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Field and laboratory experiments were conducted on some
soils of the St. Lawrence Lowlands region, with a view to
evéluating s7me pertinent soil water éroperties, relating
actual evapotranspiration to potential evapotranipiration and ’
available water, and relating drainable porosity to water
%éble depth. ’ ' x

S

i
A water balance model was developéd and used 'with the u
* results of the above investigations to predict daily water

table depths. ) ) B

L3

e

w2

Based on information from literature, a crop loss model e T U
was developed, .and the two models were used with 76 years of

weather data from thé Ottawa station to compute yearly losses

and the associated probabilities, and the average annual loss

for c¢;n.. ’ ) .
~The average annual revenue ingrease from a %ubsurface

drainage system| was computed by subt‘acting the average

> annual crop loss and the equivalent annual investment cost

e il B 5 YN

from the no-loss crop value. Thig analysis ‘was done for

various combinations of soil, economic and design ‘parameters.
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MODELES HYDROLOGIQUES ET ECONOMIQUES DE‘é?AINAGQ SOUTERRAIN |
On a Lrbcédé 3 des expériences au c?amp et en laboratohre
sur quelqueg soléfdes Sasses'téfres de la ‘plaine du St-Laurent en
vue: (1) de detérminer queiéués caractéristiques hydrolo§iques
de% sols; (2) d'établlf un rapport entre l'evapotransplratlon
réelle, 1'evapotransp1ratlon potentielle et l'eau disponible;

(3) et d'obtenir une relatlon entre “la porosité utile ad drainage

et_la,pﬁofondeur’de la nappe pﬂreatique. .

! » s [ ' 3
. Les résultats de ces expériences ont permis de consggyire

in modele du bilon d'eau utilisable pour prédire les éfofondeurs

quotidiennes. de la nappe phreathue

Se basant sur les études 4d'autres chercheurs on a consﬁéult

nappe d'eau élevée tout en tenant compte de la durée de cetg#

glévation de la nappe: , )
3 1//

Les deux modéles mentionnés plus haut ainsi que les/données

s

météorologiques des 76 dernidres années a Ottawa ont &té utilisés
en vue d'estimer les pertes annuelles de *&colte, degré d; probabi-
lité de ces pertes ainsi que les pertes annuelles moyen?@s pour la

retolte de mals.

On, a calculé 1'augmentation du revenu annuel retiré d'un
systéme de drainage souterrain en retranchant la perte annuelie”
moyenne de récolte et la colit d'invéstissement annuel s'équivalent’
de la valeur d'une récolte intacte.

o

OK“a effectué cette analysd pour diverses combinaisons de

e o b

types de sol, de paramdtres &conomiques et de dimensionnemént de

systemés de drainage souterrain:
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! CONTRIBUTION TO KNOWLEDGE

. ]

A
Although much research work has been done in allied fields on
matters dealing with subsurface drainage design, to date only
the results have found g

few of
eral applicability. This 1s due to:
of some of the assumptjoms of the theor;)ro be satisfied under
conditions; ass \1 ‘
stant, which, in

failure
&ield
uming some pertinent soil water properties to be o
eality, are variable; and the deterministic nature of
most of the analyses &hile important causative factors for drainage
problems, are stochastic in nature.

i
‘\
N

N
’ N
In this work an attempt has been made to alleviate so;e\of the
ab9ve—mentioned shortcomings. This thesis contributes to the kno
of subsurface draina e design theory and methodology in the followiﬁg
respects:

edge

redict actual evapotranspiration - equation (5.6)

\
1
4: It uses a simple’ water balance mo&el for w ter table
prediction that jincorporates the results of 1, 2. and
{ 5 .

above. \
A considefable saving in computer cost his been achieVed by

v

reducing the required number of zones of the soil profile to only(/\‘
-y
3

"
\
H




6. The appllcablllty of the water balance approaches ‘for sub-\

surfade dralnage design work in the St. Lawrence Lowlands region has

been justlfled by comparlng some statistical propertles of the *

Ddisti'lbutlons of the observed and the predlcted water table depths, and
by an |appropriate statistical test - Table 11. . ‘

7. It proposes a method to compute the crop losses dve to
varioys depths and durations of water table and uses the distributions
of predicted water table depths to compute the probabilities of *
differlent annual crop losses for Various combinations of saturated -

hydraylic conductivity and drain spacing - Section 3.2 and 3.3, Table 1
and Filgure 14.

8., It has been foupd, using the limited crop logs data avaitable,

that under the conditions of no subsurface drainage, the average annual
loss from a corn crop would be a little mare than 50 percent of the

full production -~ Figure 15. "

9. A method for revenue increase computations from the, informa—
tion gbtained, from 8 above, has been proposed for selected values of
installation cost, interest rate, amortization perlod and no-loss crop

value|~ equation (5.7) and Table 14.

10. It uses the procedure of 9 above corresponding to different
eri lqteral spacing - hydraulic conductivity comj:natidps and other

pertinent information to calculate average annual venue increases for

I3

different drainage design alternatlves - Figures 16 and 17.

11. The results obtained above indicate that the location of the
maximum average annual revenue increase with respect to the spacing is
/ v oo
insensitive to installation cost, interest rate, amortization period,

and no-loss crop Galue, but is sensitive to soil hydraulic conductivity
|

- Table 15 and sq%sequent discussion.

THE predicted water table depths obtained from the water balance
model were found to be ciese to the observed values, and a statistical
test indicated no s:gnlflcant difference between the two at the 99 per
confidence level. The %Fcountlng for the vanlablllty of dralnable
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osity with jwater table depth, and of actual evapotransplratlon with

avgilable water and potential evapotranspqutlon, is con51deréd to be

H /

“\
ws 7

/

a%gxreascn for this close agreement.

re ults prov1de quantitative information - hlﬁhérto scanty -
about the\effects of various parameters on the average annual revenue

increases o subsurface drainage systems.
Thefanllysis has been done for selected hydraulic conductivities

and economic p rameters to cover a wide range of possible combinationél
From the graphsg and tables.presented, resuylts Qo;responding to some
intermeddiate c ditions of various parameé rs can be obtained by inter-
polation. A cohstant value for drain depth of 1200 mm has beén assumed
for the ecbnomi¢ analysis. Althoughi a. change in this parameter will

alter the bredi:ted water table depthg, it is recognized that the flexi-

_bility in thig parameter is limited, and the selected drain depfhs in

most cases in Quebec are close to the chosen value. 1In locations where

_the drains are glaced shallow, e.gv 0.8 m, narrower spacings between

drain laterals will need to be used, .

’
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S
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Maximum transient water content

Volume of transient water drained from a soil eolumn of
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\ . I. INTRODUCTION .

r

1.1 Statement and Nature of the Problem v

Subsurface drainage is a recognised and‘increasingly practised

5

methbd of removing excess soil wgt/er. The design of subsurface
drainage systems and the physics of flow of water through the soil =
towards the drains have been \extensively studied in the. last quarter og‘

‘the century. With the present state of the knowledge, it is possible ~

\
to determine appropriate spacing and depth of draing, for either a
steady rainfall or a desired rate of water table drawdown. The success
of a design is, however, dependent upon how closély the assumptions of’

the theory are satisfied im 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 ext;austive theoretical research have
scaréely been used in practice, Instead, subsurface drainage design 2
< has long been ‘b\ased‘on some simple relatiomships between the most,
pertinent variables and in mény cases based merely on experience. “‘This
has proibited the designers from attaching a prior economic justifi_cf—

tion to a certain design alternative.

Various theoretical‘procedures Br design, irrespective ‘of their
rigor, are deterministic in nature. \\I'This means that they provide
solutions for specific values of variables such as a steady rainfall
rate or a desired rate of water table fall. However, in reality, the
factors such as rainfall and evapotrganspiration,/which are directly
responsible'for causing water table jfluctv{ior}s, are gtochastic
lclydrologic events. Conventional theoretical procedures are at p,resént

not well equipped to incorporate this feature of the causative factors. °

The present theories are also not well equipped to incorporate the
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+increased from 0.824 million hectarés to about 1.26 million hgcbtares.

continuously changing property of drainable porosity with respect to
water table depth changes. These difficulties, and the advent and

/ A
availability of high-speed computers, have given rise to the water

balance approach for subsurface drainage design.

The water balance approach is sufficiently‘flexillzle to enable
{ . N
one to consider the stochastic nature of the pertinent variables and to

provide solutions to drainage problems on a regional basis by

incorporating appropriate values of soil-water-plant parameters.’

When the weather data-are available for a large number of years,
the water balance approach is particularly useful as it enables the
computation of probabilities of various depths and durations of water
table. This, coupled with the information on crop physiology and its
susceptibility to damage due to various depths and durations of water
table, makes possible the estimation of probabilities associated with
various magnitudes of crop losses and average annual loss of income due
to crop damage. This type of information is required when an analysis
is aimed at providing an eco\'lomic justification for a certain éesign

alternative.

In Canada, with a growing aWarenessL"among farmers of the benefits
of subsurface drainage, substantial‘ government'subsi'dies for drainage 1
installations in some provinces, and a cool moist climate in many
regions, the drainage installation rate is increasing annually. A
recent study (Broughton, 1976), shows that during the decade from 1964

to 1973, the total land under subsurface drainage in Canada has :

The present rate of installation is approximately one per cent of the
land, needing subsurface drainage, per year. This rate is 'expected to
“Increase with the availability of more effic;ient drainage macﬁinery. = . "
It has also been estimated, on the basis of prevailling installation e l
costs in 1972 (Broughton, 1972), that approximately $544 million wqul_d "

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




This situation, therefore, demands that rational guidelines be
established with a view to obtaining technically sound, and at the same
time economically attractive, design alternatives for subsurface

drainage work.

o

The two major controllable design variables which have’signifi~
cant inflﬁéﬁce in subsurface drainage: performance are the g$pacing and
depth of drains. Since drain depth is often governed by tHe capacity
of the drain-laying machinery and the terrain slopes, spacing becomes

the only major controllable variable.

fn the St. Lawrence Lowlands region in Canada, relatively
impervious layers are found at shallow depths and therefore, according
to Hooghoudt's steady state drainage equaéion (Luthin, 1973), the ,
.W single goil property of hydraulic conductivity is most important in

\determining an appropriate draig spacing for a certain design drainage

rate. Alternatively; designs with different drain spacing-hydraulic
conductivity combinations will result in different subsurface drainage
rateg, and each combination will give a different pattern of water

' table fluctuations.

For a given hydraulic conductivity, closer spacing will reduce -
the chances of high water table conditions, thereb& reducing the chances

of crop damage. This will yield more income to the farmer. But a

closer spacing will also result in a higher installation cost. A wider \‘
spacing, on the other hahd, will have just the opﬁbsﬁke effect on the ’
chances of crop -loss and'installation cost. The revenue increase from

a certain system may be obtained by subtracting the cost of Erop loss %
and the cost of drainage installation from the no-loss crop value. The

no-loss croﬁ value is here defined as the market price of the crop,

harvested per 'unit area, under normal growth conditions.

Ttwater balance model operated with appropriate values of
pertinen

soil-water-plant parameters and economic informatioh such as

E

installation cost, rate of interest and amortizatién period of the

B + invested money, is expected to result in a serieés of additional revenue
(‘ . . .- i

-
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values associated with different drain spacings. From these, it should
be possible to select an appropriate spacing for known values of other

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

3

increase to the investor.

It is the purpose of the present study to: determine the
pertinent soii—water properties of some ,soils of the St. Lawrence Lowlans
region; develop and test a watér balance model; and use an integrated
water balance and crop loss model for 76 years of we‘ather’ data from
the Ottawa weather station to analyse the revenue 1ncreases from dlf;ei‘ent

design alternatives for subshrface drainage systemg for corn flelds.

’

i
1.2 Objectives '

The objectivlas of the present study ‘are:

1. To conduct field experiments to study the influence of
potential evapotranspiration and available water on actual evapo-

transpiration from corn fields and to develop a functional relationship

between these variables.

2. To conduct laboratory and field experiments to study the
effec of water table depth on drainable porosity and to develop a

functional relationship between the two.

3. To develop a sjimple water balance mod\:l, which will use the
results of 1 and 2 above, in addition to other pertinent soil-water

parameters and ‘climatic data, to predict daily water table depths.

1

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

recorded data of water table depths and perform appropriate statistical

\

. ) , N
5. To establish a corn crop logs pattern with respect to

.

tests for the comparison., -

various depths and durations of water table, based on available
I4

experlment\alf results reported in the literature.

I 6. To develop a crop loss confputation model, which will use the

output of predicted daily water table depths from the water balance
}odel, to compute yearly loss of crop. .

TR RHTAPNES
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7. To 1ntegrate and run’ the water balance and crop losss model

T

for 76 years (1900 to 1975) of weather data from the Ottawa weather
station for computing yearly losses, probgblllty distribution of yearly
losses, and average annual loss of corn corresponding to various

hydraulic conductivity - drain spacing combinations.

8. To use several combinations of installation cost, i_nterest
rate and amortization period and the result of 7 above for computing
averlage annual revenue increase from subsurface drainage systems in corn
fields &)r different hydraulic conductivity - drain spacing combinai:_ions.

a 1

!

1.3 scope of the Work \

: ;Yhe results of the investigations of this "dissertation, with
respect to actual evapot\rans_plratlon, drainable porosity and water -
balance model are ekpected to be applicable to the clay and the sand
soils of the St. Lawrence Lowlands region having flat topography. The Lo
results of the cost and revenue increase analyses are only f;r cor;x s
crops grown in the clay soils of the region tco which the precipitation
and evapotranspiratiop patterns of Ottawa apply. Tl’;e ﬁtethogis should ' .
apply to other localities, but detailed regults could be different when ,
the weather and the soil data pertinent to the 1ocathy are used.

?
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1I. |[REVIEW OF LITERATURE

A considerable amount of research on subsurface dfainage design
problems has been done during the last 25 years. A substantial part of
“ _ti'lis work has been done since the advent of high speed electronic
computk;r—s':' “It is generally recognised that a unique analytical
formulation of’ the varif)us processes involved in sgbsurface drainage 1s 1
very complex, and even if it could be achieved, the"Improvement over
\\ the results obtained by simpler methods, may be insignificant. The
recent- “trend is .to use a water balance approach, d_ue mainly to its

flexibility to accommodate a wide range of input data and relationships.

The author hd® therefore elected to review and comment on a few
of the major contributions in the field of subsurface drainage design.

based on an analytical approach, and on the water balance approach.

2.1 The Analytical Approach to . \ }
Subsurface Drainage Design e 1

Numerous solutions for subsurface drainage gesign problems are
available in the ]Xiteratt\r\re, for both steady state and non steady state\\
flow conditions. 'One of these, which has prebably been used most ~—
extensively, is Hgoghoudt's steady state formula for drain spacing
computation (van Séhilfgaarde et al., 1956; Luthin, 1973). Hooghoudt's
' approaéh combines both radial and horizontal flow theories and considers

the effect of convergence of, streamlines near the drains.

3
) L ' 1
Van Beers (1965) had given a nomographic solution of Hoog oudt's %
equation, and more recently, the nomographic solutions have been h
<@
' further generalized by Sakkas (1975). Subsequent to Hooghoudt's

formula, which was published in 1940, various theories and iﬁterpreta— i s

tions of the subsurface draina \\e flow processes have been forwarded™

a number of research workers. /

‘ \ o
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o - Aronovici et al. (1946) mentioned four basic parameters to be- -
considered for.subsurface drainage. __These were, volume, of water to be . R .
el drained, hydraulic conductiv of the medium, hydraulic gradie%xt, and \
. . crogs:éec'tional area ough which flow occurred. Based on Darcy's -
law, the ned the spacing equation: ) f

- - S—_— 42 . g2 s
57 = 4 A D7~ d C. @)
—R N
\\\\ . +
where- . - __ ) i

S | = spacing between the drains

K = hydraulic conductivity of the medium

HW = height ‘of the water table above the plane of the drain
. center ?.ines nid-way betweerT the drains ‘

d =, helght of drhin center above the impermeable layer

e R = amount of water to bT removed from the soil profile per
. unit time. o

o

o -

The above relation considers horizontal flow only and design values of
8 the spacing S are calcula;:ed when the water table is at or very near
the soll surfade. The convérgence effect of flow lines near-tte drain
had not been considered. Therefore, Hooghoudt's equatio‘n, which takes
intc_a considerat:llon I,the convergence effect by introducing aiterm DE

’ (equival_e‘gi;,dep/th) 1s considered superior to Aronovici's approach. ‘1

LT
N

-7 A logical step-by-step derivation of equation (2.1) and a

digcussion on the selection of appropriate value of d and HW for design
spacing calculations have also been given by Slater (1950). 1In spfte
@ ‘of t;he simplicity of the assumptions, however, equation (2.%) was /
. found to give romputed values of spacings that were close to the actual l

/,_/ / spa{:ings in some fields with subsurface-drdins. ’

| 1
\ ) \ ‘A more rigorous approach was later proposed by Kirkham (1949, ° | .
1951). He had used the potential theory, of flow and had evaluated the

. ;
. potentials under different boundary conditibns.. His analysis was done

.~ for steady flow under ponded water conditions. No comparison between
"’(// the results from the theory and field observations was given.
| ) N ?
/ * ' “
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Walker (1952) presented another approach for drain spacinglys

computations under falling water table conditions. Soil poro:ity was
also taken into consideration’ for the first time. In his approach, the
B water table recession for an assumed velocfty of flow was expressed in
. terms of the wvelocity and position of a point on the phreatic line
/}y(h—way between the drains. The velocity was then expressed as the
ratio of hydraulic conductivity (K) to porosity (f). Spacing was
calculated from the required value of water table recession in a given

time.’ - .

~
l

The analysis 1s simple but the substitution of resultant
velocity of flow in terms of the ratio K/f is questionable. 1In 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 ledst percentage difference

between the actual and&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(ty - t;) ‘
) S = _—/_H—ﬁl_— ... (2.2)
B f-ln(ﬁﬁzo ;
* where
»« 8§ = drain spacing *
C = slope of the curve obtained by plotting flow rate per
unit length of draiﬁ—;gainst the product [(K) (HW)] where
HW is the height of the water table above the p}ané&of the
‘ drain center lines mid-way betweeh thé drains
K = hydraulic conductivity )
tij, t2 = two consecutive times, and

Bty pAhEn V0 L
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HW;, HWp = heights of the water table above the plane of the
drain qenter 1iﬁes mid-way between the drains at
times t; and t, respectively.

The value of.C is obtainable from field experiments:h - - -

This method does not take into account the convergence of the
flow lines near the drains, and it assumes a flat 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 steady drainaée under
constant rainfall, has given a solution to the flow problem based on
rigorous mafhematical analysis, but subsequently, Wessling (as reported
‘by Sakkas, 1975) has shown that Kirkham's results did not differ by
more than five peé cent from those,obtained by applying Hooghoudt's

equation under similar conditioms.

Another evaluation of the various dfainage flow equatigss under
nonsteady state conditions was made by Johnston g&_gl, (1965). They
have computed the time taken by the water table to fall through a given
distance, using the insgérated Hooghoudt's equation, the integrated
Toksoz-Kirkham equation, the Luthin-Worstell equation and the Van
Schilfgaarde equation. The observed data for the water table were
taken in fields where spacings 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 4&ays. The computed
vaiues, ug}ng the above-mentioned equations, ranged from 2.4 to 17.7
days as against five days of observed time and#$fom 2.5 to 35.3 days as
against ten days of.observed time. Of the ﬁGﬁf?f;:n Schilfgaarde's
equation was found to give le;st deviation from actual observatiqps.

I
Glover (1966) has applied the theory of heat cdnduction in soils
for an idealised case where the ground water flow follows Dupult-
Forchheimer assumptions. The usual‘objections to these assumptions,

i.e., negligible wariation of hydraulic gradient with depth, and
S
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_"’
horizontal flow, are also 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 .
of the impermeable layer below the water table. This is objectionable
because the ‘effect of streamlife convergence will be significant un?er

this situation.

More recently, a generalized theory, formulation and nomographic,i
solution of flow to subsurface drains have been ﬁroposed by Toksoz et
al. (1971, 1971a) for layered soils. Their two papers appear to ba a
very comprehensive document on the subject. One of thg main assumptions
in their work is tha£ the head loss under the arched water table is
negligible. This leads to the situation of horizontal flow. In the
actual field case, since tLe flow lines are arched, there is a
significant head loss, and a smaller quantity of water flows into thf
drains. For a given water table configuration above the drains, this
permits the installation to be done at a wider spacing between the
drains. In this respect, a comparison with Hooghoudt's equation
indicated that uﬁder similar field conditions, the nomographs proposed
by Toksoz et al., 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 results under all field situationms.
Nonq of the theories discussed above éonsideredathe stochastic nature
of the input data, which can be taken into account by the water balance

approach,

2.2  The Water Balance Approach to
Subsurface Drainage Design

The basic idea in the water balance approach 1s to compute the
changes in soil moisture in response to input of precipitation and
o;tputs of evaﬁotranspiration, drain outflow and deeﬁ?seepége.

Mathematical book—keeﬁing equations are, used to balance the input and

'
w




~11

output for some specific time infervals 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
consldering only a constant water ta£1e level (steady state), or an
assigned rate of water table fall (nonsteady state). He had calculated
the number of times a prescribed water table height was exceeded for a
given length of days during a 25-year period. He ¢oncluded that the
concept of developing frequency distributions of water table heights

using a water balance model was important and feasible.

T

Taylor et al. (1967) have used a water table model to compute
water table frequencies corresponding to various arbitrarily selected
spacings, varying between 18 and 46 metérs, 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 the performance of a drainage syétem in controlling the water

table.

Young et al. (1572) have used a water balance model to compute
both soil moisture and watergtable probabilities. They modified the
method earlier proposed by Van Schilfgaarde, by incorporating a feature
to compute surface runoff. Also, the s0il moisture capacity was
divided into two parts, one for an unidentified upper layer and the
remaining for the‘lower‘layer.

Dividing the soil column into several zones enables adjgstments
for variable soll-water properties at different.depths. Foroud (1974}
and Chieng (1975) have used water balance models by dividing the soil

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

zones. The former had used the model to 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 dralnage coefficients and

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

In all the studies mentioned above, the predicted ﬁater /
table depths showed reasonable agreement, visually, with the obser%ed
data. No tests of significance were done to statistically evaluate
the extent of agreement. : The comparisons with observed values were

done with limited data, sometimes even for a very 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 soil moisture}is generally divided
into two parts. The portion between saturation and field capacity is
called the transient water and the portion between field capacity and
wilting point is called the availlable water. The water table fluctua-
tion‘is related to the chanées in thé trahsient water content. Also,
the volume oféLatef drained from the transient storag% due to a
certain water tah}e drop, or the rise of the water table due to, the
replenishment of transient water by rainfall, is dependent upon
drainable porosity of the medium. Evapotranspiration is assumed to
deplete the avallable 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 a variable fraction of PE for different zones of
the so0il profile. In reality, however, AE is a function of several
yariaBles, the most important of 'which are probably the incoming
energy (characterized by PE), water avallable for evapotranspiratfon,
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. ,

D

v
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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
described by the moisture desorption curve of the soil. In the context
of field drainage, without evaporative water loss the suction applied
to a soll layer can be taken as the mean depth of Wwater 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 thdt the quantity of water
released from the Arhorizon\(O to 0.2 m), was five times as large as
that from the B-horizon (O.Q to 1.27 m), when the water table was
lowered from the surface to the drain level (0.76 5). .Based on this
result, they have questioned the utility of installing subsurface
drains any deeper than is necessary to protect’themlfrom the weight of
heavy field machines.. However, on the basis of a subsequent work by
Taylor (1960), the above observation loses its justification. In the
latter work he had considered the dependence of water release on the
applied suc¢tion and had 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 draigable
porosity, f, on suction, h, Taylor (1960) appears to be the first to

give a simple functional relation between them:

£ (h) = S s 2.3) "
n A(hn - hn—l) v ' -
where - . -
fn(h) = drainable porosity of a layer of soii sitgatgd‘ ’
at a distance of h [= (hn +*hn—1)/2] from water
table, ‘ ,
. TRh’ TRn-I = volumes of transient water in thg soil cor-

responding to water table depths of hn and hn—l

from the soil surface, |,

& e o v P Bt o .
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crogs—sectional area of the soil columm,

B>
1]

number of arbitrarily chposen intervals.

There are several objections to using this relationship er
field situations. Firstly, the eqpation was developed by conducting
expe%iments on a sand-glycerine system. Secondly, the equation does
not take into account thed curvature of the moisture desorption curve,
and hence will not be applicable for the entire range of suc;ions which
can* possibly occur in the field. Also, the nature of the equation does
not lend itself to continuous evaluation of f with respect to a

variable h.

A more useful concept, presented by Luthin (1973), also permits
the computatioﬁ of the volume of water drained from an initially
saturated soil colum due to a certain water table drop. According to
this, if f can be expressed as a function of h as, f = g(h), then the
volume of water drained from a soil columm of unit cross-sectional

area, when the water table is lowered from hj to hy, can be given by:
hy hy
v o= £dh =\ |gh) dn c . (2.4)
hy; hy ‘

The above integral is the area under the f-h curve between h = h; and
h = hy. Since f is dimensionless and h has the dimension of length,

V will also have the dimensionNOf length. As most drainage desILn
computations are based on a unit area, the length dimension of V is
very convenientTand 1s also in a usefullféiﬁ to directly include i; in

the water balance computationg.

Luthin (1973), assuming a linear relation between f and h, has
expressed the volume of water drained from a soll column of unit “area
by. the type of relation given in equation (2.4); as:-

Vo= o @ -nd) C . (2.5)

where , L

e =

~ena ™ gy

A o S 4
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v = volume of water drained in terms of depth from a
) 80il colum of wmit area,
c = a constant, and,
hy, hp = dinitial and final water table depths from soil

surface, respectively.

In reality, however, the f — h relations for most soils are far
from being linear and the assumption of 1inearity will give incorrect

estimates of the value of V. . '

In spite of the dependence of f on h and the influence of f on
drainage design, most steady state drainage relations do not take f
into account in the analysis. For example, Aronovici (194g3,

Van sChW{g al. (1969) and Toksoz et al.

(1§7I:-1971a). An exception to these 1s Hooghoudt's steady state
relatioﬁ\which was modified by Bouwer et al. (1963;?1#6;—Eagsother hand,
all nonsteady state relations include f in the analysis; for example,
Walker (1952), Dumm (1954), Dylla (1966), and Jenab et al. (1969).
Researchers such as Vaigneur et al. (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
balance model. Exceptions to these are the researchers who have used
drain outflow as a predictor of water table heights, such as Bird et

al. {1971).

So far, both analytical and water balance procedures for

drainage design have used a constant value of f for a particular soil,
Some of the more recegi workers such as Foroud (1974) and Chieng (1975),
have made attempts to consider its variabilify bykassigning to it
different values for the successive zones of the soil profile.

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

Attempts have been made to incorporate f in the drainage design
by using K/f ratlo. Skaggs et al. (1975) have mentioned f to be one of
the basic parametersfor drainage design, and subsequently Skaggs

| v
L] \
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(1976) attempted to evaluate K/f ratiocs by solving differenéial
equations of flow of water in porous media, based on Dupuit-Forchheimer
assumptions. ‘He mentioned that the ratio K/f tended to include an
overall effect of soil heterogeneity, and since most of the nonsteady
state drainage relations contained a K/f term, a field evaluated value
of the rgtio 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 systbm is expected to function under a
variety of weather conditions for a long period of time. @ince
drainable porosity is a function of suction, the more the water table
recedes, the larger the volume of water which is drained. Therefore, a
801l 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. 1In other words, a certain 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 is common to have a
negligible water table rise from a heavy rain occurring after a long

¥ry period. Evapotranspiration does not remain constant at all times
of the year. Since it 1s one of the importawt components of a water
%alance medel, congiderable 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 \

A

" The usual ﬁ;;;;ice has been to evaluate potential evapo-
transpiration, PE, from climatic data, and modify the PE by factors
representing the effects of so0il and crop, Xo obtain actual ‘evapo-

transpiration, AE. Formulas presented by Penman, Thornthwaite,

|
o
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Lowery-Johnson and Blaney-Criddle (as réporteqxby Israelsenjég_gl.,

1962), use a different number of climatic.parameters. Penman's formula
has been considered to bé theoretically the most sound, but too com-—
plicated for practical use. Often 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 collected data‘of soil moisture depletion under
permanent grass éovefland has foupd Thomthwaite's formula to fit most
closely the observed data. He has also concluded that PE alone would

be a poor estimator for AE, 4

Various studies for direct measurement of AE have been done since
as early as,the beginning of this century. These were lysimetric
studies, soil moisture studies and inflow-outflow studies for large \
areas. Detailed description of the various methods, their uses and
limitations, have been given by Jensen (1973). The main limitation is
that very few of the methods are suitable for compuéing AE ?Q PE on a
daily basis. \ o

Researchers have also used the water balance approach/for esti-

/

soil moisture budget model that takes into account PE and available .

mating AE. For example, Baier et al. (1966) have developed a versatiile

moisture in the so0il in computing daily AE., They found that, depending

on the type of soil, AE/PE ratios may be inhependent, linearly -
dependent, or nonlinearly dependent on available water. Consequently,

they proposed the use of a group of curves for AE computation, each of

which would be applicable:for a different soil type.

Bater's model shows a significant correlation between the observed

and the predicted soll moistures. ‘The procedure, howevér, is quite

Fe WP

involved.’ Iﬁ water balance studies for drainage, in which AE is only a

P

coﬁponent of the overall model, using Bailer's approach for AE comquation

may be impractical. Bailer's model does not take into account the crop

it ud
-

cover, which was found to have a linear effect on AE, by Stuart ég_gl.
(1969) . ~ -

b e
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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&, AE/PE ratio and avail-
able soil moisture. Solomon's approach was basically derived for large
areas for time periods of one year. The épproaclcl\ was claimed to be
applicable for shorter time periods ag well, but no attempt was made to

justify this claim using actual ddta.

r

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 et al. (1965), in a much simpler way. Some
}rariation to the latter approach has been made by Jensen et al (1971),
who had developed a user oriented water budget model. In ‘this model,
AE is ‘computed as a fraction of PE, but the factor used to modulate PE
is derived from crop cover, available soil moisture and an expohenfial

function of time.

The importance of available water in determining AE was further
confirmed by Ritchi et al. (1972). They considered evapotranspiration
as a two-stage process. Stage 1 refers to f:he condition when the soil
is wet and incoming energy limits AE. Stage 2 refers to the condition ‘£
when soil moisture 1imi\ts AE. A formula was groposed by Ritchi et al.
(1972a) to compute daily AE, taking int-o'acco\unt PE and time from
beginning of the stage 2 condition. Subsequently, Ritchi (1972)
proposed a water budget model/to compute daily AE. Although the

-percentage difference betweer computed and measured daily AE was large,

the cumulative values for the study period of 37 days showed much less .
difference.
Expressing AE as a [function of time or AE/PE ratio, or a é
"

combination of the two, hgs notable disadvantages. Use of AE/PE

ratio, in effect, amount tcyﬁ losing some information, in the

statistical/sense. Use pf time after dfying as an indicator of AE is
“’*‘n’QE _unique, since the time rate of deplgion of soll moisture does not

remain constant for all/ soil types fn‘ at all times for the same soil

type.

!
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More recently, Rowse (1975) hag used an isothermal flow equation
ihcorporating soll water diffusivity to calculate soil water ﬁlux. His
model is also capable of utilising rainfall input and its redistribu-
tion in the soi¥. The model study was done on a column of sand and the\
ob;erved and predicted volumetric water conteﬁts at different depths
were close. Field,experimental results were reportLd for a*2.5 cm

layer of surface soil only.

In contrast to usingnAE/PE ratio, ti%e after start of drying er
diffusivity type equéiions, Shimshi et al. (1975) and Strateener et al.
(1975), in their studies on wheat fields, found that for a 90 cm soil
layer, the actual evapotranspiration could be expressed as a simple -
linear regression equation with soil moisture as the independent
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
gvaporation, did not glve any significant difference in the results
over the equation which congidered AE as a function of soil moisture’
alone._ - .

It appears from the above reported work that the general
procedure for evaluating AE on a daily baéis, is to relate it with
climatic as well as soil-water-plant parameters. Climatic factors are
reasonably represented by PE a&d the available soil moisture may be
used as an overall index to represent the influence of the soll-water-
plant phase of the system.

e

2.3 Economic Considerations im
Subsurface Drainage Design

Broughton %(1974), based on his experimeﬁt on variable drain
spacing,and its effect on controlling water table, has conclu@ed that |
much of the area in .the St. Lawrence Lowlands region could be drained
at spacingé wider tﬁén\previously praétised and up to about 50 m,

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

~ 0 ﬁt
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\ " Higgins gg;gl_.\(_}éﬂ;ﬁ) have analysed the existing drainage systems
in.Nowa $cotia and have concluded that the drain épacings, in most of.
the areas were unjustifiably low. They found'that the spacings for
most of the cases were based on tradition rather than on some

sclentific approach. /

Much research has beeq done in the past to study the performance
of various crops under different water table conditions. Notable among
these are those by Hiler et al. (1971), Williamson et al. (1970) and
Ritter et al. (1969). These studies indicate that different crops have
different degreés of tolerance to high water table conditions.

Detailed information on the above and othe;: studies has been compiled
by Van Schilfgaarde (1974).

Based on the concept of interaction between spacing-cost and
spacing-lwater table relations, Wiser et al. (1974) have presented an
approach for an optimized design of a subsurface drainage system. The
design has been considered optimum in the sense that it maximized the
amount by which\ the system benefit_.‘exce.eded the system cost. The model
used for obtaining water table fluctuations was the same as had——— — -
previously been proposed and used l;y Van Schilfgaarde (1965). A medel
to consider the effect of water table depth on crop growth was
formulated based on the work of Tovey as reported by Van Schilfgaarde,
1974) . The results of the two models were combined to find the

relation between the net benefit and the spacing. The net benefit was
found to increase with-spacing, to a maximum value, and then drop.

Kraft et al. (1972) have presented a different appro for
optimized design of a subsurface drainage system, based on the
probability density function of head gradient in soil required to
maintain outflow. Methods were presented to compute the statistical
parameters of the distribution and these were used to compute the @
proba'bilities é;sociated witht,lcertain critical values of the thead
gradient. A critical value of the head gradient was defined as ghat

which must be maintained such that the water table does not come closer
. *

|
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to the surface than a predeterminéd\IE?ﬁiT:\%E%:.predetermined level
was 'fixed from the information on crop root zonmg depth. The system
cost was expressed in relation to the depth and R{pacing of drains.

There could be two basic objections to this approach. Firstly,
therauthor s assumption of head gradient to be a function of mean annual
rainfall is difficult to justify. The head gradient required for some
individual’rainfall events may beientirely different than that required
for others. Mean annual rainfall may be a poor indicator of individual
rainfall events. Secoﬁdly, and more import;npg treating K as a random
variable and using its probability distribution may not have much
significance In the light of large gpatial variability of this soll

0

property. A safer way would be to evaluate K by field measurements, in

areas where drainage systems are to be installed.

More recently, a water balance approach for subsurface dratlnage
design has been proposed by Bhattacharya et al. (1976). 1In this -
approach, the system installation cgg;,and/the market value of the
harvested crop wer%/ggmpared’fgzza;éinage systems designed with
different drainage rates. Each drainage rate corresponded to a certain
spaciné; and the water balance‘mbdel run with a certain drainage rate
and spacing, resulfed in a particular frequency distribution of water
tabie depths. The frequency distribution of water table depths was
used to find the crop loss. A drainage system was considered to be
inadequate, and crop loss\occurred, if the water table remained closer
to 40 em from the surface for more tHan two successive days. Thé \
above study indicated that a drainage syateﬁ could be designed with a
risk of being 1nadequate for some yeara in the stipulated amortization
period of the invested money, and yet could yield maximnm.net benefit

©

to the investor. .

The probability distribution and the derived risk concept
assodciated with natural events, and thel? use in investment decisiona
have been studied by Angell (1960). He\nentioned that probability

calculus was based on a form of knowiedge derived from the outcomes of
b
]

‘
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a 101@ series of identical past trials, and since no two acts of
investlments were, or could be identical, investment decisions should

not be based on any su<;h form of knowledge or plrediction:

Mathematically, Angell'; explanation is correct. However, in
investment decisions, particularly when there are several alternatives,
a rational investor 1s expected to invest money in an alternative that
has a possibility of yielding a maximum weilghted average return. It is
wgll known that if a certain alternative has been 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 qf/'%atural events and provides a tool to partially

S
‘

cope with them,

.

Installation of a subsurface drainage system involves a large
capital expendit;ure.. The farmer, naturally, is anxious to have some
ddea of the extent of benefit he may eventually expect to realize
from suc11 a system. The §earch, therefore, continues to find better

and economically more attractive design alternatives.

In the present work, the author has endeavoured to present a
comprehensiv\e procedure which will use available information on weather,
soil-water—plant properties and relevant cost parameters, to establish
rational guidelines to enable the investor to select an appropriate

design alternative which will result in maximum average annual increase

in revenue.

3
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IIT. THEORETICAL CONSIDERATIONS

)

3.1 Prediction of Water Table Depths
using a Water Balance Model ,

|
In extensive areas of flat land with cool, moist climate and

poor natural drainage, a subsurface drainage system is installed
primarily to lower the water tafle to such depths that the root zone
of the crops remains free of excessg water. The maximum depth of drain
tube installation is limited in most cases by the drain laying
machinery, the terrain elevations, and the outlet elevation. The only
major variable which can be controlled by the designer is therefore the
spacing of the drains. In addition, where the soif is permeable and
has relatively large capacity to transmit water for a specific
gradient, and rapld drainage is desired, the drain tube‘ diameter and
lepe‘may limit the drainage rate. However, in practice,.a single ~
& drain size is selected for laterals and larger drain tube sizes are
selected for collectors, based on some assumed maximum draiiage rate,
called the drainage coefficient. Once the drain size is fixed, spacing

becomes the only major variable to be considered in the design.

The cost of installation 1ncreas;sp“with narrow spacing and the
chances of the water tab}e remaining closer to the surface increases
with wider spacing. The designer, therefore, 18 required to make a
/‘ compromise between these two interacting factors and prm{ide a design

that will produce a most economic system for the investor.

| Since one is dealing with hydrologic events of rainfall and .

evapotranspiration in the d{asign of a subsurface drainage system, no

2
confidence can’be attached to any design based on single valued by
determinié'tic inputs of rainfall, evapotranspiration and drain outflow. J},
This.deficiency can be overcome by studying the actual occurrences of ?,’

various water table depths in tHe growing season of a crop. Since

(‘ recorded water table depth data are very limited, a water balance model

\ : ) 23




can be developed to work with the more abundantly available data on

rainfall and evapotranspiration for the purpose of predicsing 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

weather data. From the results thus obtained, frequency distributions

or recurrence Iintervals of various water tables or crop losses . -

assoclated with various water tables, can be calculated.

2

The water balance model developed for this study is assumed to
be applicable for flat areas such”as th® 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 1s . divided
into two zones. The depth of the first zoneu?ts taken as 400 mm, The
depth of the second zone is from 400 mm to the depth of the drains.
This division |is based on two important criteria, namely,

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

2. For most ?ield crops, more than 50 per cent of the moisture is
extracted from the top 400 mm of the soil and the rest from the

- lower depths (Schwab et al., 1970).

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

will adequately“ describe the physical processes of the entire column

from the surface to the drain level.

Each zone is assumed to. haye two distinct soil moisture storage
capacities. These are the available soil moisture storage capacity,
AAW, and the transient soil moisture storage capacity, {TR. AAW is the

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

-

moisture held between saturation and field capacity. From an initially

saturated soil column, moisture depletion takes place due to actual '
evapotranspiration, AE,- and ?rain outflow, R. AE continues to deplete \
the TR until the latter befzomes zero, after which AE starts depleting

.
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the AAW. Drain outflow continues as long as there 15 TR, after which
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it becomes zero. 1In the’event of rainfall, any excess for the day, of
precipitation éver PE, is added to the soil moisture storage. The-

excess 1s assigned, firstly, to the AW until the lattér is filled, “then
to the TR until its capacity is reached. Any water remaining after the
TR 1is filled is considered to be surface runoff. When rainfall is zero

or less than PE, depletion is in the form of .AE and drain outflow.

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

available water, as:

AE = a.PE+ b.AW + ¢ v . .. (3.1
“where Y

AE = actual evapotranspiration, mm,

PE = potential evapotranspiratiod, mm, \

AW =, volume percentage of available water,

a,b = regression coefficilents, and

c = intercept.

-

Further discussion 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 value cannot be used in predicting water table heights. Let

£ = gy(h) . .. (3.2)
represent the relation between d_rain;able porosity, and water table depth,
In equation (3.2), gy(h) 1is some function of water table depth, h. The
actual nature of this relationship is a characteristic of the medium -
and is generally nonlinear. The total volume of water drained' from a
soll column, when the water table drops from h; to hy, can be

calculated by irftegrating equation (3.2), as:
h2 va h2
v o= fdh = | g;(h) dn ' . .. (3.3)

hy hy

Jf%
<3
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If the functional relationship of equation (3.2) is known or experi-
mentally determin—ed, one can calculate the volume of water drained from
a éoil column of unit area, for any water table fall from the surface
(i.e., 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) to obtain the remaining transient water at a

certain position of the water table. This will yield a relation as:
h = gz(TR) .o . (3.4)

where h is the suction or, water table depth and gz(TR) is some 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 to the
transient water content of the soil coluxm"tx. The problem associated
with layered soilscan also be handled in the same way by developing
these types of relationships for the heterogeneous soil layers
separately. As will be discussed later in Chapter IV, this was done
for. model verification for ome 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 = %} (2.DE. BW + HW?) v .. (3.5)
where

R = drain flow rate, m/day,

K = hydraulic conductivity of the medium, m/day

.= spacing between laterals, m,
DE = -equivalent depth, a function of d and S, (Luthin, 1973)
HW = Theight of water table above the plane of drain mid-way

between\ two adjacent drain tubes, m.

These sy'mi)ols are depicted in Figure 1. Noting from this figure that
HW = (DD-ADW), equation (3.5) may be written as,
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4K 2
R = —; (2.DE. (DD-ADW) + (DD-ADW) . . (3.6)
S i
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 = 0, The drain will
flow at this maximum rate unless its capacity restricts the flow.

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

D\2/3 /2, 1

¢ =G ) = @ @ & - ses00 C (BT
where _
Q = maximum drain tube capacity, m3 per day per unit drained
area, '
D = diameter of the drain, m,
- n = Manning's roughness coefficient,
8 = slope of the drain tubes,
S = spacing between adjacent laterals, m,
L = length of a drain tube, m,
86400 = conversion factor from flow rate per second to flow ‘rate
per day. e

E o
If drain tube capacity 1s not to be exceeded, the flow rate obtained

from equation (3.6) must not exceed the flow r7te given by equation
(3.7) or RXQ / ’

1 1 ,D.2/3 1/2
86400 T D2 = (Z) (8)

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

A

or L S ) . .. (3.8)
For a given region, the coefficient of S in the ablﬁe equation congists
of constant palrametera. However, since the variability of K is high,
the numerical value of this coefficient will vary to a large extent.
Some calculations using assumed appropriate values of parameters

indicate that tlr;e numerical value of the coefficient ‘may vary from 5




for K = 2 m/day, to 100 for K = 0.1 m/day. This range of K values is

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

It can be seen from equations (3.6) and (3.8) that including
ADW will lead to a conservative design in the sense that, for a given
drainage rate, either the drain spa({ing or the length,K of drain tube for

a given spacing will be reduced if ADW > O. .

ADW in the model can be assigned suitable values depending ow”™®
the types of crops grown and thelir root zone depths. It appears from -
the literature (Chieng, 1975; Fokroud, 1974; Luthin, 1973) that 400 to
500 mm is a widely used range fo'r ADW and in the present study a value

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

is closer than ADW, ;drainage takes place at the rate equal to the
capacity of drain tubes, otherwise the drain flow rate is assumed to
follow Hooghoudt's equation. If the drain capacity is not reached when
the water table i1s 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 actual. However, past experience
and the present analysis have shown that the number of occurrenices per
year for which 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.

1 In the proposed model, the concepts discussed above have been
used to obtain the output of predicted daily water table depths.

3

3.2 Yield Reduction due to High
Water Table

A shallow deﬂ'th of water table from the soll surface as \ell as
the duration for whi'ch the water table remains 'at that depth are

important factors in reducing the crop yield. Some quantitative

b
%
%
“
&
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information about the former is available for various crops from the

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

o
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According to these, static water levels between 300 and 900 mm from £he
soil surface may cause various degrees of damage to different crops.
The data for corn, as reported by Van Schilfgaarde (1974) are plotted
in Figure 2a. The average of the curves of Figure 2a has been plotted
in Figure 2b with a modifigation to give no loss when the water table
depth is 750 mm. The lower broken portion of the line ip this figure
indicates an extrapolation made for the purpose of loss computation at
various water table levels starting at the surface. Also, to simplify
the computation, the losses for’'a one-hundred-millimeter interval of
water table depths have been assumed to be constant. This is

exemplified by the step curve of Figure 2b.

Information on the effect of duration of certain water table
depths on yileld reduction is primarily qualitative. There is very ‘
little quantitative data available. The effects of flooding periods of
one to elght 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 et al. (1969) report that
flooding at the early stages of growth for four or five days could
completely kill corn plants. This implies that the time of occurrence
of excessively high water table depth is also important in determining
the crop loss. In thHe absence of more definitive data on the effect of
duration of flooding on yield reduction, it was decided to use the ste;)
curve of Figure 2b with the following modifications. The reduction of
inﬁ for a certain range of water table depths will be taken

_——at 100 per cent if the water table stays in that rahge for more than

seven consecutive qda??s. The losses will be taken as 75, 50, 25 and 0

»

per cent of the loss indicated by the step curve of I{ighre 3.2, 1if the
congsecutive durations of.water t;able in a given range|are respectively
six or seven days;, four or five days, two or three days, and less than
two days. The actual logses to be considered for various water table

depths and durations are?lsmmnarized in Table 1.
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TABLE 1. Crop lossk for various water table depths and durations

hat Crop loss 'Crop loss in per cent of maximuncl yield for water
Range of in ?  table at depths indicated in Column 1, and for
water table per cent the following durations -
depth from of - -
. soll surface maximum Consecutive duration, days
- mm yield y
% <2 2<3 4-5 6-7 > 7
(1 @) ® %) (5) ' (6) (7)
\\ -
00 >h >0 100 0 25 \_ 50 75 100
200 > h > 100 60 0 15 30 45 60
\300 >h>200 7 - 41 0 10. 21 31 41
, ' 400 > h > 300 31 0 8 16 23 31
. 500 > h > 400 23 0 6 12 17 | 23
600 > h > 500 15 0 4 11 15
700 > h > 600 0 2 4 5. 7
. " h > 700 0 0 0 0 0 0
Note: 1. h = water table depth from soil surface in millimeters.
2. Values of Column 2 are the assumed losses for static water
table depths as indicated in Column 1.

—_ 3. Values in Colums 3, 4, 5, 6 and 7 are respectively,
‘ . 0, 25, 50, 75 and 100 per cent of the values.in Columm 2.

-
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3.3 Probabilities of Crop Losses and the Average
Annual Revenue Increase Computation -

As a result of working the Watér balance model with weather data, .
predicted daily water table deptlirs‘from'the soil surface can be )

)

obtained for the peripd under consideration. The general nature of the |

predicted water table depths has been shown schematically in Figure 3.

From the crop physiological point of view the growing season for
corn may be r)eckoned from lstnﬁay to 31lst August. Therefore, any high
water table before lst May and after 31lst Aug\ist, is considered to have
no influence on the yleld of corn. From Figure 3, it\:is possible to ’ /
determine the number of consecutive days the water table had been above
a specific depth. Since, from Table 1, it is seen that there 1is no
crop loss when the water table is beyond 700 mm from the soll surface,
one needs to cqpsider only those events when the water table had been

at or closer than 700 'mm from the soil surface.

For example, referring to Figure 3, it can be seen that during
some period in the growing season from B to C, the water table was
< 900 mm from the soil surface for 33 consecutive. days and < 800 mm
from the soil surface for 22 consecutive days, According to t\he
information in Table l', there will be no loss of crop for these two
events. However, there were 18 consecutive days when the water table
was < 700 mm, 13 consecutive days of water table at < 600 mm, and so
on, up to oné day of water table at ;( 100 mm from the soill surface.
For the last event, alt’"riough the ‘water table came as close to a,nd even “
closer th 100 mm from the soil surface, according to Table 1, there
will be\ntn

enough at this level to cause any damage to the crop. iThe losses

loss for this event as the water table did not stay long

corresponding to all other events will be computed as follows:

<
g
-
2L
3
e
9

crop, in dollars per hectare is RC The loss corresp'onding to the

i-1°

event of 18 eonsecutive days of ‘Wgtgr table being < 700 mm from the

&

sotl surface is given by:

N
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N 11’. = (7/100) (100/100) RCVJ..__:L -
= 0.07 RCV, ) ... (3.9
i-1 -
where —
li =1y loss corfespohding to the ith event of the water table being
at or above a specific depth for a specific duration,
and RCV. is as discussed earlier. -
The new remaining crop value is ob‘tained_ as: '
RCV, = RCV, . -1, ' ~ . .. (3.10
i i-1 i

e -

Again from Figure 3, there were 13 consecutive days of water table

at £ 600 mm from the soil suxface, and the loss f% th:féz,s event .will be

given by: ‘
N .
1:“_1 = 0.18% RCV-i +,and the remaining crop value will be written as,
RVin REVy = i

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

be represented by the set of two equations as:

1, = p, RCV,
. 1 i1 ‘ ... (3.11)

RCV, RCV, -1,
53 i-1 i

where p is the appropriate fraction to be obtained from the percentage

values given in ®able 1, for various depths and durations of water table.

. The computations using the set of two equations (3.11) are
continued for the growing‘ season to account for é.il possible losses
associated with various high water table events. ]kf this scheme isg
repeated for a-large number of years and total yéariy losses are
afranged in order of magnitude, the recurrence intervals or probabili-
ties assodiated with various; magnitude of losses can be computed.
since differﬁnt losses will have different associated probabilities,
the average annual loss will be obtained by computing the area under the
probability cuxrve (see igure( 14 for example). As ‘has'been mentioned
earlier, since& drainj«spacing is the most important parameter from the
point of wview of controlllng the water table and in determ ng \th

cost of the system / a set of probability curvgs may be drawn for

N ! -

~ B A
-
et

e w -

4
3

\
¢




~

23

' . 36

4 .
several spacings, and the area under the probability curve for each
spacing will give the correspondiﬁg average annual loss. ®'Also
'associated with a certain spacing will be one insgtallation 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 installation of a subsurface drainage system at a given

”

spacing will then be obtained from:

RE = (NLCV - ACL - ACI) -~ (NICV - ACLO)
or, RE = ACL, = ACL - ACI ... (3.12)
where
RE = average'annual revenue increase due to the installation
-Pf subsurfacé 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 with no
subsurface drainage, '
and ACI = uniform annual installation cost.

All of the above terms are expressed in dollars per hectare. A plot of
revenue increase RE and spacing S, is expected to reveal the spacing at
o

which the average annual revenue increase will be maximum.

The actual sequence of crop loss computation in the model will
be slightly different. The model will fifst select a number of
refgrencg levels, starting from the soii surfate down to a depth of
700 mm, at intewvals of 100 mm. The program will then compare jthe data
of predicted water table depths against the reference level. Whenever
the depth of predicted water tab%g is foﬁnd to be above the reference
level for a certain.number of coﬁ;ecutive days, the losses correspon-
ding to this event are computed from the given information in Table 1,

. and \the remaining crop value is updated. The computation Fhen proceeds
for the same reference level for the remaining numbetr of days in the

g
growing season. At any time, when the predicted water table is found &o

be above the selected refgﬁénce ievg}y the losses (if any), are computed.
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After the end éf the growing season,' the whole sequence of computations
is repeated for each of the pre-established reference levels. The
remaining crop value after all 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 include the effect of inflation on various cos# items. It is
assumed that inflation equally influences the cost of the system and
the selling price of the crop, and therefore, has no overall significant
efféect. Tweeten et al. (1971) have shown, based on their studies on
thelimpact of ihput price inflation on the farming industry, for The
decéde 1958 to 1967, that the net farm income was reduced by four per
cent, considering some 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 average’functional period of a subsurface
drginage system is more than 10 years, and since the subsurface drainage
installation cost may be considered to be onlyha pért of the total
investment in a farming industry, the long tgrm effect of inflation

may be relatively small.
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IV. MATERIALS AND METHODS
Field and laboratory 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
measurements in the field and in the laboratory were done on two soil
type¥!, 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 objective of the drainable porosity experi-
ments was to develop functional relationships between the water table
depths and the transient water contents of soil columms. The field
experiments to determine actual evapotranspiration were done on five
plots, two of which were in St. Amable Loamy Sand, and one each in the
Upland ?and, the Rideau Clay and the Ste. Rosalie Clay. The plot
numbers and the corresponding 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 colum. Using the results of the
above investigations, a water balance model was develgped. A

- proceduée for crop loss computation was proposed And used, and net

-

benefits from subsurface drainage systems were computed for various

design alternatives. |

l

A Y

4.1 Drainable Porosity Measurements \

Field investigations of drainable porosity and its relations to
water table depth were made at two locations, representing somewhat, the
two extremes of soil conditions in the St. Lawrence Lowlands region.

One of the experimental sites. was lotated at the Macdonald College farm
;nd the soil here was predominantly sandy to about 1.7 m from the ,

surface, then changed to clayey. The other site was located on the \
farm of Mr. J. P. Martineau, at St. Clet, about 32 km west of Macdonald

College. The soil here was clayey from surface to great dépths.

/
/
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In each location, an area of approximately 3 m x 3 m was
selected and hydraulically separated from the surrounding soil by
plastic sheets, to a depth of 2 m. The necessary digging was done by a
back hoe which operated from outside the experimental plot. Before
backfilling the trenches, undisturbed soil samples were taken in thin
aluminum rings of approximately 5 cm diémeter and 2.5 cm height in the
sand, and 5.5 c¢m diameter and 1.5 cm height in the clay, at O, 5, 10,
15, 20, 25, 30, 40, 50,l60, 80, 106, 120, 140, 170 and 200 cm depths
from the surface, with four replicates at each depth, for the
determination of bulk depsitieé%, Some of the bulk density values were
later used to convert soll moisture contents from a weight basis tq a

volume basis.

Undisturbed samples were also taken from 10, 60 and 120 cm
depths, with five replicateg[ht each depth, for laboratory determina-
tion of drainable porosityfj The trenches were then backfilled.
Fourteen water tablenobservation pipes, in two parallel réws, were
installed, of which four were inside tﬂe 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 completing the installations, a set of initial
observations of water table depths and;soil moisture tensions was
taken. The plot and the surroundings were then irrigated by three
sprinklers at an average rate of 6 mm per hour to bring the water ggble
to the surface. This took about four days for the clay soil plot and
about five days for the sandy scil plot. The application rate was kept'
low to reduce air entrapment. After sat;ration, as indicated by the
appearance of the water table at the surface, irrigation was dis- h
continued, A set of five replicates of soil samples was taken at
intervals of 5 em from surface to 3P en depth; at inkervals’oﬂ 10, em
from 30 to 60 cm depth; and at intervals of 20 cm from 60 to 140 cm

D
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depth. These samples were taken by soil auger, and were used for
saturation soil moisture content detqrmination. The plot was then
covered with two plastic sheets, then b§ 100 mm thick white styrofoam,
and finally by plywood, to eliminate evaporation losses as completely
as possible. Subsequent water table and moisture tension observations
and soil sampling 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 un%il
successive water table depressions becamé negligible. The water table
was measured using a graduated blow tube. Soll moisture was measured
gravimetrically on a percentage dry weight basis and was converted to
percentage volume basis by multiplying the dry welght 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 outlined by Luthin (1973).
The purpose of the laboratory test was to inveﬁtigate the extent of
agreement between the field and laboratory teét results., It was thought
that in case of a good agreement, laboratory/data would be used to
empirically relate drainable porosity with %ater table depth because
the suction in the laboratory could be adjtusted at various pre-
determined levels td give more data points. Also, a close agreement
between the two would justify future studies on drainable porosity, in
other regions, by laboratory tests ont7g resulting in a substantial

reduction in time and cost. ‘

The previously collected samples for\determination of f were
placed on the saturated porous plate/ of Haines' apparatus, one at ‘a
time, and slowly saturated. A serigs of water table depths was
maintaiped at suitable levels, up to an elevation difference of 2 m
bétween the sample and the water level. At each water level position,
the corresponding volume of water released into the attached burette,

was measured after the system jfme to equilibrium. In the case of the

¢
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sandy soil, equilibrium was reached approximately eight hours after the
position of the water 'table was fixed. 1In the case of the clay soil,
the time taken to rgaap’equilibrium was about 24 hours. Evaéoration
from the system was minimized by covgring the sample and the burette
with plastic sheets with»a small hole to maintain atmospheric pressure
at both ends. The holes were covered with a wet sponge. The volume of
water drained corresponding to a certain elevation difference was

expressed as a fraction per unit volume of the soll 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
soil types (see Table 10 of Chapter V), The effect due to the
difference of soll type was expected to be reduced by using available
soil moisture, rather than total soil\moisture in the analysis. Soil
moisture measurements were done gravimetrically, for samples taken at
0, 6, 15 and 25 cm depths from the soil surface. Soil moisture
contents at these specific depths were assumed to represent the
moilsture contents for the depth ranges of 0-2 cm, 2-10 cm, 10-20 cm and
20-30 cm, respectively. Accordingly, the average moisture content for
a depth of 30 cm of the soil columm was computed by multiplying the
moisture contents at the above mentioned depths by the assumed cor-
responding depth ranges, summing these products and dividing the sum by
the depth of the column (i.e., 30 cm). This was done so that the
average soil moisture for the whole column was not unduly influenced by
the very low values of surface soll moisture as a result of rapid
drying. Soill molsture computations were made\aﬁ\i\percentage dry
weight basis. These were subsequently converted to percentage véiume
basis by multiplying by the dry bulk dei
depth of soil moisture, by multiplying the volumetric moisture content,

sity, and then to equivalent

expressed as a decimal fraction; by the depth of soil column. AE, in

1
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millimeters for one day, was computed by subtracting the equiwvalent

depth of soil 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 soil moisture, AW, Total available so0il
moisture is the difference between the moisture contents at field
capacity and at wilting point. These two pérameters were determined
separately, for the individual plots, based on the soil moisture vélues

observed during the experimenﬁ. -

Daily values of PE were obtained from the Agrometeorological
Tables (Risselo et al., 1974). A multiple regression analysis was done
with AE as dependent variable, and PE and AW as independent variables.
In the regression model, AE and PE were expressed in millimeters and AW
was expressed as a percentage. The relatively dry summer of 1975
allowed approximately 20 days of soil moisture measurements with minor

interruptions due to rain.

The determination of total available soil moisture was done -
separately for each of the experimental plots, for the purposelof
developing a relation between AE, AW and PE. In the subsequené‘work
with the %ater 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

model, \

4,3 The Water Balance Model

The water balance model developed in this study has the primary
purpose of predicting daily water table depths. Daily rainfall and PE
values are inputs to the model. Other pertinent soil water parameter
values ari/aﬁﬂignqs, based on the experiments described. The model
does the water budgeting computations to find the transient water
content, from which the water table position is predicted. A flow

3
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chart, representing the basic operations in the model, is shown in
Figure 5. The model, with minor modifications can also be used to
compute average soil moisture content for a soil profile, but this

was not done in the present study.

Various assumptions for the operation of the model have been
described in Section 3.1. One of these, that the input rainfall first
fills up the avallable water storage capacity, was modified by
allowing a certain percentage of input rainfall to directly join the
transient water storage. This modification resulted in a much better
performance of the model in the clay soil area, and is justified from
actual evidence in many cases, when the water table was found to rise
without saturation of the top layers being attained. The percentage of
input directly joining the transient water storage was varied in
different computer runs to arrive at a most appropriate value. It was
found that for the clay soil, an addition of 50 per cent of the input

to transient storage, gave the best performance of the model.

/

This modification was not required for the sandy soil area. For

this area it was found that, in general, where dally water table

observations had been made in the past, the soil profile had two

distinct layers. The top layer of sand was of apﬁ&oximately 80 com

thickness, underlain by sandy clay. Since observed water table data

from tyis area were used for model verification, two separate f-h .-
rfelations, and hence two separate relations between trénsient water

content and water table depth were used. Similarly, appropriate values

for saturation, field capacity, and wilting point moisture contents

|
were used for the two distinct soil layers in the sandy soll area at |

L
h

I3

Macdonald College farm. The criteria for judging the performance of
the water balance model werg the c&ﬁparisouq of various %tatistical

> . parameters of the distributions of predicted and observed water table /
depths. The statistical parameters used were, the mean, the standard
deviation and the sum of the squares of deviations between the obgerved

and the predicted water table depths., It was considered that the
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Read fixed parameter YES Any day left
values from card _in this year?
- g\
Read rain and PE from tape :
from April 1 to October 31 Calculate yearly crop
for one year and store loss and store
YES -
h < ADW R = RMAX Any more
year left?
NO s
NO ’
R = RH
Print year and
- yearly loss
YES
| AE = PE
(no depletion Arrange yearly losses in
from descending order and
available soil compute probabilities %f
moigture losses ¢
NO storage)
Compute area under the
Calculate AE and update probability curve.
soil moisture storage Average annual loss =
Area under the \ !
probability curve

Update appropriate storages
after accounting for R

Print average annual

loss
Calculate water table depth
from transient water “
content information } STOP

\

s

Figure 5. Flow chart for the integrated water balance and
crop loss model. T
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Py

recorded water table depth data were inadequate fo establish the nature
of their probability distributions, hence a non-parametric .test was
done to test whether the observed and the predicted water table depths
were significantly different. Recorded water table depth data for 1974

and 1976 were used for the comparison arid the test mentioned above.

4.4 Crop Loss Computation in the Model

C

The proposed method of crop loss céﬁputation has been explained

in Section 3.3. To increase lork 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 area under
the crop loss probability curve. The probability intervals for successive'
area computation by the average ordinate rule, 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 instai}aﬁion cost hectare 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 averagé annual. revenue increase due to the installation
of a subsurface drainage system was computed by using equation (3.12), In
this equation, an appropriate value for ACL0 was selected based on the

results of crop loss analyses, and will be discyssed later.

2 b MR e ¢ 0 a3 e T
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' due to the installation of subsurface drainagé systems designed wit

fﬁi@h a soil auger from Vérious depths, by the appropriate dry bulk

V. RESULTS AND DISCUSSION

Broadly speaking, the study reported in this dissertation
coﬁsists of two parts. 1In the fi¥St 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 depths! These results were subsequently

used to compute crop losses and the average annual revenue increase

dlffeLent hydraulic conductivities and spacings between laterals.

experlment% were done in connection with the fl{:st part of the work
'to e%aluate some soil water properties to be used in the model, to
investigate the drainable porosity and its relationship to suction,
to study the variation of actual evapotranspiration with respect to

potential evapotranspiration and available water in the soil.

In this section the results of the experiments will be\reported
first, followed by descriptions of further analyses done using the

experimental results.

5.1 Drainable“Porosity

v

Drainable porosity was determined py both field and laboratory .
experiments. Laboratory tests were dene on constant volume undisturbed (
\ ples, During the field experiments, however, due to the large
number of samples and the sampling depths involved, volumetric measure-
ments could not be made, Instead, these were determined py multiplying

the dry weight basis moisture:contents, obtained from samples taken

1 \ N
deﬁgities. It was, therefore, necessary to determine the dry bulk

deniit%es of the soils-at different depths.,
|
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TABLE 2. Bulk densities vs. depths in the experimental plots

[+

LY

3
Dry bulk density, g/cm

» [

ﬁépéﬁ from Upland sand Ste. Rosalie clay -
soil surface
n Mean Standard Mean Standard
deviation ‘ deviation
(1% \ (2) (3) (4) < (5)
0.00 1,09 0.06. 1.04 0.11
0.05 1.10 0.10 \ 1.20 0.15
0.10 1.19 0.08 ‘ 1.21 0.11
0.15 1.27 0.02 1.38 0.23
0.20 1.27 0.03 ! 1.36 0.21
0.25 . L.32 0.12 1.38 0.22
0.30 1.25 0.10 1.46 . 0.11 ’
0.40 1.18 0.07 141 0.13
0.50 1.05 0.14 1.37 . 0.07
0.60 1.12 0.11 1.41 0.09
0.80 - 1.34 0.07 1.45 0.05
1.00 1.42 0.04 1.28 0,17
1.20 . 1.49 0.12 1.33 0.12 .
1.40 1.57 0.04 1.16 - 0.10 ;

" Note: each entry in colums 2 and 4 is an average of four
replications.

Y [}
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Table 2 presents the averages of the observed values of bulk. .
densities at different depths and their standard deviations in the two
plots selected for drainable porosity measurements. The skandard
deviation values indicate the variability of bulk densities within the
respective experimental plots., To investigate furtﬁer the variability
of bulk density with respect to depths and locationé, an analysis of
variance was done using the average values of the'célumn§ 2 and 4 of
Table 2. The results of the analysis are given in Table B-1 of
Appendix B. " \ \

From the analysis of variance it was found tﬁat the average bulk
densi;y did not significantly vary with respect to depth or location,
at thé 99 per cent confidence level. This may lead one to assume,
incorrectly, that the soil is homogeneous with respect to depth and
location, in so far as the bulk density and other related properties

are concerned. From Table 2, one can calculate the largest difference

" between the bulk densitieg of two soil layers of the same plot to be

33.1 per cent (see values of column 2 at 0.5 and 1.4 m depthg). Also,
one can calculate the largest difference between the bulk densities of
two locations at the same depth to be 26.1 per cent (see valuyes of
colums 2 and 4 at 1.4 m depth). Since bulk density values are used as
multiplier% for the weight basls moisture contents to obtain the volume
basis moisture contents, the latter values, for different soil layers
or locations, will give a larger magnitude of total difference. This
wif@ result in incorrect estimates of drainable porosities for soils

at different layers and locations, if such estimates are made using a

single ayerage yalueoof the bulk density.

One alte%native to tackle this problem is to carry out khe
water balance co&putations, simultaneously for a large number of zones,
where each zone 18 homogeneous in bulk density. But this is not
generally done because of very high computer -costs involved in water
balance computatio%s for a large numh:mﬁof zones, and also becauak the

bulk density ¥ariations with respect to depth are not unique for all

° "2 ‘ 3 \




~ . " l 50
J‘. ‘

locations. A certain amount of grouping and averaging is vften done,
and tth sometimes 1is a reasonable alternative 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 Zt;nes is impractical and often unnecessary,
whereas some of 'its “components may be more ¢orrectly evalua'ted by
taking the zehal variation of some of the soil water properties into
account. It was therefore decided to use the information in Table 2
for the drainable porosity computation, rather than using these X

directly in the water balance model.

The soil moisture and water teble depth-variation data obtained
during the field‘experiments are shown in Tables 3 and 4, for the
Upland sand and the Ste. Rosalie clay plets respectively. Results for

down to 40 cm depth have been reported, as these will be later used

' for f calculations. Calculation of f for lower layers was not done

because of the limited suction obtainable under field conditjans. The
. -

data in Tables 3 and 4 were obtained by multiplying the observed

per cent dry weight basis moisture contents by the appropriate average

bulk densities for each of the layers considered\,

e 4 The data in Tables 3 and 4 are not in a convenient form to
compute drainable porosity for different soil layers hecause the wat'e;
table depths of colum 2 were measured from the soil surface. The
average suctions applicable to the soil layers will be different to
those reported in the\ tables. These dats were, therefore, plotted in
Figures 6 and 7 respectively,'to enable the determination of actual
water table depths with respect to the center of the soil layers. To
emphasize the effeéts of water table drawdown on soil moisture changes,k
the data for the.former have been plotted direetly under the latter,
over the same time scale. The averages of the tensiometer readings,
expressed as suctions in ’meters’fo‘? water at the soil surface, have
also been plotted along with the kater table drawdown curves. A very

close agreement is observed between the two in the case of the sand.

2
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TABLE 3. Variation of water table depth and so0il moisture in the
drainable porosity experimental plot in the Upland sand

L
1

Average soil moisture content in per cent

Time Average by Volume for 10 cm soil layers.at the
since water following depths

start of table — .

drainage depth Depth of soil layers from the surface, cm
days m . - —

. 0-10 10-20 . 20-30 30-40

(1) (2) (3) (4) (5 (6)
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.
3.21 1.00 16.67 16.10 10. 80 9.11
4.25 1.07 16. 42 17.56 12,51 9.36
sgzg 1.08 15.95 16.89 13.66 9.54
8.00 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. Varlation of water table depth and.- soil-moisture in the
drainable porosity expe-riﬁ:ntal plot in fhe Ste. Rosalie tlay

Avkrage soil moisture content in per cent

Time Average by volume for 10 cm soil layers at the
since water ) following depths
ziz.’f;a;efa Ezgiﬁ » Depthwayers from the surface, cm
days m
0-10 10-20 20-30 30-40
(1) . (2) (3) ' ¢4) (5) (6)
<0.00 0.00 - 49,25 52411 48,22 43,43
0.27 0.09 48.30 51.36 45,08 41.73
0.52 0.23 47.35 46.45 39.86 41.10
0,77 0.39 46.15 45.70 40.28 40.18
T 1.04 0.53 ’ 46.35 42,90 36.96 . 39.67
2.02 0.89 < 46.49 45.15 37i55 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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of indicated depths, for a certaln water tabl

@

In the case of the clay the average suctions indicated by the tensio-
meters were lower, than the water table depths. - This is ndt unusual
because in clay, during tensiometer ins‘:'allation, the soil gets
smeared and becomes 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
tensiometer cup wil*l,\ther'efore, 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 the water table from the s;)il layer., The pean
distances of the water table for various soil layers at diffefen\: times
from the start of drainage were obtained from Figures @ and 7, for

the sand and the clay respectively.

Referring to these figures, it is seen 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 take{l to a;:tain field capacity for the soils
studied may be roughly taken as 48 hours, This also indicates that the
movement of a large part of th‘e transient water is fast and corresponds
well to the water table drop. A unit time period of one day, chosen as
the time interval for water balance computation seems, therefore, to be
re;;asonable. This was further corroborated by an examination of rain-
fall and water table fluctuation data from previous years, whi\_ch showed
that the time difference between rainfall and water table rise (if

there was a water table rise), was at most 12 hours. \

Using Figures 6 and 7, the drainable p ri)sitieé of soil iayeré

i position, were computed
by subtracting the volumetric water contents at the specified water
table depth from the volumetric water contents at saturation. These
were then expressed ‘as a decimal fraction. The results of these

computations for the four layers and at various water table depths are

s hihd

i IRTIIEY, 72w PRI SR



—

3

56

TABLE 5. Field and laboratory values of drainable porosity for the

Upland sand

Field values of drainable porosity
" f din fraction, for 10 cm soil

gzin layers at the following depths Az::ige lat?‘orierligiy
::i:z;l:ﬁ Depth of sziifiizerscirom ghe g;lze Z?l{fle

m ’ \ fraction fraction .

0-10 10-20 20-30 30-40

(1) (2) (3) (4) (5) (6) 7
0.00 0.00 0.00 . 0.00 0.00 0.00 0.00
0.20 0.026 0.016 0.037 0.073 0.038 0.019
0.40 0.051 0.071 0.167 0.198 0.122 0.094
0.60 0.101 0.179 0.272 0.291 0.211 0.218
0.80 0.126 0.201 0.317 0.318 0.241 0.269
1.00 .. 0.141 0.221 0.337 - 0.233 0.284
1.20 0.156 - - - - 0.292
1.50 - - - - - - 0.297
- 0.302

2.00 - - - -

Note: The blanks indicate that the corresponding mean water-

table depths were not reallzed In the field.

v \J
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TABLE 6, Field and laboratory vaiues of drainable porosity for the
Ste. Rosalie clay

Field values of drainable porosity
. f in fraction, for 10 cm soil

:zdzilelr layers at the following depths A\éi:;ge, 1a£z:;:§iy
g:zt; Depth of s;iifi:zerscirom the Z?llfle Z?lge
m > fraction fraction
0-10 10-20 20-30 30-40
(D (2) (3) Doy 6 (6) )
et
0.00 0.00 0.00 0.00 0.00" 0.00 0.00
0.20 0.023 0.061 0.090 0.037 0.053 0,029
0.40 0.030 0.973 0.105 0.044 0.063 0.065
0.60 0.040 0.095 0.111 0.049 0.074 0.093
0.80 0.048 0.109 0.127 0.058 0,086 0.106
g 1.00 0.056 | 0.121 0.132 - 0.103 0.111
1.20 0.063 - - - - 0,115
1.50 - - - - - 0.117
2.00 - - - - - 0.117

Note: The blanks indicate that the corresponding mean water
table depths were not realized in the field.
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shown in Tables 5 and 6, for the sand and the clay, respectively. The
Yast column of thgse tables shows the drainable porosities obtained
from laboratory experiments for various water table depths. Each of
the laboratory experiment wvalues 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 1s to be noted here that, strictly speaking, the average
values of f from the field and laboratory experiments are comparabl\g
when the relative change of water table depth in the field for
successive days became negligible. Intermediate values from the field
experiments do ;mt represent the drainable porosity upder equilibrium
water table conditions, since the walt;:er table could not be treated as
static for any extended period of time during the field experiment.
Consequently, the field values of drainable porosity, should normally be
lower than the corresponding laboratory values. This is seen to be
violated in three cases in the data presented in Tables 5 and 6. This
could be partially attributed to the averaging effect in the field
e riments. While the field values are the averages over a depth of
0 cm of soil, the laboratory values are the averages over only 2.5 cm
of soil for the sand, and 1.5 cm of soil 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 Drainabie porosity - water table
depth relationships

Since a large number of data points were available from the |

' laboratory tests (only partial results have beén shown in colummn 7 of

Tables 5 and 6), these were used to obtain a functional relatiomship
between drainable porosity f, and water table depth h, A fortramn
computer program for non lingar least squares cyrve fitting (Daniel et.al
1971) was used for this purpose. For the clay,lRa combination of
exponential terms waa found to result in 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 substantial 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,

~ch i

f = 1/(a+ b ) ‘ e o« . (5.1)

i
where a, b, and ¢ are constants, seemed to represent the plotted data

of £ and h most closelyk. This form was, however, modified to:

£o= [1/(a+ b Ry g G 4 pB1ky g, L 5.2)

vhere a, b, ¢, B8y, B and k are constants.

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 distinctly between h = 0.4 m arfid h = 0.6 m, making it necessary
to change the exponent of b in equation (5.2) from positive tq negative
in this region of h. This was achieved by changing the exponl’nt of b o
from -ch to -P(h-k). The parameter k will have the dimension of h, and
will 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 £ to be zero at h = 0, The value of k was
taken as 0.5 m for the present case and a and b were fixed after some
initial trials as a = 1 and b = 2. The parameters B; and B, were found
by the curve fitting program. Thg f-nh ¢\aquations, obtained for the

two soil types, are shown in Table 7.

The field and laboratory experimental data of drainable
porogity and theé curves fitted by non linear regression are shown in
Figures 8 (a) and (b), for the sand and the clay respectively. The
variability of f has been emphasized lby drawing the mean *1 standard
deviation curves for the laboratdry data. These ffigures help us to
conclud(% tha?: for the soils studied, the field values of f can be
reasonably approximated by laboratory data,~ the sand and the clay solls '

have distinet f - h relations, these relations are curvilinear,

\

;”'Li
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TABLE 7. Non linear regression equations between dependent variable f

and independent variable h

e

‘ . Values of ’
Soil type Type of equation fitted
) parameters
(1) T @ (3)
7 B1 = -11.6466
Upland _ 1 _ 1 -
sand E el mim0. ~ ], ,0.56 1/82 .
Bs = - 3.2993
Bi1 = 0.4154
Bo = 0.3484
Ste. Rosalie - ~-B1h _ _-Boh _ ~Byh .
clay f h(e e ) +B3 (1 -e )
B3 = 0.3305
i , By = 0.6480
Note: f is in fraction and h is in meter.
|
| -
{
/
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Fig. 8. Water table depth -~ drainable porosity relations. (a) ‘Ul_aland sand

a

{b) sSte.

Rosalie clay
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almost all transierd; vater is drained within a suction of 2 m of water,
and the empir:i\cal f ¥ h relations of Table 7, adequately describe the
variation of drainable porosity with water table depth. S

It must be miantioned here that the f - h relations developed in .
this study are applicable for a maximum suction of 2 m of\water.

However, the water table in the St. Lawrence Lowlands region in

the soil suyface, In addition,| the actual depths of subsurface drain
installation(%aq generally lessg -than 1.5 m. Thus the f =i h relations

for the soil types mentioned Table 7.

5.1.2 Water table depth - transient water ‘
content relation
The £ - h relations discussed in the previous section were
proposed to be used for computing the volume of wafer drained due to ;1
certain water table drop, d to relate the remaining transient water
content in a soil colum of known dez(;l to the position of’ the water
table. For these reasons/, the selections of the functional forms of
the relationships betwe drainable porosity and water table depth were
so made that they are analytically int.:egrable. Integration of the
relation for the clay /is direc;: and simple, while the integration .of
the relation for the/sand can be done by appropriate substitution. The
results of the integrations are given in Appen;iix (1 These results
were used to compute the volumes of water drained from a saturated soil
columm due to the various extents of a drop in the water table from the
soll surface These‘volumes were subtracted from the maximum transient
water capacity for a soil column of known depth to obtain the remaining
transient water content in the soil column. Results of these calcula- °

tions are/ shown in Tables 8 (a) and (b) for the sand and the clay

. respectiyely. In order to arrive at the values shown in these tables, -

aI;prop ate saturation and fleld capacity moisture contents for the

column had to be established. This was done by referring to the

v
{
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TABLE 8. Water table depth and remaining transient water in soil
‘ colums of different depths
Remaining- transient water depth TR, mm, within soil columns
Water \ of indicated depths :
table T °
depth Soil columm depth, \m
m o \ )
0.4 0.6 0.8 1.0 1.2, 1.4 1.6 \
(L) 2) (3) \ (4)- (5) . (6 (7 (8) e
(a) Upland sand . ‘
.. *
0.0 121 "181 242 302 362 423 483
0.2~ 119 179 240 300 360 421 481
0.4 110 170 231 291 351 412 472
0.6 82 140 201 261 321 382 442
0.8 42 <92 151 211 271 332 392
1.0 14 7 44 95 154 214 - 275 335
1.2 3 14 v 45 95 154 215 275
1.4 1 3 15 45 .95 155 215
1.6 0 1 4 14 .45 96 154 ) '
" (b) Ste. Rosalie clay . e
L 0.0 48 72 95 | 118 142 165 189'
0.2 4 7 68 91 114 138 161 185
0.4 34 58 81, 104 128 - 151 175
0.6 23 43 66 89 113 136 160
0.8 X 28 47 .70 94 117 141
1.0 8 17 29 49 73 96 120
- 1.2 & 9 17 30 50 73 © 97
- 1.4 1 4 -8, 16 30 49 73
\1.6 0 2 3 - 7 16 29 49 -
~ B 1
> o . DNote: 1. First rows of Tables 8 (a) ang. (b), repreéent the
maximum ttansient water storage in millimeters per square centimeter of
soil colums of the indicated deﬁ\tt:hs. ; . . \
LA 2. Maximum transient water content in millimeters is
\\ B equal to [(saturation molsture content, per cent by volume - field
capacity moisture content, per cent by volume)/100] x (depth of soil
column in millimeters). ‘

| (_"3\ | | \




soil moisture depletion values from the field, and saturation soil
moisture content ;alues from both field and labératory experiments, and
by consulting the. related work done on similar soils by Lake (1968) and
Shrivastava (1968). The é%hal average values selected, and conaigered
agplicable for the whole column are given in Table 9 below. This table
also show= the average wilting point moisture content values used in

the water balance model computations,

C
! TABﬁE 9. éome average soll water properties used in the present study
Q_ ‘ Saturation -Flield capacity Wilting point
Soil tvpe moisture - ° , moisture moisture
ype content content content
. % by volume % by volume 7 by volume o
1) (2) (3) (4)
J b A \
Upland sand ¥ 46.1 15.9 © 12,1 - ‘
Ste. Rosalie clay 53.0 \ T41.2 ' 35.0 ! i‘
3 ° £y 3
, [ » > C. .
I\ \,
S ) - ) >

' In the water,budgeting éomputations for drainage design in humid B
areas, it is gene;ali& agsumed that the lower limié of the water table
_ position is the 'drain depth (Foroud, 1974; Chieng, 1975)._ Values of
o appropriaté columss in Tables 8 (a) or (b) can be uéed3 depending on
@ ‘ tbe proposed depth of th?ﬁsubsurface q;ains. It will, however, be
necessary to use the valties seleoted, to derive a suitable functional

form to enable cne to predict water table depth from a known value of

i Eraniient“ﬁﬁter content. ‘Plots of these values, given in Figures 9 a §
A
- and b, indicate that for .a soll colum of given length, a relation qf §
: the type: . < 5 g
] . . \ s < - .
. ) ) b » N ‘ ¢ ' -
- . . © J] = a(TRMAX"- TR.) 4 \ . e e (5-3)
) ' ’ //f“wgere, . » , .
Ay - i N °
o u : h = water table depth, - : )
( ’ ’ TRMAX = maximum transient water storage capacity of a column,
) R N : i
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is reasonable for the mand and for the well structuréd clay with inter- .

. 65 ‘ ‘
TR = remaining transient water cbnten; in the soil for a
water table depth of h, and P

a, b = constants,
will adequately repreéent the water table depth - transient water
content' relation, as long as the water table remains within the so6il
colum. For example, for a clay soll column of 1.2 m depth, the
-felation will be, ’
) .

h = 0.083(143-TR)?->5% : C e (5.8

o

In eqd;tion (5.4), h 1is in meters and TR is in millimeters. The fit .
for this type of equation starts deviating from the actual points when

the water table depth excéwds the depth of soil colum. It is clear

that this situation will not arise for a homogeneous épil, because the
depth of the water table is not allowed to éo beydpd the d}ain depth in
the water balance model. In the ca?e of layered séi}é, thé«best

approach is to use two equations for the two distincg sections, above

and below the dashed Iines of the plotted cu;ves of Figures 9 (a) and (b).
A relationship such as equation (5.4) is only applicable to the portion

of the curves below the dashed lines in the above mentioned figures.

The results discussed in this section draw our attention to the
fact that the drainable porosity - water table depth relations can be
advantageously used“tql:ompute the' remaining t;ansieﬁt water content in

a 80il colum for a certain water table depth. In addition, it has

been demonstrated that simgle expressions may be used to describe the .
water table depth - remaining transient water content relationqhip.ﬂl
‘l

For heterogeneous soils, more than one function may be necessary.

The main aséumption, implicit in the derivatlon of the variou§

telations, ig that the water table depth and the transient water content .

are tn a form of dynamic equilibrium with each other?’ This as§umption

connected cracks. For compact or massive clay, the mp:imqnt of water

will be slow and the assumption will be unjustified. so, the tableg

[\ . i .
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and graphs given in this section are for the average soil water
properties for the study ar;a. However, these properties can be
determined for particular soils, and hence modification of the

numerical values in the tabﬂfs and the orientation of the graphs can be

accomplished for some other solls.

5.2 Actual Evapotranspiration

~

Experiments for AE determination were conducted on two sets of
five plots, each approximately 2 m x 2 m in size. After a heavy
rainfall in early June in 1975, Jne set of five plots was covered,
These plots attained constant moisture Contents within two to three

days after the rainfall.

These s0il moisture content values were taken a?’field capacities,

or tﬁe upper limits of available soil moisture for th& soils of
_respective plots. The other set of five plots was kegt open, and they
were found to reach almost constant low soil moisture contents in about
20 days time, TPese low values were taken as Fhe wilting points, or
the lower limits of available sqil moisture. The upper and lower
limits, and the maximum available water for a 300 mm soil column of

1 sq.cm area, are given in Table 10. -

3

The variations of averagelsoil moisture content. for a 30 cm soil
colum in al% of tﬁe open plots are shown in Figure 10. The period
reported was mainly dry, except for a few days with small amounts of
rainfall, during which time soil moisture values are seen to increase
.8lightly. Tﬁe pletted points seem to suggest some type of cu;vilinear
relationship between the ‘moisture content and elapsed time since
%etting. But this was not investigated as it would obscure the effects
of two digtinctly influencing factors, the available water content amd
the potential ev;potranspirétion. Instead, the values in Figure 10,
for individual plots,‘were used ﬂf compute the reduction in water
content between. two consecutive gays. This reduction, expressed in
millimeters, was taken as the AE for one day. [The correspondiné PE

]
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TABLE 10. sSome soil water properties for the experimental plots for AE
determination

Soil moisture content,
% by volume, at:

Maximum °
. available
Upper Lowex water mm_for
Plot Type of soil limit of - limit of 300' —il
no, available available 2 mm S0
column
water water \
\
(1) (2) (3) (4) (5)
1 St. Amable Loamy Sand 34.70 20.21 43
2 St. Amable Loamy Sand 41.62 29.12 38
3 Upl\ nd Sand 24,72 15.37 | 28 \
3 .
4 Ste. Rosalie Clay 55,82 49.00 21
5 Ste. Rosalie Clay 48.71 37.66 : 33
l} -
1
Note:

Col.(5) = [bol.(B) - Col.(Ai] (Depth of soil column in mm)/100 i

2

A}
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values, in mm, were obtained from published tables (Russeloﬁggrgl.,

" 1974), from recorded values of maximum aﬁd minimum temperatures for tﬁe
appropriate days, and from known values of solar radiation for the
study area. The percentage of availablq water before evapotranspira-
tion was computed by the formula,

T

/

AAW - AWL

AW = mx 100.,0% . . . (5.5)
where
AW = per cent of available water before evapotranspiration,

AAW = actual available water, in millimeters, before
evapotranspiration, -
. AWL = 1lower limit of available water in mﬁimeters, and
AWU = wupper limit of available water in millimeters.
S

The values of AE, AW and PE, obtained ag discussed abo € used in
developing a multiple regression e fl between these, and the
equation wasy obt as,

v

= -0.2285 + 0.4753 PE + 0.019 AW - .. . (5.6)

The analysis of variance for multiple regression and some other
statistical information about the association between the three

variables are given in Tables B.2 and B.3 of Appendix B, j

Since the soil profile had been divided into two zones for water
budgeting, AE waé calculated s%paratel§\for the two zones, It was >
assumed that 50 per cent of the available water is depleted from the
first 400 mm of the soil profile and the rest from the 1ow§r\1ay%rs.
Thus, in equation (5.6), daifi PE was replaced by(PE - rain)/2
(wﬂen rain < PE), and the computed value of AE was EXIEiplied by 2,
to obtain the total AE from t@é whole soil column for one.day. The

.whole soil colum referred to here 1s restricted in depth fr;m the

soil surface to the drain level.

-

Equation (5.6) has two limitations, Firstly, the chputed AE
becom%s negative when both PE and AW are either zero or hav
- N

very low

e
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magnitude; and secondly, it will estimate AE in excess of PE, when the
latter is less than 3.5167 mm at AW of 100 per cent. These two
problems arise due to the relatively small amount of data used for the
multiple regression. More data could not be collected during a one-
year experiment. However, the estimates obtailned from the equation for
most of the days during the growing season for corn, were found to be
reasonable, and the problems mentioned above were subsequently taken
care of in the water balance compufations by slight modifications in
the operation of the model. Also, the above equation was justified by

appropriate statistical 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 greater

"ﬂ,,,————-”‘”””~_EEEH#EE;E’;f AE on BE (Table B.3 of Appendix B). This indicates that

AW is relatively more important than PE in estimating AE. Use of the
proposed equation is also considered superior to the practice of
computing AE from AE/PE ratios corresponding to different soll moisture
availability curves because, in equation (5.6) the continuous nature of
the variables is retained, and being in a functional form, can be

readily used in coﬁputer water balance .computations. .

The coeffiéient of variability-of AE was obtained as 28 per cent.
Although this is high, in order to know if this is unusual, one has to
have experience with similar data. The author coulﬁ not find similar
information from %ther sources for comparison. Some data on the
variabililty of moisture content in a sandy loam soil were available from
the works of Carvallo et al. (1976), and working with their data, the
coefficients of variabiiity of sbil moisture content,:underlvarious
suctions, were found-to lie between 1.6 and 44.8 per cent. Since AE is
dependent on soil moisture content, it is reasonable to expect AE to \ é

exhibit a large variability. .

In general, it may be said that equation (5:6) has taken two 4
important factors, namely, PE and\@w, into consideration in evaluating

AE; it gives reasonable estimates for a large part of the growing season; E

°
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5.3 Water Balance Model

5.3.1 Comparison of observed and predicted

water table depths

The basic flow chart of the water balance model for computing
dalily water table depths has been shown in Figure 3. The detailed

program was made flexible to include the following modifications:

/
4.7 To assign to AE a constant low value (= PE/4, subject to a
minimum of 1 millimeter;\ when AE computed by equation (5.6) becomes

negative.

1

2. To assign to AE the value of PE when either rainfall is\
'g;eamer than or equal to PE, or AE computed by equation (5.6) becomes

B

‘greater than PE.

"

3. To allow (if warranted by the evidence of observed water
table rise), a certain percentage of input rainfall to join directly
the transient water sgprage, without first satisfying the ent%re

available water storage capacity.

4. To use more than one relationship between water table depth
and transient water content when the soiﬂ\profile indicates distinct

soil layers,

The model verification was carried out using 1974 input data for
one area (St. Amable Loamy Sand, Beef fgtéiﬁMacdonald College), with

v

l 4.
subsurface drains installed; 1976“tnp@n daté?for one area (ste. Rosalie Clay,.

R

Seed farm, Macdonald College), with ?%gﬂlgible artificial subsurface
drainage; and 1976 input data for another area (Ste\ Rosalie Clay, farm
of Mr. J. P. Martineau, St. Clet), with subsurface drains installed.
The results of the model verification for the aﬁzie three cases are

shown in Figtres 11, 12 and 13 respectivély.

-
; From these figures, the general agreemerits between the observed

———

1
|

{ [ .
and Xhe predictea water table depths are seen to be close with respect
\

{ to: the trend of rise\and fall of water table, number of rises, and °

the maximum extent of rise. The water table rise for the poorly drained

¢
M
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‘average drainable.porosity 1s therefore 59.4/340. = 0,1757 Similar

) ‘ 76
\ ;

clay, in Figure 12, is seen to'be more numerous than for the others. -!

Thig is to be eépected because in a poorly drained'soil, the moisture .
depletion 1is slow, and\at any stage, there 1s a greater chance that the =~

water ta?le will respond to the rainfall, becang of the initially high

v

moisture content of the soll medium.

The fact that the dréinable 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 respect to the loamy sand in Figure 11, in a
ten~day period (July 28 to August 6), a 113 mm rain*all caused the waYer
table to rise from 1340 mm to 1000 *m from the soil 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 perio* was 53.6 mm.

Hence, since the water table was near the drains, thus allowing us to .
neglect the effegts of drainage, the actual depfh of rainfall rgsponsible

~

for Kater table rise is obtained as (113.0 - 53.6) or 59.4 mm. The

calculations for the‘period June 29 to QUly 4, when the initial

position of the water table was ﬁigﬂer than that for the previously y
considered period July 28 to August 6, indicate that a net rainfall of ”
13.6 mm caused a water table rise of 130 mm (from 1180 m to 1040 mm \

from the soil surface)! yielding an average drainable porosity wvalue

of 13.6/130 = 0.105. -

N

h\ations similar to those above were done for some events .
igures 12 and 13...With\respect to the undrained clay in ) \ *
the period‘@gptember 17 to September 20 when the initial ' o
water table depth was 1360 mm, the dralnable porosity was found to be ‘ é
0.11, compared with 0.09 for the period August 7 to August 8, when the !
water table was at a depth/of 1170 mm. TFor the drained clay in
Figure 13, during the peripd August 9 to August 13, and with the \
initial water table at 1210 mm, the drainable porosity was obtained as
0.13, as‘against 0.08 for [th pe:\gd May 18 to May 1 K@, ﬁﬁen the initial
water table depth was 1030 %ﬁr N\ R
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One of the reasons for obtaining a- closer agreemenﬁ between the
/ observed and predicted water table depths in the preeent model, as
compared with a previously used model (Chieng, 1975), is that, in the
/ present model the variability of drainable porosity with respect to
water table depth has been considered. The previous model ha% used

|
/
/ constant values of drainable porosity for different zones.

In each of the Figures, 11, .12, and 13, during certain periods,
N the predicted water tables are seen to deviate from the observed
" values. Particular mention may be made of the periods April to May in
Figure 11 mid-August to mid-September in Figure 12 and, the end: of
October in Fig re 13. The deviations for the sand 'in Figure 11 during
April and May are probably due to the melting of ice lenses in the s0il
‘ J or the melting of some above-grou?d snow, causing the water table to. be
f higher.than predicted, as the water balance model does not take into
account the snow factor. Broughton (1972) has mentioded that /
‘immediately.after win;gr months‘theré are times when the s0ill water may
refreeze on cold nights, reducing the capacity of the soil to ygnsmit
: water. This could also be a reason for measured water table to he
.closer to the surface during this time of the year. A steep drop of
%he water table in the following few weeks is probably due to very high
evaporation rates (equaleto PE), since seedbed preparation in this
period causes epough soil disturbance to bring wet soil to tﬂa surface,
in whichlgase avail%ble water does not restrict evapdration. other

reason for the steep drop may be a large subsurface.drainage rate

f fbeEause the soil has been temporarily rendered more porous as a resulﬂ

of the melting of ice lenses. Also, during some periods of heavy

rainfall, some of the rain directly joins the water table through ‘

‘ large cracks, causing the water table té rise t&mporarily, but in the

o subsequent period,,the water redistributes itself in the surrounding
soil, causing a %harp drop 4n the- wafef‘taBIe._'This particular

P AN

- phenomenon is seen to occur for the*gggrained clay in’ Fﬂgure 12 during

August and September, and for the draiped clay in Figure 13 during

( ) mid-May and at the end \pf October. -
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: The overall agreement bétween the observed and the predicted
water table depths during the main growing season of corn May 1 to
August 31), was found to be reasonable. The predicted water tab(es in
several cases»Were found to be a little closer to the surface thkn the
observed vaiﬁes, and thlS may be considered to be due to a conser ative
performance of the water ‘balance model. Also, realizing the lar
spatial variability in many of the used soil water properties,
attempt was made to further refine the model to obtain a more cllose fit

between the observed and th€ predicted water table depths.

One likely reason why the predicted watér tables ma#y be higher
than the actual water tables is that the predictions were based on the
assumption that there was no surface runoff ugtil the profile was
saturated. In reality, a part of some intense rainfalls may have been -
lost as surface runoff before the profile was saturated. The large .
discrépancies between the observéd and the predicted water table depths .
during late August to late September in tbe case of the poorly drained M

clay in Figure, 12, however, remains unexplained.
",

5.3.2 Statistical analyses using observed .
and prédicted water table depths , T
To gain more insight inté the performance bf the developed

water balance model, it was decided to evaluate some statistical .

parameters of tﬁé distributions onghe observed and predicted waFer

table depths for comparison, and to 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

the fixed drainable porosity model or the fixed f model, were also i
avallable/ for the St. Amable Loamy Sand area. This model had used some §
constant values of f for various soil zones, and had comguted AE from g
total available soil moisture and AE/PE ratios for different zones, §

T
o,

Tes

The results from thts model and from the 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.

s



TABLE 11. Statistical

N

properties of the distributions of observed and predicted water table depths

.

‘Criteria of comparison
and/or
test and hypothesis

@

1974

— St. Amable loamy sand

Beef Farm
64 data points

1976

Ste. Rosalie clay
Seed Farm
36 data points

Ste. Rosalie clay

St.

Clet

35 data points

PSR T

Sedcipdh s el v B

-

Predicted by " Predicted N Predicted
by by
Observed fixed variable Observed variable * Observed variable
f model f model f model f model
(1 (2) (3) (4) © (5) (6) @) (8)
Mean ' 0.9402 0.9961 0.9241 0.8242 b.7900 0.9605 0.9098
Standard deviation, m ~—_. 0.2795 0.4175 0.2754 - 0.2718 0.2291 0.1638 0.2127
Coefficient of correlation - 0.7935 0.9409 - 0.9215 - 0.8068
Sum of the squared deviation, sq.m - 2.5399 0.5930 - 0.4482 - 0.6290
Coefficient of skewness -0.7594 - - -0.0451 - -1.0486 -
Wilcoxon's Matched Pairs Do not Do not Do not Do not
Signed Ranks test: reject reject reject reject
Ho: No difference between Hy at Hy at Hgy at Hy at
observed and predicted 0.01 o 0.05 o 0.05 a 0.05 «
water table level. level level level
Hy: Observed and predicted Reject
i water tables are Hy at o . N
different 0.05 o < p:
level
Note: a = sgize'of Type I error

The variable f model in the above table refers to the model developed in the present study.

~J
O
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The statistical parameters of the distribution and the results of the

test are given in Table iﬁ. ’

4

From the limited data from these three areas, the coq%ficients of
skewness were found to be -0,0451, -0.7594 and ~1.0486. According to

»
Yevjevich (1972), the two latter values do not satisfy the requirements

of the preliminary test criterion for symmetry and, hence, for normality

of the distribution of the data. Thus, tests on various statistical
parameters could not be %frformed. Instead, a nonparametric test,

{ mnamely, Wilchon's Matched Pairs Signed Ranks Test for related ‘'samples
(Siegel, 1956) was performed to discover whether the samples of observed
and predicted water table depths had any éignificant 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 of défa, without considering the magnitude
of the differences. Wilcoxon's Matched Pairs Signed Ranks Test is
considered superior to a simple Sign Test as the former takes into
account both the direction and the magnitude of difference between two
series of data. ¢ The pair of observed and predicted water table depths
for the same day is considered to be related, because in the model, as
well as in nature, the same main causative factors are responsible for

bringing about the-fluctuation in the water table depth;

From Table 11, the performance of the present model as compared
with the fixed f model appears to be satisfactory. For 1974, a
substantial reduction In the sum of the\squares.of deviations between
observed 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 Matched 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.

[y

At this stage,‘because of the limited availability of data on

recﬁfded water table depths in other areas and also because of the

- large spatial variability of the different soil water parameters
Nits
[N Py
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' involved, it is felt unnécessary to further refine th% model. Also,
the R{esent model 1s.quite simple to operate and takes only 34 seconds

of computing time for the analysis_of 76 years of weather data. The

previous fixed f model took 57 seconds of computing time to analyse 27

Q -
years of weather data. This saving 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 various step functions by

g

continuous functions, -

5.3.3 Application of the integrated water balance
and crop loss model in average aqnual crop
-loss calculations
In the previous subsgction, the performance of the water balance
model in predicting water table ‘depths was discussed, and it was seen
that tﬁe developed model was able to predict the daily water table
depths with reasonable accuracy. The results of the present subsecpion
have been obtained by using the integrated water balance and crop loss -
model for 76 years (1900 to 1975) of weather déta from the Ottawa
weather station. The crop 1oss‘c0mputation was based on the theory
/ presented in Section 3.2. The model was run for the average soil water
properties of the clay soil region. These properties, along with the
values used for depth of drain, equivalent depth DE, and allowagble
water table depth are given in Table 12,

Figure 14 shows a sample result of computed crop loss and
assoclated probabilitieg @or a specifig set of values of design
parameters, namely, spacing between laterals S = 35 m and hydraulic
conductivity K = 0.1 m/day. The érop losses have been expressed as

. pér cent of no-loss crop value, NLCV. i , °. .

For a specific crop, the actual losses can be obgained by '

YT )

multiplying the values of the ordinate of Figure 14 by the factor which,

[

when multiplied by 100, yields the maximum value of the crop‘dhder
normal growth conditions, in dollars per hectare. fﬁ this discuasion,
c the maximum value of the crop and- the no-loss crop value are synonymous.

a

~
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TABLE 12, Values of some fixed soil water and design parameters used :
. in the water balance and crop loss model :
I : ,«/\‘
" Numerical .
Number Parameter value ;
- m :
1) ' o (2) (3 \
1 Lower limit "of évailable\soil moisture in zone 1 140.0
) 2 Upper limit of available soil’ moistuyre in zone 1 165.0 .
¢
3 Lower limit of trangdent soil moisture in zone 1 0.0
4 Upper limit of transient soil moisture in zone 1 48,0
5 Lower limit of available soill moisture in zone 2 280.0 /
6 Upper limit of available soil moisture in zone 2 329.0 )
7 Lower 1limit of- transient soil moisture in zone 2 0.0 ‘
‘ 8 Upper limit of tramsient soil moisture in zone 2 95.0 '
"9 Depth of zone 1 (or allowable depth of water -
table in Hooghoudt's equation) ) 400.0
p 10 .. Depth of zone 2 800.0
L) . -
11 Depth of “drain ’ 1200.0
12 Equivalent depth DE in Hooghoudt's equation 1000.0
. V4 ‘
' !
g \ I ‘
f .
‘ !
x ‘
’ A‘L:"‘:l’
H .
- ’ . ' i ‘iﬁl-e:,'\




Annual crop loss, in % of no-loss crop value

Fig.

v 1] ' [ T ¥
STATION: OTTAWA
i PERIOD OF RECORD:
¢ 76 yr. (1900-75)
80 w
60 -
S= I":S m
I K= 0.1 m/day |
40
AREA= i
37.2 % of NLCV '
20 ‘ \
C) " . [ 3 9
0] 20 40 60

14. An example of crop loss probability curve and computation

Probability of recurrence, % of years of recerd

of average annual c¢rop loss (Assumed DD = 1200 mm)
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The information of Figure 14 may belusefullin obtaining thg probabili-
tiés, on the average, associated with a certain crop loss. Thus, we
may say that there is expected a crop loss of at least 50 per cent in
35 per cent of the years, or, rou hl& ig‘7 out of 20 years, {f the
design parameters are as'indicatei above. Similarly, we may also say
that in 49 per cent of the yéarsnor in'4 out of 10 years, on the

average, the loss would be expected to be 10 per cent or less.

It must be mentioned at this stage that the above .assertions
about the probabilities of recurrénce are not in any way rigorous, and
simply mean that if a long period of years is subdivided in’blocks of
20 or 10 years, and the losses in each block are computed, then, on the
average, one may expect a loss of 50 per cent or more in 7 out of 20
year;, or a loss of 10 per cent or less in 4 out of 10 years. It is
for this reason that the reliability of this type of prediction is
increased when one has a larée number of years of data. This,
nevertheless, is a standard procedure for loss computation in engineer-

ing design (Metropolitan Toronto Region and Conservation Authority,
1959).

From Figure 14, it i3 seen tlat different losses have different
associated probabilities. This makes the comparison between various
design alternatives a tedious task. A very useful parameter for such
comparisons may , therefgre Ie selected ag the average annual loss,
which 18 the area under the probability~curve of Figure 14. is
parameter has been computed and shown to be 37.2 per cent of Zie no-loss
crop value, in dollars per hectare. Obviously, different sets of

design parameters will yield different values of average annual loss.

. The integrated water balance and crop loss model was used to
compute average annual losses, as explained above, for different design
parameters. Ralher than computing the areafﬁnger the probability curve
manually, a subroutine was used to approximate the area by the average
ordinate rule., The intervals were kept sufficiently small to oﬁtain a

close approximation of the area. The result of this analysis 18 shown

-




Fig.

Average annual crop loss in % of no-loss crop value
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in Figure 15, In ghis analysis, six values of hydraulic co;ductivity,
from 0.1 m/day to i.l m/day, in steps of ‘0.2, were taken and the model
was run for Spacings varying betweeﬁ 5 and 80 meters. This analysis
was done with soll water préperties 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, All values of RMAX for all combinations of S
and K are given in Table 13, These values are also the same as
drainage coefficients, which is the design rate of water removal 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 meters. This condition is
almost équivalent to no subsurface drainage, as the RMAX for this case
will be 0.14 mm/day. The minimum value of AE ever attained in the
model is about seven times as large as this value of RMAX.: It can be
concluded from this that, In the extreme case, if a farm has no sub-
surface drains, Ehe average annual loss will be a little m&ré than 50
per cent of the no-loss crop value. The benefit from drainage will be

* duk to the salvaging of part of this loss. We are, however, igzoriné
the loss of crop that may occur due to delay in timely field op rations

as a-fesult of high water table conditions in the undrained soil during .

/s

e

the early growing period. The information in Figure 15 may be useful——-—¥——— -
as a tooq in compéring the crop iosses for a wide range of values of

design paréﬁeters It is to be noted here that the crop loss computa-

tion has beéﬁ donl for a corn crap considering the main growing period

to be from May 1 to August 31, in the tlimatic conditions of St. Lawrence

»
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TABLE 13. Values of design drainage rate for Warious c?gﬁinat%ons of

5§ and K
' ' Values of design drainage rate RMAX in mm/day for
Drain . indicated K values
spacing Hydrauli? conductivity K m/day
"’ 0.1 0.3 0.5 0.7 0.9 1.1
' (}) (2) (3) (4) (5) (6) (7
' 5 35.840 - - - - -
10 8.960 - - - - -
15 3.982 - - \- - -
20 2.240 - .- - - -
25 1.43%  4.301 - - - -
30 0.996 2.987 4:987 - - -
35 0.731 2.194 3.657 ‘ 5.120 6.583 -
40 0.560 1.680 2.800 3.920. 5.040 6.160
45 0.443 1.327 2,212 3.097 3.982 4,867
50 0.358 1.075 1.792 2,509 3.226 3.942
55 - - 1.481 2.073 2.666 3.258
60 - 0.747 |- 1.742 ' 2,240 2.738
70 - - 0.914 1.280 1.646 2,011
80 0.146 0.420 - 0.700 0.980 1.260 1.540
Note: 1. Blanks in the above table indicate that the model was

not run for these combinations since they were unnhecessary for
the economic considerations. \

2., Values in the above table are obtained using
Hooghoudt's equation (equation 3.6).

3. In equation (3.6), DE, DD, and ADW were taken as 1.0
m, 1.2 m and 0.4 m, respectively, for all S-K combinations.

i
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Lowlands. Any high water table due to inadequate drainage before or :

after this period has been assumed to have no influence on corn yield.

5.3.4 Average annual revenue increase due to subsurface ‘
driainage for different design alternatives .

Earlier, if section 3.%, it\was mquioned that the sélection of
a design alternative for a subsurface drainage system depends upon the
interaction of two requirements, namely, manlmlzlng crop loss by closely
spaclng laterals and minimizing installatipon cost by spacing laterals ]
as widely as possible. The average al revenue increase due to drainage,
RE, was also expressed bY equation (3.12) of sectien 3.2, and is rewritten

T
here for convenience : . /

RE=ACLO—ACL—ACI \...(5.7)

°

In the abbée equation, the value of ACLO can be estimated fofian assumed
no-loss crop value NLCV, and an estimated value of production at
negligible drainage. In vieWw of the results shown ‘in Figure 15 ana the
discussi;n on page 86, and for an assumed NLCV = $500.00/ha, ACL0 may be\
estimated as; ACL0 = $500.00 x (51.9/100.0) = $259.50 per hectare. The
quaﬂiity ACL of equatloﬂ (5.7) is obtainaPle from the water balance model,
as explained earller in this section, for a specific’ set of design
parameters, and the A&ulvalent series of installation cost ACI, per year,
may be obtalned’for different amortization periods AP, rates of interest
I; and installation cost per unit area. Information on the last item has
begn worked out..and published by goﬁg;il'des Productions Végétales du \
Québec (1976), for various drain spagings and installation rates per unit
length, along with a groub of curves to convert initiai installation cost
~to a uniform annual seéries of costs for different interest rates and
different_ amor:ifi;xégrperlods. This ififormation Has been used- to work .
'out the averag annual revenue lncrease due/té/;:§surface dralnage for
dlfferent design alternatlvesp A sampie result is shown in Table 14. The
= $500. OO/ha,
98¢/m, and

‘information in this table has beeniobtained by assuming: ND
AP = 20 years, I = 8%, cost of 1nstallation and mater4a1 Ic

|
the value of average annual crop loss at negligible drainage = 5N\ 9% of
, ) ;

the no-loss crop value = $259.50/ha, and using the crbp’Igg;/in

-

-
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TABLE 14. Sample table of the economic analysis results’
. " Uniform - ' ' <
Spacing .Average annual Average anfiual \ .Modified
between annual + series of revenue increase benefit/cost
drains crop loss inhstallation due to subsurface ratio
cost ‘drainage N (
‘ me $/ha, | $/ha \\ $/ha ~ '
! \ ! ‘ ) - ~—
(1) (2) (3 (4). (5) -
5 0.00 ° . 116.20 o - 1143, 30 1.23
10 ° 0.35 102.50 # © 156.65 1.53
15 '15.‘90 . 68.67 174.93 2.55
20 - 59,35 51.87 '~ 148.28 2.86 ,
25 ° 105.05 42,23 : 112.22 " 2.66
. 30 . 142.40 35.07 82.03 2.34
35 175.35 . 3l.12 . 53.03 \ 1.70
. 40 197.60 27.66 34.24 - 1.24
' 50 223.10 . 23.71 , '12.69 0.54
‘80 259.50 15.06 - ~15.06 ( -. .
¥ ; 1
. Note: 1. Values of column 2 are obtained from the integrated Water\
g balance and crop loss model, for K-= 0.1 m/day.
R J 2. Values of column 3 are obtained frpm Conseil des
Productions Vegetales du Quebec (1976), an amortization -
period of 20 years,  an interest rate of pér ce'nt'per annum, and
an installation cost of 98 cents per meiler which includes the RN
cost of materlal. . ; - : :
. 3. The no-loss crop value is assumed to be $500. OQ per s
b hectare - : -
& 4, Column 4 = 500, 00 x (51.9/100.0)- - (column 2 + eolumn 3), . ‘
ai\md column 5 = column 4/column 3, C
" 5. Assumed dpain depth = 1200 mm. ‘ B \ ‘
N - T
- - ’ - ~ o B
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°from the curve cgrresponding to K = 0 1 m/day in Flgure 15. The last T ) g
column of this table shows the modiﬁied benefit/bost ratios, the et o
‘significance: of which,W1ll be discussed 1ater. . o ' , :f:

a K
‘1‘ Repeating the procedure “used for computation of Table-14, the ) o ;
average annual”revenue fpcrease due to subsurface drainage, RE, was ccmputed =
for 11 the combinations of S and K, .and for two values of interest rate
’(8 and 12 per cent), two values of amortization perlod (10 and -20 years), )
and two valueséof 1nsta11at10n rate per meter (98 ¢/m and $1.64/m). These , ' -
are consadered reasonable ranges. RE for 1ntermed1ate cases may be A
1nterpolated by approx1mation. The go—loss crop value, orNthe value “of |
the "harvested crop under normal growth conditions has been assumed to
be $500.00/ha for all the comblnations of the other parameters in the - ‘-
economic analySLSJ,In this regard, studies by Fisher.. (1976) indicate - '
thatduring the peritod 1945 to 1964 the gross return of grain corn in -
Ontario varied from $109.17 to $257.87 per hectare, with an average of
$187.12 per hectare. And a -subsequent study by Flsher et ‘al. (1976),
g 1nd1cateSmthat the average gross return for corn in the ame region for
_the two years 1973 and 1974 was $717.00 per hectard. Thus, ‘the ‘selected

no-loss crop value of $500. 00 per hectare represents an intermediate

approxlmate flgure. . L

. . . .
CARE Bt e vin bl il e d 0

L The results of the economlc analyses are shown in Figures 16 and ‘

o

l74wThese figpres clearly indicate the interactions between the saV1ng
from reduced crop 16ss due to cleoser” spacing of drains and the saving in ) e
‘:1nstallation cost' at’ wider spac1ng of drains' The most desirable condition '

8
e

. & ;
of pac1ng is that for which the average annual revenue* 1ncrease RE is z

Ca max1mum The numerical value of BE is different under different» " ' '
combinations of hydraullc conductlvity, interest rate, amortization )

period and installation cost. Of the various/parameters considergﬂ in

5

1

N

-
%
-
o
x
3
%‘
7

| .
the economic analyses; - only hydraulic conducF vity is seen to.influence

- ~the spacing at which 'a maximum RE is] obtained This is f ther clarified ‘

1n Table 15. This table is prepared to indidate the spaci needed to

£

cr ase due- to subsurface ;

drainage under vaxious levels £ other‘par eters.;_ .-




increase
$/ha

revenue

Average anrual

Ve

Fig.

RE,

due to drainage

16,

. ~_

yd
IC=§0.98/m, AP=10yr, I=12%
N

e

\ 0.5 ‘ .
\ >.3 ~ / \ 03 S~
K=0.1m/day K=0.1 m/day \\

300

B AN
AN

100

oo
-4

(@)

W
o
O

o0 %\\\\\\fE

AN

~ |
\ 0.3Q \0.3\ \
K=0.1m/day l K=0.1m/day
0 | K N I \
0 20 40 60 80 O ., 20 40 60 80
Drain lateral spacing S, m . &

Average annual revenue increase due to subsurface drainage for various § - K combinations at
I = 8%, AP = 20 years, IC =$0.98/meter, NLCV = $500.00/ha and ACL_ = $259.50/ha. (Assumed

Pl . O

depth of drain = 1200 mm)

[t

////_é .
7

6




FOETTE AT TR . v gl e

300 1 ¥  § [ } L )
IC=8#1.64/m, AP=20yr, 1=12% IC=§1.64/m, AP=10yr, I=12%
200 ==
% o ' \I
N ‘ 9 :
g o // \\\\\\\\{g;?\\\\ /4::ff?i:::::::\\:}15\\\\
£ . 100 : ~— 0.5 ~ < <F 0.7
. \ 0.3 T \ 0.5
D 14 . s
2 x s \ 0.3 \
c O.Im/day k=0 m/d
> 0 N~ - /aay [\\\\\
2 o .
— ©300 s , — . . .
3 £ IC=§1.64/m, AP=20 yr, 1=8% IC=§1.64/m, AP=10yr, 1=8%
c 5 - {
(=)
o 2200 .
i E? ® ‘\<:::j::l.l =?=:::;L!
" 23 \\Flér\\* OTT\\\\\\\
B S N 07 / 0.7
100 4 3 05 < 05~
3. N . | .03
K=0.Mm/day O] <=0 mrg
o b1+ N <M
0 20 40 60 80 O 20 40 60 80
Drain lateral spacing S, m

Fig. 17. Average annual revenue increase due to subsurface drainage for various S - K combinations at

I = 8%, AP = 20 years, IC = $1.64/meter, NLCV = $500.00/ha and ACL, = $259.50/ha. (Assumed
depth of drain = 1200 mm)

143



93

TABLE 15. Drain spacings for obtaining maximum average annual revenue
A . - v
increase due to subsurface drainade

- Spacing, m for maximum -average
annual revenue increase due to sub-—-

Interest Amortization 1Installation . .o
© surface drainage for indicated K

rate period cost values

A Hydra‘ulic conductiwvity K, m/day

% years $/m 0.1 0.3 0.5 0.7 0.9 1.1
(1) (2) (3) (499 (5 (6 (D (8)  (9)
8 20 0.98 15 20 30 30 35 40
8 > 20 1.64 15 25 30 33 40 40
8 10 0.98 15 20 30 30 35 40
8 10 1.64 15 25 30 35 40 40
12 20 0.98 15 25 30 30 35 40
12 20 1.64 15 25 30 35 40 40
12 10 0.98 . 15 25 30 35 40 40
12 10 1.64 15 25 30 35, 40 40

In the above table, under columns 5, 7 and 8 for K value§ of 0.3,
0.7 and 0.9 m/day, respectively, the variations in spacings for maximum

revenue increase are minor. These variations may have bg/g_n obtained because

- the intermediate values of spacings were not used in the water balance model
computations. Thus, in column 5 of- Table 15, the actual spacing correspon—
ding to maximum revenue increase may have been between 20 and 25 meters,

' in column 7, between 30 and 35 meters, and in column 8, between 35 and 40
meters. The information from figures 16 and 17 and from Table 15 is
important as it helps one to select -the most appropiriate spacing of drains
under a wide range of pertinent parameters. Althougiq the -no-loss crop
value has been taken as constant at $500.00/ha, it is obvious from equation d |
(5.6} that, since I\CL0 is a certain percentage of NLCV, a change in the - 1
numerical value of the lattér would shift the curves of figures 16 and 17

B ‘ vertically, and the spacing required for . obtaining a maximum average annual |

M ~

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 annuél
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 modifiea benefit/
cos‘F ratio. The modified benefit/cost ratio criterion may be more
appropriate if the benefit values were obtained by considering all ’the
production and other costs, better data on the effect of iirainage 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 criterion chosen for comparison in this thesis signifies the amount
of additional return that a farmer may expect to get as a result of

subsurface drainage installations.
Lo

Lt must Ee mentioned here that the results of this analysis are
dependent upon the assu;ned crop loss pattern given in Table 1 and
discussed in section 3.2. The assumptions about the crop loss were
based on the evidence of a considerable amount of research work on
yield reductions due to static water tables, and the relativély little
information which was available on the effect of fluctuating water table
on reduction of crop yield. The results of the cost analysis preseknted
here strongly suggest the neéd for conducting further research work on
the effect of fluctuating water tables, particularly the effect of
varying duration of dii:’ferent water table depths on the growth and yield
of crops. Also, this analysis is done for corn only and the los:‘s pattern

will have to be modified if it is desired to use this type of analysis for

other c¥ops. -

In general, it can be said that the water balance approach is a
very useful tool, not only for moisture budgeting, btit the results of
the model can have diverse useé. One such use is the computation of the
probabilities of recurrences of water table depths and durations. Suchﬁ
probability information can then be used to compute losses associated
with various degrees of inadequacg; of drainage, and appropriate design
al\ternatives vghichr yield maximum revenue incréase can be selected under

different soil c¢onditions.




VI. SUMMARY AND CONCLUSIONS

The design of subsurface drainage systems has been based
generally on previous experience and on some sim{)lified formulae. A
deterministic approach to the design is, at best, incompletée because of

the stochastic nature of some of the factors causing drainage problems.

Drainage system installation involves large sums of money, and

the investor is, naturally, anxious to recoup his expenditure by being’

I 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 i1s expected to yield maximum revenue in-
Crease to the investor over the amortization period of the investment.
Several factors can be thought to have an influence on the determination

of a most economic design alterpative. Some of these are, the type of

crop grown, 1ts market value andlsusceptibility to6 damage due to
inadequate drainage, soil physidal properties, installation cost and
opportunity cost of the invest¢d morjey. Design methods hitherto used
are not well equipped to handle the diverse nature of the influencing

factors.

The*principal objective of this study wag to set out a rational
procedure which could be used under different soil, crop and economic
conditions to arrive at a most economlc alternative for subsurface

v

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 éome fixed \
¢ average values of soil water, properties applicable for the soils of the 2

St. Lawrence Lowlands region. Actual evapotranspiration was expressed A

, .
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as a linear function of potential evapotranspiration and availgble

s0il moisture content. Drainable porosity was expressed as a non ~
linear fumction of suction or water table depth. TField and l.aboratory
investigations were carried out to evaluate some soll water properties
and to develop the above-mentioned relatlonships. The output of the
model - the predicted daily water table depths - was compared with some
observed'data from the study area. Statistical parameters of the
distributions of observed and predicted water table depths were
computed and compared, and a nonparametric test was used to test the
hypothesis that the two distributions were identical. Pe}formance of
model was compared with thadt of a previously developed model which was
based on some constant soil-water properties. ’ The model was then
operated with 76 years of weather data from the Ottawa weathér station
for the period from April 1| to October 31 of each year, and frequencies
of various depths, and dura\:’io’ns of water tables were worked out, ° .
Several combinations of spacimg and hydraulic conductivity ‘were used

for this purpose. Based on available information, a crop loss pattern
with respect to diffé'erent depths and durations of water tables, was
established. Yearly crop losses were computed for corn considering the
main growing period to be from May 1 to August 31 of each year. From

the probability distribution of yearly losses, average annual losses

were computgd. Initial investment cost per unit area was determined

for known spacings and installation cost per unit 1ength'. Thig cost

was broken ddwn into uniform annual series using suitable interest

rates and amortization periods. A constant no-loss crop value was assumed.

The average annual revenue increase per unit area was computed by

-

[:
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+
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subtracting annual imstallation cost and the average annual value of
crop loss from the no-loss crop value. This analysis was done for six
values of hydraulic conductiivity, two values of interest rate, two
values of amortization peri‘od and two values of installation cost per
unit length. Based on the results of this research the following |

-

conclusions are drawn: ’ 5




( | 2
1. Actual evapotranspiration from a corn field can be expressed
a8 a linear function of available soll moisture ﬁand potential evapo-
transpiration. From the relatign developed from experimental data, the
multiple correlation coefffcient was found to be significant at the 99

per cent confidence level. The partial regression coefficient of AE on

~

PE was significant at the 95 per cent confidence level, and partial
regression coefficient of AE on AW was significant at the 99 per cent
confidence level. AE was found to be influenced more by AW than by PE.

2, Drainable porosit}; was found to be curvilinearly related to
water table depth. Field experimental values of dralnable porosity were
found to be within the range of mean *1 standard deviation of the
values obtained under controlled laboratory measurements. The types of
relations were found to be different for the sand and thé clay soil,

" The' empirical relations very closely approximated the results obtained
in the laborétory measurements., The above relations can be integrated

bétween given limits to yield volumes of transient water drained due to

certain water table drawdown. The result may subsequently be used to
derive empirical relationships between the transient water content and

the water table depth of a soll columnm.

3. It was found that a water balance model cox.;ld satisfactorily -
simulate the water table fluctuations in the fleld, when the inter- |
dependences of some of the soll-water-plant groperties are taken into
, consideration. In this respect, it was’ found that, accounting for the
ependence of drainable porosity on water table depth, and of actual
jvapotranspiration on available water content and potential evape-—

transpiration, substantially impro\ved the performance of the water

balance model. Also, the reduction in the number of zones of the soil
profile, and the replacement of the step functions of soil. water

properties with continuous:functions helped achieve a considerable

o Yt e pmenony e 1

saving in computer costs.

-

B 4. By using the water balance approach for predicting daily
= ( water table depths and for an assumed crop loss pattern with respect to
1

various depths and durations of water tables, it was possible to find
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the probabildities associated with various magnitudes of crop loss, under
o different-combinations of draim spacing and soil hydraulic conductivity.

- The average annual loss was then obtained from the area of the probability
curve., The results indicated tﬂat in the extreme combination case of very
low K and very wide S, for which the water depletion rate by the subsurface
drains is negligible, the average annuai loss was a little more than 50% of

3

the no-loss crop value. This means that the installation of the subsurface
- 4

drainage system will salvage a part of this loss.

‘

5. From the information on average annual crop loss for a certain
combination of S and K, installation cost, interest rate, and amortization
period, it is possible to calculate the average annual revenue increase
resulting from thle installation of a subsurface drainage system. This can
be done for a wide range of S and K values, angd the results will allow one
® o 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 all the parameters considered for its computation, namely,
drain spacing, soil hydraulic conductivity, intelrest rate, installaf:fon
cost, amortization period and no-loss crop value, However, the most
importé:f; feature was that the location of the maximum average arnual .
revenue increase with respect to spacing was found to be greatly affected
by hydraulic comductivity, but practically independent of the other para-
n;eters. This suggests that the fluctuating market conditions may not have
a s{gnificance influence on the selection of a design alternative. This
also stresses the impprtance of field evaluated values of K for subsurface

drainage design.

7. The effect of drain depth 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 éelecting an appx{opriate
design alternative, the-value of DD, 1.2 m, chosen for the present work is

J/\glose\ﬁo the commonly used values in the St. Lawrence Lowlands. In 'locations
- ,

“where tlb&gix;;’jre placed shallower e.qg. 00.8 m, narrower spacings
- between drain erals will need to be used. L .

-
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SUGGESTIONS FOR FUTURE RESEARCH

As a result of the studX conducted for this dissertation, the

-
following topics are considered important for Jurther investigation:

1. Field experiments should be conducted in several areas to
study the actual evapotranspiration in the growing season of the crop
and tests should be done to find if a generally applicable relation (ﬁ

between some pertinent variables exists.

2. Laboratory measurements should be made to determine
drainable porosity vs. water table depth relations for the soils at
various depths and in different areas, to establish the extent of
variability of drainable porosity with depth of soil 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
should be tested further aghinst the obéerved(data for other areas and

\

other.years.

4, Detailed experiments should be plamned and conducted to
investigate crop loss with respect to time, depths and durations of
water table levels. This is very important for increasing the
reliability -of the economic analysis for the subsurface drainage
systems. In this respect, it may be beneficial to induce some farmers
to maihtain crop yield and water table depth records from subsurface

drained, and undrained fields.

5. The effects of different crop loss patterns on the average
annual losses and hence on average annual revenue increases from subsurface

drainage should be studied. v
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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 to the saturated
hydraulic conductivity. It may be more useful 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 drainage 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 applicability of the water balance model for ‘®sbtaining
ther daily or the seasonal soil moisture depletions, irrigation requirements

and drought frequencies should also be investigated.

e A
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APPEIDIX 3. )
E R Particle size distribution for Uplard sand and Ste. Rosalie clay.
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APPENDIX B

TABLE B.1. Analysis of variance for bulk densities of Upland sand and
‘Ste. Rosalie clay
Degrees Sum of Mean Ftabulated
Source of F
freedom squares square calculated —m———
t 0.05  0.01
(1) (2) (3) (4) (5) - (6) (7)
Total 27 0.5322
Depth 13 0.2594 0.0200 1.0363 2.58 3.91
Location 1 0.0217 0.0217 1.1244 4.67 9.07
- ¥
Error 13 0.2511 - 0.0193 )
TABLE B.2. Analysis of variance for multiple regression between actual

evapotranspiration (AE) as dependent variable, and potential evapo-
transpiration (PE) and per cent of maximum available water (AW) as

independent variables

§

F
Degrees tabulated
Source of Sum of Mean Fcalculated
squares square
freedom 0.05 0.01
(1) (2) (3) 4 (5) (6) (7)
Regression 2 10.2389 5.1194 6.2140%% 3.35 5.Q9
Error 26 21.4211 0.8239
Total jS 31.6600
4
*% Significant at 0.01 o level
o = size of Type I error )

D
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110
TABLE B.3. Some pertinent statistical parameters associated with
multiple regression between AE, AW and PE
Value of
Number Description of the statistical parameter the
parameter
(1) (2) (3)
1 Standard partial regression coefficient of AE 0.3367%
on PE, b;
2 Standard partial regression coefficient of AE 0.4581 %%
on AW, b,
3 Partial regression coefficient of AE on PE, b, 0.4753% o
4 Partial regression coefficient of AE on AW, b, 0.0190%=* B
5 Partial correlation coefficient betweern AE and
; 0.3790%
PE, TAR PE.AW N
6 Partial correlation coefficient ?etween AE and 0.4866%*
AW, TAE AW.PE
7 Multiple correlation coefficient between AE, 0.5687%%
PE and AW, Rpr. AW PE
8 Simple correlation coefficient between PE and -0.00004315
AW, Tpp AW
9 Coefficient of variability, CV 28%
Note: 1. Notations used in the above table are taken from

Steel and Torie (1960).

2. has been included to stress the independence

TPE AW
between the two.

-

3. *Significant at 0.05 o level, **significant at
0.01 a level, where a is size of Type I error.

4. The significance tests for 1, 3 and 5 are identical | .
and also the significance tests for 2, 4 and 6 are identical.. R
They are included in the table merely to report the numerical
values. ' -
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» APPENDIX C

C.1. 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 f'(in fraction) and

water table depth or suction h (in meter), was obtained as,

1 1 ///
£ = : - : 3.2993
| + 2-11-6466(h-0.5) 1 + 5(0.5) (11.6466)

.« (C.1)
On simplification, this yields:

£ = 0.0054 — 0.0053 .. (C.2)

0.0177 + 2—11.6466h

Therefore, total water drained from a sd?l columm, when water table

drops from h; to hy is given by:

hj hy | ' hy .
v o= fdh = 0.0054 dh - 0.0053 dh
0.0177 + 2—11.6466h
hy/ hy ) hy
This is of the form, . *
<
hj hj
A
vV = dh - E dh,
’ T
h; hy
= I3 - I, s vlrhere

2.0, D = =-11.6466, and

]
o
N
(=]
ey
~J
~J

-

c

A = 0.0054, B
E = 0.0053.

Y continued)
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Integration of I

Substituting, B + C—Dh = z, we get, C—Dh.lnC.(-D).dh = dz <
or, dh ———jﬁ¥%————
« -DC .1InC "
and, ¢ PP - .
h2 h2
I, = Adz - A dz
- o0l -D.1nC.z(z-B) -D.1nC z(z-B)
hy h ‘
' B hp hj
¥ A z A -Dh -Dh
! = ®pinc | 1™ 778 Bpfac |1R(B+C ) - IaC
i hy by
{
i
: A i Dh "2 ‘
i = -
\ BDInC In(B+C ) + (DlnC)’h
L hy
ﬁ N o
b .
hy
; Also, from I,, we get, I, = E|h
hl »

1 »

Subtracting I, from Ij, substituting upper and lower limits,

: substituting values of A, B, C, D, E, and simplifying, we obtain,
| o -11.6466h,
¢ V = 0.0381n(0.0177 + 2 ) + 0.3017h, -

-11.6466h;
0.0381n(0.0177 + 2 ) = 0.3017h; ... (CL3)

(T ‘ ’ . (continued) 4

e . Bw &
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Example

To calculate volume of water drained from a saturated soil

column when water table drops from surface to a depth of 1.2 meter from

the surface. & !

Solution

Substituting h; = 0.0, and hy = 1.2 in equation (C.3), we get:
V. = 0.2081 m. Thus, a volume of water, equivalent to 0.2081 meter
over an area of 1 sq.cm. of a saturated soil colummn will be released.

This is also equal to 20.81 cc of water.

C.2. Integration of f - h relation for clay soil

The relation between drainable porosity f (in fraction) and

waTer table depth or suction h (in meter) was obtained as,

he-0.4154h B he—0.3484h -0.648h

f - 0.3305e + 0.3305 A ()

-

Integratfon of equation (C.4) 1s direct and simple. The final result

. *ﬁf volume of Qater drained obtained by integrating the above equation
is given as:
-0.4154h, ~-0.4154h, -0.3484h,
V = =2,4073hse - 5.795e + 2.87hje +
~0.3484h, -0.648h, ~0.4154h,
8.238e + 0.51e + 0.3305h; + 2.4073hje +
-0.4154h, ~-0.3483h; ~-0.3484h,
\5.795e ~ 2.87hje - 8.238e ° -
-0.648h; i
0.51e - 0.3305h;.
As before, the volume of water drained can be calculated from known R
values of water table drawdown, i.e., h; an® hs. s

Note: e = base of natural logarithm.

o

?3
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APPENDIX D.

D.]1 Computer program of the inteqgrated water balance and crop loss model.

DIMEMSTON RATN(215).PE(215)«AW1(215).A82(215),TRL(215),TR2(215),
1SR(215).DW(215).8E(215) HW(215),X1.0S5(76),P{8.3)»S(10),RMAX(10)
THE FOLLOWING ARE THE EXPLANATIONS OF SOME BASIC ABBREVIATIONS
USED 11 THE CUMPUTER PROGPAM AND QUTPUT.

<

- Ar = DATLY ACTUAL QVAPQTﬁﬂﬂspiRATIQN,MH., AWD = AW2 = AVATLILARLE
h WATER IN THE BUTTOM 70MZ.0M L AMT = Adl = AVATLIALE WATZO N Tl
- TOP ZOME,MM., AUTL 5 AWIYU — LIUESR AND UPPE® | THITS OF AVATI AR S

o WATE? T TH= BOTTOM ZONE.MM,,CM = URDATED £20pP VALIIE AFTER ACC-
- —SUNTING FOR PRREVIOUS LOSSES-B/HAL,CVNL = NU-VJSS CROP VALUE

- (ASSUMED TU BF 1170).5/HA. .00 = DRAIMN DEPTH.MM..DZ = HOOGHOQUDT'S
- EQAUTVALENT DERTH,M. ,DW = PREDICTZD DATLY WATSO TAR|S DEPTH .MM,
a HY = DATLY WATER TABLE HEIGHT FROM DRALIN LEVEL.MM.,Pp = CROP LOSS

"N UF FULL PRODUCTION.,PE = DAIL/ POTEITTAI EVAPOTRANSPIPATION.
N MML, 52 = DATEY SURFACE RUNDFE, MM, ,TR3 = T2 ~ DAILY TRANSTENT
JATED TN THE BCTTOM ZONE.-MM, ,TRT = TR1 = DALY TPAMSIENT WATEP
[ro vHE TOP ZOME.MMLLOTRIL ¢ TPIU = LDWER AL UPPZER LIMITS OF
- TRAMSTENT WATER [N THE TOP ZONE,MM.,TP2L ¢ TRZU = LOWSR AND UPPEPR
i LIAlls U7 TRAMNSIENT WATER IMN THE BJTTIM ZSHE,MM.,XL3SS = ANNUAL
CRUP LULS IN % OF NO-LOSS CROP VALUE-B/1A.,77 = LEPTH QOF Tap
ZONE, MM, ~

READ PARAMETER VALUES FROM CARD

Do~

PEAD(5+1)DD-DFZ1+TRILZTRINLTR2L yTR2UAWI L, ANTU, AW2L , AWD1 . CYMI
1 FNRMAT(12F5.1)
Nl 10 I6G=1.5
READ(S5.2)(P(IR,IC).TR=1,18)
FORMAT(8F5.1)
in COMTINUF
READ(53)}(S(T1)4yI1=1510)
3 FORMAT(10F3.1)
REAN(5. 4) [RMAX(T) 1-10)
L FNRMAT(1055.3) 7;7
XKZQ.I ¢
_ WRITE(6.5) DD NE-Z1+»TRIL-TRIUTR2L.TR2AWIL y AWIU  AW2L , AW2IE,CVML
5 + FORMAT({'1!','FOLLOWIMNG FIXED PARAMETER VALUES HAVE BEEN USEN Pnmoe,
L' WATER BALANMCE COMPUPATTON'/1X.T7A('~")//1X+10X,'DD =V ,F8.2,
21 MMY,8X, 10K =V, ER.2,0 MYLRX, 1 =1,EgL2, 7 MM, aX, P TRIL =1,
3’:8.2.' MM'/IleOXy'TQIU ="v’:q-27' MM'-RX7'TQ.2L =',F8-2,' MM
CRXWwITP2U =',F8.2," MM!',8X,'"AWIL =!',FR.2,1 MM /1X, 10X, 'AWLI) =T,
SFR.2.T MMV, BX SAMDL =V .F8.2.' MM!,8X,'AW2U =1',F8.2,% MM1, 3%,
AYOCVNL =1',F8.2.1 S/HAT/1X.10X,104({'=1)/)

>
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WRITF{ALA)

FOIMAT(INY 210X, ' THE AALLAY{NG TS THE PERCENTAGFE CRN2 1.7SSt, ¢
1YOMATOTIXY FARY /T Z.30X . PYARTONS NFOTHS AND DHURATIOMNS 0OF WATFR !,
21 TARLE VI INX L5220 =1 )/ /1XL 1O THATER Y L 18X, PDURATINN Thr,
31 CAMSECUTTVE NDAYSI/IXL1INXGPTARLET /1%, L 0X, 'DEPTHY.3X, <1 Day ',
43X .12 N 3 NDAYSYT,3X.'4 NR 5 NAYS!I.3AX,'A OR 7 DAYST.3%X,3>7 DAYSY/
B1X . 1NY 0 MM 171X ,10X 6701/

TK==100 \

JL=n

nn 20 T1=1,.4

IK=TK+1ND

JL=JL+100

[FOTR.FNLL)Y GO TO A

I=(IR.=2N.3) N TN 11

WRITFIALTIIK,,JLL{P(TIR.TC).TC=1,5W
EORMAT(Y 2 ,9%,13,7=1,13,2%X,57.1,3FT4,1,3X.F7.1)

GO TN 20
MRITE(5.9) 1« (P{IRLTC)Y,TIN=1,5)

FORMATIY ", 12X, "<, 13,2X,.F7.1,3F14.1.3X.F7.1) ’
GO TN 20 i

WRITF(A,12}YTK.(DP(I?,TC),I0=1,5)
FORAAT(! P 12X, ">, [3,2X,F7.1+3F14,1.3X,F7.1)

COMTIMNUFE
NN 30 TSO0=1.10N
WRTTE(A.13)XX,S{TSD) . RMAX{TSP)

FOARMAT( ' 1!, 'K =',5,.2.1 M/NAY? ,AX. S V.FE5,2,0 MY,6X,

L LTAND praY =1 ST, mMynay FOR THIS QUNT/IX, 7500 =t /)

IMITIALTISE ANMUAL RNAD L NSS VFCTN®

DY 4N 1=1.76
XLOSS(T)=n.0
CONTIMNE
‘h
REWINMD TAPE AND SET 1P YEAR 1.00O

REWINNY
NAD=19NN

DT 50 IYFAR=1.75A
LY=TYFAR

INTTTALISE ARRAYS AND\ASQTGN VAILBES FOR THE F IRST DAY

NN 60 1=1.215 - #
SRIT1)=0.0 : ‘ ’ 5

AWL(T)=0.0 ' %
AM2(1)=0.0 =
TRI(T1=0.0 ) bg(// -
TR2(1)=0.0 ]
NW(T1)=0.0 . : )

&
\KE fl
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60

!

70

14

15
80N

90

1NN

R

[ B T |

1A
17

HW(T)=0.0
NE(T)=0.0
COMTIMUE \
AWT (1 Y=AY1U
AW2 (1) =AWIY
TP1(1)=TR1U
TR2(1)=TR2U
DW(1)=0.0
HW(1)=DD
R1={4.0%XK)/{SITSP)I*S({TSP)L)
R2=2.0%DE

READ DATA FRIM TAPE.SKTPPING JAN TN MAR AND NNV
DO 7N JT=1.90

READ(9.14)

CONTIMUER
RFANDI9+14)NSTNSNYR (MONTY
FORMATI(T7.12.72.50%) °
TFIMOMTH.FN_4) RACKSPA[EO
DO B0 KT=1,2T4
READ(9,15)IRATM(KT ) PF(KT)
FORMATILALX JF 4.2, 11XeF2.2)
CONTINYF

NN 90 JT=1.61

READ(9.16)

CONTIMIE

NY=NYR+NAD

DO 100 IM=1.21%
RATN(TM)=RAIN(IM) %25 4
PE(IM)=PE(IM)%D5.4

CONT INUE

START OF DATLY COMPUTATION

DO 110 I=1.214
J=1+1

CHECK FOR MISSING DATA

IF(RATN(I).GT.100.0.NR.PS{1).GT.15.0) GO TO 44
TEMP1=RAIN(]I)

STEMP2=PE( 1) :
TFIDW(T).LE.Z1) GO TN 16
R=P1#(R2%HW{ [ )+HW{ T)*HW( )} /1000.0)
GO 10 17 ’

R=RMAX([SP) ..

TFIRATNIT).GE<PE(T)) GO -TO 34
TEMP2=0.0 :
APE=PE(I}-RAIN(T) .

NEC.

116

A



~

g

19
2]

22

23

24

25

26

27

28

29

31

>

PAW=({AWLIET)-AWYL ) /(AWIU

117

"

-AWILYI*100.0

ACY=—0N.2235+0.4753=APE+0.019%P AN

ISIAFVY.ILE.0.0) GO TO 18
TFIAEY.GT.APE) GO TO 19
GO TO 21

AFV=0.25%APF

G0 TO 21

AEV=APE

AEI=N.5%AFY

ARE2=0. % <AEV
TFI(TRINT)I~AEL) o LF.TRILL)
TRI(I)=TRUL{T)-AR1
TF{(TRI(T)I=AF?) .LE.TR1L)
TRI(T)Y=TR1L{T)-AED

N TO 25

GO TO 24

TF{(TRIMTI=-RI.LE.TRIL) GN TN 23

TRI([)=TR1(T)=-R

T TR=TRI(T)+TR2(T)

IFITR.GEL143.0) GN TN 42

DWIT)I=((0.01472%{143.N=TR)}1*%*0,.5896)1*1N00.0

HW (1) =DD=DW(T)
GO TN 42
R=R—(TRI1(T)=TR1L)
TRI(I)=TRIL

6o TN 28
RAE2=AE2-{TR1(I})-TR1L)
TP1(T)=TR1L

GO TO 27
RAET=AF1~-(TRI(II=T21L)
TR1(TI)=TR1L

TFI(ANTITY-RACT) .LELAWILL)
AWLI(T)=AWL(T)-RAE

3 TN 27

RAE1=0.0 \
AE1=0.0

AWMT(T)=AWIL
IF((TR2{I)-AE2).LE.TR2L)
TR2{T1)=TR2(T)-AR2

-

GO TO 26 —

e

e

nN TOo 31

IF(ITR2(I)=R).LE-TR2L) GN TO 29

TR2{I1=TR2(T}-R

TR=TRL{I)+TR2(T)
IF(TR.GE.143,0) GO TO 42

\ i

NWIT)I=((N.01472%1143.0-TR)I*%N.58961)*100N0.0

TF(DW(1).GE.DD) “DWI1)=DD
HW (1) =DP-DW (1)

Gn TO 42 ‘
TR2(T)=TR2L ¢

GO TO 33 -
RAEZ=AE2-(TR2(1)-TR2L)
TR211)=TR2L

g -

TF((AHZ(I)—RAEZA.LE.ANZL) GO JO 32

&
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32

33

34

35

36

39

4)

42
43

| T

AW2{ [ )=AW2({T)-RAC2Z

GO TO 33

AE2=0.0

RAEZ2=0.0

A2 LT Y=AWZ2L

nu(I)Y=0D

Ha (1) =DD=-DWIT) \
LN TO 42 &
XW=RAIN(I)-PE(T)
XWi=0.5%XW - .
XWL =0 5% XW

AE1=0.0

AE2=Nn.0

TENMP1I=N0.0

TF{ (XWU+AWL(T) ) .GE.AWIU) GO TO 35
AW](I)=AH1(I)+XNU

XW=XWL

GO TN 36
XWlU=XWU=(AWIU=AWL(T))
AWML{T)Y=AWIU

X =XWU+XWL

IE((XW+AW2(T) ). GELAWRU) (O TO 37

M2 (T =AW2 (T )+ XM
Xt=0N.0

X11=0.0 _—

XWiL=0.0
6O TN 42

XW=XM={ AWII-AW2 (1))

AWZ2(T)=AW2U
IF((XW+TR2(1)).GE.TR2U) (O TN 38
TR2(1)=TR2(T1)+XHW

Gn TH 21

XW=XW=({TR2=TR2(T))

TR2(T)=TR2U

IF((XW+TR1(I)) (E.TRIYY GO TO 39
TRI(T)=BR1EI)+XW

60 TO 22

XW=XW=( TRIU-TR1(I))

TR1(I)=TR1U .

TF((XW=R) .RE.0.0N) GO TO "4}
R=R-XW ,

GO TO. 22
SRT)=XW=R

DW(T)=0.0

HW ( T)=DN~DW (1)
AETT)=AE1wAB2+TEMP1+TEMP2
AWT()=AWIIT)

AWZ2 U J)=AW2l{T)
TR1I(J)=TR1I(T)
TR2(.1)=TR2(1)

DY{JY=DW(T)
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1

Hpl () =HW (T )
G TN 4n
[N RATN(T)Y-=1 .0
PEITY=-=1_0
AR(T)==1.0
XA R A
45 AWL(T) =AW (T) =AY TL
A2 TY=A12( 1) =0WD]
TRUCT) =T (1) =TR1T r/”
TR2(T)=TR2(F)=TR2L
110 COMTINUE ‘

Ay=ruNI
CALL FR;n(cv,ﬂw.D.xLOSS,LY,NY,Cvﬁf)

50 CONTTNUF

WRITF(6.46)1Y :
46 FORMAT( '] ', 'YEARILY LOSSFS APRANGEN TN NRNFAR OF NDECREASTING! .

1' MAGNITHDE = MUMBER NP YEARY =1',714/1X,R32{ 34}/
CALL SORT(XILNSS.1LY) ) /

30 CONTIMUE

gnnn STNP
M

o SHBROUTFINE FOQ SINMDING AMMIAL CROP1L0NSS
s
SHBRNUTINE FRFQICY N, P X NSSLLY NYJOYNL )
DIMENSITN DW(214).X(214),PI8,5).XI1.NnSS({76) .
NN 10 1:1,214
X{I1=0.n
10 CONTINUE
- WELFEVEL=N.0
nn osn 1=1,7
WILFVFI =WI_FVEL+INO O
pg 2N J=1.21¢ R
X{JY=WLEVEL-NW{J)
20 CONTIMUE
" NIM=N ' ‘
NO=0 . )
N1l=0D
N2 =0
N 4=0
NH=0
NB=0 !
N 30 L=31,123 -
TF(X(L).T.0.0) GO TO 1
MUM=NUM+ 1,
GN TQ 30
1 MO=NO+1 .
IFI(NUM.GT.7) NUM=8
TFINUM.LT.1) GO TO 30
GO TO (2+3+3c40445.,5,6).NUM
2 Mi=n1+1 . .

“
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(V=C = (YT )27y /100.0
oo TN/

N =N L

O AN Cl B
[ LA L
ML =N L
Cv=rv-u(r1.3
GQ 10 7

N6 =NA -1
rv:rv-p(['A)*r\Qloo,o
G107

M3 -N8+1]
CV=CV-P({1,5)%CV/100.0
NYIM=0

COANTINIE

DN 40 T10=1,214%
X{TJ)y=0.0

CONTIMYE

TFENMOM_ GTOT7)Y MDD =S

RN T Qenr-NR NIWIFQLT)
[TE(MIM TR 4 NR .MM FEQLS)
TE(NMIM,FQ.72.MN2 NHMLEQ, D)
TR T ,2) MDD =)
CV-Cv=-0(T.ND)Y=CV/100.0
COAMTTIMYFE

CILOISS =0 VA —( Vv
HATTE (ALY MY L CVYL.CIMSS

FORMAT(

‘:f‘\//]()[\-o

*dV/loo.O

G /HAY L, 6X,TORNP 10SS: L, F8.2.!

X1.NSS{IY)=CLNSS
RETHRM
END

SUBROUTTM= SORT ARRANGES AMNUAL

SUBONUITINFE SN2T(Y.LY)
PIMENST AN
pMo1n f=1.LY
PROAIT)=0N.0 .
CANTINYE

D 20 T=1.LY

B(I)=v(T1)

CONMTIMNUE

KY=LY=1

nn &40 1=1.LY

NO 30 1=1.KY

JJa=J+1

ITF(B(ON).LR.BOY)Y) GO TN 30

TEeMP=B( )
B(JY=801.1)

N =4
NN =73
NN =D

YILY)sR{T7A),PRAB(T7A)

LOSSES

120

10N ' YEAR IV TR JAYLPREMAINING RN VALUE:',F8.2,
S /HAY )

IN DECREASING ORNDER

FI

‘1_’m~ et

%

PN .
AL



momeiome + moas 2 e

121

B L) =TE W
20 CONTINYE
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R E TURN

ENMOD

VL1320 ) /1, P THE PROBAYTLTTY NS RECYRIRENCE [N,

| NSS) =Y, RN, 2. S/HN (TN PERCENT NE NNV,

The above model has been operated using the weather data from
Ottawa, and the soil water properties of the Ste. Rosalie Clay.

The 'WRITE' option for the output tables as shown in D.3 has been
removed from the program as the tabular output was not required
for further analysis. The values under the columh 'DW' in the
above mentioned tables were stored in the computer memory and were
subsequently used in the crop loss computations.
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D.2 Basic input values into the model.

FOV I OWIMG FIXED PAVAMETER VAILUES HAVE BEEN USED

TN WATF? BALANCE CNMDUITATION

D] = 1200.00N0 '™ ne = 1.00 M

TPIU - 48 .00 TR2I = n.n M

AWIY = 165.00 v AW2L = 280,00 M4

21 = 4N0 .00 Mw TRIL = ' 0.0 MM

TR = 95 .00 "M AWLL = 140.00 1am

AW2U = 323,00 MM CVNI. = 100.00 %/HA
MHE ST AWTMG TS THE PFROENTAGE (POP LNSS MATRATIX FNR

VARTQUS DEPTHS AMD DURATIOMS N7 WATER TABLE

DURATINN M COMSECUTIVE NAYS

AT ER  mm o s e e e
TABLE
DEPTH . 2 OR 4 (R 6 OR
M <1 DAY 3 DAYS 5 DAYS 7 DAYS >7 DAYS
<100 0.0 25.0 50.0 75.0 10,0 *©
100-200 0.0 15.0 30.0 45.0 0.0
200-300 0.0 10.0 21.0 31.0 41.0
300-400 0.0 8.0 16.0 3.0 31.0
40N0-500 0.0 6.0 12.0 17.0 23.0
500-600 0.0 4.0 8.0 1.0 15.0
600~-700 0.0 2.0 4.0 5.0 7.0
>7b0 0.0 0.0 0.0 N.0 0.0

The values in the preceding table are tl)e cxop losses, in percent

of full production, for the indicated depths and durations of
water table.




D.3 A sample of output from thne
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D.4 A sample output from the model showing,ycarly crop losses and the
remaining values of croo.
< - .1y '/OAY S 2J0.00 '} AID RUAN = 2.240 ftM/oay F:UDA FHIS 2N
YEAR REGATML 1y 62ND1LNSS VEAZ ' OREDAINING  CROP LOSS
C‘;’UL’ : rrROP
VALUE VALUE "

® \ S /HA g7HA & /HA &/ HD
1700 100.00 0.0 1939 96 .0 & 3.96
1901 100.00 n.n 1940 96.00 .00
1902 100.00 0.0 1941 100.00 0.0
1303 98.00 2.00 1942 100.00 0.0
1904 938.00 2.00 1943 68.10 31.90
1905 100.00 0.0 1944 1.00.00 0.0
1906 100.00 0.0 1945 23.66 76.34
1907 54.14 £5.386 1944 98.00 2.00
1908 21.7/ 73.23 1947 . 7.96 92 .04
1909 25.57 T4l 43 1948 100.00 0.0
1910 100.00 0.0 1949 100.00 0.0
1711 100.090 0.0 1950 100.00 0.0
1912 100.CO 0.0 1951 98.00 2.006
1713 100.00 0.0 1952 100-00 0.0
191 ¢ 10C.00 0.C 1993 92-16 7.84
1915 100.00 0.0 1954 BB .47 11.53
1916 34.82 * 65.18 1955 100.00 0.0
1917 100.00 0.0 1956 55.16 44 84
1918 100.00 0.0 1957 100.00 0.0
1919 T4.76 25.24 1958 100.00 0.0
1920 98.00 2.00 1959 100.-00 0.0
1921 100.00 0.0 1960 100.00 0.0
1922 100.00 0.0 J961 92.16 ¢ (-84
1923 100.00 e 0 1962 75.29 24.7T1
1924 58.37 £41.63 196 100.-00 0.0
1925 100.00 0.0 1964 100.00 0.0
1925 100.00 0.0 1965 100.00 0.0
1927 100.00 0.0 1966 100.00 0.0
1928 60.88 39.12 1967 100.00 0.0
1929 48.50 51.50 1968 100.00 . 0.0
1930 100.00 0.0 1969 55.28 44,72
1931 100.00 0.0 1870 100.00 0.0
1932 100.00 0.0 1971 100.00 0.0
1933 5.58 2 4. &2 1972 96.04 3.96
1934 100.00 0.0 1973 86.70 13.30
1735 100,00 0.0 1974 74.93 25.07
1936 91.20 8.80 ‘ 1975 100.00 0.0
1937 100.0 0.0 ‘ i
1933 100.00 0.0 ) -
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D.5 A sample of output from the model showing the yearly losses, associated probabilities and the 2

average annual loss.

YEARLY LOSSEQ ARRANGED TN ﬂRDER CF DLCPEASl“u IA GNTTUDE : NUMBER

et nevie Ve ' vevle serle ve vig Neae sle sl sie sle v vz sz e ~lg sl P st v s sle e ke pesie

N

THE PROBABILTITY OF RECURRENCE IN PZRCENT OF YEARS ARE GTVEN BELOW

T e e e M o e v - = — o - —— —————— - —— . — — —— - — — " ——— — -

1,32 2,63 3.95 5,26 6£.58  T.89 9.21 10.53 11,84 13,16 14.47
19,74 21.05 22.37 23.48 25,00 26,32 27.63 28.95 30.26 31.58 32,89
38.16 39.47 40.79 42,11 43,47 L4, T O (ELDD 4T .37 48,68 DO.QO 51,32
56.58 57.89 59,21 60,53 61.84 63,16 64,47 65,79 67.11 6R.42 69.74
75.00 76.32 77.63 78.95 BN.26 81.58 82.89 84.21 85,53 86.84 88.16

93,42 94,74 96,05 97,37 98.6R8 100,00

T SR S S T G e e v e T Y G W s e = - — e ——— - - o —— —— —— —— ———— T = o —_————— - — ——————

AREA UNDER THE PROBABILITY CURVE (=AVERAGE ANMUAL LOSS)

CE YZARS = 76

92.04 78.23 76.34 T4.43 AS5.1R 51,50 45.86 46,34 44,72 41,63 20,12 31.97 25.24 25.07
E 3
2471 24,42 13,30 11, 3@ \%~80 71.8¢4¢ 7.84 4,00 3,96 2,94 2.00 2.00 2,00 2,00
i 4

2.00 0.0 0.§ 0.0 0.n 2.0 0N 0.0 0.0 0.n 7.0 N.5 0L n
0.0 6.0 0D 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 g.0 0,0 n,0
0.0 0.0 .0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.9 0.0 R
0.0 0.0 0.0 0.0 0.0 0.0

e 3R 2z e ve pie iz sl e sl st vie S oie s e SRR s s sl shoxio vt sie 3ie Sle e sie g ol éie sle sle ofsle ve Mo v e e s sl g St sosp e s o PRSI TE S S C R P L AL S AR R I K s S LIS § 7 b PEI

15,79 17.11 18.42
34,20 35,03 36.34
532.63 3.5 55,26
71.00 72.37 73.6%
89.47 90.79 92.11

= 11.87 $/HA (IN PERCFENT OF NO LOSS CRQOP VALUE!
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