
( a )  The d a i l y  maxlmum a i r  tempera ture  is  a s i n g l e  va lue  which occurs  
once i n  a day, t h e r e f o r e  i t  is recorded a s  sample data. 

( b )  The d a i l y  p r e c i p i t a t i o n  i s  t h e  sum of a l l  r a i n f a l l  o c c u r r i n g  
w i t h i n  t h e  day, s o  i t  is recorded as pu l se  data.  

(c) The d a i l y  wind speed i s  t h e  average speed measured i n  t h e  day, s o  
I t  is recorded a s  pulse  data. 

(dl The annual p r e c i p i t a t i o n  is the  sum of a l l  r a i n f a l l  occurr ing  i n  a 
year. s o  i t  is recorded as pu l se  data. 

( e l  The a n n u a l  maximum d i s c h a r g e  i n  a r i v e r  i s  t h e  maximum of t h e  
i n s t a n t a n e o u s  f l o w r a t e s  o c c u r r i n g  d u r i n g  t h e  y e a r ,  s o  i t  is  r e c o r d e d  as 
sample data. 

The p r e c i p i t a t i o n  inpu t  is recorded as a p u l s e  d a t a  sequence as shown 
i n  column ( 3 )  o f  T a b l e  2.3.2, i n  which  t h e  p r e c i p i t a t i o n  shown is  t h e  
i n c r e m e n t a l  d e p t h  which  h a s  o c c u r r e d  dur ing  t h e  preceeding t i m e  i n t e r v a l .  
T h e  s t r e a m f l o w  o u t p u t  is r e c o r d e d  as a s a m p l e  d a t a  s e q u e n c e  i n  which  t h e  
v a l u e  shown is t h e  i n s t a n t a n e o u s  f l o w  rate o c c u r r i n g  a t  t h a t  moment. To 
a p p l y  t h e  d i s c r e t e - t l m e  c o n t i n u i t y  e q u a t i o n .  t h e  s t r e a m f l o w  must  b e  
c o n v e r t e d  t o  a p u l s e  d a t a  sequence .  For e a c h  0.5 h r .  i n t e r v a l ,  t h e  volume 
of s t reamflow which occurred is found by averaging t h e  s t reamflow r a t e s  a t  
t h e  e n d s  o f  t h e  i n t e r v a l  and  m u l t i p l y i n g  by A t  = 0.5 h r  - 1800 s. The 
e q u i v a l e n t  d e p t h  o v e r  t h e  w a t e r s h e d  is t h e n  c a l c u l a t e d  by d i v i d i n g  t h e  
s t r e a m f l  w volume by t h e  w a t e r s h e d  area A - 7.03 m i '  - 7.03 x 5280' f t z  I 8 1.96 x 1 0  ft ' .  

The c o m p u t a t i o n s  f o l l o w  t h o s e  i n  Example 2.3.1 i n  t h e  t e x t b o o k .  For 
example ,  d u r i n g  t h e  f irst  t i m e  i n t e r v a l ,  be tween  0 and 0.5 h r s ,  t h e  
s t reamflows a r e  Q(0) - 2 5  c f s  and Q(O.5) - 27 c f s .  s o  t h e  s t r eamf low volume 
i n  t h i s  i n t e r v a l  is  A t  x ( 2 5  + 27) /2  - 1800 x 2 6  r t a  - 46.8 0 f t a .  The 8 e q u  v a l e n t  d e p t h  o v e r  t h e  w a t e r s h e d  is Q1 - 46,800 / 1.96 x 1 0  i t  - 2.38 x 
lo-' f t  - 0.003 i n .  a s  shown i n  Col. ( 5 )  o f  T a b l e  2.3.2. 

The p r e c i p i t a t i o n  depth  f o r  t h e  f i r s t  time i n t e r v a l  is 0.18 in ,  s o  t h e  
incrementa l  change i n  s t o r a g e  is found as 

ASj = I j  - Qj  

g iv ing  f o r  j - 1 

as shown i n  Col. (6) of t h e  tab le .  The cumula t ive  s t o r a g e  i n  t h e  watershed 
is found  by a d d i n g  t h e  i n c r e m e n t a l  changes  i n  s t o r a g e  (Eq. 2.3.3 f rom t h e  



textbook) wi th  i n i t i a l  s t o r a g e  % - 0. Then, wi th  j - 1 

as shown i n  Col. (7) O f  Table 2.3.2. The c a l c u l a t i o n s  f o r  success ive  t ime  
i n t e r v a l s  j - 2.3. ..., 1 6  f o l l o w  s i m i l a r l y .  The  t o t a l  a m o u n t  of 
p r e c i p i t a t i o n  was 0.97 in .  The t o t a l  amount of  r u n o f f  i n  e i g h t  h o u r s  was 
0.872 i n ,  o r  90 1 o f  t h e  t o t a l  p r e c i p i t a t i o n .  The r e m a i n i n g  0.098 in. 
remained s t o r e d  i n  t h e  watershed a t  t h e  end of t h e  e i g h t  hour period. The 
maximum s t o r a g e  occurred 2 hours a f t e r  t h e  beginning of  t h e  s torm and w a s  
0.932 in.  Fig. 2.3.2(a) shows t h e  time d i s t r i b u t i o n  o f  p r e c i p i t a t i o n  
i n t e n s i t y  (obtained by d i v i d i n g  t h e  p r e c i p i t a t i o n  increments  by A t  - 0.5 h r )  
and s t r e a m l l o w  ( i n  e q u i v a l e n t  u n i t s  of  i n / h r  o v e r  t h e  wa te r shed) .  The 
change i n  s t o r a g e  f o r  0.5 h r  i n t e r v a l s  and t h e  t o t a l  s t o r a g e  i n  t h e  
wa te r shed  a r e  p l o t t e d  i n  Fig. 2.3.2(b). 

(1 )  (2 )  (3 )  (4)  (5 )  (6 )  (7)  
Time T h e  Precip. Stream- Stream- Incrcm. Storage 

I n t e r v a l  t Input. Ij flow Q flow Q j  Stor .  ASj S j  
j (h r s )  ( i n )  ( c f s )  ( i n )  ( i n )  ( i n )  

Tota l  0.97 

Tab le  2.3.2. Time d i s t r i b u t i o n  of s t o r a g e  f o r  t h e  May 12. 
1980 s torm on t h e  Shoal Creek  watershed ca lcu la t ed  using the  
d iscre te- t ime con t inu i ty  equation. 



- (kwn) 
Fig. 2.3.2. Time distribution of precipitation and streamflow (divided by 
the watershed area). Storm of May 12, 1980 on Shoal Creek, Austin. Texas. 
at Northwest Park. 
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- So - 0.01 f o r  uniform flow 

The f l o w  r a t e  is Q - v A - 8.35 x 327 c f s  = 2,731 c f s .  The c r i t e r i o n  f o r  
f u l l y  turbulent flow is oaloulated from Eq. (2.5.9a) i n  t h e  textbook 

n6 ( R S ~ ) " ~  - 0 . 0 3 5 ~  (2.75 x 0.01)~/ '  - 3.05 x 10'1° 

which is l a rge r  than 1.9 x 10"3 s o  the c r i t e r i o n  is s a t i s f i e d  and Manning's 
equation is applicable. 

The a r e a  of t he  channel is A - (30 + 3 x 1 )  x 1 m a  - 33 m a .  The wet ted  
p e r i m e t e r  is 

s o  t h e  h y d r a u l i c  r a d i u s  is R - A/P - 33/33.16 - 0.995 m. 

The flow velocity is given by Muuling's equation with n - 0.035 and Sf - Sg - 0.01 for uniform flow 

v - ( l / n )  R 2 l 3  s2l2 - (1rn.035) x 0 . 9 9 5 ~ ' ~  x 0 . 0 1 ~ ' ~  m / s  - 2.85 m / s  

The f l o w  r a t e  is O - v A - 2.85 x 33 m a / s  - 94 m a / s .  The c r i t e r i o n  f o r  
f u l l y  turbulent  flow is calculated from Eq. (2.5.9b) i n  t h e  textbook 

n6 ( R S ~ ) " ~  - 0.035~ (0.995 x 0 . 0 1 ) ~ / ~  - 1.83 x 10'l0 

whlch is l w g e r  than 1.1 x 10,"3 s o  the c r i t e r i o n  is s a t i s f i e d  and Manning's 
equation is applioable. 

Shal low f low over  a park ing  l o t  is e q u i v a l e n t  t o  f l o w  i n  an i n f i n i t e  
width channel ;  i n  t h i s  case. t h e  f low can be ana lyzed  i n  a p o r t i o n  of 
channel of u n i t  width. For a f low depth of 1 i n ,  t h e  a r e a  of t h l s  channel 
p o r t i o n  is A - 1 / l  2 x 1 f t '  - 0.083 f t'. The we t t ed  p e r i m e t e r  corresponds 
only  t o  t h e  channel bottom, P - 1 it. s o  t h e  h y d r a u l i c  r a d i u s  is R - A / P  - 
0.083/1 i t  - 0.083 f t .  equa l  t o  t h e  f low depth. 

i e  flow veloci ty  is given by Manning's equation with n - 0.015 and Sf - SC 3.5 S - 0.005 f o r  uniform f l o w  



The f l o w  r a t e  p e r  u n i t  w i d t h  o f  c h a n n e l  i s  Q - v A = 1.34 x 0.083 c f s / f t  - 
2,731 c f s / f t .  The c r i t e r i o n  f o r  f u l l y  tu rbu len t  f low is  ca lcu la t ed  from Eq. 
(2.5.9a) i n  t h e  t e x t b o o k  

which is l a r g e r  than 1.9 x 10-l3 s o  t h e  c r i t e r i o n  is  s a t i s f i e d  and Manning's 
equat ion is applicable.  

For a f low depth of 1 em. t h e  a r e a  of a u n i t  width channel po r t ion  is  A - 0.01 x 1 m '  - 0.01 m 2 .  The w e t t e d  p e r i m e t e r  c o r r e s p o n d s  o n l y  t o  t h e  
c h a n n e l  bot tom. P - 1 m ,  s o  t h e  h y d r a u l i c  r a d i u s  is  R - A / P  - 0.,01/1 m = 
0.01 m,  equal t o  t h e  f low depth. 

To check whe the r  Manning's e q u a t i o n  is a p p l i c a b l e ,  t h e  c r i t e r i o n  f o r  
f u l l y  tu rbu len t  f low is ca lcu la t ed  from Eq. (2.5.9b) i n  t h e  textbook 

which  is smaller t h a n  1.1 x 10- '3 so t h e  c r i t e r i o n  is n o t  s a t i s f i e d  
(although t h e  f low is very c l o s e  t o  f u l l y  turbulent ) ;  Manning's equat ion is  
not  app l i cab le  and t h e  Darcy-Weisbach equat ion  should be used instead.  

The r e l a t i v e  r o u g h n e s s  c is  computed u s i n g  Eq. (2.5.15) from t h e  
textbook, a s  a funct ion  of t h e  hydrau l i c  r a d i u s  R - 0.01 m and t h e  Manning's 
coe f f i c i en t  n - 0.015, wi th  t h e  f a c t o r  @ - 1 f o r  SI  units .  Then 

The flow v e l o c i t y  v and t h e  Darcy-Weisbach f r i c t i o n  f a c t o r  f have t o  be 
c a l c u l a t e d  i n  an  i t e r a t i v e  f a s h i o n .  For a g i v e n  v a l u e  o f  v, t h e  Reynolds 
number Re can be computed using (2.5.10) from t h e  textbook. For a value 
:f t he  kinematic  v i s c o s i t y  v - 10% m a / s ,  w e  have 

The f r i c t i o n  f a c t o r  f can t h e n  be upda ted  u s i n g  t h e  m o d i f i e d  Moody 
d iag ram i n  Fig.  2.5.1 o f  t h e  t e x t b o o k  o r  t h e  Colebrook-White e q u a t i o n  (Eq. 
2.5.13 from t h e  textbook). I n  t h i s  case  t h e  l a t t e r  method w i l l  be prefer red  
s i n c e  i t  is more accura te  and e a s i e r  t o  implement i n  a computer code. For 
flow i n  t h e  t r a n s i t i o n  zone, 



The sa tu ra t ed  vapor pressure  a t  T - 25 OC is given by Equation (3.2.9) 
of the textbouk 

s o  ea - 2598 Pa. The a c t u a l  vapor pressure,  e,  is calcula ted by the  same 
method substituting the dew point temperature Td - 20 OC for T 

so e - 19811 Fa. 

The re la t ive  humidity, from Equation (3.2.11) of the textbook, is 

and the apecific humidity is given by Equation (3.2.6) of the texbook, w i t h  
sir pressure  p - 101.1 x l o s  Pa 

The #M oonutmt for air, Ra, is given by Equation (3.28) of the texbook 

Ra - 287 ( 1  0.608 p,) - 2117 (1 + 0.608 x 0.012) - 2119.~/(kg.%) 

and the air dmmity i r  0 U w l 8 t e d  from the  ideal law (Equation 3.2.7 of 
W tattbook) w i t h  tWp.PatUre T - 273 + 25 - 298 

the  temperature T, a t  e levat ion 2,  - 1500 m i s  given by Equation 
(3.2.16) of the  textbook With T - 25'~. 2 ,  - 0. and l apae  r a t e  a - 9 Oc/km, 
80 tht 

Thls trgerature is below the dew point temperature fo r  surfaoe oonditions, 
Td - 20 C,  mo the  vapor pressure  a t  1500 m e leva t ion  corresponds t o  the 
saturated vapor pressure 8iT.n  by Equation (3.2.9) of the  textbook 

The air pressure  p, a t  2, - 1500 q i s  given by Equation (3.2.15) from 
the textbook. w i t h  p, 101.1 kPa. so  that  

Pa p, ( ~ , / y , ) @ / ( ~ ~ d )  - 101.1 x ( 2 ~ . 5 / 2 9 8 ) ~ ' ~ ' / ( ~ . ~ ~ ~  289) - 84.9 kPa 



where t h e  g a s  c o n s t a n t  Rd  - 289 J / k g O ~  h a s  been t a k e n  f o r  s u r f a c e  
c o n d i t i o n s ,  s i n c e  i ts  v a r i a t i o n  w i t h  s p e c i f i c  h u m i d i t y  i s  s m a l l  ( t h i s  
assumption can be checked l a t e r ) .  

The s p e c i f i c  humidity q is given by Equation (3.2.6) of the  textbook, 
w i t h  a i r  p r e s s u r e  p - 84.9 x Y O '  Pa 

We c a n  now check t h e  v a l u e  o f  t h e  g a s  c o n s t a n t  used before .  For 
s p e c i f i c  humid1 t y  q,, - 0.01 

which is very c l o s e  t o  Rd - 289 J/(kg.%) assumed i n i t i a l l y  s o  no cor rec t ion  
is  necessary. 

The a i r  d e n s i t y  is  g i v e n  by t h e  i d e a l  g a s  l a w  ( E q u a t i o n  3.2.7 o f  t h e  
textbook) 

The a a t u r a t e d  vapor p r e s a u r e  a t  T - 1 5  OC is g i v e n  by Equa t ion  (3.2.9) 
of t h e  textbook 

a o  en - 1706 Pa. The a c t u a l  vapor p r e a a u r e  is, a c c o r d i n g  t o  Equat ion  
(3.2.1 1) frcm t h e  textbook, wi th  r e l a t i v e  humidity Rh - 0.35, 

The s p e c i f i c  humidity is, wi th  a i r  pressure  p - 101.3 kPa. 

The gaa conatant  f o r  air, R,, is given by Equation (3.2.8) of t h e  textbook 

and t h e  a i r  d e n s i t y  is g i v e n  by t h e  i d e a l  g a s  l aw (Equa t ion  3.2.7 o f  t h o  
textbook) wi th  temperature T - 273 + 15 - 288 OK, s o  t h a t  



Surf ace Temperature Precipi table  Water 

( O c )  (am) 

Table 3.2.6. Variation of precipi table  
water depth w i t h  surface temperature. 

From Equation (3.3.4) of t h e  textbook. t h e  t e r m i n a l  v e l o c i t y  vt of a  
f a l l i n g  raindrop of diameter D - 2 mm - 0.002 m ,  w i t h  Cd - 0.517 from Table 
3.3.1 of t h e  textbook. is  

t h i s  is t h e  drop v e l o c i t y  r e l a t i v e  t o  t h e  surrounding a i r .  If  t h e  a i r  is  
r i s i n g  w i t h  velocity v. - - 5 m / s ,  the  absolute velocity of the drop 13 

"re1 - vt va - 6.48 - 5 - 1.48 m/s 

and the drop is fa l l i ng .  

For drop d i ame te r  D - 0.2 m m  - 0.0002 m ,  w i t h  C - 4.2, t h e  t e r m i n a l  
veloci ty  oan be calculated s imi la r ly ,  r e su l t i ng  vt - 0 1 2  m / s  and 

"r e l  - vt + va - 0.72 - 5 - - 4.28 m/s 

and the drop is r is ing.  

Three ve r t i ca l  forces ac t  on a  f a l l i n g  raindrop: a  gravi ty  force Fw due 
t o  its weight, a  buoyancy f a c e  Fb due t o  the  a i r  displaced by the drop and 
a  drag force Fd caused by the f r ' c t i o n  between the drop and the surrounding 
a i r .  If v  is  t h e  v e r t i c a l  f a l r  v e l o c i t y  of t he  drop of mass m ,  from 
Newton's law 



The maximum r a i n f a l l  depth  recorded i n  10, 20 and 30 min. i n t e r v a l s  is 
found by comput ing  t h e  r u n n i n g  t o t a l s  i n  Cols.  ( 4 1 ,  ( 5 )  and ( 6 )  of T a b l e  
3.4.3. respect ive ly .  through t h e  storm, then s e l e c t i n g  t h e  maximum va lue  of 
t h e  c o r r e s p o n d i n g  s e r i e s .  as  shown i n  T a b l e  3.4.3. For example ,  f o r  a 30 
m i n u t e  time i n t e r v a l ,  t h e  maximum 3 0  m l n u t e  d e p t h  i s  1.16 i n ,  r e c o r d e d  
between 5 and 35 min. The r a i n f a l l  i n t e n s i t y  ( d e p t h  d i v i d e d  by t l m e )  
c o r r e s p o n d i n g  t o  t h i s  d e p t h  is 1.16 in/0.5 h r  - 2.32 i n / h r .  T h i s  v a l u e  is 
less than  60 1 of t h e  30 min i n t e n s i t y  e x p e r i e n c e d  a t  gage  1-Bee f o r  t h e  
same storm ( see  Table 3.4.1 from t h e  textbook). 

The computa t iow follow t h o s e  i n  Problem 3.4.3. and are summarized i n  
T a b l e  3.4.4. The  S t o r m  h y e t o g r a p h  i s  s h o w n  i n  F i g .  3 .4 .4(a) .  The  
cumulative r a i n f a l l  hyetograph. o r  r a i n f a l l  mass curve, is obtained i n  Col. 
( 3 )  of T a b l e  3.4.4, and p l o t t e d  i n  Fig. 3.4.4(b). 

The maximum r a i n f a l l  d e p t h  o r  i n t e n s i t y  ( d e p t h  d i v i d e d  by t i m e )  
recorded i n  10, 30, 60, 90 and 120 min. i n t e r v a l s  is found by computing t h e  
r u n n i n g  t o t a l s  i n  Cols.  (4)-(8)  o f  t h e  t a b l e .  th rough  t h e  s t o r m ,  t h e n  
s e l e c t i n g  t h e  maximum value  of t h e  corresponding s e r i e s ,  as shown i n  Table 
3.4.4. These  i n t e n s i t i e s  a r e  a b o u t  60-70 S of t h e  i n t e n s i t i e s  o b s e r v e d  a t  
gage  l-Bee f o r  t h e  same B t O P m  ( s e e  T a b l e  3.4.1 from t h e  t e x t b o o k ) ,  which  
experienced more severe r a i n f a l l .  

a )  A r i t h m e t i c  mean method. Raingagas  numbers 1. 4. 6 and 8 a r e  
looated  o u t s i d e  t h e  watershed and w i l l  no t  be  considered i n  t h e  computation 
of t h e  a r i t h m e t i c  mean. The areal average r a i n f a l l  is, the re fo re ,  

(b) T h i e s s e n  method. The T h i e s s e n  po lygon  ne twork  is  shown i n  P ig .  
3.4.5-1. The areas a s s i g n e d  t o  e a c h  s t a t i o n  a r e  shown i n  Col. ( 3 )  o f  T a b l e  
3.4.5-1. The w a t e r s h e d  area is A - 1 2 5  k m x  and  t h e  areal a v e r a g e  r a i n f a l l  
i s  g i v e n  by Eq. (3.4.1) of t h e  t e x t b o o k  

J 
P - l / A  1 AjPf - 87461125 - 70.0 mm 

J-1 

(c )  I s o h y e t a l  method. The i s o h y e t a l  map is shown i n  Fig.  3.11.5-2. 
The average  r a i n f a l l  is found by adding t h e  weighted r a i n f a l l  va lues  i n  Col. 
( 4 )  o f  T a b l e  3.4.5-2. 



( 1 )  ( 2) ( 3 )  ( 4 )  (5)  ( 6 )  ( 7 )  ( 8 )  
Time Rainfall Cumulative Runing t o t a l s  ( i n )  

Rainfall 

( m i d  ( i n )  ( i n )  10 min. 30 min. 60 min. 90 m i n .  120 min. 

Max. Depth 0.480 0.880 2.360 3.540 4.670 5.760 ( i n )  
Max. Int.  5.760 5.280 4.720 3.540 3.113 2 . 8 8 0 ( i n / h r )  

- - -  - 

Table 3.4.4. Canputation of ra infa l l  depth and intensity 



(a) Rainfall Hyetograph 

0 80 m loo l a  

(cnOn) 

(b) Cumulative Rainfall Hyetograph 

o w n loo lt l  lw - (-0 
Fig. 3 . 4 . 6 .  Rainfall hyetograph ( in  5 ruin. increments) and cumulative ra infa l l  
hyetograph a t  gage I-WLN for the storm of May 24-25, 1981 i n  Austin, Texas. 



CHAPTER I, SUBSURFACE WATER - - 

Equat ion (4.1.10) of t h e  textbook may be w r i t t e n  l o r  t h e  average  
moisture f lux  q between measurement points 1  and 2 as 

where z l  - -80 cm, z, - -100 cm and h , ,  h, can be measured from Fig. 
4.1.5.(b) of  t h e  textbook. The s u c t i o n  head Q at  each dep th  may be found 
from Eq. (4.1.9) of  t h e  textbook as $ - h - z. For example. f o r  w e e k  1  a t  
z, - -80 cm, h,  - -145 cm s o  V 1  - h l  - z, - -145 -(-80) - -65 cm, and, 
s imi l a r ly .  0 ,  - -160 -(-loo) - -60 cm as shown i n  Cola. (4) and (5) of Table 
4.1.1. 

(1)  (2)  (3) (5) (6) (7)  (8)  (9) 
Hydraul. Hydraul. Moisture 

Total  head Suction head conduc. gradient f lux 
Week hl ha *I *a @ K sf q 

(cm) (01 tea) (01 ( 0 )  (-Id) ( m / d )  

b e  4 . 1 1  Soil moisture f lux  between 0.8 and 1.0 m a t  Deep Dean, 
Sussex. England. 

The h y d r a u l i c  Conduct iv i ty  Var i e s  w i t h  V,  s o  an approximate  average 
va lue  may be found cor responding  t o  t h e  ave rage  of t h e  Q va lues  a t  z ,  = 80 
cm and z,  - 100 cm, V - [-65 + (-60)]/2 - -62.5 cm as shown n Col. (6) .  and 
s h e  co r re spond ing  h y d r a u l i c  c o n d u c t i v i t y  is  K - 250(- r ) -2*t1  - 250 x 62.5- 

- I 1  - 0.041 cm/d i n  Col. (7). I n  week 1. t h e  h y d r a u l l c  g r a d i e n t  i n  Col. 
( 8 )  is Sf  - (h , -h , ) / (z , -z , )  - [-I45 -(-16011/[-80 - ( - loo) ]  - 0.75, so t h e  



s o i l  moisture f l u x  i n  week 1 is 

a s  shown i n  Col. ( 9 )  of Tab le  4.1.1. The f l u x  q is n e g a t i v e  because  
moisture is flowing downwards i n  t h e  s o i l .  

4.1.2. - 
The moisture f l u  between 1.0 and 1.2 m depth may be computed fol lowing 

t h e  method out l ined i n  Problem 4.1.1. For example, f o r  week 1 and depth z, - -100 cm, h ,  - -160 cm s o  $, - h ,  - z ,  - -160 - ( - T O O )  - -60 cm, and,  
s i m i l a r l y ,  +, - -190 -(-120) - -70 cm as shown i n  Cols. (4) and (5) of Table 
4.1.2. The h y d r a u l i c  c o n d u c t i v i t y  v a r i e s  w i t h  y,  s o  an  a p p r o x i m a t e  
average value may be found corresponding t o  t h e  average of t h e  $ values a t  
2 ,  - 100 cm and z ,  - 120 cm; $I - [-60 + (-70)]/2 - -65 cm a s  shown i n  Col. 

nd t h e  corresponding hydraul ic  conduct iv i ty  is K - 250(-$1 -2.11 0 250 rbtS-(i.ll - 0.037 cmld i n  Col. (7). I n  week 1,  t h e  h y d r a u l i c  g r a d i e n t  i n  
Col. (8 )  o f  Tab le  4.1.2 is  Sf  - (h , -h , ) / (z , -z , )  - [ - I90  -(-160)1/[-120 -(- 
100)l - 1.5, so t h e  s o i l  moisture f lux  i n  week 1 is 

a s  shown i n  Col. (9 )  of Tab le  4.1.2. The f l u x  q is n e g a t i v e  because  
moisture is flowing downwards i n  t h e  s o i l .  

The moisture f iuxes  may be computed between d i f f e r e n t  depths fo l lowing 
t h e  method o u t l i n e d  i n  Problems 4.1.1 and 4.1.2. Tab le  4.1.3-1 shows t h e  
h y d r a u l i c  heads  measured from Fig. 4.1.5(b) o f  t h e  texbook a t  d i f f e r e n t  
depths. The r e s u l t i n g  f luxes  are summarized i n  Table 4.1.3-2. The values 
of t h e  f l u x  a t  3m depth a r e  very high because t h e  s o i l  is s a t u r a t e d  most of 
t h e  time and t h e  r e l a t i o n s h i p  between h y d r a u l i c  c o n d u c t i v i t y  and s u c t i o n  
head is no longer appl icable ;  t h e  flow is dr iven by g r a v i t y  alone. 

Fig. 4.1.3 shows curves of moisture f l u x  versus time between d i f f e r e n t  
d e p t h s  i n  t h e  so i l .  I t  is clear f rom t h e  f i g u r e  t h a t  r a i n f a l l  d r i v e s  t h e  
i n f i l t r a t i o n  process .  The r e s p o n s e  of t h e  s o i l  t o  p r e c i p i t a t i o n  is v e r y  
r a p i d  i n  t h e  upper l a y e r s  of t h e  soi l .  For example.  between 0.4 and 0 . 8 ~ .  
i n f i l t r a t i o n  increases  abrupt ly  after s torms followed by a decay later. As 
we move deeper i n t o  t h e  s o i l ,  t h e  response is more damped and a s i n g l e  storm 
is no l o n g e r  i n f l u e n t i a l  t o  t h e  same degree ;  l o n g e r  r a i n y  p e r i o d s  a re  
required t o  increase  t h e  moisture f lux ,  as shown by t h e  1.5 t o  1.8m prof i le .  

During t h e  summer months. suct ion  heads a r e  very high throughout the  
s o i l '  p ro f i l e .  The e f f e c t  of p r e c i p i t a t i o n  i n  mois ture  f l u x  is neg l ig ib le ,  
e x c e p t  i n  t h e  upper  s e c t i o n s  of t h e  s o i l .  Between 0.4 and 0 . 8 ~ .  t h e  
d i r e c t i o n  of flow is eventual ly  reversed a s  moisture moves upwards t o  leave  
t h e  s o i l  a s  evapotranspiration. The c a l c u l a t i o n s  shown here  a r e  approximate 
as they do not account f o r  t h e  va r i a t ion  of s o i l  p roper t i e s  with depth i.e. 
t h e  same r e l a t i o n s h i p  between K and O is used f o r  a l l  depths i n  t h e  s o i l .  



(a) Infiltration vs. Time 

(b) Rate vs. Infiltration Depth 

Fig. 4 . 3 . 2 .  InfFltration rate and cumulative in f i l t ra t ion  depth computed 
by the Green-Ampt method. 



The i n f i l t r a t i o n  r a t e  f  and the cumulative i n f i l t r a t i o n  F  a t  time t = 
0,  0.5, 1 ,  1.5, 2, 2.5 and 3  h r s  may be computed f o l l o w i n g  t h e  method 
o u t l i n e d  i n  Problem 11.3.1. The cumula t ive  i n f i l t r a t i o n  i s  f i r s t  computed 
using Eq. (4.3.8) of t h e  textbook 

which may be solved by success ive  approximation f o r  each value of t. The 
i n f i l t r a t i o n  r a t e  is then computed using Eq. (4.3.7) of t he  textbook 

The r e s u l t s  a r e  l i s t e d  i n  Table  4.3.2. Fig. 4.3.2(a) shows a p l o t  of t h e  
i n f i l t r a t i o n  r a t e  and cumula t ive  infiltration versus  time. Fig. 4.3.2(b) 
shows the var ia t ion  of t he  i n f i l t r a t i o n  r a t e  f  w i t h  t h e  i n f i l t r a t i o n  depth 
F. 

I n f i l t r a t i o n  

Time Rate Depth 
t f  F  

(hr) (cm/hr) (0) 

Table 4.3.2. I n f i l t r a t i o n  
computedby theGreen-Ampt 
method. 



From Table 4.4.1 from the  textbook. f o r  a s i l t y  c l a y  s o l l ,  9, - 0.423, 
9 - 29.22 cm and k - 0.05 cm/hr. The i n i t i a l  e f f e c t i v e . s a t u r a t i o n  i s  S - 
0.2. s o  A9 - (1 - S,)Be - (1 - 0.2010.423 - 0.338. and $A9 - 29.22 x 0.33% - 
9.888 cm. Assumlng cont inuous ponding, t h e  cumulat ive i n f i l t r a t i o n  F i s  
found by successive subst i tut ion i n  Eq. (4.3.8) from the textbook 

For example, a t  time t - 0.1 hr, the cumulative i n f i l t r a t i o n  converges t o  a 
f i n a l  value F - 0.29. The i n f i l t r a t i o n  r a t e  f is then computed us ing  Eq. 
(4.3.7) of t h e  textbook 

For example, a t  t ime t- 0.1 hr ,  f - 0.05(1 + 9.89/0.29) - 1.78 cm/hr. The 
i n f i l t r a t i o n  r a t e  and t h e  cumulat ive i n f i l t r a t i o n  a re  s imi la r ly  computed 
between 0 and 6 hours a t  0.1 h r  i n t e r v a l s :  t h e  r e s u l t s  a r e  shown i n  Table  
4.3.3. 

The cumulative i n f i l t r a t i o n  may be computed by the method outlined i n  
Problem 4.3.1, with  Be 0.423, 1, - 29.22 cm and k - 0.05 cm/hr from Table  
4.3.1 of t h e  textbook. The cumula t ive  i n f i l t r a t i o n  F a f t e r  t - 1 h r  is 
shown i n  Col. (4)  of Table  4.3.4 and t h e  v a r i a t i o n  of F w i t h  t h e  i n i t i a l  
value of.Se is plotted i n  Fig. 4.3.4. For example. f o r  .effect ive saturat ion 
S - 0. A9 - (1  - S,)B - (1 - 010.423 - 0.423. and $A@ - 29.22 x 0.423 - 
13.36 cm a s  shown i n  col .  (2)  of Table 4.3.4. The i n f i l t r a t e d  depth is 
computed s o l v i n g  Eq. (4.3.8) of t h e  textbook by t h e  method of success ive  
approximation. For example, f o r  Se - 0 the cumulative i n f i l t r a t i o n  a f t e r  1 
hr converges t o  a f i n a l  value F - 1.14 cm, a s  shown i n  Col. (3 )  of t h e  
table. 



Fig. 4.3.4.  Cumulative infiltration depth, computed by the Grem-Ampt ~ t h o d ,  
as a function of the init ia l  effective saturation of the so i l .  



Ef  f e c t i  ve 
Saturation 

Cumulative 
Inf i l t r a t l o n  

Table 4.3.4. Cumulative i n f i l t r a t i o n  a f t e r  1 hr. 

The analysis  follow8 the derivation i n  Chapter 4.3 of the textbook f o r  
a single-layer Oreen-Alpt eqrutlon. A control volume is defined, as i n  Fig. 
4.3.2 of the  textbook. around a v e r t l o a l  column of s o i l  w i t h  u n i t  
o r o s ~ e c t i o n a l  a r e a b e t w e e n  t h e  s u r f a c e  and depth L - H I  + La,  where H I  is 
the upper l aye r  thioltnesa and La is the depth of the wet f ron t  i n  the  lower 
a .  The continuity equation gives Eq. (4.3.1 3) of t h e  textbook 

and d i f fe rent ia t ing  th i s  equation gives 
. . 

The momentum equ8tion (Darcy1s l aw)  a p p l i e d  between t h e  s o i l  s u r f a c e  
and the wetting f ron t  yields, with ponded depth h, on the surface, 

where K - C H 1 / K ,  * L,/KSI" is t h e  equ iva len t  hydrau l i c  conduc t iv i ty  f o r  
flow across two layers  of thioluruses H I  and L,, and conductivit ies K ,  and 
K,. S u b s t i t u t i n g  I( i n t o  previoua equa t ion  y i e l d s ,  n e g l e c t i n g  h,, Eq. 
(4.3.12) of t h e  textb0Ok. 



29.22 cm, w h i l e ,  f o r  t = 1 h r ,  t h e  t e r m  i t  - F i s  l e s s  t h a n  i t  - 1 cm, much 
smaller than *. An approximate s o l u t i o n  may then be obtained by assuming h ,  
i s  c o n s t a n t .  I n  t h i s  c a s e .  Eq. (4.4.7-2) may be w r i t t e n  a s  

. . 
dF/dt  - K t A O ( h o  + *) + FI/F 

s o  t h a t  

which can be i n t e g r a t e d  between t and t fo l lowing the  method o u t l i n e d  i n  
Sect ion 4.3 of the textbook t o  y ie fd  

The values of F and h, may be approximated using an l t e r a t i v e  procedure 
a s  f o l l o w s .  For h, = 0. F - 0.88 cm a t  time t - 1 h r ,  f rom Problem 4.4.6. 
Since  a l l  excess r a i n f a l l  c o n s t i t u t e s  ponded water,  t h i s  y i e l d s  a new value 
of h ,  - i t  - F - 1 x 1 - 0.88 - 0.12 cm. Then, t h e  p r e v i o u s  e q u a t i o n  may be 
s o l v e d  b y . t h e  method o f  s u c c e s s i v e  s u b s t i t u t i o n  w i t h  t = 1 h r ,  K = 0.05 
cmlhr, 9A0 - - 9.89 om, t p  - 0.52 h r ,  Fp - 0.52 and h, = 0.12 cm. The new 
v a l u e  of  F is F - 0.88 cm and  h, = it - F - 1 x 1 - 0.88 - 0.12 cm. T h i s  
shows that the  depth he is i n  e f f e c t  n e g l i g i b l e  a t  t ime  t = lhr. 

For a  c l a y  loam s o i l ,  0, = 0.309, ) - 20.88 cm and K = 0.1 c m / h r ,  f rom 
T a b l e  4.3.1 of  t h e  tex tbook.  The ponding time is, f rom T a b l e  4.4.1 of t h e  
textbook, 

s o  t h a t  t h e  i n i t i a l  e f f e c t i v e  s a t u r a t i o n  is, with tp - 5 min - 0.083 h r  and 
rainf 'a l l  i n t e n s i t y  i - 2 cm/hr, 

Then, f o r  a  sandy  loam s o i l .  0, = 0.412. $ - 11.01 cm and K = 1.09 cmlhr .  s o  
t h e  ponding t ime under r a i n f a l l  i n t e n s i t y  i = 2 cm/hr is 

The ponding time f o r  t h e  P l l i p ' s  e q u a t i o n  i s  g i v e n  i n  T a b l e  4.4.1 of 
t h e  texttook. For S = 5 cm hr-1'2, K = 0.4 cmlhr and r a i n f a l l  i n t e n s i t y  i = 
6 cm/hr, t h i s  g l v e s  


