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AN APPLICATION AND EVALUATION OF OPERATIONS 

RESEARCH TO WATER SUPPLY RESERVOIR DESIGN

CHAPTER I 

INTRODUCTION 

G enera l

A prob lem  t h a t  h a s  r e c e n t l y  occup ied  th e  i n t e r e s t  o f  

s e v e r a l  em inen t s t a t i s t i c i a n s  and e n g in e e r s  i s  th e  d e v e lo p ­

ment o f  a m a th e m a tic a l  model o r o th e r  s u i t a b l e  a lg o r i th m  

f o r  d e te rm in in g  th e  d e s ig n  s i z e  o f  a w a te r  su p p ly  r e s e r v o i r .

Men have been  b u i ld i n g  r e s e r v o i r s  f o r  a p e r io d  in  

ex cess  o f  f o u r  th o u san d  y e a r s .  L i t t l e  i s  known o f  th e  c r i ­

t e r i a  u sed  i n  d e te rm in in g  d e s ig n  c a p a c i ty  p r i o r  to  th e  p a s t  

one hundred  yea. s , b u t  i t  i s  assumed t h a t  such  c r i t e r i a  were 

no b e t t e r  th a n  th e  c r i t e r i a  u se d  s in c e  th e  t u r n  o f  th e  l a s t  

c e n tu ry .  T h is  p ro c e d u re  i s  a d e t e r m i n i s t i c  p ro c e d u re  based 

upon th e  p e r io d  o f  lo w e s t  s t re a m f lo w  i n  th e  t o t a l  r e c o rd  o f  

s t re am flo w  a v a i l a b l e .  T h e re fo r e ,  t h i s  p ro ce d u re  w i l l  n o t  

a l lo w  h ig h  p e rc e n ta g e  developm ents  o f  mean f lo w . The p ro ­

cedu re  i s  c a l l e d  th e  R ip p l  o r  m ass-cu rv e  p ro c e d u re .
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Need f o r  Study

The i n c r e a s e  i n  th e  p e r  c a p i t a  u s e  of w a te r  and th e  

l a r g e  p o p u la t io n  i n c r e a s e s  w i th in  th e  p a s t  few y e a r s  have 

b ro u g h t  th e  r e a l i z a t i o n  t h a t  we must e f f e c t  h ig h e r  p e rc e n ta g e  

y i e l d s  from s tre am flo w  f o r  w a te r  su pp ly  p u rp o se s .  The tim e 

i s  a t  hand when we must develop  w a te r  r e s o u r c e s  to  n e a r  

maximum p o t e n t i a l .  Much has  been w r i t t e n  about th e  re u se  of 

w a te r .  I t  would a p p ea r  t h a t  n e a r  maximum p o t e n t i a l  dev e lo p ­

ment o f a v a i l a b l e  s u p p l i e s  would fo l lo w  c l o s e l y ,  i f  n o t  

p r e c e d e ,  w a te r  r e u s e  i n  p r i o r i t y .  In  a d d i t i o n ,  p r e f e r a b l e  

r e s e r v o i r  s i t e s  a re  be ing  u se d  f o r  low p e rc e n ta g e  y i e l d  

p r o j e c t s .  T h e re fo re ,  f u t u r e  developm ent o f  w a ter  r e s o u rc e s  

w i l l  be i n h i b i t e d  by c u r r e n t  developm ents from th e  p o in t  o f  

p o t e n t i a l  r e s e r v o i r  s i t e s .

The fo re g o in g  f a c t s  a re  th e  m o t iv a t io n  f o r  deve lop ing  

new and b e t t e r  c r i t e r i a  f o r  r e s e r v o i r  d e s ig n  c a p a c i ty .

S e v e ra l  models have been p r e s e n te d  as s u i t a b l e  f o r  such 

p u rp o s e s .  Most o f th e  m a th em a tica l  work c o n s id e r s  th e  s to ra g e  

f u n c t i o n  as a s t o c h a s t i c  p ro c e s s  as opposed to  th e  d e te rm in ­

i s t i c  approach  u se d  i n  th e  m ass-cu rve  p ro c e d u re .  U n fo r tu q -  

a t e l y ,  most o f  th e  t h e o r i e s  advanced have n o t  been  a p p l ie d  to  

s tream flo w  d a t a .  I n  some c a s e s ,  th e  m odels have b een  a p p l ie d  

t o  v e ry  s im ple  d i s c r e t e  p r o b a b i l i t y  d i s t r i b u t i o n s .  The 

ex trem e example of such  a d i s t r i b u t i o n  i s  th e  t r in o m ia l  

d i s t r i b u t i o n  where th e  s tream flo w  may assume only one of 

t h r e e  v a lu e s .  O ther examples t h a t  a re  f r e q u e n t ly  u se d  a re
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th e  P o is so n  d i s t r i b u t i o n  and th e  n e g a t iv e  b inom ia l  d i s t r i b u ­

t i o n .  Such d i s t r i b u t i o n s  a re  n o t  v e ry  r e a l i s t i c  when a p p l ie d  

to  s tre am flo w .

Some i n v e s t i g a t o r s  have approached  th e  problem  w i th  

c o n t in u o u s  p r o b a b i l i t y  d i s t r i b u t i o n s ,  assuming e i t h e r  norm al 

o r  u n ifo rm  d i s t r i b u t i o n s .  S t i l l  o th e r s  have re c o g n iz e d  t h a t  

s t re am flo w  g e n e r a l l y  fo l lo w s  th e  P ea rso n  Type I I I  o r  gamma 

d i s t r i b u t i o n ,  b u t  th ey  d ev e lo ped  th e  th e o ry  based  upon the  

co n ce p t  o f  an  i n f i n i t e  dam. An i n f i n i t e  dam or r e s e r v o i r  i s  

c a p a b le  o f  s t o r i n g  any e x ce ss  and su p p ly in g  any d e f i c i t .

Such a r e s e r v o i r  would in d eed  so lv e  some prob lem s.

The re a s o n  f o r  u s in g  such a ssu m p tio n s  as norm al in f lo w  

and i n f i n i t e  c a p a c i ty  i s  t h a t  an  e x a c t  s o l u t io n  f o r  a dam o f  

f i n i t e  c a p a c i ty  w i th  a gamma in p u t  i s  v e ry  complex. No 

c r i t i c i s m  of th o s e  p r e s e n t a t i o n s  where th e s e  s im p l i f y in g  a s ­

sum ptions  a re  made i s  in te n d e d .  Each c o n t r i b u t i o n  adds to  

our r a t h e r  meager knowledge o f  s to r a g e  system s and h e lp s  to  

u n d e r s t a n d  th e  u n d e r ly in g  p r o c e s s e s .  T h e re fo re ,  each  i n ­

v e s t i g a t o r  has  c o n t r ib u te d  to  w hat i s  now known ab o u t s to ra g e  

sys tem s w i th  s t o c h a s t i c  i n p u ts  and v a r io u s  ty p es  of o u t p u t s . 

There  i s  a p r e s s in g  need to  e v a lu a te  th e  v a r io u s  m odels and 

u n d e r ly in g  t h e o r i e s .

Purpose

The pu rpose  o f  t h i s  s tu d y  i s  t o  e v a lu a te  th e  models 

t h a t  have  been proposed  by a p p ly in g  them to  o bserved  s t r e a m ­

flow  d a t a .  E n g in ee rs  need b e t t e r  methods f o r  d e te rm in in g



th e  s i z e  o f a r e s e r v o i r  needed th a n  th o se  c u r r e n t l y  i n  u s e .  

I t  would be d e s i r a b l e  t h a t  an a lg o r i th m  c o u ld  be so lv e d  on a 

desk c a l c u l a t o r .  Most government a g e n c ie s  and e d u c a t io n a l  

i n s t i t u t i o n s  have d i g i t a l  com puters . Many c o n s u l t i n g  e n g i ­

n e e r in g  f i rm s  do n o t  have  a computer and o n ly  l i m i t e d  a c c e s s  

to  one. This w i l l  p ro b a b ly  change in  th e  n e a r  f u t u r e ,  b u t  a 

model amenable to  s o l u t i o n  on a desk  c a l c u l a t o r  would f i l l  a 

v e ry  r e a l  need .

The em phasis i n  t h i s  s tu d y  w i l l  be upon c o n s i d e r a ­

t io n s  f o r  th e  d e s ig n  o f  a  s i n g l e  r e s e r v o i r ,  b u t  r e f e r e n c e s  

w i l l  be made to  m u l t i p l e  r e s e r v o i r  d e s ig n  w i t h in  a b a s in  o r  

t o t a l  b a s in  management where a p p l i c a b l e .  I f  a  model can be 

shown to  be a p p l i c a b l e  to  one a r e a ,  i t  may be a p p l i c a b l e  to  

o th e r  more g e n e ra l  a r e a s  a l s o  w i th  m inor m o d i f i c a t io n s .



CHAPTER I I

LITERATURE SURVEY

An a p p r e c i a b le  amount o f  work has been  done r e c e n t l y  

by o th e r s  t o  fo rm u la te  c r i t e r i a  f o r  th e  c a p a c i ty  d e s ig n  o f  

w a te r  su p p ly  r e s e r v o i r s .  The i n t e r e s t  i n  t h i s  a r e a  a p p ea rs  

to  be i n t e n s i f y i n g  and d o u b t le s s  more and b e t t e r  t h e o r i e s  

w i l l  be p r e s e n t e d  i n  th e  f u t u r e .  Many im p o r ta n t  co n cep ts  

t h a t  im pinge i n d i r e c t l y  upon th e  v a r io u s  t h e o r i e s  have been 

s e t  f o r t h .  In  th e  i n t e r e s t  o f  c l a r i t y  and th e  p u rp o se  p u r ­

sued h e r e ,  o n ly  th o se  c o n ce p ts  t h a t  r e l a t e  d i r e c t l y  to  th e  

s u b j e c t  w i l l  be d i s c u s s e d .

The R ip p l  Method 

The method o f  d e te rm in in g  r e s e r v o i r  s i z e  t h a t  i s  most 

commonly u se d  a t  p r e s e n t  was p ro p o se d  by W. R ip p l  (1) i n  

1883 . P r i o r  to  I 883 , t h e  method o f  d e s ig n  was to  assume a 

r e a s o n a b le  s i z e  f o r  a su p p ly  r e s e r v o i r  and f u r t h e r  assume 

t h a t  th e  r e s e r v o i r  was f u l l  a t  th e  b eg in n in g  o f  th e  d ro u g h t  

p e r i o d .  By s im p le  a d d i t i o n  o f  th e  e s t im a te d  m onth ly  in f lo w  

and s u b t r a c t i o n  o f  th e  e s t im a te d  m onthly  w ith d ra w a ls  and 

l o s s e s ,  th e  c a l c u l a t i o n s  were made of th e  q u a n t i t y  i n  th e  

r e s e r v o i r  a t  t h e  end o f  each  month f o r  a p e r io d  o f  a y e a r .

5
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I f  th e  c a l c u l a t i o n  showed a d e f i c i e n c y ,  t h a t  i s  a n e g a t iv e  

q u a n t i t y ,  t h e  o r i g i n a l  assumed c a p a c i ty  was i n c r e a s e d  and th e  

c a l c u l a t i o n s  r e p e a te d  (1 ) .  This p ro c e d u re  s u f f e r e d  many 

f a u l t s  t h a t  w i l l  n o t  be d i s c u s s e d  h e re  a s  t h i s  i s  o f  h i s ­

t o r i c a l  i n t e r e s t  o n ly .

The R ip p l  p ro ce d u re  was f a r  s u p e r i o r  t o  th e  p re v io u s  

p ro c e d u re  b o th  i n  th e  a c c u ra c y  a ch iev e d  and th e  l a b o r  n e c e s ­

sa ry  to  d e te rm in e  a d e s ig n  c a p a c i ty .  The R ip p l  p ro cedu re  

c o n s i s t s  o f  s e l e c t i n g  th e  w o rs t  p e r io d  o f  r e c o r d  from th e  

t o t a l  a v a i l a b l e  r e c o r d  and th e n  d e te rm in in g  g r a p h i c a l l y  th e  

maximum d e f i c i e n c y  t h a t  would r e s u l t  due to  w ithd raw ing  a 

c o n tin u o u s  q u a n t i t y  o f  w a te r  from a g iv e n  stream., The amount 

of t h i s  maximum d e f i c i e n c y  i s  o b ta in e d  from th e  l a r g e s t  d i f ­

f e r e n c e  betw een  a p l o t  o f  cu m u la t iv e  s t re a m f lo w  v e rsu s  time 

and c u m u la t iv e  w ith d ra w a l  v e r s u s  t im e . An example i s  shown 

i n  F ig u re  1. This p ro c e d u re  i s  i l l u s t r a t e d  i n  a l l  t e x t s  on 

w a te r  su p p ly  d e s ig n  and i s  t h e r e f o r e  u s e d  by th e  m a jo r i t y  o f  

c o n s u l t i n g  e n g in e e r in g  f i rm s  and o t h e r s  engaged in  w a te r  

su p p ly  p la n n in g  and developm en t.

The R ip p l  p ro c e d u re  s u f f e r s  t h e  fo l lo w in g  d e f i ­

c i e n c i e s :  1 . The a n a l y s i s  i s  based  upon a p a r t i c u l a r

sequence  o f  e v e n ts  (s t re a m flo w )  which may n e v e r  occur a g a in  

i n  th e  g iv e n  o r d e r .  2 .  Almost n o th in g  i s  known abou t th e  

p r o b a b i l i t y  o f  f a i l u r e  i n  th e  d e s ig n .  3* In  y e a r s  t h a t  

s t re am flo w  i s  i n  e x cess  o f  t h e  w o rs t  p e r i o d  o f  r e c o r d ,  a 

l a r g e  p o r t i o n  o f  th e  s t re a m flo w  i s  go ing  unused  and a llow ed
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t o  s p i l l .  This i s  a lu x u ry  we s h a l l  n o t  always be a b le  to  

a f f o r d .  )+. The p ro c e d u re  was in te n d e d  p r i m a r i l y  f o r  d e ­

te rm in in g  w i t h in  y e a r  o r  s e a s o n a l  s to r a g e ,  a l th o u g h  i t  was 

su g g e s te d  by Mr. R ip p l  t h a t  th e  c o n s id e r a t io n  sh o u ld  n o t  be 

c o n f in e d  to  a y e a r .  The need f o r  the  d e te r m in a t io n  of o v e r ­

y e a r  s t o r a g e  r e q u ire m e n ts  i s  e v id e n t  f o r  maximum or n ea r  

maximum p o t e n t i a l  deve lopm ent. In  some a r e a s ,  i t  has been  

n e c e s s a r y  to  u se  a p e r io d  of seven  y e a rs  to  r e e v a lu a te  th e  

p o t e n t i a l  o f  r e s e r v o i r s  t h a t  were designed  on th e  b a s i s  o f  

one o r  two y e a r  d r o u g h t s .

The R ip p l  p ro c e d u re  i s  s t i l l  a v a l i d  p ro ce d u re  f o r  

th e  developm ent o f  a sm a ll  p e rc e n ta g e ,  say 30 t o  M-0 p e r c e n t ,  

o f  th e  p o t e n t i a l  o f  t h e  s t re a m . However, f o r  a s tream  w i th  

l a r g e  v a r i a t i o n s  i n  f lo w ,  t h i s  p ro ced u re  w i l l  n o t  a llow  n e a r  

maximum developm ent.

H azen 's  Method

The f i r s t  a t t e m p t  to  overcome some o f th e  d e f i ­

c i e n c i e s  o f th e  R ip p l  p ro ce d u re  was made by A l le n  Hazen i n  

191^  ( 2 ) .  Hazen a t t a c k e d  th e  problem  of th e  random v a r i a ­

b i l i t y  o f  s tream flo w  by c o n s t r u c t in g  a R ipp l d iagram  f o r  

each  y e a r  o f  r e c o rd  from  f o u r t e e n  s tream s and computing th e  

s to r a g e  t h a t  would have  been  r e q u i r e d  i n  t h a t  y e a r  to  p r o ­

v id e  assumed c o n tin u o u s  d r a f t s  v a ry in g  from 30 t o  90 p e r c e n t  

o f  mean an n u a l  f lo w . These com puta tions  r e s u l t e d  i n  a f r e ­

quency d i s t r i b u t i o n  o f  e s t im a te d  s to ra g e  r e q u i r e m e n ts ,  one 

e s t im a te  f o r  each  y e a r  o f  r e c o r d  f o r  a s t a t e d  p o r t i o n  o f  mean
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a n n u a l  s t re am flo w . From t h i s  f req u e n cy  d i s t r i b u t i o n  a 

p r o b a b i l i t y  d i s t r i b u t i o n  of s to r a g e  re q u ire m e n ts  was d e ­

te rm in e d .  Hazen assumed t h a t  t h i s  p r o b a b i l i t y  d i s t r i b u t i o n  

was norm al and developed  "normal s to r a g e  c u r v e s , "  He th e n  

su g g e s te d  t h a t  th e  95 p e rc e n t  d ry  y e a r  would i n  m ost case s  

be ad eq u a te  f o r  d e s ig n ,  and p r e s e n te d  t a b l e s  o f  g e n e r a l i z e d  

s to r a g e  re q u ire m e n ts  based upon th e  c o e f f i c i e n t  o f  v a r i a ­

t i o n  o f  th e  an nua l s tream flow  and th e  p e rc e n ta g e  o f  mean 

a n n u a l  f low  to  be developed . H a ze n 's  work was r e v i s e d  and 

u p d a te d  i n  1930 by h i s  son ( 3 ) .  H azen 's  t a b l e  o f  v a lu e s  i s  

shown g r a p h i c a l l y  i n  Figure 2.

H a ze n 's  p ro ced u re  i s  n o t  a p p l i c a b l e  w here s t r e a m ­

flow  i s  r e g u l a t e d  upstream  by a r e s e r v o i r .  The p ro ce d u re  i s  

n o t  d i r e c t l y  a p p l i c a b le  to i r r i g a t i o n  s to r a g e  where th e  p a t ­

t e r n  o f  d r a f t  v a r i e s  m arkedly . However, n e i t h e r  o f  th e se  

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

i s  m u n ic ip a l  w a te r  supply . Few e n g in e e rs  w orking  i n  th e  

f i e l d  of w a te r  su p p ly  development u se  H a ze n 's  c r i t e r i a .  The 

re a s o n s  why H azen 's  method i s  n o t  u sed  a re  n o t  known. I t  

a p p e a rs  t h a t  h i s  work i n  t h i s  a r e a  i s  n o t  w e l l  known. In  

a d d i t i o n ,  th e  method demands a  l a r g e r  r e s e r v o i r  c a p a c i ty  i n  

m ost c a se s  th a n  does th e  R ipp l p ro c e d u re .

The a ssu m p tio n  of th e  n o rm a l i ty  o f  th e  d i s t r i b u t i o n  

o f  s to r a g e  re q u ire m e n ts  would seem to  cause  s to r a g e  volume 

re q u i r e m e n ts  computed by t h i s  p ro ce d u re  to  be low . However, 

F i e r in g  (^) h as  shown th a t  skewness o f s tre am flo w  d a ta  i s
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f a r  l e s s  im p o r ta n t  th a n  th e  c o e f f i c i e n t  of v a r i a t i o n  i n  d e ­

te rm in in g  th e  ran g e  o f  s to r a g e  r e q u i r e m e n ts .  H u rs t  (5) 

re a c h e d  an i d e n t i c a l  c o n c lu s io n  from s tu d y in g  s e v e r a l  n a t u r a l  

phenomena in c lu d in g  th e  flow  o f  th e  N i le  r i v e r  an d  th e  s t o r ­

age n e c e s s a ry  to  p ro v id e  r e g u l a t i o n  t h e r e o f .  T h e re fo r e ,  

H azen 's  c r i t e r i a  i s  acknowledged by many to  p ro v id e  a good 

f i r s t  a p p ro x im a tio n  to  r e s e r v o i r  s i z e  a l th o u g h  th e  s t re a m flo w  

d a ta  may n o t  be n o rm a l ly  d i s t r i b u t e d .

M oran 's Model f o r  a Dam

A p r o b a b i l i t y  th e o ry  o f  dams and s to r a g e  sys tem s was 

f o rm u la te d  by Moran i n  195^ ( 6 ) .  The b a s ic  c o n c e p t  o f  th e  

ap p ro ach  i s  t h a t  w i th  a p r e s c r i b e d  p r o b a b i l i t y  d i s t r i b u t i o n  

f o r  in f lo w  and a p r e s c r i b e d  r e l e a s e  r u l e ,  an i n t e g r a l  equa­

t i o n  can  be w r i t t e n  f o r  bhe amount o f  w a te r  i n  s t o r a g e .  This 

i n t e g r a l  e q u a t io n  may th e n  be ap p ro x im ated  by a  sys tem  o f  

l i n e a r  e q u a t io n s .  The s o l u t i o n  o f  t h e s e  l i n e a r  e q u a t io n s  

w i l l  p ro v id e  th e  p r o b a b i l i t y  d i s t r i b u t i o n  of th e  c o n te n t s  o f  

th e  dam. This p r o b a b i l i t y  d i s t r i b u t i o n  i s  th e  i te m  o f  i n ­

t e r e s t  t o  e n g in e e r s  as  i t  w i l l  r e v e a l  th e  p r o b a b i l i t y  o f  th e  

dam be ing  u n a b le  to  d e l i v e r  t h e  d e s i r e d  d r a f t .

M oran 's o r i g i n a l  p ap e r  on t h i s  s u b j e c t  (6) was d i ­

r e c t e d  tow ard  s t o r a g e  f o r  i r r i g a t i o n  w a te r .  F i r s t ,  i t  was 

assumed t h a t  w a te r  f lo w ed  i n  d u r in g  th e  wet s e a s o n  and was 

s t o r e d  u n t i l  t h e  d ry  se a so n  when i t  was r e l e a s e d .  N ex t, i t  

was assumed th e  i n p u t  was c o n tin u o u s  and th e  r e l e a s e  o c ­

c u r r e d  once a t  a  g iv e n  t im e .
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In  a l a t e r  p ap e r  (7 ) Moran m o d if ie d  th e  r e l e a s e  r u l e  

t o  a l lo w  w a te r  to  be r e l e a s e d  a t  s h o r t e r  in c re m e n ts  o f  t im e , 

f o r  in s t a n c e  m onth ly  r e l e a s e s  i n s t e a d  o f  y e a r l y ,  and p r e ­

s e n te d  a method o f  ap p ro x im a tin g  a gamma d i s t r i b u t i o n  w i th  a 

d i s c r e t e  d i s t r i b u t i o n .  S u b se q u e n t ly ,  (8 ,  9) i t  was shown 

t h a t  th e  o r i g i n a l  model co u ld  be u se d  to  approx im ate  th e  

s i t u a t i o n  where th e  i n p u t  and r e l e a s e  w ere b o th  c o n t in u o u s , 

w hich  i s  what o c c u rs  i n  a  m u n ic ip a l  w a te r  su pp ly  s i t u a t i o n .

The model may be d e s c r ib e d  as f o l lo w s ;  L e t  X^, th e  

s tream flo w  d u r in g  tim e t ,  be in d e p e n d e n t  o r w i th o u t  s e r i a l  

c o r r e l a t i o n  and be e q u a l  to  0 , 1 , 2 , . . .  w i th  p r o b a b i l i t i e s ,  

P q ,P ^ ,P 2 , . . .  r e s p e c t i v e l y ,  and l e t  Z^, t h e  dam c o n te n t s ,  be 

e q u a l  t o  0 , 1 , 2 , . . . . . E  a t  tim e t  w i th  p r o b a b i l i t i e s  

?Q, . P^, and a t  t im e t+1 w i th  p r o b a b i l i t i e s  P g ,  P ^ ' , . . . P ^ ,

w here  K i s  th e  s i z e  o f  t h e  r e s e r v o i r .  An amount o f  w a te r  M 

i s  ta k e n  from th e  r e s e r v o i r  and M, X t, K, and Z t a re  i n t e g r a l  

m u l t i p l e s  o f some u n i t .

A f te r  th e  r e s e r v o i r  h a s  b een  i n  o p e r a t io n  fo r  a 

p e r io d  o f  t im e ,  th e  p r o b a b i l i t y  d i s t r i b u t i o n  o f  dam c o n te n t s ,  

Z^, w i l l  have a c h ie v e d  a s t a b l e  d i s t r i b u t i o n  so t h a t

P j  = Pj_ f o r  i  = 0 ,  . . . ,  K-M

From a r e c u r r e n c e  r e l a t i o n s h i p ,  Z^ w i l l  th e n  be d e ­

f i n e d  by th e  sys tem  o f  e q u a t io n s
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Pq “ Pq (Po+- ''+Pm ) P l (P o + " ° 'P m - l)  • • • P mPO

Pl = PoPm+1 + PlPm + . . . P mP1 + Pm+1P0

PK-M = Po(Pk+'-') + ••» + PK-M(Phi+* • • )

and ~ « « « « — Pg ~ 0 *  ( 2 . 1)

In  t h i s  c a se  0 = Z t  = K-M, and th e  d i s t r i b u t i o n  of Z t  

can be found  by so lv in g  th e  above e q u a t io n s .  The e q u a t io n s  

can be so lv e d  i n  s e v e r a l  ways. For exam ple, w r i t e  a m a t r ix  

e q u a t io n  w i th  th e  on each  s i d e  o f  th e  above e q u a t io n s  as 

column v e c t o r s ,  say  P^ and Pj^, and l e t  T be th e  m a t r ix  o f 

c o e f f i c i e n t s  on th e  r i g h t  hand s id e  of th e  e q u a t io n s .  Then

Pl = t p r .

S ince  Pr i s  a v e c to r  whose c o e f f i c i e n t s  sum to  u n i t y ,  T^Pr 

w i l l  y i e l d  th e  r e q u i r e d  s o l u t i o n  as n  i n c r e a s e s .  This i s  

most e a s i l y  accom plished  by s u c c e s s iv e  sq u a r in g  o f  T. T w i l l  

p ro b a b ly  need  to  be s u c c e s s iv e l y  sq u a red  s i x  or seven  tim es 

to  o b ta in  th e  r e q u i r e d  s o l u t i o n  ( 6 ) .  This i s  a f a i r l y  

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

The b e s t  m ethod, e s p e c i a l l y  f o r  desk c a l c u l a t o r s ,  i s  

to  r e p l a c e  th e  f i n a l  e q u a t io n  o f  (2 .1 )  w i th  Pq + P  ̂ + . . .  + 

Pr -M ~ N which g iv e s  a s e t  o f  non-homogenous e q u a t io n s ,  and 

th e n  u se  th e  p ro c e s s  o f  s t r a ig h t f o r w a r d  s u c c e s s iv e  e l i m in a t i o n  

o f  v a r i a b l e s .  This p ro c e d u re  sh o u ld  y i e l d  a s o l u t i o n  i n  a p ­

p ro x im a te ly  two to  t h r e e  h o u r s .  One advan tage  of t h i s  method 

o f  s o l u t i o n  i s  t h a t  s o l u t i o n s  f o r  s m a l le r  v a lu e s  o f  K a re
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g iv e n  by o m i t t in g  one e q u a t io n  a t  a tim e  from th e  system .

For exam ple, th e  s o l u t i o n  f o r  K one u n i t  s m a l le r  th an  th e  

o r i g i n a l  K i s  g iv e n  by o m it t in g  th e  e q u a t io n  f o r  Pk _m- 1 , 

th e  n e x t  to  l a s t  e q u a t io n ,  and s e t t i n g  P^-M-l equ a l  to  ze ro  

in  th e  o th e r  e q u a t io n s .  Thus one can see  how th e  d i s t r i ­

b u t io n  of Z-f. v a r i e s  w i th  th e  s i z e  o f th e  dam. This i s  p r e ­

c i s e l y  what th e  e n g in e e r  needs to  know.

S e v e ra l  works ( 1 0 ,1 1 ,1 2 ,1 3 ,1 4 ,1 5 ,1 6 ,1 7 ,1 8 )  d e a l in g  

w i th  th e  th e o r y  o f dams and s to r a g e  system s have been p r e ­

s e n te d  as a r e s u l t  o f  th e  i n t e r e s t  c r e a t e d  by M oran 's work.

I t  has  been  p o in te d  ou t t h a t  th e  dam c o n te n t s ,  Z t ,  i s  a 

markov c h a in .  The model has  been  view ed by v a r io u s  w r i t e r s  

as e i t h e r  queu ing  th e o r y ,  in v e n to ry  th e o r y ,  o r  a random 

w a lk .  J .  Gani (10) c o n s id e re d  s e v e r a l  s to r a g e  problem s i n ­

c lu d in g  b o th  f i n i t e  and i n f i n i t e  dams. K end a ll  (11) con­

s i d e r e d  o n ly  i n f i n i t e  dams w i th  a gamma in p u t  d i s t r i b u t i o n  

and deve loped  a fo rm u la  f o r  th e  p r o b a b i l i t y  o f  n o n -e x h a u s t io n  

when th e  in f lo w  i s  on ly  s l i g h t l y  g r e a t e r  th a n  th e  demand of 

th e  form

where S i s  th e  i n i t i a l  s to r a g e  i n  th e  r e s e r v o i r ,  I i s  th e  

an n u a l  in f lo w ,  D i s  th e  annual d r a f t ,  Gy i s  th e  c o e f f i c i e n t  

o f v a r i a t i o n  o f  th e  i n p u t ,  and p i s  th e  p r o b a b i l i t y  o f  non- 

e x h a u s t io n .  K e n d a l l  a s s ig n e d  l i t t l e  im p o rtan ce  t o  th e  

fo rm u la  b e ca u se  th e  f i n i t e  c a p a c i ty  o f  th e  dam had been
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ig n o re d  and M oran 's model had assumed t h a t  t h e r e  was no 

s e r i a l  c o r r e l a t i o n  betw een  in f lo w s .

W alte r  B. L angbein  (12, 13) developed  a  p ro ce d u re  

from M oran 's model w hich  he c a l l e d  " p r o b a b i l i t y  r o u t i n g ."

This p ro ce d u re  u se s  a p l o t  of in f lo w  v e rs u s  p r o b a b i l i t y  on 

a r i t h m e t i c  p r o b a b i l i t y  p a p e r  and a p l o t  of d i s c h a rg e  v e r s u s  

s to r a g e  on a r i t h m e t i c  p a p e r  to  o b ta in  a g raph  o f  d is c h a rg e  

v e rs u s  p r o b a b i l i t y .  T h is  i s  an  e x c e l l e n t  te c h n iq u e  f o r  e v a l ­

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

For d e s ig n  p u rp o s e s ,  i t  s u f f e r s  th e  d e f i c i e n c y  t h a t  th e  

d i s c h a r g e - s t o r a g e  r e l a t i o n s h i p  must be assumed i n  advance .

To e l a b o r a t e  on t h i s  p o i n t ,  two r e s e r v o i r  s i t e s  w i l l  have  d i f ­

f e r e n t  dep th-vo lum e r e l a t i o n s h i p s .  A p a r t i c u l a r  r e s e r v o i r  

s i t e  i s  u n l i k e l y  to  have  a dep th-vo lum e cu rve  t h a t  i s  l i n e a r .  

The s p i l lw a y s  on most r e s e r v o i r s  a r e  d e s ig n e d  a s  Ogee w e i r s .  

The fo rm u la  f o r  f low  o v e r  an Ogee w e ir  i s

Q = CLh3 /2

where Q i s  th e  f lo w , C i s  a c o n s t a n t ,  L i s  th e  l e n g th  of th e  

w e ir  and H i s  th e  d e p th  of w a te r  above th e  w e i r .  T h e re fo re ,  

t o  u s e  " p r o b a b i l i t y  r o u t in g "  f o r  d e s ig n ,  one would need  a 

s t o r a g e - d i s c h a r g e  cu rv e  f o r  each  e s t im a te  o f  s i z e .

F i e r in g  ( l4 )  p roposed  an  a lg o r i th m  u s in g  queuing 

th e o ry  and s im u la t io n .  He assumed t h a t  th e  in f lo w  d i s t r i b u ­

t i o n  was a t r u n c a t e d  norm al d i s t r i b u t i o n  and t h a t  th e  in f lo w  

i n  any y e a r  was u n ifo rm  th ro u g h o u t  th e  y e a r .  T his i s  n o t
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v e ry  r e a l i s t i c .  However, h i s  p r im a ry  p u rp o se  was to  i n t r o ­

duce econom ics i n to  th e  models o f Moran and Langhein .

P h a ta r fo d  (15) a p p l i e d  methods i n  s e q u e n t i a l  a n a l y s i s  

to  a c o n t in u o u s  time dam model b a sed  upon M oran 's d i s c r e t e  

t im e m odel. The main o b j e c t i v e  was to  d e r iv e  th e  p r o b a b i l i t y  

o f  th e  tim e a t  which th e  dam becomes empty. The f i n i t e  dam 

o f  c a p a c i ty  K was c o n s id e re d  by P h a ta r fo d  to  have in p u t s  t h a t  

were an  a d d i t i v e  p ro c e s s  w i th  s t a t i o n a r y  in c re m e n ts  and a 

c o n tin u o u s  r e l e a s e  a t  a  u n i t  r a t e  e x c e p t  when th e  dam was 

empty. Thus th e  dam p ro c e s s  was c o n s id e r e d  a random w alk  w i th  

b a r r i e r s  a t  Z = 0 and Z = K.

P h a ta r fo d  d eve lop ed  th e  c h a r a c t e r i s t i c  f u n c t i o n  o f  th e  

t im e  a t  w hich  th e  dam becomes empty f o r  th e  f i r s t  tim e b e fo re  

o v e rf lo w in g ,  and th e n  th e  c h a r a c t e r i s t i c  f u n c t i o n  o f  th e  t im e 

a t  which th e  dam becomes empty f o r  th e  f i r s t  tim e r e g a r d l e s s  

o f  ov e rf lo w  i n  the  m eantim e. He d e v e lo p ed  th e s e  c h a r a c t e r ­

i s t i c  f u n c t i o n s  fo r  in p u t s  t h a t  c o rre sp o n d e d  to  two d i s c r e t e  

p r o b a b i l i t y  d i s t r i b u t i o n s ,  namely th e  P o is so n  and g e o m e tr ic .  

Prabhu ( l6 )  t h e n  a p p l ie d  P h a t a r f o d 's  a n a l y s i s  to  a c o n tin u o u s  

i n p u t  when t h e  in p u t  d i s t r i b u t i o n  i s  gamma to  o b t a i n  th e  

p r o b a b i l i t y  t h a t  th e  dam d r i e s  up b e f o r e  o v e rf lo w in g .  The 

e q u a t io n  t a k e s  th e  form

^  g 2 u (1 -a )  _ g2K (1-a)
P "  ------ 1 .  e 2 K ( 1 - a ) ---------  ^ ^ . 3 )
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w here u I s  th e  i n i t i a l  c o n te n t  o f  th e  dam, K i s  th e  d e s ig n  

c a p a c i ty  and a i s  th e  mean in p u t  from th e  d i s t r i b u t i o n  of 

th e  form

(2 .W

The a p p ro x im a t io n  i s  due t o  th e  f a c t  t h a t  th e  nonzero  r e a l  

r o o t  of th e  e q u a t io n  e“^  = 1  - aw i s  wq = 2 ( 1 -a )  when a i s  

c lo s e  to  u n i t y .  The e r r o r  in t ro d u c e d  i s  q u i t e  sm all  when a 

i s  between 0 .7  and 1 .4 .

K irb y  ( l8 )  p r e s e n t e d  th r e e  markov c h a in  s to ra g e  models 

f o r  d i s c r e t e  t im e and in f lo w  c o n d i t io n s .  The a d d i t i o n  to  

M oran 's  model c o n s i s t e d  o f  a l lo w in g  the  in f lo w s  to  be 

s e r i a l l y  c o r r e l a t e d .

S equen t Peak P rocedure

The s e q u e n t  peak  p ro c e d u re  i s  a d e t e r m i n i s t i c  a n a ­

l y t i c a l  p ro c e d u re  p rop osed  by Thomas and F i e r in g  (1 9 ) .  The 

cu m u la t iv e  d i f f e r e n c e  be tw een  in f lo w  and d r a f t  i s  c a l c u l a t e d  

f o r  a g iv e n  p e r io d  o f  s t re a m f lo w  r e c o r d .  As th e  c a l c u l a t i o n s  

p r o g r e s s ,  peaks ( l o c a l  maximum) and tro ugh s  ( l o c a l  minimum) 

w i l l  o c c u r .  The maximum d i f f e r e n c e  between peaks and tro u g h s  

i s  th e  minimum s to r a g e  n e c e s s a r y  to  p re v e n t  a d e f i c i e n c y  in  

d r a f t .  I t  i s  assumed t h a t  th e  s tream flow  r e c o r d  w i l l  c y c le  

i n  T y e a r s  and two c y c le s  o r  2T y e a r s  o f r e c o r d  i s  needed to  

make th e  a n a l y s i s .
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The a d v a n ta g e s  c la im ed  f o r  t h i s  p ro cedu re  a r e  t h a t  

th e  n e c e s s i t y  f o r  d e te rm in in g  a v a lu e  of s t a r t i n g  s to r a g e  i s  

removed and t h a t  e ach  p e rs o n  com puting s to ra g e  re q u ire m e n ts  

w i l l  o b t a in  th e  same answ er as  a l l  o th e r  p e rso n s  do ing  th e  

same c o m p u ta t io n s .  The l a t t e r  p o i n t  i s  t r i v i a l ,  b u t  th e  f i r s t  

p o in t  c o u ld  e ra s e  some o f  th e  u n c e r t a i n t y  t h a t  now e x i s t s  i n  

d e t e r m i n i s t i c  p r o c e d u re s .  The R ip p l  method assumes t h a t  th e  

r e s e r v o i r  i s  f u l l  a t  th e  b e g in n in g  o f  a d ro u g h t .  At tim es 

t h i s  i s  a r a t h e r  unsound a ssu m p tio n .  I t  i s  s t a t e d  t h a t  th e  

se q u en t  peak  p ro c e d u re  i s  e q u iv a le n t  to  a l i n e a r  programming 

s o l u t i o n  f o r  o p t im a l  o v e rf lo w  o r  w a s te  p a t t e r n  (20 ).

The se q u en t  peak p ro c e d u re  i s  open to  some o f  th e  

same c r i t i c i s m  t h a t  th e  R ip p l  method r e c e iv e s  i n  t h a t  i t  i s  

im p l ie d  t h a t  th e  sequence  o f  s t re am flo w  e v en ts  w i l l  be r e ­

p e a te d  d u r in g  th e  d e s ig n  l i f e  o f  th e  p r o j e c t  o r  t h a t  a d ro u g h t  

o f  g r e a t e r  m agn itude  i s  u n l i k e l y  t o  o ccu r .  These assum p tion s  

appear i n h e r e n t  i n  any d e t e r m i n i s t i c  a n a l y t i c a l  t e c h n iq u e .

These comments a r e  n o t  in te n d e d  to  imply t h a t  de­

t e r m i n i s t i c  methods sh o u ld  be ig n o re d  or abandoned e n t i r e l y .  

Perhaps th e  most d e s i r a b l e  a lg o r i th m  would in v o lv e  a combi­

n a t io n  o f  d e t e r m i n i s t i c  methods and p r o b a b i l i t y .  Tliis m ight 

no t  s a t i s f y  th e  t h e o r e t i c i a n s ,  b u t  cou ld  be v e ry  p r a c t i c a l  

f o r  e n g in e e r in g  a p p l i c a t i o n .

K a r t v e l i s h v i l i  (21) s e v e r e l y  c r i t i c i z e d  th e  p u re ly  

s t a t i s t i c a l  a p p ro ach  to  d e s c r ib in g  r i v e r  f low  as a t o t a l l y  

chance e v e n t  and ig n o r in g  th e  f a c t o r s  which cause t h e  f lo w .
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He p o in t s  o u t  t h a t  some o f  th e  f a c t o r s  c au s in g  flow  have a 

s t o c h a s t i c  c h a r a c t e r  and some a d e t e r m i n i s t i c  c h a r a c t e r .  He 

p roposes  t h a t  th e  r u n o f f  p ro c e s s  sh o u ld  be c o n s id e re d  as a 

random p ro c e s s  and t h a t  a f u l l  s o l u t i o n  to  th e  r e g u l a t i o n  of 

r i v e r s  by r e s e r v o i r s  can be o b ta in e d  on ly  on th e  l e v e l  o f  th e

th e o ry  o f  random p ro c e s s e s .

O b je c t io n s  to  p r o b a b i l i t y  methods a re  answered by 

K a r t v e l i s h v i l i  (21) as f o l lo w s ;  1. P r o b a b i l i t y  th e o ry  sho u ld  

n o t  be c o n s id e re d  as com pensation  f o r  i n s u f f i c i e n t  in fo rm a ­

t i o n  abou t h y d ro lo g ie  p r o c e s s e s .  Such a c o n s i d e r a t i o n  would 

im ply t h a t  th e  p r o b a b i l i t y  would i n c r e a s e  o r  d e c re a se  w i th  

th e  developm ent of th e  s c i e n c e ,  and would l e a d  e v e n tu a l ly  to  

s im p le  c o n f id e n c e  in  the  a u t h e n t i c i t y  o r  i m p o s s i b i l i t y  o f th e

s tu d ie d  e v e n t .  This would th e r e f o r e  n e g a te  th e  o b j e c t i v e

c h a r a c t e r  o f  p r o b a b i l i t y  p r i n c i p l e s ,  ex c lude  p r o b a b i l i t y  

th e o ry  from  th e  m a th em a tica l  s c i e n c e s ,  and a s s ig n  i t  a r o l e  i n  

p sycho logy . 2 .  Demands f o r  p ro o f  o f  th e  a c c i d e n t a l  n a tu r e  o f 

r i v e r  f low  a re  n o t  l o g i c a l  because  t h e r e  does n o t  e x i s t  one 

f a c t  co n firm in g  th e  d e t e r m i n i s t i c  c h a r a c t e r  o f  f lo w , n o r  does 

th e r e  e x i s t  one f a c t  r e f u t i n g  th e  a c c i d e n t a l  c h a r a c t e r  o f th e  

p ro c e s s .  3* Chance sh o u ld  n o t  be e q u a te d  w i th  u n s y s te m a t i c ­

n e s s .  The f a c t  t h a t  r e g u l a r i t i e s  a r e  o b se rved  i n  s tream flo w  

does n o t  mean t h a t  p r o b a b i l i t y  th e o ry  i s  i n a p p l i c a b le  i n  th e  

s tu d y  of s tream flow  and i t s  r e g u l a t i o n .  R e g u l a r i t i e s  ob­

se rv e d  i n  s tream flo w , which some w r i t e r s  th in k  c o n t r a d i c t  

p r o b a b i l i t y  th e o ry ,  can be c o r r e c t l y  r e f l e c t e d  on ly  by
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p r o b a b i l i t y  m ethods. Laws o f  a c c i d e n t a l  d e t e r m i n i s t i c  n a ­

t u r e ,  w hich  p la c e  l i m i t s  on th e  amount o f  s tre am flo w , sh o u ld  

a lw ays be in c lu d e d  in  a s tu d y .

Some of th e  th o u g h ts  t h a t  K a r t v e l i s h v i l i  e x p re s s e s  a re  

sometimes c a l l e d  th e  a l l  encom passing term  "e n g in e e r in g  

ju d g e m e n t ." For exam ple, i t  i s  s t a t i s t i c a l l y  p o s s ib l e  t o  

have a  f lo w  s e v e r a l  t im es g r e a t e r  th an  any flow  ev e r  ob­

s e r v e d ,  b u t  i t  i s  n o t  v e ry  l o g i c a l .  F a c to rs  t h a t  he m igh t 

have m en tioned  t h a t  a r e  d e t e r m i n i s t i c  i n  n a tu r e  a re  s o i l  ty p e ,  

la n d  s l o p e ,  and t o t a l  amount o f  r a i n f a l l  e x p e c te d .  The o c ­

c u r r e n c e  o f  th e  r a i n f a l l  i s  s t o c h a s t i c .

M athem atica l Programming 

L in e a r  Programming 

The a p p l i c a t i o n  o f  l i n e a r  programming to  b o th  d e ­

t e r m i n i s t i c  and s t o c h a s t i c  m odels f o r  w a te r - r e s o u r c e s  d e s ig n  

i s  c i t e d  by Chow (2 2 ) .  He g iv e s  an example f o r  d e te rm in in g  

th e  d e s ig n  c a p a c i ty  when th e  o b j e c t i v e  f u n c t i o n  i s  to  m ax i­

mize n e t  b e n e f i t s .  This i s  a c o r r e c t  p ro ced u re  f o r  a g iv e n  

p r o j e c t ,  b u t  i t  i s  p a r t i c u l a r l y  d i f f i c u l t  to  g e n e r a l i z e  i n  a 

s tu d y  such  as t h i s  as to  c o s t  and b e n e f i t s  when so many 

f a c t o r s  in v o lv e d  i n  c o s t s  and b e n e f i t s  depend upon c o n d i ­

t i o n s  t h a t  cou ld  n o t  be d e te rm in e d  u n t i l  a s p e c i f i c  p r o j e c t  

h a s  been  p la n n e d .  T h e re fo re ,  t h i s  p a r t i c u l a r  model c a n n o t  

be compared w i th  o th e r  m odels .

The model g iv e n  by Chow i s  c o n f in e d  to  a d u r a t i o n  of 

one y e a r  and i t  was assumed t h a t  th e r e  was no c a r r y - o v e r
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from y e a r  to  y e a r .  Thus, th e  s t a t e d  model i s  u s e f u l  f o r  i l ­

l u s t r a t i v e  purposes  o n ly .  Chow s t a t e s  t h a t  th e  a c t u a l  s i t u ­

a t i o n  f o r  the  d e s ig n  of r e s e r v o i r s  i s  much more c o m p lic a te d .  

Thomas and Watermeyer (2 3 ) u se d  l i n e a r  programming and dam 

th e o r y  to  fo rm u la te  what th e y  term ed a s t o c h a s t i c  s e q u e n t i a l  

a p p roach  to  d e te rm in e  o p t im a l  r e s e r v o i r  c a p a c i t y .  The ob­

j e c t i v e  f u n c t io n  h e r e  a l s o  was to  maximize n e t  b e n e f i t s .

A l i n e a r  programming a p p l i c a t i o n  t o  s i z i n g  a r e s e r v o i r  

when th e  o b je c t iv e  f u n c t i o n  i s  to  m inim ize  th e  d e s ig n  c a ­

p a c i t y  s im p l i f i e s  to  r e p e t i t i v e  s o l u t i o n  o f  th e  c o n t i n u i t y  

e q u a t io n  f o r  s t o r a g e .  Thus, th e  s o l u t i o n  i s  ana logo us  to  the  

s e q u e n t  peak p ro ce d u re  m en tio n ed  e a r l i e r  and i s  e x a c t l y  th e  

same a s  a mass c u rv e  a n a l y s i s  o f  th e  e n t i r e  s tre am flo w  r e c o r d .

Dynamic Programming

Dynamic programming d e a l s  w i th  th e  th e o ry  o f  m u l t i ­

s ta g e  d e c is io n  p r o c e s s e s .  I t  i s  a p p l i c a b l e  t o  problem s where 

th e  c o n s id e r a t i o n  of tim e i s  e s s e n t i a l  and th e  d e c i s i o n  s e ­

quence i s  im p o r ta n t .  Chow (22) c i t e s  s e v e r a l  examples of 

dynamic programming a p p l i c a t i o n  to  v a r io u s  h y d r o e l e c t r i c  

p r o j e c t s .  The m a jo r  c o n t r i b u t i o n  of dynamic programming, 

t h a t  i s  th e  d e c i s io n  m aking, i s  a b s e n t  to  a  l a r g e  d eg ree  in  

m u n ic ip a l  w ater su p p ly  s i t u a t i o n s ,  b u t  i s  v e ry  much p r e s e n t  

i n  h y d r o e l e c t r i c ,  i r r i g a t i o n ,  and f lo o d  c o n t r o l  p r o j e c t s  

where a d e c is io n  on th e  amount o f  r e l e a s e  m ust be made. In  

m u n ic ip a l  w ater su p p ly ,  t h e  d r a f t  i s  n e a r l y  c o n s t a n t  and a 

d e c i s i o n  on c u r t a i lm e n t  o f  d r a f t  h o p e f u l ly  i n f r e q u e n t .
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T h e re fo re ,  dynamic programming l o s e s  much of i t s  e f f e c t i v e ­

n e ss  when c o n f in e d  to  r e s e r v o i r  c a p a c i ty  d e s ig n .

Sto ra g e  Requirem ent Com putations

A co m p u ta tio n  of th e  s to r a g e  re q u ire m e n ts  f o r  v a r io u s  

l e v e l s  o f  s t re am flo w  r e g u l a t i o n  i n  th e  22 m ajor r e g io n s  o f  

th e  c o n t ig u o u s  U n i te d  S t a te s  was made by a  s e l e c t  com m ittee 

o f th e  U n i te d  S t a t e s  Sena te  {2k) .  Lof and H ard ison  (25) d e ­

te rm in ed  t h a t  th e  s to ra g e  re q u i re m e n ts  g iv e n  i n  th e  r e p o r t  of 

t h a t  s tu d y  f o r  h ig h  s u s ta in e d - u s e  o f  f low s were e r ro n e o u s ly

low i n  a l l  o f  th e  r e g io n s .  These low s to r a g e  v a lu e s  were

caused  by u s in g  l i n e a r  e x t r a p o l a t i o n  from low p e rc e n ta g e  

y i e l d s  t o  h ig h  p e rc e n ta g e  y i e l d s  w hereas th e  f u n c t io n  i s  n o t  

l i n e a r .  T h e r e fo r e ,  th ey  p r e s e n te d  s to r a g e  v a lu es  to  s u p e r ­

sede  th e  v a lu e s  d e te rm in ed  by th e  s e l e c t  com m ittee .

The p ro c e d u re  used  i n  th e  c o m p u ta t io n  was to  p l o t

s tre am flo w  on l o g - p r o b a b i l i t y  p a p e r  and f i t  one of s e v e r a l  

f re q u e n c y  d i s t r i b u t i o n  c u rv e s  to  th e  ob se rv ed  f lo w . The 

cu rv es  ch o sen  were norm al, lo g -n o rm a l  or W e ib u ll .  S to rag e  

r e q u i r e m e n ts  were th e n  computed by p r o b a b i l i t y  r o u t in g  of 

an n u a l  d i s c h a r g e  (Langbein , 1958). They u se d  an a ssu m p tio n  

o f  c o n s t a n t  d r a f t  r a t e ,  un ifo rm  f low  w i t h in  each y e a r ,  and 

in d epen dence  betw een y e a r s .  I t  was f u r t h e r  assumed t h a t  a t  

a h y p o t h e t i c a l  d e l i v e r y  r a t e  o f  100 p e r c e n t  o f mean an nua l 

f lo w , a s e a s o n a l  s to r a g e  f a c t o r  of O.M- t im e s  th e  mean annual 

f low  would have to  be added to  the  c a r r y - o v e r  s to r a g e .  Thus
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th e  t o t a l  s to r a g e  ( s e a s o n a l  p lu s  c a r r y - o v e r )  was o b ta in e d  by 

adding  to  th e  c a r r y - o v e r  s to r a g e  a s e a s o n a l  a d ju s tm e n t .

The p a r t s  o f  t h i s  s tu d y  t h a t  were o f  p a r t i c u l a r  i n ­

t e r e s t  t o  th e  w r i t e r  have  t o  do w i th  th e  low er A rkansas-W hite  

R iv e r  r e g io n  w hich encom passes the  a r e a  s tu d i e d  by th e  w r i t e r .  

The p a r t s  a r e :  The f re q u e n c y  curve  chosen  f o r  t h i s  re g io n

was th e  W e ib u ll .  A c o e f f i c i e n t  of v a r i a t i o n  v a lu e  o f  0.^-5 

was ta k e n  from  a map p r e p a r e d  by th e  U n ited  S t a t e s  G e o lo g ic a l  

Survey . The p r a c t i c a l  maximum p e rc e n ta g e  o f  mean annua l f lo w  

t h a t  c o u ld  be dev e lo p ed  f o r  t h i s  r e g io n  was s e v e n t y - e ig h t  

p e r c e n t  f o r  98 p e r c e n t  o f  th e  time and e ig h t y - f o u r  p e r c e n t  

f o r  95 p e r c e n t  o f  th e  t im e .  The p r a c t i c a l  maximum flow  was 

d e f in e d  as  n e t  f lo w  a f t e r  e v a p o r a t io n  and was o b ta in e d  by s e ­

l e c t i n g  a  p o i n t  a t  w hich  a s l i g h t  i n c r e a s e  i n  p e rc e n ta g e  

y i e l d  r e q u i r e d  much h ig h e r  s to r a g e  c a p a c i t i e s .  The r e s e r v o i r  

s i z e  and d e p th  u s e d  i n  th e  com p u ta tion s  were d e te rm in e d  from 

a v e ra g e s  g iv e n  by th e  Corps o f  E ng in eers  and th e  Bureau o f 

R ec lam a tio n  f o r  r e s e r v o i r s  c o n s t r u c t e d  from 195*+ to  1960. 

E v a p o ra t io n  l o s s e s  due to  th e  r e s e r v o i r  were assumed to  be 

th e  d i f f e r e n c e  betw een  e v a p o ra t io n  from th e  r e s e r v o i r  and 

th e  n a t u r a l  é v a p o t r a n s p i r a t i o n  lo s s  from th e  same ground a re a  

w i th  i t s  norm al v e g e t a t i o n .

The r e s u l t s  g iv e n  i n  t h i s  s tu d y  a r e  n o t  d i r e c t l y  ap ­

p l i c a b l e  to  any s p e c i f i c  p r o j e c t ,  n o r  were th ey  in te n d e d  

to  b e .  The o b j e c t i v e  was t o  d e te rm in e  g e n e r a l i z e d  s to r a g e  

v a lu e s  and y i e l d s  f o r  a n a t i o n a l  overv iew .



CHAPTER I I I  

STREAMFLOW DATA FOR THE STUDY

Data S e l e c t i o n  

The in p u t  d a ta  f o r  any  s tu d y  i s  im p o r ta n t .  The r e ­

s u l t s  o b ta in e d  from any m odel, r e g a r d l e s s  of th e  degree  o f  

s o p h i s t i c a t i o n ,  can be no b e t t e r  th a n  the  d a ta  p u t  i n .  T h ere ­

f o r e ,  th e  d a ta  u se d  h e r e i n  w ere  o b ta in e d  from re c o r d s  of th e  

U n ited  S t a te s  G e o lo g ic a l  Survey  t h a t  were d e s c r ib e d  as 

"good."  The s tream s chosen  w ere  s e l e c t e d  w i th o u t  a n y ' i n t e n t  

of b i a s ,  a l th o u g h  th e  c r i t e r i a  were t h a t  t h e r e  sho u ld  be no 

upstream  r e g u l a t i o n ,  d r a in a g e  a r e a  shou ld  be l e s s  th a n  3 ,000 

squa re  m i le s ,  and the  s tre am  gag ing  s t a t i o n  sho u ld  be con­

f in e d  to  E a s te rn  Oklahoma o r  W este rn  A rkansas .

Upstream  r e g u l a t i o n  w i l l  cause  man made c o r r e l a t i o n  

or p e r s i s t e n c e  between f lo w s .  D ra inage  a re a s  o f  l e s s  than  

3 ,000 sq u are  m ile s  com prise t h e  m a jo r i t y  o f  r e s e r v o i r s  b u i l t  

p r im a r i ly  f o r  w a te r  supp ly  p u r p o s e s .

The s tream flow s were red u ced  to  cub ic  f e e t  p e r  second 

pe r  sq u a re  m ile  (cfsm) by d i v id i n g  th e  observed  f low s by th e  

d ra in a g e  a re a  i n  square  m i l e s .  The r e s u l t s  o f  t h i s  compu­

t a t i o n  (Table 1 f o r  an nual d a t a  and Table 2 f o r  monthly d a ta )

2k



TABLE 1 

ANNUAL STREAMFLOW DATA

Number o f  
Y ears  o f  

r e c o r d Stream X cr Cv.
A d ju s te d
skew ness

28 P o te a u  R iv e r  a t  C a u th ro n ,  Ark. 1 .024 0 . 58 0 . 5 7 0 . 5 2
17 Lee C reek , Van B uren . Ark. 0 .9 5 5 0 .5 5 0 . 5 8 0 .4 l
29 Fourche  M a lin e ,  Red Oak, O kla . 0 .9 7 3 0 .5 9 0.61 0 .6 3
31 I l l i n o i s  R iv e r ,  T ah leq u ah , Ok. 0 .8 6 3 0 .4 7 0 . 5 4 0 . 2 5
19 B a r re n  F o rk ,  E ld o n , O kla . 0 .8 2 3 0 . 5 0 0 .6 0 0 .4 2
39 B u f f a lo  R i v e r ,  Rush , Ark. 1 .153 0 . 5 7 0 . 5 0 0 . 4 7
37 L i t t l e  R i v e r ,  H o r a t i o ,  Ark. 1 .362 0 . 5 9 0 . 4 3 0 . 4 3
26 O u a c h i ta  R iv e r ,  Mt. I d a ,  Ark. 1 .682 0 . 7 3 0 .43 0 . 4 5
28 S t ra w b e r ry  R iv e r ,  Eve. Shade 0 .8 8 9 0 .4 8 0 . 5 4 0 . 4 7
28 Kings R iv e r ,  B e r r y v i l l e ,  Ark. 1 .036 0 .5 3 0.51 0 .4 8

IV)vn

N o te s :  _
X i s  th e  a v e ra g e  a n n u a l  mean d a i l y  f lo w  i n  c u b ic  f e e t  p e r  seco n d  p e r  s q .  m i le .

(7 i s  th e  s t a n d a r d  d e v i a t i o n  o f  th e  a v e ra g e  a n n u a l  f lo w ,  cfsm .

Cv. i s  t h e  c o e f f i c i e n t  o f  v a r i a t i o n  o f  a v e ra g e  a n n u a l  f lo w .

A d ju s te d  skew ness i s  th e  a d j u s t e d  skew ness o f  a n n u a l  f low  = P e a r s o n 's  d e f i ­
n i t i o n  o f  skew ness x ( l  + 8_j.5) .

N



TABLE 2 

MONTHLY STREAMFLOW DATA

Number o f  
Months o f  

R ecord S tream X a Cv.
A d ju s te d
Skewness

P o te a u  R i v e r ,  C a u th ro n ,  Ark. 1 . 0 5 1 .5 9 1.51 1 .33
20*+ Lee C reek , Van B uren . Ark. 0 .9 5 1 .*+1 1 .49 1 .33
360 F ourche  M a lin e ,  Red Oak, O kla . 0 .9 6 1 .5 6 1 .62 1.51
372 I l l i n o i s  R iv e r ,  T ah leq u a h , O kla . 0 .8 8 1 .17 1.33 1 .6 5
228 B a r re n  F ork  C reek , E ld o n , O kla . 0 .8 3 1 .20 1 .4 5 1 .6 5
468 B u f f a lo  R iv e r ,  Rush , Ark. 1 .16 1 .5 3 1 .32 1 .2 9
*+32 L i t t l e  R iv e r ,  H o r a t i o ,  Ark. 1 .38 1.70 1.23 1 . 0 5
312 O u a ch i ta  R iv e r ,  Mt. I d a ,  Ark. 1 .69 2 .0 0 1 .19 1 .17
336 S t ra w b e r ry  R i v e r ,  Eve. Shade, Ark. 0 .91 1 .27 1 . 39 1 .33
336 K ings R iv e r ,  B e r r y v i l l e ,  Ark. 1 .02 1 .43 1 .4 0 1 .42

IV)ON

N otes : _
X i s  th e  mean m o n th ly  f lo w  i n  c u b ic  f e e t  p e r  seco nd  p e r  s q u a re  m i le ,  

a  i s  t h e  s t a n d a r d  d e v i a t i o n  o f  mean m o n th ly  f l o w s ,  cfsm .

Cv. i s  th e  c o e f f i c i e n t  o f  v a r i a t i o n  o f  mean m o n th ly  f lo w s .

A d ju s te d  skew ness i s  t h e  a d j u s t e d  skew ness o f  mean m on th ly  f lo w s  = P e a r s o n 's  
d e f i n i t i o n  o f  skew ness x(1 + 8 ^ 5 )-

N
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a r e  i n t e r e s t i n g  i n  t h a t  th e  means of th e  a v e ra g e  an n u a l f low s 

and th e  v a r i a n c e  of th e  a v e rag e  ann ua l f lo w s a r e  i n d i s t i n ­

g u is h a b le  a t  th e  99 p e r c e n t  c o n f id e n ce  l e v e l .  That i s ,  th ey  

d e r iv e  from th e  same p a r e n t  p o p u la t io n .  T h e re fo re ,  th e  ex ­

p e c te d  f low s from an ungaged s tre am  o r  s t re a m  s e c t i o n  i n  t h i s  

a r e a  co u ld  be ap p ro x im ated  by th e  v a lu e  o f  one cfsm f o r  a v e r ­

age an n u a l  f lo w  w i th  a v a r i a n c e  o f  0 .3 2 .  This i s  s i g n i f i c a n t  

because  r a r e l y  would th e  b e s t  o r  most d e s i r a b l e  s i t e  f o r  a 

r e s e r v o i r  e x i s t  a t  t h e  e x a c t  s i t e  o f th e  gag ing  s t a t i o n .  

C o n seq u en tly ,  an e n g in e e r  co u ld  d e c re a se  or i n c r e a s e  th e  ex ­

p e c te d  s t re am  d i s c h a r g e  as  he moves u p s tre a m  o r  downstream 

by th e  change i n  number o f  sq u a re  m ile s  o f  d ra in a g e  a re a  con­

t r i b u t i n g  to  d i s c h a r g e  a s  a r e s u l t  o f th e  move from th e  gage 

s i t e  to  th e  r e s e r v o i r  s i t e .  This i s  s i g n i f i c a n t  i n  b a s in  

p la n n in g  a l s o .  I f  a number o f  r e s e r v o i r s  a r e  p lan n e d  i n  th e  

b a s i n ,  th e  d r a in a g e  a r e a  c o n t r i b u t i n g  to  th e  f i r s t  r e s e r v o i r  

w i l l  y i e l d  one cfsm and th e  c o n t r i b u t i o n  to  th e  second r e s e r ­

v o i r  w i l l  be one cfsm on th e  d ra in a g e  a r e a  below  th e  f i r s t  

r e s e r v o i r  p lu s  th e  r e l e a s e  from th e  f i r s t  r e s e r v o i r ,  e t c , .

The s t a t i s t i c a l  t e s t s  u se d  to  t e s t  t h e  means and v a r i ­

a n ces  f o r  hom ogeneity  a r e  th e  C h i-sq u a re  t e s t s  f o r  homo­

g e n e i ty  o f  means and B a r t l e t t ' s  t e s t  f o r  hom ogeneity  o f  

v a r i a n c e s .
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D ata A v a i l a b i l i t y  

The l e n g t h  o f  r e c o r d  o f  th e  t e n  s tre am s s t u d i e d  v a r ie d  

from 19 to  39 y e a r s .  S y n th e t ic  d a ta  cou ld  have  been g e n e r ­

a te d  to  p ro v id e  more d a t a .  Much has been w r i t t e n  r e c e n t l y  

a b o u t  " o p e r a t io n a l  hyd ro lo g y "  and s im u la t io n  o f  s tre am flo w . 

There seemed to  be l i t t l e  p o in t  i n  t h i s  s tu d y  o f  g e n e ra t in g  

s y n t h e t i c  d a ta  t h a t  i s  s t a t i s t i c a l l y  i n d i s t i n g u i s h a b l e  from 

th e  o b se rv ed  d a t a .  I t  may be a rg u ed  t h a t  i f  th e  o b se rv ed  

sequence  i s  u n l i k e l y  to  e v e r  o c c u r  a g a in ,  th e n  i t  i s  a l s o  un ­

l i k e l y  t h a t  any one of a s e t  o f  one thousand  o r  more sequences 

g e n e r a te d  would o ccu r .  I t  i s  c la im ed  t h a t  t h e  e s t im a te  of 

th e  r a n g e  of th e  d e v ia t i o n s  i n  s t re am flo w  and hence  th e  range  

in  s t o r a g e  r e q u i re m e n ts  can  be improved by d a t a  g e n e r a t i o n .  

Y e v d jev ich  (26) s t a t e s ,  " I t  i s  c la im ed  t h a t  t h e  ra n g e  r e ­

l i a b i l i t y  i s  im proved (o r  th e  in fo r m a t io n  i s  i n c r e a s e d )  by 

t h i s  m ethod. I t  sh o u ld  a l s o  be n o te d  t h a t  t h i s  c la im  i s  a 

p o i n t  o f  c o n tr o v e r s y .  ----  Here i s  th e  e ssen ce  o f  th e  c o n t r o ­

v e r s y :  Can a problem  s o lv in g  te c h n iq u e  y i e l d  an i n c r e a s e  i n

in fo rm a tio n ?  The d a ta  g e n e r a t io n  method as a t e c h n iq u e  fo r  

s o lv in g  m a th em a tica l  problem s w i t h  s t o c h a s t i c  v a r i a b l e s  may 

be compared w i th  th e  n u m e r ic a l  f i n i t e  d i f f e r e n c e s  method f o r  

s o lv in g  d i f f e r e n t i a l  e q u a t io n s  when b o th  c a n n o t  be so lv e d  

a n a l y t i c a l l y .  As th e  n u m er ica l  f i n i t e  d i f f e r e n c e s  method does 

n o t  improve th e  in fo rm a t io n  c o n ta in e d  i n  o r d in a r y  o r  p a r t i a l  

d i f f e r e n t i a l  e q u a t io n s ,  e x c e p t  t o  produce t h e i r  s o l u t i o n s ,  i t  

may be e x p ec te d  t h a t  th e  same c o n c lu s io n  would be v a l i d  f o r
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th e  d a ta  g e n e r a t io n  method as c u r r e n t l y  u se d  i n  s o lv in g

s t o c h a s t i c  p rob lem s. ----  Any c la im  t h a t  th e  d a ta  g e n e r a t io n

method i n c r e a s e s  in fo rm a t io n  sho u ld  be s u b j e c t e d  to  a r ig o r o u s  

m a th e m a tic a l  s t a t i s t i c a l  a n a l y s i s . "  Data g e n e r a t io n  has a 

p ro p e r  r o l e  to  p la y  i n  th e  s tu d y  of s tream flo w  and s t r e a m ­

flow  r e g u l a t i o n .  The R ip p l  method and th e  se q u e n t  peak p r o ­

cedure  can  be e a s i l y  a p p l i e d  to  s y n th e t i c  d a t a .  I n  f a c t ,  th e  

se q u e n t  peak  p ro ce d u re  w i l l  r e q u i r e  e i t h e r  d a ta  g e n e r a t io n  or 

a  r e p e t i t i o n  o f  th e  s tream flow  r e c o r d ,  e s p e c i a l l y  f o r  s i t u a ­

t i o n s  where th e  s tream flow  r e c o rd  i s  s h o r t .

Few h y d r o lo g i s t e  would f a i l  to  concur t h a t  more d a t a ,  

i . e . ,  lo n g e r  s tream flo w  r e c o r d s ,  would be d e s i r a b l e .  The f a c t  

rem ains  t h a t  we must b e g in  any s tu d y  w i th  what i s  a v a i l a b l e  to  

s tu d y .  S tream flow  re c o rd s  a re  l im i t e d  in  l e n g th  as a c o n se ­

quence o f  h i s t o r y .  The f i r s t  o f f i c i a l  s t ream flo w  re c o rd s  in  

e i t h e r  Oklahoma or A rkansas were begun by th e  U n i te d  S t a t e s  

W eather Bureau on th e  W hite R iv e r  a t  Newport, A rkansas i n  

1885.

Independency of Data

One of th e  f i r s t  q u e s t io n s  o f  i n t e r e s t  ab o u t  th e  ob­

se rv e d  s tream flo w s  was th e  deg ree  o f  c o r r e l a t i o n  e x i s t i n g  

betw een m o n th ly  f lo w s .  L in ea r  c o r r e l a t i o n  betw een m onth ly  

flow s would a f f e c t  th e  models and th e  manner o f  h a n d lin g  th e  

d a ta  w i t h  th e  g e n e r a l  r e s u l t  o f  i n c r e a s in g  th e  s to r a g e  c a ­

p a c i t y  r e q u i r e m e n ts .
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L in e a r  c o r r e l a t i o n  c o e f f i c i e n t s  were computed f o r  a l l  

o f  th e  m onthly  d a ta  and i n  g e n e ra l  t h e r e  i s  no s i g n i f i c a n t  

l i n e a r  c o r r e l a t i o n  betw een  m onthly  f lo w s .  This i s  i n  con­

t r a s t  to  r e p o r t e d  c o r r e l a t i o n  c o e f f i c i e n t s  f o r  m onthly  f lo w s 

o f  from 0 .17  t o  0 . 3  (12 , 2 6 ) .  W hether o r  n o t  th e s e  r e p o r t e d  

c o r r e l a t i o n  c o e f f i c i e n t s  w ere  s u b je c te d  to  s t a t i s t i c a l  t e s t s  

f o r  s i g n i f i c a n c e  h as  n o t  been  s t a t e d .  L in e a r  c o r r e l a t i o n  b e ­

tween an nual f low s was n o t  i n v e s t i g a t e d  i n  t h i s  s tu d y .  How­

e v e r ,  a s tu d y  by th e  Corps o f  E n g in e e rs  (2 7 ) o f f o r ty - tw o  

s tre am s  th ro u g h o u t  th e  c o u n try  showed on ly  two to  have s e r i a l  

c o r r e l a t i o n  betw een a n n u a l  f lo w s .  I t  was f u r t h e r  d e te rm in e d  

t h a t  th e  c o r r e l a t i o n s  e x i s t i n g  i n  t h e s e  two s tream s were due 

to  man made i n f l u e n c e s .  The term s s e r i a l  c o r r e l a t i o n  c o e f ­

f i c i e n t  o f  l a g - o n e ,  a u t o c o r r e l a t i o n  c o e f f i c i e n t  o f l a g - o n e ,  

and l i n e a r  c o r r e l a t i o n  c o e f f i c i e n t  o f  la g -o n e  a r e  u se d  i n  

c u r r e n t  l i t e r a t u r e  to  e x p re s s  th e  same c o n c e p t .  However, 

th e y  co u ld  have  d i s t i n c t l y  d i f f e r e n t  m eanings , and do have 

d i f f e r e n t  meanings when th e  la g  i s  g r e a t e r  th a n  one.

"F" t e s t s  o f  s i g n i f i c a n c e  w ere  made on a l l  l i n e a r  

c o r r e l a t i o n  c o e f f i c i e n t s  d e r iv e d  from  th e  d a ta .  The r e s u l t s  

o f  th e s e  co m p u ta tio n s  a r e  g iv e n  i n  Table  3 . T h i r t y - s i x  c o r ­

r e l a t i o n  c o e f f i c i e n t s  o f  120 computed were s i g n i f i c a n t  a t  th e  

99 p e r c e n t  c o n f id e n c e  l e v e l .  Twenty-one of th e  t h i r t y - s i x  

s i g n i f i c a n t  v a lu e s  o c c u r re d  d u r in g  p e r io d s  when b ase  flow  

p re d o m in a te s .  Base f lo w  w ould be e x p e c te d  to  be c o r r e l a t e d .  

The rem ain ing  f i f t e e n  c o r r e l a t i o n  c o e f f i c i e n t s  were g e n e r a l l y
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TABLE 3

MONTHLY CORRELATION CALCULATIONS

P o te au  R iv e r a t  Cauthron

Computed S i g n i f i c a n t
C o r r e l a t i o n C a lc u la te d "F"-V alue

Month C o e f f i c i e n t "F"-V alue F q . o i , 1 , 27

Oct-Nov 0 .163 0 .74 7 .72
Nov-Dee 0.608 15.88
D ec-Jan 0 .020 0.01
Ja n —Feb o .ÿ - 5 3 .6 5
Feb-Mar 0 . 5^0 11.12
Mar-Apr 0 .073 0 . l 4
Apr-May 0.131 0.47
May-June 0.4U1 5.20
J u n e - J u ly 0 .1 26 6 .44
July-A ug 0 .786 4 3 .6 4
Aug-Sept 0 . 39 9 5.12
S ep t-O ct - 0 .150 0 . 3 5

Lee Creek a t Van Buren

Computed S i g n i f i c a n t
C o r r e l a t i o n C a lc u la te d "F"-V alue

Month C o e f f i c i e n t "F"-V alue F0 .O I, 1 , 15

Oct-Nov 0 .199 0 .6 2 8 .68
Nov-Dee 0.531 5.91
D ec-Jan 0 .674 12.53
Jan -F eb 0 .287 1 . 34
Feb-Mar 0 .070 0.07
Mar-Apr 0 .300 1.48
Apr-May 0 .583 7 . 7 5
May-June 0 .6 6 9 12 .14
J u n e - J u ly 0 .1 10 0 .186
July-A ug 0 .7 3 0 - 17.16
Aug-Sept 0 .722 16.38
S e p t-O c t - 0 .250 1 .00
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TABLE 3 . - - C o n t in u e d

Fourche Maline Near Red Oak

Computed S i g n i f i c a n t
C o r r e l a t i o n C a lc u la te d "F"-V alue

Month C o e f f i c i e n t "F"-V alue ^0.01  , 1 , 28

Oct-Nov 0 .237 1.67 7 .6 4
Nov-Dee 0.702 27.27
D ec-Jan 0 .046 0 .0 5
Ja n -F e b 0.368 4.38
Feb-Mar 0 .402 5.40
Mar-Apr 0.316 3.10
Apr-May 0.073 0 .1 5
May-June 0 .2 9 5 2.68
J u n e - J u ly - 0.072 0 .15
July-A ug 0.413 5.76
A ug-Sept 0.331 3.44
S e p t-O c t 0.103 0.31

I l l i n o i s  R iv er a t  T ahlequah

Computed S i g n i f i c a n t
C o r r e l a t i o n C a lc u la te d "F"-V alue

Month C o e f f i c i e n t "F"-V alue F0 .OI , 1 , 29

Oct-Nov 0.621 18.25 7 .60
Nov-Dee 0 .754 38 .25
D ec-Jan 0.173 0 .89
Ja n -F e b 0 .250 1.94
Feb-Mar 0 .3 6 5 4.47
Mar-Apr 0 .580 14 .76
Apr-May 0 .122 0 .4 4
May-June 0 .4999 9.66
J u n e - J u ly 0.207 1.29
July-A ug 0 .394 5.34
A ug-Sept 0 .360 4 .32
S e p t-O c t 0 .034 0.033
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TABLE 3 • - - C o n t in u e d

Month

B a rre n  Fork a t  E ldon

Computed
C o r r e l a t i o n
C o e f f i c i e n t

C a lc u la t e d  
"F"-V alue

S i g n i f i c a n t
"F"-V alue

^0 .0 1 , 1 , 17

Oct-Nov 
Nov-Dee 
D ec-Jan 
Jan -F eb  
Feb-Mar 
Mar-Apr 
Apr-May 
May-June 
J u n e -J u ly  
July-Aug 
Aug-Sept 
S e p t-O c t

0 .836
0 .717
0 .3 3 6
0 .508  
0 .328  
0.121 
0 .528  
0 .6 1 9
0.073
0 .828
0 . 5 9 1

-0 .1 0>+

39 .57
18.01
2 .17
5.93
2 . 0 5
0 . 2 5
6 .57  

10 .55  
0 . 0 9  

3 7 . 1^
9 . 1^
0 . 1 9

8 .40

B u ffa lo  R iv e r Near Rush

Computed S i g n i f i c a n t
C o r r e l a t i o n C a lc u la te d "F"-V alue

Month C o e f f i c i e n t "F"-V alue ^ 0 .0 1 ,  1, 37

Oct-Nov 0 .374 6 .0 2 7.38
Nov-Dee 0.543 15.52
Dec-Jan 0 .139 0.731
Jan -F eb 0 .4 1 5 7 .73
Feb-Mar 0.091 O .3O6
Mar-Apr 0 .6 14 22.50
Apr-May 0.281 3 .16
May-June 0.481 7 .83
J u n e - J u ly 0 .374 6 .03
July-Aug 0.367 5 .76
Aug-Sept 0.551 16 .12
S ep t-O c t - 0.037 0 .052
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TABLE 3 . — C o n t in u e d

•
L i t t l e  R iv e r Near H o ra tio

Computed S i g n i f i c a n t
C o r r e l a t i o n C a lc u la te d "F"-V alue

Month C o e f f i c i e n t "F"-Value F0 .OI , 1 ,  34

Oct-Nov - 0.023 0.017 7 .4 4
Nov-Dee 0.460 9.12
D ec-Jan 0 .255 2.37
Jan -F eb 0 .599 15.49
Feb-Mar 0.183 1.19
Mar-Apr 0 .339 4 .43
Apr-May 0 .1 7 5 1.08
May-June 0.44-3 8.33
J u n e - J u ly 0.198 1.38
July-Aug 0.296 3 .28
Aug-Sept 0.811 6 5 .35
S ep t-O ct 0.118 9.482

O uach ita  R iv e r  Near Mt. Id a ,  Ark,

Computed S i g n i f i c a n t
C o r r e l a t i o n C a lc u la te d "F"-V alue

Month C o e f f i c i e n t "F"-Value ^0.01 , 1 , 24

Oct-Nov 0.071 0.120 7 .82
Nov-Dee 0.204- 1.046
D ec-Jan 0.261 1 .760
Jan -F eb 0.376 3 .945
Feb-Mar 
Mar-Apr 
Apr-May 
May-June 
J u n e - J u ly  
July-Aug 
Aug-Sept 
S ep t-O ct

0 . 5 2 3
0.166
0.038
0 . 3^^
0 .059
0.310
0 . 87^
0 .199

9.017
0.677
0.036
3.333
0 .08^
2 .548

7 7 . 7 5 2
0 .989



35

TABLE 3 • — C o n t in u e d

S tra w b e r ry  R iv e r  Near Evening Shade

Computed S i g n i f i c a n t
C o r r e l a t i o n C a lc u la te d "F”-V alue

Month C o e f f i c i e n t "F"-V alue ^ 0 .0 1 ,  1 ,  26

Oct-Nov 0 .392 4.71 7 .72
Nov-Dee 0 .6 8 4 22.91
D ec-Jan 0 .2 5 6 1 .82
Jan -F eb 0 .62 7 16.88
Feb-Mar 0 .2 6 9 2 .03
Mar-Apr 0 .294 2 . 9 4
Apr-May 0 .234 1.51

■ May-June 0 .038 0 .038
J u n e - J u ly 0 .2 16 1 .28
July-Aug 0 .6 08 15.29
Aug-Sept 0.133 0 .4 6 5
S ep t-O c t 0 .013 0 .0 0 4

K ings R iv e r  Near B e r r y v i l l e

Computed S i g n i f i c a n t
C o r r e l a t i o n C a lc u la te d "F"-V alue

Month C o e f f i c i e n t "F"-V alue ^ 0 .0 1 ,  1 , 26

Oct-Nov 0 .328 3 .12 7 .72
Nov-Dee 0 .8 2 4 55-04
D ec-Jan 0.070 0 .128
Jan -F eb 0.511 9 .19
Feb-Mar 0 .292 2 .43
Mar-Apr 0 .5 60 11.92
Apr-May 0 .300 2 .58
May-June 0 .337 3.33
J u n e - J u ly 0 .223 1.37
July-Aug 0 .524 9.87
Aug-Sept 0 .703 25.43
S ep t-O c t -0 .1 4 2 0 .539
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l e s s  th a n  0.5* T h is  g iv e s  a c o e f f i c i e n t  o f  d e te r m in a t io n  of 

0 . 2 5  o r  l e s s ,  w hich  means t h a t  75 p e r  c e n t  o r  more o f  th e  

v a r i a t i o n  i n  th e  d a ta  i s  u n e x p la in e d  and o n ly  25  per c e n t  i s  

e x p la in e d  by th e  i n f l u e n c e  o f  one months f low  upon a n o th e r .

I n  th e  case  of l i n e a r  c o r r e l a t i o n  c o e f f i c i e n t s  o f  0 .2 ,  th e  

c o e f f i c i e n t  o f d e t e r m in a t io n  i s  0 .0 ^ ,  and th e  c o e f f i c i e n t  o f 

a l i e n a t i o n  i s  0 .9 6 .  T h e r e fo r e ,  th e  s tream flo w  i n  t h i s  s tu d y  

i s  u n c o r r e l a t e d .

Mean m onth ly  f lo w s  and a v e ra g e  an n u a l  mean d a i l y  

f lo w s  i n  th e  a r e a  o f  s tu d y  fo l lo w  a gamma or Pearson  Type I I I  

f r e q u e n c y  d i s t r i b u t i o n .



CHAPTER IV 

APPLICATION OF THE ALGORITHMS

The a lg o r i th m s  d i s c u s s e d  i n  C hap te r  I I  w ere  a p p l i e d  to  

th e  d a ta  d i s c u s s e d  i n  C hapter I I I .  The o rd e r  o f  a p p l i c a t i o n  

was th e  R ip p l  m ethod, th e  Hazen m ethod, M oran 's m odel, and 

th e  se q u e n t  peak  p ro c e d u re ,  and th e  a p p l i c a t i o n s  w i l l  he d i s ­

cu ssed  i n  t h a t  o r d e r .  Comparisons w i l l  he made f o r  a d r a f t  

o f  80 p e r c e n t  o f  mean an n u a l  f lo w .

The R ip p l Method

I n  a p p ly in g  th e  R ip p l method to  s tream flow  d a ta ,  th e  

f i r s t  r e q u i r e m e n t  i s  to  d e te rm in e  th e  w o rs t  p e r io d  of r e c o r d .  

That i s ,  th e  p e r io d  o f  r e c o rd  t h a t  w i l l  demand th e  l a r g e s t  

s i z e  r e s e r v o i r  t o  s u s t a i n  a g iv e n  d r a f t .  This w o r s t  p e r io d  

m ig h t he a s h o r t  p e r io d  w i th  v e ry  low flow s or no flow  i n  

some m onths, o r  i t  m igh t he a p e r io d  of long d u r a t i o n  w i th  

red u c ed  f lo w s .  I t  has  a l r e a d y  heen  p o in te d  o u t  t h a t  i n  many 

c a se s  t h i s  m ethod w i l l  n o t  a l lo w  h ig h  p e rc e n ta g e  d r a f t  r a t e s .

The w o r s t  p e r io d  o f  r e c o r d  o f  a p p ro x im a te ly  a y e a r  i n  

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

o f  th e  s tream s s t u d i e d  o c c u r re d  d u r in g  some p a r t  o f  th e  w a te r

37
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year 1 9 6 3. That is, there were periods of reduced flow be­
tween June 1962 and October 1964. The consideration was to 
find the combination of continuous months during this period 
that gave the worst conditions. Then the cumulative flows or 
mass curve was plotted and the maximum draft obtainable, if 
less than 80 percent, was determined and plotted on the mass 
curve. The maximum ordinate between draft and the mass curve 
gives the required storage volume to sustain that said draft.

Hazen's Method 
Hazen's method is very simple to apply once the com­

putations have been made to determine the mean, the standard 
deviation, and the coefficient of variation of the annual mean 
streamflow data. Then Figure 2 is entered with the coeffi­
cient of variation as abcissa. Progression is then made up­
ward to the percentage of mean annual flow to be developed.
The ratio of storage to mean annual flow is then read from the 
ordinate. The storage volume obtained by this procedure was 
determined by Hazen to be adequate 95 percent of the time. 
Thus, one would expect that the storage would be inadequate 
on an average of one year in twenty.

Moran's Model
The variables to be inserted in Moran's Model are the 

reservoir size, K, the draft, M, and an approximation of the 
probability distribution of the streamflow volumes. Since K 
is the object of interest, an approximation of a reasonable
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size was made ■using Hazen’s Method. The value so obtained 
was then rounded off to a multiple of the mean annual stream­
flow. Specific examples of these values will be given later. 
The most important variable to be determined was the proba­
bility distribution of the streamflow or the input to the 
reservoir.

Moran (7 ) approximated the gamma distribution,

 -Xm— -T e'^^B (4.1) by a discrete probability distri-
•ga.+ 1 IV. 3 .+1 )

bution where the probabilities were proportional to 
(i + 1 and suggested that such could be fitted by equat­
ing moments. However, this often gives fractional results 
which are not easily managed. Moran also gave a numerical 
example (6 ) where the input followed a gamma distribution and 
B and a chosen so that the distribution was a Chi-square with 
three degrees of freedom. The values were taken from 
Pearson's Table of the Incomplete Gamma function. This table 
may be found in most handbooks of mathematical functions.

There are other ways to approximate the streamflow 
distribution. One approach used by the writer was to take the 
average mean and average variance from the streamflow param­
eters and construct an average gamma distribution. The mean 
of a gamma distribution is given by B(a + 1) and the variance 
is given by B^(a + 1) as a result of the first and second 
moments about the mean of a distribution. Furthermore, if a 
is an integer, it may be shown by successive integeration by
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parts that the cumulative distribution, F(x), is given by

F(x) = 1 - [1 + J + ^(|) + --C|) ] e-x/B (4̂ 2)

when X  is greater than zero and F(x) = 0 when x is less than 
or equal to zero. If a is not an integer the cumulative dis­
tribution, F(x), must be evaluated by numerical methods (28), 
but in this case would be more easily determined from tables 
of the incomplete gamma function. The parameter a is a shape 
factor in this distribution and B is a scale factor. Thus, 
changing the value of a will change the shape and changing 
the value of B will only change the scale.

Since the average mean from the streamflow data was 
approximately unity and the average variance was approxi­
mately 0.33 we have: B(a + 1) = 1.0 and B^(a + 1 ) = 0.33-
When we divide the last by the first we obtain a equal to 2 
and B equal to 0.33» When these values, a = 2 and B = 0.33, 
are inserted in equation (4.2), and x is varied in increments 
of 0.1 or 0 .2 , points are obtained on an average cumulative 
frequency distribution that approximates the cumulative gamma 
distribution of the streamflow data. The algebraic differ­
ence between these points on the cumulative frequency distri­
bution comprises a frequency histogram that approximates the 
gamma distribution. The usual procedure in applied engineer­
ing statistics is to construct a continuous probability 
distribution from a histogram. The reverse procedure is used 
here of constructing a frequency histogram from a contiiquous
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f re q u e n c y  d i s t r i b u t i o n .  The p o i n t s  so o b ta in e d  were u se d  as  

p r o b a b i l i t i e s  i n  e q u a t io n s  ( 2 . 1 ) .

A much s im p le r  te c h n iq u e  i s  to  p l o t  a f i t t e d  P ea rso n  

Type I I I  cu rv e  t o  th e  s tre am flo w  d a ta  and s e l e c t  p o in t s  a t  

even in c re m e n ts  o f  s tre am flo w  volume from th e  f i t t e d  curve  

and u se  t h e s e  v a lu e s  as th e  p r o b a b i l i t i e s  o f  s tream flow  i n  

e q u a t io n s  ( 2 . 1 ) .  The f i t t e d  cu rve  may be c o n s t r u c te d  q u i t e  

e a s i l y  from a  t a b l e  o f  v a lu e s  o f  th e  a r e a  u n d e r  th e  P ea rso n  

Type I I I  cu rv e  such  a s  th e  one shown g r a p h i c a l l y  i n  F ig u re  3* 

Example c u rv e s  a r e  shown i n  F ig u re  I t  i s  n o t  n e c e s s a r y  to  

p l o t  th e  s tre am flo w  d a ta  on th e  f i t t e d  cu rv e  u n le s s  i t  i s  d e ­

s i r e d  to  g e t  a  v i s u a l  e s t im a te  o f  th e  goodness of f i t  o f  th e  

f i t t e d  c u rv e .  T his te c h n iq u e  was a p p l i e d  t o  t h e  s tream s 

un der  s tu d y  u s in g  s tream flo w  in c re m e n ts  o f 0 .1 cfsm.

The Sequent Peak P rocedure

B eg in n ing  w i th  a s tre am flo w  r e c o r d  o f  l e n g th  T a t  a 

p ropo sed  r e s e r v o i r  s i t e  and th e  d e s i r e d  d r a f t  f o r  th e  p e r io d s  

co m p ris in g  T, F e i r in g  (20) g iv e s  the  f o l lo w in g  e le v e n  s t e p s  

f o r  a p p ly in g  th e  se q u e n t  peak  p ro c e d u re .

1 . C a lc u la te  Xj_ -  D i, in f lo w  minus d r a f t ,  f o r  a l l

i  = 1, 2 ,  . . . ,  2T and c a l c u l a t e  th e  n e t  c u m u la t iv e

i n f  1 ow ^  (X% — Dj_) f o r  t  — 1, 2 ,  . . . ,  2T. 
i=1

2 .  L o ca te  th e  f i r s t  peak  ( l o c a l  maximum), P ^ , i n  

t h e  cu m u la t iv e  n e t  in f lo w .

3 .  L o ca te  th e  " se q u e n t"  p eak , P2 , w hich  i s  th e  n e x t  

p eak  of g r e a t e r  m agn itude  th a n  th e  f i r s t .
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h. Between this pair of peaks find the lowest trough 
(local minimum), T-] , and calculate P-] - T-j .

5 . Starting with P2 , find the next sequent peak, P3 , 
that has magnitude greater than P2 -

6 . Find the lowest trough, T2 , between P2 and P3 and 
calculate P2 - T2 .

7 . Starting with P3 , find Pi+ and T3 ; calculate 
P3 - T3 .

8 . Repeat this procedure for all sequent peaks in 
the series for 2T periods.

9 . The required reservoir size is the maximum
(Pi -  Ti ) = Pjn - T2J1.

10. The reservoir will be empty following the occur­
rence of the minimum trough, T̂ ,̂ between the pair 
of sequent peaks P̂  ̂and Pm + 1 where m identifies 
the peak and trough associated with the maximum 
difference, Pĵ - T̂ .

11 . The storage, Ŝ , at the end of the i^^ period and 
the waste flow during this season may be calcu­
lated from the continuity relations:

= m n  [Sm, (Si_i + Xi-Di)]
Wĵ  = Max 0 ,  [ (Xj_-Dj  ̂ -  (Suj”Sj^+i)]

This procedure was applied to monthly streamflow data
from the streams under study. The draft rate was assumed to
be 80 percent of the mean calculated from the existing entire 
record.



CHAPTER V

RESULTS, DISCUSSION AND CONCLUSIONS

Results 
The Rippl Method 

The results of analyses using the Rippl method are 
given in the following table.

TABLE 4

RESERVOIR SIZE DETERMINED BY THE RIPPL METHOD

Fraction of annual Storage
Duration mean flow- requirement
months stream developed acre-ft

1 -̂ Poteau 0 .2 7 1 1 ,9 0 0
24 Lee 0 .443 4 l ,000
12 Fourche Maline 0 .3 2 7,500

8 3 ,2 0 026 Illinois 0 .46 7
26 Barren Fork 0 .2 7 10,700
26 Buffalo 0.435 1 31 ,500
12 Little River 0.565 3 3 6 ,0 0 0
13 Ouachita 0.47 4 7 ,5 0 0
24 Strawberry 0.63 2 0 ,5 0 0
24 Kings 0 .4 7 5 176,000

Column one gives the duration of low flow in months 
and column three shows the percentage of mean annual flow 
that could he developed and sustained during that period by 
a reservoir of the volume given in column four. Evaporation

^5
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and other losses are Included in draft. Therefore, when the 
Rippl method is applied to these streams, only two could be 
developed to more than fifty percent of the mean annual flow. 
The larger part of the water resource is allowed to spill 
and be lost to the user at the site of the reservoir. This 
is the major deficiency of the Rippl method.

The Hazen Method 
The results of the application of Hazen's method to 

the streams under study are given in Table 5»

TABLE 5
RESERVOIR SIZE DETERMINED BY HAZEN'S METHOD

Fraction of annual Storage
mean flow requirement

Stream developed acre-ft

Poteau 0.8 324^920
L ee 0.8 675,460
Fourche Maline 0.8 2 0 9 ,9 0 0
Illinois 0.8 1,224,040
Barren Fork 0.8 4 4 7 ,4 0 0
Buffalo 0.8 1,680,425
Little River 0.8 3 ,4 4 3 ,1 7 9
Ouachita 0.8 648,278
Strawberry 0.8 3 0 4 ,4 5 0
Kings 0.8 761,068

Moran's Model
The output from Moran's model is a set of probabili­

ties. Pq,P^, ..., P^-M* ^0 the probability of the 
reservoir being dry, P̂  is the probability of the reservoir 
containing one tenth of the mean annual flow, P2 is the
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probability of the reservoir containing two tenths of the 
mean annual flow, etc. The probability of primary concern 
is the probability of the reservoir going dry. It was ob­
served that there is an orderly relationship between Pq and 
reservoir size over the range of sizes considered. The 
size, K, was varied from 1.0 to 2.2 cfsm per year for a 
draft rate of 0 .8 cfsm, and from 0 .9 to 2.1 cfsm per year 
for a draft rate of 0.7 cfsm for each stream. Thus, there 
was a constant draft rate from each stream. Pg, the proba­
bility of the reservoir being dry, versus the size, K, is 
shown in Figure 5 for a draft of 0.8 cfsm and in Figure 6 

for a draft of 0.7 cfsm. The equation for the relationship 
between P q  and K is:

In Pq = a - bK
In b = c(ln mean) + d (5*1)
In a = f(ln mean) + g.

The l e a s t - s q u a r e  r e g r e s s i o n  v a lu e s  o f  c , d , f ,  and g a re  

3 . 4 9 , 0 . 8 6 2 , 4^ 8 $, and 0.071 r e s p e c t i v e l y  f o r  a d r a f t  o f

0 .8  cfsm  and  2 .8 3 ,1 .3 4 ,3 .5 5 ,  and O.671 r e s p e c t i v e l y  f o r  a 

d r a f t  o f  0 . 7  cfsm . The c o e f f i c i e n t s  o f  d e te r m in a t io n ,  R^,

f o r  b o th  d r a f t  r a t e s  a re  0 .9 7  f o r  c and d ,  and 0 .9 4  fo r

f  and g .

When these constant draft rates are divided by the 
mean annual flow rates of the streams, the results are the 
percentages of mean annual flow taken from the stream.
These results are shown in Table 6 .
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Figure 5. —  Pq versus K for a draft of 0.8 cfsm 
1. Poteau 2. Lee 3. Fourche Maline 4. Illinois 5. Barren 
Fork 6. Buffalo 7. Little River 8. Ouachita 9. Strawberry 
10. Kings
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1.0 L2 1.4 1.6 1.8
KFigure 6. —  Pq versus K for a draft of 0.7 cfsm

1. Poteau 2. Lee 3. Fourche Maline 4. Illinois 5. Barren 
Fork 6. Buffalo 7. Little River S. Ouachita 9. Strawberry
10. Kings
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TABLE 6

STREAMFLOW PARAMETERS USED IN MORAN'S MODEL

Stream
Draft rate 

cfsm
Per cent of 
mean flow

Poteau 0 .8 7 8 .2
Lee 0 .8 8 3 .8
Fourche Maline 0 . 8 8 2 .
Illinois 0 . 8 9 2 .7
Barren Fork 0 . 8 9 7 .2
Buffalo 0 . 8 6 9 .3Little River 0 . 8 5 8 .7Ouachita 0 .8 4 7 .5
Strawberry 0 . 8 9 0 .3
Kings 0 . 8 7 7 .3
Poteau 0.7 6 8 .3
Lee 0.7 7 3 .4
Fourche Maline 0.7 7 2 .0
Illinois 0.7 81 .1
Barren Fork 0.7 85.0
Buffalo 0.7 6 0.5
Little River 0.7 5 1 .3Ouachita 0.7 41.5
Strawberry 0.7 7 8 .7Kings 0.7 6 7 .6

A regression of the percentages of mean annual flow 
shown in Table 6 versus the slopes and intercepts of the 
lines in Figures 5 and 6 yielded the following equations;

In slope = 0.159 - 3*30 ln(percent draft)
In intercept = -0.868 - 4.3^ InCpercent draft).

The percent draft is expressed as a decimal in these equa­
tions. The coefficient of determination was 0.966 for the 
first equation and 0.931 for the second equation. The per­
centage of draft in Table 6 varies from a low of 4l.5 to a 
high of 97.2. Therefore, there are three equations which
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give results comparable to Moran’s model for drafts greater 
than 37 percent of mean annual flow. These three equations 
are;

In Pq = n - sK
In s = 0 .1 5 9 “■ 3 .3 0 ln(percent draft) (5.2)
In n = -0.868 - ^.3*+ InCpercent draft).

The percent draft is expressed as a decimal in these equa­
tions .

These results are considered significant because it 
is much easier to solve these three equations than it is to 
solve the K-M simultaneous equations of Moran's model.
Table 7 gives the size of reservoir determined by these
equations for a draft of 80 percent of the mean annual flow
with a probability of being dry of 0.05. Example calcula­
tions are given in the Appendix.

TABLE 7

RESERVOIR SIZE DETERMINED BY EQUATIONS (5.2)
Reservoir size 

Stream acre-ft
Poteau ...............  248,200
L e e .................  4 9 5 ,0 0 0
Fourche Maline........ 1 *+4,000
Illinois .............  1,00 8 ,0 0 0
Barren Fork...........  306,000
Buffalo.................. 1,530 ,000
Little River .......... 4,450,000
Ouachita .............  836,000
Strawberry ............ 245,500
Kings.................  668,000
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The Sequent Peak P ro c ed u re  

The se q u e n t  peak p ro c e d u re  y i e l d e d  th e  r e s u l t s  i n

T ab le  8 .

TABLE 8

RESERVOIR SIZE DETERMINED BY THE SEQUENT PEAK PROCEDURE

Stream
Reservoir size 

acre-ft
Cycle length (months) 
Total record (months)

Poteau 100,500 69/348
Lee 17^,500 69/204
Fourche Maline 8>+,200 104/360
Illinois >+36,000 56/357Barren Fork 128,200 66/228
Buffalo 615,000 78/468
Little River 1,380,000 67/432
Ouachita 267,000 103/312
Strawberry 82,500 88/336
Kings 305,000 80/336

Column th r e e  i n  Table  8 g iv e s  th e  t im e  i n  months from th e  

peak to  th e  t r o u g h ,  Pj  ̂ to  T^, o ve r  th e  t o t a l  number o f  

months i n  th e  r e c o r d .  Table 9 g iv e s  a summary o f  th e  r e s u l t s .

D is c u s s io n

The R ip p l  method w i l l  n o t  a l lo w  h ig h  p e rc e n ta g e  d r a f t  

r a t e s  from  a s t re a m  w i th  a s i z a b l e  v a r i a t i o n  i n  th e  s tream  

flo w  r a t e .  T h is  method sh o u ld  n o t  be  used  on such  s tream s 

to  d e te rm in e  th e  maximum am ount, o r  " f i r m  y i e l d "  t h a t  a 

s t r e a m  w i l l  p r o v id e .

H a ze n 's  method w i l l  g e n e r a l l y  s p e c i f y  a r e s e r v o i r  

s i z e  t h a t  i s  to o  l a r g e  because  th e  s to r a g e  volumes a re



TABLE 9 
SUMMARY OF RESULTS

Stream Rippl Method
Storage Requirements (acre-ft) 

Hazen's Method Sequent Peak Equations (5*2)

Poteau 11,900 3 2 4 ,9 2 0 1 0 0 ,5 0 0 248,200
Lee 41,000 675,^60 1 7 4 ,5 0 0 4 9 5 ,0 0 0
Fourche Maline 7,500 2 0 9 ,9 0 0 84,200 144,000
Illinois 83,200 1,224,040 4 3 6 ,0 0 0 1 ,0 0 8 ,0 0 0
Barren Fork 1 0 ,7 0 0 447,400 1 2 8 ,2 0 0 3 0 6 ,0 0 0
Buffalo 131,500 1,680,425 6 1 5 ,0 0 0 1 ,5 3 0 ,0 0 0
Little River 336,000 3 ,4 4 3 ,1 7 9 1 ,3 8 0 ,0 0 0 4 ,4 5 0 ,0 0 0
Ouachita 4 7 ,5 0 0 648,278 2 6 7 ,0 0 0 8 3 6 ,0 0 0
Strawberry 2 0 ,5 0 0 3 0 4 ,4 5 0 8 2 ,5 0 0 2 4 5 ,5 0 0
Kings 1 7 6 ,0 0 0 7 6 1 ,0 6 8 3 0 5 ,0 0 0 668,000

Notes :
All storage requirements based upon a draft of 80 percent of mean flow 

except the Rippl Method. The maximum allowable draft by the Rippl Method is 
given in Table 4. Hazen's Method and Equations (5*2) calculated for a probability 
of going dry, Pq , of 0.05»



assumed t o  be n o rm ally  d i s t r i b u t e d .  I n  a d d i t i o n ,  H azen 's  

method i s  b a sed  upon th e  95 pe r  c e n t  d ry  y e a r  w i th  no p ro ­

v i s i o n s  f o r  changing to  a r e c u r re n c e  i n t e r v a l  o f  o th e r  th a n  

once i n  tw e n ty  y e a r s .  However, H azen 's  method i s  s u p e r io r  

to  th e  R ip p l  method f o r  d ev e lop ing  w a te r  s u p p l i e s  to  n e a r  

maximum p o t e n t i a l .

M oran 's  model g iv es  r e s u l t s  t h a t  a r e  l a r g e r  th an  

e i t h e r  th e  R ip p l  method o r  the  s e q u e n t  peak p ro c e d u re ,  b u t  

g e n e r a l l y  l e s s  th a n  H azen 's  method. There  a re  two s tream s  

i n  t h i s  s tu d y ,  O uachita  and L i t t e r  r i v e r s ,  where the  Hazen 

method y i e l d s  a s m a l le r  s i z e  th a n  M oran 's model o r  the  

e q u a t io n s  ap p ro x im a tin g  M oran's m odel. These s t re a m s  have 

r e l a t i v e l y  l a r g e  an n u a l flow s w i th  r e s u l t i n g  c o e f f i c i e n t s  

o f  v a r i a t i o n  t h a t  a re  r e l a t i v e l y  s m a l l e r .  S ince  H azen 's  

method i s  b a sed  upon th e  c o e f f i c i e n t  o f  v a r i a t i o n ,  th e  

method s p e c i f i e s  a sm a l le r  s i z e  th a n  M oran's model.

The se q u e n t  peak p roced u re  w i l l  a l lo w  h ig h  p e r c e n t ­

age deve lop m en ts  o f  th e  mean a n n u a l  f low  o f  a s t r e a m .  How­

e v e r ,  i t  s u f f e r s  th e  i n f l e x i b i l i t y  o f  th e  f ix e d  r e c u r r e n c e  

i n t e r v a l  o f  th e  r e c o rd  o f  s tream flo w . S p e c i f i c a l l y ,  column 

th r e e  o f  T ab le  8 shows th e  f ix e d  r a t i o  o f  th e  l e n g t h  o f 

t im e  o f ’re d u c e d  flow s to  th e  t o t a l  r e c o rd  l e n g t h .  I f  t h e s e  

v a lu e s  a r e  c o n v e r te d  t o  p e rc e n ta g e s ,  th ey  a re  q u i t e  h ig h .

I f  i t  may be im p l ie d  t h a t  t h i s  would be th e  r e t u r n  i n t e r v a l  

o f  th e  d r o u g h t ,  th e  p rocedure  d e te rm in e s  a r e s e r v o i r  s i z e  

t h a t  i s  to o  sm a ll  f o r  adequa te  d e s ig n  pu rpo ses  i n  t h i s  a r e a
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of study. When applied to streams in the eastern part of 
the United States, where the coefficient of variation is 
small relative to the coefficient of variation found in the 
record of flow of most western streams, the procedure would 
he more satisfactory than it would be in the west or south­
west part of the country. Therefore, the locality determines 
to a large extent whether or not this procedure would be 
useful.

Conclusions
Moran's model is superior to the other algorithms 

here considered. The input to the reservoir is allowed to 
conform to a gamma distribution which characterizes most 
streamflow. The three equations, (5.2), are a good approxi­
mation to Moran's model. A suggested procedure for design 
of a reservoir for water supply purposes is to use the 
equations to determine the size required for the probability 
of going dry and the percentage of mean annual flow de­
sired. A capacity equal to an additional time requirement, 
say thirty days of draft, could be added to the size de­
termined by the equations if the concept of going dry is 
disconcerting to the designer.

Future studies should include the general applica­
bility of the equations (5.2). Also, the theoretical rela­
tionship between the size of the reservoir and the 
probability of the reservoir going dry when the input to the
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reservoir follows a Pearson Type III distribution should be 
developed by those especially skilled in mathematics and 
statistics. The preliminary work has been done by Phatarfod 
(15) and Prabhu (16).

Moran's model or the equations (5.2) should be used 
in determining required reservoir size in order to obtain 
maximum utilization of our water resources. The concept of 
withdrawals of 80 percent should not disturb potential users 
downstream from a reservoir site if there is no out-of-basin 
transfer of water. The potential downstream user will re­
ceive 20 percent of the original flow plus, in time, approx­
imately 70 percent of the amount withdrawn by the upstream 
user.



APPENDIX

EXAMPLE CALCULATIONS FOR DESIGN SIZE 
USING EQUATIONS (5.2)

Information needed for the Buffalo River near Rush, Arkansas 
Drainage area = 1091 square miles 
Annual mean flow = 1.153 cfsm 
Percent draft = 80 percent 
Probability of being dry =0.05 
In Pq = n -  sK

In s = 0.159 - 3 -3 0 In (percent draft)
In n = -0.868 - ^.3^ In (percent draft)

Calculations :
In s = 0.159 - 3.30(-0.223) = 0.895 

8 = 2 . kk

In n = -0.868 - ^.3^(-0 .2 2 3) = 0.100 
n = 1.105 

In Pq = ln(0.05) = -3.00 = 1.106 - 2.^K 
K = 1 . 68

Storage (acre-ft) = 1.68(1091 )(1.9 8 3 5)(3 6 5)( 1.153)
= 1,530,000 acre-ft.
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