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SUMMARY 

A se l ec t i ve l i t e r a t u r e su rvey and genera l a n a l y s i s of runoff 

s t a t i s t i c s a r e p re sen ted . F r o m these it i s concluded that s ing le , br ie f 

records give i n accu r a t e e s t i m a t e s of means and quite unre l i ab l e e s t i m a t e s 

of e x t r e m e s . Improved e s t i m a t e s a r e poss ib le if s ing le r e co rd s a r e 

supplemented with other re l evant informat ion and it i s shown that spa t i a l 

corre la t ion or reg iona l cons i s t enc i e s can be u t i l i s ed for this purpose . 

The r ecen t l y developed "comple te" ra in fa l l - runof f mode l s provide 

a means of extending or synthes iz ing r e c o r d s but some of the components 

of these models a r e incons is tent with cur rent knowledge of the phys i ca l 

p roces se s of hydro logy . Other de f i c i enc i e s in the models a r e caused by 

their a t tempts to in tegra te f r a g m e n t a r y hydro log ica l concepts that have 

evolved without r e f e r ence to the r a in f a l l - runoff cyc le a s a whole . 

A more comprehens ive approach i s sugges ted by rep lac ing the 

tradit ional " inf i l t ra t ion theory" with a gene ra l "retent ion theory" f rom 

which an improved ra infa l l - runoff model i s developed. 

The improved model i s demonst ra ted and tes ted with data f rom 

a 60 a c r e wa t e r shed . 
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1. I N T R O D U C T I O N _ 
: ..... • ' 

1. 01 P u r p o s e a n d S c o p e of S t u d y 

T h e o b j e c t i v e of t h e s t u d y i s t o d e v e l o p i m p r o v e m e n t s in e x i s t i n g 
t e c h n i q u e s of r u n o f f e s t i m a t i o n m a i n l y f r o m a t h o r o u g h c o n s i d e r a t i o n of 
p h y s i c a l p r o c e s s e s s u c h a s e v a p o r a t i o n a n d i n f i l t r a t i o n . 

F o r m o s t A u s t r a l i a n c o n d i t i o n s t h e v o l u m e of r u n o f f f o r a p a r t i c u l a r 
p e r i o d i s l a r g e l y d e p e n d e n t on t h e f l o o d s w i t h i n o r p r e c e d i n g t h e p e r i o d 
and i t i s a p p a r e n t t h a t m a n y a s p e c t s of f l o o d h y d r o l o g y m u s t t h e r e f o r e be 
deal t w i t h . 

B e c a u s e of t h e b r o a d s c o p e of t h e s t u d y , t h e e f f e c t s of s n o w a n d 
other f r e e z i n g p h e n o m e n a h a v e b e e n o m i t t e d . I t i s r e a l i z e d t h a t t h e s e a r e 
of g r e a t s i g n i f i c a n c e i n m a n y c i r c u m s t a n c e s a n d n e c e s s i t a t e m a j o r 
m o d i f i c a t i o n s t o s o m e of t h e t e c h n i q u e s d e s c r i b e d . 

1 .02 The L i m i t a t i o n s of B r i e f R e c o r d s i 
F r o m t h e p o i n t of v i e w of e n g i n e e r i n g d e s i g n t h e m o s t i m p o r t a n t 

hydrologicaX e s t i m a t e s a r e t h o s e of e x t r e m e e v e n t s , p e r h a p s w i t h r e c u r r e n c e 
i n t e r v a l s of 50 t o 1 0 , 0 0 0 y e a r s . I t i s g e n e r a l l y r e c o g n i z e d t h a t s u c h 
e s t i m a t e s c a n n o t be o b t a i n e d w i t h a h i g h d e g r e e of r e l i a b i l i t y w h e n on ly 30 o r 
40 y e a r s of r e c o r d s ar.e ^ a v a i l a b l e , a n d t h e s e c i r c u m s t a n c e s a r e q u i t e c o m m o n 

T h e p o s i t i o n i s e v e n w o r s e ( a n d t h e s i t u a t i o n p e r h a p s e v e n m o r e 
comraon) w h e n on ly 5 o r 10 y e a r s of r e c o r d s a r e a v a i l a b l e a n d i n t h e s e 
C i r c u m s t a n c e s i t i s a l s o a d u b i o u s b u s i n e s s t o d i r e c t l y e s t i m a t e non -ex t reme 
e v e n t s s u c h a s t h e m e a n a n n u a l r u n o f f o r t h e 2 y e a r f l o o d p e a k . 

In tniLny c a s e s i m p r o v e m e n t s a r e p o s s i b l e , h o w e v e r , if a d d i t i o n a l 
h y d r o l o g i c a l i n f o r m a t i o n c a n be u t i l i z e d . T h i s m a y be i n t h e f o r m of d a t a 
f r o m s i m i l a r w a t e r s h e d s w i t h l o n g e r r e c o r d s o r i t m a y c o n s i s t of s p e c i a l 



2. 

knowledge of the hydro log i ca l phenomena i n v o l v e d . The p r o b l e m s of using 

such data sys temat i ca l ly and e f f i c i en t ly wi l l be the c o n c e r n of this study. 

1 .03 T e r m i n o l o g y 

The original title of the thes is invo lved the w o r d " y i e l d " which was 

understood to mean "vo lume of s t r e a m f l o w during a s p e c i f i c t ime per i od 

of one month or l onger duration_or as a resul t of a s p e c i f i c s t o r m event. " 

( A y e r s , ref . 5 p . l ) . H o w e v e r , an examinat ion of the text b o o k s showed 

s e v e r a l d i f ferent meanings f o r the t e r m ( e . g . r e f . 3, p . 1 5 and r e f . 1, p . 360) 

and it was there fore abandoned in favour of the m o r e g e n e r a l " r u n o f f " 

which is def ined as "any volume of s t r e a m f l o w having i ts o r ig in in rainfall 

on the watershed c o n c e r n e d . " 

The v e r y unsat i s fac tory state of h y d r o l o g i c a l t e r m i n o l o g y has a l so 

hampered the study (and no doubt many other s tud ies ) by the a b s e n c e of 

r e c o g n i s e d t e r m s to d e s c r i b e cer ta in re la t ive ly s i m p l e c o n c e p t s that should 

be used c o m m o n l y in hydro l og i ca l thinking. It has t h e r e f o r e b e e n n e c e s s a r y 

to invent or adopt var ious e x p r e s s i o n s that m a y be u n f a m i l i a r to other 

h y d r o l o g i s t s . These are l i s ted and def ined in an Append ix . 

1 . 0 4 Statistical and D e t e r m i n i s t i c E s t i m a t e s 

Runoff es t imates are of two main types , v i z . s tat i s t i ca l o r 

de te rmin i s t i c . Statistical est imates are c o n c e r n e d with r e p r e s e n t a t i v e 

events during p e r i o d s of t ime , f o r example the m a x i m u m value in 100 

y e a r s . A m a j o r ob ject ive with this type of e s t imate i s the a s s e s s m e n t 

of f r equency distr ibutions rather than c h r o n o l o g i c a l or p r e c i s e t ime 

di str ibutions . 

On the other hand, d e t e r m i n i s t i c e s t i m a t e s a r e c o n c e r n e d with the 

actual t imes of par t i cu lar events and t h e r e f o r e often give deta i l ed attention 

to cause and e f f e c t , for example the e s t imat i on of an unknown runof f 

resulting f r o m a known set of s t o r m cond i t i ons . 
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In pract ice statistical and determinist ic est imates tend to be 

interdependent and their d i f f e rences are somewhat obscured . It should be 

recognized that most statistical techniques are inherently empir i ca l and 

it is inappropriate to c r i t i c i se them on the grounds that they are "not 

rational." Rational or determinist ic considerations may often be used, 

however, to improve or develop statistical techniques. 

Sections 2 to 5 of this report deal large ly with statistical aspects 

of runoff estimation and are considered n e c e s s a r y f o r a proper 

perspective of the subject . They consist of a l iterature survey accompanied 

by a number of essential ly untested ideas f o r improved techniques. 

The chief interest of the author has been in the determinist ic 

aspects of runoff estimation and these are submitted in sections 6 to 1 4 

as the main contribution of the study. 



4. 

2 THE D I R E C T E S T I M A T I O N O F R U N O F F STATISTICS 

2 . 0 1 Runoff S t a t i s t i c s 

In g e n e r a l the f r e q u e n c y d i s t r i b u t i o n s of s t a t i s t i c a l populat ions a r e 

a n a l y s e d by techniques involving m e a s u r e s of c e n t r a l t e n d e n c y ( e . g . the 

m e a n and median) , d i s p e r s i o n ( e . g . the s t a n d a r d devia t ion and v a r i o u s 

p e r c e n t i l e s ) , s k e w n e s s ( e . g . P e a r s o n ' s c o e f f i c i e n t s ) and K u r t o s i s ( e . g . 

m o m e n t c o e f f i c i e n t ) . A s s o c i a t e d with a l l of t h e s e m e a s u r e s a r e the 

var ious m o m e n t s of d i s t r i b u t i o n . U n f o r t u n a t e l y the u s e f u l n e s s of such 

techniques i s l i m i t e d in runoff s tudies b e c a u s e : 

(a) S imple d i s t r i b u t i o n s b a s e d on s t a t i s t i c a l t h e o r i e s a r e not 

c o m p l e t e l y a p p r o p r i a t e due to d i f f e r e n t r a n g e s of v a l u e s 

being caused by quite d i f f e r e n t p h y s i c a l f a c t o r s . F o r 

e x a m p l e the e x t r e m e f loods at a p a r t i c u l a r p l a c e m a y be 

c a u s e d by r a r e v i s i t a t i o n s f r o m a c l i m a t i c r e g i m e tha t 

has l i t t l e in f luence on r e l a t i v e l y c o m m o n f l o o d s . 

(b) In h y d r o l o g i c a l p r o b l e m s e x t r e m e e v e n t s a r e of p r i m e 

i m p o r t a n c e but the usual f r e q u e n c y d i s t r i b u t i o n p a r a m e t e r s 

a r e d e r i v e d l a r g e l y f r o m the c h a r a c t e r i s t i c s of c o m m o n 

e v e n t s . T h i s i s c l o s e l y a s s o c i a t e d with (a ) a b o v e . 

(c ) The s a m p l e s a v a i l a b l e f o r e s t i m a t e s of runoff d i s t r i b u t i o n s 

a r e usua l ly s m a l l and t h e i r i n f o r m a t i o n content i s f u r t h e r 

reduced by a u t o c o r r e l a t i o n . ( R e f . 7 2 ) . 

The p r o c e s s e s of r a i n f a l l and runoff g e n e r a t i o n a r e s o c o m p l e x 

that no s a t i s f a c t o r y p h y s i c a l t h e o r i e s have b e e n d e v e l o p e d to e x p l a i n and 

p r e d i c t the g e n e r a l f o r m s of runoff f r e q u e n c y d i s t r i b u t i o n s , a l though the 

techniques of s t o r m m a x i m i z a t i o n and t r a n s p o s i t i o n m a y p o s s i b l y be 

r e g a r d e d a s s teps in this d i r e c t i o n . 
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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 r u n o f f s t a t i s t i c s i n t h r e e g r o u p s , v i z : 

(a ) A n n u a l , s e a s o n a l a n d m o n t h l y r u n o f f . 

(b) E x t r e m e l o w f l o w s . 

( c ) F l o o d r u n o f f . 

The r e q u i r e d e s t i m a t e s a r e of a d i f f e r e n t n a t u r e a n d f o r a d i f f e r e n t 

purpose w i th in e a c h of t h e a b o v e g r o u p s . 

2. 02 A n n u a l , S e a s o n a l a n d M o n t h l y Runof f 

S t u d i e s of a n n u a l , s e a s o n a l a n d m o n t h l y r u n o f f a r e u s u a l l y c o n c e r n e d 

with " a v e r a g e " v a l u e s w h i c h a r e u s e f u l f o r the g e n e r a l a s s e s s m e n t of w a t e r 

r e s o u r c e s and p r e l i m i n a r y c o m p a r i s o n ? b e t w e e n a l t e r n a t i v e d e v e l o p m e n t 

scheme s . 

E s t i m a t e s of s t o r a g e b e h a v i o u r e t c . m a y a l s o be c o n c e r n e d wi th 

e x t r e m e v a l u e s a n d f o r t h e s e p u r p o s e s i t i s n e c e s s a r y e i t h e r to adop t s o m e 

f o r m of f r e q u e n c y d i s t r i b u t i o n o r t o a s s u m e t h a t f u t u r e e v e n t s w i l l o c c u r 

of the s a m e m a g n i t u d e a n d i n the s a m e s e q u e n c e a s the p a s t r e c o r d e d e v e n t s . 

The l a t t e r a s s u m p t i o n s s i m p l i f y t h e c a l c u l a t i o n s bu t a r e no t v e r y s a t i s f y i n g 

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

r e f . 6 and r e f . 20) . 

E x t r e m e r u n o f f e s t i m a t e s f o r d e s i g n p u r p o s e s , s u c h a s the c r i t i c a l 

low f low o r d e s i g n f l o o d , a r e n o t n e c e s s a r i l y a s s o c i a t e d w i t h a n n u a l , 

s e a s o n a l o r m o n t h l y p e r i o d s of t i m e . T h e s e a r e d i s c u s s e d in s e c t i o n s 2. 04 

and 2 . 0 7 . 

2. 03 F r e q u e n c y D i s t r i b u t i o n of A n n u a l , S e a s o n a l a n d M o n t h l y Runoff 

The f r e q u e n c y d i s t r i b u t i o n s of r uno f f f o r m o s t A u s t r a l i a n a n d U . S . 

s t r e a m s a r e p o s i t i v e l y s k e w e d . S t u d i e s by S t a n d i s h Ha l l ( r e f . 14) a n d 

Waitt ( r e f . 1 5) s u g g e s t t h a t t he s k e w n e s s t e n d s to be g r e a t e r in d r i e r r e g i o n s , 

which i s e v i d e n t l y a c o n s e q u e n c e of t h e g e n e r a l f o r m of the r e l a t i o n s h i p s 
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between l o s s e s and r a i n f a l l s , ( s e e 3 . 0 2 ) . S k e w n e s s a l s o tends to be g r e a t e r 

for monthly values than for s e a s o n a l or annual v a l u e s . 

S o m e European s t r e a m s , however , appear to have s y m m e t r i c a l 

distributions for both annual and monthly runoff . ( r e f . l 7 ) . 

Alexander ( r e f . 12) and Blokhinov ( r e f . 18) have proposed the general 

use of the t w o - p a r a m e t e r g a m m a dis t r ibut ion which a l lows f o r any degree 

of skewness . Applications of this have been suggested for advanced 

s ta t i s t i ca l analyses but they m a y s o m e t i m e s prove u n s a t i s f a c t o r y f o r the 

reasons outlined in 2 . 0 1 . 

Var ious t h e o r e t i c a l d is tr ibut ions for the comple te range of values 

may be derived with the Markov techniques d e s c r i b e d by F e d e r o v ( r e f . 19) 

and F i e r i n g ( r e f . 20) . T h e s e a r e m a t h e m a t i c a l l y e legant but a r e probably 

no m o r e re l iab le than other s i m p l e r a p p r o a c h e s b e c a u s e of the t a c i t 

assumptions involved and the l a r g e sampling e r r o r s of the b a s i c data. 

L o g a r i t h m i c t r a n s f o r m a t i o n s of runoff va lues a r e often s u c c e s s f u l 

in "normal iz ing" the data . Thi s technique was used in the p r e v i o u s l y 

mentioned study by Waitt ( r e f . 15) for a number of A u s t r a l i a n s t r e a m s . 

Gerny ( r e f . 21) has suggested a g e n e r a l e m p i r i c a l f o r m of 

distribution e x p r e s s e d by: 

Qf = c i o g ^ ^ f + 5 Dlog^Q ( p ^ (2a) 

where Q^ = annual runoff that m a y be e x p e c t e d once in f y e a r s . 

Equation (2a) should provide a good fit t o m o s t data but the 

constants C and D have no d i r e c t s t a t i s t i c a l s i g n i f i c a n c e . 

B e c a u s e of skewness in runoff f r e q u e n c y d is t r ibut ions i t i s often 

pre ferab le to use the median r a t h e r than the a r i t h m e t i c m e a n a s a m e a s u r e 

of central tendency, p a r t i c u l a r l y with l o g a r i t h m i c , t r a n s f o r m a t i o n s . ( s e e ref. 15). 

The relat ive m e r i t s of m e a n s and medians a r e d i s c u s s e d in s o m e detai l by 

F o s t e r ( r e f . 6). 
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When l o w e r va lues a r e of p r i m a r y s i g n i f i c a n c e the g e o m e t r i c m e a n 

is a useful m e a s u r e of centra l tendency as it is is not unduly a f f e c t e d by 

irrelevant high v a l u e s , ( B e a r d , r e f . 2Z). S i m i l a r l y the root m e a n square 

should be suitable f o r studies c o n c e r n e d m a i n l y with high va lues 

although no appli,cations of this have been found in the l i t e r a t u r e . 

2.04 E x t r e m e L o w F l o w s 

Est imates of e x t r e m e l o w f l o w s a r e r e q u i r e d as des ign c r i t e r i a 

for such purposes as water supply, h y d r o - e l e c t r i c i t y and navigat ional 

development. E a r l y techniques of analys ing l o w f l o w s invo lved m a s s 

curves and behaviour d i a g r a m s . Some of the d e f i c i e n c i e s in these w e r e 

outlined by Waitt, ( r e f . 16) , who sugges ted an i m p r o v e d method b a s e d 

on the "drought c h a r a c t e r i s t i c c u r v e . " 

Some m o d e r n m e t h o d s of r e s e r v o i r s t o rage ana lys i s ( e . g . Gould , 

ref. 23) uti l ize f r e q u e n c y e s t i m a t e s of runoff during convenient t ime 

units such as y e a r s or months but the c o m p l e t e s p e c i f i c a t i o n of l o w 

flows required r u n o f f - d u r a t i o n - f r e q u e n c y data of the type r e p o r t e d by 

Stall and Neil l ( r e f . 24) and Gannon ( r e f . 30) and Balek and H o l e c e k ( r e f . 31) . 

Statistical a n a l y s e s are c o m m o n l y c a r r i e d out with the annual 

series , i . e the m i n i m u m va lues o c c u r r i n g in each y e a r . It m a y be 

preferable in s o m e c i r c u m s t a n c e s to c o n s i d e r the part ia l duration 

ser ies , i . e . all o c c u r r e n c e s of v e r y l o w f l o w s whether they are the m i n i m a 

for part icular y e a r s o r not . This quest ion is d i s c u s s e d in s o m e detail by 

Stall and Neil l ( r e f . 24), Langbe in ( r e f . 25) and Chow ( r e f . 9) . The 

distributions of the two s e r i e s differ c o n s i d e r a b l y f o r r e c u r r e n c e interva ls 

of one or two y e a r s but they tend to c o n v e r g e f o r r e c u r r e n c e in terva ls 

greater than about ten y e a r s . 

Part ia l durat ion d is tr ibut ions are c l o s e l y re lated to f l ow duration 

curves, as outlined in 2 . 0 8 . 
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2.05 Frequency Distribution of Extreme Low Flows 

Fisher and Tippett ( re f . 26) showed that if the smal lest values of 

many large samples of a particular population are cons idered together, 

their distribution is almost (but not completely) independent of the 

population distribution and approaches one of three l imiting functions, 

called the 1st, 2nd and 3rd asymptotic distributions of smal lest values. 

This theory was examined by Gumbel ( r e f s . 27, 28 and 29) who 

suggested that extreme low f lows con form to the 3rd asymptot ic 

distribution expressed by: 

(Q) = exp 
- ( h r ) (2b) 

_ e 

where n (q) = probability of an extreme low f low greater than 

or equal to q during the spec i f ied per i od . 

s = minimum possible f low during the spec i f ied period 

(usually zero ) , i . e . the l imiting asymptot ic value. 

6 = a character ist ic (Normal) low f low, i . e . f low with 

k = a constant between 0 and 1 express ing the curvature 
of the distribution 

In the above the return period Y is given by: 

Y = 1 
1 - 7i(q) (2c) 

Many recent studies of extreme low flows have been based on 

Gumbel 's approach, f o r example Bernier ( r e f . 32), (Gannon re f . 30), and 

Kaczmarck ( re f . 33). With this method, unfortunately, the equations 

indicate an infinite return period f o r the minimum f low which is obviously 
inappropriate for arid regions where z e r o f lows m a y o c c u r quite 
frequently. 
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Other p o s s i b l e d is tr ibut ions have been suggested ( see F o s t e r , 

ref .6) , but these are t h e o r e t i c a l l y l e s s s a t i s f a c t o r y than G u m b e l ' s . 

In pract i ce , h o w e v e r , all d istr ibut ions fitting the avai lable data give 

approximately the same e s t i m a t e s ( s tat i s t i ca l ly ) if the extrapo lat ion 

is relatively s m a l l . When large extrapo lat ions are n e c e s s a r y the 

estimates depend c o n s i d e r a b l y on the adopted or i m p l i e d m i n i m u m f l ow 

and its f r equency . 

In re f . 29, Gumbel has indicated a stat ist ical method of 

estimating the m i n i m u m f l ow b a s e d only on the o b s e r v e d values but it 

appears that m o r e sa t i s fa c to ry e s t i m a t e s m a y be p o s s i b l e by util izing 

additional in format ion f r o m g e o h y d r o l o g i c a l c o n s i d e r a t i o n s . These 

would involve e s t imates of the groundwater r e c h a r g e and t r a n s m i s s i o n 

characterist ics which i m p o s e l i m i t s on the p o s s i b l e e x t r e m e condit ions . 

The concepts of the " s t o r a g e f l ow rat io " (Chapman, r e f . 34), " r e s p o n s e 

time" and " r e c h a r g e ra t i o " (Langbe in , ref s . 14 and 35) m a y be v e r y 

useful f o r such studies which would be essent ia l ly an extens ion of the 

deterministic approach d i s c u s s e d la ter in sec t i ons 6 to 14. 

2.06 F lood Runof f . 

Engineering s t ructures a s s o c i a t e d with m o s t water deve lopment 

projects are des igned to withstand f l ood condit ions and the var ious methods 

of assess ing these condit ions f o r m a v e r y extensive sub ject . Only the 

most relevant aspec ts can be ment ioned . 

F lood es t imates d i f f e r f r o m low f low es t imates in that the 

frequencies of instantaneous peak rates are usually m o r e important than 

the f requenc ies of f l ow v o l u m e s f o r par t i cu lar durat ions . 

Although the stat ist ical approach to f l ood est imat ion has been 

used f o r many y e a r s , ( see Hazen, re f , 2) in the past it has su f f ered a 
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c e r t a i n a m o u n t of u n j u s t i f i e d d i s r e p u t e , a s d i s c u s s e d v e r y t h o r o u g h l y by 

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

f l o o d m a x i m i z a t i o n w a s n o t p a r t i c u l a r l y h e l p f u l i n t h i s r e g a r d , i n f a c t , 

i t t e n d e d t o d i v i d e h y d r o l o g i s t s i n t o t w o s t r o n g l y o p p o s e d s c h o o l s of 

t h o u g h t . One g r o u p c o n s i d e r e d t h a t m a x i m i z a t i o n t e c h n i q u e s s h o u l d 

c o m p l e t e l y s u p e r c e d e f r e q u e n c y s t u d i e s w h i l e t h e o t h e r g r o u p r i d i c u l e d 

t h i s s u g g e s t i o n . ( s e e f o r e x a m p l e , t h e d i s c u s s i o n on " W y a n g a l a D a m 

I n f l o w F l o o d E s t i m a t e s " , r e f . 37 a n d a l s o r e f . 1 1 ) . 

M u c h of t h e c o n t r o v e r s y i s e m o t i o n a l a n d u n n e c e s s a r y a s t h e 

t w o a p p r o a c h e s a r e n o t m u t u a l l y e x c l u s i v e . E a c h p r o v i d e s s o m e e x t r a , 

i n d e p e n d e n t i n f o r m a t i o n w h i c h s h o u l d a l l b e u t i l i z e d f o r t h e b e s t p o s s i b l e 

e s t i m a t e s , 

2 . 07 F r e q u e n c y D i s t r i b u t i o n of F l o o d s 

F i s h e r a n d T i p p e t t ' s a s y m p t o t i c d i s t r i b u t i o n s of s m a l l e s t v a l u e s 

w e r e m e n t i o n e d i n 2 . 0 5 w i t h r e g a r d t o e x t r e m e l o w f l o w s . T h e r e a r e 

s i m i l a r d i s t r i b u t i o n s f o r l a r g e s t v a l u e s a n d G u m b e l l ( r e f . 28) h a s 

s u g g e s t e d t he 1 s t a s y m p t o t i c d i s t r i b u t i o n of t h e s e f o r f l o o d s , i . e . 

71 (q; = exp f - e^ ^̂  (2d) 

w h e r e TI ^ q ) - p r o b a b i l i t y of a f l o o d l e s s t h a n o r e q u a l t o q 

d u r i n g t h e s p e c i f i e d p e r i o d . 

0 = c h a r a c t e r i s t i c f l o o d , i . e , w i t h H { d ) ~ 1 .368 
e 

k = a c o n s t a n t b e t w e e n 0 a n d 1 e x p r e s s i n g t h e 

c u r v a t u r e of t h e d i s t r i b u t i o n . 
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In (2d) the return p e r i o d Y is g iven by equations ( 2 c ) , i . e . 
Í Y = i - TI (q) 

As the above i s a t w o - p a r a m e t e r d istr ibut ion it can be plotted 

linearly on graph paper with a p p r o p r i a t e l y spaced ordinate s, ( s e e r e f s . 

27, 28, 38, 39, 40) which p r o v i d e s a convenient means of extrapolat ing 

from the observed data to m o r e e x t r e m e va lues . Modi f i ca t i ons to this 

approach have been suggested by Jenkinson ( r e f . 38) who advocated the 

2nd or 3rd asymptot i c d istr ibut ions if the plot i s not l i n e a r , and by 

Lieblein ( r e f . 38) who weighted the o b s e r v e d values a c c o r d i n g to their 

frequency to der ive the " m o s t p r o b a b l e " l inear d i s t r ibut ions . 

The est imat ion of con f idence l imi ts or " c o n t r o l c u r v e s " f o r 

Gumbel's method has been examined in s o m e detail by A lexnader ( r e f . 11) 

and Kaczmarck ( r e f . 33). 

Several other f o r m s of d is tr ibut ion f o r f l o o d s have been advocated , 

for example, the Gamma distr ibution ( r e f s . 12 and 18), l og probabi l i ty 

(ref. 10), log n o r m a l ( r e f s . 11) and cube root n o r m a l , ( r e f . 38). Studies by 

Hershfield suggest that these all tend to underest imate extrapolated va lues 

and there is little theore t i ca l jus t i f i ca t i on f o r their use under m o s t 

c ircumstances , ( r e f . 38). 

In p r a c t i c e , when the sample d istr ibut ion is not extrapolated v e r y 

far, the p r e c i s e mathemat i ca l f o r m is re la t ive ly unimportant ^because 

all methods fitting the o b s e r v e d values give approx imate ly the same result . 

When a large extrapolat ion is n e c e s s a r y , h o w e v e r , d i f ferent f o r m s of 

distribution give d i f ferent e s t i m a t e s but in many cases the conf idence 

limits are so wide that the var iat ions are not v e r y s igni f icant s tat is t i ca l ly . 

Some of the hydro l og i s t s favour ing probabi l i ty methods are v e r y 

critical of the concept of a m a x i m u m f l o o d . T h e r e is no c o m p a r a b l e 
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c r i t i c i s m of the concept of a m i n i m u m n o n - z e r o f l o w , in f a c t , Gumbel ' s 

approach to this subject actual ly depends on an e s t i m a t e of this f l ow . 

The postulation of a m a x i m u m f l ood is s u r e l y as f e a s i b l e as the 

postulation of a m i n i m u m ( n o n - z e r o f l ow) ; ye t the f o r m e r i s r e j e c t e d by 

some hydro log is ts who readi ly a c c e p t the l a t t e r . 

There is no strong r e a s o n apparent to the author why the 

maximizat ion method should not be c o m b i n e d with the third asymptot i c 

distribution of l a rges t va lues , i . e . 

k TU (q) = exp - q ) 2(e) 

where Ti(q), 0 and k are the same as f o r equation (2d) and ^ is the 

m a x i m u m f lood est imated by the m o s t re l iab le m e a n s a v a i l a b l e . 

It should be r ea l i zed , h o w e v e r , that any e s t imate of w i s subject 

to various e r r o r s and the se lec t i on of this value f o r des ign p u r p o s e s 

does not ensure 100% secur i ty . By introduc ing w into the distr ibution 

it should be poss ib le to reduce the con f idence l i m i t s but not e l iminate 

them comple te ly . 

Hershf ie ld ( r e f . 37) has deve loped a p robab i l i t y a p p r o a c h to the 

est imation of gu and this m a y a l s o prov ide a r e a s o n a b l e method of 

determining the l ikely values at the e x t r e m i t y of the d i s t r ibut ion . 

However , a valid c r i t i c i s m of using equation (2e ) i s that 

conditions can be env isaged in which w has a f inite r e c u r r e n c e interval, 

perhaps as low as 200 or 300 y e a r s . This p o s s i b i l i t y i s unl ikely to be 

thoroughly investigated until m o r e knowledge and data have a c c r u e d on 

the relevant phys ica l p r o c e s s e s . In the m e a n t i m e , the s e l e c t i o n , of 

suitable values of K in the equation should give c l o s e a p p r o x i m a t i o n s to 

m o s t feas ib le d istr ibut ions . 
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As equat ion (2e) i n v o l v e s t h r e e p a r a m e t e r s i t d o e s not n e c e s s a r i l y 

result in a l i n e a r plot on G u m b e l p r o b a b i l i t y p a p e r which t h e r e f o r e h a s 

no special advantage s . One p o s s i b l e d i s a d v a n t a g e with thi s p a p e r i s that 

the ultimate m a x i m u m va lue cannot be p r o p e r l y p l o t t e d . The s a m e 

applies if the a b s c i s s a r e p r e s e n t s the l o g a r i t h m of the r e c u r r e n c e i n t e r v a l 

as suggested by A l e x a n d e r ( r e f . l l ) . A s i m p l e p r o b a b i l i t y s c a l e o v e r c o m e s 

the above d i f f i cu l ty and shou ld be s a t i s f a c t o r y if only the r a r e r e v e n t s a r e 

required on the p lo t , f o r e x a m p l e e v e n t s with r e c u r r e n c e i n t e r v a l s e x c e e d -

ing ten y e a r s ( Ti (q) < . 1 0 ) . 

2.08 Flow Dura t ion C u r v e s 

There a r e s e v e r a l d i f f e r e n t f o r m s of f low d u r a t i o n c u r v e , the 

commonest showing the p e r c e n t a g e s of t i m e d u r i n g which v a r i o u s f l o w s 

are exceeded , ( r e f . 3 ) . T h i s i s s o m e w h a t s i m i l a r to a f r e q u e n c y 

distribution but n o r m a l f l o w s and r e l a t i v e l y f r e q u e n t e x t r e m e s a r e g iven 

more e m p h a s i s than r a r e e x t r e m e s . F l o w d u r a t i o n c u r v e s a r e p a r t i c u l a r l y 

useful for the a s s e s s m e n t of h y d r o - e l e c t r i c po tent i a l and w a t e r supp ly 

schemes r e q u i r i n g l i t t l e a r t i f i c i a l s t o r a g e , ( See F o s t e r , r e f . 6 ) . T h e y 

have been u s e d in a n u m b e r of r e c e n t s t u d i e s of s t r e a m f l o w b e h a v i o u r 

(e .g . r e f s . 31, 41 , 42) . 

Kunkle ( r e f . 4 1 ) s e p a r a t e d t h e b a s e f l o w and s u r f a c e f low of v a r i o u s 

U .S . s t r e a m s and d e r i v e d "basef3 .ow d u r a t i o n " c u r v e s which w e r e found to 

be related to h y d r o g e o l o g i c f a c t o r s s u c h a s channel and bank c h a r a c t e r i s t i c s 

gravel d e p o s i t s e t c . N o t a b l e c o n s i s t e n c i e s w e r e o b s e r v e d over wide 

physiographic r e g i o n s . 

Ba lek and H o l e c e k ( r e f . 31) p o s t u l a t e d the "unit dura t ion c u r v e " 

for direct c o m p a r i s o n s b e t w e e n d i f f e r e n t p e r i o d s of r e c o r d and a l s o 

between d i f f e r e n t c a t c h m e n t s . T h i s e n a b l e d a n a l y s e s of drought c h a r a c t e r -

i s t ics in r e l a t ion to c l i m a t e and c a t c h m e n t s i z e . 
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Extensions of s t r e a m f l o w data f r o m c o r r e l a t i o n s of f l o w s of equal 

percent duration have been c a r r i e d out by L a n g b e i n and H a r d i s o n ( r e f . 13). 

Similar ideas were used by Reinhart and E s c h n e r ( r e f . 42) in studying the 

e f f e c t s of d i f ferent f o r e s t r y p r a c t i c e s on s t r e a m f l o w . 

Wis ler and Brater show that f l o w durat ion c u r v e s v a r y considerably 

when derived f r o m di f ferent p e r i o d s of r e c o r d s as they s t rong ly r e f l e c t 

the e f fec ts of wet and dry c y c l e s , ( r e f . 3). The s a m e authors a l s o deal 

with the detailed interpretat ion of the c u r v e s and s u g g e s t that this i s 

ass i s ted by separating them into h o m o g e n e o u s s e g m e n t s such as " late 

season f l o w s " and s o on. 
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3. THE E S T I M A T I O N OF R U N O F F S T A T I S T I C S 

F R O M R A I N F A L L D A f A 

3. 01 Rainfa l l S t a t i s t i c s 

Much of the p r e v i o u s d i s c u s s i o n concerning the d i s t r ibut ion and 

variability of runoff a l s o a p p l i e s to the d i s t r ibut ion and v a r i a b i l i t y of 

rainfall , although there a r e s o m e s ign i f i cant d i f f e r e n c e s that will be 

mentioned below. 

Rainfa l l data r e p r e s e n t s s a m p l e s at p a r t i c u l a r points while 

runoff data r e f e r s to c o m p a r a t i v e l y l a r g e w a t e r s h e d a r e a s . In g e n e r a l 

the f requencies of point v a l u e s of r a in fa l l a r e l o v e r than the f r e q u e n c i e s 

of corresponding va lue s over a r e a s exceed ing 10 s q u a r e m i l e s , the 

difference being g r e a t e r for short durat ion or thxinderBtorm r a i n f a l l than 

for prolonged wet s p e l l s . E m p i r i c a l method? of a l lowing fo r this a r e 

given by r e f s . 3, 43 and 44. 

The f requency d i s t r ibut ion of annual r a i n f a l l s in A u s t r a l i a do 

not appear to be a s skewed a s those fo r annual runoff , in fac t they a r e 

almost normal ly d i s t r ibuted in many c a s e s . M a p s of median annual 

rainfall for A u s t r a l i a a r e p r a c t i c a l l y ident i ca l with m a p s of a v e r a g e 

annual ra infa l l ( r e f s . 45 , 46), indicat ing quite low coe f f i c ient s of 

skewne-ss for the whole continent. 

A study by Gibbs ( r e f . 4 7 ) s u g g e s t s that the s q u a r e root of the 

hourly, daily and monthly ra in fa l l a r e a l l n o r m a l l y d i s t r i b u t e d . The 

logarithm of dai ly and monthly ra in fa l l i s a l s o a s s u m e d to be n o r m a l l y 

distributed in s o m e c i r c u m s t a n c e s , ( r e f . 6 ) . 

The m o s t sui table d i s t r ibut ion for e x t r e m e low r a i n f a l l s a p p e a r s 

to be the F i s h e r - T i p p e t t 3rd a s y m p t o t i c d i s t r ibut ion of lowest va lue s a s 

suggested by Gumbel for s t r e a m f l o w ( s e e equation (2b) and r e f . 27). 
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Extreme high ra infa l l i s u sua l ly g iven in the f o r m of depth-duTation-

frequency data, typical e x a m p l e s being r e f . 48 for the U . S . A . and re f . 49 

for Aus t ra l i a . In the U . S . A . work^the e x t r e m e v a l u e s were a s s u m e d to 

conform to the 1st a symptot ic d i s tr ibut ion {equation (2d) f o r s t reamflow) 

while those for A u s t r a l i a were a s s u m e d to have a log probabi l i ty 

distribution ( see re f . 50). The durat ions in these s tud ies r ange f r o m 

5 minutes up to 3 d a y s . 

E x t r e m e short duration r a in f a l l s up to aboi t 2 h o u r s a r e usual ly 

considered to be caused by t h u n d e r s t o r m s and throughout the U . S . A . the 

5 minute, 10 minute ^ 15 minute and 30 minute v a l u e s a r e approx imate ly 

29%, 45%, 57% and 79% ( r e s p e c t i v e l y ) , of the 1 hour ra in fa l l of the 

same frequency, ( r e f s , 48, 51). Reich has s u g g e s t e d that these 

"Hershf ie ld r a t i o s " m a y be u n i v e r s a l and has shown that they a l s o apply 

to South Afr i ca , ( r e f . 52). This hypothes i s a p p e a r s to be supported by 

the data f r o m s e v e r a l Aus t ra l i an c i t ie s a s d e m o n s t r a t e d by the author 

in the appendix of re f . 49 • 

S i m i l a r r a t io s for long-durat ion ra infa l l a r e cons i s t ent within 

fa ir ly broad c l imat ic regions but d i f f e r c o n s i d e r a b l y between such 

regions , ( see re f , 53). The " f requency r a t i o s , " e x p r e s s i n g re la t ionships 

between ra infa l l s of the s a m e duration but d i f ferent f r e q u e n c i e s , should 

a l so be consistent within broad c l imat ic reg ions for both shor t and long 

duration r a m f a l l , a s will be d i s c u s s e d in sect ion 4 . 0 5 . T h e s e a r e directly 

relevant to the problem of speci fying f requency d i s t r ibut ions of ra infa l l . 

3-02 A General Rainfal l~Runoff Re la t ionship 

Ignoring catchment l e a k a g e , a v e r y g e n e r a l r e l a t ionsh ip between 

rainfall, and runoff i s e x p r e s s e d by: 

Q = P ^ ¿AS=-W ( 3 a ) 
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where P = volxtme of r a i n f a l l in a s p e c i f i e d t i m e 

Q = v o l u m e of runof f in the s a m e t i m e 

AS = change in c a t c h m e n t w a t e r s t o r a g e dur ing the s p e c i f i e d t i m e . 

W = a c t u a l e v a p o r a t i o n f r o m c a t c h m e n t d u r i n g the s p e c i f i e d t i m e 

In m o s t c a s e s P i s known and the o ther t e r m s a r e d e a l t with 

according to the l ength of the s p e c i f i e d t i m e and the n a t u r e of the p r o b l e m . 

3.03 Annual and S e a s o n a l E s t i m a t e s 

Equat ion (3a) i s u s e d to g ive e p t i m a t e s of m e a n annual runof f 

from mean annual r a i n f a l l if the a p p r o p r i a t e t e r m s r e p r e s e n t t h e s e 

quantit ies . Under s u c h condi t ions A S i s o m i t t e d b e c a u s e it should 

average z e r o over a long p e r i o d of t i m e and m e a n annual W m a y be 

es t imated f r o m only a few y e a r s of r e c o r d s b e c a u s e it i s l e s s v a r i a b l e 

than ei ther P or Q . 

The l a t t e r e s t i m a t e should t ake into a c c o u n t the t endency f o r W 

to be c o r r e l a t e d with P , and a f a i r l y obvious m e t h o d of doing this i s 

demonstra ted in 5 . 0 2 w h e r e an i m p r o v e d annual r a i n f a l l - r u n o f f s tudy 

is p r e s e n t e d . Other s t u d i e s of th i s type have b e e n m a d e by M c C u t c h a n 

( re f .54) M c A r t h u r and Cheney ( r e f . 5 5 ) , A l e x a n d e r and S u t c l i f f e ( r e f . l 5 ) , 

Turc ( r é f . 56), Thornthwai te ( r é f . 57) , and the U . S . G e o l o g i c a l S u r v e y , 

( r e f . 5 8 ) . 

In indiv idual y e a r s , e q u a t i o n (3a ) can be u s e d to e s t i m a t e the 

annual runoff f r o m a g i v e n annual r a i n f a l l a s shown by C o r d e r y , ( r e f . 59) . 

This technique a l s o i g n o r e s A S a s it i s u s u a l l y s m a l l c o m p a r e d with the 

other v a l u e s p a r t i c u l a r l y when a " w a t e r y e a r " i s s e l e c t e d . S o m e a l l o w a n c e 

should be m a d e , h o w e v e r , f o r the d i s t r i b u t i o n of r a i n f a l l within the y e a r 

because a few h e a v y s t o r m s tend to p r o d u c e m o r e runof f than a n u m b e r of 

l ighter s t o r m s with the s a m e tota l r a i n f a l l . F o r this p u r p o s e C o r d e r y 

sugges t s the add i t iona l p a r a m e t e r of " m a x i m u m p e r c e n t a g e of r a i n in 
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one month . " The " m a x i m u m r a i n in one m o n t h " o r the to ta l n u m b e r of 

wet days in the y e a r m a y a l s o be s u i t a b l e . 

S i m i l a r c o m m e n t s app ly w h e n e s t i m a t e s a r e r e q u i r e d on a seasonal 

b a s i s , although in s o m e c a s e s it m a y be n e c e s s a r y t o a d o p t a s e a s o n a l value 

of A S rather than a s s u m e an a v e r a g e va lue of z e r o . 

3 . 04 Monthly E s t i m a t e s 

In e s t i m a t i n g m o n t h l y r u n o f f f r o m m o n t h l y r a i n f a l l , ^ S i s m o r e 

impor tant and m o r e d i f f i c u l t t o a l l o w f o r . A n y s t a t i s t i c a l t e c h n i q u e s of 

this type , h o w e v e r , wou ld p r o b a b l y not be d i r e c t l y c o n c e r n e d with the 

separa te v a l u e s of à S and W . 

In s o m e t e c h n i q u e s f o r e s t i m a t i n g the m o n t h l y r u n o f f f r o m 

p a r t i c u l a r va lues of m o n t h l y r a i n f a l l , A S i s v i r t u a l l y l u m p e d t o g e t h e r with 

W and the ir c o m b i n e d e f f e c t s a r e r e l a t e d to v a r i a b l e s s u c h a s r a i n in 

p r e v i o u s month , n u m b e r of wet d a y s , in i t i a l g r o u n d w a t e r f l o w , 

t e m p e r a t u r e and so on. E x a m p l e s of th is type of s tudy h a v e b e e n 

r e p o r t e d by Sharp et a l ia ( r e f . 1 09) and S a m r a ( r e f , 6 0 ) . 

Somewhat m o r e ra t i ona l a p p r o a c h e s have b e e n u s e d b y M c D o n a l d 

( r e f , 6 l ) and L e w i s and B u r g y ( r e f . 62) w h o e n d e a v o u r e d t o c a l c u l a t e 

c o m p l e t e w a t e r budgets on a m o n t h l y b a s i s . In t h e s e s t u d i e s W w a s 

e s t i m a t e d m a i n l y f r o m m e t e o r o l o g i c a l data and A S w a s r e l a t e d to 

ra infa l l and w a t e r s h e d s t o r a g e c h a r a c t e r i s t i c s . 

3 . 0 5 S t o r m and S h o r t - P e r i o d E s t i m a t e s 

Stat i s t i ca l e s t i m a t e s of s t o r m r u n o f f a r e u s u a l l y c o n c e r n e d with 

r e p r e s e n t a t i v e e x t r e m e v a l u e s r a t h e r than m e a n v a l u e s . T h e p e a k rate 

of runoff i s of p r i m e i m p o r t a n c e and th is m a y be r e l a t e d t o r a i n f a l l -

d u r a t i o n - f r e q u e n c y data by the s o - c a l l e d " r a t i o n a l m e t h o d " , e x p r e s s e d 
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as fo l lows: 

q = CAp, ..........{3h) f ^ ^ f 
^here = peak d i s c h a r g e in c is with f r e q u e n c y f 

p^ = average rainfal l rate in i n s / h o u r with 

f r e q u e n c y f f o r duration t^. 

A = a rea of watershed in a c r e s . 

C = c o e f f i c i e n t of runof f , usual ly between 0. 3 and 0. 9 

t = c r i t i ca l duration i . e . the rainfal l p e r i o d that is 
c 

m o s t e f f e c t i ve in producing a high peak d i s charge 

f o r the given watershed . 

The coe f f i c i ent of runoff a l lows f o r the combined e f f e c t s of l o s s 

rates and attenuation due to s t o rage . The rational method is genera l ly 

only advocated f o r des ign f l oods on s m a l l e r watersheds because in these 

the storage attenuation i s l e s s important and C t h e r e f o r e tends to be 

independent of A . 

Design f l ood e s t imates are a l s o made .by the un i tgraph- l oss rate 

method which may be e x p r e s s e d by : 

'If 
where q , p and t are the same as f o r (3b) 

X X O 

h = peak ordinate f o r unitgraph of c r i t i ca l duration t 
m ^ 

r^ = an appropr iate or representat ive l o s s rate in 

ins /hr. 

F o r conservat ive e s t i m a t e s , r^ is s o m e t i m e s neg le c ted , in which 

case the un i tgraph- loss rate method , as e x p r e s s e d above , b e c o m e s 

equivalent to the rational method , h being equal to CA. m 

There are p o s s i b l e re f inements of (3b) and (3c ) to a l low f o r the 

effects of varying rainfal l intensit ies within t , but it i s doubtful that the c 
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extra w o r k i n v o l v e d can be conv inc ing ly jus t i f i ed ( s e e C o u l t e r , r e f . 6 3 ) . 

Various other modi f i cat ions of these t w o methods have been p r o p o s e d 

recently, for example by R e i c h ( r e f . 64), Wood ( r e f . 6 5), and Haro ld 

( r e í . 6 6 ) 

The est imation of C and t are chal lenging p r o b l e m s that c 
cannot be examined in this r e p o r t . V a r i o u s a p p r o a c h e s are suggested in 

the above r e f e r e n c e s and by T u r n e r ( r e f , 6 7 ) , Cook ( r e f . 68) and 

"Australian Rainfall and Runof f " (ref=43) . Most text books a l s o present 

methods of est imating these p a r a m e t e r s f o r d i f f e rent w a t e r s h e d and 

s torm conditions, ( e . g . R e f s . 1 and 4) . 

The uni tgraph- loss rate method m a y be used f o r construct ing 

complete design hydrographs , if r e q u i r e d . In such c a s e s equation ( 3c) 

is modi f ied slightly by substituting the hydrograph ord inates q^ ^ q^ 

. . . , , e t c . f o r q and the co r respond ing unitgraph ord inates h , h X X ^ 

. . , = etc : f o r h 
m 

Rigorous d e t e r m i n i s t i c techniques f o r es t imat ing s h o r t - t e r m 

runoff f r o m rainfall data are c o m p l e x b e c a u s e of the i n t e r - r e l a t i o n s and 

variability of the physical p r o c e s s e s invo lved . These techniques m a y b e 

regarded as " comple te ra in fa l l - runo f f m o d e l s " and their deta i led 

examination f o r m s the main part of the r e p o r t in s e c t i o n s 6 to 14. 

Complete ra infa l l - runof f m o d e l s m a y be u s e d to synthes ize 

long per iods of runoff data if suf f i c ient i n f o r m a t i o n is avai lab le to 

enable the derivation of the requ i red p a r a m e t e r s and r e l a t i o n s h i p s . Once 

a long synthetic r e c o r d has been obtained, it p r o v i d e s a b a s i s f o r general 

estimates of runoff s tat i s t i cs , i . e . annual meanS: monthly m e a n s , 

extreme f loods or other required va lues . 
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T e c h n i q u e s have a l s o been d e v e l o p e d f o r g e n e r a t i n g h y p o t h e t i c a l 

runoff r e c o r d s d i r e c t l y f r o m r a i n f a l l s t a t i s t i c s if t h e r e i s s u f f i c i e n t d a t a 

on the i n t e r - c o r r e l a t i o n s b e t w e e n the s t a t i s t i c s t h e m s e l v e s . T h e s e a r e 

the "Markov t e c h n i q u e s " d e s c r i b e d by F i e r i n g ( r e f . 2 0 ) and F e d e r o v ( r e f . l 9 ) 

as mentioned p r e v i o u s l y in 2. 03 . T h e y d i f f e r c o n s i d e r a b l y f r o m the 

complete r a i n f a l l - r u n o f f m o d e l s a s they a r e highly e m p i r i c a l and not 

directly concerned with the d e t a i l e d p h y s i c a l p r o c e s s e s . 
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4„ ESTIMATES WHEN RUNOFF AND R A I N F A L L D A T A A R E BRIEF 

4, 01 The General P r o b l e m s 

The previous sec t ions have been p r i m a r i l y c o n c e r n e d with 

c i r cumstances in which e i ther runoff or ra infa l l r e c o r d s a r e avai lable over 

a reasonably long per i od , say 40 y e a r s o r m o r e . S imi lar techniques can 

be used when the r e c o r d s are much s h o r t e r than this but the sampling 

e r r o r s are somet imes so great that the resu l t s a r e m i s l e a d i n g . It is 

often poss ib l e , however , to reduce these e r r o r s , as wi l l be shown in 

4 ,03 and 4, 05. 

When no r e c o r d s ex ist at all in an a r e a it i s usua l ly n e c e s s a r y to 

estimate runoff by c o m p a r i s o n with s i m i l a r o r ne ighbour ing a r e a s f o r 

which data is avai lable . The se l e c t i on of such data and its mod i f i ca t i on 

require dec is ions that are unavoidably s u b j e c t i v e . S o m e ideas f o r a m o r e 

systemative approach to this p r o b l e m wi l l be p r e s e n t e d in 4, 06, 

4. 02 Normal Runoff and Rainfal l 

The oft -quoted studies of Binnie (ref,66) have l ed to the general 

belief that about 30 years of rainfal l r e c o r d are su f f i c i ent to give a mean 

annual value within one or two p e r c e n t of the " t rue m e a n annual va lue " , 

i , e . as would be obtained f r o m an indef in i te ly long p e r i o d of r e c o r d s . 

More recent studies by Hidore ( r e f , 7 0 ) suggest that this i s reasonab le in 

some c l imat ic regions but in other parts of the w o r l d the 50 y e a r mean 

can di f fer f r o m the 100 year mean by as m u c h as 10%, 

The importance of the length of r e c o r d on e s t i m a t e s of rainfal l 

statistics IS a lso dealt with ex tens ive ly by M c D o n a l d and G r e e n ( r e f . 6 9 ) , 

and br ie f ly by Chow ( re f , 9, under " N o r m a l c y T e s t s . " ) 

As runoff values are re la t ive ly m o r e v a r i a b l e than ra infa l l values 

It appears that the length of r e c o r d is even m o r e i m p o r t a n t in the 
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estimation of runoff s ta t i s t i c s . In this r e g a r d W i s l e r and B r a t e r ( r e f . 3) 

suggest that it i s not u n c o m m o n f o r the ten y e a r m e a n to d i f f e r f r o m the 

fifty year mean by 30%. Deviat ions of a s i m i l a r magnitude evident ly 

occur when stat is t i cs such as the one or two yea^ f l o o d are r e q u i r e d , 

(see Hayes , r e f . 7 1 ) . 

The e r r o r s in e s t i m a t e s f r o m br ie f r e c o r d s are e ssent ia l l y 

sampling e r r o r s which m a y be r e g a r d e d as ar i s ing f r o m two s o u r c e s 

viz. random f luctuations and t e m p o r a l c o r r e l a t i o n s . 

Random f luctuations are s o m e t i m e s of a highly l o c a l i z e d nature , 

for example the unsurpassed 20 inches of ra infa l l in 24 hours at South 

Head, Sydney, in Oc tober 1844. In other c i r c u m s t a n c e s they m a y 

apply to thousands of square m i l e s , f o r example the r e c o r d f l o o d s 

occurring s imultaneously in a number of s t r e a m s as a result of the 

February 1956 s t o r m o v e r m o s t of N . S . W . 

T e m p o r a l c o r r e l a t i o n , or the tendency f o r s i m i l a r events to 

occur c l ose ly together in t i m e , genera l ly appl ies with some c o n s i s t e n c y 

to wide c l imat ic r e g i o n s . Thus the f l ood r e c o r d s f o r m o s t of N . S . W . 

streams have an ex t raord inary number of l a rge values within the p e r i o d 

1949 to 1956 inc lus ive . 

Matalas and Langbein ( r e f . 72), Langbein and Harbeck ( r e f . 70), 

Alexander ( r e f . 74), Urban ( r e f . 75) and Whitmore ( r e f . 76) all deal with 

aspects of t empora l c o r r e l a t i o n which is a l s o r e f e r r e d to as " s e r i a l 

corre lat ion" , " a u t o c o r r e l a t i o n , " "pe r s i s tence " and " cohe rence . " In 

general these studies show that the g rea te r the degree of t empora l 

correlation the l e s s e f f ec t ive is the length of the r e c o r d s . 

The f a c t o r s r espons ib l e f o r t e m p o r a l c o r r e l a t i o n are theore t i ca l ly 

grouped under the t e r m s " p e r i o d i c i t y " and " t r e n d " ( see O 'Mahony, r e f . 77) 
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although these cannot usual ly be read i ly s e p a r a t e d . T h e r e i s an extensive 

l iterature on per iod i c i ty in re lat ion to ra infa l l and runof f e s t imat i on , some 

relevant studies including those of Marv in ( r e f . 7 8 ) , L a s z l o f f y ( r e f . 7 9 ) , 

Leeper ( r e f . 80), Somov ( r e f . 94), R o d i e r ( r e f . 81 ), Ye vdje v i c h ( ref = 82) 

and Dixley ( re f . 83). 

4, 03 P e r i o d Bias 

The ratio of a stat ist ic e s t imated f r o m a p a r t i c u l a r p e r i o d of data 

to the value obtained f r o m a standard ( o r in f in i te ly long) p e r i o d of data is 

conveniently cal led the " p e r i o d b ias . " F o r a p a r t i c u l a r s tat i s t i c and period 

this bias is expected to be r easonab ly cons is tent o v e r wide a r e a s unless 

loca l random f luctuations are of p r i m e s i g n i f i c a n c e . T h e r e f o r e the unknown 

" e r r o r " in an est imate f r o m a br ie f r e c o r d at a p a r t i c u l a r p l a c e m a y often 

be a s s e s s e d f r o m the comparab le known " e r r o r " at another p lace with a 

complete r e c o r d over the standard p e r i o d . 

The above is demonstrated in f i g . 1 which shows the m e a n annual 

rainfall per iod bias f o r 1954-63 f o r a number of Aust ra l ian stat ions . The 

adopted standard per i od is 1924 to 1963 inc lus ive (40 y e a r s ) . 

It is evident f r o m f i g . 1 that the bias tends t o w a r d s s i m i l a r values 

over wide a r e a s . Regional a v e r a g e s o r interpo lated va lues can be assumed 

at any place with a 1954-63 r e c o r d and these should p r o v i d e a b a s i s f o r 

improved est imates if l onger r e c o r d s are not a v a i l a b l e . A s p e c i f i c example 

of this technique will be given in 5. 01 . 

A s imi lar idea is imp l i ed by the double m a s s curve technique of 

testing and adjusting data ( r e f . 8). E x a m p l e s of this type of ad justment have 

been reported by Chapman ( r e f . 114)., and in the d e s i g n e s t i m a t e s f o r the 

Snowy Mountains H y d r o - E l e c t r i c s c h e m e ( r e f . 8) . 



1954-63 PFRIOD BIAS FOR 
MEAN ANN>)AI RAINFALL 
Standard period-- 1 9 2 4 - 6 3 

FIG. 1 



26. 

4. 04 E x t r e m e R u n o f f and R a i n f a l l 

T h e p e r i o d b i a s c o n c e p t c o u l d b e a p p l i e d t o the e s t i m a t i o n of e x t r e m e s 

s u c h as the 50 y e a r f l o o d f r o m b r i e f r e c o r d s but i t w o u l d p r o b a b l y be unsat i s -

f a c t o r y f o r the f o l l o w i n g r e a s o n s : 

(a ) The e s t i m a t i o n of e x t r e m e s i s l a r g e l y d e p e n d e n t on one o r 

t w o e x t r a o r d i n a r y e v e n t s that m a y be h i g h l y l o c a l i z e d . 

(b ) The e s t i m a t i o n of e x t r e m e s f r o m b r i e f r e c o r d s r e q u i r e s the 

e x t r a p o l a t i o n of f r e q u e n c y d i s t r i b u t i o n s wbd'cii T m p l i e s doubt fu l 

a s s u m p t i o n s c o n c e r n i n g the f o r m s of the d i s t r i b u t i o n s . E x t r a 

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

v a r i a b i l i t y of the c a l c u l a t e d b i a s m a y b e e x p e c t e d . 

A s i n d i c a t e d in e a r l i e r s e c t i o n s , the a s s u m e d f o r m o f the f r e q u e n c y 

d i s t r i b u t i o n i s one of the m a j o r f a c t o r s in e s t i m a t i n g e x t r e m e s and i t i s of 

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

r e f l e c t s the c h a r a c t e r i s t i c s of the p h e n o m e n a c a u s i n g the e x t r e m e s and it 

s e e m s r e a s o n a b l e t o e x p e c t that t h e s e c h a r a c t e r i s t i c s d o n o t c h a n g e 

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

o r o t h e r r e l e v a n t f a c t o r s » T h i s " s p a t i a l c o r r e l a t i o n " i s c o n v e n i e n t l y ut i l i zed 

by m e a n s of the " f r e q u e n c y r a t i o " w h i c h w a s m e n t i o n e d i n 3 . 01 . 

4. 05 F r e q u e n c y R a t i o s 

T h e r a t i o of the 100 y e a r v a l u e of r a i n f a l l o r r u n o f f t o the 2 y e a r 

va lue m a y be c a l l e d the 1 0 0 : 2 y e a r f r e q u e n c y r a t i o . T h i s i s a c o n c i s e w a y 

of e x p r e s s i n g p a r t of the f r e q u e n c y d i s t r i b u t i o n a n d s i m p l i f i e s the a n a l y s i s 

and c o m p a r i s o n of e x t r e m e s . O t h e r p a r t s of the d i s t r i b u t i o n a r e e x p r e s s e d 

by r a t i o s s u c h as the 4 0 : 2 , 5 0 : 2 , 2 0 0 : 2 , a n d s o o n . 

T h e 1 , 5 o r 10 y e a r v a l u e s c a n b e u s e d a s a b a s e i n s t e a d of the 2 year 

but the l a t t e r h a s the f o l l o w i n g a d v a n t a g e s : 



27, 

(a) It is e s t imated with g r e a t e r a c c u r a c y than the 5 and 

1 0 y e a r value s . 

(b) It is not subject to the graphica l plotting d i f f i cu l t i es 

of the 1 y e a r value ( f o r example on Gumbel P a p e r ) . 

The latter is a l s o m o r e r e m o t e f r o m , and l e s s 

l ike ly to be re lated to the relevant e x t r e m e va lues . 

A per iod bias adjustment should be u s e d , if n e c e s s a r y , f o r re l iab le 

estimates of the 2 y e a r event f r o m br ie f r e c o r d s » 

Mcl l lwraith ( r e f . 50) used a type of f r e q u e n c y rat io in his analys is 

of rainfall data f o r N„SoWo Fo l l owing some preced ing U „ S , studies and 

based on rather scanty data he d e r i v e d re lat ionships between these r a t i o s , 

the rainfall duration and the "s tandard deviat ions of the l ogar i thm of the 

primary 24 hour r a i n f a l l . " Later studies by H e r s h f i e l d ( r e f . 4 8 ) , 

Stewart ( re f . 84), and R e i c h ( r e f . 52) suggest that the complex i ty of 

Mclllwraith's approach is hardly just i f ied in v iew of the sampling e r r o r s 

and assumptions invo lved . These r e s e a r c h e r s used f r e q u e n c y rat ios that 

varied with rainfall duration but areal var iat ions were accounted for on a 

broad regional basis« 

A recent runoff study involving f r e q u e n c y rat ios was repor ted by 

Benson ( re f . 85) who examined f l ood peaks over a large part of the U . S . A . 

The results of this work indicated that rare f l oods on any single watershed 

can be estimated m o r e conf ident ly f r o m appropr iate average f r e q u e n c y 

ratios of several c omparab le watersheds When obtaining such a v e r a g e s , 

however, it is important that the individual values are reasonably 

independent and not unduly in f luenced by a part i cu lar s t o r m c o m m o n to 

several watersheds , o therwise the est imate is little better than f r o m a 

single r e c o r d . 
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4, 06 H y d r o g e o g r a p h y 

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

in br ie f r e c o r d s depend l a r g e l y on the t e n d e n c y f o r h y d r o l o g i c a l phenomena 

to have cons i s t ent and t h e r e f o r e p r e d i c t a b l e c h a r a c t e r i s t i c s within c e r t a i n 

g e o g r a p h i c a l l o c a l i t i e s . T h i s i s a l s o r e f e r r e d to a s " s p a t i a l " , " a r e a l " and 

" i n t e r - s t a t i o n " c o r r e l a t i o n and the a s s o c i a t e d f i e l d of s t u d y m i g h t be 

des ignated " H y d r o g e o g r a p h y " . 

" H y d r o g e o g r a p h y " i s h e r e b y d e f i n e d a s the s t u d y of the d i s t r i b u t i o n 

of hydro log ica l phenomena ove r the e a r t h ' s s u r f a c e , ( c . f , " G e o g r a p h y " 

r e f . 8 6 ) . It i s c o n c e r n e d with the g e n e r a l l o c a t i o n , d e s c r i p t i o n and 

c l a s s i f i c a t i o n of p h e n o m e n a , a l l of which m a y r e q u i r e s t a t i s t i c a l or 

n u m e r i c a l s p e c i f i c a t i o n . It i s p a r t i c u l a r l y c o n c e r n e d , h o w e v e r , with the 

qual i ta t ive in tegra t ion of whole c o m p l e x e s of v a r i a b l e s s o tha t they m a y be 

a n a l y s e d on a r e l a t i v e l y b r o a d s c a l e . 

Hydro logy d i f f e r s f r o m other n a t u r a l s c i e n c e s in that i t i s 

e l abora te ly quant i tat ive with a weak q u a l i t a t i v e s t r u c t u r e . S y s t e m a t i c 

d e s c r i p t i o n and c l a s s i f i c a t i o n a r e f u n d a m e n t a l to any t r u e s c i e n c e and it 

i s hoped that the naming of this a s p e c t of h y d r o l o g y wi l l g i v e i t m o r e 

p r e s t i g e and e n c o u r a g e i t s r e c o g n i t i o n a s a u n i f i e d f i e l d of s t u d y . 

A bas ic p r o b l e m in h y d r o g e o g r a p h y i s to a s c e r t a i n the ex tent to 

which hydro log ie i n f o r m a t i o n f r o m one l o c a l i t y can be u s e d in o t h e r 

l o c a l i t i e s . Th i s m a y involve the a r e a l e x t r a p o l a t i o n of d a t a within count r i e s 

or the t r a n s f e r e n c e of data f r o m continent to cont inent with a p p r o p r i a t e 

modi f i ca t ions fo r l o c a l c o n d i t i o n s . 

This type of p r o b l e m m a y be a p p r o a c h e d t h r o u g h the s y s t e m a t i c 

a n a l y s i s of c l i m a t i c and h y d r o l o g i e r e g i o n s . 
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4, 07 C l i m a t i c and H y d r o l o g i e R e g i o n s 

The t e r m " r e g i o n " i s u s e d r a t h e r l o o s e l y in e v e r y d a y l a n g u a g e but 

in geography it h a s a s p e c i a l m e a n i n g , v i z " a n a r e a of the e a r t h that 

p o s s e s s e s within i t s b o u n d a r i e s a c o m p a r a t i v e l y h igh d e g r e e of u n i f o r m i t y 

in a p a r t i c u l a r c h a r a c t e r i s t i c " i r e f 86 and r e f , 87) T h u s > t h e r e a r e 

"cultural r e g i o n s , " " p o l i t i c a l r e g i o n s " and s o on 

V a r i o u s t y p e s of c l i m a t i c r e g i o n s have been s t u d i e d by g e o g r a p h e r s 

and an exce l l en t s u r v e y of t h e s e i s g i v e n by Gent i J i ( r e f . 88) A s y s t e m 

developed by M i l l e r ( r e f , 89) s e e m s to be p a r t i c u l a r l y r e l e v a n t f o r 

hydrologie w o r k a s it i s b a s e d on the g e n e t i c f a c t o r s of c l i m a t i c v a r i a t i o n s 

and shows the g e n e r a l a r e a s a f f e c t e d by the c h a r a c t e r i s t i c m o i s t a i r m a s s e s 

These a i r m a s s e s m a y be r e g a r d e d a s d e t e r m i n i n g the " p o t e n t i a l " r a i n f a l l 

c h a r a c t e r i s t i c s o v e r wide r e g i o n s . 

The above "po tent i a l r a i n f a l l " i s m o d i f i e d c o n s i d e r a b l y by l o c a l 

factors such a s t o p o g r a p h y and p r o x i m i t y to m o i s t u r e s o u r c e which r e s u l t 

in typical p a t t e r n s of d i s t r i b u t i o n that m a y be s u b - d i v i d e d into " r a i n f a l l 

regions" ( s e e the A p p e n d i x at end of th i s r e p o r t f o r c o m p l e t e d e f i n i t i o n s ) . 

N a t u r a l f e a t u r e s a r e f r e q u e n t l y inte r - r e l a t e d to a h igh d e g r e e , 

par t icular ly c l i m a t e , v e g e t a t i o n , s o i l s t o p o g r a p h y and p o t e n t i a l l and u s e » 

Geographers t h e r e f o r e common. 'y r e f e r to " p h y s i o g r a p h i c " or " n a t u r a l " 

regions in which t h e r e a r e c o n s i s t e n t r e c u r r i n g p a t t e r n s of f e a t u r e s . S u c h 

patterns a r e u t i l i z e d by the C » S „ 1% R „ O method of l a n d c l a s s i f i c a t i o n which 

subdivides a r e a s into " l a n d s y s t e m s " a n d " ' and uni t s " ( s e e re f s 90 , 91 , 92) • 

The land unit i s a b a s i c " m i c r o - r e g i o n " tha^ i s c h a r a c t e r i z e d by a 

part icular s o i l - v e g e t a t i o n c o m p l e x or s o m e other d o m i n a n t f e a t u r e r e l e v a n t 

to land u s e , 
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The above suggests the adoption of b a s i c " h y d r o l o g i e un i t s " which 

may be defined as areas of land genera l l y l e s s than 200 square m i l e s and 

having comparat ively uni t form h y d r o l o g i c a l c h a r a c t e r i s t i c s that distinguish 

them f r o m adjoining units. 

The boundaries of hydro log ie units indicate a p p r o x i m a t e l imi t s of 

factors that have spec ia l e f f e c t s on ra in fa l l - runo f f r e l a t i o n s . Such fac tors 

may include urban areas with extensive i m p e r v i o u s s u r f a c e s , part i cu lar 

vegetat ion-soi l c o m p l e x e s , par t i cu lar g e o l o g i c a l f o r m a t i o n s o r types of 

land modi f i cat ion. Cons iderable knowledge of the s i g n i f i c a n c e of all of 

these factors in the hydro log ie cyc l e would be n e c e s s a r y f o r the p r o p e r 

definition of units. 

In general , rainfall reg ions are l a r g e r than h y d r o l o g i e units and 

it is there fore suggested that the t e r m " h y d r o l o g i e r e g i o n " be appl ied 

to a group of units corresponding approx imate ly with a ra infa l l reg ion . 

Hydrologie regions would there f o re tend to have f a i r l y cons i s tent rainfall 

character ist i cs but the var iab i l i ty in runoff c h a r a c t e r i s t i c s within them 

would large ly depend on the d i f f e r e n c e s between the constituent units . 

F ig . 2 shows a s y s t e m of hydro l og i e r eg i ons f o r N . S . W . based on 

rainfall, vegetation, so i l s and geo l ogy . The def ini t ion of the boundar ies 

was not as subjective as it may appear because s igni f i cant changes in 

these factors tended to co inc ide in m o s t a r e a s . 

The above indicates , t h e r e f o r e , that h y d r o g e o g r a p h y should be 

concerned with broad c l imat i c reg ions as m a j o r groupings of hydro log i ca l 

factors It is a l so concerned with the subdiv is ion of these into hydro log ie 

regions to account f o r important var iat ions in ra infa l l d is tr ibut ion and the 

further subdivision of regions into units to account f o r var ia t i ons in 

watershed surface c h a r a c t e r i s t i c s . 
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GENERALIZED 
HYDROLOGIC REGIONS 

OF N. S. W. 

Based on ra in fa l l , vegetation 
soils and geology 

FIG. 2. 
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The a p r i o r i de f in i t ion of t h e s e r e g i o n s in the a b s e n c e of e x t e n s i v e 

r a i n f a l l - r u n o f f r e c o r d s shou ld p r o v i d e a m o r e s y s t e m a t i c b a s i s f o r a r e a l 

extrapo lat ion of data, f o r e x a m p l e by m e a n s of the p e r i o d b i a s and f r e q u e n c y 

rat io techniques d e s c r i b e d p r e v i o u s l y . 

R e a s o n a b l e e s t i m a t e s f o r u n g a u g e d w a t e r s h e d s a r e a l s o p o s s i b l e 

with this type of a p p r o a c h , as w i l l be d e m o n s t r a t e d in 5 . 0 2 and 5 . 0 3 . 

4 . 08 H y d r o g e o g r a p h y and Data C o l l e c t i o n 

The ideas and p r i n c i p l e s of h y d r o g e o g r a p h y a r e p a r t i c u l a r l y re levant 

to the International H y d r o l o g i c a l D e c a d e w h i c h i s a s s e s s i n g w a t e r r e s o u r c e s 

on a w o r l d - w i d e s c a l e . T h e y shou ld be v e r y u s e f u l in u n d e v e l o p e d countr ies 

where m a x i m u m use m u s t be m a d e of s p a r s e data and a s o u n d b a s i s is 

r e q u i r e d f o r the e c o n o m i c a l e x p a n s i o n of data n e t w o r k s . 

The e x t r e m e v a r i a b i l i t y of h y d r o l o g i c a l p h e n o m e n a p r e s e n t s m a n y 

d i f f i cu l t i es in obtaining adequate m e a s u r e m e n t s at r e a s o n a b l e c o s t . 

Author i t ies r e s p o n s i b l e f o r data c o l l e c t i o n a r e u s u a l l y r e s t r i c t e d in the ir 

r e s o u r c e s which t h e r e f o r e tend to be c o n c e n t r a t e d in a r e a s w h e r e s p e c i f i c 

p r o j e c t s have been p lanned . Other a r e a s a r e i n v a r i a b l y g i v e n a l o w 

p r i o r i t y with the c o n s e q u e n c e that m o s t w a t e r r e s o u r c e p r o j e c t s a r e 

ul t imately des igned on inadequate data . T h i s w a s t e f u l p o l i c y i s not conf ined 

to s m a l l e r c o u n t r i e s , as po inted out r e c e n t l y by H i d o r e ( r e f . 70) w h o 

d e p l o r e d the l a c k of s t r e a m f l o w r e c o r d s f o r the e x t e n s i v e s o u t h e r n and 

Great P la ins r e g i o n s of the U . S . A . ( s e e a l s o M c C a l l , R e f . 9 3 ) . 

The above p o s i t i o n m a y be i m p r o v e d by a c a r e f u l l y d e s i g n e d n e t -

work of " r e p r e s e n t a t i v e b a s i n s " , as a d v o c a t e d f o r the I n t e r n a t i o n a l 

H y d r o l o g i c a l D e c a d e . It i s a h y d r o g e o g r a p h i c a l p r o b l e m t o a s s e s s the 

main types of p h y s i c a l e n v i r o n m e n t to be r e p r e s e n t e d b y the b a s i n s . 
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5. E X A M P L E S OF I M P R O V E D TECHNIQUES 

F O R S T A T I S T I C A L E S T I M A T E S 

5. 01 Mean Annual Rainfa l l in the Centra l Tab le lands of N . S . W . 

The d is tr ibut ion of m e a n annual ra infa l l throughout the Centra l 

Tablelands was r e q u i r e d as part of a c o m p r e h e n s i v e R a i n f a l l - R u n o f f 

study f o r watersheds c o m p a r a b l e with those at L i d s d a l e State F o r e s t 

( re f .189) . 

Detai led m a p s of m e a n annual rainfal l w e r e avai lable ( r e f s . 9 5 

and 96) but an examinat ion of these s u g g e s t e d that they w e r e b a s e d on 

either: 

(a) A s m a l l n u m b e r of stat ions with m e a n s ca l cu la ted 

f o r a standard p e r i o d of data 

Or 

(b) A l a r g e n u m b e r of stations with unadjusted m e a n s 

ca l cu la ted f o r the full p e r i o d of r e c o r d s at e a c h 

stat ion. 

Neither of these was c o n s i d e r e d suitable b e c a u s e deta i led , 

accurate values w e r e r e q u i r e d and it was n e c e s s a r y that they be 

strictly c o m p a r a b l e f r o m p lace to p l a c e . The data f r o m 44 stations 

were there fore ana lysed in three g r o u p s : 

(a) The 40 y e a r p e r i o d f r o m 1924 to 1963 f o r 29 s ta t i ons . 

(b) The 19 y e a r p e r i o d f r o m 1945 to 196 3 f o r an addit ional 

15 stations J, all of which had r e c o r d s that c o m m e n c e d 

a f t e r 1935. 

(c ) The 19 y e a r p e r i o d f r o m 1945 to 1963 f o r the 29 stations 

of (a) above . 
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The mean annual ra infa l ls w e r e ca l cu la ted f o r e a c h of these groups 

and the 1945-63 values of p e r i o d bias f o r ( c ) w e r e p lo t ted in f i g . 3, adopting 

1924-63 as the standard p e r i o d . It should be noted that the b ias was fairly-

consistent within r e g i o n s . 

The average values of bias within e a c h r e g i o n w e r e u s e d to make 

appropriate adjustments t o the ca l cu lated m e a n annual ra in fa l l s of group 

(b) and the final values of mean annual ra infa l l w e r e p lot ted on f i g . 4 . It 

should be noted that the result ing i sohyeta l pattern d i f f e r s f r o m that of the 

Weather Bureau maps , par t i cu lar ly in the v i c in i ty of H e l e n s b u r g h , Kurrajong 

and Oberon. 

5 .02 Mean Annual Runoff in the Central Tab le lands of N . S . W . 

There are 23 gauged watersheds in the r e g i o n s c o n c e r n e d , varying 

in size f r o m 6 square m i l e s to about 3000 square m i l e s . T h e i r usable 

r e c o r d s vary in length f r o m 5 up to 40 y e a r s . 

The mean annual runoff and c o r r e s p o n d i n g m e a n annual rainfal l were 

calculated f o r the full p e r i o d of s t r e a m f l o w data avai lab le at each gauging 

station. These values are set out in table 1 and plotted on f i g . 5, It may 

be observed that the plotted points of f i g . 5 f o r m three d is t inct groups 

viz : 

(a) The high rainfal l Sydney r e g i o n . 

(b) The high rainfal l Blue Mountains r e g i o n . 

(c)' The moderate to l o w rainfal l r e g i o n s , i . e . W i n d s o r 

Yass and Oberon . 

Average curves drawn through e a c h of the above g r o u p s should 

therefore enable reasonable e s t imates of runof f f o r any ungauged s t r e a m 

in the region if the mean average rainfal l can be c a l c u l a t e d e .g f r o m f i g . 4. 
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The curves a l s o enable the e s t imated m e a n s to be ad justed to 

coxrespond^ith a standard p e r i o d of r e c o r d s rather than the actual p e r i o d 

of records. F o r example the 7 y e a r r e c o r d f o r the F i sh R i v e r at Oberon 

showed a mean annual rainfal l of 34. 6 ins . and a mean annual runoff of 

5.7 ins. which is 5 p e r c e n t l o w e r than the runoff given by the reg ional curve 

for the same rainfal l . The 40 year m e a n annual rainfal l f o r the F i s h R i v e r 

at Oberon is 33 ins . and the c o r r e s p o n d i n g reg ional runoff is 5. 5 ins . The 

required 40 year es t imated mean is t h e r e f o r e a s s u m e d to be 5 p e r c e n t 

lower than 5. 5 ins . , i . e . 5 . 3 ins . 

The est imated 1924-6 3 m e a n annual runoff was ca lculated as above 

for each watershed and these v a l u e « , together with c o r r e s p o n d i n g es t imates 

for the ungauged a r e a s , w e r e used to construct the runoff map of f i g . 6. 

5. 03 Regional Es t imates with One or T w o Watersheds 

The regional c u r v e s of f i g . 5 can be es t imated f r o m the r e c o r d s of 

one or two representat ive watersheds if they are of reasonable length. 

This technique is demonst ra ted in f i g . 7 where the plotted points 

represent mean values calculated f r o m groups of s ix or seven y e a r s f o r the 

Avon River , Burra low C r e e k and the Macquar ie R i v e r , as shown in table 1. 

The years were grouped in c h r o n o l o g i c a l o r d e r which gave adequate ranges 

of values in these e x a m p l e s . In s o m e c a s e s , h o w e v e r , it may be n e c e s s a r y 

to group the annual values in o r d e r of magnitude otherwise only a smal l 

segment of the curve is de f ined . 

It should be apprec ia ted that reg ional runoff relat ions such as the 

above should give reasonable e s t imates if the hydro log ie units do not d i f f e r 

greatly throughout the reg i on . In c a s e s where the units are highly var iable 

it may be n e c e s s a r y to der ive separate curves f o r s i m i l a r groups of units 

rather than f o r entire r e g i o n s . 
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5. 04 The S y n t h e s i s of L o n g R e c o r d s 

A s ment ioned p r e v i o u s l y in 3. 05 c o m p l e t e r a i n f a l l - r u n o f f m o d e l s 

have been deve loped to enab le the s y n t h e s i s of l o n g runof f r e c o r d s f r o m 

ra infa l l r e c o r d s and t h e s e m a y then be u s e d f o r i m p r o v e d s t a t i s t i c a l e s t i m a t e s 

Such techniques a r e s t i l l r e l a t i v e l y new a n d a r e u n d o u b t e d l y amenable 

to many f u r t h e r i m p r o v e m e n t s . 

S e v e r a l r a i n f a l l - r u n o f f m o d e l s wi l l t h e r e f o r e be out l ined in s e c t i o n s 

6 to 10 and a c r i t i c a l a n a l y s i s wil l be a t t e m p t e d in s e c t i o n s 11 a n d IZ. 

Fol lowing this a n a l y s i s an i m p r o v e d m o d e l wi l l be d e v e l o p e d and t e s t e d in 

sec t ions 13 and 14. 

T A B L E 1 

0 
1—1 
0 
w Cri 

C A T C H M E N T 
P E R I O D 
OF 
D A T A 

A N N U A L 
A V E R A G E S 
F O R 
P E R I O D 

P Q 

E S T . 
A V E R A G E S 
1 9 2 4 - 6 3 
( i n c L ) 
f r o m 
f ig . 5 
P Q 

0 
1—1 
0 
w Cri 

C A T C H M E N T 
P E R I O D 
OF 
D A T A 

i n s i n s . in s . ins . 

Avon R . at Avon D a m 1 9 2 4 - S 3 5 3 . 7 21 . 9 54 22 
" I I I I 1 9 2 4 - 3 3 4 7 . 8 1 5 . 4 11 ti 
1 ' M I I 1 9 3 4 - 4 3 4 3 . 5 1 3 . 9 11 11 
M M M 1 9 4 4 - 5 3 5 7 . 2 27 . 2 11 11 

w ' 1 I I I I 1 9 5 4 - 6 3 6 6 . 4 31 . 0 11 I I 

Q C o r d e a u x R . a t C o r d e a u x D a m 1 9 2 4 - 5 0 5 4 . 6 21 . 0 60 26 

if) 
C a t a r a c t R . at C a t a r a c t D a m 1 9 2 4 - 6 3 57 . 5 25 . 6 58 26 

W J 

Woronora R . at W o r o n o r a D a m 1 9 3 1 - 5 0 4 9 . 9 1 8 . 0 55 23 
O ' H a r e s Ck. at W e d d e r b u r n 1 9 3 1 - 5 1 4 8 . 3 1 5 . 8 51 19 
Nepean R . a t N e p e a n D a m 1 9 2 4 - 6 3 4 6 . 1 1 4 . 9 46 15 
Wara tah R ivu le t a t W a t e r f a l l 1 9 2 6 - 4 1 5 0 . 5 1 5 . 7 57 21 
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T A B L E 1 (Cont 'd) 

0 M 
Ü 
w 

CO 
H 

W 
« 

0 
w. 
CQ 
0 

CO 

Ü 

W 
h 0 

CATCHMENT 

Burralow Ck.at Kurrajong 

Grose R. at R e c o r d e r 
Cox's R. at McMahon 's 
Colo R . at Upper Colo 

Fish R . at Ohe ron 
Fish R . at Tarana 
Slippery Creek at Damsite 
Middle R . at Marangaroo 
Cox's R . a t Bathurst Rd, 
Turon R. at Sofala 
Macquarie R . a t Bathurst 

PERIOD 
OF 
DATA 

1927-61 
1927-35 
1936-43 
1944-51 
1952-61 
1946-58 
1943-50 
1924-63 

Warragamba R . at Damsite 
Abe re rombi e R . at Caves 
Wollondilly R. at P o m e r o y 
South Ck. at Mulgoa Rd. 
Shoalhaven R . a t We l come Reef 
Hunter R . at Singleton 
Richmond R . at Casino 

1944-50 
1955-63 
1955-62 
1925-29 
1951-63 
1948-63 
1933-63 
1933-39 
1940-47 
1948-55 
1956-63 

1924-50 
1931-63 
1947-56 
1956-61 
1939-53 
1943-54 
1952-60 

ANNUAL 
AVERAGES 
FOR 
PERIOD 

EST„ 
AVERAGES 
1924-63 

( i n d . ) 

Q 

ins o 

48. 9 
4 7 . 2 
4 2 . 7 
55. 7 
50 .0 
54. 2 
42. 7 
38 .6 

34 
41 
38 
33 
30 
32 
32. 0 
26. 8 
26 
38 
36.7 

31 . 9 
32 .4 
38. 7 
35. 0 
28. 8 
27. 1 
49 = 0 

ins ins 
12 .0 
10 .4 

7 .9 
17 .7 
12 .4 
14 .6 

8 . 4 
5 .5 

5 .7 
1 0 . 6 

6.1 
6 . 3 
5 
6 
4 
2 
1 .7 
7 . 8 
6 . 1 

4. 3 
4 . 4 
8 . 0 
6 . 5 
9^4 
2 .9 

15 .5 

49 
49 
49 
49 
49 
48 
39 
36 

33 
34 
35 
33 
28 
28 
32 
32 
32 
32 
32 

33 
32 
33 
30 

Q 

ins 
12 
12 
12 
12 
12 
11 

6 
5 

5 
6 
5 
6 
5 
6 
5 
5 
5 
5 
5 
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6. C O M P L E T E R A I N F A L L - R U N O F F MODELS 

6.1 Introducti on 

The estimation or predict ion of runoff f r o m rainfa l l may be div ided 

into two parts : 

(a) The est imation of the ra in fa l l - excess which is 

essent ia l ly the residual when abstract ions are 

made f r o m the gross ra infa l l to al low fo r 

inf i l trat ion and other so -ca l l ed " l o s s e s s . " 

(b) The convers ion of ra in fa l l - exce s s to hydrographs 

of s t reamf low at the catchment outlet. 

Although all of the e r r o r s in (a ) are car r i ed through to (b) , 

engineering hydrologists in the past have g iven m ore attention to the la t ter 

for which several sat is factory techniques are now avai lable , ( e . g . unit 

hydrographs and storage rout ing . ) No techniques of comparable prec is ion 

are yet available for est imating ra in fa l l - excess . 

In re lat ive ly recent years however , a certain amount of p rog ress 

has been made with this prob lem through the appl icat ion of h igh-speed 

computers to f l ood forecast ing and the extension of s t reamf low records . 

These methods v irtual ly simulate mathemat ica l ly the entire ra infa l l - runof f 

cycle as most of the processes of the cycle have some e f f ec t on the ra in fa l l -

excess. 

The general features of simulation techniques have been rev iewed 

by Amorocho and Hart ( r e f . 97) who suggest that such techniques are 

profoundly influenced by our knowledge and interpretation of the relevant 

physical phenomena« They also suggest that the present state of knowledge 

of hydrologie phenomena is so inadequate that numerous emotional 

controversies are apt to ar ise regarding the re lat ive mer i t s of d i f ferent 

approaches. While this may be true to a certain extent, some of the current 
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c o n t r o v e r s i e s a p p e a r to have b e e n r e s o l v e d by r e c e n t d e v e l o p m e n t s in soi l 

and plant p h y s i c s , a s will be d i s c u s s e d l a t e r . 

G r e a t e r d i f f i c u l t i e s a r e due to the e x t r e m e v a r i a b i l i t y of hy^drologic 

f a c t o r s in t ime and s p a c e , n e c e s s i t a t i n g a v a s t a m o u n t of i n f o r m a t i o n for 

their complete s p e c i f i c a t i o n . It a p p e a r s that a p p r o x i m a t i o n s and s impl i fy ing 

a s s u m p t i o n s will a l w a y s be r e q u i r e d b e c a u s e the a m o u n t of b a s i c data that 

can be co l lec ted and a n a l y s e d i s i n v a r i a b l y r e s t r i c t e d , e v e n with the advent 

of high-speed c o m p u t e r s . 

Some of the new r a i n f a l l - runoff m o d e l s wi l l t h e r e f o r e be outlined 

with s p e c i a l e m p h a s i s on the e s t i m a t i o n of r a i n f a l l - e x c e s s . The m a i n 

underlying a s s u m p t i o n s wil l be e x a m i n e d in the l ight of r e l e v a n t s t u d i e s of 

individual p r o c e s s e s such a s i n f i l t r a t i o n and t r a n s p i r a t i o n . 

6 . 2 The G e n e r a l R a i n f a l l - Runoff C y c l e 

It i s convenient to c o n s i d e r h y d r o l o g i e p r o c e s s e s within two p h a s e s : 

(a) The dry ing p h a s e when t h e r e i s no r a i n f a l l and the 

dominant p r o c e s s i s e v a p o r a t i o n . 

(b) The wetting p h a s e when r a i n f a l l i s the d o m i n a n t 

p r o c e s s . 

The t e r m " m o i s t u r e s t a t u s " m a y be u s e d f o r the d r y n e s s or wetness 

of a catchment with p a r t i c u l a r r e g a r d to i t s c a p a c i t y f o r a b s o r b i n g ra in fa l l 

and prevent ing this r a i n f a l l f r o m b e c o m i n g r u n o f f . T h e s p e c i f i c a t i o n and 

accounting of the m o i s t u r e s t a t u s a r e the f u n d a m e n t a l p r o b l e m s in the 

procedureSto be d e s c r i b e d . 

The concept of " p o t e n t i a l e v a p o r a t i o n " i s n e c e s s a r y f o r m o d e r n 

hydro log ica l s t u d i e s ( r e f . 9 8 to 101) . B r i e f l y , i t i s i n t e n d e d t o be independent 

of f a c t o r s a s s o c i a t e d with the w a t e r b e i n g e v a p o r a t e d , i . e . the w a t e r 

t e m p e r a t u r e , r a te of supply and d e g r e e of e x p o s u r e . In t h i s p a p e r no 

dist inction i s made between the t e r m s " p o t e n t i a l e v a p o r a t i o n " a n d 
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"potential é v a p o t r a n s p i r a t i o n " fo r r e a s o n s outl ined in 1 1 . 0 1 . 

Potent ia l e v a p o r a t i o n c o r r e s p o n d s c l o s e l y with the e v a p o r a t i o n 

from large l a k e s or s h o r t , w e l l - w a t e r e d g r a s s and nnay be c a l c u l a t e d 

fairly r i g o r o u s l y f r o m m e t e o r o l o g i c a l data ( r e f s . 100 and 101) . R e a s o n a b l e 

relative va lues a r e obtained f r o m s t a n d a r d pan r e a d i n g s which m a y be 

converted to a p p r o x i m a t e a b s o l u t e v a l u e s by apply ing c o r r e c t i o n f a c t o r s 

that vary with the type of pan and s e a s o n of y e a r . The ac tua l r a t e of 

moisture l o s s f r o m a ca tchment by e v a p o r a t i o n i s u s u a l l y l e s s than the 

potential r a t e , p a r t i c u l a r l y when the ca tchment i s in a d r y condit ion. 

During the wetting p h a s e ^ e v a p o r a t i o n d i m i n i s h e s in i m p o r t a n c e 

and the catchment ga in s water f r o m r a i n f a l l through the p r o c e s s e s of 

interception, d e p r e s s i o n s t o r a g e and in f i l t r a t ion . 

Most hydro logy t e x t - b o o k s s t i l l p r e s e n t the " i n f i l t r a t i o n t h e o r y " 

which a s s e r t s that the r a te of g e n e r a t i o n of s u r f a c e runoff i s equal to 

the exce s s of r a in fa l l in tens i ty over in f i l t r a t ion c a p a c i t y . Thi s m a y be 

reasonable for an i s o l a t e d point on a ca tchment but the theory h a s 

serious de f i c i enc ie s when app l i ed to a typ ica l ly h e t e r o g e n e o u s a r e a , a s 

will be d i s c u s s e d in sec t ion 13. Concep t s such a s " r e t e n t i o n , " " r e c h a r g e , ' 

"absorpt ion" and " in i t i a l l o s s " a r e now f requent ly u s e d in r a i n f a l l - r u n o f f 

studies to d e s c r i b e p r o c e s s e s that l a r g e l y involve in f i l t r a t ion but i m p l y 

significant d e p a r t u r e s f r o m the t r ad i t iona l in f i l t ra t ion theory . 
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7. UNITED S T A T E S W E A T H E R B U R E A U M O D E L 

7 . 01 General Features 

K o h l e r ( r e f s . 163 and 167) has outl ined inves t iga t i ons by the U . S . 

Weather Bureau in order to i m p r o v e f o r e c a s t s of r i v e r stage and discharge 

He descr ibes a v e r y p r o m i s i n g m o d e l that m u y be r e p r e s e n t e d d i a g r a m -

matically by f ig . 11 . 

The computations are made f o r s u b - a r e a s surrounding individual 

rainfall stations rather than f o r whole catchmenirs . Th is enab les better 

allowances to be made f o r the wide var ia t i ons in cond i t i ons that m a y be 

expected over large a r e a s , p a r t i c u l a r l y in the d i s t r ibut ion of rainfal l . 

As shown in f ig . 11 a s u b - a r e a is r e p r e s e n t e d by s e v e r a l storage 

units with f ixed capaci t ies such as 0, 2 and 10 i n c h e s . The water s tored 

in these units is the water that is a b s o r b e d by the ca t chment and therefore 

does not contribute to the runof f . The e f f e c t i v e a r e a s or weight ings to be 

applied to the capacit ies are c h a r a c t e r i s t i c constants of a par t i cu lar sub-

area that determine its wetting and dry ing b e h a v i o u r . 

7 . OZ Specif ication of Mois ture Status by U . S . W . B . M o d e l 

The mois ture status of a s u b - a r e a is s p e c i f i e d by the de f i c i enc i es 

of its storage units, i . e . by the v o l u m e s of water r e q u i r e d to f i l l the units 

to capacity. 

The U . S . W..B.. has t r i ed as many as f i ve s t o r a g e units in each 

sub-area but Kohler states that little is gained by us ing m o r e than three , 

including 0 inches . As the 0 inch capac i ty does not change , the mo i s ture 

status of a sub -area at any t ime m a y be adequate ly s p e c i f i e d by only two 

parameters representing the d e f i c i e n c i e s of the 2 and 10 inch capac i t i es . 



FIGS. 8 -10 in the original print copy.
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The d e f i c i e n c y of the 2 inch c a p a c i t y i s e s s e n t i a l l y an index of the 

-upper zone" or sur face condit ion whi le the d e f i c i e n c y of the 10 inch 

capacity is an index of the total m o i s t u r e c o n d i t i o n . C a p a c i t i e s o ther than 

2 and 10 inches may be s e l e c t e d , of c o u r s e , and a c e r t a i n amount of 

experimenting may suggest m o r e sui table v a l u e s f o r a p a r t i c u l a r catchment. 

7 .03 Simulation of Drying P h a s e by U . S . W . B . M o d e l 

Changes in m o i s t u r e status during the d r y i n g p h a s e a r e attributed 

entirely to évapotransp i rat ion and no d i r e c t p r o v i s i o n i s m a d e f o r the 

e f fec ts of drainage to l o w e r l e v e l s . A s e x p l a i n e d in r e f . l 6 3 , va lues of 

potential evaporat ion are obtained f r o m : 

(1) Mean daily a ir t e m p e r a t u r e . 

(2) Total dai ly s o l a r rad ia t i on . 

. (3) Tota l dai ly run of wind . 

(4) Mean dai ly dew point t e m p e r a t u r e . 

The water s torage in e a c h unit i s dep le ted at the potent ia l 

evaporation rate until none r e m a i n s . The l o w c a p a c i t y units a re there fore 

usually emptied e a r l y and, as the dry ing phase p r o g r e s s e s , l a t e r l o s s e s 

occur only f r o m the high capac i ty s t o r a g e s . The c u r v e of m o i s t u r e 

depletion f o r a whole s u b - a r e a t h e r e f o r e b e c o m e s l e s s s teep with increasing 

t ime , the actual shape of the curve depending on the e f f e c t i v e a r e a s of the 

storage units . 

The accounting is done on a da i ly b a s i s and i s c a r r i e d f o r w a r d 

independently f o r each of the s e l e c t e d s t o r a g e c a p a c i t i e s . T h e r e is no need 

to be concerned with the e f f e c t i v e a r e a s until the f ina l s t a g e s of the runoff 

calculat ions . 

• 04 Simulation of Wetting P h a s e by U . S . M o d e l 

During the wetting phase the s t o r a g e units a r e r e c h a r g e d , the volume 



49. 

of recharge being equal to the change in m o i s t u r e d e f i c i e n c y . The d i f f e r e n c e 

between the r e c h a r g e and the ra infa l l in any p e r i o d i s equal to the runof f 

generated in the p e r i o d . The equat ions u s e d f o r the computat ions are as 

follows: 

^^os 
/ . \1Z 

= f m ^m^os 
OS 

'ts = f o s ^^P 

Qi 

Q 

= P - d 

(-iost \ 
\ dos J 

OS 

as Q s 

£ 1. 00 

. . . . . ( 7 a ) 

. . . . . ( 7 b ) 

( 7 c ) 

. . . , . ( 7 d ) 

. . . . . ( 7 e ) 

where s 

Q 

Qs 

P 

dts 

«^02 = 

its = 

m o i s t u r e capac i ty , i . e . the m a x i m u m amount of 

water that can be held in a s torage unit, exc luding 

the amount that wi l l b e c o m e runof f . 

runoff f r o m a subcatchment , i . e . an a r e a r e p r e s e n t e d 

by a prec ip i ta t i on station. 

runoff f r o m a s torage unit with e f f e c t i v e m o i s t u r e 

capac i ty s within a subcatchment . 

p rec ip i ta t i on on a ca t chment . 

m o i s t u r e d e f i c i e n c y at t ime t of unit with m o i s t u r e 

capac i ty s i . e . the amount of water r e q u i r e d to 

make the s t o rage equal to s . 

m o i s t u r e d e f i c i e n c y at t = 0 of unit with capac i ty of 

2 i n c h e s . 

capac i ty rate of absorp t i on at t ime t of unit with 

m o i s t u r e capac i ty s i . e . the potential t ime rate of 

d e c r e a s e of d^g if adequate water is ava i lab le . 
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f = f. at t = 0. ^os ts 

f ^ = m a x i m u m c a p a c i t y rate of a b s o r p t i o n . 

T = e f f e c t i ve s t o r m durat ion in p e r i o d c o n s i d e r e d 

ac = c h a r a c t e r i s t i c weight ing of units with m o i s t u r e 

capaci ty s . 

In the above , ag and f ^ are c h a r a c t e r i s t i c constants of the sub -

catchment. F o r a rainfal l of depth P with e f f e c t i v e durat ion T and initial 

moisture status d02 and dos ' ^̂ ^̂  ^^^^^ ^ ^ ^ ^ ^^ obtained as f o l l o w s : 

(a) Calculate f os f^^m (7a ) . (As this i s not in e x p l i c i t f o r m a 

graphical method is s u g g e s t e d by K o h l e r , r e f . 163). 

(b) Calculate Qg f r o m ( 7 c ) . 

(c ) Calculate Q f r o m (7d) . 

It may be shown that the equations i m p l y the f o l l o w i n g assumptions 

( re f . 168): 

(1) The rate of r e c h a r g e is l i m i t e d by the " a b s o r p t i o n capacity" 

which is d i r e c t l y p r o p o r t i o n a l to the m o i s t u r e d e f i c i e n c y . 

This means that the a b s o r p t i o n capac i ty d e c r e a s e s exponent-

ial ly with t ime if su f f i c i ent w a t e r i s a v a i l a b l e , which is 

roughly in line with H o r t o n ' s a p p r o a c h to in f i l t ra t i on , 

( r e f s . 103 and 104), 

(2) The m a x i m u m absorp t i on capac i ty is the s a m e f o r all 

s torage units and appl ies when the s u r f a c e i s c o m p l e t e d dry 

i . e . when there is no water in the 2 inch c a p a c i t y storage unit 

(3) When there is water in the 2 inch c a p a c i t y unit , the wetting 

phase p r o c e e d s as if the ex is t ing cond i t i ons had b e e n caused 

by preced ing absorp t i on f r o m a state of s u r f a c e d r y n e s s , 

(in real i ty , h o w e v e r , the ex i s t ing cond i t i ons m a y be due to 

preced ing evaporat ion a l s o ) . 
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The " e f f e c t i v e d u r a t i o n " i s an e q u i v a l e n t p e r i o d in which the r a i n f a l l 

intensity cont inuous ly e x c e e d s the a b s o r p t i o n c a p a c i t y . In p r a c t i c e t h e r e 

are usual ly p e r i o d s when the a b s o r p t i o n c a p a c i t y cannot be s a t i s f i e d by the 

available r a i n f a l l a n d in s u c h c a s e s a n e f f e c t i v e d u r a t i o n c a n only be 

est imated by s u b j e c t i v e or t r i a l and e r r o r m e t h o d s « At the t i m e of 

publication of the r e f e r e n c e s , i n v e s t i g a t i o n w a s p r o c e e d i n g to ob ta in m o r e 

s a t i s f ac tory m e t h o d s of d e a l i n g with t h e s e c o n d i t i o n s . K o h l e r s u g g e s t e d 

that some funct ion of both t i m e a n d v o l u m e of r a i n f a l l m a y e v e n t u a l l y 

replace e f f e c t i v e d u r a t i o n . 

B e f o r e the m o d e l can be o p e r a t e d the f o l l o w i n g c h a r a c t e r i s t i c 

constants m u s t be e v a l u a t e d f o r a p a r t i c u l a r c a t c h m e n t : 

(1) T h e e f f e c t i v e a r e a of e a c h s u b c a t c h m e n t . 

(2) T h e e f f e c t i v e a r e a o r w e i g h t i n g to be a p p l i e d 

to e a c h s t o r a g e c a p a c i t y within e a c h s u b c a t c h m e n t . ( a g ) . 

(3) T h e m a x i m u m a b s o r p t i o n c a p a c i t y , ( f n i ) ' 

T h e s e a r e d e r i v e d by a c o m p u t e r to g ive the b e s t f i t to p a s t r e c o r d s 

of ra infa l l , runoff and p o t e n t i a l e v a p o r a t i o n . 

The r e s i d u a l e r r o r s of the m o d e l a r e not r a n d o m but show a 

seasonal b i a s . S m a l l s e a s o n a l v a r i a t i o n s of the w e i g h t i n g s a r e t h e r e f o r e 

made and t h e s e p r o b a b l y a c c o u n t f o r s u c h f a c t o r s a s v e g e t a t i o n c h a n g e s , 

agr icu l tura l p r a c t i c e s and h e a t s t o r a g e within the s o i l . 

C o n v e r s i o n of R a i n f a l l - e x c e s s to S t r e a m f l o w by U . S . W . B . Mode l 

K o h l e r d o e s not i n c l u d e th i s a s p e c t in the g iven r e f e r e n c e s but 

p r e s u m a b l y it m a y be d e a l t with by e i t h e r a u n i t g r a p h or rout ing t e c h n i q u e . 

The t e r m " r a i n f a l l - e x c e s s " s t r i c t l y a p p l i e s to s u r f a c e runof f only . 

In the U . S . W . B . m o d e l it m a y a l s o i n c l u d e inte r f l ow and , in s ome c a s e s , 

base f low, depending on w h e t h e r t h e s e c o m p o n e n t s a r e r e a d i l y s e p a r a t e d in 

the b a s i c runoff d a t a . 
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S T A N F O R D UNIVERSITY M O D E L 

8. 01 General Features 

Another fa i r ly c o m p l e x rainfal l - runoff m o d e l has been developed 

at Stanford Univers i ty , Ca l i f o rn ia ,by C r a w f o r d and L i n s l e y ( r e f s , 1 0 5 

and 106), It p roduces hourly s t r e a m f l o w e s t i m a t e s f r o m h o u r l y rainfall 

and daily values of potential evaporat ion and m a y be u s e d f o r purposes 

such as the extension of runoff r e c o r d s and f l o o d est imat ion» 

The mean hourly rainfal l i s ca l cu la ted f r o m all appropr iate 

gauges on the catchment and area l var iat ion a r e i g n o r e d . The mode l 

is therefore probably suitable f o r ca t chments be tween about 20 and 100 

square m i l e s , depending on the rainfal l c h a r a c t e r i s t i c s , (it has been 

tried on an 80 sq . mi le catchment ) . 

The daily potential evaporat ion is ca l cu la ted f r o m Meteoro log i ca l 

data by the U . S . W . B . method, as d e s c r i b e d p r e v i o u s l y . 

Figure 12 shows how the Stanford m o d e l r e p r e s e n t s a catchment 

by four main units, v i z : 

(a) An upper zone s torage which p r o v i d e s f o r the e f f e c t s 

of the catchment sur face and upper so i l l a y e r s . 

(b) A l ower zone s torage which p r o v i d e s f o r the e f f e c t s 

of the m a j o r part of the so i l p r o f i l e above the water 

table . 

(c) A groundwater s torage which c o n t r o l s b a s e f l o w s . 

(d) A unit f o r i m p e r v i o u s a r e a s f r o m which all rainfal l 

b e c o m e s runof f . 

Some of the detailed re lat ionships of the m o d e l have evo lved 

by a p r o c e s s of t r ia l , and e r r o r , a r b i t r a r y ad jus tments having been made 

when the reproduced data d i f f e red f r o m actual o b s e r v a t i o n s . The equations 

given in the r e f e r e n c e s may be s u m m a r i z e d as f o l l o w s : 
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Evaporation 

C„ = c i V + exp ( -C2 R l ) 'u 

V =2^0.9) ' Wi_i 
1.= I 

where i = number of days be fore speci f ied day. 

W = E when S^ > 0 

= E - E^ 
2rR 

= rRL 

when S^ = 0 and E ^ t R l 

when S^ = 0 and E ^ rR^ 

.(8a) 

. (8b) 

) 

(8c) 

Surface Runoff 

Qi 

Q 

[ a + b ^ 

m 

= P [ a + b 

= P . ^ 
2M 

when ^ M ] 
" ^ L ~ ^ when Pj^ > M J 

(8d) 

(8e) 

Infiltration 

û = P^ 1 . 0 - 0 .89 Ru^ when R^ ^ 0 .5 1 

r / r when Ru ^ 5 y 

= PL - PL' 

= M 
2M 

when P l ^ M ) 
) 

when Pj^ M ) 

(8f) 

(8g) 

••n = PL - PL ' 
2N 

= N 
2 

when P l N ) ^ ) 

) 
when P l ^ N ) 

(8h) 

= GI u (8i) 
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Drainage f r o m Upper to Lower Leve l s 

Ou = f ( l - R L ) S u 
O L G R l ^ u 

GO u 

( 1 - R l ) 

Interflow and Groundwater Flow 

Q. 'n 

Og k4 Sg 

k4 Sg + k3 (Sg - Cg) 

(8j) 
when R l ) 

) (8k) 
when R l ^ ) 

when R l ^ 0 . 5 ) 
) (81) 

when R l T ' 0 . 5 ) 

(8m) 

when Sg ^ Cg ) 
) (8n) 

when Sg Cg ) 

where 

P 

Pu 

PL 

Qi 

Qm 
Qn 

Qs 

Su 
S l 

Sg 

Cu 
C l 
Cg 
Ru 

RL 

rainfall on catchment in each hour 

rainfall available to upper zone in each hour 

rainfall available to l ower zone in each hour 

runoff generated f r o m imperv ious areas in each hour 
runoff generated f r o m upper zone in each hour 

interflow generated each hour 

surface runoff generated each hour = Qi + Q m 
storage in upper zone 

storage in l ower zone 
groundwater storage 
nominal storage capacity of upper zone 
maximum probable storage of l o w e r zone 
nominal groundwater storage capac i ty 

g 
upper zone moisture rat io = ^ / C ^ 

lower zone moisture rat io = S l / q ^ 
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O^ = d r a i n a g e f r o m u p p e r z o n e t o l o w e r z o n e 

OL d r a i n a g e f r o m l o w e r z o n e t o g r o u n d w a t e r 

Og = g r o u n d w a t e r f l o w a t c a t c h m e n t o u t l e t 

O = t o t a l d i s c h a r g e a t c a t c h m e n t o u t l e t 

= d i r e c t h o u r l y i n f i l t r a t i o n t o u p p e r z o n e 

I jn = d i r e c t h o u r l y i n f i l t r a t i o n t o l o w e r z o n e , i n c l u d i n g i n t e r f l o w 

Ij^ = d i r e c t h o u r l y i n f i l t r a t i o n t o l o w e r z o n e e x c l u d i n g i n t e r f l o w 

Ig = h o u r l y i n f i l t r a t i o n t o g r o u n d w a t e r s t o r a g e ( i . e . p a r t of I^) 

E = d a i l y p o t e n t i a l e v a p o r a t i o n 

G = g r o u n d w a t e r a c c r e t i o n i n d e x 

M & N = l o w e r z o n e i n f i l t r a t i o n i n d i c e s 

V = a n t e c é d a n t e v a p o r a t i o n i n d e x 

W = a c t u a l d a i l y e v a p o r a t i o n 

a = i m p e r v i o u s p r o p o r t i o n of c a t c h m e n t 

b = p a r a m e t e r r e p r e s e n t i n g w a t e r s u r f a c e a r e a 

ci & C2 = u p p e r z o n e s t o r a g e c o n s t a n t s 

f = u p p e r z o n e d r a i n a g e c o n s t a n t 

h i h2 = g r o u n d w a t e r s t o r a g e c o n s t a n t s 

k i & = s u r f a c e a n d i n t e r f l o w s t o r a g e - o u t f l o w r a t i o s 

k3 k4 = s t o r a g e - g r o u n d w a t e r f l o w r a t i o s 

r = l o w e r zone e v a p o r a t i o n c o n s t a n t 
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8. 02 S p e c i f i c a t i o n of M o i s t u r e Status by Stanford M o d e l 

T h r e e p a r a m e t e r s are r e q u i r e d to s p e c i f y the m o f s t u r e status of 

a catchment , i . e . 

I n t e r c e p t i o n - d e p r e s s i o n s t o rage d e f i c i e n c y . 

Upper zone m o i s t u r e r a t i o . 

L o w e r zone m o i s t u r e ra t i o . 

The m a x i m u m d e f i c i e n c y of the i n t e r c e p t i o n - d e p r e s s i o n s to rage 

is a f i xed amount be tween . 05 and . 50 i n c h e s depending on the ca tchment 

c o n c e r n e d . Th is m a x i m u m value appl ies at the end of m o s t dry ing phases 

because the s t o rage is rap id ly dep le ted . A f t e r the c o m m e n c e m e n t of 

ra infa l l , h o w e v e r , the s t o rage i s rap id ly f i l l ed and a m i n i m u m d e f i c i e n c y 

t h e r e f o r e app l i e s during m o s t of the wetting phase to a c count f o r e v a p o r a t i o n 

e t c . The i n t e r c e p t i o n - d e p r e s s i o n s to rage is only a m i n o r part of the total 

upper zone s t o r a g e which a l s o inc ludes m o s t of the water invo lved in e a r l y 

in f i l t rat ion . 

The ra t i o of the total upper zone s t o rage to the " n o m i n a l c a p a c i t y " 

is the upper zone m o i s t u r e r a t i o . Although the nominal capac i ty is l i m i t e d 

it v a r i e s to .a c e r t a i n extent with the l o w e r zone s torage and b e c o m e s 

p r o g r e s s i v e l y l a r g e r as the ca t chment d r i e s out (equation 8a). 

The l o w e r zone m o i s t u r e ra t i o is g iven by the rat io of the l o w e r 

zone s to rage to the m a x i m u m l o w e r zone s t o r a g e . This l a r g e l y c o n t r o l s 

l o n g - t e r m in f i l t ra t ion and e v a p o r a t i o n . 

8 , 0 3 S imulat ion of Dry ing 

The dry ing phase is s imulated on a dai ly bas i s f r o m the ca l cu la ted 

potential e v a p o r a t i o n and the appropr ia te p a r a m e t e r s of m o i s t u r e status . 

E v a p o r a t i o n f r o m the upper zone is a s s u m e d to o c c u r at the potential 
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rate and while any water r e m a i n s in this s torage there is no evaporat ion 

f r o m the l o w e r zone . When the upper zone s to rage i s e m p t y evaporat ion 

c o m m e n c e s f r o m the l o w e r zone at rates that v a r y with the m o i s t u r e ratio 

and the potential evaporat ion as given by equation ( 8 c ) . This accounts 

f o r the e f f e c ts of the l imi ted avai labi l i ty of water f o r evaporat i on as the 

soil mois ture is depleted. 

A pirogress ive adjustment is made to a l l ow f o r the re la t ive ly 

small amount of evaporat ion f r o m the groundwater s t o r a g e . P r e s u m a b l y 

it is var ied on a seasonal bas is and m a y be e s t i m a t e d f r o m avai lable 

r e c o r d s . 

To prov ide f o r drainage f r o m upper to l o w e r l e v e l s a percentage 

reduction of the upper zone s torage is made each day , depeTiding on the 

l ower zone mois ture rat io (equation (8.j) . The por t i on of this drainage 

entering the groundwater s torage is a l s o e x p r e s s e d as a funct ion of the 

l ower zone mo is ture rat io (equation (8k) ) . 

8 .04 Simulation of Wetting Phase by Stanford Mode l 

Computations of the wetting phase are c a r r i e d out on an hourly 

basis during per i ods of ra in fa l l . The runoff generated in e a c h hour 

consists of : 

The sur face runoff f r o m i m p e r v i o u s a r e a s (Qi) 

The sur face runoff f r o m p e r v i o u s a r e a s ( Q m ) 

Inter f low. (Qn) 

Groundwater f l o w (Og) . 

The sur face runoff f r o m i m p e r v i o u s a r e a s is the g r o s s rainfall on 

a f ixed percentage of the catchment r epresent ing sea l ed s u r f a c e s plus a 

variable percentage represent ing water s u r f a c e s (equation (8 d ) ) . 
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The s u r f a c e runoff f r o m p e r v i o u s a r e a s i s equa l to the r e m a i n i n g 

r a in fa l l a f t e r a b s t r a c t i o n s have been m a d e f o r : -

I n t e r c e p t i o n - d e p r e s s i o n s t o r a g e 

I n f i l t r a t i o n to the upper zone 

I n f i l t r a t i o n to the l o w e r zone 

If the h o u r l y r a i n f a l l i s l e s s than , or equa l to the d e f i c i e n c y of the 

i n t e r c e p t i o n - d e p r e s s i o n s t o r a g e , i t a l l e n t e r s th i s s t o r a g e « R a i n f a l l in 

e x c e s s of the i n t e r c e p t i o n - d e p r e s s i o n s t o r a g e d e f i c i e n c y b e c o m e s a v a i l a b l e 

for i n f i l t r a t i o n . The p e r c e n t a g e i n f i l t r a t i n g to the upper zone i s a funct ion 

of the upper zone m o i s t u r e r a t i o and d e c r e a s e s a s the r a t i o i n c r e a s e s 

(equat ion 8f)o 

I n f i l t r a t i o n to the l o w e r zone i s s i m i l a r l y r e g u l a t e d by the l o w e r 

zone m o i s t u r e r a t i o , but in th i s c a s e the mode l a s s u m e s that i n f i l t r a t i o n 

c apac i t i e s v a r y throughout the c a t chmen t f r o m a m i n i m u m va lue of 0 to a 

m a x i m u m va l u e of M. The d i s t r i b u t i o n cu rve i s a s s u m e d to be l i n e a r and 

i s r e p r e s e n t e d by OM in f i g . 13 . The runoff f r o m p e r v i o u s a r e a s i s 

t h e r e fo r e l a r g e l y d e t e r m i n e d by M which i s a funct ion of the l o w e r zone 

mo i s t u r e r a t i o . The cu rve r e l a t i n g t h e s e i s unique to e a c h c a t chment and 

i t s p a r a m e t e r s a r e d e r i v e d to f i t the d a t a . Equa t ions (8e ) and (8g) m a y be 

r e a d i l y obta ined f r o m f i g . 13 to e x p r e s s both s u r f a c e runoff and i n f i l t r a t i o n 

in t e r m s of the a v a i l a b l e r a i n f a l l ( in f low to l o w e r zone) and the p a r a m e t e r M. 

I n t e r f l o w i s g e n e r a t e d f r o m p a r t of the i n f i l t r a t i o n to the l o w e r zone 

and i s r e p r e s e n t e d in f i g . 1 3 by the a r e a be tween l i n e s OM and ON. P a r a m e t e r 

N m a y be r e g a r d e d a s the m a x i m u m "net i n f i l t r a t i o n c a p a c i t y " and i s r e l a t e d 

to the m o i s t u r e r a t i o by a unique c u r v e s i m i l a r to that for p a r a m e t e r M. 

P a r t of the net i n f i l t r a t i o n in e a c h hour e n t e r s the g r o u n d w a t e r 

s t o r a g e , ( equa t ion (S i )). The g r o u n d w a t e r f low i s a d i r e c t funct ion of the 

s to r age a s g i v en by equat ion (8n) . 
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Throughout the wetting phase all s t o r a g e s are a f f e c t e d by dra inage 

f r om upper to l o w e r l e v e l s (equations (8j ) and (8k)) and the i n t e r c e p t i o n -

depress ion s torage i s depleted by a constant hour ly rate . These p r o c e s s e s 

continue into the drying phase f o r l i m i t e d p e r i o d s . 

8.05 C o n v e r s i o n of R a i n f a l l - e x c e s s to S t r e a m f l o w by Stanford Mode l 

The computed hour ly i n c r e m e n t s of sur face runoff and in ter f l ow 

are translated by c h a r a c t e r i s t i c constant values~af~time d e t e r m i n e d f r o m 

the r e c o r d s . The result ing h i s t o g r a m s are then routed through separate 

l inear s t o rages to f o r m s u r f a c e and in ter f l ow hydrographs at the catchment 

outlet. These h y d r o g r a p h s and the groundwater f l o w given by equation 

(8n) are added together to p roduce the total hydrograph of s t r e a m f l o w . 
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9. COMMONWEALTH BUREAU OF M E T E O R O L O G Y M O D E L  

9.01 General Features 

A relat ively s imple mode l has been s u c c e s s f u l l y used by the 

Commonwealth Bureau of M e t e o r o l o g y to p r e d i c t f l o o d f l ows f r o m isolated 

s torm events on severa l Austra l ian r i v e r s ( r e f s . 107 and 164). The basic 

assumption of this approach is that no s igni f i cant f l o o d f l ows o c c u r during 

a s torm until the rainfall has sat i s f i ed an " init ial l o s s " that depends on 

the moisture status . It is further a s s u m e d that the l o s s rate a f ter the 

c o m m e n c e m e n t of f l ood runoff is a re la t ive ly s m a l l , constant value. 

An e l e c t ron i c computer is used to der ive unit h y d r o g r a p h s , l oss 

rates and initial l o s s e s f r o m past p luviograph and s t r e a m f l o w data. 

9 . 02 Speci f icat ion of Mois ture Status by C . B . M . Mode l 

The moisture status is s p e c i f i e d by a single p a r a m e t e r that 

endeavours to account f o r the e f f e c t s of p re ced ing rainfal l on the 

catchment. This p a r a m e t e r is the "antecedent prec ip i ta t ion index" 

and is calculated f r o m the fo l lowing equation as suggested by L ins ley , 

Kohler and Paulhus ( r e f . 2): 

API = 0 . 9 API ' + P (9a) 

where API = Antecedent prec ip i ta t i on index f o r 

s p e c i f i e d day 

API ' = Antecedent prec ip i ta t i on index f o r 

p rev i ous day 

P = Rainfal l s ince p r e v i o u s day 

A daily account of API is maintained throughout the drying phase. 

9 -03 Simulation of Drying Phase by C . B . M . Mode l 

Although the above equation does not d i r e c t l y s imulate the physical 

p r o c e s s e s of the drying phase it m a y give r e a s o n a b l e p r e d i c t i o n s of the 
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e f fects of these p r o c e s s e s . Under s o m e condit ions the value of API m a y 

be interpreted as r epresent ing the actual amount of m o i s t u r e s torage 

within an appropr ia te l a y e r of the catchment and the constant of 0» 9 in 

the equation i m p l i e s that during the drying phase this m o i s t u r e is 

depleted daily by ten p e r c e n t of the exist ing s t o r a g e . 

Var iab l e va lues , rather than a constant of 0 . 9 wou].d prov ide the 

most l og i ca l a l l owance f o r s easona l and regional d i f f e r e n c e s but this 

compl i ca tes the der ivat ion and operat ion of the m o d e l . The Bureau of 

Meteoro l ogy c l a i m s that runoff p red i c t i ons are just as re l iab le if the 

API is computed with 0 . 9 and a seasona l p a r a m e t e r is used in the 

corre la t ion between API and initial l o s s . 

The value of API n e v e r b e c o m e s z e r o in a finite t ime but it is 

general ly ins igni f i cant a f ter the drying phase has e x c e e d e d about 30 days 

in length. T h e r e f o r e , in computing the API it i s usual ly not n e c e s s a r y to 

cons ider ra infa l l s p re ced ing the s p e c i f i e d day by m o r e than a month. 

9. 04 Simulation of Wetting Phase by C . B . M . Model 

The wetting phase of the C . B . M mode l r e p r e s e n t s the phys ica l 

p r o c e s s e s in a highly s i m p l i f i e d m a n n e r . Intercept ion , d e p r e s s i o n s torage 

and ear ly inf i l trat ion are all acounted f o r by initial l o s s which is dependant 

on the API and season of y e a r , as ment ioned p r e v i o u s l y . The c o r r e l a t i o n 

between initial l o s s , API and s e a s o n is obtained f r o m past r e c o r d s and 

is unique to each catchment . 

It is a s s u m e d that during the ear ly part of a s t o r m a catchment 

can a b s o r b rainfal l at unl imited rates and, no matter how high the 

intensit ies may be , runoff does not o c c u r . As soon as the total rainfal l 

equals the initial l o s s , h o w e v e r , the absorpt ion capaci ty of the catchment 

drops abrupt ly and m o s t of the ensuing rainfal l b e c o m e s r a i n f a l l - e x c e s s . 
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The small constant l o s s rate during this stage is usual ly between .02 

and . 10 inches per hour which accounts f o r continuing evaporat ion and 

deep infi ltration. 

The value of API is i n c r e a s e d each day by the amount of rainfall 

entering the catchment during the prev ious 24 h o u r s . It would be m o r e 

logical to i n c r e a s e the API by rainfal l minus c o r r e s p o n d i n g runoff 

but this will not n e c e s s a r i l y i m p r o v e the a c c u r a c y of runoff predict ions . 

9 . 05 Convers ion of R a i n f a l l - e x c e s s to S t r e a m f l o w by C. B . M . Model 

R a i n f a l l - e x c e s s is converted to s t r e a m f l o w by the unit hydrograph, 

method with severa l re f inements . On some s t r e a m s the peaks of unit 

hydrographs der ived f r o m large s t o r m s tend to be h igher than the peaks 

derived f r o m smal l e r s t o r m s ( r e f . 108) and the use of an average unit 

hydrograph can there fore result in the u n d e r - e s t i m a t i o n of ex t reme 

f l oods . The C . B . M . ananlysis by digital computer enables these 

tendencies to be quantitatively spec i f i ed and appropr iate adjustments are 

made when n e c e s s a r y . 

Similar adjustments are made f o r large var iat ions in area l 

distributions of ra in fa l l - exce s s . On the M a c l e a y R i v e r , N . S . W . for 

example , s torms concentrated near the headwaters w e r e separated f r o m 

storms concentrated near the outlet and appropr iate c o r r e c t i o n s were 

applied to est imates based on the average unit hydrograph . 
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10. OTHER R A I N F A L L - R U N O F F MODELS 

10.01 Multiple R e g r e s s i o n and Multivariate Analys is 

The ra in fa l l - runo f f c y c l e may be regarded as the mathemat i ca l 

operation of a number of v a r i a b l e s which ult imately produce runoff as 

the ma jor dependent v a r i a b l e . Multiple r e g r e s s i o n is c o m m o n l y used 

to analyse such s y s t e m s and can evaluate the combined and individual 

ef fects of many independent var iab les such as rainfal l and é v a p o -

transpiration. 

" B e s t f i t " equations f o r predict ing runoff have been der ived with 

linear multiple r e g r e s s i o n p r o g r a m m e s which are readi ly avai lable 

for most c o m p u t e r s . L o g a r i t h m i c t rans fo rmat ions or polynomials are 

usually eas i l y introduced , if n e c e s s a r y , to a l low f o r curv i l inear 

relations . 

Unfortunately these methods have certain l imitat ions and do not 

always give sa t i s fa c t o ry ra in fa l l - runo f f est imat ion as d i s c u s s e d in 

detail by Sharp, G ibbs , Owen and H a r r i s ( r e f . 1 0 9 ) . The main 

diff iculties are due to the inte r - r e l a t i o n s h i p s between many of the 

variables which make some of the b a s i c assumpt ions of the methods 

untenable. The high coe f f i c i en t s of c o r re la t i on and tests of s igni f i cance 

that are obtained with s o m e multiple r e g r e s s i o n studies may be quire 

misleading because of the skewness in much h y d r o l o g i c a l data. 

H a r r i s , Sharp, Gibbs and Owen have deve loped an i m p r o v e d 

statistical m o d e l s imi la r to multiple r e g r e s s i o n analysis but avoiding 

some of the above d i f f i cu l t i es . In this approach the most important 

independent var iable is f i r s t identi f ied and its e f f e c t s on all other 

variables are r e m o v e d . The next m o s t important independent var iable 

is then ident i f ied and the p r o c e d u r e is repeated until there are no 

further s igni f i cant reduct ions in the unexplained var iance of the dependent 
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v a r i a b l e . A l t h o u g h t h e p r e d i c t i n g e q u a t i o n t h u s o b t a i n e d m a y n o t g ive a 

" b e s t f i t " t o t h e d a t a i t e n s u r e s a m i n i m u m n u m b e r of s i g n i f i c a n t v a r i a b l e s , 

s h o w s the r e l a t i v e i m p o r t a n c e of e a c h v a r i a b l e a n d i s l e s s l i k e l y t o g ive 

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

S o m e a s p e c t s of t h e p r e c e d i n g m e t h o d a r e a p p r o x i m a t e d b y t h e 

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

w h e n t h e r e a r e o n l y t h r e e o r f o u r i n d e p e n d e n t v a r i a b l e s . T h i s h a s t h e 

a d v a n t a g e t h a t t he f o r m s of t h e r e l a t i o n s h i p a r e n o t r e s t r i c t e d b y s p e c i f i c 

m a t h e m a t i c a l f u n c t i o n s b u t i t i s u n s u i t a b l e if t h e r e i s j o i n t a c t i o n o r 

i n t e r - d e p e n d e n c e b e t w e e n t h e v a r i a b l e s , ( e . g . r a i n f a l l t o t a l a n d r a i n f a l l 

d u r a t i o n ) . 

C o - a x i a l g r a p h i c a l c o r r e l a t i o n , o u t l i n e d b y L i n s l e y , K o h l e r a n d 

P a u l h u s ( r e f . 1) h a s b e e n w i d e l y u s e d f o r e s t i m a t i n g r u n o f f w i t h v a r y i n g 

d e g r e e s of s u c c e s s . ( S o m e A u s t r a l i a n e x a m p l e s a r e i n r e f . 6 0 a n d r e f . 111). 

It h a s c e r t a i n a d v a n t a g e s o v e r t h e m e t h o d of d e v i a t i o n s b u t i s s t i l l of 

l i m i t e d v a l u e w h e n t h e r e i s j o i n t a c t i o n b e t w e e n a n u m b e r of v a r i a b l e s . 

It i s s u g g e s t e d by S n y d e r ( r e f . 112) t h a t m u l t i p l e r e g r e s s i o n m a y 

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

u s e d f o r t e s t i n g o r e v a l u a t i n g a n a s s u m e d r a i n f a l l - r u n o f f m o d e l f o r t h e 

f o l l o w i n g r e a s o n s : 

(1) M u l t i p l e r e g r e s s i o n c u r v e - f i t t i n g ( b y l e a s t s q u a r e s ) 

a s s o c i a t e s e r r o r s w i t h t h e d e p e n d e n t v a r i a b l e o n l y . 

T h i s i s i n a p p r o p r i a t e a s m o s t of t h e i n d e p e n d e n t 

v a r i a b l e s a r e a l s o s u b j e c t t o e r r o r i n r a i n f a l l - r u n o f f 

e s t i m a t i o n . 

(2) M u l t i p l e r e g r e s s i o n a s s u m e s t h a t t h e r e a r e n o i n t e r -

r e l a t i o n s h i p s b e t w e e n t h e i n d e p e n d e n t v a r i a b l e s . T h i s 

a s p e c t h a s b e e n d e a l t w i t h p r e v i o u s l y . 
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In the a b o v e r e f e r e n c e S n y d e r b r i e f l y d e s c r i b e s the t e c h n i q u e s of 

m u l t i v a r i a t e a n a l y s i s a n d a d v o c a t e s the u s e of t h e s e f o r s o m e r a i n f a l l -

runoff p r o b l e m s . M u l t i v a r i a t e a n a l y s i s e n a b l e s the a s s o c i a t i o n of 

e r r o r s with a n y v a r i a b l e s a n d a l s o p e r m i t s the s e p a r a t i o n of t h e t r u l y 

independent c o m p o n e n t s of the c o m p u t a t i o n a l s y s t e m . T h e s e f e a t u r e s 

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

r e q u i r e d . 

T e c h n i q u e s u s i n g m u l t i p l e r e g r e s s i o n h a v e b e e n d e v e l o p e d by 

C h a p m a n ( r e f s . 1 1 3 a n d 114) a n d t e c h n i q u e s u s i n g m u l t i v a r i a t e a n a l y s i s 

have b e e n d e v e l o p e d b y B e t s o n ( r e f . 1 1 5 ) . B o t h of t h e s e w i l l be 

d e s c r i b e d b e l o w , 

1 0 . 0 2 T . G . C h a p m a n 

C h a p m a n s p e c i f i e d the m o i s t u r e s t a t u s of a c a t c h m e n t wi th a 

s ing le p a r a m e t e r c a l l e d the " c a t c h m e n t d r y n e s s i n d e x " , d e s i g n a t e d b y 

D ( r e f . 1 1 3 ) . He a l s o d e f i n e d a p a r a m e t e r K w h i c h i s the r a t i o of the 

ac tua l é v a p o t r a n s p i r a t i o n r a t e t o the p o t e n t i a l e v a p o r a t i o n r a t e , i . e . 

K = d W / d t = = d ^ 

d E / d t d E d E . ( 1 0 a ) 

w h e r e E = p o t e n t i a l e v a p o r a t i o n 

W = a c t u a l e v a p o r a t i o n 

It i s a s s u m e d t h a t K i s a f u n c t i o n of D w h i c h m a y be d e r i v e d 

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

( a ) S e l e c t p e r i o d s tha t c o m m e n c e a n d f i n i s h i m m e d i a t e l y 

a f t e r m o d e r a t e o r l a r g e f l o o d s wi th l i t t l e o r no 

i n t e r m e d i a t e r a i n . 

(b) A s s u m e t h a t the c a t c h m e n t d r y n e s s i s O a t the 

b e g i n n i n g a n d e n d of the a b o v e p e r i o d s s o tha t 
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the actual water l o s s by evaporat ion within each 

per iod is approx imate ly equal to the " m o i s t u r e 

r e c h a r g e " at the end, i . e . 

W = P - Q = Di 

where W = evaporat ion during p e r i o d . 

Dj = dryness index i m m e d i a t e l y b e f o r e f l ood at 

end of p e r i o d 

P = rainfall in p e r i o d ( m o s t l y f r o m s t o r m at 

end) 

Q = runoff due to P 

(c ) Plot values of W calculated in (b) against corresponding 

values of E and draw a smooth curve through the 

scatter of points . The s l opes of this curve give a f i rst 

est imate of K. 

(d) Plot K as est imated above against Di , (='W). 

This relat ionship can then be i m p r o v e d by trial and 

e r r o r to give the bes t f it to the avai lable data. 

After a sat i s fac tory re la t i onsh ip betweek K and D has been obtained 

a daily accounting of D can be c a r r i e d out f r o m es t imates of the potential 

evaporation. Any method of est imating potential evaporat ion may be used, 

including unadjusted pan readings , providing the same method is used 

consistently in the complete derivat ion and in all appl icat ions of a particular 

relati onship. 

Rainfall in minor s t o rms is evaporated at rates co r respond ing with 

the maximum value of K, in the accounting p r o c e d u r e , and no further 

reduction in D is made until all of the inf low f r o m the m i n o r s t o r m has 

been evaporated. 
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In an a p p l i c a t i o n of the a b o v e to the U p p e r G o u l b u r n R i v e r , N . S . W . , 

Chapman found that t h e r e w e r e f ew p e r i o d s with no s i g n i f i c a n t r a i n b e t w e e n 

f l o o d - p r o d u c i n g s t o r m s . It w a s t h e r e f o r e a s s u m e d that a n e s t i m a t e d 

m a x i m u m r a t e of K a p p l i e d to the i n t e r m e d i a t e s t o r m s and a p p r o p r i a t e 

va lues w e r e s u b t r a c t e d f r o m W and E in s t e p (c ) a b o v e . 

T o e n a b l e the e s t i m a t i o n of s t o r m r u n o f f , s o m e f o r m of r e l a t i o n -

ship between D , s t o r m r a i n f a l l t o t a l a n d r a i n f a l l i n t e n s i t y m u s t be d e r i v e d 

f r o m the a v a i l a b l e d a t a . 

In th i s s t u d y C h a p m a n ob ta ined g o o d p r e d i c t i o n s of s t o r m runoff 

by mul t ip le r e g r e s s i o n with D , s t o r m r a i n f a l l to ta l and m a x i m u m d a i l y 

ra in fa l l a s the ( a s s u m e d ) i n d e p e n d e n t v a r i a b l e s . T h e m a x i m u m d a i l y 

ra in fa l l w a s found to be a b e t t e r i n d e x of the e f f e c t s of r a i n f a l l i n t e n s i t y 

than the s t o r m d u r a t i o n . C o - a x i a l g r a p h i c a l c o r r e l a t i o n w a s a l s o t r i e d but 

the p r e d i c t i o n s of runof f w e r e not a s good a s by m u l t i p l e r e g r e s s i o n , 

apparent ly b e c a u s e of j o in t a c t i o n b e t w e e n the v a r i a b l e s . 

10 .03 R . P . B e t s o n 

R . P . B e t s o n ( r e f . 11 5) u s e d a m u l t i v a r i a t e t echnique to d e v e l o p 

a s ing le e q u a t i o n f o r p r e d i c t i n g s t o r m runoff f r o m s t o r m r a i n f a l l , s t o r m 

durat ion and a s o i l m o i s t u r e i n d e x . The s o i l m o i s t u r e i n d e x w a s c o m p u t e d 

each day f r o m : 

S = S ' + P - Q - E . . . . . . . . . . . . ( 1 0 b ) 

w h e r e S = s o i l m o i s t u r e i n d e x f o r the g iven day 

S ' = s o i l m o i s t u r e i n d e x f o r the p r e v i o u s day 

P = r a i n f a l l d u r i n g 24 h o u r s p r i o r to 9 a . m . 

on g i v e n d a y 

Q = runof f d u r i n g 24 h o u r s p r i o r to 9 a . m . 
on g i v e n day 

E = a c t u a l e v a p o r a t i o n f r o m c a t c h m e n t dur ing 
24 h o u r s p r i o r to 9 a . m . 
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The value of E is estimated f r o m daily pan data which is adjusted 

so that the calculated average annual catchment evaporation is equal to 

the average annual dif ference between rainfall an-d runoff . 

In deriving a relationship between storm runoff, s torm rainfall 

and S, Bets on commenced with Horton's infiltration equation ( re f . 103), 

evaluated various parameters based on this, and made progress ive 

adjustments suggested by the fit of the equation to the data and the physical 

rationality of the parameter values. The final equation is as fol lows: 

Qt = Pt (1 -h) - [a+CT+ ^ exp( -nmS) - ^ exp ( - n m S - n T ) J (lOc) 

where Q^ = storm runoff 
Q = runoff for day preceding time of S. 
P^ = storm rainfall 
P = rainfall for day preceding time of S 
E = estimated evaporation f r o m catchment for day preceding 

time of S 
T = storm duration 

a = constant representing interception storage 

b = constant equal to the di f ference between maximum and 
minimum infiltration capacities 

c = minimum infiltration capacity 

(1-h) = runoff-producing portion of catchment 

m = constant relating infiltration and soil moisture 

n = infiltration depletion constant 

This equation was found to have an exce l lent adjustment to the 

data for all watersheds. The standard e r r o r of .02 is about the same order 

of accuracy as the rainfall data. 

It was shown that the parameter ( l - h ) represents the effective run-

off-producing area which Bets on c laims is constant f o r a particular water-

shed. This area was surprisingly smal l , varying between watersheds from 
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f r o m 4 . 6 % to 86% with an a v e r a g e ol only 25%. 

B e t s o n ' s a p p r o a c h a p p e a r s to have d e v e l o p e d f r o m a s e r i e s of 

s tudies p u b l i s h e d by the T e n n e s s e e V a l l e y Author i ty ( r e f s . i l 6 , 117 and 

118). T h e s e d e a l e x t e n s i v e l y with the a d a p t a t i o n of t r a d i t i o n a l h y d r o -

log ica l t e c h n i q u e s to d ig i t a l c o m p u t e r a n a l y s i s . 

1 0 . 0 4 W . C . Bought on 

In genera l^the p r e c e d i n g m o d e l s involve e i ther s h o r t p e r i o d s 

of r a in f a l l or s o m e m e a s u r e of r a i n f a l l in tens i ty such a s s t o r m d u r a t i o n . 

B e c a u s e p l u v i o g r a p h data i s b r i e f and de f i c i en t under m a n y condi t ions , 

Boughton ( r e f s . 1 3 1 and 169) h a s d e v e l o p e d a m o d e l r e q u i r i n g only 

daily v a l u e s of r a i n f a l l and potent ia l e v a p o r a t i o n . I t s component s and 

their i n t e r - r e l a t i o n s h i p s a r e shown d i a g r a m m a t i c a l l y in f i g . 14. 

T h e r e a r e t h r e e s u r f a c e s t o r a g e s in this m o d e l , v i z . the 

interception", u p p e r s o i l and d r a i n a g e s t o r a g e s . The amount of w a t e r 

r e q u i r e d to c o m p l e t e l y f i l l t h e s e at any p a r t i c u l a r t i m e i s the 

"potent ia l in i t i a l l o s s " which m u s t be s a t i s f i e d during a wet s p e l l b e f o r e 

runoff c o m m e n c e s . 

The u p p e r so i l s t o r a g e r e p r e s e n t s the m o i s t u r e content between 

wilting point and f i e l d c a p a c i t y of a v e r y p o r o u s top so i l l a y e r that ha s 

no l imi t ing i n f i l t r a t i o n c a p a c i t y . The d r a i n a g e s t o r a g e r e p r e s e n t s the 

water be tween f i e l d c a p a c i t y and s a t u r a t i o n in this l a y e r , and a l l o w s 

f o r a r a p i d r e c o v e r y of potent ia l in i t i a l l o s s between s t o r m s . 

A f t e r the s u r f a c e s t o r a g e s a r e s a t i s f i e d r a i n f a l l in e x c e s s of 

the s u b s o i l i n f i l t r a t i o n b e c o m e s runof f . The s u b s o i l s t o r a g e r e p r e s e n t s 

a much d e n s e r l a y e r hav ing a r e l a t i v e l y low in f i l t r a t ion c a p a c i t y that 

v a r i e s with i t s m o i s t u r e content in an i n v e r s e exponent ia l m a n n e r . At 
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maximum m o i s t u r e content the in f i l t ra t i on capac i ty i s a sma l l constant 

accounting f o r deep s e e p a g e e t c . 

It is a s s u m e d that subso i l in f i l t rat ion continues at capacity-

rates during and a f t e r ra in fa l l whi le any water r e m a i n s in the drainage 

storage. Some of the l a t t e r i s a l s o dep le ted as base f l o w , the rate 

being d i re c t l y p r o p o r t i o n a l to the amount of s t o r a g e . 

During the drying phase the i n t e r c e p t i o n s to rage is evapora ted 

first at the potential rate . When the potential demand cannot be m e t 

f rom this , the e v a p o r a t i o n f r o m the upper so i l and subso i l s t o r a g e s is 

given by: 

V ^ = V m u Wu when Vu 
Mu A ) 

) (10a) 
= ^ when Vu E ) 

A A 

V s = V m s Ws when Vs ^ E v 
" l - A Ms 

) (10b) 
= E when Vs E ) — <t ' 

1 - A M - A 

where 

Vu, Vs = actual dai ly evapora t i on f r o m upper so i l and subso i l 
s t o r a g e s r e s p e c t i v e l y 

Vmu, V m s = m a x i m u m p o s s i b l e dai ly evaporat i on f r o m upper so i l 
and subso i l s t o r a g e s r e s p e c t i v e l y 

Mu, Ms = total c a p a c i t i e s of upper so i l and subso i l s t o r a g e s r e s p e c t i v e l y 

Wu, Ws = actual s t o r a g e l e v e l s 

A = p r o p o r t i o n of total evapora t i on f r o m upper zone 
(usual ly about 0 . 5 ) 

E = dai ly pan e v a p o r a t i o n 
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There is no evaporat ion f r o m the dra inage s t o r a g e . 

The operation of the m o d e l r e q u i r e s the der iva t i on of the fol lowing 

character is t i c constants f o r each w a t e r s h e d : 

(a) Capacit ies of each of the f o u r s t o r a g e s 

(b) Max imum p o s s i b l e dai ly evaporat i on f r o m the upper 

soi l and subsoi l s t o r a g e s . 

(c ) Two constants e x p r e s s i n g re la t ionsh ip between subso i l 

mo is ture l eve l and in f i l t rat ion . 

(d) Depletion fac tor e x p r e s s i n g rate of base f l o w f r o m 

drainage s t o r a g e . 

Boughton has applied the m o d e l to s ix gauged w a t e r s h e d s in N . S . W . 

using an IBM 620 c o m p u t e r to der ive the constants and p e r f o r m the daily-

water balance ca lculat ions . R e a s o n a b l y good r e p r o d u c t i o n s of the recorded 

runoff data were obtained in all c a s e s . 

An interesting b y - p r o d u c t of this study was the s igni f i cant ly higher 

surface storage capac i t ies d e r i v e d f o r l a r g e r w a t e r s h e d s . Boughton 

attributed this to the e f f e c t s of channel t r a n s m i s s i o n l o s s e s which he 

c laimed were re lat ive ly much l o w e r in the s m a l l e r w a t e r s h e d s . 
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11. SOME RELEVANT STUDIES OF INDIVIDUAL PROCESSES 

11,01 Evaporation and Transpirat ion 

The t e r m "évapotranspirat ion" is c ommonly used f o r the combined 

effects of transpiration and d irect evaporat ion. This c u m b e r s o m e express i on 

appears to be unnecessary as the general t e r m "evaporat ion" includes the 

process of transpiration and can be c o r r e c t l y substituted in all cases f o r 

"évapotranspiration", as has been done in this repor t . It should be apprec iated, 

however, that the m a j o r evaporation l o s s e s f r o m vegetated catchments are due 

to transpiration and it is surpris ing that this p r o c e s s has not been cons idered 

more thoroughly in rainfal l -runof f studies. 

It was stated e a r l i e r that the actual rate of moisture l o ss by e v a p o r -

ation is usually l e s s than the potential rate , part icular ly when the catchment 

is in a dry condition, but this has long been a controvers ia l question. 

F o r example , Ve ihmeyer and Hendrickson ( r e f . 119 ) have exerted 

considerable influence with their c la ims that transpiration rates are 

approximately equal to the potential evaporation rates and are not af fected by 

differences in soi l moisture unless conditions are so dry that wilting o c c u r s . 

On the other hand, there has been wide support f o r Thornthwaite and Mather 

(ref.120) who postulated that relative transpiration {rat io of actual to 

potential) de c reases l inear ly with soi l moisture below a cr i t i ca l value of 

soil moisture near f ie ld capacity . 

Between these two extreme theor ies there have been various other 

proposals such as those due to Penman ( r e f s . 137 and 121) and Van Bavel 

(ref .122) . 
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T h e c o n t r o v e r s y h a s a l m o s t b e e n r e s o l v e d b y a n u m b e r of r e c e n t 

s t u d i e s t h a t p r o v i d e a b e t t e r i n s i g h t t o t h e p h y s i c a l r e l a t i o n s h i p s 
i nvo lved ( s e e r e f s . 1 23 t o 1 30 i n c l u s i v e ) . T h e s e s u g g e s t t h a t f o r a 
p a r t i c u l a r p l a n t - s o i l c o m p l e x t h e t r a n s p i r a t i o n r a t e s h o u l d be 
e x p r e s s e d a s a f u n c t i o n of b o t h s o i l m o i s t u r e a n d p o t e n t i a l e v a p o r a t i o n , 
a s shown in f i g . 1 5 . M a r k e d d e c r e a s e s in t r a n s p i r a t i o n a t v a r i o u s 
c r i t i c a l v a l u e s of s o i l m o i s t u r e o c c u r w h e n t h e r a t e s of w a t e r 
a b s o r p t i o n by the r o o t s c a n no l o n g e r s a t i s f y t h e p o t e n t i a l e v a p o r a t i o n 
f r o m the f o l i a g e , a n d m o i s t u r e s t r e s s i n c r e a s e s r a p i d l y w i t h i n the 
p l a n t . The e n s u i n g t r a n s p i r a t i o n c h a r a c t e r i s t i c s m a y be d e t e r m i n e d , 
in m a n y c a s e s , by the p a r t i a l c l o s u r e of t h e s t o m a t a o r b y o t h e r r e s p o n s e s 
of the p l an t t o m o i s t u r e s t r e s s . 

S o m e s c a t t e r a b o u t the c u r v e s of f i g , 15 m a y be e x p e c t e d b e c a u s e of 
the p l an t r e s p o n s e s t o o t h e r c o n d i t i o n s s u c h a s l i g h t a n d t e m p e r a t u r e 
and a l s o b e c a u s e of the t i m e l a g b e t w e e n c h a n g e s i n p o t e n t i a l e v a p o r a t i o n 
and the r e s u l t i n g c h a n g e s i n p l a n t m o i s t u r e s t r e s s . 

F i g , 15 s h o w s t h a t V e i h m e y e r a n d H e n d r i c k s o n ' s t h e o r y i s t e n a b l e 
u n d e r any of the f o l l o w i n g c i r c u m s t a n c e s : 

(a) L o w r a t e s of p o t e n t i a l e v a p o r a t i o n 
(b) V e g e t a t i o n a b l e t o m a i n t a i n h i g h r a t e s of a b s o r p t i o n 

a t l o w e r m o i s t u r e c o n t e n t s , p e r h a p s b e c a u s e of a n 
e x t e n s i v e r o o t i n g s y s t e m , 

(c) C o a r s e s o i l t h a t r e t a i n s r e l a t i v e l y s m a l l v o l u m e s of 
w a t e r b e t w e e n t h e s o - c a l l e d " f i e l d c a p a c i t y " a n d 
" w i l t i n g po in t " , 

In o t h e r c i r c u m s t a n c e s T h o r n t h w a i t e a n d M a t h e r ' s t h e o r y i s c l o s e r 
to r e a l i t y but the g e n e r a l a p p r o a c h of f i g , 15 s e e m s p r e f e r a b l e t o e i t h e r 
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of the above t h e o r i e s if s u f f i c i e n t i n f o r m a t i o n i s a v a i l a b l e f o r the 

graphical der ivat ion of the r e l a t i o n s h i p s . 

It is f requent ly a s s u m e d that the p o t e n t i a l e v a p o r a t i o n rate i s an 

upper l imit to the actual e v a p o r a t i o n rate but s o m e e v i d e n c e i n d i c a t e s 

that advect ion , wind and o t h e r e f f e c t s m a y c a u s e ac tua l r a t e s at 

least 10% g r e a t e r than the potent ia l b a s e d on f r e e w a t e r e t c . ( r e f s . 

140 and 141) . Th is app l i e s p a r t i c u l a r l y t o t r a n s p i r a t i o n f r o m t r e e s 

and the evapora t i on of w a t e r i n t e r c e p t e d by f o l i a g e . 

Rainfal l i n t e r c e p t i o n by f o l i a g e has b e e n s tud ied e x t e n s i v e l y 

and its phys i ca l p r o c e s s e s a r e f a i r l y c l e a r ( r e f s . 1 , 100 , 132 , and 

134). The m a x i m u m amount of w a t e r that c a n a d h e r e to v e g e t a t i o n 

sur faces is usual ly l e s s than 10 po ints at any p a r t i c u l a r t i m e but 

continuing l o s s e s due to e v a p o r a t i o n a p p e a r t o be quite s i g n i f i c a n t . 

The evaporat ion c o m p o n e n t of i n t e r c e p t i o n a c c o u n t s f o r up to 

3 points per hour in s o m e a r e a s , d e s p i t e the u n f a v o u r a b l e c o n d i t i o n s 

for this p r o c e s s during p e r i o d s of r a i n f a l l . S o m e i n t e r c e p t i o n l o s s e s 

a l so include water a b s o r b e d d i r e c t l y into the v e g e t a t i o n but the 

quantities invo lved a r e g e n e r a l l y s m a l l ( r e f s . 129 and 135 ) . 

Current knowledge of d i r e c t e v a p o r a t i o n f r o m s o i l i s w e l l a d v a n c e d , 

relevant contr ibut ions having b e e n r e p o r t e d b y P e n m a n and S c h o f i e l d 

( r e f . 1 3 6 ) , P e n m a n ( r e f . 137) , P h i l i p ( r e f . 1 25 ) , P h i l i p and d e V r i e s ( r e f . 1 38), 

Gardner and Hi l le l ( r e f . 139) . 

This evapora t i on takes p l a c e at r a t e s a p p r o x i m a t e l y equa l t o the 

potential while e v e r the t r a n s f e r p r o c e s s e s wi th in the s o i l can mainta in 

an adequate supply of water to the s u r f a c e . W h e n the s u p p l y of w a t e r 

b e c o m e s r e s t r i c t e d the rate of e v a p o r a t i o n d e c r e a s e s r a p i d l y and b e c o m e s 
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dependent on the Tnoisture distribution and temperature gradients rather 

than on the potential evaporation. 

The latter stage would not be v e r y important in ra infa l l - runof f 

studies of vegetated catchments where mos t of all the soi l mo i s ture is 

lost by transpirat ion. It m a y be s igni f icant , h o w e v e r , in denuded a r e a s , 

particularly under ar id condit ions . 

11.02 Infiltration, Soil Water Retention and Drainage 

During the past f i f teen y e a r s a great deal of p r o g r e s s has been 

made in explaining and quantitatively predict ing the physical phenomena 

of the infiltration p r o c e s s , ( see f o r example , Watson, r e f . 1 4 2 ) . 

Difficulties in applying this knowledge to real situations are now due 

more to the complex i t i es of measur ing , spec i fy ing and mathematical ly 

manipulating the var iable conditions rather than to a lack of understanding 

of the fundamentals. 

Because of such d i f f i cul t ies the old exponential equation of Horton 's 

(ref .103) is still of p rac t i ca l value in descr ib ing the d e c r e a s e in 

infiltration capaci ty with t ime during a s t o r m . It enables the infi ltration 

character ist ics of a catchment to be spec i f i ed by three e m p i r i c a l l y 

derived constants but these are not readi ly related to the e f fec ts of 

varying soil mo is ture and m o s t appl icat ions of the equation are g r o s s 

approximations of the actual condit ions . 

The fol lowing equation, due to Phil ip ( r e f . 1 4 4 ) has greater physica l 

significance : 
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1 St"'/' + B ( l i a ) 

where f = inf i l t r a t ion ra te at t ime t if amp l e w a t e r 

i s ava i l ab l e at the s u r f a c e 

S = the " so rp t i v i t y " , i . e . the contr ibut ion due 

to c ap i l l a r i t y 

B = a p a r a m e t e r e x p r e s s i n g the s a t u r a t ed p e r m e a b i l i t y 

i . e . the contribution due to g r a v i t y 

Phi l ip has shown that each soi l has c h a r a c t e r i s t i c m o i s t u r e 

content-conductivity r e l a t ionsh ips which l a r g e l y govern i t s hydrolog ica l 

behaviour. These re l a t ionsh ips a r e convenient ly e x p r e s s e d in a 

graphical form and m a y be obtained by appropr i a t e m e a s u r e m e n t s . 

They determine the p a r a m e t e r s S and B in the above equat ion 

which enables a proper a l lowance to be made for the e f f e c t s of vary ing 

moisture contents on in f i l t r a t ion . 

Ph i l ip ' s equation was de r i ved for a homogeneous so i l co lum but 

it i s evidently suitable for s m a l l ca tchment a r e a s with:' - un i fo rm soil 

prof i les ( r e f . 143 ) . For more gene r a l c a s e s it should be poss ib l e to 

adapt the equation so that S and V v a r y with the depth of the wetting 

front as wel l a s with the mo i s tu r e content, but no app l i ca t ions of this 

a re known to the author . 
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The above h a s been l a r g e l y c o n c e r n e d with continuous i n f i l t r a t i o n 

while adequate w a t e r i s a v a i l a b l e at the s u r f a c e . When the w a t e r supply 

becomes r e s t r i c t e d , f o r e x a m p l e a f t e r r a i n f a l l c e a s e s , i n f i l t r a t i o n 

d e c r e a s e s to z e r o but d ra in ing or r e d i s t r i b u t i o n of w a t e r cont inues 

within the so i l p r o f i l e . P h y s i c a l a n a l y s i s of thi s p r o b l e m h a s been 

attempted but i t i s c o m p l i c a t e d by the f a c t that h y s t e r e s i s o c c u r s in the 

moisture content-ten s i on c u r v e , i . e . the r e l a t i o n s h i p fo r i n c r e a s i n g 

soil m o i s t u r e ( a s in continuous in f i l t r a t ion) d i f f e r s f r o m the r e l a t i o n s h i p 

for d e c r e a s i n g so i l m o i s t u r e ( a s in dra in ing or d ry ing ) . F u r t h e r r e s e a r c h 

on the f a c t o r s c a u s i n g t h e s e d i f f e r e n c e s wil l undoubtedly y ie ld a s a t i s f a c t o r y 

solution in the n e a r f u t u r e . 

S tudies to date s u g g e s t that when in f i l t r a t ion c e a s e s the ve loc i ty 

and m o i s t u r e content of the wetting f ront both f a l l abrupt ly to v a l u e s that 

depend, to a c e r t a i n extent , on the head of w a t e r above the wetting f ront 

( r e f . 145 ) . 

F o r a p a r t i c u l a r so i l t h e " f i e l d c a p a c i t y " i s g e n e r a l l y a s s u m e d 

to be a constant m o i s t u r e content r e a c h e d a f t e r it ha s f r e e l y d r a i n e d 

for two or three d a y s f r o m a s a t u r a t e d s t a t e . The r e m a i n i n g w a t e r i s 

said to be r e t a i n e d by " m o l e c u l a r f o r c e s " and consequent ly cannot 

contribute to s t r e a m f l o w . Unfor tuna te ly , th i s v e r y u s e f u l concept i s 

not s t rongly s u p p o r t e d by the p r e v i o u s l y ment ioned s tud ie s which show 

that d ra inage m a y continue fo r indef in i te p e r i o d s and any a p p r o x i m a t e 

equi lbr ium m o i s t u r e content i s not n e c e s s a r i l y a constant f o r a l l 

conditions ( r e f . l 6 6 ) . 
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Recent f ie ld o b s e r v a t i o n s have a l s o shown that s o i l m o i s t u r e contents 

below the normal f i e ld c a p a c i t y c a u s e s i g n i f i c a n t c o n t r i b u t i o n s to ground-

water f l ows ( r e f . 1 4 6 and 147) . 

11 ,03 Convers i on of R a i n f a l l - e x c e s s t o S t r e a m f l o w 

The unit h y d r o g r a p h m e t h o d h a s b e e n w i d e l y adopted f o r the conversion 

of r a i n f a l l - e x c e s s to h y d r o g r a p h s oi s t r e a m f l o w and it i s adequate ly 

d e s c r i b e d in s e v e r a l standard text b o o k s ( e . g . r e f . 1 and r e f . 4 ) . 

B e f o r e the advent of h i g h - s p e e d c o m p u t e r s the p r o p e r der ivat ion 

of unit hydrographs f r o m c o m p l e x s t o r m s was a v e r y l a b o r i o u s p r o c e d u r e . 

Several c omputer techniques a r e now a v a i l a b l e , one be ing in current use 

by the Commonwea l th M e t e o r o l o g i c a l B u r e a u , as m e n t i o n e d p r e v i o u s l y . 

Another technique, us ing h a r m o n i c a n a l y s i s , has b e e n r e p o r t e d by 

O'Donnell ( r e f . 148). 

Despite its popular i ty the unit h y d r o g r a p h m e t h o d i s a g r o s s 

approximat ion and has s e v e r a l s i g n i f i c a n t d e f i c i e n c i e s ( r e f s . 1 0 8 , 149 

and 150). That is does not r e p r e s e n t a c o r r e c t p h y s i c a l re la t i onsh ip 

between r a i n f a l l - e x c e s s and runoi f m a y be r e a d i l y d e m o n s t r a t e d by 

e lementary hydraul i c p r i n c i p l e s ( r e f , 3) . 

F o r s o m e w a t e r s h e d s there i s no r e a l l o s s of p r e c i s i o n when unit 

hydrographs are d e r i v e d by the s i m p l e S c u r v e m e t h o d w h i c h a s s u m e s 

a constant rate of r a i n f a l l - e x c e s s ( r e f . 4 ) . T h i s w a s done by the author 

f o r nine s t o r m s on the M a c l e a y R i v e r , N . S . W . and , a l though the 

d i f f e r e n c e s in the result ing unit h y d r o g r a p h s w e r e c o n s i d e r a b l e , they 

were no g r e a t e r than those obtained by the C . M . B . c o m p u t e r technique. 

Similar f indings w e r e r e p o r t e d by Cou l te r ( r e f . 63) f r o m s tud ies on a 

number oi other s t r e a m s . 
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I s h i h a r a ( r e f . l S i ) a n d H e n d e r s o n a n d W o o d i n g ( r e f . i 5 2 ) h a v e 

developed e q u a t i o n s m o r e c l o s e l y r e l a t e d t o t h e p h y s i c a l m e c h a n i s m s 

by s imi i l a t i ng a s t r e a m a n d i t s c a t c h m e n t w i t h i n c l i n e d p l a n e s . 

H e n d e r s o n a n d W o o d i n g ' s e q u a t i o n s m a y be a d a p t e d t o i n c l i n e d f l o w 

through p o r o u s m e d i a , s u g g e s t i n g t h a t t h e i r a p p r o a c h i s s u i t a b l e f o r 

i n t e r f low and g r o u n d w a t e r f l o w , i n a d d i t i o n t o s u r f a c e r u n o f f . 

S u g a w a r a ( r e f . 1 5 3 ) s t u d i e d t h e r a i n f a l l - r u n o f f c h a r a c t e r i s t i c s 

of v a r i o u s J a p a n e s e r i v e r s a n d c o n c l u d e d t h a t u n i t h y d r o g r a p h s a r e 

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

c a t c h m e n t s w i t h s y s t e m s of i n t e r c o n n e c t e d c y l i n d r i c a l s t o r a g e s a n d 

d e r i v e d a g e n e r a l e q u a t i o n f o r c o n v e r t i n g r a i n f a l l - e x c e s s t o s t r e a m f l o w o 

It m a y be s h o w n t h a t t h i s e q u a t i o n i n c l u d e s t h e u n i t h y d r o g r a p h a s a 

s p e c i a l , l i n e a r c a s e . 

The r o u t i n g of r a i n f a l l - e x c e s s t h r o u g h a c a t c h m e n t by Us ing 

s t o r a g e p r i n c i p l e s h a s b e e n thor"oughly r e v i e w e d b y L a u r e n s o n ( r e f s , 

154 and 170) w h o d e v e l o p e d a v e r y g e n e r a l a p p r o a c h t h a t a l l o w s f o r 

m a n y v a r i a b l e c o n d i t i o n s . R e l a t i v e l y s i m p l e s t o r a g e r o u t i n g t e c h n i q u e s 

have a l s o b e e n s u c c e s s f u l l y u s e d , one e x a m p l e h a v i n g b e e n d e s c r i b e d 

p r e v i o u s l y in t h e S t a n f o r d U n i v e r s i t y m o d e l . 

F u r t h e r a s p e c t s of t h i s t o p i c w i l l b e e x a m i n e d i n 1 3 . 0 3 . 
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12. P R E S E N T D E F I C I E N C I E S IN R A I N F A L L - R U N O F F M O D E L S 

12.01 State oi Knowledge of H y d r o l o g i c P h e n o m e n a 

The p r e s e n t state of knowledge of h y d r o l o g i c phenomena a p p e a r s 

to be more advanced than i s s u g g e s t e d by A m o r o c h o and H a r t ( r e f . 9 7 ) . 

The f a c t o r s influencing the v a r i o u s p r o c e s s e s a r e g e n e r a l l y understood 

and may be a s s e s s e d at l e a s t qua l i t a t ive ly f o r m o s t cond i t ions . 

The g r e a t e s t l imi t a t ions in the d e v e l o p m e n t of r a i n f a l l - r u n o f f 

model s a r e evidently due to the d i f f i c u l t i e s of e f f i c i e n t l y m e a s u r i n g 

and speci fying the phenomena b e c a u s e of the i r e x t r e m e v a r i a b i l i t y in 

t ime and space , 

N e v e r t h e l e s s it s e e m s that s o m e of the c u r r e n t s p e c i a l i z e d 

hydrological knowledge could be u s e d to m o r e a d v a n t a g e in the ra in fa l l -

runoff mode l s ava i l ab le at p r e s e n t , a s wil l be s u g g e s t e d by cons ider ing 

their components in re la t ion to the p r e v i o u s l y ment ioned s t u d i e s of 

individual p r o c e s s e s » 

12.02 Spec i f ica t ion of M o i s t u r e S ta tus 

Studies of inf i l t ra t ion show that the s p e e d of the wett ing front and 

soil m o i s t u r e content above i t , depend on the in i t ia l d r y n e s s of the 

soil and the supply of water ( r e f s . 1 4 4 , 155 and 166) . It m a y take a 

number of days for the front to t r a v e l through the e n t i r e p r o f i l e and it 

i s therefore evident that the amount of re tent ion f r o m a s t o r m i s 

influenced by a l imi ted depth of the p r o f i l e that v a r i e s with the s t o r m 

duration and antecedent m o i s t u r e s t a t u s . 

Single p a r a m e t e r s of m o i s t u r e s t a t u s r e f e r e s s e n t i a l l y to one 

" a v e r a g e " e f fect ive depth of p r o f i l e which i s not n e c e s s a r i l y a good 

index of other e f fec t ive depths . S ingle p a r a m e t e r s m a y of ten be 
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representative of a large part of the profile, however, be cause of the 

tendency of moisture distributions to assume regular patterns, after 

a period, due to continuing drainage and differential root abstraction 

(refs.156, l 6 l and 162). Inaccurate estimates would be expected 

when the moisture patterns are irregular or unusual, for example, 

after very short or very long drying phases. 

The C.. B . M . , Chapman and Bets on methods are all limited as 

above but the U . S . W . B . and Stanford University use two and three 

parameters respectively, which can represent a wider range of 

moisture conditions. 

An ideal model would probably maintain a continuous account 

of the . ; . moisture status of each significant layer within the 

catchment profile and this would generally involve at least four 

parameters, as has been used by Boughton. In practice at present, 

however, the characteristics of most models are derived from 

rainfall, runoff and evaporation data only, which probably would not 

be expected to yield more than two significant parameters of moisture 

status. 

In both the Stanford and Boughton models the interception 

storage deficiency is determined with little reference to the available 

data and could probably be included in the upper zone moisture 

deficiency without detriment. 

12.03 Simulation .of Drying Phase 

The Stanford and Boughton models use forms of relationship 

between evaporation, potential evaporation and moisture status that 

are consistent with the recent .studies of 1 1 . 0 1 . Most of the other models 

still appear to be unduly influenced by the earlier ideas of Veihmeyer, 

Thornthwaite, etc. 
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Considerat ion of f i g . 15 shows that re la t ive evapora t i on (rat io 

of actual to potential) is a funct ion of both the m o i s t u r e status and the 

potential evaporat ion, in c reas ing with wet ter condi t ions and decreas ing 

with higher values of potential e v a p o r a t i o n . The U . S . Weather Bureau 

and Chapman assume that re lat ive evapora t i on i s a funct ion of the 

moisture status only and their e s t i m a t e s would t h e r e f o r e tend to be 

too low in winter and too high in s u m m e r . T h e s e e r r o r s a r e probably 

a more important source of the r e p o r t e d seasona l b ias in the U . S . 

Weather Bureau est imates than the other f a c t o r s sugges ted by the 

refe rence . 

Betson ' s mode l has s i m i l a r d e f i c i e n c i e s and would a l s o tend 

to overest imate evaporat ion under dry condit ions and underest imate it 

for wet conditions due to the further i m p l i e d assumpt i on that relat ive 

evaporation is constant throughout the y e a r . 

The A , P ,1« technique used by the C . B . M . was d i s c u s s e d in 

9 .03 . It would be r e s t r i c t ed in r epresent ing many condi t ions , f o r 

example long drying phases in coo l c l i m a t e s when the m o i s t u r e status 

may remain c lose to f ie ld capaci ty f o r s e v e r a l m o n t h s . 

The e f fec ts oi drainage f r o m upper to l o w e r l e v e l s d o not 

appear to be recogn ised in some of the m o d e l s . The U . S . W . B . may 

partly aiiow f o r drainage with re ia t ive iy high weight ings of the l ow 

capacity storage units but the total rate of r e m o v a l oi m o i s t u r e in the 

model cannot exceed the potential e v a p o r a t i o n r a t e . The method would 

therefore be suspect f o r s t o r m s fo l lowing v e r y short drying p h a s e s . 

In his study of the Upper Goulburn R i v e r ( r e f . 114) Chapman 

derived actual evaporation rates much g r e a t e r than the potent ia l , 

for wet condit ions. Some of these high rates would be due to the rapid 
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evaporation of i n t e r c e p t e d w a t e r , a s d i s c u s s e d p r e v i o u s l y , but they could 

also ref lect the e f f e c t s of d r a i n a g e f r o m upper to l o w e r l e v e l s . 

12.04 S imulat ion of Wetting P h a s e 

Runoff i s in f luenced by a r e a l v a r i a t i o n in r a i n f a l l d i s t r ibut ion 

and the only m o d e l s that dea l with this f a c t o r a r e those of the U . S . W . B . 

and C . B . M . The w a t e r s h e d s of the other m o d e l s would t h e r e f o r e 

usually be l i m i t e d to about 100 s q u a r e m i l e s or l e s s . 

It i s r a t h e r s u r p r i s i n g that P h i l i p ' s a n a l y s i s of in f i l t r a t ion ha s 

not been found m o r e u s e f u l to date fo r r a i n f a l l - r u n o f f m o d e l s . Concept s 

such as " l a y e r s o r p t i v i t y " and " l a y e r p e r m e a b i l i t y " should prov ide a 

practical and ra t iona l a p p r o a c h if c a r e f u l adapt ions a r e m a d e to al low 

for heterogeneity and s i m i l a r f a c t o r s . 

The S t an ford mode l i s v e r y v e r s a t i l e in i t s t r e a t m e n t of the 

wetting p r o c e s s e s but e x p r e s s i o n s such a s equat ion (8f) and equat ion (8g) 

are very c u m b e r s o m e and should be a m e n a b l e to s i m p l i f i c a t i o n without 

detriment. 

On the other hand the t r a d i t i o n a l , o v e r - s i m p l i f i e d exponent ia l 

approach of B e t s o n ' s s u f f e r s f r o m s o m e of the d e f i c i e n c i e s of the old 

infiltration theory , a s d i s c u s s e d m o r e fu l ly in 13. 01 . In p a r t i c u l a r , 

the use of d i f f e rent s e g m e n t s of a s ing le in f i l t r a t ion curve fo r d i f f e r e n t 

values of m o i s t u r e s t a tu s i s quite i n c o n s i s t e n t with P h i l i p ' s a n a l y s i s 

(see re f . 166 f i g . 4 ) . 

. B e t s o n ' s c o n c l u s i o n s concern ing the constant r u n o f f - p r o d u c i n g 

a rea s of w a t e r s h e d s m a y be a c c e p t a b l e f o r s o m e a r i d , f l a t r e g i o n s but 

they a re evidently i n a p p r o p r i a t e for m o r e g e n e r a l c i r c u m s t a n c e s . V a r i o u s 

studies of l o s s r a t e s ( e . g . L a u r e n s o n and P i l g r i m , r e f . 1 5 8 , McCutchan , 

ref. 54) s u g g e s t that the r u n o f f - p r o d u cing a r e a s of m a n y w a t e r s h e d s a p p r o a c h 
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100% in l a r g e f l o o d s . The s t o r m s a n a l y s e d by B e t s o n did not e x c e e d 2% 

inches and t h e r e f o r e r e p r e s e n t a v e r y l i m i t e d s a m p l e . 

The dry ing b e h a v i o u r of a w a t e r s h e d i s d e t e r m i n e d b y the s t o r a g e 

capac i ty we ight ings in the U . S . W . B . m o d e l . T h e s a m e c o n s t a n t s a l s o 

d e t e r m i n e the wett ing b e h a v i o u r w h i c h i m p l i e s tha t s i m i l a r f a c t o r s 

control both p h a s e s of the r a i n f a l l - r u n o f f c y c l e . A l t h o u g h t h i s m a y be 

r e a s o n a b l y s a t i s f a c t o r y f o r b a r e s o i l , in m o s t n a t u r a l w a t e r s h e d s the 

dry ing behav iour i s d e t e r m i n e d by the m o i s t u r e p a s s i n g u p w a r d s through 

the vege ta t ion while the wet t ing b e h a v i o u r i s d e t e r m i n e d b y the w a t e r 

p a s s i n g downwards t h r o u g h the s o i l p r o f i l e . It i s r a t h e r o p t i m i s t i c to 

expec t the s a m e w e i g h t i n g s to a c c o u n t f o r t h e s e d i s t i n c t l y d i f f e r e n t 

f a c t o r s . 

The in i t ia l l o s s c o n c e p t , a s u s e d in the C . M . B . a n d Boughton 

m o d e l s , i s p a r t i c u l a r l y r e l e v a n t to s o m e a s p e c t s of a l a t e r s e c t i o n 

( 1 4 . 0 9 ) where it wil l be e x a m i n e d in d e t a i l . I t s a p p a r e n t r e l a t i o n s h i p s 

with w a t e r s h e d c h a r a c t e r i s t i c s and r a i n f a l l i n t e n s i t y s u g g e s t that the 

a l loca t ion of l o s s e s by t h e s e m o d e l s m a y s o m e t i m e s be q u e s t i o n a b l e 

e s p e c i a l l y f o r s m a l l e r w a t e r s h e d s . 

1 2 . 0 5 G e n e r a l C o n c l u s i o n s on C u r r e n t R a i n f a l l - R u n o f f M o d e l s 

S o m e of the c o m p o n e n t s of the a b o v e m o d e l s a r e p o o r r e p r e s e n t : -

a t ions of the f a c t o r s they a r e s u p p o s e d to s i m u l a t e . H o w e v e r , t h e i r 

p a r a m e t e r s a r e m a t h e m a t i c a l l y s e l e c t e d to r e p r o d u c e the o b s e r v e d runoff 

data a s c l o s e l y a s p o s s i b l e , which e n s u r e s tha t s i g n i f i c a n t e r r o r s in the 

individual component s a r e m u t u a l l y c o m p e n s a t i n g . S a t i s f a c t o r y p r e d i c t i o n s 

m a y t h e r e f o r e be e x p e c t e d f o r m o s t c o n d i t i o n s but p o o r r e s u l t s m a y s o m e -

t i m e s o c c u r in the fo l lowing : 
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(a) The est imation of runoff f r o m extreme and unusual 

conditions, part icular ly if these did not o c c u r in the 

per iod of data used f o r the derivation of the p a r a m e t e r s . 

(b) Predict ing the e f fec ts on runoff of m a j o r changes in 

watershed characterist i c s . 

Both of the above are relevant to this report which may be 

regarded as part of the extensive "L idsda le P r o j e c t " a imed at 

estimating the e f f ec ts of pine a f forestat ion on runoff . 

In the complete Lidsdale study, some of the most cr i t ical 

conditions are unlikely to be sampled during the very l imited data 

collection period and a reliable rainfall - runoff model will there fore 

be sought to synthesize long r e c o r d s that include such cr i t i ca l per iods 

For this purpose the Stanford Model is probably the most suitable of 

those examined as it attends the mos t thoroughly to the individual 

processes . 

On the other hand, there appear to be too many components 

in the Stanford Model f o r the data that is normal ly available and the 

mere reproduction of the observed values of runoff does not prove 

the validity of the arb i t rar i ly se lected p a r a m e t e r s . It should be 

possible to check some of the parameters f o r the Lidsdale watersheds 

because detailed soil mois ture and interception are being made but in 

more general cases this data is not avai lable . 

Tac i t , qualitative extrapolations of the results of hydrologie 

studies are c o m m o n but often invalid and i m p r o v e m e n t s have been 

suggested in sect ion 3 with the recognit ion of hydrogeography as a 

specialized f ie ld of study. 
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Reliable quantitative extrapolat ion now s e e m s feas ib le in the 

near future if rainfall - runoff mode ls can be deve loped with components 

that are c losely related to static watershed c h a r a c t e r i s t i c s such as 

soil type and depth, vegetation type and sur face s l ope . It is envisaged 

that direct measurements or surveys of these f a c t o r s should enable 

complete hydrological assessments without the n e c e s s i t y to wait for 

many years of runoff r e c o r d s . 

Some of the de f i c ienc ies of current mode l s are due to their 

attempts to combine f ragmentary concepts that have evo lved f o r 

specialized studies without r e f e rence to the ra infa l l - runof f cyc le as 

a whole. Efforts are there fore being d i rec ted towards the development 

of a basic theory of rainfall - runoff relat ionships with the fol lowing 

attributes: 

(a) It should be suff ic iently s imple and genera l i zed to 

enable p r a c t i c a l , comprehens ive treatments of the 

entire cyc l e . 

(b) It should be consistent with the individual physical 

p r o c e s s e s and al low f o r detai led, c o m p l e x analyses 

of these p r o c e s s e s . 

(c) The parameters involved in analyses based on the 

theory, should have some recogn izab le phys ica l 

significance and be rea l i s t i ca l ly re lated to m e a s u r -

able character is t i cs of water sheds , 

It is believed that such a theory would lead rapidly to many 

major improvements in existing techniques and one poss ib l e approach 

towards this will be descr ibed in the remainder of the r e p o r t . 
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The initial idea of the approach is to replace the traditional 

"infiltration theory" and its "working assumpt ions" with a m o r e general , 

but somewhat s imi lar , "retention t h e o r y . " Some of the di f f icult ies of 

the infiltration concept are there fore outlined in sect ion 13, together 

with a brief analysis of the assoc ia ted p r o b l e m of runoff separation-

An attempt is made to el iminate the need f o r runoff separation by 

viewing the time delay aspect " in toto" . This appears to be a n e c e s s a r y 

pre-requisite to the development of a retention theory with attributes 

(a) and (b) above. 

The importance of attribute (c) above is s t ressed in 14.10 and 

14.11. 

The major part of sect ion 14, however , deals with a relatively 

simple rainfall -runoff model that fo l lows readily f r o m retention theory. 

Its complete operation is i l lustrated and tested with data f r o m a small 

watershed at Lidsdale State F o r e s t . 
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13. THE D E V E L O P M E N T OF R E T E N T I O N THEORY 

13.01 Infi ltration T h e o r y 

The great significance of in f i l t rat ion in r a i n f a l l - r u n o f f re lat ion-

ships was pointed out by Horton in 1933 ( r e f . 103) and the genera l ideas 

ar is ing f r o m this have been v e r y inf luential in m o d e r n h y d r o l o g y . 

E s s e n t i a l l y , the s o - c a l l e d " in f i l t ra t i on t h e o r y " a s s e r t s that 

the rate of generat ion of sur face runoff i s equal to the e x c e s s of the 

rainfal l intensity over the " in f i l t rat ion c a p a c i t y , " ( r e f . 3) . Horton 

def ined inf i l trat ion capaci ty as the m a x i m u m rate at which a given soil 

in a given cond i t i on can a b s o r b rain as it f a l l s , ( r e f . 103) . 

Unfortunately the appl icat ion of these s i m p l e b a s i c concepts to 

p rac t i ca l ra in fa l l - runof f studies r e q u i r e s a n u m b e r of quest ionable 

assumpt ions ; m o s t of which a r e d i s c u s s e d in a v e r y thorough analysis 

by Cook ( r e f . 102). 

The main d i f f i cu l t ies are s u m m a r i z e d as f o l l o w s : 

(a) Infi ltration capac i ty d e c r e a s e s rapid ly in the e a r l y 

stages of a s t o r m and it is g e n e r a l l y i m p o s s i b l e to 

determine the actual value at. any p a r t i c u l a r t ime 

f r o m ra in fa l l - runof f data alone 

(b) It is a l s o di f f icult to der ive true a v e r a g e values 

of inf i l trat ion capac i ty during a s t o r m b e c a u s e 

the length of p e r i o d in which ra infa l l intens i ty 

e x c e e d s inf i l trat ion capac i ty i s usual ly uncer ta in . 

(c ) In applications of the theory it i s n e c e s s a r y to 

est imate the inf i l trat ion c a p a c i t i e s c o r r e s p o n d i n g 

to part i cu lar values of m o i s t u r e status but the 

der ivat ion of re lat ionships f o r this p u r p o s e i s h indered 

by the d i f f i cul t ies ment ioned in (a) and (b) a b o v e . 
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(d) Infiltration does not include abstract ions of rainfall 

by interception and depress i on s torage , which are 

somet imes signif icant fac tors in the generation of 

surface runoff . 

(e) Instantaneous rainfall intensities are not completely-

relevant because much infi ltration o c curs f r o m 

overland f low and surface s torage . The total rainfall 

during per iods of up to half an hour is probably a 

better index of the available water . 

(f) It is readi ly demonstrated that the e f fect ive 

infiltration capacity of a heterogeneous watershed 

varies signif icantly with the rainfall intensity, 

( re f . 102, p . 738). 

(g) Infiltration theory is only applicable to surface 

runoff but the various methods of separating this 

f r o m total runoff are all of doubtful validity. 

Because of (a) , (b) , ( c ) , (d) and (e ) , it has become common 

practice to deal with approximate average infiltration rates f o r whole 

storms, these being var ious ly cal led " l o s s r a t e s , " 0 indices or W 

indices, according to the method of computation ( r e f . l ) . A considerable 

amount of data of this type has been assembled for Australian watersheds 

by Laurenson and P i l g r i m ( r e f . 158) and compared with s imi lar data f r o m 

U.S. watersheds. 

"Standard" infiltration curves have a lso been advocated with the 

following equation ( re f . 3): 

f = fc + ( fo - f c ) e " ^ ^ . . . . . . . . . . ( 1 3 a ) 
where f = infiltration capacity at time t during a s torm 

iç. = the ultimate infi ltration capacity 
fQ = infiltration capacity at start of s t o rm 
k = a constant 
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In g e n e r a l f^. and k a r e a s s u m e d t o be c o n s t a n t s f o r a p a r t i c u l a r 

w a t e r s h e d o r s o i l - v e g e t a t i o n c o m p l e x a n d ÎQ i s v a r i e d w i t h t h e a n t e c e d e n t 

m o i s t u r e s t a t u s . A s i n d i c a t e d e a r l i e r ( s e c t i o n s 1 1 . 0 2 a n d 1 2 . 0 4 ) . 

P h i l i p ' s m o r e r a t i o n a l a n a l y s i s f o r a n i d e a l s o i l s u g g e s t s t h a t b o t h f c and 

k s h o u l d a l s o v a r y w i t h t h e a n t e c e d e n t m o i s t u r e s t a t u s . 

I n f i l t r a t i o n t h e o r y i s c o n c e r n e d w i t h " s u r f a c e r u n o f f " o n l y a n d 

h e r e i n l i e s t h e ch ief o b j e c t i o n t o i t s u s e i n c o m p l e t e r u n o f f s t u d i e s . It 

i s no t r e a d i l y i n t e g r a t e d w i t h o t h e r h y d r o l o g i c a l f a c t o r s a n d a t t e m p t s to 

do t h i s h a v e b e e n a m a j o r c a u s e of u n n e c e s s a r y c o m p l e x i t i e s i n m o r e 

c o m p r e h e n s i v e s t u d i e s . 

A t t h i s s t a g e i t i s a d v a n t a g e o u s t o c o n s i d e r t h e v a r i o u s f o r m s 

of r u n o f f i n m o r e d e t a i l . 

1 3 , 0 2 R u n o f f S e p a r a t i o n 

T h r e e f o r m s of r u n o f f a r e w i d e l y r e c o g n i s e d , v i z . s u r f a c e r u n o f f , 

i n t e r f l o w a n d g r o u n d w a t e r f l o w , a l l of w h i c h a r e a d e q u a t e l y d e s c r i b e d 

i n t h e s t a n d a r d t e x t b o o k s . T h e s e r e p r e s e n t t h e f l o w s f r o m d i f f e r e n t t ypes 

of s t o r a g e m e d i a a n d in a n i d e a l w a t e r s h e d w i t h a b r u p t c h a n g e s b e t w e e n 

the m e d i a i t s h o u l d be p o s s i b l e t o a s c e r t a i n t h e r e l a t i v e c o n t r i b u t i o n s 

f r o m e a c h by t h e c h a r a c t e r i s t i c s of t o t a l f l o w a t t h e o u t l e t . 

In r e a l w a t e r s h e d s , h o w e v e r , t h e r e m a y be a n u m b e r of d i f f e r e n t 

s t o r a g e m e d i a g r a d u a l l y m e r g i n g i n t o e a c h o t h e r a n d c l o s e l y i n t e r -

c o n n e c t e d . A t t e m p t s a t e s t i m a t i n g t h e r e l a t i v e c o n t r i b u t i o n s u n d e r s u c h 

c i r c u m s t a n c e s , w i t h r u n o f f d a t a a l o n e , a r e r a t h e r s p e c u l a t i v e . N e v e r t h e -

l e s s f o r f l o o d s t u d i e s t h e r e a r e a d v a n t a g e s i n s e p a r a t i n g t h e r e l a t i v e l y 

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

a r b i t r a r y m e t h o d s f o r d o i n g t h i s h a v e b e e n p r o p o s e d , ( r e f . 1 , 149 a n d 

114) . 
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Most of these m e t h o d s have l i tt le p h y s i c a l s i g n i f i c a n c e . B a s e f l o w s 

are supposed to c o r r e s p o n d a p p r o x i m a t e l y w i t h groundwater f l o w s but 

during f lood p e r i o d s the la t ter m a y be e i ther i m p e d e d to a c o n s i d e r a b l e 

extent or v irtual ly negat ive b e c a u s e c£ d i r e c t r e c h a r g e f r o m the f l o o d 

runoff. 

Coulter ( r e f . 1 7 2 ) and Rangana ( r e f . 1 7 1 ) have shown that the 

calculated f l ood runof f can v a r y by 30% or m o r e and the ca l cu la ted 

average inf i l trat ion rate can v a r y by as m u c h as . 20 i n s / h r . with 

different methods of base f l o w s e p a r a t i o n . This i s p a r t i c u l a r l y 

unsatisfactory f o r the ana lys i s of in f i l t rat ion f r o m r a i n f a l l - r u n o f f data 

and detracts c o n s i d e r a b l y f r o m the phys i ca l s i gn i f i cance of in f i l t rat ion 

theory even if " s t a n d a r d " o r cons i s tent methods of computat ion a r e 

extensively adopted. 

G r o s s d i s c r e p a n c i e s have been o b s e r v e d between ca l cu lated 

average watershed in f i l t rat ion rates and those m e a s u r e d d i r e c t l y with 

inf i l trometers e t c . , ( r e f . l 5 8 ) . S o m e author i t ies c l a i m that these 

discrepancies are main ly due to the e f f e c t s of i n t e r f l o w which tends to 

be part of sur face runoff in w a t e r s h e d ca lcu lat ions but is inc luded in 

infiltration with i n f i l t r o m e t e r m e a s u r e m e n t s . Other studies suggest 

that interf low is p a r t i c u l a r l y impor tant in f o r e s t e d a reas where it can 

account f o r up to 90% of the total annual runo f f , ( s ee H e r t z l e r , r e f . 1 7 3). 

This appears to be suppor ted by s o m e of the resu l t s obtained with the 

Stanford Univers i ty m o d e l . 

It should be apparent f r o m the above that appl i cat ions of 

infiltration theory depend c o n s i d e r a b l y on the dubious and incons i s tent 

methods avai lable f o r separat ing runo f f . In real i ty the s o u r c e of f l o w 

cannot usually be d e t e r m i n e d and it i s m i s l e a d i n g to interpret p r e c i s e 
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m a n i p u l a t i o n s of the d a t a in t e r m s of p r e c i s e p h y s i c a l p r o c e s s e s s u c h 

a s i n f i l t r a t i o n . F r o m a s c i e n t i f i c po int of v i e w i t w o u l d b e p r e f e r a b l e to 

p e r f o r m a n a l y s e s in t e r m s of l e s s d e f i n i t e c o n c e p t s tha t a r e c o n s i s t e n t 

with the u s u a l d a t a but m a y be c o r r e c t l y r e l a t e d to s p e c i f i c c o n c e p t s f o r 

s p e c i a l p u r p o s e s » 

A m o r e g e n e r a l i s e d v i e w of the r u n o f f c o m p o n e n t s w i l l t h e r e f o r e 

be a t t e m p t e d . 

1 3 „ 0 3 T i m e D e l a y b e t w e e n R a i n f a l l a n d R u n o f f 

T h e f i r s t a t t e m p t s of the a u t h o r to d e v e l o p a m o r e g e n e r a l approach 

to th i s p r o b l e m w e r e a long the r a t h e r o b v i o u s T ine s of the t r a d i t i o n a l 

unit h y d r o g r a p h t h e o r y . It w a s thought that the s e p a r a t i o n of the to ta l 

h y d r o g r a p h due to e a c h s t o r m or s i g n i f i c a n t r a i n f a l l b u r s t w o u l d r e v e a l 

a c o n s i s t e n t s h a p e throughout both the f l o o d a n d b a s e f l o w s e c t i o n s when 

r e d u c e d to unit v o l u m e . T h i s w a s f o u n d t o be a s a t i s f a c t o r y a p p r o x i m a t i o n 

f o r s o m e c i r c u m s t a n c e s but in o ther c i r c u m s t a n c e s i t b e c a m e a p p a r e n t 

that the b a s e f l ow p r o p o r t i o n w a s s i g n i f i c a n t l y l a r g e r f o r l a r g e r s t o r m s . 

It w a s a l s o c o n s i d e r e d that s o m e a t t e n t i o n s h o u l d be g i v e n t o the 

t e n d e n c i e s f o r p e a k s to i n c r e a s e ( r e f . 1 0 8 ) a n d timers of r i s e to d e c r e a s e 

( r e f = 1 5 4 ) with l a r g e s t o r m s . 

E f f o r t s w e r e t h e r e f o r e m a d e t o d e r i v e g e n e r a l " r e s p o n s e funct ions " 

e x p r e s s i n g the w a t e r s h e d out f low and r a t e of c h a n g e of o u t f l o w . T h e s e 

w e r e in tended to be in t h r e e - v a r i a b l e g r a p h i c a l f o r m (wi th the v a r i a b l e s 

of w a t e r s h e d in f low, t i m e and w a t e r s h e d out f low) s o tha t a n y d e g r e e of 

w a t e r s h e d v a r i a b i l i t y cou ld be r e a d i l y a l l o w e d f o r a n d e x a m i n e d . 

P o s s i b l e a p p r o x i m a t i o n s by S p e c i f i c m a t h e m a t i c a l f u n c t i o n s w e r e a l s o 

i n v e s t i g a t e d . F o r th i s p u r p o s e p r e v i o u s s t u d i e s by Z o c h ( r e f . 1 7 4 ) , 

S u g a w a r a ( r e f . 1 5 3 ) , L e v i and V a l d e s ( r e f . 1 7 5 ) , H o l t e n a n d O v e r t o n 
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( r e f s . 1 7 6 and 1 7 7 ) , Court ( r e f . 178) , V e l i k a n o v ( r e f . 179) and Wooding ( r e f , 180) 

were all relevant and s o m e of these p r o v i d e d c o n s i d e r a b l e insight into the 

physical m e c h a n i s m s and the ir m a t h e m a t i c a l e x p r e s s i o n . 

At this stage there was s e r i o u s c o n c e r n about the way in whdch the 

studies had spread s o b r o a d l y and it was d e c i d e d not to pursue the a s p e c t of 

time distribution of runoff in fur ther de ta i l . H o w e v e r , it was conc luded that 

many of the relevant f a c t o r s m a y be synthes i zed d i a g r a m m a t i c a l l y as shown 

in figures 1 6 to 19-

Figure 16 g ives the genera l f o r m of the outf low result ing f r o m a 

steady inflow i f o r var i ous p e r i o d s T ( i gnor ing l o s s e s ) » The l o c u s of the 

peaks, the envelope of r i s ing l i m b s , and shape of r e c e s s i o n l i m b s al l v a r y 

with i and T , and m a y be r e g a r d e d as c h a r a c t e r i s t i c funct ions of the 

particular watershed . F i g u r e 17 shows how the l o c u s of peaks v a r i e s , in 

general, with i and T . S i m i l a r g raph i ca l funct ions m a y be used f o r the 

rising l imbs and r e c e s s i o n l i m b s . 

It is interest ing to note that unit h y d r o g r a p h t h e o r y and the s o ca l l ed 

''rational method" are spec ia l c a s e s of f i g , 17, as shown in f i g s , 18 and 19» 

The envelope of r i s ing of f i g , 16 a l s o c o r r e s p o n d s a p p r o x i m a t e l y with the 

S curve of unit hydrograph t h e o r y and the t i m e - area d i a g r a m of the rat ional 

method. With these d i a g r a m s interest ing re la t ionships can a l s o be seen 

between the c r i t i ca l durat ion, t ime of r i s e and "constant d i s c h a r g e d i a g r a m , " 

(see ref . 43,Appendix A / ) 

A l e s s c u m b e r s o m e a p p r o a c h a p p e a r e d p o s s i b l e with s torage and 

routing concepts along the l ines d e s c r i b e d by Laurenson ( r e f S o l 5 4 and 1.70), 

It was thought that L a u r e n s o n ' s m o d e l f o r d i r e c t runoff could be adapted f o r 

total runoff by adding appropr ia te s t o r a g e s f o r base f l ow e t c . Suggest ions 

of this type have been made by D o o g e ( r e f , 181 ) who r e c o m m e n d e d the use of 
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l inear g roundwater s t o r a g e e l e m e n t s in p a r a l l e l with s i m i l a r s u r f a c e s t o r a g e 

e lements to c o m p l e t e l y s i m u l a t e a w a t e r s h e d . 

A s s u m i n g , in i t i a l ly , that a r e a l v a r i a t i o n s in r a i n f a l l cou ld be ignored , 

s o m e grouping of e l e m e n t s with s i m i l a r c h a r a c t e r i s t i c s s e e m e d j u s t i f i e d 

and the fol lowing m o d e l w a s t h e r e f o r e e x a m i n e d : 

Fia. 2Q 

SI, SI and S3 a r e l i n e a r s t o r a g e e l e m e n t s with d e l a y t i m e s kj. and 

k3 (in i n c r e a s i n g o r d e r of m a g n i t u d e ) and c o r r e s p o n d i n g a p p r o x i m a t e l y with 

the w a t e r s h e d s u r f a c e s t o r a g e , the i n t e r f l o w s t o r a g e and g r o u n d w a t e r 

s to rage r e s p e c t i v e l y 0 The s t r e a m f l o w s t o r a g e i s i n t e n d e d to s i m u l a t e the 

e f f ec t s of the m a i n channel s y s t e m of the w a t e r s h e d a n d i t s d e l a y t i m e i s a 

non- l inear function of the tota l d i s c h a r g e . The s t r e a m f l o w d e l a y t i m e i s 

a p p r o x i m a t e l y equal t o t h e l a g be tween p e a k in f low to s t r e a m f l o w s t o r a g e 

and the re su l t ing p e a k outf low, ( L a u r e n s o n , r e f . 1 5 4 ) . T h i s i s e a s i l y 

obtained f r o m the data a s it i s e s s e n t i a l l y the l a g b e t w e e n the end of a 

d-'stinct r a in fa l l b u r s t and the r e s u l t i n g h y d r o g r a p h p e a k . 
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Al though the a b o v e m o d e l would p r o b a b l y g i v e g o o d r e s u l t s i f 

appropr ia te p a r a m e t e r s w e r e d e r i v e d by e l e c t r o n i c c o m p u t e r , it i s 

subject to s o m e of the o b j e c t i o n s out l ined in 1 3 . 0 2 . In p a r t i c u l a r the 

derivation of i n f l o w f u n c t i o n s to S z and S 3 w e r e t r o u b l e s o m e with 

ordinary c o m p u t a t i o n a l m e t h o d s and a n o t h e r a p p r o a c h w a s t h e r e f o r e 

s ought. 

If a s i n g l e n o n - l i n e a r s t o r a g e r e p l a c e s S^ , S2 and S 3 , i t s 

outflow m a y be r e g a r d e d a s a j o in t f u n c t i o n of the to t a l s t o r a g e and 

the d i s t r ibut ion of the w a t e r within th i s s t o r a g e , ( i . e . the r e l a t i v e 

amounts in S i , S2 and S 3 ) . 

It i s thus i m p l i e d tha t the s t o r a g e i s c o m p l e t e l y s p e c i f i e d by 

the two p a r a m e t e r s of out f low and t o t a l s t o r a g e . A s m a l l out f low with 

a l a r g e s t o r a g e i n d i c a t e s a h igh p r o p o r t i o n of g r o u n d w a t e r runof f and 

conver se ly , a l a r g e outf low with a r e l a t i v e l y s m a l l s t o r a g e i n d i c a t e s 

a high p r o p o r t i o n of s u r f a c e r u n o f f . 

When t h e r e i s no in f low the r a t e of change of outf low i s a 

joint funct ion of the out f low and t o t a l s t o r a g e . T h i s m a y be c a l l e d the 

"runoff dep le t ion f u n c t i o n " and i s d e s c r i b e d f u r t h e r in 1 3 . 0 5 . 

With th i s s y s t e m the e f f e c t of a n in f low on a s t o r a g e m u s t a l s o 

be e x p r e s s e d a s two p a r a m e t e r s , v i z . the i n c r e a s e in outf low and the 

i n c r e a s e in to ta l s t o r a g e . T h e s e a r e s p e c i f i e d by a " r u n o f f a c c r e t i o n 

function" which wi l l be d e s c r i b e d in 1 3 . 0 6 , 

The m o d e l b a s e d on the a b o v e c o n s i d e r a t i o n s i s r e p r e s e n t e d 

d i a g r a m m a t i c a l l y a s f o l l o w s : -
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The t w o - p a r a m e t e r , n o n - l i n e a r " r u n o f f s t o r a g e " r e p r e s e n t s 

r e l a t i v e l y s l o w - m o v i n g , r e s e r v o i r type s t o r a g e s u c h a s o v e r l a n d 

" s h e e t f l o w , " l a r g e p o o l s and g r o u n d w a t e r » T h e s i n g l e p a r a m e t e r , 

non- l inear " s t r e a m f l o w s t o r a g e " s i m u l a t e s the e f f e c t s of r a p i d l y 

f lowing w a t e r in channe l s e t c . 

The l o g i c a l s t r u c t u r e of the a b o v e m o d e l i s not i d e a l but i t 

s e e m s to be a s sound a s that of o ther m o d e l s and it h a s the fo l lowing 

fu r ther a d v a n t a g e s : 

(a) C o m p u t a t i o n a l s i m p l i c i t y 

(b) R e a d i l y i n t e g r a t e d with o t h e r c o m p o n e n t s of 

the r a i n f a l l - r u n o f f c y c l e 

(c) C o n s i s t e n t with the o b j e c t i v e of d e v e l o p i n g a 

g e n e r a l a p p r o a c h 

The m o d e l w a s t h e r e f o r e a d o p t e d f o r the r e m a i n d e r of the study 

and w a s s u b s e q u e n t l y found to be h igh ly s a t i s f a c t o r y , ( s e e 1 4 . 1 0 ) . 

1 3 . 0 4 Retent ion T h e o r y 

" R e t e n t i o n s t o r a g e " i s d e f i n e d a s the v o l u m e of w a t e r in a wa te r 

shed that i s unl ike ly to b e c o m e r u n o f f . " R e t e n t i o n r a t e " i s the r a t e of 
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increase of r e t en t i on s t o r a g e t h r o u g h r a i n f a l l . T h i s t e r m i n o l o g y has b e e n 

u s e d by v a r i o u s h y d r o l o g i s t s in the p a s t , ( e . g . r e f s . 1 5 8 , 182 and 183) and 

although it i s not u s e d b y the r e c o g n i z e d text b o o k s it i s quite su i tab l e f o r 

these important c o n c e p t s . 

Retent ion s t o r a g e and runo f f s t o r a g e a r e m u t u a l l y e x c l u s i v e and 

any rainfall en ter ing a w a t e r s h e d shou ld b e c o m e i n i t i a l l y e i t h e r r e t e n t i o n 

storage or runof f s t o r a g e . 

The " r e t e n t i v i t y " of a w a t e r s h e d in a g i v e n c o n d i t i o n i s the 

retention rate that w o u l d o c c u r wi th r a i n f a l l of h igh i n t e n s i t y . It v a r i e s 

with the condi t ion of the w a t e r s h e d and m a y be r e g a r d e d as a p a r a m e t e r 

of moisture s ta tus . 

Retent ion t h e o r y a s s e r t s that when ra in fa l l o c c u r s the r e t e n t i o n 

rate is a jo int f u n c t i o n of the r e t e n t i v i t y and the ra in fa l l i n t e n s i t y . The 

speci f ic f o r m of this " b a s i c r e t e n t i o n f u n c t i o n " i s unique f o r e a c h w a t e r -

shed and depends on w a t e r s h e d c h a r a c t e r i s t i c s . R e t e n t i o n t h e o r y 

corresponds with i n f i l t r a t i o n t h e o r y if the w a t e r s h e d i s h o m o g e n e o u s and 

interception, d e p r e s s i o n s t o r a g e and b a s e f l o w a r e al l i n s i g n i f i c a n t . 

F o r p r a c t i c a l a p p l i c a t i o n s it m a y s o m e t i m e s be n e c e s s a r y to 

assume the s i m p l i f i e d f o r m of b a s i c r e t en t i on f u n c t i o n i m p l i e d by 

infiltrati on t h e o r y , as shown in f i g . 22 . 

Al though it i s d e l i b e r a t e l y i n d e f i n i t e f o r p u r p o s e s of l o g i c and 

general ity , r e tent i on t h e o r y e n a b l e s the d e v e l o p m e n t of s i m p l e v e r s a t i l e 

relationships b e t w e e n w a t e r s h e d r a i n f a l l , runo f f and e v a p o r a t i o n , as 

outlined in the next f e w s e c t i o n s . 

T h e r e a r e s o m e m i n o r d i f f i c u l t i e s with the above d e f i n i t i o n s , 

for example the t h e o r e t i c a l r e t e n t i v i t y can s o m e t i m e s d i f f e r s e a s o n a l l y 

for the s a m e m o i s t u r e s t a t u s . T h i s c o u l d p r o b a b l y be e a s i l y a l l o w e d 

for if n e c e s s a r y , but it has not h i n d e r e d the s tud ies to da te . 
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14. A P P L I C A T I O N S OF R E T E N T I O N T H E O R Y 

14.01 A Complete R a i n f a l l - R u n o f f .Model 

Retention theory and the f inal m o d e l of 13 . 03 l e a d natura l l y to 

the fo l lowing c o m p l e t e w a t e r s h e d m o d e l : 

-L 

eVAPORATiONJ 

23 

WATERS HEID 
LEAKAGE 

DISCHA^R-fSC 

F 

Retent ion s t o rage i s s p e c i f i e d e s s e n t i a l l y b y t w o p a r a m e t e r s 

v iz . the total s to rage (R) and the re tent iv i ty ( r ) . T h i s i s s o m e w h a t 

analagous to the method of s p e c i f y i n g runof f s t o r a g e , the re tent iv i ty 

being regarded as an index of the s t o r a g e d i s t r i b u t i o n in the s a m e way 

as the d i s charge i s an index of the runof f s t o r a g e d i s t r i b u t i o n . L o w 

values of r indicate re tent ion s t o r a g e n e a r the w a t e r s h e d s u r f a c e 

while high values of r s u g g e s t a d r y s u r f a c e . 

It is advantageous to use ano ther p a r a m e t e r of r e t e n t i o n 

storage which m a y be c a l l e d the " e v a p o r a t i v i t y , " ( w ) . . T h e e v a p o r a -

tivity of a w a t e r s h e d in a g iven cond i t i on i s the e v a p o r a t i o n rate that 

would o c c u r with e x t r e m e l y high potent ia l evaporat i on . . It i s the l imi t i i^ 
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rate controlled by the a v a i l a b i l i t y of w a t e r f r o m the w a t e r s h e d and v a r i e s 

with the moi s ture s t a tu s a s s u g g e s t e d by the s t u d i e s in 11 . 01 , 

Evaporat iv i ty and re tent iv i ty a r e i n v e r s e l y r e l a t e d and it m a y be 

possible to e x p r e s s one in t e r m s of the other fo r g e n e r a l condi t ions . 

However, the author h a s not e n d e a v o u r e d to do this to da te . 

Using the above concept s and the mode l of f i g . 23 the r a i n f a l l -

runoff behaviour of a w a t e r s h e d i s c o m p l e t e l y s p e c i f i e d and c h a r a c t e r i z e d 

by eight functions v i z : 

(a) B a s i c re tent ion funct ion 

(b) Runoff deplet ion funct ion 

(c) Runoff a c c r e t i o n funct ion 

(d) S t r e a m f l o w funct ion 

(e) Retent ion deplet ion function 

(f) Retention a c c r e t i o n function 

(g) Retent iv i ty r e c o v e r y function 

(h) E v a p o r a t i v i t y r e c o v e r y function 

Each of the above can be highly re f ined and re l a ted to individual 

processes for s p e c i a l i z e d s t u d i e s but each can a l s o be a p p r o x i m a t e d by a 

few physically s i gn i f i cant cons tant s when deta i l i s un jus t i f i ed . The p a r t i c u l a r 

emphasis depends on the o b j e c t i v e s of the study and the nature of the data 

available. 

Only (b), (c) and (d) can be d e r i v e d d i r e c t l y f r o m ra infa l l and 

runoff data a lone . The o ther s m a y be obtained f r o m these by indirect methods 

but they are g r e a t l y a f f e c t e d by s m a l l , inevi table e r r o r s in (b), (c) and (d). 

Under such c i r c u m s t a n c e s it i s d e s i r a b l e to a s s u m e s p e c i f i c m a t h e m a t i c a l 

forms for s o m e of the funct ions s o that c o m p l e x i t i e s of doubtful s i gn i f i cance 

are avoided. Unfor tunate ly , th i s a p p l i e s to the L i d s d a l e data a s the so i l 
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moisture and in te rcep t ion m e a s u r e m e n t s a r e not yet adequate fo r the 

complete d i rec t d e r i v a t i o n of the above f u n c t i o n s . 

F o r s o m e s t u d i e s the i d e a l i z e d f o r m of the b a s i c retent ion 

function, a s shown in f i g . 22, i s p r o b a b l y quite a d e q u a t e . In other c a s e s 

it is n e c e s s a r y to in i t i a l ly adopt the i d e a l i z e d f o r m and then ad ju s t this 

to eliminate the b i a s (if any) in the r e p r o d u c e d d a t a . Thi s technique i s 

described in 14. 08. 

Each of the funct ions will now be d i s c u s s e d in m o r e de ta i l . 

14.02 The Runoff Deplet ion Funct ion 

The b a s i c f o r m of the runoff deplet ion function i s : 

dt 

where ^ = outflow f r o m runoff s t o r a g e 
(vo lume p e r unit t ime) 

S = runoff s t o r a g e (volume) ( s e e f i g . 26) 

In p r a c t i c e it h a s been found that the function can be d e r i v e d f r o m 

the rece s s ion l i m b s of the d i s c h a r g e h y d r o g r a p h s without al lowing for 

the effects of the s t r e a m f l o w s t o r a g e . Thi s i s b e c a u s e in the r e c e s s i o n 

limb a c lose ly a p p r o x i m a t e the w a t e r s h e d d i s c h a r g e (q) when the l a t t e r 

is lagged by the r e l a t i v e l y constant s t r e a m f l o w de lay t ime (K^)-

In actual a n a l y s e s and a p p l i c a t i o n s the ins tantaneous r a t e s of 

change of outflow a r e not e a s y to work with and a m o r e p r a c t i c a l f o r m 

of the runoff deplet ion funct ion i s : 

^t + 1 = fn (St , ^t) 

where ^ t a-nd S t a r e outflow and s t o r a g e at t ime t. 

^ t + 1 i s the outflow at t ime t + 1 (hours or days ) 



D 

¡100 

I IDSDALE N^ 9 
HYDROGRAPH RECESSION 
RELATIONS. 

40 60 80 
DISCHARGE AT t ( q ^ ) 

100 120 
Points per day 

140 160 

FIG. 24. 



DEPLETION 
LINES 

30 
STORAGE 

FIG. 25 



1 1 2 . 

A convenient method of der iva t ion i s a s f o l l o w s : 

(a) Obtain a wide range of s e g m e n t s of hydrograph r e c e s s i o n s 

for the given w a t e r s h e d . 

(b) Re jec t any s egment s coinciding with s ign i f i cant ra infa l l , 

or of doubtful a c c u r a c y « 

(c) Plot the remaining s e g m e n t s a s i n f i g o 2 4 , i . e . with 

qt v e r s u s qt + 1 . 

(d) If n e c e s s a r y , interpolate between s e g m e n t s , a s shown 

by the dashed l ines in f i g . 24, so that the continuation of 

each segment to s t o r a g e exhaust ion m a y be e s t i m a t e d . 

(e) A s s u m e that ^̂  = q^ e t c . and for v a r i o u s va lues of 

o^ and "̂ t + 1 ca lculate the c o r r e s p o n d i n g v a l u e s of St 

by integrat ing along the l ines of f i g . 24. T h e s e r e s u l t s 

a r e plotted in f i g . 25 which i s the r e q u i r e d depletion 

function. 

The above has been t r ied on a number of w a t e r s h e d s and in all 

c a s e s the r e c e s s i o n segment s showed cons i s tent t r e n d s s i m i l a r to 

f ig . 25. The function can be in te rpre ted in t e r m s of s u r f a c e runoff , 

interflow and groundwater flow a s in f i g . 26. 

The lower l imiting curve of the deplet ion function r e p r e s e n t s 

a ma jor watershed c h a r a c t e r i s t i c that c o n s i d e r a b l y in f luences the 

rainfal l-runoff behaviour . The flow and s t o r a g e s cor re spond ing to 

this should be given spec ia l de s ignat ions and the t e r m s " s a t u r a t e d 

flow" and " s a t u r a t e d s t o r a g e " a r e t h e r e f o r e s u g g e s t e d . At the lower 

s tages they corre spond with the groundwater f low and s t o r a g e . 

In some regions the groundwater s t o r a g e s a r e e x t r e m e l y high 

and conditions approaching exhaust ion never o c c u r . In such c a s e s 
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it would probab ly be d e s i r a b l e to c o n s i d e r only the s t o r a g e a b o v e a 

selected datum l e v e l . T h i s would c o r r e s p o n d to a " d a t u m f l o w / " 

If it i s d e s i r a b l e to a s s u m e a s p e c i f i c m a t h e m a t i c a l f o r m of 

the function, f i g . 26 can be l i n e a r i z e d a s shown in f i g . 27 . T h i s i m p l i e s 

that the h y d r o g r a p h r e c e s s i o n s a r e e x p o n e n t i a l , which i s s i m i l a r to the 

conventional a p p r o a c h . 

% 

r\6. 27 
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14.03 The Streamf low Funct ion 

As mentioned e a r l i e r , s t r e a m f l o w de lay t i m e s are e a s i l y derived 

f r o m the lags between the ends of rainfal l burs t s and the result ing peak 

f l ows . They vary somewhat with the magnitudes of the peak f l ows as 

shown in f ig . 28 which may be ca l led the s t r e a m f l o w funct ion . The 

scatter of points in this f igure evidently o c c u r s b e c a u s e of the following: 

(a) The impl ied mode l is an approx imat i on of the actual 

physical p r o c e s s e s and there are other f a c t o r s that 

af fect the lag , ( e . g . initial f l o w s ) 

(b) The rainfall contributing to the peak usual ly does 

not cease abruptly at the s e l e c t e d end of the b u r s t . 

(c) Small t ime e r r o r s in the b a s i c data. 
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Where necessary the hydrograph of f l ow at the watershed outlet (q) 

wi l l be designated by the t e r m " s t r e a m f l o w hydrog raph" to distinguish it 

f r om the " s to rage outflow hydrograph" which r e f e r s to the d i r ec t outflow 

f r om the runoff storage ( o The s torage outf low hydrograph may be 

calculated f r o m the s t r eamf low hydrograph, if r equ i r ed , by r e v e r s e 

routing. 

There is usually no need, howeve r , to obtain the complete storage 

outflow hydrograph because only the peak and start of r i s e are required 

for the author's p rocedures . A r e l a t i v e l y s imple method m a y be used 

for deriving these, as outlined in the next sec t ion . 

In some cases a constant ave rage ( o r m in imum) s t r eamf l ow delay 

time can be adopted without det r iment , and the s t r e a m f l o w storage then 

becomes l inear . 

14.04 The Runoff Acc re t i on Function 

The runoff accret ion function spec i f i e s the response of the runoff 

storage to an increment of in f l ow. It m a y be e x p r e s s e d by : 

/A S = fn ( A I A T ) 
3 

A a - f n ( A I A T ) 
4 

where AS = increase in runoff s torage due to A I 

I = increment of in f low to runoff s torage 

^ T = t ime f r o m start to end of ^ I 

In the above the start and end of A I a re se l ec t ed so that the inflow 

rate is approximate ly constant during each inc r ement . The length of A T 

is there fore not f ixed in any par t i cu lar s t o rm . The function is der ived 

f r om runoff records as shown in f i g . 29 and as desc r i bed be low: 



117 . 

(a) S e l e c t a range of r e l i a b l e h y d r o g r a p h s with s imp le 

c l e a r l y de f ined r i s i n g l i m b s . R e j e c t any with 

e r r a t i c o r unusual s h a p e s . 

(b) E s t i m a t e the r e c e s s i o n l i m b s of the cor responding 

s t o r a g e outf low h y d r o g r a p h s by using the p r e v i o u s l y 

d e r i v e d s t r e a m f l o w de lay t i m e , as shown in f i g . 29-

(c) E s t i m a t e the peak of each s t o r a g e outf low h y d r o g r a p h 

by extending the r e c e s s i o n l i m b of (b) beyond the 

in f l ex ion point back to the a p p r o p r i a t e t i m e . This 

enab les the d e t e r m i n a t i o n of Â  ( see f ig . 29). 

(d) A s s u m e the s t a r t of r i s e of the s to rage outf low 

h y d r o g r a p h coincides with the s t a r t of r i s e of the 

s t r e a m f l o w h y d r o g r a p h , enabling the ca lcu la t ion of 

A T f r o m this and (c) . 

(e) E s t i m a t e A I and A S as shown in f i g . 29. 

(f) P l o t the d e r i v e d v a l u e s of AI, i f e tc . to give the 

Runoff A c c r e t i o n Funct ion. A typ ica l example i s 

given in f ig . 30 and table 4 . 

The above w a s found to be v e r y suitable f o r the s m a l l Lids dale 

watersheds. F o r l a r g e w a t e r s h e d s it m a y be poss ib le to d e r i v e s i m i l a r 

functions f o r h o u r l y or other f ixed t ime units but the author 's at tempts 

at doing this w e r e not v e r y r e w a r d i n g . 

It should be apparen t that the runoff a c c r e t i o n function a l lows 

for recharge of the i n t e r f l o w and groundwater s t o r a g e s without assuming 

specific f o r m s f o r these p r o c e s s e s . 
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TABLE 2. 

DERIVATION OF RUNOFF ACCRETION FUNCTION 

LIDSDALE No. 9 

Column No. 2 3 4 5 

Date A I points A^ p . p . d A S points A T hours 

20.11.63 5 38 5 0 .4 

7 .12.63 6 22 5 1 .4 

8. 12.63 29 100 18 5 .0 

9 .12.63 19 50 14 4 . 5 

10.12.63 17 30 12 6 .8 

13. 1.64 4 3 4 6 .5 

22. 4 .64 2 6 2 1 . 0 

22. 4 .64 3 14 3 0 .9 

22. 4 .64 3 3 3 5 .2 

19. 6.64 6 13 5 1 .1 

20. 6 .64 8 15 7 2 .2 

16. 7 .64 7 13 6 1 . 8 

16. 7 .64 36 115 21 5.8 

24. 8 .64 12 45 11 1 . 3 

11.10.64 8 15 7 3 .2 

30.10.64 10 20 8 5 .2 

30.10.64 3 8 3 1 . 0 

24.10.65 24 140 22 0 .7 

26.10.65 7 16 6 1 . 5 

27.10.65 21 80 16 2 .9 

28.10.65 11 40 10 1 . 3 

5 .12 .65 7 17 6 1 . 5 

8 .12 .65 31 410 27 0 .5 

12. 6 .64 18 90 16 1 .0 
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14.05 The Retention Depletion Funct ion 

The gene r a l f o rm of the retent ion depletion function i s 

d w 
d R fn ( w, R ) 

5 

where w i s the evapora t i v i t y and R i s the total retent ion s t o r a g e . 

This a l lows for most of the f a c to r s mentioned in sect ions 

11 and 12, and can be r ep r e s en t ed d i a g r a m m a t i c a l l y a s in f i g . 31 . 

w 

31 

The p rev ious l y mentioned s tud ies sugges t that the dry ing phase 

should be divided into per iods ca l l ed " f r e e dry ing" and " l imi ted dry ing" 

periods. 
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In a free drying per iod the evaporat ion f r o m a watershed is not 

restricted by the supply of energy and its rate is t h e r e f o r e equal to the 

evaporativity. This o c c u r s c o m m o n l y under w a r m dry c l imat i c 

conditions. 

In a l imited drying per iod the evaporat ion is r e s t r i c t e d by the 

supply of energy rather than the supply of m o i s t u r e and it i s there fore 

equal to the potential rate . This would be expected frequently in cool 

moist c l imates . 

The above is essential ly a " thresho ld " concept that i s somewhat 

analagous to infiltration theory . It is a s i m i l a r type of approximation 

and subject to s imilar di f f icult ies but it is v e r y useful in the pract ical 

derivation and application of the retention deplet ion function as will be 

demonstrated in later sect ions . 

Since this function cannot be complete ly der ived with the usual 

data, it is necessary to assume a s p e c i f i c f o r m such as that of f ig . 37. 

The conditions represented by the l ower " b a s e " l ine of slope l / m in 

f ig . 37 are expressed by: 

w = R 
m 

Where m is a constant with the d imens ions of t ime and is s imilar 

to the storage delay time relating d ischarge and runoff s t o rage . It is 

a representative or character i s t i c "deplet ion de lay " f o r the part icular 

vegetation-soi l complex of the watershed . In the example shown for 

Lidsdale No. % m was est imated initally f r o m gypsum b lock observations 

during appropriate per i ods , (warm weather , advanced drying phase) , 

assuming that most of the retention storage was in the f o r m of soi l 

moisture . Some small adjustments to the in i t ia l est imate of m were 

made later to give a better fit to the rainfal l - runoff data. The m o r e 
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transient c o n d i t i o n s r e p r e s e n t e d by the f a r a i l y of p a r a l l e l l i n e s of s l o p e 

l / m , in f i g . 37 w e r e e s t i m a t e d s i m i l a r l y ^ with s o m e a r b i t r a r y a l l o w a n c e s 

being m a d e f o r s u r f a c e m o i s t u r e a n d i n t e r c e p t i o n in the e a r l y p a r t s of 

the drying p h a s e . ( S e e a l s o s e c t i o n 1 4 . 0 7 ) . 

The a b o v e r e t e n t i o n d e p l e t i o n f u n c t i o n c o u l d h a v e b e e n d e r i v e d by 

trial and e r r o r m e t h o d s f r o m the r a i n f a l l - r u n o f f d a t a a l o n e with the u s e 

of a computer but the f o r m u l a t i o n of a s u i t a b l e p r o g r a m m e a n d the 

p re l iminary t e s t i n g w o u l d h a v e i n v o l v e d m o r e t i m e than w a s a v a i l a b l e . 

Once d e r i v e d , the r e t e n t i o n d e p l e t i o n f u n c t i o n p r o v i d e s a v e r y 

simple m e t h o d f o r a c c o u n t i n g the w a t e r s h e d m o i s t u r e l o s s e s d u r i n g a 

drying p h a s e . G i v e n the i n i t i a l v a l u e s of w and R ( f r o m p r e v i o u s a c c o u n t i n g ) , 

the p r o g r e s s of the d r y i n g p h a s e i s f o l l o w e d a l o n g the d e p l e t i o n l i n e s of 

the funct ion. A s an e x a m p l e , the c o m p l e t e a c c o u n t i n g f o r L i d s d a l e N o . 9 

is given in 14 . 10 w h e r e f i g . 37 i s u s e d f o r the c a l c u l a t i o n of c h a n g e s in 

retention s t o r a g e d u r i n g d r y i n g p e r i o d s . 

In f r e e d r y i n g p e r i o d s the o r t h o g o n a l t i m e l i n e s of f i g . 37 show the 

values of w a n d R f o r s u c c e s s i v e d a y s , a n d a l l o w the c o n d i t i o n s at the 

end of e a c h p e r i o d t o b e r e a d off d i r e c t l y . 

During l i m i t e d d r y i n g p e r i o d s the s a m e d e p l e t i o n l i n e s a r e f o l l o w e d 

but the t i m e l i n e s a r e i g n o r e d . T h e c h a n g e s in R a r e e q u a l to the 

potential e v a p o r a t i o n f o r t h e s e c o n d i t i o n s and c o r r e s p o n d i n g c h a n g e s in 

w a r e r e a d d i r e c t l y f r o m the f i g u r e . ( S e e c o m p l e t e e x a m p l e in s e c t i o n 

14 .10) . 

In p r a c t i c e , d r y i n g p e r i o d s t e n d to be e i t h e r f r e e o r l i m i t e d f o r 

extended d u r a t i o n s a n d a v e r y s i m p l e c a l c u l a t i o n g i v e s the end o r s t a r t 

of each p e r i o d . M o s t d r y i n g p h a s e s c o n s i s t of only one or two p e r i o d s . 

The a c c o u n t i n g c a n be done on a d a i l y b a s i s , if d e s i r e d , but in the 

L i d s d a l e c o m p u t a t i o n s e a c h d r y i n g p e r i o d w a s t r e a t e d a s a s i n g l e t i m e 

unit and th i s r e d u c e d the v o l u m e of w o r k c o n s i d e r a b l y . 
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14 .06 The Retent ion A c c r e t i o n F u n c t i o n 

Some a s p e c t s of the re tent ion a c c r e t i o n funct ion a r e a n a l a g o u s to 

the retention deplet ion funct ion . I t s g e n e r a l f o r m m a y be e x p r e s s e d by: 

dr 
dR 

fn, (r, R) 

This i s r e p r e s e n t e d in f i g , 3 Z 

F i a . 3 2 

The wetting p h a s e i s d iv ided into " f r e e w e t t i n g " and " l i m i t e d wetting" 

p e r i o d s . During f r e e wetting p e r i o d s the r e t e n t i o n i s not r e s t r i c t e d by the 

supply of r a in fa l l and it i s t h e r e f o r e e q u a l to the r e t e n t i v i t y . T h i s m a y be 

a s s u m e d to occur when a s i g n i f i c a n t p e r c e n t a g e of the r a i n f a l l b e c o m e s 

runoff inf low. 

In l imi ted wetting p e r i o d s the a c t u a l r e t e n t i o n r a t e i s l e s s than the 

retentivity b e c a u s e the supply of r a i n f a l l i s r e s t r i c t e d » When th i s o c c u r s 

the runoff inflow i s r e l a t i v e l y s m a l l and the a c t u a l r e t e n t i o n r a t e i s 
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approximately equal to the r a i n f a l l r a t e . The a s sumpt ion of exac t 

equivalence in such c a s e s i m p l i e s the i d e a l i z ed retent ion function which 

is discussed in 14. 08. 

To der ive retent ion a cc r e t i on funct ions for the L idsda l e w a t e r s h e d s 

it was n e c e s s a r y to a s s u m e the l i n e a r fo rm given in f i g . 39. The complete 

derivation requ i red the e s t ima t ion of the fol lowing: 

(a) The s lopes of the "base l ine" ( l /n ) and t r ans i en t l i ne s ( l /n ' ) 

(b) The m a x i m u m retent ion s torage 

(c) The m in imum re ten t iv i t y 

n and n' a r e " a c c r e t i on de l ay t i m e s " and may be obtained f rom the 

ratios of retention s to rage i n c r e m e n t s ( A R) to corresponding changes in 

retention r a t e s during continuous f r e e wetting pe r iods . 

This procedure i s demons t r a t ed in table 3 for L idsda le No. 9 which 

shows the der iva t ion of the p a r a m e t e r s f rom a number of wetting p h a s e s . 

These pa r t i cu l a r pha se s w e r e s e l ec t ed because : 

(a) They contained wett ing per iods that correspond with 

d i s t inc t l y s epa rab l e hydrographs» 

(b) The retent ion r a t e s could be a s sumed equal to the 

re tent i vi t i e s a s the runoff r a t e s were r e l a t i v e l y high. 

Because of (a ) i t was poss ib l e to ca l cu la te the ave r age retention 

rate and change in retent ion s to rage for each per iod . These ca lcu la t ions 

are not shown in table 3. 

The d i f fe rence b e t w e e n the a v e r a g e retent ion r a t e s for two 

consecutive pe r iods (column 3 of table 3) the re fore r ep r e s en t s a decrement 

of retentivity in the retent ion a c c r e t i on function ( see f i g . 32). The 

corresponding i n c r emen t of retent ion s torage (column 4 of table 3) i s 
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a p p r o x i m a t e l y equa l t o the m e a n of the t w o c o n s e c u t i v e r e t e n t i o n 

i n c r e m e n t s m i n u s a s m a l l a l l o w a n c e f o r e v a p o r a t i o n . 

The r a t i o s of the r e t e n t i o n i n c r e m e n t s t o t h e r e t e n t i v i t y d e c r e m e n t s 

a r e shown in co lumn 5 of t a b l e 3 and t h e s e a r e e s t i m a t e s of the a c c r e t i o n 

delay t i m e . They t end to o c c u r in t w o g r o u p s of v a l u e s w i th a v e r a g e s of 

.380 and .098 which a r e a s s u m e d t o be the b a s e a n d t r a n s i e n t a c c r e t i o n 

delay t i m e s r e s p e c t i v e l y (n and n ' ) . 

Two independen t m e t h o d s w e r e u s e d t o e s t i m a t e the m a x i m u m 

re ten t ion s t o r a g e f o r L i d s d a l e N o . 9» T h e f i r s t c o n s i s t e d of a d d i n g 

toge the r the m a x i m u m t o t a l r e t e n t i o n of t he o b s e r v e d c o n s e c u t i v e l i m i t e d 

wett ing p e r i o d s and the m a x i m u m t o t a l r e t e n t i o n of the o b s e r v e d consecu t ive 

f r e e wet t ing p e r i o d s . The u n d e r l y i n g l o g i c of t h i s p r o c e d u r e i s not 

a l t o g e t h e r convinc ing but i t i s i n t e n d e d to s i m u l a t e a w e t t i n g p h a s e in which 

the r e t en t i on s t o r a g e i s r e c h a r g e d c o m p l e t e l y f r o m e x h a u s t i o n t o m a x i m u m . 

In the s econd m e t h o d , the m a x i m u m r e t e n t i o n s t o r a g e w a s 

obtained f r o m the e s t i m a t e d t o t a l so i l m o i s t u r e s t o r a g e b e t w e e n f i e l d 

capac i ty and wi l t ing po in t ( b a s e d on so i l m e a s u r e m e n t s ) p l u s a n add i t i ona l 

20 points to a c c o u n t f o r i n t e r c e p t i o n and s u r f a c e s t o r a g e ( r e f . 132) . The 

a s s u m p t i o n s i m p l i e d by t h i s w e r e t h o s e a d o p t e d f o r t h e d e r i v a t i o n of the 

deple t ion func t ion as m e n t i o n e d in 1 4 . 0 5 . 

Both of the above m e t h o d s i n d i c a t e d a m a x i m u m r e t e n t i o n s t o r a g e 

of a p p r o x i m a t e l y 450 po in t s w h i c h w a s t h e r e f o r e a d o p t e d f o r the g iven 

w a t e r s h e d . 

©f 

The m i n i m u m r e t e n t i v i t y ^ i d s d a l e N o . 9 w a s e s t i m a t e d f r o m 

the r e c o r d s of the June 1964 s t o r m in w h i c h the w a t e r s h e d w a s e v i d e n t l y 

" s a t u r a t e d " f o r m u c h of the we t t i ng p h a s e . D u r i n g t h e s e p e r i o d s 

a p p r o x i m a t e l y 98% of the r a i n f a l l b e c a m e r u n o f f i n f l o w a n d the r e t e n t i o n 
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T A B L E 3. 

D E R I V A T I O N O F R E T E N T I O N A C C R E T I O N F U N C T I O N 

Column No. 1 2 3 4 5 6 

Date T I M E E S T . E S T . n T r a n s 
A r A R o r 

p . p . d p o i n t s d a y s B a s e 

7 . 1 2 . 6 3 1230 
1080 103 . 1 0 T 

8 . 1 2 . 6 3 1130 
412 63 . 1 5 ? 

9 . 1 2 . 6 3 0450 
45 12 . 38 B 

1 0 . 1 2 . 6 3 0600 1 

22. 4 . 6 4 0300 
605 62 .10 T 

0620 
500 ! 47 .09 T 

1510 

9. 6 . 6 4 0130 
221 83 . 38 B 

10. 6 . 6 4 1000 
12. 7 . 6 4 1420 

200 24 . 12 T 
13. 7 . 6 4 2400 
16. 7 . 6 4 0450 

16 6 . 5 ,41 B 
2310 

24. 8 . 6 4 0010 
355 44 . 12 T 

1420 
240 18 . 08 T 

25. 8 . 6 4 0230 
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T A B L E 3 ( C o n t d . ) 

DERIVATION O F R E T E N T I O N A C C R E T I O N F U N C T I O N 

Column No. 2 3 4 5 6 

Date T I M E E S T . E S T . n T r a n s 
A r A R o r 

p . p . d . p o i n t s d a y s B a s e 

11. 9 . 6 4 0620 
84 29 . 34 B 

12. 9 . 6 4 0820 

28. 9 . 6 4 0210 
182 16 . 0 9 T 

1800 
110 20 . 1 8 ? 

29. 6 . 6 4 0930 

3 0 . 1 0 . 6 4 2330 
76 30 . 3 9 B 

3 1 . 1 0 . 6 4 0720 
2 7 . 1 0 . 6 5 1800 164 15 . 0 9 B 1800 164 15 . 0 9 B 
2 8 . 1 0 . 6 5 0100 

Sum of T r a n s i e n t G r o u p = 

Mean n ' 

Sum of b a s e g r o u p 

Mean n ' 

. 1 0 + . 1 0 + . 0 9 + . 1 2 + . 0 8 + 
. 09 + . 0 9 
. 7 9 
. 7 9 = 

8 

= . 38 + 
- 1 «90 

1 . 9 0 = 

098 

38 + . 4 1 + . 3 4 + . 39 

380 



1 2 9 . 

rate was r e l a t i v e l y s t e a d y a t an a v e r a g e v a l u e of about 12 po in t s p e r d a y , 

accounting f o r l e a k a g e a n d e v a p o r a t i o n o A r e l a t i v e l y s m a l l s e a s o n a l 

variation m a y be e x p e c t e d but t h e r e i s i n s u f f i c i e n t d a t a to e n a b l e the 

est imation of t h i s e f f e c t , a n d s o the a d o p t e d m i n i m u m v a l u e w a s 

12 points p e r day« 

The r e t e n t i o n a c c r e t i o n f u n c t i o n i s u s e d f o r the a c c o u n t i n g of 

retention s t o r a g e d u r i n g w e t t i n g p e r i o d s in the s a m e m a n n e r a s the 

depletion func t ion d u r i n g d r y i n g p e r i o d s . T h e d i f f e r e n c e b e t w e e n r e t e n t i o n 

increments and r a i n f a l l i s the r e q u i r e d runof f i n f l o w , ( T a b l e 5 g i v e s the 

complete a c c o u n t i n g f o r L i d s d a l e No« 9 , r e p r o d u c i n g runof f e s t i m a t e s 

for the r a i n f a l l d a t a and w a t e r s h e d f u n c t i o n s . ) 

D u r i n g l i m i t e d wet t ing p e r i o d s the t i m e l i n e s a r e i g n o r e d but 

changes in r e t e n t i v i t y f o r v a r i o u s i n c r e m e n t s of r e t e n t i o n a r e a s s u m e d 

to be the s a m e a s f o r f r e e wet t ing p e r i o d s . T h i s a s s u m p t i o n m a y r e s u l t 

in s igni f icant d i s c r e p a n c i e s f o r a p r o l o n g e d or d i s c o n t i n u o u s p e r i o d , in 

which c a s e an a l l o w a n c e f o r r e c o v e r y of r e t e n t i v i t y m a y be d e s i r a b l e , 

(see 1 4 . 0 7 ) . 

In l i m i t e d wet t ing p e r i o d s the a c t u a l r e t e n t i o n r a t e i s u s u a l l y 

equal to the r a i n f a l l r a t e when the l a t t e r i s m u c h l o w e r than the 

retentivity. A s the r a i n f a l l r a t e a p p r o a c h e s the r e t e n t i v i t y r a t e , h o w e v e r , 

a smal l a m o u n t of r imof f m a y o c c u r and th i s i s e i t h e r i g n o r e d or a l l o w e d 

for by one of the m e t h o d s s u g g e s t e d in 1 4 . 0 8 . 

14.07 The R e c o v e r y F u n c t i o n s 

At the end of a wet t ing p h a s e r e t e n t i v i t y i s u s u a l l y low and it 

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

of sec t ion 11 s u g g e s t that the r e c o v e r y i s r a p i d in the e a r l y p a r t of the 

drying p h a s e and then b e c o m e s s l o w e r with t ime-
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These conditions may be sat is f ied if the changes in retentivity 

are assumed to be proport ional to the evaporat ion l o s s e s during the drying 

per iod , i . e . : 

T - - A ^V 
j 

where j = retentivity r e c o v e r y t ime 
¿y change in retention s torage due to evaporation 

The above "retentivity r e c o v e r y " function m a y be der ived f r o m 

the rainfal l - runof f data with the fo l lowing p r o c e d u r e : 

(a) S e l e c t per iods of good r e c o r d s f o r which the retentivity 

and retention storage m a y be est imated at start and 

f inish, ( e . g . per iods of three months or m o r e between 

very wet or very dry spe l l s ) . Changes of retentivity 

within these per iods are due to intermediate rainfall and 

evaporat ion. 

(b) Calculate the total change in retentivity ( E Zi r ) 

total change in retention storage ^ R ) , total rainfall (P) 

and total evaporation (W P - Q - A R.. where Q = runoff 

due to P ) , 

(c ) F o r each per iod compute the sum of the retentivity 

decrements due to rainfall E Ä Tp ) using the retention 

accret ion function. If retention a c c r e t i o n conditions are 

entirely within the transient reg ion of the function 2 ü Tp 

is given by P / n * . 

(d) Calculate the retentivity r e c o v e r y t ime f r o m : 

2 A R V W W 

These calculations f or Lidsdale No . 9 are shown in table 4. 
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It s h o u l d be n o t e d t h a t t h e r e t e n t i v i t y r e c o v e r y t i m e c a n n o t b e l e s s 

than the r e t e n t i o n a c c r e t i o n t i m e a n d i s u s u a l l y s o m e w h a t h i g h e r a s i n d i c a t e d 

by the s l o p e s of t h e a c c r e t i o n a n d r e c o v e r y l i n e s of f i g . 39 . T h e " d r i f t " 

towards the l e f t h a n d s i d e of t h e f u n c t i o n d u r i n g r e c o v e r y a l l o w s f o r t h e 

abst ract ion of m o i s t u r e f r o m t h e l o w e r l a y e r s of t h e s o i l p r o f i l e c o n c u r r e n t l y 

with dep le t ion f r o m t h e u p p e r l a y e r s o 

T h e " e v a p o r a t i v i t y r e c o v e r y " f u n c t i o n , w h e n t r e a t e d s i m i l a r l y , 

is e x p r e s s e d by : 

^ w = - A R p 
h 

w h e r e h = t h e e v a p o r a t i v i t y r e c o v e r y t i m e 

A R p = c h a n g e in r e t e n t i o n s t o r a g e d u e t o r a i n f a l l 

It w a s f o u n d f o r L i d s d a l e N o . 9 t h a t a m a x i m u m v a l u e of e v a p o r a -

tivity was d e s i r a b l e a n d t h i s w a s a s s u m e d t o b e 30 p o i n t s p e r d a y w h i c h i s 

approx imate ly e q u a l t o t h e m a x i m u m p o t e n t i a l e v a p o r a t i o n r a t e a t L i d s d a l e . 

It was a l s o f o u n d t h a t t h e e v a p o r a t i v i t y r e c o v e r y t i m e c o u l d be r e g a r d e d a s 

equal to the t r a n s i e n t d e p l e t i o n d e l a y ( m ' ) s o t h a t t h e t r a n s i e n t d e p l e t i o n 

lines of f i g . 37 m a y a l s o b e u s e d i n t h e r e v e r s e d i r e c t i o n f o r t h e r e c o v e r y of 

re ten t iv i ty . 

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

empi r ica l a l t h o u g h v a r i o u s i n t e r p r e t a t i o n s c o u l d be d e v i s e d in t e r m s of 

effective r e t e n t i o n l a y e r s a n d v e g e t a t i o n a d a p t a t i o n s . D e t a i l e d e x a m i n a t i o n 

of table 5 s u g g e s t s t h a t m o d e r a t e d e p a r t u r e s f r o m t h e a s s u m p t i o n s w o u l d 

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

14.08 The B a s i c R e t e n t i o n F u n c t i o n 

W h e n d a t a i s l i m i t e d , e . g . w h e n o n l y r u n o f f a n d r a i n f a l l r e c o r d s 

are a v a i l a b l e , i t i s u s u a l l y n e c e s s a r y t o a s s u m e i d e a l i z e d w a t e r s h e d f u n c t i o n s 
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T A B L E 4 

DERIVATION OF RETENTIVITY RECOVERY TIME 

Column No. 2 3 4 

DATE RAINFALL RUNOFF RETENTION 

Points Points Points 

12 .12 .63 24 2 22 
16.12= 63 200 158 42 
26 .12 .63 42 5 37 
29 .12 .63 60 2 58 
12. 1 .64 105 4 101 
24. 1 .64 30 0 30 

7. 2 .64 20 0 20 
15, 2 .64 10 0 10 
29o 2 .64 18 0 18 

8. 3 .64 51 0 51 
8. 4 .64 54 0 54 

20. 4 .64 28 0 28 
21. 4 .64 312 8 304 
26. 4 .64 12 0 12 

3. 5 .64 72 3 69 
11. 5 .64 19 0 19 
26. 5 .64 20 0 20 
30. 5.64 65 1 64 

7. 6 .64 13 0 13 

Totals : 1 .155 183 972 

EstoR and r on Dec . 10, 1963: R = 440 
" " " " " June 8, 1964: R = 270 

r = 40 
r = 1 ,250 

R = 972 + 270 - 440 = 802 r = 1210 
Rpii^Co due to rain) = 972 
rp ( i . e , due to rain) = - ( 9 7 2 x 10 .2) = - 9920 
Rv (i» e . due to evap. )= 972 + 440 - 270 = 1142 
rp ( i , e . due to evap . ) = 9920 + 1210 = 11 , 130 
Retentivity r e c o v e r y time ( j ) = 1142 = . ]P¿5 days 

11130 

1 / j 1 = 9 . 7 5 
.1025 
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and convenient f o r m s have b e e n s u g g e s t e d fo r the r e t en t ion a c c r e t i o n , re tent ion 

depletion and r e c o v e r y func t ions » The m o s t conven ient i d e a l i z e d f o r m of ba s i c 

retention funct ion i s the u n i v e r s a l one i m p l i e d by i n f i l t r a t i o n t h e o r y a s shown 

in fig. 22« 

It shou ld be c l e a r l y r e c o g n i z e d that the a c t u a l r e t en t ion r a t e s and the 

retentivity a r e only t h e o r e t i c a l l y e q u i v a l e n t for v e r y h igh r a i n f a l l s when 100% 

of the w a t e r s h e d i s con t r ibu t ing to runoff« The i d e a l i z e d funct ion of f ig «22 

is a p r ac t i c a l a p p r o x i m a t i o n that m a y app l y to homogeneous w a t e r s h e d s but 

the degree of d e p a r t u r e f r o m th i s f o r m depends on the d e g r e e of h e t e r o -

geneity within the w a t e r s h e d . The g r e a t e r the v a r i a b i l i t y of r e t en t ion 

cha rac t e r i s t i c s , the h i g h e r the r a i n f a l l i n t e n s i t y m u s t be be fo re 100% of the 

watershed i s cont r ibu t ing to runoff« 

The above i s d i r e c t l y a l l o w e d for by the i n f i l t r a t i o n equa t ions of the 

Stanford U n i v e r s i t y Mode l ( s e c t i o n 8) and i n d i r e c t l y a l l o w e d for by the 

"runoff producing a r e a " of B e t s o n ' s model ( s e c t i o n 10«02)« The subd iv i s ion 

of a watershed into r e l a t i v e l y homogeneous un i t s ( a s for the U « S . W « B . Model) 

also g ives i n d i r e c t a l l o w a n c e s and t h i s w i l l be d i s c u s s e d in 1 4 . 0 9 . 

Some a t t e m p t s w e r e m a d e to a s s e s s the d e p a r t u r e of the b a s i c 

retention funct ion of L i d s d a l e No« 9 f r o m the i d e a l i z e d f o r m by the io l l owmg 

methods: 

' a ) The c o r r e l a t i o n be tween r e t en t ion r a t e s and r a in fa l l 

i n t e n s i t i e s . 

(b) An a n a l y s i s of the b i a s in r e p r o d u c i n g the runoff 

da t a f r o m the r a i n f a i l r e c o r d s by us ing the 

i d e a l i z e d func t ion . 

In the c o r r e l a t i o n of ¡ a ) , ( f i g . 33a) t h e r e w a s a notable / l o w 

r a t e s wi th h igh r a i n f a l l i n t e n s i t i e s which a p p e a r e d , s u p e r f i c i a l l y , 

to support the h y p o t h e s i s of a s i g n i f i c a n t d e p a r t u r e « Unfor tunate iv th i s 

could a l so be due to rhe s e a s o n a l i n c i d e n c e of high in tens i t y s t o r m s (see 

P i lgr im, r e f « 1 8 4 ) and no de f i n i t e conc lu s i ons should the r e fo re be d rawn f r o m 

the c o r r e l a t i o n . 



^Poss ib le lower limit 
suggesting dependence 
of retent ion r a t e on 
rainfall intensity. (All 
values that could be 
obtained above 200 PPD 
rainfall Intensity we re 
plotted) 
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The runoff est imated by the comple te operat ion of this m o d e l 

using the idea l ized retention function is d e s c r i b e d in 14,10» The values 

obtained by this p rocedure wil l be c o m p a r e d with the o b s e r v e d values and 

the bias in the ear ly parts of the wetting phases wil l prov ide a b a s i s f o r 

modi fy ing the ideal ized function as shown in f i gures 34 and 35. 

In some c a s e s it may be poss ib l e to s impl i fy the e x p r e s s i o n 

of the departure f r o m the ideal ized function by introducing a single constant 

to represent an " e f f e c t i ve imperv ious f a c t o r . " The b a s i c retention function 

would then be of the fo l lowing f o r m : 

dR = r when P 2 r + b 
dt 

~ fi^ when F < r + b 
" 7 T b 

where b = the e f f ec t ive i m p e r v i o u s f a c t o r 

= rainfall rate 

R = retention storage 

r = retentivity 

The work involved in detailed analyses such as the above would 

probably be unjustif ied in many c i r c u m s t a n c e s because the departures f r o m 

the ideal ized retention function are re lat ive ly unimportant when the o r d e r s 

of a c c u r a c y of the b a s i c data and total e s t imates are c o n s i d e r e d . Never the less 

a theoret ical f r a m e w o r k has been deve loped to enable further re f inement of 

this type when re qui re d» 

14 .09 L imi ted Wetting P e r i o d s and Initial L o s s 

With the ideal ized retention funct ion, l imi ted wetting p e r i o d s at 

the c o m m e n c e m e n t of the wetting phase c o r r e s p o n d with initial l o s s . 

Initial l o s s has been a v e r y useful concept in a n u m b e r of r e cent 

studies ( r e f s . 1 0 7 , 164 and 194) and it is an important component of s o m e of 
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the prev ious l y de s c r i bed mode l s ( sec t ions 9 and 10« 04). The t e r m was 

apparently f i r s t used by Snyder in 1939 ( r e f . 195), but it i s not mentioned in 

most of the cur rent text books« Some au thor i t i e s s e e m to r e g a r d the idea 

of ini t ia l l o s s a s an u n n e c e s s a r y d is tor t ion of in f i l t r a t ion theory ( r e f . 196) 

while others r e g a r d it a s a p r a c t i c a l appl icat ion of the theory , ( C r e a g e r , 

Justin and Hinds, refol97)o 

The mode l s of the C . M . B . ( sect ion 9) and Boughton (sect ion 10 .04) 

imply that in i t i a l l o s s i s dependent only on the in i t i a l mo i s tu re status of 

the watershed and i s not s i gn i f i can t l y af fected by r a in fa l l in tens i t y . In most 

of the other mode l s , however , the t ime and total l o s s when runoff commences 

are determined by both the in i t i a l mo i s tu re s tatus and ra in fa l l intensity« 

The retent ion acc re t ion function sheds some l ight on the above anomaly 

as it provides a v i sua l r e p r e s e n t a t i o n of the phys ica l p roces se s « Signif icant 

runoff does not commence unti l the re tent iv i ty f a l l s below the r a in fa l l 

intensity and th is undoubtedly occurs e a r l i e r and with l e s s total ra in when 

the intensi ty i s higher« Neve r the l e s s l a r g e d i f f e rences in r a in fa l l intens i ty 

and retent iv i ty correspond with sma l l d i f f e rences in retent ion s torage or l o s s 

if the slope of the t r ans i en t l i ne s i s s teep, i«e« if a low acc re t ion de lay i s 

c h a r a c t e r i s t i c of the upper l a y e r s of the wa te r shed , (e«g« with porous soi l 

and dense vegetation)« The r e fo r e , the assumpt ion that in i t i a l l o s s i s 

independent of r a in f a l l in tens i ty may be approx imate l y co r r ec t in such cases« 

The t r ans i en t acc re t ion l i ne s for L idsda le No«9 a r e not p a r t i c u l a r l y 

steep however , and under these conditions r a in f a l l intens i ty would be 

expected to have a def ini te inf luence on in i t i a l l o s s , ( i «e« the in i t i a l l im i t ed 

wetting pe r iods ) . 

The cor r e l a t ion of fig« 33b tends to support this , although it wouJd 

be de s i r ab l e to have a g r e a t e r range of data for a more r igorous test« The 

ra infa l l i n t ens i t i e s of the wetting per iods i m m e d i a t e l y a f t e r commencement 
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of r u n o f f w e r e a d o p t e d in t h e c o r r e l a t i o n of f i g . 33b bu t f r o m s o m e p o i n t s 

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

i m m e d i a t e l y b e f o r e the c o m m e n c e m e n t of r u n o f f . C l o s e l y a s s o c i a t e d 

w i t h t h i s i s t he p r o b l e m of d e c i d i n g w h a t b u r s t s of r a i n f a l l a r e s i g n i f i c a n t , 

i . e . h o w long s h o u l d w e t t i n g p e r i o d s b e ' ' 

In 14 . 04 a w e t t i n g p e r i o d w a s d e f i n e d a s a p e r i o d d u r i n g w h i c h 

t h e r a i n f a l l c o u l d be r e g a r d e d a s e s s e n t i a l l y u n i f o r m in i n t e n s i t y . T h e 

o b v i o u s a p p r o x i m a t i o n s a n d s u b j e c t i v i t y i n v o l v e d in s e l e c t i n g s u c h 

p e r i o d s m a d e t h i s a p p r o a c h u n a p p e a l i n g a t f i r s t bu t i t s c o m p e n s a t i n g 

a d v a n t a g e s ( in the a n a l y s i s of d a t a f r o m s m a l l w a t e r s h e d s ) f i n a l l y l e d 

t o i t s a c c e p t a n c e a s e x p l a i n e d in 1 4 . 1 0 . E x p e r i e n c e w i t h t h e t e c h n i q u e 

a n d t h e g e n e r a l c o n s i d e r a t i o n of 1 3 . 0 3 a n d 1 3 . 0 1 s u g g e s t t h e f o l l o w i n g r u l e s 

(a) I n t e n s i t i e s s h o u l d n o t b e c a l c u l a t e d o v e r p e r i o d s l e s s 

t h a n the m i n i m u m " r e s p o n s e t i m e " , i . e . t h e m i n i m u m 

v a l u e of ds a s g i v e n by t h e r u n o f f d e p l e t i o n f u n c t i o n , 
dd^ 

T h i s i s p r o b a b l y r e l a t e d t o t h e t i m e of o v e r l a n d f l o w 

a n d i s , 4 h o u r s f o r L i d s d a l e N o . 9 . 

(b) Whi l e t h e i n t e n s i t i e s a r e c o n s i s t e n t l y l o w e r t h a n the 

r e t e n t i v i t y t h e r e i s no n e e d t o c o n s i d e r s m a l l o r m o d e r a t e 

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

(c) When the i n t e n s i t i e s and r e t e n t i v i t y t e n d t o w a r d s t h e s a m e 

o r d e r of m a g n i t u d e c h a n g e s in i n t e n s i t y of 10% o r m o r e 

c a l c u l a t e d o v e r the m i n i m u m r e s p o n s e t i m e s h o u l d i n d i c a t e 

s e p a r a t e w e t t i n g p e r i o d s . 

(d) When the r a i n f a l l i n t e n s i t i e s a r e c o n s i s t e n t l y h i g h e r t h a n 

t h e r e t e n t i v i t y , c h a n g e s in i n t e n s i t y of 5% o r m o r e 

c a l c u l a t e d o v e r t h e m i n i m u m r e s p o n s e t ime" s h o u l d 

i n d i c a t e s e p a r a t e w e t t i n g p e r i o d s . 
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Although (c) above r e c o m m e n d s the use of the min imum response 

time fo r calculat ing ra in fa l l in tens i t i es , the studies to date suggest that the 

s t reamflow hydrograph is not usua l l y v e r y sens i t ive to f luctuat ions of runoff 

inflow over pe r iods l e s s than the r esponse t ime plus s t r e a m f l o w delay time» 

This is ev ident ly because the s t r e a m f l o w s torage tends to smooth out such 

fluctuations and the shape of the resu l t ing hydrograph is de te rmined l a r g e l y 

by the total in f low during the per iod , the t ime dist r ibut ion of the inf low 

having only a minor e f f e c t . 

Boughton ( r e f . 1 3 1 ) r epor ted l a r g e r va lues of ini t ia l l o s s f o r 

la rger w a t e r s h e d s and suggested that this was caused by channel t r a n s m i s s i o n 

losses . T h e r e a r e s e v e r a l other poss ib le contributing f a c t o r s , vifZi 

(a) A v e r a g e r a i n f a l l in tens i t ies a r e l o w e r over l a r g e r 

w a t e r s h e d s so that the t ime when re tent iv i tes a r e 

exceeded tends to be l a t e r . 

(b) E a r l y runoff generated in remote p a r t s of the wa te r shed 

does not become signif icant f low at the outlet because 

of attenuation over the long per iod of t r a v e l . 

(c) The calculated ini t ia l l o s s depends cons iderab ly on the 

e s t i m a t e d t ime of commencement of runof f . The l a t te r 

i s usua l l y es t imated too late f r o m the s t r e a m f l o w 

hydrograph because of the f a i l u r e to a l low f o r longer 

s t r e a m f l o w de lays at low f l o w s . The resul t ing e r r o r s 

a r e probably ins igni f icant f o r smal l w a t e r s h e d s but may 

approach s e v e r a l hours f o r l a r g e w a t e r s h e d s with 

corresponding e f f e c t s on the calculated init ia l l o s s . 

Under many A u s t r a l i a n conditions retent ion s torage is l a r g e l y 

recharged during pe r iods of ini t ia l l o s s and this f ac to r is t h e r e f o r e a v e r y 

important l ink between ra in fa l l and the corresponding runof f . The der iva t ion 
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and e s t i m a t i o n of in i t i a l l o s s p r e s e n t a n u m b e r of p r a c t i c a l and t h e o r e t i c a l 

d i f f i c u l t i e s , s o m e of which could p r o b a b l y be c l a r i f i e d by f u r t h e r a n a l y s i s 

a long the l i n e s indicated« 

1 4 . 1 0 R a i n f a l l - R u n o f f E s t i m a t i o n by the C o m p l e t e Mode l 

A f t e r the v a r i o u s funct ions have b e e n d e r i v e d f o r a p a r t i c u l a r wa te r 

shed it i s p o s s i b l e to s y n t h e s i z e runoff r e c o r d s f r o m s u i t a b l e r a i n f a l l and 

e v a p o r a t i o n d a t a , u s ing r e l a t i v e l y s i m p l e (but p e r h a p s t e d i o u s ) account ing 

m e t h o d s « 

The p r o c e d u r e u s e d fo r L i d s d a l e N o . 9 i s d e t a i l e d in t a b l e s 5 to 7 

and i s outl ined be low: 

(a ) Divide e a c h wetting p h a s e into p e r i o d s of a p p r o x i m a t e l y 

cons tant r a i n f a l l in tens i ty a s d i s c u s s e d p r e v i o u s l y 

(page 140) us ing p l u v i o g r a p h , synopt i c or other r a i n f a l l 

d a t a . 

(b) S e t out the above wetting p e r i o d s , t o g e t h e r with the 

in tervening dry ing p e r i o d s a s in c o l u m n s 1 and 2 of 

t ab le 7, l e av ing s u f f i c i e n t s p a c e be tween c o n s e c u t i v e 

p e r i o d s to a l low f o r l a t e r s u b d i v i s i o n s into f r e e and 

l i m i t e d wetting p e r i o d s , a s n e c e s s a r y . 

(c ) F o r e a c h wetting p e r i o d s e t out the tota l r a i n f a l l ( ^ P ) 

in co lumn 13 and the a v e r a g e r a i n f a l l i n t e n s i t y (p ) in 

co lumn 5o 

(d) F o r e a c h dry ing p e r i o d obtain an e s t i m a t e of the 

a v e r a g e potent ia l e v a p o r a t i o n and p l a c e in c o l u m n 5. 

The ca l cu l a t ions f o r L i d s d a l e N o . 9 a r e not v e r y 

s e n s i t i v e to t h e s e e s t i m a t e s and the U . S . p a n r e a d i n g 

of f i g . 38 a p p e a r to be a d e q u a t e f o r a l l y e a r s . In c o o l e r 

and wet ter c l i m a t e s it m a y be n e c e s s a r y to g ive m o r e 

attention to th i s f a c t o r . 
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( e ) Start the a c c o u n t i n g f r o m a t i m e when r e t e n t i o n s t o r a g e 

and re tent iv i ty a r e known , e . g . at the end of a p r o l o n g e d 

w e t p e r i o d as on D e c e m b e r 10, 1963 when the e s t i m a t e d 

R e t e n t i o n s t o r a g e w a s 440 po ints ( c o l u m n 10) and the 

e s t i m a t e d re tent iv i ty was 40 po ints p e r day ( c o l u m n 7). 

A l s o , b e c a u s e of the wet state of the w a t e r s h e d the 

e v a p o r a t i v i t y was at i ts m a x i m u m value of 30. 0 po ints 

p e r day , as adopted in s e c t i o n 1 4 . 0 7 . 

( f ) The f i r s t p e r i o d i s a dry ing p e r i o d and its init ial 

c ond i t i ons ( e v a p o r a t i v i t y and re tent ion s t o r a g e ) a r e 

r e p r e s e n t e d by po int A in f i g u r e 37. B e c a u s e the potent ial 

e v a p o r a t i o n of 28 p . p . d . ( c o l u m n 5) i s l e s s than the 

e v a p o r a t i v i t y it i s a l i m i t e d dry ing p e r i o d , as des ignated 

by "L. D " in c o l u m n 3. 

(g) E v a p o r a t i o n in the f i r s t p e r i o d t h e r e f o r e o c c u r s at the 

potent ia l rate of 28 p . p . d , until the evapora t iv i ty f a l l s 

t o 28 p . p . d . wh i ch is r e p r e s e n t e d by point B in f i g . 37. 

The total e v a p o r a t i o n ( - A Rv) during this p e r i o d i s 

440 - 436 = 4 which i s p l a c e d in c o l u m n 11 , and the 

change in re tent iv i ty i s - _]_ A R ^ = - 9 ^ 7 5 X 4 = 39 which 

i s p l a c e d in c o l u m n 9» Tlie durat ion of the p e r i o d ( ^ T) 

i s g iven by 4 = 0 . 1 4 days and the c o m m e n c e m e n t of 
2 O 

the next p e r i o d i s t h e r e f o r e 1 830. It i s f r e e dry ing ( F D 

in c o l u m n 3) b e c a u s e the e v a p o r a t i o n rate is now su f f i c i ent 

t o s a t i s f y the e v a p o r a t i v i t y . 

(h) A s f r e e dry ing cont inues until the next wetting p e r i o d WQ 

( c o m m e n c i n g 1530 D e c e m b e r 1 2) u T is 1 . 8 8 days and the 

c o r r e s p o n d i n g change i s r e p r e s e n t e d by l ine BC in f i g u r e 37 

C be ing d e t e r m i n e d f r o m the o r thogona l t ime l i n e s . R and 

Wo f o r 1 530 D e c . 12 a r e t h e r e f o r e 404 and 9 . 8 r e s p e c t i v e l y 

( c o l u m n s 10 and 6 ¿aR ./ir and TQ a r e ca l cu la ted as b e f o r e . 
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( i ) The per iod commencing 1530 D e c . l Z is a wett ing 

pe r i od and its init ial conditions ( r e t en t i v i t y and retent ion 

s to rage ) a re represented by point C in f i g . 39. Because 

the ra in fa l l intensity of 340 p . p . d „ (co lumn 5) is l e s s 

than the retent iv i ty of 390 p .pod« ( co lumn 7) it is a 

l im i t ed wetting per iod , ( L W in column 3) and continues 

as such until point D in f i gure 39» The A Rp r epresen ted 

by CD is 409 - 404 = 5 points and b x is 390 - 340 = 50, 

o r , a l ternat ive ly , a r = A R p = 5 x l 0 . 2 = 51 = 50 
n 

approximatelyo A T is obtained f r o m ^ R = 5 x 24 = 0. 35 

P 340 

days and the end of the per iod is t h e r e f o r e 1550 Dec . 12, 

( j ) The next per i od is f r e e wetting because the ra in fa l l intensity 

is now suf f ic ient to sa t i s f y the re tent iv i ty and any surplus 

becomes runof f . The duration of the pe r i od is ,82 hours 

( /A T ) which is represented by DE in f i g . 39, E being 

determined f r o m the t ime l i nes . A Rp is g iven by 

418 - 409 = 9 and A 1 (co lumn 14) = A p A R = 1 2 - 9 = 3. 

(k ) The r e c o v e r y of evaporat iv i ty during the above p e i i o d is 

represented in f i g . 37 by the l ines CD and DE, the points 

D and E corresponding to the appropr iate va lues of R . 

( l ) The procedure is repeated as b e f o r e , a continuous account 

being made of RQ J r^ and WQ which enable the es t imat ion 

of A I during each f r e e wetting pe r i od . 

The above assumes an idea l i z ed basic retention function and tends to 

underest imate smal l increments of runof f . If the adjusted retent ion function is 

used ( f i g . 35), true f r e e wetting per iods only occur when the re tent i v i t y is l e ss 

than 85% of the ra infa l l intensity, as shown in f i g . 34. With this funct ion, however, 

some runoff a l so occurs in l im i ted wetting per iods when the re tent i v i t y i s between 
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85% and 300% of the rainfal l intensity« The correspond ing est imates f o r 

Lidsdale No . 9 are c o m p a r e d with those of the ideal ized function in table 6, 

A distinct i m p r o v e m e n t i s apparent f o r smal l s t o r m s but the re f inement may 

not be warranted f o r f l o o d studies . 

Increments of runoff in f low (A I) a re converted to d i scharge 

hydrographs by the runoff a c c r e t i o n , deplet ion and s t reamf low functions« 

These calculations are demonstrated in table 7, the p r o c e d u r e being as f o l l ows 

(1) Complete co lumns 1, 2, 3 and 4 f r o m the prev ious 

ca lculat ions of table 9-

(2) Obtain A S ( c o lumn 5) and ( co lumn 6) f r o m the 

runoff a c c r e t i o n function ( f i g . 30). 

(3) Obtain S' ( c o lumn 7) and a' ( co lumn 8) f r o m the runoff 

deplet ion function ( f i g . 25) by commenc ing with prev ious 

values of St and ^ t ( co lumns 9 and 10) and proceed ing 

along the t ime l ines the distance representing 

(4) Calculate S^ ( co lumn 9) by adding S' and A S, 

(5) Calculate a ^ ( co lumn 10) by adding a' and /a U 

The above p r o c e d u r e breaks down when the calculated values of 

St and a ^ plot to the right of , or be low the l imiting base curve of the retention 

depletion funct ion. In these c a s e s the f low may be cal led "saturated" and is 

regarded as a single function of the storage represented by the l imiting c u r v e . 

Values of St and o't a re then est imated by trial and e r r o r as f o l l ows : 

(1) Se lec t a point on the saturated f low curve about half 

way between SQ (^St f o r prev ious per iod) and a guessed 

value of St. Multiply the corresponding value of ^ by a T 

to give a tr ia l value of . ( n ^ is the volume of outflow 

f o r the p e r i o d ) . 
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(Z) Calculate a tr ial value of S f r o m 

where ¿lO is the trial value of ( l ) above o A better 

est imate of St is now given by SQ 

(3) Select a point on the saturated f l ow curve half way 

between SQ and the est imate of S^ f r o m (2) . Multiply 

the corresponding value of by ^ T to give the next 

tr ia l value of /d.O 

(4) Repeat the above procedure until stable values of 

St and Z i O are obtained. is read off the saturated 

f low curve . 



FIG. 36 is not in the original print copy.
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TABLE 5 LIDSDAL.E No. 9 R A I N A L L - R U N O F F ACCOUNTING 

Column 
No. 2 3 4 5 6 7 8 9 10 11 12 13 14 1 5 

Start L 
Wo Zir o - o -XP Cale. Obs. 

of or hrs / ^ / v Wo 10 ppd. ^ R pts, I 
Pe riod F day s ppd. ppd. ppd. - + pts . + pts. pts. pts -

196 3 
Dec ,10 ] 500 LD 0« 14 28 30, 0 40 39 440 4 

1830 FD 1 . 88 28 28. 0 79 311 436 32 
12 1530 LW 0.35 340 9 . 8 390 50 404 5 5 0) 7 

FW 0. 82 340 340 92 409 9 12 3) 

1640 FD 0. 93 28 17.5 248 127 418 13 
13 1500 LW 0. 83 202 10.5 375 71 405 7 7 0 0 

1550 FD 3. 02 28 14.5 304 266 412 32 
16 1620 FW 1 . 33 2410 7, 3 570 255 380 25 134 109 99 

1740 FD 0. 12 28 21 . 2 315 29 405 3 
2030 FW 0. 40 3690 20. 0 344 61 402 6 66 60 59 
2050 FD 9o 20 28 23» 0 283 859 408 88 

26 0330 LW 0.40 600 6.1 1142 102 320 10 10 0 0 
0330 FD 1 .40 29 l l o 5 1040 117 330 12 

27 1350 FW 0„4 1440 6 ,1 1157 214 318 21 24 3 5 
1410 LW 1„0 240 17.5 943 82 339 8 8 
1510 FD 1 ,6 29 22. 0 861 224 347 23 

29 0540 LW 1«8 622 9oO 1085 463 324 46 46 0) 2 
FW Oo 2 622 622 51 370 5 6 1) 

0740 LW 1 , 3 148 571 78 375 8 8 0 0 
0900 FD 14„ 3 30 30 .0 493 1015 383 104 

1964 
Jan»12 1800 LW 8 .0 48 5„ 1 1508 163 279 16 16 0 0 

13 0200 FD 0 ,5 30 13 .5 1345 58 295 6 
1500 LW 3„ 3 131 10 .3 1403 204 289 20 20 0 0 
1820 FW Oo 8 1350 1199 356 309 35 43 8) '4 
1910 LW 6«9 90 843 265 344 26 26 0) 

14 0200 FD 10 ,8 30. 0 578 370 
538 2507 3045 70 317 247 431 184 1 71 



T A B L E 5 L I D S D A L E N o . 9 - R A I N F A L L - R U N O F F A C C O U N T I N O ( C O N T D . ) 

C o l u m n 2 3 4 5 6 7 8 9 10 11 1 2 13 14 15 
N o . 

See P a g e 1 47 
1964 

J a n . 1 4 ozoo F D 1 0 . 8 3 0 . 0 578 838 370 86 
24 2120 L W 1 . 2 600 5 . 5 1416 305 284 30 30 0 0 

2230 F D 1 3 . 9 28 21 . 4 1111 847 314 87 
F e b . 7 1950 L W 0 . 7 690 4 . 4 1958 204 227 20 20 0 0 

2030 F D 7 . 8 29 1 5 . 0 1754 410 247 42 
15 1700 L W 1 . 0 240 4 . 0 2164 102 205 10 10 0 0 

1800 F D 13 . 3 28 9 . 0 2062 517 215 53 
29 0100 LW 2 . 5 3 . 1 2579 183 162 18 18 0 0 

0300 F D 8 . 0 27 1 3 . 0 2396 341 180 35 
M a r . 8 0430 L W 5 . 0 235 2 . 7 2737 520 145 51 51 0 0 

0930 L D 0 . 5 23 30 . 0 2217 117 196 12 
21 30 F D 3 0 . 7 23 2 3 . 0 2334 995 184 102 

A p r . 8 1430 L W 4 . 5 288 1 . 6 3329 550 82 54 54 0 0 A p r . 8 
1900 L D 1 . 0 19 3 0 . 0 2779 195 136 20 

9 1900 F D 1 0 . 9 1 9 . 0 2974 400 116 41 
20 0500 

0520 
LW 
F D 

0 . 4 
1 . 2 

1680 3374 
3089 

285 
165 

75 
103 17 

28 28 0 0 

21 0830 LW 1 5 . 5 188 3254 1220 86 120 120 0 0 
2400 LW 3 . 0 200 2034 255 206 25 25 0 0 

22 0300 LW 0 . 2 1620 1779 159 231 16 16 0) 2 
0310 F W 0 . 6 1620 367 247 36 37 1) 
0350 L D 0 . 1 17 1253 19 283 2 
0640 LW 0 . 5 1030 1272 242 281 24 24 0) 3 
0710 F W 0 . 2 1030 1030 71 305 7 8 1) 
0720 LW 1 . 0 528 959 224 312 22 22 
0820 L D 0. 3 17 30. 0 7 35 58 334 6 
1 510 LW 5 . 3 793 328 

215 4687 
215 

4902 42 503 
42 

461 463 
461 

2 5 

( C o n t d . ) 



T A B L E 5 LIDSDALE No. 9 R A I N F A L L - R U N O F F ACCOUNTING ( C o n t d . ) 

Col umr 
No, 

1 
2 3 4 5 6 7 8 9 10 11 12 13 14 15 

See ; =>age 14 7 
1964 

Apr„ 22 1510 LW 5 . 3 236 793 530 328 5,2 52 0 3 
2030 LD 1 . 5 17 30„ 0 263 244 380 25 

Apro 24 0800 F D 1 . 8 17 1 7 . 0 507 175 355 18 
26 0200 LW 1 . 0 288 682 122 337 12 12 0 0 

0300 F D 7 . 0 16 1 3 . 1 560 410 349 42 
May 3 0410 LW 1 »5 970 102 307 10 10 

0540 LW 0 , 6 690 868 175 317 17 17 0) 
0610 F W 0 . 3 690 693 72 334 7 9 2) 3 
0630 LW 4 a 187 621 372 341 36 36 0) 
1040 L D 2 . 3 13 30. 0 249 295 377 30 

5 2000 F D 6 , 3 13 1 3 . 0 544 395 347 40 
11 2310 LW 1 . 0 456 5 . 9 939 195 307 19 19 0 0 
12 0010 L D 0 . 7 12 1 6 . 0 744 78 326 8 

F D 1 3 , 8 12 12. 0 822 720 318 74 
26 1300 LW 5„0 96 4 . 7 1542 195 244 20 20 

1800 LD 1 .1 10 1 5 . 7 1347 107 264 11 
30 0300 LW 7 . 0 223 10. 0 1454 662 253 65 65 0 1 

1000 L D 4 . 3 9 30. 0 792 380 318 39 
F D 3» 3 9 9 . 0 1172 185 279 19 

J u n , 7 0000 LW 5, 0 1357 133 260 13 13 0 0 
1500 L D 0 . 8 9 1 2 . 0 1224 68 273 7 

8 1200 LW 20. 8 62 1292 1050 266 103 103 
9 0840 LW 1 , 7 70 242 42 369 5 5 0 T 

1020 F W 9 . 7 200 200 125 374 50 81 31) 
2000 F W 5 = 1 625 75 35 424 15 133 118) 156 

10 o l i o F W 5 , 8 40 20 439 8 23 15) 
0600 L D 0 . 1 7 20 0 447 1 0 0 0 
0940 F W 20 446 

773 3830 
773 

3057 118 316 
118 

434 598 
434 

166 163 



T A B L E 5 LIDSDALE Mo. 9 RAIINTFALL-RUISTOFF ACCOUISTTUSTG ( C o n t d . ) 

Co lumn 
No. 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

See Pi Lge 14 1 
1964 

75) J u n . 1 0 0940 FW 3 . 8 20 5 446 2 77 75) 90 

1330 FW 3 . 5 15 3 448 2 29 26) 

1700 LD 1 . 2 7 12 450 1 
1810 FW 7 . 0 449 3 4 43 39) 

11 0110 
0330 
0540 
0800 
0940 

FW 
FW 
FW 
FW 
LD 

2 . 3 
2 , 2 
2 . 2 
1 . 7 
0 . 8 7 

12 
12 
12 
12 
12 

450 
450 
450 
450 
450 

1 
1 
1 
1 
1 

1 
1 
1 
1 

64 
47 
18 
55 

63) 
46) 
17) 
54) 

208 

1030 FW 1 . 5 12 449 1 40 39) 51 
1200 FW 1 . 3 12 450 1 1 14 1 3 ) 

51 

1320 FW 1 . 9 12 450 1 1 5 
A) 93 

1510 FW 0 . 5 12 450 16 16) 
93 

1540 FW 2 . 0 12 450 1 1 10 9) 
1740 FW 2 . 2 12 450 1 1 59 58) 
1950 LD 4 . 7 7 12 450 1 0 0 0 

12 0030 FW 2 . 9 12 449 1 2 89 87) 
93 

0320 FW 5 . 9 12 450 3 3 12 9) 
93 

0910 FW 1 . 1 12 450 1 1 18 17 18 
1020 LD 6 . 8 7 3 0 . 0 12 466 450 48 

19 0430 FW 1 . 1 480 7 . 7 478 183 402 18 22 4 6 
0540 LD 1 . 7 6 1 7 . 8 295 107 420 11 

20 2240 FW 0 . 8 480 1 1 . 5 402 112 409 11 16 5 8 
2330 LD 2 . 1 6 1 7 . 8 290 117 420 12 

23 0100 LW 2 . 5 78 1 1 . 2 407 82 408 8 8 0 1 
0330 LD 7 . 2 5 1 5 . 5 325 351 416 36 

30 0900 676 380 
656 385 

656 
1041 66 127 

66 
61 642 

61 
581 568 



15 4. 
T A B L E 6 . 

SUMMARY O F A C C O U N T I N G L I D S D A L E N o , 9 
Column No« 2 3 4 5 6 

Date OBS. C a l c . - A c c . Q 
I d e a l /̂ f A d j . R f . O b s . C a l c . 

12 .12=63 
P o i n t s 

2 
P o i n t s 

3 
P o i n t s 

3 
P o i n t s 

2 
P o i n t s 

3 
1 6 . 1 2 . 6 3 99 109 109 101 112 
16 .12»63 59 60 60 160 172 
27=12 .63 5 3 3 165 175 
29 .12o63 2 1 2 167 177 
13. 1 . 6 4 4 8 7 171 184 
22. 4 . 6 4 2 1 2 173 186 
22. 4 . 6 4 3 1 2 176 188 
22. 4 . 6 4 3 0 2 179 190 

3, 5 . 6 4 3 2 3 182 193 
9- 6 . 6 4 T 0 0 182 193 
9« 6 . 6 4 156 164 164 338 357 

10.. 6e64 90 101 101 428 458 
11. 6„64 208 219 219 636 677 
11. 6 , 6 4 51 52 52 687 729 
11. 6 . 6 4 93 87 87 780 816 
12. 6 , 6 4 93 96 96 873 912 
12. 6 . 6 4 18 17 17 891 929 
19. 6 . 6 4 6 4 4 897 933 
20. 6 . 6 4 8 5 5 905 938 
23. 6 . 6 4 1 0 1 906 939 

2. 7 . 6 4 33 31 31 939 970 
3„ 7 . 6 4 3 0 0 942 970 

( C o n t d ) , 
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TABLE 6 (Contd. ) 
SUMMARY OF ACCOUNTING LIDSDALE No. 9 

Column No. 2 3 4 5 6 

Date OBS. Cale. AI A c c . Q 
Al Ideal Rf. Ad j .R f . Obs. Cale. 

Points Points Points Points Points 
12. 7.64 34 41 41 976 1011 
13. 7.64 64 56 56 1040 1067 
16. 7.64 7 7 7 1047 1074 
16. 7.64 36 36 36 1083 ino 
19. 7.64 3 4 4 1086 1114 
20. 7.64 18 25 25 1104 1139 
23. 7.64 1 0 1 1105 1140 
24. 8.64 26 19 19 1131 1159 
24. 8.64 12 9 9 1143 1168 
11. 9.64 6 4 4 1149 1172 
13. 9.64 1 0 0 1150 1172 
16. 9.64 2 0 0 1152 1172 
27. 9.64 1 2 2 1153 1174 
28. 9.64 2 0 2 1155 1176 
28. 9.64 5 6 5 1160 1181 
11.10.64 8 4 4 1168 1185 
16.10.64 3 9 9 1171 1194 
23.10.64 2 0 2 1173 1196 
30.10.64 10 7 6 1183 1202 
30.10.64 3 0 3 1186 1205 
31.10.64 1 0 1 1187 1206 

3.11.64 140 120 120 1327 1326 
12.11.64 . 2 4 4 1329 1330 

OBS.^I = Observed runoff inflow increment 
CALC.^I= Calculated runoff inflow increment 

IDEAL Rf . = Inflow increment calculated by idealized 
retention function ( f ig . 2Z) 

ADJ.Rf. = Inflow increment calculated by adjusted 
retention function ( f ig. 35) 

ACC. Q. = Accumulated runoff f r o m IZ .12 .63 
T = Trace ( less than .005" rain. ) 
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T A B L E 7 . 

STORAGE O U T F L O W C O M P U T A T I O N S L I D S D A L E N o . 9 

1 2 3 4 5 6 7 8 9 10 11 12 13 
Date 

1964 
T i m e 

A T h r s , i i i I p o i n t s ^ S p o i n t s ppd., S' p o i n t s 
1 a p p d . St p o i n t s ppd 

E s t i n l a t e d li r lO (p^Ws) Date 
1964 

T i m e 
A T h r s , i i i I p o i n t s ^ S p o i n t s ppd., S' p o i n t s 

1 a p p d . St p o i n t s ppd 
T r i a T 

1 T r i a l 
2 Adoptee 

June 9 0840 1 c7 0 0 0 0 0 0 0 
1020 5oO 16 12 35 0 0 12 35 
1520 4 . 7 15 12 32 8 3 20 35 
2000 5 .1 118 60 S i L t u r a t e d 80 600 54 75 58 

10 0110 5 . 8 15 30 ! 1 50 100 38 48 45 
0600 3 . 7 0 I 1 41 44 
0940 3 . 8 7 5 34 I I 75 490 57 41 41 
1330 3 . 5 20 -17 1 1 58 180 30 44 43 
1700 1 .2 0 t 1 50 95 
1810 5 . 0 28 5 1 1 55 140 21 25 23 
2310 2 . 0 11 0 1 I 55 140 12 11 11 

11 0110 2 . 3 63 31 i 1 86 700 38 35 32 
0330 2 . 2 46 - 1 0 1 1 76 510 55 57 56 
0540 2 . 2 17 - 1 6 ! I 60 210 26 33 33 
0800 1 . 7 54 24 1 I 84 680 36 30 30 
0940 0 . 8 0 0 I I 73 450 
1030 1 .. 5 39 6 i I 79 580 28 32 33 
1200 1 . 3 13 -1 3 i 1 66 310 22 25 26 
1320 L 9 4 -1 3 1 1 53 120 17 17 
1510 0 . 5 16 12 1 t 65 290 4 4 
1540 2 . 0 9 - 1 0 1 1 55 140 21 19 19 1740 2 . 2 58 27 1 ! 82 650 36 32 31 
1950 4 . 7 0 0 1 I 45 60 12 0030 2 9 87 44 • 1 89 750 38 43 43 0320 5 = 9 9 --46 ! ? 43 50 50 53 55 0910 1 1 JL c X 17 12 i 1 55 145 6 5 5 1020 

S' and 
S^ and 

When s a t u 
e s t i m a ted 

s t o r a g e , s t o r a g e ou t f low a n d t o t a l ou t f low 
, v o l u m e r e s p e c t i v e l y 

CT ^ s t o r a g e and ou t f low a t end of p e r i o d w i t h o u t i n f l o w i n c r e m e n t 
w i t h r a t e d runof f a p p l i e s t he f l ow i s a s i n g l e f u n c t i o n of S^ and 

by t r i a l o 
= 





FIG. 41 
LIDSDALE N®9 

RAINFALL RUNOFF ACCOUNTING 
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The a b o v e givej§ sa l i ent po ints on the s t o r a g e out f low h y d r o g r a p h 

at the start and end ,of e a c h p e r i o d » When I i s s m a l l , the s e c t i o n of 

hydrograph b e t w e e n the po ints m a y be e s t i m a t e d f r o m the runof f 

depletion funct ion as it i s e s s e n t i a l l y a dep le t i on c u r v e . 

In the c a s e of L i d s d a l e N o . 9 when I was l a r g e , the r e l e v a n t 

section of the s t o r a g e ou t f l ow h y d r o g r a p h was a s s u m e d to be a straight 

line between the g i v e n p o i n t s , as shown in f i g s . 4 0 - 4 4 . If r e q u i r e d 

this aspect cou ld be c o n s i d e r a b l y r e f i n e d by us ing the runof f a c c r e t i o n 

function. 

Storage out f l ow h y d r o g r a p h s m a y be a c c u r a t e l y c o n v e r t e d to 

streamflow h y d r o g r a p h s by routing through the s t r e a m f l o w s t o r a g e . F o r 

Lidsdale N o . 9 , h o w e v e r , this was not c o n s i d e r e d n e c e s s a r y and a s i m p l e 

lagging p r o c e d u r e was u s e d to r e p r o d u c e the h y d r o g r a p h s shown in 

fig 8 . 4 0 - 4 4 . 

The e s t i m a t e s of runof f g iven by the c o m p l e t e m o d e l appear to be 

superior to those obta ined by m o r e c o m p l e x m o d e l s such as Stanford 

Univers i ty ' s , a l though this m a y be l a r g e l y f o r t u i t o u s . It is r e a l i z e d 

that further test ing is n e c e s s a r y with l o n g e r p e r i o d s of data and d i f f e r e n t 

types of w a t e r s h e d s but this is beyond the s c o p e of the p r e s e n t t h e s i s . 

There are m a n y p o s s i b l e v a r i a t i o n s of the p r o c e d u r e sugges ted and s o m e 

of these would undoubtedly i m p r o v e both the der iva t i on of the funct ions 

and the u l t imate a c c o u n t i n g . It i s d e s i r e d to f o c u s attention on the 

versati l i ty and g e n e r a l i t y of the a p p r o a c h rather than on the detai ls of 

application. 

Some of the s u c c e s s of the e x a m p l e g iven is due to the s m a l l s i z e 

of the w a t e r s h e d (60 a c r e s ) which resu l t s in a n u m b e r of s e p a r a b l e h y d r o -

graphs in e a c h s t o r m and e n a b l e s v a r i a t i o n s in retention rates to be 

analysed dur ing t h e s e p e r i o d s . In l a r g e r w a t e r s h e d s only one or two 
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hydrographs may be expected in each s to rm and it i s not poss ib l e to der ive 

the retention accre t ion function in the s ame way a s has been done for 

Lidsdale No. 9. In such c a s e s the t ime d is t r ibut ion of runoff inf low must 

be es t imated by r e v e r s e routing of the t r an s l a t ed hydrograph through the 

trans lat ion and runoff s to rages using hour ly or other f ixed t ime i n c r e m e n t s . 

The subsequently der ived runoff and retent ion a cc r e t i on functions a r e 

affected by the approximat ions inherent in the model to a g r e a t e r degree 

than the corresponding functions of L idsda le No. 9, but in this r e g a r d the 

technique is no worse than any of the others examined e a r l i e r . 

The complete ra infa l l - runoff model i s r e a d i l y adapted to f ixed 

t ime increments which s impl i fy some of the functions and a r e m o r e 

suitable for computer s imula t ion . For the sma l l L id sda l e w a t e r s h e d s , 

however, increments as sma l l a s ten minutes a r e n e c e s s a r y to a c c u r a t e l y 

define the runoff hydrographs and the amount of work in d i s sec t ing the data 

to this extent was found to be prohib i t ive . Hourly and half hour ly inc rements 

were t r i ed with L idsda le No. 9 but the procedure was more tedious and the 

resu l t s l e s s s a t i s f ac tory than the adopted method with v a r i ab l e i n c r e m e n t s . 

It i s c l a imed that each of the wa te r shed funct ions m a y be 

approximated in t e r m s of one or two constants a l l of which have r e cogn i z -

able phys ica l s i gn i f i c ance s . It should be poss ib le to r e l a t e these constants 

e i ther emp i r i c a l l y or d i r ec t l y to m e a s u r a b l e wa t e r shed c h a r a c t e r i s t i c s 

so that reasonable quantitative a s s e s s m e n t s a r e poss ib le even on ungauged 

s t r e a m s . 

The need for th is type of technique in flood s tud ies has l ed to the 

development of synthetic unitgraph methods and s i m i l a r needs now f requent ly 

a r i s e in more comprehensive ra infa l l runoff s tud i e s . The e f fec t s of 

watershed c h a r a c t e r i s t i c s on hydrolog ic behav iour , the i r quant i ta t ive 

express ion and their quantitat ive predict ion a l l f o rm an ex tens ive spec i a l i z ed 
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field of s tudy that m a y be c a l l e d " w a t e r s h e d a n a l y s i s . " 

S i m i l a r s e n t i m e n t s p robab l y p rompted the r ecen t advocat ion of 

"pa r ame t r i c h y d r o l o g y " a s a s p e c i a l i z e d s u b - b r a n c h of Hydro logy . This 

term a p p e a r s to cove r a b r o a d e r and m o r e d i v e r s i f i e d r ange of s tud i e s 

which would inc lude " w a t e r s h e d a n a l y s i s , " 

14.11 Introduct ion to W a t e r s h e d A n a l y s i s 

A " s i m p l e w a t e r s h e d " i s one that m a y be t r e a t e d a s a s ing le 

unit and i s t h e r e f o r e adequa t e l y r e p r e s e n t e d by one re tent ion s t o r a g e , 

one runoff s t o r a g e and one s t r e a m f l o w s to r age a s shown in f i g . 23. 

The technique deve loped so f a r h a s been concerned with s imp le w a t e r -

sheds, i gnor ing , in p a r t i c u l a r , the e f f ec t s of a r e a l v a r i a t i o n s in r a i n -

fa l l . There a r e two pos s i b l e methods of dea l ing with the l a t t e r 

compl icat ion: 

( a ) By us ing another p a r a m e t e r in the s t r e a m f l o w funct ion 

to account for d i s t r ibu t ion of outflow f r o m runoff 

s t o r a g e , ( e . g . by us ing sho r t e r s t r e a m f l o w d e l a y s for 

s t o r m s n e a r out le t ) . 

(b) By r e p r e s e n t i n g the w a t e r s h e d with an appropr i a t e 

s y s t e m of s t o r a g e s such a s in f i g . 4 5 A , and account ing 

each s t o r a g e s e p a r a t e l y . 

A w a t e r s h e d that cannot be adequa te l y a n a l y s e d a s a s ing le 

unit m a y be r e f e r r e d to a s a "complex w a t e r s h e d . " A d i f fe rent set of 

functions i s not n e c e s s a r i l y u sed for e ach s to r age in a complex w a t e r -

shed, indeed , if only r a i n f a l l - r u n o f f data i s a v a i l ab l e the re would 

g e n e r a l l y be l i t t l e option but to a s s u m e the s ame function p a r a m e t e r s 

for a l l s t o r a g e s , with the except ion of the s t r e a m f l o w func t ions . The 

l a t t e r could p robab l y be e s t i m a t e d f r o m channel s lopes in a s i m i l a r 



166 . 

way to the s torage delay t i m e s of L a u r e n s o n ' s m o d e l ( r e f . 1 5 4 ) . 

The p o s s i b i l i t i e s of e s t imat ing o ther func t i on p a r a m e t e r s f r o m 

watershed c h a r a c t e r i s t i c s s e e m r e a s o n a b l e but wi l l only be b r i e f l y 

mentioned in this r e p o r t . 

le^lh^fAvUL^PO 
1 i 

SthSft'̂ floW 

F I G . 4 S A 

The runoff deplet ion funct ion is a p p r o x i m a t e l y s p e c i f i e d by 

three constants r e p r e s e n t i n g : 

(a) T r a n s i e n t dep le t ion de lay 

(b) Base deplet ion delay 

( c ) M a x i m u m base s t o r a g e 

It should be p o s s i b l e to e m p i r i c a l l y r e la te (a) t o s u r f a c e s l o p e s 

and v e g e t a t i o n if a wide range of suitable m e a s u r e m e n t s and o b s e r v a t i o n s 

w e r e m a d e . Over land f l o w f o r m u l a e might a l s o p r o v i d e s a t i s f a c t o r y 

e s t i m a t e s if suitable ad jus tments can be d e r i v e d ( r e f o l ) . 
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S o m e r e c e n t h y d r o l o g i c a l s t u d i e s h a v e s u g g e s t e d that (b) a n d ( c ) 

above-may be e m p i r i c a l l y r e l a t e d to g e o l o g i c a l and channel c h a r a c t e r i s t i c s , 

( re f .5 ) . 

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

c h a r a c t e r i s t i c s a r e a s f o l l o w s : 

Runof f a c c r e t i o n d e l a y . s o i l s and g e o l o g y 

B a s e r e t e n t i o n d e l a y s . . . . . . . . . l o w e r s o i l and v e g e t a t i o n 

T r a n s i e n t r e t e n t i o n d e l a y s . . . . . . . . . u p p e r s o i l a n d v e g e t a t i o n 

M a x i m u m r e t e n t i o n s t o r a g e . . . . . . . . . s o i l depth a n d type 

channel c h a r a c t e r i s t i c s 

f o l i a g e a r e a 

M a x i m u m e v a p o r a t i v i t y . . . . . . . . . m a x i m u m p o t e n t i a l 

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

and v e g e t a t i o n 

R e t e n t i v i t y r e c o v e r y t i m e . . . . . . . . . v e g e t a t i o n - s o i l c o m p l e x 

E v a p o r a t i v i t y r e c o v e r y t i m e . . . . . . . . . v e g e t a t i o n - s o i l c o m p l e x 

W a t e r s h e d s h a v e a r e s e m b l a n c e to the i n d i v i d u a l s p e c i m e n s of 

other n a t u r a l s c i e n c e s . E a c h i s h igh ly c o m p l e x and e s s e n d a l l y u n i q u e ; 

yet e a c h h a s i m p o r t a n t f e a t u r e s tha t e n a b l e i t s c l a s s i f i c a t i o n with o ther 

s p e c i m e n s and m a k e i t s b e h a v i o u r p r e d i c t a b l e to a c e r t a i n e x t e n t . 

W a t e r s h e d s a r e h y d r o l o g i c a l l y c h a r a c t e r i z e d by t h e i r r a i n f a l l -

runoff f u n c t i o n s w h i c h a l s o p r o v i d e a q u a n t i t a t i v e b a s i s f o r the i r c l a s s i f i c -

ation and p r e d i c t i o n . 

T h e f i e l d of h y d r o g e o g r a p h y ( s e e 3 . 0 1 ) i n c l u d e s the c l a s s i f i c a t i o n 

of w a t e r s h e d s a n d , in t h i s r e g a r d , it s e e m s r e a s o n a b l e to a s s u m e that a 

s ingle , s e t of f u n c t i o n p a r a m e t e r s a p p l i e s to a c o m p l e t e h y d r o l o g i e un i t . 

S i m i l a r u n i t s w o u l d a l s o be e x p e c t e d to have s i m i l a r funct ion p a r a m e t e r s . 



168. 

Watershed ana lys i s i s thus v i e w e d as the de ta i l ed study of individual 

watersheds in o r d e r to i so la te the i r p a r t i c u l a r h y d r o l o g i e c h a r a c t e r i s t i c s 

and to c o n c i s e l y e x p r e s s the e f f e c t s of these c h a r a c t e r i s t i c s on r a i n f a l l -

runoff behav iour . It i s t h e r e f o r e c o m p l e m e n t a r y to h y d r o g e o g r a p h y which 

attends to the genera l c l a s s i f i c a t i o n of h y d r o l o g i e c h a r a c t e r i s t i c s s o that 

analyses f o r one watershed m a y be e x t r a p o l a t e d to o t h e r s . 
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1 5 . CONCLUSIONS 

15.01 E s t i m a t e s of Runoff S t a t i s t i c s 

S i n g l e , b r i e f r e c o r d s g i v e i n a c c u r a t e e s t i m a t e s of m e a n s and qu i t e 

unrel iable e s t i m a t e s of e x t r e m e s « I m p r o v e d e s t i m a t e s a r e p o s s i b l e h o w e v e r , 

if the s i ng l e r e c o r d c a n be a p p r o p r i a t e l y s u p p l e m e n t e d w i th o the r i n f o r m a t i o n , 

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

the a r e a l e x t r a p o l a t i o n of d a t a w h i c h a p p e a r s to be l a r g e l y n e g l e c t e d a s a 

s y s t ema t i c f i e l d of s t u d y . The d e s i g n a t i o n " H y d r o g e o g r a p h y " i s s u g g e s t e d 

to f a c i l i t a t e the r e c o g n i t i o n of i t s s c o p e and n e c e s s a r y ou t look . 

15.02 C o m p l e t e R a i n f a l l - R u n o f f M o d e l s 

A c r i t i c a l e x a m i n a t i o n of the r e c o g n i z e d c u r r e n t r a i n f a l l - runoff 

models s u g g e s t e d tha t e a c h h a s s o m e of the fo l l ow ing d e f i c i e n c i e s : 

( a ) A r t i f i c i a l c o m p o n e n t s not c o n s i s t e n t w i th the p h y s i c a l 

p r o c e s s e s t h e y a r e i n t e n d e d to s i m u l a t e . 

(b) R e l a t i o n s h i p s e x p r e s s e d by s p e c i f i c m a t h e m a t i c a l 

f o r m s th a t o b s c u r e the d e g r e e of a p p r o x i m a t i o n 

i n v o l v e d a n d r e s t r i c t the p o s s i b l e r a n g e of n a t u r a l 

c o n d i t i o n s to be r e p r e s e n t e d . 

( c ) P a r a m e t e r s tha t a r e d i f f i c u l t to r e l a t e to m e a s u r a b l e 

p h y s i c a l c h a r a c t e r i s t i c s of the w a t e r s h e d . 

(d) C o n s i d e r a b l e c o m p l e x i t y r e s u l t i n g m the d e p e n d e n c e 

on h i g h - s p e e d c o m p u t e r s fo r the g e n e r a l o p e r a t i o n 

a n d e v a l u a t i o n of p a r a m e t e r s . 

One f a c t o r c a u s i n g u n n e c e s s a r y c o m p l e x i t i e s in the m o d e l s i s 

that they e n d e a v o u r to c o m b i n e f r a g m e n t a r y c o n c e p t s u s e d for r e l a t i v e l y 

na r row s t u d i e s w i thou t r e f e r e n c e to the r a i n f a l l ^ r u n o f f c y c l e a s a w h o l e . 

The g r e a t e s t u l t i m a t e i m p r o v e m e n t s in t h e s e m e t h o d s t h e r e f o r e depend 

on the e v o l u t i o n of a n m t e g r a t e d t h e o r e t i c a l s t r u c t u r e and one p o s s i b l e 

approach to t h i s h a s b e e n s u g g e s t e d t h r o u g h a " r e t e n t i o n t h e o r y , " 
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1 5 . 0 3 An I m p r o v e d R a i n f a l l - R u n o f f Mode l 

An i m p r o v e d r a i n f a l l - r u n o f f m o d e l h a s b e e n d e v e l o p e d f r o m 

retention theory , with the fo l lowing a d v a n t a g e s : 

(a) E a c h component f i t s n a t u r a l l y into the to ta l c o m p l e x 

but e a c h m a y a l s o be a n a l y s e d s e p a r a t e l y in a s m u c h 

deta i l a s the a v a i l a b l e da ta a l l o w s o 

(b) R e l a t i v e l y s i m p l e m a t h e m a t i c a l or g r a p h i c a l e x p r e s s i o n s 

that do not g ive a f a l s e s e n s e of p r e c i s i o n . 

(c) A n a l a g o u s (but l o g i c a l ) t r e a t m e n t s of s e v e r a l c o m p o n e n t s 

which s i m p l i f i e s the c o m p u t a t i o n s to s u c h an extent 

that a high s p e e d c o m p u t e r i s not e s s e n t i a l in m a n y c a s e s . 

(c) P a r a m e t e r s that m a y be d e r i v e d f r o m a m i n i m u m a m o u n t 

of s e l e c t e d data and a r e t h e r e f o r e not dependent on a l o n g , 

continuous r e c o r d . 

(e) A r e c o g n i z a b l e p h y s i c a l s i g n i f i c a n c e in a l l p a r a m e t e r s 

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

w a t e r s h e d s . 

The mode l ha s been t e s t e d with b r i e f da ta f r o m a 60 a c r e w a t e r -

shed and the r e p r o d u c t i o n s of runoff a g r e e v e r y c l o s e l y with the r e c o r d e d 

v a l u e s . The g e n e r a l a p p r o a c h could be a d a p t e d to m o s t condi t ions but 

fu r ther te s t ing i s n e c e s s a r y with l o n g e r da ta and a v a r i e t y of w a t e r s h e d s . 
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APPENDIX 

GLOSSARY OF SPECIAL TERMINOLOGY 

ACCRETION DELAY: Character is t i c t ime for a storage to i n c r e a s e by 

the usual p r o c e s s e s of accret ion« It is given by the ratio of the storage 

volume to the rate of inc rease -

BASE EVAPORATION: Evaporation f r o m the m o r e remote parts of the 

retention storage and there fore character ized by high depletion de lays . 

(qoVo) It c o m p r i s e s the minimum values of evaporativity corresponding 

with the various values of retention storage» 

BASE RETENTION: Retention by the m o r e remote parts of the retention 

storage and"therefore character ized by high ac c re t i on delays (qov ) . 

It c o m p r i s e s the minimum values of retentivity corresponding with the 

various values of retention storage o 

BASE RUNOFF: Discharge f r o m the m o r e remote parts of the storage 

and therefore character ized by high depletion delays (q.Vo)o It c o m p r i s e s 

the minimum rates of f low corresponding with the var ious values of runoff 

storage « 

CLIMATIC REGION: An area of the earth with comparat ive ly uni form 

cl imatic character is t i cs that distinguish it f r o m adjoining regions» In 

the systems widely accepted by geographers ^ c l imat i c reg ions general ly 

exceed 50s 000 square mi les in area» 

COMPLEX WATERSHED: A watershed that cannot be adequately analysed 

as a single unit because of heterogeneity in rainfall or other charac ter i s t i c s 

It may be considered as an appropriate sys tem of s torages which are 

analysed in separate but inter - re lated groups , 

DEPLETION DELAY: Character is t i c t ime f o r a storage to d iminish by 

the usual p r o c e s s e s of depletion. It is given by the rat io of the storage 

volume to the rate of d e c r e a s e . 
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DRYING P E R I O D : An i n c r e m e n t of t ime during which the retention s torage 

is continually depleted by evaporat i on . It is analysed as a single unit but 

is not n e c e s s a r i l y of a f i xed durat ion. 

DRYING PHASE: A group of drying periods" and-minor wetting per i ods 

during which the dominant p r o c e s s is evaporat ion . It is p r e c e d e d and 

followed by wetting phases ( q . v . ) « 

EVAPORATIVITY : The evaporat ion that would o c c u r with a high potential 

rate i . e . when the avai lable e n e r y is not r e s t r i c t e d . It is intended to 

express the l imit ing rate of evaporat ion as contro l l ed by the avai labi l i ty 

of the water and is t h e r e f o r e genera l ly a s s u m e d to be uniquely re lated 

to the retention s t o r a g e . 

EVAPORATIVITY R E C O V E R Y TIME: The rat io of the retention storage 

decrement to the result ing inc rement of evaporat iv i ty . 

FREE DRYING P E R I O D : A drying p e r i o d throughout which the evaporat ion 

rate is equal to the evaporat iv i ty ( q . v . ) . 

FREE WETTING PERIOD: A wetting p e r i o d throughout which the retention 

rate is equal to the retentivity ( q . v . ) 

HYDROGEOGRAPHY : The study of the distr ibution of hydro log i ca l phenomena 

over the e a r t h ' s s u r f a c e . 

HYDROLOGIC REGION: A group of hydro l og i c units ( q . v . ) c o r respond ing 

c lose ly with a rainfal l reg ion ( q . v . ) . 

HYDROLOGIC UNIT. An area of land genera l ly less"than 200 square m i l e s , 

having c o m p a r a t i v e l y u n i f o r m h y d r o l o g i c charac te r i s t i c s that distinguish 

it f r o m adjoining r e g i o n s . 

LIMITED DRYING PERIOD: A drying per iod in which the avai lable energy is 

not suf f i c ient to sa t i s fy the evaporat iv i ty and evaporat ion there f o re p r o c e e d s 

at a rat-e approx imate ly equal to the potential 

PERIOD BIAS: Rat io of a stat ist ic f r o m a part i cu lar per i od of data to the 

same stat ist ic f r o m a s p e c i f i e d standard per i od of data. 

LIMITED WETTING PERIOD: A wetting per iod in which the rainfal l is not 

suf f i c ient to sa t i s fy the retentivity and retention t h e r e f o r e p r o c e e d s at a rate 
approx imate ly equal to the rainfal l intensity. 

L 
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R A I N F A L L REGION: A subd iv i s i on of a c l i m a t i c r e g i o n , g e n e r a l l y 

between 500 and 50, 000 square m i l e s in a r e a , in whi ch rainfal l 

c h a r a c t e r i s t i c s have a c o m p a r a t i v e l y high d e g r e e of un i formity» 

RESPONSE TIME. Rat io of f l o w to rate of change of f l o w . 

RETENTION A C C R E T I O N F U N C T I O N : An e x p r e s s i o n giving the changes 

in retentivity caused by i n c r e a s e s in retent ion s t o r a g e . 

RETENTION D E P L E T I O N FUNCTION: An e x p r e s s i o n giving the changes 

in evaporat iv i ty caused by d e c r e a s e s in retent ion s torage» 

RETENTION FUNCTION: An e x p r e s s i o n giving the rates of i n c r e a s e s in 

retention s torage caused by p a r t i c u l a r rainfal l r a t e s . 

RETENTION R A T E : Actual rate of i n c r e a s e of retent ion s to rage during 

a wetting per iod» 

RETENTION S T O R A G E : The vo lume of water in a w a t e r s h e d that is 

unlikely to b e c o m e runoff» 

R E T E N T I V I T Y : The retention rate that would o c c u r with ra infa l l of high 

intensity, i . e » when the supply of ra infa l l i s not r e s t r i c t e d . It is 

intended to e x p r e s s the l imit ing rate of retent ion as c o n t r o l l e d by the 

watersheds 

RETENTIVITY R E C O V E R Y TIME: Rat i o of retent ion s t o r a g e decrement 

to cor re spending i n c r e m e n t of retentivity» 

RUNOFF D E P L E T I O N FUNCTION: An e x p r e s s i o n giving the rates of 

d e c r e a s e in outflow caused by deplet ion of the runoff s torage» 

RUNOFF S T O R A G E : The vo lume of water in a w a t e r s h e d (exc lud ing 

s t r e a m f l o w s torage ) that is l ike ly to b e c o m e runof f at s o m e future t i m e . 

SIMPLE WATERSHED: A w a t e r s h e d that can be adequate ly ana lysed as a 

single group of s t o r a g e s , e»g» with one retent ion s t o r a g e , one runoff 

s torage and cne translat ion s torage» In g e n e r a l s i m p l e w a t e r s h e d s should 

not e x c e e d about 100 square m i l e s » 



185. 

TRANSIENT EVAPORATION: Evaporation from less remote parts of 
the retention storage (from the watershed surface) and therefore 
characterized by low depletion delays. 

TRANSIENT RETENTION: Retention by the less remote parts of the 
retention storage and therefore characterized by low accretion delays, 

STREAMFLOW STORAGE: A hypothetical non-linear, reservoir-type 
storage in series with the runoff storage and intended to simulate the 
effects of the channel system in rapidly conveying water from all parts 
of the watershed to the outlet. In specialized analyses this storage may 
be replaced by more comprehensive hydraulic mechanisms. 

WATERSHED ANALYSIS: The detailed study of individual watersheds 
in order to isolate their particular hydrologie characteristics and to 
concisely express the effects of these characteristics on rainfall-
runoff phenomena. 

WETTING PERIOD: An increment of time in which there is continuous 
rainfall of approximately uniform intensity. 

WETTING PHASE: A group of wetting periods and minor drying 
periods during which the dominant process is rainfall. It is preceded 
and followed by drying phases, (q. v. ). 




