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. ~Agrj)cultural, Enginee!:ing 

ASHIM K. BHATTACHARY.A " 
\ 

HYDROLOGIC AND ECONOMtc MODELS FOR SUBSURFACE DRAINAGE 

Field and laboratory experiments were conducted on so~ Q 

80ils of the st. Lawrence Lowlands region., wi th a view to 

evaluating slme pertinent soil water ·properties, relating 

actual evapotranspiration to potent~al evapotran,piration and 

available water, and relating drainable poroslty to water 

~able depth. , 

A water balance model was developed and used 'with the 

results of the above investigations to predict daily water 

table depths. .. 
Based on information from literature, a crop loss model " ~\ 

was developed, .and the two models were used with 76 years of 

weather data from thl Ottawa station to comput~ yearly losses 

and the assoclated probabilities, and the average annual 10S8 

for cJrn .. 

annual revenue increase from a 

by subt'acting 

fub8urface 

the av~rage drainage system\ was computed 

annual crop 1085 and the equivalent annuai investrnent cost 

from the no-l08S crop value. Thi~ analysis 'was done for 

various cornbinations of soil, economic and de~ign par~eters. 
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MODELES HYDROLOGIQUES ET ECONOMIQUES DE -D~INÂGE SOUTERRAIN 
1 • 1. • 

, On a ~rocéd~ à 
, " / 

~es expé~;ences aU c7amp et en laborato\re 

sur quelques sols;d~s basses 'terres de la/plaine du St-Laurent en 

vue: (1) de detérminer c:uelc;Iues car?cté,ristiques hydrolo~iques 

deS\ sols; (2) ?'établit, un rapport entre l'évapotranspiration 

ré~lle, l'é~ap6~anspiration potentielle et l'eau disponible; 

(3) et d'obtenir une relation entrè'la porosité utile a& drainage 

et.la ~Eofondeur de la nappe phreatiq~e. 

~. Les'résultats de ces :xpériences ont permip de cons~ire 
un modele du bilon d'eau utilisable pour predire les ~rofondeurs 

quotidiennes, de la nappe phréatique. 
f 

Se basant sur les etudes d'autres chercheurs on a cons/ruit 

Un modele pour calculkr les pertes de récolte causées par une / 
i 

napp~ d'eau élevée tout en tenant compte de la durée de cett# 

élévation de la nappe; 

Les de~ modèles mentionnés plus haut ainsi que les/données 
1 

météorologiques des 76 de'rni'ères années a ottawa ont été utilisés 

en vue d'estimer les pertes annuelles de: récolte; degré /.e probabi­

lité de ces pertes ainsi que les pertes annuelles moyen~es pour la 

reéolte de mals. 1 

On" a calculé l'augmentation du revenu annuel retiré d'un 

syst~me de drainage souterrain en. retranchant la perte annuelle ' 
/ 

moyenne de récolte et la cOût d'investissement annuel s'équivalent-

de la valeur 'd'une récolte intacte. 

O~ -a effectué cette anaiys# pour 

types de sol, de ~aramètres économiques 

systemès de drainage souterrain-;-' 

diverses combinaisons de 

et de dimensionnement de 

• \ '1 
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CONTRIBUTION TO KNOWLEDGE 

Although much research work has been done in "a11ied fields on 

m~~ters dea1ing with SUb1.rface drainage design, to d~te ~n1y , ~ew of 

the res~lts have found g era1 app11cab~~ty. This is due to; ~ai1ure 
of some of the" assumpt~o s of the theory to be satisried under ie1d 

conditions; assumfng some pertinent soi1 water properties to be on­

stant, which, in ~ea1i~Y, ~re variable; and the d~t~rmiJistic na1re of 

most of the ana1ysps, 'whi1e important causative factors,~or drain ge 

prob1ems, are stochastic in nature. \ ""~' 

In this work an attempt has been made to a11evi~te so~~the 
àb9ve-mentioneâ shortcomings. This thesis contributes to the kno ~dge . 
of subsurface draina e design theory and methodo10gy in the fo11owing< 

respects: 

1. The varia drainab1e porosity with respect to water 

table depth has been taken into qccount - Table 7. 

2. The transient water 'cohtent in,a soi1 co1umn has been used , . 
in the prediction 

and (b). 

ater table depth - ~quation (5.3), Figures 9 (a) 

3. 

with 

variation' of actua1 evapotranspir~tion 

water in the soi1 and potentia1 evapo-

and.uses a multiple regression equation 

redici actua1 evapotranspir~tion - equation (5.6). ' 

between these to 

4.' It uses a simple' water balance mo~e1 for w . \ 

prediction that ~ncorporates the resu1ts of 1, 2.and 

5. 
,. 

A considerable saving in computer $ost 

reducing the reqùired number of zones of the soi~ 

.~, 

v 

•• m 

\ ...... 

ter table 

ab'ove. 
1 

been achieved by 

to 01l'1y~. 
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6. Thé applicability of the water balance approache~ 'for sub- \ 

surfa e drain~ge design work in the st. ,Lawrence Lowlands r~gion has 

been 'ustified by comparing some statistical properties of ~he 
\ t ('! • \, ,. 

'disti'butions of the observed and the predicted water table depths, and 
, 

by an appropriate 5tatistical test Table 11. 

7. It proposes a methpd to compute th~ crap losses due ta 

vario s depths and durations of water table and uses the distributions 

of pr dicted water table depths to compute the probabilities of 

diffe ent annual crop lasses for various combinations of saturated , . 
hydra lie conductivity and drain spacing - Section'3.2 and 3.3, Table l , -
1:rnd Figure 14. 

8, 

that 

It has been foupd, using the lirnited crop loss data aVà~table, 

the conditions of no subsurface drainage, the average annual 

loss rom a corn crop would be a li~tle mare th an 50 peréent'of the 

full roduction - Figure 15. 

9. A method for revenue increase computations from the,informa­

tion btained, from 8 above, has been proposed for selected values of 

insta lation cost, interest rate, _amortiz~tion period and no-loss crop 

value - equation (5.7) and Table 14. 

f 
10. It uses the procedure of 9 above corresponding ta different 

drhi l~teral spacing - hydraulic canductivity co~inatiops and other 

pert nent information to calculate averag~ annual tevenue increases for 

d(fferent drainage design alte~natives - Fig~res 16 and 17. 

Il. The results obtained above indicate that the location of the 

maximum ayerage annual revenue increase with respect ta the _spacing is 
• / .. Cl 

insensitive ta installation cast, 1nterest rate, arnortization period, 

and no-loss crop value, but i~ sensitive 

- Table 15 and, s~~sequent discussion: 

to sail hydraulic conductivity 
\ 

Thë predicted water table depths obtained from the water balance 
'" model were found to be close ta the observed values, and a statistical 

test indicated no significant difference betw~en th~·c two at the 99 per 

confidence level. 
1 

, 
The accounting for the var~ability of 

~\ " 
l'~ 

~ 

vi 
t 

, 
\ 

dra~ 



- 1 

, \ 

( 

1 
\ ' 

, ~OSitY with 

av ilable wat 

the 

water table depth, and of"actual evapotranspirat{on with 
1 

rand p9tential evapotranspir~t~on, is consideréd to be 
~~ ,/ n for this close agreernen\. 

ults provide quantitative information hit~rto scanty -

about the eff cts of various parame~~rs on the averag~ annual revenue 

increases stibsurface drainage systems. 

and 

interrnediate c 

polation. A 

( 
been done for selected hydraulic conductivities 

rameters to cover a wide range of possible combinations. 

and tables'presented, res~lts ~orresponding to sorne 

ditions of various paramei1rs can be obtained by inter­

sta~t value for drain depth of 1200 mm has beèn assumed 

1 analysis. Although~ a, change in this parame ter will 

alter the predi ted water table dept~~, it is recognized that the flexi-, 
bility in this arameter is lirnited, and the selected drain depths in 

rnost cases in Q ebec are close to the chosen value. In locations where 

the drains are laced shallow, e.g. 0._8_m, narrower spacings bet:'ween 

arain laterals ill need to be used~ 

~ 
:: 

\ 

\ 

, 
D > 

.' 

J 
\) 

.. 
vii 

" ... 

J .. 

'1 

, 
~ 
i 

l 
1 

:!, 
t: 



( 

C" 

ABSTRACT 

SOMMAIRE .'... 

ACKNdWLEDGEMENTS 

CONTRIBUTION TO KNOWLEDGE o' 

LIST OF FIGURES 

TABLE OF CONTENTS 

.' . 

. . 
" 

. 

Page 

i 

ii 

• 0- iii 

v 

xi 

LIST OF TABLES .xiii 

LIST OF SYMBOLS AND ABBREVIATIONS . . 
... ,e .... 

o 
I. INTRODU~TION ...•. 

1.1 Statement and Nature of the problem 

1. 2 Objectives. o. • • 

1.3 Scopa, of the Work 

l-r. REVIEW OF LrTERATURE 

1\ 

• 1. 

-. 
2.1 The An~lytical Approach to Subsurface Drainage Design 

2.2 The Water Balance Approach to Subsurface Drainage 
Design \. . . . • . • • . • • 

2.2.1 D~ainable porosity 

2.2.2 Evapotranspiration 

2.3 Economie Considerations in Subsurface Drainage Design _ . 

III. THEORETlCAL CONSIDERATIONS . • <. . ;; 
a 3.1 Prediction of Water Table Depths using a Water Balance 

Model . . • .... . • . . . . . . . • . . 

3.2 Yield Reductien due ta High Water table 

3.3 Probabilities of Crop Lasses and the Average Annual 
R:evenqe Increase ,Computation- -; -:--~--;--;-.--. '. 

o 

viii 

.1 

\ 
\' 
\ 
\ 

xiv 

l 

l 

4 

5 

6 

6 

10 

13 -{ , 

16 

19 

23 

23 

29 . 
f -

'33 

t 

---

It>oU __ · ........ _ ..... __ ·~·_ .. _Nf ................ l1 .. 'I_·_ ... n ...• __ ,_= _____ -o:-____ t\"\ _______ •• ________________ Il' 

1 

, . 



r 1 
/ 

IV. MATERIALS AND METHODS 

4.1 Drainable Porosity, Measurernents 

4.2 Actual Evapotranspir:tion Measu~~~nts 
4.3 The Wate~ Balance Model 

4.4 Crop Loss Computation in the Model 

V. RESULTS AND DISCUSSIOM, . 
1 

5.1 Drainable Poràsity 

5.1.1 Drainable porosHy- water table depth 
relationships .. • . . • . . . • . . 

5.1.2 Water table depth - transient water content 
re~ati(Dn . . 1. .• ..•.. .• J' .,. 

5.2 Actual Evapotranspiration 

5.3 Water Balance Madel ...• 

5.3.1 Comparison of observed and predicted water 

5.3.2 

table çlepths . . . •. . . . . . 

Statistical analyses using observed ana 
predicted water table depths .• '. • •. . . . .. 

5.3.3 Application of the integrated water balance and 
crop loss mode). in average annual crop 1055 

Page 

38 

38 

42 

43 

47 

47 

58 

62 

67 

72 

72 

78 

calculations . . . . • . . • . . . 81 

5.3.4 Average annual revenue increase due to subsurface 
drainage for different,design alternatives. . .• 88 

VI. SUMMARY AND CONCLUSIONS 

SUGGESTIONS FOR FUTURE RESEARCH 

REFERENCES 

APPENDICES 

A. 

B.l 

B;.2 

, 
particle size distribution for Upland sand and 
Ste. Rosalie clay ...• . . . • . • • • . • 

Analysis of yarianc~ for bulk densities of 
and Ste. Rosalie clay . . • . . . • . • • 
Analysis of vari~nce for multiple regre si 
actual evapotranspi~ation, av~ilable wat 
potentia<~ e~apotranspiration 

. lx 

( , 

"" .-" 

wsrlr';f'tlll te 

95 

99 

101 

107 

108 

sand 
109 

109 

FU. 

" 
" , 

) 



,-- 1 

4I'.t 

.-

.. 

. , 
l' 

o 

,.' 

Page 

B.3 Sorne pertinent statis"tical p.aréUlleters associated 
II\with multiple regression between AE, AW and P.E ... 110 

C.l 

C.2 

D.l 

D.2 

D.3 

Integration of f - h relation for sandy sail and 
an example of the use of. this integrated function 
to compute cvolume of water drained from a 
saturated soil column due to a certain water table 
drawdown ... . . . . .. . . . . 

'\ 

Integration of f - h relation for clay sail 

Computer program of the integrated water balance 
and crop 10ss model . . . . . . . 

Basic input values into thEl;.model 

A sample of output from the mode1 showing recorded 
daily ~IN and FE and predicted val~s of othe~ 
variabies . . . . . . . . . . . . . . . . (' . . 

D.4 A sampIs of output from the model showing yearly 
crop lasses and the remaining values of crop • . 

D.5 
1 

A sample of output from the model showing the 
yearly losses, associated probabilities and the 

III 

113 

114 

122 

• c 123 

. 124 

average annual 10S5 • • • • • • • • • • • • • • • • 125 

f' 

....,... 

x 
i - ,1 

! 
, , , 



, - r 

( 

- y 

q:ST OF FIGURES 

• 
Figure Pag~ 

1. Schematic representation of steady drainage in homogeneous 
soil '..,,' . . . 

2. Corn yield - static 'tater table relation. (a) Individual 
studies. (b) Average of (a) and proposed ste!? function. 
(Data for Figure 2 (a) are obtained from van schilfgaarde, 

27 

1974) • . . • • . • • • . • •• • • • • • • • •• 31 

3. Sketch of a hypothetical distribution of water table depths 
. L" in the growing season of corn . . • . • 34 

4. Details of installations in the experimental plot 40 

5. Flow chart of the integrated water balance and crop loss 
model 45 

6. Water table and moi sture content variation wi th time in the 
experimental plot in Upland sand . . . . . . . . 53 

7. Water table and moisture content variation wi th time in the 
experimental plot in Ste. Rosalie clay .... 54 

8. Water table depth - drainable porosH:y relations. 
(a) Upland sand. (b) Ste. Rosalie clay. 61 

9. Water table depth - transient water content relations. 
(a) Upland sand. (b) ste. Rosalie ~ clay. • ..• \ ..• ~ 66 

1 

.~-__ 10. Sail moisture variation and rainfall in the plots for actual 
evapotranspiration measurement 69 _' 

11. Water balance model verifi~ation - Ste. Amable L9amy Sand 
(Beef farm) • . . • . . . . . . . . . . . • 

12. Water balance model verification - Ste. Rosalie clay 
(Seed farm) • • • • • . • • • . • • • • • • • . • 74 

13. Water ~alance model verification - Ste. Rosalie clay 
(Mr. J. P. Martineaufs farm at st. Clet) 75 

1'4. An example of crop lo!?s probabili ty curve and compu~atiot:l. of 
average annual crop 1055 •••• • • • • 83 

/ 

.' 

-j, 
~ .. 
-1 '. 1< 

~ 
l~ 
J.'; 

t 
" ,~j 
~i 

" 

-~"". 

~ 
;;.1.1 

l '" r 1 



\ 

( 

- " 

o 

" 

Figure 

15. 

16. 

(l 

17. 

Average' annual crop 10ss for various spacing - hy~raulic 
conducti vi ty combinat ions . . . . . • • . . • 

Average annual revenue increase due to subsurfacê drainage 
for various S - K combinations at l = 8%, AP =c 20 yea'rs 1 

IC = $0.98jrneter, NLCV $500.00jha and'ACL
O 

= $259.50jha. 
(AssUlJled depth of drain = 1200 1: .......... . 

Average annual revenue increase due to subsurface drainage . 
for various S - K combinations at l = 8% 1 AP = 20 years, 
lC = $1. 64jrneter, NLCV $ ~OO. OO/ha and ACL

O 
= $ 2 59.50, /ha. 

(Assumed depth of drain = 1200' liun) • • • • • • • 

xii / 
, . 

Page 

85 

91 

92 

'. 

o 



f 

~ 

,~, 

" 

" , 

( 

LIST OF TABLES 

Table Page 

/ 
1. Crop lo~s for various water table depths and durations 32 

2. Bulk densities ifs. depths in the experimental plots. . 48 

3. Variation of water table depth and soil rnoisture in the 
dralnable porosity experimental plot in the upland sand 51 

4. Variation of water table depth anCi soil moi sture in the 
drainable/porosity experimental piat ln the ste. Rosalie 
Dlay . . . . . . . . . · · . . · . 52 

5. Field~and laboratory values of drainable porosity for the 
Oplan sand ..•...•. . . . . · · . . · 56 

6. Field and labqratory values of drainable porosity for the 
ste. Rosalie clay . . . . . . · · · 57 

7. Non linear regression equations between dependent variable f 
and independent variable h . • • • ',' . • • • .• .-. 60 

8. Water table depth and remaining trànsient water in soil 

9. 

10. 

Il. 

12. 

13. 

14. 

15. 

columns of different depths . . • • . . • • • • . • • • 

Sorne average soil water propertie~ used in the present study. 

Sorne soil water properties for the experimental pl6ts for AE 
determination . . . . . . . . . . . . . . . . . . . . . . 
Statistical properties of the distributions of observed and 
predicted water table depths • . . . . • . . • . . ~ • . . . 

Values of sorne fixed soil water and design parameters used in 
the water balance and crop 109s mode1 • • • . • •.• • • .. 
Values of design drainage rate for various combinations of S 
and K •• 

sample table or economic ana1ysis results 

Drain spacings for obtaining maximum average annual ~evenue 
increase due tq subsurface drainage • • • • •• •••. 

,1 

xiii 

\ 

63 

64 

68 

79 

82 

87 

89 

93 

!' 

... ourw' 1! 7'% ,. _ ' •• r 12 --,m 

\ 

':~ 

~ 
",7: 

~J 

" '1 
'~ ,1 
l~ 

1 
f • 

'f. 



" -,' 

\ , 

. 
1 
I-

l 
,1 
! 

1 
! 

. , 

<-

-... ..-
,1 

LIST OF SYMBOLS AND ABBREVIATIONS 

All except the symbols pf some standard statistical pararneters 

are lis ted below. The latter have baer defined where they appear: 

Symbols used ~n the compuier program ;bavé been defined in the corment 

cards at the beginn:img of ~he program in Appendix D .1. 

.) 

MW Available water j.n a sail column 

ACI Unif,orm annual investrnent cost 

ACL, Cost of average annual crop 10ss 

Cost of average annual crop 1055 o~ a field with no 
subsurface drainage ~ ~ 

ADW Allowable water table depth from soil surface 
<-

AE Actual ,evapotranspiration 

AP? Amort.,ization period 

AW Available water- in a soil column (differs in unit from AAW) ,. 
AWL LGwe:r Hmi t oi available water 

AWU 

a 

cc 

cm 

D 

DD 

d 

f 

upper limit of pvailable water 

Coefficient 
( 

or constants 

s. (K) (HW) curve 

coefficient 

Cuba.c c~ntime!:er 
- ' 

Centimeter 

Diam~ter of ~rain 

. . , 

~ePth of drain from soi1 surffce 

Height o~ drain above impermeable layer 

Drainable porosity / 
9 (h) A' function of h, 

Nuli and alternatJ hypothesis H , H 
0 a 

HW d . 1 1 l "d b Height of water table from ra~n eve at.'lu -way etween 
drains 

xiv 

q • 



, ~ r ~ .. 

.( 

h 

ha 

l 

IC 

i 

K 

k 

L 

l 

m 

mm 

~LCV 

n 

PE 

p 

Q 

R 

RQl, 

RE 

n~ 

RMAX 

S 

s 

\\ \ 

î' TR 

TRMAX 

1\ 
V 

,\ 0 

Suction or depth'~f water table from soil surface 

Hectare "\ 

Interest rate 

Total cost of sUbsurface drainage per meter length of 
installation 

Subscript 

Saturated hydraulic conductivity 

Constant 

Length of drain 

Cost of crop loss 

Met~r 

Millimèter 

No-loss crop value 
, 

Manning 1 s roughness coeffic~ent or subscript 

Potential evapotranspiratidn 

. 11 
Fract~on ta compute crop 1ss 

Maximum drain capacity ta flow 

Steady drainage rate 

Rernaining crop value 

Av~rage annual revenue increase due ta the installatio~ 
of subsurface drainage syst~ 

Steady drainage ra":e obtained from Hooghoudt '5 equation 

Maximbrn or design drainage rate 

Spacing between drain laterals 

Slope of drain laterals 

Rernaining transient W'ater in sail column 

Maximum transient wàter contept 

Volume of transient water drained fr,om a soil ~olumn of 
unit cross sectional a+,ea, due to a'~ertaiit water table 
drawdown 

" 

\ 

1 
--,1-, -



"'''., 

, 

" " .. 

'\ 
" <l' r .. 

" 

" 
I. INTRODUCTtON 

1.1 styement and Nature of the Prablem '~~ 

Subsurface dra:f.nage is a reeognised and increas1.ngly practised 

meth'bd of removing excess soil w~ter. The design of sub'surface 
--.l~."ir 

drainage systems and the physics of flow of water through the, soil ~ .... 
towards the drains have been 'extensively studi~d iri . 'the. last quarter o~ 

... 

. the century. With the present state of the knawledge, it is possible , i 

\ ....:~ 
to determine appropriate spacing and depth of drains, for either a 

steady rainfall or a desired rate of water table drawdown. The success 

of a design is, however, dependent upon how c10sely the assumpt~ons of' 

.' the theory are satisfied in a given region. 

\ 

Because of large spatial variability of many soil water 

properties and failure to justify the assumptions of the theory under 

field conditions, the results of exhaustive theoretical research have 
-

searcely been used in practice. Instead, subsurface drainage des~gn 

'has long been 'based 'on sorne simple relationships between the mos!:;", 
. --

pertinent variables and !ri many cases based merely on experience. This 

has prolf.l.bited the designers fro:tD attaching a prior economic justifica-
.;."-

tion to a certain design alternative. 

Various theoretical'procedures ~r design, irrespective of their 
\ . 

rigor, are deterministic in nature. '1 This means that they provide 

,solùtions for specifie values of variables Buch as a steady rainfall 

rate or a desired rate of water table fall. Howe:ver, in reality, the 
fA 

factors such as rainfall and evapotran~Piration;l'hieh are directly 

responsible~ for causing water table fluct~o~s, are stochastic . 

hydrologie events. COJ;lventional theoreti'cal procedures are at p,resént 
Q 

not weIl equipped to ineorporate' this feature of the causative' factors. 

The present theories are also not'well equipped to incorporate the 
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continuously changing property of drainable porosity with respect to 

water" table depth changes. These dif,ficulties, and the advent and 
, 1 

availability of high-speed comput ers , have given rise ta the water 

balance approach for subsurface drainage design. 
. , 

The water balance approach is sufficiently flexible to enable 

2 

one to consider the stochastic nature of the pertinent variables and ta 

provide solutions ta drainage prob~ems on a regional 

incorporating appropriate values of soil-water-plant ., 
basis by 

r 

parameters. ' 

When the weather data-are available for a large number of years, 
, 

the water balance approach is pl.lrticularly useful as it enables the 

computation of probabilities of various depths and durations of water. 

tab le. This, coupled with the inf ormation on crop physiology and its 

susceptibility to damage due to various depths and durations of water 

tablr' makes possible the estimation of probabilities associated with 

various magnitudes of crop losses and average annual loss of incorne due 

to crop damage. This type of information is required when an analysis 

is aimed at providing an ecobomiC justification for a certain design 

alternative. 

'. 
In Canada, with a growing awareness among farmers of the benefits 1 

of subsurface drainage, substantial government -subsidies for drainage 1 

installations in some provinces, and a cool moist climate in many 

regions, the drainage ,installation rate iB increasing annually. A 

recent study (Broughton, 1976), shows that during the de cade from 1964 

to ,1973, the total land lIDder subsurface drainage in Canada has 

.. increased from 0.824 million hectares ta about 1. 26 million heêtares. 

The present rate of installation is approximately one peor c'ent of the 

land, needing subsurface drainage, per year. This rate is expec ted ta 

-increase with the availability of more efficient drainage machinery. 

It has also been estimated, on the basis of prevailing installation . 
costs in 1972 (Broughton, 1972), that approximately $544 million wou~d 

\ 

be needed to\ install the subsurface drains required in Québec alone. 
1 

-
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This situation, therefore, demands that r~tional guidelines be 

establishèd with a view to obtaining technica~ly sound, and at the parne 

time economically attractive, design alternatives for subsurface 

drainage work. 

The two major controllable design variables which have 'signifi­

cant infl~~rice in subsurface drainage- performance are the spacing and 

depth of drains. Since drain depth is often governed by tJe capacity 

of the drain-laying machinery and the terrain slopes, spacing becomes 

the only major controllable variable. 

In \the St. Lawrence Lowlands region in Canada, relatively . 

impervious layers are found at shallow depths and theref~re, acçording 

to Hooghoudt's steady state drainage equation (Luthin, 191G) , the 

"11 single ~oil property of hydraulic conductivity is most important in 

determining an appropriate drain spacing for a certain design drainage 

rate. Alternatively'; designs with different drain spacing-hydraulic 

conductivity combinations will result in different subsurface drainage 

rates, and each cornbination will give a different pattern of water 

tabl€ fluctuations. 

For a given hydraulic conductivity, closer spacing w~ll reduce 

the chances of high water table conditions, thereby reducing the chances 

or crop damage. This will yïeld more income to the farmer. But a 

closer spacing will also result,in a higher installa,ion cost. A wider 

spac~, on the other hahd, will have just the oppos~~e effect on the 

chances of crop ,loss and'installation cost. The revenue increase from 

a certain sys'tem may be obtained by subtracting the cost of 'crop los~ 

and the cos~ of drainage installation from the no-loss cr~p value. The 
1 • 

no-Ioss crop value is here defined as th~ market priee of the crop, 

harvested per 'unit area, under normal growth conditions. 

~ water balance model operated with appropriate value,s of 

pertinen~ soil-wat~r-plant parameters and economic inforrnatioh such as 

installation cost, rate of interest and arnortization period of the 

invested rnoney, is expected to result in a seriés of additional revenue 

._--...-.........- , ,. - • n •• l ,. 
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values associated with different drain spacings. From these, it should 

be possible to select an appropriate spacing for knowri values of other 
1 

parameters in a region, that would give a maximum average annual revenue 

increase to the investor. 

It is the purpose of the present study to: det~rmine the 

pertinent soil-water properties of some.soils of the St. Lawrence Lowlans 

region; develop and test a ~atèr balance model; and use an integrated 

water balance and crop loss model for 76 years of wejlther data from 

the Ottawa weather station to analyse the revenue increases from di~.e~ent 
\ - -, - -

design alternatives for subsurface drainage system~ for corn fie~ds. 

1. 2 Objectives 

The objecti v~s of the present study .rare: 

1. To conduct field experiments to study the influence of 

potential evapotranspiration and available water on actual ev~po-. 
transpiration from corn fields and ta develoPla functional relationship 

between these variables. 

2. To conduct ~aboratory and field ex~erim~nts ta study the 

effec of water table depth on drainable porosity and to develop a 

functional re1ationship between the two. 

3. To develop a s.imp1e water balance mo~el, which will use the 

results of l and 2 above, in addition to othbr pertinent soil-water 

parame~ers and'climatic data, to predict daily water table depths. 

4. To test the above model by comparing its results with the / 

recorded da~a of water table depth~ and perform appropriate statistical 

tests for the comparisop. 

~ 
5. To establish a corn crop 10$s pattern wlth respect to 

various depths and durations of water table, based on available 

experimen~al-results repo~ted in the literature. ' 
1 

1 6. To develop a crop 1055 computation model, which will use ~e 

output or predicted daily water table depths from the water balance 

)o~el, to compute y~ar1y loss of crop. 

o 



" , 

( ~, 

\ 

\ 

,1 y 
\ 

, 
" 

7. 'ro integr'ate and run' the water balance and crop lo~si\model 
1 ~ ... 

for 76 years (1900 to 1975) of weather data from the Ottawa weather 

station fot computing year1y losses, p'rob~ility distribution qf year-ly 

los ses , and average annual 1055 of corn corresponding to various 

hydraulic conductivity - drain spacing combinations. 

5 

8. To use several combinations of installation cost, interest 

rate and amortization period and t~e res\ult of 7 above for computing 

average annual revenue increase from subburface drainage systems in corn 

fields for aifferent hydraulic conductivity - drain spacing combtna~ions. 
r 

1. 3 Scope of the Work 

;phe results of the investigqtions of this 'dissertation, with 

:t;espec't to actual evapotkanspiration, drainable porosity and water . 

ba:J.ance model are e"Xpected ta be applicable to the clay and the sand 

. " SOilSif the St. Lawrence Lowlands region having f1at topogr:phy • ~he 

resul of the cost and revenue increase analyses are only for corn 

crops rown in the clay soils of ~he region to whic~ the precipitati~n 
• 

and evapotranspiration patterns of ottawa apply. The methods should 

apply to other localities, but detailed re~lts coùld be different when 
-

the weather and the soil' data pertinent to the localttY are used. 
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II. VIEW OF LITERATURE 

A consider~ble amount of research on subsurface drainage design 
l ' 

problem~ has been done during the 1ast 25 years. A substantial part of 

this work has been done sinee the advent of high speed e1ectronic 
----. ---.... 

computers. -It is generally recognised that a unique analytical 

formulation of' the various processes inv01ved in subsurface drainage is \ 1 

very complex, and ,even" if it could be aChieved, the--rmprovement O'\7er 

the results obtained by simpler methods, may be ins:lgnificant. The 

recent--t~end is .to use a water balance approach, due mainly to its 

flexibility ta acconmodate a wide rTge of input data and relationships. 

The auth~r 1 h~ therefare elected ta review and comment on a few, 

of the major contributions in the field of subsurfaee drainage design. 

based on an analytiéal appraaeh, and on the water balance approach. 

2.1 The Ana1ytical Approach to 
Subsurface Draihage Design 

Numerous solutions for subsurface drainage design prob1ems are 
\ . 

1 

----~--. 

available in the Vterat'J1re, for both steady state and nan steady state\ 

flow conditions. IOne of these, which has p~bably been usecfiiiost - --~ ______ ,_' , __ 

extensi vely, is HCfoghoudt' s steady state formula for drain 

computation (van Sct:ilfgaarde et al., 1?56; Luthin, 1973). 
, 

spacing 

Hooghoudt t s 

approach combines both radia! and horizontal flow theories and considers 

the effect of convergence of, streamlines near the dr~ins. 

Van Beers (1965) had given a nomographie solution oi Ho,~gboudt's 
equation, and more recently, the nomographie, solutions have been 

o 
further generalized by Sakkas (1975). Subsequent to Hooghoudtts 

• 
formula, which ~as published in 1940, vadaus theories aI!d interpreta-

o • \\ -

tions of the subsurface drainag,e f10w. pro,cesses have beeu 

a number of research workers. 

6 
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------~novici et a~. (1946) mentioned four basic parameters to ~~' 
considered for- s_ubsurface drainage. These we ra,-vo 1 ume , of water to be 

,- --- --' 1 
d~ained, hydraulic conductiv of the medium, hydraulic gradie~t, and 

where-_ 
- \ 

ough_ ~hich flow occurred. Based on Darcy' s 

ned the spacing equat{on: 

(2.1) 

(S \ = spacing betweQn the drains 
\ 

K = 

HW 1= 

\ 
\ 

d = 
R 

hydrau1ic conductivity of the medium 

height of j water table above the p1àne of the drain 

center lines mid-way betwee1 the drains 

height ~f dr in center above the impermeabie layer 

amount o,f water .to br remoVf~d from the soil profile per 

uni t timé. ..._--------

The above relation considers horizontal flow only and design values of 

the spacing Sare calculated when the water, table ls at or very near 
1 

the soil surfaOe. The convergence effect of flow lines ,~ drain 

had not been copsidered,. Therefore, Hooghoudt' s equation, which takes 

into consideration the c~nvergence effect by introducing a\term DE 
~ 1 1- 1 

(equiva~ent_déJPth) ~is considered superior to Aronovici's approach. 1 
--~~ 

A logical step-by-step derivation of equation (2.1) 'and a 

discussion on the selection o{ appropriate value of d and HW,fo~ design 

spacing calculations have also beeu given by'Slater (1950)'. In spfte 
, 

a of the simpHci ty of the as sump tions , however, equation (2."'!b) was 

found to give fomputed values of,spacings that were close to the actual 

spafings in some fields with subsurfac~ns. 
~ 1 

'A more rigorous approach was later proposed by Kirkham '(1949, 
, 

1951.). ,He had used the poten'tial theory, of flow and had evaluated the . \ 
yotentials under different boundary condit1\ms,. His analysis was done 

\ .________- --- for steady flow under ponded water conditions. No comparison between 

--(----'- ~ the results from the theory and field observations was given. 

, 
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Walker (1952) presented another approach for drain spacin~ .. 
computations under falling water table conditions. Soil po rosit y was 

8 

also taken into consideration"for the first time. In his approach, the 
1 water table' recession for an assume-d velocfty of flow was expressed in 

terms of the velocity and position of a point on the phreatic line 

~d-Way between the drains. The velocity was th en expressed as the 

r~tio of hydraulic conductivity (K) to porosity (f). Spacing was 

calculated from the required value of water table recession in a given 

time. 1 "'t 

The analysis is simple but the substitution of resultant 

velocity of flow in terms of the ratio Kif is questionable. In fact, . 
this implies a constant hydraulic gradient in the entire flow region, 

which is seldom, if ever, realized. 

Van Schilfgaarde et al. (1956) have shown that, of the various 

steady and nonsteady state drainage flow equations, Hooghoudt's 

equation for spacing computation gi~es the leâst percentage difference 

between the actual an~computed spacings. 

The falling water table or the nonsteady case of drainage was 

later considered by Luthin (1959). His spacing formula was expressed 

as: 

CK(t2 - t 1) 
S 

-HW} 
(2.2) 

f.1n(HW2) l' 

where 
. , S drain spacing ~ 

= 

C = slope of the curve obtained by plotting flow rate per 

unit length of dra~against the product I(K) (HW)] where 
. .\ 

r HW is the height of the water table above the pfane.'lof the 
Q 

thé drains drain center lines mid-way between 

K .. hydraulic conduct1vity 

t}, t2 two consecutive times, and 

~~""Uf! ",rt' .1 1 m,' mp - F F 

fi ~ 
- 1 

F F n 
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heights of the water table above the plane of the 

drain renter ~ines mid-way between the drains at 

times tl and t2 respective~. 

The value of,C is obtainable from field experiments. l 

9 

This method does not take into account the convergence of the 

flow lines near thé drains, and it assumes a fIat water table. No 

comparisons with the field data were given to check the validity of the 

derived equation. 

Kirkham (1958), in one of his works on ~teady drainage under 

constant rainfall, has given a solution to the flow problem based on 

rigorous mathematical analysis, but subsequently, Wessling (as reported 
"-

'by Sakkas, l~75) qas shown that Kirkham's results did not differ by 
i 

more than five pet cent from those)obtained by appiying Hooghoudt's 

equation under similar conditions • 
. -

Another evaluation of the various drainage flow equations under 
~'\ 

nonsteady state conditions was made by Johnston e~ al. (1965). They 

have computed the time taken by the water table to fall through a given , 
1 distance, using the integrated Hooghoudt's equation, the integrated 
/ 

Toksoz-Kirkham equation, the Luthin-Worste1l equation and the Van 

Schilfgaarde equation. The observed data for the water table were 

taken in fields whe~e spaéings between subsurface drains varied from 57 

to 365 meters, drain depth varied from 1.65 to 2.13 meters, and 

drainable porosity varied from 0.0064 to 0.17. ~bserved times for 

water table drop were ,either five days or ten ~s. The computed 

vaiues, using the above-mentio~d equations, ranged from 2.4 to 17.7 

days as a~ainst five days of observed time -and~ 2.5 to 35.3 days as 

against ten days of-observed time. Of the ~; Van Sehilfgaarde's 

equation was found to give least deviation from aetual observati~~s. 
1 

Glover (1966) has applied the theory of heat cdnduction in soils 

for an idealised case where the ground water f10w fo1lows Dupuit-.. 
Forchheimer assumptions. The usua1 objections to these assumptions, 

i.e., Regligible ~riation of hydraulic gradient with depth, and 

~ 
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horizontal flow, are a1so applicable to Glover's approach. He, 

however, has restricted the use of his equation to cases where the 

height_of the water table above the drain is smaller than the depth 

10 

of the impermeable layer below the water table. This is objectionable 

beeause the'effect of streamline convergence will be significant under 
\ 

this situation. 

More reeently, a generalized theory, formulation and nomographie- ~ 

solution of flow to subsurface drains have been proposed by Toksoz et 

al. (1971, 1971a) for layered soils. Their two pape~s appear to ba a 

very comprehensive document on the subject. One of th~ main assumptions 

in their work is that the head loss under the arched water table ls 

negligible. This leads to the situation of horizontal flow. In the 

actual field case, sinee the flow lines are arched, there is a 

significant head loss, and a smaller quantity of water flows into thi 

drains. For a given water table configuration 8crove the drains, this 

permits the installation to be done at a wider spaeing between the 

drains. In this respect, a comparison with Hooghoudt's equation , 
indicated that under similar field conditions, the nomographs proposed 

by Toksoz ~~., resulted in 50 per cent less spacing than that 

obtained using Hooghoudt's equation. 

From the above discussion it appears ,that no single theory can 

be relied upon to give reasonable resutts under aIl field situations. 

None of the theories disc~ssed above considered the stochastic nature 

of the input data, which can be taken into account by the water balance 

approach. 

2.2 The Wafer Balance Approach to 
Subsurface Drainage Design 

The basic idea in the water balance approach i8 ta compute the 

changes in sail moisture in response to input of precipitation and 

outputs of evap~transpiration, drain outflow and deev seep~ge. 
\ 

Mathematical book-keepin~ equations are.used to balance the input and 

\. 
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output for some specific time intervals and the process is repeated for 

a large number of years for which the weather data are available. 

Van Schilfgaarde (1965) has mentioned that the design criteria 

for drainage systems would be more meaningful if they take into account 

the probability distribution of water table heights rather than ... 
considering only a constant water table level (steady atate), or an 

assigned rate of water table fall (nonsteady state). He had calculated 

the number of times a presctibed water table height was exceeded for a 

given length of days during a 25-year period. He ~oncluded that the 

concept of deve10ping frequency distributions of w~ter table heights 

using a water balance model was important and feasible. 

Taylor ~ al. (1967) ha~e used a water table model to compute 

water table frequencies corresponding to various arbitrarily selected 

spaci~s, varying between 18 and 46 meters, and drainage coefficients 

of 12'.7 and 25.4 millimeters per day. They did not use any particular 

spacing equation, but had developed regression equations between water 

table depth and time. Although the method would be limited in 

application, an important conclusion was that under many situations, an 

increase in spacing after a certain limit, did not appreciably 

influence th~ performance of a drainage system in controlling the water 

table. 

YO~g et al. (1972) have u~ed a water balance mOde~ to compute 

both soil moisture and water ~able probabilities. They modiffed the 

method earlier propos~d by Van Schilfgaarde, by incorporating a feature 

to comp~te surface runoff. Also, the soil moisture capacity was 

divided into two parts, one for an unidentified upper layer and the 

remaining for the'lower layer. 

Dividing the so~l column into several zones enables adjustments 
, , 0 

for variable soil~ater properties at differen~depths. Faraud (1974~ 

and Chieng (1975) have used water balance models br dividing the sail 

profile from surface to drain level, respectively into three and four 

zones. The former had used the model ta obtain design drainage 

/ \ 
/ 
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coefficients and the latter had used it to obtain frequency distribu­

tions of water table depths for different drainage coefficients and 

drain depths, in the St. Lawrence Lowlands region in Canada. 

In aIl the studies mentioned above, the predicted water 1 

table depths showed reasonable agreement, visually, with the observed 

data. No tests of significance were done to statistically evaluate 

the extent of agreement .• The comparisons with observed values were 

done w~th l!mited data, sometimes even for a yery limited period of a 

few weeks. It is, therefore, difficult to judge the relative merit of 

one over the other. 

In water balance work, the Boil moisture; is generally divided 

into two parts. The portion between saturation and field capacity ié 

called the transient water and the portion between field capacity and 

wilting point i8 called the available water. The water table fluctua-
~ 

tion i5 re1atl d to the changes in the transient water content. Also, 

the volume of kate~ drained from the transient storag~ due ta a 

certain water ta~le drop, or the rise of the water table due to. the 

replenishment of translent water by rainfall, is dependent upon 

drainable porosity of the medium. Evapotranspiration is assumed to 

d~lete the available water storage. In the models discussed above, 

drainable porosity has been assumed to be constant while, in reality, 

it varies with water table depth. Similarly, actual evapotranspiration 

has either been taken as a constant fraction of potential evapo­

transpiration (PE), or ~ var~able fraction of PE for different zones ot 
the soil profile. rn reality, however, AE is a function of several 

yariables, the most important of'which are probably the incoming 

energy (characterized by PE), water available for evapotranspiration, 

and stage of crop growth. In the next two subsections, brief reviews 

of the work done on these two components of the'water balance model 

are presented. 

,-
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2.2.1 Drainable porosity \ 

A saturated soil block will release different quantities of 

water as a\result of different suctions. This property is generally 

descrioed by the moisture desorptiQn curve of the soil. In the context 

of field drainage, without evaporative water loss the suction applied 

to a soil layer can be taken as the mean depth of ~ater table from the 

layer. In this study, the two terms, suction and water table depth, 

have sometimes been used interchangeably. 

Taylor et al. (1957) reported that the quantity of water 

released from the A-horizon\ (0 to 0.2 m), was five times as large as 

that from the B-horizon (0.2 to 1.27 m), when the water table was 

lowered from the surface to the drain level (0.76 k). ~Based on this 

result, they have questioned the utility of install~ng subsurface 

drains any deeper than is necessary to protect them from the weight of 

heavy field machines.' However, on the basis of a subsequent work by 

Taylor (1960), the above observ~tiQn loses its justification. In the 

latter work he had considered the dependence of water release on the 

applied suétion and haa attempted its evaluation by field experiments. 

Although several researchers, such as Luthin and Worstell (1957) and 
\ 

Luthin and Miller (1957), have studied the dependence of drainable 

porosity, f, on suction, h, Taylor (1960) appears to be the first to 

give a simple functional relation between them: 

where 

f (h) 
n 

f (h) 
n 

- TR , TR l' n n-

TR - TR n-l n 
A(h - h 1) n n-

• • • (2.3) 

= drainable porosity of a layer of sail situate9' 
__ ."'J 

at a distance of h [c (~ +.hn_l )/2] from water 

tkble, 

volumes of transient water in thJ s~il cor­

respondin~ to water table depths of hn and hn_1 
o 

from the soi1 surface, 1 

/ 

'ri rm, •• 
c 

...... .. 
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A cross-sectional area of the soil column, 

~ number of arbitrarily chosen intervals. 

There are several objections ta using this relationship fdr 
f 

field situations. Firstly, the eq~ation was developed by conducting 

experiments on a sand-glyserine system. Secondly, the equation does 

not take into account th~curvature of the moisture desorption curve, 

and hence will not be applicable for the entire range of suctions which 

can'possibly occur in the field. AIso, the nature of the equation does . \ 
not lend itself to continuous evaluation of f with respect to a 

1 

variable h. 

A more useful concept, p~sented by Luthin (1973), a1so permits 
"---'-.tot 

the computatiort~of the volume of water drained from an initia1ly 

saturated soiJ co1umn due to a certain water table drop. According to 

this, if f can be expressed as a functio~ of h as, f a g(h), then the 

volume of water drained from a' soil colu~ of unit cross-sectional 

area, when the water table is lowered from hl to h2, can be given by: 

v . • (2.4) 

The above Integral is the area under the f-h C4rve between h - hl and 

h = h2. Since f i8 dimensionless and h has the dimension of le~gth, 

V will also have the dimension of length. As most drainage d~si~n 

computations arT based on a unit ares, the ~:~Bth dimension of V ia 

yery convenient\and is also in a usefuL fôrm to directly inc1ude it in 

the water balance computations. 

Luthin (1973), assuming a linear relation between f and h, has . 
expressed the volume of water drained from a soil column of unit "area 

by the type ef relation given 1n equation (2.4), as:-

V ... • (2.5) 

where 

-~ ... ~~~----------------------------
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V 

) 
1 

C 

hl, h2 

= volume of water drained in terms of depth from a 

soil column of unit area, 

= 
= 

a constant, and, 

initial and final water table depths from soil 

surface, respectively. 

In reality, however, the f - h rèlation~ for most soils are far 

from being linear and the assumption of linearlty will give incorrect 

estimates of the value of V. \ 

In spit~ of the dependence of f on h and th~ influence of f on 

drainage ,design, most steady state drainage relations do not take f 

into account in the analysis. For example, Aronovici (194t), 

Van Schi1fg~arde et·~. (1 enab- et al. (1969) and Toksoz ~ al. 
- - -------------'=-::-:::-::--::------

(1971, 1971a). An exception to these is Hooghoudt's steady rtate 

( 

\ 

relation' which was modified by Bouwer et al. (1963). On the \ other hand, 

aIl nonsteady state relations include f in the ana1ysis; for example, 

Walker (1952), Dumm (1954), Dylla (1966), and Jenab et al. (1969). 

Researchers such as Vaigneur et~. (1966), Young et al. (1972), Foroud 

(1974) and Chieng (1975), who have used a water balance approach for 

drainage design, have mostly included f as a parameter in the water 

b~lance model. Exceptions to these are the researchers wh~ have used 

drain outflow as a predictor of water table heights, such as Bird et 

al. (1971). 

1." ~'---_____ .~_o far, both analy~ical and water baiance procedures for 

drainage design have used a constant value of f for a particu1ar soi1. .. . 
Some of the more recent workers such as Foroud (1974) and Chieng (1975), 

have made attempts to consider its variabi1i'ty by' \asSigning to tt 

different values for the successive zones of the soil profile. 

However, the functional dependence of f on h was ignored. 

AttemptB have been made to incorporate f ln the drainage design 

by ùsing Kif ratio. Skaggs et al. (1975) have mentioned f to be one of -.-
the basic parameterlttfor drainage design, and subsequent1y Skaggs 

\ 
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(1976) attemp~ed to eva1uate Kif ratio~ by solving differential 

equations of flow of water in porous media, based on Dupuit-Forchheimer 

assumptions. He mentioned that the ratio KIf tended to include an 
~verall effect of soil heterogeneity, and since most of the non8t~ady 

state drainage relations contained a KIf term, a field evaluated value 

of the rktio could be expected to give a better result when spacing 

calculations are made using such formulas. 
, 

An important point which had not been considered in the 

analytical or water balance approaches for drainage design until now is 

that a subsurface drainage syst~m is expected to function under a 

variety of weather conditions for a long period of time. \Since 
.J 1 

drainable porosity is a function of suetion, the more the water table 

recedes, the larger the volume of water which is drained. Therefore, a 

soil column with a deep water table will have more capacity to store 

water from a subsequent rainfall event than if the water table were 

shallow. In other worqs, a certa~n amount of rainfall will cause a 

varying extent of water table rise, depending on the volume of water 

drained prior to the rainfall event. In nature, the process iS\further 

modified by evapotranspiration and due to this, it ls common to have a 

negligible water table rise from a heavy rain occurring after a long 

4Iry periode Evapotranspiration does not remain constant at aIl times 

of the year. Since ~t is one of the import:Jt components of a water 

~alance mpdel, con$iderable efforts have been made in.the past and 

are still being made to study the behaviour of this component. In the 

next subsection, some of the more relevant studies on this subject will 

be discussed. 

2.2.2 Evapotranspiration \ 

" The ll;sual. ~tice has been to evaluate potential evapo-

transpiration, PE, from climatic data, and modify the PE by factors 

r~presenting the effects of soil and crop, fO obtain actua! 'evapo­

transpiration, AE. Formulas presented by P~nman, Thornthwaite, 
\ 
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Lowery-Jonnson and Blaney-Criddle (as reporte~ by Israelsen ~ al. , 

1962), use a different number of climatic parameters. Penman's formula 

has been considered to bé theoretically the most sound, but too com­

plic~ted for practical use. O~ten the input ·data necessary to use 

Penman's equation are not available. The other three methods are much 

simpler but are unsuitable for computing daily values of PE. 

Smith (1959),. has C~lle,c~ed dat~of soil moisture depletion under 

permanent grass ~ove~ and has fOuPd Thornthwaite1 s formula to fit most 
• 1 

closely tbe observed data. He ~as al~o concluded that PE alone would 

be a poor estimator for AE. ~ 

Various studies for direct measurement of AE bave been done since 

as early as~the bèginning of this century. These were lysimetric 

studies, soil moisture studies and inflow-outflow st~dies for large 

areas. Detailed description of the various methods, their uses and 

limitations, have been given by Jensen (1973). The main limitation is 
r 

that very few of the methods are suitable for computing AE ?r PE on a 

daily basis. ' / 
/ 

Researchers have also used the water balance approach for esti-

mating AE. For example, Baier et al. (1966) have developed a versa~e 

soil moisture budget model that takes into account PE and available 

moisture in the soil in computing daily AE. They found that, depending 
f 

on the type of soil, AE/PE ratios may be independent, linearly 

dependent, or nonlinearly dependent on available water. Consequently, 

they proposed the use of a grou~ of cUrVes for AE computation, each pf 
which would be applicable 'for a different soil type. 

Baier's model shows a significant correlation be:ween the Obtrved 

and the predicted soil moi8tures. 'The procedure, however, is quite 

involved.' lri water balance studies for drainage, in which AE i8 on y a 

comr~nent o{"th'e overall model, using Baier' s itpproach for AE compufation 

may be impractical. Baier' s model does npt take into account the crop 

cover, which was found ta have a linear effect on AE, by Stuart ~ al. 

(1969). 

1 
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Influence of PE as well as available moisture on AE has been 

studied by Bouchet (as stated by Solomon, 1967). Solomon gave an 

expression for AE in terms of solar radiatio~, AEIPE ratio and avail­

able. sôil moisture. Solomon's approach w~s basilally derived for large 

areas for rime periods of .one year. The approachl was claimed to be 

applicable for shorter time periods as weIl, but no attempt was made to 

justify this claim using actual data. 

The procedure of computing AE from AE/pE ratio has also been 

used by Saxton et al. (1974, 1974a), with varying degrees of modelling 

details, and by Ligon ~ al. (1965), in a much simpler way. Some 

variation ta the latter approach has been made by Jensen et al (1971), 

wfu;> had developed a user oriented water budget mode.l. In this model, 

AE is 'computed as a fraction of PE, but the factor used ta modulate PE 

is derived from crop cover, available sail moisture and an exponential 

function of time. 

The importance of available water in determining AE was further 

confirmed by Ritchi ~ al. (1972). They considered evapotranspiration 

as a two-stage process. Stage 1 refera to ~he condition when the soil 

is wet and incoming energy limita AE. Stage 2 refers to the condition & 

when soi1 moisture li~ts AE. A formula was proposed by Ritchi et al. 
'--

(1972a) ta compute daily AE, taking into' acco\unt PE and time from 

beginning of the stage 2 condition. Subsequently, Ritchi (1972) 

proposed a water budget mqdel to compute daily AE. A1though the 

.percentage difference 

the cumulative values 

computed and measured daily AE was large, 

study peri.od of 37 days showed much less 

~- difference. 

Expreaaing AE aS a Iunction of time or AE/PE ratio, OT a 
" combination of the two. disadvantages. Use of AE/PE 

ratio, in effect, amount sorne information, in the 

statistical/sense. f time after.dtying as an indicator of AE ls 

~~·n~E.~iqUe/ aince the t me rate of deplàtion of sail mQisture does not 

remain constant for aIl soi1 tYPestr at aIl times for the same 80il 

type. 
1 

1 
/ .. 
1 
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More recently, Rowse (1975) hag use9 an isothermal flow equation 

incorporating soil water diffusivity to calculate soil water ~lUX. His 

model is also capable of utilising rainfall input and its redis tribu-

tion in the soil':. 
\ 

The model study was done on a column of sand and the' 

observed and predicted volumetrie water contents at different depths 

were close. Field experimental results were report~d for a12.5 cm 

Jayer of surface soil only. 

In contrast to.using AE/PE ratio, ti~ after start of drying @r 

diffusivity type equations, Shimshi ~ al. (1975) and Strateener ~ al. 

(1975), in their studies on wheat fields, found that for a 90 cm soil 

layer, the actual evapotranspiration cou Id be expressed as a simple -

linear regression equation with soil moisture as the independeQ,t 

variable or, as a multiple regression equation with soil moisture and 

pan-evaporation as independent variables. They also found that, 

statistically, the equation incorporating soil moisture and pan 

evaporation, did not give any significant difference in the results 
) 

over the equation which considered AE as a function pf soil moisture 

alone. _____ 

It appears from the above reported work that the general 

procedure for evaluating AE on a daily basis, ls to relate it with 

climatic as weIl as soil-water-plant paramèters. Cli~tic factors are 

reasonably represented by PE ~d the available soil moisture may be 

used as an ove raIl index to represent the influence of the soil-water­

plant phase of the system. 

2~3 Economie Considerations in 
Subsur~ace Drainage Design 

Broughton~1974)l based on his experiment on variable drain 

spacing,and its effect on controlling water table, has concluded that 

much of the area in ,the St. Lawrence Lowlands region could be drained 
i 

at spacing~ wider th~,previously praetised and up to about 50 m, 

giving 'a substantial reduction in installation cost per unit area. 

f 
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Higgins et~al~(1974) have ana1ysed the existing drainage syste~ -- -- ... . 
in_N~1cotia and have conc1uded that the drain spacings~ in most of 

the area~ were, unjustifiab1y 10w. They found that the spacings for 

most of the cases were based on tradition rather than on some 

scientific approach. ( 

Much research has bee~ done in the past tQ study the per~ormance ~ 

of various crops under different water table conditions. Notable among 

these are those by Hiler et al. (1971), Williamson et al. (1970) and 

Ritter ~ al. (1969). ~eàe studies indicate that differe~t crops have 

different degreès of tolerance to high water table conditions. 

Detailed information on the ab ove and ether studies has been co~piled 

by Van Schi1fgaarde (1974). 

Based on the concept of interaction between spacing-cost and 

spacing~water table relations, WiSer ~ al. (1974) have presented an 

approach for an optimized design of a subsu~face drainage system. The 

design has been considered optimum in the ~ense that it maximized the 

amount by which the system benefit.,.exceeded thé system cost. The model 
'-

used for obtaining water table fluctuations was the same as-had---~- ---

previous1y been proposed and used by Van Schi1fgaarde (1965). A msde1 

to consider the effect of water table depth on crop growth was 
- -------- ~ 

formu1ated based. on the work of Tovey (as repotted by Van Schilfgaarde, 

1974). The results of the two models were combined ta ~ind thè 

relation b,etween the net benefit and the spacing. The net benefit W8.S 

found ta increase with spac1ng, ta a maximum- value, -and then drop: 

Kraft et al. (1972) have presented a different appro~ 
--~,---------~-

optimized design of a'subsurface drainage syst~m, based on the , 

probabi1ity density function of head gradient in soil required to 

maintain outf10w~ 'Methods were presentad to compute the statistica+ 

parameters of the distribution and these were used ta compute the e 

probabilities a~sociated with.certain critica1 values of the~head 
\ ' il 

gradient. A criti~al va1~e of the head gradient was defined as Chat 
ù ' 

which must be maintained such that the water table does not come c10ser 
• 
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to the surface than a predetermin~d level 

was'fixed from the information on crop root zon depth. The system 

cost was expressed in relation to the depth' and ~ing of drains. 

There cou Id be two basic objections to this approach. ~irstly, 

the a~thor's assumption of head gradient to be a function of mean annual 

rainfall is difficult to justify.! The head gradient required for some 
- i 

individual rainfall ev~nts may be'entirely different than that required 

for others. Mean annual rainfal1 may be a poor indicator of i~div,idual 

~ rainfal1 events. Seco~d1y, and more import~tj treating K aS a random 

variable and using iots probability distribution may not have much 

significance in the light of large spatial variabi~ity of this soil 

property. A safer way wou1d be to evaluate K by field me as urements, in 

areas where drainage systems are to be installed. 

More recently," a water balance approach for subsurface dra~nage 

design has been Ploposed by Bhattacharya et al. (1976). In this 

approach, the system installation cost~d-the-ma+ket value of the ------ - --'- " -
harvested crop were compareafor drainage systems designed with 

-~ 
different~~aiôage rates. Each drainage rate corresponded to a certain 

spacing, and the water balance'model run with a certain drainage rate 

and spacing, resulted in a particular frequency distribution of water 

table depths. The frequency distribution of water table depths was 

used to find the crop ·los~. A drainage system was considered to be 
1 
1 inadequate, and crop loss occurred, if the water ~able remain~d closer 

to 40 cm from the surface for more tRan two successive days. The 
, , 

above study indicated that a drainage system could be designed with a 

risk of being inadequate for some years in the stipulated amortization 

period of the invested money, and yat could yield maximum net benefit 

to the investor. 

The probability distributionl and the derived risk concept 

associated with natural events, and theit use in investment decisions 

have been studied by Angell (1960). He~ntioned that probability 
! -- ! 

calculus was baséd on a form of knowied'ge deriv~q from the outcomes of 
,) -
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a long, series of identical past trials, and since no two acts of 

invest~ents were, or could be identical, investment decisions should . . 
not be based on any sulh form of knowle,dge or' prediction. 

Mathematically, !Angell'~' explanation is correct. However, in 

investment decisions, particularly when there are several alternatives .. 

a rational investor is , expected to invest money in an alternative that 

has a possib~lity of ytelding a maximum weighteç average return. It is 

wp.1l known that if a certain alternative has bJeen chosen, only the 

actual outcome will show the quality of the predictions. This does not 

make the probability concept invalid, but makes the investor aware of 

the uncertainties o~atural events and provides a tool to partially 

cope wi th them. 

Installation of a subsurface drainage system involves a ,large 

capi tal expendi ture. The f armer, naturally, is anxious to have some 

idea of the exten t of benefit he may eventually expect to realize 

from such a system. The search, therefore, continues to find better 

and economically more attractive design alternatives. 

In the present work, the author has endeavoured ta present a 

èomprehensive procedure which will use available information on weather, 

sOil-wate,r-plant properties and relevant cost parameters, to establish 

rationa). guidelines to enable the investor to select an appropriate 

design alternative which will result in maximum average annual increase 

in revenue. 

l. 
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III. THEORETICAL CONSIDERAJ'IONS 
---.. 

3.1 Prediction of Water Table Depths 
uSirltg a Water Balance Model 

.. , 

\ 
In extensive areas of fIat land with cool, moist climate and 

poor natural drainage, a subsurface drainage system is installed 

primarily to lower the water table to such depths that the root zone 

of the crops remains free of exceSEj water. The maximum depth of drain 

tube installation is limited in most cases by the drain laying 

machinery, the terrain elevations, and the out let elevation. The only 

major va!iable which can be controlled by the designer is therefore the 

spacing of the drains. I~ addition, where the soir is permeable and 

has relatively large capacity to transmit water for a specific . 
gradient, and rapid drainage is desired, the drain tube diameter and 

sldpe" may limit the drainage rate. ,However, in practice" a single 

drain size is selected for laterals and larger drain tube stzes are 

selected for collectors, based on some assumed maximum drairlage rate, 

called the drainage coefficient. Once the drain size is fixed.- spacing 

becomes the oniy major variable to be considered in the design. 
/ ' 

~e cost of installati9n increases"with narrow spacing and the 
( 

chances of the water table remaining close:t;' to the surfac~ increases 
" 

with wider spacing. The designer, therefore, is required to make a 

compromise between these two interacting factors and provide a design 

that will produce a most economic system fo+. the investor. 

Since (()Ile is dealing with hydrologie events of rainfall and 

evapotranspiration in the Jesign of a subsurface drainage system, no 

conHêlens'e caI)Jbe attached to any design based on single valued . 
determinis:tic inputs of ,rainfall, evapotranspiration and drain outflow. 

This. deficiency can be overcome by studying the actual occurrences of 
1, 

various water table depths in t~e growing season of a crop. Since 

recorded water table depth data are very Hmi ted, a water balance mode1 

\ 

/ 
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can be developed to work wi,th the more abundantly available data on 

rainfall and evapotranspiration for the purpose of predic~ing the water 

table depths. The model is 'first to be tested with some observed data, 

and if it is found to represent adequately the few years of recorded 

data of water table depths, the model is then run for long periods of 
J 
, weather data. From the results thus obtained; frequency dis tributions 

or recurrence intervals of various water tables or crop losses 

associated with various water tables, can be c1fllculated. 

The water balance model developed for this s tudy is assumed to 
. .. 

be applicable for flat areas such as t~ St. Lawrence and Ottawa 

Lowlands region in Canada, with a moist climate and low surface runoff 

potential. 

In modelling the physical system, the soil column is -divided 
"'l 

in to two zones. The depth of the firs t zone is taken as 400 mm. The 

depth of the second zone is from 400 mm to the depth of the drains. 

This division lis based on two important criteria, namely, 

1. The direct effect of field operations seldom exceeds 400 mm. 

2. For most Pield crop's, more t~an 50 per cent of the moistùre is 

extracted from the top 400 mm of the soil and the rest from the 

lower depths (Schwab ~ al., 1970). 

Thus, it' is ysumed that separate moisture balancing for the two zones 

will' adequately descri1!Je the physical processes of the entire column 

from the surface to the drain level. 

Each zone is assumed tÇL ha""{e two distinct soil ~oi..ature storage 

capacities. These are the available soil moisture storage capacity, 

AAW, and the transient soil moisture storage capac1ty, (TR. AAW i8 the 

moisture held between field capacity and wilting point, and TR is the 

moisture held between saturation and field capacity. From an initially 

saturated soil column, moisture_ depletion takes piace due to actuai 

evapotranspiration, AE, and frain outflow, R. AE continues to deplete 

the T~ until the latter be~omes zero, after whicn ~ starts depleting 

the MW. Drain outflow continues a8 long as there is TR, after which 

/ ~ 
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it becomes zero. In the event of rainfall, any excess for the day, of 

precipitation ~ver PE, is added to the sail moisture storage. The' 

excess is assigned, firstly, to the AW tmtil the 1att~r is filled, then 

to the TR unti1 its capacity is reached. Any water remaining after the 

TR is filled is considered to be surface runoff. When rainfall is zero 

or less than PE, depletion' is in the form of ,AE and drain out flow. 

AE is considered to be related to both PE and per cent of 

availab1e water, as: 

AE a.PE + b.AW + c ... (3.1) 

. " where 

AE actual evapotranspiration, nun, 

PE = potential evapotranspiratiorl, mm, 

AW = , volume percentage of available water, 

a ,b regression coefficients, and 

c = interc~pt . 
, 

Further discusslion about this equation will be given in Chapter V. 

It was realised that since drainable porosity f is dependent 

upon water table depth or suction (i. e., volume of water drained from 

transient storage is dependent upon. change and depth of water table) a 

constant f valué cannot be used in predicting water table he,;i.ghts. Let 

f (3.2) 

represent the relation between drainable porosity, and wat~r table depth. 

In equation (3.2), gl (h) ia some function of water table depth, h. The 

actual natur; {)f this relationahip ia a characterist1c of the 1t1edium 

and is generally nonlinear. The total volume of water drained from a 

sail column, when the water table drope from hl to h2 , can be 

calculated by in~tegrating equation (3.2), as: 

(3.3) 

1 

1 



, - r - ... 

( 

26 

If the functional_ relationship of equati1n (3.2) is known or experi­

rnentally detemined, one can calculate the volume of water drained from 

a soil column of unit area, for any water table fall from the surface 

(Le., h = 0) using equation (3.3). This volume can b"subtracted from 

the total transient water content of the column (i.e., transient\ water 

content at saturation) ta ob tain the remaining d:ansiertt water at a 

certain position of the water table. This will yield a relation as: 

h • • • (3.4) 

where h is the suction or
l 
water table depth and gz (TR) is sorne function 

of the remaining transient water TR. 

The water balance model proposed in this study uses an equation 

of the type (3.4) to compute the water table depth with respect ta the 
v. 

transient water content of the sail column. The problem associated 

with layered soUs can also be handled in the same way by developing 

these types of relationships for the heterogeneous sail layers 

separately. As will be discussed later in Ch$pter IV, this was done 

for. model verification for one of the locations of the study area where 

the soil encountered had two distinct layers. 

The drainage was assumed to follow Hooghoudt' s steady state 

.drainage equation written as: 

R 

where 

R 

K = 
S .-
DE = 
HW = 

4K 
2' (2.DE. HW + HW2

) 
S 

drain flow rate, m/day, 

hydraulic conductivity of the medium, rn/day 

spacingv~etween laterals, m, 

. . • (3.5) 

equivalent depth, a functio~ of ,d and S, (Luthin, 1973) 

height of water table ahove the plane of drain mid-way 

between\ two adjacent drain tubes, m. 

These symbols are depicted in Figure 1. Noting from this figure that 

HW = (DD-ADW), ~quation (3.5) may be written ~s, 

, 1 • 
) . 
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Fig. 1. Schematic representation of steady dra~nage in homogeneous sail 
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R = 4K (2.DE. (DD-ADW) + (DD-ADW)2 
S2 

••• (3.6) 

where 

DD :::; depth of drain, m, 

ADW = allowable water table depth from soil surface, m. 

For a given region and given spacing, K, S, DE and DD of equation (3.6) 

are fixed and hence R will be a maximum when ADW = O. The drain will 

flow at this maximum rate unless its capacity restrfcts the flow. 

Drain capacity can be found from Manning's equation (Chow, 1959) as: 

Q 

where 

Q 

D 

n 

s 

S 

L 

86400 

= 

= 

= 

= 

• . • (3.7) 

maximum drain tube capaci ty, m3 per day p~r uni t drained 

area, 

diameter of the drain, m, 

Mannitng's roughness coefficient, 

slope of the drain tubes, 

spacing between adj acent laterals, m, 

length of a drain tutie, m, 

conversion factor from flow rate per second to flow rate 

per day. 

If drain tube capacity is not to be exceeded, the flow rate obtained 

from equatio~ (3.6) must not exceed the flow rite, given by equation 

(3.7) or R ~ Q / . 

86400 .!!. D2 l (D)2/3 (8)1/2 
4 n 4 or L < s (3.8) . . . 

4~[2 DE (DD-ADW) + (DD-ADW)2] 

For a given re~ion, the coefficient of S in the ab~Fe equation consists 

of cons tan t parameters. However, since the variab~~i ty of K i8 high, 

the numerical value of this coefficient will vary to a large extent. 

Some calculation8 uaing assumed appropriate values çf parameters 

indicate that the numeric'al value of the coefficient may vary from 5 
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for K = 2 ml day, to 100 for K = 0.1 ml day. This range ,of K values is 

not uncommon for the,soils in the St. Lawrence Lowlands. 

It can be seen f,rom equations (3.6) and (3.8) that including 

29 

ADW will lead to a conservativè design in the sense that, for a given 

drainage rate, either the drain spacing or the length, of drain tube for 

a given spacing will be reduced if ADW > O. 

ADw in the model can be assigned suitable values depending o~ 

the types of crops grown and the\ir root zone depths. It appears from 

the literature (Chieng, 1975; Fo~oud, 1974; Luthin, 1973) that 400 ta 

500 unn 1s a widely used range for ADW and in the present study a value 

of 400 nnn will be used.. If the water table depth from the soil surface 

is closer than ADW'Jdrainage takes place at the rate equal to the 

capaci ty of drain t hes, otherwise the drain flow rate is assumed to 

follow Hooghoudt's equation. If the drain capacity i8 not reached when 

the water table is at or closer than ADW, drainage is assumed to take 

place at a rate corresponding to a water table at ADW. This again will. 

lead to a somewhat conservative design as the drainage flow rate will 

be taken as being slightly less than actua!. However, past experience 

and\ the present analysis have shown that the number of occurren\Ce~ per 
\ 

year for wtiich the water table depths are closer than 400 mm (i~e. '. ADW) 

from the soil surface, are only a few and this assumption will therefore 

not materially affect the results of the analysis. 

In the proposed model, the concepts discussed above have been 

used ta obtain the output of predicted daily water table depths. 

3.2 Yield Reduction due to High 
Water Table 

A shallow de~th of water table from the 80il surface as iell as 

the duration for which the water table :remains 'at that depth are 

important factors in reducing the crop yield. Some quantitative 

information about the former ia available for various crops from the 

works of WillituDSon et al. (1970) and Van -Schilfgaarde (1974). 

",ri, •• ~'r\' ------------------... --... ---...... ---.. ----__ 11' •••• 
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According to these, static water levels between 300 and 900 mm from the 

soil surface may causoe various degrees of dama&.e 1;0 different crops. 

The data {or corn, as reported by va~ Schilfgaarde (1974~ are plotted 

in Figure 2a. The average of the curves of Figure 2a has been plotted 

in Figure 2b with a modification ta give no 109s when the water table 

depth is 750 mm. The lower broken portion of the line ip this figure 

indicates an extrapolation maoe for the purpose of loss computation at 

various water table levels 8tarting at the surface. Also, to simplify 

the compufation, the losses for' a one-hundred-millimeter interval of 

water table depths have been assumed to be constant. This i.s 

exemplified by the step curve of Figure 2b. 

Information on the effect of duration of certain w~ter 'table 

depths on yield reduction is primarily qualitative. There i8 very 

little quantitative data available. The effects of flooding periods of 

one ta eig,\1t days have been studied by various authors for different 

crops, and it has been generally found that the longer the duration of 

flooding, the more harmful it is for the crops (Joshi, Dastane, as 

reported by Williamson et al., 1970). Ritter ~ al. (1969) report that 

flooding at the early stages of growth for four or five days could 

completely kill corn plants. This implie~ that the time of occurrence 

of excessively high water table depth is also important in determining 

the crop loss. In tHe absence of more definitive data on the effect of 
d' 

duration, of flooding on yield reduction, it was decided ta use the step 

curve of Figure 2b with the following modifications. The reduction of 

yield indi ed for a certain range of water table depths will be taken 

____ --ae- 00 per cent if the water table stays in that r4ge for more than 

seven consecutive "daYs. The losses will be taken as 75, 50, 25 and 0 
1 -per cent of the 108s indicated by the step curve of F,igure 3.2, if the 

con~ecutive dura~ions of.water table i,n a given range \ are respectively 

six 'or seven day~, four or five days, two or three days, and les~ than 

two days. The actual loàses to be considered for variouS water table 

depths and durations arelsunnnarized in Table 1. 
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Fig. 2. Corn yie1d - static water table relation. (a) Individual studies. 

(h) Average of (a) and proposed step function •• (Data for figure 
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2 (a) are obtained from Van Schilfgaarde, 1974) 
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TABLE 1. 

'Range of 
water table 
depth from 
Boi~rface 

mm 

(1) 

loo > h > a - , 

200 > h ~ 100 

300 "> h > 200 
" -
400 > h ::. 300 

500 > h ~ 400 

,600 > h ~ 500 

700 ~ h ::. 600 

h ~ 700 

-NOte: 1. 

2. 

Crop loss for various water table depths and durations 
~ 

Crop 10ss 
in ) 

per cent 
of 

maximum 
yie1d 

% 

(2) 

100 

60 

41 

31 

23 

15 
- 7 

0 

h = water 

Values of 

Crop 10ss in per 
table at depths 

the 

~ 

cent of maximum yield fo~ water 
indicated in Co1umn l, and for 
fo11owing durations 

Consecutive duration, days 
( 

< 2 2 ... 3 
\ 

4-5 6-7 > 7 

(3) (4) (5) , (6) (7) , 
\ 

\ 

a 25 ~ 50 75 100 

a 15 30 45 60 

0 10, 21 31 41 ~_ 

0 8 16 23 31 

0 6 12 17 23 

a 4 8 11 15 

0 -2 4 5, 7 
0 

0 0 0 0 0 

table depth from sail surface in millimeters. 

Colûmn 2 are the assumed losses for static water 
table depths as indiçated in Co1umn 1. 

-. 1 
Il 

-
, 

~ 

~ 

~------

3.' Values in Co1umns 3, 4, 5, 6 and 7 are respective1y, 
0, 25, 50, 75 and 100 per cent of the va1ueB- in Co1umn 2. ' w 
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3.3 Probabilities of Crop Losses and the Average_ 
Annual Revenue Increase Computation ' 

33 

As a result of working the water balance model with weather data, 

,predièted daily water table dePt~s ~from' the sail surf~ce can' be , 
obtained for the peri?d under consideration. The general nature of the 

predicted water table depths has been shawn scheinatically in Figure 3, 

From the crop physiolog;lcal point of view the growing season for 

corn may be reckoned from lst May to 31st August. Therefore~ any high 

water table before lst May and after 31st Augus t, is fonsidered to hé;lve 

no influence on the yield of corn, From Figure 3, it is possible to 

determine the number of consecutive days the water table had been above 

a specifie depth, Since, from Table 1, i t is seen that there is no 

crop loss when the water table is beyond 700 nun from the soil s4rface, 

one needs ta cqpsider only those events when the water table had been \ \ 

at or c10ser than 700 'mm from the soil surface, 

For example ~ referring ta Figure 3, it cau be seen that dudng 

some pedod in the growing seasçm from B to C, the water table was 

~ 900 lIlIIl from the sail surface for 33 consecutive. days and ~ 800 nnn - - \ 

from the sail surface for 22 consecutive days. According to the . 
information in Table 1, th~re will be no loss of crop for these two 

events. However, there were 18 consecutive days when the water table 

was ~ 700 nnn, 13 consecutive days of ~ater table at ~ 600 nnn, and sa' 

on, up to on~ day of water table at ~ 100 nun from the sail surface: 
. ( . 

For the 1ast event, a1though the ·water table came as close to spd even 

closer thr 100 nnn from the soq. surface, according to Table 1, there 

will be \n 1088 f'or this event as the water table did not stay long 

enough at this level to cause any amage ta the crop. \ The los ses 

corresponding to aIl other events i11 be computed as follaws: 

Let us assume that prior to OB in Figure 3, som~ croll has already 

" been lost due ta high water tables and the remaining value of the 

crop, in dollars per hectare is Re i-l' The 10ss corresponding ta the 

event of 18 eonsecut1ve days of ~ table being ~ 700 DDD. from the 

so:l:l surface is given by: 

• 
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where 

li = (7/100) (100/100) RCV i-l 

0.07 RCV. l 
l.-

1 

) 
35 

(3.9) 

1. =) 10ss eorrespo~ding to the ith event_of the water table being 
l. 

at or above a specifie depth for a specifie d~ion, 

and RCV. l is as discussed earli~er. 
l.-

The new remaining crop value is obtained as: 

RCV. 
1 

- - ~ ...... -

(3.10) 

\ ' 0 
Again froll! Figure 3, thére were 13 consecutive days of water tallle 

l' 
at ~ 600 mm from the soil surface, and the 10~s fWi_ th~,s event "will ,he 

given by: 

1. l l.+ 

-RCV. 1'1 
1+a-

c: 

= 

, 
o .l~ R~. , and t;he remaining crop value will be wri tten as, l. -, 

1 ' 

In general, the loss and the remaining crop value aecounting can 

be represented by the set of two equations as; 
o 

1. = Pi RCV. l 
l. 1-

(3.11) 

RCV. = RCV. 1 - 1. 
'l. l.- l.. 

where p. is the appropriate fraction to he obtained from the perceqtage 
1 

values given in Table l, for various depths and durations of water table. 

The computations using the set of two equations (3.11) are 

continued for the growing seaS'on to account for all I?ossible losses 

associated with various hig~ water table events. ~~ this- scheme is 

repeated fo~ a 'large numbell' of years and total yeariy losses are 

arranged in order of magnitude, the recurrence intervals or probabili­

ties assoéiàt.ed with va~ious 0 magnitude of losses 'can be computerd. 

since diffe~~nt losses,will have different associàted prob~ilities, 

the average annual 105S will be obtained by computing. the a;r-ea under the , 
probability eurve (See!igure' 14 for example). As has been mentioned 

~arlier, sinee .. drain/spacinij is the most important parame ter , frçm the 

point of ·view of confirolli!l9 the water table ~d in dete~ng \the 

cost of the system,} a set of probabili ty curVJ;is' may be dra~ for 
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several spacings, and the area under the probability curve for each 
1 

spac~ng will give the corresponding average annual loss. 'Also 

associated with a certain spacing will be one installation cost, which 

can be broken down into an annual cost for an assumed amortization 

period and a suitable interest rate. The average,annual revenue increase 

due to the instaJlatibn of a subsurface drainage system at a given 

spacing will then be obtained from: 

RE = (NLCV ACL ACI) (NLCV 

or, RE = ACL ACI (3.12) 

where 

RE average"annual revenue increase due to the installation 

of subsurfacè drainage system, .. 
NLCV no-loss crop value, 

ACL. cost of average annual crop loss, 

, ACL 
0 = cost of average annual crop loss on a field wi th no 

subsurface drainage, 

and ACT = uniform annual installation cost. 

AlI of the above terms are expressed in dollars per hectare. A plot of 

revenue i~c~ease RE and spacing S"is expected to reveal the spacïng at 

which the average annual revenue increase will be maximum. 

The actual sequence of crop loss computation in the model will 

be slightly di~ferent. The model will first select a number of 

ref~renc~ leveIs, starting fram the sail surfa~e down to a depth of 

700 mm, at intewvalsl of 100 mm. The prograrn will then compar~ ,the data 

of predicted water table depths against the reference level. Whenever 

the depth of predicted water table is found to be above the reference 
~t'\ 

level for a certain nurnber of consecutive days, the los ses correspon-

ding to this event are compu~ed from the given information in Table 1, 
.' . and 'ihe remaining crop vlflue 1S updated. The computation ?-hen proceeds 

for !he sarne reference level for the rern~ining number of days in the . " Il 
growing season. At any time, when the predicted water table is found co 

be above 'the selected ref~~ce lev~~, the losses (if any), fre camputed. 

" 
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.. 
After the end of the growing season,' the whole sequence of computations 

is repeated for each of the pre-established reference levels. The 

remaining crop value after aIl such computations is subtracted from the 

no-loss crop value to obtain the total cost of crop loss in one year. 

This scheme will make the computation simpler without altering the 

results of the computation. 

It may be mentioned here that in this study, no attempt has been 

made to inelude the effect of inflation on various cost items. It is 
/ 

assumed that'inflation equally influences the cost of the system and 

the se11ing priee of the crop, and therefore, has no overa11 significant 

efféct. Tweeten et al. (1971) have shown, based on their studies on 
, . 

the 'impact of input priee inflation on the farming industry, for ~he 
l 

de cade 1958 to 1967, that the net farm income was reduced by four per 

cent, eonsideri~g sorne short periods of one to two years, and by only 

two per cent, considering larger periods of many years. In this respect, 

it. can be argued that, since the a,verage functiona1 period of a subsurface 
'-

drainage system is more than 10 yea~s, and sinee the subsurfaee drainage 

installation cost may be considered to 6e only~a p~rt of the total 

investment in a farming industry, the long t~rm effect of inflation 

may be relatively small. 
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IV. MATE RIALS AAD METRons 

Field and lhboratory experiments were set up to investigate two 

of the variables used in the water balance model, namely, drainable 

porosity, f, and actual evapotranspiration, AE. The drainable porosity 

m&a~urements in the field and in the laboratory were done on two soil 

typ~, namely, the Upland Sand and fhe Ste. Rosalie Clay. The particle 

size distributions of these two soils, sampled from three depths, are 

given in Appendix A. The objeçtive of the drainable porosity experi­

ments was to develop functional relationships between the water table 

depths and the transient water contents of soil columns. The field 

experiments ta determine actual evapotranspiration were done on five 

plots, two of which were,in St. Amable Loam~ Sand, and one each in the 

Upland ~d, the Rid~au Clay and the Ste. Rosalie Clay. The plot 

numbers and the corr~sponding soil types are given in Table 10 of 

Chapter V. The objective of the evapotranspiration experiment was to 

relate AE to PE, and AW of a soil column. Using the results of the 

above investigations, a water balance model was deveLQped. A 

6 procedure for crop loss computation was proposed dnd used, and net 

benefits from subsurface drainage systems were computed for various 

design alternatives. 

4.1 Drainable Porosity Measurements , 
\ 

Field 'investigations of drainable porosity and. its relations to 

water table depth were made at two locations, representing so~ewhat, the 

two extremes of soil conditions in the St. Lawrence Lowlands region. 

One of the experimental site~was loêated at the Macdonald College farm 
r-

and the soil here was predominantly sandy to about 1.7 m from the i 

surface, then changed to c1ayey. The other site was located on the 

farm of Mr. J. P. Mar,tineau, at St. Clet, about 32 km west "of Macdonald 
• College. The soil here was clayey from surface to great depths. 

1 
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In each location, an area of approximately 3 m x 3 m was 

selected and hydraulically sepaTated from the surrounding soil by 

plastic sheèts, to a depth of 2 m. The necessary digging was done by a 

back hoe which operated from outside the experimental plot. BefQre 

rackfilling the trenches, undisturbed s~il samples were taken in thin 

alumin~ rings of approximately 5 cm diameter and 2.5 cm height in the 

sand, and 5.5 cm diameter and 1.5 cm beight in the clay, at 0, 5, 10, 

15, 20, 25! 30, 40,50, '60, 80, 10~, 120, 140, 170 and 200 cm depths 

from tbe surface, with four replicates at each depth. for the 

determination of bulk de?sitie~\t Some of the bulk density values were 

later used to convert soil moisture contents from a weight basis to a 

volume basis. 

Undisturbed samples were also taken from 10, 60 and 120 cm 

depths, with five replicates~at each depth, for laboratory determina­

tion of drainable porosity~ The trenches were then backf~lled. 
Fourteen water table observation pipes, in two parallel rows, were , 
instal1ed, of which four ~re inside t~e plot and ten were outside the 

plot. The depth of installation of these pipes was 2.2 m. Thirteen 

tensiometers were installed in the plot, three at each of 15, '30 and 

45 cm depths, and two at each of 80 and 120 cm depths. The sketch of 

the installations is shown in Figure 4. 

After a day of completin~ the installations, a set of initial 
, 

observations of water table depths and"soil moisture tensions was 

taken. œhe plot and the surroundings were then irrigated by three' 

sprinklers at an average rate of 6 lIIIIl per hour to bring the water ~,able 

to the surface. This took about four daye for the clay soil plot and 

about five days for the sandy Boil plot. The application rate was kept 

low to reduce air entrapment. After saturation, as indicated by the 

appear~ce of the water table at the surface, irrigation was dis- '. 

continued. A set of five replicates of soil samples was taken at 

intervals of 5 cm from surface ta 30 cm depth; at in~ervals,o~ 10,cm 
1 

from 30 to 60 cm depth; 'and at intervals of 20 cm from 60 to 140 cm 
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Fig. 4. Deta1l~ of installations in the ~perimental plot 
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depth. These samples were taken by'soil auger, and were u~ed for 

saturation soil moisture content determination. The plot was then 

covered with t~o plastic sheets, then by 100 mm thick white styrofoam, 

and finally by plywood, to eliminate evaporgtion los ses as completely 

as possible. Subsequent water table and moisture tension observations 

and soil s~pling for moisture content determination at previously 

mentioned depths, were done at an approximate interval of six hours 

for the first day, 12 hours for the second day, and once a day until 

successive water table depressions becamJ negligible. The water table 

lwas measured using a graduated blow tube. Soil moisture was measured 

gravimetritally on a percentage dry weight basis and was converted to 

percentage volume basis by multiplying the dry wei&ht basis moisture 

content by the bulk density. The volume basis moisture content values 

were used to compute field values of drainable porosity. 

The laboratory determination of drainable porosity was done on 

Haines' apparatus, following the procedure outl~ned by Luthin (1973). 

The purpose of the laboratory test was to inve,tigate the extent of 

agreeme~t between the field and laboratory te~t results. It was -thought 

that in case of a good agreement, laboratory; data would be used to 

empirically relate drainable porosity with foater table depth because 

the suction in the laboratory could be adjusted at various pre­

determined levels ta give more dat'a pOint}. Also, a close agreement 

between the two would justify future st~ies on drainable porosity, in 

other regions, by laboratory testa only;' resulting in a substantial 

reduction in time and cost. / 1 

The previously collected samp es for \de terminat ion of f were 

placed on the saturated porous plate of Haines' apparatus, one at 'a 

time, and slowly saturated. A 

maintai~ed at suitable ~evels, up 

depths was 

elevation difference of 2 m 

between the sample and the water evel. At each water level position, 

the corresponding volume of wate released into the attached burette, 

was measured after the system ~ to equilibrium. In the case of 'the 
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sandy soil, equilibri~ was,reached approximately eight hours after the 

position of the water table was fixed. In the case of the clay sail, 

the time taken ta r~~' equilibrium was about 24 hours. Evaporation 

from the system was minimized by cave ring the sample and the burette 

with plastic sheets with a small hale ta maintain atmospheric pressure 

at bath ends. The hales were covered with a wet sponge. The volume of 

water drained corresponding to a certain elevation differenc, was 

expressed as a fraction per unit volume of the sail sample. 

4.2 Actual Evapotranspiration Measurements 

Five sets of experimental plots, each set having one open and 

one covered plot side by side, and approximately 2 m x 2 m in size, 

were selected for AE determinations. These plots were in different 

sail types (see Table 10 of Chapter V). The effect due ta the 

difference of sail type was expected ta be reduced by using available 

soil moisture, rather than total soil\moisture in the analysis. Sail 

moisture measurements were done gravimetrically, for samples taken at 

0, 6, 15 and 25 cm depths from the sail surface. Sail moisture 

contents at these specifie depths were assumed ta represent the 

moisture contents for the depth ranges of 0-2 cm, 2-10 c~, 10-20 cm and 
" 

20-30 cm, respectively. Accordingly, the average moisture content for 

a depth of 30 cm of the sail column was computed by multiplying the 

moisture contents at the above mentioned depths by the assumed cor­

responding depth ranges, summing these products ànd dividing the sum by 

tne depth of the column (i.e., 30 cm). This was done sa that the 

average sail moisture for the whole column was not unduly influenced by 

the very low values of surface sail moisture as a result of rapid 

--------drying. Sail moisture computations were made on a-percentage dry 

weight basis. These were subsequently ?onverted to percentage volume 

basis by multiplying by the dry bulk derlsity, and th en ta equivalent 

depth of sail moisture, by multiplying the vo~umetric moisture content, 

expressed as a decimal fraction, by the depth of sail column. AE, in 

\ . 
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millimeters for one day, waS computed by subtracting the equivalent 

depth of sail moisture of a certain day from that of the previous day. 

Available water content, AAW, for a day'was expressed as a 

percentage of total available soi1 moisture, AW. Total available sail 

mojsture is the difference between the moisture contents at field 

capacity and at wilting point. These two parameters were determin~d 

separately, for the individual plots, based on the soil moisture values 

observed during the experimen\t. 

Daily values of PE were obtained from the Agrometeorological 
lit 

Tables (Russelo!! al., 1974). A multiple regression analysis was done 

with AE as dependent variable,oand PE and AW as independent variables. 

In the regression model, AE and PE were expressed in mi1limeters and AW 

was expressed as a percentage. The relatively dry summer of 1975 

aliowed approximately 20 days of soil moisture measurements with minor 

interruptions due ta raine 

The determination of total available soil moisture waS done 

separate1y for each of the experimental plots, for the purpose of 
\ 

developing a relation between AE, AW and PEe In the subsequen~ work 

with the 1ater balance model, considerable averaging was done and 

modifications were made to arrive at the most appropriate values for a 

large area. This gave a satisfactory performance of the model. This 

does not invalidate the refinements made for AE determination because 

the developed regression equation for AE was used in the water balance 

mode!. 

4.3 The Water Balartce Madel 

The water balance model developed in this study has the primary 

purpose of predicting daily water table depths. Daily ralnfall and P& 

values are inputs ta the model. Other pertinent soil water parameter 

values ar~, based on the experlments described. The model 

does the water budgeting computations to find the transient water 

content, from which the water table po~ition ia predicted. A flow 
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chart, representing the basic operations in the model, ls shawn in 

Figure 5. The model, with minor modifications can also be used bo 

compute average sail moisture content for a sail profile, but this 

was not done in the present study. 

44 

Various assumptione for the operation of the model have been 

described in Section 3.1. One of these, that the input rainfall first 

fills up the available water storage capacity, was modified by 

allowing a certain percentage of input rainfall ta directly jain the 

transient water storage. This modification resulted in a much better 

performance of the model in the clay sail area, and is justified from 

actual evidence in many cases, when the water table was found to ri se 

without saturation of the top layers being attained. The percentage of 

input directly joining the transtent water storage was varied in 

different computer runs ta arrive at a most appropriate value~ It was 

found that for the clay soil, an additio~ of 50 per cent, of the input 

ta transien t s torage, gave the bes t' performance of the model. 

This modification was not required for the sandy soil area. For 

this area it was found that, in general, where daily water table 

observations had been made in the paet, the 80il profile had two 

distinct layers. 
_.J 

The top layer of sand was of approximately 80 cm 

thickness, underlain Dy sandy clay. Since abserved water table data 

from t?is area were used for model verification, two s:parate f-h 

relations, and hence twa separate relations between trànsient water 

content and water table depth we,e used. Similarly, approprlate values 

for satu~ation, field capacity, and wilting point moisture contents 

were usei for the two distinct 80il layers in the sandy sail area at \ 
, ,1 

Macdonald College farm. The criteria for judging the performanc~ of 

the water balance model wer~ the comparisons, of various ~tatietical 
parameters of the distributions of predicted and observed water table ! 
depths. The statistical parameters used ware, the mean, the standard 

deviation and the suro of the squares of deviations between the ob~erved 

and the predicted water table depths. It was considered that the 

j 
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Figure 5. Flow chart for the integrated w1ter balance and 
crop 10ss model. \ 
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recorded water table depth data were inadequate to establish the natu~e 

of their probabil{ty distributions, hence a non-parame tric ,test was 

dane ta test whether the observed and the predicted water table depths 

were significantly different. Recorded water table depth data fqr 1974 

and 1976 were used for the comparison and the test mentioned above. 

4.4 Crop Loss Computation in the Model 

The proposed method o~\crop loss computation has been explained 

in Section 3.3. To increase Jork efficiency, it was decided to include 

the computer program of crop loss computations at the end of the water 

balance computations. Accordingly, the combined flow chart has been 

shown in Figure 5. The crop loss program also calculated the are a under 

the crap loss probability curve. The probability intervals for s~ccessive' 

area computation by the average ordinate ~le, were kept sufficiently 

small for a reasonably accurate estimation of the actual area. The area 

under the crop loss probability curve represented the average annual 

crop loss, and was expressed as a percentage of the no-loss crop value. 

The insta~~ hectave was calculated for various assumed 

values of installation rate per unit of length. suitable interest rates 

and amortization periods were used to convert the initial value of the 

installation cost to an equivalent uniform annual cost. With these 

information, the average annual,revenue increase due to the installation 

of a subs~rface drainage system was computed by using equation (3.12). In 

this equation, an appr0priate value for ACLo was selected based on the 

results of crop loss analyses, and will be disc~ssed later. 
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V. RESULTS AND DISCUSSION 

Broadly speak\ng, the study reported in this dissertation 

consists of two par~l. In the first part, a water balance model was 

developed for daily water table predictions and was verified with 

recorded data. In the second part, the model was used with 76 years 

(1900 to 1975) of weather data from. the ottawa weather station, to 

obtain daily water table ~ePths. These results ~ere subsequently 

used to compute crop los ses and the average annual revenue increase 

'due tp the installation of subsurface drainage systems designed 

'. diffetent hydraulic conductivities and spacings between laterals. 

experiment,were done in connection with the fifst part of the work, 

'to etaluate pome soil water properties to be used in the model, to 

investigate the drainable p.orosity and its relationship to suction, 

to study the variation of actual evapotranspiration with respect to 

potential evapotranspiration and availqble water in the soil. 

In this section the results of the experiments will b~ reported 

first, followed by descriptions of further analyses done using the 

experimental results. 

5.1 Drainable4Porosit~ 

Drainable porosity was deterrnined by bo~h field and laboratory 

experiments. Laboratory tests were done on constant volume undisturbed 

s~Ples, During the field experiments, however, due to the large 

number of samples and the s~pling depths involved, volumetrie measure-

ments could not be made. Instead, these were deterrnined by multiplying 
, . . 

the dry weight basis ~oisture: contents, obtained from samples tak~n 

,~~ a soil auger fram various depths, by the appropriate dry bulk 
1 

de~~ities. It was, therefore, necessary te determine the dry bulk 

den~~t+es of ttie soils'at different depths., 
\ 
\ 
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Table 2 presents the averageà of the observed values of' bulk. ~ 

densities at different depths and their standard deviati~ns in the two 
, \ 

plots selected for drainable porosity measurements. The sfandard 

deviation values ind~cate the variability of bulk densities within the 
, 

respective experimental plots. Ta ,investigate furtUer the variability 

of bulk density with respect ta depths ~d location$, an analysie of 

variance was done using the avJrage values of the 'columns 2 and 4 of 

Table 2. The results of the analysis are given in Table B-l of 

Appendix B. \ 
'"' 

From the analysis of variance it was found tJat the average bulk 
, 

density did not 9ignific~tly vary with respect to depth or location, 
\ 

at the 99 per cent confidence level. This may lead one ta assume, 

incorr~ctly, that the sail is homogeneous with re~pect to depth and 

location, in sa far as the bulk density and other related properties 

are concerned. From Table 2, one can calculate the largest difference 

between the bulk densitie~ of two soil layers of the same plot to be 
1 

33.1 per cent (see values of column 2 at 0.5 and 1.4 m depths). Also, 

one can calculate the largest difference between the bulk densities,of 

two locations at the same depth ta be 26.1 per cent (see values of 

columns 2 and 4 at 1.4 m depth). S1nce bulk density values are used as 

m~tiplierf for the w~ight basis moistu~e contenté to obtain the volume . 
basis moi8ture contentis, the latter values, for different sail layers 

or locations, will g~ve a larger magnitude of total difference. This 

wil1fl result in incorrect estimates of drain able porodties for soi1s 
" . 

at different layers and locations, if 8uch éstimates are made using a 

single average value 0 of the bulk density. 
" \ 

One alte~ative to tackle this problem 1s ta carry out ~he 
water balance computations, simultaneously for a large number of zones, 

" . where each zone fa homogeneous in bulk dens1ty. But th1s 1s not 
( 

generally done because of very h1gh c!juter-eosts involved in water 
1 -

balance computatio~s for a large numher,of zones, and aIso becauql the , 
bulk 'density variations with respect to depth are not unique for ail 

. 
\ 
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locations. A certain amount of grouping and av'eraging is "ften done, 

artd thts s~metimes is a reasonable alte~ati,ve to the use of a large 

number of zones and is superior to using an average value of bulk 

density for the whole column. Also, operating a water balance model 

for a large number of zones is impractical and often unnecessary, 

whereas some of 'its "components may be more correctly evaluated by 
\ 

taking the zefial variation of some of the soil water properties into 

50 

account. It was therefore decided to use the informatî~n in Table 2 V 
for the drainabJ# porosi ty computation, rather than using these A 
directly in the water ba~ance model. 

The soil moisture and water t~ble depth· variation data obtained 

during the field experiments are shown in Tabl~s 3 and 4, for the 

Upland sand and the Ste. Rosalie clay pl@ts respectively. Results for 

down to 40 cm depth have been reported, as these will be l~ter used 

for f calculations. C;tlculation of .f for lower layers waS not done 
A 

because of the limite4 suction obtainable under field condit1gns. The 
If , 

data in Tables 3 and 4 were obtained by lnultiplying the observed 

per cent dry wei&ht basis moisture contents by the appropriate average 

bulk densities for each of the layers considered~ 

fi R The data in Tables 3 and 4 are not in a convenient form to 

compute drainab-Ie porosity for different soil layers ~cause the wat'ex 

table depths of column ~ were measured from the soil surface. The 

average suetions applicable to the soil layers will be different to 

those reported in the\ taBles. These dat~ were, therefore, plot ted in 

Figures 6 and 7 respectively,'to enable the determinat~on of actual 

~ater table depths with respect to the center of,. the soil layers. To 
" 1 

emph~size the effeéts of water table draw~o~-on soil moisture changes ~ 

the data for the"former have been plotted dir~ctly under the latter, , . 
over the sarne time seale. Th~ averages of the tensiometer readings, 

1 -'" 

expressed as suetions in meters~~ water at the soil s~rfac~, have, 

also been plotted along w;lth the \water table drawdown curves.' A very 

close agreement is observed betwe~n the two in the case of the sapd. 
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TABLE 3. Variation of water tab1e depth and sail moi~ture in the 
drainab1e I?orosity experimenta1 plot in the Up1and sand 

Average sail moisture content in per cent 
Time Average by volume for 10 é~ soi1 layera Jat the 
sinee water fo;t.lowing depths 

start of table -1 
" ,.1 ~y. 

drainage depth Depth of sail layera from ,the sirfaee, em 
days m , 

.. 0-10 10-20 20-30 30-40 
r 

(1) (2) (3) (4) (5) (6) 
·r 

0.00 0.00 30.60 39.10 43.70 39.80 

0.35 0.60 22.98 29.16 33.75 31.86 

0.57 0.68 18.77 22.71 26.33 25.88 

0.97. 0.73 19.08 21.09 19.47 ....:-' 19 ... 81 

1. 31 0.80 18.09 20.70 16.14 15,.67 

2.00 0.89 17.68 20.29 17.32 11.54. 

1 3.21 1.00 16.67 ~6.10 10.80 9.11 . 
4.25 1.07 16.42 17.56 12.51 9.36 .. .... .-~ ... 

- 5\29 1.08 15.95 16.89 13.66 9.54 .. 
l' 

B.OO 1.20 16.01 16.45 10.74 7.41 

11.04 1.29 15.00 
") 

17.56 13.17 7.90 

'-
>, 
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TABLE 4. Variation of water table depth and <' soil' moisture in the 
drainable porosi ty ex entaI plot in ~e Ste. Rosalie tlay 

soil moisture content in per cent 
r:tme Average for 10 cm soil layers at the 
sinee water followi~g depths 

start of table 
drainage depth from the surface, cm 

days m 
0-10 10-20 20-30 30-40 

(1) (2) (3) e4) (5) (6) 

'0.00 0.00 < 49.25 52tl1 48.22 43.43 

0.27 0.09 48.30 51.36 45.08 41. 73 

Q.52 0.23 47.35 46.45 39.86 41.10 

0: 77 0.39 46.15 45.70 40.28 40.18 

1.04 0.53 " 46.35 42.90 36.96 39.67 

2.02 0.89 . 46.49 45.15 37.55 38.51 
, . 

3.05 1.12 42.78 40.17 ~ 34.72 36.79 

4.07 1.19 43.51 38.35 36.05 37.51 

5.02 1.24 43.18 40.38 34.80 40.64 
<, 

8.01 1. 30 43.93 42.38 36.11 37.89 

/ . 
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In the case of the clay the average suctions indicated by the tensio­

meters were lower. than the water table depths .. This is nat unusuai 

because in clay, during tensiometer insf~llation, the sail gets 

ss 

smeared and beco~es compacted around the tensiometer cup. This results 

in slow depletion of water in the immediate vicinity of the tensiometer 

cup compared with the surroundings. The apparent suction at the 
1 

tensiometer cup wil:l, ther~fore, be lower than the actual suction in 

the soil at the same level but away from the tensiometer. For this 

reason, suction for the soil layer at a certain depth was taken as the 

mean distance of tPe water table from the soi1 layer: The tean 

distances of the water table for various sail layers at diffeten~ times 

trom the start,of drainage were obtained from Figures 6 and 7, for 

the sand and the clay respectively. 

Referring to these figures, i t ls Been that both' the water table 

drawdown and the transient soil moisture depletion are very rapid in 

the first 24-hour period of drainage. There is very little relative 

change in the transient storage after the second day of drainage. This 

indicates that the time takef to attain field capacity for the soi1s 

studied may be roughly taken as 48 bours. This also indicates that the 

movement of a large part of th; transient water is fast and corresponds 

weIl to the water table drop. A unit time pe~iod of one day, chosen as 

the time interval for water balance computation seems, therefore, to be 

reasonabie. This was further corroborated by an examination of rain­

fall and water table fluctuation data from previous y'ears, which showed 

that the, time difference between rainfall and water table risê (if 

there W"a$ a water -table rj.se), wa5 at most 12 hours. 

Using Figures 6 and 7, the ,drainable P?r~sities of 56i1 iayera 

of indicated depths, for a certain water tabl~ position, were computed 

by subtracting the volumetrie water contents at the specified water 

table depth from the volumetrie water contents at saturation. These 

were then expressed 'as a decimal fraction. The results of these 

computations for the four laye~8 and at various water table depths are 

• % s' , , lAll.' W 
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TABLE 5. Field and laboratory values of drainable porosity for the 

Mean 
water 
table 
depth 

m 

(1) 

0.00 

0.20 

0.40 

0.60 

0.8'0 

1.00 

1. 20 

1.50 

2.00 

table 

\\ 

Upland sand 

Field values of drainable porosity 
. f in fraction, for 10 cm soil 

1 ay'e rs at the following depths 

Depth of soil layers from t!1e 
surface, cm 

0-10 10-20 20-30 '30-40 

(2) ( 3) (4) (5) 

0.00 0.00 1 0.00 0.00 

0.026 0.016 0.037 0.073 

0.051 0.071 0.167 0.198 

0.101 0.179 0.272 0.291 

0.126 0.201 0.317 0.318 

0.141 0.221 0.337 

0.156 

Average 
field 
value 
of f 

fraction 

(6) 

0.00 

0.038 

0.122 

0.211 

0.241 

0.233 

Average 
laboratory 

valûe 
of f 

fraction. 

(7) 

0.00 

0.019 

0.094 

0.218 

0.269 

0.284 

0.292 

0.297 

0.302 

Note: The blanks indicate that the corresponding mean water· 
depths were not realized in the field. 
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TABLE 6. 

Meari 
water 
table 
depth 

m 

(1) 

0.00 

0.20 

0.40 

0.60 

0.80 

__ 'Il.... .( 1. 00 

1.20 

1.50 

2.00 

57 

Field and laboratory values of drainable porosity for the 
Ste. Rosalie clay 

Field values of drain able porosity 
f in fraction, for 10 cm soil 

layers at the followiJ;lg depths 

Depth of soil layers from the 
surface, cm 

0-10 

(2) 

0.00 

0.023 

0.030 

0.040 

0.048 

0.056 '1 

0.063 

10-20 

(3) 

0.00 

0.061 

0.Q73 

0.095 

0.109 

0.121 

20-30 

0.00 

0.090 

0.105 

0.111 

0.127 

0.132 

30-40 

(5) 

0.00 ' 

0.037 

0.0'44 

0.049 

0.058 

Average 
field 
value 
of f 

fraction 

(6 ) 

0.00 

0.053 

0.063 

0.074 

0.086 

0.103 

Average 
1aboratory 

value 
of f 

fraction 

0.00 

0.029 

0.065 

0.093 

0.106 

0.111 

0.115 

0.117 

0.117 

Note: The b1anks indicate that the correspondirig mean water 
table depths were not rea1ized in the field. 
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shown in Tables 5 and 6, for the sand and the clay, respectively. The 

last column of these tables shows the drainable p<\lrosities obtained 

from laborat:ory experiments for various water table depths. Each of 
-

the laboratory experiment values is the average of 15 samples, made up 

of five replications for samples at each of the three depths of 10 cm, 

60 cm, and 120 cm, from the soil surface. 

It is to be noted here that, strictly speakJng. the average 

values of f from the field and laboratory experiments are comparab~~ 

when the relative change of water table dQPth in the field for 

successive days became negligible. Intermediate values from the field 

experimen.ts do not represent the drainable porosity under equi1ibrium 
" 

water table conditions, since the water table cou1d not be treated as 

static for any extended period of time during the field experiment. 

Consequently, the field values of drainab1e porosity, should normally be 

lower than the corresponding laboratory values. This is seen ta be 

violated in three cases in the rlata presented in Tables 5 and 6. This 

could be partially attributed ta the ,averaging effect in the field 

e~riments. While the field values 'are the average~ over a depth of 

/0' cm of sail, the laboratory values are the averages over only 2.5 cm 

of sail for the sand. and 1.5 cm of sail for the clay. The general 

agreement between the field and the laboratory results is quite close, 

particularly at larger water table depth values. 

5.1.1 Drainable porosity - water table 
depth relationships 

Since a large number of data points were available from the 

laboratory tests (only partial results have be~n shown in column 7 of 

Tables 5 and 6), these were used to obtain a fWlctional relationship 

between drainable porosi ty f. and water table depth h. A fortran 

computer program for non lin~ar least squares c'{rve fitting (Daniel et.al 

1971) was used for this purpose. For the clay, \a combination of 

exponential terme was fOWld ta result ~n a close agreement between the 

predicted and the observed 'data. This, however. did not work for the 

(,' 
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sand, as the plotted data for the sand indicated substantlal change of 

curvature between the initial and final values of water table depths. 

From the literature (Daniel et. al 1971~, a relation of the type, 

f l/(a + b-ch ) • . . (5.1) 

,f 

where a, b, and c are constants, seerned ta represent the pl~tted data 

of f and h most closel~ This fOTm was, however, modified to: 

f • • . (5.2) 

where s, b, c, BI' 62 ~nd k are constants. 
- ....... ~""N •• ". 

This modification for the sand waS necessary for two reasons. Firstly, 

it is seen from the laboratory data of Figure 8a that the curvature 

changes distinctl~ between h ~ 0.4 m and h = 0.6 m, making it necessary 

to change ~he exponent of b in equation (5.2) from positive tlnegative 

in this region of h. This was achieved by changing the expone t of b .... 

from -ch to -~(h-k). The parameter k will have the dimension of h, and 

wiQl indicate the water table depth at which the f - h curve changes 

its curvature. Secondly, an additional term was introduced to 

equation (5.2), to force f ta be zero at h = O. The value of kwas 

taken as 0.5 m for the present case and a and b were fixed after sorne 

initial trials as a = l and b = 2. The parameters BI and B2 were found 

by the curve fitting program. Thé f - h equations, obtained for the 
A \ 

two soil types. are shawn in Table 7. 

The field and laboratory experimental data of drainable 

porosity and thé curves fi tted by non linear regression are shown in 

Figures 8 (a) and (b), for the sand and the clay respectively. The 

variabi~ity of f has been emphasized 'by drawing ~he mean ±l standal;d 

deviation curves for the laboratory data. These Ifigures help us to .. 
, conclud~ that for the so11s studj.ed, the fi:ld values of f can be 

reasopably approximated by laboratory data, the sand and the clay soi1s ' 

have distinct f - h relations, th~se reiations are curvilinear, 

\ 
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TABLE 7. Non linear re$ression equations between dependent variable f 
and independent variable h 

SoU type 

(1) 

Up1and 
sand 

Ste. Rosalie 
,.slay 

f = 

f = 

Type of eq uation 

... . .,. -... ~ 
(2) 

1 
1 + 2-131 (h-O.S) 

h(e-81h -82h 
e ) + 83 Cl - e -134h) 

Note: f i8 in fraction and h is in meter. 

\ \ 

Values of 
fitted 

parameters 

(3) 

131 = -11. 6466 

132 = - 3.2993 

131- = O.41S4 

13 2 = 0.3484 

133 0.3305 

134 = 0.6480 
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Fig. 8. tvater table depth - drainable porosity relations. (a) ûpland sand 

(b) ste. Rosalie clay 
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almost aIl transiezrt; water is drained within .a suction of 2 m of water, 
\ 

and the empir~cal ,f !..' h relations of Table 7, adequately describe the 
, 

variation of drainable porosity with water table depth. _-.1 

It must be m~ntioned here that the f - h relations! developed in , 
. \ 

this study are applicable for a maximum suction of 2 m of water. 

However, the W'ater table in tH St. Lawrence Lowlands region in 

general, and the study area in particular, seldom drops below 2 m from 

the sail su~face. In addition, the actual depths of subsurface drain 

installation' irrf'i generally les -than 1. 5 m. Thus the f -\ h relations 
~; 0 

developed here can be applied i th reasonable confidence ln this region 

for the soil typ-es mentioned 

5.1. 2 Water table depth 
content relation 

The f - h relations 

Table 7. 

sient water 

the previous section we re 

proposed to be used 

cert ain water table drop. 

content in a soil 

table. For these 

ting the ,volume of water drained due to a 

d ta relate the remaining transient water 

known dep{h to the position of: th,e 'water 

th~ sel.ec~,ions of the functional fOrIns of' 

drainable porosity and water table depth were the relationships betwe 

so made that they are alytically integrable. Integration of the 
-, \ 

relation for thè clay is direct and simple, while the integration ,of 
1 

the relation for the sand can he done by appropriate substitution. 

results of the int grations are given in Appendix C. These results .-

The 

were used to com te the volumes of water _drained from a saturated soil 

column due to e various extents of a dr,op in the watrer table from the 

sail surface These volumes were subtracted from the maximum transient 

transient 

ty for a soil column of known depth to obtain the remaining 

c.ontent in the soil column. Res~lts of these calcula- . 

tians are in Tables 8 (a) and (b) for the sand anè:l the clay 

respect! ely.. In order to arrive at', the values shawn in these tables -; -

approp ate saturation and field capacity moisture contents for the 

whol column had to be eatablished. This was done by referring to the 
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TABLE 8. 

Water 
table 
depth 

m 

(1) 

•• ... 

~ 

Water table depth and remaining transient water in soil 
co1umns of different depths 

Remaining' transient water depth TR, mm, wi t..hin soi1 columns 

\~i _________________ O_f __ i_n_d_i_ca_t_e_d __ d_e_p_th~s------·--~o----------
Sail co1umn depth, \m 

0.4 0.6 0.8 1.0 1.2. 1.4 1.6 

(2) (3) (4~ 
o 

(5) _ (6) (7) (8) 

(a) Upland sand-

0.0 
0.2 ' 
0.4 
0.6 
0.8 
1.0 
1.2 
1.4 
1.6 

121 
119 
110 

82 
42 
14 

3 
1 
o 

Cb) Ste. Rosalie clay 

\ 0.0 
0.2 
0.4 
0.6 
0.8 
1.0 
1.2 
1.4 

\1.6 

48 
44 ' 
34 
23 

1~ ~ 
4' 
1 
o 

\ 

181 
179 
170 
140 

92 
44 
14 
3 
1 

72 
68 
58 
43 
28 
17 
9 
4 
2 

242, 
240 
231 
201 
151 
95 
45 
15 

4 

95 
91 
8~ 
66 
47 
29 
17 

---2 
0# 

3 

302 
300 
291 
261 
211 
154 

95 
45 
14 

118 
114 
104 

89 
70 

, 49 
30 
16 

7 

362 
360 
351 
321 
271 
214 
154 

95 
45 

142 
138 
128 
113 

94 
7'3 
50 
30 
16 

423 
421 
412 
382 
332 
275 
215 
155 

96 

165 
/161 

- 151 
136 
117 
96 
73 
49' 
29 

483 
481 
472 
442 J 
392 
3'35 
275 
215 
154 

189\ 
185 
175 
~60 
141 
120 

, 97 
73 
49 

. \ 
". Il .; Note: 1. First rows of Tables '8 (a) ~ (b), represent the 

maxilDll1ll ttansient water storage ,in ~llime~ers per square centimeter of 

\ . 

80il . colunma of the indica ted dep,ths. ,,- < 

2. MaJçimum transient water cc!,ntent in mil1imeters i8 
equal to [(saturation moistuce ~ontent, per cent by volume - fieid 
capacity moistur~ content, per cent by volume)/100] x (depth of Joil 
co1umn in mi1limeters). ' 

" , 
------_."-._-~._. 

\ 



o 

, 

,'. 

( 

r" 

, - r 

, 
~ . 

\. 

- .. 
( 

64 

soil moisture depletion values from the field, and saturati~n soil 
.-

moisture content values from bath field and laboratory experiments, and 

by consulting the. rela~ed work done on similar soils by Lake (1968) and 
c • 

Shrivastava (1968). The Ijhal average values selected, and con~i~ered 

applicable for the whole column are given in Table 9 below. This table 

also sho~ the average wilting point moisture content values used in 

the water balance model ~mputations. ( , 

TABt:t: 9. Some average soil water properties used in the present study 

In the water,budgeting computations for draipag~ de~ign in humid 
~ . 

areas, it ia gene~ally aasumed that the ,lower limit of the water table 

position 15 the'dr~in dept? (Foroud, 1974; Chieng, 1975) •• Values of 

a~propriat~ colUQâs in Tables 8 (a) or (b) can be u~ed~ depending on 

t?e proppsed depth of th~subsurface drains. It will, however, he 

necessary. to use the valles seleoted, to derive- a suitable functionat 

form to enable one to predict water t~?le 4epth from a known value of 

tran~ient ~ater 
and b, iÎldicate 
~ 0 

the type: \ 

content~ -Plots of these values, given in Figures 9 a 

that f,or ,a soil column of given length, a relation Qf 

\ o 

(5.3) 

~ere,. ,-
h ~ wate~ble depth, 

, 
TRHAX li: maJP.mum transient water storage capacity of a column, 

c" 

~'O l 
, \ ( 
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TR remaining transient water conten~ in the sail for a 

water table depth of h, and 

a, b = constants; 

will adequately repreJent the water table depth - transient water 

content' reLation, as long as the water table remains within the sbi1 . 
column. For example, for a clay sail column of 1.2 m depth, the 

'relation will be, 
1 • 

65 

h O.083(143_TR)O.5896 . . . (5.4) 
~ 

In equation (5.4), h is in meters and TR is in millimeters. The fit 

for this type of equation starts deviating from the actua1 points when 

the water tàb1e depth exc~âs th~ depth of sail column. It is clear 

that this situation will not arise for a h,omogen'eous ~_oil.' because the 

depth of the water table is not allowed to go be~d the drain depth in 
\ 

the water balanqe môde1. In the ca~e of 1ayered sOi78, the,best 
\, ' 

approach is to use two equations fot the tW9~distinc~ sections, above 

and below-the dashed fines of the p10ttèd curves of Figures 9 (a) and (b). 
, . 

A relationship such as-equation (5.4) i5 only applica~le to the portion 

of the curves below the dashed lines in the above mentioned f~gures. 

The resu1ts disGussed in this sectiop draw our attention to the 

fac~that the drainable porosîty - water, table depth relations can be 

advantageous1y used't~ compute the'remaining tfansient water content in 

a soil column for a cerl:ain water table depth. In addition. ft has 

been demonstrated that simple expressions may be used to describe the 

water table depth - remaiuing transient water content re1~tionship.~ 
, 0 '., 

For heterogeneous soils, more than one function may be necessary. 

- ' 

The main assumption, implicit in the derivation cf the vario~s 

;elt:!,tions, iS\ that the water table depth and die transient water content 

are' fn ~ form of dynamic equilibrium with each other~ This assumption 
;' (~ <"" 

iS,reasonable for the~and and for the weIl structured clay with inter-
o ,1 

éonnected cracks. For cçmp&ct or mass~ve clay, the m?~em~nt of water 

will be slow ,and the assumption will be unjustified. Al80, the tab1ef:i 
( 

" --~ ", 
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and graph8 given in this section are for tpe avera~e soi1 water .. o 

properties for the study area. Howe~er, Jhese properties can be 

determined for particu1ar soils, and hence modification of tne 

numerical values in the tablfs and the orientation of the graphs can be 

accomplished for sorne other soils. 

5.2 1ctua1 Evapotranspiration 

Experiments for AE determination wene conducted on two sets of 

five plots, each approximate1y 2 ID X 2 ID in size. After a heavy 

rainfall in early June in 1975, dne set of five plots was cov~req. 

These plots attained constant moisture ~ontent~ within two to three 

daya after the rainfall. 

These sail moisture content values were taken a~ 'field capacities, 

or t~e upper limits of available 80il moiature for th~ soi1s of 
" 

~respective plots. The other set of five plots was kept open, and they 
, -

were found ta reach almost constant low s01l moisture contents in about 

20 days time. These low values were taken as the wilting point~, o·r 
1 

the lower limita of avait~ble s~il moisture. The upper and lower 

limi~s, an~ the maximum available wate! for a 300 mm sail column of 

1 sq.cm ar~a, are given in Table 10 • 
. 

The variations of average sail moisture content· for a 30 cm soil 

column in al~ of the open plots are shown in Figur~ 10. The periOd 

r~ported was mainly dry, except for a few daye with small amounts of 

ralnfall, du~ing which' time sail molsture values are seen to increase . ' 

. slightly. The plEltted points seem tQ suggest some type of cu,rn-linear 

relationship between the ~oisture content and elapsed time since 

wetting. But thi~ w~s not investigated as ft would obscure the effects 

of two d:j.stinctly influenc1ng factors, the available water content and 

the potential evapotranspiration. Instead, the values in Figure 10, 

for individual ,plots" were used ~o cbmpute the reduc'tion in water 

content between. two consecutive days. This reduction, expressed in 
• 1 

millimeters, was taken as th~ AE for one day. The corresponding PE 
1 

\ 

'. 

\ 
1 
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TABLE 10. Some sail water properties for the experimental plots for AE 
determination 

====================~================================================= 

sail moisture content, 
% by volume, at: Maximum ' 

available 

Plot Type of sail 
Upper Lower 

limit of limit of 
water, mm_for 

no, available available a 300 mm sail 

water water 
column 

(1) (2) (3) (4) ( 5) 

l st. Amable Loamy Sand 34.70 20.21 43 

2 st. Amable Loamy Sand 41.62 29.12 38 

24.72 15.37 \ 28 

55.82 49.00 21 

3 UP~ind Sand ) 

4 ste. Rosalie Clay 

5 Ste. Rosalie Clay 48.71 37.66 33 
ry 

Note: 
Col.(5} = [Col. (3) - col.(411 (Depth of sail column in ~)/lOO 
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values, in mm, were obtained from published tables (Russelo "et al., 

1974), from recorded values of maximum and minimum temperatures for the 

appropriate days, and from known values of solar radiat~on for the 

study area. The percentage of availabll water before evapotranspira-

tion was computed by the formula, , 
'=-

AW AAW - AWL 
AWU - AWL x 100.0% . . . (5.5) 

where 

AW per cent of available water before evapotranspiration, 

AAVf = actual available water, in millimeters, before 

evapotranspiration, 

"-
AWL = lower limit of available water in m~imeters, and 

AWU = upper linilt of available water in millimeters. 
~-

The values of AE, AW and PE, obtained a~ discussed abov=~w~ 1., 

developing a multiple regression e~~~v 
- -- these, and the 

-0.2285 +.0.~753 PE + 0.019 AW . (5.6) 

The analysis of variance for multiple regression and sorne other 

statistical information about the association between the three 

variables are given in 1ables B.2 and B.3 of Appendix B. 

Since the soil p~,ofile had been divided into two zones {or water 
" \ 

budgeting, AE was calculated ,seJ,arately for the two zones. It was 

ass~ed that 50 per cent of the'available ~ater is depleted from the 

first 400 mm of the sail proffle and the res"t from the low.er \ lay~rs. 

Th us , in equati0':l (5.6), daiiy PE was ~eplaced by(PE\ -c rç.n)/2 

(when rain ~ PE), and the comppted value of AE was mhltiplied by 2, 

to obtain the total AE from the whole sail column for one,day. The 

whole soil column referred to here is restricted in depth from the -, 
soil surface to the drain !evel. 

Equation (5.6) has two limitations. Firstly, th: c~puted AE 

becom,s negative when both PE and AW are either zero or hav~ very low .. '; , 

~ 

.~,------- - \ 

/ 

--

~ 

~ 
;.;? 

~ 
'1 

J , 
~ 

1 
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magnitude; and second1y, it will estimate AE in excess Qf PE, when the 

latter is 1ess than 3.5167 mm at AW of 100 per cent. These two 

problems arise due to the r~latively small amount of data used for the 

multiple regression. More data could not be col1ected during a one­

year experiment. However, the estimates obtained from the equation for 

most of the days during the growing season for corn, were found to be 

reasonable, and the prob1ems mentioned above were subsequently taken 

care of in the water balance comput'ations by slight modifications in 

the operation of the model. Also, the above equa~ion was justified by 

appropriate statistica1 tests, and is considered superior to computing 

AE as an arbitrary fraction of PE. In fact, the value of 

regression coeffi was approximately 1.5 times gre~ter 

than that of AE on BE (Table B.3 of Appendix B). This' indicates that 

AW is relatJvely more important than PE in estimating AE. Use of the 

proposed equation is also consider~d superior to the practice of 

computing AE from AE/PE ratios corresponding to different soil mpisture 

availability curves because, in equation (5.6) the continuous nature of 

the variables is retained, and bein~ i~ a functional form, can ~e 

r'eadi1y used in corltputer water balance ,computation~. 

The coefficient of variabi1ity of AE was obtained a~ 28 per cent. 
, 

Although this is high, in order ta know if this is unusual, one has to 
~ 

have experience with similar data. The author could not,find similar 

information,from ~ther sources for comparison. Sorne data on the 

variabilifY of moisture content in a sandy 10am sail were available from 

the works of Carvallo et al. (1976), and working with their data, the 
o 

coefficients of variabi1ity of soil moisture content"under various , , 

suctions, were found-to lie be'tween 1.6 and 44.8 per cent-. Since AE is 

dependent on soi~ moisture content, it is reasonable ta expect AE to ~ 

" exhibit a large variability. 

In general, it may be said that equation (5.6) has taken-two 

important factors, namely, PE and ~W, into consideration in evaluating 

AE; it gives reasonable estimates for a large part of the growing season; 

it is ~~mPle to use and is easily wadaptable to computer application. 

\ \ 
• . Ss 
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5.3 Water Balance Madel 

5.3.1 Comparison of observed and predic~ed 
water table depths 

The basic flow chart of the water balance model for computing 

claily water table clépths has been shown in Figure 5. The detailed 

program was made flexible ta include the following modtfications: 

~ 
~.- To assign to AE a constant low value (= PE/4, subject to a 

72 

------~mum of 1 millimeter)\ when AE computed by equation (5.6) becomes 

negative. 

, 

2. To assign ta AE the value of PE when either rainfàll i8\ 

'gr:ea\ter than or equal ta PE, or AB computed by equation (5.6) becomes 

'keater than PE. 

3. Ta allow (if warranted by the evidence of" observed water 

table rise), a certai.n percentage of input rainfall. to join directly 

the transient water st~rage, without first sati8fying the ent~re 
available water storage capacity. \ 

4. Ta use more than o~~ relat~onship between water table depth 

and transient water conten~ when the SOi~ profile indicates dîstinct 

sail layera. 

The model verification was ~arried out using 1974 input data for 
i~ 

one area (St. Amable Loamy Sand, Beef f~rmJMacdonald Co1lege), with 
,.1 1. (\ 

subsurface drains instal1ed; 197ft,-tnp!'k datar, Jar one area (Ste. Rosalie Clay,. 

Seed farm, Macdonald ~ollege), with ~~~i~~e artificial subsurface 

drainage; and 1976 input data for another area (ste.\ Rosalie Clay, farm 

of Mr. J. p~ Martineau, St. Clet), wfth subsurfa~e drains'installed. 

The results of the model verification for the aoote three cases are 

shawn in Figùres Il, 12 and 13 respectivély. 

------- . \ From these figures, the generai agreements between the ohserved 

\ to: 

~he predicte~ water table deJ>ths are (seen ta be' close w:1.th respect 

the trend of rise\ and fall of water table, n~ber pt' ris es , and 

the maximum extent of rise '. The water table rise for the poorly drained 

\ \. 
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clay, in Figure 12, 1s seen ta' be more numerous than for the others '-, ~ i 

Thi,s ~s to be e~ected because in a poorly dratned -soil, the moisture 

depletion ls slow, and\ at 30y stage, there is a greater chance that the'-" 

water ta~le will respond to the rainfall, becaus~ of the initially high 

moisture content of th~ soi1 medium. " 

The fact that the drainable porosity varies with the water table 

depth under field conditions, can be made evident by some approximate 

calculations based on the observed water table depths in Figures 11, 

12, and 13. Thus, with re~pect ta the loamy' sand in Figure 11, in a 

ten-day period (Ju1y 28 ta August 6), a 113 mm rain.a11 caused the wafer, 

table ta rise from 134~_J!!!ll to 1000 fm from the sail surface, -or by an 

amount of 340 mm. The total AE (obtained from the output of the model 

operation and not shown here) , for the ten-day perio1 was 53.6 mm. 

Hence, since the water table was near the drain"" 'thus allowing us to 

neg1ect the effects of drainage, the actua1 depth of rainfa1! responsib1e 

for \ater table r~se is obtained as (113.0' - 53.~) or 59.4~. The ~ 

'average drainable porosity is therefore 59:4/340, = 0.175; Similar 

calcu1ations for the period June 29 ta July 4, when the initial 
1 

position of ~he wate~ table was ik.sh'er than that for the p"revious1y 

considered per!od July 28 to' Augu~t 6, indicate that a net rainfs11 of 

13.6 mm caused a water table rise of 130 mm (from 1180 mm to 1040 mm 

from the so~l surface); yie1ding an average drainable porosit~ value 

of l3.6/13~ =,0.105. 

similar to those above were done for some events 

s 12 and 13. _ Wit? \respect ta the ,undrained clay in 

pèriod ~ptelllber 17 to September 20, when the initial ~ 
~, 

depth was 1360 mm, the drainable porosity was found to be 

0.11, compared with 0.09 for the period August 7 to August 8, when the 

water table was at a depth of 1170~. For the drained clay in 

Figure 13, during the peri d Augus t, 9 to Augus t ,13, and wi th the ~ 

initial water table at 12 ~, the drainable poros~ty ~as obtained as 

0.13, asPagainst 0.08 for th~-pe~d May 18 ta May 19, w~en the initial 

water table depth wa~,}0:90 fun. \" _, .' 
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One of the reasons for obtaining a- closer agreement' between the 
• , 1 • 

observed,and predicted water table depths in the pre~ent model, as 

comp,ared with a previpusly used model (Chieng, 1975),1 i8 that, in the 

present model the variability of drainable porosity with respect ta 

water ~able depth has, been considered. The previous model had used 
~ 

constant values of dfainable porosity for different zones. 

In each of the Figures, 11, .12, and l?, ,during certain periods, 

the predicted water tables are see~ ta deviate from the observed 
'\ 

values. Particular mention may be made of the periods April ta Ma~ in 
! 

Figure 11, mid-August ta mid-September [in Figure 12 and, the end' of 
'. 
October in Fig\~e 13. The deviations for the sand 'in Figure 11 during 

April and May are probably due ta the melting of ice len~es in th~-soil 
• 

) or the melting of some above-grorlnd snow, causing the water table ta. be 
!\ \ 

higher.than predicted, as the wate~ balance m9del does npt take into 
, , 

account the snow factor. Broughton (1972) has mentioned that ! 

immediate1y.after wiq~j. months' ther~ are times when the sail water may 
l , 

~efreeze on cold nights, reducing the capacity of the sail, to~smit 

w~ter. This could also pe a rea~on for measured water table ta ~e' 
,closer ta the surface during this time of the year. A steep drop of 
\ ,- ' 
the water table in the following few weeks is probab1y due ta very high 

, , 

evaporation rates (equa1' ta PE), since seedbed, preparation in this . 

period causes e~ougb sail disturban~e ta b.ring wet sail ta t~~ su~face, 
in whichJsase avail~ble water,does nbt ~estrict evap6ration. ~other 
reason for, the steep 'drop may be a large subsurface'drainage rate 

'be~aus'e the soi1 has been temporarily rendered more porous as a resul~ 

of the me1ting of ice lenses. AlS€, during some periq?~ of heavy 

rainfall, some of the rain direcfly jOi~S the water'table through 

large \ crackS;-causing the _ ~ater table t6 rise t~mporarily; but in the 
~ 

subsequent period,- the water redistributes itself in the surrounding 
.-------- . ~ 

soiJ_, causing ~ s'far.I?_c1rop 4n- ~-watértâD1e. ~'-'l'hiB particular 

_yhen{)menon~-i~ -~~en tO,occur for the tdrained <:lay' i~' Fi~ure 12 during 

August and September, and fOI the dr~ed clay in Figure 13 during 

mid-May and at the end ~f Octobe~. - ' .. ~ " • '. 
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The ove raIl agreement bêtween the observed and the predicted 

water table depths during the main growing season of corn (May 1 to 

78 

August 31), was found ta be reasonable. iri 

several cases' Hlere found ta be a li ttle closer" ta the . . 
observed v~ues, and this may be considered to be due to ative 

~ 

performamce of the water 'balance model. Also, realizing 

spatial variability in many"of the used sail water properties, 

attempt was made to further refine the model ta obtain a more 

between the obs,rved and thf predicted water t~ble depths. 

One likely reason why the predicted water tables m~ be higher 

than the actual water tables is that the predictions were based on the 
.... 

assumption that there was no surface ruqoff until the profile was 

saturated. In reality, a part of sorne intense rainfalls,rnay have been 

lost as surface runoff before the profile was ~aturated. The large 

discrepanci~s between the observéd and the predicted water table depths 

during late August ta late Septemb~r in the case of the poorly drained 

clay in Figur~ 12, however, remains unexplained. 
I>.J 

5.3.2 Statistical analyses using observed 
and prédicted water table depths 

Ta gain more insignt into the performance bf the developed 

water balance model, it was decided ta evaluate some statistical 

parameters of thè distributions of the observed and predicted water 
["'1-

table depths for comparison, and ta perform an appropriate statistical 

test to determine if there is any significant difference between the 

two. One year's data from a previous model, referred to hereafter as 
,f IIh 

-
the fixed drainable porosity model or the 'fixed f model, were also 

available! for the St. Amable LoaroJ"Sand area. This model had used some 

co~~ant values of f ror various sail zones, and had co~uted AE from 
, I-\.\ 

total àvailable sail moisture and AE!PE ratios fDr different1zones. " .' 

The results from this model and from thè present model were used for a 

comparative evaluation of the two. For the clay soils no other data, 

except the recorded water table depths, were available for comparison. 



c -1 
! -" 

.. 

" 

r 

TABLE l1. Statistical proRerties of the distributions of observed and predicted water t~ble depths 

~ 1974 
St. Amable loamy sand 

Beef Farm 
'Criteria of comparison 

and/or 
test and hypothesis 

64 data points 

Predicted by 

Observed 
fixed 

f model 
variable 
f model 

(1) (2) 

Mean 

Standard deviation, m 

Coefficient of correlation 

0.9402 

~~ 0.2795 

Sum of the aquared deviation. sq.m 

Coefficient of skewness 

Wilcoxon's Matched Pairs 
Signed Ranks test: 
Ho: No difference between 

observed and predicted 
water table 

Ha: Observed and predicted 
water tables are 
different 

-0.7594 

Note: a = size'of Type l error 

(3) 

0.9961 

0.4175 

0.7935 

2.5399 

Do not 
reject 
Ho at 
0.01 Ct 

level. 
Reject 
Ho at 
0.05 Ct 

level 

(4) • 

0.9241 

0.2754 

0.9409 

0.5930 

Do not 
reject 
Ho at 
0.05 Cl 

level 

< 

1976 
Ste. Ro~alie clay 

Seed Farm 
36 data points 

Observed 

(5 ) 

0.8242 

0.2718 

-0.0451 

~ 

Predicted 
by 

variable • 
f model 

(6 ) 

0.7900 

0.2291 

0.9215 

0.4482 

Do not 
reject 
Ho at 
0.05 Ct 

level 

1976 
Ste. Rosalie clay 

St. Clet 
35 data points 

~ 

Observed 

(7) 

0.9605 

0.1638 

-1.0486 

Predicted 
by 

variable 
f model 

(8) 

0.9098 

0.2127 

0.8068 

0.6290 

Do not 
reject 
Ho at 
0.05 Cl 

level 

The variable f model in the above table refers to the model developed in 'the present study. 
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The statistical parameters of the distribution and the results of the 
' .. 

test are given in Table Il. 

From the limited data from these three areas, the co~fficients of 

skewness were found ta be -0.0451, -0.7594 an~ -1.0486. According ta 
" Yevjevich (1972), the two latter values do not satisfy the requirements 

of the preliminary test criterion for symmetry and, hence, for nar.mality , 

of the distribution of the data. Thus, tests on'various statistical 

parameters could not be Pirfarmed. Instead, a nonparametric test, 

{ namely, Wilc~xon's Matched Pairs Signed Ranks Test for related 'samples 

(Siegel, 1956) was performed ta discover whether the samples of abserved 

and predicted watl,er tab le depths had any significan t difference in any 

respect. In this regard, Aitken (1973) had suggested the use of a 

simple Sign Test, but a Sign Test only considers the direction of 

difference between two series af data, ~ithout considering the magnitude 

of the diffe~ences. Wilcoxon's Matched Pairs Signed Ranks Test is 

considered superiar to a simple Sign'Test as the formar takes into 

account bath the direction and the magnitude of difference between two 

series of data. (The pair of observed and predicted water table deptns 

for the same day is considered to be related, because in the model, aB 
weIl as in nature, the same main causative factors are responsible for 

bringing about the'fluctuation in the water table depth1 
From Table Il, the 'performance of the present model as compared 

with the fixed f model appears to be salisfactory. For 1974. a 
1 

substantial reduction in the sum of the squares.of devi~tions between 

observe~ and'predicted water table depths, and an improvement of the 

correlation coefficient between these were achieved in the present . 
model. By using the Wilcoxon's ,~atched Pairs Signed Ranks Test, the 

distributions of the observed and predicted water table depths were 

found to be identical at the 95 per cent confidence level~ 

At this stage, because of the limited availability of data on 

re~orded water table depths in ather areas and also because of the 

large spatial variability of the different soil water parameters 
J.-/., 

\ ' 1 r~ 

, 
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involved, it is felt unnecessary to further refine the model. Also, 
• 

the present model is,quite simple to operate and takes only 34 seconds 
t . 

of computing time for the analysis.of 76 years of weather data. The 

previous fixed f model took 517 seconds of compüting' time to analyse 27 . . 
~ 

years of weather data. This s~ving in computer time .in the present 

model is achieved mainly by'reducipg the number of zones of the soil 

profile from four to two, and by replacing variou's step functions by 

continuous functions. 

5.3.3 Application of the integrated water balance 
and crop loss ~odel in average annual crop 

-loss calculations 

In the previous subs~ction, the performance of the water balance 

model in predicting water table 'depths was d.iscus&.ed, and it was seen 

that t~e developed model was able to predict the daily water table 

depths \-7ith reasonable accuracy. The results' of the present subsection 

hav~ been obtained by using the integrated water balance and crop 10S5~ 
, 

model for 76 years (1900 to 1975) of weather data from the Ottawa 

weather station. The crop loss computation was based on the theory 

presented in Section 3.2. The model was run for the average 50il water 

properties of the clay so~l region. These properties, along with the 

values used for depth of drain, equivalent depth DE, and allowable 

water table depth are given in Table 12. 

Figure 14 shows a sample result of computed crop 108s ?Ud 
.' 

associated probabilities for a specific set of yalues' of design 
~ 

parameters, namely, spacing between 1aterals S = 35 m and hydraulic 

conductivity K = 0.1 m/day. The crop los ses have bien expressed as 

per cent of no-loss crop value, NLCV. 1 

For a specific crop, the actual losses can be obtained by 

multip1ying the values of the ordinate of Figure 14 by the factor which, . , 
when multiplied by 100, yie1ds the maximum value of ~he crop under 

normal !rowth conditions, in dollars per hectare. in this disc~n, 
the maximum value of the crop an~the no-10ss crop value ate s~on~ous. 

\ 

1 

.1 
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TABLE 12. 

Number 

(1) 

Il 

2 
( 

3 

4 

5 

6 

7 

8 

9 

Il 
10 -_, 

11 

12 
I~ 

~ 

( 

II· 

, -
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.... 
Values" of some fixed soil water and desigu .parameters used 

in the water balance and crop 108s model 

/. Numerical 
Parameter value 

nun 

(2 ) (3) 

Lower limit 'of availab1e sail moisture in zone 1 140.0 

Upper limit of available sail' moistl!re in zon,e 1 165.0 

Lower limit of trans-ient soil moisturé in zone 1 0.0 

Upper limit of transient soil moisture in zone 1 48.0 

Lower limit of available soil moisture in zone 2 280.0 

Upper limlt of available sail moisture in zone 2 329.0 

Lower limit of· transient soil moisture in zone 2 0.0 

Upper limit of transient soil moisture in zone 2 95.0 
-

Depth of' zone 1 (or allowable depth of water 
table in Hooghoudt's equation) 400.0 

Depth of zone 2 800.0 

Depth of -drain 1200.0 

Equivafent dep'th DE in Hooghoud t ' s equati011: 1000.0 
J 
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Fig. 14. An examp1e of crop 105s probability curve and computation 

of average annua1 crop 1055 (Assumed Dp = 1200 ~) 
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The information of Figure 14, may b~ useful, in obtaining th~ probabili­

tiès, on the aV,er~ge, associated witn a certain crop loss. Thus, wé 

may sa~ that there is expected ~ cro~ loss of at least 50 Rer cent in 

35 per cent of the years, or; roufh1y. i~' 7 out of 20 years, if the 

design parameters are as indicated abowe. Similarly, we may also say 

that in 40 par cent of the years or in 4 out of 10 years, on the 
" .., .' 

average, the loss wou Id be expected to be 10 per cent or ~ss. 

lt must be mentioned at thi~ stage that the above .assertions 

about the probabilities of recurrénce are not in any way ri garous , and . 
simply mean that if a long p~riod of years i8 8ubdivided in blacks of 

20 or 10 years, and the los ses in each black are computed, then, on the 

average, one may expect a loss of 50 per cent or more in 7 out of 20 

years, Or a loss of 10 per cent or less in 4 out of 10 years. 'lt is 

for this reason that the reliability of this type of prediction is 

increased when One has a large number of years of data. This, 

nevertheless, i8 a standard procedure for 108s computation in engineer­

ing design (Metropolitan roronto Region and Conservation Authority, 

1959). 

From Figure 14, it ie seen t~at different lasses have different 

assoeiated probabilities. This ma~es the comparison between various 

design alternatives a tediouf task. A very useful parame ter for sueh 

comparisons ~ay, theref~re, ie selected as the average annua1 loss, 
! ' 

which ià the area under the probability~urve of Figure 14. T?is 

parameter has been computed and shown ta be 37.2 per cent of tAe no-l08S 
\ 

crop value, in dollars per hectare. Obvious1y, different set~ of . ~ 

des~gn parameters will yield different values of average annual loss. 

_,The integrated water'b~lance and crop,loss model was'used to 

compute average\annual losses, as explained above, for different design 

parameters. Rather than computing the area~der the probability cUrve 

manually,,~ subroutine was used to approximate the area by the average 

ordinate rule. The intervals ~ere kept sufficientIy smaI1 to obtain a 

close approximation of the area. The result of this analysis is shown 
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Fig. 15. Average annual crop 10ss for varipus spacing - hydraulic 

conductivity combinations (Assumed DD = 1200 mm) 
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in Figure 15. In this analysis, six values of hydraulic conduc~~vity, 

from 0.1 m/.day to ~.l m/day, in step~ of'O.2, were taken and the model 
r 

was run for spacings varying between 5 and 80 meters. ~is analysis 

was done with sail water properties for the clay soil region (Table 8 b, 

equation (5.4) and Table 12), and for an assumed crop loss pattern for 

corn (Table 1). Since drain depth and other soil water parameters, 

such as available and transient water capacities, were fixed, each 

spacing - hydraulic conductivity combination gave one value of design 

drainage rate or RMAX. AlI values of-RMAX for aIl combinations of S 

and K are given in Table 13.- These values are also the same as 

drainage coefficiêRts, which is th~ design rate of water remova1 by the 

subsurface drains. This rate is used in the model when the water table 

is closer than or equal to the allowable water table depth, ADW. The 

values of hydraulic conductivity used in the calculation constitute the 

commonly'encountered range in the St. Lawrence Lowlands region. 

From Figure 15, it is also seen that, for the lowest hydraulic 

conductivity, the average annual crop loss will be 51.9 per cent of the 

no-loss crop value, at a spacing of 80 metèrs. This condition is 

almost èquivalent ta no subsurface drainage, as the RMAX for this case 

will be 0'.14 mm/ day. The minimum value of AE ever at tained iIl the 

model is about seven times as large as this value of RMAX.\ It cart be 

concluded from this that, in the extreme case, if a farm has no sub-
, 

surface drains, the average annual loss will ~e a little more thàn 50 

per cent of the no-loss crop value. The benefit from drainage will ~e 

. dUr to the salvaging of part of this loss. We are, 'however, ig?orin~ 

thè 108s of crop that may occur due ta delay in timely field op~rations 
~ , 

as a result of high water table conditions in the undrained sail during', 
\ 

the ear;r growing.period. The i~formation in,Figure 15 may be useful 

as a tool in comparing the crop lasses for a wide range of values of 
-

design par~etersi It is ta be noted here that the crop loss computa-

tion has been don~ for a corn crop considering the main growing period 

./ 

ta be from May 1 ta August 31, in the climatic conditions of St. Lawrence 
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TABLE 13. Values of design drainage rate for ~arious C?~inat~ons of 
S and K 

Drain 
spacing 

Values of design drainage rate RMAX in mm/day f9r 
indicated 'K values 

Hydrau1ic eonduetivity K m/day 

. ' 

m 

(1) 

5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

70 

80 

0.1 

(2) 

35.840 

8.960 

3.982 

2.240 

1.434 

0.996 

0.731 

0.560 

0.443 

0.358 

0.140 

0.3 

(3) 

4.301 

2.987 

2.194 

1.680 

1.327 

1.075 

0.747 

0.420 

0.5 

(4) 

4.987 

3.657 

2.800 

2.212 

1.792 

1.481 

0.914 

~ 0.700 

0.7 

(5) 

[ 

5.120 

3.920. 

3.097 

'2.509 

2.073 

1.742 

1.280 

0.980 

0.9 

(6) 

6.583 

5.040 

3.982 

3.226 

2.666 

2.240 

1.646 

1.260 

1.1 

(7) 

6.160 

4.867 

3.942 

3.258 

2.738 

2.011 

1.540 

Note: 1. Blanka in the above ~tab1e indieate that xhe mode1 was 
not run for these eombinations sinee the y were unneeessary for 
the economic eonside~tions. • 

2. Values in the abo,ve table are obtained using 
Hooghoudt's equation (equation 3.6). 

3. In equation (3.6), DE, ~D, and ADW we~e taken as 1.0 
m, 1.2 m and 0.4 m, respective1y, for a11 S-K combinations. 
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5.3.4 Average annual revenu~ increase due to subsurface 
d~ainage for different design alternatives .. 

Earlier, ifl section 3.1, it\was mentioned that the selection o~ 
,~ , 

a design alternative for a ~ubsurface drainage system depends upon the 

interaction of two requirements, namely, ~inimizing crop loss by clos~ly . 
spac:ïng laterals and minimizing instal~,?~m cost by spacing later.als 

as widely as possible. The aver~al revenUe increase due to drainage, 

RE~ was also expressed by equation (3.12) of secti0n 3.2, and is re~ritten 
~ 

here for c9nvenience : .. 
RE ACL ACI • (5.7) 

In the above equation, the value of ACL
O 

can be estimated for an assumed 

no-loss crop value NLCV, and an estimated value of production at 

negligible drainage. In vie~ of the results shown ln Figure 15 and the 

discussion on page 86, and ~\r an assumed NLCV = $SOO.OOjha, ACLo may be\ 

estimated aSi ACL
O 

= $500.00 x (5l.9jlOO.O) = $259.50 per hectare. The 

. quan~ity ACL ?f equatiorl (5.1) is obtain~le fram the water balance model, 

as explained earlier in this section, f'or a specific'set of design 

parameters, and the ~~ivalent seriés of installation cost ~CI, per~year, 
may be obtained"for differ,ent amortization periode AP, r.y:es of interest 

1, and installation cast per unit area. Information on the last item has 

been worked out....ÇUld publishe by ÇO~il: ~es Productions vé~tales du . . 
Québec (1976), for vario' drain spa~ngs and installation rates par unit 

length, along with a group of curve~'to convert ~nitial install~tion cost 

-to a uniform annual séries 'of costs for different interest rates and 

different_amortiza 'on periods. This i?fO~a~io~as been used· tO,~ork 

out the aygrag ~ual reVenue increa~e,~y~~subs~face dr~;nage for 

'. different design alternatives ... A samp-1e result ls shown in Table 14; The 

= $500.00lha~ 
1 

'information in this table has been Obtained by 
, \ 

AP = ;W years,· l = 8%, cost 6f inst;llaHon and mater~ai IC 98,ç/m, and 
\ . , 

the value 'of average annual crop~ loss at n,egligible ,draln~=' ? 
the no-loss crop value = $259.S0/ha, an~ using the crbp-Jloss ~n 

of 
ation 
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TABLE 14. Sample table of the eOonomic ana1ysis resu1ts' 

" , 
============:::;:::;:====~=======~======= ___ ~=:=~_w __ =========--_=-= t~'1 

Unifonn 
~ 

Spacing ,Ayerage annual Average annual . Modified 
.between annual seZïi.es of revenue increase benefit/cost 
drains crop 1055 insta11a.tion due to subsu~facë ratio 

cost 'drainage 
$/.ha\ $/ha $jha 

)' '. m. 
\\ 

'" 

(1) (2) (3) (4) , (5) 

5 0.00 116.20 .' ' 143.30 1.23' 

19, " 0.35 102 .. 50 156.65 1.53' 
, 

15- ~15. 90 68.67 174 .. 93 2.55 . 
20 59.35 51.87 148.28 2.8p 

t. 
25 105.05 42.23 112.22 2.66 

30 142.40 35.07 82.03 2.34 

35 175.35 31.12- 53.03 
\ \ 

1.70 ., 
40 197.60 27.66 ~4.24 1.24 

50 223.10 23.71 12.69 0.54 

80 259.50 15.06 -15.06 - .. 

Note: ~. Values of co1umn 2 are obtained from the integra:tédr~ate~ \ 
balance and crop 10ss mode1, 'for K·= 0.1 m/day. 

,/ 2. Values of co1umn 3 are obtained fr consèiL des 
Productions Vegetales du Quebec (197~), an amortization 

D 

period of 20 years, 'aq interest rate'of per cë~t'per annum, and 
an instal1~tion co~t of 98 cents -per me er which inc1udes the 
cost of materia1. . 

3. The no-loss crop va~ue is ass.umed to be $500.09 per 
hectare 

\ 
~d 

4. Column 4 = 500.00-x (51.9/100.0)-- (co1umn 2 +-eo1umn 3), 
column 5 = co1umn 4/column 3. ' 

" ,s. Assumed~i~ dept~ = 1~00 

/"- .'. mm. 

. .., 

or 

. 
" 

-" 
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'trom the 'curve corresponding to K =' 0.1 lJl/day in Fi~re 15. The 1ast, 

11'-- \) ~ l , 

colurnn ~f this' tab1~ shows th~ m04if.ied benefÙ!;o'st ratiaS, the 

significance' of whic~~i11 be discussftd l~ter. 

, 1 1 Rep~atiflif 'the'~ pt9_hedure ûSéd for computat~on of T~le ·14 f, the. 

av~.:~<:!~ annuarre~.en\le ircrease du.e to subst.u:'f~ce drainag.e, ~, was c~puted ~ 
for tll the combinations of S and K,', and for two values of interest rate 

~ ~ 1 1-

(8 and ~2 p~r cent), two values of amorti~ation periOa è1~ and-20 years), 
" . , 

and tw9-v~lue~df installation rate per roe~er (98 ç!ro, and $1.64/ro). These, 

are eonsider~d reasonab1e ra~ges •. RE for interm~diate cases ~ay 'be, 
~ '\ - ),. 

interpolated by appro~imatio~. The ~0-1os)~ crop value,.' ~r~ the valu'e '''of 1 

.,,' - 1 

the'harvested c~op under normal growth conaitions has been assumed to 

be $500:00/ha fur aIl the combinqtions of the other pàrameters in the' 
o -' J 

economie analysis~ this regard, studies ~by Fisher. (1976) indic~te' 

thatduring th; per~d 1945 to 1964 the gross return of g~ain'corn in 
, " . ' 

OntaJ:'io var,ied frOm $109;17 to $257.87 per hectare, with an. average" œf 

$187.1,2 per ,he, ctare. And a' "subsequent study by Fisher et 'al. (1976), 
, T-

~ indica~ès~tbat ~e average gross return for ~orn in ~e !ame regio~ for 

.the two years 1973 and 1974 was $1~7.00 par hectarè.'Thus, ,the 'selected 

no-l:~ss cro!? VllUl~ of $500.00 per hectare reptesents an 'intermediate 

approxiroa~e figure. 

" ~ ~ 

The results of the eCQ~omic analyses are shown in Figures 16 and 
\. JI 

., 17 "Thés El figpre~ cléa;rly, indicate ~e int~ractions betwe~~ tl:le sa\T~~g, 

from reduced crop 1ôss dué to closer'spac1ng of ~alns and the '~aving in 
" , 

,; inst;aU~tion cost" ëft' wider spaci~g of drains r
., ~~~' most desirabl:e. co~d;l. t;j.on 

~\ ~ ~r .. ~: ~ ~ \ ~ 1 ~ ':: ~ " 

"_ ~f ~paeing is' ~at ;~~, which ,th~ \ av&age ,~ual revënue *',inère~se- RE ls 

a maxim~. ·'l'he numer;ical value' of \m ~s different und~r diff~rento> 
c~ina'bions of hydrauÙ~ 6o.nducti~ity;- ,interest rate', amortizatton , 

~ériod and'insta11ati~n'èos~., oi the ~ari~~slparamet~rs \conside;~ in 
• ',' 1 1 

~, econ?mic analyses;:o~1y hydrauli~'C~~dU~r~v~ty i5 se Si' to,influence ' 

, ,..-the spàc!ng at which' a' maximUm RE' is'; obtainè~. Th'is is f ther efarified ' 

- in Tcilile '15. Tn;s table i~ pr~p~ed' ~o~ 'lndidate the spaçi '~eeded t~ . 

'~chieve maximultl a.~erage ~ûal,}" 1 - • c~as~ d\l~' t? ,subs~rf~ace ? , ' 

drain~ge_ ~der va.rious iéyè1~' ~ otli&i ~ar et~J;:s.: J .. . 
, \ t ,'0" /- f' '" . 
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TABLE 15 . 
• 

Drain spacings for obtaining maximum average annua1 revenue 
increase due to subsurface drainage 
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========================================================================= 

Interest 
rate 

% 

(1) 

8 

8 

8 

8 

12 

12 

12 

12 

Amortization 
period 

\. 

years 

( 2) 

20 

20 

10 

10 

20 

20 

10 

10 

Installation 
cost 

$/m 

(3) 

0.98 

1. 64 

0.98 

1. 64 

0.98 

1. 64 

0.98 

1. 64 

Spacing, m for maximum 'average 
annual revenue increase due to sub­
surface drainage for indicated K 

values 

\ 

Hydraulic conductivity K, m/day 

0.1 

(4) 

15 

15 

15 

15 

15 

15 

15 

15 

0.3 

( 5) 

20 

25 

20 

25 

25 

25 

25 

25 

0.5 

( 6) 

30 

30 

30 

30 

30 

30 

30 

30 

0.7 

(7 ) 

30 

35 
-r 

30 

35 

30 

35 

35 

35., 

0.9 

, (8) 

35 

40 

35 

40 

35 

40 

40 

40 

1.1 

(9) 

40 

40 

40 

40 

40 

40 

40 

40 

In the above table, under colurnns 5, 7 and 8 for K value§ of 0.3, 

0.7 and 0.9 m/day, respectively, the varia~ions in spacings for maximum 

revenue increase are minor. These variations may have b~~_n obtained because 

the inte~mediate values of spacings were not used in the water balance modef 

computations. Thus, in column 5 of" Table' 15 , the actua1 spacing correspon­

ding to maximum revenue increase may have been between 20 and 25 meters, 

ih cOlurnn 7, between 30 and 35 meters 1 and in colurnn 8, between 35 and 40 

meters. The infomation from figures 16 and 17 and from Tab~e 15 is 

important as it helps one to select ~he most approp~iate spacing of drains 

under a wide range of pertinent parameters. Although the-no-loss crop 

value has been taken as constant at $500.00/ha, it is obvious fram equation 

(5.6) that, since ACL
O 

is a cer~ain percentage of NLCV, a change in the ' 

numerical value of the latt~r would shift the curves of figures 16 and 17 

vertica1Jy, and the spacing required forrobtaining a maximum average annual 

revenue increase would remain unchan~ " 

'--- . 
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The modified benefit/cost ratios given in Table 14 are obtained 

by dividing the average annual revenue increase by the uniform annual 

cost of drainage installations. The decision as to which drain spacing 

is most appropriate will be different if one uses the criterion of the 

greatest average annual revenue increase or the greatest modified benefit/ 

cast ratio. The modified benefit/cost ratio criterion may be more 

appropriate if the bene fit values were obtained by considering aIl the 

production and other costs, better data on the effect of drainage on 

yield, and in situations of restricted capital when the efficiency of 

the capital use becomes a more sound basis for comparing alternatives. The 

RE cri teLion chosen for cornparison in this thesis signifies the amount 

of additional return that a farmer may expect to get as a result of 

subsurface drainage installations. 
~ 

I,t must be mentioned here that the results of this analysis are 

dependent upon the assumed crop loss pattern given in Table land 

discussed in section 3.2. The a5sumptions about the crop 105s were 

based on the evidence of a considerable amount of research work on 

yield reductions due ta static water tables, and the relatively little 

information which was available on the effect of fluctuating water table 

on reduction of crop yield. The results of the cast analysis presented 

here strongly suggest the neëd for conducting furtlaer research work on 

the effect of fluctuating water tables, particularly the effect of 

varying duration of di~ferent water table depths on the growth and yield 

of crops. Also, this analysis is done for corn only and the 108's pattern 

will have ta be modified if it is desired to use this type of analysis for 

other cfops. . 

In general, i t can be said that the water balance approach is a 

very useful tool, not only for moisture budgeting, bùt the results of 

the model can have di verse uses. One such use is t?e computation of the 

probabilities of recurrences of water table depths and durations. Such 

probability information can then be used to compute lasses associatèd • 
wiJth various degrees of inadequacy of drainage, and appropriate design 

al1ternati ves ~hich. yield maximum revenue incr~ase can be selected under 

different soil conditions. 

, H' rr mspuc,psr_17r "m'1ld3.,." ... 5 tIn m17 .11 1 111 
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VI. SUMMARY AND CONCLUSIONS 

The design of subsurface drainage systems has been based 

generally on previous experience and on sorne simplified formulae. A 

determinis tic approach to the design is, at bes t, incomplete because of 

the stochastic nature of sorne of the factors causing drainage problems. 

Drainage ,system installation involves large suros of money, and 

the investor is, naturall}", anxious to recoup his expenditure by being· 

able to increase the productivity of his land. The conventional 

methods of design most often ignore this important economic implication 

associated with the subsurface drainage installations. An economically 

attractive design will be one which is expected to yield maximum revenue in­

crease to the investor over the, amortization period of the in~estment. 

Several factors can be thought to have an influence on the determination 

of a most economic design al te 

crop 

Sorne of these are, the type of 

usceptibility tb damage due to 

inadequate drainage, soil physi al properties, installation cos t and 

ey. Design methods hitherto used 

are not weIl diverse nature of the influencing 

.factors. 

The ~f?rincipal objective of this study waSj to set out a rational 

procedure which could be used under different sdil, crop and economic 

conditions to arrive at a most economic alternative for subsurface 

drainage design. 

A computer water balance model was developed for predicting 

daily water table depths. The inputs to the model were the daily 

values of rainfall and potential evapotranspiration, and Sorne fixed 

average values of soil water. properties applicable for the soils of the 

,St. Lawrence Lowlands region. Actual evapotranspiration was expressed 

95 
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as a linear function of potential evapotranspiration and available 

sail moisture content. Drainable porosity was expressed as a non 

linear function of suction or water table depth. Field and ~aboratory 

investigations were carried out ta evaluate some soil water properties 

and ta develop the above-mentioned relationships. The output of the 

model - th~ predieted daily water table depths - was eompared with ,some 

observed data from the study area. Statistieal parameters of the 

distributions of observed and predicted water' table depths were 

computed and compared, and a nonparametrie test was u8ed to test the 

hypothesis that the two distributions were identi~l. Performance of 

model was compared with th~t of a previous*y developed model which was 

based on sorne constant soil-water properties. The model was then 

operated with 76 years of weather data from the Ottawa weathèr station 

for the period from April 1\ ,ta, Oetober 31 of eaeh year, and frequendes 

of various depths, and durations of water tables were worked out .. 

Several combinations of spaciQg and hydraulic eonductivity'were used 

for this purpose. Based on availab~e information, ~ erop loss pattern 
, 

\o1ith respect to different depths and durations of water tables, was 

established. Yearly crop lasses were computed for corn eonsidering the 

màin growing period to be from May 1 to August 31 of ea~h year. From 

the probability distribution of yearly losses, average annual losses 

were eomput~. Initial investment cast per unit ~rea wa~ determined 

for known s Beings and installation cost per ~it length. This cast 

was broken d ~ into uniform annual ~eries using sùit~ble interest 

ra~es and amortization periods. A constant no-loss crop value was assumed. 

The average annual revenue increase per unit area was computed by 

subtraeting annual installation cast and the ~verage annual value of 

crop loss from the no-loss erop value. This analysis was doné for six 

values of hydraulic eondue~lvity, two values of interest rate, two 
, . 

values of amortization period and two values of installation cost per 

unit length. Based on the results of this researeh the follo~ing 

conclusions are drawn: 

•• F r 1 Hi 7 t m ii'IW;Q 
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1. Actual evapotranspirat;ion from a corn field can be expressed 

aS a linear function of available soil moisture and potential evapo­

transpiration. From the ielati~ developed from experimental datra, the 

multiple correlation coefffcient was found to be significant at the 99 

p~r cent confidence level. The partial regression coefficient of AE on 

, PE was significaht at the 95 per cent confidence level, and partial 

regression coefficient of AE on AW was significant at the 99 per cent 

confidence leve!. AE was found to be influenced more by AW than by PE. 

2. Drainable porosi'ty was found to be curvilinearly related to 

water table depth. Field experimental values of dr'ainabie porosity were 

found to be within the range 'of mean ±l standard deviation of the 

~ ,,::lues obtained under controlled laboratory measurements. The types of 

) ~. ~lations were found to be different for the san4 and thé clay soil . . 
The'empirical relations very closely approximated the results obtained . 
in the laborqtory measurements. The ab~ve relations can be integrated 

tween given limits to yield volumes of transient water drained due to 

certain water table drawdown. The r~sult may subsequently.be used to 

derive empirical relationships between the transient water content and 

water table depth of a soil column. 

3. It was found that a water balance model could satisfactorily 

table fluctuations in the field, when ~he inter­

dependences of some of the soil-water-plant Eroperties are taken into 
:J 

consideration. In this respect, itl was' found that, acco~ting for the 

lependence of drainable porosity on'wàter table depth, and of actual 

vapotranspiration on available water content and potential evapG-
1 transpiration, substantially improved the performance of the water 

balance model. Also, trhe reduction in the number of zones of the soil 
, -

profile, and the repl~cement of the step functions of soil,water 

properties with continuous'functions helped achieve a considerable 

saving in computer costs. 

4. By using the water balance approach for predicting daily 

water table depths and for an assumed crop loss pattern with respect to 

various depths and durations of water tables, it was' possible to find 

-- ----------
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the probab~ities associated with various magnitudes of crop los$, under 

different· combinations of drain ,swacing and soil hydraulic conductivi ty. 

The average annual loss wasl then obtained from the area of the probability 

curve., The results indicated that in the extoreme combination case of very 

low K and very wide S, for which the water depletion rate by the subsurface 

drains is negligible, the average annual loss was a little more than 50% of 

the no-loss crop value. This means that the installation of the subsurface 

drainage system will salvage a part of this loss. 

5. From the i~formation on avera~e annual crop loss for a certain 

t combination of Sand K, installation cost, interest rate, and âmortization 

period, it is possible ta calculate the average annual revenue increase 

resulting from th~ installation of a subsurface drainage system. This can 

be done for a wide range of Sand K values, a~ the results will allow one 

.' to select the most appropriate spacing .that will be expected to give a 
• 

maximum increase in revenue in a region having approximately constant K 

valUes. 

6. The magnitude of the maximum average revenue increase is 

influenced by aIl the parameters considered for its computation, namely, -drain spacing, soi1 hydraulic conductivity, interest rate, installation 
1 

cast, amortization period and no-loss crop valuel However, the most ..... , 
important feature was that the location of the maximum average annual 

revenue increase with respect to spacing was found to be greatly affected 

by hydraulic co~uctivity, but practically independent of the other para­

meters. This suggests that the fluctuating market conditions may not have 

a slgnificance influe~ce on the selection of a design alternative. This 

alsp stresses the impprtance of field evaluated values of K for subsurface 

drainage design. 

7. The effect of drain deptn on the prédicted water table depths 

was not investigated. While it is recognized that the drain depth may 

have an influence on the economic decision for ~electing an app~opriate 
design alternative, the. value of DO, 1.2 m, chosen for the present work is 

c~o the co~only used,values in the st. Lawrence Lowlânds. In'locations 

/where t~ains' ~re placed shallower e.g. ,O.S m, narrower spacings 

between 'drai~rals will need to be used. 

\ 
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SUGGESTIONS FOR FUTURE RESEARCH 

As a result of the stud~ conducted for this dissertation, the 
-.-/ 

following topics are considered important for ~rther investigation: 

1. Field experiments should be conducted in several areas to 

study the actual evapotranspiration in the growing seas~n of the cr op ) 

and tests should be done to find if a generally applicable relation J 
betwee~ sorne pertinent variables exists. 

2. L~boratory measurements should be made to determine 

drainable porosity vs. ~ater table depth relations for the soils at 

various depths and in different areas, t~ establish the extent of 

variability of drainable porosity with depth of sail profile and 

location. Attempts should be made to develop relations which can be 

generally used with a particular soil type if possible. 

3. More observations of water table depths should be made in 

different areas, particularly for several continuous days after rain­

fall events, and the results of the developed water balance model 

sh9uld be tested further agàinst the observed data for other areas and 

other-years. 

4. Detailed experiments should be planned and conducted to 

investigate C!OP loss with respect ta time, depths and durations of 

water table levels. This is very important for incteasing the 

reliability of the economic analysis for the s~bsurface drainage 

systems. In this respect, it may be beneficial ta induce sorne farmers 

to maintain crop yield and water table depth records from subsu~face 

drained j and undrained fields. 

5. The effects' of different crop loss patterns on the average 

annual lasses and hence'on average annuai revenue increases from subsurface 

drainage should be studied. 
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6. A survey should be carried out to classify tHe poorly drained 

areas of the st. Lawrence Lowlands region, with respect ta the saturated 

hydraulic conductivity. It may be more usefui if such hydraulic conduc­

tivity measurements are made in situ rather than in the laboratory. The 

results of the survey will help in identifying regions with similar 

subsurface dra1nage potential. This will facilitate large scale planning 

for subsurface drainage design works. 

7. In the regions where drain depth is considered to be a major 

variable, its effect on the predicted water table depths and hence on 

the crop losses and revenue increases should be studied. 

8. The app11cability of the water balance model for'bbtaining 

th~ daily or the seasonal sail moisture depletions, irrigation requirements 

and drought frequencies should also be investigated. 

\ 
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APPE::DIX ;. 

b 
par~cle slze dlstrlb\1tion for Upl.:tr'd sa:1d and Ste. Rosalie clay. 

.. Gravel -1" Sand -1- Silt -1.. Clay ~ -, 
I" 1 1 1 1 1 1 1 1 1 1 1 1 1 

'~~ 
111 1 liT r \TT 1 r 1 r l' 1 1 l , 1 
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~rr v ~ 1 1 

~ Uplan#d 'Sand, 10 cm depth 
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TABLE B.1. 

Source 

(1) 

Total 

Depth 

Location 

Error 

APPENDIX B 

Analysis of variance for bulk densities of Upland sand and 
'Ste. Rosalie clay 

Degrees 
of 

freedom 

(2) 

27 

13 

l 

13 

Sum of 
squares 

(3) 

0.5322 

0.2594 

0.0217 

0.2511 

Mean 
square 

(4) 

0.0200 

0.0217 

0.Ol93 

F calculated 

(5) " 

1.0363 

1.1244 

F 
tabulated 

0.05 0.01 

(6) 

2.58 

4.67 
tI 

(7) 

3.91 

9.07 

TABLE B.2. Analysis of 
evapotranspiration (AE) 
transpiration (PE) and 

variance for multiple regression between actual 
as dependent variable, and potential evapo­
per cent of maximum available water (AW) as 
independent variables 

Degrees F 
Sum of Mean F tabulated 

Source of calculated 
freedom 

squares square 
0.05 0.01 

(1) (2) (3) (4) (5) (6) (7) 

Regression 2 10.2389 5.1194 6.2140** 3.35 5.49 

Error 26 21. 4211 0.8239 

Total )8 31.6600 

** Significant at 0.01 Cl level 

Cl = size of Type l error 

,,~ 
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TABLE B.3. Some pertinent statistical parameters associated wi~h 
multiple regression between AE, Mv an~ PE 

Nt.nnber 

(1) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Description of the statistica1 parameter 

(2) 

Standard partial regression coefficient of AE 
on PE, bl 

Standard partial regression coefficient of AE 
on AW, b2 

Partial regression coefficient of AE on PE, bl 

Partial regression coefficient of AE on AW, b2 

Partial correlation coefficient betweeI1 AE and 
PE, rAE PE.AW 
Partial correlation coefficient between AE and 
AW, rAE AW.PE 

Multiple correlation coefficient between AE, 
PE and AW, RAE. AW PE 

Simple correlation coefficient between PE and 
AW, rpE AW 

Coefficient of variabil.ity, CV 

Value of 
the 

parameter 

(3) 

0.3367* 

0.4581** 

0.4753* 

0.0190** 

0.3790* 

0.4866** 

0.5687** 

-0.00004315 

28% 

Note: 1. Notations used in the above table are taken from 
Steel and Torie (1960). 

2. r pE AW has bèèn included to stress the independence 

between the two. 

3. *Significant at 0.05 a level, **significant at 
0.01 a level, where a is size of Typ~ l error. 

4. The 'significance tests for l, 3 and 5 are identical 
and also the significance tests fo~ 2, 4 and 6 are identical •. 
They are included in the table merely to report the numerical 
values. 
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... APPENDIX C 

C.l. Integration of f - h relation for sandy soil and an example of the 
use of this integrated function to compute volume of water drained from 

a saturated soil column due to a certain water table drawdown . 

The relation between drainable porosity r (in fraction) and 

water table depth or suction h (in meter), was obtained as, 

f 
l 

2-11.6~66(h-O.5) 
1 + 

;<0 .'i~ (11.6466)~/3. 2993' 

.•• (C.I) 

On simplification, this yields: 

f = 
0.0054 

0.0053 (C.2) 
0.0177 + 2-ll.6466h 

Therefore, total water drained from â Sd~l column, when water table 

drops from hl to h2 is given by: 

Ih' Ih' Ih' V fdh 0.0054 
dh - 0.0053 dh 

0.0177 + 2-ll.6466h 
hl! hl hl 

This is of the form, 

Ih' lh' V 
A dh E dh, = 

hl 
B + C-Dh 

h.l 

Il 12 where 

A = 0.0054, B = 0.0177 , C 2.0, D = -11.6466, and 

E 0.0053. 

icontinued) 
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Integration of Il 

Substituting, z, we get, 
-Dh 

C .1nC. (-D) .dh dz 

or, dh 
dz 

_DC-Dh .lnC 

and, 
-Dh 

z-B C = 

\h, \ h, Adz A dz 
:-D.lnC.z(z-B) 

= 
z(z-B) -D.lnC 

hl hl . 

[ln ~ r2 

• [ln<B + 
A A C-Dh ) _ InC-Dh 

BDlnC 2l-B BD!nC 
hl 

A 
BDlnC 

Also, from 12, we get, 12 

.. 
Subtracting 12 from Il. substituting upper and lower limits, 

substituting values of A, E" C, D, E, and simplifying. we obtain. 

-11~6466h2 
V = 0.0381n(0.0177 + 2 ) + 0.3017h2 -

-11. 6466hl 

112 

l" Ih} 

0.0381n(0.0177 + 2 ) - 0.3017hl ••• (C.3) 

\~ 
1 

1 

(continued) 
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Example 

Ta calculate volume of water drained from a saturated sail 

co1umn when water table drops from surface ta a d~pth of 1.2 meter frOm 

the surface. 

Solution 

Substituting hl = 0.0, and h2 = 1.2 in equation (C.3), we get: 

V 0.2081 m. Thus, a volume of water, equivalent ta 0.2081 meter 

over an area of l sq.cm. of a saturated sail co1umn will be released. 

This is also equa1 ta 20.81 cc of water. 

C.2. Integration of f - h relation for clay soil 

• 
The relation between drainable porosity f (in fraction) and 

wa~er table depth or suction h (in meter) was obtained as, 

f he-0.4l54h _ he-O. 3484h _ 0.3305e-O.648h + 0.3305 • • • (C. 4) 

Integrat!on of equation (C.4) i8 direct and simple. The final result 

~f volume of water drained obtained by integrating the above equation 

is given as: 

V = 
-O.4154h2 -0.4l54h2 

5.795e 
-0.3484h2 

+ 2.87h2e 

1 

-2.4073h2e 

-O.3484h2 
8.238e 

-0.4l54hl 
5.795e 

-0. 648h l 
O.51e 

+ 

-0.648h2 
+ O. 5le 

-0.4154hl 
+ O.3305h2 + 2.4073hle 

-0.3483hl 
2. 87h l e 

O.3305hl· 

-0.3484hl 
8.238e ' 

As before, the volume of water drained can be calculated from known 

values of water table drawdown, 1. e., hl a.:n6 h2. 

Note: e = base of natural logarithm. 

+ 
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APPENDIX D. 

D.l Computer progr~ of the lnteqrated water balance and crop 1099 mode1. 

o 1 r'l E \, S T 0 i'i RAT [\1 ( 2 l 5 ) • P E ( 2 l 5 ) • A 1.0/ l ( 2 1 5 1 • A L~ 2 ( ? 1 " ) ~ T R l ( 2 l ') 1 • T R 2 ( Z 1 5 1 ,. 
l "q { 2 l 5 1 • OW ( 2 l 5 ) • fi E ( 21 SI. H~-I ( 2 l '5 ) • XI ,0 S S ( 76 ) • P ( 8 • 5 1 ,. S ( 10 ) • R MA)c' ( 10 1 

THE FQU.OWII'JG ARE THE EXPLANATIONS OF SO~E BASIC AB~EVIATIONS 
US'::Cl [IJ T:IE CûM?UTER fJP8GP<,\M L\N'] \.J\.J-rPUf. 

"'r- ~ DL\ILY i.1CTU'\L L:\/I\'PCJT'")''\''ISPfRATI~ll\j,P''., !\Wd = J\\,j2 = J\V/'ll_/\RLE 
',~ùTE-R IN THE ~l'JTTO:'1 ((l'!:=.:I'A •• A'AT =: 1\.·)1 = ,\\HTLJ ..... U:: Ivl\f'=D fN TLjt! 
TOP ZCNF,MM. 7 /1. L1 1L >. IH-JIU - L,]~}~R I\I'J~ U:JÙc,") LPliTS OF 'W/\TI.A,,",I_>:= 
H A r:=) r 'J P-l;:: BOT TOI.' z: O,\J E • ",",1 • , C \ / = l) P '1 \ TE') r>, Q ;.> V l\ f.I , ~ \ A F TER A C C _ 
-OUNTING J-OR P'-~E'JTOUS LClSSfS.$/HI\-rCV''-IL -= J\!ll-I.JSS CRt!JP VÀLUE 
(ASSur"IEi) ru 8f !(0). S/rl!\ • • DO = Di..{Aï:'J Ol=;'>H.j.,'1M •• [):: = HOOGI-'OUDï'S 
E ,1 U T V ,\ L f= " 11 0 E )J T!-l • "'1. ~ 0 W = . PRE D r CT:: 0 D 1\ r L 'f ~ \~"' ï· ;:: 0 T A 8 L :: D E P TH. M ,"1 • , 

}--l',} - tl~\ILY \·ltHE'< T!\t3LE HfTGHT FROI'I !)f~Al~J LEVEL.,"IM.,P '" C170;.> LOSS 
TN ~~ CJf- fUll fJQODUCTIO,\J.,PE "DAIlf PCHE,'IT~l\! Ei/tWOTR,c\NSPfPATTOI'I. 
t'l"!. ,5';> - DIU! Y SU:~i::ùC::: RUI\Ir]t=t.:,M"\. .T'~J = T,~2 - UAfLY H!L\NSIENT 
Hf::;' iN rl·!E OCTïOt'l ZD[\JE.!"Ii"'.,TPT = r~l -:: :J,0.1LY fPfl.I"STcNT HATEP 
f i'J 1 fiE T J P Z .J ,\J E • ~,! ,'1 • • f R l l (' T r l Ij = L 0 ~Jë ,q tif J [; U i' r :: r~ Lf ,'" : T S 0 F 
TPIHJ':dtf\IT \.</ATER IN THE TOP ZONE ,,"Ir1. ,TP2L .. TR?LJ = UJ\.J'::R MW UPi=>tP 
I_f"l! 1 S tJ'- rR!-'.~JSIt~JT \'/IHER ÏfJ THf [3JTTJtvl Z;:;fH::,MM.,XL:JSS = ANNU/\L 
CR'cJ/-J lU~J IN % Of I\iO-LOS~ CROP VALUE·$/HA.,I~ = [;E,)TH OF TO/J 
20N~,MM. / 

( R E 1\ D P 1\ R M1 ETE R \/ A LUE 5 F R 0 ~1 CAR 0 
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_ ~.J q r Tc: ( 6 • S) 0 D .1) E .. Z 1 • TRI L • T R 1 fJ .. T Q ? 1. • T Q /' 1 • A './ l '- .. AW lU .. A'''' 2 '- ,. A toi ~, 1 ,. C V /ilL 
FORMAT( 'l'.'FnllQwrM~ FIXEO PARAMETEQ VALUES HAVE AEEN USEn (MI. 

l' \.lllTt=q BAlA""CE CO~PU"ATTON'I1X' .. 7f,('-1 )/IlX.lfJX.'Df) =' .. Fa.~ .. 
;:>1 ~~\lll.8'.(.'f)C: =',I=,q.:?' ~l'.RX.'*ll =',F8.2?' MM'.AX.'TRIL ::'. 
31=8.2.' r~M'/l)(.l()X.'TQIU ='·,FR.2~' M'''''.RX.'T~2L ='.F8.2 .. ' M~'. 
l..R X., ' T P 2 U :='. t= R • :? " M 1\1' ,8 X , , 1\.4 l L ='. 1= R • 2.' "'I~'" Il X ,. 1 0 X ... A t.J 11} = 1"-.. 

SFR.2.' ~A,"".8X.JA'.I/'- ='.F8.2 •• ' ,.,M' ,8X.'AW2U =' .FA.2 .. ' M,,,,' .s,x .. 
f,'(I/NL ='.t=8.2.' <I;/HA'/IX.10X.l"Ol..('-')/) 

. -.. __ ._ .. _~---_. ----------... --..... -.. -....... , .......... -_." ... - .. , ~.",' "'''-.''lIioN. t "QI<MAtM Itl pr'*iiiI 
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1 
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7 

Il 
q 

1 1 
l ') 
?n 

/ 

1 "'" 

r: 
r, 
r 

4n 
r: 
r: 
c 

r: 
r. 
r: 

+. 
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1., ~ T r ç: ( f., • f-, ) 

Fil ,rAII!( 'n': In\(.' T'-'= '::ill_l_rl'/{\IG 

l' "I\TPTx r:nQ'/l/.lnx.'v,,~rn"c;:, 

T') p~>: pcqr:E"JT4GF c~nL) '_fi')')'. ~ 

nç:Dp-l" 1If\ln nIJqi'.Trf)~IS Or \.J~TF~'. 
f , 

7' TM~'C: '/lx.lnX,'ï?('-')/llx.lnx."/t.\Tt~'.un.'OIJQl\Tln\1 PI'. 

l' en' 1 c;:, ~ C li T T 1/::: n ':1 y ') , / 1 X • l n x • ' T A ri ,_ r: ' / 1 x • l 0 x • ' il t:: P T y , , 3 x • ' < l 0 (). y ' .. 
/, lX. '? n '~ l n ,\ YS' • ~ x • '4 n '~ '5 n tr y ') , • ?, x • 'f, n R 7 0 Il Y SI. '3 )( • l ') 7 0 El YS' / 

slX.FIX,' '~M '/lX,lnx.A7('-')/\ 
TK=-lnn 
JL=n 
nrl ? n T ~ =.1 • 8 
l '< = T K .... 1 n ,) 
J'_=.I'_ f-lnn 
IF( TR J,n.l) r,n Tn }-\ 
I.=(rrLr:n.~) Gn Tn 11 
W-R T TF ( f., , 7 ) 1 K .. J t • ( P ( T R • T r: ) • T r: = l • ') )' 

f 

FilR"'nT(' ',qx. Il.'-', T3,?X,c7.1,3 F T4.1.3X.F7.1) 
r,0 Pl ?n 
1·/ R T T ~ ( 1-,. q ) . "_ • ( P ( r Q • T r: ) • T r: = 1., 1) 1 
F n q M,A ri' '. l ') x. ,< ' • 1 3 • ? X • F 7 • l .1;: 1 4. 1 ., x • F 7 • l ) 

r,o FJ ?n 
. HRTTFII-,.1?ITK.(OIIo.TC1,rr:=1,5) 

F il ~ , 1\ TI' '. 1 ~ x, ' ') , • f 3 • ? X • F 7 • 1 • 3F l 4. 1 • i X, F 7. 1 

CO"' TT il.llJ F 
nn in Tc;:,o-=l.ln 
\,./ R T TF1 h • 1 3 ) X '< • C; 1 T S 0 ) • Q M (). X ( T C;; P ) 
F fJ '~ \1 fi T ( t l ' • 'K =', r: c:; • ') .' '"" 1 n 1\ Y , ,1-, x. 'C;; ='. F '5 • ? " ~Jl', 6 X • 

1'[\1\1'1 P'~I\\( =' ,c7.i.' " M /nl\Y FnQ T'--lTc;:, ~t)""/IX.75( '-')/) 

I! 'l 4n T == l . 7 A 

X 'J} C; S ( T ) == f') • n 
'U1I\I T l ~"'c: ... 
REt4Tl\ln TAPE ElNa S~T 'JP Y~t\R LOOo 

RE'" T i\)ng 
"1 AI) = l Q () n 
IYl sn IYI7'\~:1.7,c, 

LY=TYFA~ 

l '" T T t il 1_ T c; r: AR. R. A Y S il N 0 \ à S C; Tf; "1 \1 A LI J f S F n Q THE F 1 R. S T 0 A Y 

nn 60 1=1.?15 
C;~ (T )=0.0 

AWlfI)=n.n 
A 1./ ? ( r ) = 0 • 0 
TlnCT1=n.o 
T'~?(Tl=o.n 

ni>! ( r ) =0 • Q 

" 

.-, 
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/ 
1 

HL" ( [ ) '= 0 • 0 

60 
I\E(T)=O.O 

r:0\1 T r l'lUE'" 
Ml l ( l ) = 1\'./ lU 
1'1 1.0 ( l ) =1\1,PU 
TI) l ( 1 ) =J R lU 
Ti<2( II=TR2U 
D\~(l)=O.O 

HI-/(I)=DD 
p 1 _= ( 4. 0 * X K ) / ( S ( T c; P ) * <ï ( T c; P ). ) 
R2=2.0l!:DE 

r. 
r. R;:Af) DATA FR'lM T/~PE.,)K TPPII'IG JAN Tn MOq ANO fil 1) \1 - ~EC. 
r. 

DO 70 .1T=1..90 
REI\f)(9-141 

70 CO[\JTTI\IU~ 

R~Af)(9.14)NSTN.NYR.~nNT~ 

1 4 ~ORMAT(r7.T~.T7.5nXI 

TF ( /'<1 0"1 TH • 1=11. l..) RI\r.K')DAr.r: a 

DO 80 KT=!.Zf 4 

R E fi 0 ( q • l '5 ) RAT 1\1 ( KT) .. P F ( KT) 
1 ') F 0 q 'A 1\ T ( 4 l.X • F 4. ? • 1 1 X .. F 2 .. 2 ) 
sn Cnl\JT T l'II)F 

nn 90 .!T=1.f,1 

9~ 
RE AO ( 9 • 14) 
C IJ~! T Tl'If JE 
NV=NYQ+NAD 
DO 100 l ~'I= 1. 2 l 4 
RAfN( TM)=RATN(P.l)*25. 4 

PE(T~I=PE(rM)*?5.4 

Inn CONTINilE 
r: 
r. START OF DATLv COMPUTATION 
r: 

Da llO I=1 .. 214 
J=I+l 

r: '\ 
r. r.HEr.K FOR 'rH S S T Ne; f)A-TA 
r: 

IF(RATN(I).r,T.IOO.O.OR.P~(T).GT.15.0) GO TO 44 
TE M P 1 =R A 1 ~J ( 1 ) 

"T !;r~ p 2 = P E ( r ) 
TF (0'-/( T) .LE.lI) GO H) 16 
R=Pl*(R2*W.J' l )+HW( TI*Ht,./( 1)/1000 .. 01 .. 

11, 
r,o TO 17 
R=R,vlAXQSP) ,. 

17 J F (R lIT N ( I 1 .G~ PE ( T ) 1 GO ~TO 34 

( TEMP2=O.O 
1 

lIPE=PEf 1 )-RAINCT) . ! , , 
1 
1 " , r .' 
. i 

~~ " 

1 

1 
.. 

1-

} 

rs
J.""iiM1lJi \ 

,~~ - ..... _ ... - t' ____ ._ 
"fit ...... tt.$ t wd'f , .. f r 7 , l'M'? 



r ' 
'J 

:' 

r. 

p "I,.I = (. ( A \H trI - AW 11_ ) 1 ( A W 1 U - f\ lA 1 L 1 1:;: t 0 0 ~ a 
A~v=-n.22a5+0.475~*A9E+O.019*PA~ 
TC(f\F\I.U::.O.OI GO Tf') .1$ 
TF-(AE'I.GT.APEI GO Hl J9 
GO TO 21 

'l~ /\F.v=o.25*f\PF 
r,O TO 21 

19 J\E\I=J\PE 
21 AE1=n.S*A~V 

AF:2=n~5\*AEV 
TF( (TRUT )-AEll.LF.TRlU Gn TG ;>Cj 

T~ l( I )=TRl( T )-A':1 
TF«(TRl(I)-AE;» .U::.TRIU f;Cl TO 7.4 
T I~ 1 ( r ) = T R 1 ( T 1 - Il C ? 

22 T r- ( ( T R 1 ( T ) - R ) • ,_ E • T R 11_) r, n T 0 ? 3 
TR lC r ) '" T R l ( TI) - R 
TR=TR1(I)+TR?lT) 
IF (TR .r;r:: .14~.n) GO ro 4~ 

nW(T)=(!O.OI 4 7?*(143.0-TRI)**O.58961*1noo.0 
HW! r )=00-0'''( I) 
Gn Tn 42 

2 ~ R -:: R - C T R 1 ( r ) - T R 1'_ ) 
TR1CT)=TR1L 
GO Tn 28 

24 RAE2=AE2-!TRlfI }-TRl~) 
TP.l( f)=TRIL 
CO TO 17 

2 ') R 1\ E l = A E 1 - ( TRI ( l 1 :.. T ~ 11_ ) 

26 

TR1(T)=TRIL 
TFC!/'!.',.Jl(Il-RA C l).LE.AHlL) GO TO 26 
AWl! r )=AWl( T)-RAEl 
(;0 Tn 17 ~ 

RAEl=O.O . // 
AE1=0.O ./ 
"l,Il( T )=AW1L 

27 T~((TR2(r)-AE2}.LE_TR~L) (;8 TO 31 
TR2( T )=TR2( T }-Af:2 

28 

31 

i 

IF!(TR2({)-~).LE .. TR:?U GO HJ 29 

TR ~ ( 1 ) =TR2 ( l )-R 
T R = T R li 1 ) -+ T R 2! l 1 
IF(TR.G~.143.0) GO TO 42 
nw( 1) =! (0.01472*,( 143.0-TR) 1**0.5R96 l*lOOO.O 
TF (0t.1( I) .GE.OO) "'0101 ( 1 )=OD 1· 

HW ( 1 ) =00-0101 ( 1 1 
r,n TO 42 
TR?! l )=TR2L 
GO TO 33 
RAE2=AE2-(TR·2(I )-TR2L\ 
TR·Z ( l ) :::TR2L \ 
TF((AW2(T)-RAE21.LE.AW2Ll GO 10 32 .-

J \ 
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. , 
l 
, 
f ri 

'1 
1 

1 
'-t 

1 

-~ ,r----- T---~-· " r -Ij-~------ - -'~ 

, 
l' 

(~ ... 
" \ 

( 

1.'- \ 

I\~" ") ( r ) = A \,'2 ( T ) - R 1\ C 2 
(,[J TO 3"3 

32 fŒ2=()·n 
R/\'::2=n.() 
IdO ( r ) = A lA 2 L 

33 ni" ( l ) =DD 

34 

\ . 

H' .. J (~I ) =OD-DW ( l ) 
r;n TD 42 '!!Ii' 

XW=RAIN( Il-PE( Il 
XI-II 1=0. 5*X,W 
X W ,_ = 0 • 5~: XW 
f\El=().n . 
AE2=n.() 
TE11 D l=().0 
TF«(X'AU-+-AWUI)).GE.AW1U) GO TD 35 
Mil ( t ) = Mol l ( T ) -+-)( 1.' U 
XW=XWL 
(;0 Tn ~ 6 " 

35 XWlI=XWU-,(AW1U-AWl (r) l 
Alt/l( T )=AWIU 
Xw=XWU+XWL 

36 IF((XW+!\I,oP(T)).G'::.AW2U) GO T071,7 

37 

~8 } 

39 

41 

42 
4'3 

/II.) "} ( 1 1 = A W 2 ( r ) + X'·) 
xt-/=().O 
XI·/II=O.O 

XVIL=n.o 
(;0 TO 42 
XI.' = '< ", - ( A W 21 1- i\ W 2 ( T ) l 
AW2(f)=AW2U 
IF((XW-+-P~2(t)l.G~·.TP2lJ) r;o Tn 3B 

TR~(T)=TR~(I)-+-XW 

GO T~ 21 
XW=XW-{ Tq,~'J-Tq2( T)') 

TR2 {T I=TR2U 
IF( (XW+TRlI Il) .r.!:.TqUJl GO TQ 3q 
TR1(Tl=~lII)-+-XW 

Gr) Tn 22 
XW=XW-(TRIU-TR1(Iil 
TR1(Il=TRlU 
TF ( (Xt./-R) .'hE.O. 0) GO TO "4\1 
R=R-XI./ ' 
GO ro.. 22 
SR ( r ) =XW-R 

DW( T )=0.0 
HI;'C T ) ="Dr)-DW ( I l 
A E rI) = A E l-+z,.l\ E 2 + T..E M P 1 + T E t-tP 2 
AWlC.!)=AWIrIl 
AW2(~J)=IIW2(Il 

TR li .1) =TR te l ) 
TR 2 ( ,1) =TR~ ( r) 
0 '-/ { J l =OW ( T) 

" \ 

. , 
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, - T 

( 

(~ 

- ". --

, 
Hp! ( J' ) = HW ( r 
(,r] r n I,e, 

{, l, I~ 1\ l "J ( [ 1 - - 1 • n 
PFfl\--l.(\ 

1\r:(T)--l.') 

50 

r. C
] r" /,'\ 

1\ IJ l ( T ) = fi W 1 ( T ) - I\·.j l '_ 
1\ yJ 2 ( T ) = 1\ 'l? ( 1 ) - (), IJ ? 1 

TI~ 1 ( r ) -= T r~l ( r ) - TR 1 f 
TR7( T )=TR2( T)-TR2L 

r:01" TI NUE 
~V:=r:\lNI ' 

r:AI_I_ r RF"I (", nw. D. XLr)<:; S .1_ Y. ~JY. r:vift 1 

U1NTTNLJF 
WR 1 TF ( 6. 46 ) 1_ Y 

119 

(-té FOR M fi T ( , l ' • 'Y c (), q ,_ y Ln <) <:; ,:: C) fi p q fl '\, r, 1= n T I\J n R n FrR n F nEC REA c; r i\1 r. 1 • 

.-

l' l'II\GI'ITTIJDE: f\IIJMBf:P n;: vt=AR~ =1,T4/1X,R~(I~:I)/) 

r:ALL <:;flQT(XLnC)C).Lv) 

r.GI\)rI~JUE 

C)Tnp 

F: 1'1 f) 

) 

S' J 8 !-} I,IJ T r ~I E F ~ ;: Q ( r: Il • ni., , P • X 1_ n <:; <:; • ,_ y , N y • r. 1/1\1'_ 

o l M E ~ J S l n'f\} 0 hi ( 2 1 LL) • x f 2 l 4) • P ( 8 , 5 ) • X ,_ r~ <:; c; ( 76 1 

rF"J 10 I=I.21 f t 

XII)=().n 
1 n CO"H r l'lUE 

zn 

l 

2 

l,' L ,:: \1 F L == n • () 
nn ') () r:= 1 • 7 
\.' U::\l1= 1_ :::",,_ FI/F: L+ 1 ()() • n 
DO 2 n .1 == 1 • ;> 1 L.. 

XI .J)=W'-EV~L-nl-l( J) 
(ONT l j'lUE 
~II Jrhn -
~In=o 

1\'1=0 
~'2.."n 

N L.=O 

~Ir-,=n 

JI,'8=n 
nfJ 30 L:= 31 , 123 " 
IF ( X ( U • ,_ T • () • n) r, (1 Hl l 
i'IU 1"1 =N UI-I + 1. 
GO TG 30 
1'I0=NO+1 
IF(NUM.GT.7) NUM=8 
Y:= (NUM.L T. 1) GfJ TG 3n 
GfJ TO (2.3.3.4.4.5.5.6},NUM 
~Il =(\1 1 + r 

) 

.... ~~ ... ~~ ............... ~~,.. ..... N __ "'_ ..... _~ __ ~ __ ~ _________________________ _ 

- nec mm! mm &'". !;fQ' 

, 
·1 



( 

-- - .. 

( l' - r ' 1 - 'J ( 1 • , ) ~,,- 1/ 1 1 00 _ U 
(~(l pl ( 

r 1 (\ 1 - II ( 1 • ;) ) ~ r III 1 Il CI _ (; 
(- , l '], ( 

,_ ri !. '" '1 1 ... l 

CI) == r \1 - LJ ( [ • -=1 l ~'It 1/ Il 00 _ 0 

GO Tl) 7 
\, N6-:c!\If-,-1 

r If -= r \/- fJ ( r • l,) ~,r If 1 100 • 0 
'" r, rI T 0 7 

1-, ~I;j - [\18 + 1 
CV=CI/-p( T ,?1*'-V/100.O 
r,JIH1=n J,,, ffl,\lTT\IjIç: 

n fl Itn r.1 = 1 • '} l 4 

~_ X(T.I)-=n." 
l,,, rI) '! r T ~II Je 

TF(~IIIM.CT.71 1'}1")=r.:; 

T r:: ( '11 l'A. r Q • ,.., J) ~ • ~II J ',\ _ r= Q _ 7) '" f) = 4 

r F ( 'III ,\~ • r: Q • lt. fl'~ • ~I'I 'A • F Q. 'i) 1\1 Il :=:":l 

r f-= l ,\11 l " • i= Q • 7 • fl 0 • ~III "4 • r:: Q _ ~) 1\1'l == ;> 

TF1" II '4 • 1 T • n 1'1 n == l 
( 1/ - CV - D ( l • ,\1 D ) ~: r: V / l 1) 0 • n 

'-,') ('l\!rr",)1=" 

[1.[1<;<;=( Il'\'I.-rlf 

'H 1 TC ( f~. -1) i\1 Y • CIl. (- 1. n s S 

120 

g r n R '4 " Ti' '. 1 0 '( • 1 Y C f\ q : ' • TI-.,. " '< • ' R E ,'v' f\ l ~I IN G (R fl v 1/ LI L CI f: ' • F 8 • Z , 

( 

l' 1;/>-i"'y6'<,'r:QflP UJC;S:',F8.2.' $/Hll'l 

X L"SS (1. V) ==(Lfl c:,s 
RE TIIRi'1 

E f'ln 

r: SLJBqOIITTI"c SORT ARRAI''''~FS M'I'IUAL '-OSSES IN nFr:R':ASII\Ir, nqnFq 

S IJ 9 0 rJ" T T"I F S n ~ T 1 Y • '- V ) 
fl lM': 1\1 <j T r] 1\1 Y l '- Y ) • Ji 1 7 '" ) , P R fl 8 ( 7 A l 
n n 1 n l = l • 1. Y 
PRn~(T)=n.1) 

1 n cnl\lTTMI/E 
on 2n T = 1 .1. Y 
BII)=V(I) 

71) U)I\ITTI\IUE 

Ky=tY-l 
nI) MlI="l.I.Y 

f)[) 30 l=l.KY 

J.'=,'+l~ 
IF ( 8 ( :1 ). 1. c • 8 ( J ) ) 
TC::11P=B(, 1 
6(,1)=5(,1,1) 

J 
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H( I.ll-=fE'tp 
')r) r(J."T[~IUC 

1,'1 rCPlfPIII:= 
\.) f J 1 T C" ( 6 • l ) ( ~~ ( T ) • [ -0 l • 

F CJ ) '1 f'. 1 ( , 1) t • l 1.1':: q. 2 1 
t~"4' ~J)TT,~(6.21 

Z F fl ~ ,\,11\ T (1 t. l -);:> ( t '" ) 1 1 lX. ' T H ~ P ~ fll~ l\ ':l r ,_ T TV fl':: Q ::: r: u ~ q C t\I( E f'\ l ' • 

3 

l' pf-.prC,'dT 01= Y=f'lpS I\RE CIl/EN R::ICW'/lX.65('-')/) 
P':>N=(),(l 
DO 'jn 1=1.1 Y 
ppl'Ic=PPI"+l.n 

PRO~(I)=PPN*lOO.n/76.n 

rO~IT['IIJF 

\~ P T. T f:: ( A • ~) (P R n '3 ( l ) • T = l • ,_ y ) 
1= r l Q '" fi f (' '. l 4~ 9 • 'l 1 
ARE fi = ( R ( l ):~ p ~ ri Po ( l 1 1 1 l n n • 0 
,_ '( l -= L y - l 

nObOT=l.I_Yl 
,1 = T + l 

fi R :: fI CC" A P ~ 1\ + ( ( ( Ô ( T 1 + R ( ,1 ) ) 1 2 • n ) ;;: ( P R Cl '3 ( ,1 ) - P R Il FI ( I ) 1 ) / l n n • n 
(,n (JpITP"I= 

I,,)'~ T T F ( L, • 4) f\ ~ ~ '1 
Le Ffl'<HT(1 1.112('-')/lX.'I\~C:I\ IJi'IIj;::Q TH~ 0~n:J,t\f1I'-'TY rtJ~\/E'. 

l 1 (--= t. Il == ;.J f\ r,1= !\ ~I r-I U 1\ lin <; C; ) - 1 • C ln. ? • 1 <':; / H /\. {T N P ERr. F l'J T (1 F "J nI. 
'l' LO')') rtR'lP V/IUJ;:) ,) 

R t- Tur~~1 

Fi\ID 

Note: 1. The abavE' model has been operated using the ',.,reather data fram 
ottawa, and the sail water properties of the ste. Rosalie Clay. 

2. The 't-mITE' option for the output tables as shawn in D. 3 has been 
removed from the program a!)' the tabular output was not reqi.lired 
for further analysis. ~he values under the co~wmA 'DW' in the 
above mentioned tables were stored in the computer rnemory and were 
subsequently used in the crop loss computations. 

( 

= ,m •• y ".7 • 81" 

l 

'" et 'II m,&tf S' lJf r ; "re-e. Mf 

~1 

" 



( 

D.2 Basic input values into the model. 

tClI 1 ~li,J[ I\IG F [Xf-f) f-J,\'),\i'I~Tr:;< 1/,\I_Uf:S H I\'Jé 8E Ef\,J US=~ 

T ri W 1\ T ,f' l:I il l LI ~I C f r n '.1 ,J l , Tf1 T T n "1 

--- --~ -- -------------------------------

U'J l;;iQo.nn • ~1 C) c 1 • nn '1\ 

TP1U 1'3 • 00 1 1 ~ , TR? 1 n.n ~H~ 

M·/1U 160.,.1)1) '.1"" ,\~J 2 L ?CH1.OO M'~ 

Z l ::: L"l n. ni) ""1\,4 TP IL o.ù ',1 r-,~ 

TI? 71 J 95.()() \ ~ l'rl fi W li_ =- 140.no fi''''''' 
J\1·1 ?U 329.1"'lO /vI ',1 r: v l'fI_ 100.Of) :r,/HÀ 

rql:: '-(III IJ\..Jfi'IG l S TH:: PF~r:r::~ITLHJr: rpop Lnc;c:; I\il\li~ IX Fn~ 

\'ARIUU<; n[-PTHS I\~IQ DU~,,,Trow~ n;:: W/\T'::R TABLE 

[) u ~ 1'11 l n 1\1 HI r. ml S Er: U T T V F fi 1\ Y S 

122 

WATEq ----------------------------------------------
TABLE 
DEPTH 

~ 4 ',1 
~ 1 DAY 

2 OR 

3 DAYS 

4 OR 6 OR 
5 DAYS 7 OAYS . >7 nôyS 

---------------------------------------------------

< 100 0.0 25.0 50.0 75.0 lon.o 
100-200 0.0 15.0 30.0 4'5.0 60.0 
200-300 0.0 10.0 21.0 31.0 41.0 
300-400 0.0 8.0 16.0 n.o 31.0 
l.nO-500 0.0 6.0 12.0 17.0 ?-3.0 
500-600 0.0 4.0 a.o 11.0 15.0 
600-7~0 0.0 2.0 4.0 5.() 7.0 

)7 0 0.0 0.0 0.0 f).O 0.0 
-----------------------------------------------------------------. , 

The values in the preceding table are t?e crop lasses, in percent 
of full production, for the indicated depths and durations of 
water table. 

-- ----'--~------~------...... - ... , .... --.... -•• -= ... , ... "11*01 f'I[ ___ iillioolmlilliie .. .,." .. WIi6I"IIIil __ wlIil.Mlm_i_ .. =1II~liIriIIIIiIII'_iiIIIllil1'iil. ____ 'IIÎi". 
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D.3 A sample of output fr~m tne model showing recorded daily RAIN ~nd PZ ann pred~cted v~lt1es of other var~ables. 

;.: ;:~ ",: ..... ~ '': '," ;::!: ~,: ~ ,) .. ;:. ,;: ;,' l,; ,'; .. ;c,~ :~,:~ :: t ':1: ~ t ;:: ::1:: '):: ~:: ~: ,': .', ;'~ :;; .. :.: J,: .::.: :.. c ". ';.. ~;: .. ,. ",! /,.. l'.... ,': .. ' .. !~ .. : :" ,;: ~~ ':: ,I~ !:~ :~ f''! ,~.r~ .' ... ~ 
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JI. ::,().mple output cron th~ r>odel sho-"lnq,yc>arlY crop lasses êlnè. the 

r~~aining values of cro~. 

2 • '} IrO ,. 1 :"I/'J ~ Y f~ 0 1) r ~ ~ S D 1 J,\.. .. 
- - ---- -- --- - -- -- ---------- ----------------------------------

I~ ~_- 1 : ,\ ï ," ( " ~ r: ~ n D IJ 1 S C; 

C () rl tJ 

v lU 'Ué= 

$/HA 

l r; Il U l 0 Cl • 0 a 0 • n 
1901 100.00 n.n 
1Q 02 100.00 0.0 
1=103 98.00 2.00 
1904 98.00 2.00 
1905 100.00 0.0 
1906 100.00 O.U 
1 '! 0 ./ 5 1 •• 1 1+ L..:i • (36 

190B 2l- 7 ( 73.23 
1 ') 0 9 2'5 • 5 7 7 Ir. 43 
1910 100.00 0.0 
1~)1! 100.08 0.0 
1912 100.00 0.0 
1~13 100.00 0.0 
!91~ 100.00 O.C 
191 S 100.00 0.0 
1916 34.82 ~ 65.18 
lq17 100.00 0.0 
1918 100.00 0.0 
1919 7 /t.76 25.24 
1920 98.00 2.00 
1921 100.00 o.b 
1922 100.00 0.0 
1923 100.00 '&.0 
192L.. 58.37 ~1.63 
1925 100.011 0.0 
192:') 100.00 . 0.0 
1927 100.00 0.0 
1928 60.88 39.12 
19 2 9 48 • 5 0 5 l • 5'0 
1930 100.00 0.0 
1931 100.00 0.0 
1932 100.00 0.0 
l CJ 3 3 ~ 5 • 5 8 2 '+. 42 
l 9 3 l. Ibo. 00 0 • 0 
1735 100~00 0.0 
1936 9l!.2CJ 8.80 

1933 100.00 0.0 

1939 
l 9 L~O 
1941 

19 L,'J 
1 C) (t~ 

19 I~ 7 
19(·[1 
19 /,9 
19'JO 
19 S 1 
1952 
19';\3 
195 /+ 

1955 
1956 
J957 
1958 
1959 
1960 
J961 
1962 
1963 
196.4-
1965 
1966 
1967 
1968 
1969 
1970 
) 9-fl 
1972 
19 7 3 
1971~ 

1975 

Q=rll\!~I[,'M~ 

(RnfJ 

Vt.\I.UE 

$/1-11\ 

96.0G.. 
96.00 

100.00 
100.00 
68.JO 

100.00 
23.66 
98.00 

7.95 
lOO~OO 

100.00 
1. 00.00 
98.00 

100.00 
92.16 
88.47 

100.00 
5'5.16 

100.00 
100.00 
100.00 
100.00 
92.16 
75.29 

100.QO 
100~OO 
100.00 
100.00 
100.00 
100.00 
55.28 

100.00 
100.00 
96.04 
86.70 
7 ,~. <) 3 

100.00 

CR~P UJSS 

$/Ho 

3.96 
L.OO 
0.0 
0.0 

3l.90 
0.0 

D.n 
0.0 
0.0 
2.00 
0.0 
7 • 8L~ 

l 1 .53 
0.0 

0.0 
0.0 

.. 7 .8~ 
24.71 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

[..4.72 
0.0 
0.0 
3.96 

13.30 
25.07 

0.0 
1937 100.00 0.0 

------------~---~ --------~-----~----------------~----------------------
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D.S A sample of output from the model showing the yearly lasses, associated probabilities and the 

average annual loss. 

YEARLY LOSSE~ ARRANGEn Pl nRDER CF DECPEASlflS i:t,GNITUOE l\l:JrA8E'~ Oc Y'ëA,(S = 7G 
l;C. ~tt ::,< * ~'::: ": ~'! :'~ '::: :":: ~': ~:( ... :' :', :::c ::c :!c ~: ,::', .. :'! ::: :': .. :; ::: ,:': :~: .. :: ::: :!( ~~ .. ): :'e ::: "':: "', '-:: ": :-': ;': :,':: ", ::: .. '::: ;':: ~:. ~:: ~'~ '. '~:: .... '. :;: "': ;': :'~ ;:: :;: ::::: ':: ,,', ;':, ;;: :: ... ~ :,: :::: :: :::/ ;'" ,'. :_ :," :': :'" ~:: :: ...... :::: :: 

"-
92.04 78.23 7 6 • 3 1+ 7 1 •• 4":) (..,1).18 51 • sn 45.86 1.4. 3 L, l, 1 •• -, 2 4 1 • A?, ?,9. 1 2 3 l .9 r 1 2:3 • il; ).:.. ( \ -, - _. 1 

" ~.8O 
-«: 

24.71 24.42 1 3 • 3 n l 1. r~ 7.8 L, 7.8 L, 1,.00 3.96 2.9(-, 2.00 2. 1 ) n 2 • l, (\ 2 • (H) 

j 

2.00 0.0 O.n nj 0.0 D.n 'J.Cl n.!) n.n 0.0 o.n 'i • () n.~ (' • fi 

.c-'"~~ 

0',0 0.0 nID 0.0 0.0 0.0 0.0 o r' n.o 0.0 0.0 0.0 (1 • 1'; (\ • IJ • -J 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 O.U o.:) o " • Li 1 l • (\ 

0.0 0.0 0.0 0.0 0.0 0.0 
-:c ":c l:;' ::: -:c!!: )":: ... :' ':' ~c ':' ,:lC:C * * ):~ * !:c: ~ :~::c * * * ':-c ~:c:::::!::;: ::: ::( ~: :::: ::!;: r,: :::~ ::: :::~ t. :::: :::: :': .. ~ ~:t t,~ :::=,: ~:: ",~ ... ": :':. :~ * :': ::# ::;: :;: ::: ':' ,':: ::: .. ::: :::: ~': :;"'! t,:: :':: "': ::.'~ ;:: ::= ::: .. :: .,: ;- c ;;-:: :': ",C x;:.: ;': : .. ",: :': . : .. t ;'# • # l: :-; ::'" 

THE PRO B, A i3 l L T T Y 0 F R ECU R R EN CEl N P ~ R r: E \J T 01= Y E ARS A ~ ~ G T \1 E [\! 8 C L 01\1 

----------------------------------------------------------------'" 

1. 32 2.63 3.95 5.26 (1.1;,q 7.RQ 9.21 l 0 • 5 ~ 1 1 • 8 4 1;'. l 6 1 1+ • 4 7 1 5.79 17.11 lCl.42 
l') • 7 ft 21. 05 22.37 23.-'l8 ?t:ï.nn 26.32 27.63 2 8 • 9 5 3 0 • 2 6 3 l • 5 8 3·2. Cl g 3',.21 35,;)3 J 6. al, 
38.16 3Q.' .. 7 l'tO. 79 ~ 2. 1 1 L,3. 4? I t 4. 7 l, lé .. 05 47.l7 ~B.6B ~n.oo 51.32 52.0"3 '::>3.')~ 55.è.6 
56.58 57.89 59.21 6 0 • 5 1 6 l • 8 Lf 63.16 6 " • 1.-7 (~5 • 7 9 67. l 1 6 P, • l, 2 . 6 9 • 74 71.0:5 72.37 73.6 8 
75.00 76.3,2 77.63 78.95 Bn.26 81,58 82.89 e 4. 2 l 85. 53 8'6. 8 {, 88. 16 89.47 9 C • 7 <;l _92. 1 l 
93 • i~2 9 l,. 7 4 9 6 • 0 5 97.37 9Q.6R IOO.OO 

---- --- ----- --------- -- ---------- ----- - ---- -- ----------------- --------ï-----·--- -- - - - ----
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