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6. I n t r o d u c t i o n to H y d r o l o g i c A n a l y s i s and I n t e r p r e t a t i o n - P . J . P i l o n 

6.1 The Hydrograph 

A knowledge of the magnitude and t ime d i s t r i b u t i o n of 
s treamflows Is e s s e n t i a l to many aspects of water management and 
environmental p l a n n i n g . Th i s knowledge Is u s u a l l y con ta ined In what Is 
termed a "hydrograph" . 

A hydrograph Is a graph showing s t age , d i s c h a r g e , v e l o c i t y , or 
o ther p r o p e r t i e s of water f low w i t h respec t to t i m e . When the stage Is 
p l o t t e d aga ins t t i m e , the graph Is a s t age - t ime graph or stage 
hydrograph, which 1s u s u a l l y shown on the recorder cha r t from a 
recording-gauge s t a t i o n . When the d i s cha rge 1s shown a g a i n s t t ime , the 
graph Is a d i s c h a r g e hydrograph, or commonly c a l l e d s imply a 
"hydrograph" . Thus, a hydrograph Is a cont inuous graph showing the 
p r o p e r t i e s of s t reamflow w i t h respec t to t i m e . I t Inc ludes the 
In tegra ted c o n t r i b u t i o n s from sur face r u n o f f , I n t e r f l o w , groundwater f l ow 
and channel p r e c i p i t a t i o n . The term hydrograph w i l l g e n e r a l l y be taken^ 
he re in to I n d i c a t e a d i s cha rge hydrograph. 'J'^, 

6.2 Surface Runoff Phenomena 

Depending Qpon the ra te a t which r a i n f a l l s , water may e i t h e r 
I n f i l t r a t e In to the s o i l or accumulate and f low from an area as sur face 
r u n o f f . I f the I n t e n s i t y of r a l n f a l l - - n e g l e c t 1 n g I n t e r c e p t i o n and 
evapora t ion l o s s e s - - 1 s l e s s than the ra te of I n f i l t r a t i o n , a l l water w i l l 
enter the s o l 1, p ro f 1 l e . C o n v e r s e l y , when the I n t e n s i t y of r a i n f a l l Is 
g rea te r than the ra te of I n f i l t r a t i o n , a sequence of events occurs which 
u l t i m a t e l y w i l l produce sur face r u n o f f . 

Excess water produced by a h igh I n t e n s i t y of r a i n f a l l must f i r s t 
s a t i s f y s o i l and vege ta l s t o r age , d e t e n t i o n and I n t e r c e p t i o n 
requ i rements . When the sur face depress ions are f i l l e d , su r face water 
then begins to move down the s lopes In t h i n f i l m s and t i n y s t reams. At 
t h i s s tage , the f low over l and Is In f luenced g r e a t l y by sur face t e n s i o n 
and f r i c t i o n f o r c e s . As p r e c i p i t a t i o n c o n t i n u e s , the depth of su r face 
d e t e n t i o n Inc reases , and I t Is d i s t r i b u t e d a c c o r d i n g to the d i s t a n c e from 
the o u t l e t ( r e f e r to F1g. 2 ) . With an Increase In depth or volume of 
s u p p l y , there Is a co r re spond ing Increase In the r a t e of d i s c h a r g e . 
The re fo re , the r a t e of ou t f l ow Is a f u n c t i o n of the depth of water 
de ta ined on the a r e a . 

The paths of the smal l streams are to r tuous In na tu re . Every 
small o b s t r u c t i o n causes a de l ay u n t i l s u f f i c i e n t head Is b u i l t up to 
overcome such r e s i s t a n c e ; then upon r e l e a s e , the stream suddenly speeds 
on I t s way a g a i n . Each t ime the re Is a merging of two or more s t reams, 
the water Is a c c e l e r a t e d s t i l l more In I t s d o w n h i l l pa th . The 
c u l m i n a t i o n of a l l these smal l c o n t r i b u t i o n s thus produces the u l t i m a t e 
hydrograph of su r face r u n o f f . A f t e r the excess r a i n ends, the water 
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remaining on the area ( su r f ace d e t e n t i o n ) d i sappears p r o g r e s s i v e l y from 
the watershed as a r e s u l t of the combined a c t i o n of su r face runof f and 
i n f i l t r a t i o n . 

INFILTRATION 

F i g . 2 Sur face Runoff Phenomena 

I t should be mentioned t h a t , f r e q u e n t l y , the r e l a t i v e t i m e s - o f - t r a v e l i n 
over land and channel f l ow are used f o r h y d r o l o g i c c a t e g o r i z a t i o n of the 
s i z e of the wate r shed . That i s , a sma l l watershed i s an area i n which 
the t ime i n v o l v e d i n ove r l and f l o w i s s i g n i f i c a n t (and thus cannot be 
n e g l e c t e d ) ; whereas a l a r g e watershed i s an area i n which the t ime of 
t r a v e l by sur face runof f i n channel f l ow predominates , be ing much g r ea t e r 
than the t r a v e l t ime 1n ove r l and f l o w . 

6.3 I n t e r f l o w 

Water i n f i l t r a t i n g the s o i l su r face and moving l a t e r a l l y through 
the upper ho r i zons of the s o i l u n t i l i t r e tu rns to the su r face a t some 
p o i n t downslope (from i t s p o i n t of i n f i l t r a t o n ) to f l ow to the stream as 
sur face r u n o f f , or t o be i n t e r c e p t e d In i t s course by a stream c h a n n e l , 
i s known as i n t e r f l o w . Th i s water does not become pa r t of the 
c h a r a c t e r i s t i c groundwater f l o w system. Geo log ic c o n d i t i o n s which favour 
I n t e r f l o w are those where the porous sur face l a y e r s are u n d e r l a i n by 
r e l a t i v e l y impervious s t r a t a . Under such c o n d i t i o n s , the c o n t r i b u t i o n of 
i n t e r f l o w to s t reamflow may be very s i g n i f i c a n t . 

The pr imary e f f e c t of the i n t e r f l o w component i s t ha t i t tends 
to lengthen the t ime elements of the hydrograph; t ha t i s , the t imes of 
a r r i v a l of i n t e r f l o w c o n t r i b u t i o n s are d e l a y e d , and thus l a g sur face 
runof f c o n t r i b u t i o n s . 

6.4 Groundwater Flow 

Groundwater f l ow i s t ha t component of s t reamflow which 
o r i g i n a t e s from f low o c c u r r i n g below the groundwater t a b l e . Th i s f l o w , 
which comes from a c c r e t i o n s of water t ha t have been b u i l t up d u r i n g any 
storm event , occurs over a long p e r i o d of t i m e . As a r e s u l t , t h i s 
component i s ex t remely Important to watershed y i e l d . 
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Streams may be c a t e g o r i z e d as being e i t h e r e f f l u e n t or I n f l u e n t 
depending on the d i r e c t i o n of movement of water from the stream c h a n n e l . 
During those pe r iods when the w a t e r - s u r f a c e l e v e l In the stream 
I n t e r s e c t s the water t a b l e at the bank, such tha t groundwater f low occurs 
to the stream (because of the s lope of the water t a b l e ) , the stream Is 
cons idered to be e f f l u e n t . On the o ther hand. I f the water t a b l e f a l l s 
below the bottom of the channel and the water l e v e l In the stream Is 
h igher than the groundwater l e v e l , or I f e i t h e r o c c u r , then f low from the 
stream to groundwater beg in s , and the stream Is cons ide red to be I n f l u e n t . 

6.5 Channel P r e c i p i t a t i o n 

The component of s t reamflow o r i g i n a t i n g from p r e c i p i t a t i o n tha t 
f a l l s d i r e c t l y on the water sur faces of lakes and streams 1s known as 
channel p r e c i p i t a t i o n . Th i s amount can be computed by m u l t i p l y i n g the 
average r a i n f a l l by the area of the bas in covered by water sur faces which 
are connected w i t h the stream system. 

O b v i o u s l y , the percentage of channel p r e c i p i t a t i o n v a r i e s from 
bas in to b a s i n , and from time to time w i t h i n a g iven bas in depending on 
the water l e v e l i n the s t reams. However, the water su r face area fo r most 
bas ins does not exceed 5 per cent of the t o t a l area at f a i r l y h igh s t ages . 

G e n e r a l l y , channel p r e c i p i t a t i o n i s not cons ide red as a separate 
component of r u n o f f , s i n c e i t i s u s u a l l y a r e l a t i v e l y smal l amount and Is 
thus Inc luded w i t h su r face r u n o f f . In r e s e r v o i r s , however, s i g n i f i c a n t 
In f low may occur from p r e c i p i t a t i o n f a l l i n g d i r e c t l y on the lake s u r f a c e . 

6.6 Hydrograph Shape 

The shape of a hydrograph of a s i n g l e , s h o r t - d u r a t i o n storm 
o c c u r r i n g over the dra inage area f o l l o w s a genera l p a t t e r n . This p a t t e r n 
shows a p e r i o d of r i s e , or a p e r i o d of i n c r e a s i n g d i s c h a r g e , tha t 
cu lminates i n a peak or c r e s t . F o l l o w i n g i s a pe r iod of d e c r e a s i n g 
d i scha rge ( r e c e s s i o n l imb) which may or may not decrease to zero 
d i s c h a r g e , depending on the amount of groundwater f l o w . A t y p i c a l 
hydrograph, d i v i d e d i n t o three p r i n c i p a l p a r t s , i s shown i n F i g . 3. For 
smal l watershed a r eas , the t o t a l c o n t r i b u t i o n s to the runof f hydrograph 
by groundwater f l o w , channel p r e c i p i t a t i o n and I n t e r f l o w are u s u a l l y 
smal l i n comparison to the amount r e c e i v e d from sur face r u n o f f . 

6.6.1 R i s i n g Limb or C o n c e n t r a t i o n Curve 

The r i s i n g l imb extends from the time of beg inn ing of sur face 
runoff to the f i r s t i n f l e c t i o n p o i n t on the hydrograph, and represents 
the Increase i n d i s c h a r g e produced by an Increase i n s torage or d e t e n t i o n 
on the watershed . I t s geometry i s c h a r a c t e r i z e d by the shape of the 
b a s i n , and by the d u r a t i o n . I n t e n s i t y and u n i f o r m i t y of the r a i n . The 
i n i t i a l p o r t i o n i s concave as a r e s u l t of two f a c t o r s : the g rea te r 
c o n c e n t r a t i o n of area l i e s w i t h i n the middle and upper reaches of the 
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b a s i n ; and the g rea te r o p p o r t u n i t y fo r I n f i l t r a t i o n , e v a p o r a t i o n , sur face 
d e t e n t i o n and I n t e r c e p t i o n du r ing the I n i t i a l pe r iods of the s torm. 

6 .6 .2 Cres t Segment 

The c r e s t segment Inc ludes tha t par t of the hydrograph from the 
I n f l e c t i o n p o i n t on the r i s i n g l imb to a co r re spond ing p o i n t on the 
r e c e s s i o n l i m b . The peak of the hydrograph, or the maximum Ins t an taneous , 
d i scha rge r a t e , occurs w i t h i n t h i s t ime I n t e r v a l . 

6 .6 .3 Recess ion Limb 

The r e c e s s i o n l imb Inc ludes the remaining par t of the 
hydrograph, which may or may not decrease to zero d i s cha rge depending on 
the amount of base f low or groundwater f l o w . I t represents the 
wi thdrawal of water from s torage a f t e r excess r a i n f a l l has ceased . 
Consequent ly , I t may be cons ide red as the n a t u r a l decrease In the ra te of 
d i scha rge r e s u l t i n g from the d r a l n l n g - o f f p r o c e s s . The shape of the 
curve Is Independent of t ime v a r i a t i o n s In r a i n f a l l or I n f i l t r a t i o n , and 
Is e s s e n t i a l l y dependent upon the p h y s i c a l fea tures of the channel 
a l o n e . The genera l mathematical form of the equa t ion of ten used to 
de f ine t h i s segment of the hydrograph I s : 

Q2 = Q i K - ^ t 1 

where Q2 = Instantaneous d i s c h a r g e ra te at t i m e , t 2 , 
W-] = Instantaneous d i s c h a r g e ra te at t i m e , t-|, 
K = r e c e s s i o n c o n s t a n t , and 
at = e lapsed t ime I n t e r v a l , ( t 2 - t - i ) . 

This equa t ion produces a s t r a i g h t l i n e when p l o t t e d on sem1logar i thmic 
paper . The va lue of the r e c e s s i o n c o n s t a n t , K, Is g e n e r a l l y not cons tan t 
throughout a l l d i s c h a r g e r a t e s . F r e q u e n t l y , the r e c e s s i o n curve Is 
broken Into a s e r i e s of l i n e segments to o b t a i n s e v e r a l va lues of K, w i t h 
each value a p p l i c a b l e w i t h i n a g iven range of f l o w s . 

I t Is as yet Imposs ib le to a c c u r a t e l y q u a n t i f y the c o n t r i b u t i o n 
of baseflow to t o t a l s t reamflow when the shape of the d i s c h a r g e 
hydrograph r e s u l t s from a s i n g l e , s h o r t - d u r a t i o n s torm, or possesses more 
complex shapes. F igu re 4 shows s e v e r a l p o s s i b l e basef low c o n d i t i o n s In 
which the measured hydrograph Is ABCDE. L ine BGF Is an e x t e n s i o n of U n e 
AB, which represen ts the groundwater c o n t r i b u t i o n 1f r a i n f a l l had not 
o c c u r r e d . I f no Increase In groundwater occurs through I n f i l t r a t i o n , the 
hydrograph should r e tu rn to t h i s U n e when runof f s t o p s . Th i s Is not the 
case In t h i s example. L ine DE Is the basef low o c c u r r i n g a f t e r the end of 
the runof f , and I t has been d i s p l a c e d v e r t i c a l l y upward from the basef low 
p r i o r to the s to rm. This Is another basef low r e c e s s i o n curve but should 
have the same shape as ABGF I f , as Is u s u a l l y assumed, the basef low curve 
has a constant shape. 
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RISING C R E S T R E C E S S I O N 
LIMB S E G M E N T L I M B \ 

T I M E > 

F1g. 3 Components of Hydrograph 

In F i g u r e 4, the l a t e r r e c e s s i o n curve has been e x t r a p o l a t e d 
backward to p o i n t K. Po in t s B and D, where the basef low curves d e v i a t e 
from the hydrograph . I n d i c a t e r e s p e c t i v e l y the beg inn ing and ending of 
r u n o f f . How do these two p o i n t s connect? I t Is I n s t r u c t i v e to c o n s i d e r 
what happens to the basef low d u r i n g a s torm. F igu re 5 represen ts a c ross 
s e c t i o n of a stream and a d j o i n i n g land a r e a . Stream water su r face I 
represents a basef low c o n d i t i o n d u r i n g which groundwater f lows from the 
bank to the s t ream. Cons ider now a storm o c c u r r i n g so tha t the stage of 
the stream r i s e s to l e v e l I I . The h y d r o s t a t i c p ressure on the bank due 
to s t reamflow Is now g rea t e r thant tha t In the water t a b l e , and 
groundwater f low a c t u a l l y r e v e r s e s , w i t h water f l o w i n g from the stream 
Into the bank. In F i g u r e 4 t h i s c o n d i t i o n Is a c t u a l l y a nega t ive 
d i scha rge s i n c e the process s u b t r a c t s from s t reamf low. The water 
e n t e r i n g the bank Is c a l l e d bank s to r age . In r i v e r s where the hydrograph 
r i s e s s l o w l y and recedes s l o w l y , bank s torage can be s i g n i f i c a n t . 

L i n e BID In F i g u r e 4 q u a l i t a t i v e l y represen ts the manner In 
which groundwater f low should behave d u r i n g a pe r iod of r i s e In the 
s t ream. As the stage r i s e s , the f l ow of groundwater decreases and 
e v e n t u a l l y goes n e g a t i v e . I f the s o i l In the dra inage bas in Is h i g h l y 
permeable so tha t the groundwater t a b l e r i s e s more r a p i d l y than the 
stream s tage , the basef low may be represented by a curve such as BJD. 
Often a s t r a i g h t l i n e from B to D or from G (a p o i n t under the hydrograph 
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peak) to D 1s drawn and Is assumed to represent the d i v i s i o n between 
groundwater f l ow and sur face r u n o f f . The area below t h i s assumed curve 
and the area between the basef low curve and the hydrograph represent 
groundwater c o n t r i b u t i o n and sur face runof f r e s p e c t i v e l y . 

No matter which of the assumed basef low curves shown In F i g u r e 4 
Is used, the t o t a l sur face runoff volume (area above the basef low curve) 
Is approx imate ly the same. The t ime d i s t r i b u t i o n Is d i f f e r e n t , however, 
1n each case . The d i f f e r e n c e between the o rd lna t e s of the basef low curve 
and the hydrograph Is the f low ra te of sur face runo f f ; t h e r e f o r e , curve 
BID Ind ica t e s tha t the sur face runoff peak occurs e a r l i e r than Ind i ca t ed 
by BJD, BD, or BGD. 

In order to es t imate the basef low, curves AB and DE must be 
extended to 6 and K r e s p e c t i v e l y . The basef low curve Is f r e q u e n t l y 
assumed to be a dec reas ing f u n c t i o n as de f ined by equat ion 1. 

F i g . 4 Basef low s e p a r a t i o n 

F i g . 5 Groundwater behavior d u r i n g basef low ( I ) and d u r i n g f l o o d i n g ( I I ) 
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6.7 Fac to r s A f f e c t i n g Hydrograph Shape 

The t ime d i s t r i b u t i o n of runoff ( the shape of the hydrograph) Is 
In f luenced by c l i m a t i c f a c t o r s , and by the topograph ic and g e o l o g i c 
f ea tu res of the b a s i n ; thus the f i n a l hydrograph Is a f f e c t e d by a l l th ree 
f a c t o r s . However, I t may be s t a t ed tha t c l i m a t i c f a c t o r s predominate In 
produc ing the r i s i n g l i m b , w h i l e the r e c e s s i o n l imb Is l a r g e l y 
Independent of the storm c h a r a c t e r i s t i c s p roduc ing the r u n o f f . 

6 .7.1 C l i m a t i c Fac to r s 

The c l i m a t i c f a c t o r s which In f luence the hydrograph shape, and 
of course , the volume of runof f a r e : 

(1) r a i n f a l l I n t e n s i t y and d u r a t i o n ; 
(2) d i s t r i b u t i o n of r a i n f a l l on the b a s i n ; 
(3) d i r e c t i o n of storm movement; and 
(4) type of p r e c i p i t a t i o n and type of s to rm. 

6 .7 .2 Topographic Fac to r s and the Hydrograph 

The s u r f a c e - r u n o f f hydrograph for a watershed represents the 
In teg ra ted e f f e c t of a l l 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 b a s i n and t h e i r 
modi fy ing In f luence on the t r a n s l a t i o n and s torage of a r a i n f a l l - e x c e s s 
volume. The f a c t o r s Involved are numerous, some having a major bea r ing 
on the phenomena and others be ing of n e g l i g i b l e consequence. Some 
suggested dominant f a c t o r s I n c l u d e : 

(1) Dra inage-a rea s i z e and shape; 
(2) D i s t r i b u t i o n of the wa te rcour ses ; 
(3) S lope of the v a l l e y s ides or genera l land s l o p e ; 
(4) Slope of the main s t ream; 
(5) Pondage r e s u l t i n g from sur face of channel o b s t r u c t i o n s 

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

6 .7 .3 G e o l o g i c a l Fac to r s 

The g e o l o g i c a l f a c t o r s , which a f f e c t the shape of the runoff 
hydrograph, are p r i m a r i l y those which govern the f low of groundwater and 
I n t e r f l o w to a s t ream. For example, an Impervious fo rmat ion of l a y e r 
c l o s e to the sur face would a f f e c t the amount of I n t e r f l o w ( f l o w through 
the surface s o i l l a y e r s ) , hence the r e s u l t i n g hydrograph. The h y d r a u l i c 
c o n d u c t i v i t y of the sur face l a y e r s a f f e c t s the I n f i l t r a t i o n to lower 
l e v e l s , and thus determines the groundwater and I n t e r f l o w c o n t r i b u t i o n s 
to r u n o f f . I t should be mentioned tha t subsurface format ions can make 
the groundwater d ra inage area to a stream much l a r g e r or much sma l l e r 
than the sur face dra inage a r e a . That I s , the p h r e a t i c d i v i d e need not 
correspond and In many cases does not conform, to the topograph ic d i v i d e ; 
hence a stream may show a p r o p o r t i o n a t e l y h igh or low groundwater 
c o n t r i b u t i o n depending on the subsurface f o r m a t i o n s . I t 1s a l s o p o s s i b l e 



tha t the groundwater t a b l e 1s normal ly at such a l e v e l tha t the stream 
c o n t i n u a l l y s u p p l i e s water ( I n f l u e n t stream) to subsurface a q u i f e r s ; or 
the stream may be e f f l u e n t , r e c e i v i n g a cont inuous supply of groundwater; 
or I n f l u e n t a t h igh stages and e f f l u e n t at low. 
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2. I n t r o d u c t i o n to the H y d r o l o g i c C y c l e - P . J . P i l o n 

The e a r l y n a t u r a l ph i l o sophe r s cons ide red water to be 

one of the four bas i c e lements . The other three were e a r t h , 

a i r , and f i r e . These e a r l y ph i lo sophe r s seemed puzz l ed more by 

the source and u l t i m a t e fa te of the water than by the r e l e n t l e s s 

f low of r i v e r s and streams from mountain to sea . They pondered 

how the water got up Into the mountains , and why the l e v e l of 

the seas d i d not r i s e c o n t i n u a l l y . 

P r i o r to the seventeenth c e n t u r y , people thought tha t 

the r a i n f a l l was Inadequate to supply the r i v e r s and tha t the 

ea r th was too i m p e r v i o u s to permi t s torage and de lay o u t f l o w s . 

Many e a r l y Greek p h i l o s o p h e r s , such as Thales ( s i x t h cen tury 

B . C . ) , e n v i s i o n e d the ea r th to be comprised of mys te r ious 

underground r e s e r v o i r s r e p l e n i s h e d from the sea . I t was 

b e l i e v e d streams and r i v e r s were extruded by a v a r i e t y of forces 

( c a p i l l a r y a c t i o n , vacuum, rock p r e s s u r e ) . The d isappearance of 

s a l i n i t y was e x p l a i n e d by the hypothes i s of f i l t r a t i o n . 

A r i s t o t l e In the f o u r t h century B . C . p u b l i s h e d 

( " M e t e o r o l o g i c a " ) on the sun ' s observed evapora t i ve powers and 

the known phenomenon of condensa t ion of vapours by c o o l i n g . 

However, t he process was con f ined a t t ha t t ime on ly t o the 

underground chambers which s u p p l i e d the s t reams. 
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V U r u v l u s , a noted f i r s t - c e n t u r y A . D . Roman 

p h i l o s o p h e r , proposed a r a d i c a l depar ture from the accepted 

subterranean concep t . He s ta ted tha t the p r e c i p i t a t i o n which 

the mountain r e c e i v e s p e r c o l a t e s through the rock s t r a t a to the 

foot of the mountains , where I t comes out as s t reams. 

Through to the f i f t e e n t h cen tury l i t t l e new 

enl ightenment f o l l o w e d . However, In the 15th cen tury da V i n c i 

set down perhaps the e a r l i e s t e s s e n t i a l l y t rue p i c t u r e of the 

h y d r o l o g i c c y c l e . In the s i x t e e n t h c e n t u r y , Bernard P a l l s s y 

e l abora t ed and r e f i n e d da V i n c i ' s Ideas . These Ideas were 

r i d i c u l e d and c o n t r a d i c t e d for another 250 y e a r s . I t was not 

u n t i l w e l l In to the n ine teen th century that the t rue nature of 

the e v a p o r a t l o n - c o n d e n s a t l o n - p r e c l p l t a t l o n - p e r c o l a t l o n c y c l e was 

f u l l y accep ted . 

The advent of what might be c a l l e d the "modern" s c i ence 

of hydrology Is sometimes c o n s i d e r e d to have begun w i t h the 

q u a n t i t a t i v e e x p r e s s i o n of some of the Ideas of the "new" 

c y c l e . In the seventeenth and e igh teen th c e n t u r y , noted E n g l i s h 

and French p h y s i c i s t s - among these were P e r r a u l t , M a r i o t t e , and 

H a l l e y - began the measurement of r a i n f a l l , s t reamflow, 

e v a p o r a t i o n , and c a p i l l a r i t y . P e r r a u l t ob ta ined measurements of 

r a i n f a l l i n the Seine R i v e r dra inage bas in over a p e r i o d of 

three yea r s . Us ing these and measurements of r uno f f , and 
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knowing the dra inage area s i z e , he showed tha t r a i n f a l l was 

adequate In q u a n t i t y to account fo r r i v e r f l o w s . Measurements 

such as these , a l though c rude , pe rmi t t ed r e l i a b l e c o n c l u s i o n s to 

be drawn rega rd ing the h y d r o l o g i c phenomena being s t u d i e d . 

During the n ine t een th cen tury exper imenta l hydro logy 

f l o u r i s h e d . ' P o p u l a t i o n growth and I n d u s t r i a l i z a t i o n made I f 

necessary to have q u a n t i t a t i v e answers to the p h i l o s o p h i c a l 

ques t ions of c e n t u r i e s pas t . This need, coupled w i t h a 

r e c o g n i t i o n of the p r o b a b i l i s t i c nature of the n a t u r a l phenomena 

concerned , prompted the e s t ab l i shment of d a t a - c o l l e c t i o n 

agencies (NWS 1870, USGS 1879, WSC 1908). 

Al though the bas i s for modern hydro logy was w e l l 

e s t a b l i s h e d In the n ine teen th c e n t u r y , much of the e f f o r t was 

e m p i r i c a l In na tu re . In the e a r l y years of the t w e n t i e t h 

c e n t u r y , the Inadequacies of many e m p i r i c a l f o rmu la t i ons became 

w e l l known. From about 1930 to 1950, r a t i o n a l a n a l y s i s began to 

r ep lace e m p i r i c i s m . The 1950's saw the I n t r o d u c t i o n of d i g i t a l 

computers , which a l lowed e x t e n s i v e mathematical m a n i p u l a t i o n s 

tha t would have been overwhelming 1n the pa s t . 

We have b r i e f l y t r aced the development of hydro logy 

through the m i l l e n n i a , and can a p p r e c i a t e tha t the domain of 

hydrology embraces the f u l l h i s t o r y of water on the e a r t h . 
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However, 1t s t i l l may not be c l e a r what In f ac t Is " h y d r o l o g y " . 

Severa l modern t e x t s devoted to the subjec t of hydrology de f ine 

hydrology a s : 

"the sc ience tha t t r e a t s of the waters of 
the E a r t h , t h e i r occu r r ence , c i r c u l a t i o n and 
d i s t r i b u t i o n , t h e i r chemical and p h y s i c a l 
p r o p e r t i e s , and t h e i r r e a c t i o n w i t h the 
environment . I n c l u d i n g t h e i r r e l a t i o n to 
l i v i n g t h i n g s . " 

This I n c r e d i b l y complex sub jec t has been subd iv ided Into va r ious 

p a r t s . Some of these branches I n c l u d e : 

a) hydrometeorology - the study of problems In te rmedia te between 

the f i e l d s of hydro logy and meteoro logy; 

b) l imnology - the study of l a k e s ; 

c) c r y o l o g y - s t u d i e s d e a l i n g w i t h snow and I ce ; 

d) geohydrology - s t u d i e s r e l a t e d to subsurface water ; and 

e) potamology - the study of sur face s t reams. 

However, very few h y d r o l o g i c problems can be l i m i t e d to 

any one branch . I t Is ev iden t tha t hydro logy I s . a n ext remely 

broad s c i ence and t h e r e f o r e borrows h e a v i l y from other branches 

of sc i ence and In tegra tes them for I t s own I n t e r p r e t a t i o n and 

use. A few suppor t i ng sc iences which may be used In h y d r o l o g i c 

I n v e s t i g a t i o n s I n c l u d e : p h y s i c s , c h e m i s t r y , geography, geo logy , 

mathematics , f l u i d mechanics , economics, s o c i o l o g y , a g r i c u l t u r e . 
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and w i l d l i f e management. From t h i s , 1t Is c l e a r . I f no th ing 

e l s e I s , tha t hydrology Is not e n t i r e l y a pure s c i e n c e , and tha t 

the ob jec t of study Is u s u a l l y d i r e c t e d to a p r a c t i c a l 

a p p l i c a t i o n . 

2.1 The H y d r o l o g i c Cyc l e 

The h y d r o l o g i c c y c l e Is a concept which cons ide r s the 

processes of mot ion , l o s s , and recharge of the e a r t h ' s wa t e r s . 

I t Is remarkable to r e a l i z e tha t the t rue nature of t h i s c y c l e 

was not f u l l y accepted u n t i l w e l l Into the n ine teen th c e n t u r y . 

Var ious components compr i s ing the h y d r o l o g i c c y c l e are 

shown In F igu re 1. P r e c i p i t a t i o n In the form of r a i n , snow, 

h a l l , and so f o r t h , comes from atmospheric water vapour and 

c o n s t i t u t e s the pr imary Input to the c y c l e . A p o r t i o n of the 

r a i n f a l l may be In t e rcep ted by t r e e s , g r a s s , o ther v e g e t a t i o n , 

and s t r u c t u r a l o b j e c t s , and w i l l e v e n t u a l l y r e tu rn to the 

atmosphere by e v a p o r a t i o n . Once p r e c i p i t a t i o n reaches the 

ground, some of I t may f i l l depress ions (become depress ion 

s t o r a g e ) , pa r t may pene t ra te the ground ( I n f i l t r a t e ) to 

r e p l e n i s h s o i l mois tu re and ground water r e s e r v o i r s , and some 

may become sur face runof f - tha t I s , f low over the e a r t h ' s 

sur face to a de f ined channel such as a s t ream. 
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Water e n t e r i n g the ground may take s eve ra l pa ths . Some 

may be d i r e c t l y evaporated I f adequate t r a n s f e r from the s o i l to 

the sur face Is m a i n t a i n e d . Vege t a t i on us ing s o i l mois tu re or 

ground water d i r e c t l y can a l s o t r an smi t I n f i l t r a t e d water to the 

atmosphere by a process known as t r a n s p i r a t i o n . I n f i l t r a t e d 

water may l i k e w i s e r e p l e n i s h s o i l mois tu re d e f i c i e n c i e s and 

enter s torage prov ided In groundwater r e s e r v o i r s which In t u rn 

ma in t a in dry weather s t reamflow ( b a s e f l o w ) . Bodies of 

groundwater are u s u a l l y f l o w i n g so tha t I n f i l t r a t e d water 

reach ing the sa tu ra t ed zone may be t r anspo r t ed for c o n s i d e r a b l e 

d i s t ances before I t Is d i s c h a r g e d . Groundwater movement Is 

sub jec t to p h y s i c a l and g e o l o g i c a l c o n s t r a i n t s . 

Water s to red In depress ions w i l l e v e n t u a l l y evaporate 

or I n f i l t r a t e the ground s u r f a c e . Once the water has found i t s 

way i n t o the s o i l mass, I t s movement through the s o i l to the 

water t a b l e 1s r e f e r r e d to as p e r c o l a t i o n . Surface runof f 

u l t i m a t e l y reaches minor channe l s , f lows to major streams and 

r i v e r s , and f i n a l l y reaches an ocean. Along the course of a 

s t ream, evapora t ion and i n f i l t r a t i o n can a l s o o c c u r . 

The h y d r o l o g i c c y c l e i s a cont inuous process by which 

water Is t r an spo r t ed from the oceans to the atmosphere to the 

land and back to the sea . However, many subcyc les e x i s t . The 
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d r i v i n g fo rce for the g l o b a l water t r a n s p o r t system Is p rov ided 

by the sun, which fu rn i shes the energy r e q u i r e d for 

e v a p o r a t i o n . Note t ha t the water q u a l i t y a l s o changes d u r i n g 

passage through the c y c l e ; fo r example, sea water Is conver ted 

to f r e sh water through e v a p o r a t i o n . 

STREAM 
GROUNDWATER FLOW CHANNEL 

FiK. 1 Simple Represontation of rho RunofT Cvcle 

2.2 Scope of Hydrology 

Some prominent h y d r o l o g l s t s have suggested tha t there 

are three broad problems In hyd ro logy : 
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(a) the measurement, r e c o r d i n g and p u b l i c a t i o n of bas i c d a t a ; 

(b) the a n a l y s i s of these data to develop and expand the 

fundamental t h e o r i e s ; 

(c ) the a p p l i c a t i o n of these t h e o r i e s and data to a m u l t i t u d e of 

p r a c t i c a l problems. 

These three c a t e g o r i e s embody the programs and a c t i v i t i e s of 

Environment Canada which are a l l d i r e c t e d towards a common 

purpose: 

to f o s t e r harmony between s o c i e t y and the 
environment for the b e n e f i t of present and 
fu tu re genera t ions of Canadians . 

In a l l water resources p r o j e c t s , the e s t i m a t i o n of the 

q u a n t i t y of wate r , and I t s d i s t r i b u t i o n w i t h respec t to t ime and 

space, 1s of prime Importance. This Is ev iden t and bas i c to the 

p l a n n i n g , d e s i g n , and o p e r a t i o n of water resources systems. 

These systems may vary In s i z e from a c u l v e r t on a count ry road 

to an In tegra ted development of r e s e r v o i r s , l e v e e s , and cana ls 

In a l a r g e r i v e r b a s i n . Though the scope of c o n s i d e r a t i o n 

v a r i e s , we con t inue to be d e a l i n g w i t h Canada's most v a l u a b l e 

n a t u r a l resource - wa te r . 

The complex i ty of the a n a l y s i s may v a r y , dependent on 

the c o n s i d e r a t i o n s and Importance g iven the p r o j e c t , and our 
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s t a t e of knowledge and e x p e r t i s e In h y d r o l o g y . A mul t ipu rpose 

p r o j e c t may I n c l u d e : 

1) water supply fo r m u n i c i p a l i t i e s and I n d u s t r i e s ; 

11) f l o o d p l a i n management and f l o o d damage r e d u c t i o n ; 

111) hydropower for e l e c t r i c energy p r o d u c t i o n , to Inc lude 

f o r e c a s t i n g and r e s e r v o i r o p t i m i z a t i o n ; 

1v) n a v i g a t i o n ; 

v) I r r i g a t i o n and d r a inage ; 

v l ) watershed management fo r a g r i c u l t u r a l crop uses . I n c l u d i n g 

s o i l and water c o n s e r v a t i o n and e r o s i o n c o n t r o l ; 

v i i ) water q u a l i t y Improvement for p o l l u t i o n c o n t r o l ; 

v111) w a t e r - o r i e n t e d outdoor r e c r e a t i o n ; and 

Ix) f i s h and w i l d l i f e p r o p a g a t i o n . 

Each of the aforementioned po in t s r e q u i r e s va r i ous 

approaches and c o n s i d e r a t i o n s . Each may Invo lve va r ious aspects 

In the e s t i m a t i o n of water q u a n t i t y . For example, f l o o d c o n t r o l 

p r i m a r i l y Invo lves peak ra tes of d i s c h a r g e , whereas supply for 

most o ther uses Invo lves a n a l y s i s of the pe r iod of lowest f l o w . 

From the p reced ing d i s c u s s i o n s . I t Is obvious tha t the 

h y d r o l o g i c c y c l e Is sub jec t to the va r ious compl ica ted processes 

of p r e c i p i t a t i o n , e v a p o r a t i o n , t r a n s p i r a t i o n . I n t e r c e p t i o n , 
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I n f i l t r a t i o n , p e r c o l a t i o n , s to rage , and r u n o f f . The m a t e r i a l to 

be presented In the f o l l o w i n g p r e sen t a t i ons w i l l attempt to 

d e t a i l some of the Important aspects of these processes and to 

o u t l i n e some standard and Innova t ive procedures used In t h e i r 

e s t i m a t i o n and a n a l y s i s . 
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