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ABSTRACT 

A WATER MANAGEMENT MODEL FOR SHALLOW WATER TABLE SOILS 

by 
R .  W. Skaggs 

A study was conducted to  develop and t e s t  a water management 

model, Q!?AINMOD, fo r  shallow water table  s o i l s ,  The o b j e c t i v e  was to 

develop a model f o r  s o i l s  tha t  norn~ally require a r t j f i e i a l  drainage, 

e i ther  surface or subsurface, for  e f f i c i en t  crop production. The model 
has the capabi I I' ty of simul atiny on a day- to-day, hour-by-hour bds i s 
the water table  position, soil  water content, dra~nage,  ET and surface 
runoff in terms of climatological data, spi 1 properties, crop parameters, 
and the water managenlent system design. By simulating the performance 
of a l ternat ive system designs over several years of record, an optimum 

water management system ca'n be designed. 
The basis of the rr~odel i s  a so i l  water balance i n  t h t t  suf l  prof i le .  

I t  i s  composed of a number of separate components, incorporated as  sub- 
routines to  evaluate various , . mechanisms of water movement and storage 
in the s o i i  profi le .  These components include methods t o  evdluate i n -  - .  
f i l  t ra t ion ,  subsurface drainige, surface drainage, po tentidl evapotrans- 

piration (ETY, actual ET,  subi rrigation and so i l  -wa te r  d.i scr'bution. 
Approximate methods were used for  each component so that  t he  required 
inputs would be simplified and consistant w"ith-available data. The 
model was constructed so tha t  improved methods can easi ly  be substituted 

fo r  existing companents as they become available.  
The model i s given i n  fu1 l in an Appendix t o  the iroepor*te Documen- 

tation includes a program 1 i s t ing  with def ini t ion o f  terms, a descri p- 

tion of each subroutine and examples of input data and computer output. 

Suggestions,for Smproving various components of the model ape given in 

the Recommendations section. 
Tests of the va l id i ty  of DRAINMOD were conducted on t h r e e  f i e l d  

si ' tes witR a t o t a l  o,f f ive  water management treatments over a f i v e  year 
period of record. Each s i t e  had subsurface and surface dr.a71nage systems 

with provisions for  water table  control or subirrigation. Rainfall and 
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water t a b l e  depths were recorded cont inuous ly  on each s i t e  and the  

observed water t a b l e  e leva t i ons  were compared t o  p red i c ted  day end 

values f o r  t he  du ra t i on  o f  t he  experiments. Soi 1  p rope r t y  i n p u t  data 

were measured f o r  each s i t e  us ing  f i e l d  and l a b o r a t o r y  procedures. 

S o i l  p rope r t y  data f o r  f i v e  a d d i t i o n a l  s o i l s  were a l s o  obta ined and a re  

p red i c ted  i n  t h e  r e p o r t .  

Comparison o f  p red i c ted  and measured water  tab1 e e leva t i ons  were 

i n  e x c e l l e n t  agreement w i t h  standard e r r o r s  o f  est imate o f  t he  d a i l y  

water t a b l e  depths rang ing  from 7.5 t o  19.6,cm. The average dev ia t i ons  

between p red i c ted  and observed water t a b l e  depths f o r  21 p l o t  years o f  

data (approximate ly  7400 p a i r s  o f  d a i l y  p r e d i c t e d  and measured values 

were compared) was 8.1 cm. 

A p p l i c a t i o n  of  t he  model was demonstrated w i t h  f o u r  examples. The 

f i r s t  example cons is ted  of an eva lua t i on  o f  a1 t e r n a t i v e  designs f o r  

combination surface-subsurface drainage systems f o r  two s o i  1  s. The use 

o f  c o n t r o l  l e d  drainage and s u b i r r i g a t i o n  was considered i n  t he  second 

example. DRAINMOD can 11 so be used t o  determine h y d r a u l i c  l oad ing  cap- 

a c i t i e s  f o r  systems f o r  l a n d  a p p l i c a t i o n  o f  waste water, and an example 

was g iven t o  demonstrate t h i s  use o f  t h e  model. F i n a l l y ,  an example was 

g iven t o  show how DRAINMOD can be used t o  determine t h e  e f f e c t s  o f  

r o o t i n g  depth 1  i m i t a t i o n s  on the  number a f  days and t h e  frequency t h a t  

a  crop s u f f e r s  f rom drought  s t ress .  
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SUMMARY AND CONCLUSIONS 

This report describes the development and test ing of a computer 

simulation model t o  characterize the operation of drainage and water 
table control systems on shallow water table  s o i l s .  The model, DRAINMOD, 

was developed for  design and evaluation of multicornponent water manage- 
ment systems which may indude  f a c i l i t i e s  fo r  subsurface drainage, sur- 
face drainage, subirrigation or control led drainage and i r r iga t ion  of 
wastewaters onto land, The model i s  based on a water balance in the 

so31 prof-ile, I t  uses e~lma%o%ogica% data t o  predict ,  on a day-to-day, 
houv-by-hour basls, the response o f  the water table  and the soil  water 
regime above i t ,  t o  various combinations s f  surface and subsurface water 

ment. By simulating the performance of a l ternat ive systems over 
several years of record an optimum water management system can be de- 
signed on a probabilistic basis,  DRAINMOD i s  composed of a number of 
separate components, lneorporated as subroutines, t o  evaluate the var- 

ious mechanisms of water movement and storage i n  the soi l  profi le .  
se components in i t  ude methods to  evaluate i n f i l t r a t i o n ,  subsurface 

drainage, surface drainage, potential evapotranspiration (ET) , actual 
ET, subirrigatfon and the soil  ~ a t e r  dis t r ibut ion.  In order t o  simplify 
t he  required inputs and to  make them consistent with available data,  
approximate methods were used for  each component. The model was con- 
structed so that  -improved methods can be eas i ly  substi tuted for  exis t -  
ing components as they become available,  

The va l id i ty  of DRAENMOD was tested using data from three experi- 
mental s f t e s  collected ovep a f ive  year duration, Each s i t e  involved 
f j e ld  scale drainage systems with provisions fo r  subirrigation and con- 

l led drainage, The experiments included f ive  different  treatments 
and provided a total  of 2 %  p l o t  years of data,  Rainfal I and water table  
elevations were measured contsnuously on each s i t e  and the observed water 

Ie  elevations were compared t o  predicted daily values for  the dura- 
t i o n  o f  the experiments. Numerous other f i e l d  and laboratory measure- 

ments were made on each soi l  t o  determine input soi l  property data.  

I n p u t  soil  property data were also measured for  f ive  additional s o i l s  
and will b e  used i n  the -app'l isat jon of the model. 



Comparison of predicted and measured water table  elevations were 
in excellent agreement with standard er ror  of estimates of the daily 
water table depths ranging from 7 .5  to 19.6 cm. The average deviations 
between predicted and observed water table depths fo r  21 plot years of 

data (approximately 7400 pairs of daily predicted and measured values) 

was 8.1 cm. 
Appl ication of the model was demonstrated with four exampl es . 

The f i r s t  example consisted of an evaluation of a1 ternative designs f o r  

combination surface-subsurface drainage systems for  two so i l s .  The use 

of controlled drainage and subirrigation was considered in the second 
example. DRAINMOD can also be used to  determine hydraulic loading capa- 

c i t i e s  fo r  systems fo r  land application of waste water, and an example 
was given to  demonstrate th i s  use of the model. Finally, an example was 
given to  show how DRAINMOD can be used to  determine the e f fec ts  of root- 

ing depth l imitations on the number of days and the frequency tha t  a 
crop suffers from drought s t r e s s .  

The computer program i s  documented in Appendix A of the report .  
This Appendix includes a program l i s t i n g  with definit ion of terms, a 
description of each subroutine and examples of input data and  computer 
o u t p u t .  

Based on the resu l t s  of the study and f i e l d  t e s t s  of DRAINMOD i t  i s  
concluded that  the model can be used to  design and evaluate water manage- 

ment systems for  shallow water table s o i l s .  There are a number of improve- 
ments tha t  can be made in the model and fur ther  t e s t s  under d i f fe rent  so i l  
and climatological conditions are  needed. These yeeds are covered more 
specif ical ly  i n  the Recommendations section. Nevertheless, the model i s  
judged to be suf f ic ien t ly  re l iab le  fo r  immediate use and i t s  application 
for  design and evaluation i s  encouraged. Although research ef for t s  to  
improve the model will continue, the best t e s t  of i t s  u t i l i t y  and the most 
e f f i c i en t  means of identifying and improving i t s  weak points l i e s  in i t s  

application. I t  i s  anticipated that  modifications to  the model, both in 
terms of the model components and i n  the required input data, will r e su l t  

from application to real world s i tuat ions which are  frequently complicated 
by a lack of adequate input data. 
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RECOMMENDATIONS 
Recommendations resulting fvom t h i s  project f a l l  into two cate- 

gories: recommendations for  the -implementation of the model t o  the 
design and evaluation of water management systems; and recommendations 
fo r  fur ther  research to  improve components of the model and to  t e s t  
i t s  re1 iabi 4 i  ty  for d i f fe rent  water management systems and under di f - 
ferent  cl  imatological and sol 1 conditions . 

Implementatlon of the model f i r s t  requires that  i t  be transmitted 
to  the users complete with documentation and input data needed fo r  i t s  
appl ication. The model has been described to potential users through 

professional meetings, work shops and journal a r t i c l e s .  This report  

will provide the needed documentation. A major need in t h i s  area i s  in- 
tensive use of the model in practice.  This would involve production 
scale use of DRAINMOD i n  the design and evaluation of drainage and water 

table control systems. Th i s  i s  envisioned as a research-extension 
ac t iv i ty  i n  which extension personnel would work with the land owner, 
and agenc%es such a s  the Soil Conservation Service to  gather the needed 
i n p u t  data, and make al ternat ive designs fo r  the water management system. 
The performance s f  proposed designs would be simul a t& using DRAINMOD 
and modifications made to  obtain the optimum system fo r  a given s e t  of 
design requirements. Experience gained in t h i s  application would allow 
rapfd improvement of the model and streamlining of the procedures f o r  
obtaining i n p u t  data.  I t  would also provide a data base tha t  would be 
applicable f o r  the same and similar so i l  types i n  other locations,  

Another need i n  t h i s  same general category i s  fo r  design charts 
such as those given i n  Flgures 47-52 fo r  a range of s o i l s  and locations.  
While these charts cannot be used d i rec t ly ,  except on the so i l  f o r  which 
they were derived, they could provide a basis f o r  a rough a r  f i r s t - c u t  

design. En eases where specif ic  input data are  not available such appro- 

ximations may be be t te r  than present a l te rna t ives .  

A t  the end of nearly every research project there are  recommenda- 
t ions f o r  continued research in the subject matter t o  fur ther  t e s t  the 
resu l t s  o r  to  refine methods developed 9'n the research. This project i s  

no d i f fe rent  i n  t ha t  respect and there a re  numerous areas where both the 
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accuracy of the model and efficiency of i t s  use can be improved by fur ther  
research and development, Perhaps the most obvious need i s  for  fur ther  
tes t ing under d i f fe rent  so i l  and climatological conditions. Tests are  

underway using more t h a n  10 years of data collected near Sandusky, Ohio 

(Schwab, e t  al . , 1973, 1975)- Preliminary resu l t s  look good f o r  the t i g h t  
so i l s  of th i s  location. Plans a re  now being made to  also t e s t  the model 
using the data from other locations in the U.S. 

Inf i l t ra t ion  i s  predicted in the present version of DRAINMOD with 
the Greem-Ampt equation using input parameters tha t  are selected as a 
function of the i n i t i a l  water table  depth. While th i s  equation has been 
found to be suf f ic ien t ly  f lex ib le  for  most f i e ld  conditions, there i s  no 

doubt that  the equation parameters depend on the stage of surface cover and 

t i l l age ,  both of which af fec t  the condition of the surface. The ef fec t  of 

crusting due to  ra infa l l  impact an an unprotected or pa r t i a l ly  protected 
surface as well as breaking u p  of crusts  due to  cultivation could be con- 
sidered in the model and reflected in the Green-Ampt equation parameters. 

Here again the determination of input data to  characterize a l l  of the d i f -  

ferent  combinations of i n i t i a l  conditions will pose a problem i n  practical 
application, b u t  t h i s  can possibly be overcome with some we11 directed 
research. Presently, i n f i l t r a t i o n  i s  calculated based on ra infa l l  ra tes  

assumed to be constant for  one-hour intervals .  Actually ra infa l l  i s  not 
usually constant b u t  may occur in short  bursts of high intensi ty  followed 
by low in tens i t ies  during the hour. I t  may be desirable to assume d i f f e r -  
ent ra infa l l  rate-time dis t r ibut ions within each hour in order to  more 
precisely determine when ra infa l l  excesses will occur. Additional studies 
need to be conducted on th i s  subject. 

Improvements can also be made in the component of the model tha t  
evaluates subsurface drainage and subirrigation fluxes.  The present 
version uses the Hooghoudt equation to evaluate flux i n  terms of water 
table elevations a t  the drain and a t  a point midway between the drains. 

Layers are considered by evaluating an equivalent horizontal conductivity 
and convergence near the drains i s  accounted f o r  by defining an equiva- 

len t  depth to  the impermeable layer.  Recent methods developed by 
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van Beers (1976) fo r  steady s t a t e  drainage under ra infa l l  conditions 
will accommodate layered so i l s  and correct fo r  convergence near the 

drains d i rec t ly ,  These methods need to  be worked into the model and 

tested t o  determine i f  the i r  use will improve the overall performance 
of DRAINMOD, 

Although the saturated hydraulic conductivity i s  assumed t o  be 

constant, we know tha t  i t  changes with water temperature, primarily 

as a r e su l t  of viscosity changes. Thus the conductivity i s  usually 
higher durlng the summer months than during the winter. The model 
could be programed t o  cons%der the e f fec t  of so i l  water temperature 

changes on K and thus on drainage flux. A predictive method could be 
used to calculate so?% temperatures a t  a given depth in terms of average 
a i r  temperature and so i l  thermal properties. Maximum and minimum a i r  
temperatures, which are  used to  predict ET, may also be used to estimate 
so i l  temperature changes. 

Freezing conditions a re  not currently considered in the model . 
Errors caused by the omission are reflected for  early spring conditions 
in t e s t s  of DRAINMOD currently being conducted with data from N W  Ohio. 
Frozen s o i l s  will have a b i g  e f fec t  on both in f i l t r a t ion  and drainage; 
more work i s  needed on th i s  subject. 

In discussing the resu l t s  from Aurora (Chapter 5) we noted errors  
i n  the predicted water table  that  were caused by a f a i lu re  of DRAINMOD 
to conslder the time lag of water table response a t  the beginning of the 
subirrigation process. Methods for  determining time lag in terms of the 
soi 7 properties, drain spacing, e tc .  have been worked out (Skaggs , 1974) . 
Such methods have not been employed in the model because of the complex- 

i t y  of programing and the re la t ive ly  infrequent occurrence of the s i tua-  

t ion. However, t h i s  capabili ty should be added to the model to  improve 

f t s  accuracy during t ransi t ion periods between drainage and subirr igat ion.  
Further work i s  also needed to bet ter  describe water removal from 

and development o f  the dry zone, In the present version of DRAINMOD i t  

i s  assumed tha t ,  as long as water ex is t s  in the root zone a t  water con- 
tents above some limiting value, e g g ,  i t  may be used by the plant t o  corn- 



pletely sa t i s fy  ET demands, I t  would be more reasonable to  assume ( a f t e r  
Lagace; 1973) that  the ava i lab i l i ty  of water i s  reduced as the so i l  water 
content decreases. This would involve reducing actual ET based on the 
soi l  water content a f t e r  the water content in the root zone decreases 

be1 ow some thresh01 d val ue. 
Trafficable conditions a re  now based on whether the drained volume 

( a i r  volume) in the soi l  profi le  i s  greater than a given l imit ,  which i s  

determined from rather  subjective f i e l d  measurements. Further work needs 

to  be done t o  define t ra f f icable  conditions in terms of more basic soil  
properties and t o  determine how both the water content and dis t r ibut ion 

af fec ts  those properties. Methods developed by Wendt, e t  a1 . (1 976) may 
be used to strengthen th i s  part  of the simulation procedure. 

Presently, DRAINMOD determines the total  number of t raff icabl  e days 
in a given time period. In the actual farm operation, i t  may be more 
important to  know the frequency of t ra f f icable  conditions for  several days 
a t  a time, and the e f f ec t  of the drainage system on tha t  frequency. In 
order to  consider the total  system i n  t h i s  regard, i t  may be desirable to 
couple DRAINMBD with a machinery management model to  determine the optimum 
combination of farm machinery and drainage systems f o r  a given s i tuat ion.  

One of the inputs to  DRAINMOD i s  the relationship between effect ive 
root depth and time. While th i s  function can be approximated from data 
in the l i t e ra tu re ,  i t  0bvious~y depends heavily on the water management 
system, as discussed in Chapter 2 .  One method tha t  could be used to  
characterize the interrelationships between the so i l  water regime and 
root depth i s  t o  use a root model such as the one developed by Lambert and 
Baker (1979).  However the input and computer time requirements for  such 
models are  Targe and are  not generally compatible with DRAINMOD. Work i s  
needed to  e i the r  modify present root models or  to  develop new models t h a t  

would allow prediction of effect ive root depth i n  terms of soil  water 
s t resses  (both too wet and too dry) ,  nutr ients ,  temperatures, e t c ,  



A logical extension of the above would be t o  couple DRAINMOD with 
a plant growth model which would also include the capabili ty of predict- 

ing root growth and development. This would permit the d i rec t  evaluation 
of the e f fec t  of a water management system q~ crop production without re- 

sorting to  mechanisms such as SEWsB. With the present stage o f  develap- 
ment of crop models such an extension seems feasible  and fur ther  research 
in th i s  direction should be given high pr ior i ty .  

Various model s have been developed (e.  g . the ARM and NPS model s 
developed fo r  E P A )  to  predict nutrient and pesticide runoff from agricul- 
tural watersheds. In most cases these models have been developed fo r  up- 
land conditions where subsurface drainage as considered herein i s  of l e s s  

importance than the surface hydrology. Because of the in te res t  in nutr ient  

outflow from drainage systems, bet ter  methods are needed to characterize 
nutrient transformations and movement in high water tab1 e s i  tuations.  I t  

i s  suggested tha t  DRAINMOD might serve as a base for  development of a 

water qua% i t y  model for  high water table  s o i l s .  A f i r s t  cut might be to  

couple DRAINMOD with the water quality part  of one of the existing models. 
However, considepi ng the differences in boundary conditions, a more basic 
approach may be necessary. When developed and tested the resulting model 

would allow evaloation of proposed methods for  reducing nutrient outflows 
from drainage systems. 
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A WATER MANAGEMENT MODEL FOR SHALLOW WATER TABLE SOILS 

CHAPTER 1 

INTRODUCTION 

The des ign  o f  e f f i c i e n t  a g r i c u l t u r a l  wa te r  management systems i s  

becoming more and more c r i t i c a l  as c o m p e t i t i v e  uses f o r  o u r  wate r  

resources increase,  and as i n s t a l l a t i o n  and o p e r a t i o n a l  cos t s  c l imb .  

I n  humid reg ions ,  a r t i f i c i a l  d ra inage  i s  necessary t o  p e r m i t  fa rming  

o f  some o f  t h e  n a t i o n ' s  most p r o d u c t i v e  s o i l s .  Drainage i s  needed t o  

p rov ide  t r a f f i c a b l e  c o n d i t i o n s  f o r  seedbed p r e p a r a t i o n  and p l a n t i n g  

i n  t h e  s p r i n g  and t o  i n s u r e  a s u i t a b l e  env.ironment f o r  p l a n t  growth 

d u r i n g  t h e  growing season. A t  t h e  same t ime  excess ive  d ra inage  i s  

undes i rab le  as i t  reduces s o i l  water  a v a i l a b l e  t o  growing p l a n t s  and 

leaches f e r t i l i z e r  n u t r i e n t s ,  c a r r y i n g  them t o  r e c e i v i n g  streams 

where they  a c t  as p o l l u t a n t s .  I n  some cases, wa te r  t a b l e  c o n t r o l  o r  

s u b i r r i g a t i o n  can be used t o  m a i n t a i n  a  r e l a t i v e l y  h i g h  water  t a b l e  

d u r i n g  t h e  growing season thereby  supp l y i ng  i r r i g a t i o n  water  f o r  c rop  

growth as we1 1 as p reven t i ng  excess ive dra inage.  

The des ign and o p e r a t i o n  of each component o f  a  water  manage- 

ment system shou ld  be dependent on s o i l  p r o p e r t i e s ,  topography, 

c l  imate, crops grown and t r a f  f i cab i  1  i ty requi rements . Fu r the r ,  t h e  

des ign of one component should depend on t h e  o t h e r  components. For 

example, a  f i e l d  w i t h  good sur face d ra inage  w i l l  r e q u i r e  l e s s  i n t e n -  

s i v e  subsur face d ra inage  than  i t  would i f  s u r f a c e  d ra inage  i s  poor .  

Th is  has been c l e a r l y  demonstrated i n  bo th  f i e l d  s t u d i e s  o f  c rop  

response (Schwab, -- e t  a l . ,  1974) and by t h e o r e t i c a l  methods (Skaggs, 

1974). The r e l a t i v e  impor tance of  wa te r  management components v a r i e s  

w i t h  c l ima te ,  so, i n  humid reg ions ,  a  w e l l  designed dra inage system 

may be c r i t i c a l  i n  some years  y e t  p r o v i d e  e s s e n t i a l l y  no b e n e f i t s  i n  

o the rs .  Thus, methods f o r  des ign ing  and e v a l u a t i n g  mult icomponent 

wate r  management systems should be capable o f  i d e n t i f y i n g  sequences 

o f  weather c o n d i t i o n s  t h a t  a r e  c r i t i c a l  t o  c r o p  p roduc t i on  and o f  

d e s c r i b i n g  t h e  performance o f  t h e  system d u r i n g  those per iods .  

The purpose o f  t h i s  r e p o r t  i s  t o  p resen t  t h e  r e s u l t s  o f  a  s tudy  

t o  develop and t e s t  a  wate r  management model f o r  s o i l s  w i t h  h i g h  

wate r  t a b l e s .  The mode1,which i s  c a l l e d  DRAINMOD, i s  a  computer 
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simulation program tha t  characterizes the response of the so i l  water 

regime to various combinations of surface and subsurface water manage- 
ment. I t  can be used to predict the response of the water table  and 
the soi 1 water above the water tabl e to  rai  nfal I ,  evapotranspiration 
( E T ) ,  given degrees of surface and subsurface drainage, and the use of 
water tabl e control or  subi r r iga t i  on practices.  Surface i r r iga t ion  
can also be considered and the model has been used to  analyze s i t e s  for  

land disposal of waste water. Climatological data a re  used i n  tM model 

to  simulate the performance of a given water management system ov&r 
several years of record. In t h i s  way optimum water management can be 
designed on a probabi l is t ic  basis as i n i t i a l l y  proposed fo r  subsurface 
drainage by van Schi lfgaarde (1965) and subsequently used by Young and 
Ligon (1  972) and Wiser, e t  a1 . (1 974). 

This report  begins with a description of each of the model com- 

ponents. Then re su l t s  o f  f i e l d  evperiments to t e s t  the val idi ty  of the 
model fo r  multi-component water management systems are  given. Finally,  

examples of the use of the model fo r  the design of drainage and water 

tab le  control systems, determining permissible hydraulic loading rates  
for  land disposal of waste water and evaluation of the e f f ec t  of root- 
ing depth l imitat ions on number and frequency of days tha t  a growing 
crop i s -s t ressed  due t o  dry conditions, are  presented. 



3 
CHAPTER 2 

THE MODEL 

Background 

A schematic o f  t h e  t y p e  o f  wa te r  management system cons idered  i s  

g i v e n  i n  F i g u r e  1. The s o i l  i s  n e a r l y  f l a t  and has an impermeable 

l a y e r  a t  a  r e l a t i v e l y  sha l l ow  depth.  Subsurface d ra inage  i s  p rov ided  

b,y d r a i n  tubes o r  p a r a l l e l  d i t c h e s  a t  a  d i s t a n c e  d, above t h e  imperme- 

a b l e  l a y e r  and spaced a  distance, L, apa r t .  When r a i n f a l l  occurs,  

wa te r  i n f i l t r a t e s  a t  t h e  s u r f a c e  and p e r c o l a t e s  th rough t h e  p r o f i l e  

r a i s i n g  t h e  wate r  t a b l e  and i n c r e a s i n g  t h e  subsur face d ra inage  r a t e .  

I f  t h e  r a i n f a l l  r a t e  i s  g r e a t e r  than  t h e  c a p a c i t y  o f  t h e  s o i  1  t o  i n f i l -  

t r a t e ,  wa te r  begins t~ c o l l e c t  on t h e  su r f ace .  When good s u r f a c e  

d ra inage  i s  p rov ided  so t h a t  t h e  s u r f a c e  i s  smooth and on grade, most 

o f  t h e  s u r f a c e  wa te r  w i l l  be a v a i l a b l e  f o r  r u n o f f .  However, i f  su r -  

RAINFALL OR E T  

I l l l l l l l l l l t t t t t t t t t t t t  
DEPRESSION STORAGE ( S - - / 
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F i g u r e  1. Schematic o f  wa te r  management system w i t h  subsur face 
d r a i n s  t h a t  may be used f o r  d ra inage  o r  s u b i r r i g a t i o n .  



face drainage i s  poor, a certain amount of water must be stored in de- 

pressions before runoff can begin. After ra infa l l  ceases, i n f i l t r a t ion  

continues until the water stored in surface depressions i s  i n f i l t r a t ed  

into the s o i l .  Thus, poor surface drainage effect ively lengthens the 

in f i l t r a t ion  event for  a given storm permitting more water to  i n f i l t r a t e  

and a larger r i s e  in the water table than would occur i f  depression 

storage did not ex i s t .  

The r a t e  water i s  drai-.ed from the prof i le  depends on the hydraulic 

conductivity of the s o i l ,  the drain depth and spacing, the effect ive pro- 

f i l e  depth, and the depth of water in the drains. When the water level 

i s  raised in the drainage ditches, for  purposes of supplying water to  

the root zone of the crop, the drainage r a t e  will be reduced and water 

may move from the drains into the soi l  p rof i le  giving the shape shown 

by the broken curve in Figure 1.  I t  was shown in a previous study 

(Skaggs, 1974) tha t  a high water table reduces the amount of storage 

available for  i n f i l t r a t i n g  ra infa l l  and may re su l t  in frequent condi- 

t ions of excessive soi l  water i f  the system i s  not properly designed 
and managed. Water may also be removed from the profi le  by ET, and by 

deep seepage, bath of which must be considered in the calculations i f  

the soil  water regime i s  t o  be modeled successfully. 

Model Development 
Two important c r i t e r i a  were adopted in the development of the 

computer model. F i r s t ,  the model must be capable of describing a l l  

aspects of water movement and storage in the profi le  so as t o  character- 

ize ,  as accurately as .ossible, the soi l  water regime and drainage rates  

with time. And second, the model must be developed such tha t  the com- 

puter time necessary to  simulate long term events i s  not prohibitive.  

The movement of water in soi l  i s  a complex process and i t  would be an 

easy matter t o  become so involved with getting exact solutions to  every 

possible s i tua t ion  tha t  the f inal  answer would never be obtained. The 

guiding principle in ":he model development was therefore to  assemble 

the linkage between various components of the system, allowing the 

specifics to  be incorporated as subroutines, so that  they can readily 



be modified when bet ter  methods are developed. 
The basis fo r  the computer model i s  a water balance for  the 

soi l  profi le  (Figure 2 ) .  The rates  of i n f i l t r a t i o n ,  drainage, and 
evapotranspiration, and the dis t r ibut ion of so i l  water in the profi le  
can be computed by obtaining numerical solutions to nonlinear d i f -  

ferent ial  equations (e.g . , Freeze, 1971 ) . However these methods would 

require prohibitive amounts of computer time f o r  long term simulations 
and thus could not be used in the model. Instead, approximate methods 

were used to  characterize the water movement processes. In order to  

insure tha t  the approximate methods provided re l iab le  estimates, they 

were compared to  exact methods for  a range of s o i l s  and boundary con- 
d i t ions .  Further, the r e l i a b i l i t y  of the total  model was tested using 
f i e l d  experiments. 

RAINFALL OR IRRIGATION~P) 
I I 

DRAIN TUBE 

DEEP SEEPAGE (Ds) 

Figure 2 .  Schematic of water management system with drainage to 
ditches or drain tubes. Coniponents evaluated i n  the 
water balance are  shown on the diagram. 



The bas ic  r e l a t i o n s h i p  i n  t h e  model i s  a water balance f o r  a t h i n  

s e c t i ~ n  o f  s o i l  o f  u n i t  sur face  area which extends f rom the  imperme- 

a b l e  l a y e r  t o  t he  su r face  and i s  l oca ted  midway between ad jacent  d ra ins .  

The w t e r  balance f o r  a t ime  increment of ~t may be expressed as, 

A V ~  = D + ET 4 OS - F ( 1  ) 

where AV, i s  t h e  change i n  t h e  a i r  volume (cm), D i s  dra inage (cm) fmm 

( o r  s u b i r r i g a t i o n  i n t o )  t he  sec t ion ,  ET i s  evapo t ransp i ra t i on  (cm), DS 

i s  deep seepage (cm) and F  i s  i n f i l t r a t i o n  (cm) e n t e r i n g  the  s e c t i o n  i n  

a t ,  
The terms on t h e  r i gh t -hand  s i d e  o f  equat ion  1  a r e  computed i n  terms 

o f  t h e  water  t a b l e  e l e v a t i o n ,  s o i l  water  content ,  s o i l  p rope r t i es ,  s i t e  

and dra inage system parameters, c rop  and stage o f  growth, and atmospheric 

cond i t i ons ,  The amount o f  r u n o f f  and s to rage on the  su r face  i s  computed 

from a water  balance a t  t he  s o i l  sur face  f o r  each t ime increment which 

may be w r i t t e n  as, 

P = F + A S + R O  ( 2 )  

where P i s  the p r e c i p i t a t i o n  (cm), F i s  i n f i l t r a t i o n  (cm), AS i s  t he  

change i n  volume o f  water s to red  on the  su r face  (cm), and RO i s  runof f  

(cm) du r ing  t ime  ~ t ,  The bas ic  t ime increment used i n  equat ions 1  and 2 

i s  1  hour.  However when r a i n f a l l  does n o t  occur  and dra inage and ET 

r a t e s  a r e  slaw such t h a t  t he  water t a b l e  p o s i t i o n  moves slowly wl th  t ime,  

equat ion 1 i s  based on A t  o f  1  day. Conversely, t ime increments of  0.05 

hour o r ' less  a r e  used t o  compute F  when r a i n f a l l  r a tes  exceed the  i n f i l -  

t r a t i o n  c a p a c i t y .  A general  F l o w  Chart f o r  DRAINMOD i s  g i ven  i n  F igu re  

3. Methods used t o  eva lua te  the  terms i n  equat ions 1 and 2 and o t h e r  

model components a r e  discussed i n  t h e  f o l l o w i n g  sec t i ons .  

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

Model Components 

P r e c i p i t a t i o n  records a r e  one o f  t he  major  i npu ts  o f  DRAINMOD. 

The accuracy o f  t h e  mode1 p r e d i c t i o n  f o r  i n f i l t r a t i o n ,  r u n o f f  and sur-  

face s to rage i s  dependent on t h e  complete d e s c r i p t i o n  o f  r a i n f a l l .  

Therefore, a  s h o r t  t ime  increment f o r  r a i n f a l l  i n p u t  data w i l l  a l l o w  





bet ter  estimates of these model components than will l ess  frequent data.  
A basic time increment of one hour was selected for  use in the model 

because of the ava i lab i l i ty  of hourly ra infa l l  d a t a .  l h l l e  data f o r  

shorter time increments a re  available f o r  a few locations,  hourly rain- 

f a l l  data a re  readily available for  many locations in the U.S. 

Hourly ra infa l l  records are  stored in the computer based HISARS 

(Wiser, 1972, 1975) for  several locations in North Carolina and these 

records a re  automatically accessed as inputs to  the model. Hourly data 

for  other locations in the U.S. can be obtained from the National 

weather Service a t  Ashevi 1 l e ,  N . C .  

I n f i l t r a t ion  

In f i l t r a t ion  of water a t  the soi l  surface i s  a complex process 

which has been studied extensively during the past two decades. A re- 

cent review of i  nfi 1 t ra t ion  and methods for  quantifying inf i  1 t ra t ion  

rates was presented by Skaggs, -- e t  a l .  (1979). Philip (1969), Hilel 

(1  971 ) , Morel -Seytoux ( 1  973) and Hadas, -- e t  a1 . (1973) have a1 so pre- 

sented reviews of the i n f i l t r a t i o n  processes. In f i l t r a t ion  i s  affected 

by soi l  factors  such as hydraulic conductivity, i n i t i a l  water content, 

surface compaction, depth of prof i le ,  and water table depth; plant 

factors such as extent of cover and depth of r o o t  zone; and ra infa l l  

factors  such as in tens i ty ,  duration, and time dis t r ibut ion of r a i n f a l l .  
Methods fo r  characterizing the i n f i l t r a t i o n  process have concentra- 

ted on the e f fec ts  of so i l  factors and have generally assumed the so i l  
system to  be a fixed or undeformable matrix with well defined hydraulic 

conductivity and so i l  water charac ter i s t ic  functions. Under these 

assumptions and the additional assumption tha t  there i s  negligible 

resistance t o  the movement of displaced a i r ,  the Richards equation may 

be taken as the governing relationship f o r  the process. For ver t ical  

water movement, the Richards equation may be written as ,  

where h i s  the 9oil water pressure head, z i s  the distance below the 

soi l  surface, t i s  time, K(h) i s  the hydraulic conductivity function 

and C(h) i s  the water capacity function which i s  obtained from the 



soi l  water charac ter i s t ic .  The ef fec ts  of rainfal l  r a t e  and time dis-  
t r ibut ion,  i n i t i a l  soi l  water conditions, and water table  depth are  
incorporated as boundary and i n i t i a l  conditions in the solution of 
equation 3. 

A 1  though the Richards equation provides a rather comprehensive 
method of determining the e f fec ts  of many interact ive factors  on i n f i l -  
t ra t ion ,  input and computational requirements prohibits i t s  use in 
DRAINMOD. The hydraul i c conductivity function required in the Richards 
equation i s  d i f f i c u l t  to  measure and i s  available in the l i t e r a t u r e  for  
only a few s o i l s .  Furthermore, equation 3 i s  nonl inear and fo r  the 
general case, must be solved by numerical methods requiring time incre- 
ments in the order of a few seconds. The computer time required by such 
solutions would clear ly be prohibitive fo r  long term simulations cover- 
ing several years of record. Nevertheless, these solutions can be used 

to  evaluate approximate methods and, in some cases, to  determine para- 
meter values required in these methods. 

Approximate equations for  predicting the inf i 1 t ra t ion  have been 
proposed by Green and Ampt (1  91 1 ),  Horton (1 939), Phi 1 ip  (1957) and 

Hol ton, -- e t  a l .  (19671, among others.  Of these, the Green-Ampt equation 
appears to  be the most f lex ib le  and i s  used to characterize the i n f i l -  
t ra t ion  component in DRAINMOD. The Green-Ampt equation was or ig ina l ly  
derived for  deep homogeneous prof i1 es with a uniform i n i t i a l  water 
content. The equation may be written as ,  

f = KS + KS Md S f / F  (4) 

where f i s  the i n f i l t r a t i o n  r a t e ,  F i s  accumulative i n f i l t r a t i o n ,  Kg i s  
the hydraulic conductivity of the transmission zone, Md i s  the d i f f e r -  
ence between f inal  and i n i t i a l  volumetric water contents (Md = eo - e i ) ,  
and Sf i s  the e f fec t ive  suction a t  the wetting front .  For a given so i l  
with a given i n i t i a l  water content equation 4 may be written as ,  

f = A/F + B ( 5  
where A and B are parameters tha t  depend on the soi l  properties,  i n i t i a l  
water content and dis t r ibut ion,  and surface conditions such as cover, 
crusting, e tc .  



In addit ion t o  uniform prof i l es  f o r  which i t  was o r ig ina l ly  de- 

r ived,  the  Green-Ampt equation has been used ~ s t h  good r e s u l t s  f o r  

p rof i l es  t h a t  become denser with depth (Childs and Bybordi , 1 X ? :  1:1d 

f o r  s o i l s  w i t h  p a r t i a l l y  sealed surfaces (Hi l le l  and Gardner, 1970). 

Bouwer (1969) showed t h a t  i t  may a l so  be used f o r  nonuniform i n i t i a l  

water contents.  

Hein and Larson (1973) used the  Green-Ampt equation t o  predic t  

i n f i l t r a t i o n  from steady r a i n f a l l .  Their r e s u l t s  were in good agree- 

ment w i t h  r a t e s  obtained from solut ions  t o  the Richards equation f o r  

a wide var ie ty  of so i l  types and appl icat ion ra tes .  Mein and Larson's 

r e su l t s  imply t h a t ,  f o r  uniform deep s o i l s  with constant  i n i t i a l  water 

contents,  the  i n f i l t r a t i o n  r a t e  may be expressed in terms of cumula- 

t i v e  i n f i l t r a t i o n ,  F ,  alone, regarilless of the  appl icat ion r a t e .  This 

i s  impl ic i ty  assumed in  the  Green-Ampt equation and in  the parametric 

model proposed by Smith (1972). Reeves and Miller  (1 975) extended 

t h i s  assumption t o  the  case of e r r a t i c  r a i n f a l l  where the  unsteady 

appl icat ion r a t e  dropped below i n f i l t r a t i o n  capacity f o r  a period of 

time followed by a high i n t ens i t y  appl icat ion.  Their invest igat ions  

showed t h a t  t he  i n f i l t r a t i o n  capacity could be approximated as  a 

simple function of F regardless of the  appl icat ion r a t e  versus time 

his tory .  These r e su l t s  a r e  extremely important f o r  model ing e f f o r t s  

of the  type discussed herein. I f  the  i n f i l t r a t i o n  re la t ionsh ip  i s  

independent of appl icat ion r a t e ,  the only input parameters required a r e  

those pertaining t o  the  necessary range of i n i t i a l  condit ions.  On t he  

other  hand, a s e t  of parameters covering the possible range i b ~  applica- 

t ion r a t e s  would be required f o r  each i n i t i a l  condit ion i f  the  i n f i l -  

t r a t i o n  re la t ionsh ip  depends on appl i ca t ion  r a t e ,  

A frequent i n i t i a l  condition f o r  shallow water t ab l e  s o i l s  i s  an 

unsaturated p ro f i l e  in equi 1 i  b r i m  w i t h  the  water t ab le .  Solutions 

f o r  the  i n f i l t r a t i o n  r a t e  - time re la t ionsh ip  f o r  a p r o f i l e  i n i t i a l l y  

in equilibrium with a water t ab l e  100 cm deep a r e  given i n  Figure 4 
f o r  a sandy loam s o i l .  The solut ions  were obtained by solving the  

Richards equation f o r  r a i n f a l l  r a t e s  varying from 2 t o  10 cm/h and 

f o r  a shallow ponded surface.  Note t h a t  i n f i l t r a t i o n  r a t e  i s  dependent 



on both time and the application rate .  However, when in f i l t r a t ion  ra te  
t i s  plotted versus cumulative in f i l t r a t ion ,  F = lo f d t ,  (Figure 5)  the 

relationship i s  nearly independent of the application ra te .  This i s  

consistant with Mein and Larson's (1973) resu l t s  discussed above for  
deep so i l s  with uniform i n i t i a l  water contents. 

I t  should be noted that  resistance t o  a i r  movement was neglected 
in predicting the i n f i l t r a t i o n  relationships given in Figures 4 and 5. 

Such effects  can be quite s ignif icant  fo r  shallow water tables where 
a i r  may be entrapped between the water table  and the advancing wetting 
f ront  (McWhorter, 1971, 1976). Morel -Seytoux and Khanji (1974) showed 
tha t  the Green-Ampt equation retained i t s  original form when the e f fec ts  
of a i r  movement were considered for  deep so i l s  with uniform i n i t i a l  
water contents. The equation parameters were simply modified to incl ude 
the effects  of a i r  movement. 

In f i l t r a t ion  relationships fo r  a range of water table  depths a re  
plotted in Figure 6 for  the sandy loam considered above. Although 
these curves were determined from solutions to the Richards equation, 

similar relationships could have been measured experimentally. The 
parameters A and B in equation 5 may be determined by using regression 

methods to  f i t  the equation t o  the observed in f i l t r a t ion  data. The 
resul tant  parameter values w f 7 1  r e f l ec t  the e f fec ts  of a i r  movement as 
well as other factors  which would have otherwise been neglected. I n f i l -  
t ra t ion predictions based on such measurements will usually be more 
re l iab le  than i f  the predictions a re  obtained from basic soi l  property 
measurements. 

The model requires inputs for  i n f i l t r a t i o n  in the form of a table  
of A and B versus water table  depth. When ra infa l l  occurs, A and B 

values are interpolated from the table fo r  the appropriate water table  
depth a t  the beginning of the rainfal l  event. An i terat ion procedure 

i s  used with equation 5 to  determine the cumulative in f i l t r a t ion  a t  the 
end of hourly time intervals .  When the ra infa l l  ra te  exceeds the i n f i l -  

t ra t ion capacity as given by equation 5 ,  equation 2 i s  applied to con- 

duct a water balance a t  the surface for  A t  increments of 3 min. (0.05 h ) .  
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Figure 4. Infiltration rate versus time for a sandy loam soil initially 
drained to equilibrium to a water table 1.0 rn deep. Note that 
the inf i 1 tration-time re1 ationshi ps are dependent on the 
rainfall rate. 
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Figure 5. Infiltration rake - cumulative infiltration re1 ationships as 
affected by rainfall rate for the same conditions as Figure 4. 
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ure 6. Inf i l t ra t ion  relationships fo r  the sandy loam soi l  of Figure 
4 i n i t i a l l y  drained to equilibrium a t  various water table 
depths. 

Rainfall in excess of in f i l t r a t ion  i s  accumulated as surface storage. 
When the surface storage depth exceeds the maximum storage depth for 
a given f i e l d ,  the additional excess i s  a l lo t ted  t o  surface runoff. 
These values a re  accumulated so tha t ,  a t  the end of the hour, i n f i l -  
t ra t ion and runoff as well as the present depth of surface storage 
are  predicted. Hourly rainfal l  data a re  used in the program so the 
same procedure i s  repeated for  the next hour using the recorded rain- 
f a l l  for  that  period. Inf i l t ra t ion  i s  accumulated from hour to  hour 

and used in equation 5 until ra infal l  terminates and a l l  water stored 
on the surface has inf i  1 t ra ted.  Likewise, the same A and B values a re  



used for  as long as the ra infa l l  event continues. An exception i s  
when the water table  r i s e s  to the surface, a t  which point A i s  s e t  to  
A = 0 and B i s  s e t  equal to the sum of the drainage, ET and deep seep- 
age rates .  An i n f i l t r a t i o n  event i s  assumed to terminate and new A and 
B values obtained fo r  succeeding events when no ra infa l l  or surface 
water has been available for  in f i l t r a t ion  for  a period of a t  l eas t  2 
hours. This time increment was selected a r b i t r a r i l y  and can be eas i ly  
changed in the program. 

Although i t  i s  assumed in the present version of the model tha t  the 
A and B matrix i s  constant, i t  i s  possible to  allow i t  t o  vary with time 

or to  be dependent on events tha t  a f f ec t  surface cover, compaction, e t c .  
Surface Drainage 

Surface drainage i s  characterized by the average depth of depres- 

sion storage tha t  must be sa t i s f ied  before runoff can begin. In most 

cases i t  i s  assumed tha t  depression storage i s  evenly distributed over 
the f i e l d .  Depression storage may be fur ther  broken down into a micro 
component representing storage in small depressions due to  surface 

s t ructure and cover, and a macro component which i s  due to  larger sur- 
face depressions and which m y  be a1 tered by land forming, grading, 
e tc .  A f i e ld  study conducted by Gayle and Skaggs (1978) showed tha t  
the micro-storage component varies from about 0.1 cm for  soi l  surfaces 
tha t  have been smoothed by weathering (impacting ra infa l l  and wind) to  
several centimeters fo r  rough plowed larid. Macro-storage values f o r  
eastern N . C .  f i e l d s  varied from nearly 0 fo r  f i e lds  tha t  have been land 
formed and smoothed or tha t  are  naturally on grade to  >3  cm for  f i e l d s  
with numerous pot holes and depressions or which have inadequate sW- 
face out le t s .  Surface storage could be considered as a time dependent 

function or to  be dependent on other events such as ra infa l l  and the 

time sequence of t i 1  7age operationsi' TherefoVe, the" va'riation in the micro- 

storage component during the year can be simulated. However, i t  i s  

assumed to be constant in the present version of the model. 

A second storage component tha t  must be considered i s  the "film" 
or  depth of surface water tha t  i s  accumulated, in addition to the 
depression storage, before runoff from the surface begins and during 



the runoff process. This volume i s  referred to  as surface detention 

storage and depends on the r a t e  of runoff, slope, and hydraulic rough- 

ness of the surface. I t  i s  neglected in the present version of the 

model which assumes tha t  runoff moves immediately from the surface to 

the out le t .  Actually wster that  eventually runs off from one section 

of the f i e l d  i s  temporarily stored as surface detention and may be 

in f i l t r a t ed  or stored a t  a location downslope as i t  moves from the 

f i e ld .  However the flow paths are  relat ively short  and th i s  volume i s  

assumed to be small for  the f i e ld  s ize  units normally considered in 

t h i s  model. 

Subusrface Drainage 

The r a t e  of subsurface water movement into drain tubes or ditches 

depends on the hydraulic conductivity of the soi 1, drain spacing and 

depth, prof i  1 e depth and water tab1 e el evation . Water moves toward 
drains in both the saturated and unsaturated zones and can best be 

quantified by solving the Richards equation for  two-dimensional flow. 

Solutions have been obtained for  drainage ditches (Skaggs and Tang, 
l976), drainage 'in layered so i l s  (Tang and Skaggs, l978), and for  drain 

tubes of various s izes  (Skaggs and Tang, 1978). Input and computation- 

al requirements prohibit  the use of these ntmerical methods in DRAINMOD, 

as was the case for  in f i l t r a t ion  discussed previously. However, num- 
er ical  solutions provide a very useful means of eval uating approximate 

methods of computing drainage flux. 

The method used in DRAINMOD to calculate  drainage rates  i s  based 

on the assumption tha t  la teral  water movement occurs mainly in the 

saturated reg5on. The effect ive horizontal saturated hydraulic con- 

ductivity i s  used and the flux i s  evaluated in terms of the water 

table elevation midway between the drains and the water level or  hy- 

draulic head in the drains. Several methods are  available for  e s t i -  

mating the drain flux including the use of numerical solutions to the 

Boussinesq equation. However, Hooghoudt's steady s t a t e  equation, as 

used by Bouwer and van Schilfgaarde (1963), was selected for use in 

DRAINMOD. Because t h i s  equation i s  used for  both drainage and sub- 

i r r igat ion f lux,  a brief derivatian i s  given below. 



Consider steady drainage due t o  constant r a i n f a l l  a t  ra te ,  R, 
as shown schematical l y  i n  Figure 7. Making the Dupui t-Forchheimer 

(D-F) assumptions and considering f low i n  the saturated zone only, 
the f l ux  per  u n i t  w id th  can be expressed as: 

where K i s  the hor izonta l  o r  l a t e r a l  saturated hydraul i c  conduc t i v i t y  

and h i s  the he ight  o f  the water t ab le  above the r e s t r i c t i v e  layer .  

From conservation o f  mass we know t h a t  the f l u x  a t  any po in t  x i s  

equal t o  the t o t a l  r a i n f a l l  between x  and the midpoint, x  = L/2. 

d h -Kh - = - R (L/2 - X )  dx (7 )  

where the negative s ign  on the r i g h t  hand s ide o f  equation 7  i s  due 

t o  the f a c t  t h a t  f low t o  the d ra i n  a t  x = o  i s  i n  the - x  d i rec t i on .  

Separating var iab les  and i n t e r g r a t i n g  equation 7  sub ject  t o  the 

boundary condi t ions h = d  a t  x  = o  and h = d  + m a t  x  = L/2 y i e l d s  

Figure 7. Schematic o f  water t ab le  drawdown t o  and s u b i r r i g a t i o n  
from p a r a l l e l  d ra i n  tubes. 



or R in terms of the water table elevation a t  the mid- 
point as ,  

Although drainage i s  not a steady s t a t e  process in most cases, a 
good approximation of the drainage flux can be obtained from equation 

t i s ,  the flux resul tirig from a midpoint 
of m may be approximated as equal to  the steady 
would cause the same equilibrium rn value. Then 
age flux may be written as ,  dem + m2 

q = e LZ 
where q i s  the flux in cm/hr, m i s  the midpoint 

water tab1 e el evation 
rainfal l  ra te  which 
the equation for  drain- 

Y (9 
water table height 

above the drain, K i s  the effect ive la te ra l  hydraulic conductivity and 
L i s  the distance between drains. Bouwer and van Schil fgaarde (1 
considered C to be equal to  the r a t io  of the average flux between t h  

drains to the flux midway between the drains. While i t  i s  possible to  
epending on the water table elevation, i t  i s  assumed to  be 

unity in the present version of the model. 

The equivalent deyth, de, was substi tuted for  d i n  equation 8 in  

order to  correct the convergence near the drains. The D-F assumptions 
used in deriving equation 9 imply tha t  equipotential l ines are vertical  
and stream1 ines horizontal within the saturated zone. Numerical s 

tions for  the hydraulic head (potent ial)  dis t r ibut ion and water ta 

s i t ion  are pldtted in Figure 8 for  four d i f fe rent  drains: a conven- 
tional 114 rnm O.D. drain tube, a wide open 114 mm tube, an open d i t c  

and a drain tube surrounded by a square envelope, 0.5 m x 0.5 rn in 
cross-section. The solutions were obtained by solving the two-dimen- 
sional Richards equation which requires no sirnpl ifying assumptions, 
These solutions show tha t ,  exckpt for  the region close to the 
equipotential l ines  i n  the saturated zone are  nearly ver t ica l .  Thus, 
the D-F assumptions would appear reasonable for  t h i s  case providing csn- 
vergence near the drain can be accounted for .  

Hooghoudt (van Sc hi 1 fgaarde, 1974) characterized f 1 ow to cyl i nder- 

ical drains by considering radial flow in the region near the drains 
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and applying the D-F assumptions to  the region away from the drains. 

The Hooghoudt analysis has been widely used to  determine an equivalent 

depth, de ,  which, when substi tuted for  d in Figure 7 will tend to  cor- 

rec t  drainage fluxes predicted by equation 9 for  convergence near the 

drain. bloody (1  967) examined Hooghoudt ' s  sol uti ons and presented the 

following equations from which de can be obtained. 

in which 
1.6d 

a = 3.55 - - d 
L + 2 (i) (11 

and fo r  d/L > 0.3 

in which r = drain tube radius. Usually a can be approximated as 

a = 3.4 with negligible error  for  design purposes. 

For r ea l ,  ra ther  than completely open drain tubes, there i s  an 
additional loss of hydraulic head due t o  convergence as water approach- 

es the f i n i t e  number of openings in the tube. The ef fec t  of various 

opening sizes and configurations can be approximated by defining an 

effect ive drain tube radius, re ,  such that  a completely open drain tube 

with radius r will o f fer  the same resistance to  inflow as a real tube 
e 

with radius r .  Dennis and Trafford (1975) used Kirkham's (1949) equation 

for  drainage from a ponded surface and measured drain discharge rates  in 

a laboratory so i l  tank to define effect ive drain tube rad i i .  Bravo and 

Schwab (1977) used an e l ec t r i c  analog model to  determine the e f fec t  of 

openings on radial flow t o  corrugated drain tubes. Their data was used 

by Skaggs (1978) to  define re fo r  the 114-mm (4.5-in.)  O . D .  tubing that  

they used (standard 4-in. (100-m) corrugated tubing has an outside dia- 

meter of approximately 4.5 i n . ) .  The same methods are  used to determine 

re and then de which i s  an input to the model. 

The above discussion t r e a t s  the soi l  as a homogeneous media with 

saturated conductivity K. Most so i l s  a re  actually layered with each 



l a y e r  having a  d i f f e r e n t  K value. Since subsurface water movement t o  

d r a i n  i s  p r i m a r i l y  i n  t h e  l a t e r a l  d i r e c t i o n ,  the e f f e c t i v e  hyd rau l i c  

c o n d u c t i v i t y  i n  t h e  l a t e r a l  d i r e c t i o n  i s  used i n  Equation 9. Refer- 

r i n g  t o  F igure  9 the  equ iva len t  c o n d u c t i v i t y  i s  c a l c u l a t e d  us ing  the  

equat ion, 
Kldl + K2D2 + K3D3 + K4D4 - 

Ke - d  + D~ + D~ + D~ (13) 
1  

Because the  th ickness  o f  t h e  sa tura ted  zone i n  the  upper l a y e r s  i s  

dependent on t h e  water t a b l e  p o s i t i o n ,  Ke i s  determined p r i o r  t o  

every f l u x  c a l c u l a t i o n  us ing  the  va lue  of  dl which depends on t h e  

water  t a b l e  p o s i t i o n .  I f  t h e  water  t a b l e  i s  below l a y e r  1, dl = 0 and 

a  s i m i l a r l y  de f i ned  d2 i s  s u b s t i t u t e d  f o r  D2 i n  equat ion 13. 

F igu re  9. Equ iva len t  1  a t e r a l  hydrau: i c  c o n d u c t i v i t y  i s  determined 
f o r  s o i l  p r o f i l e s  w i t h  up t o  5 l aye rs .  

Other methods fo r  c a l c u l a t i n g  the  d r a i n  f l u x  which considers 

convergence t o  t h e  d ra ins  and l aye red  p r o f i l e s  have been summarized 

by van Beers (1976). The most general i s  t he  Hooghuudt-Ernst equa- 

t i o n  which does n o t  r e q u i r e  a  separate c a l c u l a t i o n  f o r  de. However, 

i t  i s  necessary t o  determine a  geometr ic f a c t o r  f rom a  g raph ica l  

s o l u t i o n  f o r  some laye red  systems. The mod i f i ed  Hooghoudt-Ernst 



equation i s  also discussed by van Beers (1976) and could be easi ly  

employed in DRAINMOD. 

Subirrigation 

When subirrigation i s  used, water i s  raised in the drainage ou t l e t  

so as to maintain a pressure head a t  the drain of h ( re fer  to the 
0 

broken curve in Figure 7 ) .  If the boundary condition h = ho a t  x = 0 

i s  used in solving equation 7, the equation corresponding to equation 

9 for flux i s ,  
4K q = ((2 ho m + m 2 )  (14) 

where m i s  always defined as water table elevation midway between the 

drains minus the equivalent water table elevation a t  the drain,  h o ,  in 

th i s  case. Thus for  subirrigation, m i s  negative as i s  the flux. Con- 

vergence losses a t  the drain are  treated in the same manner as in drain- 

age by se t t ing  ho equal to  the sum of de and the water level elevation 

above the center of the drains. 

When controlled drainage i s  used, a weir i s  s e t  a t  a given eleva- 

tion in the drainage ou t l e t .  The actual water level in the drain i s  

not fixed as i t  i s  with subirrigation, b u t  depends on s ize  of the out- 

l e t ,  previous drainage, e tc .  If the water table elevation in the f i e l d  

i s  higher than the water level in the drain, drainage will occur and 

the water level in the drain will increase. I f  i t  r i ses  to  the weir 

level,  additional drainage water will s p i l l  over the weir and leave 

the system. When the water table in the f i e l d  i s  lower than that  in the 

drain, water will move into the f i e l d  a t  a r a t e  given by equation 14 

raising the water table  in the f i e l d  or supplying ET demands while re- 

ducing the water level in the drain. The amount of water stored in 

the drainage out le t  and t.he water level in the ou t l e t  during subirriga- 

tion or controlled drainage i s  computed a t  each time increment by a 

DRAINMOD subroutine called YDITCH. This subroutine uses the geometry 
of the ou t l e t ,  weir se t t ing  and drainage or  subirrigation flux to  deter- 

mine the water level in the out le t  a t  a l l  times. 

Evapotranspiration 

The determi nation of evapotranspiration (ET) i s  a two-step pro- 



cess i n  t h e  model. F i r s t  t h e  d a i l y  p o t e n t i a l  evapo t ransp i ra t i on  (ET) 

i s  c a l c u l a t e d  i n  terms o f  atmospheric data and i s  d i s t r i b u t e d  on an 

h o u r l y  bas is .  The PET represents  t h e  maximum amount o f  water t h a t  w i l l  

l eave  t h e  s o i l  system by evapo t ransp i ra t i on  when the re  i s  a  s u f f i c i e n t  

supply  of s o i l  water .  The present  ve rs ion  o f  t he  model d i s t r i b u t e s  the  

PET a t  a  un i f o rm r a t e  f o r  t h e  12 hours between 6:00 AM and 6:00 PM. 

I n  case of r a i n f a l l ,  h o u r l y  PET i s  s e t  equal t o  zero f o r  any hour i n  

which r a i n f a l l  occurs. A f t e r  PET i s  ca l cu la ted ,  checks a re  made t o  

determine if ET i s  l i m i t e d  by s o i l  water cond i t i ons .  I f  s o i l  water  con- 

d i t i o n s  a re  n o t  l i m i t i n g ,  ET i s  s e t  equal t o  PET. When PET i s  h ighe r  

than the  amount o f  water  t h a t  can be supp l i ed  f rom t h e  so i  1  system, ET 

i s  s e t  equal t o  t h e  sma l l e r  amount. Methods used f o r  de termin ing  PET 

and t h e  r a t e  t h a t  water can be supp l i ed  f rom t h e  s o i l  water  system a r e  

discussed be1 ow. 

P o t e n t i a l  ET depends on c l  i m a t o l o g i c a l  f a c t o r s  which i n c l u d e  n e t  

r a d i a t i o n ,  temperature, humid i ty  and wind v e l o c i t y .  Evapo t ransp i ra t i on  ' 

can be d i r e c t l y  measured w i t h  l y s i m e t e r s  o r  from water ba lance -so i l  

water  d e p l e t i o n  methods. However, such measurements a re  r a r e l y  a v a i l -  

ab le  f o r  a  g iven  t ime  and l o c a t i o n  and most PET values are  ob ta ined 

f rom c l i m a t o l o g i c a l  da ta  us ing  one o f  t he  many p r e d i c t i o n  methods, Methods 

f o r  p red ' i c t i ng  PET I n  humid reg ions  were reviewed by KcGuinness ahd Bwden 

(1972) and Mohammad (1 978). A  summary o f  some o f  t he  methods i n c l  ud ing  

a .  r e q u i r e d  i n p u t  c l i m a t o l o g i c a l  da ta  i s  g iven  i n  Table 1 .  Perhaps the, 

most r e 1  i a b l e  method i s  t he  one developed by Penman (1948, 1956) '  w h i c h  

i s  based on an energy balance a t  t h e  sur face .  The method ~ e q u i r e s  n e t  

r a d i a t i o n ,  r e l a t i v e  humidi ty ,  temperature, and wind speed as i n p u t  data.  

Add i t i ona l  methods t h a t  cou ld  be used i nc lude ,  among o thers ,  those by 

Jensen L'L a1. (1  963), Stephens and Stewart  (1 963), Turc (1961 ) and van 

Bavel (1961 ) .  However a l l  of these equat ions r e q u i r e  d a i l y  s o l a r  o r  

n e t  r a d i a t i o n  as i n p u t  da ta  and these da ta  a r e  a v a i l a b l e  f o r  o n l y  very  

few l o c a t i o n s .  Because we 3 re  i n t e r e s t e d  i n  conduct ing s imu la t i ons  i n  

many l o c a t i o n s  i n  N.C. as w e l l  as throughout  t h e  humid reg ions  o f  t h e  

U.S., i t  i s  necessary t o  es t imate  ET based on r e a d i l y  a v a i l a b l e  i n p u t  

data. 
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The method selected for  use in the model was the empirical method 
developed by Thornthwaite (1948). He expressed the monthly PET as ,  

where e,  i s  the PET for  month j and T2 i s  the monthly mean temperature 
J J 

( O C ) ,  c and a a re  c ~ x t a n t s  which depend on location and temperatures. 
The coefficients a and c are  calculated from the annual heat index, I ,  
which i s  the sum of the monthly heat indexes, i i ,  given by the equation, 

The heat index i s  computed from temperature records and the monthly PET 

calculated from equation 15. Then the monthly PET value i s  corrected 

for  number of days in the month and the number of hours between sunrise 

and sunset in the day by adjusting fo r  the month and la t i tude .  Daily 
values may be obtained from the monthly PET by using the daily mean 
temperature according to  the methods given by Thornthwaite and Mather 
(1 957). 

The PET i s  computed in the main program of DRAINMOD from recorded 
dai ly  maximum and minimum temperature values. The heat index must be 
determined and entered, along with the la t i tude  of the s i t e ,  separate- 

ly.  Adjustments f o r  day length and number of days in the month are  
made in the program based on la t i tude  and date.  This version of the . 

main program also "inputs hourly ra infa l l  from climatological records 
and i s  used for  long term simulations. Another version of the main 
program was developed to input climatological data obtained in experi- 
ments to t e s t  the model . In th i s  case the dai ly  PET val ues were cal - 
culated separately and read into the model from cards. In t h i s  case 

any method could be used to  determine PET although the Thornthwaite 
method was s t i l l  used fo r  our t e s t s .  

Mohammad (1978) compared s ix  methods fo r  predicting PET f o r  
eastern N . C .  conditions. His study was closely associated with our 

experiments to t e s t  DRAINMOD and he used data from some of the same 



research s i t e s  to  evaluate the prediction methods. Mohammad found 
that  the PET values predicted by the Thornthwaite method were some- 

what higher and those predicted from pan evaporation measurements and 
lower than predictions from the Penman method. Considering the d i f -  

ference in input requirements, the Thornthwai t e  method appears t o  pro- 

vide a reasonable estimate of PET.  

Each ET calculation invo1v.e~ a check to  determine i f  soi l  water 
conditions are  l imiting, When the water table i s  near the surface or  
when the upper layers of the soil  profi le  have a high water content ET 

will be equal to  PET. However, fo r  deep water tables and dr ie r  condi- 
t ions,  EP may be limited by the ra te  that  water can be taken up by 
plant roots. Gardner ( 1  975) analyzed the factors control 1 ing. steady 
evaporation from so i l s  with shallow water tables by solving the govern- 
ing equations for  unsaturated upward water movement. For so i l s  with a 
given functional relationship between unsaturated hydraulic conductivity 
and pressure head, K = K ( h )  , Gardner presented simp1 i f i  ed expressions 
for  the maximum evaporation ra te  in terms of water table depth and the 
conductivity function parameters. For steady unsaturated flow, the up-  

ward flux i s  constant everywhere and the governing equation may be 
written as ,  

Where h i s  the soi l  water pressure head and z i s  measured downward from 
the surface (Figure 1 0 ) .  For any given water table depth, the r a t e  of  

upward water movement will increase with soi l  water suction ( - h )  a t  the 
surface. Therefore the maximum evaporation r a t e  for  a given water 
table depth can be approximated by solving equation 18 subject to  a 
large negative h value, say h = -1000 cm, a t  the surface ( z  = 0) and 
h = 0 a t  z = d ,  the water table depth. Numerical solutions to equation 

18 can be obtained for  layered so i l s  and fo r  functional or tabulated 
K(h) relationships.  By obtaining solutions for  a range of water table 
depths, the relationship between maximum ra te  of upward water movement 
and water table depth can be developed, Such a relationship i s  shown 
in Figure 9 1 fo r  the Wagram loamy sand studied by We1 1 s and Skaggs (1976). 



SOIL 

WATER TABLE 

Figure  10. Schematic f o r  upward water movement f rom a water  
t a b l e  due t o  evaporat ion. 

Re la t ionsh ips  such as t h a t  shown i n  F igure  11 a re  read as 

i n p u t s  t o  the  model i n  t a b u l a r  form. Then i f  the  PET i s  5 mm/day, 

t h e  ET demand cou ld  be s a t i s f i e d  d i r e c t l y  from the water t a b l e  f o r  

water t a b l e  depths l e s s  than about 0.64 m. For deeper water tables,  

ET f o r  t h a t  day would be l e s s  than 5 mm o r  t h e  d i f f e r e n c e  would 

have t o  be ex t rac ted  f rom r o o t  zone storage. The r o o t  depth w i l l  be 

discussed i n  a l a t e r  sec t ion .  However, i t  should be po in ted  o u t  t h a t  

t he  r o o t s  are  assumed t o  be concentrated w i t h i n  an e f f e c t i v e  r o o t  

depth, and t h a t  t h e  sur face boundary c o n d i t i o n  may be s h i f t e d  t o  the  

bottom o f  t h e  r o o t  zone as i n d i c a t e d  by the  abscissa l a b e l  i n  

F igu re  11. 

Methods used f o r  determining whether ET i s  l i m i t e d  by s o i l  

water cond i t i ons  can best  be descr ibed by an example. Assume t h a t  

f o r  t h e  Wagram s o i l  shown i n  F igu re  11, the  water t a b l e  a t  t he  begin- 



n ing  o f  day x  i s  0.91 m; the  r o o t  zone depth i s  10 cm and PET f o r  day 

x i s  5 mm. From F igure  11, we f i n d  t h a t  1 mm o f  t he  PET demand w i l l  

be s u p p l i e d f r o m  t h e w a t e r  t a b l e ,  l e a v i n g a 4 m m d e f i c i t .  Th i s  de- 

f i c i t  can be supp l i ed  by  water s to red  i n  the  r o o t  zone i f  i t  has n o t  

a l ready  been used up. Here i t  i s  assumed t h a t  t he  p l a n t  r o o t s  w i l l  

e x t r a c t  water down t o  some lower 1  i m i t  water content ,  8 ;  t h e  w i l t i n g  

p o i n t  water content  has been used f o r  eee  b u t  a  l a r g e r  va lue can be 

s u b s t i t u t e d  if desired.  For convenience t h i s  water i s  assumed t o  be 

removed f rom a  l a y e r  of s o i l  s t a r t i n g  a t  the  sur face and c r e a t i n g  a  
d r y  zone which has a  maximum depth equal t o  t he  r o o t i n g  depth. Taking 

WATER TABLE DEPTH BELOW ROOT ZONE, M 

Figure  11. Re la t i onsh ip  between maximum r a t e  o f  upward water 
movement versus water t a b l e  depth below the  r o o t  
zone f o r  a  Wagram loamy sand. 



a value o f  eee of 0.15 and a saturated water content, eS ,  of 0.35 
the 4 rn d e f i c i t  would dry out a layer of thickness 0.4 cm/(0.35 - 
0.15) ="2 cm, Thus the dry zone depth a t  the end of day x would be 
increased by 2 cm. Further, the to ta l  water table depth would be 
increased by 2 cd  in addition to the increase resulting from the up- 

ward movement of the 1 mm of water. Under these conditions, ET for  
day x will be equal to  the PET of 5 mm. When the dry zone depth be- 
comes equal to  the rooting depth, ET i s  limited by soil  water condi- 
tions and i s  s e t  equal to  the upward water movement. For example, i f  
the dry zone a t  the beginning o f  day x was already 10 cm deep, the ET 

for  day x would be limited to  the r a t e  of upward water movement of 1 mm 
rather than 5 mm. The amount of storage volume in the dry zone i s  accu- 

mulated separately from the r e s t  of the unsaturated zone. I t  i s  account- 
ed fo r  on a day to  day, hour to  hour basis and i s  assumed to be the 

f i r s t  volume f i l l e d  when ra infa l l  or i r r iga t ion  occurs. 

One problem with the use of the methods discussed above f o r  ca l -  
culating ET i s  the d i f f icu l ty  of obtaining re l iab le  K(h) data needed to 
determine the relationship given in Figure 11 for  many f i e l d  s o i l s .  
This i s  par t icular ly t rue fo r  multilayered s o i l s .  A more approximate 

method was developed and may be used as an option in the model by 

estimating a s ingle  c r i t i c a l  or  1 imiting depth parameter. When th i s  
option i s  used i t  i s  assumed that  the potential ET r a t e  will be suppl i -  
ed from the water table  until  the distance between the root zone and 
the water table  becomes greater than the l imiting depth. After the dis-  
tance between the root zone and the water table  reaches the l imiting 
depth, i t  i s  assumed tha t  water will be extracted from the rpot zone a t  
a r a t e  s t i l l  equal to  the potential ET r a t e  unt i l  %he r o o t  zone water 
content reaches e a a  in the same manner as  was ex?lained above when PET 
was greater than the r a t e  of upward water movement. Thus water i s  re- 
moved from the root zone from the surface downward until the depth of 

the resulting dry zone i s  equal t o  the rooting depth. Then ET i s  

assumed equal to  zero. This option i s  consjdered more approximate than 
the a l te rna t ive  method and should be used only when the relationship 
between maximum upward flux and water table  depth cannot be obtained. 



Soil Water Distribution 

The basic water balance equation for  the soil  profi le  (equation 1 )  

does not require knowledge of the dis t r ibut ion of the water within the 

profi le .  However, the methods used to evaluate the individual compa- 

nents such as drainage and ET depend on the position of the water 

table and the soi l  water distribution in the unsaturated zone. One of 

the key variables tha t  i s  determined a t  the end of every water balance 

calculation in DRAINMOD i s  the water table depth. The soil  water con- 

ten t  below the water table i s  assumed to  be essent ial ly  saturated; actu- 

a l ly  i t  i s  s l ight ly  less  than the saturated value due to residual en- 

trapped a i r  in s o i l s  with fluctuating water tables .  In some ea r l i e r  

models the water content in the unsaturated zone was assumed to be con- 

s tan t  and equal t o  the saturated value less  the drainable porosi%yy. 

However, recent work (Skaggs and Tang, 1976, 1978) has shown tha t ,  ex- 

cept for the region close t o  drains, the pressure head distribution a- 

bove the water table  during drainage may be assumed nearly hydrostatic 

for  many f ie ld  scale drainage systems. The soi l  water dis t r ibut ion 

under these conditions i s  the same as in a column of soil  drained to 

equilibrium with a s t a t i c  water table. This i s  due to the f ac t  t ha t ,  

in most cases in f i e lds  with a r t i f i c i a l  drains,  the water table draw- 

down i s  slow and the unsaturated zone in a sense "keeps up" with the 

saturated zone. This implies that  vertical  hydraulic gradients a re  

srn?~ll. This i s  supported by the nearly vertical  equipotential (H)  

l ines in Figure 8 and by Figure 12 which shows plots of pressure head 

versus depth a t  the drain, quarter and midpoints for  drainage to open 

ditches spaced 20 m apart  in a Panoehe s o i l .  The pressure head a t  the 
quarter and midpoints increase with depth in a 1:1 fashion indicating 
tha t  the unsaturated zone i s  essent ial ly  drained to equilibrium with 

the water table (located where pressure head = 0) a t  a l l  times a f t e r  

drainage begins. 

The assumption of a hydrostatic condition above the water table 

during drainage will generally hold for  conditions in which the D-F 

assumptions are  valid. This will be true for  s i tuat ions where the 

ra t io  of the drain, spacing to  profi le  depth i s  large b u t  may cause 



PRESSURE HEAD, cm 
A? X = 5m AT X =  !Om ( Midpoint 1 

Figure  12. P re s su re  head d i s t r i b u t i o n  wi th  depth  a t  midpoint,  q u a r t e r  p o i n t  and n e x t  t o  
t h e  d r a i n  f o r  va r ious  times a f t e r  d r a inage  begins f o r  a  Panoche loam s o i l  
( a f t e r  Skaggs and Tang, 1976).  



er rors  fo r  deep prof i l es  w i t h  narrow drain spacings. 
Water i s  a l so  removed from the p r o f i l e  by ET which r e su l t s  in  

water t ab le  drawdown and changes i n  the water content of the unsatu- 
rated zone. In t h i s  case the ver t i ca l  hydraulic gradient  in the  u n -  
sa tura ted zone i s  in the upward d i rec t ion .  However when the  water 

t ab le  i s  near the surface ,  the  ver t i ca l  gradient  wil l  be small and 

the  water content d i s t r ibu t ion  s t i l l  c lose  to  the equilibrium d i s t r i  

bution. Solutions f o r  the  water content d i s t r i bu t i on  in  a ver t i ca l  

column of so i l  under simultaneous drainage and evaporation a r e  given 
i n  Figures 13 and 14. The solut ions  to  the Richards' equation f o r  
saturated and unsaturated flow were obtained using numerical methods 
described i n  an ear l  i e r  paper [Skaggs, l 9 7 4 ) ,  The witer t ab le  was 

WATER CONTENT (em3/cm3) 

o.2t WAGRAM LOAMY SAND 
EVAP. RATE TIME 
(mm/day) (days) 

Figure 13. Soil water content d i s t r ibu t ion  f o r  a 6.4 rn water t ab le  
depth. The water t ab le  was i n i t i a l l y  a t  the surface and 
was drawn down by drainage and evaporation. Solutions 
a r e  shown for three  evaporation r a t e s .  
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WATER TABLE 
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F igu re  14. S o i l  water  d i s t r i b u t i o n  f o r  a  water t a b l e  depth of  0.7 m 
f o r  var ious  drainage and evaporat ion ra tes .  

i n i t i a l l y  a t  t he  sur face o f  t he  s o i l  column and s o l u t i o n s  were ob ta in -  

ed f o r  va r i ous  evaporat ion r a t e s  and a  drainage r a t e  a t  the bottom o f  

t h e  column equal t o  t h a t  r e s u l t i n g  f rom d ra ins  spaced 30 rn a p a r t  and 

1  m deep. 

The r e s u l t s  i n  F igure  13 i n d i c a t e  t h a t ,  when the  water t a b l e  i s  

0.4 rn from t h e  surface, the water  content  d i s t r i b u t i o n  f o r  t h i s  s o i l  

i s  independent o f  evaporat ion r a t e s  l e s s  than 4.8 mm/day. When t h e  

r a t e  o f  evapora t ion  f rom t h e  sur face was 0.0 the  water t a b l e  f e l l  t o  



the 0.4 m depth a f t e r  1  

depth i n  0.74 days when 

the  water content  d i s t r  

both cases; i t  was a l s o  

day 
the  

i b u t  

the  

o f  drainage; whereas, i t  reached the  same 

evaporat ion r a t e  was 4.8 mm/day. However, 

i o n  above the  water t a b l e  was the same f o r  

same f o r  the in te rmed ia te  evaporat ion r a t e  

o f  2.4 mm/day. F igure  14 shows the  d i s t r i b u t i o n  when the  water t a b l e  

reached a  depth o f  0.7 m. Again the  s o i l  water d i s t r i b u t i o n  was inde-  

pendent o f  the  evaporat ion r a t e  except f o r  the  reg ion  c lose  t o  the  

surface a t  t h e  h igh  evapora t ion  r a t e  (4 .8  mn9day). T h e " d i s t r i b u t i 0 n '  

f a r  no evaporat ion i s  e x a c t l y  t he  same as t h a t  which would r e s u l t  

from t h e  p r o f i l a  d r a i n i n g  t o  e q u i l i b r i u m  w i t h  a  water t a b l e  0.7 m 

deep. Thus the  "dra ined t o  equi 1  i b r i  urn" assumption appears t o  p rov ide  

a  good approximat ion o f  t he  s o i l  water  d i s t r i b u t i o n  f o r  t h i s  s o i l  f o r  

% both  drainage and evaporat ion when the  water t a b l e  depth i s  r e l a t i v e l y  

shal low. Even when the  water t a b l e  i s  very  deep the  s o i l  water d i s t r i -  

b u t i o n  f o r  some d is tance above the  water t a b l e  w i l l  be approximate ly  
, 

equal t o  t h e  " e q u i l i b r i u m "  d i s t r i b u t i o n .  

The zone d i r e c t l y  above the  water t a b l e  i s  c a l l e d  the wet zone and 

t h e  water  content  d i s t r i b u t i o n  i s  assuqed t o  be independent of the  means 

i n  which water was removed f rom the  p r o f i l e .  Thus the  a i r  volume, o r  

t he  volume o f  water  l e a v i n g  t h e  p r o f i  1e by  drainage, ET and deep seep- 

age, may be p l o t t e d  as a  f u n c t i o n  o f  water t a b l e  depth as shown i n  

F igure  15. Assuming hys te res i s  can be neglected, F igure  15 would a1 low 

the  water  t a b l e  depth t o  be determined s imp ly  f rom the  volume o f  water  

t h a t  en ters  o r  i s  removed f rom t h e  p r o f i l e  over  an a r b i t r a r y  pe r iod  of 

t ime. For example, i f  t h e  water t a b l e  i n  t h e  Wagram loamy sand o f  

F igu re  15 i s  i n i t i a l l y  a t  a  depth o f  0.6 m, t he  a i r  volume above the  

water t a b l e  would' be Va = 33 mm. Then i f  drainage and ET remove 10 mm 

o f  water du r ing  t h e  f o l l o w i n g  day the  t o t a l  Va w i l l  be 43 mm and the 

depth o f  t he  wet zone, which i s  equal t o  the water t a b l e  depth i n  t h i s  

case, 0.66 m ( f rom Figure 15) .  Subsequent i n f i l t r a t i o n  o f  25 mrn 

would reduce the  a i r  volume t o  18 rnm and the  wa te r  tab1 e  depth t o  0.48 

m. 

The maximum water t a b l e  depth f o r  which the  approximation o f  a  . 
d ra ined t o  e q u i l i b r i u m  water  content  d i s t r i b u t i o n  w i l l  h o l d  depends on 



WAGRAM LOAMY SAND 

- 0.0 

WATER TABLE DEPTH (m) 

Figure 15. Volume of water leaving prof i le  (cm3/cm2) by drainage 
and evaporation versus water table depth. Solutions 
f o r  f ive  evaporation ra tes  are  given. 

the hydraulic conductivity functions of the profi le  layers and the 
ET ra te .  The maximum depth will increase with the hydraulic conduc- 
t i v i t y  of the soil  and decrease with the ET ra te .  Because the 

unsaturated hydraulic conductivity decreases rapidly with water con- 
t en t ,  large upward gradients may develop near the surface, or near 
the bottom of the root zone, when the so i l  water dis t r ibut ion de- 

par ts  from the equilibrium prof i le .  A t  t h i s  point, the upward flux 

cannot be sustained fo r  much deeper water table  depths and additional 
water necessary to  supply the ET demand would be extracted from 
storage in the root zone creating a dry zone as discussed in the ET 
section. This i s  shown schematically in Figure 16. 
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Figure 16, Schematic of soil water distribution when a dry zone 
i s  created near the surface. 

For purposes of calculation in DRAINMOD, the soil water i s  
assumed t o  be distributed in two zones - a wet zone extending from 

the water table u p  t o  the root zone and possibly through the root 
zove to the surface, and a dry zone. The water content distribu- 
tion i n  the wet zone i s  assumed to be t h a t  of a drained to equi 1 i  - 
brium profile. When the maximum rate of upward water movement, 
determi,ned as a function of the water table depth, i s  n o t  suffi-  

cient t o  supply th.e ET demand, water i s  removed from root zone 



storage c r e a t i n g  a  d r y  zone as discussed i n  t he  ET sec t i on .  The depth 

o f  t he  wet zone may cont inue t o  inc rease due t o  dra inage and some up- 

ward water movement. A t  t he  same t ime the  d r y  zone w i t h  a  cons tan t  

water con ten t  o f  e,, may cont inue t o  inc rease t o  a  maximum depth equal 

t o  t h a t  o f  t he  r o o t  zone, The water t a b l e  depth i s  c a l c u l a t e d  as t h e  

sum o f  t h e  depths o f  t he  wet and d r y  zones. When r a i n f a l l  occurs t he  

s torage volume i n  t h e  d r y  zone, i f  one e x i s t s ,  i s  s a t i s f i e d  be fo re  any 

change i n  t h e  wet zone i s  a l lowed.  However t h e  depth t o  t he  water 

t a b l e  w i l l  decrease by v i r t u e  o f  the  r e d u c t i o n  o f  t h e  d r y  zone depth. 

The assumptions made concerning s o i l  water  d i s t r i b u t i o n  may cause 

e r r o r s  d u r i n g  pe r i ods  o f  r e l a t i v e l y  d r y  c o n d i t i o n s  i n  s o i l s  w i t h  deep 

water t a b l e s  and low K i n  t he  subsurface l a y e r s .  Deep water t a b l e s  may 

r e s u l t  f rom v e r t i c a l  seepage i n t o  an unde r l y i ng  a q u i f e r  o r  because o f  

deep subsurface d r a i n s .  For  such cond i t i ons ,  t h e  s o i l  water a t  t he  t o p  

o f  t h e  wet zone j u s t  beneath the  r o o t  zone may be dep le ted  by slow up- 

ward movement and by r o o t s  extending beyond t h e  assumed depth o f  t he  

concentrated r o o t  mass. Such cond i t i ons  may cause the  water con ten t  a t  

t h e  top  o f  t h e  wet zone t o  s i g n i f i c a n t l y  depa r t  f rom the  d ra ined  t o  

e q u i l i b r i u m  d i s t r i b u t i o n .  However t h i s  w i l l  n o t  cause a  problem f o r  wet 

cond i t i ons  and f o r  mast sha l low water tab1 e  s o i l s  f o r  which the  model 

was der ived .  

Root ing Depth 

The e f f e c t i v e  r o o t i n g  depth i s  used i n  t h e  model t o  d e f i n e  t h e  

zone f rom which water  can be removed as necessary t o  supply  ET demands. 

Root ing depth i s  read i n t o  t h e  model as a  f u n c t i o n  o f  J u l i a n  date.  

Since the  s i m u l a t i o n  process i s  u s u a l l y  cont inuous f o r  severa l  years, 

an e f f e c t i v e  depth  i s  de f i ned  f o r  a l l  per iods .  When t h e  s o i l  i s  f a l l o w  

the  e f f e c t i v e  depth i s  de f i ned  as t h e  depth o f  t h e  t h i n  l a y e r  t h a t  w i l l  

d r y  ou t  a t  t h e  su r face .  When a  second c rop  o r  a  cover c rop  i s  grown 

i t s  r e s p e c t i v e  r o o t i n g  depth f u n c t i o n  i s  a l s o  inc luded.  The r o o t i n g  

depth f u n c t i o n  i s  read i n  as a  t a b l e  o f  e f f e c t i v e  r o o t i n g  depth versus 

J u l i a n  date.  The r o o t i n g  depth f o r  days o t h e r  than those l i s t e d  i n  t h e  

t a b l e  i s  ob ta ined by i n t e r p o l a t i o n .  



This method of t reat ing the rooting depth i s  a t  best an approxima- 
t ion.  The depth and dis t r ibut ion of plant roots i s  affected by many 
factors  in addition to  crop species and date a f t e r  planting. These 

factors  include physical barriers such as hardpans and plow pans, 
chemical barr iers ,  f e r t i l i z e r  dis t r ibut ion,  t i l l a g e  treatments and 

others as reviewed in detai l  by Allmaras -- e t  a l .  (1973) and Danielson 

(1967). One of the most important factors  influencing root growth and 

dis t r ibut ion i s  soil  water. This includes both depth and fluctuation 
of the water table  as well as the dis t r ibut ion of soi l  water during dry 
periods. Since the purpose of the model i s  to predict the water table  

position and so i l  water content, a model which includes the complex 

plant growth processes would be required to  accurately characterize the 
change of the root zone with time. Such models have been developed fo r  

very specif ic  s i tuat ions b u t  t he i r  use i s  limited by input data and 
computational requirements. 

The variation of root zone depths with time a f t e r  planting may be 
approximated fo r  some crops from experimental data reported in the 
l i t e ra tu re .  Studies of the depth and dis t r ibut ion of corn roots under 
f i e l d  conditions were reported by Mengel and Barber (1974). Their 
data were collected on a s i l t  loam soi l  which was drained, with drains 
placed 1 m deep and 20 m apart .  They observed l i t t l e  evidence of root 
growth 1 imitation by moisture or  aeration s t resses .  The data of Mengel 
and Barber a re  plotted in Figure 17 fo r  root zone depth versus time. 
Numbers on the curves indicate percentage of the total  root length 
found a t  depths l e s s  than the value plotted. The broken sections of 
the curves were approximated by assuming tha t  the effect ive root depth 
increases slowly fo r  the f i r s t  20 days a f t e r  planting, then more rapidly 
until the beginning of the i r  measurements on day 30. The data of Mengel 
and Barber (1974) for  the year 1971 showed the total  root length reached 
a maximum 80 days a f t e r  planting a t  about the s i lking stage, remained 
constant until day 94 then decreased until  harvest a t  day 132. How- 

ever the percentage of roots less  than a given depth remained re la t ive-  
ly  constant a f t e r  about 80 days as shown in Figure 17. 
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F igu re  17. Re la t ionsh ips  f o r  depth above which 50, 60, 70, and 80 
percent  of t h e  t o t a l  r o o t  l e n g t h  e x i s t s  versus t ime 
a f t e r  p l a n t i n g  fo r  corn.  From data g iven by Mengel 
and Barber (1 974) . 

A s i m i l a r  s tudy  on the  r o o t  d i s t r i b u t i o n  i n  corn  was conducted 

by Foth (1962). D i s t r i b u t i o n  p l o t s  based on r o o t  weights a r e  g i ven  

i n  F igu re  18. The major  d i f f e r e n c e s  between these r e s u l t s  and those 

o f  Mengel and Barber were the  s h o r t e r  growing season (85 day versus 

120 day co rn )  and sma l l e r  r o o t  depths, than those g iven i n  F igu re  17. 

The t o t a l  r o o t  d r y  weight  i s  a l s o  p l o t t e d  versus t ime i n  F i g u r e  18. 

Fo th  found t h a t  r o o t  growth f o r  p l a n t s  l e s s  than 0.3 t o  0.4 m reached 

a maximum by end o f  t h e  v e g e t a t i v e  growth stage 45 t o  50 days a f t e r  



Figure 18. 
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GIVEN DEPTH - FROM 
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Root depths and t o t a l  dry root  weight versus times a f t e r  
planting f o r  corn. From data given by Foth (1962).  



anting. Aft 
deeper depths. 

a t  date there was a more rapid increase of roots a t  

Relationships such as those given in Figures 17  and 18 for the 

change of root zone depth with time are n o t  available for many crops. 
Values for  a constant effective root zone depth are reported in the 

l i tera ture  for many crops and are used in irrigation design. Blood- 
worth -- e t  a l .  (1958) reported root distribution d a t a  for several 
mature crops. Based on the results given in Figure 17 and 18 i t  i s  
suggested that the relationship between root zone depth and time can 
be approximated from the maximum effective root zone depth as follows. 
Assume a slow growth rate during seed germination and root establish- 
ment the f i r s t  2 t o  4 weeks af ter  planting with a linear increase to  
10 t o  15 percent of the maximum depth. Then assume a l inear increase 
from t h a t  time to the end of the vegetative growth period when the 
rooting depth reaches a maximum and remains constant until the crop 
i s  mature. 



Ct-IAPTER 3 

WATE? MANAGEMENT SYSTEM OBJECTIVES 
Agricultural water management systems may be instal led to sa t i s fy  

a variety of objectives. In mor,t cases the overall objective i s  to  
eliminate water related factors  that  l imi t  crop production or t o  re- 
duce those factors  to  an acceptable level .  In the f inal  analysis,  the 
acceptable level depends on the cost of the required water management 

system in relat lon t o  the benefits tha t  will resu l t  from i t s  i n s t a l l a -  
t ion.  Such benefits vary from year to  year with both weather and 
economic conditions and are  d i f f i c u l t  to  quantify because of the complex 

interrelationships of crop production processes. The selection or de- 

sign of an optimum water management system for  a given s i tuat ion may 
also depend on the land owner. Some owners are  willing to operate a t  a 
greater level of r i sk  than others,  so an acceptable level of drainage 
protection, f o r  example, may be less  for  one owner than for  another. 

More specif ic  objectives of a water management system are easier  
to  quantify and generally form the basis for  system selection and de- 
sign. For example, drainage systems in humid regions are usually in- 
s ta l  led to  sa t i s fy  two functions : a )  t o  provide t ra f f icable  conditions 

for  seedbed preparation in the spring and harvest i n  the f a l l ,  and b )  

t o  insure sui table  so i l  water conditions for  the crop during the grow- 
ing season. There may be a number of drainage system designs tha t  will 
s a t i s fy  these objectives. For example a system with good surface drain- 
age and poor subsurface drainage may be adequate while a system with poor 
surface drainage and good subsurface drainage may serve the same purpose. 
Whether or not a given system will s a t i s fy  t h e  objective depends on the 
location, crop and soi l  properties.  DRAINMOD can be used t o  simulate the 
performance of a given system design and evaluate the appropriate objective 
functions for  a long period of c~imatolouical record. By making multi- 

ple simulations, the l eas t  expensive system tha t  will s a t i s fy  the water 

management objectives can be chosen. 

Four objective functions are routinely computed in DRAINMOD and 

may be used for  evaluating the adequacy of a given system design. 
These objective functions are:  



1. Number of working days - t h i s  i s  used t o  character ize  the 
a b i l i t y  of the water management system to  insure t r a f f i c -  
able  conditions during specified periods. 

2. SEW30 - stands fo r  sum of excess water a t  depths l e s s  than 
30 cm and provides a measure of excessive so i l  water condi- 
t ions  during the  growing season. 

3. Number of dry days during growing season - quant i f i es  the 
length of time when have de f i c i en t  so i l  water conditions. 

4. I r r i ga t i on  volume - when a water management system i s  de- 
signed f o r  land disposal of waste water, the  object ive  
function i s  the allowable amount of i r r i ga t i on  f o r  a 
specif ied time interval  . 

Working Day 

A day i s  defined as  a working day i f  the a i r  volume (drained 

volume) i n  the p r o f i l e  exceeds some l imit ing value, AMIN; i f  the  ra in -  

f a l l  occurring t h a t  day i s  l e s s  than a minimum value, ROUTA; and i f  a  

minimum number of days, ROUTT, have elasped s ince  t h a t  amount of ra in-  

f a l l  occurred. I t  should be noted t h a t  ROUTA and ROUTT a r e  assumed t o  

be independent of AMIN and of the drainage system. For example i f  

conditions a r e  very dry with say an a i r  volume of 150 mm i n  the p ro f i l e  

a 30 mm r a in f a l l  might s t i l l  postpone f i e l d  operations f o r  1 o r  2 days 

even though the  so i l  weuld normally be t r a f f i c a b l e  with an a i r  volume 
of l e s s  than 150 - 30 = 120 mm. This i s  due to  the f a c t  t h a t  the  

surface wets u p  during r a in f a l l  and remains too wet f o r  f i e l d  opera- 

t ions  un t i l  s u f f i c i e n t  time f o r  red i s t r ibu t ion  of the so i l  water has 

elapsed. Values f o r  these l imi t ing parameters a re  read in to  the  model 

f o r  two time periods which a r e  specif ied by the  beginning and ending 

Jul ian dates.  The s t a r t i n g  and stopping working hours (SWKHR and EWKHA) 

a r e  a l so  read in f o r  each period and a r e  used t o  compute pa r t i a l  working 

days. For example, l e t ' s  assume tha t  SWKHR = 0600 and EWKHR = 1800 

( i , e . ,  the  working day i s  92 hours long) f o r  a given period. Then i f  

ra in  in excess of ROUTA occurs a t  1400 hours f i e l d  work would be t e r -  

minated a t  t h a t  point;  and (1400 - 0600)/12 = 0.67 working days would 

be computed and stored f o r  t ha t  day. The parameters AMIN, ROUTA, e t c .  

a r e  dependent on the  so i l  and on the f i e l d  operation t o  be conducted. 



These parameters have been obtained experimentally for  some soil  s and 

are  presented in a subsequent section. 

The concept of SEWJo was discussed by Wesseling (1974) and Bouwer 

(1974). I t  was or iginal ly  defined by Sieben (1964) to  evaluate the 

influence of high fluctuating water tables during the winter on cereal 

crops. I t  i s  used herein to  quantify excessive soi l  water conditions 

during the growing season and may be expressed as ,  

where xi  i s  the water table  depth on day i , with i = 1 being the f i r s t  

day and n the number of days in the growing season. Negative terms 

inside the summation are  neglected. 

Use of the SEW concept assumes that  the e f fec t  on crop production 

of a 5 cm water table  depth for  a one day duration i s  the same as tha t  

of a 25 cm depth for f ive  days. Phis seems unlikely as pointed out by 

Wesseling (9974). The severi ty  of crop injury due to  high w ~ t e r  tables 

depends on the growth stage and time of year (Williamson and Kriz, 

1970) as we19 as height of water table  and time of exposure which det- 

ermine the SEW30 values, Probably a bet ter  method s f  evaluating the 

quality of drainage during the growing season i s  the s t r e s s  day index 

(SDI) concept advanced by Hiler (1969). This objective function was 

used by Ravelo (1  977). We used the model presented herein to  evaluate 

al ternat ive drainage system designs based on predicted excess water 

damage to grain sorghum. The crop suscept ib i l i ty  factors  were defined 

fo r  3 growth stages from published experimental data (Howell -- e t  a l e ,  

1976) and SEWJ0 was used as the stress-day factor .  This procedure 

allowed association of the amount of damage and the level of the s t r e s s  

day-index. The s l igh t  modifications of the model necessary to  use the 

stress-day-index are  given by Ravals (1  977). However the crop suscep- 

t i b i l i t y  factors  a re  not available fo r  other crops, so the SEW30 value 

i s  used here as the objective function f o r  quantifying excessive soi l  

water conditions. 
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A1 though the SEW concept has a number of weaknesses, i t  s t i l l  
provides a convenient method of approximating the qua1 i  ty of drainage. 
Sieben found tha t  yields  decreased fo r  SEW3, values greater than 100 

to 200 cm-days. However, his values were calculated fo r  the en t i re  
year rather  than jus t  fo r  the growing season as given here. Unless 
otherwise specified i t  will be assumed tha t  drainage i s  adequate to  

protect crops from excess water i f  the SEW30 value i s  less  than 100 

cm-days. More research i s  needed to bet ter  define the relationship 
between drainage and crop response. 

Dry Days - 
A dry day i s  defined as a day in which ET i s  limited by soi l  water 

conditions. When the water table i s  a t  a shallow depth, water removed 
from the root zone by ET i s  replenished by upward movement fdom the 
wetter zones near the water table .  After the water table i s  drawn 

down to a certain depth, the ET demand can no longer be sustained by up- 

ward movement alone and the root zone water will be depleted. ET will 
continue a t  a ra te  governed by atmospheric conditions until the soi 1 
water content in the root zone reaches some lower l imi t ,  egL,  as dis-  
cussed prevfously. When t h i s  condition occurs, ET will be 1 imited to  

the ra te  water can move upward to  the root zone from the v ic in i ty  of the 

water table .  Days on which t h i s  condition ex i s t s  are  presumed detrimen- 
ta l  to optimum crop production and are counted as 'Ury days". Thus the 
three parameters, working days, SEM30, and dry days are  used to  quan- 

t i f y  the performance of a l te rna t ive  agricultural  water management sys- 
tems. Ideally a system should insure a given number of working days 
during the season when the crops a re  to  be planted; SEW,, values below 
a given maximum t o  prevent crop damage by excessive soi l  water; and a 
minimum number of dry days during the growing season. 

Wastewater I rr igat ion Volume 
DRAINMOD was also developed with the option to evaluate hydraul i c  

loading l imitat ions of land disposal of wastewater. Wastewater applica- 
tion to  the surface may be scheduled a t  a specified in te rva l ,  INTDAY, 

during a given period. If  the drained volume in the prof i le  i s  l e s s  



t h a n  a given amount, REQDAR, i r r iga t ion  of waste water will be skipped 
until a f t e r  the next interval .  If ra infa l l  in excess of AMTRN occurs 
prior to time of scheduled i r r iga t ion ,  the event i s  pqstponed to the 
next day. When land application systems are  hydraulically rather 
than nutrient l imited, the objective i s  to apply as much wastewgter as 

possible without surface runoff. Maximum appl ication reduces the 1 and 

area required fo r  the system as well as the s ize  of the i r r iga t ion  sys- 
tem required. Thus the objective function f o r  evaluating a system de- 
sign and i r r iga t ion  scheme i s  the amount of wastewater tha t  can be 
applied per uni t  area. This function i s  evaluated on an annual basis 
t o  determine the s ize  of the required system, and on a month to month 
basis to  assess the wastewater storage capacity that  may be required 
during wet months. 
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CHAPTER 4 
SIMULATION OF WATER MANAGEMENT SYSTEMS - PROCEDURE 

This section discusses the procedure for  using DRAINMOD to simu- 

l a t e  the performance of a water management system. An example 
drainage system design i s  considered. The required input data a re  
identified and discussed and a representative example of the program 
output i s  presented, Other examples of the use of DRAINMOD f o r  eval- 
uation and design are  given in a l a t e r  section. The purpose of th i s  
chapter i s  t o  identify the required inputs and to  demonstrate the form 
of the simulation output. 
Example - - A combination surface-subsurface drainage system 

The soi l  chosen fo r  th i s  example i s  a Wagram loamy sand located 
near Wilson, N . C .  This soil  type i s  usually well drained in nature 

and does not require a r t i f i c i a l  drainage. In th i s  case, however, i t  i s  
f l a t  and i s  underlain by a very slowly permeably layer a t  a 1.8 rn depth. 

Corn i s  to  be grown on a continuous basis. The seedbed.is to  be prepar- 

ed a f t e r  about March 15 and corn planted by April 15; the harvest 
period i s  September 1 to  October 15. The purpose of the drainage system 
i s  to  provide t ra f f icable  conditions in the spring and during the f a l l  
harvest season, and to  prevent excessive so i l  water conditions during 
the growing season. The simulation will t e l l  us whether or not the 
given design will accomplish th i s  purpose and how often i t  may be ex- 
pected to f a i l .  

Input Data 
All of the input data fo r  th i s  example a re  given in Appendix A as 

card images arranged in the order that  they are  fed into the computer. 
The sources of these data and more de ta i l s  concerning the inputs a re  
di scussed be1 ow. 
Soil Property Inputs 

The relationships between drainage volume (or  effect ive a i r  volume 

above the water table)  and water table depth were determined from large 
f i e l d  cores as discussed by Skaggs -- e t  a1 . (1973), and are  plotted along 
with similar relationships fo r  other s o i l s  in  Figure 23 .  The relat ion-  



ship between maximum r a t e  of upward water movement t o  supply ET require-  

ments and depth of the water t ab le  below the root  zone was obtained by 

numerically solving equation 18 as discussed in Chapter 2 and i s  given 

i n  Figure 11 fo r  the Wagram s o i l .  The hydraulic propert ies required 

f o r  the  numerical solut ions  were previously reported fo r  the Wagram so i l  

(Wells and Skaggs, 1976). A summary of the other  so i l  property inputs 

i s  given in Table 2 ,  

Crop Input Data - 
The growing season fo r  corn i s  approximately 120 days from April 15 

to  about August 15. The e f fec t ive  root  zone depth i s  assumed to  be de- 

pendent on time a f t e r  planting and i s  a r b i t r a r i l y  taken a s  t h a t  given by 

the 60 percent curve from the data of Mengel and Barber, Figure 16. Soil 

water from a shallow surface layer wil l  be removed ( i . e . ,  dried out to  

some lower 1 imit  water content)  by evaporation even when the land i s  

fallow. Therefore an e f f ec t i ve  root  zone depth of 3 cm was assumed f o r  

the  periods before and a f t e r  the growing season. Other crop re la ted  

itfput data a r e  given in Table 2. 

Drainage System Input Parameters 

The drainage system consis ts  of subsurface 102 mm (4 inch) dra ins  

spaced 45 m apar t  and 1 m deep. The surface drainage i s  only f a i r  with 

some shallow depressions and an average surface storage depth of 12.5 mm.  
Convergence near the  drain i s  accounted f o r  by defining an equivalent 

depth from the drain  t o  the  impermeable layer according to  the methods 

given by Hooghoudt (van Schi lfgaarde,  1974). Methods given el sewhere 
Skaggs (1978), were used to  f ind an e f f ec t i ve  radius of a completely 

open drain tube from data presented by Bravo and Schwab ('1975), and then 

t o  determine the equivalent depth using equations given by Moody (1966). 

Input parameters describing the drainage system a r e  summarized in  
Table 3. 

Cl imatological Input Data 

Hourly p rec ip i ta t ion  and da i ly  temperature data were obtained fo r  

Wilson, N . C .  from HISARS. Inputs ident i fying the  s t a t i on  and specify- 

ing the  heat index f o r  ET calcula t ions  were given on the EXECUTE JCL 

card. These inputs a r e  given in Table 4. 



Table 2 ,  Summary of s o i l  p rope r t y  and c rop  r e l a t e d  i n p u t  data f o r  
Wagram 1  oamy sand. 

Parameter Program Val ue 
Va r iab le  Name 

De.pth t o  r e s t r i c t i n g  1 ayer 
Hydraul i c  c o n d u c t i v i t y  

Vol m e t r i c  water  con ten t  a t  lower 1 i m i  t 
( w i l t i n g  p o i n t )  

I n i t i a l  water  t a b l e  depth 
Minimum s o i l  a i r  volume r e q u i r e d  f o r  

t i 1  ]age opera t ions  dur ing :  
f i r s t  work p e r i o d  ( s p r i n g )  
second work p e r i o d  (ha rves t )  

Minimum r a i n  t o  s top  f i e l d  opera t ions :  
s p r i n g  seedbed prep. 
f a 1  1  harves t  

Minimum t ime a f t e r  r a i n  be fo re  can till: 
s p r i n g  seedbed prep. 
f a 1  l harves t  

Working p e r i o d  f o r  seedbed prep.: 
s t a r t i n g  day 
ending day 

Working p e r i o d  f o r  harves t :  
s t a r t i n g  day 
ending day 

Working hours d u r i n g  sp r i ng :  
s t a r t i n g  t ime  
ending t ime 

Working hours du r i ng  harves t :  
s t a r t i n g  t ime  
ending t ime  

Growing season - S t a r t i n g  Date 
Ending Date 

Depth on which SEW c a l c u l a t i o n s  a r e  based 

DEPTH 180 cm 
CONK 6 cm/hr 

(un i fo rm)  

W P  0.05 
I DTWT 0.0 cm 

A M I N l  3.7 cm 
AMIN2 3.0 cm 

ROUTAI 1.2 c n  
ROUTA2 0.5 cm 

ROUTTl 1  day 
ROUTT2 1 day 

BWKDYl 7 4  
EW KDY 1  104 

BW KDY 2  240 
EWKDY 2  270 

SWKHRl 0800 
EWKHRl 2000 

SWKHR2 0800 
EW KHR2 1800 
ISEWMS/ISEWDS 411 5 
ISDWME/ ISEWDE 811 5  
SEWX 30 cm 

Parameters f o r  Green-Ampt W.T. Depth ~ ( h r - I )  B(cm h r - I )  
i n f i l t r a t i o n  equat ion :  0  cm 0  0  



Table 3. Summary of drainage system input parame t e r s .  

Parameter 

Drain spacing 
Drain depth 
Equivalent depth t o  impermeable layer  * Equivalent p r o f i l e  depth 
Maximum depth of surface  s torage 
Drain radius 
Effect ive  drain radius 

Program 
Variable Name 

SDRAIN 
DDRAIN 
HDRAIN 
DEPTH 
STMAX ** 
** 

Val ue 

45 m 
1 m 
0.68 m 
1.68 m 
0.25 cm 

57 mm 
5.1 mm 

* 
The equivalent  p r o f i l e  depth i s  the  sum of DDRAIN and HDRAIN and i s  

used as input f o r  the  var iable  DEPTH r a t he r  than the actual p r o f i l e  
depth i n  Table 1 .  
** 

These var iables  a r e  not  inputs t o  DRAINMOD but a r e  used t o  c a l cu l a t e  
HDRAIN. 

Table 4. Inputs f o r  c a l l i ng  cl imatological  data from HISARS and ET 
ca lcu la t ions .  

Parameter 

Sta t ion ID f o r  p rec ip i t a t ion  
Sta t ion ID f o r  da i l y  temperatures 
Lati tude f o r  temperature s t a t i on  
Heat Index 
Year and month simulation s t a r t s  
Year and month simulation ends 

-- 

Program 
Variable Name Value 

ID1 31 9476 
ID2 31 9476 
L ATT 35O 47' 
H ET 75.0 
START 1952-01 
E N D  1971 -1 2 

Other Input Data 
I r r i ga t i on  i s  not considered i n  the example given here. However, 

i n p u t  data f o r  i r r i g a t i o n  must be spec i f i ed ;  values a r e  se lected such 

t h a t  no i r r i g a t i o n  water wil l  be applied.  An example of the  i r r i g a t i o n  
inputs reqyired f o r  simulating the  use of the above system f o r  app l i -  
cat ion of waste water i s  given in  Appendix A .  



Simulation Results 

Sample r e su l t s  of the simulation a re  shown i n  Table 5, da i ly  

summaries f o r  the  month of July  1959 and Table 6 f o r  monthly summaries 

f o r  1959, a r e l a t i ve ly  wet year with a to ta l  of 1553 mm of r a i n f a l l .  

The r e s u l t s  i n  Table 5 give the  t o t a l  da i ly  r a i n f a l l ,  i n f i l t r a t i o n  

(INFIL), ET, cumulative drainage (DRAIN), runoff,  t o t a l  water leaving 

the f i e l d  through the  o u t l e t  drain (WLOSS) and the amount of i r r i ga t ed  

water (DMTSI). In addi t ion,  so i l  water conditions a t  the  - end of the 

day a r e  given by values f o r  a i r  volume in the wet zone (AIR V O L ) ,  t o t a l  

drained volume ( T V O L ) ,  depth of dry zone ( D D Z )  , depth of wet zone 

(WETZ),  depth of the  water t ab le  (DTWT), depth of water s to red  on the  

surface a t  the  end of the day (STOR), depth of water in the out1 e t  

( Y D )  and the  equiv,alent depth of water s tored i n  drainage o u t l e t  

(DRNSTO). The SEW30 value i s  a l so  given f o r  each day. The monthly 

summaries give the  t o t a l s  of r a i n f a l l ,  i n f i l t r a t i o n ,  drainage, ET, 

working days, dry days, water l o s t  from the  f i e l d  through the  drainage 

o u t l e t ,  SEW30, depth of water pumped f o r  subir r igat ion (PUMP), t o t a l  

i r r i ga t i on  (MIR), number of i r r i ga t i on  events ( M C N )  and the  number of 

scheduled i r r i g a t i o n  events postponed (MPT) f o r  each month. Sample out- 

put r e s u l t s  f ~ r  a year (1961 ) with a smal l e r  amount of r a i n f a l l  a r e  

given i n  t he  output section of Appendix A.  Also given in Appendix A i s  
an example of simulation output when t h i s  water management system i s  

used f o r  disposal of waste water a t  a  planned spr ink le r  i r r i g a t i o n  r a t e  

of 2.5 crn/week. 

The simulation was conducted f o r  a 20 year period (1952-1971 ). The 

sumary and ranking of the object ive  functions which i s  printed out  a t  

the  end of the  simulation i s  given i n  Table 7 .  



Table 5. An example of computer output for  dai ly  summaries - Wagram s o i l ,  July, 1959. 

DAY 
; 1 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
10 
19 
20 

, 21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
3 1 

RAIN 
2.90 
0.38 
0.13 
0.0 
0 -0  
I .  19 
0.0 
0.0 
0.71 
2.24 
3.53 
2.26 
8.00 
1.70 
3.68 
5.83 
0.53 
0.15 
0.53 
1.14 
0.51 
0.0 
0.0 
0.0 
2.62 
3.20 
4.95 
0.10 
0.10 
0.14 
0.05 

DRA 1 N 
0.0 
0.0 
0.0 
0.8 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.01 
0.12 
0.19 
0.34 
0.55 
0.40 
0.33 
0.27 
0.28 
0.30 
0.26 
0.22 
0.19 
0. 17 
0.36 
0.47 
0.33 
0.36 
0.23 
0.23 

A IR  VOL 
12.75 
12.79 
12.82 
12.89 
12.96 
13.00 
13.07 
13.14 
13.18 
13.2 1 
13.06 
11.11 
3 .?Q 
2.41 
0.00 
0.53 
0.59 
1-25 
1.45 
1-00 
1.16 
1.99 
2.77 
3.53 
1.64 
0.00 
0.74 
1.19 
1.81 
1.88 
2.54 

DDZ 
16-40 
17.15 
10. 14 
19.53 
21.05 
18.26 
28-88 
21.68 
19.96 
12.30 
0.0 
0.0 
0.0 
0.0 
8 .0  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 .0  

S M R  RUNOFF 

A1 1 values given i n  cm. 

SEW DNTSI 





CHAPTER 5 

FIELB TESTING OF THE MODEL 
The basis of DRAINMOD i s  an expression for  a water balance in 

the soi l  profi le  (equation 1 ) .  Individual components of the water 
balance are  evaluated from approximate methods. While most of these 
methods have been tested individually, t o  varying degrees, and the i r  
l imitations documented in the l i t e ra tu re ,  accumulation of errors  from 
the various components could cause large inaccuracies in the composite 
model. The most d i rec t  and meaningful way of tes t ing the r e l i a b i l i t y  

of DRAINMOD i s  to compare model predictions with resul ts  peasured in 
f i e ld  s i tuat ions.  Such experiments n o t  only provide a good t e s t  of 
the re1 iabi 1 i ty of the model b u t  a1 so docume'nts the required model in- 

puts for  the s i t e s  and s o i l s  considered.   he^ also provide a measure 
of the diffycul ty  and expense of pbtaining input values fo r  the model. 

Field Sxperiments were instal led in four locations tq :  determine 
soi l  property and climatological inputs and t e s t  the r e l i a b i l i t y  of 
DRAINMOD. This chapter describes the experiments and presents compari- 
sons between measured and predicted resu l t s  for  a range of s i t e  and 
so i l  conditions. 

Experimental Procedure 
Field S i tes  

Experimental s i t e s  were located near Aurora, Plymouth, Laurinburg 
and' Kinston, N . C .  so f i e l d  data representing a good geographical dis-  
tr3bution of the Coastal Plains and Tidewater Regions i n  North Carolina 
were obtained. The water management systems on a l l  s i t e s  have f a c i l i -  
t i e s  for  subsurface drainage and water table  control as well as vayying 
degrees of surface drainage. A brief description of each s i t e  I s *  given 
below. Drainage system parameters for  each s i te  a r e  given i n  Table 8. 

A 1 i s t  of crops grown on the research s i t e s  i s  given in Table 9 and a 
description of the soi l  profi les  in Appendix B. 





Table 9. Crops grown on research s i t e s ;  planting and harvesting da tes .  

-- 

Aurora Plymouth iaurinburg 
Year Crop Plant  Harvest Crop Plant  Harvest Crop Plant  Harvest 

da te  date da te  da te  da te  da te  

1973 potato 3-lo* 6-20 corn 4-15* 9-1 2 - - - 
soybean 7-17 19-14 

1974 potato 3-lo* 6-17 corn 4-15* 10-4 cotton 4-I* 10-1 5* 
soybean 7-10 11-27 

1975 corn 4-21 9-1 0 corn 4-21 9-23 cotton 4-I* 1 0-1 5" 
wheat 11-12 - 

1976 wheat - 6-1 6 corn 4-15 9- 1 cotton 4-4" 
soybean 6-1 7 11-17 wheat 12-1 - 

1977 corn 4-25 9-1 * wheat - 6-1 8* cotton 4-5* 
soybean 6-20" 11 -20* 

* 
Approximate dates  f o r  planting o r  harvest.  



Aurora. The s i t e  near Aurora i s  located on the H.  Carroll Austin 
farm and i s  the same s i t e  tha t  was used in a previous study to  investi-  

gate the f e a s i b i l i t y  of water table control and subirrigation in the 
Coastal Plains (Skaggs and Kriz, 1972). The water management system 
consists of t i l e  drains spaced 7.5, 15, and 30 m apart  and buried appro- 
ximately 1 m deep. The soi l  i s  primarily Lumbee sandy loam with some 
Myatt sandy loam and Torhunta sandy loam in the areas of the 7.5 and 15 m 
spacings. A schematic of the experimental setup i s  shown in Figure 19. 
The four drains fo r  each spacing empty into an out le t  ditch where a water 
level control s t ructure i s  used t o  r a i se  or lower the water level f o r  
subirrigation or drainage. Subirrigation was implemented by pumping 
additional water into the ditch from a we1 1 located near the f ive  acre 
f i e ld .  In some years t h i s  system was used to  control the water tab le  
during April - July for  growing potatoes and corn; however, i t  was used 
as a conventional drainage system during most of the experimental period. 

Plymouth. The experimental s i t e  near Plymouth i s  located on the 

Tidewater Research Station and was also used in the previous water table  

control study. The so i l  i s  a Cape Fear loam and the water management 
system consists of open la te ra l  ditches spaced 85 m apart .  The f i e l d  was 
land-formed in about 1969 and has excellent surface drainage. A water 
level control s t ructure in the out le t  ditch',permitted the water level in 
the ditches to  be controlled by e i ther  collecting f i e ld  runoff and drain- 
age waters or  by pumping into the ditch from an i r r iga t ion  well. A weir 
was instal led in the out le t  s t ructure to  ra i se  the water table  during the 
months of May, June, and July in 1974 and 1975 to  supply water to  the 
crop. Water was pumped into the out le t  and the ditch water maintained 
fo r  subirrigation purposes f o r  shoft  periods in both years. However the 
system was operated in a controlled drainage mode without pumping fo r  
most of the growing season. Figure 20 shows the weir and the raised 
water level in the out le t .  This f i e l d  was also used as one treatment 
in another Water Resources Research Ins t i tu t e  sponsored study reported 
by Gilliam e t  a1 . (1978) on controll ing the movement of f e r t i l i z e r  

n i t ra tes  in drz!inage waters. As a part  of t h i s  investigation the weir 
level was raised almost t o  the surface during the winter months of 



OBSERVATION W E L L S  - O 

RECORDING RAIN GAUGE - 64 

Figure 19 .  Schematic of experimental setup on the H .  Carroll Austin 
Farm, Aurora, N . C .  

Figure 20. A water level control structure in the out le t  ditch a t  
the Tidewater Research Station permitted controlled 
drainage and subirrigation on the Cape Fear s o i l .  
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1973-74 and 1974-75 and the system operated in the controlled drain- 

age mode f o r  purposes of studying the e f f ec t  o f  high'water tables on 
the movement and deni t r i f ica t ion  of f e r t i l i z e r  n i t ra tes .  

Laurinburg. Experiments were conducted on a water management 
system located on the McArne Bay farm of McNair Seed Company near 
Laurinburg, N.C: The soi l  was formerly c lass i f ied  as a Portsmouth 
loam b u t  more detailed analysis indicated primarily Ogeechee with small 
areas of Coxville i n  the experimental area. The loam and sandy clay 
surface layers a re  underlain a t  about l m by a coarse sand layer which 
varies in thickness from 0.50 to  1 . 2  m .  Drain tubes a re  spaced 48 m 
apart  and ou t l e t  into a large drainage di tch.  The water level in the 
ditch i s  controlled by raising or lowering the weir on a water level 
control s t ructure and holding drainage and runoff water in the di tch.  
During dry periods water may be pumped from a drainage canal to  r a i se  
the water in the ou t l e t  di tch.  This  water management system i s  an 
integral part  of the drainage and i r r iga t ion  system for  an en t i r e  

Carolina Bay consisting of about 1200 acres. 

Kinston. Water management systems on a Rains sandy loam and a 
Goldsboro sandy loam on the Tobacco Experiment Station a t  Kinston were 
studied. Both systems have good surface drainage and have t i l e  drains 
spaced 30 m apart  and buried 1 to  1.2 m deep. Water level control 
structures were ins ta l led  on the main t i l e  l ines  in each system to  
control the drainage r a t e  and were used in the f e r t i l i z e r  n i t r a t e  study 
by G i  11 iam -- e t  a1 . (1 978) referenced above. A1 though water tab1 e records 
of suf f ic ien t  length to  t e s t  the model were not collected on these s i t e s ,  
short  term experiments were conducted and i n p u t  properties were measured 

for  each so i l  and may be used fo r  long term simulations. 
Field Measurements. - 
Although the design and management of the water table control 

systems vary in some respects among the s i t e s  discussed above, most of 
the f i e ld  measurement procedures were the same fo r  each s i t e .  The 

water table  elevation midway between drains was measured in 10 cm 
diameter observation wells, d r i l led  to  the depth of the impermeable 
layer,  and f i t t e d  with Leupold and Stevens type F water level recorders 



to  give a continuous record of the water table position. The same 

instrument was used to  record the water level in the drainage ditches, 

or ,  in the case of drain tubes, the water level in the out le t  ditch.  
The unsaturated soil  water pressure head dis t r ibut ion was measured 

with tensiometers f o r  intervals  of a few weeks duration during the 
growing season a t  the Plymouth and Aurora s i t e s .  Tensiometers were 

placed a t  15, 30, 45, 60, 75, and 120 cm depths midway between sub- 
surface drains. 

Tests of short  duration were conducted on the Aurora and Plymouth 
s i t e s  to make intensive measurements of soi l  water conditions during 

drainage and subirrigation. The water table was raised to  near the soil  

surface by raising the weir levels in the water level control structures 
and pumping water into the out le t  ditches. Piezometers were instal led 
a t  the tensiometer depths given above a t  the midpoint and quarter points 
between drains and used to  determine the existance of vertical  gradients 
in the saturated zone of the prof i le .  Then the weir level was lowered 
and the tensiometers and piezometers read several times daily during the 
drainage period to  t e s t  the val idi ty  of the 1 inear pressure head dis-  
tr ibutions assumed in DRAINMOD for  the drainage period. 

Rainfall was measured on each s i t e  with a WeatherFrleasure Model 
P501-1 tipping bucket recording rain gauge with a P52l event recorder. 
Although th i s  instrument accurately measured the variation of rainfal l  
intensity with time, hourly values were used as inputs to t e s t  DRAINFSOD. 
Use of ra infa l l  data on a more frequent basis,  say 10 to  15 minutes, was 
possible and would have probably allowed a better estimation of in f i l  t r a -  
tion and runoff. However, data available from weather s ta t ion records 
have a maximum frequency of one hour in most cases. Since these are  the 
data tha t  will be used in simulation, the model was tested using measured 
rai  nfal 1 accumulated over one-hour interval s .  

Daily maximum and minimum temperatures were obtained from weather 
s ta t ions near each s i t e  and the potential ET calculated by the 

Thornthwaite method. U.S. Weather Bureau standard evaporation pans were 
instal led a t  each location and modified t o  record evaporation contin- 



uously (Figure 29 ) .  Details of the design and operation of the record- 
ing pan as we% l as comparisons between pan measurements and 
Thornthwai t e  .peedictisns are  given by Mohammad (1 978). However, the 
Thornthwaite method i s  used to compute PET in the present version of 
DRAINMOD, so i t  was also used in tes t ing the val idi ty  of the model 

predictions . 
Surface runoff plots were instal led to  measure surface runoff 

during rainfal l  events and to  be used in determining the i n f i l t r a t i o n  
character is t ics  s f  the s o i l s .  Sheet metal barr iers  were instal led 
around the 3 m x 4 m plots and the runoff was diverted to buried 
reservoi r s  (Figure 22). Runoff rates  were measured and recorded using 
a tipping bucket apparatus in conjunction with an event recorder. In- 
f i l t r a t i o n  t e s t s  were conducted by sprinkling water on the surface of 
the plot a t  a r a t e  of approximately 120 mm/hr and measuring the runoff 
rate .  

Surface depression storage was characterized by ma king elevation 
surveys on a f ine  meshed grid and by using a surface sealing procedure 

to  determine the storage in small pockets or  depressions caused by 
micro-relief. These measurements were made as a part  of a detailed 
study of surface storage and are  described in detail  by Gayle and 
Skaggs (1 973). 

One of the functions of DRAINMOD i s  to  determine, on a day to  day 
basis, whether condi t ions are  sui table  fo r  conductir g f i e l d  operations, 
as discussed in Chapter 3. This determination i s  based on so i l  and 
weather conditions and requires input data specifying the drained, or  
a i r ,  volume below which conditions a re  not sui table  for  f i e l d  operations. 
The amount of ra infa l l  necessary to  postpone f i e ld  operations and the 
length of time a f t e r  ra infa l l  occurs before operations can continue are  
also needed inputs to  the model. These parameters were approximated 
for  the so i l s  considered in t h i s  study by f i e l d  observations in the 

spring months of 1975 and 1976, Fleld conditions on a l l  research s i t e s  
were monitored by experienced technicians in coordination w i t h  the farm- 
er  or experiment s ta t ion personnel . When the soi 1 reached a condition 
tha t  was jus t  dry enough to plow and prepare seedbed, so i l  samples were 
taken from 10 and 20 cm depths a t  several locations within the f i e l d  



Figure 2 1 .  A standard evapcration pan was modified t o  record pan 
evaporation direct ly .  A reservoir was se t  up t o  supply 
water t o  the pan through a f l o a t  valve as evaporation 
t o o k  place. By recording the water level in the 
reservoir,  e v a ~ w a t i o n  could be determined as a function 
of time. 

Figure 2 2 ,  Runoff from 3 m X 4 m plots was recorded with a tipping 
bucket apparatus and an event recorder. 



and the volumetric water content determined. Drainage or a i r  volumes 
corresponding to  the measured water contents were determined from the 
soil  water character is t ics  and the drainage volume - water table depth 

relationships.  The amount of rain necessary to  postpone f i e l d  opera- 

t ions and the minimum time required a f t e r  that  amount of rainfal l  before 
operations can proceed were also approximated based on the soil  type and 
experience of the farmer or s ta t ion manager. 
Soil Property Measurements. 

The saturated hydraulic conductivity was measured in the f i e l d  
using the auger hole method (Boast and Kirkham, 1971) and a method based 

on water tab1 e drawdown (Skaggs, 1976). The unsaturated hydraul i c conduc- 
t i v i t y  function K ( h )  was estimated using the method of Millington and 

Quirk (1960) with a matching factor  a t  saturation. The K(h) function f o r  
the bfagram and top 60 cm of the Lumbee s o i l s  were measured experimentally 
(We1 1 s and Skaggs, 1976). 

Soil water character is t ics  for  each soi l  horizon down to the drain 

depth were determined on small undisturbed core samples using a s t m l a r d  

pressure plate  method (Richards, 1965). The relationship between drain- 
age volume and water table  depth was measured d i rec t ly  on large undis- 
turbed so i l  cores (0.50 m in diameter and approximately 1 m long). The 
procedures fo r  extracting the cores and making the measurements are  des- 
cribed by Skaggs e t  a l .  (1978). The cores were attached to gravel f i l l e d  
bases i n  the lab and wetted from the bottom by raising a water reservoir 
connected to  the out le t .  After the water table  rose to  the surface and 
remained fo r  a t  l e a s t  one day the ou t l e t  reservoir was lowered in small 
increments and the drainage volume measured a t  each water table depth. 

Results - Soil Properties 
Hydraulic - Conductivity 

The resu l t s  of the saturated conductivity measurements are  summariz- 
ed in Table 10. Values obtained from both drawdown and auger hole measure- 

ments varied with i n i t i a l  water table depth and frcx point to  point in 

the f i e lds  so average values are tabulated. The so i l s  on the Aurora, 

Plymouth and Laurinburg s i t e s  have sandy layers a t  depths below about 1 m 
(Appendix B )  which have higher K values than the surface layers. The con- 



Table 10. Summary of average hydraulic conductivity values from auger 
hole and drawdown measurements. 

S i te  Method No. measurement Average K value 

Aurora 
7.5 m 

Plymouth 

Laurinburg 

Ki ns ton 
Go1 ds boro 

Rains 

drawdown 
auger hole 
drawdown 
auger hole 
drawdown 
auger hole 
drawdown 
auger hole 
drawdown 
auqer hole 

auqer hole 
large core ( 

(ver t ical  K )  
auger hole 
large core 

(ver t ical  K )  

duct ivi t ies  of t h e  various profi le  layers a re  diffibul t to d'etermine from 

drawdown measurements as the drawdown depends on the conductivities in 

a l l  layers below the water table.  Likewise measurements from auger holes 

tha t  penetrate or c lme ly  approach the sandy layer may be expected to  

give an intermediate value between the K's of the upper and lower layers. 

The s o i l s  on the Aurora s i t e  are  par t icular ly d i f f i c u l t  to 

characterize because of sandy layers i n  the surface horizons which are  

of varying thickness and sometimes discontinuous. For example, in pre- 

vious studies (Wells and Skaggs, l976), we found the vert ical  K in 3 

large cores of the surface 60 cm of Lumbee to be greater than 10 cm/hr 

yet only 1.2 cm/hr in a 4th core from the same general area of the f i e l d .  

Measurements from other cores greater than 1 m deep and analysis of the 

K determinations from auger hole and drawdown measurements according to  

i n i t i a l  water table  depth indicates tha t  the surface 0.75 to 1 m of the 

Aurora so i l s  have an effect ive la te ra l  K of about 1 cm/hr. In some f i e l d  



l o c a t i o n s  t h e  e f f e c t i v e  K  o f  t h e  su r f ace  zone i s  h igher ,  and t h e r e  a r e  

h i g h  K  l a y e r s  w i t h i n  t h i s  zone i n  n e a r l y  a l l  l o c a t i o n s .  However draw- 

down and auger ho le  measurements i n d i c a t e  t h a t  t he  e f f e c t i v e  K  f a l l s  

w i t h i n  t h e  range o f  0.75 t o  1.5 cm/hr f o r  t he  su r f ace  l a y e r .  Values 

tend  t o  be near  t h e  h i ghe r  end o f  t he  range f o r  t he  Lumbee s o i l s  where 

t h e  spac ing i s  30 m  and somewhat lower  f o r  t h e  s o i l s  i n  t h e  7.5 and 

15 m spacing. The K va lue  ' o f  t he  deeper sandy l a y e r  i s  about  3 cm/hr. 

Ana l ys i s  o f  t he  K  va lues w i t h  r e s p e c t  t o  i n i t i a l  wa te r  t a b l e  depth 

and s o i l  p r o f i l e  l a y e r i n g  r e s u l t e d  i n  t h e  va lues g i ven  i n  Table 11 f o r  

c o n d u c t i v i t i e s  a t  each s i t e .  The e f f e c t i v e  l a t e r a l  K o f  t h e  p r o f i l e  

when t h e  wate r  t a b l e  i s  near  t he  su r f ace  was c a l c u l a t e d  f r om t h e  conduc- 

t i v i  t i e s  o f  t h e  two l a y e r s  and may be compared t o  t h e  va lues i n  Tab le  10. 

Table 11. Summary o f  K  va lues o f  p r o f i l e  l a y e r s  used as i n p u t  t o  
DRA I NMOD . 

- 

S i t e  Layer Depth (m) , K  (cm/hr)  Equ i va len t  K* f o r  
p r o f i l e  (cm/hr)  

Aurora 

Plymouth 0  - 1.1 *, 
1 .I - 2.82 

Lau r i nbu rg  0  - 1.20 
1.20- 2.40 

K i  ns t o n  
Go1 dsboro 0  - 1.4 
Rains 0 - 1.1 

1.1 - 1.4 

* 
Th i s  va lue  i s  c a l c u l a t e d  f o r  l a t e r a l  f l o w  (parallel t o  the l a y e r s )  
w i t h  t h e  wa te r  t a b l e  a t  t he  sur face .  ** 

E f f e c t i v e  depths o f  t h e  p r o f i l e s  when c o r r e c t e d  f o p  convergence near  
t h e  d r a i n .  



The conductivity inputs to  DRAINMOD are the values given for  individual 
layers in Table 11. I t  should be noted that  the values given for  the 
drawdown method in Table 10 are  averages obtained for  a  range of i n i t i a l  
water table depths. Generally the values for  Aurora and Plymouth in- 

creased with i n i t i a l  water table depth. Likewise the equivalent conduc- 
t i v i t i e s  obtained from the layer values given in Table 11 will increase 

with depth because of the higher conductivity of the bottom layer.  
Soil Water Characteristic and Drainage Volume - Water Table Depth -- - -- 
Relationships 

Soi 1 water character is t ic  data (drainage branch) are tabu1 ated in 

Table 1 2  for  the so i l s  considered in th i s  study. Data are  also presented 

for  two additional s o i l s ,  a  Wagram loamy sand, and a  Portsmouth sandy 
loam; the l a t t e r  soi l  i s  located c n  the Tidewater Experiment Station a t  

Plymouth. ldilting point water contents are  also included in the so i l  

water character is t ic  data. The main use of the soil  water characteris- 
t i c  in DRAINPIOD i s  to  calculate the relationship between drainage volume 
and water table depth. However these relationships were measured direct-  
ly  from large f i e l d  cores for  a l l  so i l s  on the experimental s i t e s  except 
fo r  the Ogeecl ee soi 1 on the Laurinburg s i t e .  The measured drainage 
volume - water table  depth relationships a re  plotted in Figure 23. 

Relationships for  water table depths greater than the core depth were 
calculated from the soi l  water character is t ics .  The en t i r e  relationship 
was calculated fo r  the so i l  on the Laurinburg s i t e  as large cores were 
not collected from th i s  location. 
Inf i l t ra t ion  Parameters 

Coefficients of the Green-Ampt i n f i l t r a t i o n  equation were determined 
from i n f i l t r a t i o n  measurements o n  the surface runoff plots and on large 
undisturbed f i e ld  cores. Some runoff plot inf i  1  t ra t ion  measurements were 
made by sprinkling water a t  a  known ra t e  on the plot and subtracting the 
measured runoff r a t e  from the application ra te .  Other in f i l t r a t ion  
measurements were determined from runoff caused by natural ra infa l l  
events. Measurements on f i e ld  cores were made by pond ing  water on the 

surface of the same large cores used to  determine the drainage volume - 
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I - MEASURED FROM LARGE CORES/ 

I --- PREDICTED FROM h (0) 1 
I 

WATER TABLE DEPTH,m 

Figure 2 3 .  Drainage volume or b i r  volume (cm3/cm2) as a function or 
water table depth for  so i l s  considered in th i s  study. 

water table  depth relationships.  Finally, additional measurements were 

made using guarded ring infil trometers.  Coefficients A and B of the 

Green-Ampt equation were determirled from each measured relationship and 

plotted versus the i n i t i a l  water table depth (e.g.  Figure 24 for  Lumbee 

sandy 1 oam) . When a dry zone existed a t  the soi 1 surface an equivalent 

i n i t i a l  water table  depth was defined such tha t  the a i r  volume corres- 

ponding to  the equivalent depth i s  equal to  the total  a i r  vc1un:e in the 

profi le  including the dry zone. Values of the coefficients A and B 

corresponding to selected i n i t i a l  water table depths were obtained from 



VALUES OF A(*) e e (a DETERMINED 
FROM RAINFALL RUNOFF 

VALUES DETERMINED FROM SPRINKLER 
INFIL. TESTS 

INITIAL WATER TABLE DEPTH 

ticj,':t 24. Grcen-Ampt parameters A and B versus water  t a b l e  depth f o r  
t h e  Lumbee sandy loam s o i l  on t h e  Aurora s i t e .  

t h e  p l o t s  and used as i n p u t s  t o  t h e  computer program. These va lues  a r e  

t a b u l a t e d  i n  Table 13 f o r  t h e  exper imenta l  s i t e s .  I n  t h e  s i m u l a t i o n  

process, DRAINMOD s e l e c t s  c o e f f i c i e n t s  by i n t e r p o l a t i o n  f rom t h e  t a b l e  

based on t h e  i n i t i a l  e q u i v a l e n t  wa te r  t a b l e  depth.  

Upward Water Movenien t 

Re la t i onsh ips  between maximum r a t e  o f  upward wate r  movement and 

water  t a b l e  depth were d e f i n e d  f o r  each s o i l  by n u m e r i c a l l y  s o l v i n g  

equat ion  18 f o r  v e r t i c a l  unsa tu ra ted  wate r  movement due t o  ET a t  t h e  

sur face .  The sur face boundary c o n d i t i o n  was assumed t o  be h  = -1 000 cm. 

The r e l a t i o n s h i p s  a r e  p l o t t e d  i n  F igu re  25. 
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Figure 25. Effect of water table depth on steady upward flux from 
the water tab1 e. 

Traf f i cabi 1 i t y  parameters 
Traf f icabi l i ty  parameters for  the so i l s  considered in th i s  study 

are l i s t ed  in Table 14. These data are n o t  used to t e s t  the model b u t  

are important inputs fo r  long term simulations for the given so i l s .  The 
parameters given were determined for  plowing and seedbed preparation in 
the spring. No attempt was made to  determine the parameter values for  
the harvest season. Generally the maximum allowable soil  water content 

for  f i e ld  operations would be higher and t he  required drained ( a i r )  
volume lower during the harvest season than for  seedbed preparation. 

R o o t  Depths 
The crop root depths were estimated from the planting and harvesting 

dates given in Table 9. The plots given in Figure 17 were used as a 

guide to  determine the rooting depth for corn. The maximum effect ive 





Tab1 e 14. Traff icabi 1 i  ty  parameters for  pl owing and seedbed preparation. 

Maxi m u m  water 
Soil con ten t-pl ow 

1 ayer AM IN* ROUTA** ROUTT*** 
(cm3/cm3) ( m m )  ( m m )  (days) 

Cape Fear 1 .  
Lumbee s .  1 . 
Ogeechee 1 . 
Goldsboro s.1. 
Rains s.1.  
Wagram 1 . s .  
Bladen s.1.  
Portsmouth s .1 .  

* 
AMIN = the minimum a i r  volume (or drained volume) fo r  plowing and 

seedbed preparation. That i s ,  i t  would be too wet to  prepare 
seedbeds i f  the drained volume i s  less  than AMIN. 

* * 
ROUTA = the amount of rain necessary t o  postpone f i e l d  work. 

*** 
ROUTT = the time necessary for  soi l  water redistribution before 

f i e l d  work can be- restarted a f t e r  i t  has been postponed by 
rainfal l  in excess of ROUTT. 

rooting depth for  corn was assumed to be 30 cm while 25 cm was assumed 
for  potatoes, soybeans and wheat. The rooting depths fo r  each s i t e  are  
tabulated as a function of Julian date for  each year in Appendix C .  

Cl imatologica1 Data 
Hourly precipitation data measured on each experimental s i t e  are 

given i n  Appendix D fo r  the duration of the study. Daily maximum and 
minimum temperatures were obtained from published U.S. Weather Bureau 
records fo r  s ta t ions  a t  Aurora, Plymouth and Laurinburg. The Plymouth 
weather records were collected on the Tidewater Experiment Station while 
the weather s ta t ions a t  Aurora and Laurinburg were within a few km of 
the experimental s i  t es  . 

\later Level in Drainage Outlet --- 
The drainage out le t s  in the f i e l d  experiments a t  Aurora, Plymouth 

and Laurinburg a l l  received water from large areas outside of the 
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experimental areas. As a resu l t  i t  was not possible t o  predict the 
water level in the drainage out le t .  The water level in the out le t  was 
measured continuously and the average daily value was used as an input 
to  t e s t  DRAINMOD. That i s ,  the measured water level in the ditch was 

read in rather than predicted from subroutine YDITCH in the model. The 
daily values fo r  each year of the t e s t s  are  tabulated in Appendix D 

for  s i t e s  a t  Plymouth and Laurinburg. The out le t  water levels  a re  
plotted fo r  the Aurora s i t e  in Figures 41-45. 

Measured Versus Predicted Water Table Elevations -- 
Water table elevations predicted by DRAINMOD are compared to measured 

values in the plots given on the following pa.ges. The measured and pre- 
dicted water table elevations a t  the end of each day were plotted automa-. 

t i c a l l y  by the computer fo r  a ser ies  of one-year t e s t  periods. The agree- 
ment between predicted and measured values was quantified by calculating 

a standard error  fo r  each t e s t  period defined as follows, , 

where s i s  the standard er ror ,  n i s  the number of days in the t e s t  period 
(year) ,  Y i  i s  the measured water table  elevation above a datum a t  the end 
of each day and Y; i s  the predicted water table elevation. The average 
deviation (a .d.)  was also computed fo r  each t e s t  period as,, 

a.d. = & / y i  - ~ i l / n  
i = l  

(21 
- 

where the symbols are  the same as defined above. 
I t  should be emphasized tha t  the plots given on the following pages 

are  - not the resu l t s  of a data f i t t i n g  exerc ise . .  In every case the agree- 
merit between measured and predicted resu l t s  could be improved by chang- 

ing one or more of the.mode1 inputs. However the values required to  

optimize the f i t  could not be determined a p i o r i  so juggling the 

various inputs to improve the agreement with observed data would not pro- 
vide a meaningful t e s t  of the made1 r e l i a b i l i t y .  ~n'stead, each input 

parameter was determined independently as discussed in previous sections 
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of th i s  report. In a few cases the parameters will be varied to deter- 

mine the sens i t iv i ty  of the model to  errors in parameter determinations. 

However, comparfson of predicted resul ts  with values measured in the 

f i e ld  using independently measured input parameters i s  the only true 

t e s t  of the r e l i a b i l i t y  of the model. This i s  the method used herein 

to  determine the sui tabi l  i ty  of DRAINMOD for  appl ication t o  design and 

analysis of water management systems. 

Plymouth 

Predicted and observed water table  elevations from the Tidewater 

Experiment Station near Plymouth are  given in Figures 26 through 30. The 

agreement between predicted and observed resu l t s  i s  very good with stan- 

dard errors  of estimate ( s  values) ranging from 8.6 cm (1977) to 9.8 cm 

(1975). The agreement i s  par t icular ly good during periods when the water 

level in the drainage ditch i s  raised by controlled drainage or subi r r i -  

gation. This i s  due to  the high conductivity of the profi le ,  especially 

the sandy layer be1 ow a depth of approximately 1 .1 m ,  which permits the 

water table to  respond quickly to  changes in the observed ditch water 

level .  The net e f f ec t  i s  that  the high K values makes the water table 

more sensi t ive to  ditch water Tevel s than to some of the other input para- 

meters such as those used in predicting i n f i l t r a t i o n ,  upward water move- 

ment and ET. Controlled drainage was used during most of 1974, the f i r s t  

60 days of 1975, and for  a two month period from Dec., 1976 to Jan., 1977. 

Subirrigation was also used for  short  periods in 1973 and 1975 by pumping 

water into the drainage ou t l e t  from a deep well. Howver, for  most of 

1973, 1975, 1976 and 1977, the system was operated as a conventional 
drainage system and s t i l l  gave excellent agreement between measured and 

predicted resul t s .  

Aurora 

Water table elevations a re  plotted for  the 7.5 m drain spacing a t  

Aurora in Figures 31 (1973) through 35 (1977). Results are  plotted fo r  

the same years for  the 15 m spacing in Figures 36 through 40 and fo r  

the 30 m spacing in Figures 41 through 45. The standard errors  of . 
estimate ( s )  are  given on elch plot and summarized, along ' w i t h  corres- 
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igure 26. Observed and predicted water table elevations midway betweep drains space* 
55 m apart  on the Plymorth s i t e  during 1973. 
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85 m apart  on the Plvmouth s i t e  durina 1974.  
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F i g u r e  28. Observed and p r -ed ic ted  wate r  t a b l e  i l l e v a t i o n s  midway k t w e e n  d r a i n s  spat(-+ 
85 m a p a r t  on t h e  Plymouth s i t e  d u r i n g  1975. 
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F i g u r e  29. Observed and p r e d i c t e d  wate r  t a b l e  e l e v a t i o n s  midway between d r a i n s  spacc 
_ 8 L m  _anart-on- ihe.Plvmouth s i t e  d u r i n a  1976. 
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Figure 30. Observed and predicted water table  elevations midway between 
drains spaced 55 m apart on the Plymouth s i t e  during 1977. 

ponding values from the Plymouth and Laurinburg t e s t s ,  in Table 15. 
I 

The Aurora system was operated in the drainage mode during most of I 
the f ive year period. Subirrigation was used fo r  re la t ive ly  short  periods 
in 1973, 1974 and 1975 as indicated by the out le t  ditch water levcl eleva- 

tions included in plots for  the 30 m spacing (Figures 41 through 45). One 
of the weaknesses of the model i s  demonstrated by the subirrigation event 
s ta r t ing  on Julian day 150, 1975 (Figure 43 ) .  DRAINClOD predicts an up-  
ward water table response a t  the midpoint between the drains immediately 
a f t e r  the water level in the out le t  ditch i s  raised. However, i t  has 

been previously demonstrated (Skaggs, 1973) by theory as well as by labora- 

tory and f i e ld  experiments, tha t  there may be a considerable time lag 
between a r i s e  in the ditch water level and a water table response midway 
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F i g u r e  31. Observed and p r e d i c t e d  water  t a b l e  e l e v a t i o n s  midway between d r a i n s  
spaced 7.5 m  a p a r t  on t h e  Aurora s i t e  d u r i n g  1973. 
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F i g u r e  32. Observed and p r e d i c t e d  water  t a b l e  e l e v a t i o n s  m i  
- - s n ~ r e d _ _ L . _ 5 _ m _ a ~ _ a r t  gj t h e  Aurora s i t e  d u r i n g  



RURORR-7a 
L = 7.5 m 

YERR 1975 CRLCULRTED 
OBSERVED .......................... 

S = 11.3 cm 

T-i I 1 I t I I I 1 

0 4 5  90 135 180 225 270 315 360 
J U L I Q N  DQTE 

Figure 33. Observed and predicted water tab1 e elevations illidway between drains 
spaced 7.5 m apar t  on the Aurora s i t e  during 1975. 
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Figure 34. Observed and predicted water table  elevations midway between drains 
spaced 7.5 m apar t  on the Aurora s i t e  during 1976. 
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F i g u r e  35. Observed and p r e d i c t e d  w a t e r  t a b l e  e l e v a t i o n s  midway between d r a i n s  
spaced 7.5 m  a p a r t  on t h e  A u r o r a  s i t e  d u r i n g  1977.  
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F i g u r e  36. Observed and p r e d i c t e d  w a t e r  t a b l e  e l e v a t i o n s  midway between d r a i n s  
spaced 15 m  a p a r t  on  t h e  A u r o r a  s i t e  d u r i n g  1973. 
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Figure 37. Observed and predicted water table elevations midway between drains 
spaced 15 m apart  on the Aurora s i t e  during 1974. 
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Fiaure 38. Observed and predicted water table elevations midway between drains 
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Figure 39. Observed and predicted water table elevations midway between drains 
spaced 15  m apart  on the Aurora s i t e  during 1976. 
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41. Observed and p r e d i c t e d  water  t a b l e  e l e v a t i o n s  midway between d r a i n s  
spaced 30 m a p a r t  on the  Aurora s i t e ,  1973. 
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F igu re  42. Observed and p r e d i c t e d  wate r  t a b l e  e l e v a t i o n s  nli dway between d r a i n s  
snaced 30 m a ~ a r t  on t h e  Aurora s i t e .  1974. 
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Figure 43. Observed and predicted water table elevations midway between drains 
spaced 30 m apart on the Aurora s i t e ,  1975. 

RURORR-9m 

I T I  

J U L I R N  DRTE 

gure 44. Observed and predicted water table elevations midway between drait 
q n a c ~ d  30-m a ~ a r t  on the Aurora site-, 1976. 
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Figure 45. Observed and predic ted  water  t a b l e  e l e v a t i o n s  midway between d r a i n s  
spaced 30 m a p a r t  on t h e  Aurora s i t e ,  1977. 

Table 15. A summary of  s tandard e r r o r s  of e s t ima te  (cm) and average 
dev ia t ions  (cm) f o r  compari son of observed water  tab1 e e l e v a t -  
t i o n s  wi th  p red ic t ions  by DRAINMOD. 

Year 
S i t e  1973 1974 1975 1976 1977 

s a.d.  s a .d .  s a.d.  s a.d. s a.d.  
All u n i t s  i n  cm 

Aurora 
L = 7 .5  m 14.2 11 .8  11.2 9.0 11.3 8.2 16.1 12.1 ? .5  5.7 
L = 15 m 15.0 13.4 19.6 16.1 16.4 13.2 17.4 13.2 9.4 7.1 
L = 30 m 18.2 13 .3  18.3 14.4 16.7 12.1 15.2 10.9 13.4 10 .3  

Plymouth 10.4 7.7 9.6 6.3 9.8 7.6 8 .7  6.3 8.6 6.7 

Laurinburg 13.9 11.6 



between drains. This i s  par t icular ly t rue when subirrigation i s  

i n i t i a t ed  during dry soi l  conditions. This i s  consistant with the re- 

sul t s  given in Figures 43 fo r  the 30 m spacing and Figure 38 for  the 15 

m spacing. In both calses the observed midpoint water table continued to 

recede, mostly due to  ET, a f t e r  the ditch water level was raised and did 

not reverse i t s  downward trend until  nearly 30 days l a t e r  when ra infa l l  

occurred. This was not the case for  the 7.5 m spacing which responded 

quickly to  the rhised water tab1 e as predicted by the model (Figure 33). 

The model predicts an immediate response to subirrigation because 

flux i s  calculated with the Hooghoudt equation in terms of the water 

table elevation a t  the midpoint and the water level in the drain. No 

allowance i s  made fo r  the time lag required to  change from a drainage 

profi le  to  a subirrigation profi le  which may be several days fo r  large 

drain spacings. Everything e lse  being equal, the time 1 ag i s  proportional 

to  the square of the drain spacing. I t  should be emphasized tha t  the 

problem with the model in th i s  respect occurs during the t ransi t ion period 

from drainage to  subirrigation or vice versa. Once the subirrigation 

profi le  i s  established, DRAINMOD will do a good job in characterizing the 

water table response (see for  example the resu l t s  for  Plymouth, 1974 - 
Figure 27). Errors during the t ransi t ion periods may also be negligible 

i f  the drain spacing i s  small or i f  hydraulic conductivity i s  high. 

Predicted and observed resu l t s  are  in good agreement for  a l l  three 

spacings on the Aurora s i t e  with a maximum s value of 19.6 cm for  the 15 

m spacing during 1974 and a minimum s value of 9.4 cm for  the 15 m spacing 

in 1977. The predicted water table  drawdown ra t e  was usually higher than 

the observed and the predicted water table elevations tended to be some- 

what lower than measured for  both the 7.5 and 15 m spacings (Figures 31 
through 40). This could have been caused by a K value which was too high 
or an erroneous relationship for  the drainage volume versus water table  

depth. However the values selected were based on actual hydraulic conduc- 

t i v i t y  measurements and the same K values were used for  the 30 m spacing 

which had about the same predicted drawdown r a t e  as measured. Results 

of hydraulic conductivity t e s t s  indicated tha t  the effect ive K of the 



profi le  should be smaller for  the 7.5 and 15 m spacings than f o r  the 30 
m spacing (Table l o ) ,  These differences were thought to be due to  a 
thicker sandy layer f o r . t h e  38 rn profi le .  The resu l t s  given in Figures 
31 through 45 indicate tha t  the conductivity of the individual layers 
fo r  the 7.5 and 15 m spacings may be smaller than tha t  for  the 30 m 
spacing, If  f ac t ,  t r i a l  runs showed tha t  agreement between predicted 
and observed resu l t s  can be improved considerably by using a lower K 

value for  the 7.5 and l 5 m spacings. However such values were not 
obtained from hydraulic conductivity measurements so the i r  use would not 
provide a Pair t e s t  of the va l id i ty  of the model as discussed e a r l i e r  in 
th i s  section. In any event, the agreement between observed and predicted 
resul ts  fo r  a1 1 spacings (Figures 31-46) i s  considered excellent fo r  
f i e ld  conditions. 
Laur i n h ~ j r y  

Observed and predicted water table  elevations a re  plotted in Figure 

46 for  the Laurinhu:-g s i t e  during 1976. This was a very dry year a t  
Caurinburg and the water table  did not reach the surface a t  any time 
during the year,  The total  recorded raidfal l  on the experimental s i t e  

was only 780 mm versus a normal annual rqinfal l  of about 1200 mm fo r  
t h i s  area.  The agreement between observed and predicted water tab le  
depths was good with a standard error  of estimate of 13.9 cm for  the 

year,  Although subirrigation was possible on the s i t e ,  i t  was not used 
during 1976. 'The drain depth was 1.07 m so the water table was actual ly  
below the drain for  a large part  of the year. Cotton, which has a rela-  
t ively deep root system, was grown on the s i t e  and the water table  was 
frequently lowered below the drain elevation by ET. The r a t e  tha t  the 

water table  was drawn down by ET was more rapid than observed f o r  the 

early part  of the year, Julian days 45 to 100, b u t  was in good agreement 

with observations during the peak and l a t t e r  part  of the season, days 

180 to  300. Trials  with a range of values of hydraulic conductivity 

showed tha t ,  as was the case with the Aurora data, agreement could be 

improved by redwing K ,  However the resu l t s  given in Figure 46, which 

were obtained with independently measured K values, are  considered 
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Figurta 46. Observed and p r e d i c t e d  w a t e r  t a b l e  e l e v a t i o n s  midway between d r a i n s  

spaced 48 m a p a r t  on t h e  L a u r i n b u r g  s i t e  d u r i n g  1976. 



CHAPTER 6 

APPLICATION OF DRAINMOD - EXAMPLES 
The purpose of t h i s  chapter i s  to present examples of the use of 

DRAINMOD for  designing and eval uating water management systems. Four 
examples will be considered. F i r s t ,  a l ternat ive designs of a combina- 

tion surface-subsurface drainage system are analyzed for  two s o i l s  and 

the resu l t s  presented such t h a t  the l eas t  expensive a1 ternative can be 

selected. The use of a drainage system for  controlled drainage or sub- 
i r r igat ion i s  considered in the second example. In the third example, 
DRAINMOD i s  used to  determine the amount of waste water tha t  can be 
applied to a disposal s i t e  tha t  has .surface and subsurface drainage and 
t o  determine the storage required to  hold the waste water which can n o t  
be applied during the wet season of the year until the summer months 
when i t  can be i r r iga ted .  Finally the model i s  used to show the ef fec ts  
of root depth on the occurrence and frequency of d r o u g h t  s t r e s s  on crops 
in N .  C .  The purpose of th i s  example i s  to  demonstrate the potential 
e f fec ts  of removing physical and chemical barr iers  to root growth on 
water ava i lab i l i ty  to  plants and the frequency of drought s t r e s s .  

Example 1 - Combination surface-subsurface drainage systems 
The s o i l s  chosen fo r  analysis in th i s  example are  a Wagram loamy 

sand and a Bladen clay loam. As noted in Chapter 4 ,  the Wagram soi l  i s  

normally well drained in i t s  natural s t a t e  and does not require a r t i -  
f i c i a l  drainage. However the loamy sand considered here has a nearly 
level surface and i s  underlain a t  a depth of 1.8 m by a heavy subsoil 
tha t  may be assumed impermeable so a r t i f i c i a l  drainage i s  needed. The 

Bladen soil  has a profi le  depth of 2,O m.  I t  i s  a much t ighter  so i l  
which i s  more d i f f i c u l t  to drain and manage. 

The s o i l s  a re  lqcated near Greenville, N.C.  Corn i s  t o  be grown 

on a continuous basis. The seedbed i s  prepared a f t e r  about March 15 and 

corn planted by April 15. Both so i l s  require drainage to provide 
t ra f f  icabl e conditions in the spring and to  insure adequate conditions 

for  crop growth. 



Drainage System Design 
Simulations were conducted f o r  20 years of climatological record 

(1952-1 971 ) f o r  a1 t e rna t i ve  combinations of surface  and subsurface 
drainage. The subsurface drainage system consisted of para1 l e l  10.2 
cm (4 inch) dra in  tubes buried a t  a 1.0 m depth and spaced a d is tance ,  
L, apar t .  Drain spacings ranged from 7.5 m t o  90 m ,  Surface drainage 

was quant i f ied  by the  average depth of depression storage.  Field s tud ies  

on several eas tern  N . C .  s o i l s  (Gayle and Skaggs, 1977) have shown t h a t  

depressional storage var ies  from approximately 1 .5  mm f o r  f i e l d s  t h a t  
have been land formed and a r e  on grade t o  more than 30 mm f o r  f i e l d s  

w i t h  numerous potholes o r  which do not have adequate surface o u t l e t s .  
Three l eve l s  of surface  drainage with depression storages of 2.5, 12.5, 
and 25 mm were used in  the  simulations conducted. 

Drains were assumed t o  be 102 mm (4.0 i n . )  diameter corrugated 
p l a s t i c  tubing. Envelopes a r e  not generally used In humid regions and 
were not considered here. Convergence near the  dra ins  i s  accounted f o r  
by defining an equivalent  depth from the dra in  t o  the impermeable layer  
as  discussed i n  Chapter 2. The equivalent  depth depends on the drain 

spacing; the  values ca lcula ted f o r  the cases considered in t h i s  example 
a r e  given in Table 16. 
Soil Proper t ies ,  Crop and Other Input Data - -- 

The rq la t ionsh ip  between drainage volume and water t ab l e  depth f o r  
the Wagram so i l  i s  given in  Figure 23. The re la t ionsh ip  given in Figure 
23 f o r  Portsmouth sandy loam was used f o r  the Bladen s o i l .  Relationships 
f o r  the  r a t i o  of upward water movement versus water t ab l e  depth a r e  given 
in Figure 25 f o r  both s o i l s .  The growing season f o r  corn i s  approxima- 
t e l y  120 days t o  about August 15. The 60 percent curve given i n  Figure 
17 was used f o r  the  time d i s t r i bu t i on  of e f f ec t i ve  rooting depth i n  a l l  

s imulations.  A summary of the  input data used i n  the  simulations f o r  the  
Bladen and Wagram s o i l s  i s  given i n  Table 16.  



Table 16. Summary of input data f o r  the  Bladen and Wagram s o i l s .  

B1 aden Wagram 

Depth t o  r e s t r i c t i n g  layer  200 cm 180 cm 
Depth of surface Storage 0.25, 1.25, 2.50 cm 0.25, 1.25, 2.50 cm 
Drain spacing 7.5 - 90 m 15 - 90 m 
Drain depth 100 cm 100 cm 
Drain diameter 

(corrugated p l a s t i c  tubing) 11.2 cm 11.2 cm 
Hydraul i c  conductivi t y  

( sa tu ra ted)  1,O cm/hr 6.0 cm/hr 
Saturated water content 

( vo lume t~ i c )  0.41 0.30 
Wil t ing  point (vol umetric) 0.15 0.05 
Surface i r r i ga t i on  none none 
M i n i m u m  so i l  a i r  volume required 

f o r  t l l  lage operations (AMIN1 ) 3.0 3.7 
Minimum da i l y  ra in  t o  s top f i e l d  

operations (ROUTA1 ) 0.75 cm 1.2 cm 
Minimum time a f t e r  ra in  before 

can t i 1  1 (ROUTTI ) 2 days 1 day . 
Equivalent depths (de) f o r  
dra in  spacings of:  

7.5 rn 45 cm 42 cm 
15 62 55 
3 0 77 65 
6 0 87 72 
90 9 1 75 

Results - Alternat ive  Drainage System Design% 

Working days during the one-month periqd pr io r  t o  planting,  
March 15 - April 15, a r e  plot ted versus drain  spacing i n  Figure 47 f o r  

both s o i l s .  The number of working days required f o r  seedbed preparation 

and planting would depend on s i z e  of the farming operation,  amount o f  
equipment and labor  avai lable ,  and e f f ic iency  o f  the  t i l l a g e  operat ions .  

We wil l  assume t h a t  10 days a r e  required for the cases considered here. 

For the  Wagram loamy sand, a drqin spacing of 43 m w ' i l l  provide a t  l e a s t  

10 days su i t ab l e  f o r  t i 1  lage and planting operations on a 5 year recur-  

rence in terval  (5  YRI) bas is .  That i s ,  t h i s  dra in  spacing will, on the 
average, provide a t  l e a s t  10 working days i n  4 ou t  of 5 years .  Surface 
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Figure 47. Working days during the period March 1 5  - April 15 

as  a function of dra in  spacing f o r  the Bladen and  
Wagram s o i l s .  

drainage has l i t t l e  e f f e c t  on t r a f f i c a b i l i t y  during March and 

April f o r  t h i s  s o i l .  Improving the  surface drainage from a depression 
storage of s = 25 mm t o  s = 2.5 mm only allows an increase of the drain 
spacing to  44 m f o r  the  same number of working days. 

For the Bladen s o i l ,  10 working days can be obtained by e i t h e r  

using a drain spacing of 20 m with good surface drainage ( s  = 2.5 mm) 
o r  by a drain spacing of 16 m w i t h  poor surface drainage ( s  = 25 m m ) .  

SEW,, values a r e  plotted versus drain spacing f o r  three  l eve l s  of 

surface drainage in Figure 48. Surface drainage has a much greater  
e f f ec t  on SEW,, than on the  number of working days. For example the  
Wagram so i l  with poor surface drainage ( s  = 25 nun) would require a dra in  
spacing of 50 m t o  insure an SEW30 value of 100 cm-days ( 5  YRI ba s i s ) .  
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Figure 48. SEW30 as a function of drain spacing for  three 
surface drainage treatments on Bladen and Wagram 
so i l s .  

However, the same SEWSO value could be obtained with a spacing greater 
than 100 m i f  surface drainage i s  good (s  = 2.5 m m ) .  In e i ther  case, 
the 43 m drain spacing needed to provide t ra f f icable  conditions in the 

spring (Figure 47)  would a1 so provide adequate drainage for  crop growth 
with 5 YRI SEW30 values l e s s  than 50 even i f  surface drainage i s  poor. 

A n  a l ternat ive that  should be considered for  t h i s  soil  i s  t o  use a 
l a t e r  planting date thereby increasing the length of time for  seedbed 
preparation and decreasing the drai nage requirement for  t r a f f  i cabi 1 i ty. 
Results of the simulations show tha t ,  because of higher evaporation and 

less  r a in fa l l ,  there are  considerably more working days in April than 
in March. Thus by planting and harvesting a t  a l a t e r  date, a wider 



drain spacing could be used t o  s a t i s f y  the t r a f f i c a b i l  i t y  requirement, 
Adequate drainage f o r  crop growth could be insured by providing good 
surface drainage. Consideration of t h i s  a l t e rna t i ve  departs  somewhat 

from our original  object ive  of evaluating the  design of a water manage- 
ment system based on a f ixed s e t  of requirements - given planting date ,  

required number of working days, e t c .  - and i t  i s  not t reated fu r ther  
here. However, one of the  advantages of using the  water management 
model i s  t h a t  such a1 te rna t ives  can be e a s i l y  evaluated. 

For the  Bladen c lay loam an SEWSO value of 100 cm-days can be 
obtained w i t h  drainage spatings of 21, 15, and 12 m f o r  surface depression 

storages of 2.5, 12.5, and 25 mm, respect ively .  Thus, f o r  poor surface 
drainage ( s  = 12.5 and s = 25 m m ) ,  spacings required t g  insure adequate 
drainage during the  growing season a re  smaller than those necessary to 
provide t r a f f  icabl e conditions f o r  seedbed preparation. 

The r e s u l t s  f o r  the  Bladen so i l  demonstrate the  u t i l i t y  of using 
DRAINMOD t o  evaluate a l t e rna t i ve  designs of combination surface-subsur- 
face drainage systems. The required number of working days and drain- 
age protection fo r  p lant  growth as  indicated by SEWSO values can be pro- 
vided w i x h  a dra in  spacing of 12 m and poor surface drainage ( s  = 25 mm) 
o r  with a spacing of 20 m and good surface drainage ( s  = 2.5 m m ) .  Both 

systems will  do the  required job so the farmer can choose the  a l t e rna-  
t i v e  t h a t  requires the  l e a s t  investment, although other fac tors  such as 
maintenance cos t s  and compatability w i t h  the  farming operation must a l so  
be considered. 

Example 2 - Subirr igat ion - and %,ontrol led Drainage 
Both s o i l s  considered in Example 1 a r e  r e l a t i v e l y  f l a t  so water 

t ab le  control via subir r igat ion o r  controlled drainage should be consi- 
dered. When sub i r r iga t ion  i s  used, a weir i s  placed in the  drainage 
o u t l e t  and water i s  pumped into  the  o u t l e t  as  required to maintain a 
constant  water l eve l .  For controlled drainage a weir i s  a l so  placed 
in the  drainage o u t l e t  b u t  no water i s  pumped i n .  This reduces the  
drainage r a t e  and allows plant  use of some runoff and drainage water 
t h a t  would be l o s t  from the  system under conventional drainage prac t ices .  



However controlled drainage i s  n o t  expected t o  provide ass is tance 
during dry years when drainage water i s  not avai lable  f o r  use by such 
conservation measures. 

Simulations were conducted f o r  subir r igat ion and controlled 
drainage using the  same period of record as  discussed above f o r  drain- 

age systems. 
Results - Subirrigation Controlled Drainage 

The e f f e c t  of drainage, controlled drainage and subir r igat ion 
on the  number of dry days during the  growing season i s  shown i n  Figure 
49 f o r  the  loamy sand s o i l .  The re la t ionsh ip  plotted fo r  drainage 
shows c l ea r ly  t h a t  drainage systems should not be over designed. For 
example, a dra in  spacing of 43 m would give,  on the  average, 34 o r  more 

dry days in one year out  of f i ve .  Closer spacings, which a r e  not re- 
quired f o r  t r a f f i c a b i l  i t y  (Figure 47) nor f o r  crop production (Figure 

48) would increase the number of dry days and have detrimental e f f e c t s  

on crop growth. Recall t h a t  a dry day does not mean t h a t  there  i s  no 

water ava i lab le  t o  growing plants but t h a t  ET i s  l imited by so i l  water 
conditions. The re la t ionsh ips  plotted in Figure 49 a r e  f o r  good surface 



drainage ( s  = 0.25 cm). Surface drainage had l i t t l e  e f f e c t  on the 
number of dry days and s imilar  re la t ionships  were obtained f o r  the  
other  surface drainage treatments. 

When subir r igat ion i s  used, water i s  pumped into  the  drainage 
o u t l e t  such t h a t  the  water level i s  held constant a t  a depth of 60 cm 
below the so i l  surface during the growing season. The water t ab l e  

depth d i r ec t l y  over the  draih tubes during subir r igat ion will  be 
approximately equal to  t h a t  i n  the drainage o u t l e t  b u t  wil l  increase 
with distance away from the drain during dry periods because of ET 

(Fox, e t  a1 ., 1956). The 60 cm depth was chosen so t ha t  the  water 

t ab le  would n o t  be too c lose  t o  the  surface d i r e c t l y  over the drain  
tubes. Will iamson and Kriz (1970) reported t h a t  a 60 cm steady water 
t ab l e  depth caused a 15 percent reduction in y ie ld  from the  optimum 
depth of 76 cm f o r  a loam s o i l .  Yield reduction f o r  the area d i r e c t l y  
over the  drains i s  expected t o  be l e s s  f o r  the  l i g h t e r  Wagram loamy 
sand. Results p lot ted i n  Figure 49 f o r  subir r igat ion show t h a t  a drain 

spacing of 30 m o r  l e s s  wil l  provide s u f f i c i e n t  water t ab l e  control to  
allow o n l y 3  dry days on a 5YRI basis .  For spacings between 30 and 
60 m the number of dry days increases to  16. Further examination of the  
r e su l t s  of simulations show tha t  the  three  dry days occurred immediately 
a f t e r  planting when rooting depths were negl igible  and subir r igat ion had 
j u s t  been i n i t i a t e d .  Under these conditions three  dry days appeared to  
be acceptable and a drain spacing of 30 m s u f f i c i e n t  f o r  subir r igat ion 
on the  loamy sand. 

One of the  major concerns in  using sub i r r iga t ion  in humid regions 
i s  t h a t  a high water t ab l e  reduces storage ava i lab le  f o r  i n f l l t r a t i n g  
r a in f a l l  and may r e s u l t  i n  frequent conditions of excessive soi 1 water. 
The e f f ec t  of sub i r r iga t ion  on SEW30 values i s  shown in Figure 50. 
These r e s u l t s  show the  importance of good surface drainage i f  sub i r r iga-  
t ion i s  t o  be used, A 30 m drain spacing gives an SEW30 value of 210 cm- 

days fo r  poor surface drainage ( s  = 25 m m ) .  Additional simulations 
showed t h a t  an SEW30 value of l e s s  than 100 cm-days can be obtained with 

only moderate surface drainage ( s  = 7.5 m m )  . When a 30 m spacing i s  
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Figure 50. SEW,, a s  a funct ion  of  d ra in  spacing f o r  conven- 
t iona l  drainage,  s u b i r r i g a t i o n  and con t ro l l ed  
drainage on Wagrani s o i l .  Results  a r e  p lo t t ed  
f o r  two 1 eve1 s of sur face  drainage.  

used with good su r face  drainage ( s  = 2.5 m m )  t h e  5 YRI SEW30 value 

exceeded 100 cm-days only once in  20 years  and t h a t  value was only 114 
em-days . 

The r e s u l t s  presented f o r  Wagram loamy sand ind ica te  t h a t ,  i f  sub- 

i r r i g a t i o n  i s  used, a d ra in  spacing of 30 m with good su r face  drainage 
wi l l  s a t i s f y  both drainage and i r r i g a t i o n  requirements.  I f  s u b i r r i g a -  
t i o n  i s  not used a d r a i n  spacing of 43 m w i l l  s a t i s f y  dra inage  requi re-  

ments f o r  both t r a f f i c a b i l i t y  and p lan t  growth, r ega rd les s  of su r face  
drainage.  However, unless  i r r i g a t i o n  water i s  appl ied  through o t h e r  
means, we can expect  a t  l e a s t  34 dry days during the  growing season on 



an average frequency of once every f i ve  years.  The number of dry days 

can be reduced somewhat by using controlled drainage. Simulations were 

conducted f o r  control led drainage by assuming a wier i s  placed i n  the  
drainage o u t l e t  a t  a depth of 60 cm below the  so i l  surface.  From 

Figure 49 we see t ha t  t h i s  pract ice  reduced the  number of dry days on a 
5 Y R I  basis by only 4, from 34 t o  30, Obviously, t h i s  provides very 

l i t t l e  ass is tance f o r  dry years and cannot replace an i r r i ga t i on  system. 
However f o r  wetter  years control1 ed drainage did provide some ass is tance.  
For exampl e ,  a 43 m drain spacing gave fewer than 10 dry days in a grow- 
ing season in  12 of 20 years of simulation when controlled drainage was 
used versus only 6 of the 20 years when i t  was not used. When good sur-  

face drainage i s  provided, controlled drainage will  not cause a problem 
with inadequate drainage during wet years as  shown in Figure 50. 

The e f f e c t  of the  various water management a l t e rna t ives  on the  
number of dry days i s  p lot ted i n  Figure 51 f o r  the  Bladen s o i l ,  The 

re la t ionships  given i n  Figure 51 were obtained f o r  good surface dfainage, 
s = 2.5 mm, b u t  the  qua l i ty  o f  surface drainage had l i t t l e  e f f e c t  on the  
number of dry days. Subsurface drainage had only a small e f f e c t  on num- 
ber of dry days as  shown by the f a c t  t h a t  the  number of dry days de- 
creased from 50 to  only 40 when the drain spacing i s  increased from 7.5 
t o  60 m .  The number of dry days during the  growing season f o r  drainage 
seems high, even on the basis  o f  a 5 YRI. This may be due t o  assuming a 
root  zone depth which i s  too shallow. Spot checks using a 75 ra ther  
than 60 percent curve in Figure 17 f o r  the  root  zone depth showed a 
reduction in number of dry days for a 30 m spacing t o  about 30. 

The r e l a t i ve ly  high number of dry days i s  consis tent  w i t h  the  re-  
putation t h a t  Bladen s o i l s  have f o r  being droughty. This i s  caused by 
the  low hydraulic conductivity which decreases rapidly  with water con- 
t e n t  f o r  unsaturated conditions so t h a t  the  r a t e  of upward water move- 

ment from wetter  regions i s  slow (Figure 25).  Thus plants must obtain 
t h e i r  water from a r e l a t i ve ly  shallow zone which extends only a small 

distance below the  root  zone. These s o i l s  have severe water shortages 
during dry years as  indicated by Figure 51 and i t  i s  not uncommon to  
experience large  reductions in y ie ld  every three  o r  four years i f  



i r r i ga t i on  i s  not used. 

601 %%!? RECURRENCE INTERVAL 

I I I I I I I I I I I 
20 40 60 80 100 

DRAIN SPACING, M 

Figure 51. Dry days during the growing season f o r  three  
water management methods on Bladen s o i l .  

The re la t ionsh ip  given f o r  sub i r r iga t ion  i n  Figure 51 was obtained 
f o r  a water level  i n  the  drainage o u t l e t  of 60 cm below the surface.  In 
order t o  use sub i r r iga t ion  on t h i s  s o i l ,  the dra ins  would have t o  be 
spaced about 5 m apa r t  to  provide (on a 5 YRI bas i s )  l e s s  than 70 dry 

days during the growing season. Furthermore, i t  would be necessary t o  
have good surface  drainage in order to  insure t h a t  the  so i l  i s  adequately 
drained during wet periods (Figure 52).  Such c lose  drain spacings a r e  
not economically f e a s ib l e  and other  methods of applying i r r i g a t i o n  water 
should be used on t h i s  s o i l .  For example a dra in  spacing of 5 rn ra the r  
than the  20 m necessary t o  meet t r a f f i c a b i l  i  t y  and crop requirements f o r  

conventional drainage (Figures 47 and 48) would require 2000 m/ha of 

tubing as compared t o  50 m/ha f o r  conventional drainage. A t  an assumed 

cost  of $2.0O/m ( i n s t a l l e d ) ,  the  tubing cos t  alone would be $4000/ha 
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Figure 52. SEW30 as a  function of drain spacing for  conven- 

tional drainage, subirrigation and control led 
drainage on Bladen s o i l .  Results a re  plotted for  
two levels of surface drainage. 

($1 620/ac) fo r  subirrigation versus $1 000/ha ($400/ac) for  conventional 
drainage. One possibi l i ty  of increasing the drain spacing for  subirr i -  
gation i s  to  hold the water level in the drainage out le t  closer to the 

surface. A water table  depth a t  the drain of 40 rather than 60 cm was 
t r ied  b u t  could n o t  be used because of high SEW,, values that  occurred 

during wet years. I n  order to  meet both subirrigation a n d  drainage 
requirements i t  was s t i l l  necessary to have drain spacings of about 5-7 



Controlled drainage i s  n o t  a t t r ac t ive  fo r  t h i s  soil  e i ther .  Use 
of controlled drainage reduced the number of dry days by only 2 on a 5 
YRI basis (Figure 51). For a 26 m drain spacing, controlled drainage 
decreased the average number of dry days over the 20 year simulation 

period by only 2 ,  Thus nei tht.r sub i r r igatlon nor control led drainage 
appear feasible  for  the Bladen so i l .  

Example - 3 - Irrigation - of Wastewater on Drained Lands - 
Land appl i  cat7 on of agricultural , municipal , processing or i  ndus- 

t r i a l  wastewater, with appropriate pretreatment, i s  an economical l y  and 
technical l y  feast  ble a1 ternative to conventional waste dl sposal methods 

for  many s i tuat ions.  A rna~or step in designing a land application system 
i s  determining the permissible loading ra te  for  a given s i t e ,  In some 
cases the loading r a t e  i s  limited by the pollutants in the waste water. 

In others the application ra te  is  limited hydraulically by drainage con- 

dit ions of the s i t e .  In the l a t t e r  cases i t  may be feasible  to provide 
subsurface drainage to  increase the amount of wastewater tha t  can be 

applied to  a given s i t e  and reduce the land area required. Since the 
costs of Sand and i r r iga t ion  systems to apply wastewater are  re la t ive ly  

high, increasing the application ra te  by the use of a r t i f i c i a l  drainage 
could s ignif icant ly lower the cost of a land disposal system. 

In th i s  example we consider wastewater application to the Wagram 
loamy sand discussed in examples 1 and 2 above. The s i t e  i s  located 
near Greenvill e ,  N .C. Fescue i s  grown year around and wastewater from a 
processing plant pretreatment lagoon i s  to be i r r igated (sprinkl e r )  onto 
the surface. Consideration of the nutrient levels in the water l imi t  the 
application r a t e  to  25 mm/week, The water may be applied a t  any i r r iga-  

tion frequency b u t  the average must not exceed 25 mm/week. As discussed 

in example 4 ,  the soil  surface i s  Plat  and a r e s t r i c t ive  layer ex is t s  a t  

a depth of 1,8 m so tha t  dralnage under natural conditions i s  slow. O u t -  
l e t  conditions l imi t  the depth of the drain tube to  9.25 m which i s  con- 

sidered deep enough to  prevent short-circuiting of the i r r igated waste- 

water d l rec t ly  into the drain. 



The object ive  i n  t h i s  example i s  t o  determine the  e f f e c t  of sur- 
face and subsurface drainage on the amount of water t h a t  can be i r r i ga -  
ted without causing surface runoff. The e f f e c t  of i r r i ga t i on  frequency 
(e.g. one i r r i ga t i on  per week of 25 mm versus one i r r i ga t i on  of 50 mm 
every 2 weeks), on the  t o t a l  permissible i r r i ga t i on  will  a lso  be con- 
sidered. Simulations were conducted f o r  good surface drainage, s = 2.5 

mm, poor surface drainage, s = 25 mm, and very poor surface drainage, 
s = 150 mm. The very poor surface drainage was considered because i t  
may be desi rable  in some cases to const ruct  dikes or  otherwise a r t i f i -  

c i a l l y  form the  surface t o  prevent runoff during high r a in f a l l  in tens i -  

t i e s .  This would prevent pol lutants  deposited on the  surface,  grass 

cover, e t c . ,  from washing off  the s i t e  w i t h  runoff water. Simulations 

were conducted f o r  f i v e  drain spacings and f o r  3 i r r i ga t i on  s t r a t e g i e s  
as  follows : (1 ) l o .  5 mm every 3 days; ( 2 )  25 mm every 7 days; (3)  50 
mm every 14 days. A11 3 s t r a t eg i e s  would give an average application 
r a t e  of 25 mm/week. As discussed i n  Chapter 3, wastewater appl icat ion 

i s  simulated by DRAINMOD on the i r r i ga t i on  i n t e rva l ,  INTDAY, i f  the  
drained volume ( a i r  volume) in  the  p r a f i l e  i s  g rea te r  than a given 
amount, REQDAR, and i f  r a in f a l l  occurring on the scheduled day i s  l e s s  

than AMTRN, Parameter values used t o  determine whether an i r r i ga t i on  
event will be skipped o r  postponed a r e  l i s t e d  in Table 17 f o r  the cases 
considered in t h i s  example. In a l l  cases the  required drained volume, 
REQDAR, was 10 mm g rea te r  than the  amount of water t o  be i r r i ga t ed .  

Table 17. I r r i ga t i on  parameter values used in  Example 3. 

I r r i g a t i o n  i n t e rva l ,  INTDAY 3 days 7 days . 14 days 
. . 

I r r iga t ion  amount 10.5 mm 25 mm 50 mm 
Time i r r i ga t i on  s t a r t s  1000 1000 1000 
Time i r r i ga t i on  ends 1200 1200 1200 
Drained ( a i r )  volume required 

in the  profi 1 e ,  REQDAR 20.5 mm 35 mm 60 mm 
Amount of ra in  to  postpone 

i r r i ga t i on ,  AMTRN 10 mm 10 mm 10 mm 
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Results - Irr igat ion of Wastewater 
All simulations were conducted for  a 25 year period and the re- 

su l t s  analyzed t o  determine the total  annual i r r iga t ion  on a 5 year re- 

currence interval basis. 
7 day i r r igat ion frequency 

The resul ts  show tha t ,  for  

be applied a t  every schedu 
weeks x 25 mm/week) on a 5 

he resu l t s  are  plotted in Figure 53 for  the 
and a l l  three surface drainage treatments. 

drain spacings of 25 m or l e s s ,  water could 

ed i r r iga t ion  for  a total  of 1300 mm (52 
YRI basis. In some weeks i r r igat ion may 

have to be postponed t o  the next day due t o  ra infa l l  b u t  the scheduled 
amount could be applied in a l l  eases. For larger drain spacings many 
of the scheduled i r r iga t ions  could n o t  be applied because there was 
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Figure 53. E f f e c t s  o f  drain spacing and surface storage 
on annual i r r igat ion fo r  i r r iga t ion  scheculed 
once per week, 25 mm per i r r iga t ion .  



: : : suff ic ient  water-free (drained) volume i n  the p rof i l e .  When t h i s  

happened i r r i g a t i o n  was canceled f o r  t h a t  period and conditions were 
checked on the  next scheduled i r r i ga t i on  day. For example, only 770 mm 
could be i r r i ga t ed  (5  YRI bas i s )  f o r  a drain spacing of 45 m and good 
surface drainage, Closer inspection of the simulation resul t s  showed 

t h a t  most of the  i r r i g a t i o n  cancel la t ion due t o  wet conditions occurred 

in the  winter and ea r ly  spring when ET i s  low. The r e s u l t s  p lot ted i n  

Figure 53 show t h a t  the  amount of water t h a t  can be i r r i ga t ed  i s  more 
dependent on subsurface drainage, as  . indicated by the  drain spacing, than 
on surface drainage. However, when subsurface drainage i s  poor (1 arge 
drain spacings) the  amount of wastewater t h a t  can be i r r i ga t ed  i s  heavily 
dependent on surface drainage. When surface drainage i s  poor, water may 
be stored on t he  surface a f t e r  periods of high r a in f a l l  and can be removed 
only by evaporation o r  subsurface drainage. Time required f o r  removal of 
t h i s  surface water may cause the  next scheduled i r r i ga t i on  event t o  be 
canceled due t o  wet so i l  condit ions.  

The e f f e c t  of the  i r r i g a t i o n  in terval  on annual i r r i ga t i on  i s  
shown i n  Figure 54. Recall t h a t  the  in te rva l s  and amounts t o  be i r r i g a t -  
ed were se lected so t h a t  the  average appl icat ion r a t e  was 25 mm/week f o r  

a l l  three combinations simulated. This i s  obvious f o r  good subsurface 

drainage where 1300 cm could be i r r i ga t ed  f o r  a l l  th ree  i r r i ga t i on  f r e -  
quencies. For slower subsurface drainage ( i  , e .  dra in  spacings g rea te r  
than 25 m) the  r e s u l t s  in  Figure 54 indicate  t h a t  more water can be 

i r r i ga t ed  by applying smaller amounts on a more frequent bas is .  For ex- 
ample, if dra ins  a r e  spaced 45 m apar t ,  950 mm of water could be applied 
(on a 5 YRI bas i s )  by i r r i g a t i n g  10.6 mm every 3 days, while only 650 mm 
could be applied by scheduling 50 mm every 14 days. The reason f o r  the  
di f ference i s  t h a t ,  due t o  random occurrence of r a i n f a l l ,  i t  i s  more 
d i f f i c u l t  t o  ge t  the  required water f r e e  (drained) volume f o r  l a rge r ,  
l e s s  frequent i r r i g a t i o n s .  For the  T4 day i r r i g a t i o n  i n t e rva l ,  a water- 
f r e e  pore volume of 60 mm was required i n  order to  apply i r r i ga t i on  a t  
the  scheduled time. This volume may be ava i lab le  on the 12th day b u t  

r a in f a l l  on the  13th day could cause condit ions t o  be too wet f o r  i r r i -  

gation a t  the  scheduled time on day 14. For the  3 day i n t e rva l ,  on the  
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Figure 54. Effect of drain spacing and i r r iga t ion  
frequency on total  annual i r r iga t ion  for  a  
Wagram loamy sand. 

other hand, the same ra infa l l  conditions would cause cancellation of 

only one or perhaps none of the 4 scheduled smaller wastewater applica- 

t ions during the same period. 
The resu l t s  discussed above assumed tha t  a  given amount of waste 

water i s  applied a t  a  scheduled time providing tha t  soi l  water and rain- 
f a l l  conditions a re  not l imiting. For a  given drainage system, soi l  

water conditions a re  more 1 i  kely to be 1 imi t ing in the winter and ear ly 
spring because of lower ET rates  as mentioned above. However, i t  may 

also be possible to  increase the amount i r r igated during the l a t e  spring 



and summer months because of the relat ively high ET rates  during t h i s  
season. T h u s ,  i t  would be possible to  increase the annual i r r igat ion 
over that  shown i n  Figures 53 and 54 by storing the water in a reser- 
voir during periods when i rr igat ion i s  not possible and increasing the 
i r r igat ion ra te  during the summer. In t h i s  case i t  i s  important t o  
determine the amount of storage tha t  would be required for  a given 
drainage system and i r r iga t ion  strategy as the storage reservoir would 
be a component of the total  system design. The storage required for  

the a1 ternative systems considered here i s  shown in Figure 55 fo r  drain 

spacings up to  45 m ,  The values given represent the storage required 

(5 YRI basis) to  permit i r r igat ion of an average of 25 mm per week for  
52 weeks per year. For example, a drain spacing of 45 m with good sur- 

face drainage would require storage capacity for  350 mm of i r r igat ion 
water. This amounts to 13 weeks of i r r iga t ion  a t  25 mm per week. 

The resu l t s  of th i s  example show tha t  DRAINMOD can be used to 
determine the amount of wastewater that  can be applied to  drained so i l s .  
The storage volume required because i r r iga t ion  i s  not possible during 
wet periods can also be accessed. Since s i rp la t ions  are  made with actual 
weather data, designs can be made on a probability basis. By consider- 

ing a1 ternative systems, DRAINMOD can be used to  select  the most economi- 
cal system tha t  will meet the design requirements for  a given s i tua t ion ,  
Exampl e 4 - Effect of Root Depth on the Number and Frequency of Dry Days 

-7 ---- 
Root depths a re  limited in many N.C. s o i l s  due to physical barriers 

caused by hard pans or layering and by chemical barriers such as a low 
P h  below a given depth. In other cases root depths a re  limited by h i g h  

water table conditions which frequently prune back deeper roots. Some 
variet ies  of a given crop have more shallow rooting depths than others,  
Thus, increasing the rooting depth for  a given crop may be a matter of 
variety selection, providing good drainage, or removing physical and 

chemical barr iers  to root growth. Because increasing the rooting depth 
d i rec t ly  increases the water available for  plant use, there has been 

much in teres t  in removing barr iers  t o  root growth and i n  developing 
plant var iet ies  with deeper rooting systems, The purpose of th i s  example 
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Figure 55. Effect of drain spacing, surface drainage 

and i r r iga t ion  frequency on storage volume 
required for  application of an average of 
25 mm/week on a  Magram loamy sand. 

i s  to  examine the e f fec t  of root depth on the number of days tha t  the 
plant i s  under s t r e s s  due to  dry conditions. A day when plants a re  
under s t r e s s  due t o  dry conditions i s  assumed here to  be a  dry day 

and i s  defined in Chapter 3 as a  day in which ET i s  1  imited by soil  
water conditions. 

The s o i l s  and drainage systems considered here are those discus- 

sed in example 1 , Bl aden loam and Wagram l  oamy sand. The drainage system 
for  the Bladen soi l  i s  composed of parallel drains buried 1 m deep and 
placed 20 m apart  with good surface drainage ( s  = 2.5 mm). For the 
Wagram soil  the drain spacing, as suggested by resu l t s  in example 1 i s  
43 m with poor surface drainage ( s  = 25 m m ) .  Conventional drainage i s  



assumed without control l  ed drainage o r  sub i r r iga t ion .  Simulations were 

conducted f o r  20 years of c1 imatological data f o r  Greenville, N.C. I t  

was assumed t h a t  corn was t o  be grown on a continuous basis and the 
maximum ef fec t ive  rooting depth was varied from 0.1 m to  0.6 m to  
determine the  e f f ec t s  on number of dry days. The basic re la t ionship  

f o r  rooting depth versus time was the  same as  used in the  previous 
examples and i s  given by the 60% curve in  Figure 16 which has a maxi- 
mum depth of 0.3 m. When the  value given in Figure 16 was g rea te r  than 

the  maximum rooting depth chosen, the  rooting depth was s e t  equal t o  the  
maximum. For maximum rooting depths g rea te r  than 0.3 m the  values given 
by the CO% curve i n  Figure 16 were increased by the r a t i o  Ml.30 where 
M i s  the  maximum depth. 

The r e s u l t s  of the  simulations a r e  plot ted i n  Figure 56 f o r  5 
year and 2 year recurrence in te rva l s  f o r  both Bladen and Wagram s o i l s .  
An example in te rpre ta t ion  of these r e su l t s  y i e ld s  the following f o r  a 
Wagram so i l  w i t h  a l imi t ing  root  depth of 0.15 m .  On a 5 YRI basis  we 

should expect t o  have 38 o r  more dry days during the  growing season i n  

one year o u t  of 5 when the root  depth i s  l imited to  0.15 m.  However i f  

the  bar r ie r  t o  root  growth i s  removed and the maximum e f f ec t i ve  depth 

reaches 0.3 m the  expected dry days (once i n  5 years)  would be 23. From 
another point of view, we can say t ha t  23 o r  fewer dry days would be 
expected i n  4 years out  of 5 when the  maximum e f f ec t i ve  root  depth i s  
0.3 m. I f  the  e f f ec t i ve  maximum root  depth could be fu r ther  increased 
to  60 cm the  expected number of dry days i n  4 years out  of 5 would be 
7 or  fewer. 

Use of the  model as  i n  t h i s  example allows an evaluation of the  
potential  benef i t  of operations t o  increase rooting depths such as 
chisel  plowing to  break hardpans o r  deep incorporation of lime t o  r a i s e  
subsoil pH. Potential  benef i ts  of research t o  develop va r i e t i e s  with 
deeper rooting systems could a l so  be evaluated. 
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APPENDIX A 

DRAI NMOD - COMPUTER PROGRAM DOCUMENTAT ION 

The program documentation consists of f ive  parts as follows: 
9 .  A brief description of each segment of the program and a 

discussion of i t s  function. 
2.  A program l i s t i n g  complete with definit ions of a11 variable 

names. 
3 .  An example s e t  of input data. 
4, An example of the program output - resul ts  of the simu- 

Program Segments -- and Their Functions 

A .  Main Program 
The main program i s  written in PLl . I t  reads year, month, and 

hourly ra infa l l  for  each hour of the month from HISARS f i l e s .  I t  also 

reads the maximum and minimum daily temperatures and calculates PET 
using the Thornthwai t e  method. Inputs to  main through the EXECUTE 

JCL card are  the s tat ion ID for  the hourly rainfal l  f i l e  and the 

s tat ion ID and la t i tude  for  the temperature f i l e .  These are usually 

the same stat ion b u t  can be different  so tha t  PET can be estimated 
from temperature records a t  a nearby s tat ion when necessary. Other 
inputs are  the beginning and ending years of simulation and the heat 
index for  the PET calculation. 

The main program transfers  the hourly rainfal l  and daily ET value 
for  the en t i re  month to  subroutine FORSUB. The simulation i s  made in 
FORSUB for  the month; control i s  returned to  the MAIN program; another 
month's data i s  read from the f i l e  and the process i s  repeated until 
the simulation Has been conducted for  the desired period. 

A FORTRAN version of MAIN was al so developed to read hourly rain- 
f a l l  and daily PET d i rec t ly  from cards. This program was used to t e s t  
t ! ~ ,  val idi ty  of DRAINMOD by reading in measured hourly rainfal l  and out- 

l e t  water % eve1 el evations . Observed water tab1 e el evations were a1 so 

read in and deviations between predicted and observed were computed. 
The predicted and observed water table depths were a1 so plotted by 

the computer for  visual comparison. 



B.  - Subroutine FORSUB 

FORSUB accepts hourly ra infa l l  and daily PET values fo r  a one 
month period Prom the main program. A t  the beginning of simulation i t  
reads so i l  properties,  crop parameters and water management system 
parameters and i n i t i a l i z e s  variables,  The basic water management simu- 
lation i s  carried out in th i s  subroutine. Pt determines i f  ra infa l l  
occurs on a given day, calculates i n f i l t r a t i o n ,  surface runoff, drain- 
age o r  subirrigation, water table depth, depth of the dry zone, e tc .  
These values may be printed out on a daily or  monthly basis a t  the 
option of the user. I t  also calculates,  s tores  and pr in ts  out water 
management system objective functions - those functions which the water 
management system i s  designed to provide a t  some minimal level .  Objec- 
t ive  functions o r  parameters are:  working days d u r i n g  a given period, 
SEW - 30, dry days d u r i n g  the growing season, or the amount of wastewater 
i r r iga t ion .  The operations of th i s  subroutine depend on other subrou- 
t ines  which are  called to read cer tain input data, t o  perform detai led 
calculations such as determining drainage f lux,  and to  s tore  and rank 
objective function values, 

Phis subroutine can be divided into the following sections: 
1.  Obtain hourly ra infa l l  and dai ly  ET values Prom main program. 

Change values from inches to cm. 
2. Read input parameters on the f i r s t  time through the simula- 

t ion. Most a re  read i n  d i rec t ly ;  others a re  read i n  by 

cal l ing subroutines PROP and ROOT, 

3. In i t i l i za t ion  of variables prior to  beginning of simulation. 
4.  Determine hourly r a in fa l l ,  PEP and i n i t i a l i z e  other vari-  

abl es fo r  a new day. 
5. Determine i n f i l t r a t i o n  and conduct water balance on an hourly 

basis i f  rain or  i r r iga t ion  occurs tha t  day o r  i f  water was 
stored on the surface a t  the beginning of the day. 

6 .  Conducts water balance calculations on a two-hour interval or 
one-day in terva l ,  depending on drainage flux, when no rain or 
surface i r r iga t ion .  



7. Re-eval wates the water balance fo r  the day, determines water 
table depth, dry none depth e tc ,  for  the end of the day, and 
updates some variables to be used the next day. 

8, Determines objective parameters such as SEW-30 and working 
days, accumulates and stores these values and prints o u t  
daily values for  a l l  water management components i f  the user 
ca l l s  for  dally output, 

9. Computes yearly summaries and pr ints  out monthly and year ly ,  

summaries, Calls subroutine ORDER to s tore  and rank yearly 
summarfes, 

C. Subroutine PROP 

This routine reads in the soi l  water character is t ic  ( h  vs. e )  as a 

tab1 e of val ues, I t  interpol tes  between the values of water contents, 
e ,  a t  l cm qncrements of pressure head from 0 to  -500 cm of water. The 
relationship between a i r  wslume in the profi le  and water table depth i s  
determined from the soi l  water character is t ic  by assuming a drained t o  
equilibrium prof i le ,  Air vblumes are  calculated for  incremental water 

table depths from 0 to 500 cm. As an a1 ternative the relationship bet- 
ween water table depth, a i r  volume (or drainage volume) and steady 
s t a t e  upward flux can be read in and interpolated for  intermediate 
values a t  the usergs  option, In e i ther  case the water table depth-air 
volume re9ationship i s  stored in arrays such that  the a i r  volume can be 
easi ly  determined fo r  a given water table or  wet zone depth and the 
water table or  wet zone depth can be immediately determined for  a given 
a i r  volume. For example, the value stored as VOL(1) would be the a i r  
volume for  a water table depth of 8.0 cm, VOL(6) the volume for  a 5 cm 
water table depth, e t c .  Conversely the value stored as WTD(6) would 
be the water table depth corresponding to an a i r  volume of 0.5 cm, 
WTD(51) corresponds t o  a volume of 5 cm and so on. 

PROP also reads i n  a tabular relationship between water table 
depth and the Green-Ampt in f i l t r a t ion  constants, A and B. These values 
a re  read in and interpolated for  u n 9 t  water table depth increments from 
0 to 500 cm and stored in arrays for  easy re t r ieva l .  



D .  Subroutine ROOT 

This subroutine reads in tabular values of effect ive root depth 
versus Jul ian date and interpogates between the values so tha t  the 
root depth for  any day can be called d i rec t ly .  
E .  Subroutine SURIRR 

This subroutine determines i f  surface i r r iga t ion  fo r  waste water 
disposal i s  scheduled and i f  conditions a re  sui table  fo r  i r r iga t ion .  

The amount o f  surface i r r igat ion i s  considered as additional ra in.  I f  
the a i r  volume in the soil  i s  l e s s  than the required a i r  volume fo r  
surface i r r iga t ion ,  REQDAR, the i r r iga t ion  day i s  skipped and no sur- 
face i r r iga t ion  i s  done until  the next preplanned day. If ra infa l l  in 
excess of AMTRN occurs on the f i r s t  scheduled hour of surface i r r iga-  
t ion,  the operation for  t h a t  day i s  postponed and surface i r r iga t ion  
i s  t r i ed  again the next day, The program also counts the number of 
skips, number of postponements, and the number of i r r iga t ion  days. 
F ,  Subroutlne WET 

Determines the pressure head and water content dis t r ibut ion in 
the wet zone by assuming a  hydrostatic condition above the water table .  

G .  Subroutine EVAP 

The dai ly  PET i s  distributed over the daylight hours of approxi- 
mately 6:00 AM t o  6:00 PM i n  t h i s  subroutine. PET fo r  any hour, bet- 
ween these times, HPET, i s  calculated by dividing the dai ly  PET by 12, 
assumed number of daylight hours. Then HPET for  any hour in which 

ra infa l l  occurs i s  s e t  equal to  zero. When the c r i t i c a l  depth concept 
i s  used fo r  determining the l imi t  of upward water movement, HPET i s  
also s e t  equal to  zero for  any hour tha t  the depth of dry zone exceeds 
the root depth, Fina . l y  the dai ly  PET, adjusted for  hours when rain- 

fa17 occurs i s  obtained by summing the hourly values. The hourly and 
daily PET values so determined are  taken as  the actual ET values in 
FORSUB when the c r i t f ca l  depth concept i s  used. Otherwise the PET 

values a re  used in subroutine ETFLUX to determine actual ET values. 
H .  Subroutine SOAK 

This subroutine finds the in f i l t r a t ion  constants A and B f o r  the 
Green-Ampt fn f i l  t ra t ion  equation, f  = ( A / F )  + B,  where f  i s  i n f i l  t r a -  



tion r a t e  and F, cumulative in f i l t r a t ion .  In f i l t r a t ion  constants vary 
from soil  to  soi l  and with i n i t i a l  water content or depth of water 

table.  In t h i s  subroutine, the values of A and B a re  chosen from a 
stored array using the water table depth a t  the beginning of the 
in f i l  t ra t ion event as the index. When a dry zone exis t s ,  an effect ive 

water table  depth which would correspond to the total  a i r  volume in the 
profi le  i s  defined and used as the index for  obtaining A and B.  Once 

the values of A and B are  chosen, they are  not changed until the i n f i l -  
t ra t ion event ends. The only exception i s  when the water table r i s e s  
t o  the surface; then A i s  s e t  to A = 0 and B i s  s e t  equal to  the sum- of 
the drainage and ET fluxes.  
I .  Subroutine BRAINS 

This subroutine determines the effect ive 1 ateral  hydraul i c  conduc- 
t i v i t y  based on the conductivities of the profi le  layers from the input 
data and on the posltion of the water table .  Then the drainage (or sub- 
i r r i9a t ion)  f 1 ux i s  determined using the Hooghoudt equation as  discussed 
in the t ex t  of the report .  Convergence near the drain has already been 
accounted fo r  by adjusting the depth from the drain to  the impermeable 
layer in the input pirameters. 

$. J .  Subroutine ETFLUX 

This subroutine uses the adjusted PET values, e i ther  hourly or  

dai ly ,  obtained from subroutine EVAP to determine actual ET which may 
be 1 imited by so i l  water conditions. The water table depth, rooting 
depth, depth of the dry zone and upward f lux from the water table  a re  
used as inputs to  determine the actual ET. If upward flux i s  insuff i -  
c ient  to  meet the ET demand, water i s  removed from the root zone to  
make u p  the difference. If root zone water i s  not available,  ET i s  
limited to  the amount tha t  will be transferred by upward flux. 
K. Subroutine YDITCH 

The purpose of t h i s  subroutine i s  to determine the water level 
in the drain a t  a11 times during the simulation. For a conventional 
drainage system t h i s  water level would probably be constant; i . e .  the 
ou t l e t  would be designed to have suf f ic ien t  capacity to  hold the water 
level a t  a constant elevation, For subirrigation the water in the 
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lut le t  or  drainage ditches would also probabl y be held a t  
the elevation of the weir by pumping.  However in controlled drainage 
s i tuat ions the weir would be s e t  a t  a given elevation and the ditch 

water level may be a t  o r  below that  elevation depending on drainage 

and runoff. YDITCH was written to  compute the water level in paral- 

le l  ditch drains whfch are  trapezoidal in cross-sections (Figure A.l) . 
If Y D  i s  the water level in the di tch,  then the to ta l  volume of 

water would be 

where S i s  the slope of the ditch bank, B i s  the bottom width and CV 

is  the total  volume of water stored in the ditch in cm3 per cm of 

ditch length. Hence i f  CV i s  known, then Y D  could be found easi ly:  

Figure A.1. Schematic of drainage ditch with water table  control weir. 

The change in C V  during a given time increment can be found as 

A CV = ( R O  + DVOL) SDRAIN (A.3) 

where SDRAIN i s  the drain spacing, RO i s  the runoff in cm (cm3 per 

unit  a rea)  and DVOL i s  the drainage volume in cm. Thus a f t e r  a time 

increment n t  the water available f o r  ditch storage i s  

and the new Y D  cat? be obtained by substi tuting th i s  value fo r  C V  in 

equation A . 2 .  However the maximum value of YD i s  DDRAIN - DWEIR and 

th i s  corresponds to  a maximum value CVmax  which may be obtained from 

equation A . 1 .  Therefore, when the new value o f  Y D  i s  greater than 



YDmax' the water l o s t  from the system, WLOSS, may be determined as 

SLOSS = ( C V I ,  + - CV )/SDRAIN max (A.5) 

in cm (or cm3/cm2). 

When the ditch water level i s  higher than the water table in the 

f i e l d ,  subirrigation will occur and DVOL will be negative. Then the 

ditch water level will decrease with time. 

When drain tubes rather than paral le l  ditches empty into an out le t  

ditch or canal, the storage available in the ou t l e t  may be partitioned 

to  the parallel  drains by computing effect ive ditch dimensions. For 

example, consider a system of paral 1 el drain tubes 500 m long spaced 

50 m apart  emptying into a rectangular canal 5 m wide. If the drain 

depth i s  1 m ,  the storage volume available per tube above the drain 

depth would be 1 m x 5 m x 50 m = 250 m 3 .  Since each tube i s  500 m long, 

the storage per uni t length i s  250 m3/500 m = 0.5 m 3 / m .  So an ef fec t ive  

ditch dimension fo r  t h i s  case would be a rectangular ditch 0.5 m wide 

and 7 m deep. This assumes tha t  drains enter the main ditch from only 

one side. 

When drain tubes are  used fo r  both mains and l a t e ra l s ,  storage 

would usually be negl igible  and small values of B and S would be used 

in the program. Internal division by S prohibits the use of S=O although 

B=0 i s  allowed. 

Note again tha t  t h i s  subroutine i s  important when the program i s  

used in the controlled drainage mode. When conventional drainage or sub- 

i r r igat ion are  used the water level i s  normally assumed to be constant. 

A possible exception would be some schemes of subirrigation which would 

ra i se  the water level in the f i e l d  on a periodic basis then allow i t  to  

decl i ne . 
L .  Subroutine WORK 

The purpose of t h i s  subroutine i s  to  determine i f  conditions a re  

sui table  for  f i e ld  work on a given day. Three c r i t e r i a  a re  used to 

determine i f  the day i s  a working day. F i rs t  there must be a minimum 

a i r  volume (or  drained volume), AMIN. If the a i r  volume i s  less  t h a n  
AMIN i t  i s  not a working day. Second, i f  the rainfal l  exceeds a given 



amount, f i e ld  operations are  stopped on that  day. Third, f i e l d  opera- 
t ions cannot resume until  a given amount of t i m e  has passed since rain- 
f a l l  caused them to be terminated. 

Two working periods may be considered, usually spring seedbed 
preparation and f a l l  harvest, with separate working day c r i t e r i a  and 
with specified maximum day lengths fo r  each period. Partial working 
days may re su l t  when rainfal l  interrupts f i e l d  operations; t h i s  pos- 
s i b i l i t y  i s  also considered in the program. 
M. Subroutine O R D E R  

This subroutine stores yearly to t a l s  fo r  the objective functions 
(SEW-30, working days, e tc .  ) determines the average values over the 
simulation period and prints  out the yearly values along with t h e i r  
rank a f t e r  the simulation i s  completed. A t  the end of the simulation, 

ORDER ca l l s  subroutine RANK for  each objective function and i t  ranks the 

val;.es'from smallest to largest .  
N .  ' Subroutine RANK 

The yearly values of the objective 

smallest t o  largest  by th i s  subroutine, 

functions are  ranked from 



Program Listing 

SliGROLTINE FOMSUZ3I IR, EO. ET, HOURLY, LOOP, IED:W 
C *%*.': ~ ~ : ~ . ~ * ~ ~ ~ ; : . " ~ ~ : ; ~ * ~ ~ ~ : ~ : ~ $ ; * ~ $ : ~ ~ ~ ~ ~ X ~ ~ ~ . : ~ : : r : : ; c % : ~ : i : ~ i : i c % X : i : S : ~ i : ~ ~ : % X ~ : ~ X ~ * ~ ' E % : : i t X ~ X % * : t * * ~ : i c % t X  
@ * nIi.< SLTBXOUTiNE: IS TEE PL'IIN W)DY OF THE NODEL. DiiZIfiMOD. ?t: 
C x I-; CONDUCTS TEE B > l  IC \UTER CALANCE C.UCULATIONS ON 1%TEkir&S OF 1 :ic 

C x 13;. , 2RR. . OR 1 DIY. :i: 

t: :$ i .';I7 I LT&lSION, SUFIFACE STOIUGE, AlYD WATER PZWAGETEHT PAR&?IETEw 6UC9 x 
c S: AS SEW-30 AJW c,U,cliL.4'rED WITTIIN THIS SUBROUTINE. x 
C S: OTiTLIi COXPOXTNTY SUCH .&B DR?LIi?A-\GE FLUX .W?3 ET  AD^? C.%I,J4ED FROX ADD- S: 

C i EMD OF S E C T I O N  1 I 
C I IF LCOP=O,  I . E .  FIRST TIPE T?mBUGH TEIS SECTION, W TO SECTION 2 T O  I 
C I READ I N I T I A L  DATA: OTHERWISE 0 T O  SLCTION 4. I 



READ t 1 ,6 1 0 U(L5AR, MfIIW , ATITS I 
,WAD( 1.620) DDRIIN, hZ,RAIN,SDFUIN, STi'lAX. DEPTH. >3 I 
READ( 1.625)(DZ( I) .CON:<( I), 1 = 1 , 3 )  
READ ( 1,630, U i l P I C . N O ? O l T . N P l O X ~  
READ( 1,GLO) ( DtXWiiG( I ) ,  DIifEX( I )  , I =  1 ,  12) 
READ( 1,615) ;3~iIil)Y1,E\.;DY1,I'~lflCIf1,E'l~~Wl,i'L~~INl,ROUT.~.1,RO~RT1 
RE.AD( 1.645) B1~~Y2,E7i~Y2,S\+7~,E\+~F2,ik'11N2,RQUTX2,R0~ 
READ( 1 , 6 5 O ) D ! T C B B , D I T C H S , R O O T D , W  
READ( 1,670) ISE!;TE, ISE719S. ISEIQI!?, iSE.ivIlE, SEhX 
READ( 1,670) IL)HMB, I D R W S ,  IDRYPIE, IDWLQE 
READ( 1,670) INDET, INKIER 

IF lNDET .CT.O USE VALUES READ IN SUB PROP TO CALCULATE ET AS 
LIXITED BY SOIL CGXDITIONS, IF INDET .GT.G USE LIMITIKG DEPTH 

C CONCEPT. 
C START SEW CALCULATION ON ISE!\I)S IN NO. 1GEkT.h'. 
C END IT OPI b. IY  I S E W E  IN NO. ISEIW3, 
C SEW CALGULATES DAYS li. T. IS ABOVE 8E:Ci CPI. 

~X!TE( n ,  810) x i r x ,  mlINC. Rovr.a, RGljTT 
TIP,ITE(~,~~~~KO~STD,CRITD,\~T,D??~T,DITC~,DITCIB 
\+'RITE( 3,850) FDXYP'I,  INTDAY, If-LRsf-LRsTA, IMUND,iu'OIKRl ,PTOIPu.', 

Tv%ITE( 3,822) 108A 
CSTl=O.O 109h 
DO 824 1=1 ,5  1 lOA 
C S T 2 = D % (  I ) 111X 
I F (  CONK( I) .GT. . 1E-5) hXITE(3,820) CST1 , C S ' E , C O N K (  I )  112A 
CST 1 = CST2 1 1 3 A  
\vXITE(3,830) i DhCHPJC( I), I= 1 ,  12) 1 1 4 A  
kXITE(3,840) (Dh'IER( I), I =  1 ,  12) 1158 
WRITE( 3,835) NOPORT 116A 

1 l7A 



I C R I T = C H I T D l  
CRITAV=VOL( ICRIT) 
..lVOL=VOL( ID) 
UP&= UPFLUX I D )  
UPVOL= UP&* 1 . 
DELX= DEPTWXN I 
NI=XNI 
N N = N I + l  
NRl=NOIRRl  



J P O S T M =  0 
J 5 K I P X = O  
J5 ICNP!=@ 
\vLOSS=O.  0 
RO=O.O 
RVOL= 0.0 
DVOL= O .0 
PUPIPV= 0.0 
D E L T W =  O . O 
A m I N = B . O  
S T O R I  = S T O R  
S T O W =  GTOR 
AVOL 1 = AVOL 
H S E W = O .  O 

FIND HOURLY R A I N F A L L  VALUES FOR NEW DAY 

L =  ( DAY- 1)  *24 
DO 35 I=1,24 
K=L+ I 
R( I ) = HOURLY( K) 
IUIRA.IN=AMBAIN+R( I )  
ACCR( I )  =h'IILlIN 

35 CONTINUE: 

CEECK I F  SW'GnACE IRRIGATION IS PREFLANNED ON TEL4T DAY 
IF( I W A Y .  EQ. FDAYS I. 0%. IRRDAY. EB. WDAYS I )  C A L L  SURIRS 



GET POTENTIAL DAILY EVAPOTRAlYSP IFiATIO?T FOR NEW DAY - D 
EOURLY YALUm3 

CALL EVAP( ACT, E.FX"I' HPETi , TPET) 

DO 40 1 = 1 , 2 4  
I F (  R( I )  .GT.O.O)GO TO 45 

40 CONTINUE 
IRAIN=24 
IF(STOR.GT.0.QQI)CO TO 50 

n 
GO TO 130 

43 IXAIN= I 
58 DT=1.0 

DDT= 0.05 
DT?LDT= DT-0 . 0 1:icDDT 

c 
RDT=33-LR4IN+ IRAIN 
F( 1)=0.001 
IF( RDT. LT. 2.5) F( 1 )  =F(LRIIN) 
IF(STOR.GT.O.Ql)F( 1)=F(24) 
IF(DT\vT.LT.O.O@l) F( 1)=0.0 
IF(F( 1) .LT.Q.QQl)F( 1)=0.001 
YESF=F( I )  
LRAIN= 1 

c 
DO 55 I=1,24 
RVOL= RVOL+R( I )  
IF( R( I )  .CT,O.0001jLRAIN=I 

53 CONTINUE 
c I 

J= 1 
IF(F( J )  .LT.O.O1)CRLL 60-S 
IF((DAYSTR.CE.2! .ATD.(DT>iT.GT.0.0)) CALL SOAK 

C DETZXMITIES INFILTRATION CONST-WTS' FOR SMALL ISITIAL INFILmTION 
C 

40 CALL DR4 INS( D'IVT, DFLUX) 
IF(AVOL1 .LE.@.Ol)A=O.D 
IF((A.LT.Q.DOOQ1) ..4ND.(DV+T.GT.O. 10))  CALL S0.U 
IF( A. ELI. 0.0) B=KET( J) tDFLUX 
IF((d.LE.0.800001) ..4ND,(B.LT.O.O))B=O.0 
FMTTC( J) =A/F( J) + B  
IF(STOR.GT.O.O)CO TO 65 
IF( FRA'E( J )  . GT. R( J) GO TO 90 

C 
5 3  RsITl=F̂ SATE( J) 
70 SUI%=O.C, 



M E =  .VF2+B 
1PiSTOR.GT.Q.O)GO TO 80 
IFiRAE,GT,H(JjjRAT2=R(J) 
DF=0.5*( EUTl+%ITL?)*DGT 
S?R=ST@FI+R( J) %UDT 
IT'( DE. GT. SPA) DF=SPR 

180 i-'c J)=F1 
DVOL 1 = DFI.UX:eDT 
DVOL= DWS+DVOL! 
IF t DVOL 1 . LT . 8 .8) f UMPV= PUPIPV+DVOL 1 
I F (  J.EQ. 1 ) G O  TO 105 
FVOL=F( J) -F(  J-1) 

* SECTION SR - WI\TER BALANCE CALCULATION FOR ONE ROO3 liITE8Y.a * 
X X I I ~ I I E * X ~ ~ ~ X * ~ * l r ~ X ~ ~ * : ~ : ~ * ~ ~ * : i : ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ * ~ ~ : ~ ~ x a ~ ~ ~ : ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ : ~ ~ : ~ : : ~ ~ % ~ x ~ : ~ *  

UEVALUATI ON OF WETZ, DDZ ETC 
185 FVOL= F (  1 )  -YESF 
1 10 ~Y%TZ= D V T - D D Z  

I F (  INDET. GT. 0 )  GO TO I I?  
IF(TiETZ.GT.@RITD)GO TO I15 
IF( DEBT. CT. 0.0 1 )  GO TO 115 
TVr)L= FVOL-EETi J) -DVOLl 
AVOL. 1 = AVOL 1 -TVOL 
GO TO 120 

115 AVOLl=AVOLl+DVOLl 
DEBT= DKBT+HET( J )  -FVOL 
IF(DEI3T.GT.Q. O ) G O  TO 120 
AVOL 1 = AVOL 1 +DEBT 



WETZ=lvTD( I A V O L ) + (  AV-XV) *( hTD( IAYOL+1)-WTD( IAVOL)  339.3, 
I h E T =  WTZ+ 1 . 390B 
VPQ= U P F L U X  I WET) 39 1 A  
I ? (  TXI2 .  G T .  D E E P E T )  UPQ=O. 8 3 9 2 A  
UPVOL= UPQ%DT 393.4 
DTliT= lvETZ+ DDZ 3 9 4 A  
TAV 1 = AVOL :+DEBT 395A 
DSTOR= STOR-STOIC? 39h.A 
S T O E -  BTOR 397h 
RO= R (  J )  -FVOL-DSTOR 398.4 
CALL M I T C H ( D W I E R ( M O 1  , D V O L l  , Y D , K O ,  W L O , D I T C R B , D I X H S )  3 9 9 A  
I F (  I N W I E R . G T .  0.0) YD=DDIUIN-lfWIER(P1O) 4 0 0 X  
I I D M  I N= DEPTH- DDRA I N+ 1 .  48 1-1 - -.- 

\ + L O S S =  '16LOSS+WLO 402A 
I F (  D T W .  L T .  SEWX) HSEW= IISEW+SEIC+DlTTI' 403111 

C THE FOLLOWING STATEMENTS DETERPLINE I F  T E I S  HQUR I S  COUNTED 4 0 4 A  
C A S  AN HOUR I N  W H I C 8  F I E L D  WOAW CAN BE DONE 4 0 5 A  

DIrTKDY= 8.8 406.A 
I % ( ( J D A Y  .GE. BTHXDY1) .-AiTD. ( JLIAY . L E .  E'N'KDY1)) 4 0 7 A  * C A L L  WORI<( I J , TAU 1 , DlP-rCDP, ACCTP( J DDAY, YTAV) 408 ? 
I F ( ( J D A Y  . G E .  B h X D Y 2 )  .*AND. ( J D A Y  . L E .  EWKDY2)) 40'3 A * C.4L.L TI'ORKt 2 ,  J , TAV 1 , DTdPL2'(DY, ACCR( J) , DDAY, YTAV) 4 l O A  
I F ( R ( J )  . L T .  0 . 0 1 )  D D A Y = D D A Y + l . / 2 4 .  41 1.1 
D E L T W =  DELTlX+DkRICDY 4 1 3 \  
J= J +  1 
i,V( J .  G?'. 24)  GO T O  155 
F ( J ) = F ( J - 1 )  

C 4 10:; 
C MIEN CALCULATIONS EAVE BEEN ?VIDE FOX HOUil, J=24 ,  GO TO S E C T I O W  7 c I----------------------------------------------------------------------- 

419A 
I 420X 

C I END O F  S E C T I O N  5 I 42l.A 
C I----------------------------------------------------------------------- I 4 2 2 A  

C: 
CALL DM I N S  ( DTWT , DFLUX) 
D V O L 1 = 2 4 . * D F L U X  

C I F  INDICT> O USE S U B R O U T I N E  E T F L L X  T O  E S T I X - I T E  A E T  
C THEP CAN GET GOOD ESTIPL4TE O F  DVOL 

UPVOL= U P W 2 4 . 8  
I F (  I N D E T .  L E . 0 )  GO T O  137 
CALI, ETFLUX AVOL 1 , DEBT, FVOL , DVOL 1 , UPVOL, VET, AET, PBEBT) 
A W L  1 = AVOL 
D3Z= DEST*ROOTD/PDEBT 

1 3 7  C O N T I N U E  
c CHECK FOR DRAINAGE VOLUTE. FOR s r w L   VOLT^. TAKL 24 HOUR I N C ~ M E ; I \ I T  
c AND FOR LARGE VOLUPIE TAKE, 2 B O ~ ~ , Y  IAC~EPENT 

I F ( . I B S ( D V O L l )  . L E . 0 . 0 2 ) G O  TO 143 
AVOL 1 = AVOL 



XET= XETl12 . 
H2PET= PET/ 13. 

C 
140 IIOUR= EIOUR+2 

IJPVOL I = UPW2.0 
DVOLI=2.OxDFLUX 

145 CONTINUE 
I F (  1NI)ET.I.E. 0 )  GO TO 147 
IF(HOUR.EC?.i3) GO TO I f ?  
CALL ETF,UX( AbOL1, DEBT, FVOL. DVOL1, CTVOL1, R2PET. S T ,  PDEZT) 
IS(AVOLl.I.T.0.0) AVOLl=O.O 
~20 TO 148 

147 TVOL- FYOL- AET- DVOL 1 
AVOL 1 = AVOL l-nOL 
IF(AVOLl.LT.O.O)AVOLl=Q.O 
IF( \i"cTZ. GT. CRITD) AVOLl=AVOLl+DVQLl 

148 1.4VOL=10.%AVOL.1+1.O 
AV= 10.;kAVOL1+1.0 
XV= I XYOL 
bXTZ=hTD( IdVOL)+( AV-XCT)m( bTD( IAVOL+l)-WTDi IAVOL) 
I VET= ItTTZ+ 1 . 
UPU= UTELUX( I hXT) 
DDZ- DEBTxROOTD/ PDEBT 
DT%T= WETZ+ DDZ 
IF( hXTZ.GT.DEEPET)UPQ=O.O 
CALL YDITCH(D%IER(PlO) ,DVOLl,yD,flO,~~O,DITCKB,DITCf.L~) 
IF( INWIER. GT. 3.0) YD=DDUIIl-DWIER( PIO) 
UDRAIN=CEPTX-DUMIN+Y-D 
KOSS= ~~OSS+'(%O 
DVOL= DVOL+DCOL 1 
CALL D M  1 NS ( DThT, DFLVA) 
IF( DTWT. LT. SE\W BETS= mETi+2. O*( YEkX-Dm) 
IF( HOUR. GE. 24) .iET=AETS: 12.0 
IF (  H O E i .  GE. 241 GO TO 153 
I F t  HOUR. EQ. 0) GO TO 150 
GO TO 140 

C 
150 DVOL3=24.*DFLUX 

HSEK= 12. 0xfiEV 
DVOL=O. 5x(  DVOLl+DVOL2) 
IF(DVOL.LT.O.0) PUPIPV=DL'OL 
CALL YDI'TCH(DliIER(PI0) .DVOL,YD,RO,WLO.DITCBB,DITC~) 
IF( INh'IER.GT. O.O)YD=DDfUIN-DWIER(N0) 

n 
HDYW IN= UEPTH-DDU I N+ YD 

L 
c * ~ * ~ * ~ * ~ * * ~ : * ~ * * * * : i : : ~ * ~ * * * * ~ * ~ * ~ ~ : x S c : i c i ~ ~ : : : ; h * ~ t ~ I ~ j : X * i ~ x ~ * * X t : X ~ $ t * : I : d X * X ~ X * X ~ X * *  

SECTION 7 * c * 
C r: FEEVALUATION OF WATER TABLE DEPTH, DRY ZONE DEPTR. TvZT ZQWE DEPTR, AIR* 
C * VOLUKES, AXD RUNOFF AT END OF DAY. ALSO UPDATE SOME VARIABLES TO BE * 
C * USED DTTAING NEXT DAY SUCH .AS 'ZTQ. * 
r. ~ ~ * ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ y ~ ~ x ~ ~ ~ ~ : ~ ~ * ~ ~ ~ ~ ~ ~ ~ : * ; k x ~ ~ 1 1 : ~ ~ ~ ' 1 : ~ * ~ ~ i c x : % x : ~ X ~ ; c x X x % X X X ~ I X ? i e ~ X L ~ ~ : k : E % I ~ X ~ %  

DEBT= D E B T  
upVO~=o. 5 % (  34. OXUPQ+WVOL) 
IF( INDS?'.LE. O)GO TO 157 
CALL ETFLUX AWL, DEBT, FVOL, DVOL, UPWI.. , V E T  , mi', PDEBT) 
GO TO 165 

C 



h V O L =  AVOL+DVOL 
DEB?'= DEBT* AET- F V O L  
I F (  DEBT. GT. B .  0) G O  T O  16 1 
AC OL: AVOL+ DEBT 
D E B T = O . O  
GO TO 165 
T A V =  BVOL+UEBT 
I F (  l+XTa,.CT.CRITDl)GO TO 163 
AVOi ,=  C 3 1 T A i r  
D L S T -  TAV- AVOL 
BEILT AN< NEE3ELt MIEN fWJRLY WETZCCRITD BUT DEBT>O 
I F t  DEBT.GE.0. )GO TO 163 
A L  Bi.= AVOL+DEBT 
GBBT= 0.  

I TAV- T V  
EDT%T= h T D (  I TAV)  
YDEET= DEDT 

C 5 6 7 - 1  
C X X ~ ; ; . X ~ ~ % X * X X : Y . * % ~ ~ ~ C X X X X % ~ * W ~ : ~ : ? W ~ C : ~ ( ~ ~ ~ I ( X ~  ~ % % * X ~ ~ : X ' ~ : K ~ ~ X % X X ~ ~ : : ~ X : X ~ ~ X S : * : X ~ ~ : ~ ~ S : ~ : . Y : ~ ~ ~ ~ X  5 6 B A  
C % SECTICN 8 * 569.3. 
C % D E T E h Y I N A T I O N  OF PLMhPIT GROITd Ah'D TRAFFICABiLI?Y P.2It.I?IETXS. OUTPUT * 570.4 
C r: OF SUPQlkRIES IF DZSIklED, AND PIONl'HLY SUFIPLSRY CACI!LATlOlW. 8 5371.A 
C ~ : ~ ~ ~ : X ~ : ~ ~ : : : ~ : ~ : X ~ ~ ~ X S : ; ~ : M : ~ ; : ~ : ~ : ~ : I : ; X ~ X X ~ X X S : ~ : X : ~ . - , . X ~ M . ~ ~ C : ~ C : ~ : ! . X : ' : ~ X : : C : , ~ : ~ : ~ ~ ; ~ % ~ : ~ : ~ : ~ : I : S ~ : , : : ? ~ X ~ : : ~ ; ~ : ~ ~ ~ ~ ~ : ~ *  972 2 

I F t ( P K 3 . L T .  ISEhTlS) . O R . ( P I O . C T ,  I S E W E ) ) C O  TO 169 5 T 3 'L 
I F {  ( P B .  EQ. I S E W E ) .  AXD. ( D A Y .  LT. TPErlnIS) )GO T O  169 371h 
I F (  (?10.EQ, ISEb?;PIE) . A N D .  ( D A Y . G T .  ISE\vDE) ) G O  T O  169 3 7 R A  
I F t  D T W .  G T .  SEF;X) GO TO 168 570 4 
SE\*B= SETvX-DVir G 7 7 X  

168 CONTINUE 318.1 
I f ( !{SEW. GT. 0.63 1 ) SETU?>= E i S E W 2 4 , O  5 79-1 

149 CONTINTJZ 5230.A 



C 
I F (  NOPORT. EB. 0) GO TO 175 

C 
IF(DAY.IIC. 1 ) G O  TO 110 

173 CONTINUE 
DZL??tX= 0 . 0  
I F (  ( J D A Y  . GE. Ek-XDY 1 . A N l .  ( J D A Y  . LE. EkkXDY1 ) 

* CALL vO&Ci 1 ,  - 1 , T A V ,  D E L T X ,  0. O, DDXY, YTAV) 
I F (  ( J D A Y  . CE. ChKDY2) . X N D .  ( J D X Y  . LE. EVKbY2) ) 

x C A L L  KilEICt 2. - 1 ,  TAV, DELTIvK, 0.0, DDAY, YTXV) 

38 1 X 
5 8 2 A  
5t3:3;\ 
5 8 4 A  
SiZS r\ 
3%6A 
5 0 7 A  
8 USA 
589A 
590A 
59 ! A  
5926 
5934 
594X 
5Q5A 
2 9 6 X  
597X 
598A 
599A 
608.4 
60 1.A 
b03a 
603.A 
604.1 
6:r3A 
604.1. 
607A 
6 0 8 A  
6 @ 9 A  
6 1OA 

A6 10A 
BG i O A  
C6 1 OX 
DS l O B  
E 6  1 OA 
FG l 0 A  

61 1A 
6 12.A 

6 138 
6 I-$A 
6 l 3 A  
n 16.4 

C 
C I F  P A E V I O U S  DAY \<AS LAST DAY O F  MONTn M TO SECTlOS 9; O m R W I S E  

C c I---------y------------------------------------------------------------- RETURN TO SECTION 1 I 
END O F  S E C T I O N  8 c I 

I 
C I----------------------------------------------------------------------- I 



IF(NPfONTB.WE.0) GO TO 181 
C 
6 XONTffLY SUPFXRIES 

W i T E :  ;3,94t)) I R  
i i i i :TC(3,9301 
'Iiii ; TT( 3 , 9 6 0  ) ( KO, RVOL?I( NO) . FVOLM( NO) , RON( MO) , L)'CrijiK( yo) . S~~?U.F,T( ~ 0 )  , 

2!1:t'r3AY( ?I01 , l+TUCZ)AY( MOf , h7ATDAY( PI01 , TWLOSS( P!0) . SEhTl( ~ 0 )  ,S ~ 1 0 )  , 
P 

$15 I C N M  KO) , PUMPVPI(  P10) , IPOSTPI( M(= I ,  12) 



I W A Y =  0 
NDAYS I = FDAYS I 
NOIRRl=TTRI 

660 FOFOIAT( 2 0 F 4 .  1 )  
670 FORIUT(  4 I 2 , 2 X ,  F 10.2) 

C 
790 FORPUT( I H 1 / 1 X .  ' INPUT P . m i T E R  VALUES USED IN T I I I S  S IMULATION' / )  
800 FORPLAT( / l X ,  ' DEPTH TO D M I N =  ' , FB. 1 ,  ' CPI'/ l X ,  ' DEPTiI FROPf DFAIN TO 

I IMPERPIEULE LAYER= ' , F 6 . 1 ,  ' CM'/ l X ,  ' DISTANCE: BEI7vEEN DRAINS = ' , F?. 1 ,  
8 ' CN' 
I/ 1X,  ' ~ I i * i U f I  DEPTH OF S b W A C E  PONDING = ' , F9.3,  ' CPI' / :X, ' D i P T B  IMPER 
$MEABLE LAYER= ' , F 4 .  1 ,  ' CPI' / l X ,  ' NWIBER OF DETTlI I N C R E P Z i ' E =  ' , F5.0) 

810 FORJUT(  1 X ,  ' P l I N I ~ ~  A I R  VOL REQUIRED F O R  T I L L A G E  O P E X i T I O N S = '  , F 5 . 2 ,  
S ' C M ' / l X ,  'Pl1SJI:IUM A I R  VOL REQUIRED WITHOUT PLANT Dm:GE=' , F 5 . 2 ,  'CM'  
w l X .  iP~INI?ZUPl D A I L Y  Rst1NF.U.L TO STOP F I E L D  O P E l U T I O h S  = '  ,F5.2, 'CM'/ 
$ l X , ' B 1 N I M b T ~  TIMIi: AFTER K 4 I N  BEFOXC CAN TILL=',FS.O, 'DAYS') 

820 FORPUT ( 1 X , ' i ; O G ' i I N G  DEPTH = ' , F S .  l , ' C M ' / I X , ' C T ? I T I C A L  D W T B  WET ZON 
S E = ' , F S .  1 ,  ' C M 1 / l X .  'IU'ILTING F ' O I N T = ' , F 5 . 2 / 1 X ,  ' I N I T I A L  WATER TABLE DE 
BPTH = ' , F S .  1 / l X .  'WIDTH OF D I T C H  B O ? T O I I = ' , F S .  1 ,  
8 ' C M ' / l X , ' S I D E  S L O P E S  GF D I T C I I = ' , 9 5 . 1 , ' : 1 1 )  

822 FOwL4T( / / / 8 X .  ' DEPTH' , 9X4 ' SATUft4TED HYDRAULIC CONDUCTIVITY ' / )  
828 FO?WAT( S X ,  F? .  2 ,  ' - ' ,F7.2, 1 2 X , F 1 1 . 5 )  
838 FORMAT( 1%'/5X, 'DEPTHS O F  W I L l S  FROM THE S m A C E ' / / l X .  ' D A T E ' ,  9X, ' 1/ 

S',F3.0,3X,'2/',F3.0,3X1'3/',F3.0,3X,'4/',F3.0,3X,'5/',F3.0,3X,'6/' 
S.F3.8.3X,'7~',F3.8,3X.'8~',F3.O,3X,'9~',F3.O,3X.'lO~',F3.O,2X,'ll/ 
5' , F 3 . 0 . 2 X , '  12/' .F3.0) 

833 FOilTUT( // l X ,  ' !XI) ICATEX FOR DAILY SUX'IERY= ' , 1 5 )  
840 FOTthWT( l X ,  'K IER 3 E P T I i '  , 12FB.  1 )  
850 F O X L I T (  l X ,  ' F IwT DAY OF SURFACE X&YIGATION= ' , I2/ l X ,  

I ' INTERVAL J3ET:vEEY SURFACE IFLRIGATI ON DAYS= ' , I W  I X ,  
S ' G T A R T I N C  EOUR OF SURFACE I I I A I G A T I O N = ' , I 3 / 1 ? I ,  
S 'EMDIBC, HOljil GF SURFACE: I F & I C A T I O N = ' ,  I W l X ,  
$ 'NO S U W A C E  IIiRIGATIOIY IilTEHVAL I = ' ,  I 3 , 3 X ,  I W l X ,  
$ 'NO SURFACE I R R I G A T I O N  INlTRVAL 2 = ' ,  I 4 , 2 X ,  1 4 )  

860 FORMAT( I X ,  'MINIIFG?I A I R  E Q U I R E D  TO HAVE S P 9 A C E  I R R I G A T I O N = ' ,  
S F 6 . 2 ,  'CPl ' / !X, ' .AMOUNT OF P&IN TO POSTTONE S E i F A C E  I&TIGATION= ' ,  
$ F 6 . 2 ,  ' C P I ' / l X ,  ' SURFACE IRYIGATION YOR O P E  PfOUP,=' ,F6.'2, 'CPI' )  

870 FORM4T( l X ,  ' INDET= ' , 12. ' \uXEN INDET.  GT. O USE ~~ I X  VALUES 'YO DETE 
2RMIIYE E T  M E N  L I M I T E D  BY S O I L  C O N D I T I O N S ' )  

9 10 FORPLAT( 2I 1 0 )  
920 FORML\l'(//2X, 'DAY' , 3 X .  'WIN' , 3 X ,  ' I N F I L '  ,GX, ' E T '  . 4 X ,  ' D U I N '  ,2X, 

S' A I R  VOL' , 3 X ,  ' TVOL'  , 4 X ,  ' DDZ' , 4 X ,  ' kETZ' , 3 X ,  ' D T W '  ,4X, ' STOX'  , 
S I X ,  'RUNOFF'  , 2 X ,  ' F i Z 0 S S i  , 3 X ,  'YD '  ,3X, ' D R N S T 0 1 . 2 X ,  'SE1i9 , 2 X ,  ' D X T S I ' I  

930 FOIWIAT( 2 X ,  i3,8F8.2 , 8F7 .2)  
940 FORPUTf 1111, 1 5 X .  ' XONT'HLY VOLU?ES IN C E N T I P E T E X !  F O R  TGAR' , 16) 
950 FORPUT1 2 X ,  ' PIONTH' , 1 X ,  ' R A I N F A L L '  , l X ,  ' INF ILTmTION'  , I X ,  ' RUNOFF' , l X ,  

8 '  DRAINAGE' , l X ,  ' E T  ' ,  'DXY DAYS ' , ' I T i  DAYS ' , l X ,  ' FLOOD D 
BAYS' . 1X , 'WATER L O S S '  , 4 X ,  'SEW'  , 8 X ,  ' P I IR '  ,.EX, 'XCN'  , l X ,  'PUPLE'' , 2 X ,  'PPT 
3 ' )  

960 FOFOlAT( lX,I3,Fl0.2,F10.2,F8.2,F~~.2,2F8.2,Fll.2,Fll.2,F1~.2, 
2 3 X , F 5 . 2 ,  1 4 , F 7 . 3 ,  14) 

990 FONTAT( 1HO/ l X ,  'TOTALS '  I 8P9  2 , 4 X ,  4F9.2)  



FDXYS I : 
I NTRAY: 
I BmTA : 
I r n E N D  : 
NOI!IRl : 
PIOIPt72:  
N O I P A 3 :  
N O i L W 4 :  
Fxw:m: 

mi's I : 
DDKAIN: 
WDRI I N  : 

S D R A I N :  
ST;5T2i(. : 
DEPTH : 

SNI  : 
D Z (  I )  : 
CONK : 

LYING : 

NOPGRT: 

NPIONTH: 

DACIETG : 

DVIER : 

FIRST DAY O F  W A S T E  WATER I R R I G A T I O N  ( J U L I A T I  D A T E ) .  *: 7 8 4 4  
INTERVAL BETVZEN I PA1GJ.T ION i DAYS . X 7 8 3 8  
HOUR I R R I G A T I O N  STARTS. * 7 B 6 2 .  
HOUR I R R I G A T I O N  ENDS.  * 737.1 
B E G I N N I N G  JULIAN DATE OF FIRST KO IRRIGATIO7i I N Z R V X L .  :K 788.i 
E N D I N G  J U L I A N  DATE O F  F I F S T  NO I R R I G A T I O N  IYTE;RvKL. $: 77B9A 
B E G I N P I I N G  JULIAN DATE OF SECOND NO 1 i ~ v . 1 ~ - A T I U N  I Y ~ X C A L .  x 7901 
EXD I H G  JlJL I AN DATE O F  SECOND NO IKRIG.?II'ICPII IATCRVAL. * 7 9 1 A  
APIOUNT O F  DRAINED VOLUPE OR A I R  FOLUI'E. CP!. , BEFOiE; 1x1- * 7 9 2 A  . - 

CAT iON O F  VXSTE XXTER Id A . L L O ~ V % ~ .  X 793.1 
AMOUNT O F  R A I N F A L L  R Z Q U l _ E D  T O  P O S T P O N E  I I U t I G A T I O N  T O  NEXT * 7704.3. 
DAY. RAINFALL I ~ S T  owurn ON F rW'r HOUR OF SCHEDULED I ~ I -  a 7952. 
G A T I O N .  * 7 9 6 A  
RATE O F  IFLRIGATlOR O F  T*hSTE I q A W A ,  C P V I m ,  ;i: 7 9 7 1 .  
D E P T H  O F  DRAIN. CM. 7 9 8 8  
E R G I V A L E N T  D E P T H  FROPI VATER S U R F A C E  19 DRAIN TO IPPEREE,1BLE x 799A 
LAYER, CPI. 
DiST.LNCE DEThXFN TlfO D R I I P S .  CM. 
PLLYIMUPl OR AVA I L D L E  S U i W A C E  D E P R E S S  ION S T d R B G S  CCM. 
E F F E C T 1  VE DEYTII T O  I P P E i t 7 E A B L E  L IER FROPI SO 1 L S U W 4 C E ,  CPE. 
E F F E C T I V E  DE?'l?i PWY EE SiLLLLEil THAN ACTUAL DEPTH TG ACCOUNT 
FOR CONVERGEPICE NEAR E X 1  I N  T U B E S .  
N U P a E R  OF D E P T H  I NCREfZG?iTS. * 8d04 
DEPTH TO BOT~'OX OF FI~OE' ILE L.'YER I .  .x. ~ 7 ~ 1 7 ~  
LATERAL WI'DRAULIC C O N D U C T I V I T Y ,  C W H R ,  OF A PROFILE LAYER. 3: 8081 
E .  G .  CONK( 2)  I 8  COPiDUCTIVITY O F  L.,\YER FROPI DZi 1 )  T O  DZ( 2)  . r 809h 
MIN IPXUPI A I R  VOLTDIE I N  PKOF ILZ I N  ORDER NOT T O  iL%VL CROP * 810h 
D,WAGED. CPI. % 8 1 1 A  
AN I N D I C A T O R  T O  CONTROJ, P R I N T O U T :  * 8 1 2 . 1  
NOPORT = O - i'Ir3NTLLY SU?NmI%S 813.A 
NOPQRT . G T .  63 - DA ILY SU'WL1RIES * 814h 
AN I N D I C A T O X  T O  CONTROL P R I N O U T :  * A 8  1 4 A  
NlldSNTH = O - PiONTHLY S U D W R I E S  8Bt3 14.A 
N P I O A T H  . N E .  O - NO XONTHLY SUi\LMmlES X C 8  I 4 X  
T H E  DAY I N  X PIONTR hHF3 THE V E I R  CEP'IX IS C W T G E D  T O  DWIER s 8 15.4 
FOR THAT FIONTE, I . E .  , IF  DACFIl?iG( 3)  = 5 ,  'I'HELY TIE 1% I R D E P T R  * 8 16 1 * 8174 

P E R I O D  1 .  2: 827.1 
DAYS R E Q U I R E D  T O  D&IIN 0% DRY FIELD 90 O P E X A T I O X S  C.'G CON- * i328.A 
TIN'IJE DURING I.iOR.K PERIOD 1 .  % 829d 



B'WD1'2 : 
E'WKf)Y2 : 
s j a m  : 
E k X m . 2  : 
r3MIN2 : 

ROUTA2 : 

ROUTT2 : 

D I T C r n :  

D I T C H S :  
CRITIS : 
Ya' 

DTFiT : 

ISEISPIS : 

I SE:,BS : 
1 S El+WE : 
I B E T D E  : 
SET% : 

I DRYPIS : 

I DHYDS : 
I DR'ITZE : 
I D W E  : 
I N D E T  : 

I H W I E R :  

B E G I N N I N G  J U L I  -?N DAY O F  SECOND WOlK P E R I O D .  * 8 3 0 A  
E N D I N G  JULIA17 D h Y  O F  SECOND KO= P E R I O D .  X 8 3 1 A  
HOUR T O  S T A R T  TIiORK DUF-ING VORK P E R I O D  2 .  * 8 8 3 A  
HOUR T O  END WOR3C DURING WRK P E R I O D  2 .  * 833.4 
M I K  IPfUPI A I R  VOLUPE GR D i d I N E D  VOLUPE I E Q U I F Z D  T O  fL4VE FIELD * 8 3 4 A  
O P E f i i l T I O N S  DURING VOTtY ? E I I I O D  3 ,  * 8398 
R$IIYFALL RERUIPXT) T O  S T O P  F I E L D  O P E R A T I O N S  DURING WORK * 8 3 6 A  
P E R I O D  2 .  * 8 3 7 A  
DAYS M&LSTImD T O  D 3 A I N  O R  DRY F I E L D  SO OPELATIOR'S  C&'f CON- * 8 3 8 X  
T I N I J E  D U i i I N G  16Ft.X P E R I O D  2 .  X 8398 
BOTTOM WIDTH OF THE DITCH,  CPI . ,  WEN OPEN D I n x s  USED FOR 5 4 0 ~  
D P A I N S .  E F F E C T I V E  IiIDT;II. WHICH C O N S I D E R S  S T U M G E  IPI O U T L E T  r: 8 4 1 . 4  
W K E N  D R A I N  T U B E S  USED.  * 6 4 2 A  
S I D E  S L O P E  O F  TIE D I T C H .  :I: 84.38 
C R I T I C A L  D E P T 3  O F  VET ZONE,  CPI. * 8 1 4 X  
W I L T I N G  P O I N T  O R  S O I L  WATER CONTENT O F  S U R F A C E  LAYER AT * 8 4 5 A  
LOVER L I P I I T  OF A L ' A I L A B I L I T I  T O  PL:\NT. X: R 3 6 A  
D E P T H  T O  WATER T A B L E  A T  B C G I N I N G  OF SI?fUT.ATIOII. NOT IN- * 8 1 7 A  
I T I A L I Z E D  A T  S T A R T  O F  E=ICH mAFt. 2: 8 4 8 A  
PIOXTII T O  S T A R T  CALCULATIXG S E W  VALUES. 05 PEARS S T A R T  (:a- 8 8 3 9 A  
C U L A T I O N  I N  PIXY. * E 3 0 A  
DAY O F  MONTH T O  S T A R T  CALCULATING SEW. * 8 3 1 . 4  
MONTH T O  END SEX CALCULATION.  * 83%. 
DAY O F  PfONTH T O  END SEW CALCULATION.  * 8538 
D E P T H  ON WIIICB S E W  CAI,CULATION IS B,"ISE. CPI. , E .  C. SEW-20 :r: 8 3 4 X  
PIEMS SEW CALCULATED A S  D I F F E R E N C E  BE'rVEEPI lJATEn T A B L E  I?EPr4%:I: 588A 
D E P T H  XHD 30 CPl. I F  W.T. = 20 C H . ,  S E W  - 30 = 10 CM DAYS * 8 3 6 A  
FOR T H A T  DAY. :i: 8578 
MONTH T O  START DRY DAY CALCULATION.  05 MEANS ST-IRT x A S 6 7 A  
CALCULATION I N  MAY. * B 8 3 7 A  
DAY O F  PIOPITH Tf? ST,'LST DRY DAY CALCULATION.  * C 8 5 7 A  
MOIITH T O  END DRY DAY CALCULATION.  * D 8 5 7 A  
DAY OF FlONTH T O  %?ID DRY P A Y  CALCULAT?ON. a E 8 5 7 . 4  
I N D I C A T O R  V A R I A B L E .  I F  I N D E T .  G T .  0 ,  V.XU",S F O R  UTVXF-!I F L U X  * 88588 
V S .  Ir'ATER T A B L E  D E P T H  %HE R.E.4.D I N  SUB. P R O P  'I'O CALCULATE a 8598 
S O I L  L I M I T E D  E T .  IF  I H D E T . L E . 0 ,  L I M I T I N G  DE17TR CONCEPT,  * 8 h Q ~  
C R I T D ,  I S  USED F O R  E T .  * 8 5 1 4  
I N D I C A T O i i  TO DETERMINE I F  S U B I R R I G A T I O N  18 USED. I F  IFlliIER x 8 0 2 A  
, G E .  9 .  S W B I ~ ~ I G A T I O N  IS USED AND DEI"17I OF WATER I N  O U T L E T  IS* 25313 
PI,% INTAI  NED A T  W I E R  E L E V A T I  011. I F  I K K I E R .  L.E. O E4VE COIIVENT- * 8 6 4 . 4  
IONAI, DRAINAGE O R  CONTROLLED DRAIXAGE I F  DWIEH I S  M O V E  a 8 - A  
BOTTOM O F  D H A I N .  * 8669 

C * * 8681 
C xB. OTHER FROGRAM V A R I A B L E  I N  FOWUB * 6694 
C *  A : CONSTANT I N  G R E E N - S I P T  I Y F  I L T M T  I OII C K d A T I O 3  OBTAINED B Y  % E70 4 
C * 
C * .ADRYDY: 
C * 
C *  r n T  : 
C * AVOL : 
C * XVOLt  : 
C * Ab'ETDY: 
C x 
C * .rbWR,KDY: 
c x 
C *  B 
c * 
C * C m C K  : 
C * CONE : 
C * C R I T A V :  
C r DXYM : 
C * DAkrMT : 
C x DDT : 
C * DDZ : 

- - 

I N T E R P O L A T I O N .  a 8 7 1 i  
SUM O F  DRY DAYS F O R  A G I V E N  PIONTII OVER ALL P A S T  Y E a q  * 8 7 L 4  
S I M-ULBTED . 
TOTAL D A I L Y  E T .  
A I R  VOLUME OH D R 4 I N E D  VBLU?E I N  k7T ZOXE.  
ANOTHER V A R I A B L E  F O R  A I R  VOLUPE I N  k E T  ZONE 
SUM O F  IvET DAYS F O R  A  G I V E N  PiONTH OVER A L L  PAST YEAM a a77.i 
S I FTULATED . X 078.4 
SUM O F  WORK DAYS F O R  A G I V Z N  MONTa OVER .ALL P A S T  YEAnq x G 7 9 d  
s I MULATED , :K E Z B D ~  
CON6T&VmT I N G W E N -  AMPT I NF I L T R A T  IOX EUUAT 1 0 s  OBTAINED BY 88 1 .A 
I N T E K P O L A T I O N .  * SWh -- - 

I N D E I .  X E 8 3 A  
E F F E C T  I VE LA'I'ERAL EI-YDFlAUL I C CONDUCT I V I TY, C?VNR. * EE34.A 
A I R  OK DR41PTED VOLUPIE COLXESPOND LSG T O  G R I T  LCAL DEPTZ. a 513.5.4 
NUN3ER OF DAYS A MONTH, E. G.  , DAMII( 6 )  = DAYS I N  J U N E  = 30. :K 8 5 6 A  
NUivBER OF. DAIY O F  T H E  IIONTI1. :c E e 7 X  
T I  PIE I N C W P E N T .  % P38A 
D E P T H  O F  DRY ZONE, C E .  % 8889A 



D E B T  : TEiE h?iOUNT Q F  CA'FER 1191 CM TEfdT Z A S  BEEN REI!9lTD F!XO?Z DRY * 8304 
ZONE B Y  ET. * G 9 1 A  

D E E P E T :  D l  5 r.ANCE FROPI BOTTOM OF ROOT ZOKE T O  IPf!'EmiE-U3LE LAYER.  * 8 9 2 A  
D F L T  : T I X E  ITICFSiENT. S 893% 
D E L T I K :  T l i E  F i W C T I O N  1)F TIIE DAY k%ICB I S  SUIT.%BI,E FOR 1iOi'ii.c. IF.  X 894,) 

D E L T I X  = 0 . 5  PEANS TTdId DAY rw 0 . 5  lu'OKI; DAYS. ;! 8 9 5 A  
D E L X  : DEPTH I N C I i E I X N T ,  Crl .  :k 896X 
D F  : CILXNGE I N  I N F l L T R A T I O N ,  CTI., DUXII?C T I M E  INCREXENT,  EDT. % S'3 7.1 
DFLIJX : D U I N L I G E  F L U X ,  CPI/IIH. * 8898.A 
D:{Qf.)T : E F F E C T I V E  ROOT D E P T H  F O 8  A JTJLIAN DATK; E .  G .  L)ROOT( 155) 18 * 8 9 9 . 4  

ROOT D E P T H  F G R  DAY 1 5 3 .  X 980.1 
DR:%XY: A DAY WXEN .WOUNT O F  F O I L  WATER S U P P L I E D  TO T X E  PL.U%5 IS * 963 1.4 

L E S S  THAN P E T  F O R  T H A T  DAY. * 9 0 2 A  
DSTOX : D I F F E R E N C E  I N  S U R F A C E  S T O R 4 G E  FROM ONE HR. TO NEXT OR FROM * 9 @ 3 X  

ONE DAY T O  NEXT. * 9 0 4 A  
D T  : TlKE INCZWPENT, HOTJR. x: 905.4 
D T 3 T  : D E P T H  T O  1r'AT"L TABLE.  x 99062 
DVOL : DRAINAGE VOLUEIE, CM. SLJXlIED S O  = TO D A I L Y  D R A I N  VOLUTE A T  * 9 0 7 . 1  

END O F  DAY. * 9 0 S X  
DVOL 1 : E S T  I PIATE OF DIt i IN.1GE VOsUPfE, CM. , F O R  T I  ME I ACRE?E::NT D T .  * 9091, 
DVOL3 : ANOTEER ESTIMATE OF DRAINAGE VOLUPE, C X . ,  FOR T I P E  INCRE- x 9 1 0  1 

PEN?' D T  . * 9 1 i A  
T -  I>\  O L X  : TOTAL, MONTHLY D P d I  NAGE '..OLUTZ, CFI. sf 9 1 2 4  
DhX;3Y: TIIE F R A C T I O N  OF h \WFX 3 d Y  I N  A G I V E N  HOUR. X 9l;j . l  
E D T h T  : E F F E C T  I VE D E P T 5  T O  WATEH T A B L E  - ASSUM~NG 'TOTAL A I  K VOLUPE 3: 9 14.1 

\$AS I N  'I'IIE IkXTL. :k 9131 
E T  : E V A W O T R 4 N S P  I P I T I O N ,  I N .  E T (  2 )  = ET F O R  2ND DAY t j F  TEE * 9 1 6 . 1  

MOETH. * 9 1 7 A  
F : 1NF I L T l b 1 T I O N  F O R  HOUR. F( 2) PE=AiiS IATXLTRATION F O R  21VD Ff0UR.x' 9 1 8 A  

O F  TEE DAY, CP1. * 9 1 9 1  
F 1 : DUPZTN V A R I A B L E  FOX F .  * 920.4 
F 2 : DIXPIY V A R I A B L E  F O R  F .  * 9214 
F U T E :  : INF I L T l U T I O N  R I T E ,  CWL3. ??RATE( 6 )  PIEMS I S F  I L T U T I O R  R a T E  8 9 2 2  2; 

I N  CPI/BW AT THE ZUD O F  T'iIE 6TrI HOUR Or" TF& DAY. X 923X 
FVOL : HUUT.LY OR D A I L Y  I N F I L T R A T I O N ,  CPI. * 9 2 4 A  
FVOLX : TOT.9!, ?IGIVTBI,Y I N F  I L I R A T I O N ,  CEI. r 923.i 
H : PRESSURE U-EAf?, CPI. * 926.A 
HEY : C.U,CULATED UOLXLY CT, Ci'l. HET(5) PlEili;;, C.&CLZATED C T  F O R  8 9 2 7 A  

T H E  5TW EOUR O F  TEE DAY. * 928A 
HOUR : HOUR O F  THE DAY. 2: 9925.1 
EOURLY: HOURLY EUINFAI.L, I N .  HOURLY( 54 )  = HOUELY FAINFALL rm 34x3 :!: 93OA 

HOUR OF TEE ?IONTEI. * 9 93 1 .-I 
L 4 E W  : EOURZY SEW, C?I-m. :K 932.1 
IAVOL : I N T E G E R  VAIiIdBLE: FOR M Q D I F I E D  A I R  VQLUPIE, CM. THAT COULD BE * 933A 

USED TO F I N D  WET ZONE D E P T H  A S ,  V E T Z  = kTD( I A V O L ) .  * 93411 
IDmvT : INITIAL W T ) .  CTT. * 933 \ 

I N D  = 2 PEAKS DAY F A L L S  WITHIN SECOPTD WON< PERIOD. * 9366 
IND : AN I N D I C A T O R .  IND = I mANS D A Y F A L L S  W I T H I N  FIRSTFORK :% 937.1 

PERIOD.  
IPOST : NUPlBER O F  T I P E S  SCHEDULED S U R F A C E  I K R I G A T I ( 1 N  I S  P O S T P O N E D .  
I P O S T H :  TOTAL E'lOI6THLV TIMES POSTlWlYE S U W A C E  I i 7 R I G A T I O N .  
I R 
I R 1  : 
I R Z  : 
1lLAIN : 
I FIBDAY: 
IS I CNPI: 
IS I C N T :  
I S K I P  : 

CALENDAR I%%. 
I N D I C E S  USED T O  FIND E,ZCR YEAR. 
I N D I C E S  USED T O  F I N D  EACH YEAR. 
F I w T  BOUn M I N F . & L  R E C O P ' E D  F O R  1'HXT DAY. 
TOTAL DAYS WEEN L I V E  SURrnACE I R R I G A T I O N .  
TOTAL ~ N T M L Y  T I  PES HAVE sum ACE I RRI GAT I O N .  
NUIWER OF T I P I E S  HAVE S U W A C E  I t t S I G A T I O N .  
NUNBER O F  T I P S S  SCBEDULED S U R F A C E  I R R I G A T I O N  IS S K I P P E D  TO 
NEXT DAY. 

IRY : CALERDARYEAR. 
IYILXR : NCIYLBER OF YEhlS I N  S I P I U Z A T I Q N ,  



J : INDEX.  
J D A Y  : J U E I A N  DAY O R  DATE. 
K : INDEX.  
K R A I N  : INDEX.  :!: 9 3 8 A  
Id : INDEX.  W. 9594 
LOOP : Ii'TDEX T G  SKIP  TiX I N P U T  AND I N I T I G A L I Z A T I O N  A F T E A  F I R S T  T I M E  8 9 6 9 A  

THROUGH TYE S 1 MIJLAT I ON. * 9h l .A  
L U I N  : L A S T  HOUFl hXEN I T  G A I N E D  DURING mi DAY. a 9 6 3 A  
KO : MONTH OF T H E  'EM ( 5  PEANS PUY. E'I 'C.) . :# 9 5 3 A  
N I : ( XYI + 1 ) NUPBER OF RODE P O I N T S .  :i: 9 6 4 A  
P D E B T  : P O T E N T 1  AL D E B T ,  P L U I  MUM WATER T E A T  C h r i  RE USED F R O X  ROOT % 9 6 6 A  

ZONE.  C:i. X 9 6 6 A  
P E T  : P O T Z K T I A L  E T .  * 967.5. 
P U m V  : AillOUNT O F  S U B I R R I G A T I O N .  CM. % 9 6 B A  
PUMPVM: TOTAL F'IONaXLY SUBIKRIGATICPN,  CM. * 9 6 9 A  
R (  ) : RL\IIYF'.ZI,L I N  C N  &IS DIMEuVS ION 24, I N D I C A T I N G  U I N F A L L  F O R  hYY* 9 7 O A  

HOUR DUAL NG T K X T  DAY, E . G . , R (  4 )  P E A N S  FLA I S F A L L  BETVEEN * 9 7 1 A  
HOULS O F  3 T O  4 O F  THAT DAY. * 972.4 

R A T 1  : DUPDlY V.?RIABLZ TOR I N F  I L T R 4 T I O N  B ?TZ. * 9 7 3 A  
R\T2 : D3i"iPrY L ' X K I , ' L E  F O R  I N F I L T R A T I O N  R I T E .  x 974.5. 
KCATE : iNDEX. * 975.4 
RDT : T I P i E  B E T l X E N  L A S T  T W I N F A L L  I N  P R E V I O U S  DAY ,AND F I R S T  I U I N -  * 9746 

F A L L  ON P F E S E N T  DAY, K W .  X 977.A 
RO : D A I L Y  RUNOFF, CPI. x 978.4 
ROM : PIOKTHLY RUNOFF VOLUPIE, CM. * 9 7 9 A  
ROOTD : SOOT D Z P T H ,  CX. ROOTD( 125) IS ROOT D E P T E  CN JULIAN DAY 125 .?i: 9I-30A 

HOOTD( I ) INTERPOLATED FROM DATA B.E?B I N  SOBXOUT~NE ROOT. u $ 3 1 ~  
RUNOFF : RUROFF kCLUXE, CPI. * 9838 
RVOL : TOTAL D A I L Y  H A I N F A L L .  m 9 8 3 A  
RVOLM : TOTAL ?IOIITHLY RA I N F ~ ~ L ,  CM. % 9 0 4 A  
SEW : Y E , N Y  SUP1 OF E X C E S S  WATER. ?i: 9 6 3 1  
SEWD : SEW \ - S U E  F O R  DAY. X: 936h 
S E W  : TOTAL KIPMTIILY SElc', CPI-DAYS. :i( 987.4 
S IFtSFIO: TOTAL PIDNTIILY S U W A C E  I i U I I C A T I O N ,  CM. * 9 8 8 A  
SPR : TOTAL WATER A V A I L A B L E  F O R  !NFILmTIOPI  I N  TI?f!3 DDT, S I i J  0°K 9 8 9 A  

S T O R  A R A I N F A L L  DURING DDT. * 9 9 0 A  
S T O K  : S U R F A C E  STOIt4CE:. CM. X 8 9 1 A  
S T 0 3 1  : T E P P O F U R Y  V t L I I A 3 L E  F O R  S U R F A C E  STOKXCZ. a 9 9 2 A  
S T O W  : TEPITC;R?Rl V A R I A B L E  F O R  BURF'XCE S T O R I G E .  % 993.1 
S U I U E T :  PiOii'TILY T O T , U  O F  E T ;  SUi 'f4ET( 1 0 )  MEANS T O T A L  E T  F O R  OCTOBER. * 994.4 
S U E T  : TOTAL YEARI,Y E T ,  CPI. :i; 9 ' ) 3 A  
TAV : TOTAL A 1  R VOLLVE I N  S O I L  P R O F I L E ;  SUP1 O F  AVOL AND D E B T .  * 9 9 6 A  
TAVJ : DUPIPN VBRI-ABLE F O R  T d V .  * 9 3 ? A  
T O S  I RR: T O T A L  YEARLY 1RRIC:IT ION.  * 9 9 8 A  
TOTD : TOTAL YEARLY D R I I N A G E ,  CM. * 9 Q 9 A  
TOTDD : T O T A L  YEARLY DRY DAYS.  x 1000.5. 
TOW : TOT.& E ~ Y  I N F  I L ~ T I O N ,  c r ~ .  * ~ O D ~ A  
T O W D  : TOTAL YEARLY WATDAYS. a 1 0 0 2 A  
T O T N T  : TOTAL YEARLY h T T  DLYS. :C 1 0 0 3 A  
T O T R  : TOTAL YEAKLY R A l N F d L L ,  CM. x 1004A 
TOTRO : TOTAL ITABLY RUNOFF, CM. :r I O M A  
T O n D  : T O T A L  YEARLY WORK DAYS. * l 0 O S A  
T O n + T  : T O T A L  WATER mi l IOVED FROPI F I E L D  B Y  SLTJACE .mD SmSUXFdCE :K 1 0 3 7 A  

DRAISAGE - DOES NOT INCLUDE ~ ~ A ~ R  STORED I N  DITCHES T ~ N  a10c.m~ 
SbE31P&1GATED. * 1009A 

T P U m V :  TOTAL YEh,rCtY STJTEIRXIGATION, CM. :i: 10 lo;? 
W O L  : TOTAL A I R  VBLUPIE I N  S O I L .  X l O l l X  
T l t L O S S :  TOTAL IIOrITILLY WATER L O S T  FROM SYSTEPI.  * 1 0  13,i 
UPQ : ?LAXIXJPl CPWAAD FLUX C O ~ S P O I Y D I N G  T O  A G I V E N  WET ZONE DEPTE, * l o  l 3 A  

CPI/ Iir?. * 1 0  1 4 A  
UPVOL : UP!IXI)Jj FLOW I N  G I V E N  T I N E  INCFi-EItENT, CPI. a 1 0 1 5 X  
I< : VOLUTETR I C WAITER CONTEN?', D I FEZIS I O N L E S S .  * 1 0 1 6 X  
\.TER : VOLU?LE'TR I C WATFR COETENT , D I E N S  I OIYLESS . I ~ A T L W  9 ) ?E.QiS :XI0 1 7 d  

IqA4TGR CONTENT b?HEB PFiEjSURE kEAD IS 8 C?f (FRG?l SOIL KATEX :610:8A 
C H A I M E R I S T I C S )  . * 10 1 9 A  



C * WATD \Y: A DAY h R E N  WATER T A B L E  is HIGH ENOIJGH TO CAUSE CROP D&"IIIGE. 1020d 
C \YETDAY: A DAY W i E N  I T  IS TOO iXT TO COND!:CT T I L L A G E  ( W E T D A Y ) .  : ~ 1 ~ 2 1 A  
C * kETZ : DEPTII  O F  WET ZONE,  CX. * 1 0 2 2 i l  
C * hT.0 : .kNiaTEER V.&RIABLE F O R  TvLOSS F O R  TIXE I F  IEIR, 2,m, O R  1 DAY. % 1 0 2 3 h  
C x hLOSS : D A I L Y  V h T E R  L O S S ,  C N .  * 1 0 2 4 h  
C TrTRKDAY: TIIE DAYS TvXEN T l L L A C E  CAN R E  CONDSrCTET) ( Iv'OXCJhY) . % 1 0 2 5 ~  
C a  \ iTD : VATER T A B L E  D E P T H ,  CM. k T D (  53)  MEx:S h T D  hXUi A I R  VOLUEE I s *  l O 2 6 A  
C * ( 5 3 - 1 ) / 1 0  = 5 . 4  CP1. :i: 1 0 2 T h  
c a  x : DEPTH INCREF~ENT.  CM. .r( 18284 
C * k?i : RCI\I, V A R I A B L E  F O R  IAVOL.  M1029.A 
C a  YL+!dw : NUFIBER O F  YEARS S I MULX'TED ; USED T O  I? IN2 bViES%GEb. * 1 0 3 0 A  
C :6 YDEBT : D E B T  A T  END O F  P R E V I O U S  DAY, CM. * 1 9 3 1 A  
c r: YESF : YES'1TRDAY7S I N F I L T R A T I O N ,  CM. r 1 0 3 2 . A  
C * Ys'UPET: TOTAL Y E S L Y  E T .  m 1 0 3 3 A  
c *****x~~%$zr:*~*xx*x*x**~x~%a***x*:r* : i : *~x:rm*r:*xxx%;xx~:~?x<*x: ic*x:~~~vxi:pxx~**%~*~ 1 ~ 3 . 4 . ~  

C 
SUBROUT I NE P R O P  ( hTI), VOL, WATER, A4, BB , UPFLUX) 

C 
~ * * * ~ : ~ ~ ~ : ~ : : ; : ~ ~ ~ ~ ~ : ~ ~ ~ ~ : ~ : ~ : ~ : ~ ~ X % S ~ : L : : . X X ~ ~ ~ : ~ ~ X ~ : ~ : $ * : ~ ~ X : ~ ~ : ~ ' ! : : ~ % : : : X ~ % . I ( X ~ ; ~ : , : ~ : $ : ~ : X X ~ ~ ~ X : ; : X ; ~ , U : : : : ~  

C a T H I S  SUBRbtJ'TiflE READS I N  S O I L  VATER C H X h l C T E R l b T I C ,  I Y T E W O L A T E S  
C % VALUES, &ND CALCULATES R E L A T I O N S H I P  BETWXEN WA'iTX T A B L E  D E P T H  P2TD 
C a  DRAINAGE VOLUI"E. 
C a  ,- :u A L T E R N A T I V E  CAN READ I N  D R \  INED VOLUPE - fiATER T:BLE D E P T E  
C % R E L A T I O N S H I P  hXICH MAY ALSO INCLU9E Uplf.LW FLm i',iLULG. 
C x A TABLE O F  CONSTX'7TS FOR THE GREEN - APIPT I nF I L T i U T  I O F  EQUATION F O R  
c ;u V A R I O U S  1jArn.R T . m L E  D E P T H S  16 mLiD IN AND IiYTEIIFUL$?'F,D. 
c x .ALL S O I L  P R O P E R T I E S  APE STOFLEI) Ii"? I R n 4 Y S  S O  TEAT TEEY C.AN BE, E A S I L Y  
C * RECALLED ICiYOTr'ING ?'HE WATER T A B L E  D E f T H .  
C * ~ * ~ ~ ~ ~ ~ ~ * ~ ~ * ~ * ~ ~ ~ ~ ~ % ~ ~ : k % ~ v r ~ % ~ ~ X ~ x X ~ x : i : : k % % ~ a : ~ ~ 2 : ~ * ~ ~ ~ % ~ ; 6 : l : ~ : k ~ : : k ~ ~ ; ~ : ~ ~ m a ~ : ~ ~  

L 
C READ S O I L  P R O P Z R T I E S  AND S T O R E  THE INFOWLITION I X T O  
C P R O P E R  I-lRR-?YS EY I N T E R P O L A T I O N  

DII?IENSION TlXT.4( 5 0 )  . HEAM 30) , H( ZgO), '(JATER( 5063) , VOLt 5 0 0 )  , l t l%( 1 0 0 0 )  
D I P E N S  ION D( 10) , E( 10) , F (  1 0 )  , k.i< 600)  , DB( 3 O D )  
D I P E N S I O N  A I A ( 5 0 0 )  , B I B t 5 @ 0 )  
D I P E N S I O N  XTOL( 1 0 0 )  , X (  100) 
D I P E N S  ION b T F L U X (  5 Q Q )  , FLUX( IEO) 

C 
C J--- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - . - - -  1 
C I THE FOLLOWING S E C T I O N  READS I N  S O  [ L  IiATER CXLlilACl'EflI';TIC, AND CAL- I 
C I CULXTES R E L A T I O N S H I P  BETGXEN DRAINED VOLUPE AND KATER T A B L E  D E P T H .  
C ]-------------------------------"---------------------------------------- 

I 
I 

C 
READ( 1 , 9 8 0 )  NU?f, IVREAD 
E m ( 1 , 4 0 5 ) ( m T A (  I ) , H X A D c  I ) , I = l , N C T I )  

C DATA READ I N  ORDER O F  DECR&ISINC WATER C G N E N T  
DO 5 I = 1,NUPI  

5 BEAD( I )  = -Ern( I ) + I . O  

9 i3 
i o n  
1 1 R  
123 
1 3 B  
1 4 B  
15U 

1013 
193 
OOB 



AVG = ( liATER( J )  + b7ATEF,( J- 1 ) ) /2 
VOLCJ) = VOL(J-1) + P-AVG 

10 CONTINU3 
C c ]--------------------------------------------.-------------------------- I 
C I THZ FOLLOWING R E D S  TABULAR VALUES FOR W.T. DEPTH VS. DRlINAGE VOLUME I 
C I ABD UPl?.4Ri) FLUX. I 
C 1 THE NUTSER OF VALUES WAD I S  IVKEAD. 1 
C I I F  IVREAD .LE .  Q .  USE ABOVE W.T.D.-VOL. RELATIONSXIP AND CRITICAL I 
C I DEPTH CONCEPT FOR UPIRE) FLUX. I 

IF( IVREAD.LE.0) 60 TO 1 4  
I F  WATER VOL V S  . WATER TAB DEPTH I S  READ IN GO TO KEXT STEPS 

WAD( 1 , 9 3 O ) ( X (  I )  ,XVOL( I )  ,I'LUX( I )  I = l ,  IVKEAD) 
DO 12 I =  1 ,  IVKEAD 
X( I ) = X (  I ) + 1 . 0  

CONT I NtiE 
DO 15 K = 1,500 
VOL( IO - VOL( :<, 1 0 . 0 +  1 . 0  
1 = 2  
A1 = I 
bTDf 1 )  = O 
DO 25 L = 2 ,500  
A L = L  
ALM = AL-1.0 
IF(VOL(L1 .LT.AI) GO TO 25 
NTD( I )  = ALM + (AI-VQLCL-l))/(VOL(L)-VOL(L-l) ) - I . @  
I = I + l  
A1 = I 
IF (VQL(L)  . G T . A I )  GO TO 2 0  
CONTINUE 
b 'RITE(3 ,9  1 5 )  
DO 30 I =  1 , 5 0 0  
VOL( I )  = O.l*(VOL( I ) - 1 . 0 )  
XI = I 
A1 = O . l * ( X I - 1 . 0 )  
I31 = 1-1 

c I----------------------------------------------------------------------- 1 104E 
C I REMI IN INFILTRATION CONSTAYTS FOR GREEN-iQPT EQUATION MU3 IhTXPOLATEI 108I3 c ]----------------------------------------------------------------------- I lO4E 

READ( 1,9001 NUMA 1 0 7 B  



35 IP= I + l  
R i T I O = ( X J  -D( I ) ) / ( D (  1P)-D( I ) )  
AA(J)  =E( I )+RbTIO*(E(  II')-E( I )  f 
B!3( J) = F (  I)+flATIO:r:(F( I F ) - F (  I ) )  

I F  ( x J . G T . D (  I P )  ) I =  1+1 
I F (  1.GE.NUPLil)GO M 45 
GO TO 35 

45 CONTINUE 
9 0 8  FOWLIT( 2 1 2 )  
9 0 5  FOWZ4T!E10.2, I O X , E 1 0 . 2 )  
9 1 0  FOWii?T( 1 0 X , 2 F 2 0 . 4 ,  lOX,3F20 .4 )  
9 15 YOIVL%T( 1E1,4OX, 'SOIL WATER CHrL9?\CTERISTICS AND RELATIONSHIP 

Q 3EX, ' RETIXEN WATER TABLE DEPTH AID D M  I NZD( VOID) VOLUXE' // 
S 18X, ' VOLU;.E OF "C I DS ' . 4 X ,  ' WATER TABLE DEPTH' , 
$ 1 Q X ,  ' I E A D '  , 1 2 X ,  'WATER CONTEIVT' , I X ,  'VOLUME VOIDS XGOVE W.T. ' 

920 FcJSiiUT( 3 E 1 0 . 2 )  

CPI. * 149E 
FLUX : UPKkRD FL,UX IN RELATIOil TO I n D ,  CPVDA1'. X 1 3 0 3  
NmU : NUPll3ER OF PO I N T S  TO RE10 I N  FOR RZLATI ONSR I P  BETEXEX COEF- x 15 1E 

F I C I ENTS OF GREEN- APIPT I NF I L T U T  I ON EQUAT i OX AND WIYER T.43LE::: 132IS 
DEPTH. 

c x D( I ) : TiATEH TABLE DEPTH. 
C x E( I )  : GREZN-MPT ITIFILTFthTIO?i COEFF ICIEN-r A FOR TITJ I  D( I )  . 
C r: F ( I )  : GWEN-,UPT INFILTRATION COEFFICIEXTB F O A k T D  D ( 1 ) .  



S U B R O U T I N E  G U R I R R  
C 

COHMON/ICNT. / IS  ICNT, I S K I P .  I P O S T .  I K  
COX?ION/JCNT/JC ICNM, J S K I P X ,  J P O S ~ I  - 

C3PDION/ I DAY/FBAYG I , NDAYS I ,  INTDAY,  NO I Ml , NO I W , NO I &Xi, NO I MI4 
COM?ION/ I HR/ I m T A .  I IIPZND 

IF(NDAYSI.GE.NOIRR1.AND.NDdYSI.LE.NOI~ T O  30 
I F ( A V O L . L T . R E G m A R )  GO T O  1 0  
IF (  R( I W T A )  . GT. APlTFUi) GO TO 20 
I I W l =  IrnTA+ 1 
DO 5 != IBIIPl,  IXREND 
R (  I ) = R (  I ) + A P I T S I  
CONT I RUE 
D.UfI'S I = MI3 I % ( I KREND- I X I B T A )  
J S I C N M = J S I C R M + l  

I S K I P =  I S K I P +  1 
J G K I  PM= J S K I  PX+ 1 
NDAYS I = F D A Y S  I +  INTDAY*( I S  i C N T +  I S K I P +  I K )  
GO TO 23 

NDAYS I = N D I Y S  I + 1 
I P O S T =  I P O S T +  1 
JPOSTTI= J P O S T M +  1 
IF(NDAY$I.GE.NOIRRl.Al'il).NDSfSI.LE.MOIRR2) GO TO 30 

RETURN 
HDAYS I = NDAYS I 
DO 35 I = M D A Y S I , N O I R R 2 ,  I N T D S Y  
I K =  IK+ 1 
NDAYS I = I + I NTDAY 
C O N T I N U E  
N O I R R I = N Q I ~ ~  
NOIRR2=NOIFJL4!  
RETUIW 
END 

C * * 52C 
C L D E F I N I T I O N  OF TERHS I N  S U B R O U T I N E  S I T R I X R  X 51C 
C 8 F D A Y S I  : F TBST DAY ( J U L I A N )  OF S U R F A C E  I R R I G A T I O N .  :I: 3 3 ~  
C * IHREND:  ENDING HOUR O F  S U R F A C E  I R R I G A T I O N .  * 5 4 C  
C *  I E W 1  : I N D E X =  I B R E N l D +  1 .  55C 



11PS'T.A : 
IY 

I NTDAY: 

I P O S T  : 

I RRDAY: 
IS I C N T :  
I S K I P  : 

J P O S F I :  
JS' ICNM: 
J S K I P M :  
PDAYS I : 
NDAYS I : 

ST.\EiTING HOUR O F  SURFACE I R R I G A T I O N .  % 
I N D E X  T O  K E E P  TKE COUNT OF DAYS ')7lEiJ TIDEIIE A S  NO SUWACE * 
IRIIIGX'I'ION IN?'E;RV,%S ( E.  G .  , SOl'K1'Ii\ES NO STJWACE I R E i I C X T I O N  % 
DURING IIMCII OR A P R t L ) .  * 
T I E  INTERVAL, I N  DAYS B E F O P Z  THE NEXT DAY SUwACE I R R I G A T I O N  a 
C O P E S .  Y: 
NUMCER O F  POSTPONEPIENTS OF SURFACE I R R I G A T I O N ,  ACCC?ZUZ.kTES * 
F O R  A YEAR. * 
I R Y I G A T I O N  DAY, COTMT O F  TOTAL DAYS. X 
PiUPD3ER O F  SUPJAZE IPL~.IG.-~TION EVESTS ACCU;i3i . ,'p:S FOR A YEAR. m 
NUPBER O F  S K I P S  O F  S U R F A C E  IiRF1IGATION EVENTS ACCUPiULATZS FOR:I: 
A E A R .  % 
N U U E R  O F  MON'I?ILY POSTPOAEPIENTS OF SURFACE I R R I G A T I O N  ( S I ) . * 
NUXDER O F  MONTHLY S I E V E N T S .  * 
NUMBER OF PIONTKLY S K I P S  OF S I EVENTS. Y: 
INDEX F O R  NDAYS I .  * 

C 1 D 
S U B R O U T I N E  ETFLUX (AVOL,DEBT,FVOL,DVOL,UPVOL,POTET,AC~T,PDEBT) L'U 

C 3 D 

I F ( D E B T . G ' T . 0 . O )  GO T O  30 
IF(  UPVOL. LT. P O T E T )  GO TO 25 
ACTET= P O T E T  

FET'JPJY 
DEBT-  DEBT-FVOL 
XXD= T?EST+POTET- UPVOL 
I F (  D E B T .  GE. O .  0) GO T O  28 
AC?'ET= P O T E T  
AVOL- AVOL+ DVOL+ DEBT+ 4-CTET 
IIE83- 0 . 0  
RETURN 
I F ( X X D . G T . P D E B T ) G O  T O  30 
ACTET= P O T E T  

DEBT= DEBT- P V O L  
dVOL= AVOL+DVOL+UPVOL 



m m  
I F (  POTET. GT. UPVOL) GO TO 25 
EXCESS; UPVOL -POTET 
ACTET= POTET 
IF1 DEBT. LT.O.9)GO TO 60 
DEBT= DEBT-FVOI 
DEBT= DEBT-EXCESS 
IF(DEBT.LT,O.O)GO TO 60 
AVOL=AVOL+DVOL+UPVOL 
GO TO ao 
AVOL=AVOL+DYOL+ACTET+DEBT 
I F (  DEBT. LT. 0 . 0 )  DEBT=0.0 
m m  



DEEP- DEEP+ W( I ) 
CONE= S W D E E P  
HDWIN=DEPTR-DDRAIN 
I F (  EDRAIN. LT. HDMIN) AT)MIN=EIll'flX 

C CONE : EFFECTIVE SATUfWTED L.1TEiUL HYDItlULIC CONDUCTIVI'IY - 3.4.SED * 
C * ON W. T. DEPTE AND K OF LAYEW. * 
C x: D D - M P :  A VARIBLE USED INDIChTlNC DISTANCE SLIGHTLY LESS TXAN % 
C * DDRZ I N ,  CPI. USED TO f KETiENT CPJ.XULATItqG SUB IN1:GATION :i: 
C .r: IcHEN WATER T S L E  IS BELOW DIZA I N 30?TOM AND 30 WATER I N  DRiIR* 
C :k DEEP : TOTAL 'fRICk7ESP OF SATGiLhTE3 ZONE. %: 
C 8 DEPTH : DEPTH TO IP fPEK~ABLE L,XYLR FKOA SOIL S U R F A C E ,  CPI. * 
C a DFLUX : DPAINBGE FLUX, CWER. * 
C % DTWT : DEP'IX TO WATER TABLE E'WX S O I L  S l i h i F A C E ,  CPI. * 
C a DZ( I )  : THICKNESS OF LAYER I .  * 
C * EM : DISTMCE FROM WATER LEVEL I?I TllE DRAINS TO WATER TABLE AT * 
C 8 MIDP0IN'T. EX N E G A T I V E  DURING Sl iS IRXIGATIOX.  * 
C a IIDK4ITl: DIST.JSJCE BETTiEEN TRE WATER SUXFACE I i i  TIE I)K%IN TO TfIp, :i: 
C :r: I XPEFUEABLE LAYER, C M .  * 
C x SDMIN:  DISTUYCE BET\vEEN THE PR1INS, CM. % 

C *  W : TEICKKESS OF SATtrlUTED ZQNE iPi LAYER CONS IDEmD. x c *----------------------------------------------------------------------- X 

C x mrng NOT DEFINED £ERE ARE S A N E  A S  DEF lNED IN FOftSUa * 
C * * * * ~ ~ ~ * ~ ~ ~ ~ ~ * ~ ~ ~ ~ ~ ; ~ * ~ : ~ % ( * ~ ~ * ~ ~ ~ k > i . ~ ~ * ~ ? i : X : k ~ h ~ , < ; i : : ( c ; i . : K ~ > i c Z < ~ K d : ' < ~ < ; < . k ' * : I : ~ k L : ~ r U ' U ' ~ ' ~ ~ ~ ~ V  ,, ..,(.,, .,,..,. ,,'-.,. X.,.,fiXXXXX%% """ 

C 
SUBROUTIME M)ITCH( DWIEP, DVOL, m, RO. kZOS8, B, S) 



DDSTO= V-DRNSTO 
DRNSTO= V 
moss= 0. 
RETURN 

I W D D R A  I N-DUI EP 
CV= M)*( B+ S Y D j  
V= CV/SDEW I N 
DDSTO- V-DRNSTO 
DRNSTO= V 
b L O S S =  RO + DVOL-DDSTO 
RETURN 
END 

C r 
C * 
C *  B 
C * CV 
C rc DDSTO : 
C * 
C *  DRNSTO: 
c * 
c * 
C * DVOL : 
C * DWIER : 
C * RO 
i: x S 
c x  v 
c * 
c % I v ~ O S S  : 
C * YD 

D E F I N I T I O N  OF TERPB I N  S U B R O U T I N E  M I T C H  

BOTrOM WIDTH O F  THE D R A I N ,  CM. 
TOTAL VOLUPE O F  WATER CONING T O  D I M I N ,  CX. 
APIGUNT I F  WATER S T O R E D  I N  D R I I N  DUPcING P R E S E N T  T I P E  INCILE- 
*m RT'm 
t'LLI11. 

AFIOUNT O F  VATER ( VOLUPE PER ' I JNIT ,UiEA) S T O E D  I N  THE D a I N  
A T  T H E  END O F  P R E V I O U S  TIPIE I X C i W P E N T ,  CPI. 
AREA) . 
WATER D n i l  I N E D  THROTJCH TEE S Y S T E M ,  CM. 
WEIR D E P T H  FROPI T K E  S O I L  S U R F A C E ,  CM. 
RUNOFF VOLUME FROM S U R F A C E .  CM. 
S I D E  S L O P E  O F  DRAINAGE D I T C H ,  CWCI-I .  x 
AFlOUNT O F  WATER ( VOL. PER IJN IT AWA) T E A T  COULD BE I N  OUTLET* 
D I T C H  A T  END O F  P R E S E N T  T I P E  IXCKENENT. 8 
W.4TF.R L O S T  TfIIiOUCH THE D I T C H ,  CM. * 
WATER H E I G H T  I N  T2E D R A I N  MEASURED F R O X  BQTTOPI OF D I T C H .  :I( c *----------------------------------------------------------------------- * 5 3 F  

C * OTHER TEliM,C NOT D E F I N E D  ARE SAME A S  G I W I  IN FORSUB * 54F 
C +***X:i:*:::%***s:**f ~ : g * * ~ * x y e * $ ~ : x ~ % ~ : k * ~ % x * * ~ ~ : ~ % ~ * ~ ? ; : : X : k ~ S : : X ~ ~ ~ : i : ~ i : X * : # X : C ~ : k S : ~ ~ ? r . : K ~ ~ ~ ~ ~ *  53F 

C 

n 
S U B R O U T I N E  ROOT( DROOT) 

b 

c ~ * X * ~ * * ~ * X ~ ~ S ~ ~ W ~ * * ~ : ~ : ? K ? K * L ~ ~ : E X ~ X * * ~ ~ ~ : X ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ : ~ : ~ * ~ ~ ~ U ~ X ~ : ~ ~ V ~ ~ * ~ $ ~ * ~ ~ ~ : ~ * ~  
C * SUBROUI'LNE T O  READ I N  TABULAR V A L E 3  O F  E F F E C T I V E  ROOT DEP'I1i VE,?s'US * 
C * T I M E  AND I N T E R P O L A T E  BETWEEN VALUES S O  THAT ROOT DEPTd FOR ANY DAY CAN* 
C * B E  CALLED D IW,,CTLY hS A F U N C T I O N  O F  'lTE DAY. * 
c X~** *X~ i (# * *~ * * IX~*X: I :~ :C%: i :~ * : i :~ *~ :K*%*%X* :KU* :K: i :~X~%~XU~: ic : iC~*X~XX;~X~: :X~: i :~~XXWx. : t :~ *  
C 

D I M E N S I O N  D R O O T ( 3 7 0 ) ,  I N D d Y ( 3 0 )  , R O O T I N ( 3 0 )  
m.AD( 1 ,600)  NO 

600 FORPIAT( 13) 
READ( 1 , G  10) ( INDAY( I )  , S O O T I N (  I 1  , I =  1 ,  NO) 
5 - 2  
DROOT( 1 ) = R O 9 T I  N( 1) 
DO 10 I = 2 , 3 6 6  
A I =  I 
I F (  I .  G T .  INDAY( Jf J = W  
DFLOOT( i ) = R O O T I N (  J - 1 ) + ( ( A I - I N D A Y ( J - l ) ) / (  INDAY( J ) - I N D A U J - I ) ) ) %  
2( R O O T I N (  J ) - R O O T I N (  J-l)  

10 CONTINUE 



C c * : g % * : $ ~ * ~ x ~ ; ~ ~ * : g * ~ $ y ~ : b * ~ ~ X ~ $ : : : * * : $ ~ * * : i : ; C f  :K~W.S(::::i:g~X~~:C:~%Y:~::I:%:~%X>~%>iX:KS::~::~~%.:Ir..W~i:~:t;g 

C *B. D R o O T (  1) : STOWi) ROOT UEPTB FOR EVERY DAY OF E A ~ ,  I .  CETERYlNE BY Sc 
c % I N T E W O L A T I O N  FROM ROOT IN - INDAY RELATIGII'SHIP, X 

.I..,..,., . .,.... .,.,,.,,..,., ,.... ,., .,,.... k C ~ X + ~ ~ ~ & ; ~ ; $ ~ ~ ~ F ~ ~ * ; ~ ~ * ~ ~ ~ * * ~ . y : ~ . y : * ~ ~ ~ ~ ~ ~ $ $ : i < ~ ~ ~ ~ ~ ~ ~ ~ K ~ ~ X ~ C ; i : I d ~ ' " ' " ~ ~ ~ ' ~ ~ , $ Y ~ y % W ~ ' V V ~ ' " ~ ~ ~ r ~ X ' v ' ~ ~  

L 
C * ~ * X ~ ~ ; ~ ~ : ~ : ~ : , ' : ' ~ ( ~ ~ : ~ ~ Y : ~ ~ Y : S : ~ X X % ~ : ~ : * ; C ~ % X ~ S : : ~ % X X ~ X ' R : ~ A ~ ~ * ' E : : ~ ~  XV:X~FX%X%*X*X%~' i : t * f  XXX:*:-.%X 4 H  
C x SIJBROUTINE DISTR13UTES D A I L Y  PET OVER 12 I G G .  FROPI 0600 TO 1800. :K 511 
C ::< RAINFALL. .GT. 0 PET FOR THYJ' HOUR IS SET=O. :S 
C * Tm,Y BOURLY PET S U Z E U  T O  GET D A I L Y  PET. :i: 7 H 
C ~ * ~ $ : + ~ * ~ * * : ~ * * * ~ : k ~ : g * * ~ ~ ~ ~ * : ~ ~ * * x . * ~ ; i : ~ X : ~ ~ X : ~ X : K ~ * ~ : ~ ~ ~ Y X > ' : ~ X % ~ > k > : > k % ~ : g ~ : ' : : g : ~ % : ; ; x ; k % * : ~ ~ ~  Qfl  
* 9 1-1 
L 
C F IND D A I L Y  EVXPOTRANGP I R i T I O N  

COPMON/EVAPO/PET, D M ,  ROOTT, 
COELEiON/FUIN/R( 24) 
DIMENSION HET(24) , E I P E T 1 ( 2 4 )  



DO 20 I=1,24 35H 
ET= ET+HET( I ) 36H 
W E T =  TPET+HPETI ( I )  37H 

20 CONTINUE 38H 
RETUR.! 3911 
END 409 

C 4 1H 
C ~ * * ~ * ~ * * * ~ x ~ x * ~ : R ~ ~ X ~ X % X * k t ~ X * L X : X X : X X ~ ~ ~ $ * X X X f ~ ; : X : K  42H 
C * ALL T E N  DEFINED IN FOPSUB AND PXOP * 4 3 H  
C **%*l******%X*f % % ~ % * * * * * * * * * * * ~ : : f c > ; ; ~  ?:<*.W*XX>g?%*%**U*#::K*%X.Y::i:%f *X%*X*:K*X***t'x:i: 44:I 

CONMON/1BX/hrATER(5aO) ,W(lOl),M( 101),X(101),NN 
C 

DO 5 I=l,NIV 
H( I)=X( I ) - D m  
J = - H (  I)+1. 
IF(J.LT. 1)J=1 
I{( I 1 = h'ATER( J ) 

5 CONTINUE 
mmRN 
END 

C X******%**X****S:*:Xf %*~X**Y:X:&%$***$%X~Z<XXX*X*X%X*X%:*.~%X*%X~i:**)r:%S*h%%XY<Xt>R% 

c * ALL 1 ' ~ ~ s  DEF XNED IN FORSUB AND PnoP * 
C * I ( X ~ * ~ * * * * ~ ~ * * ; ~ * * * * * * ~ * ~ ~ ~ S : * ~ ~ ~ : i : ~ ~ ~ S : ~ ~ : ~ : : E X X ~ ~ : E : * ~ ~ % X ~ : S : : : ~ ~ ; i : : i : ; t : ~ ~ ? X ~ Y . % ~ : h ' $ : 1 : : ~ < X ~ : ~ : ; X X ~  
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I F (  J .  LT. 0) GO TO 50 

RE'I7J Fd 
IFi (ACC .GT. ilOUTA2) .AND. ( R ( J )  .CT. 0 . 0 0 5 ) )  DDAY=6.0 
I F ( ( J  .LE. BIC<TIR2) .OR. ( J  .GT. E\im3)) GO TO 60 
IF(TAV .LT. :UIIN3) GO TO 60 
I F (  DDAY . LT. ROUTT2) G 3  TO 60 
D5W<= I . B/( E J f K H I U - S T ~ )  
RETURN 
D'I'irn<= O .0 
RETUF.N 
IF'( IND .GT. i )  GO TO 55 

DVRK= 1 . 0 
I F (  YTAV . LT. APIIN2) D \ Y ~ =  (TAV-.L\IYIN2) / f  TAV-YT4.V) 
RETURN 
END 



40 FORPL&T('O', 11X,'AVXUGE0,4(F12.2, 11X)) 
RSTUW 
EWD 

C 
C % W * X * ~ ~ * ~ X X * V W * % * ~ ~ X % % X : : I : * ~ X : ~ % : K X ~ ~ ~ ~ ' K ? K X S ~ > : < : X X ~ ~ X % X X % X : : : ~ X ~ ~ ' $ ; $ ~ : ~ : X ~ : ~ : ~ ~ ~ ~ ~ ~ ~ ~ U ~ ~  

C * DEFINITION Or" ' E m s  13 SUBROUTINE ORDER % 
:: :ie 

c r: SUMDDY: S U ~ I  OF DRY DAYS FOR THE mrw s I ~ A - E D .  x 
C % S U X I R R :  S U X  O F  IRRIGATION FOR THE YEAIS S I P i l r L d T E D .  * 
i v SiimE:I: S U M  OF SlCW DAYS F O R  TRE ETAiRS SIEKrLATZ3. .b ,a. 
C a SUMXY: SUP1 OF k Q f X  DAY8 FOR THE YE.M SIPELATED. * 
C x AVGIRR: AVERAGE OF IRRIGATION FOR THE YEAX3 S I?IULATED. t 
C f AVGDDY: A'JEKAGE OF EKY D.IYS FOR K5.E '1IZM.5 S IPdJIATE1). Y: 
C % AVGSETi: AS'EIUGE SEW F8R YE-,US S IPULATLD. X 
? :< AVGWKY: X\'EXAGE O F  1iO;iK D.-tYS FOFi THE Y E W  S IRVLATED. X 
C r N R A N K l :  RANK FOR T O T A L  YCBFLY WQLY D A Y S .  d 
C : N3,WI(?I: RANK FOti YTARLY SUN OF EXCESS FiA'r3R. :i: 
C NPPtYK3: RANK FIR TO.-= 'ITXSLY DRY D.4YS. * 



197701 IS THE BEGINNING YEAR &iD i'!OHTIf 
19750 1 18 TIE ENDING. YESl  AXD PlONTII 
3436 1s TEE LATITUDE OF ?'E,TERTURE STATION 

/% INPUT CONTROL PARaSETE2S TdAT PIGST BE GIVEN %/ 

IW'369476 ' ;  S'TRRT=' 196201' ; E N D = '  146512' ; 



L A T ' P ' 3 5 4 3 ' ;  HETs79; /* FUNCTION OF STATION %/ 

LATT=SC'BSTR( PARPI, 2 9 , 4 )  ; RET=SUBSTR( PARM, 3 1 , 3 )  : 
END : I EDYR= PUBSTK: END, 1 , 4 )  : 
OPEN F ILE( LqOiJ) SEQUENTIAL IN?IJT; 

RLAT=Q. 0 174533*SURSTR( LATT, 1,3) +O. D@.32909*S7-TFjSTR( LATT, 3,2)  ; 
S INLBT-S IPT( .%AT) : CGSLAT=COS( m A T )  ; XI=LT; 

DO ND= 1 TO 3 6 6 ;  

DO NT= 1 TO 124  ; 
X=-3863357E-6+F%( 102 165 IE-6+LOC( IYT) -Y) ; ETEPfP=E>P( X) ; 

I F  ETENP< 24E-2 THEN E( NT+%64) =ETETR; ELSE E {  NT+264)=24E-2; END; 

END EVAPOTFUXSP IK4T I ON COMPUTATION ;K/ 
KYBD=STAKT: KYLD-END : 

SUBST31( IDl ,7 ,2 )= '  ' ;  S U B E T R ( I D 2 , 7 , 2 ) = '  ' ; 
LOOP= 0 ; 
KYBI,KYEI=IDl;  
READ F ILEI RHOU) SET( PTS) .KEY( KYB) : 
KYBI= ID2; 
READ F ILE( RTEM! I ATO ( STEM) KEY( KYB) ; 
KYZH=EKEY: GO TO S X S  ; 

S252 :  FEAD FILE(  M O U j  SET( PTS) KEYTO( KYZH) ; 
KYBI ,JCfEI= ID1 ; 

I F  LTYZ > KYE T E N  DO: NSk'A= 1 ; GO TO S2S4 ; CZD: 
S253 :  IF  KYZ = KYB TXEN GO TO S 3 5 6 ;  NSWh=6); 

: PIONTH I S  COPIPLETE w 
S254 :  

IYR=OYR; IIO=OPIO; 
LOOP= LOOP+ 1 ; 
NDY= UNSPEC( TNDY) ; NBEG=DAYZEG( NO) ; 
DO K= 1 TO NDY: 

NT-TAX! M) +TIN( K) ; 
I F  NT> 200 THEN ET( K) =E( NT) :KREL( NBEC+K) ; 

ELSE ET( K> =SET( PIQ) ; 
END ; 

CALL FORSUB( I YR, PIO, ET, HOURLY, LOOP, IEDYR) ; 
I F  NSWA > Q TEEN GO TO PK; 

READ F I LE( RTEPI) I NTO ( STEN) ; 
S255 : KYl3= KYZ; HOURLY=@; 
S256 :  I-HDAY; I I = 2 4 % (  I -  1 )  ; 

I F  EOD > = ' lQOQ0000 'E TFIEN; 
ELSE DO; NDY= UNSPEC( ENDY) ; 

DO K= 1 TO NDY; 
PHR= ADDS( BOUR( K) 1 ; J= L;NBPEC( DAY) : 
IF  I0 > 8 THEN HOURLY( I I + J )  = 1E-3xXRlb; END; ESD; 

GO TO S 2 5 2 ;  
PK: CLOSE FILE(  RHOU) ; 
END DMIPlOD; 
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Input Data - 
Input data f o r  the  exampl presented in  Chapter 4 a r e  given in 

Table A1 a s  card images arranged i n  the  order t ha t  they $re  fed in to  the  

computer. The var iable  names a r e  "penciled in"  t o  a s s i s t  the user in  

arranging the  input data.  Recall t h a t  the  simulation in t h i s  example i s  

f o r  a surface-subsurface drainage system on a Wagram s o i l .  No surface 

i r r i ga t i on  i s  applied. 

Simulation Results - Examples of program Output 

Examples of the  simulation r e su l t s  f o r  a r e l a t i ve ly  wet year were . 
given in Chapter 4 (Tables 5 and 6 ) .  Daily summaries fo r  July ,  1961, a 
r e l a t i ve ly  dry year  a r e  given in Table A2. Yearly summaries f o r  1961 

a r e  given in  Table A3. In these summaries, a l l  values a r e  given i n  cm 

except SEW which has un i t s  of cm days.- Note t h a t  predicted depth t o  the  

water t ab le  (DTWT) increases gradually through the  month of July  w i t h  

small reversals  due t o  r a in f a l l  on days 7 and 17. Much greater  f luctua-  

t ion of the  water t ab le  was predicted in  1959 because of large  and f r e -  
. . quent amounts of r a i n f a l l .  

Simulations were a l so  conducted as  an example f o r  i r r i ga t i on  of 

waste water. I r r i ga t i on  ( spr ink le r )  of 2.5 cm was scheduled once per 

week when s ~ i l  water and r a in f a l l  conditions would permit. The only 

changes in the input data (Table Al) a r e  i n  card 10 where 7 shoul'd be 

subst i tu ted f o r  365 and in  card 11 where the value 1.25 should be typed 
fo r  AMTSI. Then water would be appl ied f o r  two hours (1 000 t o  1200 
hours - card 10) a t  the  r a t e  of 1 .Z5 cm/hr on every 7th. day (NDTOAY) . 

Examples of the  computer output a r e  shown in ~ i b l  e A4 fo r  da i ly  

summaries f o r  July  1961. Note t h a t  the  l a s t  column ih Table A 4  gives 

the  waste water application f o r  each day. Applications were scheduled 

on days 1 and 8 b u t  were skipped because t h e  a i r  volume was below 

REQDAR = 3.5 cm a t  the  time of i r r i ga t i on .  I t  should a l so  be noted t h a t  

the da i l y  values given in Tables A2, A4 and i n  Chapter 4 represent con- 

d i t ions  a t  the  - end of the  day. Monthly summaries f o r  1961 a re  given in 

Table A5. A t o t a l  of 65 cm was i r r i ga t ed  during 7961. If the drains  had 

been spaced c loser  or  deeper such t h a t  scheduled i r r i ga t i ons  would not 
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have skipped because of wet so i l  condit ions,  130 cm could have been 
i r r i ga t ed  t h a t  year .  Notice t h a t  only 2.5 cm could be i r r i ga t ed  in 

January, 0.0 i n  February, e t c .  Therefore the  model can be used t o  
determine time of year when storage i s  necessary - see  Chapter 6 f o r  
more discussion on t h i s  point. Yearly summaries and ranking a r e  given 
in Table A6 f o r  t h i s  example. The  4th lowest year ly  t o t a l  i r r i g a t i o n  
i s  57.5 cm so this would represent the  5 year recurrence in terval  
(2014 = 5 ) .  Therefore, on the  average, we could expect t o  apply a t  

l e a s t  57.5 cm of i r r i ga t i on  water in 4 out  of 5 years on this so i l  w i t h  

the  given drainage system. 
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Table  A? ,  Example i n p u t  d a t a  for DRAINMOD. 
CAR0 











-h 
0 
-5 

P, 

-3 

2 
0, 

st. 
< 
2 
e 
CL 

2 



Table A4. An example of output for daily summaries when waste water application is 
Note the last column is amount of waste water applied. Under drier cond 
been applied on days 1 and 8, but these application were skipped because 
(TVOL) at the scheduled time of application. 

DAY 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
10 
19 
20 
2 1 
22 
23 
24 
25 
26 
27 
2B 
29 
30 
3 1 

RAIN INFIL 
0 .0  0.0 

AIR VOL 
3.02 
3.75 
3.41 
4.68 
4.66 
4.47 
3.41 
3.51 
4.05 
4.56 
5 .a4 
5.23 
5.66 
6.06 
4.66 
5.13 
4.98 
4.81 
5.29 
5 - 3 1  
5.uA 
3.23 
3-99 
4.59 
5.10 
5.39 
5.64 
6-03 
5.22 
5.65 
6.05 

TVOL 
3.0'2 
3-75 
3.41 
4.08 
4.74 
4.47 
3.41 
3.51 
4.05 
4.56 
5.Q4 
5.23 
5 . ixi 
6.55 
4.66 
5.35 
4.50 
4.81 
5.40 
5.37 
5.08 
3-23 
3.99 
4.72 
5.34 
5.91 
6.51 
7.13 
5.22 
5.93 
6.63 

DDZ 
8 .0  
0.0 
0.0 
0.0 
8.31 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 . 9  
0.86 
1.93 
0.0 
0 .  C6 
0.0 
0 . 0  
0.44 
8.0 
0 .0  
0.0 
0.0  
0.5 1 
4 .36 
2.07 
3.42 
4.36 
0.0 
1.11 
2.34 

WETZ DTWT 
61.22 61.22 
65.28 65.28 
63.3% 63.39 
67.12 67.12 
70.25 70.54 
69-28 69.28 
63.38 63.38 
63.95 63.95 
66.93 66.93 
69.77 69.77 

scheduled at 2.5 cm, once per week. 
itions, 2.5 cm of water would have 
of insufficient drained vol ume 

WLOSB 
8-21 
0. I t 3  
0.17 
0.17 
0.15 
0.16 
0. 14 
0.16 
0.17 
0.15 
8.14 
0. I 3  
8-12 
0.18 
0.13; 
0.13 
0.13 
0.13 
0.13 
0.13 
0.12: 
0.16 
0.17 
0. lii 
0.13 
0.12 
0.11 
0.09 
0.11 
0.12 
0.110 

SEN DPITB'I 
0.0 



C C L  
+Zd -A. 

[;QlO[;a44mz130~t: vl . . . . . . . . . . . .  
~ ~ e ~ a c ~ ~ ~ o o ~ o b l  7 v, 

3 3 0 0 0 8 C Q C  w 3 



-. - 

9 65 

APPENDIX B 

SOIL PROFILE DESCRIPTIONS 

1.  Cape Fear Loam 

Tidewater Research Sta t ion,  Plymouth, N.C. 

Field: M-3 (near center of f i e l d )  

Soil Family 

Depth, M 

0 - .25 

Name: Typic Umbraquul t, clayey, mixed, thermic 

Prof i l e  Description 

Description 

Very dark brown (10 Y R  2/21 loam or very f i n e  sandy 

loam; c l ea r  boundary - 
Dark grayish brown (10 YR 412; 512 and 516) smooth 

s t i f f  clay with common f i n e  yellowish red ( 5  YR 

4/81 mottles; common f i n e  mica; grades - 
Very pale to pale brown (10 YR 7/3 - 613) w i t h  

brownish yellow (10 YR 616) mottles; sandy c lay loam; 

bedded clayey and sandy material grading to  1 igh t  

sandy loam a t  1.1 to  1 .3  m ;  grades - 
Gray (1 0 Y R  6/1) medium sandy loam - lqmy sand; 

grading to gray (5  Y 511 ) .  
Gray (5  Y 5/1) f i n e  l i g h t  sandy loam grading to  

gray (10 Y 5/11 a t  about 4 m ;  few g r i t s  to 4 rnm in 

lower .3  m ,  
Base of Pamlico 

Begin small 

5 G Y  511 mealy feel  ing 1 igh t  loam grades gradually to 

5 GY 411 tough s t i f f  c lay loam; fo s s i l  fragments 

became common and coarser.  

2 .  Goldsboro Sandy Loam 

Lower Coastal Plains Tobacco Research S ta t ion ,  Lenoir County, 

near Kinston, N . C ,  

Described by: R .  D. Daniels and E .  E. Gamble 

Atti tude:  About 21 m MSL 

Soil Family Name: Aquic Paleudul t ,  fine-loamy, s i l i ceous ,  thermic. 



Depth, m 
0 - 0.3 

0 , 3  - 1.1 

9.1 - 2.6 

Prof i 1 e Description 

Descript ion 

Ap horizon -- sandy loam - 
B horizon -- brownish ye1 low (1 0 YR 6/61 f i n e  c l a y  

I 

loam t o  sandy c l a y  loam; c l e a r  - 
Mottled l i g h t  red (2 .5  Y R  6/61, reddish yellow 

( 5  YR 6/81, and very pa le  brown (90 YR 713) tough 

medium f i n e  c l a y  loam; gradual - 
Light  yel lowish brown (10 YR 6/41 medium sandy loam; 

c l e a r  - 
Reddish ye1 low ( 7 - 5  Y R  6/61 very coarse  sand t o  

loamy sand; abrupt  - 
Base of  Wicomico MSU. 

Begin Cretaceous Pee Dee. 

Reddish yellow ( 5  YR 618 and 7.5 YR 7/81 medium t o  

medium f i n e  loam t o  sandy loam; abrupt  - 
Dark greenish gray (10 Y 411 ) f i n e  loam; one 3 cm 
angul a r  phosphate pebb3 e ;  gradual - 
Dark gray ( 5  Y 4/71 medium coarse  loam t o  sandy c l a y  

laam; grades t o  very dark greenish gray (darker  than I 

5 G 4/11 tough calcareous l i g h t  loam. 

Base of hole a t  8 .5  m.  
3.  Lumbee Sandy Loam (mixed minerolagy t axa jun t  of Lumbee) 

H. C .  Austin Farm near  Aurora, N.6. 

Soi l Fami l y  Name: Typic Ochraquul t, f i n e  loamy, s i l  icebus,  thermic. 

P r o f i l e  Descript ion 

Depth, m 
0 - 0.25 

0.25-0.4 

0.4 - 1 .0  

Descript ion 

Gray t o  dark gray f r i a b l e  sandy loam, abrupt  boundary - 
Gray sandy loam mottled w i t h  dark brown, grades t o  

Gray mottled with ye1 low f r i a b l e  t o  f i rm sandy c l ay  

o r  sandy c l a y  loam, some small pockets of medium 

sand o r  loamy sand intermixed, grades t o  

Gray sandy loam t o  loamy sand, sometimes l i g h t  gray, 

bottom o f  t h i s  l a y e r  a t  1.35 m f o r  lower su r face  

e l eva t ions ,  l , 6  m f o r  higher sur face  e l eva t ions .  



1,6 - 2.5 Dark gray loamy sand o r  sandy loam w i t h  shel l  f rag-  
ments t o  5 mm mixed in marl l i k e  material w i t h  some 
c lay,  densi ty  increase with depth, 

2.5 - 2.8 Dark gray, hard, t i g h t  f i n e  sand w i t h  some c lay,  
doesn ' t  appear sa tura ted.  

4. Ogeechee Loam 

McArne Bay, McNair Seed Co. Farm near Laurinburg, N.C. 

Soil Family Name: Typic Ochraquul t over sandy, s i l  iceous, thermic. 
Profi l e Description 

Depth, m Description 

0 - 0.20 Gray, f r i a b l e  loam o r  sandy loam - 
0.2 - 1.2  Clay loam o r  sandy c lay,  abrupt t o  - * 
1.2 - 2.4 Light gray loamy sand w i t h  bodies of  sandy loam 

Depth of top of this l ayer  var ies  from 1 to  2 m ,  
thickness va r ies  from 0.5 t o  1.2 m depending on 
locat ion - 

2.4 - Sandy c lay  sediments, t i g h t ,  massive s t ruc tu re ,  firm 

consistence.  Thickness of this l ayer  was not 
determi ned . 

- - * 
Note: When sandy layer  doesnY e x i s t  o r  occurs a t  depths > 2 m the  

so i l  i s  c l a s s i f i e d  a s  a Coxville. The sandy layer  was discon- 
tinuous in  the experimental s i t e  w i t h  some areas of Coxville. 

The sand layer  occurred c lose r  t o  the  surface than 1.2 m i n  

some areas  and would be c l a s s i f i e d  as  Lumbee. 
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APPENDIX C 
ROOTING DEPTHS FOR EXPERIMENTAL S I T E S  

Tabl e C 1 .  Roo t i  ng depths f o r  experimental s=i t e s  a t  Aurora and 
Plymouth, N,C. 

3 cm f a1 -8 ow 
3 p l a n t  po ta to  
5 DO t a t s  

7 06 12 po t a  t o  
136 2 5 p o t a t o  
772 - 2 5 h a ~ v e s  t 

p o t a t o  
f a 1  7 ow 
p l a n t  
soybean 
soybean 
soybean 
soybean 
soybean 
soybean 
ha rves t  
soybean 
f a 1  low 
Pa% low 

Aurora - 7975 
001 3 f a1  1 ow 
912 3 p l a n t  co rn  
1 30 4 e o ~ n  
143 I 5  co rn  
157 25 corn  
177 30 co rn 
205 30 corn  
230 20 corn  ready 

t o  ha rves t  
248 4 0 ha rves t  
249 3 f a l l o w  
31 6 3 p1 a n t  wheat 
330 5 wheat 
36% 5 wheat 

t 

001 
04 1 
075 
'6 06 
140 
168 

h 69 

175 

'1 95 
2% 0 
21 7 
265 
280 
31 4 
320 

366 

ooa 
1 I 9  

I37  
150 
165 
1 79 
2 85 
252 
248 

249 

Aurora - 1977 
3 
3 

wheat 
wheat 
wheat 
wheat 
wheat 
wheat 
h a r v e s t  
wheat 
s tubb l  e 
p l a n t  
soybean 
(n0t-i 1 ) 
soybeans 
soybeans 
soybeans 
soybeans 
soybeans 
soybeans 
h a r v e s t  
beans 
f a 1  l ow 

1 

f a l l o w  
p% a n t  
co rn  
c o r n  
co rn  
c o r n  
c o r n  
co rn  
CO r n  
h a r v e s t  
c o r n  
fa7 l ow 

365 3 Pa l  l ow L 
,% 

Crops grown on t h e  Aurora s i t e  i n  1973 and 5974 were t h e  same w i t h  o n l y  
s l  i g h t  d i f f e r e n c e s  i n  p o t a t o  h a r v e s t l n g  dates and soybean ha rves t i ng  dates.  
I n  I 9 7 4  po ta toes  were harves ted  an day 169, beans p l a n t e d  on day 992 and 
harvested on day 332, 
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Table C1. Continued. Root ing depths f o r  experimental  s i t e s .  

J u l  i a n  Date Root Depth Crop 
Plvmouth - 1973, 1974, 1975 

Plymouth - 1976 
3 
3 
4 

15 
2 5 
30 
30 
2 0 
10 
3 
3 

f a1  low 
p l a n t  corn  
corn  
corn  
corn 
corn  
corn  
corn  
ha rves t  
f a l l o w  
fa1  1 ow 

fa1  1 ow 
p l a n t  corn 
co rn  
co rn  
corn  , 

corn  
corn  
corn 
ha rves t  
f a 1  1 ow 
p l a n t  
wheat 
wheat 

J u l i a n  Date ' Root Depth Crop 
P l m u t h  - 1977 

wheat 
wheat 
wheat 
wheat 
wheat 
wheat 
ha rves t  
wheat 
f a l l o w  
p l a n t  
soybean 
soybean 
soybean 
soybean 
soybean 
soybean 
ha rves t  
soybean 
f a 1  1 ow 
f a l l o w  
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8 ,  - 
3 
4 
ti 
6 
7 
8 
9 

I C" 
I I 
12 
13 
14 
13 
16 
17 
18 
19 
2 (4 
2 1 
22 
23 
24 
2;;; 
26 
2r 
28 
24 
36 
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DAY 
1 
" 
L- 

3 
4 
5 
6 
'7 
F, 
9 

1 a, 
I I 
12 
13 
14 
P 5 
1 e 
17' 
1 e 
19 
28 
2 1 
32 
23 
24 
25 
26 
21 
28 
39 
30 
3 1 
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ELEVATIONS ( ABOVE DATUM) AT THE PLYNOU?II 6 ITE 

- -  - .. 
DAY JAN FEE PZCLR 

1 9.7 9.8 8.3 

Table D4. DRAIN OUTLET 

DAY JAN 
88.5 
78.5 
B2.Q 
85.5 
83.8 
84.0 

IJATER LEVEL 

1955 
FEB MAR 
18.8  42.5 
81.0 42.5 
83.5 42.8 
83.0 42.8 
39.5 42.0 
87.5 42.0 
88.5 41.9 
83.5 40.9 
81.5 40.5 
79.5 42.G 
78.8 40.0 
77.5 38.8 
76.5 36.5 
75.0 38.5 
74.0 39.0 
8 4 . 0  45.5 
93.0 43.5 
9a.5 80.6 
92.0 17.e 
90.5 28.8 
871.5 38.8 
86.5 30.5 
86.5 30.5 
86.0 24.6  
87.5 35.5 

APR 
m N m  

MhY JUN JUL 
4.1 6.5 5.8 
4.1 5.2 4.8 
4.2 6.3 4.6 
4.2 5 . 8  4.5 
4.2 6.4 4.4 
4.9 5.2 5.6 
4.9 4.8 5.6 
4.9 3.0 6.1 
4.8 5.0 7.8 
4.8 5.0 9.2 
4.8 4.9 9.2 
4.7 4.12 9.2 
4.7 4 .  8.6 
4.6 4.6 8.6 
5 4.5 7.8 
4.4 4.4 6.6 
4.4 4.3 6.2 
4.3 4.1 5.8 
5.8 3.9 6.2 
5.8 3.7 6.9 
5 3.5 6.1 
4.9 3.4 5.2 
4.8 3.2 5.1 
4.8 3.4 5.4 
4.7 3.5 5.9 
4.6 3.4 6.2 
7.4 3.6 7.3 
6.7 3.8 7.8 
6.1 5 . 1  6.6 
5.8 3 .  1 7 . 2  
5.4 8.0 7.2 

AUG BEP OCT 
6.6 6.6 
6.5 5.4 
6.6 5.2 
6.6 5 . 1  
6.5 5.0 
6.5 4.9 
7.1 4.8 
7.0 4 . 7  
7.0 4.6 
6.9 4.4 
6.9 4.3 
6.8 4.2 
6.6 4.2 
6.4 4.1 
4.2 4.0 
6.2 4.8 
6.5 4.8 
6.8 5.6 
6 . 8  5.8 
6.8 6.4 
6.6 6.5 
6.6 6.4 
6.5 6.3 
6.4 6 . 2  
6.2 6.1 
6.0 6.8 
4.0 5.9 
5.8 5.8 
5.8 5.7 
5.8 5.6 
0 . 8  5.5 

ELEVAT~ONS ( ~ O V E  D A ~ )  AT TBE PLrnowm 

XONTH 
Uhli MAY J U N  J U L  AUG 8Ef OCT 
37.0 36.0 87.6 53.3 5 8 . 0  28.5 72.5 
36.5 36.5 36.5 51.0 56.8 28.5 71.0 
37.0 37.0 36.8 48.5 54.8 28.5 68.5 
36.8 36.0 34.5 47.5 52.5 28.5 66.5 
33.0 35.0 3 2 . G  48.0 50.5 28.5 65.0 
34.0 34.0 3 0 . 3  47.0 48.5 28.5 65.0 
33.8 34.0 25.0 47.5 48.5 36.0 63.5 
33.8 36.5 29.5 51.0 48.0 46.5 62.0 
33.5 38.5 29.5 52.8 47.0 54.5 61.5 
33.5 38.5 29.0 58.5 45.0 53.0 61.6 
33.5 38.B 29.8 67.0 44.a 51.5 60.5 
34.0 38.0 29.0 85.5 43.0 49.5 59.0 
33.0 38.8 29.0 98.0 42.0 47.5 5'7.5 
32.5 37.5 29.0 87.5 40.5 45.5 56.5 
56.8 37.5 29.0 84.0 39.0 44.0 55.0 
47.0 38.0 46.5 95.5 37.5 48.0 54.0 
43.0 37.5 51.5 95.5 35.5 54.5 58.5 
43.8 37.5 65.0 81.5 32.0 54.5 66.5 
41.8 37.5 63.5 65.5 24.5 54.8 79.0 
41.5 37.0 57.0 63.5 29.0 5 2 . 5  78.0 
48.0 36.5 36.0 63.0 28.5 52.0 76.0 
38.5 36.0 58.5 62.0 28.8 59.5 73.0 
37.5 35.5 57.5 62.0 223.5 72.0 70.5 
36.5 35.8 h0.8 62.0 28.5 77.5 69.8 
36.8 36.0 92.5  68.5 2.5 75.5 68.0 
35.5 37.5 34.5 65.8 28.6 78.5 74.5 
35.5 3'7.5 23.5 63.0 28.3 81.0 82.5 
36.0 37.8 23.8 62.0 28.3 78.5 80.5 
35.0 37.0 58.5 61.5 28.5 76.0 62.5 
34.5 37.0 56.5 48.5 28.5 74.0 44.5 
0.8 37.5 8.0 59.5 28.5 0.8 42.5 

DEC 
6.9 
6.6 
6.6 
6.5 
6.5 
6.3 
6.2 
6 . 1 
7.1 
7.0 
6.9 
6.8 



Table D4. DRAIN OUTLET WATER LEVEL ELEVA'rlONB (AU(9tX DATUH) AT TIIE: PLWOUTII 

19'96 RONmI 
DAY JAN FEB MnR APA MAY JUN JUL RUG 8EP OCT 

1 56,5 8 8 . 8  39.0 4 1  29.@ 67.0 6 9 , 8  4 5 . 0  29.8  44.0 
2 6 8 , s  67 .5  39.8 4 9 1 h 6  6 4 , 6  8460 48.5 29.5 44.0 
3 49 .8  63,8  39 ,0  4 34.2  fi?,5 7 3 . 0  4 5 , 0  29.5 48 .8  
4 6 60.8 59.8  89,8 33e8 62 .8  6 6 . 0  44.0 29.8 42.5 
8 48,8 % 9 , 5  38,5  39.6 91.7 D9,7 51.0  40.8 29.5 42.5 
6 L7.6 4888 4118 98aQ 30.8 B R , T  40.8 43.5 28.6 41.5 
7 48,8 47 ,@ 41 ,0  3U.1 29,s 01 ,7  38.0  42.5 2 0 , 5  4 1 . 8  
.6 82,O 46.0 4 1 * 8  38 .9  SU.5 E?,O 38.0 41.5 29.5 40.0  
9 88.8 410.8 45 .6  8 0 . 1  W07' 06.5 31.5 48.8 29.5 41.8 

1 C) d9.D 46.8 44.6 9 . 2  38.0  0 6 . 2  38.0 49.8 34.0 44.8 
111 68,O 44,5  43.8 Y $7' 30,0  R!T,? 39 .0  49.8 48.5 45.3 
1 a 47.8 4 43,o 86.7  3 8 , ~  68,o 4 0  47.8 41.0  43.8  
I9 8 6 . 6  43.6 4 86.2  37 .0  04 .0  41.5 46.B 4 42.2 
14 46,0  46,ID 42,8 38 ,2  44.8 84.6  43.8 40.8 41.0 41.8 
1 R &8 ,8  44 .8  41 .5  34.7 4 8  54 .0  42.5 '$5.2 48.Q 4s.a 
16 46 .6  44 ,8  44,  63,O 43,s 84.a 4 43.8 55.0 39.0 
1T 60.B 43.8 49, 53.0  44l.8 5 5 , O  40.0  44.0 58.5  58.5 
18 &8,8  48.5 48, 32.6 40.8  84,Q 38.8 45.5 49.5: 30.5 
10 47.6 4 7  42 ,s  82. Q%*7 64e0 38.8  41.8 48.5 37+5  
SO 4 48.8 $ 1 ,  2 63.8 37.8 10 .8  47.5 39.0  
a I 48.8 2 . 0  6 1 ,  44.5 na,e 36 .0  4w.s 46.0 42.7 
aa 48.8  42.6 4 1 .  B 43.7 I 30.0 39.8 48.8  43.6 
23 6 43.8 40. 6 48*@ 80 ,8  48.0  31.7  41.5 42.5 
24 M.0' 42.G $Q t  8 43.8 69.8 46.8  5 4 3  41 .1  
2s 66.8 41.8 48, 0 48.0 44,O 45.8 32.8 43.5 41.8 
26 7 4 48.5 2 9 , 2  4H.Q 6 44.5 38.0  42.Q 41.0 
2ls 1.0 4 4 8  29.0 82.B 46, 14 ,8  38.8 4 5  39 .8  
28 9 . 0  56 .Q  46. .5  29.5 1 8  38.5 
39 8 .0  SID.8 44. $ 8  29.6 48.5 38. 
88 9.8 60.8 83.5 $ 8  29.5 42.5 31. 
8 1 60*@ 8 , O  41.5 29.6 8 . 0  37,  

BITE 

NOV DEC 
87.1 62,s 
BY.@ 68 .5  
B6.5 59.5  
85.7 58.7 
3 4 , 1  57.7' 
03.5 56 .6  
32.7 87.0  
31.5 63.5 
D8.5 78.0 
$29.5 78 .8  
29.5 14 .8  
29.5 82.2 
29 .1  82.5 
29.5 83.5 
40.0 83.5 
54.6 90.5 
5 5 . 5  88.5 
36.5 86.0  
St.@ 85.5 
65.5 68.8  
55.0  51.Q 
6B.Q 49.5 
63.5 41.8 
2 . 7  46.5 
118.5 46.0 
62.8 47.5 
84.Q 49.6 
53.8 41.5 
68.0  56.5 
$0.5 57.0  

8 . 8  51.5  

OCT 
36. @ 
'38.Q 
3Q.8 
36b. @ 
363.8 
38.8 
9@,@ 
$43.8 

3Q. S 
3Q.Q 
86.7 
41.2 

42.3 

87.5 
37.8 
49.a 
t68,Qa 
PSa.9 

DEC 
48.3 
41.5 
41.5 
41.5 
42.1 
42.7 
43.8 
98. 
41.6 
41.6 
41.9 
41.1 
41. 
45.5 
58. 
48. Q 
46.63 
82.5 



Tab 1 e D 5 .  DRA 1 N OWLET l?A'lER LEVEL ELEVATIONS ( ;ABOVE DATUU) AT THE LAUHI NBUK 6 1TE 

DAY 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 
2 1 
22 
23 
24 
25 
26 
27 
28 
29 
30 
3 1 

JAN YEB 
00.5 73.0 
80.5 79.5 
88.5 78.5 
B0.5 78.0  
80.5 76.0 
80.5 75.5 
50.5 74.0 
B0.5 73.0 

APR 
60.0 
58.5 
58.0 
57.5 
56.6 
55.8 
55.8 
341.5 
54.0 
53 .6  
52.0 
51.5 
51.0 
58.5 
49.0 
48.5 
41.5 
47.0 
47.Q 
47.5 
46.0 
46.0 
45.5 
44.8 
43.8 
43.0 
42.8 
41.0 
41.0 
41 .8 
0.0 

MONTH 
JUN JUL 
51.0 56.0 
52.5 56.0 
53.5 56.0 
58.5 56.0 
58.5 56.0 
58.5 56.0 
58.5 56.0 

AUC 
56.8 
56.0 
56.0 
56.8 
14.5 
12.0 
10.5 

SEP 
9.0 
9.0 
9.0 
9.0 
9.0 
9.0 
9.0 

OCT 
9.0 
9.0 
-9 .8  
9.0 
9.0 
9.0 
9.0 

DEC 
55.0 
5G.0 
53.0  
52.0 
51.5 
51.0 
53.5 
5 8 . 8  
59.0 
58.5 
57.5 
68.8 
68.5 
65.5 
71.0 
76.0 
74.0 
72.0 
78.e 
67.0 
65.5 
65.8 
65.0 
64.5 
63.5 
66.0 
67.0 
66.0 
66.8 
66.0 
66.0 


