n o t  be t r e a t e d  as an i n t e r m e d i a t e - s i z e d  cat chment  as more than 
one sub -cat ch ment  i s  i n v o l v e d ,  each w i t h  a d i f f e r e n t  response 

t i m e .  Thus m ean ing fu l  f l o o d  responses can be o b ta in e d  o n l y  by 
d e s ig n in g  f o r  a s i n g l e  s torm  p a t t e r n  o v e r  the e n t i r e  catc hme nt .
I t  would be i l l o g i c a l  to  use the  most severe s to rm  p a t t e r n  f o r  
each sub -catc hm ent  in d e p e n d e n t l y  and then combine thes e to 
o b ta in  des ign  f l o o d  d is ch ar ge s i n t o  the  Bay system.

2 . 5 . 2  Sub-c atc hm ent  lags

From a compar ison o f  f i g u r e  2.7  w i t h  f i g u r e  F . l  i n  HRU Repor t  
No. 1 / 7 2 12, i t  may be observed t h a t  a lm o s t  the e n t i r e  catchment  
area f a l l s  w i t h i n  Veld Zone 8.  For  each o f  the s u b -c a tc h m e n ts , 
the  p r o f i l e  o f  the  main d ra i nag e l i n e  was p l o t t e d  and the  
average s lope l i n e  drawn as shown i n  f i g u r e  2 . 8 .  The l e n g th s  o f  

the main w a te rco ur se and d i s t a n c e  f rom catchment  o u t l e t  to  c en t r e  
o f  area o f  catc hm ent ,  L and Lc r e s p e c t i v e l y ,  were measured f rom 
1 :250 000 r e l i e f  maps. From th es e va lues the Catchme.i t In d e x ,

L.Lc
/s’

was c a l c u l a t e d  and the  catchment  l a g ,  T1 , the n e s t im a te d  f o r  each 
sub -c at ch men t  by r e f e r r i n g  t o  f i g u r e  F.2  o f  HRU r e p o r t  No. 1 /7 2.  
The r e l e v a n t  parameters  are l i s t e d  in  t a b l e  2 .2 7.

2 . 5 . 3  Design s torm

In o r d e r  t o  e s t im a te  the  ext reme f l o o d  c o n d i t i o n s  r e a l i s t i c a l l y ,  
a s i n g l e  s torm must  be sy n th e s i z e d  f o r  the  e n t i r e  ca tchm ent .  As 
t h e  c r i t i c a l  s to rm  d u r a t i o n  was unknown, the 2 - ,  4 - ,  8 - ,  1 2 - ,  18- 
and 2 4- ho ur  s torms were s y n th e s i z e d .

*  HRU Repor t  No. i / 7 2 12 de s c r ib e s  a " l a r g e  catchm ent"  as be ing 

g r e a t e r  than 5000 km2 i n  area.
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g r
—  Storm region boundaries
—  Catchment boundaries

—  isohyets

(D 350 mm isohyet / "

13(500-1000)

17(500 -1000)
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Scale 1:1 500 000

FIG. 2 .7 :
Catchment boundaries with superimposed isohyets 
of the maximum observed storm for storm 
region No. 13 of HRU Report No. 1/72
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Table 2.2 7 : Parameters  used i n  c a l c u l a t i o n  o f  catchment  
i n d i c e s  and lags

sub -catchment area L l.c S catchment 1ag,T

No. d e s c r i p t i o n km” km km hours

l a Umhlat i iZ i above 
gauge W1M01

00 1*6 0.0120 1*1 500 0

lb U n h ln t u z 1 be low  
gauge W1M01

1561 120 66 0.001*1* 110 000 13

1 t o t a l  Umhlatuz i 2607 188 06 0.001*3 275 000 18

?. Nsexl 81*1 75 30 0.0020 1*1 700 0

3 n o r t h - e a s t e r n
c o a s ta l

107 25 10 0.0011 7 530 5

1) so u th -w e s te rn
c o a s ta l

101 18 8 0.0011 l* 31*0 1*

Table 2 .28 : Areas enc lose d by is o h y e ts  o f  maximum observed 
6-d ay  s tor m (km*)

Isoh ye t s to rm  r e g in n 13(1000+) s to rm  reg i on 13(500-1000)

No. mm catchment t o t a l catchment t o t a l

enc lo sed e n d  osed enclosed e n d  nsed

1 .350 615 880 , _
? 300 006 3 360 1 427 2 360
3 250 1 120 5 180 2 740 8 550
4 200 1 120 6 220 2 780 11 400



(a)  2 4 -h our  d u r a t i o n  s torm

By compar ing f i g u r e  2.7  w i t h  f i g u r e  D . l  o f  HRU r e p o r t  No. 1/72 
i t  i s  seen t h a t  the catchment  l i e s  w i t h i n  the  bo und ar ies o f  s torm 
r e g io n  13. The 1sohye ts  o f  the  maximum observed s t o r m ’f o r  s torm 
r e g io n  13 are shown i n  f i g u r e  2 . 7 * .  For  the  sake o f  convenience 
these is o h y e ts  have been numbered f ro m 1 to  4 as i n d i c a t e d  in  
t a b l e  2 .2 8.

The t o t a l  areas enc lo sed by each des ign s t or m  i s o h y e t  w i t h i n  
each s torm  r e g io n  are l i s t e d  i n  t a b l e  2 .28 a l on g  w i t h  the 
co r re s p o n d in g  areas embraced by i s o h y e t  and catchment  b o u n d a r ie s . 

Us ing the t o t a l  area enc lo sed  by each i s o h y e t  co n ta in e d  in 
ta b l e  2 .28 a lo ng  w i t h  the maximum d e p t h - a r e a - d u r a t i o n  curves 

pres en te d i n  f i g u r e s  D.20 and D.21 o f  HRU r e p o r t  No. 1 /7 2 ,  the 
co r re s p o n d in g  maximum one-day d u r a t i o n  r a i n f a l l  va lues  were 
o b ta in e d  f o r  each i s o h y e t  i n  each o f  the  two s t or m  r e g io n s .  The 
i s o h y e t a l  p r e c i p i t a t i o n  va l ues  f o r  s torms o f  v a r io u s  r e cu rr en ce 
i n t e r v a l s  were i n t e r p o l a t e d  f rom the c o r r es po nd in g d e p th -a re a -  
d u r a t i o n - f r e q u e n c y  c u rv e s .  The one-day d u r a t i o n  is o h y e t a l  va lues 
f o r  t h e  two s tnr m re g io n s  are pre sen ted  i n  t a b l e  2 .29 .

The va lues u n d e r l i n e d  are thos e adopted to  c o n s t r u c t  the  des ign 
s t or m  i n p u t s .  From f i g u r e  2 .7  and t a b l e  2 .28 i t  Is  seen t h a t  f o r  
i s o h y e t s  2,  3 and 4 s torm  r e g io n  13(500-1000)  do m ina tes ,  w h i l e  
the  area enc lo sed  by i s o h y e t  number 1 f a l l s  e n t i r e l y  w i t h i n  
s to rm  re g io n  13(1000+) .

The p r o p o r t i o n s  o f  each catchment  embraced by the i s o h y e ts  were 
o b ta in e d  by p l a n i m e t r y  and are  shown i n  ta b l e  2 ,3 0.

These p r o p o r t i o n s , a p p l l e d  to  the adopted 24 -ho ur  d u r a t i o n  r a i n f a l l  
va l ues  f o r  each i s o h y e t  c o n ta in ed  i n . t a b l e  2 . 2 9 , y i e l d e d  the 
average sub- catc hme nt  p r e c i p i t a t i o n  va lue s f o r  v a r io u s  r e cur ren ce 
i n t e r v a l s  o f  the 24 -ho ur  s to rm .  The r e s u l t i n g  v a lu e s ,  expressed 
i n  m i l l i m e t r e s  and as p r o p o r t i o n s  o f  t o t a l  catchment  average 
p r e c i p i t a t i o n ,  are l i s t e d  i n  ta b le  2 .31 .

The r a i n f a l l  va lues f o r  the t o t a l  cat chment  were used in  
c o n j u n c t i o n  w i t h  f i g u r e  6.2 o f  HRU r e p o r t  No, 1 /72 to  i n t e r p o l a t e  
th e percen tage  r u n o f f  f o r  each o f  the  re c u r re n c e  i n t e r v a l s  l i s t e d .  
For  th e  pro ba bl e maximum ev en t  the maximum r u n o f f  e f f i c i e n c y  was

*  These were o b ta in e d  f rom f i g u r e s  D.20 and D.21 o f  HRU r e p o r t  
No. 1 /7 2.
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Ta b le  2.29 ; I s o b y e ta l  p r e c l p l t a t t o n  va l ues  f o r  2k -hour

d u r a t i o n  s torms o f  v a r i o u s  re c u rr e n c e  I n t e r v a l s

re c u r re n c e
I n t e r v a l

Is o h ye t number

1 3 4

5 13(1000+)
13(500-1000)

120 90
75

75
55

70
45

10 13(1000+)
13(500-1000)

155 120
100 75

95

20 13(1000+)
13(500-1000)

190 150
125

135
95

130
a s

50 13(1000+)
13(500-1000)

235 195
150

175
115

170
100

100 15(1000+)
13(500-1000)

265 225
165 130

200
120

pro ba bl e
rraxlmum

13(1000+)
13(500 -100 0)

320
270

270
220 210

Ta b le  2.30 : P r o p o r t i o n s  o f  sub-cat chm ent  area repr es ent ed  

by each I s oh ye t

sub -catchment Iso hy et number

No, name 2 3 4

1 t o t a l  Umhlatuz l  e x c lu d in g  
NsezI  catchment

0.228 0.474 0.286 0.012

la Umhlatuzl  catchment  
above gauge W1M01

0.200 0.470 0.300 0.039

lb Umhlatuz l  catchment  
be low gauae W1M09

0.242 0.477 0.281 Ct.OOO

2 Nsezl  catchment 0.554 0.392 0.054 0.000

3 n o r t h - e a s t e r n  c o a s ta l  
catchment

1.000 0.000 0.000 0.000

4 s o u th -w e s te rn  c o a s ta l  
catchment

1.000 0.000 0.000 0.000

t o t a l  catchment 0.367 0.415 0.209 0.009
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Table 2.32 : Storm r a i n f a l l ,  l o s s  and r u n o f f  f o r  v a r io u s  s torm 
d u r a t i o n s  f o r  the  t o t a l  cat chment  (mm)

r e cu r ren ce
I n t e r v a l

s t o rm  d u r a t I o n 2 4 12 18 24

p r o p o r t i o n  o f  
2 4 -h ou r  s tor m

0.69 0.76 0.84 0.90 0.96 1.00

59 66 73 78 83 87
l o s s 51 56 61 65 69 72
r u n o f f 8 10 12 13 14 15

r a l n f a l 1 78 87 SB 103 110 115
l o s - 64 72 78 83 87 90
r u n o f f 14 15 18 20 23 25

20 r a i n f a l l 97 109 120 128 136 142
79 87 93 98 104 108

r u n o f f 18 22 27 30 32 34

SO ra I n fa  11 118 132 146 556 166 173
94 103 111 117 123 126

r u n o f f 24 29 35 39 43 47

100 r a I n f a l 1 133 148 163 175 186 194
102 112 121 127 134 138

r u n o f f 31 36 42 48 52 56

p r ob ab le r a i n f a l l 209 231 256 275 290 303
29 32 36 38 40 42

e ve nt r u n o f f 180 193 220 237 250 262

Table 2.33 ; T o t a l  catchment  f l o o d  peaks f o r  v a r io u s  s torm  
d u r a t i o n s  (ma/ s )

r f ic t ir r R n r . f i st o rm  d u r a t i o n  -  hours

yea rs 2 4 n 12 18 24

5 . M 0 m fifiO 817 701 614

If) 1 159 1 237 1 227 1 221 1 132 1 008

20 1 467 1 621 1 727 L I B 1 608 1 364

50 1 879 2 048 2 145 2 284 2 087 1 873

100 2 295 2 422 2 e iq 2 513 2 225

pro ba bl e 11 367 12 006 12 371 12 7*5!) 11 632 10 173
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o b ta in e d  f rom f i g u r e  6.1 o f  the same r e p o r t . From these percentages 
the t o t a l  catchment  r u n o f f s  and l oss es i n  m i l l i m e t r e s  were 
c a l c u l a t e d  and are l i s t e d  i n  the l a s t  two columns o f  t a b l e  2 .31 .

(b )  Storms o f  d u r a t i o n  o th e r  than 24 hours

The method o u t l i n e d  i n  HRU r e p o r t  No. 1 /72 was used to  o b ta in  
the r a i n f a l l s  and r u n o f f s  f o r  s torms o f  d u r a t i o n  o th e r  th an 24 

ho urs.  These appear In  ta b l e  2 .3 2.

2 . 5 . 4  Design f l o o d  s y n t h e s l z a t i o n

Design f l o o d  hyd rographs were s y n th e s iz e d  us in g a computer  program 
developed by Pi tm an 13. Th is  program f o l l o w s  the u n i t g r a p h  method 
o u t l i n e d  in  HRU r e p o r t  No. 1 /72 and can a ls o  be m o d i f i e d  t o  l a g -  
a n d - ro u te  f l o o d  hyd rographs f rom the  v a r io u s  sub- ca tchm en ts .

(a)  C r i t i c a l  s to rm  d u r a t i o n

Flood hydrographs f rom each sub -catc hm ent  were s y n th e s i z e d  in  
t h i s  way f o r  2 - ,  4 - ,  8 - ,  12 - ,  18-  and 24 -ho ur  s tor m d u r a t i o n s .
The r e s u l t i n g  hydrographs were summed to  y i e l d  t o t a l  catchment  
d i s ch ar ge s i n t o  R ic ht  . Bay. The f l o o d  hyd rographs thus obt a i ne d 
appe.. r i n  t a b l e  2 .33 i n  which the  maximum f l o o d  peaks f o r  each 
rec ur rence '  i n t e r v a l  are u n d e r l i n e d .

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

o f  12 hours was adopted i l l  r e c u r re n c e  i n t e r v a l s .

{b }  F lood hydrograph s y n t h e s l z a t i o n  f o r  undeveloped catchments 

From f i g u r e s  2.1 and 2.7  i t  1s noted t h a t  catchments 2,  3 and 4 are 
c o n t r o l l e d  a t  t h e i r  o u t l e t s  by the  N se zi ,  Mzinga',1 and CuuU lakes 
r e s p e c t i v e l y .  A c c o r d i n g l y ,  to  s im u la te  f l o o d  d i scha rge s  f rom 

these ca tc hm en ts ,  the f l o o d s  d e r iv e d  in  s e c t i o n  f a) above,  f o r  
s torms o f  12 -hour  d u r a t i o n  must  be r o u te d  th rou gh these  l a k e s .

For  the  purposes o f  t h i s  i n v e s t i g a t i o n  i t  was deemed s u f f i c i e n t  
to  adop t  l e v e l - p o o l  r o u t i n g .  The f o l l o w i n g  d i s c h a rg e  fo rm ul a f o r  
a broad c re s te d  w e i r 111 was assumed to  ap pl y  a t  the  o u t l e t  to  the 
l a k e s :  /— __

Q = ] ,65 L Vgh ^  ............................................................. (2 .9 )

where L = s p i l l w a y  l e n g th  (m)
g = 9,81 m8/s 
h = head on c r e s t  (m ) .

A s p i l l w a y  l e n g t h  o f  500 m was adopted as a rough es t im ate



based on the end w id th s  o f  the  l a k e s .

The f l o o d  hydrographs f o r  v i r g i n  c o n d i t i o n s  f o r  each sub- catc hme nt  
appear i n  columns 2,  4 ,  5 and 6 o f  t a b le s  D . l  to  [),6 i n  Appendix  D. 
The peak d is ch ar ge s f e r  f l o o d s  o f  v a r io u s  r e cu rr eh ce i n t e r v a l s  

** in  t a b le  2 .34.

1 .n .1 o 2 .3 4  : Peak f l o o d  d is cha rge s  i n t o  Ri chards Bay f o r  
undeveloped cat chment  c o n d i t i o n s  ( m3/ s )

sub- catchment r e cu rr en ce  i n t e r v a l -  years

No, name 5 10 20 50 100

Umhlatuz i 281 *88 821 1102 1413 8939

Msezi 358 519 729 929 1111 4358

n o r t h - e a s t c o as ta l 179 277 336 422 493 1475

so u th -w e s t c o a s ta l 103 158 191 239 278 828

* Proba ble maximum f l o o d

(c )  H o o d  hydrograph s y n t h e s i z a t i o n  f o r  developed catchment  
c o n d i t i o n s

t o r  dev eloped cat chment  c o n d i t i o n s  th e  main catchment  change to  
he accounted f o r  i s  t h a t  r e s u l t i n g  f r om  the  c o n s t r u c t i o n  o f  a dam 
on the U m M e t u z i 11. For  purposes o f  s i m u l a t i o n  th e  Umhlatuz i  
catchment  (No. 1 i n  f i g u r e  2 -7 )  was t r e a t e d  as two s e pa ra te  sub-  

catchments -  one ups t ream, and one downstream o f  the  dam, numbered 
l a  and ’.b r e s p e c t i v e l y  (see f i g u r e  2 . 7 ) ,

To anq j rw t h a t  the r e s u l t s  co ul d be compared w i t h  thos e o b ta in ed  
f o r  undeveloped c o n d i t i o n s ,  f l o o d  hyd rographs f rom sub-c atc hme nts  
l a  and l b  were c o n s t r u c t c u  in  such a way t h a t  the sum o f  the 
hydrogrn.-'h f rom the lo w e r  p o r t  and t h a t  f ro m the upper  o a r t  
m u t e d  down the  Umhlatuz i  sho uld equal  the hydrograph o b ta in e d  in  
( h ;  above f o r  undeveloped c o n d i t i o n s .

Th'; ' -t i lhr'd adopted i s  e l a b o r a t e d  below:

v )  f i r s t ,  the 12 -ho ur  d u r a t i o n  s torm  f l o o d  hydrograph was 
co n s t r u c te d  f o r  the catchment  upst ream o f  the dam.

(2)  This  f l o o d  r y dr og rap h was then Muskingum-routed f ro m the 
upper  catchment  o u t l e t  ( a t  the  dam) t o  the  lo w e r  catchment  
o u t l e t  (which i s  a ls o  the t o t a l  catchment  o u t l e t  a t  Richards 
Bay.



The form o f  the  e q u a t i o n  used 1s

°2  "  

where

1 1

0g = d i sch ar ge  a t  lo wer  end o f  channel  s e c t i o n  
a t  end o f  t ime s te p At 

0^ = d i s c h a rg e  a t  lo wer  end o f  channel  s e c t i o n  
a t  b e g in n in g  o f  t ime s te p  At

Ig = d i s c h a rg e  a t  upst ream end o f  channel  s e c t i o n
a t  end o f  t im e s te p  At

I 1 *  d i s c h a rg e  a t  upstream end o f  channel  s e c t i o n
a t  b e g in n in g  o f  t ime s te p At

C , C| and Cg are  co n s ta n ts  d e f i n e d  as f o l l o w s :  
- (K x  -  Q.S At l

Co "  (K - Kx + O.SAt)  ..................... ......................... ( 2 .1 1 )

(Kx + O.SAt)
h = (K - Kx + 0 , 5 A t )  ..................... ......................... ( 2*12)

(K - Kx -  O.SAt)
L2 *  (K - Kx + 0 ,5 A t) ......................... ( 2 . 13 )

where K = s to rage  co n s ta n t  w i t h  d im ension o f  t i m e .

x = d im ens io n l ess  c o n s ta n t  which v a r i e s  between 0,0  
and 0 , 5 .  Fo r  r i v e r s  i t  i s  u s u a l l y  taken as 0 ,3 .

A t  = t ime s te p o f  comput at io n ( i n  t h i s  case take n as
2 h o u rs ) .

The la g  K was es t i m a te d  as f o l l o w s :

Length o f  s t ream f rom dam to  bay = 89 km. Assuming the 
f l o o d  hydrograph v e l o c i t y  to  be 3 m /s , then the t ime 
la g  = 8,24 hours (say  8 h o u r s ) .

For  purposes o f  r o u t i n g  the r i v e r  was d i v i d e d  i n t o  f o u r  
equ al  reaches o f  l a g  t i m e  2 h o u r s .

(3)  Th is  ro u te d  12 -hour  hydrog raph  f ro m the upper  catchment  was 
then s u b t r a c te d  f rom the t o t a l  Limhlatuz i catchment  hydrograph 
ob ta in e d  in  s e c t i o n  (b )  above . The r e s u l t i n g  hydrograph was j
then smoothed g r a p h i c a l l y  and adopted as the lo w er  catchment  |
f l o o d  h ydr og ra ph .  ,i

(4 )  The f l o o d  hydrog raph  f o r  the  upper  catchment  was then rou te d j

th ro ug h the dam. Equ at ion  2.9  f o r  a b ro a d - c r e s te d  w e i r  was ;
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assumed to  a p p ly  to  th e  dam s p i l lw a y .  The dam c h a r a c t e r is t ic s 11 
are  as fo l lo w s :

S p illw a y  le n g th  = 150 m
Lake s u r fa c e  area when f u l l  = 8 km2

L e v e l-p o o l r o u t in g  was used , th e  dam assumed to  be f u l l  a t  the 
o n se t o f  the  f lo o d .

(5 ) The f lo o d  hydrograph thus  gene ra ted  was then  ro u te d  to  the
U m h ia tuz i mouth u s in g  e q u a tio n  2 .1 0  and added to  the  lo w e r
ca tchm ent hydrograph o b ta in e d  in  s te p  C*) above to  y ie ld  the 
to t a l  U m hia tuz i (ca tch m e n t 1) f lo o d  hyd ro g ra p h .

The r e s u l t in g  hydrographs f o r  ca tchm ent 1 f o r  v a r io u s  re cu rre n ce  
in te r v a ls  a re  g ive n  in  A,., a n d ix  D and th e  peak d is c h a rg e s  are 
l i s t e d  in  ta b  1e 2 .3 5 .

Tab le  2 .35  : peak f lo o d  d is ch a rg e s  in to  R icha rds  Bay from
catchm ent No. 1 f o r  deve loped c o n d it io n s  (m3/ s )

re c u rre n c e  In te rv a l 5 10 50 100 pmf

f lo o d  peak -  m3/s 228 409 708 964 1251 8407

Peak d is c h a rg e s  f o r  th e  t o t a l  ca tchm ent d r a in in g  in to  R ichards 
Bay b o th  f o r  deve loped and f  r  undeveloped ca tchm ent c o n d it io n s  
a re  g ive n  in  ta b le  2 .3 6 .

Tab le  2 .36  : Peak f lo o d  d is ch a rg e s  in t o  R icha rds  Bay from  the
t o t a l  ca tchm ent f o r  deve loped and undeveloped 
c o n d it io n s  (m3/s )

catchm ent
c o n d it io n

re c u rre n c e  In te rv a l -  years

S 10 20 100 pmf

undeveloped 799 1236 1746 2250 2747 13000

deve loped  (w ith  dam) 762 1174 1644 2119 2573 12164

I t  s h o u ld  be no ted  t h a t , i n  c a lc u la t in g  f lo o d  hydrographs f o r  
c o n d it io n s  p r e v a i l in g  a f t e r  c o n s t ru c t io n  o f  the  dam, the  
assum ption  was made th a t  th e  c r i t i c a l  s to rm  d u ra t io n  would rem ain
12 h o u rs . The tim e  la g  in tro d u c e d  by th e  dam c o u ld  w e ll m o d ify  
th e  c r i t i c a l  s to rm  d u ra t io n .  Any e r ro rs  thus  in tro d u c e d  must be 
s m a ll,  how ever, as the  d if fe re n c e s  between f lo o d  peaks f o r  the 

to t a l  ca tchm ent b e fo re  and a f t e r  c o n s t ru c t io n  o f  th e  dam are



sm a ll (see ta b le  2 .3 6 ) .  Should 12 hours n o t be th e  c r i t i c a l  
s to rm  d u ra t io n  f o r  deve loped c o n d i t io n s ,  th e n  by d e f in i t i o n  
th e  t ru e  peak d is c h a rg e s  must be h ig h e r  than  those  c a lc u la te d ,  
and must th e re fo re  re n d e r the  d if fe re n c e  between th e  developed 
and undeveloped peaks even s m a l l e r .

The r e s u l t  o f  t h is  re a so n in g  is  th a t  the f lo o d  response o f  the 
ca tchm ent f o r  deve loped c o n d it io n s  may, f o r  purposes o f  
s im u la t in g  f lo o d  responses in  th e  R icha rds Bay e s tu a ry ,  be 
assumed to  be e s s e n t ia l ly  th e  same as th a t  f o r  th e  undeveloped 
c a tch m e n t.
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3. MODELLING OF ONE-DIMENSIONAL TIDAL PROPAGATION AND 
DISPERSION IN THE OLD RICHARDS BAY AND THE PROPOSED 
NEW NATURE RESERVE ESTUARY SYSTEMS

3.1 D e s c r ip t io n  o f  programs used (HCSPQ3, HCSP04 and HCSPQ5)

Three se p a ra te  FORTRAN IV  programs deve loped by H u tc h is o n 13, 
HCSP03, HCSP04 and HCSP05, were used to  s im u la te  t i d a l  p ro p a g a tio n  
and d is p e rs io n  in  the  R ich a rd s  bay e s t u a r y .  These programs are  

d iscu sse d  be low :

3 .1 .1  HCSPQ3

T h is  program  s im u la te s  u n s te a d y , s p a t ia l l y  v a r ie d  f lo w  in  a one
d im e n s io n a l ch a n n e l. E s tu a ry  geometry  i s  d e fin e d  by means o f  
c ro s s -s e c t io n s  a t  s p e c if ie d  cha inages from  the  m outh. Each c ro s s -  

s e c t io n  i s  re p re s e n te d  by a d e p th -a re a  c u rv e .

For any s p e c if ie d  ocean t i d a l  s ta g e - t im e  c u rve  and upstream  
w a te r le v e l - o r  d is c h a rg e - t im e  r e la t io n s h ip ,  th e  program 
c a lc u la te s  th e  c o rre s p o n d in g  s ta g e - t im e  and d is c h a rg e - t im e  
re la t io n s h ip  f o r  a l l  d e fin e d  s e c tio n s  w i th in  th e  e s tu a ry .

The e s tu a ry  is  s u b -d iv id e d  in to  in te rc o n n e c te d  on e -d im e n s io n a l 
reaches as d e p ic te d  in , f ig u r e  3 .1 .  A g e n e ra lis e d  reach  i s  shown 
in  f ig u r e  3 .2 .  C ro s s -s e c t io n a l c h a r a c t e r i s t i c s  o f  th e  e s tu a ry  a re  
s p e c if ie d  a t  th e  ends o f  each re a c h . Each f lo w  c ro s s -s e c t io n  is  
d iv id e d  In to  two re g io n s :

(1 ) A s h a llo w  s to ra g e  re g io n  where v e lo c i t ie s  a re  n e g l ig ib le
(2 ) A f lo w  re g io n  th ro u g h  w h ich  most o f  th e  w a te r t r a n s p o r t  

takes p la c e .

The f lo w  s im u la t io n  is  accom p lished  by a s im u lta n e o u s  i m p l i c i t  
f i n i t e  d i f fe re n c e  s o lu t io n  o f  th e  c o n t in u i t y  and momentum o r 
energy e q u a tio n  w i th in  each e s tu a ry  re a c h :

(a ) C o n t in u ity  e q u a tio n

(3 .1 )

where Q = d is c h a rg e  in  x - d i  r e c t i  on (ui9/s )

x = lo n g i t u d in a l  a x is  o f  f lo w ;  p o s i t iv e  in  the 
upstream  o r landw ard  d i r e c t io n  (m)

B = t o t a l  w a te r s u rfa c e  w id th  (m)
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z = w a te r le v e l (m) 
t  = tim e  (s )

q = la t e r a l  in f lo w  o f  w a te r o ve r d is ta n c e  <Sx (ms/s )

(b )  Momentum e q u a tio n

U  *  - H a l  ,  - A  M  + d L  M
3x C2a zH ga 3 t 9 t ga2 3z ga2 gaa Sx

aa , Ji b: + -Ml- - J; , M M  = o ... . . . . . ( 3 . 2
ga8 3x 2y 3X ga26x y H 2ga26x 

where C = Chezy c o e f f i c ie n t  o f  roughness (m ^/s )
a « c ro s s -s e c t io n a l area o f  f lo w  re g io n  (m2)
H = h y d ra u lic  depth  (m) = a /b  
S = momentum c o r re c t io n  fa c to r  (d lm e n s io n le s s ) 
a = energy c o r r e c t io n  fa c to r  (d im e n s io n !e s s ) 
b = w a te r  s u rfa c e  w id th  o f  f lo w  re g io n  (m)

~  = ra te  o f  change o f  w a te r s u r fa c e  b re a d th  o f  f lo w
3z re g io n  w ith  z (d im e n s io n le s s ) 

g *  g r a v i t a t io n a l  a c c e le ra t io n  (m /s 2 )

W = w ind  shea r s tre s s  f a c to r  (N/ra2 )
Y « s p e c i f ic  w e ig h t o f  w a te r (N /m a) 
k s= head loss  c o e f f i c ie n t  (d im e n s io n le s s )  

j  = s to ra g e  re g io n  in f lo w  momentum fa c to r

(c )  Energy e q u a tio n

_ £ ± l)  -  « {_ £ ) } + 

*1+1 aj ai+ i

' h y d ra u lic  dep th  a t  s e c t io n  t  (m)

■ h y d ra u lic  depth a t  s e c t io n  Z+l (m)

k a *  c o n t ra c t io n  o r  expansion  head loss 
c o e f f i c ie n t  (d lm e n s io n le s s )

2*x,

( V W ca

.................... ( 3 . 3 )

u m energy c o r re c t io n  fa c to r s  a t  s e c tio n s  1. 
and z+1 re s p e c t iv e ly .

The ene rgy  e q u a tio n  is  u s u a lly  s p e c if ie d  o n ly  i o r  e s tu a ry  reaches 
th a t  e x h iM t  sudden c o n s t r ic t io n s  where K e r n o u l l i  e f fe c ts  
dom in a te . A d e ta i le d  d e r iv a t io n  o f  th e  above e q u a tio n s  is  g ive n  

in  re fe re n c e  18.
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3 .1 .2  HCSP04

HCSP04, th e  p lo t t in g  p rog ram , reads in  the  o u tp u t o f  HCSP03 and 
tn e  n a tu ra l system w a te r le v e ls  and d is c h a rg e s  ( i f  r e q u ir e d ) .
O u tpu t ta ke s  the  fo rm  o f  s ta g e - t im e  and d is c h a rg e - t im e  curves 
in  th e  m ode l, o r  model and n a tu ra l system .

3 .1 .3  HCSP05

HCSP05 reads in  th e  o u tp u t from  HCSP03 and models s o lu te  
d is p e rs io n  u s in g  a L a g ra n g ia n -ty p e  a d v e c tio n  process and a 
d is p e rs io n  e q u a tio n . I t  s im u la te s  th e  movement o f  sea w a te r in to  
th e  e s tu a ry  o r  th a t  o f  an a r t i f i c i a l  t r a c e r  in tro d u c e d  a t  any 
p o in t  in  th e  e s tu a ry .

C om puta tion  proceeds in  two se p a ra te  s ta g e s :

(1 ) A d ve c tio n
The e s tu a ry  is  d iv id e d  in t o  a s e r ie s  o f  in te rc o n n e c te d  
e le m e n ts , each ass ig n e d  an i n i t i a l  s o lu te  c o n c e n tra t io n .  
A d v e c tio n  is  s im u la te d  by moving th e  e lem ents up o r  down 
th e  e s tu a ry  channel a c c o rd in g  to  th e  d is c h a rg e s  a t  each 
c ro s s -s e c t io n .  The d is c h a rg e - t im e  r e la t io n s h ip  is  o b ta in e d  
fro m  th e  o u tp u t o f  the  one d im e n s io n a l e s tu a ry  f lo w  m ode l, 
HCSP03.

In f lo w  o f  w a te r across  the  upstream  o r downstream boun d a rie s  
o f  the  e s tu a ry  i s  accom p lished  by c re a t in g  new e lem ents o f  
s p e c i f ie d  s o lu te  c o n c e n tra t io n .  O u tflo w  o f  w a te r across these 
b o u n d a rie s  is  d e a l t  w ith  by rem oving  e le m e n ts , o r  p o r t io n s  
th e r e o f ,  fro m  th e  system .

(2 ) D is p e rs io n
S o lu te  d is p e rs io n  across  e lem ent b o u n d a rie s  i s  computed 
a f t e r  th e  a d v e c tio n  s te p  has been co m p le te d . E qua tion  3 ,4  is  
a s im p l i f ie d  fo rm  o f  th e  d is p e rs io n  e q u r t io n .  T h is  e q u a tio n  
uses a F ic k ia n - ty p e  d is p e rs iv e  law  and m e re ly  r e f le c t s  the  
change in  s to ra g e  o f  e le m e n t n due to  d is p e rs iv e  f lu x e s  
a c ross  i t ' s  two ends.

c ; - ,  *  V i  *  v  *  V i < - v

-  V i ' V i )  *  w  v ,  -  v  *  w v  ...........................C ' * )

where C = th e  s o lu te  c o n c e n tra t io n  in  th e  e lem ent 

s u b s c r ip ts  n - l ,n ,a n d  n+1 *  e lem en t numbers
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th e  p rim e 1 in d ic a te s  th a t  the  s o lu te  c o n c e n tra t io n  
a p p lie s  to  c o n d it io n s  a f t e r  the 
d is p e rs io n  s te p  ( i . e .  th e  unknown va lu e s )

T, ( 3 . 6 )

where An_1 = t o t a l  c ro s s -s e c t io n a l a rea  between 
e lem ents n-1 and n (mz )
t o t a l  c ro s s -s e c t io n a l area between 
d e m e n ts  n and n+ l (m2)

= d is p e rs io n  c o e f f i c ie n t  between e lem ents 
n-1 and n (m2/ s )

= d is p e rs io n  c o e f f i c ie n t  between elem ents 
n and n+ l (m2/s )

Zn - V ^ n ,Z n+l = le n 9 ths  o f  e lem ents n -1 ,  n , and n+ l (m ). 

F ig u re  3 .3  i l l u s t r a t e s  these  te rm s.

3.2  C a l ib r a t io n  o f  th e  o n e -d im e n s io n a l t i d a l  p ro p a g a tio n  and 
d is p e rs io n  models u s in g  h y d ro g ra p h ic  d a ta  measured in  the  
o r ig in a l  R icha rds  Bay system  p r io r  to  ha rb o u r c o n s tru c t io n

3 .2 .1  R ich a rd s  Bay n a tu ra l system  da ta

The lo c a t io n  o f  the  R ichards Bay e s tu a ry  system is  shown in  
f ig u r e  2 .1 .  A p la n  o f  th e  e s tu a ry  is  g ive n  in  f ig u r e  3 .4 .  The 

su rvey  datum f o r  a l l  th e  h y d ro g ra p h ic  d a ta  p re se n te d  in  t h is  
c h a p te r is  LWOST(HRD) as d e fin e d  in  A ppendix E.

(a ) E s tu a ry  geom etry

The lo c a t io n s  o f  a l l  th e  c ro s s -s e c t io n s  used to  c a l ib r a te  the  
model a re  in d ic a te d  in  f ig u r e  3 .4 .  These c ro s s -s e c t io n s  were 
d e r iv e d  fro m  depth  su rveys  c a r r ie d  o u t between September 1969 and 
November 1970 by the  CSIR19, The c ro s s -s e c t io n s  a re  p lo t te d  in  
f ig u re s  3 .5  to  3 .9 .

(b ) W ater le v e l and d is c h a rg e  measurements

The lo c a t io n s  o f  th e  th re e  CSIR w a te r le v e l  re c o rd in g  s ta t io n s  

in  th e  bay a re  i l l u s t r a t e d  in  f ig u r e  3 .4 .  A breakdown o f  the 
w a te r le v e l and v e lo c i t y  measurement d a ta  used to  c a l ib r a te  the  
model is  g ive n  in  ta b le  3 .1 .  U n fo r tu n a te ly  measurement o f  sea 
le v e l a t  R icha rds Bay d id  n o t ta ke  p la ce  c o n c u r re n t ly  w ith  le v e l 
measurements w i th in  the  e s tu a ry .  I t  was th e re fo re  necessa ry  to  
use Durban sea t id e  re co rd s  f o r  model c a l ib r a t io n .  Durban sea t id e
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re c o rd s  p r io r  to  O ctobe r 1970 are  c o n s id e re d  by the  Navy 
h yd ro g ra p h e r to  be u n r e l ia b le .  T h is  p la ce s  a f u r t h e r  r e s t r a in t  
on th e  s e le c t io n  o f  s u i ta b le  da ta  f o r  c a l ib r a t io n .  R u n o ff from  
the  U m h la tu z i has been reco rd e d  by the  CS1R on a d a i ly  b a s is .
Th is  coarse tim e  re s o lu t io n  rende rs  s im u la t in g  f lo o d s  e x tre m e ly  

in a c c u ra te .  For t h is  reason th e  da ta  chosen f o r  c a l ib r a t io n  o f  
th e  model have been s e le c te d  d u r in g  p e r io d s  when f lo w s  from  
the  U m h la tuz i were low and d a i ly  changes s m a ll.

D ischa rge  measurements were c a r r ie d  o u t a t  th e  e s tu a ry  mouth on 
the  20 th  November 1970 by th e  CSIR, These co u ld  n o t be used f o r  
model c a l ib r a t io n  purposes because a t  the  c ro s s -s e c t io n  used th e re  
were two t i d a l  chant 3 ls ,  one on e i t h e r  s id e  o f  P e lic a n  Is la n d .  The 
on e -d im e n s io n a l mod^l p roved in c a p a b le  o f  s im u la t in g  a c c u ra te ly  
the  d is c h a rg e s  a t  t h is  p o in t  because o f  th e  tw o -d im e n s io n a l e f f e c t .  

(T h is  is  due to  the  f a c t  th a t  ebb and f lo w  t id e s  fa v o u r 
d i f f e n t  c h a n n e ls ) .

Model runs demand e le v a t io n s  a t  tim e  re s o lu t io n  s h o r te r  than  one 
hour w hich is  th e  In te r v a l  a s s o c ia te d  w ith  the  da ta  in  ta b le  3 .1 .  
H a te r le v e ls  th e re fc re  had to  be in te r p o la te d  l i n e a r ly  between the  

h o u r ly  va lues  e xce p t a t  th e  t i d a l  peaks and tro u g h s  where a 
p a ra b o lic  in te r p o la t io n  was em ployed.

3 .2 .2  Convergence t e s t  runs

Tests were c a r r ie d  o u t to  s tu d y  th e  convergence o f  th e  f i n i t e  
d if fe re n c e  s o lu t io n  in  HCSP03 and c o n se q u e n tly  to  s e le c t  an 
a p p ro p r ia te  s im u la t io n  tim e  in c re m e n t. A ze ro  In f lo w  a t the 

upstream  boundary (c ro s s -s e c t io n  13) and a s in u s o id a l t id e  o f
1 .2  m range (c ro s s -s e c t io n  1) were s p e c i f ie d .  These runs were 
p e rfo rm ed f o r  f i v e  tim e  In c rem en ts  v a ry in g  fro m  225 to  3600 

seconds. In  each case s u f f i c i e n t  " r u n n in g - in " *  tim e  was a llo w e d .

The r e s u l ts  a re  l i s t e d  in  ta b le  3 .2 .  For a l l  model runs i n i t i a l  

c o n d it io n s  c o n s t i tu te d  a le v e l  w a te r s u r fa c e  th ro u g h o u t the  
e s tu a ry  and ze ro  d is c h a rg e  a t  a l l  c ro s s -s e c t io n s .  From ta b le  3 .2  
i t  is  e v id e n t 't h a t  a tim e  in c re m e n t o f  900 seconds and a ru n n in g -  
in  p e r io d  o f  24 hours y ie ld s  s a t is fa c to r y  r e s u l t s ,  I . e .  the

*  R u n n in g -in  p e r io d ,  re q u ire ':  to  e l im in a te  th e  e f f e c t  o f  w ro n g ly  
assumed s t a r t in g  le v e ls  and d is c h a rg e s , is  d e fin e d  as th e  p e r io d  
a f t e r  w h ich  th e  d if fe re n c e s  in  the  w a te r le v e ls  and d is ch a rg e s  a t 
co rre sp o n d in g  n tages in  the  t i d a l  c y c le  were le s s  than 1%.
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T a b le  5 .1  : H y d ro g ra p h ic  d a ta  used to  c a l ib r a te  the

o n e -d lm e n s to n a l t i d a l  p ro p a g a tio n  model

M easuring C ro ss-
da ta s t a t i c

N0. day h day h

O ctober E s tua ry : T1 1 13
1969 E stua ry : T2 1 29 4

E s tu a ry i T3 10 7 12 29 13

d ls c h a rg e U m hlatuzlzm outh 13 1 . 0 2=1 13

O ctober w a te r Durban tsea 1 1? 1.1 0
1970 E s tu a ry z T1 I f i to R

E s tu a ry 2 T3 10 1 12 to 11 0

d ls c h a rg e U m h la tu z l: mouth 13 1 12 to 11 0

O ctober w a te r Durban zsea _ 20 0 "50 n
1970 E stua ry z T1 4 20 0 to 30 0

E s tu a ry • T3 10 20 0 29 12

d is c h a rg e U m h la tu z l2mo. th 13 20 30 0

N o te : The le v e ls  r e fe r re d  to  above a re  s to re d  a t  h o u r ly  In te rv a ls  
and d is c h a rg e s  fro m  the  U m hla tuzI a t  d a i ly  in te r v a ls .

T a b le  3 ,2  : R e s u lts  o f  convergence te s ts

s e c t io n
number

Model
o u tp u t

L e ve ls  and d is c .- .- r^e s  as f, o f  
the  " c o r r e c t ”  v a lu e s *

R u n n ln s -In  
tim e  (No, 
o-- 12 -h o u r 
t M a l  
c y c ’ es)

tim e  Inc re m e n t (A t 
3600 180!) 900

In  seconds 
450 225

2 h ig h  t id e 100,0 1 0 0 , 0 100,0 100,0 100,0 1
low  t id e 97 ,6 98 ,9 99 ,6 9 9 , 1 100,0 2
peak In f lo w 109,8 98,3 99,8 100,0 100,0 2
peak o u t f lo w 115,2 119,9 100,3 1 0 0 , 0 100,0 2

10 hI%h t id e 9 9 ,2 99 ,6 99,8 99,9 100,0 7.
low  t id e 98,1 98,6 99,7 99,9 100,0 2
peak In f lo w 102,8 94,7 97,3 99,1 100,0 2
peak o u t f lo w 107,5 110,1 98,7 99,4 99,8 2

12 h ls ih  t id e 98,0 9 8 , 't 99,3 99,7 99,9 2
low  t id e 98 ,6 99 ,3 100,0 100,0 100,0 2
peak In f lo w 9 5 ,B 90 ,7 95,5 98,1 99,4 2
oeak o u tf lo w 106,2 1 0 ft ,1 98,5 99,5 100,0 2

*  The " c o rre C tMva lu e s  were o b ta in e d  by e x t r a o o la t lo n  to  
z e ro  <St on p lo t s  o f  th e  va lu e s  o * peak hitch o r  low t id e  
In f lo w  o r  o u t f lo w  a g a in s t  t im e .
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m a jo r i t y  o f  e r r o r s  a re  le s s  than M  and a l l  a re  below  5%.

3 .2 .3  Model c a l ib r a t io n  f o r  the  p e r io d  7 to  17 O ctober 1969 

As no r e l ia b le  sea le v e ls  a re  a v a i la b le  f o r  t h is  p e r io d ,  the  
reco rd e d  le v e ls  a t  gauge were used as th e  downstream boundary 
c o n d it io n s .  The d a ta  re co rd e d  a t  s ta t io n s  T2 and T \ (s e c t io v c  5 
and 10) were used to  c a l ib r a te  th e  model between s e c tio n s  4 
(m easuring  gauge T ^) and s e c t io n  13 (upstream  end o f  b a y ).

E s tu a ry  mouth geom etry used f o r  t h is  s im u la t io n  was o b ta in e d  from  
th e  depth s u rve y  c a r r ie d  o u t by th e  CSIR19 d u r in g  November 1969 
and is  shown in  f ig u r e  3 .1 0 .

Tab le  3 .3  dem onstra tes th e  c o r r e la t io n  ach ie ve d  between model 
and n a tu ra l system  b e h a v io u r , F ig u re  3 .1 3  i l l u s t r a t e s  the  
com parison between model and n a tu ra l system  w a te r le v e ls  f o r  the 
model runs  w h ich  p roduced th e  “ b e s t f i t "  a t  s e c tio n ?  5 and 10.
In  d e te rm in in g  the  “ b e s t f i t "  in  t h is  ease, as w e ll as in  those 
o f  c h a p te r 3 .2 .5 ,  g re a te r  emphasis was p la ce d  on correspondence 
between model and n a tu ra l system  average le v e ls  and. t i d a l  ranges 
than  on th e  c o r r e la t io n  c o e f f i c ie n t ,  which co u ld  e a s i ly  be 
d is to r te d  Ly a.i e r r o r  in  average sea le v e l .

3 .2 .4  Model c a l ib r a t io n  f o r  th e  p e r io d  6 to  8 O ctober 1970

The d a ta  re co rd e d  d u r in g  t h is  p e r io d  were used to  c a l ib r a te  the 
model between th e  e s tu a ry  mouth ( s e c t io n  1) and the  upstream 
end o f  the  bay ( s e c t io n  1 3 ) , Sea le v e l  da ta  a t  R icha rds Bay were 
n o t a v a i la b le  f o r  t h is  p e r io d .  Durban sea le v e l  da ta  were used 
f o r  the  downstream boundary c o n d it io n .  W ater le v e ls  reco rd e d  a t  
gauges T^ and Tg (s e c t io n s  4 and 10} were used to  c a l ib r a te  the  
m odel. E s tu a ry  mouth geom etry was taken from  th e  depth su rve y  
c a r r ie d  o u t by th e  CSIR19 d u r in g  J u ly  and August o f  1970, g iven  

in  f ig u r e  3 .1 1 .

The c o r r e la t io n  ach ieved  between model and n a tu ra l system  is .  
in d ic a te d  in  ta b le  3 .3 .  Model and ira tu ra l system  w a te r le v e ls  at- 

gauges T j and Tg a re  p lo t te d  in  f ig u r e  3 .1 4 .
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3. f i .6  Model c a l ib r a t io n  f o r  the  p e r io d  20 to  29 O ctober 1970 

Data re co rded  d u r in g  th is  p e r io d  were used to  c a l ib r a te  the  
model betweei. the  e s tu a ry  mouth ( s e c t io n  1) and th e  upstream  
boundary ( s c c t io n  1 3 ). Downstream boundary c o n d it io n s  were 
p ro v id e d  by Durban sea le v e l re c o rd s . Model c a l ib r a t io n  was 
f a c i l i t a t e d  by com parison between s im u la te d  and reco rded  le v e ls  
a t  gauges and Tg ( s e c t io n s  4 and 10 ).

The e s tu a ry  mouth geom etry used f o r  s im u la t io n  purposes was 
o b ta in e d  f"om  th e  depth s u rve y  c a r r ie d  o u t by the  CSiK d u r in g  
November 1970. T h is  is  shOkf. in  f ig u r e  3 ,1 2 .

The c o r r e la t io n  ach ieved  between model and n a tu ra l system  is  
in d ic a te d  in  ta b le  3 .3 .  Model and n a tu ra l system  v a te r  le v e ls  a t 
gauges and 1'3 a re  p lo t te d  in  f ig u r e  3 .1 5 . Two model s im u la t io n s  
were c a r r ie d  o u t f o r  t h is  pc M od as d e s c r ib e d  b e lo v :

(a ) I n i t i a l  c a l ib r a t io n  s im u la t io n

The i n i t i a l  c a l ib r a t io n  s im u la t io n  was c a r r ie d  o u t f o r  c o n d it io n s  
as d e s c r ib e d  above. crom f ig u r e  3 . 'i5  i t  is  seen th a t  th e  t i d a l  
range  a t  gauge T-j is  to o  la r g e ,  M oreover th e  d is c re p a n c y  between 
model and n a tu ra l system  t i d a l  ranges becomes more pronounced 
tow ards th e  end o f  th e  s im u la t io n  p e r io d .  C lo s e r e x a m in a tio n  o f  
th e  f v a i la b le  n a tu ra l system  da ta  re v e a ls  th e  fo l lo w in g  fa c t s :

(1 )  Depth surveys, o f  the  mouth geom etry  c a r r ie d  o u t in  September 
and November !96S , and March and J u ly  1970 bear s t r i k in g  
s i m i l a r i t y ,  su g g e s tin g  th a t  th e se  re p re s e n t e q u i l ib r iu m  
c o n d it io n s  f o r  p e r io d s  o : low f lo w  fro m  th e  U m h la tu z i,

(2 )  On th e  14 th  O ctober 1970 a f lo o d  (12 -14  O c tobe r) opened up 

a new e su a ry  m outh.

(3 ) The s im u la t io n  p e r io d  commences s ix  days a f t e r  th e  above 
m entioned f lo o d  when r u n o f f  from  the  U m h la tuz l is  s te a d i ly  

d e c re a s in g .

(4 ) The depth  su rve ys  c a r r ie d  o u t to  e s ta b l is h  th e  mouth 
geom etry used in  the  s im u la t io n  were c a r r ie d  o u t on 10, 13 
and 16 November, w h i'le  a f lo o d  s im i la r  in  m agnitude to  th a t  
w hich opened th e  new mouth occu red  d u r in g  the  p e r io d  1 0 -1 i 
November13.

(5i> 7he e q u i l ib r iu m  mouth geom etry ( i . e .  c o rre s p o n d in g  to  th a t  
p r e v a i l in g  in  September and November 1969 , and March and J u ly
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SEA (DURBAN)

GAUGE K-SSCTPN 4

natural system

FIGURE 3 .1 4 : RICHARDS BAY ESTUARY-
Comparison of measured and modeled 
water levels for early October 1970 
calibration run
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1970) Is  much more c o n s t r i c t e d  tha n t h a t  measured i n  
November 1970.

I t  i s  thus rea so na bl e to  assume t h a t  the mouth geometry used 
i n  the  model s i m u l a t i o n  i s  not  s u f f i c i e n t l y  c o n s t r i c t e d  to  
re p re s e n t  the c o n d i t i o n s  p r e v a i l i n g  d u r i n g  the p e r io d  s im u la t e d .

In o r d e r  to  c o n f i r m  t h i s  b e l i e f  the  f o l l o w i n g  s im u l a t i o n  was 
p er f orm ed:

(b)  S e n s i t i v i t y  run

The o n ly  change in t r o d u c e d  was t h a t  mouth geometry s i m i l a r  to  
t h a t  p r e v a i l i n g  in  J u l y ,  ugus t  1970 was used.  Only s e c t i o n  1 ,  the 
sea bou nda ry ,  was a l t e r e d .

The improvement  to  the f i t  between model and n a t u r a l  system 
l e v e l s  a t  s e c t i o n s  4 and 10 i s  app ar en t  f r om  f i g u r e  3,15 and 
t a b l e  3 .3 .

3 . 2 . 7  Res ul ts  o f  the  model c a l i b r a t i o n  s i m u l a t i o n s  

The momentum e q u a t i o n  was used th r o ug ho ut  and the mouth B e r n o u l l i  
e q u at io ns  were n o t  a p p l i e d .  The be st  f i t  between model and n a t u r a l  
system w a te r  l e v e l s  i l l u s t r a t e d  above was achieved a f t e r  t r y i n g  
se ve ra l  va lues o f  e f f e c t i v e  roughness o f  the  chan nel .  The roughness 
h e i g h t  f i n a l l y  adopted f o r  a l l  s e c t i o n s  was 100 mm f o r  a l l  t h re e

Table 3.4 l i s t s  the  range o f  Chdzy roughness c o e f f i c i e n t s  a s s o c i a t ed  
w i t h  the model c a l i b r a t i o n  runs f o r  s e v e ra l  e s tu a ry  c r o s s - s e c t i o n s .

'T ab le  3.4 : Range o f  Chdzy roughness c o e f f i c i e n t s  e x t r a c t e d  from 
th e r e s u l t s  o f  the model c a l i b r a t i o n  runs

s e c t i o n  number I 2 3 4 5 6 7 8 10 12

ChSzy
c o f f i c i e n t  
m1 z /s

maximum 48,3 46,9 47,2 51 ,1 50,6 51,3 51 ,8 48,4 48,2 48,8

minimum 38,5 44,5 46,9 46,4 46,4 48,3 49,6 45,9 43,4 41 ,7



3.3  S i m u la t i o n  o f  one -d im en s io na l  t i d a l  pr op a g a t io n  and 

a d y e c t j o n  i n  the o r i g i n a l  system and in  the  proposed 
new n a tu re  res erv e

The model  s im u la t i o n s  de s c r i b e d  be low were per formed in  o rd e r  to  
compare th e  n a t u r a l  system w i t h  the  n a tu re  res er ve  i n  regard to  
p o in t s  (a )  ( i ) , { i i ) and ( i v ) , a n d  (b)  ( i ) d iscus se d in  c hap te r  1 .
I t  sh ou ld  be noted  t h a t  i n  making t h i s  comparison i t  was assumed 
t h a t  the  c a l i b r a t i o n  parameters  o b ta in ed  i n  c h a p te r  3 .2 f o r  the 
n a t u r a l  system coul d be used to  s im u la te  c o n d i t i o n s  i n  the new 
na tu re  r e s e rv e .

In  o r d e r  to  s tu d y  changes in average wat er  l e v e l , t i d a l  ra n g e , 
t i d a l  p r i s m  and ad v e c t i o n  a n p l i t u d e  the  upstream boundary r i v e r  
i n f l o w  was s e t  a t  zero w h i l e  the  downstream boundary sea l e v e l s  
were r e p resent ed  by a s i ne  curv e o f  p e r i o d  12,5 hours ( i . e .  the 

average sea t i d a l  f r e q u e n c y ) . A r u n n i n g - i n  p e r i o d  o f  200 hours 
was a l l o w e d .

Three average mean sea l e v e l s  were used i n  the s i m u l a t i o n  r u n s :

(a )  0 ,94 0 m LWOST, the p re s e n t  a c tu a l  mean sea l e v e l  (AMSL)

(b )  1 ,05 0 m LWOST, the  h i g h e s t  month ly  MSI reco rded

(c )  0 ,82 0 m LWOST, the lo w es t  m ont h ly  MSL reco rded.

Sea t i d a l  ranges o f  1 ,90 0,  1 ,200 and 0,450 m were used in  the
s i m u l a t i o n s . 1 ,200  m i s  th e  average t i d a l  r a n g e , w h i l e  90 pe rc e n t  
o f  a l l  t i d a l  ranges f a l l  between 1,900 and 0,450 mz0 .

In  each case ad v e c t i o n  a m p l i tu d e s *  d u r i n g  a complete t i d a l  c y c le  
were o b ta in e d  by s i m u l a t i n g  the  movement o f  s o l u t e  samples 
i n j e c t e d  i n t o  the e s t u a r y  channel  a t  v a r i o u s  d is ta n c e s  f rom the 
es tu a r y  mouth.

3 .3 .1  S i m u la t i o n  o f  on e- d i m en s io nal  t i d a l  p ro p a g a t io n  and 
ad v e c t i o n  i n  the o r i g i n a l  system 

S im u la t i o n s  were c a r r i e d  ou t  f o r  two d i s t i n c t  c o n d i t i o n s  o f  
es tu a r y  mouth:

(a)  Mouth geometry  p r e v a i l i n g  d u r in g  normal  c o n d i t i o n s  ( i . e .
p r i o r  to  Octob er  1970) .  The b a t h y m e t r i c  sur vey  o f  J u l y / A u g u s t  
1970 was taken as r e p r e s e n t i n g  these  c o n d i t i o n s .

*  The ad v e c t i o n  am p l i t u d e  a t  a p a r t i c u l a r  cha inag e i s  d e f i n e d  as 
the t o t a l  l e n g th  o f  e s t u a r y  channel  t r a v e r s e d  d u r i n g  a t i d a l  c y c le  
by a p a r t i c l e  p laced i n  the  e s t u a r y  a t  t h a t  chainage a t  peak i n f l o w  
v e l o c i t y .



(b )  Mouth geometry  o c c u r r i n g  im m e d ia te ly  a f t e r  the  passage o f  a 

f l o o d  thr oug h the  e s t u a r y .  The depth su rv ey  c a r r i e d  out  

d u r i n g  November 1970 is  taken as be in g r e p r e s e n t a t i v e  o f  
these c o n d i t i o n s .

The geometry used i n  (a)  and (b )  above i s  s i m i l a r  to  t h a t  
g i ven  i n  f i g u r e s  3.1 0 and 3.12 .  The r e s u l t s  o f  these s i m u l a t i o n s  
are summar ised i n  t a b l e  3 .5 and i n  f i g u r e s  3.21 and 3.2 2.

3 . 2 . 2  S i m u la t i o n  o f  one -d im en si on al  t i d a l  p r o p ag at io n and 
ad v e c t i o n  i n  the proposed new n a tu re  re s e rv e  system 

The l a y o u t  o f  the  new n at ur e res er ve  a f t e r  c o m p le t i on  o f  the 
h a rb ou r  works i s  pr ese nte d i n  f i g u r e  3 .1 6 .  The l o c a t i o n s  o f  the 
c r o s s - s e c t i o n s  used i n  the o n e -d im en s io na l  h y d r a u l i c  model are 
shown i n  f i g u r e  3 .1 6.  The c r o s s - s e c t i o n s  are p l o t t e d  i n  f i g u r e s  
3.17 t o  3 .19 .

The f o l l o w i n g  e s t u a r y  mouth c o n d i t i o n s  were used:

(a )  Mouth de s ig n accepted by the  SAR & H
( l a y o u t  I I  o f  CSIR r e p o r t  No. C/SEA /74 /11 /3)

The mouth geom etr y ,  which i s  p r e s e n t l y  be in g dredged f o r  the 
n a tu re  re s e r v e ,  i s  g i v e n  i n  f i g u r e  3 .1 6.  Th is  mouth c o n s i s t s  o f  
one t i d a l  channel  w i t h  i n v e r t  l e v e l  a t  c h a r t  datum (0 m LWOST) 
which i s  open to  the sea,  and f o u r  f l o o d  channels  w i t h  i n v e r t  
l e v e l  a t  - 4 , 5  m LWOST which are b l ock ed a t  t h e i r  seaward ends 

by a 200 m wide sa n d -b a r  w i t h  a c r e s t  h e i g h t  o f  +2,00 m LWOST.

{ b ) Mouth  s i m i l a r  to  t h a t  o f  the  n a t u r a l  system d u r in g  J u l y /  
Au gus t  1970

In t h i s  s i m u l a t i o n  s e c t i o n s  number 1 and 2 were a l t e r e d  to  
conform  w i t h  the  c r o s s - s e c t i o n a l  c h a r a c t e r i s t i c s  o f  the  n a t u r a l  
system d u r i n g  normal  c o n d i t i o n s .  A l th ou gh  the t i d a l  pr is m  in  the 
new n a tu re  res er ve is  d i f f e r e n t  f rom t h a t  i n  the  n a t u r a l  system 
t h e  r i v e r  r u n o f f  i n t o  the ba "  remains s i m i l a r .  I t  i s  p o s s ib le  
t h e r e f o r e ,  t h a t  the dredged mouth may tend towards thi .s 

c o n f i g u r a t i o n .

( c )  Layout  I I  mouth w i t h  the s a nd -b ar  eroded to  - 4 , 5  m LWOST 
Extreme bay t i d a l  c o n d i t i o n s  a f t e r  the  passage o f  a f l o o d  were 
s im u la t e d  assuming the s a nd- bar  b l o c k i n g  the f o u r  f l o o d  channels  

t o  have been washed o u t  by a f l o o d .

( d ) Lay out  I I  mouth w i t h  the san d- ba r  eroded to  - 2 , 0  m LWOST
As th e re  i s  no way o f  knowing how s e v e r e l y  the san d- ba r  w i l l  be 
eroded by a f l o o d ,  t h i s  o t h e r  assumpt ion was made f o r  comp ara t i ve 

p u rp o se s .
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FIGURE 5 ,1 6 ;
Bathymetry of the iw  
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FIGURE 3 .19 -  R i chards Bay e s t u a r y  c r o s s - s e c t i o n s  

(proposed new n a tu re  r e s e rv e )
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{ e ) Mouth geometry  recor ded  i n  moving-bed model t e s t s  a f t e r  

the  passage o f  a t a rg e  f l o o d  

Si m u la t i o n s  o f  c o n d i t i o n s  p r e v a i l i n g  a f t e r  a f l o o d  were c a r r i e d  
o u t  us in g the  geometry  o b ta in e d  by the  CSIR i n  the moving-bed 
model t e s t  NE32$ a f t e r  the passage o f  what  was c o n s i de red  by the 
CS.tR to  be the  100 -yea r  f l o o d  ( i . e .  4 300 m3/ s ) . Th is  geometry  is  
p r o b a b ly  v e ry  extreme as the f l o o d  mod el led  correspon ded  to  what 
was som eth ing l i k e  a 1 - i n - l  0 0 0- ye ar  event  (see c h a p te r  1} .  I t  
shou ld  a l s o  be noted  t h a t  i n  the  model t e s t  the  peak c is c h r g e  was 
s u s ta in e d  f o r  a p e r i o d  e q u i v a l e n t  to  24 hours i n  the re a l  sy st em . 
Table 0.5 o f  Appendix  D I n d i c a t e s  t h a t  the peak d is char ge  should 
l a s t  o n ly  f r om  6 t o  8 hours.

( f )  Des ign mouth

A t i d a l  channel  was des igned such as to  b r i n g  t i d a l  f l u c t u a t i o n s  
i n  the  bay w i t h i n  a c c e p ta bl e l i m i t s .  Th is  c o n s is t s  o f  a 1 km long 
channel  w i t h  i n v e r t  l e v e l  a t  - 0 , 5  m LWOST and bot tom w id th  30 m.
A c r o s s - s e c t i o n  i s  g iv en  in  f i g u r e  3 .2 0 .

The r e s u l t s  o f  these s i m u l a t i o n s  are summar ised i n  t a b l e  3 .5 and 
f i g u r e  3 .2 3.

3 . 3 . 3  Compar ison o f  the  on e- d i m en s io na l  t i d a l  p ro a g a t i o n  and
a d v e c t i o n  In  the n a t u r a l  system w i t h  t h a t  o f  the  proposed 
new n at ur e res er ve  

Table 3.5  g iv e s  the mean and extreme bay l e v e l s  and the  t i d a l  
pr i sm s f o r  each o f  the  s i m u l a t i o n s .  F ig u re s  3.21 to  3 .2 3 show the 
maximum and minimum w a te r  l e v e l s  and the maximum t i d a l  ad vec t i on  
o c c u r r i n g  a t  each e s t u a r y  c r o s s - s e c t i o n .  From ta b le  3.5  and f i g u r e  
3.23 i t  i s  seen t h a t  i n  a l l  o f  the  runs s i m u l a t i n g  c o n d i t i o n s  
e x i s t i n g  i n  the  proposed n a tu re  res er ve a f t e r  the  passage o f  a 
la r g e  f l o o d  the  w a te r  l e v e l s  i n  the bay f a l l  below i n v e r t  l e v e l .

In o r d e r  t o  make these  s i m u l a t i o n s  e f f e c t i v e  i t  became necessary 
to  assume the  e x i s te n c e  o f  a sma l l  channel  i n  the bot tom o f  each 
o f  t h e  a f f e c t e d  e s tu a r y  c r o s s - s e c t io n : $ . The d imensions o f  the 
channel  were chosen such as t o  ensure t h a t  the  w at er  l e v e l  

remains above i n v e r t  l e v e l  and th a *  the  w a te r  v e l o c i t i e s  remain 
w i t h i n  re aso nab le  l i m i t s  w i t h o u t  a d v e r s e l y  e f f e c t i n g  th e  accuracy 
o f  the  t i d a l  s i m u l a t i o n .

Compar ison o f  these w a te r  l e v e l s  w i t h  f i g u r e  3.16 shows t h a t , over
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90 p e r c e n t  o f  the ba y ,  the  bed would become exposed a t  low t i d e  

( i . e .  the  e n t i r e  bay ex cep t  the  borrow p i t ) .  T id a l  s im u la t i o n s  
w i t h i n  the  ha rbo ur  p r o p e r  i n d i c a t e  t h a t  f u l l  sea t i d e , w i t h  n e g l i g i b l e  
phase s h i f t ,  occurs on the ha rbo ur  s i d e  o f  the t i d a l  c o n t r o l  gates 
i n  the  berm w a l l .  Tnus o p e r a t i o n  o f  these gates w i l l  not  p rev en t  
t h i s  bed exposure a t  low t i d e .  From t a b l e  3.5  i t  i s  note d t h a t  the  
maximum t i d a l  range o c c u r r i n g  i n  the o r i g i n a l  system i s  0 ,42 m, 
whereas i n  the new n a tu re  r e s e r v e ,  w i t h  l a y o u t  I I  mouth,  the 
maximum t i d a l  range i s  as h ig h as 0,75 m.

Very l i t t l e  improvement  i s  e f f e c t e d  by us in g a t i d a l  channel  o f  
c r o s s - s e c t i o n  s i m i l a r  t o  t h a t  o f  the  o r i g i n a l  system. Th is  i s  due 
t o  the  f a c t  t h a t  the t i d a l  channel  o f  the new n a tu re  re se rve  i s  
o n l y  1 km lo n g ,  whereas m a t  o f  the o r i g i n a l  system was n e a r l y  7 km 
lo n g .  Thus i n  o r d e r  to  reduce the t i d a l  range a mouth o f  s m a l l e r  
c r o s s - s e c t i o n  than t h a t  o f  the  o r i g i n a l  system i s  r e q u i r e d .  From 
t a b l e  3.5 i t  is  seen t h a t  the mouth c o n f i  g u r a t io n  used i n  s im u l a t i o n  
( f ) o f  c h a p te r  3 . 3 . 2  r e s u l t s  i n  a maxn-um t i d a l  range s i m i l a r  to  
t h a t  o f  the  o r i g i n a l  system (0, 52  m ) . I t  sho uld be n o te d ,  however , 
t h a t  such a mouth would p ro b a b ly  n o t  develo p n a t u r a l l y . I t  Is 
p o s s i b l e  t h a t  th e  t i d a l  channel  w i l l  tend towards the  c ro s s -  
s e c t i o n a l  c h a r a c t e r i s t i c s  o f  the  o r i g i n a l  system ( s im u la t e d  in  
c h a p te r  3 . 3 . 2  b ) .  To m a in ta in  a mouth s i m i l a r  to  t h a t  des igned 
would p ro b a b ly  r e q u i r e  some form o f  bank and bed p r o t e c t i o n  o r  th s 
p r o v i s i o n  o f  an a r t i f i c i a l  c o n s t r i c t i o n  (such as a w e i r ) .  Any such 

c o n s t r i c t i o n  would a l s o  have to  b lo c k  the  f o u r  f l o o d  channels  to  
preve> t  the bay f ro m d r a i n i n g  co m p le te l y  a t  low t i d e  a f t e r  the 
passage o f  a l a r g e  f l o o d .

w  * 1 , 0 0

v  OH LW.QS.T

30

1035

Not to  sca le

FIGURE 5 .2 0 : Dimensions i n  metres 
Datum LWCSTMOUTH CROSS-SECTION
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' new n a tu re  re s e rv e  e s tu a r y  system



Table  3.5 : Compar ison between the one -d im en si ona l  t i d a l
pr o p a g a t i o n  in  the o r i g i n a l  system and t h a t  in  
the  proposed new n at ur e res erve

system mouth c o n d i t i o n wa te r  l e v e l s  (m)
t H a !

m V

sea model led bay le v e l s

mean range mean max. mln. range

iht l y / A u g u s t  
1970

1 , M
1,06
0,44
0,42
0,82

1.90 
0,45 
1 , 2 0  
0,45
1.90

1,4 3 1,57 1,30 
1,0 9 1, 43 1,94 
1,11 1,20 1,04 
0,8 4 0,39 0,80 
1, 20  1 ,3 1  1,11

0,26
0, 1 0
0,16
0,09
0 , 2 0

7.8
2.9
4.5 
2 , 0
5.6

November 1970 1,06
1,06
0,94
0,32
0 ,R 2

1.90 
0,45 
1 , 2 0  
0,45
1.90

1,30 1,54 1,12
1.08 1,1 7 1,00 
1,0 5 1,1 9 0,9? 
0,84 0,91 0,76
1.08 1,25 0,92

0,42
0,17
0,27
0,15
0,34

12,3

! : l
3,4
9,0

l a y o u t  I I 1,06
1,06
0,94
0,82
0,92

1,90
0,45
1 , 2 0
0,45
1,50

1,3 5 1,76 1,01
1.07 1,24 0,92
1.0 7 1,35 0,84 
0,84 0,97 0,72 
1,18 1,51 0,92

0,75
0,32
0,50
0,25
0,59

6,3
2,9
7,5

J u ly /A u g u s t  
1970

1,06
0,82
0,82

1.90 
0,45
1.90

1, 40 1, 76 1,19
0.34 0,94 0, 75
1, 20 1, 4 7  0, 99

0,65
0,18
0,48

9, 6

S ; !

des ign 1,06
0,82
0,82

1.90 
0,45
1.90

1,43 1,  73 1, 21 
(1, 84 0,87 0,81 
1, 20 1,40 1, 10

0,52
0,06
0,30

o: «
4,0

san d- ba r  eroded 
to  -4,5m

1,06
0,82

I , ? 1)
1 , * )

1 , 11 2,06 0, 37 *  
0,  92 1,82 0,25 *

1,69
1,57

2 2 , 6
19,3

san d- ha r  eroded 
to  - 2 , 0m

1,08
0,82

1.90
1.90

1, 14 2,06 0, 33 *  
0,  93 1,83 0, 26*

1 , 6 8
1,57

2 2 ,6
19,3

model t e s t  NET 1 , 0 *
0,82

1.90
1.90

1,13 2,05 0,40 *  
0 ,93 1,8 0 0,28 *

1,65
1,52

2 2 ,6
19 ,1

*  These l e v e l s  a re  be low  the average bot t om  le v e l  
o f  the bay.  v i z .  0 ,5  m



3. 4  S im u la t i o n  o f  the  f l o o d  response o f  the  Richar ds  Bay 
o r i g i n a l  s ^ t e n t  and the  new n a tu re  res er ve  system 

Maximum f l o o d  w a te r  l e v e l s  were o b ta in ed  by c a r r y i n g  out  
s i m u l a t i o n s  w i t h  HCSP03 f o r  the  o r i g i n a l  and new e s tu a r y  systems 
u s in g  the  f l o o d  hydrographs d e r i v e d  i n  c h a p te r  2 as upst ream 
boundary c o n d i t i o n s .  Average sea t i d a l  c o n d i t i o n s  were used a t  the 
downstream (se a)  boundary ( i . e .  a s i n u s o i d a l  sea l e v e l  hydrograph 
w i t h  mean 0,940  m LWOST and t i d a l  range 1,200 m). The geometry 
dat e H i e s  used in  the  f l o o d  s i m u l a t i o n s  are s i m i l a r  t o  those used 

h i  c » a r s s r  3 .3 .  The s im u la te d  maximum wat er  l e v e l s  o b ta in e d  f o r  6 - ,  
2 0 ' ' 00 - y e a r  re c u r re n c e  i n t e r v a l  f l o o d s  i n  the Umhlatuz i  
C i ' U v i , a r e  g i ve n in  t a b l e  3 .6 .

Table 3.6  : Maximum s im u la t e d  w a te r  l e v e l s  i n  the  Richar ds Say 
e s t u a r y  d u r i n g  5 - ,  20-  and 100 -yea r  f l o o d s  i n  the 
Umhlatuz i  catchment  (metres to  LWOST)

e s t u a r y  system mouth c o n 'H t t o n r e cu r ren ce I n t e r v a l  f l o o d

5 20 100

o r i g i n a l J u ly /A u g u s t 1,7 2 , ‘> 2,9
n a t u r a l  system 1970

November 1970 1,5 2,1 2,6

"W system l a y o u t  2 1,7 2,0 2,5
t d f t e r  h a rb o u r
c o n s t r u c t i o n ) l a y o u t  2 w i t h 2,1

s an d- ba r  a t  -4,5m

l a y o u t  2 w i t h 2,1
s an d- ba r  a t  - 2 , 0m

Me3 model t e s t - - 2 ,1

J u l y / A u g u s t  1970 - - 3,1

des igne d channel - 2,5 1,0

In no case mod el led  d id  the  100 -ye ar  f l o o d  l e v e l  exceed 3,1 m LWOST 
( i . e .  the  de s i gn  c r i t e r i o n  proposed by the  C S IR * ) .



4.  MODELLING LONG TERM WATER AND SALT CIRCULATION IN THE
ORIGINAL BAY AND T H E  PROPOSED NATURE RESERVE 

S a l i n i t y  measurements (see t a b l e  4.1 and f i g u r e  4 .3 )  suggest  t h a t  
the main body o f  the o r i g i n a l  bay was s p a t i a l l y  w e l l  mixed . -xcept 
f o r  l o c a l i s e d  r eg io ns  a t  the r i v e r  mouths . Th is  im p l i e s  t h a t  the 
l a r g e  s c a le  tw o- d im en si on al  { i n  p la n )  c u r r e n t s  gen erated by wind 
a c t i o n  and C o r i o l i s  f o r c e s  and s m a l l e r  s c a le  t u r b u l e n t  m ix ing 
processes are s u f f i c i e n t l y  v i go rou s to  produce a u n i f o rm  s a l i n i t y .

S a l t  i s  t r a n s p o r t e d  I n t o  the bay by the  d is p e r s i v e  a c t i o n  o f  the 
t i d e s .  Dur ing  the incoming t i d e  sea w a te r  f l ow s i n t o  the bay {see 
f i g u r e  4 . 3 ) .  Due to  t u r b u le n c e  t h i s  w a te r  mixes w i t h  bay w a te r .  
D i l u t e d  w a te r  thus f lo w s  ou t  o f  the bay d u r in g  the o u tg o i ng  t i d e . 
P a r t  o f  the s a l t  remains i n  the bay. I f  t h e re  were no f r e s h w a te r  
i n f l o w  to  the  bay t h i s  t i d a l  d i s p e r s i o n  would e v e n t u a l l y  f i l l  
the e n t i r e  bay w i t h  sea w a t e r .  Any n e t  i n f l o w  o f  f r e s h w a te r  to  
the system se ts  up an a d v e c t i v e  c u r r e n t  o u t  to  sea which f l u s h e s  
o u t  some o f  the s a l t .  The s a l i n i t y  o f  the bay t h e r e f o r e  depends 
on t h e  ba l ance between the  t i d a l  d i s p e r s i o n  and the  f r e s h w a te r  

a d v e c t i o n .

The on e- d im ens ional  t i d a l  model used i n  c h a p te r  3 has been used 
t o  appr ox ima te the t i d a l  i n t r u s i o n  process d is cus sed  above.  Th is  
model co ul d be used t o  s im u la t e  the d i s p e r s i o n / a d v e c t i o n  process 
f o r  the  e n t i r e  l a k e .  The m ix in g  e f f e c t  o f  the l a rg e  s c a le  two-  
d imen sion al  c u r r e n t s  in  the  bay co ul d be d e a l t  w i t h  by s p e c i f y i n g  
a s u i t a b l e  on e- d im ens ion al  d i s p e r s i o n  c o e f f i c i e n t .  However i t  
would prove co m p le te l y  unmanageable f o r  s i m u l a t i n g  the long  term 
(say 50 y e a r s )  s a l i n i t y  f l u c t u a t i o n s  in  the bay a t  say \  hour 
in c r e m e n t s .

I t  was t h e r e f o r e  dec ide d to  use a c e l l  typ e month ly  lake model 
developed by H u tc h is o n 22 . B r i e f l y  the  lake o r  bay i s  r ep re sen te d 
as a s e r i e s  o f  i n t e r c o n n e c te d  c e l l s .  The bay/ocean boundary is  
re pr e se n te d  by a l a k e  s ta g e - d i s c h a r g e  c ur ve ,  In t h i s  model the 
t i d a l  d i s p e r s i v e  process d is cus sed  above i s  t r e a t e d  as pure 

d i s p e r s i o n ,  the r a t e  o f  s a l t  i n f l u x  be in g dependent on the  s a l i n i t y  
g r a d i e n t  between the  bay and the  sea,  the c r o s s - s e c t i o n a l  area o f  
the channel  l i n k i n g  the bay to  the sea and a d i s p e r s io n  c o n s ta n t .
A b r i e f  d i  s c r i  p t i o n  o f  t h i s  lak e model f o l l o w s .
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4.1 D e s c r i p t i o n  o f  the programs used

4 . 1 . 1  HOYPQ5

Th is  program i s  des igned to  s im u la te  l o n g - t e r m  wat er  c i r c u l a t i o n  

w i t h i n  the l a k e ,  i . e .  f o r  p e r i o d s  o f  50 year s o r  more. The lake 
system i s  r e p res en te d as a s e r i e s  o f  in t e r c o n n e c t e d  s to ra g e  c e l l s  
each ha v in g a h o r i z o n t a l  w a te r  s u r fa c e  (see f i g u r e  4 . 3 ) .  Water  
e n te r s  the  system by way o f  e s t u a r i e s ,  which conne ct  the  lak e to  
the  sea,  r i v e r s  and d i r e c t  r a i n f a l l  and leaves the system v i a  the 
e s t u a r i e s  and e v a p o r a t io n .  Di scharges i n  the  f l o w  l i n k s  c o n n ec t i ng  
the  c e l l s  are governed by c o n t i n u i t y * .  From a g lance a t  the  bay 
geometry i t  is  obv iou s t h a t  the  f r i c t i o n  lo sses  are n e g l i g i b l e .
The c o n t i n u i t y  s o l u t i o n  i s  g i ven  be low:

( a )  C o n t i n u i t y  e q u a t i o n  f o r  ge ner a l  c e l l  i

A t y p i c a l  f lo w  l i n k  i s  i l l u s t r a t e d  in  f i g u r e  4 . 1 .  For  t h i s
s o l u t i o n  a l l  the c e l l  l e v e l s  a t  the end o f  the t ime p e r i o d ,  i . e .  
z . ,  are equal  and s e t  a t  z z 1 ( i . e .  t h e r e  are no f r i c t i o n  lo ss es  
i n  the  l i n k s ) .

From the fundamenta l  c o n t i n u i t y  e q u a t i o n :

I  = AS + 0 ...................................................................................... ( 4 . 1 )

where,  d u r i n g  t ime in c re m e n t  A t ,  I  = i n f l o w
0 = o u t f l o w  

AS = change o f  s to rag e

we g e t :
t .Aj kam.3QEk j=m,

z z '  ( -  - k l  + 0 ,0432 I  1- * ~ )  + I  f ,  H0,0864Q'. «
6 t  {- = 1 i  j » l  1 ,J J

x . A .  V. k^m. -i 3QEu
- - K T "  2i  '  5T ’  ° ’ 08 64  k f 1 CQEk -  7  “7 ^ 7  + e i x1A1 . . . ( 4 . 2 )

where z z ' = ce l  1 w a te r  l e v e l  a t  t ime t  + t i t  (m)
= c e l l  w a te r  l e v e l  a t  t ime t  (m)

= c e l l  s u r fa c e  area c o r r e c t i o n  f a c t o r  

A j  » c e l l  w a te r  s u r fa c e  area (km2 ) 

t i t  = t ime  inc re men t  ( d a y s )
0,0864 = seconds x 106/day

*  The program can handle f r i c t i o n  losses i f  neces sar y.



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

k = gene ra l  e s tu a r y  
QEk = d is char ge  i n  e s tu a r y  a t  t im e t  (m3/ s )  

f 1$j  = f a c t o r  d e f i n i n g  d i r e c t i o n  o f  f l o w  in  l i n k  j
- -1 i f  p o s i t i v e  d i r e c t i o n  o f  f l o w  i n  the l i n k  

i s  o u t  o f  the  c e l l  
= 1 i f  p o s i t i v e  d i r e c t i o n  o f  f l o w  i n  the l i n k  

i s  i n t o  the c e l l  
Qj  = l i n k  d is ch a rg e  a t  t ime t + 6 t  (m3/ s )  

n j  = number o f  f l o w  l i n k s  connected to  c e l l  1 

j  = gen er a l  f l o w  l i n k  
= r i v e r  i n f l o w  (m3: i 0 5) 

e^ = n e t  e va p o ra t i o n  f rom c e l l  (m/day)

Thus f o r  I  c e l l s  and p f l o w  l i n k s ,  the number o f  unknowns a t  the 
end o f  t ime p e r i o d  6 t  w i l l  be p+1 ( i . e .  f l o w  l i n k  d is cha rg es  and 
f i n a l  lak e l e v e l )  w h i l e  the number o f  c e l l  c o n t i n u i t y  eq u a t i o n s  
w i l l  be Z.

(b)  S o l u t i o n  procedure

For  a c o n f i g u r a t i o n  o f  I  c e l l s  and p l i n k s  a s e t  o f  I  c e l l  
c o n t i n u i t y  eq u a t i o n s  i s  s e t  up and so l ved  f o r  the  p+1 unknowns, 
v i z .  the  f i n a l  l a k e  l e v e l  and average l i n k  d i s c h a rg e s .

Program HDYP05 i s  d e sc r ib ed  i n  d e t a i l  in  re fe re n c e  22,

4 . 1 . 2  HDYPQ6

Thi s  program s i m u la te s  s a l i n i t y  c i r c u l a t i o n  w i t h i n  the lake 
system. Both a d v e c t i v e  and d i s p e r s i v e  processes are c o n s id e re d .  
The s to rag e c e l l s  are assumed to  be w e l l  mixed and thus have a 
u n i f o rm  s a l i n i t y  d i s t r i b u t i o n .  A l l  s a l t  t r a n s p o r t  takes p lace 
w i t h i n  the  f l o w  l i n k s .  A t y p i c a l  s a l i n i t y  d i s t r i b u t i o n  w i t h i n  
the model i s  i l l u s t r a t e d  in  f i g u r e  4 .2 .
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(a)  Adv ec t i on

The a d v e c t i v e  c u r r e n t s  in  the  f l o w  l i n k s  are averages o b ta in ed 
f rom the program HDYP05. S a l t  ad v e c t i o n  ov e r  the m on th ly  t ime 
i n c re m en t  i s  approx imate d as the p ro d u c t  o f  the average l i n k  
d i sch ar ge  and the average s a l i n i t y  o f  the c e l l  f rom which the 
w a te r  is  f l o w i n g .  Th is  i m p l ie s  a c o n s ta n t  d isch a rg e  and a l i n e a r  
v a r i a t i o n  i  i> c e l l  s a l i n i t y  ov er  the  t ime p e r i o d . The ad ve ct io n 
eq u a t i o n s  used are g i ve n be low:

A d ve ct io n i n t o  c e l l  v i a  f l o w  l i n k  j : -

Ad ve ct io n = LAI  = 0,0864 r ,  . s ( C ' , + . )Qav45t
I » J £■ v , J u »J J

- 0 , 08 64  I (CJ t  C ^ Q a V jS t  ........................... ( 4 . 3 )

where r .  j  = 1 and S- j  = 0 i f  QaVj i s  i n t o  c e l l  i

and r^  j  « 0 and j  = 1 i f  Qav^ i s  o u t  o f  c e l l  1

QaVj = average d i sc ha rge  i n  l i n k  d u r i n g  p e r i o d  St  (m3/ s )

A d ve ct io n i n t o  c e l l  v i a  e s t u a r y  k : -

A d vec t i on  = EA1 = 0,0864 r kCs QEavk St  -  g(C^ + C1-)QEavk6t
..................( 4 .4 )

where r ^  and s k have the  same meaning as b e fo re  b u t  w i t h  
r e s p e c t  t o  QEavk .

QEavk = average e s tu a r y  d i s c h a rg e  f o r  p e r i o d  6 t  {m3/ s )

(b)  D i s p e r s i o n

The d i s p e r s i v e  process i s  assumed to  be governed by a F i c k i a n -  
type la w ,  i . e .  the r a t e  o f  t r a n s p o r t  i s  p r o p o r t i o n a l  to  the  
s a l i n i t y  g r a d i e n t .  Th is  g r a d i e n t  i s  e v a lu at ed  i n  terms o f  the 
s a l i n i t i e s  o f  the c e l l s  a t  the  b e g in n in g  and end o f  the  channel  
and the c i . - ane l  d i s p e r s i v e  l e n g th  (see f i g u r e  4 . 2 ) .  The d is p e r s i o n  
l e n g th  i s  the d i s ta n c e  between the  ce l  1 c e n t r o i d s .  The d i s p e r s io n  

r a t e  i s  a ls o  dependent  upon the  average channel  c r o s s - s e c t i o n a l  
area between c e l l  c e n t r o i d s . The d i s p e r s i v e  l e n g th  o f  an e s tu a r y  
i s  taken as the d is ta n c e  f rom the c e n t r o i d  o f  the  c e l l  to  t h a t  
edge o f  t h e  c e l i  wh ich  i s  l i n k e d  to the  s e a . The d is p e r s io n  

eq u a t i o n s  used are g iven be low;

D is p e rs io n  i n t o  c e l l  v i a  f lo w  l i n k  j : -  
Dg.

D is p e rs io n  « ID I  = ^ ( C ^ .  + C0>j  -  Cl -  C , ) a t  .........................( 4 .5 )

where 0 = l i n k  d is p e r s i o n  c o e f f i c i e n t ;  assumed to  be the



same f o r  a l l  l i n k s  (km2/ d a y )

9 j  = l i n k  d i s p e r s i v e  c r o s s - s e c t i o n a l  area (m2 )

h j  = l i n k  d is p e r s i o n  d i s t a n c e  (m)

6 t  = t ime inc re men t  . (days}

C^.Cj  = average s a l i n i t y  o f  c e l l  i  a t  t ime  t  and
t + 6 t  ( p p t )

Cq j  ,0'o j  = average s a l i n i t y  o f  c e l l  a t  o t h e r  end o f  f l o w  
l i n k  a t  t ime  t  and a t  t ime  t + 5 t  ( p p t ) *

D is p e rs io n  i n t o  c e l l  v i a  e s t u a r y  k 
Dg,

D is p e rs io n  = EDI = ^ ( 2 . ^  -  C! -  Ci  ) 6 t   ( 4 .6 )

where gk and hk have the same meaning as b ef or e b u t  w i t h  
re s p e c t  to  the e s tu a r y  

and Cs = sea w a te r  s a l i n i t y  ( p p t ) .

The in c re a s e  i n  c e l l  s a l t  c o n te n t  d u r i n g  the  p e r io d  St i s  g iven 
b y : -

As = Vs^C- -  Vs.Ci  .................................................................... ( 4 . 7 )

where Vs.. , Vs^ = c e l l  i  volumes a t  t ime t  and t + S t  (m3x l 0 6)

The c e l l  s a l t  c o n s e r v a t i o n  e q ua t io n i s : -

As = ne t  i n f l o w  o f  s a l t  = ZLDI + ELAI + SEDI + SEAI . . . ( 4 . 8 )

S u b s t i t u t i o n  o f  e q u at io ns  4 .3  to  4 . , '  i n t o  4 ,8  and re -a r ran ge me nt  

o f  the terms y i e l d s : -

C H I s l  + %  *  0 .0 864  s ,  , ( ) »», )  t  k s " '  ( - E k  t  0 ,0864
1 1  h j  1,0 1 4 k . l  "k

j = n .  Dg. . *  k=m. Dgk
0.  (Vs.  -  —s- 2 (—c— + 0,0864 Sj iQ av . )  -  - w  E (—c— +

1 1  2 j = l  hj  1 ) J J k = l  k
k=m. Dg, .

0,0864 sk QEavk ) }  + C j S t ^ E ^ 1- ^ -  + 0 ,0864 r k QEavk }

+ 4  3SV  , ( - i i  + 0 ,0664 r ,  .Qav , )  ( 4 . 9 )
j  = l  0 w  n j  i , j  j
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( c )  S o l u t i o n  procedure

Flow l i n k  d i s p e r s i o n  g eo m et ry , d is p e r s i o n  c o e f f i c i e n t  and sea 
w a te r  s a l i n i t y  must be s p e c i f i e d .  Equ at io n 4.9  i s  s e t  up f o r  
each o f  the I  c e l l s ,  thus p r o v i d i n g  I  e q u at io ns  w i t h  I  unknowns, 
v i z .  f i n a l  average c e l l  s a l i n i t i e s .  At  any t ime t  c e l l  le v e l s  
and s a l i n i t i e s  are known f rom the pr e v io u s  t ime s te p w h i l e  
average l i n k  and e s tu a r y  d i s ch ar ge s and f i n a l  c e l l  l e v e l s  are 
ge ner ate d by the s i m u l a t i o n  program. The s e t  o f  I  e q u at io ns  is  
then so l ved  s i m u l ta n e o u s l y  to  y i e l d  the  c e l l  s a l i n i t i e s  a t  the 
end o f  the t ime p e r i o d .  The s o l u t i o n  thus con t in ue s  i n  a s te pw is e 
manner .

Programs HDYP05 and HDYP06 can be run a t  m ont h ly  t ime i ncr em ent s 
o r  f r a c t i o n s  t h e r e o f .

4 .2  C a l i b r a t i o n  o f  the  w a te r  and s a l t  c i r c u l a t i o n  models

4 .2 .1  Richards Bay n a t u r a l  system data

S a l i n i t y  measurements were c a r r i e d  o u t  by the CSIR d u r i n g  the 
p e r io d  Febr uar y 1969 to  March 1971. These s a l i n i t i e s  are 
t a b u l a t e d  i n  t a b l e  4 . 1 .  The l o c a t i o n s  o f  the s a l i n i t y  measur ing 
s t a t i o n s  are g i ven  i n  f i g u r e  4 . 3 .  I t  sho uld  be noted t h a t  t h i s  
da ta  is  s u b j e c t  to  the f o l l o w i n g  l i m i t a t i o n s :

( i )  Very few measurements were taken w i t h i n  the bay p r o p e r ,
( i i ) S t a t i o n  S4 was I n o p e r a t i v e  f o r  most  o f  the o b s e r v a t i o n s ,  

( H i )  These s a l i n i t y  r e ad in gs  are p o i n t  measurements c a r r i e d  out  
on a s p e c i f i c  day. They may n o t ,  t h e r e f o r e  a c c u r a t e l y  
r e p r e s e n t  the average bay s a l i n i t y  f o r  t h a t  day. I t  i s  a lso 
d i f f i c u l t  t o  e x t r a p o l a t e  month-end s a l i n i t i e s  f o r  purposes 
o f  compar ison w i t h  s im u la te d  v a lu es .

As the bay i s  s p a t i a l l y  w e l l  mi xed ,  i t  was dec ide d to  model i t  
as one c e l l .  The e s tu a r y  channel  was re pr e se n te d  by a second c e l l  
because t h e re  i s  a c o n s i s t e n t  d i f f e r e n c e  between the bay and 
e s t u a r y  channel  s a l i n i t i e s  (see t a b l e  4 . 2 ) .  The c e l l  c o n f i g u r a t i o n  
i s  shown i n  f ig -s re  4 .3 .

The s p a t i a l l y  wei gh te d  average s a l i n i t y  w i t h i n  each c e l l  f o r  the 
months d u r i n g  which s a l i n i t y  measurements were mad" by the  CSIR 
are g iven i n  t a b l e  4 .2 .  The l e v e l - a r e a  r e l a t i o n s h i p  f o r  each c e l l  
i s  g iven i n  t a b l e  4 . 3 .  The l e v e l - d i s c h a r g e  r e l a t i o n s h i p  f o r  the 
e s t u a r y  was e s t a b l i s h e d  by ru n n in g  the one -d im en si on al  t i d a l



Table  4.1 : Average s a l i n i t i e s  measured a t  CSIR s a l i n i t y  
mea sur ing s t a t i o n s  ( p p t )

date s t a t i o n  numbe>

year month day 1 2 3 4 5 6 7

1969 26 35 35 34 _ 34 35 35
Ik 34 20 12 17

5 34 24 18 17 22 32
23 34 30 22 20 23 29

34 27 22 25 25 30
29 34 32 33 32 30 34
25 33 26 24 20 26 29

1970 9 33 32 31 _ 29 32 33
28 34 33 32 32 30 32 34
11 34 33 34 31. 30 32 34
14 32 28 22 21 16 50
11 30 27 21 18 19 24 32

1971 3 34 34 34 28 27 27 34

Note : These a re  sp ot  measui  'me r i ts .  The va lu e s  g i ven  
above are  averages o f  t o p  and bot t om s a l i n i t i e s  
measured a t  one p o i n t  In t i m e.

Table 4 .2  : Weighted average s a l i n i t i e s  w i t h i n  each c e l l  on 
the da te s  when s a l i n i t y  measurements were made

c e l l  number
y e a r month day 1 2
1969 26 35 34

Mar 14 15 8
May 21 17
<3un 23 25 21
Oul 9 26 25
Sep 29 33 32
Nov 25 25 21

1970 Jan 9 32 30
Ju l 28 33 31
Sep 11 34 31
Oct 14 25 19
Dec 11 24 19

1971 3 34 28

Note :  The above average c e l l  s a l i n i t i e s  were w e ig ht ed  by
T h ie s s e n 's  Polygon method.



p ro p a g a t i o n  model d iscussed  i n  c h a p te r  3 f o r  the  o r i g i n a l  system 
f o r  one t i d a l  c y c le  w i t h  v a r i o u s  f i x e d  bay l e v e l s . ft s in u s o i d a l  
sea t i d e  o f  1 ,2  m range (Durban mean) and 0,940 tn MSI (Durban mean) 
was s p e c i f i e d  a t  the  downstream bou ndary.  S im u la t i o n s  per formed by 
H u tc h i s o n 20 I n d i c a t e  t h a t  use o f  a mean o r  median t i d a l  range and 
the long term mean sea l e v e l  g i ves  an a c cu ra te  average e s tu a r y  
i n f l o w  o r  o u t f l o w .

J u l y / A u g u s t  1970 mouth geometry  was taken as be in g r e p r e s e n t a t i v e  
o f  normal c o n d i t i o n s  w i t h i n  the o r i g i n a l  bay system. The r e s u l t i n g  
l e v e l - d i s c h a r g e  r e l a t i o n s h i p  i s  g ive n i n  t a b l e  4 .4 .

Table 4 .3  : L e v e l - a r e a  r e l a t i o n s h i p  f o r  each c e l l  used to  
model the  o r i g i n a l  Richa rds  bay system

c e l l  1 c e l l  2

l e v e l  m area  km2 area km2

- 3 ,0 0
- 1 ,0 0
- 0 ,5 0

0,00
0,50
1,00
2,50
2,25
3,00

0,006
0,574
0,943
1,428
3,261
6,017
7,142

10,333
13,597

- 0 ,1 0
0,20
0,40
0,60
0,70
1,00
1,50
2,25
3,00

0,409
5,0 11

14,065
19,072
20,94?
22,389
23,364
31,078
38,937

Table 4 .4  : L e v e l - d i s c h a r g e  r e l a t i o n s h i p  f o r  the o r i g i n a l  Richards 
bay e s tu a r y  -  J u l y / A u g u s t  1970 mouth (+ve d i r e c t i o n  
i n t o  the bay)

l e v e l  m d is c h a rg e  m3/ s

0,70 97,0
1,11 0,0
2,00 - 55 3, 3
3,00 -1 411,8

4 . 2 . 2  Convergence t e s t  runs

These runs were used In  o r d e r  to  s e l e c t  an a p p r o p r i a t e  s im u la t i o n  
t ime i n c re m e n t .  The p e r i o d  1961 t o  1971 was s im u la te d  i n  the  
o r i g i n a l  system f o r  c a l c u l a t i o n  t ime Incre ments v a r y in g  between
1 and 8 c a l c u l a t i o n s  per  month.  Boundary r i v e r  r u n o f f s  were 
p ro v id e d  b y ' t h e  m ont h l y  r u n o f f s  s i m u la te d  i n  ch a p te r  2 f o r  1970 
ca tchment  c o n d i t i o n s  ( I . e .  t a b le s  2 .1 3 ,  2 . 1 4 ,  2 .18 and 2 . 1 9 ) .  The 
d i s p e r s i o n  c o e f f i c i e n t ,  D, was s e t  a t  10 km2/ d a y .  The r e s u l t s  o f
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the  convergence t e s t s  are g iven i n  t a b l e  4 . 5 ,  f rom which I t  1s 
seen t h a t  a c a l c u l a t i o n  t im e inc re men t  o f  1 month ( I . e .  4 
c a l c u l a t i o n s  pe r  month)  y i e l d s  s a t i s f a c t o r y  r e s u l t s ,  i . e .  the 
e r r o r  i n  average c e l l  l e v e l s  and s a l i n i t i e s  are less than 2% and 
i n  no s i n g l e  month do thes e e r r o r s  exceed 10%.

Tab le  4.5  : R es ul ts  o f  convergence t e s t  s i m u l a t i o n s  -  average 
c e l l  l e v e l s  and s a l i n i t i e s  f o r  the p e r i o d  1921 to  
1971 f o r  1970 catchment  c o n d i t i o n s

number o f  
c a l c u l a t i o n s  

pe r  month

l a k e  le v e l s a l i n i t y  ppt

c e l l  1 c e l l  2
1 1,13 25,6 22,7
2 1,13 25,8 22,7
4 1,12 25,6 22,6
8 1,14 25,7 22,7

4 . 2 . 3  Model c a l i b r a t i o n  f o r  the  p e r io d  Febru ary  1969 t o  J u l y  1971 

The le v e l - d i s c h a r g e  cu rv e  g i ven  i n  ta b l e  4 .4  was used f o r  the 
e s t u a r y  boundary ( i . e .  a MSI and t i d a l  range o f  0 ,940  and 1,200 m 
r e s p e c t i v e l y ,  and J u l y / A u g u s t  1970 mouth c o n d i t i o n s  were assumed) . 
The mont h ly  r u n o f f s  i n t o  Ri chards Bay s im u la te d  1n c h a p te r  2 f o r  
1970 catchment  c o n d i t i o n s  were used f o r  the r i v e r  b ou nd ar ie s.
The model  was c a l i b r a t e d  by v a r y in g  the  d is p e r s i o n  c o e f f i c i e n t ,
D, and the e va p o ra t i o n  pan c o e f f i c i e n t  u n t i l  a reaso nab le 
agreement  was achie ved  between measured and s im u la te d  s a l i n i t i e s .  
The e v a p o r a t i o n  pan c o e f f i c i e n t  was found  t o  have ve ry  l i t t l e  
e f f e c t  and was s e t  a t  1 ,1 .  The d i s c o n t in u o u s  n a tu re  o f  the 
a v a i l a b l e  s a l i n i t y  data p r ec lu de d any a t t e m p t  a t  acc ur at e 
c a i b r a t i o n  o f  the  model .  Table 4 .6  demon strate s the  c o r r e l a t i o n  
ach ie ve d between model and n a t u r a l  system b e h a v io u r .  The f i n a l  
va lue o f  D adopted was 13 kmV day .
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Table 4 .6  : Compar ison o f  the  measured and s im u la te d  s a l i n i t i e s  
w i t h i n  the o r i g i n a l  Ri chards Bay Take system ( p p t )

date ce l  1 number 1 c e l l  number 2
year month day measured s im ul at ed measured s i m u la te d
1969 Feb 26 35 30 34 28

Mar 14 15 23 8 20
May 5 21 18 17 13
Jun 23 25 25 21 22
Jul 9 26 26 25 24
Sep 29 33 30 32 29
Nov 25 25 27 21 24

1970 9 32 30 30 28
28 33 31 31 29
11 34 31 31 30

Oct 14 25 27 19 24
Dec 11 24 24 19 20

1971 Mar 3 34 27 28 23

No te : The above s i m u la te d  c e l l  s a l i n i t i e s  were i n t e r p o l a t e d
l i n e a r l y  between the  month end va l ues  o b ta in e d  f rom  the  
lak e m ode l .

Table 4 .7  t L e v e l - a r e a  r e l a t i o n s h i p  f o r  each c e l l  used t o  model  
the proposed n a tu r e  res erv e

c e l l  1 c e l l  2
l e v e l  m area km2 l e v e l  m area km*
-11 ,1 6

-4 ,6 6
- 0 ,1 6

0,40
0,60
1,00
1,50
3,00

0,718 
1*069 
1 ,670 
2,465 
3,437 
3 , 8 5 3  
3,975 
5,281 '

0 ,20
0,40
0,60
1,00
1,50
2*25
3,00

0,588
3,465
7,250
8,888
9,345

15,012
17,859

Table 4 , 8  : L e v e l - d i s c h a r g e  r e l a t i o n s h i p  f o r  the proposed 
na tu re  re s e rv e  e s tu a r y  -  Layout  I I  mouth

le v e l  m disch a rg e  m8/s
0,70 132,3
1,00 44,7
2,00 - 7 0 , 5
3,00 -1 594,1



4.3 S i m u la t i o n  o f  the  lon g term w a te r  and s a l t  c i r c u l a t i o n  in 
th e o r i g i n a l  Richard s Bay system and in  the proposed new 
n at ur e res erve

These s i m u l a t i o n s  were run f o r  a p e r io d  o f  51 years  us in g the 
s y n th e s i z e d  m ont h ly  r u n o f f s  I n t o  Ri chards Bay d i scussed  in  
c h a p te r  2 as boundary c o n d i t i o n s .  Corresp ond ing mont h ly  net  
p o t e n t i a l  ev a p o ra t i o n s  f rom the bay are a l s o  a v a i l a b l e  f o r  the 
s i m u l a t i o n  p e r i o d .  The d i s p e r s i o n  c o e f f i c i e n t  used i s  13 kmz/d a y .

4 .3 .1  O r i g i n a l  n a t u r a l  system

C o n d i t i o n s  i n  the  o r i g i n a l  Ri chards Bay system were s i m u la te d  on ly  
f o r  the 1970 catchment  c o n d i t i o n s . The d i s c h a r g e - l e v e l  r e l a t i o n s h i p  
o f  t a b l e  4 .4  was used as the  e s tu a r y  boundary c o n d i t i o n  w h i l e  the 
r i v e r  i n p u ts  were a b s t r a c t e d  f rom t a b l e s  2 .1 3 ,  2 .1 4 ,  2 .18 and 2 .1 9.  
The r e s u l t s  o f  t h i s  s i m u l a t i o n  are g i ven i n  t a b l e  4 .9 .

4 . 3 . 2  Proposed new n a tu re  re se rve

The c e l l  c o n f i g u r a t i o n  i s  shown in  f i g u r e  4.4  and the l e v e l - a r e a  
r e l a t i o n s h i p  f o r  each c e l l  i s  g ive n i n  t a b l e  4 . 7 .  The l e v e l -  
d i s c h a rg e  r e l a t i o n s h i p  f o r  the  e s tu a r y  was deter mined as b e f o r e , 
u s in g  l a y o u t  I I  mouth , and i s  shown i n  t a b l e  4 .8 .

S im u la t i o n s  were per formed f o r  two catchment  c o n d i t i o n s :

(a)  1970 catchment  c o n d i t i o n s  -  the r i v e r  bound ar ies  s p e c i f i e d  as 
i n  4 .3 .1  above f o r  the o r i g i n a l  system s i m u l a t i o n s ,

(b)  1990 catchment  c o n d i t i o n s  -  here the  r i v e r  In pu ts  were p r ov id ed  
by t a b l e s  2.21 to  2 .24 .

The r e s u l t s  o f  thes e s i m u l a t i o n s  are g iven  i n  t a b l e  4 ,9 .

4 . 3 . 3  Compar ison between the  long term w a te r  and s a l t  c i r c u l a t i o n  
i n  the o r i g i n a l  n a t u r a l  system and t h a t  o f  the  proposed 
n a tu re  res erv e

From ta b le  4 .9  i t  is  seen t h a t  a t  no t ime does the  s a l i n i t y  
exceed 36 ppt  i n  any o f  the  systems m od e l l e d .  For  the  catchment  
c o n d i t i o n s  p r e v a i l i n g  i n  1970 t h e re  i s  Very l i t t l e  d i f f e r e n c e  
between the  average s a l i n i t i e s  and w a te r  l e v e l s  o b ta in ed  i n  the 
o r i g i n a l  system and thos e o f  the  proposed n a tu re  r e s e r v e .

I t  i s  thus c l e a r  t h a t  t h e r e  i s  l i t t l e  cause f o r  concern w i t h
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r e s p e c t  to  l o n g  term average w a te r  l e v e l s  and s a l i n i t i e s  w i t h i n  
the proposed n a tu re  re se rve .

Table  4.9  : Compar ison between the  long term w a te r  and s a l t  
c i r c u l a t i o n  in  the o r i g i n a l  n a t u r a l  system and 
t h a t  o f  t h e  proposed new n a tu re  res erve

par ameter u n i t s estuar.v  system
o r i g i n a ' system orooosea n at ur e  res er ve

1970 tchment 1970 cz tchment 1990 catchment
c e l l  1 c e l l  2 c e l l  1 c e l l  2 c e l l  1 c e l l  2

mean annual

n e t  e v a p o r a t i o n m3x l 0 6 0,9 0
54,96

2,39 0,3 8 1 ,08 0,3 8 1 ,08
r i v e r  r u n o f f 503,99 0,00 503,99 0,00 232,93
mean annual
e s t u a r y  i n f l o w m3x l 0 6 0,53 0,00 4,41
e s tu a r y  o u t f l o w 556,11 502,48 - 235,82
w a te r  l e v e l s
average 1 ,14 M 4 1 , 0 8 1 ,08 1 ,07 1,07
maximum mont h l y 1 ,42 1,42 1,12 1 ,12 1,10 1 ,10
minimum mont h ly 1 ,04 1 ,04 1,01 1 ,01 1,01 1 ,01
s tan da rd  dev. 0,04 0,04 0,01 n . o i 0,01 0,01

s a l i n i t y
average PPt 26,6 23,9 24,5 22,1 3 0 . 5 29,6

36,0maximum month ly 34,3 34,0 33,4 32,9 35,9
minimum mont h l y 5,5 6,7 6,6 6,9 7,8
s tan da rd  dev. 6,2 M 0,7 3,9 0,7



5. CONCLUSIONS AND RECOMMENDATIONS

5.1 Conc lus ion s

For  a l l  the  model s i m u l a t i o n s  per formed i t  was found t h a t  the mean 
bay l e v e l  averaged o v e r  a t i d a l  c y c l e  w i t h i n  the p ro p t - e d  na tur e 
res er ve  were not  s i g n i f i c a n t l y  d i f f e r e n t  f rom those exper ien ced 
in  the o r i g i n a l  system. The t i d a l  pr is m  was found to  d i f f e r  
m ar ked ly  depending upon the  mouth c o n d i t i o n s  a s c r ib e d  to  the new 
.system. T id a l  ranges w i t h i n  the proposed n a tu re  res erv e w i th  
l a y o u t  I I  mouth were found  to  be two to  t h re e  t imes l a r g e r  than 
thos e o f  the  o r i g i n a l  system. I t  was a l s o  e s t a b l i s h e d  t h a t  should 
a f l o o d  wash o u t  the  s a nd -b ar  which b l o c k s  the seaward ends o f  
the  f o u r  f l o o d  c h a n n e l s , th e re  i s  a s t r o n g  l i k e l i h o o d  t h a t  the  bed 
o f  n e a r l y  the  e n t i r e  n a tu re  re s e rv e  w i l l  become exposed a t  low 
s p r i n g  t i d e .  The des ign i s  o f f e r e d  o f  a t i d a l  channel  t h a t  w i l l  
cause ac c e p ta b le  t i d a l  ranges w i t h i n  the n a tu r e  r e r e r v e .

Maximum f l o o d  l e v e l s  f o r  a l l  o f  the  mouth c o n f i g u r a t i o n s  model led 
were found t o  be a c c e pt ab le  ( I . e .  n o t  h i g h e r  than 3,1 in LW0ST“ 
f o r  a 100 -y ear  f l o o d ) .  Proposed developments w i t h i n  the Umhlatuz i  
catchm ent  make v e ry  l i t t l e  d i f f e r e n c e  to  the f l o o d  response o f  
Richards Say,

T i d a l  ad v e c t i o n  a m p l i tu de s a long  the  tha lwe g o f  each o f  the e s t u a r y  
systems have been p l o t t e d  and f ro m these  the e x t e n t  o f  t i d a l  sea 
w a te r  i n t r u s i o n  can be i n f e r r e d .

Very l i t t l e  d i f f e r e n c e  was found between the  lon g term w a te r  l e v e l s  
and s a l i n i t y  f l u c t u a t i o n s  w i t h i n  the o r i g i n a l  system and thos e i n  
t h e  proposed n a tu re  re s e r v e .  Even f o r  p r o j e c t e d  1990 catchment  
c o n d i t i o n s  the  average m ont h ly  s a l i n i t y  neve r  exceeds 36 ppt  ( i . e .
1 p p t  above average sea s a l i n i t y ) .

5 . 2  Recommendations

(a)  I t  i s  s t r o n g l y  recommended t h a t  the f o u r  f l o o d  channels  in 
the  new e s t u a r y  mouth be perm ane nt ly  b l oc ke d so as to  p rev en t  
un ac ce pt ab ly  sh a l l o w  w a te r  a t  low t i d e  a f t e r  a f l o o d  has scoured 

o u t  t h e  narrow sa n d -b a r  a t  p re s e n t  t e m o p a r l l y  o b s t r u c t i n g  the  seaward 

o u t l e t .  T h i s . c o u l d  be e f f e c t e d  by:

( i )  f i l l i n g  in  the f l o o d  channels  w i t h  m a t e r ia l  borrowed f rom 
the dykes s e p a r a t i n g  the  f l o o d  ch a n n e l s ,  

or  ( i i ) c o n s t r u c t i n g  an e r o s i o n - r e s i s t a n t  w e i r  across the  f l o o d  
ch a n n e l s .
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I t  is  suggested t h a t  the f i n i s h e d  l e v e l  o f  the f l o o d  p l a i n  (case
( i ) )  o r  the  c r e s t  l e v e l  o f  the w e i r  (case ( i i ) )  should be s e t  at
1 ,0  m LWOfT (see f i g u r e  3.33 o f  c h a p te r  3) .

(b )  A 30 m wide t i d a l  channel  w i t h  i n v e r t  le v e l  a t  - 0 ,5  m LWOST 
i s  recommended i n  o r d e r  t o  keep t i d a l  w a te r  l e v e l  f l u c t u a t i o n s  
w i t h i n  the  n a tu re  res er ve s i m i l a r  to  those t h a t  were expe r i enc ed  
in  the o r i g i n a l  Ri chards Bay system.

(c )  I t  i s  suggested t h a t  s u i t a b l e  bed and bank p r o t e c t i o n  be
p rov id ed  f o r  the t i d a l  channel  to  p re v e n t  scour  d u r i n g  f l o o d s .
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APPENDIX B -  Mat he ma t ic a l  catchment  model 

B r i e f  d e s c r i p t i o n  o f  the  model*

A g a p h ic a l  d e s c r i p t i o n  o f  the model i s  g iven i n  f i g u r e  B . l .  Data 
i n p u t  f o r  the model c o n s i s t s  o f  m ont h l y  r a i n f a l l  and e v a p o r a t i o n .
Some o f  the p r e c i p i t a t i o n  i s  i n t e r c e p t e d ,  w h i l e  some i s  ke pt  in  
d e p res s io n and s o i l  m o is tu re  s to ra g e  f ro m where losses to  evapo-  
t r a n s p i r a t i o ' i  o c c u r .  The rem ainde r  appears as s u r fa c e  r u n o f f .  Pa r t  
o f  the  s o i l  m o is tu re  reaches s u r fa c e  channels  v i a  i n t e r f l o w .  Each 
component c o n t r i b u t i n g  to  the o u t f l o w  f rom  the catchment  has to  be 
s u i t a b l y  la gge d.  To improve the  s e n s i t i v i t y ,  m on th ly  r a i n f a l l  data 
i s  broken down i n t o  q u a r t e r - m o n t h l y  u n i t s  and com put at io ns  are 
c a r r i e d  o u t  a t  q u a r t e r - m o n t h l y  t ime s te p s .

E v a po rat io n lo sses  f r o m  i n t e r c e p t e d  w a te r  i s  model led as a f u n c t i o n  
o f  i n t e r c e p t i o n  s to ra g e  ( P I ) ,  m ont h ly  r a i n f a l l  and t o t a l  i n t e r c e p t i o n  
l o s s .  The r e m ai n i ng  r a i n f a l l  i s  then s p l i t  i n t o  s u r fa c e  r u n o f f  and 
absorbed r a i n f a l l .  A I ,  the  p r o p o r t i o n  o f  the catchment  t h a t  i s  
im p e r v io u s ,  and Zntin and Zmax, th e  minimum and maximum a b s o rb t i o n  
ra t e s  f o r  the r e m ai n i ng c a tc h m e n t , de te rm in e the  s u r fa c e  r u n o f f .

The q u a n t i t y  o f  s o i l  m o i s tu re  l o s t  to  e v a p o r a t i o n  i s  c o n t r o l l e d  by 
th e  p o t e n t i a l  e v a p o r a t i o n  f o r  the month,  the s o i l  m o i s tu r e  s t o r a g e ,

S,  the t o t a l  s o i l  m o i s tu re  s to r a g e  c a p a c i t y ,  ST, and the f a c t o r  R 
( t h a t  de ter m ine s the  r a t e  a t  which e v a p o r a t i o n  decreases f rom 
p o t e n t i a l  a t  S=ST to  zero a t  a s to rage  d e f i n e d  by R) and the 
p o t e n t i a l  e v a p o r a t i o n .  The s o i l  m o i s tu re  s t o r a g e , S, i s  deter mined 

a t  each t im e s te p  by s a t i s f y i n g  the  w a te r  ba lance o f  the  catchment .  

The q u a n t i t y  o f  s o i l  m o is tu re  re a c h in g  the channel  system depends 
on S and ST, as w e l l  as on SL ( t h e  s o i l  m o i s tu r e  l e v e l  below which 
no r u n o f f  f rom s o i l  m o is tu re  o ccur s)  and FT ( th e  r u n o f f  f r om  s o i l  
m o is tu re  a t  S-ST)  and POW ( th e power o f  the assumed s o i l  m o is t u r e -  

r v n o f f  c u r v e ) .

TL i s  the  t ime de la y o f  r u n o f f ,  w h i l e  GL i s  th e  s o i l  m o is tu r e  la g .
GW p ro v id e s  an upper  l i m i t  to  groun dwate r  r u n o f f .

The twel ve catchment  parameters  are l i s t e d  i n  t a b l e  8 .1 .

*  A d e t a i l e d  d e s c r i p t i o n  can be found i n  re fe re n c e  8.
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T a b le  B . l  z M odel p a ra m e te rs

para mete r u n i t s d e s c r i p t i o n

POW - power o f  th e  so l  1 m o is tu re  -  r u n o f f  curve

SL mm s o i l  m o is tu r e  s to ra g e  below  wh ic h no 
r u n o f f  oc cur s  f ro m s o i l  s to r a g e .

ST mm maximum so l  1 m o is t u r e  c a p a c i t y .

FT mm/nonth r u n o f f  f rom so lT m o is tu re  a t  f u l l  c a p a c i t y .

GW mm/month maximum r u n o f f  f r o m  s o i l  m o i s t u r e .

A 1 . - Imper v iou s p r o p o r t i o n  o f  ca tch ment .

Z-mln mm/month minimum a h s o r h t l o n  r a t e .

7-max mm/month maximum a b s o r h U o n  r a t e .

PI mm I n t e r c e p t i o n  s t o r a g e .

TL months la g  o f  s u r fa c e  r u n o f f .

GL months “ gro und wa ter *1 l a g .

R - param ete r  d e t e r m in in g  e v a p o r a t i o n  -  s o i l  
m o i s t u r e  s to r a g e  r e l a t i o n s h i p .

Table  B.2 j  Parameters  s e l e c t e d  a f t e r  c a l i b r a t i o n  
wl  tti" r e co rd ed  d a ta

gauge POW SL ST FT aw A! Zmh; Zmax PI TL GL

W1M01 3.0 0 250 25 0 0 5000 6000 1.8 .25 0 .5

W1M09 3 .0 0 250 25 0 0 5000 6000 1.8 .25 0 .5

c o a s ta l  *  
catchments

2.0 0 650 20 0 5000 6000 1.5 .25
°

.5

* The '’cf-astdl catchments" comprise the two small catchments 
n o rth -e as t and south-west o f Richards hay, (see fIn u re  2 .1)
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APPENDIX C -  E s t i m a t i o n  o f  areas o f  land under  sugar  cane

Areas o f  fa rm  lands f a l l i n g  w i t h i n  the  Eshowe and Lower Umfoloz i  
m a g i s t e r i a l  d i s t r i c t s  were measured f rom the r e l e v a n t  1 : 50 000 
t o p o g r a p h i c a l  sur vey  maps. The areas o f  farm lan d w i t h i n  these 

d i s t r i c t s  f a l l i n g  w i t h i n  the  v a r i o u s  catchment  bo und ar i es were 
a l s o  a s c e r t a in e d ,  I t  was thus p o s s ib le  t o  c a l c u l a t e  the  p r o p o r t i o n  
o f  far m 1 and f a l l i n g  w i t h i n  the catchment  bo und ar i es w i t h i n  each 
d i s t r i c t .  These areas and p r o p o r t i o n s  are  g iv en  i n  t a b l e  C .1 .

Table C .1 : Areas o f  farms w i t h i n  each suga r  pro du c i ng d i s t r i c t

Area D i s t r i c t

by Esh own Lower Umfoloz i

ha p r o p o r t i o n ha p r o p o r t  ion

ca tchment  commanded 
by gauss W1M01

50 0.00 - -

cat chment  commanded 
by r-aujse WlMOfl

'5 510 0.18 8 450 0.16

Umh latuz l  catchment it 090 0. 21 14 310 0.27

Nsazl  catchment - -  ■ IB 800 0.32

t o t a l  d i s t r i c t 11 550 1.00 52 650 1.00

The f o l l o w i n g  data p e r t a i n i n g  to  areas o f  lan d under  sugar  i n  the  
two m a g i s t e r i a l  d i s t r i c t s  were a b s t r a c t e d  f ro m r e f e r e n c e  15,

Table C.2 : T o t a l  area o f  land under  sugar  i n  the Eshowe and 
Lower Umfoloz i  d i s t r i c t s  f rom 1918 to  1961 (ha)

d i s t r i c t

191* 1026 1030 1052 1061

Eshowe

Lower Umfoloz i

286 

If 078

2 501 

19 080

fl 285 

21 710

7 008 

23 450

12 540 

20 800

These f i g u r e s , aion<j w i t h  p r o j e c t e d  f u t u r e  a r e a s , are re pr es en te d 
i n  f i g u r e  C . l .
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Tab le C.3 : Areas o f  lan d under  sugar  f a l l i n g  w i t h i n  catchment  
bo und ar ies  d u r i n g  r e l e v a n t  model c a l i b r a t i o n  and 
s i m u l a t i o n  p e r i o d s  (ha)

catchment d i s t r i c t <51m u la t t o i  o er to d

1921-39 1962-70 1970 1990

above Eshowe 40 600
W1N01 Lower UmfolozT - -

t o t a l 40 600

above Eshowe 2 300
W1M09 Lower Umfoloz l n . a . 5 300 « • .

t o t a l 7 600

Umhlatuz l Eshowe 2 300 4 000
Lower Umfoloz l n . a . n . a . 9 500 12 000

t o t a l 12 300 15 000

Msezi Eshowe _ _
Lower Umfoloz l n .a . i i  ion 14 100

11 100 14 100

t o t a l  Eshowe 13 100 14 000 19 000
"  Lower Umfoloz l 33 400 35 100 44 500

I t  was assumed t h a t  the  areas o f  land under  suga r  i n  each sub-  
ca tchment  would remain i n  the  same p r o p o r t i o n s  as those o f  the 
c u l t i v a t e d  lands shown i n  t a b l e  C . l .  Tab le C,3 was compi led 

u s in g  th e  p r o p o r t i o n s  in  t a b l e  C . l  a l on g w i t h  p r o j e c t e d  f u t u r e  
areas In f i g u r e  C . l .
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APPENDIX E - Survey datum

A l l  ' "op og ra ph ic a l  h e ig h t s  and w a te r  l e v e l s  i n  t h i s  r e p o r t  have as 
datum the IVIOST d e f i n e d  by the  H y d r a u l i c s  Research D i v i s i o n  o f  the 
C ou nc i l  f o r  S c i e n t i f i c  and I n d u s t r i a l  Research16. Th is  i s  the datum 
t h a t  was used by the CSIR i n  a l l  r e p o r t s  p r i o r  to  1971.

A l l  sea l e v e l s  used i n  t h i s  s tu dy  were o b ta in e d  f rom the S.A.  Navy 
t i d e  r e c o r d e r  l o c a t e d  a t  S a l i s b u r y  I s l a n d  i n s i d e  Durban Bay. These 
rec or ds  are c o n s id er ed  by the Navy to  be u n r e l i a b l e  p r i o r  to  
Oc tober  1970.  F o r  th e  p e r i o d  Octob er  -  November 1970 the  t i d e  
r e c o r i e r  datum a t  S a l i s b u r y  I s la n d  was 0,370  metres be low t h a t  o f  
the SAR S B r e c o r d e r  a t  Durban17. I t  sh oul d be noted t h a t  t h i s  
c o r r e c t i o n  ca nn ot  be a p p l i e d  t o  o t h e r  t ime p e r i o d s  as the  p o s i t i o n s  
o f  thes e r e c o rd e rs  r e l a t i v e  to  each o t h e r  has v a r i e d  in  the  p a st .  

A l l  datum l e v e l s  a t  Ri chards Bay p e r t i n a n t  to  t h i s  s t ud y  are shown 
i n  f i g u r e  E . l . I t  s h o u ld  be noted  t h a t  a l l  SAR & H w ork ing 
dra wing s and CSIR r e p o r t s  subsequent  t o  1971 are r e l a t i v e  to  LWOST 
(SAR) which i s  -0 , 90 0 m GMSL.
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V +0,200 m GMSL A c tu a l  MSL Durban (AMSL). Average f o r  
pe r i o d  September  1970 t o  Jan uary 7974.

7 0,000 m GMSL Geodet ic  MSL Durban (GMSL).

V -0,7 41  « GMSL L W O S T  (HRD).

V - 0 t 831 m GMSL SAR & H t i d e  re c o r d e r  datum a t  Durb an.

9 -0 ,9 0 0  m GMSL Char t  datum = LWOST (SAR).

V -1,201  tn GMSL S.A.  Navy t i d e  r e c o r d e r  datum at
S a l i s b u r y  I s la n d  i n s i d e  Durban Bay.

Scale 1 : 10

FIGURE E . l  : R e la t i o n s h i p  between LWOST (HRD) a t  Ri chards

Bay and o t h e r  datum l e v e l s  r e l e v a n t  to  t h i s  s tud y
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