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Abst rac t  

T h i s  r e p o r t  d i s c u s s e s  sorae of t h e  unresolved 

problerns i n  r e s e r v o i r  o p e r a t i o n  and deve lops  a  rnethod 
of o p e r a t i o n  us ing  s e q u e n t i a l  a n a l y s i s  o f  c r i t i c a l  

drought p e r i o d s .  T h i s  method can be app l i ed  Lo bo th  

h i s t o r i c a l  and s y n t h e t i c a l l y  genera ted  records .  

P r o b a b i l i t i e s  of occurrence can be determined i n  bo th  
c a s e s .  



The above ske t ch  shows t h e  i n t e r r e l a t i o n s h i p  between 

t h e  p r i n c i p a l  v a r i a b l e s  t h a t  have t o  t o  t aken  i n t o  account 

when de te rmin ing  t h e  y i e l d  o f  a  dam under drought cond i t i ons .  

The assurance  of supply f o r  any one usage depends on 
t h e  h y d r o l o g i c a l  f a c t o r s  o f  i n f l o ! ~ ,  r a i n f a l l  on t h e  dam, and 

evapora t ion  from t h e  dam, which a r e  l a r & e l y  u n p r e d i c t a b l e ,  and 
t h e  o p e r a t i n g  r u l e s  which a r e  p r e d i c t a b l e .  The r i s k  of f a i l u r e  

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

hydro log ica l  f a c t o r s ,  of  which r i v e r  f low i s  t h e  main component. 

P r o p e r t i e s  of  r i v e r  f low 

Most o f  t h e  major dams i n  South Af r i ca  have carry-over 
p e r i o d s  o f  more t h a n  one y e a r ,  The a f f e c t  o f  ' v a r i a t i o n s  of 

-. 



d a i l y  o r  monthly f lows i s  o f  l e s s  consequence t h a n  v a r i a t i o n s  

i n  t h e  annual  f lows .  

Yany h y d r o l o g i s t s  have long  thought annual  f lows  t o  be 

randomly d i s t r i b u t e d ,  Gauss o r  Gauss-hfarkov p roces ses .  T h i s  

b e i n g  s o ,  i t  should be p o s s i b l e  t o  determine t h e  r e l a t i o n s h i p  

between t h e  parameters  of t h e  frequency d i s t r i b u t i o n  f u n c t i o n  

which b e s t  f i t s  t h e  observed f lows i n  a  r i v e r ,  and t h e  r e s e r =  

v o i r  s i z e  r e q u i r e d  t o  meet v a r i o u s  d r a f t s .  

A nu:nber o f  methods have been proposed f o r  determining 

t h i s .  

Non-szquential  a n a l y s i s  

IIurst (1951) proposed t h a t  t h e  t o t a l  r e s e r v o i r  c a p a c i t y  

R r e q u i r e d  t o  s u s t a i n  a  cons t an t  g r o s s  d r a f t  equa l  t o  t h e  mean 

i n f l o w  dur ing  a  per iod  of K y e a r s  could be de r ived  from t h e  

r e l a t i o n s h i p  

where s i s  t h e  s tandard  d e v i a t i o n  of H success ive  in f lows ,  and 

I1 a  c o n s t a n t  wi th  a  value  of 0 , 5  f o r  independent Gaussian 

proccs::cs. IIowevcr, IIurst and o t h e r s  have found t h a t  tho va lue  

o f  I i  v a r i e d  from 0 , 5  t o  u n i t y  f o r  many hydro log ica l  and o t h e r  

geophys ica l  phenomena. T h i s  h a s  l e d  t o  a  cont roversy  r ega rd ing  

t h e  t r u e  n a t u r e  o f  t h e  frequency d i s t r i b u t i o n  f u n c t i o n  ( " H u r s t t s  

G h o s t u )  which i s  s t i l l  r ag ing  i n  hydro log ica l  c i r c l e s .  

(h!andelbrot and Wal l i s  1968). 

Lanebein (1965) maintained (e r roneous ly  i n  my view) t h a t  

s e q u e n t i a l  a n a l y s i s  of in f lows  us ing  tho c l a s s i ca l .  mass-curve 

rncthod in t roduced  by Rippl provided unique answers which may 

bc  d c c e i v i n z  i n  accuracy. IIe proposed t h e  uso o f  queuing 

t h e o r y  by vrhich t h c  flow d u r a t i o n  curvo could be r e l a t e d  t o  



s t o r a z e  requi rements ,  and t h e  frequency der ived  with which a  

proposed r e s e r v o i r  would c o n t a i n  va r ious  aaounts  of  s t o r a g e .  

S t o c h a s t i c  r e s e r v o i r  t heo ry ,  which u s e s  m a t r i x  a lgeb ra  

a s  i ts p r i n c i p a l  t o o l ,  h a s  been descr ibed  by Lloyd (1967).  
k number of a u t h o r s  have used t h i s  method inc lud ing  S t e i n i j a n s  

i n  h i s  r e c e n t l y  publ i shed  paper  i n  t h e  Transac t ions ,  o f  t h e  

South Afr ican I n s t i t u t i o n  of Civil Engineers  (1970). 

A l l  non-sequent ia l  a n a l y s e s  r e l y  on t h e  acceptance o f  an 

assuc.ed frequency d i . s t r i b u t i o n  f u n c t i o n ,  and t h e i r  r e l i a b i l i t y  

i s  t h e r e f o r e  dependent on t h e  accuracy of t h i s  assumption. 

S e q u e n t i a l  a n a l y s i s  

Sequen t i a l  z n a l y s i s  i s  t i l l  t h e  t r a d i t i o n a l  method i n  

South Afr ica ,  t h e  USA, and probably i n  most o t h e r  c o u n t r i e s .  

I n  t h e  Department of  'Water A f f a i r s  mass f low a n a l y s i s  of  t h e  

h i s t o r i c a l  record  i s  used e x c l u s i v e l y .  ;'/here t h e  h i s t o r i c a l  

r e c o r d  i s  d e f i c i e n t ,  t h e  r eco rd  i s  extended,  and miss ing flovrs 

a r e  de r ived  by r a in fa l l / run -o f f  c o r r e l a t i o n  o r  by c o r r e l a t i o n  

w i t h  t h e  run-off o f  a d j a c e n t  catchments.  

The main advantage i n  t h e  use  of t h e  h i s t o r i c a l  record  i s  

t h a t  t h e r e  can by no doubt t h a t  i t  i s  a  r e l i a b l e  s e t  o f  d a t a  

g e n e r a t e d  by t h e  hydro log ica l  p roces ses  i n  t h e  catchment. . 
However, a s  i t  i s  extremely u n l i k e l y  t h a t  t h e  h i s t o r i c a l  f low 

sequence ; t i l l  r epea t  i t s e l f  w i th in  t h e  l i f e  o f  t h e  p r o j e c t ,  

c a u t i o n  m u s t  be exe rc i sed  when us ing  p a s t  h i s t o r i c a l  r eco rds  

t o  p r e d i c t  t h e  f u t u r e  assurance  o f  supply of a  r e s e r v o i r .  

The f u t u r e  

R e l i a b l e  answers t o  t h e  problem of assurance o f  supply 

can b e s t  be provided by t h e  s e q u e n t i a l  a n a l y s i s  of  a s y n t h e t i =  

c a l l y  genera ted  record  o f  a t  l e a s t  500 y e a r s  long .  The 



- z n e r z t i o n  ancl s n a l y s i s  of  a  record of t h i s  l e n g t h  i s  vtcll &. 
viitilitl t h e  c a p a c i t y  of p r e s e n t l y  a v a i l a b l e  c o m ~ ~ u t e r s .  The 

o n l y  major  d i f f i c u l t i e s  a r e  t h e  de te r ra ina t ion  of t h e  frequency 

51. S t v i b u t i o n  pararlieters of  ir,flovi, r a i n f a l l  on t h e  darn s u r f a c e ,  

evaporation frs:i tilt d ~ i  s u r f a c e ,  anci thc  c o r r e l a t i o n  bc"i,icen 

.chest f a c t o r s .  Regional s t u d i e s  w i l l  enab le  t hese  parameters  

t o  be d e t e r z i n e a  wi th  g r e a t e r  condidence. 

I t  i s  :.:;) vie.:, t h a t  uie should bee in  t o  wean ou r se lves  from 

t i l e  e x c l u s i v e  use  of t h e  h i s t o r i c a l  recs r i i ,  and bee in  s ~ p p l e =  

::.snting o s r  ana lyses  wi th  those  of s y n t h e t i c a l l y  genera ted  
.: ,LOW:;, . d e s p i t e  t h e  many p i t f a l l s  (kno:.:n and unknoc~n) t h a t  l i e  

ahead.  S y  fol lo ' i i ing t h i s  road vie v i i l l  ge a  c l e a r e s  i n s i g h t  

i n t o  t h e  degree  of assurance of supply from o u r  r e s e r v o i r s .  

. i .nalys is  of c r i t i c a l  drought sequences 

A s e r i e s  of  c r i t i c a l  drought sequences can be der ived 

f roni t h e  r eco rd  ( h i s t o r i c a l  o r  g e n e r a t e d ) ,  p l o t t e d  on proba= 

b i l i t y  pape r ,  r ecu r r ence  i n t e r v a l s  determined,  and then 

s e l e c t e d  se2uences corresponding t o  -the r equ i r ed  recur rence  

i n t e r v a l s  can be a n a l y s e s  t o  determine t h e  s a f e  y i e l d s  f o r  

v a r i o u s  d r a f t s .  

T h i s  method of ana1.ysi.s i s  now used r o u t i n e l y  f o r  drought 

a n a l y s e s  o f  t h e  Vaal River  system, and more r e c e n t l y  f o r  Ver= 

woerd Dam. 

The a t t a c h e d  r e p o r t  by myself dated January ,  l971 (Appendic A )  

d e s c r i b e s  t h e  method; and t h e  r e p o r t  of February,  1972 by 

C.S .  James i s  a  worked example f o r  Vaal Dam. (Appendix 1 3 ) .  
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1.1 :'Tncn a d a ~  i s  P u l l ,  predic t i i lg '  i;hc I ' u t u ~ ~ c  onfo y i e l d  
fora droughto of vary ing  o e v c r i t y . c r n  be c:ccoiapl.iokicd 
without d i f f i c u l t y  by i ~ o u t i n c  methods o r  un2lyo ic .  Ono 
of theoe  i o  t h e  uco of t h e  pnat  h:,;:orical r l o v  and tho  
de te rmina t ion  of t h e  ' aosurcd  y i e l d '  baocd on t h e  
ncoumptlon t h s t  f u t u r e  dilough'io 71111 not  be more oovore 
than t h e  tfoi30t drought  cxper icnccd  i n  t h e  p a ~ j t .  Another 
mcthod 13 t h a t  g iven  i n  6110 'ifits IXU :?cpoi-t 2/69 (Ghc.pto~ 3 
ppu 3.1-17) .  The YILto :i:cthod hac t h c  nc!:fc~ntu;.c t h a t  I;ho 
re l .a t ionohip betvcon t h c  d r a f t  and d ~ o u g h t  a  OS varying 
oovcr1t.y can be dctcrraincd. Vhen using h lu to i ' l c a l  l'iovrs 
i n  t h e  annlyo lo ,  i t  must alrrayo be borilo i n  mind t h a t  on ly  
a  s i n g l e  oequence of Plo\ra i s  use6 ~ i h l c h  muy o r  may not be 
t y p i c a l  of t h e  catchrncnt and rrhich will eel-talnly novor be 
r epea t ed  again  i n  f u t u p e .  

1 . 2  Both t h e  above methode a r e  of doub t fu l  value  rrhcn 
a s sens ing  t h e  ssPe y i e l d  f r o a  a  dam ~ r h l c h  i s  onby ( any )  
h a l f  f u l l  a t  a  p a r t i c u l a r  ti!ce. If t h e  PLorr dur ing tllo 
imnedia te ly  preoeding yearo rrns vroll. beloir average clnd 
t h e  c r i t i c a l  per iod  of t h e  h i s t o r i c a l  r eco rd  i a  uaed f o r  
Forward p r o j e c t i o n ,  then t h i s  impl lco t h a t  t h e  ?iholo drought 
per iod  (immed1atoI.y preceding aub-normal yccre  p lus  c r i t i c a l  
per iod  from the  h i s t o r i c a l  r c c o r d )  : . r i l l  be much moro sevcro 
then t h e  pant h i o t o r i c a l  r c c o r d  i t n o l f .  Hovover, t h e r e  i o  
no way of t e l l i n g  how - much moro aovcro i t  i o .  

The method propoocd i n  HXU 2/69 (Chapto: 4, parao 4.6 
and 4 .7 )  makes t h a  oamc a snuap t ion  i . 0 .  ;'G o tu t ca  t h e  
problem a s  fo l lows:  " A t  what n e t  r a t e  nay water bo drawn \ from t h c  r ene rvo i r  such t h a t  a  renorvo of R u n i t s  w i l l  not 

\ bo cncroaohed upon ..G.- clhould . ~-. t h e  n,..,~...~.-.-w--3 in f low froni t h i n  dn=n:.rnt*d .... - 
be t h a t  aeoooiated r.r(li;h a T o u g h f  uequenoo having a  Cj;iTr 
r e t u r n  p e r i ~ d ? ~  
\. I 

1.4 The imp l i ca t ion  of bo th  of t ho  above aosumptiono i s  
t h a t  t h e  drought w i l l  be f a r  more sovcre  than t h a t  o r i g i n a l l y  
uecd t o  dotermine t h e  s a f e  y i o l d  of t h e  dam. The ocoond 
imp l i ca t ion  i s  t h a t  i f  t h e  f u t u r e  operation of a reservoir- 
i s  t o  be determined by i t s  a to rago  l e v e l  a t  a  given t imo,  
then t h e  s a f e  y i e l d s  of  our ronervoiyo  ohould be re-appraiood 
a s  t hey  w i l l  be s i g n l f i o a n t l y  loon  than thooe dorivod i n  t h e  
oonvent ional  way. If we a r e  t o  be oonoiotont  i n  our ana lyses  
of t h e  s a f e  Yie lds  of reservoirs, t h e  problem ohoLild be 
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a  y-ycai- l*ofurn Deriod? '  ( o r  $het oi' equal a c v e r i t y  t o  t h0  
worni exporicnced du r ing  t h c  h i o t o r ~ c a l  r e c o r d )  . 

L .5 The ei t ' tei*cnce i n  opproacll can bcot be cxplaincd by 
mcnns af an example:- 

Locur~ling t h a t  a naPc drnf't of LOO ui15.63 hne bccn 
deteruiincd uoin ci therl  t h e  hln ' t ;or ical  i.ccol%d 0 2 ,  thc: ZElJ 
ncthod f o r  ( s a y y  R , I .  = 2G ? c a r s .  The nczhod of anc lyn io  
i s  oxaobly tho  uamc i n  boSh ccsco ,  t h e  only ci iffcrcnco 
boing t h e  annw~ed inflorr  pattci'i'l. I n  both cu::co s full .  dc:,r 
V I O L K L ~  be ub lc  t o  ~~usl;a:n t ho  L:pcPi  snd ? ~ o u l d  l u s t  r e a c h  l;!m - -~ ~ ~ " 
resor\ro l e v a l  a t  t h n  end of t h e  o r i t i c o l  pes lod i . e .  ;!~?.ntcvcr 
, , *.~.----- 
cne \ : c l ; ~ : ~  Icvel. j.n t:3.e ci;:ci t h e  c~lcu3.c'Gcd arui't can %o - .  . . i .  >- .,., 
mjiiicainoo ~;lovLc;.cc ,the infloylo a r e  not l o r a  'Ghan thoso 

,...-~,.-~.r..->.-:. 

s s n u n ~ d  i n  t h e  inLein1 c n l c u l a t i o n .  Cleaiql!? t h e  b~a iqn in~  
u igna l  Por t h e  impcoi t ion  of w r i t e r ~ e o t i ~ i c ~ $ i o f i o  ohould 50 
t h e  t o t a l  l n r i o a  o ince  t h e  dam 71uo l a s t  l u l l  i . e .  t h e  
ncvor i ty  of t h o  p re sen t  drought,  and not -- some a r b i t r a r y  
v a t  e r  l e v e l  i n  t h e  dam. 

l. 6 I n  determining r c a e p v o i r  opora t lon  p r o c o d u ~ ~ c o ,  Y:O 
nhould f i r n t  of a l l  d o t e r a i n e  t h e  resepve  s t o r a g e .  Fhlo 
r e s e r v e  ohould be bnocd on a  oevera drought (oay 100 ycar  
8 .1 . ) )  and t h e  nbaolu te  mininum r e q ~ l : ~ e a e n t o  f o r  t ho  a r e a  
being nerved. The lie3C!FV0 roquir8ed dur ing  each month of 
t h e  ycar  can then  be dczar- inad.  Ones t h i s  reocrve i n  
f i x e d ,  thu s a f e  y i e l d  of t h e  6 n m  can be determined from 
e i t h e r  t h e  h i s t o r i c c l  ~ 'LOYI o r  nooumed i i ? f l o ~ t  pc f t c rna  f o r  
v a r i o u s  f roquencico . This  d r a f t  w i l l  be maintained i n  
onfc ty  r e g a r d l e s s  of t h e  amount of vz to r  i n  s to rage  a t  any 
p a r t i c u l a r  time providod t h a  inflovr p a t t e r n  i o  not more 
ocvere than t h a t  aooumsd i n  t h e  i n i t i a l  c a l o u l a l i o n s .  

1 . 7  If oeveral  year8  have elapocd s i n c e  t h e  dam wno l n o t  
f u l l  and t h e  v a t c r  i n  o torage  i o  low, i t  would n a t u r a l l y  
be v i o c  t o  c a r r y  out  f u p t h c r  c a l c u l a t i o n s .  The purpooe of 
t h e s e  c a l c u l a t i o n s  would bc t o  determine whothor o r  not  t h e  
a c t u a l  inf low p a t t o r n  was rnoro Gcvere than  t h e  aooumed 
inflo:.ls and a l s o  what d r a f t  could bo maintained ohould t h e  
drought uloreen. Tho roethod of anulye io  i s  given i n  t h e  
fo l lowing  oec t ion  o f  t h c a e  no tee .  



2 . 1  Tho bos i c  d a t a  r equ i r cd  f o r  t h i o  nnnlys io  nro n Long 
i,ecord of monthly r i v e r  f l c a  ( h l a t o r i c n l  o r  oyn thc t lo )  
nnd a  oorscoponaine record  of n e t  cvnpornt ion (grooo 
evnporaticm l e s ~  r a i n f a l l . ) .  

2 . 2  Uaing t h e  otnndard method of ranking  and p l o t t i n e  on 
p r o b a b i l i t y  papcr t h c  cumuLntivc annual  f low - frequency 
r c l s t i o n s h i p  can be detcrrdined f o r  t h e  worot 1 2  months, 
2 consecut ive  yearo ,  3 consecut ive  y e a r a ,  e t c .  f o r  each 
frequency ( s e e  Big. I ) .  

2 . 3  For any p a r t i c u l a r  R.1. ( s a y  20 y e a r )  t h e  worot poso ib le  
in f low dur ing  one year would have a  v a l u e  ' e t  i n  P ig .  I. 
The woaot two year  eequenco would have a va lue  of (a  4 b ) ,  
making ' b t  t h e  f l o r ~  in t h e  oecond year  of  t h e  vforot two year  
sequence. The worat f i v e  year  oequence would be made up of 
flowe a ,  b ,  o ,  d ,  e .  



2.4 I n  a  l i v e  y c s r  drought t h e  ac tu31  c:;:nuo& r'lo!.r r i~u3.t  
hnve t o  be t h a t  enclooed i n  t h e  onvelcpc contained by t h o  
6equoncco U,--- o  and 0,--- ) a aa  ehov~n i n  1716. 2. 1 

) 

2 .5  From t h e  po in t  of  vicvl ox dnn o p c r e t l o n ,  t h e  xvorot 
Pivc year  ncqucnco would be t h e  ono whore t h c  annual f low 
decrensen .. . with t ime i . e .  i n  t h e  o rde r  e ,  d ,  c ,  b ,  a .  Thin 
eszpoaeo Xhe g i2ea t c s t  o w f n c e  a r e a  t o  cvnpornt ion.  WC 
cannot l e g i t i m a t e l y  ansumo t h a t  t h i s  particular oequonce 
hao t h e  same B . I .  no t h e  d a t a  from which i t  vaa de r ived  
( i t  w i l l  hnve a  h ighe r  R.I. i . e .  more oove re ) ,  bu t  i t  i s  
neve r the l ees  adopted f o r  t h e  p r e s e n t  o a l c u l a t i o n ,  

2.6 Before proceeding w i t h  t h e  c a l c u l a t i o n  i t  i n  neccoonry 
t o  doi'ive t h c  monthly florro f o r  each year .  The method 
ndopted i n  KRU 2/69 i s  t o  determine the  cvcrnge lhontbly 
f low aa  a  peroentnge of t h e  annual  florr f o r  u l l  ycaro rihon 
t h e  annual  flow was 1 e ~ a  than  t h e  M.A.R. Thio mothod nakco 
no al lowance f o r  t h e  var ionoe  of t h e  f l o ~ i o  f o r  caoh month. 
A b e t t e r  mothod be t o  detera l ine  t h e  frequenoy d io t l l i bu t ion  
of f l c u s  f o r  each month aa  we l l  a s  f o r  t h c  annual flown 
( t h l e  i s  beat  done g r a p h i c a l l y ) .  The floxro f o r  each month 
of t h e  year  f o r  a  p a r t i c u l a r  n . 1 ,  a r e  dor ived  and t o t a l l c d .  
Theee t o t a l n  ' r r i l l  n a t u r a l l y  be  a  l o t  l o s e  than t h a t  f o r  a  
ycar  of t h e  oame R . I .  Knowing t h e  annual  f low f o r  a  
p a r t i o u l a r  R . I . ,  t h e  monthly d b o t r i b u t i o n  i s  obta incd from 
t h e  oum of t h e  monthly flow8 whooe t o t a l  equala  t h e  annual  
flow. The prooeea i o  r epea t ed  f o r  each annual  flow. 

2.7 Net evaporat ion dooe not  vary  g r e a t l y  and t h e  average 
of t ho  f i v e  higheot  f l g u r c s  f o r  each month of t h e  year  w i l l  
provide a o a t i ~ f a c t o r y  ea t imnte  f o r  t h e  whole of t h e  s r i t l o a l  
pe r iod .  



2 . g  Poi* any ps i~- 'L icu ls i~  X . E .  TIC now htivc u s e ~ , i c o  of  c n n u n l  
flo:io v i t h  naoocio. ted riiontlily fLo1.18 and moil.Lh3.y c v a p o ~ u t i o ~ l  
Theoe oilo rankcd  i n  o r d e r  of  d e c r e a c l n g  unnunl  f low.  

2 .9  Uoing t h e  s t a n d a r d  prograrnmc, t h e  maximum dzlaf t  i n  
de",c;iinec' on t h e  u n n u r ~ ~ p t i o n  t h a t  t h c  dani i s  J u o t  cmpty 
( o r  J u o t  r e n c h e s  t h e  r eoe i7ve  o t o r a g e )  a t  t h e  end of  t h e  
p e r i o d .  The a n s l y s i a  i s  b e a t  c a r r i e d  o u t  i n  r e v e r n e  
c h r o n o l o g y .  Thlo  d r a f t  c a n  b e  s u s t a i n e d  f o r  any d r o u g h t  
aqua1  t o  0.1- l e n s  s e v e r e  t h a n  t h e  one noernod ~prerl.enng 
t h e  G C B ~ ( ?  o f  t h e  r eoc rvo l . ?  e t  an=rflc. 
---m--= .. p--- - 

2 . 1 0  T h e r e  c n o t e  of  c a u t i o n .  I f  t h e  a n a l y s i s  shows 
t h o t  t h e  c r i t i c a l  u t o r n g e  i o  d e v e l o p e d  i n  t h e  f i r c t  y e a r  
of  t h e  scquonce ( l a s t  y e a r  i f  t h e  a n a l y s i s  i s  i n  r c v c r a e  
c h r o n o l o g y )  t h c n  t h e  l e n g t h  of  t h e  uequencc ~ h o u l d  bc  
i n c r e a s e d  t o  e n s u r e  t h a t  t h e  moat s e v e r e  c o n d i t i o n s  o r c  
i n c l u d c d  i n  t h e  a n o l y s i a .  

2 . 1 1  The whole p r o c e s s  13 i -cncatod f o r  o t h e r  R . I 1 n  s o  t h a t  
a  o e r i e e  o r  say  50, 2 0 ,  1 0  and 5 y e a r  R . l l s  i s  o b t s i n e d .  
Yor e a c h  of  t h c s e ,  c u r v e s  con b e  drawn on a g roph  showing 
nininurn flow f o r  ~ u c c c o o i v c  yea rn  an chovin i n  P i g .  3 .  
The c u m u l a t i v e  i n f l o w  i s  o b t a i n e d  firon t h e  calculation 
o u t l i n e d  i n  p a r a  2.5 abovo ond t h e  n e e o c i a t e d  o a f e  d r a f t  
f rom t h e  c a l c u l a t i o n  i n  pare 2 . 9 .  



7 2.2 -. ;..-:;uz;i:?:; t h a t  t n c  c c t u n l  d;.sft visa ss:/ 139 G:.?.;.:, 
,- L..C :, 6.c::. r).i3~:lCI be  c.ble t o  sut , ' ia in  t h i s  r o r  o n y  fi:.c~,-ht 
c q c z l  C O  o: l c c s  t h c n  t h a t  o f  a  1.0 y e a r  2.1. 'L'? c-ri 
Csr;ex.\;:?e t!~< s e v e r i t y  of t h e  ini'lovr s i n c e  t h e  da:.~ !.:c2 
l . cc t  Pull .  by p l c t t i n g  t h e  ~ u b s e q u e c t  inf lo71 a g c i n s t  ti:ie 
c -  i n  I?;? . 3.  If t h i s  inf lovi  i s  l e s s  than  t h e  C L J J ~ . ~  

l o p  10 y c n r  4 .1 .  t h e n  ?,'cc don can  no l o n g e r  s u ~ t c l n  t h c  
6iq:,?b ckox ld  t h e  cirou,rr!it'coct6.nue. The c u r v e s  can  cZ:~'t, 
i3c uscci $6 6 s t c r a i r . e  $he ne7w s a f e  &oft, i . e .  I t  i s  E?Z, 
l 2C  i?. t!:c above  c a s e ,  b u t  s o n e  l e s s e r  d r a f t  which iAao 
s t i l l  C O  be C e t e r s i n e d .  

2 .L3 ?'?';?c position no!: i s  i n a t  t h e  dnn i s  (sf iy)  k0$ f'.i11 
and t h a t  vc m e  e x p e r i e n c i n g  a d rough t  o f  g r e a t e r  s e v e r i t y  
t h a n  t'rn'i f o r  which t h e  d r a f t  vras d e t e r m i n e d .  The q u e ~ t l o n  
i s   hut d r a f t s  can  b e  m a i n t a i n e d  s h o u l d  t h e  prcccnC s e v e r i t y  
c o n i i n c e  o r  become worse?  

2 .14  L c t  u s  co r i a idc r  v h n t  t h e  rnm:xc? s a f e  clraPt would b e  
t o  s c e  u s  t h r o u g h  a 20 y e a r  R . I .  d r o u g h t .  ':,'c have e l r e a Z g  
d ~ t e r n i n c d  t h e  mlniffiun nnnua l  f l o w s  f o r  t h i s  d r o ' q h t  
( a ,  b ,  c;  e t c .  i n  p a r a 7 . j ) .  Leb u s  assume t h a t  bhc a c t u a l  
f ' lovs s i n c e  t h e  dam was l a s t  f u l l  wcrc :  

y e a r  f low d u r i n g  yefir 

?!c nolr linva t o  c c t i m a t o  vlhnt t h e  vlot'st l;LI~c(!r:c;i~c 
.-M 

i -u tu re  I n i l o t ~ c  c o u l d  bo 1f we were i n  a 20 ycnr  R . I .  
d r o u g h t  p e r i o d .  

The s u c c e s s i o n  o f  f l o w s  c o u l d  be  w r i t t e n  i n  o r d e r  of  
o c c u r r e n c e  s i n c e  t h e  dam riae l a s t  f u l l  s o  foi lor ; .$:-  

The minimum flovr i n  y e a r  6 would have t o  n c e t  Cvo 
cond; . t lonc i . e .  

a 4$ a and S $-!c a  + b  

as and ( a  4 b) a r e  r e s p e c t i v e l y  t h e  n ln iaum 1 end 2 yenr  
i n r l o v ~ s  f o r  n 20 y e a r  R . I .  d r o u g h t .  
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3 . 3  Anothe r  p o b n t  vo r t . ?~  bc;:riny in iolnd 10 tii!:t t i i c  
I r r b g n t i o n  dcxaand p a t t c i q n  (<,.nu t o  a  1 3 3 ~ C i -  c x t e n t  t h o  
u rban  pattern) i s  n l o o  u  func . l i on  o f  t h e  s i ! ~ c l . i t ~ ~  of t h o  
c l r o u i ~ h t  i .L?. I n  d r y  yeu ro  ::?c p :nopor t iona te  demand i n  t h o  
montho o f  n o r m a l l y  high r n l n f ~ - 1  ?1lI.L b c  @ + e n t e r  t h a n  i n  
wct y e a r s .  Whether o r  n o t  t h i o  Pnotor  c t o u l 6  b e  t n k ? n  
i n t o  nocoun t  1.7111 dcpend on t h e  method oi' c o n t r o i l i n g  t h e  
uyngo of w a t e r  when r e s t r i c t l o n o  a r e  I~opooed .  

P r e t o r i a  
20.1.71. 



"l i n e  air;, o f  t h e  a n s l p i s  i s  t o  e c t e ~ x i n e  t h e  s'Lorz::e 

r e q u i r e d  i n  ?rzal D9.a t o  c - t o r  f o r  s e v e r e  d r o u ~ h t  ~ 0 ~ 3 i t i u 2 s .  

4Tii*o c a s e s  a r e  cons ide red ,  v i z .  four-year  drought  sequences  

w i th  r e c a r r e z c e  i n t e r v a l s  of' ;GO and 200 y e a r s ,  

2. CALCljLAsTIC!;S 

Konth ly  --off vai;;es f o r  Vzal Dam from Oc'ioYasr 1223 ;O 

September 1971  were s a b j e c t e d  t o  a  ai-ought-flovi f r e c , ~ e n c y  

a n a l y s i s  by coxp.uter.  Fro~u t h e  r e s u l t s  sequences  o f  l ,  2$ 

j, 4 ,  5 and 6 ;;-am  ere s e l e c t s d  ana p l o t t e d  on log-  
7 \ p r o b w b i 1 i . t ~  _cz:jer xsin;: t h e  :?eibul l  plottin::  > o s i t i o n  ( 7 % ~ .  L,. 

.I. t 3 b l a  ('able l.) wzs drawn cp frorn t i l i s  ,clot  g i v i n g  
.L. "ne i n f l o w  vc;l.ies f o r  t i le  s e l e c t e d  sequences  corresy,;cdin& 

t o  r ecu r r snc r ;  i i i t e r v z l s  o r  5, 1 0 ,  20, 50, 100 an6 262 y a e r s .  
m l h e  v-,ldoa or, t h i s  t : ib le  vierc acljustad viith t h e  o b j e c l  o ?  

cor~f j I , r ,~~; .L j . f l~  :i f;tfiii.:I.y o f '  cdrv~: ; ]  i':iv.i~~.; c ~ ~ ; I c ? L -  ~ - e l . : ~ L i u : , . ~ i ~ l  1 , : ;  

Liinn viere cxi i l  b i  ted - i l l  ti-,c o r i s i n z l  p l o t .  'l'hj.:j v/>]:; : , c~i i~!vod 

by i c i e a l i s i n g  exi:;.l;icz s e q u e n t i a l  r e l a t i o n s h i p s  bet(;+?:; 

v a l u e s  i n  t h e  same c o l m n s  : a d  rows. The a d j z s t e 3  v l i d e s  

were p l o t t e d  i n  P i g u r e  2. 

The r ,uccesnive difference:; between cunt;lla.l;ivo f 1 . o ~ ~ ~  

vcilui::, f o r  r.;.currcllce j.n.tel-va1;3 o f  l 0 0  ;]nil :,'00 S.<?:ir:; :vcN ~ ; l l -  

c b l z t e d  t o  g i v e  acnua l  flows f o r  conseciibive y o a r s  (Ta'ule 2 ) .  

It tfi.13. be no ted  t h a t  t h e  annual  flow f o r  t h e  f o u r t h  y e a r  

i s  h i g h e r  f o r  t h e  200 l ea i -  se.luence t h a n  f o r  t h e  1 C G  y e a r  

sequence and c o n s i d e r a t i o n  could bo g iven  t o  f u r t h e r  a d j u s t -  

ment o f  Table  1 t o  change t h i s .  



"he annua l  flouts '{ere d i s t r i b u t e d  i n t o  rnonthly f lows 

ccord ing  t o  Tab le  3  which was d e r i v e d  a s  follo\ ' ts  : 

he  annual  flovrs f r o m  h i s t o r i c a l  r e c o r d s  were d i v i d e d  i n t o  t h e  

anges i n d i c a t e d .  I n  each  r ange  t h e  f lows  f o r  each month 

f t h e  y e a r  a s  we l l  a s  t h e  annual  flovts were to'lialled and 

ach montllly t o t a l  t h e n  expressed  a s  a  pe rcen tage  o f  t h e  

nnua l  t o t a l .  

Demznd p r o j e c t i o n s  were done from October 1971 u n t i l  
e p t e ~ n b e r  1977 f o r  Vaal Dam t o  Bloemhof Dam and f o r  Bloelnhof 

aln t o  PiIaselsfontein a t  t h e  con f luence  o f  t h e  Vaal and O ~ a n g e  

Xivers .  The v a l u e s  were t h e n  added t o  g i v e  t h e  t o t s 1  de::and 

f o r  t h e  whole r i v e r .  These p r o j e c t i o n s  were based on a c t u a l  

n o - r e s ~ r i c t i o n  demand f i g u r e s  and t h e  a s s w p t i o n  t h a t  
munic ipa l  and i n d i i s t r i a l  ;tse ( i ; : c lud ing  t h a t  o f  t h e  X*d ':;ater 

,- :& 3oa rd )  w i l l  con t inue  t o  incre :>se  a t  t h e  r a t e  of  o5p p e r  

annurri :S i s  t h e  p r e s e n t  %rand wh i l e  i r r i g a t i o n  and r i v e r  

l o s s e s  w i l l  remain c o n s t a n t .  

Xon.thly n e t  eval;orat ion was c a l c u l a t e d  by nencs  o f  t h e  

f o  r:flula E  = K E - P vihere Z = Net evapora t ion  n  g n  
= Gross  evapora t ion  "e 

K = Evaporat ion c o e f f i c i e n t  

P  = P r e c i p i t a t i o n .  

Tne evapora t ion  c o e f f i c i e n t  was ob ta ined  from t s b l ? s  i n  

" X o r r e l a s i e  van Verdamping v a n u i t  Symons Pznne en Opgaar- 

dai;~fie i n  Said-Afr ika"  by !Culler and A l b e r t s .  The r e l e v a n t  

e x t r s c t  i s  shown a s  Tab le  6. 

Ca lcu l a t ed  and gauged evapora t ion  and p r e c i p i t a t i o n  

f i g u r e s  from 1923 t o  1971 wera used and monthly n e t  evapora t ion  

c a l c u l a t e d  u s i w  t h e  above formula. By oomputer t h e  monthly 

f i g u r e s  f o r  each y e a r  were added t o  g i v e  annual  n e t  evapora- 

t i o n  v a l u e s  and t h e  ~ e a n  of  t i l e se  v a l u e s  was c a l c u l a t e d .  

Also,  -the v a l u e s  f o r  each month of t h e  y e a r  'were added and 

t h e  means c a l c u l a t e d  from t h e s e  r e s u l t s  t h e  monthly d i s ' t r i bu -  

t i o n  t a b l e  f o r  n e t  evapora t ion  ('Table 7) was constrvlcted by 

t h e  same method a s  d e s c r i b e d  f o r  t h e  monthly d i s t r i b u t i o n  
t a b l e  f o r  i i i f low (Table  3) .  



The ~:to::thly nc-t em, -o r : .~ t i cn  f i g u r e s  f o r  t h e  e n t i r e  r eco rd  

%:#ere s i lb jec ted  t o  t h e  sairie f r e ~ d e n c y  a n a l y s i s  by computer a s  

had been t h e  xofi thly m - o f f  f i g u r e s ,  For  each sequence l t o  6 
]ears  t h e  r;tnking was reversed  t o  descending  o r d e r  und t h e  

v;llucu p l o t t e d  on l o z - p r o b a b i l i t y  paper  u s ing  t i le  ';:ej.bull 

p l o t t i n y  ;2os i t ion  ( P i g .  3. ) The cu rves  were n o t  a d j u s t e d  a s  

i n  t h e  c a s e  o f  run-off  a s  evapora t ion  h a s  a  r e l a t i v e l y  

i n ~ i ~ m i f i c a n t  e f f e c t  on t h e  a n a l y s i s  a s  a  whole. Frorn t h e  

? j o t  c u n ~ u l a t i v e  v a l u e s  '#ere talren f o r  10(j and 200 yea r  r e c u r r e n c e  

i n t e r v a l s  and t h e  annual  ne"cevapor.atiorls c c l c i i l a t ~ d  by 

s u c c e s s i v e  s . a b t r a c t i o n  (Tab le s  8 and 9 ) .  The annual  n e t  evapo- 

r ; i - L i o ~ ~  f i g u r e s  viere d i s t r i b u t e d  i n t o  monthly f i s u r e s  acco rd ing  

t o  Table  7 (Tab le s  1 0  and 1 1 ) .  

The i n f l o w ,  n e t  evaFora t ion  nsd denanddata were analysed 

by conpu te r  and t h e  r e s u l t s  exi;rer,sed i n  f i g u r e s  it 3rA3 5. 

j . IKTi3XFX%!l.ATI 0:;s 

I t  w i l l  be n o t i c e d  t h a t  t h e  cu rve  o f  re.i;ired c s p a c i t y  

f o r  a  d r o ~ ~ h t  of r e c u r r e n c e  i n t s r v a l  2OG y - a r s  l i e s  beloiut 

t h a t  f o r  a  drought  o f  r ecu r r ence  i n t e r v a l  l 0 0  y e a r s  du r ing  

t h e  t h i r d  y e a r  (1974).  T h i s  anomaly nas  n o t  been i n v e s t i g a t e d  

ba t  might be due t o  t h e  ad jus tmen t  o f  t h e  c u r v e s  and t h e  

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

The s t o r a g e  r eq l i i r euen t s  i n d i c c t e d  i n  t h e  r e s ~ l t s  o f  t n i s  

a n a l y s i s  should  be regarded a s  being more s e v e r e  t h a n  viould 

a c t u a l l y  be .the. c a s e  i n  t h e  event  o f  d roughts  o f  t h e  n a t u r e  

cons ide red .  Beasons f o r  t i i i s  a r e  t h a t  all demand p r e d i c t i o n s  

were tnade on t h e  b a s i s  o f  u n r e s t r i c t e d  use  throughout  t h e  

d r o w h t  per iod  and t h a t  i t  was a s s m e d  t h a t  Vaal Dam w i l l  

supply  a l l  denands f o r  t h e  whole r i v e r  d o ~ ~ ~ n s t r e a m ,  i . e .  

Bloemhof Dam was excluded and run-off  fro~lr  t h e  whole catchment 

a r e a  below Vaal Dam was i,aored f o r  t h e  purpose o f  t h i s  

exe ro i se .  



4 .  ?;:ETl3ICA?ION 

I t  ' r i l l  be no ted  t h a t  a i l  t h e  vork was done i n  Ir i iparial  
u n i t s .  T i . i s  i s  dae t o  t h e  f a c t  t h a t  n o t  311 o f  t h e  computer 
p rog rans  used have bee;: converted. 

F i g u r e s  4 and 5 a r e  s i v e n  i n  m e t r i c  u n i t s  a s  these a r a  

t h e  p o r t i o n a  o f  t h e  r e p o r t  t h a t  w i l l  be used i n  p r a c t i c e .  

C .  S. Jsaes, 

Vacation S tudent  

:[:. 
S=+ 

J.J. ' i iessels ,  
S e n i o r  H y d r o l o g i s t ,  
1)epartrnent o f  \ ' /a ter  A f f a i r s .  



First y e a r  

Second y e a r  

T h i r d  y e a r  

F o u r t h  y e a r  

F i f t h  y e a r  

S i x t h  y e a r  
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TARLCI 4: 14CHTHLY t'l,OViS M)R DROUGIE OF I<ECURXENCZ 
- - 3 IRTEHVAL 100 YEhRS (T'I.OWS.?l: ?l.CIih?.;EN k'El'T S 3 @l . 

T t i r d  Y e a r  8,451 29,109 54,775 73,868 62,913 43,507 18,780 6,816 4,382 4,382 3,130 2,817 

Fourth Y e a r  17,068 5%,734 104,416 106,926 83,332 67,2LC 31,124 12,550 7,028 6,526 5,020 6,024 

Fifth Y e a r  26,600 98,000 144,200 140,000 102,900 90,300 44,800 17,500 10,500 9,100 7,700 9,lC'O 



.- - 
0 N D J F h1 -4 14 J J A S 

first Year' 0,896 7 ,392  11 ,872  31,472 30,128 16,016 6,944 2,688 1 , 7 9 2  1 ,456  0,896 0,448 

Second Year  5,124 1 9 , 0 3 2  34,404 62,220 56,120 34,892 14,884 6 ,100  3 ,660  3,416 2,410 1 ,708  

T a i d  Year  7,938 27,342 51,450 69,384 52,094 40,866 17 ,640  6,468 4,116 4,116 2,940 2,64G 

2 o u r t h Y e e r  17,680 60,840 106,160 110,760 86,320 69,680 32,240 13,000 7 ,280 6,760 5,200 6,240 

F i f t h  Year  26,600 98,000 144,200 140,000 102,900 90,300 44,800 17 ,500  1 0 , 5 0 0  g,lC,O 7,700 9,100 

S i x t h  Year  20,880 74,240 118,320 119,480 89 ,900  75,980 3 7 , l S  14,5CO 8 ,120  7,540 5,800 6,960 

I ,  6: XV:TC.3;?TC:I CO'.;FE,ZJ :i<I:TS - 
- J r n 4 I.! J 2 A S o S .  D 
J e ~ i o n  C ~ , 8 2  0 ,66 0 ,68 0,86 C,90 C ,  94 0 ,65  0 ,87  0 , 8 j  l O,87 C,&3 



- -- -. - - - -- - - - - . - - - 
o N D J 3 r: A 1,; J J X S 

hrs t  Year 0,896 7,392 11,872 31,r72 j0,128 16,016 6,944 2,6C8 1,792 1,455 0,896 O,$',c 

Second Year  5,124 19,032 34,404 62,220 56,120 34,892 14,884 6,100 3,660 j,416 2,440 1,70L 

'1 450 Yfi.lrd Year  7,938 27,342 A ,  69,334 52,694 40,806 17,640 6,458 4,136 1,336 2,940 2,640 

Pour th  Year  17,680 60,840 lC~,16O 110,760 85,320 69,680 32,240 13,000 7,280 6,760 5,2CC 6,?(.0 

Six.th Year 20,880 74,240 116,320 119,460 E9,,"00 '15,980 37,120 14,5C0 8,120 -1,540 5,GOO 6,050 

- ,.;.c5; ,-,' . TABLE 6: L -  ...L J C.: COZF!?l CIXl!i ' ,S 
J P 1%: -. !C: J J h S 0 E D . , 

Resion C G,82 0,66 0,88 O,E6 c, 90 0,94 0,85 0,87 0,83 0,Pl C1,87 C,6j 



Annual  n e t  
evapo r a t i c n  C. l? D J r' I'J A 1,; J J A S ( inches )  



F3CUr;iFSIKCE IX'l13R1I;.I, ( Y 3 . 4 2 ~ )  

5 10 20 50 l 0 0  206 
.., :lpjt 3 e , 3  3 9 ,  l 

Second Y e , r  4019 4c,9 

Ti,it .d Y e z r  ?4,2  2,j90 

Zo .*rt-h Y e s r  4g10 49,O 

F i f t h  Year 31,o 31 10 

Sixl-h Y e a r  43,O 43,O 



. .- . .~. -- 

0 N D J F M A RI J J k S 

First Year 4 0 5  l 2  2,81 3,87 2,87 2,25 1,17 2,15 2,36 2,81 3a33 4,47 5,57 

Second y e a r  4,72 4,29 3,56 3,15 2707 3,50 2,37 2,72 2964 2,19 4,25 5,48 

Third y e a r  5,32 2,64 6,99 3,47 0,05 -0933 0999 0722 3,43 -2,61 3,32 1,15 

Foiirth y e z r  4,83 5,02 4,37 4,50 3,76 2,46 2,70 3,55 322 3,55 4,82 6,23 

Fifth y e a r  3,30 2,42 1,51 2,65 1,82 l,8o 2,oo 1,73 2,14 2,89 4,27 4,45 

Sixth y e a r  4,96 4,51 3,75 331 2,17 3,68 2,49 2,86 2,77 2,30 4,47 5,76 



-- --U--- . . - --.-b. - 

C; N 3 J F E A A'. J J 
. - 

Pirst Year  4,97 2,82 3,89 2,89 2,26 1717 2747 2,37 2,82 3235 

Second Yez r  4,72 4,29 3,56 3,15 2,07 3,50 2,37 2,72 2,64 2?19 

Third Year  5,49 2,73 7,23 3,59 G,Oj -0935 1932 -0723 3,55 -?,70 

F o a r t h  Yezr  4,83 5,02 4,37 4,50 3,76 2946 2970 3955 3922 3?55 

E i f t h Y e a r  j,30 2,42 1,s 2,65 i,82 i180 2?00 1,73 2,14 2,89 

S i x t h  Yea r  4,526 4,51 3,75 3,31 2,17 3968 2249 2986 2377 2930 






