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ABSTRACT

Mean annual evapo-transpiration losses are eétimated from
meteorological and hydrological records using the water budget
equation. The effect of changes in storage are diminished by
taking the difference between the total precipitation and the
total runoff for a six year period. Values of losses so de-
termined are correlated with values of losses prédicted by a
(1)

graph (A4ppendix I, figure 2) developed by Butler from work

by Langbein and othersgzo). The measured losses are plotted on
a map of Canada and lines of equal losses are drawn to show the

regional variations.

In Appendix II, the use of various methods of estimating
potential evapo-transpiration are illustrated for an example
drainage area on the valley of the Thames River, Ontario. The
methods used are based mainly on energy budget and mass transfer
concepts,

In a future study, such methods could be used to estimate

potential losses for the whole country.
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PREFACE

One of Canada’s greatest natural resources is its general
abundance of water. This resource, probably more than any other,
will determiﬁe the future economic development of Canada and many
parts of the United States during the next few decades. The de-
velopment of modern household equipment, new industrial processes,
and recent farming techniques, have all increased the need for
water. In order to properly assess and utilize this natural re-
source, we must try to accurately analyze each phase of the
hydrologic cycle in which it occurs. It is with this idea in
mind that the following investigation of evapo-transpiration losses

was undertaken.

ix
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CHAPTER 1
INTRODUCTION

Water losses in a drainage basin may be defined as the difference
between the total precipitation and the total runoff from the basin(g).
The losses may be subdivided as follows:

1. 1Interception.
2. Evaporation from free water surfaces.
3. Plant transpiration.

4, Soil or land evaporation.

5. Watershed leakage.

Each of these losses occurs at different rates at different
times. Watershed leakage, although quite common, is considered re-
latively unimportant,and the losses from one basin are frequently
balanced by accretions from another. Therefore, neglecting watershed
leakage, we may refer to the combination of the other losses as "evapo-
transpiration losses" (Et) or, when referring to a particular type of

vegetation, as the "consumptive use",
) P

In a paper by Jensen and Haise(BZ the following reasons were given
for the need for greater accuracy in determining evapo-transpiration
losses: (1) growing competition for limited water supplies, (2) irri-
gation projects that required the smallest initial cost have been
completed and higher construction costs of new projects demand closer
tolerances and less leeway in design to make the projects economically

feasible, (3) water litigations between irrigation districts, states,

upper and lower river basins and, in some cases between countries, are

1.
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requiring more precise Et estimates, (4) river basin development
for maximum use of water supplies requires long range planning with
reliable estimates of Et’ (5) sprinkler irrigation design requires
accurate short period estimates for 5 to 10 days to assure adequate
but economic capacity to meet peak demands, (6) many drainage
problems can be avoided or time of occurrence predicted in advance
if accurate Et estimates are available, and, (7) existing projects
can often reduce operational wastes by predicting water deliveries

several days in advance,

Competition for our water resources is certain to become more
and more keen in the years to come. This increase will occur not
only among the various types of uses that exist today but among the

new ones that will develop.
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CHAPTER II

REVIEW OF LITERATURE

Many investigations have been carried on in the past 7O years
in that field of hydrology relating to the determination of water
supply and water demand. Mosf of the research in the North
American continent has been conducted in the United States and

very little has been done in Canada.

Around the turn of the century, runoff was generally con-
sidered and expressed as a percentage of rainfall, As the science
developed, it was realized that-runoff is the remainder after the
various losses are subtracted from precipitation. This fact alone
was an important breakthrough and it opened the door on an entirely

new field of estimating and measuring water losses.

Numerous studies were conducted on seasonal evapo-transpiration
(consumptive use) during the first quarter of the century(a)(Widstoe,
1912; Harris, 1920; Lewis, 1919; Hemphill, 1922; Israelsen and
Winsor, 1922; and Briggs and Shantz 1916a, 1916b). An excellent
summary of some of these early studies appears in the Progress
Report of the Duty of Water Committee of the Irrigation Division,
ASCE, "Consumptive Use of Water im Irrigation" presented in 1927
and iater published (Anonymous, 1930)(h). Many studies were also
carried out in Europe during this period in such countries as

Austria, Germany, Poland and Sweden.
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Between 1920 and 1950 considerable emphasis was placed on the
development of procedures for estimating seasonal evapo-transpiration.
Air temperature, being readily available, was the major climatic
variable in the various procedures developed(s)(ﬁedke, 192k ; Blaney
and Morin, 1942; Lowry and Johnson, 1942; Thornthwaite, 1948; and

Blaney and Criddle, 1950).

Many evapo-transpiration studies have been conducted since 1950
and a few of these are mentioned in the list of references. Two
theoretical approaches to the problem have been investigated, namely,
the mass transfer and the energy balance. The latter approach has

received greater acceptance because less refinement in instrumentation
is necessary.

(S)Penman (1949) combined the theories of mass transfer and
energy balance. The mass transfer theory utilizes concepts of
evaporation being related to turbulence, and pressure and temperature
gradients , whereas, the energy balance theory involves evaporation
as one method of dissipating incoming radiation. The use of the
Penman equation, even though evaluated worldwide, has not gained
great popularity among engineers because it requires measurements of

mean temperature and mean wind velocity over the growing crop.

Some of the more promising estimating:methods axre compared in

Appendix II,
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CHAPTER III

THEORETICAL BASIS FOR MEASUREMENT OF LOSSES

As stated earlier, the total evapo-transpiration losses from
any drainage basin consist of interception, evaporation from land
and water surfaces and transpiration. Ordinarily, these losses
for any given drainage basin, can be either measured or estimated
more accurately and more easily collectively than separately.

(2) s . .
The relationship between these collective losses, rainfall,

runoff, and storage, is expressed by the hydrologic equation
L=P-Q-AS (1)

in which L is the total losses for the period, P the total pre-
cipitation for the period, Q the total runoff for the period, and

A S the increment in surface and subsurface storage during the period,
‘the sign being plus for a decrease in storage and minus for an in-
crease. All these quantities are expregsed in the dimensions of

inches or m.m, depth covering the drainage basin.

Although during the year, there may be fluctuations amounting
to several feet or more in storage in the basin, the observed level
on October 1 of any year does not ordinarily differ greatly from the
long-term average for that date except as a result of unnatural
changes or developments made within the basin. Because of this
fact, the average annual water loss for any period of 5 years or
longer, beginning and ending wifh October 1, may be determined

from equation (1), ignoring A S. If the values of P and Q have
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been accurately determined for the period, the average annual water

loss should be correct within no more than 2 inches.

1f the water loss for a single year is determined in the same
manner, the error will be considerably greater depending upon the
value of A S for that year. For instance, if the change in ground
water level for the year amounted to 18 inches in a soil with an
average porosity of 35% %, the change in subsurface storage alone
would amount to 6 inches which,added to changes in surface storage,

would probably give a total value for A S of 8 or 10 inches.

O»
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CHAPTER IV

COMPUTATIONAL PROCEDURE

(a) Sources of Hydrologic Data

(6)

As of January, l96h, official meteorological ob-
servations were taken and recorded at some 2,230 weather reporting
stations in Canada. Records from these stations are published
monthly and are available from the Meteorological Branch of the
Department of Transport, Toronto, Ontario. Many of these records
are now being transferred to punched cards for use in computers.

Values of mean monthly temperature and monthly precipitation were

taken from these monthly records and used in the computations.

Records of streamflow and runoff are gathered by the Water
Resources Branch of the Department of Northern Affairs and Natiomal
Resources in cooperation with the various provinces. These records
are published for each year in L4 separate volumes representing L
separate drainage areas of Canada: Pacific Drainage; Arctic and
Western Hudson Bay Drainagey St. Lawrence and Southern Hudson Bay
Drainage, and Atlantic Drainage. These published figures may be
obtained from the Water Resources Branch, Department of Northern

Affairs and National Resources, Ottawa, Ontario.

(b) Preparation of Map

The map (Appendix I, figure 1) showing lines of mean annual
water losses has been based as far as possible on the difference

between precipitation and runoff measurements. Not all runoff and
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precipitation records could be used for this purpose, however,. The
primary requirements were (1) that the drainage area above the gaging
station in question be known, (2) that the flow be not materially
affected by diversion or regulation, (3) that the area was adequately
represented by a precipitation network and (4) that the records were

continuous for the period under study.

Mean annual water losses were computed for the 6 year period
from October 1, 1955, to September 30, 1961. This period was chosen
because it represents the latest published figures across Canada

and embodies the densest available precipitation network in Canada's
history.

The drainage basins above each gaging station were outlined on
tracing paper laid over Department of Mines and Technical Surveys
base maps of Canada. (Scale 1:1,000,000). The meteorological net-
work was then plotted on the same paper and lists were made of the
meteorological stations best representing each drainage basin. The

base maps used were those showing drainage and topography.

In some cases, whére it was felt that the drainage basin in-
cluded widely varying climatic conditions or where part of the basin
was not represented by meteorological coverage, opportunity was
taken to calculate runoff from partial basin areas and thus define -

areal variations in runoff and losses more closely.

The final map was traced from United States Air Force Global
Navigation and Planning Chart (GNC-2N). The figures of mean annual

water losses were entered within the basin outlines and the lines of
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mean annual water losses were drawn taking into account the general
variation of losses with precipitation, weighted temperature, and

terrain.

On the whole, little difficulty was experienced east of the
Rockies in determining the losses but,in the Rocky Mountains of
British Columbia, it was found that in over 50% of the basins the

recorded runoff exceeded the recorded precipitation. Therefore,

this area of Canada had to be eliminated from this study. Not
enough iﬁformation was available throughout the northern part of
Canada to obtainreliable results,so the lines of mean annual water
losses have been estimated in this area from the few values that

were available and are plotted on the map as dashed lines.

(¢) Data and Computation Sheets

The meteorological data was collected on data sheets such
as'that shown in Appendix I, figure 3. Values of monthly temperature
and precipitation were recorded whenever possible and missing wvalues
were replaced by basin averages. The values of precipitation were
totalled to give an annual value, and the mean weighted temperature

(1)

for each year was determined from the equation

Z(T x P)
Ty = %7

where Tw is the mean annual weighted temperature, T is the mean
temperature for the month, and P is the total precipitation for

the month,
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Other columns were left for possible future studies in this

field although it is probable that most future work would be more

easily done on a computer,

On the data sheets of the type shown in Appendix I, figure 4,
the values of annual runoff, annual precipitation, and mean annual
weighted temperature were recorded for each basin for each of 6 years
from October 1, 1955, to September 30, 1961. These values were then
averaged to find mean annual precipitation and runoff for the period
and then the mean annual water losses were determined and recorded
as the difference between these two values, Mean annual weighted
temperature for the period was also determined and recorded. The
meteorological stations used in each basin were listed in the upper
righthand corner opposite the name of the river. When a runoff
value was adjusted for partial areas, the basins which were subtracted
from the runcff values are shown listed below the column headed '"year"

and the corrected drainage area is listed beside them, The corrected

values of runoff are shown above the stroked-out values.

A list of results for all basins is shown in Appendix I, Table 1.

10

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



‘CHAPTER V

- DISCUSSION OF RESULTS

It was found that for the water year 1955-56 runoff exceeded
precipitation in most of the Pacific Drainage. The runoff and/or
precipitation data in this area is obviously (see Appendix I,

Table 2) not representative and reasons for this are discussed ..«
under the heading "Sources of Error'. Throughout the other major
drainages, fairly reasonable results were obtained (see Appendix I,
Table 1) except in areas where the precipitation network was sparse.
The most reliable results were obtained throughout the Prairies

and Ontario and these results were subjected to the following

analysis.

The measured values of mean annual water losses were compared

(1)

with the results as expected from the graph in Appendix I,

figure 2 using mean annual precipitation and mean annual weighted
temperature to find the losses. Graphical correlation(Y) is shown
in Appendix I, figure 2, The averages of groups of values within
certain abscissa ranges were taken and plotted in blocks as in the
figure 2. The line of T = L2°F, was then plotted to fit these

points and the estimate is observed to follow quite well the

original lines in both direction: and positiom.

A numerical analysis was also carried out onthese data, The
measured results were correlated with the graphical results yielding
a correlatimcoefficient of 0.926 for 47 observations. This com-

parison is shown graphically in Appendix I, figure 5.
11
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It appears, then, that reasonable correlation exists and that
the graph in Appendix I, figure 2, may be used to estimate actual
mean annual evapo-tramspiration in the Prairies and Ontario with a

reasonable degree of accuracy.

The remaining portion of eastern Canada is influenced by
mountainous regions and coastal climates and until more re-
presentative data is obtained for these watersheds, no accurate

correlation<can be made.

12
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CHAPTER VI

FACTORS AFFECTING ACTUAL EVAPO-TRANSPIRATION LOSSES

Actual évapo-transpiration losses are dependent upon many
factors, the most important of which are as follows:
(a) Radiation
Energy is consumed in the evapo-transpiration process and
the ultimate source of this energy is the sun's radiation. There-
fore, the rate of evapo-transpirativa. varies directly with the

amount of solar radiation.

(b) Daylight Hours
Transpiration virtually ceases at night and therefore the

amount of evapo-tramspiration is dependent on the percentage of day-

light hours.

(¢) Temperature
As with radiation, temperature is concerned with energy
and is in fact a measure of the amount of energy available. Thus,

the higher the temperature, the more energy available and, therefore,

the higher the potential rate of evapo-transpiration.

(d) Wind
Wind acts as a transporting agent for water vapor. It has
a relatively minor effect on the total amount of evapo-transpiration':

(=Y

but due to increased turbulence, it may increase the rate for a

short time.
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(e) Humidity
Since water vapor in the air moves towards points of
lower moisture content, the humidity gradient is therefore of

importance in determining the rate of evapo-transpiration,

(f) Precipitation
Precipitation limits the amount of moisture available
for evapo-transpiration and thus the actual losses may be less

than the potential losses.

(g) Type of Vegetation

Different types of vegetation use different amounts of
water in plant development and transpire water at different rates,
The structure of the plant (i.e. the height and amount of surface
area) is also important in determining how much of the precipitation

will be intercepted and evaporated during a rainfall.

1k
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CHAPTER VII

SOURCES OF ERROR

"(a) Streamflow Records

Stage-discharge relations are usually -established at all
gaging stations. This relationship can be subject to considerable
error under certain conditions either because of unsteady flow or
variable backwater conditions due to channel obstructions. The
equation of flow is Q = V A where Q is the rate of flow in cubic

feet per second, V is the velocity in feet per second, and A is the

cross-sectional area in square feet, If there is no ice or aquatic g..uvi.

growth at the gaging site, the area is related to the stage but if
the station is subjected to ice or aquatic growth, the stage-area

relationship will vary with the time of year and cannot be depended
on for accurate results. Velocity V is related to slope as well as
depth and therefore the streamflow Q is subject to error dépendent

on the change in slope of the water surface.

Gaging stations(8) should always be located on a backwater
profile upstream of a point of critical velocity(weir or ledge of
rock) called a "station control! :I@7other cases, it is governed
bv the channel features such as shape, slope and frictional re-

sistance, known as 'channel control".

A control is said to be "permanent"” if with steady flow and

no submergence {(i.e. no backwater from downstream), there is a fixed
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stage-discharge relation, If the control is subject to scour

or fill of the channel bottom, it is called a "shifting control"”,

Various factors may temporarily destroy the stage-discharge
relationship at a station control.under steady flow conditions.
The control may become submerged by backwater from discharging
tributaries downstream or the control may become clogged with ice
or debris. Measurements of stage under either of these conditionms
would tend to overestimate discharge as determined from the

established stage-discharge relationship.

Loop ratings(s) have often been found to occur under conditions
of changing rate of discharge. During increasing discharge, the
values will plot to the right, and for falling stages to the left
of thevnormallsteady—flow stage-discharge curve. This loop rating
can pe caused either by change in storage between the control and
the gage, or by variable slopes at constant stage during the

passage of a flood wave.

Flow over some sort of permanent station control where flow
is related to discharge alone is most desirable and eliminates
errors due to changing slope. These permanent controls are usually
hard to find and usually must be created by installation of a low

level welr or dam at considerable expense.

For each gaging station listed in the records, there is a
corresponding drainage area given for the basin., These areas have
been subject to some revision and sometimes have been revised by

as much as 10%, Any error in the drainage area is reflected in the
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runoff values and thus affects the estimate of water losses,

Watershed leakage is normally of little significance except
perhaps in mountainous areas where the geology may be such that
water infiltrating the ground in one basin may follow the strata
and appear as runoff in an adjoining basin. This is very hard to
detect unless adequate values of mean areal precipitation and

runoff are available for adjoining basins.

The accuracy(9)of streamflow data depends on (1) the stability
of the stage-discharge relation, or if the control is unstable, the
frequency of discharge measurements, and (2) the accuracy of ob-
gervatiens of stage, measurements of rate of discharge and in-
terpretation of records.

In order to give some indication of the quality of the
currently published records in Canada, the probable accuracy of
the daily record is indicated in the description of the station
under "Remarks" as "excellent", "good", "fair", or "poor". The
records of yearly streamflow are, in general, more accurate than
the daily records. 1In this study, only values of yearly runoff

were used and the stations marked "poor'" were not considered.

(b) Meteorological Observations
(i) Precipitation

10 . .
In the( )Canadlan Meteorological Branch,
rainfall is measured in a rain gauge which has a cross-sectional

area of 10 square inches, while snowfall is taken as the depth of

17
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freshly fallen snow (measured with a ruler) in an area free from:
drifting. Precipitation is taken to be the rainfall plus one-
tenth the snowfall, .The rainfall equivalent of snowfall varies
with the density of the snow but is about one-tenth on the

average,

In many areas of Canada, the precipitation network is not
densevenough and for various reasons cannot be used as re-
presentative of the drainage basin. The most serious:errors
occur in the mountainous regions of British Columbia. In this
area, most of the climatological stations are located in the in-
habited valley floors and very few are located on the mountain
tops. Since 1ifting(7) of air masses accounts for almost all
precipitation in mountainous topography, amounts and frequency
are generally greater on the windward side of mountain barriers.
Conversely, since downslope motion of air results in decreased
relative humidity, the lee sides of barriers usually experience

relatively light precipitation,

The variation in precipitation with topographic features
is quite varied and presents great difficulties in establishing

a representetive network to define mean areal precipitation.

As mentioned earlier, due to lack of correlation between
precipitation and streamflow in British Columbia, no attempt was

made to estimate the mean annual water losses in this area.

18
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{ii) Temperature

(10)

Temperatures in Canada are observed
at a height of about 4 feet above the ground in a standard louvred

screen which protects them from the effect of radiation,

Values of temperature are more uniform than precipitation
and therefore the temperature network need not be as great. Im
the mountainous regions, however, the temperature experiences
a lapse rate of about - S.LOF. per 1000 feet rise in elevation
in dry adiabatic conditions and about - 3.0°F. per 1000 feet rise
in elevation in saturated adiabatic conditions. The average<19)
lapse rate is considered to be about - B.BOF. per 1000 feet rise
in elevation., This, therefore, illustrates the need for more

temperature readings at higher elevations to find the mean basin

temperature,

19
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CHAPTER VIII

CONCLUSIONS

Values of mean annual evapo-transpiration losses were de-
termined for as many basins as possible in Canada using the water
budget equation. The values were then coﬁpated with the losses
predicted by the graph in Appendix I, figure 2, using the mean
annual weighted precipitation and mean annual weighted temperature.
Satisfactory correlation was fouhd for the Prairies and Ontario
and it is felt that figure 2 may be used with a reasonable degree

of accuracy in those regions.

It was observed that the data in the mountainous regions
of Canada is not representative and it is recommended that efforts
be made to coordinate and improve the work in these areas. One
method of accomplishing this goal would be to have one agency
responsible for both meteorological observations and streamflow
observations. The network could then be better and more
efficiently organized to give representative values of runoff and
precipitation. Such merging of effort occurred inusome European
countries after World War II under the title of Hydro-Meteorological
Institutes. In view of some of the recent proposals for water
development in North America (i.e. North American Water and Power
Alliance., NAWAPA), it is becoming more important that Canada know

more accurately the extent and nature of its water resources,

20
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T T s s RSy ey St daTa Ve s

More time and money should be directed towards improving the
network in the sparsely populated regions of Canada to gather
the basic hydrologic data necessary for a comprehensive water

resources inventory.-

21
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* TABLE 1  Results of Computations 1955-61,

Station No. | Precipitation | Losses Losses (1) Ty
(inches) (measured)| ( from graph) ( F.)
Pacific
9AH, 16.57 6.%3 9.2 28.8
Arctic and Western Hudson Bay
7SA3 ;2.61 8.37 7.0 . 26.8
75}33 12.61 9.00 7.0 26.8
TBE; | 19.64 16.13 15.8 43.6
6EA2 16.93 12,86 13,7 40.3
6AD6 17.27 14.63 14.6 Ll 1
5PB,) 28.89 21.23 19.1 Lo, 7
5Q8, 30.26 20.38 18.3 40.5
5Q¢ 26,09 18,41 18.5 k3.3
50D 19.59 17.02 16.2 46,3
50Fg 19.59 18.24 16.2 46.3
50E; 19.59 17.36 16.2 46.3
5MJ3 14,35 13.92 12.9 Ly 6
50H, 19.59 17.30 16.2 46.3
SLM, 17.08 15.82 14,1 Lok
SKI, 14.12 11,90 12.5 42.8
5AD8 34,02 16.05 17.3 38.7
566, 15.04 14,58 15.1 L. 3
St, Lawrence and Southern Hudson Bay
1+GB1 § 2AD9 30,03 18,97 17.1 %8.6
bIDs ¢ 29.27 16.91 17.0 8.6
che 33.19 20.91 16.9 38.1
hJCB 33.19 19,48 16.9 38.1
1+JA2 33.19 17.19 16.9 38.1
LLLG1 31.26 16.65 18.0 39.7
RE, 30.97 13.89 18.3 Lo.k4
248, 31.04 21.32 19.0 h1.4
2BD2 33.17 17.6 18.0 39.6
QBD3 33,06 15.88 16.9 38.0
2BE2 33,98 16.95 18.5 40,3
23
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TABLE 1 (continued)
Station No.| Precipitation | Losses Losses (1) T
(inches) (measured) | (from graph) ('F.)
2007 30.40 17.31 18.8 1.2
| 2CE, 30.88 '18.27 19.8 43.5
20D, 35.94 18.88 20.5 43.6
2DB5 32,07 17.92 20,2 bl 2
2EB 39.96 21,05 19.7 41,6
2Ec3 32.38 21.49 21.2 45.8
2ED3 31.99 22.5% 21.8 k7.0
2FC, 37.38 22,00 21.0 4 1
2FE), 33,81 18.653 20,3 k3.7
oFF 41,48 28,7k 21.8 L9
266G, 35.03 21.37 21.0 4h .5
2GE3 3%.90 20,71 22.0 16.9
26B, 3k ,99 22.62 22,0 46,1
2HB,, 30.93 20.03 21.2 46.9
2Hc5 29.28 21.37 20.8 46.5
2HD,, 33,38 15.50 21,0 45,1
2HK,, 32,61 21.26 20,5 L. 3
2HL, 34.70 22.56 21.2 45,2
oHM, 33.87 21.60 20.7 by 3
2JE, , 37.66 18.35 19.1 1.1
2KB, 35.47 21.43 20.8 43.9
2KE5 30.43 18.29 20.0 Lk 3
2KF 28.62 18.51 - -
2LA, 30.99 21.63 20.% Ll g
2LH8 38,70 17.87 20.3 k2.9
2LF, 43,20 22. 47 19.7 41.6
2LD, 38,14 20.78 19.9 k2.1
2LBS 33,28 24,61 21.5 Lh. 5
2Lc7 38.11 13.61 19.8 41,9
2k
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TABLE 1 (continued)

BARARUIEDCITY NE WINCNY LIRDARY
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Station No.| Precipitation | Losses Losses (1) Tw

(inches) (measured) | (from graph) ( F.)
2LC8 43,41 19.90 20.3 42.8
204, 34,15 20.13 19.8 L2}
208, 55.63 16.24 19.9 . L2.2
2oc2 32.6k4 11.60 - -
20F,, k1,02 19.23 19.5 41.6
2nG, 38.23% 17.80 19.0 40,6
2PA3 %8.80 13.70 18.5 %9.9
2PB, 48,39 1%.29 19.0 k0.8
2PJ5 38,66 15.18 19.1 41.0
2PE, 38.87 8.92 18.3 39.6
2PH, L2 .20 13.30 20.1 42.6
2PG, 36.21 12,35 19.% Lk1.5
2pG, 39.89 18.81 15.8 36.9
2RH,, 36.19 6.42 19.1 41,1
204, 35.48 15.13 17.8 38.9
204, 2. 41 15.83 16.9 38.1
2Q4, 29.11 11.79 14.6 35.2
2QC; 37.13 10.79 16.4 37.2
1BH, 34,33 9.65 15.7 36.1
Atlantic
3OE1 31.61 5.41 13.1 335.1
2yM, 34,18 7.15 17.9 39.1
2Y0, 38.09 12.96 17.0 38.0
1BE, 40,89 20.27 17.9 39.0
1BJ1 35,32 7.13% 18,0 39.2
1BK 37.50 13.49 18.4 39.8
1BP? 40,20 11.15 18.0 39.2
1AD2 38.55 16.55 18.4 39.7

1221717
25




TABIE 1 (continued)
Station No, | Precipitation |Losses Losses (1) Tw
(inches) (measured) |(from graph) ( F.)
14F,, 39,52 1944 18.5 39.9
147, 39.98 18.21 19.2 40.9
1A1<2 31,91 10.71 18.7 ko.7
1AD3 32,83 14.20 16.6 37.7
1AH) 40,72 18.05 19.0 40.7
14K, 40,83 12,70 18.0 39.3
14Q, 52.27 13.52 17.0 38.4
14Q, L5, 70 14,14 18.0 39.3
14R, Lk L9 20.80 17.4 38.6
1AR3 45,26 18.83 18.8 40,2
14D, 36,70 16.11 17.0 38.4
1E0, 49753 1 11.57 18.1 39.4
1EK1 46,32 7.53 19.2 Lo.9
1EH 55.52 20.06 18.1 29.4
1EF? 48,04 12.10 19.3 k1.0
1EE2 52.23 16.58 19.9 41.8
1EE, 53.56 14.86 20.0 42.1
1ED5 52.%8 16.96 20.0 42,1
1EC, 52.68 11,01 19.2 41,2
1EA 51.70 13.59 - -
1DG3 52.30 1%.65 20.0 42.0
lFB; 54.19 14,47 19.9 41.8
1FH, h8i25 8.72 20.2 L2.6
26
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TABLE 2 Results of Computations for Pacific Drainage 1G55-

Station Precipitation | Runoff Losses
(inches) (inches) (inches)
81, C Th.56 58.69 15.87
8HA2 . 99.26 104,61 - 5.35
8HB1LL 116.03 147.17 -31.1k
SNALL5 19.41 17.29 2.12
8NA2 21.36 22.75 - 1.39
8NDll 30,68 LI ok -13.36
8ND6 48,00 L6.80 1.20
snzhg 30.82 33,82 - 3.00
'8NA11 19.64 32.89 -13.25
8NE1 35,47 65.61 -30.1k4
8NE 48.77 %9.21 9.56
BNE77 25.95 26.68 - 0.7
8NG53 18. 64 25.79 | - 7.15
8NG5 16.78 11.51 5.27
8YG, ,, 30.36 15.33 15.0%
8NH 21 - 27.15 26.24 0.91
8NGh6 21,51 42 .43 -20.92
8NG,, 33,21 34,75 - 1.5k
8NK5 Bl Ll 28. 14 6.27
8NH3h 25.79 21.45 L =3k
8NHO.06 3L 06 26.24 7.82
8NHO.32 20,23 Lo0.23 -20.00
8w, 23.94 46.81 -22.87
8NHl 32,94 60.00 -27.06
8NH7 . ‘32.9u , 51.16 -18.22
8Nth 41.57 k3,37 --1.80
8NJ13 30,24 36.77 - 6.53
8NPl 34, b1 35,45 - 1,04
8NE7h 28.87 38.63 - 9.76
8NE 30.3L 24, 32 6.02
8NM§§ 16.19 4,20 11.99
a7

“
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TABLE 2  (continued)
Station No. |Precipitation { Runoff Losses
(inches) (inches) (1nches)
8L, 30.57 27.80 2.77
8NL2k 49.67 24,76 2k .91
BNLA 43,63 13.55 30.08
8MHSO 62,14 41,73 20.k1
8MH20 56.68 43,79 12.89
81<A7 2k.35 34,27 - 9.92
8KA), 28.32 27.15 1.17
8KB, 25,94 27.60 - 1.66
81<D3 - 32,19 14,22 17.97
838, 15.12 4,07 11.05
8JB3 15,03 3,55 11.48
BJE1 17.95 7.88 10.07
81<H1 27.50 23.18 4,32
8LF51 21.27 25.19 - 3,92
8LA1 18.84 24,03 - 5.19
8LE, 13.35 3.98 9.37
‘aLc19 19.94 22,80 - 2.86
8LD1 30,13 20.13% 10,00
8MG13 65.67 68.01 - 2.34
8MH29 60.75 31.15 29.60
8MH1 72.90 70.30 2.60
8MH58 121.01 156.05 -35.04
8MH1+1 128.68 175.94 -47.26
28
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Mean annual water loss n R

Figure | Map of Canada showing lines of mean annual w
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Fig. 3 Data and Computation Sheet,

STATION — — —  London (4)
LAT. NN ———  13°02
Long. W.——— 81° 09
ELEV. — — — - 912
Month Mean Mean Daily Mean Precip.
& Temp. | Dew Pt. Sun Solar Rad.
Year (°F.) (°F) (ars.) (tanglieys) (in.)
1955-56
Oct. 51.5 5.32
N ov. 35.4 %61
Dac. 23,2 3.64
Jan. 22.7 1.33
Faob. 23.6 2.62
Mar. 26.1 2.86
Apr %1.3% 4.3k
May 52.0 o k.25
June 65.2 2.351
July 67.% 5.39
Aug. 67.7 5.49
Sept. 56.5 2.59
L3.75
T, 7.8
1956-57
Oct. 52.3 1.21
Nov. 38.4 3.48
Dec. 31,1 2.66
Jan. 16.4 2.48
Feb. 25.2 2.49
rMar. 55.8 1.96
Apr. L6.5 3.10
May 53.8 2.67
June PR 4 52
July 63.9 2.28
Aug, 05,6 ] 2.27
Sapt. £0.2 k.61
33.93
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Fig. 4 Data and Computation Sheet,

Vguliarton Prospect Hill

RIVER ——— ———— — — = —— Thames Glencoe Stratford
STATION NO. — — — - — 2cE, ombethiay oodstock
DRAINAGE AREA (sa.ml) ——— 1,660 §§g§§2£i§?;es Talbotviile
YEAR | RuNoOFF | Precip | LosSsES Tw

(in.) (in.) (in.) (°F)
1954-55
1965-56 | 18.10 bk, 32 b7.1
1956-571 12.45 3k .84 48.6
1957-58 10.51 31.15 47.8
1958-59 | 12.57 33.98 Lh.o
1959-60| 17.89 36.70 k3.5
1960-6I 7.62 22,43 50.3
1961-62 '

Ave. 13.19 3%.90 20.71 46.9

RIVER == = === ———— i ——
STATION NO -~ —————
DRAINAGE AREA (sQ.#L)———
YEAR | RuNOFF | PReciR | LossES Ty

(in.) (in.) (in.) (°&)
954-55
1955 - 56
1956-57
1957-58
1958 -59
1959 -60
1960-6]
1961-62
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Figure 5 Comparison of computéd and estimated average
' annual evapo-transpiration losses,

25

20

(in.)

LINE OF EﬁUAL VALUES .

10 7

EVAPO-TRANSPIRATION

MEASURED

0
- 0 5 10 I5 20 25
EVAPQO-TRANSPIRATION FROM APPENDIX I, FIGURE 2. (in.)
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/METHODS OF ESTIMATING POTENTIAL EVAPO-TRANSPIRATION

Potential evapo-transpiration is that which will occur when the

supply of moisture is not limiting.

Many methods have been developed to estimate potential evapo-
transpiration. In the following, seven of the more common methods
are used to estimate the potential evapo-tramspiration for the drain-

age basin above station 2GE_ on the Thames River in southwestern

P

Ontario. Appendix II, figure 1, showsthe basin outline and locates
the principal climatological stations used in the study., The
latitude is taken as k}oN. for use in the computations.

(i) Lowry-Johnson Method(ll)(lz)

This method is used to estimate consumptive use for
agriculture based on a linear relationship between "Effective heat”
(the accumulation, in day degrees, of maximum daily growing season

temperature above 52°F.) and consumptive use.

The approximate relationship U = 0.8 + 0,156 F is used where

[en]
H

Consumptive use in acre-feet per acre:

Effective heat in thousands of day degrees.

21
1l

The mean(IB) annual maximum temperature at London, Ontario, is
about 54°F, Thus, the effective heat would be (54-32)3%65 = 8030°F.

Therefore, the average consumptive use for the basin is

[}

0.8 + 0.156 (8030)
2,053 feet
= 24 .64 inches

U

35
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(11)(1%)

(ii) Thornthwaite Method
Monthly values of heat index are related to monthly

3)1.51h

temperatures by the equation i =‘(5 where t is the monthly
temperature in °c. This relationship is used to determine the
seasonal heat index value I shown in Appendix II, Table 2. This
value of 36.31 was plotted on the nomograph of Appendix II, figure 2.
A straight line drawn from the "Index point" through this "Heat index
point" gives the relationship between temperature and evapo-trans-
piration for the basin. The uncorrected potential evapo-transpiration
(e) is listed in fifth column of Table 2. This potential is corrected
for sunlight and days of the month from Appendix II, Table 1, using

a latitude of approximately h}oN. The corrected value of Et is

them listed in the seventh column of Appendix II, Table 2, and the

‘

total for the year is found to be 61.5% cm. or 24.19 inches.
(iii) Blaney - Criddle Methodt 11)(15)

The'Blaney-Criddle method correlates measured consumptive
use of water data with monthly temperatures (t), monthly percentage
of day-time hﬁurs (p), and the crop's growing period or irrigation
season. The coefficients so developed for different crops (see

Appendix II, Table 4) are used to translate or transpose consumptive

use data from one location to others in which climatological data

alone. are available,
The equation used by Blaney-Criddle is:

U=KF

U is the consumptive use of water by the crop in
inches for any period

where
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K is the empirical comsumptive use coefficient
(see Appendix II, Table 4)

F is the sum of the monthly comsumptive use factors,

(t x p)
100

where t 1s mean monthly:temperature in °F. and

p is the -monthly percentage of day-time hours of the year
(see Appendix II, Table 5, for values of p).

The average annual potential consumptive use for the Thames
valley above station 2GE3 is computed in Appendix II, Table 3%, to
be 0.70 x 34,60 = 24,22 inches when using an average seasonal co-
efficient (K) of 0,70 for the 6 month growing period of May 1 to
October 31,
(iv) Hargreaves Method(ll)(l6)
Consumptive use for a specific crop is assumed to vary
with the consumptive use potential and can be expressed as:
U=KE=2Zke
in which U is the consumptive use of a crop for a given period; E
is the sum of the monthly evaporation for the period; and K is an
empirical coefficient depending upon the individual crop grown.
Monthly values of evaporation and crop coefficients are represented
by e and k respectively where e is estimated by the equation
e =d (0.38 - 0.0038 h)(t-32)
in which d is the monthly day-time coefficient (see Appendix II,
Table 7) dependent upon latitude; h is the mean monthly relative

1 . ..o
humidity at noon( 7); and t is the mean monthly temperature in F,

37
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Computations of consumptive use by Hargreaves method are
illustrated in Appendix II, Table 6, using monthly values of k for
alfalfa from Appendix II, Table 8, Total yearly losses by this
method are estimated to be 23.83 inches.

(v) Penman Method(ll)(s)
The following three formulas are used by Penman in es-
timating evapo-transpiration:
1. H=R, (1-r)(0.18 + 0.55 n/N) - 6’Tah (0.56 - 0.092 Ve,)

(0,10 + 0,90 n/N)

2. E_=0.35 (e - e )(1+0.0098 p,)
3, UET = AH-0.2TE,
A - 0.27
where:

H ="Daily heat budget at surface in mm. H_0/day

2
R, = Mean monthly extra terrestrial radiation in mm.
A
H.O/day
2
r = Reflection coefficient of surface
n = Actual duration of bright sunshine

N = Maximum possible duration of bright sunshine
£ = Boltzman constant = 2,0l x 10~9mm./day
5‘TalL = mm. H20/day (see Appendix II, Table 9)

e, = Saturation vapour pressure at mean dew point (i.e.
actual vapour pressure in the air) mm.Hg

E_ = Evaporation in (mm.) H20/day

a
d
A=—=2 in mm. Hg/oF.
dt

38
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Saturation vapour pressure at mean air temperature

e =
in mm. H

by = Mc.n wind speed at 2 meters above the ground
(miles/day). Windsmeasurements at other heights
can be converted to 2 meters by use of the
formula

: log 6.6 .
Ho =My X ("‘ii"“ ) where py 1S the
log h

measured wind speed in miles per day at height
h in feet,

E, = Evapo-transpiration in mm. HEO/day

The coﬁputations for the Thames valley are shown in Appendix II,
Table 11. From this computation, the annual potential evapo-
transpiration is shown to be 19,74 inches which appeérs to be some- '

‘what low when compared with the other methods of estimating and

with the actual measured evapo-transpiration of 20.71 inches.

(vi) Jensen and Haise Method(j)
Using an energy balance approach, this method correlates

E

( is- ) with T in the equation
s P ‘

=

(=== ) =0.01k T - 0.37

)

s P
E

t

i

where = potential evapo-transpiration, inches/day

R

solar radiation, inches/day
s

1

. o
T = mean air temperature, F.

Where values of solar radiation are not recorded they may be

estimated by the equation

R, =R (0.35 + 0.618)

39
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where Rs = solar radiation under existing conditions

Rso = solar radiation on cloudless days,
(see Appendix II, Table 13%)

S = fraction of possible sunshine for time period.
An example of this method is given in Appendix II, Table 12,
for the Thames River, Ontario. The mean annual evapo-transpiration
is computed to be 29.65 inches.

(18)

(vii) Hamon Method

Hamon has formulated a simple computational procedure
whereby average daily potential evapo-transpiration is represented
as proportional to the product of day-time hours squared and the
saturated water vapour concentration at the mean temperature, The
day-time factor was determined from a consideration of the disparity
between net radiation and temperature, latitudinally, and the fact
that traﬁspiration is restricted during d;rkness since the leaf

stomata are closed.

The expression for average potential evapo-transpiration is:

in which P.E.represents the average potential evapo-transpiration
in inches per day; D is the possible hours of sunshine in units of
12 hours (see Appendix II, Table 1); P, is the saturated water
vapour density at the daily mean temperature in grams per cubic

meter, times 1072 (see Appendix II, figure 5); and C = 0.55

Lo
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Appendix I1, Table 14, illustrates the use of this method
for estimating potential evapo-transpiration in the Thames River

valley above station 2GE The total yearly value is estimated

oh
to be 22,01 inches.

41
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SUMMARY

Since (11) it is impractical to measure consumptive water
requirements of crops under all conditions of climate, soil,
wvater supply, and management practice at all locatiéns, various
methods have been devised, utilizing climatic factors to estimate
evapo-transpiration under a given set of conditions. The methods
outlined in this appendix are in general agreement with each
other except for the Penman method which tends to give a low

value for potential evapo-transpiration,

METHOD ANNUAL AVERAGE POTENTIAL EVAPQO-TRANS.
(i) Lowry-Johason 24,64 inches
(ii) Thornthwaite 2L .19 inches
(iii)Blaney-Criddle 24 .22 inches
(iv) Hargreaves 23,83 inches
(v) Penman 19.74 inches
(vi) Jensen and Haise 29.65 inches
(vii)Hamon 22.01 inches

Actual Measured Losses = 20.71 inches

Estimates of potential evapo-transpiration are becoming
vitally impértant in many parts of Canada and particularly in
the Prairie Provinces where many large scale irrigation projects
are being developed. Methods such as those outlined in Appendix II
are useful in predicting the amount of evapo-transpiration on

irrigated land before the irrigation project is actually under-

taken.

b2
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FIGURE | THAMES RIVER BASIN ABOVE STATION 2GEg
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Figure 2 Nomograph for computing monthly
evapo-transpiration, (Thornthwaite Method)
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Potential monthly evapo-transpiration {e) - cm,

TABLE 1

Mean possible duration of sunlight
and southern hemispheres expressed in units of
%0 days of 12 hours each,

in the northern

.{;t. J F M A u 3 J A s 0 N D
0 1.04 .94 1,04 1,00 1,04 1.01 1,04 1.04 1.01 1,04 1.01 1.04
10 1.00 «91 1.03 1,03 1.08 1.06 1.08 1,07 1,02 1.02 «98 .99
20 .95 .30 1.03 105 1.13 1.1 1.4 1.1 1,02 1.00 .93 .04
% .90 .87 1.03 1,08 1,8 1,07 1.20 1,04 1,03 .88 .89 .88

a5 .87 .85 103 1,09 1.2 L7l L3 1.6 1,03 .67 .85 .S
0 8¢ .83 1,00 LAl L24. L35 127 108 Lod .85 .83 L6l
15 .60 .81 102 103 1.28 129 L 1.2l L4 .ed .70 .75
S0 W74 .78 7 1,02 ¢ LIS 133 1.3 1.7 1,25 1.06 .92 .76 .70

TABLE 2 Calculations

(Thornthwaite Method)

Month gemperaé:ure Heat Index (e) Sunlight E,
F, C. Coeff,
(em,) (em,)
J 19.7 -6.8 - - - -
F 22,4 .53 - - - -
M 29.0 -1.7 - — - ~
A hz.5 6.4 1.45 2.9 1,14 3.31
M 53.4 11.9 3.71 5.6 1,31 7.3k
J 63.3 17.4 6.30 8.6 1.3 11.44
J 67.9 19,9 8.05 10,0 1.35 13%,50
A 67.5 19.7 8.00 10.0 1.23 12.%0
S 60.9 16,1 5.60 8.0 1.05 8.1h0
0 bo.7 9.8 2,76 4.6 0.93 L, 28
N 37.2 2.9 0.44 1.3 0.77 0,96
D 25.0 -3.,9 - - - -
TOTAL =%6.31 TOTAL =61.5% cm,

=24 .19 1in,



TABLE 3 Calculations (Blaney-Criddle Method)

Month % Daytime hours Temperature f=txp
(p) (t)oF. 100
J 6.55 19.7 . ~
F 6.63 22.4 -
M 8.30 29.0 -
A 9.03 43,5 —
M 10.20 53.4 5.45
J 10.30 63.3 6.52
J 10.42 67.9 7.08
A 9.66 : 67.5 - 6.52
S 8.41 ' 60.9 5.12
0 7.66 ko, 7 3.81
N 6.55 37.2 -
D 6.30 25.0 -
TOTAL =3k4,60

TABLE L Normal seasonal consumptive-use coefficients.

Item . Length of growing Consumptive use Maximum Monthly 1/
season or period coefficients (k}
Seasonal (K)

. Alfalfa . frost-free 0.85 0.95 - 1.25
Beans . 3 months 6.65 0.75 - 0.85
Corn 4 months 0.75 0.80 - 1.20
Cotton 7 months ’ 0.70 0,75 - 1.10
Citrus orchard 7 months 0.60 0,65 - 0.75
Deciduous orchard frost-free = 0.65 0.70 — 0.95
Pasture, grass, hay

annuals frost-free 0.75 0.85 - 1.15
Potatoes 3 months 0.70 0.85 -'1.00
Rice ’ 3 to 4 months 1.00 1.10 - 1.30
Small grains 3 months 0.75 0.85 - 1.00
Sorghum S months 0.70 0.85 - 1,10
Sugar beets '5% months . 0,70 0.85 - 1.00

Y Dependent upon mecan monthly temperature and stage of growth of crop.

TABLE 5 Monthly percentage of daytime hours of the year.

Latitudes in Degrees North of Equator

Month 24 26 28 30 32 34 36 38 40 42 44 46 48
January 7.58  7.49 7.40 7.30 7.20 7.10 6.99  6.87 6.76 6.62 6.49 6.33 6.17
February 7.17  7.12 7.07 7,03 6,97 6.91 6.86 6.79 6.73 6.65 6.58 6.5C 6.42
March 8.40 8.40 8.39 8.38 8.37 8.36 8.35 8.34 8.33 8.31 8.30 8.29 8.27
April 8.60 8.64 8.68 8.72 8,75 8.80 8.85 8.90 8.95 9.00 9.05 9.1 9.18
Yay 2.3 9.38 9.45 9.53 9.63 9.72 9.81 9.92 10.02 10.14 10.26 10.3% 10.S53
June 9,20 9.30 9.38 9.49 9.60 9.70 9.83 9.95 10.08 10.21 10.38 10.54 10.71
July .41 .9.49 9.58 9.67 8.77 9.88 9,99 10.10 10.22 10.35 1C.49 10.854 10.80
August 9.05  9.10 - 9.16 9.22 9.28 9.33 9,40 9.47 9.54 9.62 9,70 9.79 9.98¢
September  8.31  8.31 8.32 8.34 8.34 - 8.36 8.36 8.38 8.38 8.40 8.41 8.42 B.44
Cctober .09 8.06 8.02 7.99 7.93 7.90 7.85 7.80 7.75 7.70 7.63 . 7.58 7.5
Yovember 7.43 7.36 7.27 7.19 7.11 7.02 6.92 6.82 B.72 6.62 6.49 6.36 6.22
December 7.45 7.35 7.27 7.14 7.05 6.92 6.79 6.66 6.52 6.38 6.22 6.04 5.86

Annual 100.00 100.00 100.00 100.00 100.00 100.00 J00.00 100.00 100,00 100.00 100.00 100,00 100,00

Ls
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TABLE 6

Calculations (Hargreaves Method)

Month Tempegature Humidity (c) (d) e (k) (ke)
F. (h) % A (in.)
J 19.7 82 0.08 0.79 - - -
F 22,4 79 0.10 0.80 - - -
M 29,0 70 0.13 1.00 - - -
A 43,5 61 0.17 1.09 2,13 0,70 1.49
M 53.4 61 0.17 1.22 L4 k4 0.6k 2.8k
J 63.3 61 0,17 1.2 6,60 0,67 L 42
J 67.9 58 0.18 1.25 8,08 0.74 5.98
A 67.5 58 0.18 1.16 T.41  0.67 4,96
S 60,9 62 0.16 1.01 4,67 0.64 2.99
0 ho.7 65 0.15 0.92 2.4 0,40 0.98
N 37.2 77 0.10 0.78 0,41 o0.41 0.17
D 25,0 80 0.09 0.76 - - -
e = 0.38 - 0,0038h TOTAL = 23.83 in,
TABLE 7

Calculated monthly daytime coefficients, (d) for Hargreaves Formula.

Lagzzge in January| February! March April | May [June | July {Auqust September | October | November| December

eg¥aees
5 1.01 0.91 1,02 0.99 | 1.03 [1.00 1.03 | 1.03 0.58 1,02 0.98 1.00
10 0.98 0.89 1,02 1.01 { 1.058 {1,083 {- 1.06 | 1.0S 0.99 1.00 0.98 0,97
15 0.96 0.88 1.01 1.01 | 1.08 |1.06 1,08 | 1.06 0.99 0.99 0.93 0.95
20 0.93 0.87 1.01 1.02 p 1,10 [1.08 1,11 | 1,08 0.99 0.98 0.91 0.92
25 0.91 0.86 1.02 1.03 | 1.2 |1.11 1:13 {.1.09 1.00 0.97 0.89 0.89
30 0.88 0.84 1.00 1.05 ) 1,14 |1.14 1.16 | 1.1) 1.00 6.96 0.86 0.86
35 0.85 0.83 1.00 1,06 | 1.17 j1.17 1.19 ¢ l.12 1.00 0.94 0.84 0.82
40 0.81 0.82 1.00 1.08 | 1.20 |1.21 1.23 | l.l4 1.01 0.93 0.8l 0.78
45 0.77 0.79 0.99 1,09 ] 1.24 |1.26 1.27 | 1.17 1.01 0.9 0.77 C.74
S0 0.72 0.76 0.99 1.1 1 1.28 |1.32 1.32 | 1.20 1.0l 0.89 0.73 0.68

L6
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TABLE 8

Consumptive-use coefficients for use in the Hargreaves Formula.

MONTHLY CONSUMPTIVE USE COEFFICIENTS “k* &/
CROP larch April Yay June July hug. Sopt. Oct, Nov, SEASONAL
COZFFICIZNT “k”
Alfalfa 0.41 0.70 0.64 0.67 0.74 0.67 0.64 0.40 0.41 .59
Almonds 0.16 0.36 0.34 0.52 0.48 0.34 0.29 0.48 c.21 0.36
ASparagus 0.16 0.11 0.12 0.18 0.46 0.81 0.84 0.99 0.51 Q.46
Beans (Lima 0.41 0.5 0.61 0.32 0.46
Beans . 0.15 0.28 0,66 0,51 0.40
Cantaloupes 0.24 0.31 0.37 0.61 0,38 0,48
Carrots 0,16 0.18 0,19 0.52 0,64 0.28 0.33
Celery 0.15 0,14 0.25 0,45 0470 0.85 0.42
Citruo 0,41 0.36 0.44 0,43 0444 0.4 0.41 0,54 0441 0.44
Corn 0.12 0.38 0.42 0.26 c.l0 0.28
Fruit (deciduous} @,l4 0.45 0.49 0.74 0.71 0.55 0.43 0,36 0.8
Grain sorghums 0,07 0.30 0.39 0.30 0.15 0.24
Grain and Hay 0.5C 0.75 0.58 0.12 : 0.49
Grapes (Muscat) 0.13 0.24 0.26 0.31 0.26 0.26 0.18 0.23
Hops 0.07 C.12 0,31 0.61 0.61 C.38 0.35
Ladino Clover 0.50 c.81 0.55 0.77 . 0.83 0.76 0.70 0.44 0.67
Cnions {ecarly) 0.28 0.45 , 0,30 0.34
Onions (late) 0.28 0.435 0.30 0.31 0.2 0.32
Pasture 0,11 0.25 0.29 0433 0.31 0.32 0.32 0.22 0,14 0.25
Peaches . 0.22 0.45 0.43 0.46 0.5 0.51 0.38 0.60 0.41 0.44
Peas 0.28 0.36 0.49 0.31 0.36
Potatoes {early) 0.55 0.72 0.73 0.62 0.66
Prunes 0.17 0.34 0.34 0.50 0.48 ¢.32 0.42 0.48 0.24 0.37
Rice 0,32 1,34 l.42 1.40 l.44 0,51 1.07
Sudan Grass 0.24 0.33 0.37 0,35 0.28 0.24 0.30
Sugar Scots 0,19 0,27 0,55 0.87 0.69 0.36 0.15 0.10 0.03 0.36
Tomatoes 0,32 0.41 0.71 0167 0.81 0.58
Walnuts 0.36 0.43 0.57 0.67 0,63 0.26 0.36 0.24 0.44
Watermelons 0.15 0.18 0,25 0,51 0.27

a/ Based upon consumptive use date for Daviam, California, published in “Suggested Subject Matter for Prosentation
at Irrigation Neotings” by L. J.Booher, 1948, College of Agriceltural Extension Service, Davis, California.

b7
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TABLE 9

L .
Values of 6T, for various temperatures when
computing evapo-transpiration by Penman method.

Temperature §T,8 Temperature s Ta"'
* Aba. ~ m HZD/ day °F. Fod HZU/day
-270 10.73 35 11.438
275 11,51 40 11.9%
280 12,40 45 . 12.45
285 13.20 50 12,94
290 14.26 58 13.45
295 15.30 (1] 15,95
300 16.34 65 14.52
308 17.46 70 15.10
310 18.60 75 15,65
31S 18.85 80 16.25
320 21.15 85 16,85
328 22.50 90 17.46
95 18,10
100 18.80

Note: Heat of vaporization was assumed to bu constant at $SO
gal.fgm of Hy0.

TABLE 10

Mid monthly intensity of solar radiation (RA) on a horizontal surface in m.m. of
water evaporated per day. _1_/

Northern Hemisphere Southern Nemisphere

90° 30° 70° 80° 50O° 40° 30° 20° 10° 0° 10®° 20° 30° 40° S0 60° 70° 80° 90°
Jan., — - - 1.3 3.6 6.0 8.5 10.8 12.8 l4.5 15.8 16.8 17.3 17.3 17,1 16.6 16.5 17.3 17.8
Feb, - 1.1 3.5 5.9 8.3 10.5 12,3 13,9 15.0 15.7 16.0 15.8 5.2 4,1 12,7 1l.2 10,5 10.7
Mar, -~ 1.8 4.3 6.8 9.1 11,0 12.7 13.9 14.8 15.2 15.1 1l4.6 13.6 12,2 10.5 8.4 6.1 3.6 1.9
Apr. 7.9 7.8 9.1 11.1 12.7 13.9 14.8 15.2 15.2 1l4.7 13.8 12,5 10.8 8.8 6.6 4.3 1.9 -~ -
Yay 4.9 14.8 '13.6 14.6 15.4 15.9 16.0 15.7 15.0 13.9 12.4 10.7 8.7 6.4 4.1 1.9 0.1 -— -
June 8.1 7.8 7.0 16.5 16.7 18.7 16.5 15.8 14.8 13.4 11.6 9.6 7.4 5,1 2,8 0.8 -~  -—- -
July 16.8 16.5 15.8 15.7 16.1 16.3 16.2 15.7 14,8 13,5 11.9 .0.0 7.8 5.6 3.3 l.z2 — - -
fug. 11,2 10.6 1l.4 12,7 13.9 l4.8 1§.3 15.3 15.0 14.2 13.0 1l1,§ 8.6 7.5 &.2 2.2 0.8 == -
Sept, 2.6 4.0 6.8 8.5 10.5 12,2 13,5 14.4 14,9 14.9 4.4 13,5 12,1 10.5 8.5 6.2 3.8 1.3 -
Qct, — 0.2 2.4 4.7 7.1 9,3 1.3 12,9 14,1 15.0 15.3 15.3 1l4.8 13.8 12,5 10.7 8.8 7.1 7.0
Nov., o~ - .0 1.9 4.3 6,7 9.1 1l.2 13.1 14.6 15.7  16.4 16.7 16.5 16.0 15.2 14.5 15,0 15.3
Dec, - - - 0.9 3.0 5,5 7,89 10.3 12.4 4.3 15.8 16.9 17.6 17.8 17.8 17.5 18.1 18.9 19.3

—Jl/ Computed from “ianual of Meteorology” by Napier Shaw, Vol. IX, Comparative Meteorology,
2nd Edition, Carbridge University Press, 1936, pp. 4 and S. .

Note: Values from the table by Shaw multiplied by 0.86 and divided by 59
gives the radiation in mm. of wator per day.
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Figure 3 Temperature VS, Saturated Vapor Pressure,
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Location:

Table 11 Calculation sheet for Penman method of computing evapo-transpiration

Thames River, Ontario. Latitude 43°N, Crop: Alfalfa
A, DATA: A M J S 0
. [s)
1. Air Temp.-F. 17 43,5 53.4 63.3 67.9 60.9  49.7
2. Relative Humidity - %(%st 2 . s 73 75 78 81
%, Sunshine n/N - %(Est.) 10)(13) 'S 48 56 61 kg L2
li. Windspeed,u, - Mi/day at 2 m.(Est.)}’ 133 110 97 8l 96 100
5. Radiation rate, Rp - mm. H O/day 13, 15.7 16.7 11.7 8.6
(see Appendix 11, Table 13 .
6. Reflection coefficient - %(Est,) 25 25 25 25 25 i85
B. SOLVING EXPRESSION:
RA(l - r) (0.18 + 0,55 n/N)
7. (1 - 1) 0. 0.75 0.75 0.75 0.75 0.75
8. (0.18 + 0.55 n/N) 0. 0.h%  0.49 0.49 0.k5 o0.h41
9., Item 5 x item 7 % item 8 l, 5.18 6.1k 5.%% 3%.95 2.6h4
C. SOLVING EXPRESSION:
T, (0.56 - 0.092 JEh)(O.lO + 0,90 n/N)
10, Vapour pressure
(a) Saturated, c, (See Appendix 11, - 11.0 16.0 18. 14.5 8.0
Fig.?%) :
(b) Actual.e = (R H, x e.) - 80 12,0 13, 11.3 6.5
(ci Vey - 2,8~ 3.5 3.4 2.5
11.6 T,  (See Appendix II, Table 9) 12,30 1%.286 1h4.31 1k, 14.00 12.90
12, (0.56 -~ 0.092 Veg) 0.56 0.%0 0.2} 0.25 0,33
13, (0,10 + 0,90 n/N) 0.47 0.5% 0.60 0.54 0.48
1L, Ttem 11 x item 12 x item 1% 3.24h 2,11 2,06 1.89 2.04
D. SOLVING FOR H
15, Item 9 winus item 1h 0.91 3,07 4,08 2.06 0.60



$il 61

ILETHA
H en CC<

gh'o 08'2  16°¢  Hl'w 62y 1°¢ 160 (yauow xod 123em JO ‘uT)
610°0 ¢80°0 921'0 ¢41'0 %R1'0 LOT'O LIO'O (Aep zod ad3em JO 'ur)
620 21°2 o02'¢ @9R'¢ <9'¢ L'z <HOo (Kep 1ad 193eM IO ‘um) = Lo ¢e
29’0 LS°0 680 98°0 080 99'0 1570 le'o +v ‘22
¢o'o 650 9L'o0 980 HLo 650 - ®q Lz'o 12
12°0 29’0 96't @gf'2 91'e 02’1 <220 HV ‘02
G0 0¢°0 @%'0 6%°0 ¢S60 B0 KO ( *81a ‘11 xTpuaddy 29s) ¢ ‘61
le'o + v
®3 120 + WV = T4 4od ONIANTOS ‘4
o1'0  Li'z &gz 61'¢C L'z gr'e - L1 w23t x g1 waiy gl
86°1 %6°1 6L'T 28’1t S6'1 ga'e oLe (°r géooto + 1) LI
Go'o  21°T  g&'1  SL°T  oq'l  So°1 - (Pa - ®a) s¢'0 91
(S géoo'o + 1) (Pe - "o) s¢ro = “g
40d HNIATOS ‘g
0 S v Iy Iy M A

(Ponurjuos) TT FTAVL

21

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Calculations (Jensen and Haise Method)

TABLE 12

Month R S Rg E. T E

so E/ (_;;_) (OF ) ( 't
s ; in,)

J 5.0 .23 2.45 - 19.7 -

F 6.9 .31 3.73 - 22.4 -
M 10.9 .5k 6.10 ,03%6 29.0 0.22
A 12.9 a1 7.7+ .239 43,5 1.85
M 15.2 k8  9.73 .378 53.4 5.68
J 15.6 .56 10,76  .516 63.3 5.55
J 15.5 61 11,16 .581 67.9 6.48
A 14.3 .56 9.87 .575 67.5 5.68
S 12.0 b9 7.80 .483 60.9 5.77
0 9.4 A2 5.73 .326 Lo.7 1.87
N 7.1 .27 3,62 .151 37.2 0.55

D 5.7 .20 2.68 - 25.0 -

a/ calculated from reference (10) and (13) for Woodstock,
Ontario,

TABLE 13

water = 590 calories).

Total solar and sky radiation for cloudless skies (calculated from
Budyko, 1956, Table 1) expressed in inches evaporation equivalent (1 gram

Lati-
tude Month
O N Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov., _ Dec.
60 1.1 2.6 6.4 10.3 13.9 14.9 4.4 10.9 7.0 4,1 1.7 0.8
55 2.0 3.7 7.7 1.1 14.3 15.1 4.7 11.8 8.2 5.1 2.7 1.5
50 3.1° 5.0 9.0 11.9 14.7 15.3 15.0 12.5 9.5 6.4 3.9 2.5
45 4,4 .6.3 10.3 12,7 15.1 15.5 15.3 13.4 10.7 7.7 5.1 3.8
40 5.8 7.7 11.3 13.3 15.3 15.? 15.5 14.1 11.7. 8.9 6.5 5.1
3§ 7.2 9,1 12.3. 14.0 15.3 15.7 15.5 14.5 12.5 10.1 7.9 6.4
30 8.5 10.1 13.0 14.4 15.3 15.7 15.5 14.8 13.2 11.0 9.1 7.6
25 9.5 11.0 13.5 14.5 15.3 15.6 15.4 14.9 13.7 11.7 10.0 8.7
20 10.3 11.7 13.9 14,5 15.1 15.3‘ 15.1 14.8 14.0 12.3 10.9 9.7
15 11.1 12.2 14.0 4.4 14.7 14.8 14.7 14.5 14.1 12.8 1li1.5 10.5
10 11.6 12.7 14.0 14.2 ‘14.1 14.1 4.1 14.1 1l4.1 13.1 12.0 11.1
5 12.0 13.0 13.9 13.9 13.6 13.2 13.4 13.7 13.9 13.3 12.4 11.5
0 12.3 13.2 13.6 13.5 12.8 12.0 12.5 13.1 13.6 13.3 12.7 12.0
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TABLE 14

Calculations (Hamon Method)

Month D No. of days 'g P P.E,

‘ - t
in month, ("F.) (gm./meterB) (in.)

J 0.82 51 19.7 - -
F 0.82 28 22,4 - -

M 1.02 31 29.0 - -

A 1.12 30 L3.5 .07k 1.53
M 1.26 31 55.4 .105 2.85
J 1.27 30 63.3 .1ko 3.96
J 1.29 31 67.9 174 L.9L
A 1.20 31 67.5 172 4,23
S 1.0k 30 60.9 1357 2.hk
0 0.95 31 49,7 .09 1.45
N 0.81 30 37.2 .057 0.61
D 0.78 51 25.0 - -

TOTAL = 22.01 inches,

53
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Fig. 5 Absolute Humidity vs. Dry Bulb Temperature,
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NOTATION

A cross-sectional area

c empirical coefficient = 0.55 {Hamon method)

D possible hours of sunshine (Hamon method)

d "monthly day-time coefficient (Hargreaves method)
e monthly evaporation (Hargreaves method)

(e) uncorrected potential evapo-transpiration
(Thornthwaite method)

Ea evaporation (Penman method)
Et evapo~transpiration or consumptive use
ea saturation vapour pressurc at mean air temperature

saturation vapour pressure at mean dew point

d
F effective heat in thousands of day degrees
(Lowry-Johnson method)
. (.‘txp
F sum of monthly consumptive use factors = < 100
(Blaney-Criddle method)
H daily heat budget at surface (Penman method)
h mean monthly relative humidity at noon (Hargreaves method)

22
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i heat index

K empirical seasonal consumptive use coefficient
(Blaney-Criddle and Hargreaves method)

k monthly crop coefficient (Hargreaves method)
L watex losses

N maximum possible duration of bright sunshine
n actual duration of bright sunshine

P total precipitation for the month

P,E. average potential evapo-transpiration
(Hamon method)

P saturated water vapour-weight density

P monthly percentage of day-time hours of the year
(Blaney-Criddle method)

Q =V A = streamflow

R mean monthly extra terrestrial radiation
(Penman method)

R solar radiation under existing conditions
(Jensen and Haise method)

R solar radiation on cloudless days
s© (Jensen and Haise method)

Y refleccion coefficient of surface

56
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S fraction of possible sunshine for time period

LS change in storage

T,t mean monthly air temperature

Tw = E;EE—E—El = mean annual weighted temperature
=z P

Ta absolute temperature

U potential evapo-transpiration or consumptive use

Hy mean wind speed at any height

mean wind speed at 2 meters

\ velocity

s Boltzman constant = 2.01 X 1077 mm. /day

5T
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