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THE EFFICIENT O P E R A T I O N OF D A M SPILLWAY GATES 

by 

C . H . Munro , F . C . Bel l and B. Watson 

1 - THE BASIC P R O B L E M AND PROPOSED SOLUTION 

In recent y e a r s in Austra l ia it has b e c o m e a l m o s t standard p r a c t i c e 
to instal radial gates on spi l lways of l a rge d a m s , in o r d e r to reduce the 
cost of the dam and the extent of inundation of land ups t ream of the r e s e r v o i r 
during f l o o d s . A s droughts are a g rea ter m e n a c e than f l oods in Aust ra l ia 
(the w o r l d ' s d r i e s t continent) , these dams are usual ly single purpose dams 
for water c onservat i on , and on m o s t r i v e r s there is only one such dam. 

When m a j o r f l o o d s o c c u r , the communit ies downstream of the dam 
often compla in that it has aggravated f l o o d damage . If the gates a r e not 
e f f i c i e n t l y operated , these complaints may wel l be jus t i f i ed . 

If all causes of such compla ints are to be e l iminated , the gate 
operat ion p r o c e d u r e should be such that during any given f l o o d : -

( i ) The peak rate of spi l lway outflow and peak f l ood l e v e l s 
d o w n s t r e a m of the dam do not e x c e e d those which would 
have o c c u r r e d under natural condit ions if the dam did 
not existo (It i s of c o u r s e des i rab le that these peaks 
should in fact be reduced as much as p o s s i b l e be low the 
natural peaks ) . 

( i i ) The m a x i m u m rate of i n c r e a s e and d e c r e a s e of f l o o d 
d i s charge over the dam spil lway and the rate of 
i n c r e a s e and d e c r e a s e in f l o o d l e v e l s and the s t r e a m 
v e l o c i t i e s d o w n s t r e a m do not e x c e e d those which would 
have o c c u r r e d if the dam did not ex i s t . 

E x c e p t in spec ia l c i r c u m s t a n c e s , ungated spi l lways ensure auto -
mat i ca l l y that damage caused by a given f l ood wil l be l e s s than the damage 
which would have been caused by that f l o o d under natural condit ions if the 
dam did not ex i s t , but if gated spi l lways are ine f f i c i ent ly operated , the 
f l ood damage may e x c e e d the damage which would have o c c u r r e d under 
natural cond i t i ons . On the other hand, an e f f i c ient s y s t e m of gate operat ion 
wil l resu l t in l e s s f l ood damage than would have o c c u r r e d with an ungated 
dam of the sarrestorage capac i ty , and in damage v e r y m a t e r i a l l y l e s s than 
would have o c c u r r e d under natural condi t ions . 



2. 

It is important that gate operation should be highly e f f i c i en t , and 
the intention of this paper is to d i s c u s s the methods of achiev ing the b e s t 
results . 

In regard to the conditions s p e c i f i e d above , condit ion ( i ) must 
be observed at all c o s t s . Condition ( i i ) is a s e v e r e constra int . T o o r ig id 
an observance of this condition on the r is ing f l ood m a y resul t in g r e a t e r 
overa l l f l ood damage than would o c c u r if rates of r i se are permi t t ed to 
be a little greater than would o c c u r under natural condi t ions . H o w e v e r , 
appropriate p e r m i s s i b l e l imits of such rates should be laid down which , 
on a given r i v e r , will be non -damag ing . A sophist i cated operat ion p r o c e d u r e 
might provide that such l imits may be e x c e e d e d by a s p e c i f i e d amount i f 
it is c l ear that by so doing the overal l f l ood damage wil l be r e d u c e d . 

An important cause of damage on many r i v e r s is that of r i v e r bank 
sloughing due to the " d r a w down" e f f e c t of sudden fal ls of r i v e r l e v e l s due 
to too rapid c los ing of spi l lway gates during the r e c e s s i o n l i m b of the f l o o d 
hydrograph. It is there fore essent ia l that a l imi t should be p laced on the 
m a x i m u m p e r m i s s i b l e rate of d e c r e a s e of spi l lway d i s c h a r g e . 

The main object ive of this paper is t o demonstrate that, to ach ieve 
the required e f f i c i ency , the operation of spi l lway gates should be b a s e d on 
a m o d e r n and complete s y s t e m of f l ood hydrograph f o r e c a s t i n g f o r the 
catchment . 

It is often said that water conservat ion and f l o o d damage mit igat ion 
are confl ict ing ob jec t ives which cannot be r e c o n c i l e d , be cause s to rage 
space r e s e r v e d f o r f l ood mitigation can only be prov ided at the expense of 
conservat ion s torage . The authors contend that these conf l i c t ing o b j e c t i v e s 
can be reconc i l ed to a mater ia l extent by basing gate operat ion on quantit-
ative f l ood hydrograph f o r e c a s t i n g . This i s par t i cu lar ly important in 
Austra l ia , because the ex t reme impor tance of obtaining the m a x i m u m 
poss ib l e regulated water yie ld renders the p r o v i s i o n of empty f l o o d mit igat ion 
storage an expensive luxury . 

The authors a l so contend that if a water c o n s e r v a t i o n author i ty 
constructs a dam with a gated spi l lway, thus saving s o m e m i l l i o n s of d o l l a r s 
in the cost of the dam, it incurs a legal obl igat ion to operate the gates in 
such a manner that f l ood damage is not g rea ter than that which would have 
o c c u r r e d under natural condit ions , prov ided it can do so while ensur ing that 
the dam is full when the f lood is o v e r . There i s obv i ous ly a l s o a m o r a l 
obligation to reduce the f l ood damage as much as p o s s i b l e b e l o w that which 
would have o c c u r r e d under natural condi t ions . 



3. 

T h e s a v i n g i n t h e c a p i t a l c o s t of t h e d a m due t o t h e u s e of a g a t e d 
i n s t e a d of a n u n c o n t r o l l e d s p i l l w a y i s v e r y m u c h g r e a t e r t h a n t h e c o s t of 
d e v e l o p i n g a m o d e r n f l o o d f o r e c a s t i n g s y s t e m u p o n w h i c h t o b a s e the 
o p e r a t i o n of t h e s p i l l w a y g a t e s . 

If t h e w a t e r a u t h o r i t y i s no t p r e p a r e d t o r e c o g n i s e t h i s o b l i g a t i o n 
b y u s i n g a n e f f i c i e n t s y s t e m of g a t e o p e r a t i o n , t he i n h a b i t a n t s of t h e v a l l e y 
b e l o w t h e d a m a r e j u s t i f i e d in d e m a n d i n g t h a t t h e s p i l l w a y s h o u l d be 
u n g a t e d a n d the h e i g h t of t h e d a m i n c r e a s e d t o o b t a i n the s a m e s t o r a g e . 

T h i s p a p e r t h e r e f o r e c o n s i d e r s t h e c a s e of a h y p o t h e t i c a l d a m , 
w i t h s t o r a g e - r e s e r v o i r - w a t e r e l e v a t i o n c u r v e a n d s p i l l w a y a n d g a t e 
c h a r a c t e r i s t i c s s i m i l a r t o t h o s e of W a r r a g a m b a D a m i n t h e H a w k e s b u r y 
V a l l e y in N e w S o u t h W a l e s , bu t l o c a t e d on a h y p o t h e t i c a l r i v e r g e n e r a l l y 
s i m i l a r t o t h e M a c l e a y R i v e r in N e w South W a l e s , and a n a l y s e s v a r i o u s 
m e t h o d s of g a t e o p e r a t i o n , a s s u m i n g t h a t : -

( a ) T h e r e i s o n l y one d a m on t h e r i v e r , w i t h a t own d o w n -
s t r e a m on t h e r i v e r b a n k , a n d an u n c o n t r o l l e d t r i b u t a r y 
j o i n s t he r i v e r b e t w e e n t h e d a m and the t o w n . T h i s i s 
a s i t u a t i o n w h i c h i s c o m m o n in A u s t r a l i a . 

(b) T h e r e s e r v o i r s t o r a g e m u s t be a t " f u l l s u p p l y l e v e l " 
a f t e r e v e r y f l o o d in w h i c h the g a t e s r e l e a s e w a t e r . 

( c ) T h e r a t e s of i n c r e a s e a n d d e c r e a s e in s p i l l w a y d i s c h a r g e 
d u r i n g e v e r y f l o o d m u s t not e x c e e d t h o s e w h i c h w o u l d 
h a v e o c c u r r e d a t the d a m s i t e f o r s u c h f l o o d u n d e r 
n a t u r a l c o n d i t i o n s if t he d a m d id no t e x i s t . 

(d) A n y " p r e - r e l e a s e " of w a t e r f r o m the c o n s e r v a t i o n 
s t o r a g e d u r i n g the e a r l y s t a g e s of a f l o o d , t o p r o v i d e 
f l o o d s t o r a g e f o r l a t e r f l o o d m i t i g a t i o n m u s t be l i m i t e d 
t o n o n - d a m a g i n g f l o w s . 

(e ) T h e p e a k r a t e of s p i l l w a y d i s c h a r g e m u s t no t e x c e e d t h a t 
w h i c h wou ld h a v e o c c u r r e d a t the d a m s i t e u n d e r n a t u r a l 
c o n d i t i o n s , a n d s h o u l d in f a c t be r e d u c e d t o the m i n i m u m 
p o s s i b l e w h i l e o b s e r v i n g c o n d i t i o n s (b) , ( c ) a n d ( d ) . 

R e a s o n a b l e r e l a x a t i o n of c o n d i t i o n s (b) , (c) a n d (d) w o u l d p r o b a b l y 
u s u a l l y l e a d t o a g r e a t e r o v e r a l l b e n e f i t t o t h e c o m m u n i t y a s a w h o l e , bu t 
t h e i r o b s e r v a n c e , a s in t h i s s t u d y , f o r e s t a l l s a n y c o m p l a i n t s b y t h e two 
i n t e r e s t s c o n c e r n e d , i . e . : -



4. 

( i ) B e n e f i c i a r i e s of water s tored f o r c onservat i on use , and 

( i i ) Downstream communi t i es which m a y sustain f l ood d a m a g e . 

The stipulations in the condit ions s p e c i f i e d above do not proh ib i t 
the duration of f looding of low lying land exceed ing the duration which would 
o c c u r under natural condit ions . Reduct ion of natural f l o o d peaks by r e s e r v o i r 
s torage necess i ta tes an i n c r e a s e in the duration of the l o w e r f l ood d i s c h a r g e s . 
This can be m i n i m i s e d by providing in the r e c e s s i o n phase f o r the m a x i m u m 
rate of d e c r e a s e of d i s charge p e r m i s s i b l e without aggravat ing bank s loughing . 
In any c a s e , in m o s t c a s e s a downstream p r o p e r t y owner would p r e f e r to 
have his l ow lying land f l ooded f o r a l onger p e r i o d if this means that h is 
h igher land would not be f l ooded at a l l , or would be f l o o d e d to a l o w e r l e v e l . 

2. SOME R E L E V A N T A S P E C T S OF DAM DESIGN 

Figure I is a reproduct ion of a d i a g r a m f r o m " E l e m e n t s of Hydrau l i c 
Engineer ing" ( M c G r a w - H i l l ) by L i n s l e y and Franz in i showing the z o n e s of 
s torage in a r e s e r v o i r . 

Graphs showing the relat ion of r e s e r v o i r water s u r f a c e e levat ion to 
vo lume of water in storage a,nd to d i s charge over the sp i l lway a r e essent ia l 
p r e - r e q u i s i t e s to des ign . If the spi l lway is ungated, water must be s t o r e d 
above full supply l eve l to cause a d i s charge over the sp i l lway , and this 
" s u r c h a r g e s t o rage " automatica l ly attenuates the r e s e r v o i r in f l ow hydrograph 
and usually prov ides some f l ood contro l , s o that the requ i red capac i ty of an 
ungated spil lway may be l e s s than the peak des ign f l o o d in f l ow . Gated 
spi l lways should have a d i scharge capac i ty , with all gates ful ly open, equal 
to the peak design f lood inf low rate . The length of the sp i l lway s e l e c t e d 
a f f e c t s the elevation of the des ign f l ood surcharge l e v e l and the r e q u i r e d 
height of gates if the spi l lway c r e s t is c o n t r o l l e d . . 

F igure 2 shows how the placing of gates on a sp i l lway reduce the 
required height of a dam f o r a given s t o r a g e . 

When a dam is built in a r i ve r channel , the natural f l o w of the r i v e r 
is rep laced by a long deep p o o l . The c e l e r i t y of the f l ood wave through this 
pool is approx imate ly equal to the square root of g x d, where " g " i s the 
ac ce l e ra t i on due to gravity and " d " is the depth of f l o w so that f l o o d in f l ow 
at the upstream end a f fec ts the water e levat ion at the d a m wal l in a b r i e f 
per i od of a few minutes to a few h o u r s . B e f o r e the dam was built the natural 
flood wave passing down the r iver channel would take p e r i o d s of a f ew h o u r s 
to a few days to travel the same d is tance . Hence the " i n f l o w to r e s e r v o i r 
poo l " hydrograph is s teeper , higher and e a r l i e r than the natural h y d r o g r a p h 
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a t the d a m s i t e f o r a n y g iven f lood ( s e e F i g . 3) which a l s o 
d e m o n s t r a t e s the m a n n e r in w h i c h the s t o r a g e in a r e s e r v o i r f l a t t e n s and 
d e l a y s the h y d r o g r a p h of f low e n t e r i n g the r e s e r v o i r pool d u r i n g a f l o o d . 

F o r g a t e d d a m s , a c o m m o n m e t h o d of ga te o p e r a t i o n i s t o k e e p the 
g a t e s c l o s e d d u r i n g a f lood un t i l the w a t e r l e v e l r e a c h e s s t a t i c fu l l pool 
a t the top of the g a t e s o r one foot be low the top of the ga t e , and then k e e p 
on opening the g a t e s to m a i n t a i n the r a t e of outf low equa l to the r a t e of 
in f low, s o t ha t the w a t e r l e v e l r e m a i n s c o n s t a n t unt i l a l l g a t e s a r e f u l l y 
opened . T h e n c e f o r w a r d , t he f low i s u n c o n t r o l l e d , and s u r c h a r g e 
s t o r a g e b u i l d s up in the s a m e m a n n e r a s f o r an unga ted d a m . 

U n d e r t h i s p r o c e d u r e , if the r e s e r v o i r i s at or n e a r fu l l supply 
l e v e l b e f o r e the f l ood , the f i r s t s e c t i o n (and f o r s m a l l and m e d i u m f l o o d s 
the whole) of the r i s i n g l i m b of the outf low h y d r o g r a p h wil l be i d e n t i c a l 
wi th the " i n f l o w to f u l l poo l " h y d r o g r a p h , which i s s t e e p e r , h i g h e r , and 
e a r l i e r t han the n a t u r a l h y d r o g r a p h at the d a m s i t e . If the r e s e r v o i r i s 
only p a r t i a l l y f u l l b e f o r e the f lood , t h i s p r o c e d u r e c a u s e s a v e r y r a p i d 
r a t e of i n c r e a s e of d i s c h a r g e when the r e s e r v o i r l e v e l r e a c h e s the t op 
of the g a t e s , (See Sec t ion 4) . 

T h e s e i l l - e f f e c t s can be avo ided by us ing the " i n d u c e d s u r c h a r g e " 
m e t h o d . T h i s i n v o l v e s opening the g a t e s g r a d u a l l y f r o m the t i m e the 
f l o o d inf low c a u s e s the r e s e r v o i r to r i s e above the sp i l lway c r e s t . As 
the top of the g a t e s r i s e , add i t i ona l s t o r a g e s p a c e b e c o m e s a v a i l a b l e 
b e t w e e n the s t a t i c f u l l pool l eve l and the top of the g a t e s . T h i s h a s the 
e f f e c t of f o r c i n g f l o o d w a t e r in to t h i s add i t iona l s t o r a g e s p a c e ( t e r m e d 
" i n d u c e d s u r c h a r g e s t o r a g e " ) with r e s u l t a n t de lay and a t t e n u a t i o n of the 
f i r s t p o r t i o n (and f o r s m a l l and m e d i u m f l o o d s the whole)of the r i s i n g 
l i m b of the outf low h y d r o g r a p h , a s d i s c u s s e d in Sec t ion 4 b e l o w . 

At a c e r t a i n l e v e l , to e n s u r e the s a f e t y of the d a m , a l l g a t e s m u s t 
be f u l l y opened , and s p i l l w a y d i s c h a r g e i s t h e n c e f o r w a r d u n c o n t r o l l e d . 

3. THE MAXIMUM P E R M I S S I B L E INDUCED SURCHARGE CURVE 

If , u s i n g the induced s u r c h a r g e m e t h o d , the g a t e s a r e he ld a t a 
s m a l l opening f o r t oo long a p e r i o d , and the inf low i s p r o g r e s s i v e l y 
i n c r e a s i n g , the w a t e r l e v e l would a p p r o a c h the top of the g a t e s , and to 
avo id o v e r t o p p i n g of the g a t e s and the a t t a i n m e n t of d a n g e r o u s l e v e l s , 
the g a t e s would have t o j u m p to the fu l l open p o s i t i o n v e r y r a p i d l y , wi th 
c o n s e q u e n t d a m a g i n g r a t e s of i n c r e a s e of outf low g r e a t e r than would 
have o c c u r r e d if n o s u r c h a r g e had b e e n i n d u c e d . 
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G . A . H a t h a w a y 1 950(1) , pu t f o r w a r d a p r o c e d u r e t o s a f e g u a r d 
a g a i n s t s u c h i l l e f f e c t s . F i g u r e 4 , w h i c h i s c o p i e d f r o m H a t h a w a y ' s 
p a p e r , s h o w s the g e o m e t r y of t h e p r o b l e m . It i s n e - c e s s a r y t o p l a c e 
l i m i t s on how m u c h s u r c h a r g e s t o r a g e m a y be i n d u c e d , in o r d e r t o 
r e m o v e a n y p o s s i b i l i t y of r a p i d o p e n i n g of t h e g a t e s t o p r e v e n t o v e r -
t o p p i n g . H a t h a w a y d o e s t h i s by d e v e l o p i n g a " m a x i m u m p e r m i s s i b l e 
i n d u c e d s u r c h a r g e c u r v e " . The f i r s t s t e p i s t o c o m p u t e a s e t of s p i l l w a y 
r a t i n g c u r v e s showing the d i s c h a r g e w h i c h wou ld o c c u r w i t h a l l g a t e s 
r a i s e d s i m u l t a n e o u s l y by s u c c e s s i v e i n c r e m e n t s of one f o o t u n t i l f u l l y 
o p e n e d . (See the g r a p h on F i g . 5 w h i c h i s c o p i e d f r o m H a t h a w a y ) . B y 
p r o j e c t i n g h o r i z o n t a l l i n e s t o t h i s c h a r t f r o m the t o p of g a t e e l e v a t i o n s 
of the g a t e d i a g r a m of t h i s f i g u r e , l i n e G c a n be d r a w n s h o w i n g t h e 
e l e v a t i o n of t he top of the g a t e s f o r v a r i o u s g a t e o p e n i n g s . O b v i o u s l y , 
i n d u c e d s u r c h a r g e s h o u l d no t be p e r m i t t e d t o r i s e a b o v e t h i s l e v e l , a n d 
s o m e f e w f e e t of f r e e b o a r d i s u s u a l l y a l l o w e d . 

T h e n e x t s t e p i s t o d e c i d e the r e s e r v o i r w a t e r l e v e l a t w h i c h 
a l l g a t e s s h o u l d be f u l l y o p e n e d , a n d the i n d u c i n g of s u r c h a r g e s h o u l d 
c e a s e . As wi l l be s e e n f r o m S e c t i o n 1 0 . 2 of t h i s p a p e r , t h e b e n e f i t s of 
i n d u c e d s u r c h a r g e d e c r e a s e r a p i d l y a s ga t e o p e n i n g s i n c r e a s e , w h e r e a s 
c o s t of g a t e s i n c r e a s e w i t h i n c r e a s e d i n d u c e d s u r c h a r g e . H a t h a w a y 
s t a t e s " In m o s t c a s e s i t i s p r a c t i c a b l e t o d e s i g n the g a t e o p e n i n g 
m a c h i n e r y and f a c i l i t i e s t o o p e r a t e s a t i s f a c t o r i l y w h e n the p a r t i a l l y 
c o n t r o l l e d r e s e r v o i r l e v e l i s 4 t o 8 f t . a b o v e t h e s t a t i c - f u l l - p o o l 
e l e v a t i o n wi thou t an a p p r e c i a b l e i n c r e a s e in c o s t " . 

H a v i n g m a d e thi s d e c i s i o n (4 f t . m a x i m u m s u r c h a r g e b y t h e 
t i m e a l l g a t e s a r e fu l l open in the e x a m p l e g i v e n in F i g . 5) , i t i s 
n e c e s s a r y t o d e c i d e the m a n n e r in w h i c h the i n d u c e d s u r c h a r g e s h o u l d 
r e a c h th i s f i g u r e . T h i s i s e x p l a i n e d f u l l y i n t h e l a t e r s e c t i o n 1 0 . 2 of 
t h i s p a p e r . A s t r a i g h t l i ne f r o m f u l l p o o l l e v e l w i t h a l l g a t e s c l o s e d 
t o the l e v e l f o r a l l g a t e s f u l l open wou ld e n s u r e t h e m i n i m u m r a t e of 
i n c r e a s e of d i s c h a r g e . H a t h a w a y h a s s e l e c t e d l i n e E of F i g . 5 . T h i s 
i n c r e a s e s the r a t e of i n c r e a s e in d i s c h a r g e f o r d i s c h a r g e s e x c e e d i n g 
2 0 , 0 0 0 c u s e c s , but h a s t h e a d v a n t a g e t h a t f o r t he m o r e c o m m o n m i n o r 
f l o o d s a g r e a t e r s u r c h a r g e a n d l o w e r r e l e a s e r a t e s w o u l d be a c h i e v e d , 
due to t h e c u r v a t u r e of t he l i ne a t l ow o u t f l o w s . T h e m i n o r t o m e d i u m 
f l o o d s a r e u s u a l l y m u c h m o r e f r e q u e n t t h a n m a j o r f l o o d s , a n d o f t e n 
c o n t r i b u t e the m a j o r p o r t i o n of t he " a v e r a g e a n n u a l f l o o d d a m a g e " a n d 
h e n c e m i t i g a t i o n of t h e s e m e d i u m a n d m i n o r f l o o d s i s u s u a l l y t h e m a i n 
c o n t r i b u t i o n t o " a v e r a g e a n n u a l flood m i t i g a t i o n b e n e f i t s " o v e r t h e 
e c o n o m i c l i f e of the d a m , and i t i s f o r t h i s r e a s o n t h a t H a t h a w a y c h o o s e s 
t h i s s h a p e f o r the c u r v e . 
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4. COMPARISON OF FLOOD CONTROL EFFECTIVENESS 
OF CONTROLLED AND UNCONTROLLED SPILLWAYS 

Hathaway, 1950(1), considers the relative merits of two designs for 
a darn at a given dam site, as shown in Fig. 6(a) and Fig. 6(b). 

Both dams have the same maximum surface water level 414 ft. 
during the passage of the design flood o£ 400 ,000 cusecs. However, the 
dam of Fig. 6(b) is gated (giving a static full pool level of 405 ft. compared 
with 395 ft. for the ungated dam), and the advantage of gates is shown by 
the fact that it can provide the same flood mitigation storage as the ungated 
dam, but can also provide considerable conservation storage, so that it 
can be a multi-purpose dam for hydro-power production and flood 
mitigation, whereas the ungated dam can only provide for flood mitigation. 
(Presumably also its capital cost would be less than that of the ungated 
dam.) Hathaway assumes that an average rate of outflow of 100,000 
cusecs is permissible during periods when available flood control capacity 
is being filled, and that an outflow exceeding 30,000 cusecs would cause 
considerable downstream damage. 

For gate operation, Hathaway considers twomethods: -

"Plan A. Gates would be opened at the rate necessary to maintain 
an outflow rate equal to the reservoir inflow rate until all gates are fully 
opened, after which the reservoir pool elevation would rise until the head 
necessary to pass the rate of inflow is attained. 

Plan B. The gates would be raised in unison by small increments, 
limiting the spillway discharge to rates represented by curve 3 in Fig. 6(c) 
as the reservoir r i s e s . " ( i . e . using induced surcharge). 

Fig. 6(c) shows the relation between reservoir water level and 
spillway discharge for the ungated dam and for the gated dams under 
Plans A and B. 

Plathaway then compares the performance of the two dams when 
subjected to the design flood, firstly when the dams are at static full 
pool level at start of flood, and secondly when 50% of the flood control 
storage is empty at start of the flood. The resultant hydrographs are 
shown in Fig. 7(a) and F i g . 7(c). 

Referring to Fig. 7(a), it will be seen that under Plan A, the outflow 
hydrograph follows the inflow hydrograph up to a discharge of approximately 
120,000 cusecs, and is thus steeper than would be the case for the flood. 
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u n d e r e x i s t i n g c o n d i t i o n s if t he d a m d id no t e x i s t ( s e e F i g . 3), a n d t h e 
r a t e of d i s c h a r g e u n d e r P l a n A e x c e e d s t h a t u n d e r P l a n B f o r t h e g a t e d 
d a m u n t i l the i n f l o w a p p r o x i m a t e s 1 6 0 , 0 0 0 c u s e c s , a l t h o u g h t h e p e a k 
r a t e of ou t f low u n d e r P l a n B i s s l i g h t l y g r e a t e r t h a n t h a t f o r P l a n A . T h e 
u n g a t e d d a m i s s u p e r i o r in a l l r e s p e c t s , s o f a r a s f l o o d m i t i g a t i o n i s 
c o n c e r n e d , to the g a t e d d a m u n d e r e i t h e r p l a n . 

H o w e v e r , F i g . 7(a) i s u n r e a l i s t i c . F i r s t l y , t he s p i l l w a y d e s i g n 
f l o o d (which m a y o f t e n be t h e e s t i m a t e d m a x i m u m p o s s i b l e f lood) i s 
s u c h a r a r e e v e n t t h a t i t h a s l i t t l e e f f e c t on t h e a v e r a g e a n n u a l flood 
d a m a g e t a k e n o v e r t he who le l i f e of a d a m . T h e m o r e f r e q u e n t m e d i u m 
and m i n o r f l o o d s c o n t r i b u t e m o s t of t he d a m a g e . S e c o n d l y , e v e n f o r 
c o n s e r v a t i o n d a m s t h e r e s e r v o i r i s r a r e l y f u l l w h e n a flood o c c u r s . 

T h e r e f o r e H a t h a w a y in F i g . 7 ( c ) p r e s e n t s a m o r e t y p i c a l c a s e 
wi th a d a m half f u l l r e c e i v i n g a flood w h o s e h y d r o g r a p h o r d i n a t e s a r e 
50% of t h o s e of the d e s i g n flood. In s u c h a c a s e , t h e g a t e d d a m u n d e r 
P l a n A a l l o w s no r e l e a s e u n t i l s t a t i c f u l l poo l l e v e l of 405 i s r e a c h e d , 
and the d i s c h a r g e s u d d e n l y j u m p s t o 125, 000 c u s e c s . T h i s i s m o s t 
u n d e s i r a b l e . On the o t h e r h a n d , the g a t e d d a m u n d e r P l a n B g i v e s a 
r e l a t i v e l y low r a t e of r i s e (and a l s o f a l l ) a n d a m u c h l o w e r p e a k o u t f l o w 
d i s c h a r g e . The u n g a t e d d a m g i v e s a b e t t e r f l o o d m i t i g a t i o n in a l l 
r e s p e c t s . 

F i g . 7(b) shows t h a t f o r a l l floods of p e a k i n f l o w r a t e s of l e s s 
t h a n 1 8 0 , 0 0 0 c u s e c s , e v e n if the d a m i s f u l l w h e n the f l o o d a r r i v e s , 
the p e a k ou t f low r a t e i s l e s s u n d e r P l a n B t h a n u n d e r P l a n A f o r t h e 
g a t e d d a m , whi l e f o r a l l floods the p e a k ou t f l ow r a t e i s l e a s t f o r t h e 
u n g a t e d d a m . 

5 . U . S . C O R P S O F E N G I N E E R I N G P R O C E D U R E 

As a r e s u l t of s t u d i e s of t h i s n a t u r e , H a t h a w a y c o m m e n t s 

" E x p e r i e n c e in the o p e r a t i o n of g a t e d s p i l l w a y s h a s s h o w n t h a t 
s i g n i f i c a n t f l ood d a m a g e s m a y a r i s e u n d e r P l a n A b e c a u s e of t h e 
f a c t t ha t r e s e r v o i r r e l e a s e s m a y be l a r g e r d u r i n g f l o o d s w h i c h o c c u r 
w h e n the r e s e r v o i r i s f u l l , o r n e a r f u l l , t h a n w o u l d ha-ve b e e n t h e c a s e 
u n d e r n a t u r a l c o n d i t i o n s b e f o r e the c o n s t r u c t i o n of t h e r e s e r v o i r . 
D i f f i c u l t i e s h a v e a l s o b e e n e n c o u n t e r e d in t he o p e r a t i o n of g a t e d 
s p i l l w a y s b e c a u s e of s u d d e n i n c r e a s e s in r a t e of o u t f l o w . F o r t h e s e 
r e a s o n s , the C o r p s of E n g i n e e r s a d o p t e d a p o l i c y r e q u i r i n g t h a t , 
i n s o f a r a s p r a c t i c a b l e , r e s e r v o i r s c o n t r o l l e d by g a t e d s p i l l w a y s b e 
d e s i g n e d and o p e r a t e d to a c c o m p l i s h t h e f o l l o w i n g o b j e c t i v e s d u r i n g 
p e r i o d s w h e n the r e s e r v o i r i s f i l l e d o r n e a r l y f i l l e d . 
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(i) P e a k r a t e s of r e s e r v o i r r e l e a s e d u r i n g d a m a g i n g f l o o d s s h o u l d no t 
e x c e e d p e a k r a t e s of t h e c o r r e s p o n d i n g f l o o d s t h a t w o u l d h a v e 
o c c u r r e d u n d e r r u n o f f c o n d i t i o n s p r e v a i l i n g b e f o r e c o n s t r u c t i o n of 
t h e r e s e r v o i r , a n d 

( i i ) T h e r a t e of i n c r e a s e i n r e s e r v o i r r e l e a s e d d u r i n g a s i g n i f i c a n t 
i n c r e m e n t of t i m e s h o u l d be l i m i t e d t o v a l u e s t h a t wou ld no t 
c o n s t i t u t e a m a j o r h a z a r d t o d o w n s t r e a m i n t e r e s t s " . 

U . S . C o r p s of E n g i n e e r s ' p r a c t i c e 1959(2) c o m b i n e s t h e f o l l o w i n g 
p r o c e d u r e s t o a c h i e v e t h e s e a i m s : -

"(a) W h e n p r e d i c t i o n s i n d i c a t e t h a t a n t i c i p a t e d runo f f f r o m a s t o r m 
w i l l a p p r e c i a b l y e x c e e d the s t o r a g e c a p a c i t y r e m a i n i n g i n t h e 
r e s e r v o i r , the o p e n i n g of s p i l l w a y g a t e s w i l l be i n i t i a t e d b e f o r e 
the r e s e r v o i r h a s f i l l e d , a n d wi l l be s c h e d u l e d t o l i m i t t he r a t e 
of i n c r e a s e in o u t f l o w t o a n a c c e p t a b l e v a l u e , " and a l s o 

"(b) T h e u s e of i n d u c e d s u r c h a r g e . " 

An i m p o r t a n t f e a t u r e of the C o r p s of E n g i n e e r s ' M a n u a l i s t h a t i t 
a l s o p r o v i d e s f o r a p r i m i t i v e f o r m of f l o o d f o r e c a s t i n g t o be e m p l o y e d 
f o r (a) a b o v e on t h o s e o c c a s i o n s w h e n d a m a g e t o t e l e p h o n e a n d r a d i o 
c o m m u n i c a t i o n s p r e v e n t s t he u s e of m e t h o d s b a s e d on p r e d i c t i o n of 
c a t c h m e n t r u n o f f h y d r o g r a p h s , b a s e d on r e c o r d s of r a i n f a l l w h i c h h a s 
o c c u r r e d . T h i s i n v o l v e s t h e u s e of an " e m e r g e n c y r e l e a s e c h a r t " 
s h o w i n g t h e r e l a t i o n b e t w e e n ou t f l ow r e l e a s e and r e s e r v o i r w a t e r 
l e v e l , w i t h r a t e of r i s e of l e v e l a s a p a r a m e t e r . T h i s c h a r t w a s 
p r o p o s e d by H a t h a w a y 1950(1) . I t s d e r i v a t i o n a n d u s e i s d e s c r i b e d i n 
S e c t i o n 1 0 . 5 of t h i s p a p e r . 

6 . T H E BASIC P R I N C I P L E S O F G A T E O P E R A T I O N DURING F L O O D S 

6 . 1 . I n t r o d u c t o r y C o m m e n t 

T h e d i s c u s s i o n in t h i s S e c t i o n a s s u m e s t h a t g a t e o p e r a t i o n of a 
g a t e d d a m i s b a s e d on q u a n t i t a t i v e f l o o d f o r e c a s t i n g a n d P l a n B 
( s e e p a g e 7) i s f o l l o w e d . 

I t i s c o n v e n i e n t to d i v i d e a f l ood p e r i o d i n t o t h r e e p h a s e s , a s 
s h o w n in F i g . 8 ,v i z . ( i ) the n o n - d a m a g i n g p h a s e , ( i i ) t he d a m a g i n g 
p h a s e , ( i i i ) the r e c e s s i o n p h a s e . 
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It is c l ear f r o m the forego ing d i s c u s s i o n that an e f f i c i ent 
system of gate operation invo lves the use of i n d u c e d sur c h a r g e . 
However , if by this technique the l eve l s are a l l owed to b e c o m e too 
high and the f lood inf low continues, it may be d i f f i cu l t to r e l e a s e 
suff ic ient water at a later stage to prevent overtopping o r , m o r e 
commonly , e x c e s s i v e rates of i n c r e a s e of spi l lway outf low may 
b e c o m e n e c e s s a r y . This i s prevented by assuming that e v e r y 
f lood may prove to be the "des ign f l o o d " (which m a y in s o m e c a s e s 
be the " m a x i m u m poss ib le f l o od " ) and insist ing that the induced 
surcharge leve l f o r a given outflow re l ease rate must never e x c e e d 
that spec i f ied by a " m a x i m u m p e r m i s s i b l e induced surcharge c u r v e " 
developed as d e s c r i b e d in Section 1 0 . 5 b e l o w . A l s o , the r e l e a s e of 
too much water in readiness f o r an expected f l ood m a y mean a 
l oss of conservat ion s torage , because the water l eve l may be b e l o w 
static full pool leve l at the end of the f l o o d . 

F o r a dam which is nominal ly a single purpose dam f o r 
water conservat ion , as is the case in this d i s c u s s i o n , good f l ood 
mitigation requires the re lease of as large a vo lume of water as 
poss ib le at non-damaging rates without risking a l e s s - t h a n - f u l l dam 
at the end of the f l o od . This is n e c e s s a r y in o rder to make 
available as much storage as poss ib le during the damaging phase 
and thus reduce the damaging outf lows. The e f f e c t i v e n e s s of this 
operation obviously depends on how accurate ly the f l ood hydrographs 
can be predic ted in advance f o r var ious " f o r e c a s t i n t e r v a l s " . 

The ideal to be aimed at is to ensure that the storage wil l not 
reach the max imum p e r m i s s i b l e induced surcharge le el until a f t e r 
the peak inflow has passed and the conditions at this stage should 
represent the m a x i m u m f lood leve l and a l s o the m a x i m u m steady 
outflow as shown by line CDE in Figure 8. This ideal cannot be 
achieved for very large f loods , as the surcharge l eve l would 
probably r ise above the point when all gates are ful ly opened and 
no further control can be e x e r c i s e d over the f l o od . The better 
methods of gate operation attempt to reproduce the ideal c a s e of 
Figure 8, i . e . they a im to make the m a x i m u m f l ood l e v e l in the 
r e s e r v o i r c o i n c i d e with a m a x i m u m induced surcharge l e v e l 
determined as d e s c r i b e d in Section lO. 2 be l ow . 

6 . 2 . The Non-Damaging Phase 

F o r a water conservat ion dam it i s des i rab le to c o m m e n c e 
releasing water at non-damaging rates soon a f ter it b e c o m e s 
apparent that the s t o r m runof f will ra ise the r e s e r v o i r to full 
supply l e v e l . At this stage there are no advantages in s tor ing 
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w a t e r o v e r a n d a b o v e the a s s u r e d i n f l o w s t h a t w i l l e v e n t u a l l y f i l l t h e 
d a m , a n d the m o r e s p a c e t h a t c a n be r e s e r v e d f o r l a t e r f l o o d c o n t r o l , 
t h e m o r e e f f e c t i v e w i l l t h a t c o n t r o l b e . 

T h e t i m e of c o m m e n c e m e n t of n o n - d a m a g i n g r e l e a s e s 
t h e r e f o r e d e p e n d s on t h e p r e d i c t e d f u t u r e m i n i m u m runo f f v o l u m e . 
In m o s t c a s e s t h i s c a n be o b t a i n e d in the e a r l y s t a g e of a s t o r m w i t h 
m o d e r n f o r e c a s t i n g m e t h o d s bu t e v e n in the a b s e n c e of f o r e c a s t s , a 
m i n i m u m i n f l o w v o l u m e c a n be p r e d i c t e d w e l l in a d v a n c e f r o m 
r e l a t i v e l y s i m p l e h y d r o g r a p h a n a l y s e s . (See S e c t i o n 1 0 . 5 ) . 

D o w n s t r e a m f l o w s f r o m o t h e r t r i b u t a r i e s a n d l o c a l r u n o f f 
s h o u l d be c o n s i d e r e d in d e t e r m i n i n g the m a x i m u m n o n - d a m a g i n g 
f l o w s u n d e r v a r i o u s c i r c u m s t a n c e s . In m a n y c a s e s , i t i s e c o n o m i c -
a l l y a d v a n t a g e o u s , f r o m t h e po in t of v i e w of t h e c o m m u n i t y a s a 
w h o l e , t o p r o v i d e c h a n n e l a n d o t h e r d o w n s t r e a m i m p r o v e m e n t s t h a t 
w i l l a l l o w h i g h e r n o n - d a m a g i n g r e l e a s e s . S o m e t i m e s m i n o r 
d a m a g e m a y be j u s t i f i e d in t h i s p h a s e if i t r e d u c e s t h e r i s k of s e v e r e 
d a m a g e in l a t e r p h a s e s , bu t d e c i s i o n s of t h i s t ype w o u l d u s u a l l y be 
m a d e b e f o r e the g a t e o p e r a t i o n m e t h o d i s s c h e d u l e d , a n d p r e f e r a b l y 
w i t h the c o n s e n t of r e p r e s e n t a t i v e s of the d o w n s t r e a m c o m m u n i t y . 

A s m e n t i o n e d in S e c t i o n 1, d a m a g e i s c a u s e d no t only by 
h i g h m a g n i t u d e s of ou t f l ow b u t by h i g h r a t e s of c h a n g e of o u t f l o w . 
R e l a t i v e l y r a p i d i n c r e a s e s r e s u l t i n s u r g e w a g e s w h i c h a r e 
a s s o c i a t e d w i t h l o c a l i z e d h i g h v e l o c i t i e s a n d t u r b u l e n c e , and r a p i d 
r a t e s of r i s e of f l o o d l e v e l f r u s t r a t e a t t e m p t s t o r e m o v e g o o d s a n d 
s t o c k t o a p l a c e of s a f e t y . R a p i d d e c r e a s e in ou t f low a r e a l s o 
u n d e s i r a b l e b e c a u s e t h e y t e n d t o c a u s e s l o u g h i n g of b a n k s . It i s 
t h e r e f o r e n e c e s s a r y t o s p e c i f y m a x i m u m a l l o w a b l e r a t e s of c h a n g e 
of o u t f l o w in g a t e o p e r a t i o n s c h e d u l e s . 

P r i o r t o t h e c o m m e n c e m e n t of the n o n - d a m a g i n g p h a s e i t 
i s i m p o r t a n t t o p r o v i d e e a r l y w a r n i n g s t o f a c i l i t a t e t he r e m o v a l of 
c a t t l e , s e c u r i n g of b o a t s a n d s o on . Such w a r n i n g s s h o u l d be 
b a s e d on r a i n f a l l ( r a t h e r t h a n f l ood ) f o r e c a s t s a n d a r e of t he 
n a t u r e of a n " a l e r t " r a t h e r t h a n a n o t i c e of d e f i n i t e i n t e n t i o n . 
D e f i n i t e n o t i c e of i n t e n t i o n t o c o m m e n c e g a t e r e l e a s e s wou ld a l s o 
be e s s e n t i a l bu t c o u l d no t be g i v e n m u c h in a d v a n c e of the a c t u a l 
f i r s t o p e n i n g of the g a t e s . 
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W h e n t h e c o n s e r v a t i o n of t h e m a x i m u m p o s s i b l e a m o u n t of 
f l o o d w a t e r i s an e s s e n t i a l c o n d i t i o n of o p e r a t i o n , a s i s a s s u m e d i n 
t h i s p a p e r , t h e n a t a l l t i m e s w h e n s p i l l w a y r e l e a s e s a r e b e i n g m a d e , 
t he p r e d i c t e d f u t u r e i n f l o w v o l u m e s h o u l d a l w a y s e q u a l o r e x c e e d t h e 
v o l u m e of w a t e r r e q u i r e d to r a i s e t h e r e s e r v o i r t o s t a t i c f u l l p o o l 
l e v e l . T h e r e s h o u l d b e n o r e l e a s e s w h e n t h e p r e d i c t e d i n f l o w i s l e s s 
t h a n t h e v o l u m e n e c e s s a r y t o e n s u r e s t a t i c f u l l p o o l l e v e l , b e c a u s e 
u n d e r t h e s e c i r c u m s t a n c e s a f u l l d a m i s n o t a s s u r e d w h e n the f l o o d i s 
o v e r . In p r a c t i c e , if t h e t w o v o l u m e s a p p r o a c h e a c h o t h e r d u r i n g t h e 
n o n - d a m a g i n g p h a s e i t i s n e c e s s a r y t o s t o p t h e o u t f l o w . In m a n y 
m i n o r f l o o d s , t h e r e w o u l d c o n s e q u e n t l y b e e i t h e r n o o u t f l o w o r o n l y 
a s h o r t p e r i o d of n o n - d a m a g i n g o u t f l o w , w i t h n o f o l l o w i n g d a m a g i n g 
p h a s e . 

I t i s t h e r e f o r e c l e a r t h a t t h e t i m e of c o m m e n c e m e n t a n d t h e 
m a g n i t u d e of n o n - d a m a g i n g r e l e a s e s d e p e n d o n : -

(a ) T h e l e v e l of t h e r e s e r v o i r a n d c o r r e s p o n d i n g i n f l o w v o l u m e 
r e q u i r e d t o b r i n g i t t o f u l l p o o l l e v e l . 

(b) T h e p r e d i c t e d m i n i m u m s t o r m r u n o f f a n d w h e t h e r t h i s i s 
s u f f i c i e n t t o s a t i s f y ( a ) . 

(c ) D o w n s t r e a m f l o o d c o n d i t i o n s w h i c h d e t e r m i n e t h e m a x i m u m 
n o n - d a m a g i n g r e l e a s e s . 

(d) T h e m a x i m u m a l l o w a b l e r a t e s of c h a n g e of o u t f l o w . 

T h e e s t i m a t e s of t h e m i n i m u m s t o r m r u n o f f v o l u m e i s s u b j e c t 
t o e r r o r . T o be on t h e s a f e s i d e i n e n s u r i n g t h e m a x i m u m 
c o n s e r v a t i o n of w a t e r , s o m e w a t e r s u p p l y a u t h o r i t i e s m a y p r e f e r 
t o u n d e r e s t i m a t e i t . U n l e s s c o n s e r v a t i o n of w a t e r i s a b n o r m a l l y 
i m p o r t a n t , t h e w i s d o m of s u c h a p o l i c y i s d o u b t f u l , f r o m t h e p o i n t 
of v i e w of t he c o m m u n i t y a s a w h o l e . A b e t t e r o v e r a l l b e n e f i t - c o s t 
r a t i o o v e r t h e l i f e of t h e d a m w o u l d b e a c h i e v e d if f l o o d m i t i g a t i o n 
b e n e f i t s a r e g i v e n t h e i r t r u e w e i g h t , a n d t h e b e s t e s t i m a t e of f u t u r e 
i n f l o w i s a d o p t e d , i n s t e a d of t h e l o w e s t e s t i m a t e s . S i m i l a r l y , 
w a t e r a u t h o r i t i e s m a y be t e m p t e d t o a d o p t l o w e s t i m a t e s of t h e 
m a x i m u m n o n - d a m a g i n g r e l e a s e t o a v o i d c r i t i c i s m , b u t s u c h a 
p o l i c y m a y l e a d t o g r e a t e r o v e r a l l f l o o d d a m a g e t h a n w o u l d a h i g h e r 
e s t i m a t e . 
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6 . 3 T h e D a m a g i n g P h a s e 

F i g u r e 9 s h o w s the p r e d i c t e d f u t u r e h y d r o g r a p h a t t i m e t^ , a t 
w h i c h t i m e the c u r r e n t g a t e o u t f l o w r e l e a s e r a t e i s Q . In t h e ear ly-
s t a g e s of a f l o o d , t he p r e d i c t e d t o t a l i n f l o w v o l u m e of w a t e r ( P T I ) 
r e p r e s e n t e d by t h i s h y d r o g r a p h b e t w e e n t^ a n d t ^ w i l l be l e s s t h a n 
t h a t r e q u i r e d t o f i l l t h e r e s e r v o i r , a n d Q wou ld be z e r o . A s t i m e g o e s 
on , t h e p r e d i c t e d h y d r o g r a p h b e c o m e s h i g h e r a n d l o n g e r , a n d w h e n 
v o l u m e P T I of F i g . 9 e x c e e d s t h e v o l u m e n e c e s s a r y t o f i l l the r e s e r v o i r , 
the g a t e s w o u l d be o p e n e d t o g ive a r e l e a s e Q s u c h t h a t t h e v o l u m e 
r e p r e s e n t e d by the s h a d e d a r e a of F i g . 9 wou ld j u s t f i l l the r e s e r v o i r . 
T h i s v a l u e of Q m i g h t a t f i r s t be l e s s t h a n the m a x i m u m n o n - d a m a g i n g 
o u t f l o w , bu t in m a n y f l o o d s t h e t i m e wou ld e v e n t u a l l y be r e a c h e d w h e n 
a r e l e a s e r a t e g r e a t e r t h a n t h e m a x i m u m n o n - d a m a g i n g r a t e wou ld be 
n e c e s s a r y t o m a k e t h e p r e d i c t e d n e t i n f l o w v o l u m e (PNI) e q u a l to t he 
v o l u m e n e c e s s a r y to f i l l t he r e s e r v o i r . A t t h i s p o i n t the s p i l l w a y 
o u t f l o w w o u l d be i n c r e a s e d to t h e m a x i m u m n o n - d a m a g i n g r a t e a s s o o n 
a s p o s s i b l e . At t h i s s t a g e t h e r e s e r v o i r l e v e l w o u l d be b e l o w s t a t i c 
f u l l p o o l l e v e l , bu t t h e p r e d i c t e d f u t u r e n e t i n f l o w w o u l d i n d i c a t e t h a t 
if t h i s r a t e of o u t f l o w w e r e c o n t i n u e d i n d e f i n i t e l y a n d t h e p r e d i c t e d 
i n f l o w h y d r o g r a p h d id no t c h a n g e , t h e l e v e l w o u l d l a t e r r i s e a b o v e f u l l 
p o o l . In o t h e r w o r d s , t h e la t ter i n f l o w s w o u l d be f o r c e d i n t o i n d u c e d 
s u r c h i i r g e s t o r a g e . At f i r s t t h e p r e d i c t e d s u r c h a r g e l e v e l a t t h i s 
m a x i m u m n o n - d a m a g i n g o u t f l o w r a t e m a y be l o w e r t h a n t h e m a x i m u m 
p e r m i s s i b l e f o r t h i s r a t e of o u t f l o w , bu t i n a m a j o r f l o o d the t i m e 
wou ld be r e a c h e d w h e n t h e p r e d i c t e d n e t i n f l o w v o l u m e w o u l d l a t e r 
r a i s e t h e l e v e l a b o v e t h a t p e r m i t t e d f o r t h i s o u t f l o w , if t h i s r a t e of 
o u t f l o w w e r e m a i n t a i n e d i n d e f i n i t e l y . T h e n , in o r d e r to e n s u r e a 
m i n i m u m p e a k o u t f l o w a t l a t e r s t a g e s , i t i s n e c e s s a r y t o c o m m e n c e 
d a m a g i n g r e l e a s e s i m m e d i a t e l y . 

H o w e v e r , s u c h an i m m e d i a t e r e l e a s e m a y c a u s e g r e a t e r d a m a g e 
due t o s h o r t n e s s of t i m e f o r e v a c u a t i o n o r o t h e r e m e r g e n c y m e a s u r e s . 
A c o m p r o m i s e , w h i c h " p l a y s s a f e " i n r e g a r d to c r i t i c i s m i n t h i s 
r e s p e c t i s t o d e l a y t h e d a m a g i n g r e l e a s e s un t i l the e s t i m a t e d f l o o d 
d i s c h a r g e u n d e r n a t u r a l c o n d i t i o n s (if t he d a m d id no t e x i s t ) s l i g h t l y 
e x c e e d s t h e m a x i m u m n o n - d a m a g i n g f l o w . T h e f i r s t d a m a g i n g o u t f l o w 
r e l e a s e i s s u c h t h a t if t h e p r e d i c t e d i n f l o w h y d r o g r a p h d o e s no t c h a n g e 
a n d t h i s o u t f l o w r a t e i s m a i n t a i n e d t h r o u g h o u t t h e f l o o d , the p e a k 
r e s e r v o i r l e v e l r e a c h e d l a t e r o n w i l l be j u s t e q u a l to t he m a x i m u m 
p e r m i s s i b l e i n d u c e d s u r c h a r g e l e v e l f o r t h i s o u t f l o w , w h i c h m a y be 
c a l l e d the " o p t i m u m f l o o d c o n t r o l o u t f l o w " . A f t e r an a p p r o p r i a t e 
i n t e r v a l , a n o t h e r c h e c k wou].d b e m a d e on the p r e d i c t e d n e t i n f l o w , 
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and in a major f lood it would be found that this has increased, so 
that if the current outflow is maintained, the later peak r e s e r vo i r 
l eve l wi l l exceed the maximum permiss ib le surcharge l eve l f o r this 
outflow, which is consequently no longer the optimum value f o r f lood 
control. It is therefore necessary to increase the outflow to such a 
value that the predicted net inflow volume at this rate wi l l result in 
a later peak reservo i r leve l just equal to the maximum permiss ib le 
for this new optimum outflow rate. In making this change to a 
greater outflow rate, the rate of increase in outflow should not 
exceed the maximum permissible rate of increase of outflow. This 
l imitation means that in a major f lood the predicted net inf low volume 
keeps on increasing so rapidly that even when the outflow is increased 
at the maximum permissible rate of increase, the equil ibrium stage 
(where predicted peak reservo i r leve l equals maximum induced 
surcharge leve l for the current rate of outflow) is never reached, 
even f o r a brief period. Under these conditions the time comes 
when the maximum induced surcharge l eve l f o r the current outflow 
is actually reached, and thenceforward the gates are so operated 
that the reservo i r level-outf low rate relation fo l lows the maximum 
permissible induced surcharge curve until al l gates are ful ly opened, 
and the outflow then becomes uncontrolled. In other words, in these 
circumstances the maximum permissib le rate of increase of outflow 
ceases to be the governing factor in gate operation. 

The principles involved in these operations during the damaging 
phase are il lustrated by Figure 9- If at t ime t^ the volume of the 
shaded area PNI is greater than V M L , which is the volume necessary 
to raise the reservo i r l eve l to the maximum permiss ib le induced 
surcharge leve l corresponding to the current value of Q, then the 
outflow rate must be increased to a new value of Q so that if this new 
outflow rate is maintained indefinitely and the predicted inf low 
hydrograph doe snot: change, then the new net inf low volume equals 
the volume of water necessary to raise the storage to the maximum 
permissible induced storage l eve l corresponding to the new value 
of Q , This new value of Q is the required optimum f lood control 
outflow. 

6 . 4 The Recession Phase 

This phase commences when the r ese rvo i r commences to 
fal l after reaching its highest l eve l during the f lood. The maximum 
rate of outflow for the f lood has now been re leased and the usual 
objective at this stage is to bring the r ese rvo i r l eve l back to near 
full supply as quickly as possible without causing further damage. 
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T h i s i s p a r t i c u l a r l y i m p o r t a n t if m o r e r a i n i s l i k e l y on t h e w e t 
c a t c h m e n t b e c a u s e f u r t h e r f l o o d i n g m a y be d i f f i c u l t t o c o n t r o l w h e n 
t h e r e s e r v o i r l e v e l i s h i g h . 

In s o m e c a s e s t h e p r e v i o u s m a x i m u m o u t f l o w c a n be 
m a i n t a i n e d w i t h o u t d e t r i m e n t a s s h o w n in F i g u r e 8 . I t i s r e d u c e d a t 
t h e m a x i m u m a l l o w a b l e r a t e a s t h e f u l l s u p p l y l e v e l , o r a s s o m e o t h e r 
a p p r o p r i a t e l e v e l i s a p p r o a c h e d (po in t F i n F i g u r e 8) . In t h i s r e g a r d , 
if f u r t h e r f l o o d i n g i s p r e d i c t e d a l e v e l l o w e r t h a n f u l l s u p p l y l e v e l m a y 
b e s e l e c t e d . 

W h e n t h e c o n t i n u a t i o n of t he p r e v i o u s m a x i m u m o u t f l o w i s 
l i k e l y t o c a u s e a d d i t i o n a l d a m a g e a d e c i s i o n m u s t be m a d e a s t o 
w h e t h e r a r e d u c t i o n in t h e o u t f l o w i s w o r t h t h e i n c r e a s e d r i s k of 
l a t e r s e r i o u s f l o o d d a m a g e . T h i s i s a s i m i l a r p r o b l e m t o t h o s e 
m e n t i o n e d i n p r e v i o u s s e c t i o n s a n d s u c h d e c i s i o n s s h o u l d be m a d e in 
t h e d e s i g n p h a s e of t h e d a m i n v e s t i g a t i o n s f r o m a n a l y s e s of f l o o d 
b e h a v i o u r a n d the n a t u r e of t he d a m a g e c a u s e d by v a r i o u s o p e r a t i o n 
p r o c e d u r e s . 

7 . G A T E O P E R A T I O N B A S E D ON C U R R E N T R E S E R V O I R 
L E V E L S ONLY 

T h e r e a r e t w o t y p e s of p r o c e d u r e s c u r r e n t l y u s e d i n A u s t r a l i a 
w h i c h a l l o w the g a t e o p e r a t i o n t o be g o v e r n e d by t h e r e s e r v o i r w a t e r 
l e v e l s e x i s t i n g d u r i n g t h e f l o o d , a s f o l l o w s 

(a) T h o s e i n w h i c h o u t f l o w d o e s no t c o m m e n c e u n t i l t he 
r e s e r v o i r l e v e l a t t a i n s s t a t i c f u l l p o o l l e v e l , a n d 
t h e n c e f o r w a r d t h e o u t f l o w - s t o r a g e l e v e l r e l a t i o n s h i p 
f o l l o w s the m a x i m u m p e r m i s s i b l e i n d u c e d s u r c h a r g e 
c u r v e u n t i l t h e g a t e s a r e f u l l y o p e n e d , w h e n t h e ou t f l ow 
b e c o m e s u n c o n t r o l l e d . S o m e t i m e s s l i g h t l y d i f f e r e n t 
l e v e l - o u t f l o w r e l a t i o n s a r e u s e d f o r r i s i n g a n d f a l l i n g 
s t a g e s . 

T h o s e i n w h i c h o u t f l o w s do no t c o m m e n c e u n t i l t h e 
r e s e r v o i r l e v e l a t t a i n s s t a t i c f u l l poo l l e v e l ( o r 
s o m e t i m e s a l o w e r l e v e l ) a n d t h e n c e f o r w a r d t h e l e v e l 
i s k e p t c o n s t a n t f o r a s l o n g a s p o s s i b l e , w i t h o u t f l o w s 
e q u a l t o t he i n f l o w , u n t i l t he g a t e s a r e f u l l y o p e n e d 
a n d t h e o u t f l o w b e c o m e s u n c o n t r o l l e d . 
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Both of t h e s e m e t h o d s a r e i n e f f i c i e n t f r o m t h e p o i n t of v i e w 
of f l o o d c o n t r o l , a s t h e y u s u a l l y s t o r e the e a r l y n o n - d a m a g i n g f l o w s 
a n d t h e r e b y i n c r e a s e the l a t e r d a m a g i n g f l o w s a n d p o s s e s s t h e o t h e r 
d i s a d v a n t a g e s p o i n t e d out by H a t h a w a y . F r o m t h e p o i n t of v i e w of t h e 
i n i t i a l c o s t of t h e d a m , m e t h o d (b) m a y h a v e s o m e a d v a n t a g e s b e c a u s e 
i t g i v e s a l o w e r d e s i g n ou t f l ow t h a n the i n d u c e d s u r c h a r g e m e t h o d s , 
p e r m i t t i n g t h e c o n s t r u c t i o n of a l o w e r d a m . H o w e v e r , t h e m a j o r 
r e q u i r e m e n t s of ga t e o p e r a t i o n p r o c e d u r e s , a s g i v e n i n s e c t i o n 1, a r e 
v i o l a t e d by m e t h o d (b) , 

T h e above m e t h o d s a r e r e a d i l y a u t o m a t e d bu t t h i s s h o u l d 
no t be u s e d d u r i n g f l o o d s , e x c e p t f o r m i n o r d a m s . 

8 . G A T E O P g R A T I O N BASED ON R E S E R V O I R L E V E L S 
AND P R E D I C T E D R A T E OF I N F L O W 

8 . 1 G a t e o p e r a t i o n B a s e d on R e s e r v o i r L e v e l a n d 
P r e d i c t i o n of F l o o d I n f l o w V o l u m e s B a s e d on 
R a t e of C h a n g e of L e v e l . 

At a n y g i v e n i n s t a n t d u r i n g a f l o o d i n f l o w i n t o a r e s e r v o i r , a 
s t u d y of t he p r e c e d i n g i n c r e a s e i n r e s e r v o i r l e v e l a n d of t h e s t o r a g e -
e l e v a t i o n c u r v e e n a b l e s the r i s i n g l i m b of the i n f l o w t o r e s e r v o i r p o o l 
h y d r o g r a p h t o be p l o t t e d . 

T h e l i ne CB of F i g u r e 10 i s s u c h a p l o t . If a l l r a i n c e a s e s a t 
t i m e t the p r o b a b l e s h a p e of t h e f u t u r e h y d r o g r a p h w o u l d be a s s h o w n 
d o t t e d in the f i gu re . . . H a t h a w a y a n d the C o r p s of E n g i n e e r s , p r e s u m a b l y 
in o r d e r t o be on the s a f e s i d e f r o m the p o i n t of v i e w of e n s u r i n g t h a t 
f u t u r e i n f l o w i s no t o v e r e s t i m a t e d , m a k e t h e c o n s e r v a t i v e a s s u m p t i o n 
t h a t po in t B of F i g u r e 10 i s a c t u a l l y the s t a r t of t he r e c e s s i o n l i m b of 
the f l ood h y d r o g r a p h . Wi th t h i s a s s u m p t i o n , t h e s h a d e d a r e a of F i g u r e 
10 i s a l ow e s t i m a t e of the m i n i m u m f u t u r e i n f l o w , a n d t h i s i s t h e 
p r e d i c t e d f u t u r e i n f l o w v o l u m e r e f e r r e d t o i n S e c t i o n s 6 . 2 a n d 6 . 3 
above f o r the c a s e ( a n d e r e m e r g e n c y c o n d i t i o n s w h e n c o m m u n i c a t i o n s 
a r e d i s r u p t e d ) w h e n p r e d i c t e d f u t u r e i n f l o w i s b a s e d on r i s e i n w a t e r 
l e v e l s on ly . D u r i n g the d a m a g i n g p h a s e t h e r e q u i r e d o u t f l o w r a t e a t 
a n y t i m e t i s Q in F i g u r e 10 , w h i c h i s c a l c u l a t e d s o t h a t t h e a r e a A A ^ B 
r e p r e s e n t s a v o l u m e w h i c h w i l l j u s t f i l l t h e r e m a i n i n g s t o r a g e u p t o 
the m a x i m u m p e r m i s s i b l e s u r c h a r g e l e v e l s f o r o u t f l o w Q . T o u s e 
t h i s m e t h o d of e s t i m a t i n g f u t u r e f l o o d i n f l o w f o r g a t e o p e r a t i o n , a n 
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"emergency r e l e a s e chart" such as that shown in F igure 11 ( from 
Hathaway 's paper) i s drawn up by making a s e r i e s of computations 
with var ious a s sumed va lues of inflow rate and of amounts of 
s torage ava i l ab le f rom var ious r e s e r v o i r water l eve l s to the 
max imum pe rmi s s ib l e induced surcharge curve . This f igure shows 
the re lat ion between the appropriate outflow r e l e a s e and r e s e rvo i r 
l eve l , with ave rage rate of inflow for the previous three hours as a 
p a r a m e t e r . For s em i - s k i l l ed dam operators it i s more convenient 
to exp re s s rate of inflow in t e rms of the average rate of r i s e in 
feet in the preceding three hours , a s in F igure 12 which i s taken 
f rom the Manual of U . S . Corps of Engineers 1959 (2). 

This method i s c l e a r l y super ior to methods based on 
r e s e r v o i r l e ve l s only, a s it provides , by a pr imi t ive form of 
flood forecas t ing , for p r e - r e l e a s e s to be made to prepare for flood 
wa.ters which wi l l a r r i v e at some future t ime . 

It a s s u m e s that the operator i s capable of s imple a r i thmet ica l 
ca lcu la t ions , but has no a c c e s s to a telephone to obtain instruct ions 
based on ra infa l l and runoff on the catchment. 

8 . 2 . Gate Operation Based on Flood Foreca s t s f rom 
Rainfa l l and Streamflow Data on the Catchment 

This i s the method advocated by the authors . Modern flood 
forecas t ing procedures based on catchment data provide a much 
g r e a t e r " forecas t in te rva l " and more accura te e s t imates of future 
inflow than the emergency method descr ibed in Section 8. 1 and with 
such a s y s t em it i s poss ible to r e l e a s e water f rom storage much 
e a r l i e r while s t i l l ensuring a ful l dam at the end of the flood, and 
this r e su l t s in lower peak outflows during the damaging phase of the 
flood. Whenever gates a r e ins ta l led on dam sp i l lways , the authority 
concerned, a s part of the dam design and construction, should insta l 
and operate such a flood forecas t ing s y s t em . The cost i s r e l a t ive l y 
minor when compared with the total cost of the Dam. 

I'he p r i m a r y purpose of this paper i s to compare the re la t ive 
m e r i t s of var ious gate operating procedures . 
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The C o m m o n w e a l t h B u r e a u of M e t e o r o l o g y h a s b e e n c a r r y i n g 
out f l ood f o r e c a s t i n g in the M a c l e a y V a l l e y f o r s o m e y e a r s f o r t h e 
p u r p o s e of p r e d i c t i n g p e a k f l ood h e i g h t s and t i m e s of p e a k a t t he t o w n 
of K e m p s e y in the L o w e r M a c l e a y V a l l e y . T h e s e f o r e c a s t s h a v e b e e n 
m a d e p r o g r e s s i v e l y d u r i n g p a s t f l o o d s , a n d a t y p i c a l m e d i u m a n d a 
t y p i c a l m a j o r p a s t f l o o d , wi th t h e i r p r o g r e s s i v e f o r e c a s t s , p r o v i d e a n 
e x c e l l e n t b a s i s f o r c o m p a r i n g the v a r i o u s g a t e o p e r a t i o n p r o c e d u r e s f o r 
a h y p o t h e t i c a l d a m ( g e n e r a l l y s i m i l a r t o W a r r a g a m b a D a m ) a s s u m e d t o 
e x i s t on the M a c l e a y R i v e r . 

9 . F L O O D F O R E C A S T I N G IN T H E L O W E R M A C L E A Y 
V A L L E Y OF NEW SOUTH W A L E S 

9 . 1 G e n e r a l 

S t r e a m f l o w f o r e c a s t i n g o r , in a m o r e l i m i t e d s e n s e , f l o o d 
f o r e c a s t i n g , i s of r e l a t i v e l y r e c e n t o r i g i n in A u s t r a l i a . T h e b a s i c 
c o n c e p t s a r e , h o w e v e r , w e l l e s t a b l i s h e d in o v e r s e a s p r a c t i c e a n d 
invo lve the a p p l i c a t i o n of m o d e r n h y d r o l o g i e t e c h n i q u e s t o d e t e r m i n e 
the r a t e of runoff f r o m s t o r m r a i n f a l l and t h e m a g n i t u d e of the f l o o d 
wave a s i t m o v e s t h r o u g h a r i v e r s y s t e m . It i n v o l v e s r e a c h i n g a n 
u n d e r s t a n d i n g of t he r a i n f a l l - r u n o f f r e g i m e of a r i v e r b a s i n w i t h i n t h e 
l i m i t a t i o n s of a v a i l a b l e da t a a n d m a n p o w e r r e s o u r c e s . Such a n 
u n d e r s t a n d i n g can p r o v i d e a sound b a s i s f o r t he c o n s t r u c t i o n a n d 
o p e r a t i o n of m a n - m a d e s t r u c t u r e s w i thou t u n d u l y u p s e t t i n g t h e n a t u r a l 
o r d e r e x i s t i n g wi th in the r i v e r b a s i n . 

M a n y f a c t o r s h a v e to be t a k e n i n t o a c c o u n t a n d t h e c o m p l e x 
p r o b l e m s v/hich a r e e n c o i m t e r e d in e a c h r i v e r b a s i n r e q u i r e c a r e f u l 
a n a l y s i s b e f o r e a sound f l o o d f o r e c a s t i n g s y s t e m c a n be e s t a b l i s h e d . 

S o m e of the f a c t o r s i n f l u e n c i n g the t ype of f l o o d f o r e c a s t i n g 
s y s t e m d e v e l o p e d a r e : -

The q u a l i t y and l e n g t h of t he r a i n f a l l a n d s t r e a m f l o w 
r e c o r d s a v a i l a b l e f o r the c a t c h m e n t . 

The type of f o r e c a s t and l e n g t h of w a r n i n g r e q u i r e d . 

The l o c a t i o n of the f l o o d e d a r e a a n d the p h y s i c a l 
n a t u r e of t he c a t c h m e n t a r e a . 

The v a r i a b i l i t y of the r a i n f a l l d i s t r i b u t i o n . 
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T h e p r o g r e s s i n b a s i c r e s e a r c h a n d u n d e r s t a n d i n g 
of t h e h y d r o l o g i e p r o c e s s . 

T h e v a l u e of a f l o o d f o r e c a s t i n g s y s t e m d e p e n d s on i t s 
a c c u r a c y a n d t h e a m o u n t of a d v a n c e n o t i c e i t p r o v i d e s . 

T h e o p t i m i s a t i o n of t h e s e t w o f a c t o r s i s o f t e n d i f f i c u l t a s 
t h e l o n g e r t h e w a r n i n g p e r i o d s t h e m o r e i n a c c u r a t e t h e f o r e c a s t s 
a r e l i k e l y t o b e . T h e a c t u a l a m o u n t of w a r n i n g w h i c h c a n be 
p r o v i d e d i s a f u n c t i o n of t h e c a t c h m e n t p h y s i o g r a p h y a n d the r a i n f a l l 
d u r a t i o n . 

N o h a r d a n d f a s t r u l e can be l a i d down a n d e a c h p a r t i c u l a r 
c a t c h m e n t h a s i t s own p e c u l i a r i t i e s . F o r e x a m p l e , t h e b a s i n l a g iii 
t h e M a c l e a y V a l l e y ( 4 , 0 0 0 s q . m i l e s ) i s a b o u t 30 h o u r s , w h i c h i s 
a p p r o x i m a t e l y the t i m e b e t w e e n the c e n t r e of m a s s of t h e e x c e s s 
r a i n f a l l a n d t h e p e a k of the h y d r o g r a p h . F o r u n i f o r m s t o r m s t h i s 
t i m e t o p e a k r e m a i n s f a i r l y c o n s t a n t i r r e s p e c t i v e of t h e s t o r m 
r a i n f a l l d u r a t i o n a n d i n the l o n g e r s t o r m s the t i m e b e t w e e n the 
l a s t i n c r e m e n t of e x c e s s r a i n and t h e p e a k m a y be only a m a t t e r of 
s i x h o u r s . S m a l l e r m o u n t a i n c a t c h m e n t s t y p i c a l of c o n d i t i o n s in 
N . S . W . m a y h a v e l a g s v a r y i n g f r o m 4 t o 24 h o u r s f o r c a t c h m e n t s 
v a r y i n g f r o m 200 t o 3 , 0 0 0 s q u a r e m i l e s . 

T h e b a s i n l a g g i v e s s o m e i d e a of t h e m a x i m u m a m o u n t of 
w a r n i n g ^X7hich c o u l d be p r o v i d e d if a u n i t g r a p h p r o c e d u r e i s u s e d . 
F l o o d r o u t i n g p r o c e d u r e s p r o v i d e d l e s s w a r n i n g but t h e y e l i m i n a t e 
e r r o r s i n t h e e x c e s s r a i n f a l l e s t i m a t i o n . It i s o f t e n n e c e s s a r y t o 
c o m b i n e t h e s e t w o b a s i c t e c h n i q u e s b e c a u s e , in m a n y i n s t a n c e s , a 
u n i t h y d r o g r a p h i s r e q u i r e d t o p r e d i c t the l o c a l i n f l o w i n t o the 
r o u t i n g r e a c h . T h i s l o c a l i n f l o w f r o m r e l a t i v e l y s m a l l c a t c h m e n t s 
m u s t be c a r e f u l l y c o n s i d e r e d a s i t p l a y s a n i m p o r t a n t r o l e i n m a n y 
r i v e r b a s i n s on the c o a s t of N e w South W a l e s . 
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9. 2 C o s t of F l o o d F o r e c a s t i n g S y s t e m 

No a c c u r a t e f i g u r e s can be p r o v i d e d on the c o s t of a f l o o d 
f o r e c a s t i n g s y s t e m a n d the fo l l owing f i g u r e s can only p r o v i d e a r o u g h 
gu ide t o the type of c o s t s one would e x p e c t : -

D e v e l o p m e n t of U n i t g r a p h and R o u t i n g 
P r o c e d u r e e t c . f o r a c o m p l e x c a t c h m e n t $ 1 0 , 0 0 0 

O p e r a t i o n of s t a t i o n m a n n e d by v o l u n t e e r 
o b s e r v e r $ 300 p e r 

s t a t i o n p e r 
y e a r 

O p e r a t i o n of t e l e m e t e r s t a t i o n $ 300 p e r 
s t a t i o n p e r 
y e a r 

I m p l e m e n t a t i o n of t e l e m e t e r n e t w o r k $ 5 , 0 0 0 p e r 
s t a t i o n 

9 . 3 The F o r e c a s t i n g M e t h o d 

T h e f o r e c a s t i n g m e t h o d u s e d in the M a c l e a y V a l l e y i s b a s e d on 
a s t u d y c a r r i e d out in 1959 -1961 b a s e d on l i m i t e d r a i n f a l l a n d 
s t r e a m f l o w d a t a , W a t s o n 1962(3) , B u r e a u of M e t e o r o l o g y , 1963(4) . It 
i n v o l v e s the a p p l i c a t i o n of a t h r e e h o u r i i n i t g r a p h t o a n e x c e s s r a i n f a l l 
p a t t e r n w h i c h i s s u p p l e m e n t e d by a s i m p l e s t r e a m f l o w r o u t i n g t e c h n i q u e 
f o r a d j u s t i n g e a r l y w a r n i n g s if i t b e c o m e s a p p a r e n t t h a t t h e runo f f h a s 
b e e n i n c o r r e c t l y e s t i m a t e d . 

T h e B u r e a u p r o c e d u r e f o r d e r i v i n g l o s s r a t e s a n d t h e c a t c h m e n t 
u n i t g r a p h a r e c l o s e l y i n t e g r a t e d a n d e a c h s t e p in t h e a n a l y s i s i s c o n t r o l l e d 
to a c h i e v e a h igh d e g r e e of s t a n d a r d i s a t i o n . 

E s t i m a t e s of the a v e r a g e c a t c h m e n t r a i n f a l l a r e b a s e d on a 
f i x e d n e t w o r k of s t a t i o n s w h i c h a r e s e l e c t e d by c o r r e l a t i n g the r a i n f a l l 
m e a s u r e d a t e a c h s t a t i o n wi th the " t r u e " r a i n f a l l c a l c u l a t e d f r o m 
i s o h y e t a l m a p s . At l e a s t 25 i n d i v i d u a l s t o r m s a r e a n a l y s e d f o r t h i s 
p u r p o s e . 

T h e s u b s e q u e n t v a l u e s of d a i l y a v e r a g e r a i n f a l l , the d a i l y 
a n t e c e d e n t p r e c i p i t a t i o n i n d e x and t h e g r o s s s t o r m r a i n f a l l a r e c a l c u l a t e d 
u s i n g the f i x e d n e t w o r k of s t a t i o n s . 
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Unitgraphs a r e then der ived for as many floods as poss ib le 
using the l e a s t s q u a r e s procedure outlined by D . N . Body and 
A . F . R a i n b i r d , 1963(5) . This method provides values of " i n i t i a l 
l o s s " and "cont inuing l o s s " . The " in i t ia l l o s s " or the ini t ia l 
port ion of the g r o s s ra infa l l which o c c u r s before runoff c o m m e n c e s , 
i s c o r r e l a t e d with the antecedent prec ipi ta t ion index. The 
"continuing l o s s " or the port ion of the g r o s s ra infa l l which does not 
contr ibute to runoff a f t e r sur face runoff has c o m m e n c e d , i s a s s u m e d 
to be constant for f o r e c a s t i n g p u r p o s e s . 

The s imple in i t ia l l o s s re la t ionship adopted for the M a d e ay 
V a l l e y i s i l l u s t r a t e d in F i g u r e 13. 

T© e n s u r e the derived and operat ional techniques a r e 
s i m i l a r the s a m e group of ra infa l l s tat ions used for the derivat ion 
of the l o s s re la t ions and unitgraph a r e used for operat ional 
f o r e c a s t i n g . 

9 . 4 . The F o r e c a s t i n g S y s t e m 

A number of publications d e s c r i b e the invest igat ion and 
development of the flood f o r e c a s t i n g s y s t e m for the Lower Mac leay 
V a l l e y and it i s not intended to enlarge on the p r o c e d u r e s that have 
been adopted. However , i t should be c l e a r l y apprec ia ted that the 
s y s t e m has been s t r e a m l i n e d to achieve the m a x i m u m warning 
per iod with a min imum poss ib le e r r o r in flood -peak p r e d i c t i o n s . 

9 . 41. Data R e q u i r e m e n t s 

T o f o r e c a s t the peak flows at K e m p s e y , ra infal l 
r e p o r t s f r o m eight ra infa l l stat ions and r i v e r repor ts 
f r o m two s t reamf low stat ions a r e requi red . 

E a c h morning the ra infa l l and r i v e r height repor ts 
a r e r e c e i v e d by the B u r e a u in Sydney and during c r i t i c a l 
per iods a r r a n g e m e n t s a r e made for additional r e p o r t s 
at three hourly i n t e r v a l s . 

9 . 4 2 . Communicat ions and Equipment 

F i v e of the ra infa l l s ta t ions , and the s t reamflow 
stat ions report by phonogram through the normal PMG 
t e l e g r a p h i c channels which a r e used for al l the incoming 
and outgoing t r a f f i c at the F o r e c a s t i n g Centre in Sydney. 
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Full use is m a d e of the T r e s s and Telex facilities for 

rapid handling of data and forecasts, allowing use of 

standardised m e s s a g e and address tapes for despatching 

forecasts to all radio stations, T . V . stations, and 

local authorities. 

T h r e e of the rainfall stations have been fitted 

with V H F automatic radio reporting rain gauges 

(Langford 1965 (6) ) which transmit the accumulative 

rainfall total continuously every three hours via a 

repeater to a permanent Meteorological Office at 

Coffs H a r b o u r . 

T h e only other special equipment installed at 

the present time are remote indicating rain gauges 

which allow observers to take the rainfall readings 

f rom a digital counter in the house . A radio-telemeter-

ing river height station is being installed at Bellbrook, 

5 0 miles above K e m p s e y . This station will be linked 

into the rainfall telemeter network. 

Experience has shown that it is possible for the 

Bureau to receive, analyse the data, prepare and 

despatch the forecasts, within lYz hours f rom the time 

of observation. T o date no serious dislocation of 

the service has occurred due to either a breakdown in 

communications or observer failure. 

9 . 4 3 . Procedure 

Speed without sacrificing accuracy is the 

essence of good forecasting. The daily 9 : 00 a . m . 

rainfall and streamflow observations are entered on 

pre-prepared forms and the gross average rainfall 

computed by taking the arithmetic m e a n s of the 

reports, (in some catchments a multiple correlation 

analysis of isohyetal average rainfall and station 

totals has provided partial regression coefficients 

and the s u m of the weighted rainfall observations is 

used) . 
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T h e c u r r e n t A P I i s c a l c u l a t e d a n d the c o r r e s p o n d i n g 
v a l u e of i n i t i a l l o s s w h i c h a p p l i e s f o r t h e n e x t 24 h o u r s 
i s e n t e r e d on a s u m m a r y s h e e t . A p r e l i m i n a r y c h e c k i s m a d e 
b e f o r e n o o n , t h e n a t 3 . 0 0 p . m . e a c h d a y t h e du ty w e a t h e r 
f o r e c a s t e r d e t e r m i n e s t h e l i k e l i h o o d of r a i n f a l l o c c u r r i n g i n 
t h e n e x t 24 h o u r s . If t h i s e s t i m a t e e x c e e d s the i n i t i a l l o s s , 
a p r e c a u t i o n a r y p h a s e i s e n t e r e d . T h e f l o o d f o r e c a s t i n g 
s t a f f a r e o r g a n i s e d a n d a s t h e s i t u a t i o n d e v e l o p s , the 
r a i n f a l l a n d s t r e a m f l o w o b s e r v e r s a r e put on a t h r e e h o u r 
r e p o r t i n g s c h e d u l e . 

A l l r e p o r t s a r e e n t e r e d on a p p r o p r i a t e f o r m s a n d 
a v e r a g e a c c u m u l a t e d r a i n f a l l t o t a l c a l c u l a t e d un t i l the i n i t i a l 
l o s s i s s a t i s f i e d . F o l l o w i n g i n c r e m e n t s of g r o s s r a i n f a l l 
a r e r e d u c e d by the c o n s t a n t l o s s (10 p t s p e r t h r e e h o u r s i n 
t h e M a d e ay) a n d the e x c e s s r a i n f a l l v a l u e s a r e m u l t i p l i e d by 
the a v e r a g e 3 h o u r u n i t g r a p h o r d i n a t e s ( l i s t e d in A p p e n d i x A) 
t o d e f i n e t h e p e a k of t h e s u r f a c e runof f h y d r o g r a p h . A d j u s t m e n t 
i s m a d e f o r b a s e f l o w by a d d i n g t h e d i s c h a r g e p r i o r t o t he r i s e . 

T h e d i s c h a r g e i s c o n v e r t e d t o s t a g e a n d c h e c k e d w i t h 
t h e o b s e r v e d r i v e r b e h a v i o u r a.nd t h e p r e d i c t i o n b a s e d on 
f l o o d r o u t i n g f r o m t h e u p s t r e a m s t a t i o n , A f o r e c a s t i s t h e n 
i s s u e d t o t h e p u b l i c . 

9 . 5 W e a t h e r F o r e c a s t s 

T h e n o r m a l w e a t h e r f o r e c a s t i n g s e r v i c e o p e r a t e d by the B u r e a u p l a y s 
a v i t a l r o l e i n t h e f l o o d f o r e c a s t i n g o p e r a t i o n . A s a m a t t e r of r o u t i n e t h e 
B u r e a u c o l l e c t s m e t e o r o l o g i c a l o b s e r v a t i o n s f r o m a p e r m a n e n t n e t w o r k 
of s t a t i o n s t h r o u g h o u t t he C o m m o n w e a l t h e v e r y t h r e e h o u r s e x c e p t 
m i d n i g h t , a n d a s f a r a s p o s s i b l e e a c h f l o o d f o r e c a s t i n g s y s t e m i s 
a r r a n g e d t o f i t i n w i t h t h e e x i s t i n g o r g a n i s a t i o n . 

T h e c o n t i n u o u s w a t c h k e p t on the c o n d i t i o n s of t h e c a t c h m e n t a r e a 
a n d t h e m e t e o r o l o g i c a l s i t u a t i o n a l l o w s the m e t e o r o l o g i s t t o s e t t he 
f o r e c a s t i n g s y s t e m i n o p e r a t i o n in a m p l e t i m e . Q u a n t i t a t i v e r a i n f a l l 
t r e n d f o r e c a s t s p r o v i d e a b a s i s f o r a s s e s s i n g the l o n g e r p e r i o d d e v e l o p -
m e n t i n m o r e g e n e r a l t e r m s . 
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9 , 6 T h e R e s u l t s of O p e r a t i o n a l F l o o d F o r e c a s t i n g 

M a n y c r i t i c s of f o r e c a s t i n g s y s t e m s o b j e c t t o r e s u l t s b a s e d 
on p a p e r o p e r a t i o n w h i c h m a y b e i n f l u e n c e d b y a d e g r e e of h i n d s i g h t . 

T o o v e r c o m e t h e s e o b j e c t i o n s , a s f a r a s p r a c t i c a b l e t h e d a t a a n d 
r e s u l t s a c h i e v e d u s i n g t h e M a c l e a y F l o o d F o r e c a s t i n g S y s t e m a r e 
s e t ou t i n s o m e d e t a i l i n A p p e n d i x B t o t h i s p a p e r . 

P e r f e c t i o n i s n o t c l a i m e d f o r t h i s p r o c e d u r e , n o r i s i t 
c l a i m e d t o b e t h e b e s t t h a t c a n b e a c h i e v e d ; i t i s m e r e l y a s t e p i n 
t h e r i g h t d i r e c t i o n . In s o m e of t h e e a r l y f l o o d s r e g u l a r 3 h o u r 
f o r e c a s t s w e r e n o t i s s u e d t o t h e p u b l i c b u t t h e r e s u l t s f r o m a 
r o u t i n e a p p l i c a t i o n of t h e p r o c e d u r e a r e s h o w n . 

9 . 7 . A c c u r a c y of P r e d i c t e d V o l u m e of D i r e c t R u n o f f 

F o r t h e e i g h t f l o o d s e x p e r i e n c e d s i n c e 1 9 6 2 , t h e o b s e r v e d 
a n d p r e d i c t e d v o l u m e s of d i r e c t r u n o f f f o r t h e s i t e of t h e t o w n of 
K e m p s e y i n t h e L o w e r M a c l e a y V a l l e y a r e g i v e n i n T a b l e 1 . 

T A B L E 1 . 

C o m p a r i s o n of P r e d i c t e d a n d O b s e r v e d 
T o t a l V o l u m e of D i r e c t R u n o f f 

E x p r e s s e d i n I n c h e s 

S t o r m N o . D i r e c t R u n o f f - I n c h e s P e r c e n t a g e 
E r r o r 

S t o r m N o . 
O b s e r v e d P r e d i c t e d 

P e r c e n t a g e 
E r r o r 

30 0 . 8 2 0 . 8 2 0 
31 3 . 0 7 3 . 1 9 + 4 
32 2 . 0 8 1 . 8 8 - 10 
33 0 . 8 0 1 . 6 3 + 1 0 4 
34 2 . 0 6 2 . 2 9 + 11 
35 6 . 4 6 6 . 4 1 0 
36 0 . 6 4 0 . 8 6 + 34 
37 1 . 7 2 1 . 8 0 + 5 
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The two m a j o r e r r o r s ( s t o r m s 33 & 36) o c c u r r e d in January 
1963 and January 1964, f r o m s imi la r situations when short intense 
s t o r m s on the Tableland region produced nuisance f l o ods at 
K e m p s e y approx imate ly 30 hours a f ter the rainfal l c e a s e d . This 
type of f l ood can be a c cura te ly pred i c ted by f lood routing f r o m 
B e l l b r o o k with about 12 hours warning. The fai lure in both c a s e s 
can be at tr ibuted to the unsuitabil ity of the method f o r determining 
l o s s e s when only a port ion of the catchment contributes to runoff . 
The Table land and Coastal segments of the catchment are not 
h y d r o l o g i c a l l y homogenous and there is little doubt that future 
subdivis ion of the catchment could min imise this e r r o r . 

T h e r e i s a l s o a tendency f o r the API - Initial L o s s relat ionship 
to underpred i c t the l o s s f r o m rainfal l fo l lowing a pro longed dry 
p e r i o d , and although it is di f f icult to attribute the inadequacy to any 
one f a c t o r , there i s some evidence to suggest the depletion in 
groundwater s torage during dry per iods m a y cause an i n c r e a s e in 
the amount of l o s s to this port ion of the mois ture store within the 
catchment . The A P I (which is p r i m a r i l y indicative of sur face 
condit ions) does not adequately define the s u b - s u r f a c e storage c o n -
dit ions . An attempt has been made to c o r r e c t the API fol lowing such 
conditions using the base f l ow as a parameter of groundwater storage 
Body 1963 (6 ) . 

F r o m the point of v iew of gate operation of a dam, as distinct 
f r o m predict ing f lood heights and t imes 'a t K e m p s e y due to natural 
r i v e r f l o w s , e r r o r s in estimating f lood hydrographs caused by 
short intense s t o r m s in one zone only of the catchment, as in the 
case of s t o r m s 33 and 36, are re lat ive ly unimportant, as the total 
f l ood vo lume is s o s m a l l . 

9 . 8 . A c c u r a c y of P r e d i c t e d F lood Discharge Hydrograph 

The est imated vo lume of d i rec t runoff ( e x c e s s rainfall) i s 
distr ibuted in t ime and converted to d ischarge at K e m p s e y by using 
a single average three hour unitgraph. Although the final predic t ions 
of peak d ischarge (Table 2) are reasonable , both in magnitude and 
t ime of o c c u r r e n c e , the average unitgraph does not cater f o r the 
var iat ions in the shape of the r is ing l i m b due to departures of the 
spatial rainfal l distribution f r o m the normal pattern. 
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A m a j o r e r r o r o c c u r r e d in s t o r m 34 when unusually heavy rain 
fe l l on the coastal segment of the catchment with v e r y l ittle 
contribution f r o m the remainder of the catchment . No s i m i l a r 
event had been r e c o r d e d and the unitgraph and f l ood routing 
p r o c e d u r e s fa i led , although in fact the warnings f o r all p r a c t i c a l 
purposes were adequate at the t i m e . 

T A B L E 2. 

Compar i son of Observed and P r e d i c t e d 
Peak D i s c h a r g e s 

Storm Final Peak D i s c h a r g e s - c u s e c s E r r o r in T i m e 
No. Observed P r e d i cted of Peak Hours 

30 77 ,000 64 ,000 6 h r s . ear ly 
31 149,000 146,000 3 " " 
32 127,700 113, 000 3 " late 
33 75 ,900 89, 000(railing) 3 " e a r l y 
34 109, 000 (2nd peak) 121, 000 15 " late 
35 349 ,000 290 ,000 C o r r e c t 
36 63, 500 55 ,000 3 h r s . e a r l y 
37 94 ,600 n o , 000 C o r r e c t 

Again it is cons idered subdivision of the catchment wil l 
enable this type of e r r o r to be l a r g e l y e l iminated or at l east 
m i n i m i s e d . 

9 . 9 . E f f e c t of S torm Charac te r i s t i c s 

9.91 Storm Duration 

Whilst the rainfall continues, p r o g r e s s i v e 
f o r e c a s t s can be i ssued at the end of each o b s e r v -
ational pe r i od , but a p r o b l e m a r i s e s as the t ime 
lag between the end of e x c e s s rainfal l and peak of 
the hydrograph d imin ishes . 

In the case of a short intense s t o r m ( e . g . 
January 1962) up to 3 0 h r s . warning of the peak i s 
poss ib l e c o m p a r e d with only nine hours in A p r i l 1962, 
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when the p e a k o c c u r r e d nine h o u r s a f t e r the end of 
e f f e c t i v e r a i n f a l l . 

9 . 9 2 . E f f e c t of R a i n f a l l In tens i ty and S t o r m Magni tude 

T h e u s e of the t h r e e hour u n i t g r a p h should , to a 
l a r g e d e g r e e , a l low f o r the v a r i a t i o n in r a i n f a l l 
i n t e n s i t y and m a g n i t u d e . In the in i t i a l a n a l y s i s of the 
h y d r o l o g i c d a t a fo r the M a c l e a y C a t c h m e n t , a c o r r e c t i o n 
w a s m a d e f o r the tendency f o r the a v e r a g e u n i t g r a p h to 
o v e r p r e d i c t s m a l l f l o o d s and under p r e d i c t l a r g e r 
f l o o d s . A r e a n a l y s i s of the da ta inc lud ing r e c e n t 
e v e n t s h a s l e d to the e l i m i n a t i o n of th i s s t e p in the 
p r o c e d u r e . 

9 . 9 3 . E f f e c t of Non U n i f o r m A r e a l R a i n f a l l D i s t r i b u t i o n 

T h i s f a c t o r h a s a l r e a d y been ment ioned and i s 
c o n s i d e r e d to be one of the m a i n s o u r c e s of e r r o r . T h i s 
c a n be r e d u c e d by add i t iona l s u b d i v i s i o n of the ca t chment 
a n d the i n s t r u m e n t a t i o n p r o g r a m m e i m p l e m e n t e d by the 
B u r e a u wil l a l low s u c h a r e f i n e m e n t in the f u t u r e . 

9 . 1 0 . A p p l i c a b i l i t y of M a c l e a y V a l l e y F l o o d F o r e c a s t i n g 
to G a t e O p e r a t i o n of a D a m 

The e x p e r i e n c e ga ined through f lood f o r e c a s t i n g f o r the 
M a c l e a y R i v e r s e e m s to ind ica te that the f o r e c a s t s f o r the s m a l l e r 
f l o o d s a r e m o r e l i a b l e to e r r o r than m o d e r a t e or m a j o r e v e n t s . 
T h i s i s t o be e x p e c t e d a s the m i n o r f l o o d s a r e g e n e r a l l y a s s o c i a t e d 
with heavy r a i n f a l l over p o r t i o n of the c a t c h m e n t and a r e m o r e 
l i a b l e to e r r o r s due to non u n i f o r m r a i n f a l l d i s t r i b u t i o n . M a j o r 
f l o o d s a r e a s s o c i a t e d with m a j o r s t o r m m e c h a n i s m s such a s the 
t r o p i c a l cyc lone or the r a i n d e p r e s s i o n and the r a i n f a l l i s not only 
w i d e l y d i s t r i b u t e d but fo l lows wel l de f ined p a t t e r n s . 

If a d a m e x i s t e d in the M a c l e a y V a l l e y above K e m p s e y , there 
i s l i t t l e l i k e l i h o o d of f l ood d a m a g e a r i s i n g f r o m the m i n o r f l o o d s 
s u c h a s N o s . 30, 33 and 36 of T a b l e 1, and s o p h i s t i c a t e d f o r e c a s t i n g 
with long f o r e c a s t i n t e r v a l s would h a r d l y be r e q u i r e d f o r ga te 
o p e r a t i o n f o r s u c h f l o o d s . In f a c t , m u c h of such s m a l l f l o o d s would 
be t r a p p e d in a c o n s e r v a t i o n d a m , no m a t t e r what o p e r a t i o n 
p r o c e d u r e w a s f o l l o w e d . 
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With this in mind, floods Nos. 32 and 35 have been selected for 
comparing various methods of gate operation in Section 10 below. 

10. TESTING AND COMPARISON OF VARIOUS GATE OPERATION 
PROCEDURES 

10.1 Details of Dam and River Systems 

It is assumed that a dam with storage-elevation characteristics as 
shown in Figure 14 is located at the site of the "Big River" Dam shown in 
Figure 15. It will be noted that there is a major tributary between the dam 
and Smith City. This is a typical situation for many dams in Australian 
river basins. The catchment area is 4 ,000 sq. miles, and the design flood 
is shown in Figure 16 with a peak hydrbgraph discharge under natural 
conditions at the dam site of 500,000 cusecs. The corresponding "inflow 
to full pool" maximum hydrograph in this Figure has a peak flow of 
540,000 cusecs. 

10.2 Fixing the Maximum Permissible Induced Surcharge Curve 

The basic essentials of this curve are : -

(i) It must allow the design flood to be passed safely over 
the spillway. 

(ii) It must be compatible with the geometry of the gates 
as previously demo nstrated in Figure 4, i . e . the 
storage must not spill over the top of the gates. 

(iii) Relatively flat sections of the curve are undesirable, 
as these cause excessively rapid rates of increase of 
outflow during major floods. 

The permissible surcharge level increases with increase in gate 
release, because more of the future inflow will be removed from 
surcharge storage at the higher release rate. If, for a given gate opening, 
the permissible surcharge level is reached, the outflow is increased and 
a higher maximum permissible surcharge level becomes applicable. This 
procedure is continued, keeping the level at or below the maximum 
permissible, until aU gates are fully opened, after which the outflow is 
uncontrolled. 
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The curve is decided upon by routing the design f lood through 
the dam, assuming that the dam is at static full pool level when the 
design f lood o c c u r s , that no early re leases of water are made to 
provide space f or predicted future inflow, and that the gates are 
operated so that the storage-outf low relationship fo l lows the maximum 
permiss ib le induced surcharge curve f r o m the beginning of inflow 
until all gates a,re fully opened. 

This i s , of c ourse , unrealistic but represents the worst 
possible conditions that could exist , and ensures that the curve 
selected will safeguard the dam. 

Four alternative maximum induced surcharge curves are shown 
in Figure 17 together with the storage l e v e l - outflow curve when all 
gates a-re fully opened. Curve A represents the limiting surcharge as 
control led by the geometry of the gates only. This curve is the height 
of the top of the gates f o r the gate opening which gives the c o r r e s p o n d -
ing outflow. If the water level r o se any higher, f low would occur over 
the top of the gates. Curve B is s imilar up to R . L . 4 0 6 , but requires 
all gates open at R . L . 4 0 7 . Curves C and D are of relatively constant 
slope to avoid the flat sections of A and B, 

Figure 18 shows that Curves A and B produce lower rates of 
outflow than C and D in the early part of the f lood but this is offset 
by the higher rates in the later part of the f lood and particularly by 
the higher peak outflows. A and B are also unfavourable f r o m the 
aspect of rate of change of outflow, the very steep r ises being due to 
the flat sections of the maximum induced surcharge curves . 

In comparing the outflows f r o m C and D it is seen that C 
gives better f lood control up to 270 thousand cusecs but f o r major 
f loods exceeding this, and particularly f o r the design f lood , D is 
super ior . A maximum induced surcharge curve lower than D would 
evidently result in an even lower design peak outflow but it would 
a lso cause some outflows to exceed those of the natural hydrograph 
and would therefore generally be undesirable. 

Curve D has therefore been adopted in this example as the 
most suitable maximum induced surcharge curve to be used in the 
several possible methods of gate operation. 
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If method (b) of Section 7 above is used with no outflow until 
static full pool level is reached, this is the limiting case of the 
maximum induced surcharge curve, i .e . the use of no induced 
surcharge at all. In Fig. 17 this "inflow equals outflow" method 
would mean that reservoir level R ,L .400 would be maintained until 
the "all gates open" stage is reached at 187,000 cusecs. 

10.3 Floods Used for Comparison 

The objective of this paper is to test and compare the 
relative merits of various gate operations procedures under "real 
life" conditions with a hypothetical dam in a river similar to the 
Macleay River, N .S .W. Storms numbered 30 to 37 in Appendix B are 
"real life" storms on the Macleay River for which actual flood forecasts 
are available. Storm No. 35 provides the greatest volume of run-off, 
and could be regarded as a typical "major flood". Minor storms, such 
as Numbers 30, 36 and 37 would cause little damage, and might even 
fail to bring the reservoir to static full pool level. Storms 31, 32 and 
34 are typical "medium" floods, with No. 32 giving less than half the 
run =.off of No. 35 

For this paper. Storm No. 32 has been selected to test a 
typical medium flood, causing moderate damage, and No. 35 is 
used as an example of a typical major flood. 

The effect of gate operation on flood mitigation depends upon 
the water level existing in the reservoir at the onset of the flood. 
For a conservation dam, it would be only on rare occasions that 
the reservoir would be at full pool level when the flood commences. 

In this study it was assumed that prior to the major flood 
(No. 35) the level was 10 ft. below static full pool. For the medium 
flood (No. 32) with this level, it was found that so much of the flood 
volume would be retained in the reservoir that the results of 
different procedures could not be demonstrated, so that for this case 
it was assumed that the initial level was only 3 ft. below the top. 

The Bureau of Meteorology supplied the authors with the 
predicted peak discharge at Kempsey and the corresponding time of 
peak as made by the Bureau every three hours during the actual 
storms. The observed discharges at the time of forecast were 
also supplied and it was known from previous hydrograph analyses 
that the steepest hourly recession constant was 0.85 (see Section 
10.5 for further discussion of the recession constant). This 
enabled the authors to synthesize forecast flood hydrographs at 
3 hourly intervals for Kempsey which was assumed to be at the 
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h y p o t h e t i c a l d a m s i t e . T h e s e f o r e c a s t " n a t u r a l h y d r o g r a p h s a t 
d a m s i t e " w e r e m o d i f i e d to give c o r r e s p o n d i n g f o r e c a s t " in f low 
h y d r o g r a p h s to f u l l p o o l " , wh ich had p e a k s a p p r o x i m a t e l y 10% 
h i g h e r and 3 h o u r s e a r l i e r , a l lowing f o r the s t o r a g e and a t t e n u a t i o n 
e f f e c t s of the channe l a s d i s c u s s e d in s e c t i o n Z. 

F i g u r e 19 shows the o b s e r v e d n a t u r a l f lows at the d a m 
s i t e f o r s t o r m No. 3Z, the r e s u l t a n t inf low to f u l l pool h y d r o g r a p h 
of the h y p o t h e t i c a l d a m , and a t 3 h o u r l y i n t e r v a l s the f o r e c a s t 
in f low h y d r o g r a p h s c a l c u l a t e d f r o m the B u r e a u ' s f o r e c a s t s a s 
a b o v e . F i g u r e 20 g ives s i m i l a r da ta f o r s t o r m No. 35 . 

T h e f o r e c a s t inf low h y d r o g r a p h s of f i g u r e s 19 and 20 
a r e e s s e n t i a l l y the s a m e a s t h o s e tha t could have b e e n ob ta ined 
d i r e c t l y f r o m the p r e d i c t e d e x c e s s r a i n f a l l by apply ing an " in f low 
u n i t g r a p h " d e r i v e d f r o m p a s t K e m p s e y h y d r o g r a p h s which had been 
m o d i f i e d t o a l low f o r s t o r a g e and a t t e n u a t i o n . The peak of t h i s 
in f low u n i t g r a p h would be about 72, 000 c u s e c s and i t s l ag 27 h o u r s , 
c o m p a r e d wi th a p e a k of 66, 000 c u s e c s and a lag of 30 h o u r s f o r the 
K e m p s e y u n i t g r a p h , a s g iven in Appendix A. 

1 0 . 4 Gate O p e r a t i o n B a s e d on R e s e r v o i r L e v e l s Only, 
Us ing Induced S u r c h a r g e 

T h i s m e t h o d of ga te o p e r a t i o n i s g o v e r n e d by a s ing le 
s t o r a g e l e v e l - o u t f l o w c u r v e , and the b e s t r e s u l t s a r e ob ta ined by 
u s ing the m a x i m u m induced s u r c h a r g e c u r v e . In dec id ing which 
c u r v e to u s e , the c o n s i d e r a t i o n s d i s c u s s e d in Sec t ion 1 0 . 2 and 
F i g u r e 17 g o v e r n , and c u r v e D of F i g u r e 17 h a s b e e n adop ted in t h i s 
e x a m p l e . F i g u r e 21 shows the r e s u l t s with the t w o s a m p l e f l oods of 
F i g u r e s 19 and 20. 

In F i g u r e 21 i t wi l l be no ted tha t out f lows do not c o m m e n c e 
un t i l the r e s e r v o i r i s at s t a t i c fu l l pool l e v e l and then the h y d r o g r a p h 
a p p e a r s a s a s e r i e s of s m a l l s t e p s r a t h e r than a s m o o t h c u r v e . T h i s 
i s c a u s e d by the g a t e s be ing opened at d i s c r e t e h o u r l y i n t e r v a l s 
r a t h e r t h a n be ing opened g r a d u a l l y and con t inuous ly . The l a t t e r 
cond i t ions a r e p r e f e r a b l e but d i f f i cu l t t o a c h i e v e in p r a c t i c e . 

F o r the s e c o n d ( m a j o r ) f lood the h y d r o g r a p h i s s m o o t h 
a f t e r 50 h o u r s f r o m the s t a r t of e x c e s s r a i n f a l l . At t h i s point the 
r e s e r v o i r l e v e l h a s r e a c h e d the s t a g e when a l l g a t e s m u s t be f u l l y 
open and the s u b s e q u e n t f l ows at h i g h e r l e v e l s a r e v i r t u a l l y u n c o n t r o l l e d , 

T h e c a l c u l a t i o n s to d e t e r m i n e the ou t f lows of F i g u r e 21 a r e 
shown in T a b l e s 3 and 4 and a r e self e x p l a n a t o r y . 
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T A B L E 3 

" M o d e r a t e F l o o d " O p e r a t i o n s b a s e d on R e s e r v o i r L e v e l Only 
Using Induced S u r c h a r g e 

A B C D E F 
T i m e S to rage Change Inf low O u t f l o w Net t In f low 

L e v e l in L e v e l (Volume) ( f r o m C u r v e D 
F i g . 17) 

(D - E ) 

h o u r s f t . f t . t h . c f s . - h r s th . c fs . - h r s . t h . c fS ' . - h r s . 

0 3 9 7 . 0 
.25 50 0 50 

10 3 9 7 . 2 5 
2 . 4 5 490 0 490 

20 399 .70 
.36 73 0 73 

21 4 0 0 . 0 6 
. 31 74 10 64 

22 4 0 0 . 3 7 
. 28 77 20 57 

23 4 0 0 . 6 5 
. 22 84 40 44 

24 4 0 0 . 8 7 
.21 93 50 43 

25 4 0 1 . 0 8 
. 22 105 60 45 

26 4 0 1 . 3 0 
.25 117 65 52 

27 4 0 1 . 5 5 
. 28 127 70 57 

28 4 0 1 . 8 3 
. 28 136 80 56 

29 4 0 2 . 1 1 
. 24 138 90 48 

30 4 0 2 . 3 5 
.21 138 95 43 

31 4 0 2 . 5 4 
.16 137 105 32 

32 4 0 2 . 7 0 
.16 136 105 31 

33 4 0 2 . 8 6 
31 

. 08 132 115 17 
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A B C D E F 
T i m e S to r age Change Inf low Outf low Net t 

L e v e l in L e v e l (Volume) ( f r o m Curve D 
F i g . 17) 

Inflow 
(D - E) 

h o u r s f t . f t . t h . c f s . - h r s . t h . c f s . - h r s . t h . c f s . - h r s . 
34 4 0 2 . 9 4 

.06 128 115 13 
35 4 0 3 . 1 0 

. 03 126 120 6 
36 4 0 3 . 1 3 

.01 122 120 2 
37 4 0 3 . 1 4 

- . 01 118 120 - 2 
38 4 0 3 . 1 3 

- . 0 2 116 120 - 4 
39 4 0 3 . 1 1 

- . 0 3 113 120 "7 
40 4 0 3 . 0 8 

- . 0 5 109 120 -11 
41 4 0 3 . 0 3 

- . 0 5 104 115 -11 
42 4 0 2 . 9 8 

- . 0 6 102 115 -13 
43 4 0 2 . 9 2 

- . 08 98 115 -17 
44 4 0 2 . 8 4 

- . 1 0 95 115 -20 
45 4 0 2 . 7 4 

- . 0 9 92 110 -18 
46 4 0 2 . 6 5 

- . 0 8 88 105 -17 
47 4 0 2 . 5 7 

- . 1 0 85 105 -20 
48 4 0 2 . 4 7 

- . 0 9 82 100 - 1 8 
49 4 0 2 , 3 8 

- . 0 8 79 95 -16 
50 4 0 2 . 3 0 

- . 0 9 77 95 -18 
51 4 0 2 . 2 1 

- . 0 8 74 90 -16 
52 4 0 2 . 1 3 

- . 0 9 71 90 -19 
53 4 0 2 . 0 4 

- . 0 8 69 85 -16 
54 4 0 1 . 9 6 
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T A B L E 4 

' M a j o r F l o o d " O p e r a t i o n s B a s e d on R e s e r v o i r L e v e l Only 
Using Induced S u r c h a r g e 

A B C D E F 
T i m e S to rage Change Inflow Outflow Net t 

Leve l in L e v e l (Volume) (Volume) Inf low 
F r o m F i g . 17 

h o u r s f t . f t . t h . c f s . - h r s t h . c fs . - h r s . t h . c f s . - h r s . 

0 R . L . 3 9 0 . 0 C ) 
. 29 60 0 60 

10 390 .29 
1^96 400 0 400 

20 392 .25 
4 . 6 5 950 0 950 

30 396 .90 
2 . 5 0 505 0 505 

34 399 .40 
0 . 6 7 137 0 137 

35 4 0 0 . 0 7 
0 . 6 0 142 20 122 

36 4 0 0 . 6 7 
0 . 5 4 150 40 110 

37 4 0 1 . 2 1 
0 . 4 7 155 60 95 

38 4 0 1 . 6 8 
0 . 7 8 340 180 160 

40 4 0 2 . 4 6 
0 . 8 3 390 220 170 

42 4 0 3 . 2 9 
0 . 8 8 460 280 180 

44 4 0 4 . 1 7 
0 . 9 8 540 ^ 340 200 

46 4 0 5 . 1 5 
1 . 0 8 620 400 220 

48 4 0 6 . 2 3 
1 . 2 2 710 460 250 

4 0 7 . 4 5 
1 . 1 7 750 510 240 

* G a t e s f u l l y open 



T A B L E 4 ( C o n t d . ) 
3 5 . 

A B C D E F 
T i m e S t o r a g e Change Inf low Outf low Net t 

L e v e l in L e v e l Vo lume Volume 
F r o m F i g . 17 

Inf low 
h o u r s f t . f t . t h . c f s - h r s . t h . c f s - h r s . t h . c f s - h r s . 
52 4 0 8 . 6 2 

1 . 12 740 510 230 
54 4 0 9 . 7 4 

0 . 6 9 700 560 140 
56 4 1 0 . 4 3 

0. 29 660 600 60 
58 410 . 72 

0 . 0 7 615 606 11 
60 4 1 0 . 7 9 

-0 .10 580 600 -20 
62 4 1 0 . 6 9 

- 0 . 2 0 540 580 - 4 0 
64 4 1 0 . 4 9 

- 0 . 39 500 580 -80 
66 410 . 10 

- 0 . 29 480 540 -60 
68 4 0 9 . 8 1 

- 0 . 39 450 530 -80 
70 4 0 9 . 4 2 

- 0 . 4 9 430 530 -100 
72 4 0 8 . 9 3 
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10 ,5 Gate Operations Based on R e s e r v o i r L e v e l s and 
Average Inflow Rate f o r the P r e c e d i n g T i m e Interval 

The pr inc ip les of the method used have a l ready been d i s c u s s e d 
in Section 8 .1 above f o r the preparat ion of an e m e r g e n c y r e l e a s e 
chart f o r use when communicat ions fa i l . 

The Hathaway - Corps of Eng ineers method a s s u m e s that 
point B of F igure 10 is the c o m m e n c e m e n t of the r e c e s s i o n l i m b of 
the hydrograph, and r e c o m m e n d s the use of the s teepest r e c e s s i o n 
curve , and in the computations f o r this paper this method has been 
f o l l owed , and an hourly r e c e s s i o n constant of 0 . 8 5 has. been adopted 
f o r the c r i t i ca l inf low hydrograph. This means that f o r the c r i t i ca l 
inf low hydrograph of Big R iver Dam: 

= q^ 

where q^ = d ischarge on r e c e s s i o n l i m b of hydrograph at 
t h o u r s . 

^t+1 = d ischarge on r e c e s s i o n l i m b of hydrograph at 
t + 1 hours . , 

This is obtained by examining the r e c o r d e d hydrographs and 
select ing the steepest r e c e s s i o n l i m b o b s e r v e d during m a j o r f l o o d s . 
If hydrographs at the dam site are the only ones ava i lab le it i s 
n e c e s s a r y to est imate the corresponding inf low hydrographs f r o m 
these by making suitable a l lowances f o r translat ion and storage in 
the natural va l ley . Some of the routing methods d e s c r i b e d in the 
standard textbooks are useful f o r this purpose ( e . g . the Muskingum 
method) . 

The r e c e s s i o n constant and m a x i m u m induced s u r c h a r g e 
curve enable the preparat ion of s torage l e v e l - i n f l o w - o u t f l o w 
relat ionships d e s c r i b e d by U . S . Corps of Eng ineers 1959 (2 ) . The 
chart f o r use by the dam operator computed by this method f o r 
Big R i v e r Dam is shown in F igure 22. In this f i g u r e , r i s e in 
l eve l is plotted against current s torage , with outflow as a 
p a r a m e t e r , whereas Hathaway plotted outflow against s torage to 
prov ide the same in format ion . 
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In s o m e c a s e s i t m a y not be p o s s i b l e t o e x p r e s s the in f low 
r e c e s s i o n l i m b in t e r m s of a s ing le r e c e s s i o n c o n s t a n t and t he da t a 
f o r the p r e p a r a t i o n of s c h e d u l e s s u c h a s F i g u r e 22 a r e then ob ta ined 
by d i r e c t m e a s u r e m e n t f r o m p lo t s s i m i l a r to F i g u r e 10. 

T h e n o n - d a m a g i n g p h a s e of F i g u r e 22 i s d e s i g n e d to 
r e l e a s e a s m u c h w a t e r a s p o s s i b l e a t n o n - d a m a g i n g r a t e s a s soon a s 
the in f low i n d i c a t e s t ha t a f u l l d a m i s a s s u r e d . The s c h e d u l e a l s o 
p r o v i d e s f o r t h e s e r e l e a s e s t o be c u r t a i l e d when the g u a r a n t e e d 
in f low v o l u m e i s no l o n g e r in e x c e s s of the v o l u m e r e q u i r e d to f i l l 
t he d a m . T h i s r e q u i r e s c o n s i d e r a t i o n of the m a x i m u m p e r m i s s i b l e 
r a t e of change of ou t f low, which h a s b e e n a s s u m e d t o be 40 , 000 
c u s e c s p e r h o u r in the c a s e of the h y p o t h e t i c a l Big R i v e r D a m . 

T o c a r r y out the o p e r a t i o n of the g a t e s by t h i s m e t h o d 
c o n s i d e r a t i o n m u s t be g iven to the m a x i m u m n o n - d a m a g i n g ou t f low. 
Obv ious ly t h i s wi l l v a r y f r o m s t o r m to s t o r m , a.nd d u r i n g any g iven 
s t o r m , depend ing on h y d r o l o g i e cond i t ions e x i s t i n g d o w n s t r e a m . 
T h i s m e t h o d of ga te o p e r a t i o n i s only j u s t i f i e d if a l l c o m m u n i c a t i o n s 
a r e d i s r u p t e d , and i t i s a s s u m e d tha t no d o w n s t r e a m o r u p s t r e a m 
h y d r o l o g i e da t a can be m a d e a v a i l a b l e t o the d a m o p e r a t o r . 
T h e r e f o r e i t i s a s s u m e d in t h i s p a p e r t ha t a s tudy h a s b e e n m a d e 
of p a s t f l o o d s , wh ich r e v e a l s tha t v e r y r a r e l y would r e l e a s e d f lows 
not e x c e e d i n g 4 0 , 0 0 0 c u s e c s c a u s e any d a m a g e d o w n s t r e a m of the 
d a m , s o tha t a f i x e d l i m i t of 40 , 000 c u s e c s f o r n o n - d a m a g i n g r e l e a s e s 
h a s b e e n a s s u m e d in the c o m p u t a t i o n s and in compi l ing F i g u r e 22. 

T h e r e c e s s i o n p h a s e of F i g u r e 22 i s in a c c o r d a n c e wi th 
the p r i n c i p l e s ou t l ined p r e v i o u s l y a l though t h e r e a r e l i m i t s t o the 
p o s s i b l e ou t f lows a t s o m e l e v e l s i m p o s e d by the out le t c a p a c i t y wi th 
a l l g a t e s open . T h e s e a r e i n d i c a t e d by ' t he c u r v e in the u p p e r l e f t -
hand c o r n e r of the F i g u r e which i s d e s i g n e d to enab le the outf low to 
be r e d u c e d at l e s s t h a n 4 0 , 0 0 0 c u s e c s p e r h o u r b e f o r e the s t o r a g e 
f a l l s be low f u l l supp ly l e v e l . 
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T h e ou t f l ow h y d r © g r a p h s p r o d u c e d by t h i s m e t h o d of g a t e 
o p e r a t i o n s d u r i n g t h e t y p i c a l f l o o d s a r e g i v e n in F i g u r e 23 a n d t h e 
c o r r e s p o n d i n g c a l c u l a t i o n s a r e s e t out i n T a b l e s 5 a n d 6 . 

T h e a u t h o r s f e e l t h a t t he C o r p s of E n g i n e e r s ' p r o c e d u r e 
could be m u c h i m p r o v e d . F o r e x a m p l e , t he u s e of t h e s t e e p e s t 
r e c e s s i o n c u r v e i s t o o c o n s e r v a t i v e in t h e non d a m a g i n g p h a s e a n d 
i s qu i t e w r o n g in the d a m a g i n g p h a s e , b e c a u s e t h e n t h e r e i s n o 
doubt t h a t the d a m wi l l be f i l l e d . T h e r e c e s s i o n c o n s t a n t of 0 . 8 5 
i s t o o s t e e p f o r m o s t f l o o d s , a s c a n be s e e n by c o m p a r i n g the 
f o r e c a s t r e c e s s i o n s of F i g u r e s 19 a n d 20 wi th t h e a c t u a l r e c e s s i o n s 
f o r t he s a m e f l o o d s . The e m e r g e n c y r e l e a s e c h a r t m e t h o d i n t h i s 
s t u d y wou ld h a v e p r o v i d e d g r e a t e r f l o o d m i t i g a t i o n if t h e a v e r a g e 
r e c e s s i o n c o n s t a n t (0 . 90) h a d b e e n u s e d i n s t e a d of 0 . 85 f o r t h e s e t 
of c u r v e s in F i g u r e 22 f o r t h e d a m a g i n g p h a s e . S u c h a p r o c e d u r e 
i n v o l v e s n o i n c r e a s e d r i s k a t a l l if the p r o c e d u r e f o r the n o n d a m a g i n g 
p h a s e r e m a i n s u n c h a n g e d , b e c a u s e w h e n the c o n d i t i o n s r e q u i r e 
d a m a g i n g r e l e a s e s t h e r e i s n o l o n g e r a n y doub t a b o u t e n d i n g up w i t h 
a f u l l d a m . If t h i s m o d i f i c a t i o n w e r e m a d e t o the p r o c e d u r e t h e p e a k 
ou t f low of the m a j o r f l o o d of F i g u r e 23 wou ld h a v e b e e n r e d u c e d by 
a f u r t h e r 5%. 
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TABLE 5 

"Moderate Flood" Gate Operations Based on Reservoir Level and Inflows 

A B C D E F 
Time Storage Change in Inflow Outflow Nett 

Level Level Volume Volume 
From Fig. 22 

Inflow 
(D - E ) 

hours ft. ft. th. cfs -h r s . th . c f s -hrs . ;h. c f s -hrs . 
0 RL 397.00 

.25 50 0 50 
10 397.25 

.37 75 0 75 
13 397.62 

.17 39 0 39 
14 397.79 

.23 46 0 46 
15 398.02 

.16 52 20 32 
16 398.18 

.18 57 20 37 
17 398.36 

.21 63 20 43 
18 398.57 

.13 67 40 27 
19 398.70 

. 25 70 20 50 
20 398.95 

.16 72 40 32 
21 399.11 

.17 74 40 34 
22 399.28 

. 19 78 40 38 
23 399.47 

. 22 84 40 44 
24 399.69 

.25 92 40 52 
25 399.94 

.30 102 40 62 



TABLE 5 (Contd . ) 
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A B C D E F 
T ime S to rage Change in Inflow Outflow Nett 

Leve l L e v e l V olume Volume 
F r o m F i g . 22 

Inf low 
(D-E) 

hours f t . f t . th . c f s - h r s . th . c f s - h r s . th . c f s - h r s . 

26 4 0 0 . 2 4 
. 32 124 60 64 

27 4 0 0 . 5 6 
. 2 4 128 80 48 

28 4 0 0 . 8 0 
. 27 135 80 55 

29 4 0 1 . 0 7 
. 28 138 80 58 

30 4 0 1 . 3 5 
. 28 138 80 58 

31 4 0 1 . 6 3 
. 1 8 137 100 37 

32 4 0 1 . 8 1 
. 17 134 100 34 

33 4 0 1 . 9 8 
. 1 5 132 100 32 

34 4 0 2 . 1 3 
. 1 3 127 100 27 

35 4 0 2 . 2 6 
. 12 124 100 24 

36 4 0 2 . 3 8 
. 10 120 100 20 

37 4 0 2 . 4 8 
. 0 9 118 100 18 

38 4 0 2 . 5 7 
. 05 115 105 10 

39 4 0 2 . 6 2 
. 03 112 105 7 

40 4 0 2 . 6 5 
. 01 108 105 3 

41 4 0 2 . 6 6 
0 105 105 0 

42 4 0 2 . 6 6 
- . 01 102 105 - 3 
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T A B L E 5 ( C o n t d . ) 

T i m e S t o r a g e Change in Inf low Outf low Net t 
L e v e l L e v e l Volume Volume Inf low 

F r o m F i g . 22 ( D - E ) 
h o u r s f t . f t . t h . c f s - h r s . t h . c f s - h r s . t h . c f s - h r s . 

43 4 0 2 . 6 5 
- . 0 3 98 105 - 7 

44 4 0 2 . 6 2 
- . 0 5 94 105 -11 

45 4 0 1 . 5 7 
- . 0 6 92 105 - 1 3 

46 4 0 1 . 5 1 
- . 0 8 88 105 -17 

47 4 0 1 . 4 3 
- . 1 0 85 105 -20 

48 4 0 1 . 3 3 
- . 1 1 82 105 - 2 3 

49 4 0 1 . 2 2 
12 80 105 -25 
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T A B L E 6 

' M a j o r F l o o d " G a t e O p e r a t i o n B a s e d on 
R e s e r v o i r L e v e l a n d In f low 

A B C D E F 
T i m e S t o r a g e C h a n g e in In f low Ou t f l ow N e t t 

L e v e l L e v e l V o l u m e V o l u m e 
F r o m F i g . 22 

I n f l o w 
( D - E ) 

h o u r s f t . f t . t h . cf s - h r s . t h . c f s - h r s - . t h . c f s - h r s . 

0 3 9 0 . 0 0 
2. 25 460 0 460 

20 3 9 2 . 2 5 
1 . 9 8 410 0 410 

25 3 9 4 . 2 3 
. 4 7 97 0 97 

26 3 9 4 . 7 0 
. 4 0 103 20 83 

27 3 9 5 . 1 0 
. 4 3 107 20 87 

28 3 9 5 . 5 3 
. 4 5 112 20 92 

29 3 9 5 . 9 8 
. 28 117 40 57 

30 3 9 6 . 2 6 
. 4 9 120 20 100 

31 3 9 6 . 7 5 
. 4 0 122 40 82 

32 3 9 7 . 1 5 
. 4 3 127 40 87 

33 3 9 7 . 5 8 
. 4 5 132 40 92 

34 3 9 8 . 0 3 
. 4 8 137 40 97 

35 3 9 8 . 5 1 
. 50 142 40 102 

36 3 9 9 . 0 1 
. 4 4 150 60 90 

37 3 9 9 . 4 5 
. 4 6 155 60 95 

38 3 9 9 . 9 1 
. 4 1 164 80 84 
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A B G D E F 
T i m e S t o r a g e Change Inf lpw Outflow Net t 

L e v e l in L e v e l Volume Volume Inf low 
• • F r o m F i g . 22 (D-E) 

h o u r s f t . f t . t h . c fs . - h r s . t h . c fs . - h r s . t h . c f s . - h r s . 

39 4 0 0 . 3 2 
.47 177 80 97 

40 4 0 0 . 7 9 
. 4 4 189 100 89 

41 4 0 1 . 2 3 
. 50 203 100 103 

42 4 0 1 . 7 3 
. 4 8 218 120 98 

43 4 0 2 . 2 1 
.47 236 140 96 

44 4 0 2 . 6 8 
. 5 4 261 150 111 

45 4 0 3 . 2 2 
. 5 4 281 170 111 

46 4 0 3 . 7 6 
. 5 5 303 190 113 

47 4 0 4 . 3 1 
.56 325 210 115 

*48 4 0 4 . 8 7 
.57 342 225 117 

49 4 0 5 . 4 4 
. 6 4 360 230 130 

50 4 0 6 . 0 8 
. 65 372 238 134 

51 4 0 6 . 7 3 
. 6 5 378 245 133 

52 4 0 7 . 3 8 
,61 375 250 125 

53 4 0 7 . 9 9 
.55 367 255 112 

54 4 0 8 . 5 4 
.47 357 260 97 

55 4 0 9 . 0 1 
. 3 8 347 270 77 

G a t e s ful l .y open, outf lo iw u n c o n t r o l l e d 



TABLE 6 (Contd . ) 
44 

A B C D E F 
T i m e S to rage Change Inflow Outflow Ne t t 

Leve l in Leve l Volume Volume 
F r o m F i g . 22 

Inf low 
(D-E) 

h o u r s f t . f t . t h . c f s . - h r s . t h . c f s . - h r s . t h . c f s . - h r s . 

56 4 0 9 . 3 9 
.29 335 275 60 

57 4 0 9 . 6 8 
. 22 322 277 45 

58 4 0 9 . 9 0 
.16 312 280 32 

59 410 .06 
.09 301 282 19 

60 4 1 0 . 1 5 
.04 291 282 9 

61 410. 19 
0 281 282 -1 

62 4 1 0 . 1 9 
- . 0 4 272 282 -10 

63 410. 15 
- . 0 9 263 282 - 1 9 

64 4 1 0 . 0 6 
- . 1 2 256 280 ^24 

65 4 0 9 . 9 4 
- . 1 5 247 277 - 3 0 

66 4 0 9 . 7 9 
- . 1 6 240 273 - 3 3 

67 4 0 9 . 6 3 
- . 1 8 235 272 -37 

68 4 0 9 . 4 5 
- . 2 2 228 272 - 4 4 

69 4 0 9 . 2 3 
- . 2 3 222 270 - 4 8 

70 4 0 9 . 0 0 
- . 2 5 217 267 - 5 0 

71 4 0 8 . 7 5 
- . 2 6 210 263 - 5 3 

72 4 0 8 . 4 9 
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1 0 , 6 G a t e O p e r a t i o n B a s e d on F l o o d F o r e c a s t i n g 

I t h a s a l r e a d y b e e n a r g u e d t h a t t he g a t e o p e r a t i o n c a n n o t be 
c a r r i e d ou t e f f i c i e n t l y if the d a m i s v i e w e d a s a n i s o l a t e d e n t i t y 
w i t h i n t h e r i v e r v a l l e y . A s one m o v e s t o t he m o r e s o p h i s t i c a t e d 
p r o c e d u r e s t h e d a m b e c o m e s a n i n t e g r a l p a r t of the v a l l e y 
d e v e l o p m e n t and the d a m o p e r a t i o n m u s t d e p e n d no t only on 
f o r e c a s t s of e x p e c t e d i n f l o w t o the s t o r a g e , a s s h o w n in F i g u r e s 
19 a n d ZO, bu t a l s o on f o r e c a s t s of t h e f l o o d h y d r o g r a p h b e l o w t h e 
d a m a t k e y p o i n t s of i n t e r e s t . Ou t f low f r o m t h e d a m s h o u l d t h e n 
be r e g u l a t e d a s f a r a s p o s s i b l e t o f i t in w i t h t h e p r e d i c t e d d o w n s t r e a m 
c o n d i t i o n s . 

In the t y p i c a l e x a m . p l e s of t h i s p a p e r , f o r e c a s t s of d o w n s t r e a m 
f l o o d c o n d i t i o n s a r e a l l o w e d f o r by F i g u r e 24 w h i c h e n a b l e s t he 
e s t i m a t i o n of the m a x i m u m n o n - d a m a g i n g ou t f low d i s c u s s e d in 
s e c t i o n 6 . As a l s o m e n t i o n e d in s e c t i o n 6, t h e r e a r e s e v e r a l o t h e r 
f a c t o r s o r c o n s t r a i n t s t h a t m a y c o n t r o l ga te o p e r a t i o n s b a s e d on 
f l o o d f o r e c a s t s and the e s t i m a t i o n of t h e s e o t h e r f a c t o r s o r 
c o n s t r a i n t s i s f a c i l i t a t e d by F i g u r e s 25, 26 a n d 27 . The c o m p l e t e 
c a l c u l a t i o n s f o r d e t e r m i n i n g the ga te o p e r a t i o n s d u r i n g the s e l e c t e d 
s t o r m s a r e s h o w n in T a b l e s 7 and 8 and t h e c o r r e s p o n d i n g ou t f l ow 
h y d r o g r a p h s a r e p l o t t e d in F i g u r e 29-

T h e o b j e c t i v e of t h e c a l c u l a t i o n s in T a b l e s 7 and 8 i s t o 
d e t e r m i n e the v a l u e s of ou t f low t h a t s a t i s f y the c o n s t r a i n t s of 
c o l u m n s (10) t o (14) whi le c o r r e s p o n d i n g a s c l o s e l y a s p o s s i b l e t o 
t h e m a x i m u m n o n - d a m a g i n g o u t f l o w s of c o l u m n (9) ( in the n o n - d a m a g i n g 
p h a s e ) o r t h e o p t i m u m f l o o d c o n t r o l o u t f l o w s of c o l u m n (8) ( in t h e 
d a m a g i n g p h a s e ) . It i s a d v a n t a g e o u s t o c o n s i d e r s e p a r a t e l y e a c h i t e m 
of c o l u m n s (5) t o (14) , 

P r e d i c t e d T o t a l I n f l o w Vo lume , c o l u m n (5) ( P T I ) , i s o b t a i n e d 
d i r e c t l y f r o m t h e f o r e c a s t e i t h e r by c o n v e r t i n g t h e t o t a l e x c e s s 
r a i n f a l l t o t h o u s a n d s of c u s e c h o u r s and s u b t r a c t i n g the p r e v i o u s 
i n f l o w , o r by m e a s u r i n g the a r e a u n d e r the p l o t t e d f o r e c a s t i n f l o w 
h y d r o g r a p h . 

P r e d i c t e d N e t In f low V o l u m e , c o l u m n (6) , ( P N I ) , m a y be 
o b t a i n e d by m e a s u r i n g the a r e a b e t w e e n the p l o t t e d f o r e c a s t i n f l o w 
h y d r o g r a p h a n d a l i n e r e p r e s e n t i n g the c u r r e n t o u t f l o w a s shown by 
t h e s h a d e d a r e a in F i g u r e 9. 
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Volume to Maximum Induced Surcharge L e v e l , co lumn (7) , 
(VML) may be read f r o m Figure 25 which was prepared f r o m the Big 
R iver Dam storage-e levat ion curve ( F i g . 14) and Max imum Induced 
Surcharge Curve (F ig . 17). 

Optimum F l o o d Control Outflow, co lumn (8) , (QO), i s 
calculated f r o m PNI ( co lumn 6) and VML (co lumn 7) as explained in 
sect ion 6. 3 and Figure 9. It may be shown by g e o m e t r i c a l means ( s ee 
F ig . 32) that equation ( l ) g ives a sat i s factory approximat ion of the 
optimum f lood control outflow in the case of the Big R iver Dam, i . e . 

QO = Q + PNI - VML (1) 
T + 6 . 7 

where QO = required optimum f lood control outflow in c u s e c s . 

Q = current outflow in cusecs 

T = approximate t ime in hours during which the 
predicted inf low rate will exceed Q . This may be 
measured f r o m the plotted f o r e c a s t hydrograph . 

PNI and VML are as defined above . 

Maximum Non-Damaging Outflow , co lumn (9) , (QM) , is 
read f r o m Figure 24 which is a typical relationship der ived f r o m 
analyses of f l ood data on the Hawkesbury-Nepean r iver s y s t e m . In 
the hypothetical example of Table 7 it is assumed that the gate 
operator is rece iv ing hourly rainfall reports f r o m Smith City and 
runoff data f r o m Jones Cross ing in o rder to read o f f the m a x i m u m 
non-damaging outflow f r o m f igure 24. These rainfall and runoff 
reports are not shown in Table 7 but the values se lec ted by the 
authors are based on observed conditions in the Hawkesbury-Nepean 
R ivers and are quite rea l i s t i c . 

This constraint only applies during the non-damaging phase 
when QM exceeds both the natural f low at the dam site (QN) and the 
optimum f lood control outflow (QO). 

Maximum or Minimum Outflow by Rate of Change, co lumn (10) , 
(QU) or (QL) . These maximum or minimum values are obtained f r o m 
the current outflow by respect ive ly adding o r subtracting 4 0 , 0 0 0 c u s e c s 
which is the adopted max imum allowable rate of change of outf low, as 
d i s cussed in sect ion 1 and 6. 2. 
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GATE OPERATIONS BASED ON FLOOD FORECASTING 
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CONSTRAINTS ON COMPUTED OUTFLOWS 

« Estimated from prcvlout forecast and atorogc behoviour 
assuming previous forecast cor rec t . 

+ Equation (l) is 0 0 = 0 + PNI -VML (sec Section IO-6 and Figure 
T+6-7 

32) 

• •F i rs t value of inflow is given by 0 - t - ( f 3 ) bccause the time increment is 6 hours. All other values of inflow ore given by 0 - f ( g ) 
6 
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t Equation (l) is O O ^ Q * P N I - V M L (see Section IO 6 and Figure 3 2 ) 

T > 6 7 

' • F i r s t vohie of inflow Is g i ven by because the time increment is l 4hour s . AH other values of Inflow o r e given by ( ^ ( ¡ 5 ) 
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M a x i m u m Outf low f o r Ful l D a m , c o l u m n ( l l ) , (QF) may-
be read f r o m F i g u r e 26 which takes the fo l lowing f a c t o r s into 
a c c o u n t : 

(1) The v o l u m e of water r e q u i r e d to ra i se the r e s e r v o i r 
to ful l supply l e v e l at any par t i cu lar s torage l e v e l 
( ca l cu la ted f r o m F i g u r e 14). 

(2) The vo lumes of water r e l e a s e d f o r var i ous va lues 
of outf low during the adopted hour ly t ime i n c r e m e n t s . 

(3) The m a x i m u m al lowable rate of d e c r e a s e in out f low 
( 4 0 , 0 0 0 c u s e c s p e r hour) s o that any n e c e s s a r y 
reduct i ons to ensure a full dam are not t o o rapid . 

In g e n e r a l this constra int only appl ies in the non -damaging 
phase b e c a u s e a ful l d a m is usual ly guaranteed when damaging 
r e l e a s e s a r e c o m m e n c e d . 

Natural F l o w at D a m Site > co lumn (12) , (QN), m a y be 
obtained by routing the ca lcu lated in f low values ( c o l u m n (4) ) 
through the r e s e r v o i r by a standard routing p r o c e d u r e such as the 
Pu is method . 

M a x i m u m R e c e s s i o n Outf low, c o lumn (13) , (QR) i s g iven 
by F i g u r e 27 which shows essent ia l ly the s a m e curve as the upper 
l e f t hand s e c t i o n of F i g u r e 22, as explained in se c t i on 1 0 . 5 . This 
constra int only appl ies during the r e c e s s i o n phase when the 
ob j e c t i ve i s to br ing the r e s e r v o i r l e v e l back to ful l supply l e v e l as 
soon as p o s s i b l e unless the latest f l o o d f o r e c a s t s are such that a 
new h igher damaging phase is ind icated . 

M i n i m u m Outflow f o r D a m Safety , c o lumn (14) , (QS) , i s 
a l s o obtained f r o m F i g u r e 27 which shows the m a x i m u m induced 
s u r c h a r g e curve D of F i g u r e 17. 

Under s o m e s p e c i a l c i r c u m s t a n c e s it may be i m p o s s i b l e 
to sa t i s fy al l of the above constra ints because the ir va lues could 
b e c o m e con f l i c t ing ; f o r example if the m a x i m u m outf low f o r d a m 
sa fe ty w e r e to e x c e e d the m a x i m u m outf low by rate of change . It 
i s t h e r e f o r e n e c e s s a r y to a l l o cate p r i o r i t i e s t o the constra ints s o 
that the c o n s e q u e n c e s of the ir v io lat ion m a y be m i n i m i z e d . The 
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o r d e r of pr i o r i t i e s depends to some extent on the phase of the f l o o d as 
shown in Table 9 which was adopted f o r the examples in this paper . 
Table 9 guarantees the safety of the dam at all t imes and it a l s o 
guarantees a full dam whenever r e l eases are made during a f l o o d . 

T A B L E 9. 

Non-Damaging 
Phase 

Damaging 
Phase 

R e c e s s i o n 
Phase 

1 St Pr i o r i ty Safety of Dam 
(Qs) 

Safety of Dam 
(QS) 

Safety of D a m 
(QS) 

2nd P r i o r i t y 

Full Dam (QF) Natural F low not 
exceeded (QN) 

M a x i m u m 
R e c e s s i o n 
Outflow not 
e x c e e d e d (QR) 

3rd Pr i o r i ty 
Maximum Rate of 
Change not 
exceeded (QU) 

Maximum Rate of 
Change not 
exceeded (QU) 

M a x i m u m Rate 
of Change not 
e x c e e d e d (QL) 

The sequence of computations in co lumns (5) to ( l 6 ) of Tab les 
7 and 8 is shown diagrammatica l ly by Figure 28 which makes due 
al lowance f o r the se lec ted o rder of p r i o r i t i e s . In this p r o c e d u r e an 
initial computation of the required outflow is made (equal to e i ther Q O 
or Q M in co lumns (8) and (9) ) and its value is then c o m p a r e d with the 
value of each constraint ( co lumns (10) to (14) ) , c ommenc ing with the 
lowest pr ior i ty and ending with the highest p r i o r i ty . When it fa i l s to 
sat is fy a constraint the computed value of outflow (QC) is changed so 
that it does sat is fy the constraint and the f inal value (in co lumn (15) i s 
adopted f o r the gate operat ions . Column (16) shows the i t e m that 
determines the final value of outflow at « a c h t ime i n c r e m e n t during the 
f l o od . 

Columns (2) to (4) are concerned with the re lat ive ly s imple 
calculations of storage behaviour and should not require detai led 
explanation. 

10 .7 Compar i son of Results 

The outflow hydrograph produced by the three methods of 
gate operation are c o m p a r e d in F igures 30 and 31. The s u p e r i o r i t y of 
the method based on f l ood f o r e c a s t s i s demonstrated f r o m a f l o o d 
mitigation viewpoint, as wel l as the dam operation viewpoint when the 
condition of dam safety and a full dam are dominant. This super i o r i ty 
depends on the ' p r e - r e l e a s e ' of apprec iable vo lumes of water at 
non-damaging rates after the f o r e c a s t s have indicated a ful l dam is 
assured f r o m future in f l ows . 
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The method of gate operation based on reservo i r levels 
and average inflow rate for the preceding time interval may be 
regarded as a useful emergency procedure when forecasts are not 
available. To apply this method a simple schedule as shown in 
Figure 22 is all that is required together with regular readings of 
the storage leve l . 

Methods of gate operation based entirely on the current 
storage level would be difficult to justify under most conditions, 
particularly when a major dam is concerned and the f lood damage 
downstream f r o m the dam is of some consequence. 

10 .8 Discussion 

This paper has set out to compare various methods of 
gated dam operation, on the assumption that conditions (a) to (e) of 
Section 1 must be met. This implies that Hathaway's "Plan A " 
re ferred to in Section 4 must not be used, because it contravenes 
condition (c) of Section 1. 

Plan A is still widely used in the design of dams in New 
South Wales in spite of the fact that the U.S. Corps of Engineers ' 
standard procedures have discarded this method. 

One possible reason for this non-acceptance of Hathaway's 
Plan B, involving induced surcharge, is that Plan A gives a lower 
peak outflow for the design f lood than does Plan B, so that it leads 
to the design of a lower and cheaper dam. This is cold comfort to 
the community downstream of the dam. It might well reply that 
cheapening the annual capital costs of the dam and thus raising 
the average annual f lood damage is unsound economics , f r o m the 
point of view of the nation as a whole. The "design f lood" is often 
the estimated "maximum possible f l ood" , which some cynics may 
say is impossible anyway, and therefore the governing factor f r o m 
the economic viewpoint should be the ef fect of the dams on the more 
common medium f loods . 
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T h e a u t h o r s would c o n c e d e t h a t i n t h e d e s i g n of d a m s the 
e f f e c t s of P l a n A a s w e l l a s P l a n B s h o u l d be s t u d i e d , p r o v i d e d t h a t 
i n bo th c a s e s g a t e o p e r a t i o n b a s e d on q u a n t i t a t i v e f l o o d f o r e c a s t i n g 
i s t a k e n f o r g r a n t e d , and t h e a s s e s s m e n t of a v e r a g e a n n u a l f l o o d 
d a m a g e i s a l s o t a k e n f o r g r a n t e d a s be ing a n i n t e g r a l p a r t of t he 
d e s i g n of the d a m . 

The m a i n po in t i s t h a t if g a t e d s p i l l w a y s a r e p a r t of t h e 
d e s i g n , a f l o o d f o r e c a s t i n g s y s t e m m u s t be p r o v i d e d by t h e 
c o n s t r u c t i n g a u t h o r i t y t o c o n t r o l the o p e r a t i o n of t he g a t e s . T h i s 
a p p l i e s w h e t h e r P l a n A o r P l a n B i s d e c i d e d u p o n . 

If t h i s i s not done , the a u t h o r i t y s h o u l d d e s i g n a d a m w i t h 
a n u n g a t e d s p i l l w a y . 

1 0 . 9 C o n c l u s i o n s 

In the p a s t i t h a s b e e n t h e p r a c t i c e i n A u s t r a l i a t o l e a v e 
t o the c o n s t r u c t i n g o r g a n i s a t i o n t h e d e c i s i o n a s t o the m e t h o d of 
ga te o p e r a t i o n t o be u s e d a n d s u c h o r g a n i s a t i o n s t e n d t o a d o p t the 
s i m p l e s t p o s s i b l e m e t h o d w h i c h e n s u r e s t h e s a f e t y of the s t r u c t u r e . 
H o w e v e r , the d e c i s i o n m a d e a f f e c t s a w i d e r s p h e r e of the c o m m u n i t y 
t h a n t h a t r e p r e s e n t e d by the c o n s t r u c t i o n a u t h o r i t y . In f a c t t he 
S ta t e G o v e r n m e n t h a s t h e u l t i m a t e r e s p o n s i b i l i t y i n t h e m a t t e r . 
With the r e c e n t g r o w t h of s p e c i a l i s e d f o r e c a s t i n g , i m p r o v e m e n t i n 
the d e p e n d a b i l i t y of c o m m u n i c a t i o n s y s t e m s , a n d t h e a d v e n t of 
a u t o m a t i o n and c o m p u t e r s , the t i m e i s now p a s t when a v o i d a b l e 
f l ood d a m a g e can be d i s m i s s e d a s a n " a c t of G o d " , w h e n a p p r o p r i a t e 
" a c t s of m a n " h a v e b e e n n e g l e c t e d . The l a c k of r e l i a b l e f o r e c a s t s 
in s o m e v a l l e y s of A u s t r a l i a i s no t a v a l i d r e a s o n f o r u s i n g 
p r i m i t i v e m e t h o d s of g a t e o p e r a t i o n . If a n a u t h o r i t y p l a c e s g a t e s 
on a s p i l l w a y t o r e d u c e c a p i t a l e x p e n d i t u r e , i t s h o u l d d e v o t e s o m e 
p a r t of the s a v i n g to i m p r o v i n g the f o r e c a s t i n g s y s t e m , p a r t i c u l a r l y 
in the d i r e c t i o n of e x t e n d i n g the l e n g t h of t i m e i n w h i c h e f f e c t i v e 
a c t i o n can be t a k e n t o r e l e a s e the m a x i m u m a m o u n t of w a t e r b e f o r e 
the m a i n f l o o d a r r i v e s . In s o m e s i t u a t i o n s t h e u n c o n t r o l l e d 
t r i b u t a r i e s b e l o w the d a m m u s t b e c o m e p a r t of t h e f o r e c a s t i n g a n d 
o p e r a t i o n a l p r o c e d u r e , and t h e c o n s e q u e n c e of e a r l y r e l e a s e s on 
f l a s h y l o c a l r u n - o f f m u s t be s t u d i e d . 
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I d e a l l y the b e n e f i t s a n d c o s t s of d o w n s t r e a m c h a n n e l 
i m p r o v e m e n t s a n d l e v e e c o n s t r u c t i o n , p e r m i t t i n g h i g h e r u n d a m a g i n g 
p r e - r e l e a s e s , s h o u l d be s t u d i e d , a l t h o u g h the w a t e r au thor i ty -
r e s p o n s i b l e f o r t h e d a m m i g h t in s o m e c a s e s a r g u e w i t h j u s t i f i c a t i o n 
t h a t t h e c o s t of s u c h w o r k i s a m a t t e r f o r the S ta te G o v e r n m e n t 
r a t h e r t h a n f o r t h e a u t h o r i t y . 

T h e d e g r e e of f l ood m i t i g a t i o n w h i c h c a n be a c h i e v e d w h i l e 
s t i l l f i n i s h i n g w i t h a f u l l d a m w i l l v a r y wi th the f o r e c a s t i n t e r v a l 
w h i c h c a n be a c h i e v e d , a n d t h i s d e p e n d s on the t o p o g r a p h y and 
h y d r o l o g y of t he v a l l e y i n q u e s t i o n . 

C l e a r l y , h o w e v e r , a n a u t h o r i t y w h i c h b u i l d s a d a m wi th a 
g a t e d s p i l l w a y h a s t h e f o l l o w i n g o b l i g a t i o n s : -

(i) T o i n s t a l a n d d e v e l o p a f l ood f o r e c a s t i n g s y s t e m . 

( i i ) T o c a r r y out a n u m b e r of " d r y r u n s " to t e s t 
v a r i o u s m e t h o d s of ga t e o p e r a t i o n a n d c h o o s e t h e 
m o s t e f f i c i e n t , w i th p a r t i c u l a r a t t e n t i o n t o t h e 
m a x i m u m d e g r e e of f l o o d m i t i g a t i o n w h i c h c a n 
be a c h i e v e d wh i l e s t i l l e n s u r i n g a f u l l d a m w h e n 
the f l o o d i s o v e r . 

( i i i ) If t h e s y s t e m i s no t f u l l y d e v e l o p e d by the t i m e 
t h e d a m i s r e a d y f o r s e r v i c e , t o u s e , a t l e a s t a s 
a t e m p o r a r y m e a s u r e , the t e c h n i q u e of f o r e -
c a s t i n g b a s e d on r a t e of r i s e of r e s e r v o i r l e v e l . 

( iv) T o d r a w the a t t e n t i o n of the a p p r o p r i a t e 
a u t h o r i t i e s t o t h e b e n e f i c i a l e f f e c t s on s p i l l w a y 
g a t e o p e r a t i o n w h i c h could r e s u l t f r o m c h a n n e l 
i m p r o v e m e n t a n d l e v e e s d o w n s t r e a m of the d a m . 

In r e g a r d to (i) a b o v e , t h e H y d r o m e t e o r o l o g i c a l B r a n c h of t he 
C o m m o n w e a l t h M e t e o r o l o g i c a l S e r v i c e can be of c o n s i d e r a b l e 
a s s i s t a n c e . 
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FIGURE 28: SEQUENCE OF COMPUTATIONS FOR D E T E R M I N I N G 

GATE OPERATIONS BASED ON F L O O D F O R E C A S T S 
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P R E D I C T E D 
INFLOW H Y D R O G R A P H 
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FIGURE 32: D E R I V A T I O N OF E Q U A T I O N (l) 



A P P E N D I X A 

A V E R A G E T H R E E HOUR UNITGRAPH FOR: THE 

M A C L E A Y R I V E R AT K E M P S E Y 

P e r i o d 
(3 hour s ) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

17 
18 
19 
20 
21 
22 
23 
24 
25 

Dis charge 
c u s e c s 

1700 
9700 

19800 
28900 
30400 
34600 
39300 
51800 
59800 
66000 
62800 
58700 
49100 
39900 
32600 
27700 
24300 
22100 
19700 
19000 
17400 
14700 
14000 
13100 
12400 



A P P E N D I X B 

F L O O D F O R E C A S T 

M a c l e a y R i v e r a t K e m p s e y 

J a n u a r y 1962 - S t o r m 30 
In i t i a l L o s s 3 h r . R a i n f a l l F o r e c a s t W e a t h e r O b s e r v e d 

Da te T i m e A P I P r e d i c t e d Adopted G r o s s E x c e s s M i n i m u m T i m e of F o r e c a s t D i s c h a r g e 
a t P e a k P e a k f o r 12 

9 a m (p t s ) ipts) (p t s ) (p t s ) D i s c h a r g e H o u r s 
( c u s e c s ) ( c u s e c s ) ( c u s e c s ) 

1 1 . 1 . 62 . 0900 268 140 
1 2 . 1 62 . 0900 304 70 R a i n 

1200 55 55 Ra in 
1500 75 65 54000 13th-1800 Ra in 11000 

1800 24 14 62400 13 th -1800 R a i n 11000 
E a s i n g 

2100 13 3 63000 13 th -1800 12000 
2400 4 14000 

1 3 . 1 . 62 . 0300 15500 
0600 17000 
0900 18000 
1200 20500 
1500 27000 
1800 49000 
2100 69000 
2400 77000 

1 4 . 1 . ,62 0300 75000 
0600 70500 
0900 63000 
1200 55000 
1500 47000 
1800 41500 
2100 38000 
2400 34000 

15 .1 . 62 . 0300 30000 
0600 26000 
0900 23000 
1200 22500 



FLOOD FORECAST 

Macleay River at Kempsey 

Apri l 1962 - Storm 31 
Initial L o s s 3 hr . Rainfall F o r e c a s t Weather Observed 

Date Time API Predicted Adopted Gross E x c e s s Minimum Time of Forecas t Discharge 
at Peak Peak for 12 
9 am (pts) (pts) (pts) (pts) Discharge Hours 

( cusecs ) ( cusecs ) ( cusecs ) 

6 . 4 . 6 2 . 0900 286 80 
1200 49 16000 
1500 15 17600 
1800 88 24 19100 
2100 22 12 23000 7th-2400 Rain 23700 
2400 26 16 34000 8th-0300 Rain 31500 

7 . 4 . 6 2 . 0300 39 29 52000 8th-0600 Rain increase 40500 
0600 33 23 66000 8th-0600 Rain 51500 
0900 30 20 76000 8th-0600 Rain 60330 
1200 27 17 83000 8th-0600 Rain increase 67800 
1500 37 27 97000 8th-1200 Rain 73500 
1800 34 24 106000 8th-1200 Rain 78400 
2100 46 36 128000 8th-1200 Rain increase 86000 
2400 12 2 129000 8th-1200 Rain 95500 

8 . 4 . 6 2 . 0300 11 1 130000 8th-1200 Rain 104800 
0600 40 30 136000 8th-1500 Rain easing 197600 
0900 32 22 137000 8th-1800 Rain easing 111900 
1200 41 31 140000 8th-2400 Rain easing 122400 
1500 39 29 148000 8th-2400 Rain easing 124100 
1800 6 133000 
2100 140000 
2400 146000 

9 - 4 . 6 2 . 0300 146000 
0600 146000 
0900 138000 
1200 133000 
1500 126000 
1800 116000 
2100 106000 
2400 92000 

1 0 . 4 . 6 2 . 0300 85000 
0600 75000 
0900 66000 
1200 58000 
1500 52000 
1800 46000 



FLOOD FORECAST 

Macleay R i v e r a t Kempsey 

Ju ly 1962 - S to rm 32 
Init ial L o s s 3 h r . Rainfa l l F o r e c a s t 

Date T i m e API P r e d i c t e d Adopted G r o s s E x c e s s Minimum T i m e of Wea the r O b s e r v e d 
a t Peak Peak F o r e c a s t D i s c h a r g e 
9 am Discha rge fo r 12 

(pts) (pts) (pts) (pts) ( cusecs ) Hour s ( c u s e c s ) 

1 0 . 7 . 6 2 . 0900 186 120 Rain 
1200 45 Rain 
1500 132 87 Rain 
1800 69 59 40000 l l th -2100 Rain 1000 
2100 56 46 69000 l l t h - 2 4 0 0 Rain 4000 
2400 39 29 86000 l l t h - 2 4 0 0 Rain 20200 

11 .1 .62 . 0300 41 31 102000 l l t h - 2 4 0 0 Rain 29000 
0600 26 16 108000 l l t h - 2 4 0 0 Rain easing 43000 
0900 17 7 111000 l l t h - 2 4 0 0 

Rain easing 
60300 

1200 2 74700 
1500 86800 
1800 110500 
2100 125900 
2400 127700 

12 .1 .62 . 0300 124100 
0600 117500 
0900 109000 
1200 98300 
1500 88400 
1800 78000 
2100 70000 
2400 61800 

1 3 . 7 . 6 2 . 0300 54000 
0600 48000 
0900 42000 



FLOOD FORECAST 

Mac leay R i v e r a t K e m p s e y 

J a n u a r y 1963 - S t o r m 33 
In i t i a l L o s s 3 h r . R a i n f a l l F o r e c a s t Wea the r 

F o r e c a s t 
f o r 12 

Date T i m e A P I 
a t 

P r e d i c t e d Adopted G r o s s E x c e s s M i n i m u m 
P e a k 

T i m e of Peak 
Wea the r 
F o r e c a s t 
f o r 12 

O b s e r v e d 
D i s c h a r g e 

9 a m D i s c h a r g e h o u r s ( c u s e c s ) (p t s ) (p ts ) (p ts) (p ts) ( c u s e c s ) 
h o u r s ( c u s e c s ) 

2 . 1 . 6 3 . 0900 403 
3 . 1 . 6 3 . 0900 

1200 
1500 

418 25 

17 

0 
3 

14 

Ra in 
Ra in 
Ra in 

1800 69 59 61000 4 th -2400 Ra in 22000 
2100 3 0 61000 4 th -2400 Rain 22000 
2400 65 55 92000 5 th-0300 Ra in 22000 

4 . 1 . 6 3 . 0300 49 39 112000 5 th-0300 Ra in 
e a s i n g 

22000 

0600 14 4 114000 5 th-0300 Ra in 
e a s i n g 

24000 

0900 12 2 24200 
1200 22 12 26100 
1500 1 29400 
1800 34400 
2100 40000 
2400 49800 

5 . 1 . 6 3 . 0300 
0600 
0900 
1200 
1500 
1800 
2100 
2400 

61000 
71000 
75300 
75900 
73000 
69000 
62000 
55000 

6 . 1 . 6 3 . 0300 
0600 
0900 

48000 
42000 
36000 



F L O O D F O R E C A S T 

M a c l e a y R i v e r a t K e m p s e y 

A p r i l 1963 - S t o r m 34 

D a t e 
I n i t i a l L o s s 3 h r . R a i n f a l l F o r e c a s t 

T i m e A P I P r e d i c t e d A d o p t e d G r o s s E x c e s s M i n i m u m T i m e of W e a t h e r O b s e r v e d 
a t 

A d o p t e d 
P e a k P e a k F o r e c a s t D i s c h a r g e 

9 a m D i s c h a r g e f o r 12 
( c u s e c s ) (p t s ) ( p t s ) (p t s ) (p t s ) ( c u s e c s ) H o u r s ( c u s e c s ) 

0900 126 
0900 146 142 H e a v y r a i n 3000 
1200 d e v e l o p i n g 
1500 I I 

1800 M 

2100 109 109 R a i n 
2400 44 34 25000 2 8 t h - 0 3 0 0 
0300 16 6 29000 2 8 t h - 0 3 0 0 I I 21000 
0600 16 6 32000 2 8 t h - 0 3 0 0 I I 28000 
0900 22 12 37000 2 8 t h - 0 3 0 0 11 31000 
1200 30 20 I I 40000 
1500 43 33 F o r e : a s t 11 61000 
1800 
2100 

14 
44 

4 
34 F a i l u r e I I 

R a i n e a s i n g 
84200 

101000 
2400 12 2 I I 110000 
0300 27 17 I I 107600 
0600 43 33 I I 103000 
0900 82 72 121000 2 9 t h - 0 6 0 0 " 99200 
1200 9 0 106200 
1500 14 4 109000 
1800 98300 
2100 90500 
2400 83000 
0300 76000 
0600 6 9 0 0 0 
0900 62000 
1200 53000 
1500 47000 
1800 42000 
2100 37000 
2400 33000 

2 5 . 4 . 6 3 . 
2 6 . 4 . 6 7 . 

2 7 . 4 . 6 3 . 

2 8 . 4 . 6 3 . 

2 9 . 4 . 6 3 . 



FLOOD FORECAST 

Macleay River at K e m p s e y 

May 1963 - S torm 35 
Initial L o s s 3 hr . Rainfall F o r e c a s t Weather 

Date T ime API 
at 
9 am 

Pred ic ted Adopted G r o s s E x c e s s Minimum 
Peak 
Discharge 

T ime of 
Peak 

F o r e c a s t 
for 12 
Hours 

Observed 
Di scharge 

(pts) (pts) (pts) (p t s ) ( c u s e c s ) ( c u s e c s ) 

6 . 5 . 6 3 . 0900 
1200 
1500 
1800 

376 40 

49 
30 
19 Rain eas ing 

2100 49 39 30000 7th-2400 I I 4000 
2400 18 8 34000 7th-2400 I I (6000) 

7 . 5 . 6 3 . 0300 13 3 36000 7th-2400 Rain i n c r e a s e (9000) 
0600 16 6 39000 7th-2400 •• (12000) 
0900 5 0 39000 7th-2400 (16000) 
1200 16 6 41000 8th-0300 Rain eas ing 20000 
1500 32 22 48000 8th-0600 23000 
1800 32 22 54000 8th-0600 Rain i n c r e a s e 33000 
2100 74 64 89000 8th-2400 I I 45000 
2400 54 44 116000 8th-2400 I I 62700 

8 . 5 . 6 3 . 0300 78 68 152000 8th-2400 I I 80300 
0600 101 91 200000 8th-2400 100100 
0900 63 53 224000 9th-0900 120700 
1200 39 29 239000 9th-0900 131200 
1500 52 42 255000 9th-0900 142900 
1800 49 39 269000 9th-0900 169500 
2100 39 29 277000 9th-0900 211000 
2400 40 30 286000 9th-0900 270300 

9 . 5 . 6 3 . 0300 31 21 315000 9th-0900 314200 
0600 13 3 346000 9th-0900 345300 
0900 23 13 348800 
1200 10 0 331500 
1500 19 9 307300 
1800 280100 
2100 253800 
2400 231800 

1 0 . 5 . 6 7 . 0300 
0600 
0900 

201000 
181400 
160700 



F L O O D F O R E C A S T 

M a c l e a y Ri v e r a t K e m p s e y 

J a n u a r y 1964 - S t o r m 36 
Ini t ia l L o s s 3 h r . R a i n f a l l F o r e c a s t 

Date T i m e API P r e d i c t e d Adopted G r o s s E x c e s s M i n i m u m T i m e of 
VV w d LllC? i 

F o r e c a s t 
O b s e r v e d 

at P e a k P e a k f o r 12 
H o u r s 

D i s c h a r g e 
9 a m (pts) (pts) (pts) (p t s ) D i s c h a r g e 

f o r 12 
H o u r s ( c u s e c s ) ( c u s e c s ) 

f o r 12 
H o u r s ( c u s e c s ) 

1 3 . 1 . 64. 0900 155 135 
14. 1. 64. 0900 309 70 169 169 Ra in e a s i n g 

1200 104 94 62000 15th-1500 II 0 
1500 62 52 93000 15th-1800 0 
1800 3 0 
2100 0 
2400 0 

1 5 . 1 . 64. 0300 
0600 
0900 
1200 
1500 
1800 
2100 
2400 

0 
0 
0 

20700 
41000 
55000 
63500 
61000 

1 6 . 1 . 64 . 0300 
0600 
0900 
1200 
1500 
1800 
2100 
2400 

55000 
47000 
40000 
34000 
29000 
25000 
21000 
18000 

1 7 . 1 . 6 7 . 0300 15000 



FLOOD FORECAST 

Macleay R ive r a t Kempsey 

M a r c h 1964 - S t o r m 37 
Ini t ial Los s 3 h r . Ra infa l l F o r e c a s t Wea the r 

F o r e c a s t 
f o r 12 
Hour s 

O b s e r v e d 
D i s c h a r g e Date T ime API 

a t 
P r e d i c t e d Adopted G r o s s E x c e s s Min imum 

P e a k 
Time of 
P e a k 

Wea the r 
F o r e c a s t 
f o r 12 
Hour s 

O b s e r v e d 
D i s c h a r g e 

9 a m (pts) (pts) (pts) (pts) Discharge 

Wea the r 
F o r e c a s t 
f o r 12 
Hour s ( c u s e c s ) ( cusecs ) 

Wea the r 
F o r e c a s t 
f o r 12 
Hour s ( c u s e c s ) 

8 . 3 . 6 4 . 0900 
1200 
1500 

299 73 

74 
0 

74 

2000 

1800 60 50 35000 9th-2100 19800 
2100 87 77 84000 9th-2400 Heavy r a in 23730 
2400 32 22 97000 9th-2400 Rain ea s ing 31460 

9 . 3 . 6 4 . 0300 17 7 101000 9th-2400 I t 39060 
0600 22 12 110000 9th-2400 48000 
0900 22 12 110000 9th-2400 57700 
1200 10 69700 
1500 5 77200 
1800 2 84200 
2100 91000 
2400 94600 

1 0 . 3 . 6 4 . 0300 
0600 
0900 
1200 
1500 
1800 

94600 
91000 
85100 
77800 
71500 
64300 
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