
A Physical Model of Vertical Infiltration, Drain Discharge 
and Surface Runoff 

\. Vandenberc 

1CH INSTITUTE 
IWECTORATE 

IrapjADA, 1985 
jr dema 



r I* Environment Environnement 
Canada Canada 

National Hydrology Research Institute ^ 

NHRI PAPER NO. 25 

IWD TECHNICAL BULLETIN NO. 137 

A Ptiysical l\/lodel of Vertical Infiltration, Drain Discharge 
and Surface Runoff 

A. Vandenberg 

NATIONAL HYDROLOGY RESEARCH INSTITUTE 
INLAND WATERS DIRECTORATE 

OTTAWA, CANADA, 1985 
(Disponible en franpais sur demande) 



© Minister of Supply and Services Canada 1986 

Cat. No. En 36-503/ 137E 

ISBN 0-662-14477-5 



Contents 
Page 

ABSTRACT v i 

RESUME v i i 

LIST OF SYMBOLS v i i i 

INTRODUCTION 1 

INTERNAL SOIL MOISTURE MOVEMENT, INFILTRATION AND GROUND-WATER 
DISCHARGE 4 

I n te rna l t r a n s f e r f u n c t i o n s , 4 
I n f i l t r a t i o n , 1 7 
Ground-water d i s c h a r g e , G 8 

OTHER TRANSFER FUNCTIONS 1 0 
P r e c i p i t a t i o n , P 1 0 
Dra in d i s c h a r g e , D 1 0 
Sur face r uno f f , R 1 0 

MOISTURE ACCOUNTING 1 1 

EFFECT OF DRAINAGE AND SOIL PARAMETERS ON DISCHARGE RATE 1 3 
E f f e c t of d r a i n i n t e n s i t y A ( F i g s . 8 , 9 , 1 0 ) 1 5 
E f f e c t of d r a i n i n t e n s i t y A, low K Q ( F i g s . 1 1 , 1 2 , 1 3 ) 1 7 
E f f e c t of d r a i n depth D ( F i g s . 1 4 , 1 5 , 1 6 ) 1 8 
E f f e c t of sa tu ra ted c o n d u c t i v i t y , K Q ( F i g s . 1 7 , 1 8 , 1 9 ) 1 8 
E f f e c t of a lpha ( F i g s . 2 0 , 2 1 , 2 2 ) 1 8 
A h i g h - i n t e n s i t y s h o r t - d u r a t i o n event ( F i g s . 2 3 , 2 4 , 2 5 ) 1 9 
Three heavy one-day s torms, one week apar t ( F i g s . 2 6 , 2 7 , 2 8 ) . 1 9 

CONCLUSIONS 19 

ACKNOWLEDGMENTS 2 1 

R E F E R E N C E S . . . . . 2 2 

APPENDIX A. Fo r t ran code 4 5 

APPENDIX B. Cyber c o n t r o l language fo r running the model and 
p l o t t i n g r e s u l t s 5 5 

Tables 

1 , Model parameters 1 4 
2 . Represen ta t i ve pF-curves f o r sand, 

sandy loam and c l a y loam 1 5 

i i i 



Illustrations 
Page 

F igure 1 . Par t of the h y d r o l o g i c a l c y c l e a f f e c t i n g st reamf low 2 

F igure 2 . Sec t i on of the h y d r o l o g i c a l c y c l e a f f e c t e d by 

dra inage improvements 3 

F igure 3 . Drainage model w i th d i s t r i b u t e d s o i l mois ture s t o r a g e . . . 5 

F igure 4 . I n te rna l mois ture movement and symbol d e f i n i t i o n s 6 

F igure 5 . Mo is tu re d isp lacement at the water t a b l e 9 

F igure 6 . Drainage h i s t o r y of a swamp 1 2 
F igure 7 . The pF-curves r e p r e s e n t a t i v e of a sand, a sandy loam 

and a c l a y loam, as used i n the examples 1 6 

F igure 8 . E f f e c t of d r a i n i n t e n s i t y A : sand 2 3 

F igure 9 . E f f e c t of d r a i n i n t e n s i t y A : sandy loam 2 4 

F igure 1 0 . E f f e c t of d r a i n i n t e n s i t y A : c l a y loam 2 5 

F igure 1 1 . E f f e c t of d r a i n i n t e n s i t y A : sand, low K Q 2 6 

F igure 1 2 . E f f e c t of d r a i n i n t e n s i t y A : sandy loam, low K Q 2 7 

F igure 1 3 . E f f e c t of d r a i n i n t e n s i t y A : c l a y loam, low Kg 2 8 

F igure 1 4 . E f f e c t of d r a i n depth D: sand 2 9 

F igure 1 5 . E f f e c t of d r a i n depth D: sandy loam 3 0 

F igure 1 6 . E f f e c t of d r a i n depth D: c l a y loam 3 1 

F igure 1 7 . E f f e c t of sa tu ra ted c o n d u c t i v i t y K Q : sand 3 2 

F igure 1 8 . E f f e c t of sa tu ra ted c o n d u c t i v i t y K Q : sandy loam 3 3 

F igure 1 9 . E f f e c t of sa tu ra ted c o n d u c t i v i t y K^: c l a y loam 3 4 

F igure 2 0 . E f f e c t of a l p h a : sand 3 5 

F igure 2 1 . E f f e c t of a l p h a : sandy loam 3 6 

F igure 2 2 . E f f e c t of a l p h a : c l a y loam 3 7 
F igure 2 3 . A h i g h - i n t e n s i t y s h o r t - d u r a t i o n event : sand 3 8 

F igure 2 4 . A h i g h - i n t e n s i t y s h o r t - d u r a t i o n event : sandy loam 3 9 

i V 



Illustrations (Cont.) 
Page 

F igu re 25 . A h i g h - i n t e n s i t y s h o r t - d u r a t i o n event : c l a y loam 40 

F igure 26. Three heavy one-day s torms, one week a p a r t : sand 41 

F igure 27. Three heavy one-day s torms, one week a p a r t : sandy 
loam 42 

F igure 28. Three heavy one-day s torms, one week a p a r t : c l a y 43 

V 



Abstract 

The author i d e n t i f i e s the elements of the h y d r o l o g i c a l c y c l e and 
t h e i r i n t e r r e l a t i o n s h i p s which are d i r e c t l y i n f l uenced by s o i l and 
sur face dra inage improvements. A model of t h i s p a r t i a l c y c l e i s 
c o n s t r u c t e d , pe rm i t t i ng the assessment of the e f f e c t of dra inage 
Improvement on the t o t a l d i scharge from a dra ined p l o t f o r a g iven 
p r e c i p i t a t i o n i npu t . To ta l d i scharge i s composed of sur face runof f and 
d r a i n d i s c h a r g e . 

P a r t i c u l a r emphasis i s p laced on the s o i l mois ture component. 
I n f i l t r a t i o n and p e r c o l a t i o n to the ground-water t a b l e . A l l components 
except the unsaturated zone are t rea ted as lumped systems, but the 
unsaturated zone Is represented in the model by a s tack of up to 50 
l a y e r s , the mois ture t r a n s f e r between l aye rs being c a l c u l a t e d by a 
f o r w a r d - f i n i t e d i f f e r e n c e type of c a l c u l a t i o n based on the 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 s o i l . 

The e f f ec t s of the parameters of the model are desc r ibed and 
d i scussed by means of approx imate ly 90 sample runs . The parameters 
determin ing storage capac i t y of the s o i l i n f l u e n c e the shape and peak 
va lue of d i scharge much more than those determin ing v e l o c i t y of f l ow . 

In the course of the dra inage h i s t o r y of o r i g i n a l l y water logged 
a r e a s , Increased peak f lows can be expected in the e a r l y stages owing to 
Improved sur face d ra inage ; subsequent ly . Improvement i n s o i l dra inage and 
a e r a t i o n w i l l cause peak f lows to d i m i n i s h . 

Users are caut ioned that the model i s only a crude represen­
t a t i o n of the rea l w o r l d , being s i n g l e - l a y e r e d and one -d imens iona l , and 
rep resen t ing only one l e v e l of d ra inage . 

Key words: Dra inage, f l o o d i n g , d i scharge peak, i n f i l t r a t i o n , p e r c o l a t i o n , 
unsaturated zone, su r face runo f f , d i g i t a l model. 
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Resume 

L 'au teur ind ique les elements du c y c l e hyd ro log lque , a1ns1 que 
leu rs I n t e r r e l a t i o n s , qui sont d i rectement touches par des ame l i o ra t i ons 
du so l et du dra inage de s u r f a c e . II presente un modele dec r i van t ce 
c y c l e p a r t i e l , qui permet d ' e v a l u e r I ' e f f e t de 1 ' a m e l i o r a t i o n du dra inage 
sur I 'ecoulement t o t a l provenant d'une p a r c e l l e d ra inee recevant une 
p r e c i p i t a t i o n de volume connu. I 'ecoulement t o t a l est c o n s t i t u e du 
r u i s s e l l e m e n t de su r face et de I 'ecoulement des d r a i n s . 

Une a t t e n t i o n p a r t i c u l i e r e es t accordee a l a composante de 
I ' humid i te du s o l , a 1 ' i n f i I t r a t i o n et a l a p e r c o l a t i o n j u s q u ' a l a nappe 
ph rea t i que . Toutes l es composantes a 1 'excep t ion de l a zone i nsa tu ree 
sont t r a i t e e s comme des systemes globaux («lumped»), mais l a zone 
i nsa tu ree es t representee dans le modele par une c inquanta ine de couches, 
l e passage de I ' humid i te ent re l es couches etant determine par un c a l c u l 
du type p r o g r e s s i f aux d i f f e r e n c e s f i n i e s a p a r t i r des c a r a c t e r i s t i q u e s 
physiques du s o l . 

L ' e f f e t des parametres du modele est d e c r i t et examine a p a r t i r 
des r e s u l t a t s d ' e n v i r o n 90 e s s a i s . Les parametres determinant l a 
c a p a c i t e d'emmagasinement du so l i n f l u e n t beaucoup plus sur l a forme et 
l e n iveau de po in te de I 'ecoulement que ceux qui determinent l a v i t e s s e 
d 'ecou lement . 

Sur les t e r r a i n s qui e t a i e n t satures d ' e a u , 1 ' ame l i o ra t i on du 
dra inage de sur face d e v r a i t e n t r a l n e r dans les premiers temps un 
accro issement du deb i t de p o i n t e , pu is 1 ' ame l i o ra t i on du dra inage du so l 
et de 1 ' ae ra t i on l e f e r a d im inuer . 

Les u t i l i s a t e u r s sont prevenus que le modele es t seulement une 
rep resen ta t i on g r o s s i e r e de l a r e a l i t e , e tant monocouche et 
un id imensionnel et ne representant qu'un seul n iveau de d ra inage . 

Mots c l e s : Dra inage, i n o n d a t i o n , deb i t de p o i n t e , i n f i l t r a t i o n , 
p e r c o l a t i o n , zone i n s a t u r e e , r u i s s e l l e m e n t de s u r f a c e , modele 
numerique. 
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A Physical Model of Vertical Infiltration, Drain Discharge 
and Surface Runoff 

A. Vandenbe rg 

INIRODUCTION 

Any par t of the h y d r o l o g i c a l c y c l e can be de f ined as a set of 
s torage r e s e r v o i r s between which water t r a n s f e r s take p lace at ra tes 
governed by the laws of p h y s i c s . In g e n e r a l , these p h y s i c a l laws r e l a t e 
the t r a n s f e r between two ad jacent r e s e r v o i r s to the p h y s i c a l s ta te of the 
two r e s e r v o i r s . Once a l l the t r a n s f e r f unc t i ons have been e s t a b l i s h e d , 
the changing s ta te of the system as a whole can be fo l lowed through time 
by a system of double bookkeeping, prov ided e n t r i e s to the ledger are 
made at f requent enough I n t e r v a l s that the s ta te j u s t a f t e r the t r a n s f e r s 
have been entered prov ides the bas is f o r c a l c u l a t i n g the t r a n s f e r ra tes 
dur ing the smal l t ime u n t i l the next ent ry i s made. 

The par t of the h y d r o l o g i c a l c y c l e that i s of pr imary I n te res t 
i n determin ing the t rans fo rmat ion of a p r e c i p i t a t i o n event over a bas in 
i n t o the cor responding d i scharge event i s shown in F igure 1, where the 
s torage r e s e r v o i r s are represented by rec tangu la r boxes, and the t r a n s f e r 
f unc t i ons by t r i a n g l e s suggest ing the p reva len t d i r e c t i o n of the t r a n s f e r . 

Drainage works, when I n s t a l l e d in par ts of a b a s i n , w i l l 
p r i m a r i l y a l t e r t r a n s f e r f u n c t i o n s , such as runof f ra te and ground-water 
d i scharge r a t e , but seconda r i l y a f f e c t s t o r a g e s , such as sur face ponding 
and s o i l mo is tu re . In p a r t i c u l a r , i f we wish to study the e f f e c t of 
dra inage Improvements on the shape of the time s e r i e s of bas in ou t f l ow , 
we can l i m i t ou rse lves to a sma l le r subsec t ion of F igure 1, i n c l u d i n g only 
those t r a n s f e r f unc t i ons and storages most d i r e c t l y a l t e r e d by dra inage 
improvement. F igure 2 shows such a p a r t i a l c y c l e , i n c l u d i n g the storage 
r e s e r v o i r s S-] to S5 and the t r a n s f e r f unc t i ons P, I, G, D and R, where 

S-) = p r e c i p i t a t i o n r e s e r v o i r 
$2 = su r face ponding 
53 = s o i l mois ture s torage 
54 = s torage i n the d ra ins 
$5 = s torage i n the d i t c h 
P = p r e c i p i t a t i o n 
I = i n f i l t r a t i o n 
G = ground-water d i scharge to d r a i n 
D = d r a i n d ischarge to d i t c h 
R = runof f over the su r face i n t o the d i t c h . 

F igure 2 a l s o i n d i c a t e s how the p a r t i a l c y c l e f o r one p l o t i s 
connected to other p l o t s through the s e c t i o n of d i t c h , 85; each s e c t i o n 
of the d i t c h rece i ves Inputs R and D, as we l l as input from at l e a s t one 
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Figure 1. Part of the hydrological cycle affecting streamflow. 
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Figure 2. Section of tlie hydrological cycle affected by drainage improvements. 



other s e c t i o n , and d ischarges i n t o at l e a s t one other s e c t i o n . Therefore 
the s ta te of the s e c t i o n of the d i t c h cannot be c a l c u l a t e d un less the 
s ta tes of the a d j o i n i n g sec t i ons are a l s o known. This has the f u r t he r 
consequence that i f R and D are s e n s i t i v e to changes in S5, a l l other 
s torages in the system w i l l a l s o be a f f e c t e d and a workable model must 
i nc lude a l l pa r ce l s of d ra ined land which d ischarge i n t o the same d i t c h . 

F o r t u n a t e l y , i n most ins tances both R and D d ischarge i n to the 
d i t c h or stream above the water l e v e l and the re fo re do not depend on the 
water l e v e l i n the d i t c h . Only i n cases of extreme f l o o d i n g , i . e . , when 
the o u t l e t of S5 becomes b l ocked , w i l l the d ra i n o u t l e t be under water , 
i n which case the d i r e c t i o n of 0 may be reve rsed . We w i l l not cons ide r 
such extreme cases here but l i m i t ourse lves to the one p l o t , assuming 
that R and D are independent of S5, which w i l l be mainta ined fo r 
bookkeeping purposes o n l y . Thus, w i th the a d d i t i o n of S] at the input 
end, we are d e a l i n g w i th a c losed system fo r which the sum of a l l the 
s torages must remain cons tan t . 

In the next two s e c t i o n s , a d e t a i l e d a n a l y s i s i s g iven of the 
t r a n s f e r f u n c t i o n s : the s o i l - r e l a t e d func t i ons I and G and the remaining 
f unc t i ons P, D and R. Then the model, b a s i c a l l y a mo is tu re -accoun t ing 
p rocess , i s desc r ibed in i t s e n t i r e t y . Some of the model r e s u l t s are 
shown and the e f f e c t of the va r ious parameters on the d ischarge time 
s e r i e s are d i s c u s s e d . 

INTERNAL SOIL MOISTURE MOVEMENT, INFILTRATION AND GROUND-WATER DISCHARGE 

In the prev ious s e c t i o n , and in F igures 1 and 2, we have t a c i t l y 
assumed tha t f o r each of the storage elements shown, under iso thermal 
c o n d i t i o n s , the s t a te of the element can be equated to the t o t a l amount 
of water i n the element, a unique number. S p e c i f i c a l l y i n the case of 
s o i l s t o rage , however, s o i l mois ture i s t y p i c a l l y a f u n c t i o n of i t s 
p o s i t i o n in the e lement, no tab ly of i t s e l e v a t i o n . But the i n f i l t r a t i o n 
r a t e , I, does not depend on the mois ture content at some depth , but only 
on the mois ture content near the s u r f a c e ; s i m i l a r l y , the ground-water 
d i s c h a r g e , G, does not depend on the mois ture content near the sur face or 
some In termediate dep th , but ra the r on the h y d r a u l i c head and the re fo re 
the water content at the depth of the d r a i n . Thus the lumped system of 
F igures 1 and 2 can Int roduce la rge e r r o r s , s i nce s o i l mois ture i s 
d i s t r i b u t e d unevenly throughout the s o i l column. Thus we come to 
cons ider the model of F igure 3, w i th d i s t r i b u t e d ground-water s to rage , 
which i s de r i ved from F igure 2 by s u b d i v i d i n g S3 i n t o m sma l le r s torage 
elements S3 ^,1 = 1 to m, and i n t r o d u c i n g the (m-1) I n te rna l t r a n s f e r 
f unc t i ons Q^'.i = 1 to (m-1). 

I n te rna l T rans fe r Func t i ons , Qj 

The i n t e r n a l t r a n s f e r f unc t i ons can be der i ved from Darcy ' s law 
as mod i f ied f o r v e r t i c a l f low i n unsaturated s o i l : 

q = -K(ti.)(d/dZ)(i|. + Z) = -K( i | . ) (d*/dZ + 1) (1) 

where q = volume of water moving upward through a h o r i z o n t a l p lane of 
un i t area per un i t of t ime (dimension L/T) 

4 



K c o n d u c t i v i t y , which i s a f unc t i on of pressure head iji 
(dimension L/T) 

^ = pressure head, negat ive i n unsaturated s o i l , p o s i t i v e i n 
sa tura ted s o i l (d imension L) 

Z = v e r t i c a l coord ina te i n c r e a s i n g upward (dimension L ) . 

Pressure head i s r e l a t ed to mois ture con ten t , 9, but the 
r e l a t i o n s t r i c t l y speaking i s not unique, showing h y s t e r e s i s , i . e . , the 
ili(9) curve fo r a d ry ing s o i l i s d i f f e r e n t from the ^{Q) curve fo r 
a mois ten ing s o i l . Al though i t i s d i f f i c u l t to assess the e r ro r 
in t roduced in doing so , we w i l l never the less base our model on an average 
i|;(6) cu rve , where 6 i s the moisture content by volume, which 
un iquely r e l a t e s 6 and i|i Independent of past h i s t o r y . This r e l a t i o n 
must be determined fo r each s o i l i n the labora to ry or i n the f i e l d by 
measuring i|i at d i f f e r e n t va lues of 6. 

S2 
R 

A 

Q m - 1 

A 

S3,2 
A 

Q2 

A 

Ss.i Q l 

Figure 3. Drainage model with distributed soil moisture storage. 
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On the other hand, the r e l a t i o n s h i p between K and i|i Is unique 
and fo r not too dry s o i l s can be approximated by an exponent ia l 
e x p r e s s i o n : 

K = K Q exp (a*) 

where Kg = c o n d u c t i v i t y of the sa tu ra ted s o i l (d imension L/T) 
a = a constant (dimension L~^). 

From Equat ion 2 we have 

di|r/dK = l / ( a K ) 

wh ich , s u b s t i t u t e d in ( 1 ) , g ives 

dK/dZ = -a (q + K) 

( 2 ) 

( 3 ) 

For the f low between two t h i n ad jacent s o i l elements Z^ and Z^̂ .-] 
( F i g . 4) Q may be taken as cons tan t , and i n t e g r a t i o n of Equat ion 3 then 
r e s u l t s i n : 

or 
In [ (Qi + K O / ( Q ^ ir K i , i ) ] = a ( Z ^ . i - Z^) 

Q1 + = (Q1 t K i , i ) e aAZ 

(4) 

( 5 ) 

Node, element nr. 

(1 + 1) 

(i) 

Z i _ i 

0-« DRAIN 
Figure 4. Internal moisture movement and symbol definitions. 



- p o s i t i v e 
c o n d u c t i v i t y of the i t h element 
the e l e v a t i o n of the cen t repo in t of the lower ( i t h ) 
element 
the e l e v a t i o n of the cen t repo in t of the h igher element 

mois ture f low from the i t h element to the (1+ l ) th 
element. 

Equat ion 5 can be w r i t t e n e x p l i c i t l y f o r : 

Ql = (K^ - a K i ^ T ) / ( a - l ) (6) 

where a = exp (aAZ) 

Now, a f l ow of mois ture out of the i t h element r e s u l t s i n a decrease 
A(eAZ) i n the t o t a l mois ture eAZ of the i t h : 

where AZ 
Ki 
Zi 

Z i . l 

Qi 

a(eAZ) = QiAt 

where At = an Increment of t ime between two bookkeeping e n t r i e s . 
S ince Kp and K p i are known func t i ons K[i|((9)] of 6, the 
change in mois ture content of an element dur ing At can be c a l c u l a t e d 
( F i g . 4) f rom: 

AO^AZ) = At(Qi_T - QO (7) 

o r , us ing (6) 

Ae^ = (At /AZ) [K i_- i - ( a f l ) Ki t a K i t l ] / ( a - 1) (8) 

Equat ions 7 or 8 can be used to s imu la te the fu tu re s ta te of a l l the 
I n te rna l elements w i th mois ture content below s a t u r a t i o n . But f o r the 
upper element of S3 , the f l u x through the upper s u r f a c e , that i s 
I n f i l t r a t i o n or e v a p o r a t i o n , must be c a l c u l a t e d by other means, s i nce i t 
i s c o n t r o l l e d by the s ta te of the storage element S2, the pooled water , 
as we l l as by the s ta te of 83^,^, the uppermost s o i l l a y e r . And i n the 
case of the lowermost unsaturated e lement, the f low through i t s lower 
su r face i s determined by sa tu ra ted f low cond i t i ons in the under l y ing 
e lement, and must t he re fo re a l s o be determined s e p a r a t e l y . 

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

Instantaneous i n f i l t r a t i o n ra te Into a s o i l depends p r i m a r i l y on 
the mois ture content of the uppermost s o i l e lement, but i s l i m i t e d by the 
amount of water s to red on the su r face S2, 

l A t < S2 (9) 

and by the s torage capac i t y of the upper s o i l l aye r 

l A t < AZ O s a t - Qm) (10) 

where ^%at = sa tu ra ted mois ture content of the s o i l 
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the mois ture content of the mth or upper s o i l s torage 
element S3^n,, t ak ing i n t o account that i t s water content 
at the end 'o f the t imestep may be taken , thus 

9m = Qm + Qm-1 A t / A z . ( 1 1 ) 

Fur thermore, i t must be taken i n t o c o n s i d e r a t i o n that i f the l e v e l of 
$2 i s above the l e v e l of the ou t f low ( F i g . 3 ) , su r face runof f R w i l l be 
genera ted , competing w i th i n f i l t r a t i o n fo r the t o t a l a v a i l a b l e sur face 
storage (pond ing) . 

Wi th in these l i m i t s the i n f i l t r a t i o n ra te can be c a l c u l a t e d on 
the assumption that as long as S 2 >0 the su r face of the s o i l i s 
sa tu ra ted and has c o n d u c t i v i t y K Q . Then, from Equat ion 6 , 

-I = (Kn, - a ' K o ) / ( a ' - 1 ) ( 1 2 ) 

where a ' = exp(aAZ/2) 

s ince (Z2 - i s now AZ/2, the d i s t a n c e between the su r face and 
the cent re of the uppermost e lement, and I des ignates downward f low in 
keeping w i th the d i r e c t i o n of the arrow i n F igure 3 . 

Ground-Water D ischarge . 6 

For the s imu la t i on of ground-water d i s c h a r g e , G, we use the 
l i n e a r approx imat ion f i r s t g iven by Hooghoudt ( 1 9 3 7 ) , and a l s o desc r ibed 
i n H i l l e l ( 1 9 8 0 ) : 

G = Ai|»o ( 1 3 ) 

where = pressure head at the depth of the d r a i n s , midway 
between two p a r a l l e l d ra ins 

A = dra inage i n t e n s i t y = SKod/L^ (d imension 1 / T ) 
L = d i s t ance between d ra ins 
d = the equ i va len t depth of the a q u i f e r below the d r a i n s . 

From Equat ion 1 3 we can de r i ve an express ion f o r G i n terms of 
l^, the he ight of the water t ab l e above the d ra ins midway between the 
d r a i n s , i ns tead of i n terms of (Van Wyk, 1 9 8 0 ) : 

G = + K Q ) ( 1 4 ) 

and the equ i va len t equat ion f o r I^: 

Zw = GKo/[A(Ko - G ) ] ( 1 5 ) 

Equat ions 1 4 and 1 5 con ta in the two unknowns, G and Z^,. 
However, s ince the sa tu ra ted zone does not a l l o w fo r any s torage changes, 
we must assume tha t the f low from the lowermost unsaturated element to 
the water t a b l e must a l s o be equal to G ( F i g . 5 ) and w i th the use of 
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Equat ion 4 can be expressed a s : 

G = -Qns = - [^o - Kps.T exp(a(nsAZ - Z J ) ] / 

[exp(a(nsAZ - Z ^ ) ) - ! ] 

where ^ number of sa tu ra ted e lements . 

( 

E l i m i n a t i n g G between Equat ions 15 and 16 and rear rang ing f i n a l l y g1 
the i m p l i c i t equa t i on : 

Zw - C-, 1- C2 exp(aZ„) = 0 ( 

where = KQ K ^ s ^ / t ^ K o - K^s^ i ) ] 

C2 = K2 exp( -ansAZ) / [A(Ko - K p s ^ i ) ] -

Equat ion 17 was f i r s t g iven by Wind and Van Doorne (1975) ; i t can 
so lved i t e r a t i v e l y fo r Z,^ w i th Newton's method: 

W h e r e Z^"^ and z ^ " ^ ^ ^ are the nth and ( n n ) t h approx imat ion of Z 
W W w 

and 
F(Zw) = Z^ - C-| f C2 exp(aZw) 

F'(Zw) =1 "^2 exp ( a Z ^ ) . 

Once has been determined, G fo l l ows from Equat ion 14. 

AZ 

Zw' 

K ns + 1 

Q ns 

node ns+1 

water table 

node ns 

Drain 

Figure 5. Moisture displacement at the water table. 



OTHER TRANSFER FUNCTIONS 

P r e c i p i t a t i o n . P 

Comparison of F igures 2 and 3 Ind i ca tes that the t r a n s f e r 
f u n c t i o n l a b e l l e d P, the Input to the sur face r e s e r v o i r , S2, 1s 1n 
r e a l i t y composed of a number of t r a n s f e r s : main ly those shown In F igure 
2 as ra1n, me l t , evapora t ion and f r e e z i n g , the l a t t e r two being negat ive 
Inputs to At p resen t , the c o n s t r u c t i o n of the model does not 
d i s t i n g u i s h between these Inputs but presumes that t h e i r a l g e b r a i c sum Is 
known from other sources and presented at each t imestep as Input to the 
model. The c o n s t r u c t i o n of the model, however, permi ts the I n s e r t i o n of 
a d d i t i o n a l rou t i nes f o r these f unc t i ons as they become a v a i l a b l e . 

Whenever there Is no p r e c i p i t a t i o n , evapora t ion may take p lace 
from ponded water , or from the uppermost s o i l l aye r I f So Is empty; P 
may thus be nega t i ve . In the model , t r a n s p i r a t i o n , which takes p lace In 
the leaves of p l a n t s , 1s not c o n s i d e r e d , a l though I t t r a n s f e r s mois ture 
from the s o i l , sometimes at cons ide rab le depth , through the root system 
to the atmosphere. S o i l mois ture account ing models which do Inc lude 
t r a n s p i r a t i o n e x i s t ( i . e . Feddes et a j . . , 1978) , but i t i s our op in ion 
that the theory i s not we l l enough e s t a b l i s h e d and the necessary data are 
g e n e r a l l y not a v a i l a b l e f o r p r a c t i c a l a p p l i c a t i o n in d ischarge 
m o d e l l i n g . Thus the model accounts only f o r evapora t ion from the ponded 
water S2 a t p o t e n t i a l evapora t ion ra te o r , i f no ponding i s p resen t , 
from the top l aye r a t a reduced r a t e . At present we have s imply put 

E s o i l = Epot(9m - %)/(Bsat - ^o) 

ac tua l evapora t ion from the upper s o i l l a ye r (L /T ) 
p o t e n t i a l e v a p o r a t i o n , as s p e c i f i e d in input to 
model (L /T ) 
mois ture content of top l aye r 
minimum s o i l mois ture content on the i|( - 6 curve 
mois ture content a t s a t u r a t i o n . 

Thus, ac tua l evapora t ion w i l l be equal to p o t e n t i a l evapora t ion fo r a 
sa tu ra ted top l a y e r , to decrease l i n e a r l y w i th decreas ing s o i l mois ture 
con ten t , becoming zero when the s o i l i s at minimum mois ture con ten t . 

where E j o n 
Epot 

Qm 
00 
Qsat 

Drain D ischarge . D 

In the present ve rs i on of the model the smal l s torage changes in 
the d ra ins are not taken i n t o account , and D i s assumed to be equal to G 
at a l l t imes . I f fu tu re a p p l i c a t i o n s so war ran t , the t r a n s f e r f unc t i on 
0(84) can e a s i l y be i n s e r t e d i n t o the model. 

Sur face Runof f . R 

Sur face runof f w i l l be generated whenever the depth of water on 
the s u r f a c e , S2, exceeds a c e r t a i n v a l u e , des ignated by the constant 
''max model. The constant P^^y^ i s u s u a l l y i n the order of a 
few m i l l i m e t r e s . 
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The runof f v e l o c i t y R(S2) 1s c a l c u l a t e d by 

R = Ab (S2 - Pmax)^ (18) 

where A ,̂ Is a cons tan t ; R, however, Is r e s t r i c t e d by the f o l l o w i n g 
I n e q u a l i t i e s : 

(1) : RAt < S2 - Pmax 
and 

(2) : (R f I )At < $2 

Cond i t i on (2) requ i res that I and R be determined 1n c o n j u n c t i o n , that 
I s , both I and R are f i r s t c a l c u l a t e d s e p a r a t e l y , R being l i m i t e d by 
c o n d i t i o n ( 1 ) . Then the sum (R + I )At Is c a l c u l a t e d and compared w i th 
the a v a i l a b l e s torage $2; I f c o n d i t i o n (2) 1s not met, the a v a i l a b l e 
s torage w i l l be prora ted over R and I, that I s , both R and I are 
m u l t i p l i e d by the f a c t o r 

S2 / [ (R I )A t ] 

The th resho ld va lue P^g^ can have a s t rong e f f e c t on the peak 
f l o w . I f the th resho ld va lue Is low, as w i th good sur face d ra inage , the 
s o i l cannot absorb and pass the Incoming p r e c i p i t a t i o n , and most of i t 
w i l l run o f f over the s u r f a c e . Sur face runof f i s r e l a t i v e l y f a s t and 
thus c rea tes a la rge peak. I f the th resho ld value i s h i g h , as w i th poor 
sur face dra inage and swamp c o n d i t i o n s , the excess water cannot run o f f , 
and e i t h e r evaporates or s low ly runs o f f through the s o i l and d r a i n s . 

I f , however, not only the sur face dra inage but subsequent ly a l s o 
the subsur face dra inage i s Improved, the peak w i l l become sma l le r again 
(Wind and Vandenberg, 1984) . Such a course of events i s dep ic ted in 
F igure 6, showing a p o s s i b l e dra inage h i s t o r y of a swamp on a sandy 
loam. In the na tu ra l s t a t e , d r a i n i n t e n s i t y A and the c o e f f i c i e n t of 
sur face d ra inage , Ajj, are extremely low, the th resho ld value i s 6 cm, 
and the s o i l i s i n i t i a l l y complete ly sa tu ra ted w i th 5 cm of water on the 
s u r f a c e ; e x i s t i n g na tu ra l dra inage channels are sha l low (0 .5 m). At the 
s t a r t of the s imu la t i on p r e c i p i t a t i o n sets In at 6 mm/day, l a s t i n g 
15 days f o r a t o t a l of 9 cm; under these cond i t i ons the ou t f low from the 
swamp ( t r ace 1) does not reach 1 mm/day. 

I f the sur face runof f c o e f f i c i e n t i s inc reased and the th resho ld 
value i s reduced to 5 mm, the ou t f l ow , p r a c t i c a l l y a l l su r face f l ow , 
i nc reases to 6 mm/day ( t r ace 2 ) . Only a s l i g h t reduc t ion in peak f low i s 
ach ieved by i n c r e a s i n g the d r a i n i n t e n s i t y , l eav ing the d ra i n depth at 
0.5 m ( t r ace 3 ) . I nc reas ing the depth of the d ra ins to 1.5 m d r a s t i c a l l y 
reduces the peak ou t f low to 3 mm. 

MOISTURE ACCOUNTING 

Once the t r a n s f e r ra tes between storage elements have been 
c a l c u l a t e d , the new s tored volumes can be c a l c u l a t e d by adding the 
i n f l ows and s u b t r a c t i n g the out f lows from the prev ious s tored volumes fo r 
each element accord ing to the schematic of F igure 3 . S ince f o r the s o i l 
elements the t o t a l volume stored equals the- product of mois ture content 
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Figure 6. Drainage history of a swamp. K Q = 2 cm day"' ; a = 0.02 cm"' ;D = 50 cm; A = 0 .0006 day"' ; A ] , = 

0.001 cm"' day"'; Pmax = 6 cm;Pool = 5 cm. 
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and t h i c k n e s s , the new mois ture content w i l l be 

e^Ct f At) . e^(t) f (Qi_-, - Q i )A t /AZ (19) 

f o r i = 2 , m - 1 

f o r a l l the i n t e r n a l e lements. For the upper (mth) element 

Qm = -I 

and f o r the lowermost unsaturated element 

Q i_ l = - G , the ground-water d i s c h a r g e . 

From F igure 3 we can read d i r e c t l y : 

ST(t + At) . S-|(t) - PAt (20) 
S2( t t At) . S2( t ) + (P - R - I )At (21) 
S5( t ir At) = S5( t ) 4- (R t G)At (22) 

Equat ion 22 occurs in t h i s form, s i nce we have assumed fo r the moment that 

D = G 

In the case of e v a p o r a t i o n , i . e . negat ive P, the value of P in 
(20) i s not n e c e s s a r i l y the value of p o t e n t i a l evapora t ion g i v e n , w i th 
negat ive s i g n , on i n p u t , but depends on the presence or absence of pooled 
water on the s u r f a c e , and in the absence of sur face water , on the 
mois ture content of the upper s o i l e lement. 

EFFECT OF DRAINAGE AND SOIL PARAMETERS ON DISCHARGE RATE 

In t h i s s e c t i o n s imu la t i ons c a r r i e d out w i th the model are 
d i s c u s s e d . Table 1 i s an overv iew of the parameters that determine the 
ou t f l ow hydrograph of a g iven p r e c i p i t a t i o n i npu t , showing t h e i r Fo r t ran 
names, the symbols used in t h i s r e p o r t , the ca tego r ies i n d i c a t i n g to 
which par t of the hyd ro log i c c y c l e they be long , and a b r i e f d e s c r i p t i o n . 

For most of the s imu la t i ons a standard r a i n f a l l pa t te rn was 
used: 15 days of p r e c i p i t a t i o n at 0.6 cm/day, fo l lowed by a dry per iod 
of 35 days. Three d i f f e r e n t pF c u r v e s , roughly r e p r e s e n t a t i v e of a sand, 
a sandy loam and a c l ay loam were used. These pF curves are shown in 
F igure 7, and in t a b u l a r form, as they are input to the program, i n 
Table 2. 

Of the other v a r i a b l e s . Kg and a are s o i l - d e p e n d e n t , as are 
the ^ (6) c u r v e s , and the re fo re not p r i m a r i l y a f f ec ted by dra inage 
improvements, a l though they may be a f f ec ted seconda r i l y i n the course of 
t ime . T ru l y drainage-dependent v a r i a b l e s are A, the d ra i n i n t e n s i t y , D, 
the depth of d ra ins below s u r f a c e , and A^ , which might be c a l l e d the 
su r face d r a i n i n t e n s i t y . Other f a c t o r s a f f e c t i n g the shape of the 
d ischarge time s e r i e s are the p o t e n t i a l evapora t ion and the i n i t i a l 
mois ture con ten t . 
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The s imu la t i ons w i l l be presented 1n the f o l l o w i n g manner: four 
s imu la t i ons are normal ly shown in each f i g u r e , showing the responses of 
one p a r t i c u l a r s o i l type to four d i f f e r e n t va lues of one of the 
parameters . Each f i g u r e shows the he ight of the water t a b l e , the d r a i n 
d i scharge and the combined sur face runof f and d ra i n d i s c h a r g e ; three 
success i ve f i g u r e s show the e f f e c t of the v a r i a b l e parameter i n the sand. 

Table 1. Model Parameters 

Fo r t ran 
name 

Symbol used 
i n t h i s repor t Remarks on use Category 

T T ( I ) , PP(I) * (e)-Curve Table va lues d e f i n i n g the 
* (e)-curve, 
s tandard ized to 
represent 3 bas i c s o i l 
types ( F i g . 7) TT = mois ture 
PP = pressure 

S o i l , 
unsaturated 

AKO Ko Satura ted c o n d u c t i v i t y S o i l , 
unsaturated 

ALF a C o e f f i c i e n t i n : 
K = K Q exp(a.|.) 

S o i l , 
unsaturated 

DEPTH D Depth of d r a i n below 
sur face 

S o i l 
d ra inage 

A A Drain i n t e n s i t y 
g = A^o 

S o i l 
d ra inage 

AB Ab Sur face dra inage e f f i c i e n c y 
R = Ab(P - Pmax)2 

Sur face 
dra inage 

PMAX ^max Pool he ight above which 
su r face runof f occurs 

Sur face 
dra inage 

QD G As an input parameter, the 
e q u i l i b r i u m ground-water 
ou t f low determin ing 
antecedent mois ture 

I n i t i a l or 
antecedent 
mois ture 
content 

RATE 
( p o s i t i v e ) 

P P r e c i p i t a t i o n ra te Atmospheric 

RATE 
(negat ive) 

Epot P o t e n t i a l evapora t ion Atmospheric 
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the sandy loam and the c l a y loam, r e s p e c t i v e l y . I n i t i a l mois ture content 
f o r the bulk of these s imu la t i ons i s the e q u i l i b r i u m mois ture 
d i s t r i b u t i o n w i th no v e r t i c a l movement and a ground-water t a b l e at the 
depth of the d r a i n , or the e q u i l i b r i u m d i s t r i b u t i o n at the very low 
constant downward f low of 0.1 cm/day. The program can accept i n i t i a l 
mo i s tu re , or i n i t i a l p r e s s u r e , i n t abu la r form, but t h i s op t ion was not 
used except i n F igu re 6, a l ready d i s c u s s e d . Thus, i n the examples, the 
i n i t i a l mois ture content i s always ra i sed or lowered by i n c r e a s i n g or 
dec reas ing the i n i t i a l va lue of the d r a i n d i s c h a r g e . 

E f f e c t of Dra in I n t e n s i t y A ( F i g s . 8 . 9 . 10) 

In t h i s set of three f i g u r e s , A was g iven the four va lues 0 .001 , 
0 .002 , 0.005 and 0.01 day~1; other parameter va lues are g iven i n the 
c a p t i o n s . 

In the sand, w i th i t s h igh s torage c a p a c i t y , no su r face runof f 
occurs f o r any va lue of A; i n the sandy loam, no su r face runof f i s 
generated w i th A = 0.01 d a y " 1 , a very smal l amount f o r A = 0.005 
d a y - 1 , and s l i g h t l y more than ha l f the peak f low i s su r face runof f at 

Table 2. Represen ta t i ve pF-Curves f o r Sand, 
Sandy Loam and Clay Loam 

Sand Sandy loam Clay loam 
e 1)1 (cm) ij( (cm) f (cm) 

0.28 -217 -295 -280 
0.29 -127 -265 -272 
0.30 -97 -237 -264 
0.31 -78 -210 -265 
0.32 -65 -186 -245 
0.33 -55 -163 -234 
0.34 -51 -138 -223 
0.35 -47 -118 -211 
0.36 -43 -102 -199 
0.37 -39 .5 -88 -186 
0.38 -36 -77 -172 
0.39 -33 -68 -157 
0.40 -30 -60 -142 
0.41 - 2 7 . 3 -52 -123 
0.42 -19 .7 -43 -101 
0.43 -13 .2 -33 -77 
0.44 - 6 . 5 -19 -45 
0.445 -3.1 -10 -26 
0.45 0 0 0 
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-300 J 

MOISTURE CONTENT (cm3/cnn3) 

Figure 7. The pF-curves representative of a sand, a sandy loam and a clay loam, as used in the examples. 

the lowest va lue of A. Because i n t h i s set of s imu la t i ons the maximum 
pool depth was set ra ther h i g h , su r face runof f begins (po in t s B) 
r e l a t i v e l y long a f t e r the s o i l becomes sa tu ra ted (po in t s A ) , but sooner 
f o r the l ess i n t e n s i v e l y d ra ined s o i l , s i nce the maximum d r a i n d ischarge 
i s , accord ing to Equat ion 14, 

q = ADKo/(AD + K Q ) 

s i nce D i s the maximum he ight of the water t a b l e above the d r a i n . 
Fur thermore, when the s o i l i s comple te ly s a t u r a t e d , the i n f i l t r a t i o n 
equals the d r a i n d i s c h a r g e , s i nce no more change i n the s o i l mois ture 
s torage can take p l a c e . 

Thus f o r t h i s set of s imu la t i ons 

I n f i l t r a t i o n at s a t u r a t i o n = 200A/(2 + lOOA) 
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and 

Maximum i n f i l t r a t i o n (A = 0 . 0 0 5 d a y ' ) = 0 . 4 cm/day 

Maximum i n f i l t r a t i o n (A - 0 . 0 0 1 day""") = 0 . 0 9 5 cm/day 

Thus fo r A = 0 . 0 0 5 day-^ i t takes 0 . 4 / ( 0 . 6 - 0 . 4 ) = 2 days fo r the pool 
to f i l l to over f low and 0 . 8 days fo r A = 0 . 0 0 1 d a y - 1 . 

A l so fo r A = 0 . 0 0 5 d a y " 1 , the pool i s dep le ted in 5 days , 
whereas fo r A = 0 . 0 0 1 , the pool was j u s t ba re ly dep le ted at the end of 
the model run . 

In the c l a y loam, only fo r the h ighes t value of A no su r face 
runof f i s generated and the maximum d ischarge i s l i m i t e d by the ra te of 
r a i n f a l l and equal to i t , the s o i l not being e n t i r e l y s a t u r a t e d . Sur face 
runof f i s by f a r the most important component at the lowest d r a i n 
i n t e n s i t y , i t s importance dec reas ing w i th i n c r e a s i n g d r a i n i n t e n s i t y . 

Comparing the three f i g u r e s , the e f f e c t of the s o i l i s very 
n o t i c e a b l e . The e f f e c t of dec reas ing s torage capac i t y i n the sequence 
from sand to c l a y loam i s immediately apparent i n the i n c r e a s i n g 
steepness of the r i s i n g l imb . In the sand the water from 1 5 days of r a i n 
i s not s u f f i c i e n t to sa tu ra te the s o i l and cause sur face ponding at 
e i t h e r dra inage i n t e n s i t y , and the maximum d ra i n d i scharge i s not 
a t t a i n e d . In the sandy loam the maximum d ra i n d ischarge i s reached a f t e r 
approx imate ly 8 days (A = 0 . 0 0 1 d a y - 1 ) 9 5 (j^yj ( A , o . 0 0 5 d a y - 1 ) 
of r a i n , and i n the c l a y loam a l ready a f t e r 2 to 3 days. And o b v i o u s l y , 
the longer the time between po in ts A and C (end of r a i n ) , the h igher the 
pooled water w i l l r i s e above Pfnax' the h igher the su r face d ischarge 
peak and the longer the t ime between po in ts C and D (pool empty). 

In summary, f o r a l l three s o i l types the inc reased d r a i n 
i n t e n s i t y r e s u l t s i n an inc reased peak f l ow . 

E f f e c t of Dra in I n t e n s i t y A, Low Kp ( F i g s . 1 1 , 1 2 , 1 3 ) 

These three f i g u r e s are the same as F igures 8 , 9 and 1 0 , but 
w i th the sa tu ra ted c o n d u c t i v i t y f o r a l l s imu la t i ons reduced by a f a c t o r 
of 1 0 . The r e s u l t s show a d r a s t i c reduc t i on in d r a i n d i scharge i n a l l 1 2 
s i m u l a t i o n s . Sur face d i scha rge occurs i n a l l 1 2 s i m u l a t i o n s ; n o t i c e a b l e 
i s how i n the sand the su r face runof f has a l ready ceased when the d r a i n 
d i scha rge i s s t i l l i n c r e a s i n g . Moreover, t h i s su r face runof f occurs 
w i thout the s o i l being complete ly s a t u r a t e d , s i nce K Q i s s u b s t a n t i a l l y 
l ess than the p r e c i p i t a t i o n r a t e . The reduced peak i n the t o t a l 
d i scha rge may be m i s l e a d i n g , i f we do not r e a l i z e that when the d r a i n 
d i scharge i s low, the i n f i l t r a t i o n w i l l i n genera l be low, and the peak 
d i scharge i s determined l a r g e l y by the parameters of su r face f l o w , A^ 

Pmax- the s imu la t i ons the A^ i s g e n e r a l l y ass igned the ra ther 
low va lue of 0 . 0 1 cm-1 d a y - 1 , caus ing su r face to be spread over a 
long per iod w i th a low peak. 
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E f f e c t of Dra in Depth D ( F i g s . 14. 15. 16) 

For a l l th ree s o i l t ypes , dra inage at 50 cm causes the s o i l to 
sa tu ra te complete ly and sur face runof f o c c u r s , a l though at a ra te 
cons ide rab l y l ess than 0.1 cm/day. S a t u r a t i o n Is complete a f t e r 1 day In 
the c l a y loam and a f t e r 2 days In the sandy loam, whereas In the sand 1t 
takes 7 days before the water w i l l c o l l e c t on the s u r f a c e . The maximum 
d r a i n d ischarge 1s 0.4 cm fo r a l l s o i l s , s i nce d r a i n d i scharge In a 
complete ly sa tu ra ted s o i l depends only on A and D. 

Deepening the d ra ins to 100 cm below sur face r e s u l t s In lower 
peak d ischarge fo r the sand, but peak d i scharge Is Increased In the sandy 
loam and the c l a y loam. Deepening of the d ra ins to 200 cm r e s u l t s In 
reduced peak f low In a l l s o i l s ; In the sand and the sandy loam the peak 
1s fur thermore delayed to about 5 days a f t e r the end of the r a i n . 
Fur ther deepening to 300 cm r e s u l t s In more pronounced lower ing of the 
peak d i s c h a r g e , and longer de lays of r e s p e c t i v e l y 15, 25 and 35 days 
a f t e r the end of the storm fo r the sand, sandy loam and c l a y loam. 

E f f e c t of Sa tu ra ted C o n d u c t i v i t y , K Q ( F i g s . 17, 18, 19) 

At the lower c o n d u c t i v i t y , K Q = 0.1 cm/day, no d r a i n d ischarge 
1s generated 1n the sand, and 1n the sandy loam d ra i n d i scharge 1s only a 
f r a c t i o n of a m i l l i m e t r e at the end of the s i m u l a t i o n , a l though s t i l l 
r i s i n g . In the c l a y loam, however, the water t ab l e suddenly begins to 
r i s e 15 days a f t e r the beginn ing of the storm and becomes sa tura ted i n 
about 11 days . 

R a i s i n g K Q to 0.5 cm/day causes the c l a y loam to become 
sa tura ted a f t e r 6 days of r a i n and the d r a i n d ischarge to s t a b i l i z e at 
0.32 cm/day, and only a smal l su r face runof f component remains. 
Inc reas ing K Q s t i l l f u r t h e r to 2 and 10 cm/day causes rap id d ra i n 
d i s c h a r g e , incomplete s a t u r a t i o n and d isappearance of the su r face runo f f . 

E f f e c t of a lpha ( F i g s . 20. 21 . 22) 

Apparent ly the e f f e c t of a lpha has l i t t l e e f f e c t on the t im ing 
and the s i z e of the peak d i s c h a r g e . Small va lues of a lpha Ind i ca te 
r e l a t i v e l y l i t t l e change in K w i th pressure and the re fo re w i th mois ture 
con ten t , whereas la rge va lues of a lpha i n d i c a t e a s t rong d e c l i n e i n K 
w i th decreas ing mois ture con ten t . Thus high values of a lpha tend to 
de lay the p e r c o l a t i o n to the water t ab l e and the re fo re the onset of d ra i n 
d i s c h a r g e , but by the same mechanism the mois ture content and 
c o n d u c t i v i t y w i l l r i s e r a p i d l y , and the water t a b l e w i l l r i s e suddenly . 
Once the s o i l becomes mo is t , however, the e f f e c t of a lpha i s very s m a l l , 
as shown in the f a l l i n g l imb , s p e c i f i c a l l y i n the sand. Higher a lphas 
tend to l i m i t the s torage c a p a c i t y of the s o i l , that i s , the s torage i s 
t h e r e , but the mois ture cannot get there and as a consequence r e i n f o r c e s 
the tendency of a s o i l to pass the input u n d i s t o r t e d , but w i th a 
n o t i c e a b l e de lay i n the r i s i n g l imb . 
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A H i g h - I n t e n s i t y Sho r t -Du ra t i on Event ( F i g s . 23. 24. 25) 

The e f f e c t of s o i l and dra inage parameters on the d ischarge 
hydrograph has been desc r ibed In the prev ious three f i g u r e s . F igures 23 
to 25 show how the response of the d i f f e r e n t s o i l s 1s a f f e c t e d I f the 
t o t a l amount of p r e c i p i t a t i o n (9 cm) of the prev ious s imu la t i on Is 
concent ra ted 1n two days at a ra te of 4 .5 cm/day. Four d r a i n I n t e n s i t i e s 
are shown. No t i ceab le are the steep r i s i n g Umbs, and the absence of 
su r face runof f 1n the sand and the sandy loam, where only 50 cm and 
100 cm, r e s p e c t i v e l y , of the a v a i l a b l e 150 cm above the d r a i n are 
s a t u r a t e d . Only 0.3 cm/day and 0.55 cm/day d i scharge Is generated from 
the 4.5 cm/day Input peak at the most In tens i ve d ra inage . In the c l a y 
loam, su r face d ischarge 1s generated at a l l d r a i n I n t e n s i t i e s , and the 
In f luence of dra inage and of the s o i l as a bu f fe r In d ischarge genera t ion 
Is much l e s s , the d i scharge hydrograph being to a l a rge ex tent dependent 
on the sur face dra inage e f f i c i e n c y . 

Three Heavy One-Day Storms. One Week Apart (F1gs. 26. 27, 28) 

F igures 26 to 28 show how the sandy s o i l , the sandy loam and the 
c l a y loam respond to a s e r i e s of three separate ra i ns to rms : 3 cm/day on 
day 1, day 7 and day 14, f o r a t o t a l of 9 cm; p o t e n t i a l evapora t ion was 
0.2 cm/day from day 2 to day 6 and from day 8 to day 13, and 0.1 cm/day 
from day 15 to the end of the s i m u l a t i o n . The four t races correspond to 
the four va lues of A:0.001 , 0 .002 , 0.005 and 0.01 day""". The sand 
responds almost as I f the r a i n were cont inuous over the 15 days at 
0.6 cm/day, w i th only smal l r i p p l e s In the hydrograph to show fo r the 
uneven d i s t r i b u t i o n of r a i n In t ime. For the sandy loam the r i p p l e s have 
become waves, but the e f f e c t i v e n e s s of the dra ined s o i l In b u f f e r i n g the 
heavy storm events Is obvious f o r both s o i l s . Th is Is not the case w i th 
the c l a y loam, where a high dra inage I n t e n s i t y , 0.01 d a y - ^ , Is needed 
to keep the water t ab l e at 60 cm below the s u r f a c e , but caus ing a very 
high d ischarge peak. The next lowest d ra i n I n t e n s i t y , 0.005 d a y ^ , has 
a s l i g h t l y sma l le r d ischarge peak, and s o i l becomes water logged fo r only 
approx imate ly 1 day, which cou ld s t i l l be accep tab le a g r i c u l t u r a l l y . The 
sma l l es t peak Is produced by the next lowest d r a i n i n t e n s i t y , and 
wate r logg ing occurs f o r approx imate ly one day a f t e r the second ra i ns to rm , 
and fo r 3.5 days a f t e r the t h i r d . This i s not i d e a l , but much be t te r 
than at the lowest dra inage i n t e n s i t y , where these per iods of 
wa te r logg ing are 3 and 7 days , r e s p e c t i v e l y . I t might we l l prove to be 
the optimum cho ice fo r f i x e d d ra i n depth , i f both water logg ing and 
d ischarge peaks are to be min im ized . 

CONCLUSIONS 

A t o t a l of 88 s imu la t i ons were c a r r i e d ou t , which are shown in 
F igure 6 and F igures 8 to 28 and d i scussed in the t e x t . I f we cons ide r 
the number of parameters needed to desc r i be even what must be cons idered 
a bas ic and crude model of d i scharge gene ra t i on , the number of 
s imu la t i ons needed to g ive a complete coverage of the f i e l d of p o s s i b l e 
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combinat ions of parameters i s enormous. There are the f i v e s c a l a r 
parameters , KQ, a. A, A^ , Pmax» composite "parameters" 
i n i t i a l mois ture and Y (6) cu rve , and the pa t te rn - peak and du ra t i on 
- of the p r e c i p i t a t i o n i npu t . I f , f o r each of these e igh t v a r i a b l e s on 
which the output depends, only a minimum, average and maximum value were 
to be represented in combinat ion w i th each of three va lues of the other 
parameters , a t o t a l of 3^ , or 6561 s i m u l a t i o n s , would be needed, and 
t h i s would represent the sparses t p o s s i b l e coverage of the domain of 
p o s s i b l e cases . 

I t seems then that es t ima t i ng the d i scharge response of a 
s p e c i f i c p r e c i p i t a t i o n event , f o r a s p e c i f i c s o i l and a s p e c i f i c dra inage 
c o n f i g u r a t i o n from "known" responses such as presented in these pages, 
w i l l f o reve r remain u n r e l i a b l e , and mode l l i ng based on parameters 
e s t a b l i s h e d fo r the area w i l l be the only means by which p r e d i c t i o n s w i l l 
be at a l l p o s s i b l e . 

N e v e r t h e l e s s , a few general statements can be made on the e f f e c t 
of the d i f f e r e n t parameters. These genera l remarks have been made 
elsewhere (Wind and Vandenberg, 1984) and are repeated here f o r 
completeness o n l y : 

1. The three f a c t o r s determin ing s torage capac i t y of the s o i l , which 
a r e , i n order of s i g n i f i c a n c e , d r a i n dep th , p F - c u r v e , and the 
c o e f f i c i e n t a, i n f l u e n c e the shape and peak va lue of the d ischarge 
c o n s i d e r a b l y : the lower the s torage c a p a c i t y , the h igher the peak 
f low and the c l o s e r the output shape resembles the i npu t . 

2. Of l ess importance seem to be those f a c t o r s determin ing v e l o c i t y of 
f l ow : h y d r a u l i c c o n d u c t i v i t y and d r a i n i n t e n s i t y . The lower these 
a r e , the h igher the peak d i s c h a r g e s , prov ided no sur face d i scharge i s 
genera ted. 

3 . In the course of the dra inage improvement h i s t o r y of o r i g i n a l l y 
swampy or water logged a r e a s , i n i t i a l dra inage improvements are l i k e l y 
to be most ly improvements in sur face d ra inage , caus ing r e l a t i v e l y 
l a rge inc reases in peak f l o w s . Subsequent dra inage improvement w i l l 
then be d i r e c t e d more to improving s o i l dra inage and a e r a t i o n , 
i n c r e a s i n g the a v a i l a b l e s torage and d i m i n i s h i n g peak f l o w s . 

The present model has been termed bas ic and c rude , and i t i s 
perhaps use fu l here to s p e c i f y i n more d e t a i l what i s meant by these 
derogatory d e s c r i p t o r s . At l e a s t three major areas can be d i s t i n g u i s h e d 
i n which the model may d i f f e r s i g n i f i c a n t l y from ac tua l d i scharge 
generated i n the rea l w o r l d : 

1. The s o i l i s assumed to be homogeneous to at l e a s t the depth of the 
d r a i n s . However, the presence of even one t h i n l aye r of r e l a t i v e l y 
low c o n d u c t i v i t y d r a s t i c a l l y a l t e r s the i n t e r n a l f low and mois ture 
c o n d i t i o n s . Ex tens ion to a m u l t i l a y e r e d model i s a r e a l i s t i c 
p o s s i b i l i t y , but d r a s t i c a l l y i nc reases the amount of p h y s i c a l data 
needed, a very c o s t l y and t ime consuming requi rement . 
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2. The one-d1mens1ona1 s t r u c t u r e of the model 1s used to represent what 
Is r e a l l y a two- or even th ree -d imens iona l problem; thus r e s u l t s can 
only be In te rp re ted as average values over a l a rge a r e a . Even In the 
present computer age, however, two- and th ree -d imens iona l models are 
too c o s t l y f o r rou t i ne a n a l y s i s , and have the same drawback of 
needing a l a rge and c o s t l y data base to f u l l y j u s t i f y t h e i r use. 

3. The model represents only one l e v e l of d ra i nage , w i th only one 
c h a r a c t e r i s t i c va lue of d r a i n depth and d r a i n I n t e n s i t y . In nature 
t h i s 1s seldom the case . For example 1n the Mannis and Domain Drain 
areas of the Red R ive r V a l l e y , Man i toba, where the Na t iona l Hydrology 
Research I n s t i t u t e Is p r e s e n t l y deve lop ing a research program, three 
l e v e l s of dra inage can be d i s t i n g u i s h e d : (1) the very sha l l ow , 
on-farm dra inage system, w i th the h igher d ra i n I n t e n s i t y and the 
l e s s e r d ra i n depth ; (2) the mun ic ipa l system of roads ide d i t c h e s , 
which Is f a i r l y deep but of much sma l le r I n t e n s i t y than the on-farm 
system; and (3) the systems composed by the main d ra ins and t h e i r 
dra inage b a s i n s . When the s o i l 1s sa tu ra ted to some l e v e l above the 
on-farm d r a i n s , a l l three dra inage systems w i l l be opera t ing and 
c o n t r i b u t i n g to d ra i n d i scharge 1n the main d r a i n . As soon as the 
water t a b l e midway between the on-farm d ra ins drops below the l e v e l 
of the on-farm d r a i n s , only the mun ic ipa l and main d ra ins w i l l 
c o n t r i b u t e to d i s c h a r g e , and so on. Such a m u l t i l e v e l dra inage 
system could p o s s i b l y be model led w i th only s l i g h t m o d i f i c a t i o n s . 
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Figure 8. Effect of drain intensity A: sand. = 2 cm day"' ; a = 0.02 cm"' j D = 100 cm; Af, = 0.01 cm" 

day'' i Pmax = 0.4 cm. 
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Figure 9. Effect of drain intensity A: sandy loam. K Q = 2 cm day"'; a = 0.02 cm"' j D = 100 cm; Aj, = 

0.01 cm"' day"'; Pmax = OA cm. 
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Figure 10. Effect of drain intensity A: clay loam. KQ = 2 cm day"' ; a - 0.02 cm"' ; D = 100 cm; Aj, = 
0.01 cm "' day "'; P^ax = 0.4 cm. 
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Figure 11. Effect of drain intensity A : sand, low K Q . Kg = 0.2 cm day ' ; a = 0.02 cm"' ; D = 100 cm; A | , = 
0.01 cm"' day- ' ; Pmax = •'•4 cm. 
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Figure 12. Effect of drain intensity A: sandy loam, low K ^ . KQ = 0.2 cm day"' ; a = 0.02 cm"' = 100 cm; 
At, = 0.01 cm-' day-' ; Pmax = 0.4 cm. 
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Figure 13. Effect of drain intensity A: clay loam, low K Q . K Q = 0.2 cm day"' -, a = 0.02 cm"' j D = 100 cm; 
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Figure 14. Effect of drain depth D : sand. KQ = 2 cm day"' ; a = 0.02 cm"' i A = 0.01 day"' ; Ai, = 0.01 cm^ 
day"' ;Pmax = 0.4 cm. 
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Figure 16. Effect of drain depth D: clay loam. KQ = 2 cm day ' = 0.02 cm"'; A = 0.01 day"'! Aj, = 0.01 cm"' 

day"'; Pmax = 0.4 cm. 
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Figure 17. Effect of saturated conductivity KQ; sand, a = 0.02 cm"'; D = 150 cm; A = 0.006 day"' ; A5 = 

0.01 cm "' day"' ; Pmax = ".4 cm. 
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Figure 18. Effect of saturated conductivity K̂ : sandy loam, a = 0.02 cm ' ; D = 150 cm; A = 0.006 day' 

Ab = 0.01 cm"' day"'; Pmax = 0.4 cm. 
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Figure 19. Effect of saturated conductivity Kg-, clay loam, a = 0.02 cm"'; D = 150 cm; A = 0.006 day"' ; 

Aj, = 0.01 cm"' day"'; Pmax = 0.4 cm. 
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Figure 20. Effect of alpha: sand. = 2 cm day"' ; D = 100 cm; A = 0.01 day"' ; Aj, = 0.01 cm"' day"' ; 

Pmax = 0-4 cm. 
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Figure 21. Effect of alpha: sandy loam. KQ = 2 cm day"'; D = 100 cmj A =0.01 day"' ; A|j = 0.01 cm"' day "'; 

Pmax = 0.4 cm. 
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Figure 23 . A high-intensity short-duration event; sand. KQ = 2 cm day"'; a = 0.02 cm ' ; D = 150 cm; Aj, = 
0.01 cm day ; Pmax = " .4 cm. 
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Figure 24. A high-intensity short-duration event: sandy loam. KQ = 2 cm day ' ; a = 0.02 cm "' ; D = 150 cm; 
Ab = 0.01 cm' day-'; Pmax = 0.4 cm. 
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Figure 25 . A high-intensity short-duration event: clay loam. KQ = 2 cm day"' a = 0.02 cm''; D = 150 cm; 
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Figure 27. Three heavy one-day storms, one week apart: sandy loam. K Q = 2 cm day"' i a = 0.02 cm"' ; D = 
150 cm; Ab = 0.2 cm"' day"'; Pmax = 0.4 cm. 
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Figure 28. Three heavy one-day storms, one week apart: clay. KQ = 2 cm day"' i a = 0.02 cm"' jD = 150cm; 
.Ab= 0.2 cm"' day-'; Pmax = 0-4 cm. 
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Appendix A 
Fortran Code 



PROGRAM FL0(0UTPUT#TAPEI«TAPE6) 000100 
SIMULATION O F INFILTRATIONfGROUNDWATER A N D SURFACE WATER 000110 

000120 
DISCHARGE FROM DRAINED FIELDS 000130 

000140 
A.VANDENBERG 000190 

000160 
THIS SIMULATION IS A N ADAPTATION OF PROGRAM FLOW ORIGINALLY 000170 

DEVELOPED B Y G.P.WIND AND DESCRIBED IN J.OF.HYDROLOGY^24(1979)1-20.000180 
THE PRESENT MODEL ADDS A ROUTINE FOR SIMULATION OF SURFACE RUNOFF* 000190 
F O R INPUT O F A STEADY FLUX FROM WHICH THE INITIAL MOISTURE DISTRI- 000200 
BUTION IS CALCULATEDfA FAST ITERATIVE (NEWTON) ROUTINE FOR THE CAL-000210 
CULATION O F HEIGHT O F GROUNDWATER TABLE*AND PROVIDES THE OPTION Q F 000220 
WRITING A NUMBER OF VARIABLES-GROUNDWATER DISCHARGE*SURFACE DISCHAR000230 
GE^TOTAL DISCHARGE - TO DISKylN A FORMAT SUITABLE FOR PLOTTING. 000240 

000290 
DESCRIPTION OF INPUT VARIABLES. 000260 

000270 
VARIABLES ARE LISTED IN THE ORDER THEY HAVE TO APPEAR I N THE INPUT.000280 

INPUT IS I N FREE FORMAT*EXCEPT FOR THE FIRST TWO CAR0S#WHICH MAY 000290 
CONTAIN 70 CHARACTERS EACH»WHICH WILL BE PRINTED AS A 2-LINE 000300 
TITLE O N QUTPUTyCOPIED ONTO FILE6 AND PRINTED AS A TITLE O N A 000310 
PLOT CREATED FROM THIS F I L E . 000320 

000330 
NUMSIM -NUMBER OF SIMULATIONS.IF NUMSIM GT. 1 THEN NUMSIM OF THE000340 

FOLLOWING DATASETS MUST BE INPUT. 000390 
M -NUMBER OF SOIL LAYERS 000360 
DZ -THICKNESS O F ALL SOIL LAYERS (CM) 000370 
ALF -COEFFICIENT ALPHA IN THE EQ. FOR UNSAT.COND(1/CM) 000380 
A -COEFFICIENT I N HOOGHOUDTS EQUATION (1/DAY) 000390 
A K O -SATURATED CONDUCTIVITY (CM / D A Y ) 000400 
A B -COEFFICIENT IN SURFACE RUNOFF EQiQS-AB*(POOL-PMAX)**2 000410 

(1/ (CM.0AY)) 000420 
PMAX -POOL DEPTH ABOVE WHICH SURFACE DISCHARGE BEGINS (CM) 000430 
DPRINT -TIME INTERVAL A T WHICH RESULTS ARE TO BE PRINTED AND/OR 000440 

WRITTEN T O DISK (DAYS) 000490 
DELT -PREFERRED LEN6HT O F TIME STEP (DAYS)»HOWEVER IF CALCULA-000460 

TED MAXIMUM LEN6HT OF TIMESTEP IS L T . THEN DELT IT WILL 000470 
BE REPLACED B Y THE CALCULATED VALUE. 000480 

TIME -TIME AT BEGINNING OF SIMULATION,USUALLY ZERO (DAYS) 000490 
N T -NUMBER OF ENTRIES IN THE TABLE OF THE PSI-THETA FUNCTION000900 
POOL -INITIAL HEIGHT OF WATER POOLED ON THE SURFACE (CM). 000910 
DITCH -INITIAL HEIGHT OF WATER IN THE OITCH (CM) 000920 
l O P T ( l ) -OPTION SELECTOR NO. H 000930 

-OfTHEN M VALUES OF THE INITIAL MOISTURE ARE EXPECTED 000940 
-1 *ONLY A VALUE OF QD# THE STEADY GROUNDWATER DISCHAR000990 

GE WILL BE READfAND THE INITIAL MOISTURE 000960 
DISTRIBUTION CALCULATED. 000970 

- 2 > N VALUES OF PSI WILL BE READyAND INITIAL MOISTURE 000980 
DISTRIBUTION CALCULATED 000990 

iaPT(2) -OPTION SELECTOR NO. 2 000600 
-0*EXTENDED OUTPUT FORMAT WITH COMPLETE MOISTURE 000610 

PROFILE IS PRINTED EACH DPRINT DAYS 000620 
-1 OUTPUT IS WITHOUT MOISTURE PROFILE, 000630 

BUT ALL INTERNAL FLOWS ARE LISTED 000640 
-2 OUTPUT LIMITED TO TIME #THE STORAGES.PRECIP*POOL» 000690 

DITCHfTOTAL SOIL MOISTURE ABOVE DRAINS#AND THE 000660 
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RATES.INFILTRATION#SURFACE DISCHARGE,GROUNDWATER 000670 
DISCHARGE,TOTAL DISCHARGE,Q(N-1),AND THE HEIGHT OF000680 

I0PT(3) 

000690 
000700 
000710 
000720 
000730 

THE WATERTABLE.ONE LINE QF PRINT EACH TINE. 
•OPTION SELECTOR NO.3 « 

-0 NO TAPE WITH PLOT DATA WILL BE WRITTEN 
-1 PLOTTING COORDINATES WILL BE WRITTEN TO TAPE6. 

THEY ARE THE VALUES OFiTIHE,ACCUMULATED WATER IN DITCH,DEPTH OF 
WATER ON THE SURFACE(POOL)#INFILTRATION RATE,WATER TABLE ELEVATION,000740 
GROUNDWATER DISCHARGE RATE,SURFACE RUNOFF RATE ANO TOTAL RUNOFF 000790 
RATE. 000760 

.NT PAIRS OF VALUES OF MOISTURE AND PRESSURE, 000770 
DEFINING THE PSI-THETA FUNCTION (CHARACTERISTIC000790 

T T ( n , P P ( I ) , I - l , N T 

THET(I) , I-1,M 

PSI(I),I' 

CURVE)FOR THE SOIL IN QUESTION .NOTE THAT 
PRESSURE VALUES MUST HAVE A NEGATIVE SIGN ANO 
MUST INCLUDE A VALUE OF MOISTURE FOR PSI-0. 
TT IS IN (CM/CM) AND PP IN CM. 

ONLY TO BE ENTERED IF IOPT<l)-0 IM VALUES OF 
INITIAL MOISTURE CONTENT (CM/CM) 

1,M -ONLY TO BE ENTERED IF I 0 P T ( l ) - 2 tM VALUES OF 
INITIAL PRESSURES (NEGATIVE OR 0>IN CM) 

- ONLY TO BE ENTERED IF I0PT(1)-1 tONE VALUE OF INITIAL 
EQUILIBRIUM GROUNDWATER DISCHARGE ,ALWAYS POSITIVE 
(CM/DAYS) 
-NUMBER OF DISTINCT PERIODS FOR WHICH A CONSTANT 
RATE IS GIVEN 

RAINT0(I),RATE(I),I-1,NPER . NPER PAIRS OF VALUES OF 
RAINTO -TIME AT WHICH PERIOD ENDS (DAYS)»NOT 
THE INTERVAL TIME 
RATE -AVERAGE RATE OF RAIN OVER THE PERIOD 

QD 

NPER 

THE 

(CM/DAY) 

NOTE.ALL OF THE ABOVE DATA,EXCEPT NUMSIM,MUST BE REPEATED 
NUMSIM TIMES. 

STORAGE BLOCKS 

COMMON T T ( l C O ) f P P ( 1 0 0 ) » N T 
DIMENSION THET(50) ,AK(90) fPSI(90) , IOPT{3) ,RAINTO(100),RATE(100) 

1 ,Q(100) 
************0***********t********************************************** 

C OUTPUT FORMATS 
C 

100 FORMAT(/* MOISTURE ANO CONDUCTIVITY PROFILE* / 
113X, *THETA(CM/CM)• ,8X, *K(CM/DAY)* / (9X ,E20 .6>9X,F12 .6 ) ) 

101 FORMAT(*0 Q D - » # F 1 2 . 3 , 9 X , * Z G - » , F 1 2 . 3 / ) 
102 FORMAT(*0 MAXIMUM TIMESTEP-**F19.9 ) 
103 F0RMAT(*1* *4X* *T IME**4X , *PRECIP* *6X* *P00L* *9X* *D ITCH* ,2X , 

1*M0ISTURE INFILTR.* ,4X**RUN0FF* ,2X* 
2*GW DISCH TOT DISCH Q(N- l ) GW TABLE*) 

104 F0RMAT(6F10.4) 
109 F0RMAT(8A10) 
106 F0RMAT(1X,8A10) 
200 FORMAT(* ST0RAGES* ,4F10 .9 / * INFILT AND RUN0FF* ,2F10 .9 / * INTERNAL 

1L0WS* , (10F8.4 ) / ) 
300 FORMAT(*0 M**8X* *DZ**9X* *ALPHA**9X* *A* *8X* *K0* *8X* *AB**6X* *PMAX**001200 

14X**DPRINT**6X**0ELT**6X**TIME NT POOL 0 ITCH* / I4 *9F10 .3* I3 *2F9 .1 / )001210 
400 FORMAT(* OPTIONS * * 3 I 3 / / 1 0 X , * C H A R A C T E R I S T I C * / / * PRESSURE(CM) M0IS(001220 

ICM/CM)*/ ) 001230 

000790 
000800 
000810 
000820 
000830 
000840 
000890 
000860 
000870 
000880 
000890 

RAINFALL000900 
000910 
000920 
000930 
000940 
000990 
000960 
000970 
000980 
000990 
001000 
001010 
001020 
001030 
001040 
001090 
001060 
001070 
001080 
001090 
001100 
001110 
001120 
001130 
001140 
001190 
001160 
001170 

F001180 
001190 
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500 F0RMAT(1X,2E12.4) 
6 0 0 FaRHATC/I5«1X,«RAIN PERIODS*//* PERIOD ENDS AT(DAYS) RATEfCH/ 

lAY)*/) 
700 F0RNAT(3X,I5,2F15.4) 
800 F0RHAT(*0TIME>STEP#6W DISCH.,WATER TABLE*TOT DISCH *,9E15.6/) 
9 0 0 FORMATCF8.2,3X#2F10.4,3X«F10.4f4X,F11.2>2X#2F10.4«F14.4) 

1 0 0 0 FORMAT(1X»F8.1,E10.3,F10.3,E10.3,F10.2*5F10.3»E10.3) 
1 1 0 0 F0RMAT(1X#*QD TOO LARGE#RESET TO M A X . VALUE*»E12.4#*CM/0AY*) 

********************************************************************** 
READ DATA ANO ECHO DATA TO PRINTED OUTPUT 

R E A D ( 1 » 1 0 5 ) ( P S I ( I ) , I - 1 » 1 5 ) 
WRITE (6,105 ) (PSK I ) , I-l#16) 
PRINT 106,(PSKI),1-1,16) 
READ(1,*)NUMSIM 
DO 1 K-1,NUMSIM 
READ(1,*)M,DZ,ALF,A,AKO,AB,PMAX,DPR INT,DELT,TIME,NT,POOL,DITCH 
PRINT 300,M,DZ»ALF,A,AKO,AB,PMAX,DPR INT,DELT,TIME,NT,POOL,DITCH 
READd,*) (I0PT(I),I-1,3) 
R E A D ( 1 , * ) ( T T ( I ) , P P ( I ) , I - 1 , N T ) 
PRINT 400 ,(10PT(I),I -1,3) 
PRINT 500 , (PP(I),TT(I),I -1,NT) 

********************************************************************** 
I N I T I A L CALCULATIONS 

AA-EXP(ALF*DZ) 
M l - M - 1 
AAB-SORT(AA) 
DPRINT«0PRINT * . 9 9 9 9 
0EPTH-(M-1.)*DZ 
RNGE -TT(NT)-TT (1) 
DO 42 I-l,NT ^ 
PP(I ) -AKO*EXP(ALF*PP(I) ) 4 2 

PP-VALUES OF TABLE WILL NOW HOLD CONDUCTIVITY VALUES 

IF(I0PT(1).EQ.1)60T02 
IF(I0PT(1).EQ.2)60T03 
READd,•XTHETd),I-l,M) 
00 4 I-1,H 

4 CALL TABLECTHETd), AK(I),1) 
GOTO 5 

3 READd,*)(PSId),I-l,M) 
DO 6 I-1,M 
AKd)-AKO*EXP(ALF*PSI(I)) 

6 CALL TABLE(THET(I), AK(I),2) 
GOTO 5 

********************************************************************** 
CALCULATE K AND THETA FOR ALL LAYERS FOR EQUILIBRIUM FLOW QD 

2 READd,•)QD 

****************************************************** 
IF 

QD IS TOO HIGH IT WILL BE RECALCULATEDlTHE MEW VALUE 
WILL BE THE MAXIMUM RATE AND WILL BE PRINTED ON THE 

001240 
0001290 
001260 
001270 
001280 
001290 
001300 
001310 
001320 
001330 
001340 
001390 
001360 
001370 
001380 
001390 
001400 
001410 
001420 
001430 
001440 
001490 
001460 
001470 
001480 
001490 
001900 
001910 
001920 
001930 
001940 
001990 
001960 
001970 
001580 
001990 
001600 
001610 
001620 
001630 
001640 
001690 
001660 
001670 
001680 
001690 
001700 
001710 
001720 
001730 
001740 
001790 
001760 
001770 
001780 
001790 
001800 
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• OUTOUT F I L E . 001810 
* 001820 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 001830 

ODMAX-A*DEPTH 001840 
QDMAX>QDNAX*AK0/(QDHAX4'AK0) 001890 
I F ( Q 0 . L E . 0 D H A X ) 6 0 T 0 77 001860 
QO-QOHAX 001870 
ZG-DEPTH 001880 
NSAT-M 001890 
PRINT 1100 ,QD 001900 
GOTO 78 001910 

77 ZG« Q D * A K O / ( A * ( A K O - Q D n 001920 
N S A T - Z G / O Z 4^1.000001 001930 
P A R T - Z G - N S A T * D Z 001940 
A P - E X P ( - A L F * P A R T ) 001990 
A K ( N S A T * 1 ) - ( Q D * ( A P - 1 . ) ^ A K Q ) / A P 001960 
I F ( N S A T . L T . 1 ) G 0 T 0 81 001970 

78 00 7 I - 1 , N S A T 001980 
T H E T ( I ) - T T ( N T ) 001990 

7 A K ( I ) - A K O 002000 
81 I B - N S A T * 2 002010 

I F ( I B . G T . N ) 6 0 T 0 1 0 002020 
00 8 I - I B , M 002030 

8 A K ( I ) " ( Q D * ( A A - 1 . ) + A K ( I - 1 ) ) / A A 002040 
I B - N S A T ^ l 002090 
DO 9 I - I 8 , N 002060 

9 CALL T A B L E C T H E T d ) , A K d ) , 2 ) 002070 
GOTO 10 002080 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 002090 
C COUNT NUMBER OF SATURATED LAYERS AND STORE IN NSAT 002100 
C 002110 

5 N S A T - 0 002120 
DO 13 I - 1 , M 002130 
I F { T H E T ( I ) . L T . T T ( N T ) ) G Q T O 14 002140 
NSAT-NSAT+1 002190 

13 CONTINUE 002160 
C 002170 
C CALCULATE WATERTABLE ELEVATION WITH SUBROUTINE NEWT 002180 
C 002190 

14 Z G - N S A T * D Z 002200 
CALL N E W T ( A K ( N S A T t l ) , A K O , D Z , A , A L F , Z G , N S A T ) 002210 

C 002220 
C CALCULATE NUMBER OF S A T . L A Y E R S , N S A T , A N O QD 002230 
C 002240 

N S A T - Z G / D Z « 1 . 0 0 0 0 0 0 002290 
T H E T ( N S A T ) - T T ( N T ) 002260 
AK{NSAT) -AKO 002270 
Q 0 - A * Z G * A K 0 / ( A K 0 * A * Z G ) 002280 
P A R T - Z G - N S A T * D Z 002290 

C 002300 
C PRINT I N I T I A L VALUES OF THETA AND K IN P R O F I L E , Q D , Z G ANO 002310 
C RAINFALL DATA 002320 
C 002330 

10 PRINT 1 0 0 , ( T H E T ( M * 1 - I ) , A K ( M * 1 - I ) , I - 1 , M ) 002340 
PRINT 1 0 1 , Q D , Z G 002390 
R E A D d , ' » ) N P E R 002360 
R E A D d , * ) ( R A I N T O d ) , R A T E ( I ) , I - l , N P E R ) 002370 
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PRINT 600#NPER 
PRINT 7 0 0 * ( I > R A I N T 0 ( I ) # R A T E ( I ) > I - 1 > N P E R ) 
I F d O P T O ) . E Q . 1 ) W R I T E ( 6 » 1 0 4 ) A K 0 > A L F * D E P T H » A B , A # 0 Z 

* * * * * * * * t * * * * * * * * * * 4 * * * * i i * 1 t * * t * * * * * * * * * * * * * * * * * * * 0 * * * * * * * * * * * * * * * * * * * * 

CALCULATE MAXIMUM ALLOWABLE TIMESTEP DT 

0 T - 1 , E 1 2 
00 11 1 - 2 , N T 
0 U - ( T T ( I ) - T T { I - 1 ) ) / ( P P ( I ) - P P I I - 1 ) ) 
I F ( D U . L T . D T ) 0 T - D U 

11 CONTINUE 
D T - . 9 5 * D Z * D T * ( A A - 1 . ) / ( A A + 1 . ) 
I F ( D T . G T . D E L T ) D T - D E L T 
PRINT 1 0 2 , D T 
P R N T - 0 . 
P R E C I P - 0 . 
I F ( I 0 P T ( 2 ) . G E . 2 ) P R I N T 103 
DO 16 I P - 1 , N P E R 
I P T E S T - 0 

************ ***************** ***************** 
INCREMENT TIME AND START NEW ITERATION 

************ ***************** 
31 TIME-TIME+OT 

OTA-DT 

***************** 

TEST FOR END OF RAIN PERIOD AND ADJUST T IMESTEP IF NECESSARY 

17 

18 

34 
21 

27 

I F ( T I M E . L T . R 
D T A - R A I N T O ( I 
T IME-RAINTO( 
I P T E S T - 1 
PRNT-PRNT+DT 
NSA-NSAT4-1 
I F ( N S A T . G T . O 
I F ( N S A . G E . M ) 
00 IB I - N S A , 
Q ( I ) - ( A K ( I ) -
I F ( N S A . G T . l ) 
N S A - 2 
T H E T t D - T H E T 
DO 21 I - N S A , 
T H E T ( I ) - ( Q ( I 
NSA-NSAT+1 
O R O S - 0 . 
I F ( T H E T ( N S A ) 
DROS-THET(NS 
T H E T ( M ) - T H E T 
P R E V A P - R A T E ( 
I F ( P R E V A P . G E 
I F ( P O O L * P R E V 
P R E C I P - P R E C I 
E V A P - P R E V A P * 
E V A P - E V A P * ( T 
P O O L - 0 . 

A I N T O U P ) )GOTO 17 
P ) * D T A - T I M E 
IP) 

) 0 ( N S A T ) — Q D 
GOTO 27 
Ml 
A K ( I > 1 ) * A A ) / ( A A - 1 . ) 

GOTO 34 

( 1 > - ( Q D * Q ( 1 ) ) » O T A / D Z 
Ml 
- 1 ) - Q ( I ) ) * D T A / D Z * T H E T ( I ) 

. L E . T T ( N T ) ) G O T O 27 
A ) - T T { N T ) 
( M ) * Q ( M 1 ) * D T A / D Z 
I P ) * D T A 
. 0 . ) G O T O 39 
A P . G E . O . ) G O T O 39 
P+POOL 
POOL 
H E T ( M ) - T T ( 1 ) ) / R N G E 

002360 
002390 
002400 
002410 
002420 
002430 
002440 
002490 
002460 
002470 
002480 
002490 
002900 
002910 
002 920 
002930 
002540 
002950 
002 960 
002970 

* * * 4 i * * « « 0 0 2 5 8 0 
002990 
002600 
002610 

* * * « * « « * 0 0 2 6 2 0 
002630 
002640 
002690 
002660 
002670 
002680 
002690 
002700 
002710 
002720 
002730 
002740 
002790 
002760 
002770 
002780 
002790 
002 800 
002810 
002820 
002830 
002840 
002890 
002860 
002870 
002880 
002 890 
002900 
002910 
002920 
002930 
002940 
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* c c 
c c c 

EMAX-(TT(1)-THET(M))*0Z 
IF(EVAP.LT.EMAX)EVAP-ENAX 
PRECIP-PRECIP-EVAP 
THET(M)-THETCM)*EVAP/DZ 
OISCHA-0. 
RINF-EVAP 
GOTO 30 

35 POQL-POOL+PREVAP 
PRECIP-PRECIP-PREVAP 

****4************t***4*****4**************** 
AMAXI-HAXIHUn INFILTRATION VOLUME TOP 

002950 
002960 
002970 
002980 
002990 
003000 
003010 
003020 
003030 

************************** 003040 

LAYER CAN ABSORB 003090 
003060 

AMAXI-(TT(NT)*.9999-THET(H)»*0Z 

RINF-TOTAL VOLUME INFILTRATING DURING TIMESTEP 

RINF-{AKO*AAB-AK(M))/(AAB-l.)*0TA 

DIF-POOL-PMAX 
DISCHA-0. 

BALANCING 0ISCHA(-SURFACE RUNOFF) ANO ************ ***************** **** 
IF(OIF.LE.O.)GOTO 23 
OISCHA-AB*DIF*OIF*OTA 
IF(DISCHA.GT.OIF)OISCHA-OIF 

23 IF(RINF.GT.AMAXI)RINF-AMAXI 
TOT-RINF+DISCHA 
IF(TOT«LE.POOL)GOTO 24 
RINF-RINF*POOL/TOT 
DISCHA-OISCHA*POOL/TOT 

24 THET(M)-THET(M)*RINF/OZ 
POOL-POOL-RINF-OISCHA 
IF(NSA.LT.M)GOTO 30 
DROS-0. 
IF(THET(M).LT.TT(NT))GOTO 30 
OROS"THET(M)-TT(NT) 

30 DITCH-DITCH+OISCHA •00*DTA*DROS*DZ 
DO 25 I-NSA,M 

25 CALL TABLE(THET(I)»AK(I), 1) 
IF(DR0S.LE.0.)G0T0 29 
NSA-NSA^l 
NSAT-NSAT+1 

29 CALL NEWT(AK(NSA)#AKO,DZ#A,ALF,ZG,NSAT) 
NSAT-ZG/DZ+1.000001 
PART-ZG-NSAT*DZ 
QD-A*ZG*AKO/(AKO*A*ZG) 

SUM-TOTAL SOIL NOISTUTE 

RINF 

************* 

SUM-NSAT*TT(NT)*OZ 
N2-NSAT+1 
DO 26 I-N2,M 

26 SUM-SUM*THET(I)*OZ 
IF(PRNT.LT.DPRINT)GOTO 28 
PRNT-0. 
TOT- QD*0ISCHA/0TA 
RINF-RINF/DTA 

003070 
003080 
003090 
003100 
003110 
003120 
003130 
003140 
003190 

*4>«****«003160 
003170 
003180 
003190 
003200 
003210 
003220 
003230 
003240 
003290 
003260 
003270 
003280 
003290 
003300 
003310 
003320 
003330 
003340 
003390 
003360 
003370 
003380 
003390 
003400 
003410 
003420 
003430 
003440 
003490 
003460 
003470 
003480 
003490 
003900 
003910 
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D I S C H A - O I S C H A / D T A 003920 
I F ( I Q P T ( 2 ) . L T . 2 ) 6 0 T 0 32 003930 
PRINT 1 0 0 0 , T I N E , P R E C I P * P Q O L > D I T C H > S U H # R I N F # D I S C H A , 0 0 * T O T , Q ( N l ) f Z 6 003940 
GOTO 33 003990 

32 PRINT 8 0 0 * T I H E * D T A * Q 0 * Z G * T 0 T 003960 
PRINT 2 O 0 » P R E C I P , P 0 0 L » 0 I T C H * S U H , R I N F * D I S C H A * { Q ( I ) » I - l * H l ) 003970 
I F ( I 0 P T ( 2 ) . E 0 . 1 ) G 0 T 0 33 003980 
PRINT 1 0 0 * C T H E T ( N * 1 - I ) * A K ( M * 1 - I » * I - X » H ) 003990 

33 I F ( I 0 P T ( 3 ) . E Q . 0 ) G 0 T 0 28 003600 
W R I T E ( 6 , 9 0 0 ) T I N E , D I T C H * P O O L * R I N F * Z G * 0 0 * D I S C H A * T O T 003610 

28 I F d P T E S T . E Q . D G O T O 16 003620 
GOTO 31 003630 

16 CONTINUE 003640 
P - 0 . 003690 
I F ( I 0 P T ( 3 ) . E Q . 1 ) W R I T E ( 6 * 9 0 0 ) P 003660 

1 CONTINUE 003670 
STOP 003680 
END 003690 

SUBROUTINE T A B L E ( T * P * I S ) 003700 
COMMON TT(100>*PP(100) *NT 
I F ( I S . E Q . 2 ) G 0 T 0 1 003720 
I F ( T . L E . T T ( 1 ) ) G 0 T 0 2 ^ ? ' ! f r 

I F ( T . G E , T T ( N T ) ) G a T 0 3 003740 
DO 4 I - 2 * N T 0 0 " 9 0 
I F ( T . L T . T T ( I ) ) G O T O 9 °°2I*2 

4 CONTINUE 
5 F A C - { T - T T { I - 1 ) ) / ( T T ( I ) - T T ( I - 1 ) ) 003780 

P - F A C * ( P P { I ) - P P ( I - l ) ) > P P ( I - l ) 003790 
RETURN 003800 

2 P - P P ( l ) 003810 
RETURN 003820 

3 P - P P ( N T ) 003830 
T - T T ( N T ) 003840 
RETURN 003890 

1 I F ( P . L E . P P ( 1 ) ) G 0 T 0 12 003860 
I F ( P . G E . P P ( N T ) ) G O T O 3 003870 
00 14 K - 2 » N T ^^^^1^ 

I .K 003890 
I F ( P . L T . P P ( I ) ) G O T O 19 003900 

14 CONTINUE 003910 
15 F A C - ( P - P P ( I - 1 ) ) / ( P P ( I ) - P P ( I - 1 ) ) 003920 

T - F A C * ( T T ( I ) - T T ( I - l ) ) • T T C I - l ) 003930 
RETURN 003940 

12 T - T T d ) 
RETURN 003960 
END 003970 
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SUBROUTINE NEWT(AKN#AKO,0Z>A*ALF»ZG*NSAT) 003960 
I F ( A K N . L T . A K O - l . E - 1 2 )GOTO 4 003990 
ZG"DZ*NSAT 004000 
RETURN 004010 

4 FAC-AKQ/(A*(AKO-AKN)) 004020 
AA-FAC*AKN-OZ*NSAT 004030 
BB-FAC*AKO 004040 
IC-0 004090 
Y-Z6-NSAT*DZ 004060 

1 EX-EXP(ALF*Y )*BB 004070 
IC-IC+1 004080 
Z - Y - ( Y - A A * E X ) / ( l . • E X H A L E ) 004090 
IF( IC.GT.20)G0T0 2 004100 
IF (ABS(Y -Z ) .LT . . 01 )G0T03 004110 
Y-Z 004120 
GOTO 1 004130 

2 ZG-DZ*NSAT*Z 004140 
PRINT 100,ZG 004190 
RETURN 004160 

100 F0RMAT(3X,*N0 CONVERGENCE*,E12.4) 004170 
3 ZG-DZ*NSAT*Z 004180 

RETURN 004190 
ENO 004 200 

EXAMPLE OF DATA FILE 

F I G U R E 1 8 : E F F E C T OF C O N D U C T I V I T Y : S A N D Y L O A M S 
K O - . l , . 5 , 2 , 1 0 ( A ) - . 0 2 ; D - 1 5 0 } A " . 0 0 6 ; A B « . 0 1 ; P M A X - . 4 
4 1 6 10 . 0 2 . 0 0 6 . 1 . 0 1 . 4 . 5 , 0 5 0 19 0 0 1 2 1 
. 2 8 - 2 9 5 . 2 9 - 2 6 5 . 3 - 2 3 7 . 3 1 - 2 1 0 . 3 2 - 1 8 6 . 3 3 - 1 6 3 . 3 4 - 1 3 8 
. 3 5 - 1 1 8 . 3 6 - 1 0 2 . 3 7 - 8 8 . 3 8 - 7 7 . 3 9 - 6 8 . 4 - 6 0 . 4 1 - 5 2 . 4 2 - 4 3 
. 4 3 - 3 3 . 4 4 - 1 9 . 4 4 5 - 1 0 . 4 5 0 
0 2 15 . 6 5 0 0 

1 6 10 . 0 2 . 0 0 6 . 5 . 0 1 . 4 . 5 . 0 5 0 19 0 0 1 2 1 
. 2 8 - 2 9 5 . 2 9 - 2 6 5 . 3 - 2 3 7 . 3 1 - 2 1 0 . 3 2 - 1 8 6 . 3 3 - 1 6 3 . 3 4 - 1 3 8 
. 3 5 - 1 1 8 . 3 6 - 1 0 2 . 3 7 - 8 8 . 3 8 - 7 7 . 3 9 - 6 8 . 4 - 6 0 . 4 1 - 5 2 . 4 2 - 4 3 
. 4 3 - 3 3 . 4 4 - 1 9 . 4 4 5 - 1 0 . 4 5 0 
0 2 1 5 . 6 5 0 0 

1 6 10 . 0 2 . 0 0 6 2 . 0 1 . 4 . 5 . 0 5 0 1 9 0 0 1 0 1 
. 2 8 - 2 9 5 . 2 9 - 2 6 5 . 3 - 2 3 7 . 3 1 - 2 1 0 . 3 2 - 1 8 6 . 3 3 - 1 6 3 . 3 4 - 1 3 8 
. 3 5 - l i e . 3 6 - 1 0 2 . 3 7 - 8 8 . 3 8 - 7 7 . 3 9 - 6 8 . 4 - 6 0 . 4 1 - 5 2 . 4 2 - 4 3 
. 4 3 - 3 3 . 4 4 - 1 9 . 4 4 5 - 1 0 . 4 5 0 
0 2 15 . 6 5 0 0 

1 6 10 . 0 2 . 0 0 6 10 . 0 1 . 4 . 5 . 0 5 0 19 0 0 1 0 1 
. 2 8 - 2 9 5 . 2 9 - 2 6 5 . 3 - 2 3 7 . 3 1 - 2 1 0 . 3 2 - 1 8 6 . 3 3 - 1 6 3 . 3 4 - 1 3 8 
. 3 5 - 1 1 8 . 3 6 - 1 0 2 . 3 7 - 8 8 . 3 8 - 7 7 . 3 9 - 6 8 . 4 - 6 0 . 4 1 - 5 2 . 4 2 - 4 3 
. 4 3 - 3 3 . 4 4 - 1 9 . 4 4 5 - 1 0 . 4 5 0 
0 2 15 . 6 5 0 0 
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APPENDIX B 

CYBER C O N T R O L L A N G U A G E FOR RUNNING T H E M O D E L 
AND PLOTTING RESULTS 

The f o l l o w i n g c o n t r o l language statements w i l l r e s u l t i n the 
c a l c u l a t i o n of d r a i n d i s c h a r g e , t o t a l d i scharge and ground-water t ab l e 
e l e v a t i o n and the p l o t t i n g of these r e s u l t s as in F igu re 6, and F igures 8 
to 28. For the p l o t t i n g , use i s made of the DISSPLA-rout ines and a 
s p e c i a l program w r i t t e n by J . G i o v a n n i t t i , a complete d e s c r i p t i o n of 
which w i l l be made a v a i l a b l e as an NHRI i n t e r n a l p u b l i c a t i o n . 

IC9XX,CM130000,T500,P2. 
ACCOUNT,24072. 

(1) ATTACH, SOILBI , ID=VDB. 
(2) ATTACH, T A P E l , CLAY,ID=VDB. 
(3) REQUEST,TAPE6,*PF. 
(4) SOILBI . 

CATALOG,TAPE6,TEMP,ID=VDB. 
RETURN,TAPE6. 

(5) ATTACH,TAPES,TEMP,ID=VDB. 
(6) ATTACH,LGO,PLOTBI,ID=VDB. 
(7) ATTACH,TAPE6,ID=JGG. 
(8) BEGIN,DISSPLA,,CAL1051,NAME=VANDENBERG/662 BOOTH ST. 

1. A t tach the b inary code of Program FLO. 

2 . A t tach the f i l e w i th data f o r running FLO. 

3 . TAPE6 w i l l hold the r e s u l t s used as data f o r p l o t t i n g . 

4 . Run program FLO. 

5. A t tach the f i l e w i th output from the run of FLO, cata logued as TEMP, 
w i th the l o c a l f i l e name TAPES. 

6. A t tach the b inary code of the p l o t program. 

7. A t tach TAPE6, which con ta ins one l i n e of parameters f o r the p l o t 
r o u t i n e . 

8 . Generate the p l o t . 
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