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INTRODUCTION
The purpose of irrigation is to sup

plement rainfall to the extent that
the plants are not deprived of water
at any time during the course of
their development. It is not possible
to determine the extent to which
rainfall fails to supply the needs of
plants for water without knowing
their water requirements. Increased
costs of production have necessitated
the improvement of the more hap
hazard methods used in estimating
irrigation requirement: i.e. the ap
pearance of the soil surface, the feel
of the soil a few inches below the
surface, the application of water by
the calendar or whenever a predeter
mined quantity of rain was not re
ceived in a set period. These proced
ures should be replaced by a more
precise method of estimating actual
water requirements of the crop.

Since weather factors affect growth
and water requirements, methods
have been developed which estimate
irrigation needs from meteorological
data. These methods are referred to
as soil moisture budgets. A soil mois
ture budget is caluculated by sub
tracting estimated evapotranspiration
from daily rainfall or irrigation. This
amount is then subtracted (or added
when rain or irrigation exceeds evap
otranspiration) from the moisture
present in the soil to give the new
soil moisture content. In budgeting
water for irrigation, this process is
continued on a daily basis until a
predetermined soil moisture level is
reached. At this time an amount of
water equal to the deficit is applied
to return soil moisture to field cap
acity.

To be useful, a scheme for budget
ing soil moisture by the meteorolog
ical method should fulfill several re
quirements (9). First the method of
characterizing the drying ability of
the atmosphere should, 1) be con
venient and simple to use, 2) integ
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rate into one measurement all the
various meteorological factors affect
ing the evaporating ability of the at
mosphere and 3) use instruments free
of structural components that distort
evaporation measurements. Secondly,
the manipulation of evaporation data
should, 1) be realistic in its descrip
tion of the natural processes, 2) pro
vide an accuracy compatible with the
use to which it is put, and 3) be
simple and practical.

Studies were undertaken at the
University of Saskatchewan, Saska
toon, by Brooks (2) and Fuller (3)
during 1960 - 1961 to determine the
use of atmometers for predicting the
moisture use of forage crops. This
program was continued into 1962 by
the author (5) with the intent of de
veloping an irrigation budget based
on requirements as outlined by Rob
ertson and Holmes (9).

INVESTIGATIONS

Field Work

In the years 1961 and 1962 actual
soil moisture levels were determined
with a Neutron gauge, at six sites on
the University of Saskatchewan irri
gation project. The sites weie located
on established stands of irrigated
forage crop (Alfalfa, Brorne grass).
Rainfall was measured at site 3 with
a standard rain gauge; the amount of
irrigation was estimated from time of
application and in some cases the dif
ference in soil moisture before and
after an irrigation. Potential evapo
transpiration was estimated by the
Black Bellani Plate method (9).

Theoretical Soil Moisture Budget

A budget modified to suit the field
conditions was developed which sat
isfied the theoretical aspects of the
soil-water-plant relationship. This
budget compensated for the reduc
tion in evapotranspiration, produced
by an increase in soil moisture ten
sion, in a manner similar to that des

cribed by Taylor and Haddock (13),
Power and Evans (7) and Robertson
and Holmes (9). Rainfall and irriga
tion water were considered to be ev-
apotranspired at varying rates de
pending on the amount added. The
influence of percolation, run-off and
crop height on the budget were also
considered.

It was assumed that the total am
ount of water on the surface or in the
four foot root zone could be divided
into increments or water units with
different rates of use.

Unit 1 — Water present above field
capacity plus 2 inches.

Water in this unit is assumed to be
lost to run-off and deep percolation.
Shanmugham (11) found, in a study
of the field capacity of soils in the
test area, that the average moisture
content of the soil immediately after
the application of excess amounts of
water, was field capacity plus 2
inches. For the soil studied, this mois
ture content falls between 60 and 70
per cent of pore saturation. These re
sults correspond closely to the find
ings of Bodman and Coleman (1) in
their study of the moisture distribu
tion behind a wetted front. They
measured the moisture content be
hind the front to be between 70 and
80 per cent of pore saturation.

Unit 2 — The water in the soil be
tween field capacity and field
capacity plus two inches.

This unit contains two inches of
soil moisture. Water depleted from
this unit was assumed to be equally
divided between evapotranspiration
and percolation. This is, if the root
zone had been filled to field capacity
plus 2 inches and then the water was
withdrawn, the moisture deficit
would have consisted of one inch of
evapotranspiration and one inch of
deep percolation. Shanmugham found
that the average time for a field to
reach field capacity after pxcess wat-
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er had been applied was 3.6 days.
During this time approximately two
inches of moisture disappeared from
the root zone. Assuming the poten
tial evapotranspiration for this period
to be .30 inches, approximately one
inch of water would have been ev-
apotranspired. The remainder is as
sumed to be lost to deep percolation.

Unit 3 — The water in the root zone
between field capacity and the
moisture content at 50 per cent
readily available moisture. (Def
inition - Readily Available Mois
ture - the moisture between field
capacity and the seven atmos
phere point).

It is assumed that this water is us
ed at the potential rate if ground
cover is complete. As long as the
plants completely cover the ground
and can obtain all the water they
need, water will be evapotranspired
at the potential rate (9) (13). Data
collected by Hagan, et al (4) indi
cates that in some cases the rate of
evapotranspiration begins to diminish
when approximately 50 per cent of
the available moisture (Definition -
Available Moisture - the moisture be
tween field capacity and wilting
point) has been depleted from the
soil.

Robertson and Holmes (9) (10)
indicated that the rate of evapotrans
piration depends on joot depth and
soil type and diminishes after 10 to
50 per cent of the available moisture
is depleted. In the present study it
was assumed that most of the readily
available moisture was used out of
the first two feet of the root zone.
This assumption is substantiated by
the work of Woodward (15).

Unit 4 — The water between the
moisture present at 50 per cent
readily available moisture and
the seven atmosphere point.

Water in this unit (referred to as
the transitional unit) is used at a
rate less than the potential rate. As
the soil moisture decreases it be
comes more diffciult for the plants
to obtain water (13). The ratio of
actual evapotranspiration to poten
tial evapotranspiration starts to de
crease when the plants are unable to
obtain moisture at the potential rate
and continues to decrease until a
moisture content near the wilting
point is reached. (9, 10, 13).

Unit 5 — The water between the sev
en atmosphere point and the sev
en atmosphere point minus one
inch (a limit corresponding to
the permanent wilting point for
the soils tested).

In this zone the ratio of actual ev
apotranspiration to potential evapo
transpiration is assumed to be 0.5.
This ratio decreases rapidly from the
seven atmosphere point to almost
zero at the lower limit of this unit.
Soil moisture should never be allow
ed to drop to Unit 5 because plant
growth will be severely restricted
(7, 11).

Unit 6 —Water below the permanent
wilting point.

Water in this unit is not available
to the plants.

In the study two additional as
sumptions concerning the soil-water-
plant relationship were made.

1) The ratio of actual to potential
evapotranspiration was assumed
to be reduced by ten per cent
when ground cover was incom
plete, unless the ground surface
was kept moist by irrigation or
rain.

If the soil is moist the increase in
evaporation will probably compen
sate for the reduction in transpira
tion due to incomplete plant cover.
Willits and Erickson (14) studied
the average daily soil water deple
tion in the top three feet of soil, under
cut and uncut forage crops. The
average depletion in soil moisture
was seven per cent lower under the
grass that was cut as soon as it had
reached a height of eight inches. In
one period during the two years that
the experiment was conducted the
daily depletion of the cut crop was
measured at twice the depletion of
the uncut crop. If the depletion dur
ing this period were not included in
the average, the percentage differ
ence in soil moisture depletion is
nine per cent.

2) Water added was assumed to be
evapotranspired at the potential
rate until it has been depleted.
If it increased the water in the
transitional unit, the potential
evapotranspiration was modulat
ed and withdrawal was at a
slower rate (9).

When water is added to the root
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zone in quantities which are insuffic
ient to meet the deficit below field
capacity it tends to remain near the
ground surface where root concen
tration is high and the deficit is lar
gest. Because of this and because
the ground surface will be wet, there
by increasing evaporation, it is as
sumed that such water will be used
at the potential rate. Where more wa
ter is added than is required to meet
the deficit of unit 3 the water use
rate will be modulated as described
previously.

It is recognized that the water may
not be evapotranspired in the man
ner described, but an attempt to des
cribe the dissipation of this water
more accurately would make the
budget too complicated for general
use.

RESULTS

Detailed Soil Moisture Budget
The measured soil moisture in the

top four feet of each of the six test
sites was compared to the calculated
soil moisture. Calculated values of
soil moisture were determined for
the 1962 crop season using Bellani
plate atmometer readings as potential
evapotranspiration in the theoretical
soil moisture budget; trial coeffic
ients were assumed for the transition
al unit. A comparison of the calculat
ed and measured values of soil mois
ture indicated the need for minor
changes in the theoretical soil mois
ture budget. Units 3 and 4 were
therefore subdivided into units 3a
and 3b, and units 4a and 4b respec
tively with coefficients as indicated
in table 1. The lower limit of unit 5
was changed to seven atmospheres
minus one-half inch, as water below
this point is used so slowly that it
may be considered as part of the wa
ter of unit 6. Ground cover was con
sidered to be complete when the
plant height reached nine inches;
however, this is not too critical as a
change of one or two inches would
have little effect on the accuracy of
the budget.

Table 1 gives the unit limits and
the coefficients to be applied to ad
just potential evapotranspiration for
the effect of plant height and moisture
level in the soil. This table also gives
partial results for Station 6, 1962. The
complete results are plotted in figure
1.

There are two main indications of
the budget accuracy, namely: the
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TABLE I. IRRIGrATION BUDGET FO]R ST ATJ[ON 6, 1962

Moisture Range Coefficients for Crop Height
Units (inches) 0 -• 9" 9" - Cut

1 14.42 _ 0. 0 0.0

2 12.22 -14. 22 2. 0 2.0

3a 10.80 - 12. 22 1. 0 1. o

3b 9.38 - 10. 80 0. 9 1.0

4a 7.96 - 9. 38 0. 8 0. 9

4b 6.54 - 7. 96 0. 7 0.8

5 6.04 - 6. 54 0. 5 0.5

6 0.0 - 6. 04 0, 0 0.0

Moisture Level

Field Gauge Diff. Water Height
Units

Date P. E. 1 2 3a 3b 4a 4b 5 6 Total

All units Are Inches

May
25 8.95 8.95
28 8.42 8.18 - .24 .86 .86 - .77

30 8.46 8.73 .27 .67 .12 .12 .55

June

1 8.25 8.55 .30 13 .18 .18 - .18

4 7.92 7.95 .03 .14 .61 .51 .10 - .60

6 7.98 8.32 .34 .47 .10 .10 .37

8 7.94 8.10 .16 .36 .58 .58 - .22
11 7.79 7.74 - .05 17 .41 .15 .26 - .36
13 7.57 7.47 - .10 .11 .31 .11 .20 - .27
15 7.43 7.25 - .18 .27 .27 - .22
18 7.32 6.95 - .37 .37 .37 - .30
21 6.89 6.67 - .22 .35 .35 - .28
25 6.96 6.75 - .21 .70 26 .62 .62 .08
27 6.59 6.32 - .27 Cut .72 .08 .19 .45 - .43
29 6.54 6.06 - .48 .52 .52 - .26

July
2 7.02 6.82 - .20 1.10 .34 .34 .76
6 6.71 6.57 - .14 .25 .25 - .25

Balance of calculations for Figure 1 carried out as above.

vertical displacement or difference
between the two curves (neutron
gauge curve and budget curve) and
the degree of parallelism or differ
ence in slope between the curves.
Management faults, such as incorrect
time and amount of irrigation, and
poor water measurement greatly af
fect the difference between the two
curves. The degree of parallelism
while affected by management faults
is more dependent upon errors in the
budget assumptions. Both indications
of accuracy are affected by instru
ment errors.

Minor variations in the displace
ment of the two curves frequently
appear at the time of a water appli
cation. This may be caused by inac
curacy in any one of the measure
ments which are involved (soil mois
ture before and after irrigation and
potential evapotranspiration) and as
such, probably have no significance
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as far as the budget assumptions are
concerned.

The irrigation budget as proposed
has a natural tendency to be self cor
recting and thus eliminate errors in
troduced by various factors. When
the budget curve drops below the
actual soil moisture curve, it reaches
the lower soil moisture units more
quickly than it should and smaller
coefficients are applied to the poten
tial evapotranspiration decreasing the
slope of the curve. Thus the predict
ed soil moisture use is less than the
actual use causing the difference be
tween the two curves to decrease.

Conversely, errors resulting in too
high a predicted soil moisture level
tend to prolong the use of larger co
efficients into periods where actual
moisture use has been reduced.

Figure 1

Site 6 is representative of the re
sults obtained in 1962. The actual
soil moisture and the predicted soil
moisture curves closely parallel each
other for the entire season indicating
that the budget assumptions are rea
sonable for the conditions which oc
cur at this station. The only signifi
cant variation in the curves occurs as
a result of an incorrect estimation of
rainfall on July 11th. This error was
not eliminated for the balance of the
season. Site 6, 1962, is one of six used
to develop the budget. The budget
was then applied to the data obtain
ed from all sites in 1961.

1961 General

During the latter half of June,
1961, weather conditions were ab
normally hot and dry as indicated by
the high potential evapotranspiration
readings (frequently above 0.25
inches per day). All of the test sta
tions in 1961 show that soil moisture
was depleted during this period at
rates greater than predicted by the
irrigation budget (refer to figures 2
and 3). This weakness in the budget
occurred even though crop growth,
in some cases, was not as rapid as
that which appeared necessary to
cause excessive use of water during
1962. At all stations the irrigation ap
plied around June 10th was sufficient
to bring the moisture level above the
field capacity and the error was
thereby corrected. During the period
subsequent to the first irrigation high
potential use rates continued, and
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FIG.2 Soil moisture as indicated by an irrigation Budget
and a d/M Neutron Gauge for Station 3, 1961
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while there was still evidence at
some stations of a higher than predic
ted use of water, the magnitude of
the error was less than before the ir
rigation.

This could be attributed to reduc
ed water use following the cutting of
the crop the second week in June.

The early irrigation at all stations
raised the soil moisture well above
field capacity and the actual soil
moisture curves tended to remain ab
ove field capacity for a longer period
than predicted by the budget. This
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by an Irrigation Budget

ge for Station 4, 1961

would seem to indicate that drainage
is restricted and that for these soils
at least the coefficient of 2.0 being
applied to unit 2 may be too high.

Figure 2

At least 4 inches of excess irriga
tion were applied at this station on
June 14th. During the period June
14th to June 30th the difference be
tween the two curves decreased from
3.43 inches to .22 inches. This rapid
convergence of the curves can be at
tributed to deep percolation and ex
cessive water use rates during June.
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Subsequent to this time the curves
indicate that the budget assumptions
accurately predict the water use rate.

Figure 3
The budget weakness evident prior

to July 10th at this station has been
discussed above. For the remainder
of the season the agreement between
the curves is exceptionally good and
it is this degree of agreement which
justifies using the budget assump
tions in spite of errors which are in
troduced by abnormal conditions.

SUMMARY

A moisture budget has been devel
oped which considers the effects of
crop height, soil and plant rooting
characteristics on the rate of mois
ture use by crops. The effect of these
factors is considered as follows:

1. the moisture present in the soil
is divided into units of availabil

ity,

2. moisture use is reduced by ten
per cent when the plant height
is less than nine inches unless
the ground surface is wet (mois
ture is present in unit 3a or
above),

3. potential evapotranspiration is
modulated so that moisture in
the transitional unit is withdrawn
at a decreasing rate depending
on the amount of moisture re
maining,

4. rainfall occurring after a dry
spell is evapotranspired at the
potential rate until it has been
depleted, unless water is added
to the transitional unit; then po
tential evapotranspiration is mo
dulated and withdrawal is at a
slower rate,

5. if the soil is saturated, rainfall is
regarded as run-off, and readily
available moisture is withdrawn
from the topmost layer of soil,
before extraction occurs from
lower layers.

The moisture budget presented
gave results within .5 inches of the
actual soil moisture 57 per cent of
the time, 1 inch 84 per cent of the
time and 1.6 inches 98 per cent of
the time. The accuracy would be
better, providing the following were
fulfilled:

(a) rainfall and irrigation water are
measured accurately, and

16

(b) the field is irrigated before the
soil moisture is used out of unit
5 (should be irrigated before
the moisture is used out of unit
4b).

There are three aspects of the
budget in which it is apparent that
some adjustment in procedure would
produce more accurate results. These
adjustments would be required to
compensate for conditions which are
considered to be abnormal. These
conditions were:

1. a combination of light crop
growth and cool, showery wea
ther produced lower than predic
ted evapotranspiration rates,

2. a combination of extremely heavy
growth and extremely hot dry
weather produced higher than
predicted evapotranspiration
rates and

3. for the soils, on which the work
described herein was done,
drainage of excess water was re
stricted and coefficient of 2.0 ap
plied to unit 2 was too high.
Whether this would apply to
other soil types is unknown.
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