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Soil -Water -Plant Relationships

Knowledge of soil-water-plant relationships is the most essen-
tiai factor for successful management of irrigation water at farm
level. An irrigation engineer can use this knowledge to determine
when to irrigate, how much water to apply, irrigatien frequency,
application rate and etc, Therefore the soil-water-plant relation-
ships need to be understood by irrigation engineers who desire to

obtain the best use of irrigation water for their farms.

This chapter will discuss in detail the physical properties
ot soils, the soil water, the available moisture, the plant reoot zone
and intake characteristics of so0il which are important aspects of

soil-water~plant relationships.

Soils

Scil is a storehouse of plant nutrients, a habitat for bacte—
ria, an anchorage for plants, and a2 reserveir that stores water for
use by the plant. The amount of water a soil can hold available for
plant use is determined by its physical proporties. This amount
determines the length of time a plant can survive without irrigation
or rain. it determines both the frequency of irrigation and the
capacity of the irrigation system needed to insure continucus crop

growth.

1. Physical Properties of Scils

Two important physical propertics of soils are texture and struce—
ture. Scil texture refers to the proportion of wvarious sizes of =oil
particles 1n a given soil, Soil structure refers to the manner in
which the so0il particles are arranged in groups or aggregates,
Together soil texture and soil structure help to determine the supply

of water and air in a soil.



1.1 Soil Texture

The sizes of particles making up a soil determine its texture,
Mest agricultural soils are composed of 3 kinds of soil particles
namely; sand,silt and clay. The United States Department of Agricul-
ture (USDA) has established a criteria for identification of soil

particles according to the particle diameter as follows:

Particles Particle Diameter, mm.
Sand 0.05 - 2.0

Silt 0.002 - 0.05

Clay Smaller than (.002

To determine the texturalclass of a given soil, the particle
size distribution need tc be identified. This can be done by hydro-
meter method. The USDA soil tewtural classification triangle as shown
in Figure 1 can be used to identify the textural class of the soil

based on the percentages of sand, silt and clay particles.

fxample 1 A given soil has 50 % sand, 30 % of =ilt and 20 % of clay.

What is the textural class of the soil?

Answer According to Figure 1, the s0il is classified as Loam.

Given the soil ftexture, the water holding capacity, the in-

filtration rate and other seoil properties can be found from Table 2.

1.2 Sopil Structure

Soil structure is a soil properties relating to the arrange-
ment of the scil particles. Structure influences the rate at which
water and air enter and move through the scil. It also effects root

penetraticn and the so0il's nutrient supply.

Unlike texture, structure of the scil surface can be changed
according to the way of cultivation and irrigation practices, Some of
the recommended practices to maintain and improve the structure of

irrigated soil are as follows:
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(1} plow below compacted layers, not at the same depth each
year;

(2) allow soil to air as long as practical after plowing be-
fore giving pre-planting irrigation or before preparing seed bed;

(3) return all possible organic matter to the soil;

(4) follow a good crop rotation of legumes, cash crops and
fibrous-rooted crops; and

(5) reduce cultivation and tillage operations to a minimum.

2. Soll water

Since a constant supply of water in the scil is necessary for
plant growth, the irrigation engineer is concerned with how water
moves in & given soil, how much water a soil can hold and how much of
it is available te plants, and how the water supply c¢an be refilled.
The first two are related to size and distribution of the soil pores
and to size of the soil particles and their attraction for moisture.
The amount of water a soil holds also depends on the amount of organic
matter in the soil. Generally, the finer the soil particles and the

larger the amount of organic matter, the more water a soil holds.

2.1 Kinds of Water in the Scil

The soil pores, spaces between the particles, form a network
of connected cavities of various shape and size. When water is added
to a dry soill by either rain or irrigation, it is distributed around
the soil particles where it is held by adhesive and cchesive forces;
it displaces air in the pore spaces and eventually fills the pores.
when all the pores, large and small, are filled, the soil is said to

be saturated and is at its maximum retention capacity.

The water in the large pores that moves downward freely under

the influence of agravity is called gravitational water or free waltar.

When the supply of water to the soil is cut off, water continues to
drain from the large pores for a few days. In well-drained soils,; the
free water 1in the scil usually has been moved out before crops are
damaged. The large pores are again filled with air, The moisture

content of so0il at this level is called field capacity.




Water in the small pores that still moves because of capilla-

ry forces is called capillary water. It moves more slowly than free

water and can move in any direction but always in the direction of the

greatest tension.

Evaporation from the surface and absorption of moisture by
growing plants further reduce the amount of water in the soil until
water no longer moves because of capillary forces. It is held so
tightly as very thin films around the s=oil particles that it cannoct be
used by plants. If water is not added to the soil, the plants will

die. The remaining water is called hygroscopic water and the mois-

ture content in at this level is called ultimate wilting point.

There is a soil moisture level abeove the ultimate wilting

point called permanent wilting point. At this level of moisture

content, plants can no longer obtain enocugh moisture to meet transpi-
ration requirements. The plants wilt and remain wilted unless water
is added to the scil. When a plant wilts, growth stops. Therefore
irrigation water should always be applied to a soil before the mois-
ture content of the root zone is reduced to the permanent wilting

point.

Figure 2 will explain the relationship between soil water

and its availability to plants.

2.2 Available Moisture

In designing an irrigation system and in making recommenda-
tions for dimproved technigques of applying water, the irrigation
engineer needs to know how much of the water in a soil is available to
plants. The total amcunt of water a soil can hold between field

capacity and the permanent wilting point is called availabie moisture.

in practice, the s0il moisture content should not be allowed to reduce
near permanent wilting point because the growth will stop and the
yield will be reduced. It is suggested that irrigation water be
applied when a certain percentage of available moisture is depleted
from field capacity. The soil moisture content where the irrigation

should begin is called the critical moisture level or critical point,
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The difference between field capacity and the critical point

is called allowable depletion. For general crops, the allowable

depletion is 40 to 50% of available meisture. But the allowable de-

pletion may be reduced to 30 to 35% for expensive crops.

2.3 Calculation of Scil Moisture

The direct measurement of scil moisture can be done by taking
100 gram or more of soil samples with a soil auger. The samples are
then put in the cans with covers and taken to laboratory for weighing
and drying. After weighing, the soil samples are kept in an oven at
the temperature of 105°C for 24 hours or until they are free of mois-
ture. The weight of moisture in the soll divided by the weight of

oven-dry scil gives the moisture on dry weight basis.
There are three ways to express soil moisture.

(1} % of moisture on dry weight basis

B = Q00 wwseessenase e (1)
Wsa

where
Pw dis the percentage of moisture on dry weight
bagis,
Ww 1s the weight of meisture in secil,

Ws is the weight of oven-dry soil.

(2) % of molisture on volumetric basis

Py = %xmo R 3

where
Pv 1is the percent of moisture on volumetric basis
Vw 1is the volume of moisture in scil.

V is the soil bulk wvolume,

{3) Depth of water per depth of soil

jol}

Py
5 = {5 S ¢ § 8 5 SR e (3)



where
d is depth of water,

D 1is depth of soil.

Let A be an apparent specific gravity of soil and be defined
as the ratio of weight of a given volume of dry soil to the weight of

an egqual volume of water or

where

Yw iz the water density .

If the water density is 1 gm per cubic centimeters, the
numerical value of the apparent specific gravity is equal to the soil

bulk density (DB = Ws/V). However, the dimensions are not equal.

Given the apparent specific gravity (2s), the % of moisture on
dry weight basis can be converted to the % of meisture on volumetric
basis according te the following relation;

Pv = Pw.As. hwroaerr s suas (5)

Combining Equation (3) and (5} gives

g _ Pw.As
D 100
Pw.As.D
or d = TTUO . et (6}

Usually , for convenlences the scoil moisture is expressed as
depth of water per depth of root zone. Multiply the d/D by the root
zone depth, the soil moisture within the root zone is known. If the
field capacity in term of depth is given, the depth of water to be
applied can be calculated. Multiplying the depth of water by area,
the total amount of irrigatien water is known. This is the net irri-
gation amount. The gross amount can be determined if the irrigation
efficiency is known.

Net Amount
Gross Amount

Irrigation Efficiency = 100 x



Example 2

method, the following data are recorded.

(Pw).

Solution

of =soil depth.

Weight of can

moisture on dry weight basis

From Table 1, As =

d =

Weight of moisture in soil

Weight of moist scil including can

Weight of oven-dry soil including can

Determine the soll moisture content in % on

a

Weight of oven-dry soil (Ws) =

{Ww) -

(Pw) =

T o0 i v s s o5 weew wome @
EE: As. D
100
37.5 x 1.40 x 1.00
100
0.525 m.,

10

Tn determination of scil moisture content on gravimetric

= 138 gm.
= 105 gmn.
= 17 gm.

dry weight basis

105-17 = 88 gm.
138-105 = 33 gm.
33

§5X1OU = 30

If the scil is loam, determine depth of moisture per 1 meter

(average value)

Example 3 Determine the depth of irrigation water applied from the

fellowing data.

Depth of layer

Soil moisture

Soll moisture

S0il textures As before irri- after irriga-
cm. gation,Pw1 tion, Py,

Loamy sand 0-20 1.15 8.3 21 .1

Loamy sand 20-35 oi2D 8.7 22,5

Loamy sand 35-50 123 5.1 17.0

Sand 50-65 1.39 3.0 9.8

Sand 65-80 1.47 1.4 6.0

Solution

will done laver by layer.

Since the soil in the root zone

ig not uniform, calculaticn



11

Depth of layer e - B d = illéééiil
Soil Texture o, 2 T

com.,

(1) {(2) {3) {4)

Loamy sand 20 135 12.8 2.94
Loany sand 15 1.25 ? 13.8 2.59
Loamy sand i 15 1.23 11.9 2.20
Sand 15 .39 6.8 1.42

Sand 15 1.47 4.6 1.07
Total 10.16

The depth of irrigation water applied = 10.16 cm.

3. Flants

To design a successful irrigation system, the irrigation
engineer must know the rooting characteristics of plants and how
plants use moisture. Since a continuocus supply of available moisture
is neccessary for good plant growth, the irrigation system for any
given crop must be designed to supply right amount of water during
that crop's peak-use period. To determine the amount of scil mois-
ture available to that crop, it is neccesay to know from what depth
of soil the plants get their moisture on their moisture-extraction

pattern, and how fast they use moisture.

3.1 Root systems

The rcot system of plants is fixed by heredity and root envi-
ronment, Fach species has its own characteristic growth habit. some
plants have a tap root that penetrates deeply into scil under favora-
ble conditions. Other plants are slow growing and develop shallow

primary roots and many laterals.

The root penetration is usually limited by factors such as a

compacted layer, a layer of dry soil, a high water table, a rock layer

and etc. Figure 3 illustrates the effect of some of the limiting
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DRY S0IL AT OR BELOW
WILTING PERGENTAGE

Figure 3 So1l effects on root development.



factors in so0il on root development. Under normal conditions wikth
adequate supply of molsture, the approximate rooting depth of crops

are shown in Table 2.

2.2 Moisture-Ixtraction Patiterns

For most plants, the concentration of root is greatest in the
upper part of the root zone (usually in the top 30 centimeters) and
near the base of the plant. Extracticn of water ig most rapid in the
zone of greatest root concentration. As the amount of moisture in
this part of the rcoot zone is dimimished, soil-meoisture tension in-
creaseg. Plants then get meoisture from lower parts of the root zone.
Iin uniform soil with an adeguate supply of available moisture, almost
all plants have similar moisture-extraction pabtlerns. The usual
extraction pattern (Figure 4) shows that plants exftract 40 % of
moisture from the upper quarter of the root zone, 30 % from the second
quarter ,20 % from the third guarter and 10 % from the bottom guarter.

Values for individual crops are within a range of + 10 %.

D e
- /4 40% EXTRACTION HERE
)
= D 30% HERE
oo 4
- S
e D o
EB 4 20% HERF
<
BEl o
O x D
o uw
7
P e o e

Figure 4 Average moisture-extraction pattern of plants
growing in a soil without restrictive lavers and
with an adeguate supply of available moisture
throughout the root zone.
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Table 2 Rooting depth of full grown crops in soil without restricting

layer and with adequate moisture.

Reoting Rooting
Crep Depth Crop Depth
{m) o {m})
alfalfa 1.0 - 2.0 Melcns i.0 - 1.5
Banana 0.5 - -0.9 Olives 1.2 - 1.7
Barley 1.¢ - 1.5 Cnions 03 H 0.5
EBeans 0.5 - 0.7 Palm trees 0.7 - 1.1
Beets 0.6 - 1.0 Peas 0.6 - 1.0
Cabbage 0.4 - 0.5 Paeppers 0.5 = 1.0
Carrots 0.5 - 1l.¢ Pineapple 0.3 - 0.6
Celexry 0.3 - 0.5 Potatoes 0.4 - 0.6
Citrus 1.2 - 1.3 Ssafflower 1.0 - 2.0
Clover 0.6 - 0.9 Sisal 0.5 - 1.0
Cotton i.0 - 1.7 Sorghum 1.0 - 2.0
Cucumber 0.7 - 1.2 Soybeans 0.6 - 1.3
Dates L5 = 2.5 Spinach B8 A& 0.5
Dec. orchards 1.0 - 2.0 Strawberries 0.2 - 0.3
Flax L@ = 1.5 Sugarbeet 0.7 =~ 1.2
Gralns small 0.9 - 1.5 Sugarcane 1.2 = 2.9
winter 1.5 - 2.0 Sunflower 0.8 - 1.3
Grapes 1.0 - 2.0 Sweet potatoes 1.0 - 1.5
Grass ' 0.5 =~ 1.5 Tobacco early 0.5 - 1.0
Groundnuts 0.5 - 1.0 late
Lettuce 0.3 - 0.5 Tomatoes Dd ¥ LB
Malze L. = .7 Vegetables 0.2 - 0.6
Wheat L@ = .L.5
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Example 4 Determine the depth of water to apply to bring the soil

moisture back to field capacity. The given data are:

Secil moisture content before irrigation (Pw) = 8.3
Field capacity (Pw) = 211
Root zcne depth (D) = 1.20 m.
Apparent specific gravity {AS) = 1.15
Solution
Pw, As. D
a = 100

(21.1 - 8.3) x 1.153 x 1.20
100

= 0.1766 m.
= 17.66 cm.

- - The depth of irrigation water is 17.66 cm.

Example 5 The soil moisture measurements in the root zone of corn
field of 160 hectares indicate that the average soil moisture is 74 %
on dry weight basis. The analvsis of soil show that the goil

textural class is Loam with the apparent specific gravity of 1.45,

@

field capacity and permanent wilting point of 20 and 10 % on dry
weight basis respectively. The corn has 70 cm of rocot =zone depth.

The critical moisture level is 40 of the available moisture.

Is it proper time to irrigate the corn 7
How much water must be pumped from the canal to satisfy

the water requirement of the 160 ha. of corn field, if the application

efficiency is 70 % and the conveyance efficiency is &0

Gorn Field of
Pumy 160 nactares
'
Irrigation Ditch £ o= 709

(Eu: 60%)
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Solution

{1) Determine the critical moisture level and ccmpare to the actual

soil moisture to decide when to irrigate.

Available moisture (Pw) = 20 =10 = 10
Critical point = 40% of available moisture
Critical point (Pw) = 10 + 0.4 (10) = 14

Answer : The actual soil moisture indicates immediate irrigation

is needed.

{2) Determine the amount of water to ke pump from the canal.

The depleted soil moisture (Pw)

= field capacity - soil moisture in roct zone
= 20 - 14
= b

As = 1.45

D = 70 crm.,

The net depth of water to be applied (d)

6 x1.45 x 70 -
- 100 v

= ©6.09 cm.,

The net volume of water to be applied

609 3

= —1—6”6“}{160X‘IU,000 m.,
3

= 97,440 m.

The amount of water to be pumped from the canal

97,440 3

0.6 x 0.7 -
2

= 231,905 m.
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4. INFILTRATION

4.1 Introduction

Infiltration is defined as the movement of water from the surface
inte the soil. All water, either from rainfall or Irrigation water,
which enters the soil enters via infiltration. Knowledge of the in-
filtration characteristics of a soil is basic information reguired
for designing efficient irrigation sﬁstems. The socil infiltration
rate will affect advance and recession times, deep percolation and
tailwater runoff in furrow and border systems, advance and ponding
times in level basins, and maximum allowable application rate for
sprinkler or drip irrigation systems.

The time rate at which water is absorbed by the soil is the in-
filtration rate which has a unit of vclume .per unit area per unit
time or equivalently depth per unit time. Cumulative infiltration or
sometimes called cumulative depth is the total accumulated depth that
enters the soil in a given time period. The cumulative infiltrationm
is thus the integration of the infiltration rate, and conversely, the

infil+trarion rate is the derivative of the cumulative infiltration.

Define that

I is the infiltration rate,

b ig the cumulative infiltration,
and i is the elapsed time or an opporfunity time
t
B = 7 TR aeesdEsan I T § 2 @ s (%)
o
dp
and I = AE: e (g}

The rate at which water infiltrate soils usually decreases over
time until it becomes nearly constant. The nearly constant rate of
infiltration that develops after some time has elapsed from the start
of irrigation is known as basic infiltration rate, denoted by Ib'
The decgase is caused by the decreasing capillary pressure of the
so01l as it becomes wetb. The constant rate is due tc the constant

gravity force and the other components of the driving force, Figure 5
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infiltration curves

infilfration

Cumulotive infiltration, D

Bosic infiitragtion

//r Rate, Ib

O ] 1 i : !
0 60 120 180 240 330G 360
Elopsed Time, ¢ {min)
Figure 5. 1Typical infiltration rate and cumulative

infiltration curves.

4.2 Factors affecting infiltration rate

Infiltration rate varies from place to place on a field and it

also wvari

cm,/hr.

structure has been practically destroyed by faulty management,

major fac

{1)

es with time. Sandy soils may h

whereas clay soils may have rates

tors affecting the infiltration of

the soil moisture content,

(2) soil texture,

{(3) s0il structure,

{4) conditions of the soil surface,
(5} vegetative cover,

{6) depth of water on the soil surface

ave rates 1in excess of 25
approaching zero when soil
The

water into the soil are:
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Pre-existing soil moisture content will affect the initial infil-
tration rate. Drier soilsz will have higher initial rates, due to
their high capillary pressure. As the soil moisture content rises,
the rate decresases.

Infiltration rates are usually lower in soils of fine texture,
clay soils, than in soils of coarse texture such as sandy soils .....
due to pore spaces between soil particles.

Soil layers with low hydraulic conductivities, either at or below
the soil surface, will limit the infiltration rate, especially the ba-
si¢c infiltration rate. In addition, surface crusts, silt deposits,
surface cracking, plow layers or clay layers will have a major effect
on infiltration.

Infiltration rates are affected by the vegetative cover on the
soil surface. Infiltration rates on grass land are substantiaily
higher than for bare uncultivated land. Additions of organic matter
increase infiltration rate substantially.

The increase in depth of water increases the water pressure at the
surface and consequently increases the infiltration rate.

pue to the variability of those factors, care must be taken in
choosing locations for infiltration measurements in order for the re-
sults to be representative and meaningful. Several measurements are

required to achieve a reliable estimate of the infiltraticn rate for

a Tield. Suggest 4 to 5 measurements.

4,3 Infiltrtation Equation

Several mathematical relationships or models have been proposed

for infiltration rate and cumulative infiltration. But the most often

use is Kostiskov-Lewis equation:

D = At b 35 B Y EE Y . (10)
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where
D = cumulative infiltration, cm.,
= = elapsed time, min.,
A, B = characteristic constants (usually reange from

0 ta 1)

The instantaneous infiltration rate at any time 't' after the
start of irrigation may be obtained by differentiating the cumulative
infiltration equation. From Equation (10}, we get:

aD

B-1
= == = G B BRI 5 5 R NN 11
T = ABt {(11)

where

=
It

instantaneous infiltration rate, om./min.

4.4 Determination of Infiltration

Several methods can be used to determine the infiltration charac-—
teristics of a soil under field conditijons. Methods frequently uscd
for basin and border irrigation are:

(1) <«ylinder (ring) infiltrometer, and

(2) Basin infiltrometer.

The two common methods used for furrow irrigation are:

{3) Blocked furrow infiltrometer, and

(4) Inflow-outflow measurements on a segment of a furrow.

The cylinder infiltrometer technique which is the most common use
is the only method to be discussed here. The measurement of infiltra—

tion rate for furrow irrigation will be discussed later under the topic

"Surface irrigation technigques".

Cylinder Infiltrometer Mathod

The Cylinder or ring infiltrometer (Fig.6) is a metal cylinder

which is driven into the soil. It measures primarily the vertical
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rate of water movement intce the scil surface (one-dimensional) from
the pond it encloses. Cylinder infiltrometer infiltration data are

cbtained by measuring the depth of ponded water inside the cylinder at

time intervals.

Figure 6 Cylinder infiltrometer in use.

After water penetrates the soil to the depth of the bottom of the
cylinder, it will begin to spread radially as well as vertically and
the infiltration rate will change accordingly. Buffer ponds sgurroun-
ding the oylinder are used to minimize this effect. Buffer ponds can
be constructed by forming an earthen dike around the cylinder or by
driving a larger diameter cylinder into the soil concentric with the
cylinder infiltrometer. Water is maintained in the area between the
two cylinderé at about the same depth as that in the inner cylinder.

Two problems may make infiltration rates measured by cylinder in-
filtrometers unrepresentative of true infiltration rates. One is that
the soil may be disturbed when the rings are driven into the ground.
The second is that the ponded water may not duplicate real conditions.

For example, although infiltration rates are not too sensitive to the
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water presssure at the surface, or eguivalently the depth of water on
the surface, water pressure will have some effect, The infiltration
rate measured with an infiltrometer with 20 em. of ponded water will
not be equivalent to that in a border with 5 cm. water depth, or to
that under a sprinkler where no water is ponded. Also, air which is
trapped under a level basin may escape laterally from around the in-
filtrometer. Finally, under real conditions, water usually moves
acrose the soil surface rearranging surface particles. This erosion
and agygregation which does not occur in ponded infiltration tests

tends to seal soil surfaces and reduce infiltration rates.

A. Equipments

1. A& wylinder infiltrometer 30 toc 50 cm. in diameter and 30 to 40
cm. in length, made of smooth steel, rigid enough to allow it to be
driven into the ground, but still thin enocugh to enter the soil with
minimum disturbance. Two millimeter thick (14 gauge) steel will
usually work, but may need reinforcement around the upper edge. The
larger the diameter of the cylinder and the deeper the cylinder pene-
trates the soil, the less will be the edge effects and the greater
will be the accuracy of the measurements.

2. A buffer cylinder having a diameter at least 30 cm. greater
than the infiltrometer and a length of about 20 cm.  Construction
should be similar te that of the infiltrometer. Sections of 55 gallon
drumg can be used as buffer cylinders. Alternately, the buffer "ring"
can be a diked area surrounding the c¢ylinder infiltrometer.

3. A water level gauge for measuring the changes of water level
in the cylinder infiltrometer. A simple hock gauge is shown in Figure
3, although other arrangements are possible,

4. Egquipment for installing the cylinders such as a metal plate
or heavy timber and a sledge hammer.

5. A plastic sheet or other waterproof membrane.

6. Source of water (about 200 liters)

7. Bucket

Also: watch.
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B. Instailation FProcedure

T+ Select a representative location and examine carefully for
signs of unusual surface disturbances, such as stones that might dam-
age cylinders, cracks which might give ncnrepresentative readings, etc.
Avold areas that may have been affected by unusual animal or machinery
traffic. HNote the scil type and condition {(tillage, vegetation, mois-
ture) .

2, Drive the infiltrometer cylinder to a depth of at least 15 cm.
The cylinder should be installed as vertically as possible. This can
be assured by checking the aligmnment freguently during the installa-
tion procedure. Do not drive the cylinder into the soil irregularly
so that first one side then the other goes down. This procedure pro-
duces poor contact between the cylinder wall and the soil, and may
disturb the soil core within the cylinder. If the cylinder gets out
of alignment while driving, remove 1t and reset it in a comparable
area nearby.

3. BSet the buffer cylinder around the infiltrometer and drive it
into the soil. This outside cylinder need not be driven as deep as
the cylinder infiltrometer—--generally, 5 to 10 cm. inte the soil will
be adegquate,

4, Place a plastic sheet or other waterproof membrane on the soil
within the oylinder infiltrometer so that it forms an inner cyliﬁder
to hold the water. The plastic should be in contact with the socil at
the bottom of the infiltrometer and extend up the walls of the infil-
trometer at least 15 cm.

5. Fill the buifer pond with water to a depth roughly equal to
the depth desired in the inner ring. Maintain roughly eguivalent
depthe throughout the period of observation.

6. Fill the cylinder infiltrometer with water to & depth of
about 10 cm. In extremely porous (high intake} soils, a greater depth
may be needed.

7. Place the hook gauge board on the cylinder and set the point
of the gauge at the water level. Read the scale from the top edge of

the clip. This is the initial depth reading and will correspond to
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the initial time reading.

i 8. Quickly, but gently, remove the plastic membrane recording the
time at which this is done. This is the initial time reading. Make a
hook gauge reading as soon as the water surface is still enough to do
s¢, and compare this reading to the initial one (o insure that there
were no alr spaces below the plastic.

9. Make additional hock gauge readings at pericdic intervals and
record the hook gauge and time readings. Intervals between observa-
ticons should be short (2 to 5 min.) at the start of the test. After
20 minutes the intervals may be increased to 10 to 20 min. After about
2 hours, measurements made at 30 to 50 minute intervals will usually
be sufficient.

10. When the water level has dropped 4 to 5 cm. in the eylinder
infiltrometer, carefully add a sufficient volume of water to return
the water surface to the approximate initial level. The known wolume
of water added, divided by the crossectional area of the cylinder,
gives the depth of water added to the cylinder. If a veolumetric con-
tainer is not available, the added depth can be closely estimated by
the 'depth readings just before and after the water was added. The
volume added and coresponding depth added, or the estimated depth
added should be recorded on the data collection sheet.

11, Where abnormally high or low infiltration values are indi-
cated by the test results, the infiltrometer should be dug ocut and the
soll examined for possible causes. If, while running the test, an
obviocus cause for a high rate of infiltration can be seen, such as
water rising outside the cylinder, the test should be terminated im-
mediately and the cylinder moved toc a nearby location and reinstalled.

12. The measurements should be continued until the change in
depth over time becomes fairly constant. The time required will
generally vary from 3 to € hours, depending on the preexisting mois-

ture conditions and soil hydraulic condictivity.

C. Analysis

The infiltrated depths over time were measured as tabulated in
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Table 3 Infiltration Test
Location ,ELOT-21 , Observer M-X , Date 9/26/86 .....
CESBy 5 SO e > Root zone depth ..JPQ.FﬁZ ...............
Soil: testure n.?§3?¥“9P5X.¥?5¥ ...........................................
GO NESEOH A wns me e o D B et e e e e
REMALIOER mwsersimsmisin scbises s snsi S0 BER Homre memsmomimen oo e s S 560, S8 S S 5
Cylinder 1
Time Infiltration
minutes Cm.
watch diff cumu depth diff Cuing
T i85  lrwvvessssess s 0 6.3 i 0
------------- 1 A r MUt rer e (e am s s a Lt s 0'3 R T
56 |-cereccenaaan 1 S N R LR R 0.3
............. 3 we ErELE RS UL AR Sk 0.5 e
5  rresesvacnoan 4 Tl o 0.8
------------- 2 0.1
11:01  j-ermeimeeens 6 Tl  meesriesaenens 0.8
------------- 4 R e Tl E kT T I 0.4 rremacesanaaa
05 e 10 N T e 1.3
------------- 12 0.8
17 deeemrenenanen 22 8,4 feeeeeaiaaan.n 2.1
............. G D I A 0.4 e iasamaa-
26 freeereeiasen- 31 BB | eeeeeneeiaans 2.5
............. 12 B T T T I 0.3 B
38 freereecsanenn 43 .7 Jeeerersecacas 2.8
............. 25 Peme s et eaeam . 1 41 i
1T2:03 fo-emeveenaans 68 10,2 | emreneniaaan. 3.9
............. 18 I T IT T I VR 0.2 nceecvrreumns
4 I L 86 104 [evcmemcnenna. 4.1
............. 18 D R T Jr TR U [Py Se U 0.6 e W S
39 e 104 11.0 0 Jemvennoanaans 4.7
............. 41 cecrerenrrnas [aban i annas 1.2 sseccscsanmns
1120 feereeccnaaas 145 12,2 leereemaeea 5.6
............. 38 B T T [ 1.3 verresarse e
58  frreeeeeemaens 183 13.5 [ ereeccannenns 7.2
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Table 3. The elapsed time (t) and the corresponding cumuiative infil-
tration (D) were calculated, The infiltration data should be Ffirst

fitted by Eguation 10. This can be done graphically using log-log

DAPET .

A power curve of form
b = AtB
will plot as a straight line on log-log paper with
B as the slope of the line

and A as the D value at € = 1.

The plot of B against t on log-log paper shows a straight line as

shown in Figure 8, Thus the cumulative infiltration of Table3 can be

expressed as ;

0.56
£ 0 1249
and the infiltration rate can be expressed as
-0.44 .
I = 0.37 x 0.56 ¢ cm./min.
-0.44
or I = 60 x 0.37 £ 0.56 t cm./hr.
= 12,43 £
150 - - - :
¥ 12.43 '_{,{_l{ ;:L .
NAER i an) i
100 NGy 1
5 L O {mnn
e
T
E é 6,0 !Hl!“}?“! %
T 5 . ——— =
A 40 B :
g H I : :
o E 1 ; t
~
P! I ‘
E E RmEEa = }
U === '
- e i :
b 4 :i ) T T
e ‘ ]
-81: : )[ r}). )
oo 1,0 i P ' T
oot i : Qe/ ‘2_ b T : ——
= o g ol S EAETEIAIIBEEE o S
&2 e o e 3 S & s o B B v e e A R AR
i s '+h!?m;“;”‘ :IFH§§}} 1111021 M WA R RmERHAEIT e
m o T e e e e = s .86 :
o e T 3 = e D=0.37¢ cm. Tt
ﬁ g e ===tC 1 5 e 0.44 s
e 0.37 e = H1=0.37x0.56x60t . EEE
= === = == il =
= e b e =712.43% cm. /hr . B
o B e e e e e e e
2 2 4 6 1o 20 48  so 100 240 400

Elapsed Time t (min.;

Figure € Infiltration rate and cumulative infiltration curves
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FPigure 8 will help determine the intake opportunity time
required for applying a certain amount of water into the scil and also
can give the infiltration rate of the so0il at any time after the start

of irrigation.

EBxample 6

(1) Determine the infiltration rate of Plot Al at {1 and 2

hours after irrigation.

From Figure 8, T at 60 minutes = 2.1 cm./hr.

I at 120 minutes = 1.5 om./hr.

(2} Determine the intake opportunity time for 6.0 am,., of

water.

From Figure 8,

t = 145 minutes.



Training Course on Irrigation Design and Management

{August 87)

Exercise No. 1

Soil-Water~Flant Relationships

1. In collecting an undisturbed goil sample from Ploit No.l using a
soil core sampler, the ring of 5.00 cm. in diameter, 5.00 cm. high and
40 gm. of weight was used. The weight of scil sample and ring was
180 gm. After kept in oven at 105°C for 24 hours, the soil sample and
ring weighed 150 gm. Determine the apparent specific gravity of the

soil and the soil moisture in % on dry weight and volumetric basis.

2. The soil sample in (1) was send to a laboratory for determining
the field capacity and parmanent wilting point. It was found that the field
capacity and the permanent wilting point of the soil in Plot No, 1
are 30 and 18 % on dry weilght basis respectively. Determine the avai-~
lable meisture of the soil in term of % on dry weight basis, % on
volumetric basis and the ratio of depth of water to depth of soil, and
calculate the moisture of the solil sample in term of % of available

moisture.,

3. The mung bean is grown in Plot No. 1. The general characteristics

of the mung bean are given belcw:

the rocting depth = 50 com.
the consumptive use = 4 mim. /day
the critical moisture level = 30 % of available moistire

Determine
(1) the allowable depletion in term of % con dry weight basis,
{2} the net depth of irrigation water to be applied in each
irrigation in mm. ,
(3} the gross volume of water to be applied, if the water

application efficiency is 60 % and the area of Plet No. 1 is 10 hectares.



(4) the irrigation freguency

(5) if the source of water supply comes from a pump well which
has the pumping capacity of 30 m?/hra and can operate 8 hours per day,
determine whether the pumping capacity is adequate to irrigate the
whole area of Plot No., 7 (10 ha.}). If not adequate, what would you
suggest to increase the pumping capacity to satisfy the idrrigation

water requirement of Plot No. 1.

4. The scil in Plot No. 2 which grows corns has the field capaclity
and permanent wilting point of 25 and15 % on dry weight bhasis respec-
tively . 1Its apparent specific gravity is 1.4.

The determination of soil molsture of Plot No. 2 was made, on
August 1, 87 throughout the root zone depth of 20 cm. The following

data were obtained:

weight of moist scoil including centainer = 180,04 gm.
weight of oven dry soil including container = 152.84 gm.
welight of container = 42,2 gm .

a

If the critical point is 50 % of available moisture, determine,

(1) 1Is irrigation needed on August 1 7

(2) If the consumptive use cof crop is 6 mm./day, what is the
date to irrigate.

(3) The irrigation freguency.



5. The field measurements of infiltration by double riang infiltrometer

gave the data as shown in the following table.

Time - Minutes Infiltration - mm.
Watch Diff. Cumulative Depth* Diff. Cumulative
(1) (2) (3) (4) (5) (&)
8:00 0
10 —_— 44 —_————
20 e 70 e b ey
30 ——— 89
45 e 111 R %~f*m*WWﬂﬂwﬁﬂ:
9:00 e e 20 ; |
30 e i 56 —————
10:00 —— 85 R ——‘—_
11:00 ——————————; é 48 % é
13:00 | IR : !

*
Measured from the top of ring

R. Refilled to zero reading.

Plot the cumulative infiltration depth versus time on log-log
paper and determine the eguation for cumulative depth and infiltration
rate.

If it is desired teo irrigate 100 mm, of water by flooding method,
what will be the time required for water to stand on the surface? What
are the infiltration rates at 15 minutes and 2 hours after applying

the water?
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Training Course on Irrigation Design and Management
(August 87)

Solution to Exercise No.l

Soil-Water-Plant Relationships

Data of the soil sample collected from Plot No. 1 are :-

volume of ring (V) = -g(S.D)Zx 5.0 cm?
= 98.175 I
weight of ring = 40 gm.
welght of moist soil plus ring = 180 .
welght of ovendry soil plus ring = 1506 "
Calculation
weight of ovendry soil {WS) = 150 - 40 o
= 110 "
weight of moisture in soil (W ) = 180 - 150 "
= 30 "
: 3
water density (yw) = 1 gm./cm.
WS
Apparent specific gravity (A ) =
s VoY
w
_ 110
98.175 x1
= 1.120

% of moisture on dry weight basis (Pw)

- Y w100



30
=W6X'{OD
= 27,27
% of moisture on velumetric bagis 6Pv)
vw
= — x 100
o = B g oA
W 5

= 27.27 x 1.120

= 30,54
Data (Seoil of Plot No.1)
Field capacity (Pw) = 30
permanent wilting point (Pw) = 18
Calculation
available moisture (Pw) = 30 - 18
= 2
available moisture (Pv) = 12 ® 1.12
= 13.44
available moisture (g) = .EY_
D 100
B 13.44
B 100
= 1314 cm. of water/ cm. of soil
Soil moisture content = _27;%272—_18 x 100 = 77,25 % available M.
Data (Mung bean in Plot No.1l)
rooting depth = 50 cm.
comsumptive use = 4 mm . /day

critical moisture level = 30 % of available moisture



Determine

(1) allowable depletion 100-30 % of available moisture

= 70 n

(2) net depth of irvigation water

I

allowable depletion from the

root zone of mung bean

70 2
= ';i"'é"d x 0,1344 x 50 cm.
= 4,7 : N
= 47 mm .,

(3) total depth of irrigation water

_ net depth mm.

" application efficiency

. | !

T 0.60

= 78.3 "
the area of plot No.t = 10 hectares

gross volume of water to be applied
= total depth x area

78.3 3
TO‘B—OX1OX1O,OGD M.

= 7830 !

{(4) irrigation frequency

net depth
consumptive use

= %; day s

= A el "

= Use 11. "



{5} According to the designed irrigaticn frequency of 11 days,
the area to be irrigated in each day

%QA = 0.9 hectares

the net depth to be applied

i

consumptive use x irrigation freguency

il

4 mm./day x 11 days
= 44 T .
the total depth

= A i «

gross volume = x 3.91 x 190,000 m?

li
o)}
jex}
J
.
o

i
oo}

If working hours hr . /day

Thus, the required pumping rate

3
- = m./hr .

The well pumping capacity of 30 m?/hr. with & working
hours per day is not adsguate to satisfy the water reguirements of

10 hectares of mung bean in Plot No. 1.

Suggest to use 83.4 m?/hf-with 8 working hours a day or 30 m?/hr.

with 27,2 working hours a day.



4. Data

Growing corns in Plot No. 2

field capacity (Pw) = 25

permanent wilting point (Pw) = 15

Ag = 1.4

root zone depth (D) =90 cm.,

critical point = 50 % of available moisture

S0il moisture determination data

Sampling date : August 1, 87

weight of moist soil plus container = 180,04 gm .
weight of oven dry scil plus container = 152.84 L
weight of container = 42.2 =
ww
501l moisture (P ) = — x 100
W Ws

180.04 - 152.84
= 75%.84 - az.p 109

= 24.58
Determine
(1) Available moisture (Pw) = 25 - 15
= 140

Sclil moisture at critical peint (Pw)

= permanent wilting point (Pw) + % of available

moisture at critical point {Pw)

= 20

1l
ut
-+
»
o

Soil moisture (Pw) on August 1, &7
= 24,58 {almost at field capacity)

Thus, irrigation is not yet needed.



(2z) The remaining moisture in corn root zcone before irrigation

Consumptive use of corn

The date to irrigate

(3) Allowable depletion (Pw)

Il

1t

Allowable depletion

consumptive use fo corn

irrigation freguency

F . A . D
W S

100

{21.58 - 20) = 1.4 = 90

25

100 cm .

57.7 mm.

6 mm. /day

57.7
&

August 1 +

aungust 10

field capacity - critical point

5 x 1.4 x 30

160 Cllta

6 mm. / day

allowable depletion
consumptive use

63 mm.

& mm. /day

10.5 day s

Use 10 days



Time - minutes

Infiltration - mm.

Watch Diff. Cumulative Depth Diff. Cumulative
(13 (2) (3) (4) (5) {6)
8:00 0 0 0

10 44
10 10 44 44
10 26
20 20 70 - 70
10 12
30 — 30 B9 8%
18 22
45 45 111 R 111
i5 20
9:00 60 20 131
30 36 —_
30 90 56 P 167
30 ; 29
10:00 120 | 85 R S 156
€0 i 48
11:00 180 f 48 244
120 76 —_—
13:00 300 124 — 320




1,000

100

Tnfiltration Rate {I) — mm/hr.

N

Comilative infiltration Depth (D) - mm.

N\

-
<

1 10 100 400
Flapsed time (t) - min.

Plot the cumulative infiitration depth vs. time.



From the plot of D

D (mm.) =

I {(mm./min.) =

Determine

The opportunity

D &

The infiltration rates of

after applying water,

V3.

t on log-log paper, we obtain that

P59

1.8 ¢~ {1}

db
dt

d 0.
— 11.8 t
at 1 t

59

11.8 x 0.59 ]

6.962 t'o‘43

60 x 6.962 Pl mm. /hr .

417.72 t_0'41 mm. /hr .

.........

time for applying 100 mm. or water

R L

0:5159

min.

this soil at 15 minutes and 2 hours

1 o= m7.72 £ 07
t =15 min.
¥ 8 1.7ERE) e oo &
= 137.6 !
t = 120 min. (2 hours)
T = 417.72 (120724 "

1l

58.7 "
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Evapotranspiration and Irrigaticn

Water Requirements

1. Introduction

The irrigation water requirement is one of the most important
parameters for planning, designing and operation of irrigation
sy stems. Incorrect estimation of the requirements will result in
wrong design capacity of the water distribution system, operational

problems and, consegquently, low overall periormance of the systems,

Irrigation water requirements consists of many components

which can be identifined as follows:

(1) Crop water requirement or evapotranspiration (ETC).

(2) Requirement for maintaining salt balance in the root
zone or leaching requirement (LR).

{3} Reguirements for other related activities such as land
preparation, nursery, control of crops environment
during severe weather conditions, spraying chemicals,
etc.

(4) Requirements for losses in conveying and applying water

te the crops.

2. Crop Water Requirement (ETc)

The terms 'crop water requirement, evapotranspiration and con-
sumptive use"have been used synonymously. They mean "the depth of
water needed to meet the water losses through evaporation and transpi-
ration of a disease-free crop, growing in a large field under non res-

tricting soil conditions including soil water and fertility and

achieving full production potential under the given growing environ-

ment" (Docrenbos and Pruitt, 1984).

By definition, the crop water regquirement is the sum of two
terms; (1) transpiration, which is the amount of water entering plant

roots and used to built plant tissues and the excess is passed through



leaves of plant into the atmosphere, (2) evaporation, which is water
evaporating from the soil, water surfaces and plant canopy wetted by
dew, rainfall or irrigaticn. Schematic sketch of terms representing

evapotranspiration components is presented in Fig. 1.

Crop water reguirements are usually expressed in terms of
depth per unit of time such as mm/day, mm/month or in other similar

units.

3. Factors Affecting ETs

The evapotranspiration rate of crops i1sg affected by many
factcrs which can be classified into four main groups; (1) climatic

factors, (2) soil facters, (3) plant factors, and (4) cultural factors.

3.7 Climatic Facteors The climatic factors which influence the

evapotranspiration rates are those that can be converted to energy
available and induced vapor pressure gradient on the plant and soil
surfaces. To evaporate 1 gram of water at 2OOC. it reguires heat
energy of approximately 585 calories. Generally, the climatic factors
controlling ETc rates are:

{1) Net sclar radiation, (Bn) which ig affected by the in-
coming solar radiation (Rs), cloud cover, angle cof the
sun's radiaticn which depends on season, time of the day,
latitude and slope of the land, the properties of evapo-
rating surfaces, etc.

(2) Relative humidity of the air moving over the surfaces.

{3) The velocity and turbulence o the air.

(4) Temperature of the air relative to surrounding tempera-

ture of plant canocpies,

Factor (1) determines the main energy source available direct-
ly from the sun. Additicnal of this may come from stored heat in the
moving air mass. The low humidity and turbulent wind increase vapor

pressure gradient and transport capability of the air which results in

more water logses from the cropping area.
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3.2 3%o0il Factors The most important soil factor affecting crop

evapotranspiration rate is the amcunt of available water in the root
zone. When the soil moisture is at cor near field capacity, the plant
usually can obtain water from the soil fast encugh to satisfy evapora-
tive demand dictated by climatic conditions. As the soil moisture
decreases cleose to permanent wilting point, it becomes more difficult
for the roots fto cobtain water for transpiration. Under this condition,
the crop evapotranspiration rate will be controlled by the area at
which plant roots extract water from the soil.

Transpiration rate can alsc be influenced by soil temperature,

high salts and toxic concentration of the soil.

3.3 Plant Factors The plant factors influencing evapotranspira-

tion can be divided inte three categories: (1) aerodynamic roughness
of the plant which relates to geomeltry and stiffness cof the plant
canopies, uniformity of the top surface of plant populaticon, etc.
These properties influence the efficiency of water wvapor removal and
cbsorbing heat energy from the moving air mass, (2) degree of ground
coversand plant population which account <for interception of solar
energy and the relative size of sustaining evaporating surface,

{3) the rcot density and distribution which contrel the rate at which
plant can extract moisture from the soil and transport to plant leaves,
and (4) stomatal resistance to the flow of water vapor to the atmos-
phere. All plant factors depend upcon the kind of plants and their

stage of develcpment.

3.4 cCultural Factors The cultural factors influencing evapotrans-

piration are those related to evaporation from the soil and plant
surfaces and transpiration by vegetation. Frequent irrigations in-
crease evaporation loss. Sprinkler irrigation which thoroughly wet
the soil and plants losses more water by evaporation than furrow or
trickle irrigation. On the other hand, reduction of the losses from
soil surface during the early stage of crop development can be done by

surface mulching, shading, tillage and weeding.



4, Direct Measurement of ETc

There are several methods for direct determination of crop
evapotranspiration. The principal methods are soil moisture studies,

water balance and, lysimeter meagurements.

4.1 Soil Moisture Studies Average crop evapotranspiration can be

determined by observing changes in soil moisture content over a period
of time. Secil moisture measurements taken at twe different dates are
used to determine the change of scil meisture. The average rate of

evapotranspiration between the date can be calculated wusing the

equation:
1
W ii1(@1~ 8,0, AS + R - W,
ETC = T = T e ses e e )
At
where Wet = the total water used by evapotranspiration.

At = time interval between the two sampling dates.

n = total number of layers through the depth of effective
root zone.

91, 92 = the wvolumetric sgo0il meoisture content of the same
soil layer on the first and second sampling dates
respectively.

AS = the thickness of each soil layer.

Re = the effective rainfall, the amount of rainfall which
infiltrated into the scoil.

Wd = drainage from {(+) or upward flow toc (-) the zone

root.

Reliable of ETC determined by this method require adequate
precautions on determination of representative sgampling sites and

number of samples, determination of effective rainfall and drainage or

upward flow pact the bottom <f the zone camplod. This mcthod 1ioc oo
labourious and time consuming that at present most investigers changed

to a more convenient and reliakle method of lysimeter measurement.

4.7 Water Balance Method The water balance method has heen used

for determination of long-term evapotranspiration in large area in



which the inflow and outflow are determined from rainfall and stream-
flow measurements. The values of ETc is calculated based on the water

balance equation

ETC = P~ (R + A + A8 SrE v B DD SieINE 8 8 s s s g (D))
where ETC = crop evapotranspiration

P = precipitation

R = surface runoff from the waterched

AG = groundwater reservoir recharge or drainage

A8 = change in so0il moisture content

The method has, generally, been used mostly for water balance
studies of well defined boundary of river basins. The calculated ETC
is only a gross estimated of average evapotranspiration of both culti-

vated and native crops.

4.3 Lysimeter measurements Lysimelters are tanks filled with soil

in which crops are grown under natural conditicns to measure the amount
of water used by evaporaticon and ftranspiration. From teachnical point
of view, lysimeters are developed only to enable the operator to
measure accurately all components in the water balances eguation i.e.,
water added by irrigation or rainfall, water retained by the scil, and
losses by evapotranspiration and percolation. At present, lysimeters
are considered to be the most reliable and widely used instrument for
direct measuring crops evapotranspiraticn. However, their installaticn

must meet the following requirements:

(1) The lysimeter should be fairly large and deep to permit
free growth of plant roots. 1In general, the soil volume
should be at least one cubic meter for short rooted

Crops.

(2) The crop coversand siting must be fully representative
of the natural field conditions., The crop in the lysi-
meter should not either taller, shoriter, denser or
thinner or the lysimeter is located on the periphery of

cropplng area.



(3) The physiecal conditions within the lysimeter such as
soil texture, structure, moisture content, etc., must be
comparable to those cutside.

(4) In order te minimize the heat advection effects, the
lysimeter should be located at a sufficient distance

from the upwind edge of the surrounding area.

There are many types of lysimeter being used at present,.
These can be grouped into two categories: (1) non-weighing types and
(2) weighing lysimeters. The non-weighing lysimeters are those which
water use rategs are determined mainly from velumetric measurement of

the inflow to and outflow from the lysimeter.

Some of the ncon-weighing lysimeters are:

(1) Percolation or drainage type (Fig.Z2) which bottom of the
tank is filled with gravel and a drainage pipe connected to collect
and convey the drained water toc the observation tank for measurements.

(2) Constant water table type (Fig. 3) which water used by
crops 1s supplied from a constant water table level controlled by
float wvalue. The amount of water used by crops can be measured
directly from the change in water level in the water supply tank.

(3} Rice lysimeter (Fig. 4} which consists of four tanks,
two of which are opened bettom. For each of the two opened and closed
bottom tanks, one is planted tc rice, the other without any crop.
Water used by the crop 1s measured by the drop in water level in the
tanks with hook gages. Each component of water requirements for paddy
field: evporation, transpiration, evapotranspiration and percolaticon
can be calculated from the difference in water losses between two tanks

which have one extra component of the reqguirement.

Generally, the non-weighing lysimeters are simple, and inex-
pensive, and no limitation on the size. However, the accuracy of
measurements are less than the weighing types. They usually are used
for long term measurements such as monthly or seasonal water require-

ments.



: Percolation
Chservation
Tank
Fig. 2 Percolation type lysimeter
n
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A. Evaporating tank E. Overflow mechanism
B. Underground irrigation pipe F. Overflow tank
C. Carburetor float valve G. Connecting rubber
tubing

Fig. 3 <Constant water table type lysimeter
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The weighing lysimeters determine the changes in soil water
in the tanks directly with mechanical scale, load cell or hydraulic
instrument. Scme of the lysimeters of this type are: (a) Mechanical-
ly weight type of University of California at Davis (Fig.5) which is
20 feet in diameter and 3 feet deep. The sensitivity of the instru-
ment was (.0012 inches of evapotranspiration. (b) Float type (Fig.6)
which operation of the system is based on Archemedes' principle. The
goil container is equipped with bouyancy chambers and is floated in
liguid held in an outer container. A loss or gain of weight in the
lysimeter results in a change of liquid level which can be converted
to equivalent depth of evapotranspiratiocon. {c}) Hydraulic weighing
type (Fig.7) which the total weight of soil filled tank is distributed
on water filled rubber bags. The pressure in the bag, therefore,
varies directly with the weight of the tank, Changes in water
pressure developed by loss or gain of the weight can be read from the
manometer in the observation tank and can be converted to evapotrans-—

piration depth.

In general, the weighing types lysimeters are more accurate
than the non-weighing types. The float and hydraulic weighing lysime-
ters can be used for daily evapotranspiration measurements accurately
while the meachanically weight type of the University of California
can measure with exceptional accuracy for a periocd of as short as 4

minutes.

5. Calculations of Reference Crop Evapotranspiration

Evapotranspiration data are essentisl for planning, design,
and operation of irrigation systems. Direct measurements are time
consuming, expensive and usually not available where they are needed.
Since the valuecs of crop evapotranspiration depend on numercus factors
as indicated previously, in practice, they are estimated base on

climatic data and crop coefficient according to the relation:
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(o c o
where ETC = crop evapotranspiration,
Kc = crop coefficient which varies with the crops and

their growth stages,
ET = potential evapotranspiration or reference crop

evapeotranspiration.

The term potential evapotranspiration was defined by Penman
(1956} as “The amount of water transpired in unit time by a short
green crop, completely shading the ground, of uniform hieght and never
short of water". The short green crops commonly selected for ETO
measurements are grasses. However, other crops such as alfalfa and
rhine were also used by many investigators. To avolid confusion, name
of the crop used in potential evapolranspiration measurements or deve-
lopment of estimating formula has to be specified. This requirement

gives a new term: "reference crop evapotranspiration'.

The concept of potential evapotranspiration i1s gquite useful
because when the soil moisture is not limited, the other influencing
s0i]l factors become negligible. Selection of grasses as reference
crop would also eliminate crop factors affecting evapotranspiration
rates because short green grasses have uniform population density and
the aerodynamic will be practically the same for all growth stages.
Evapotranspiration rate of short green grasses, growing in soil with
sufficient scil moisture, therefore, depends only on the climate
conditions of the field. Nurerous formulae for estimating pctential
evapotranspiration have been developed based on this concept. Thus,
where climatic data are available, it is possible to estimate the
potential evapotranspiration rates for that area by using any of these

formulae.

The crop coefficient, KC, is a crop and its growth stage de-
pendent. It is derived experimentally from a ratio of the crop evapo-
transpiration to reference crop evapotranspiration measured under the
same go0il, climatic and cultural conditions of the same time pericd.

Precautions has to be taken in using crop coefficients presented in
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the potential evapotranspiration formula being used.

There are many methods available for estimating potential
evapotranspiration from climatic data. Jensen (1273) classified
these formulae into five categories: temperature, radiation, combi-
nation, humidity and miscellaneocus. Each of the five consists of
many formulae. Selection depends on the data available: climatic
and topographic conditions of the area and perscnal preference.
Typical formulae commonly used are Blaney-Criddle, Radiation, Penman

and pan evapcration metheds, which are discussed next.

5.1 Blaney-Criddie Formula Blaney-Criddle formula was initial-

ly developed and intended for estimating seasonal consumptive use
of crops. The formula is given by:

It.p

U = K'1OO o e § e e

where U = consumptive use of the crop during the growing

season 1n inches,

K = crop coefficient,
. . 0O
t = mean monthly alr temperature in F,
o} = monthly percentage of daytime hours of the vear.

Although the Blaney-Criddle formula was one of the most
widely use among its class, it has become less and less favour by
most scientists and engineers. The weakness of the method, like

other temperature based formulae, can be summarized as follows:

(1) The temperature is nct a good indicator of the energy
available for evapctranspiration. Most studies confirm
that solar radiation is the mest important factor
influencing evapotranspiration rate.

(2) In region with cold winter, the air temperature in
spring lage behind radiation. Use of the formula for
ETc estimaticn in spring in those areas would under-
estimate the actual rate.

(3) The formula deoes not take into consideration the

effect of wind speed and advection. 1In some region,
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advection of warm air increase temperature while the

solar radiation and evapotranspiration are not incresed.

In order to improve the performance of Blaney-Criddle for-
mula, Doorenbos and Pruitt (1984) proposed an adjusiment factor
which depends on relative humidity, sunshine hours and wind speed
during the daytime. The formula for estimating reference crop

evapotranspiration in metric unit is given by:

ETO = ¢ [p (0.46T + 8)] mm/day A &3
where ETO = reference crop evapotranspiration in mm/day for

the month consgidered,

T = mean daily air temperature of the month - OC,

P = mean daily percentage of annual daytime
hours obtained from Table 1,

c = adjustment factors.

After the term p (0.46T + 8) = £ has been calculated, ETo

can be read directly from the graph of Fig. 8. It should be noted
that the formula has been modified to estimate reference crop eva-
potranspiration. After determining ETO, evapotranspiration of the
interested crop can be predicted by using appropriate crop coeffi-
cient (KC) or ETC = KéETo' The crop coefficients(K) employed by
Blaney ~Criddle are not applicable in the mcdified formula because
they are heavily dependent on climatic factors which were not taken

into account in the original formula.

The calculation procedure of the modified Blaney-Criddie
method will be illustrated by using climatic data of Khon Kaen, a
nor theastern province of Thailand., A summary of all climatological
data which were collected by the Meteorological Department, Ministry

of Communications, are presented in Table 2.
Example 1

Location: Khon Kaen, Thailand; Latitude 16ON; Altitude
165 m (MsL)
Month April
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Basic Monthly Data: From Table 2,

T « B8,E2 Zg
max
T = g4.2 Fe
min o
T = 30,2 ¢
mean
RH | = 43.3 &
min
o} = 255.9/30 = £.53 hrs.

u, day time (by estimation) is 1.36 m/sec (Low)

Tabulated Data:

p = 0.28 4 {Table 1)
N = 12.5 hrs. (Table 4)
Calculation:
p (0.46T + 8) = 0.28 (0.46 x 30.2 + 8)
= 6.13 mm/day
8.53
n/N = m = 0.68

From Fig.8 using line 1 of block V,

ETO &= 6.0 mm/day

5.2 Radilation Method There are many formulae which can  be

classified as radiation method. The widely used and cited in litera-
tures are those developed by Makkink (1957), Turc (1961 ) and Jensen-

Haise (1963). All of these can be condensed into a general form:

ETO = ﬂ1RS + EZ ....... R &9

where ETO is reference crop evapotranspiration, RS is the
solar radiation, usually expressed in terms of equivalent evaporation
and ﬁ1 and ﬁ2 are empirical functions of temperature, relative

humidity, and elevation.

Doorenbos  and Pruitt (1984) proposed the relationships

which adopted from Makkink formula as:

BT = o {W. RS) mm,/ day e (7)
where ETO = reference crop evapolranspiration in mm/day ,
RS = solar radiation in equivalent evaporation in

mm/day ,
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Table 2 Climatological dats for the period 1951-1980 ot Khon Kaen
Station KHON Kaen Elevation of Station zbove MSL 165 meters
Index Station048 481 Height of barometer above MSL. 166 meters
Latitude 16 7267 M. Height of thermometer wbove ground 1.25 meters
Longitude 10727 50" . Height of wind vane above ground 10.55 meters
Height of raingauge 1.00 meters
T . — g —=7 i"_ __= P
daa Fab B Apr Yoy Jun Jul s | Sep ‘, Oct‘! Nor | Dma Yaar
! {
|
Pressure (+10000r 900 mbs)
Mean T oak.o1 Lot onuvol oa.00 | 06.38 1 050181 05,15 (5.6 { 07,080 40,7¢ | 13.18 T 1hLhe | 09,23
Ext. Max, 25,90 1 Zha7a ] b 7] 21,08 | 48,90 | 13.70] 12.62| 13,921 1s.46] 19,70 | 2347 | 25,08 2B.70
Ext. Min, o254 | 0090 so.08] o661 | 97,40 | g0l 95,05] 95.58 1 9h.32) OL90 | 0330 ) 0544 | 4,32
Mean daily range | 5.60 | .00 ] 6,011 573 | 5.13 1 &6 | hoobi G.ih | huSS) L.75 |  Al82 4 5.1 5,02
13
0
Temparature (°C)
Mean s3.0 | 2,71 26.8] 0.2 | 2006 | 2alv) au.t] 2007 an2) %6.7 ) .0l 252 27.0
Mean Max. 30,5 | 3271 .| %5 | .0 352] 6] 20| 35| b | 38| 0.0 326
Mean Min. 16,0 18,8 2.1 242 ] 24,7 | 2hE 20,2 2. 23,60 22,5 { 19,2 16,3 207
Ext. Max. s7,2 1 b0 s be,s | etz | 3oL} 3800 3.0 35,51 35.8 ) 3.2 .8 42,8
Ext, Min, | 5,7 | 10,4 10,3 1,0 | 9.8 | 20.7) 20.2] 20.8 19,3 .o G b 5.6 . 5.6
Relative Humidity (%) ‘
Mean £3,0 £2.0 (0,0, 63.0 72,0 760 77.0] B0.0 B2, 0F .0 0.0 56,0 70,0
Mean Max, as,a | 83,2 ) ev2]| e’ | Av7 ] BB.9 | 90LG) 91.h F 9l.0] 90.7 | &7.8y 871 87.4
Mean Min. a5 |os1,5 ] 39,90 an | osns ] Ao 61,7 BAG | 85,4 5%.2 7 BO7 | b 52,4
Ext. Min, 1129 10,0 10,0} k.0 | 27.0 33,0 LI B o 45,0l 2.0 21.0 45,0 10.0
5% Q
Dew Point {7C)
Mean 15,3 1 7.0 % Aeub | 216 | ozmb [oen7l 2n.6) za.7) 2] 2090 ATy 5.9 20,7
fvaporatien (mm.) | ,
Mean Pan W16 | 66,1 | 2156 [ 225.0 | 2055 1 665 | 72| 1509 | 138.0) 160.7 | 1902 | 180,6 | 2083,9
Cloudiness (0-8)
Mean 2.6 2.6 3,40 B 5,0 6.h 6,51 b7 6.3 45 3,5 2.9 6.2
1
. _ ! i
Sunshine Duretion (hr.) i ‘
fean ]275-3 2.8 | 2hha b Ss.e A2 | 0, WG 162,%% 165,67 2035 | 25540 | 200,71 | 2735.0
Visibility (km.)
P00 Ladals 4,91 6.6 LS| bt TS 7.8 7.9 7.6 [ Beb 5.8 )
Mean 7.0 | 5.4 6,00 7.3 } A 5.6 nel Ak B2l 85 ! 8.7 7.6 7.8
wind (Knots)
Prevailing wind HE e L 5K <4 5% SW ¥ NE NE NE -
Mean wind speed 1 .2 | 307 5[ 70 A} 3R] hap B8 28] 34| Al 36 -
Max. wind speed %3 WE |33 K SX(ADNE (46 W L A7 SW [Sq o IS5 W R0 B |2IKNE( 34 NE | 35 N |38 NE |59 SW,SRY
. e - ; [T R LN SH W
Raintall {mm.) 4w !
Medr a7 1 as.a L owz ! gei7 | amils | 1em,.a] 8605 qee3 | 2%.9] 860 | L 13.5 2.9 | 196,77
Mean roiny days 11 251 sl 68 syl w6 w7 8.2 92| 16| D6 06,5
Greatest in 2% hri »1.6 A3,4 76,20 65,7 | 96,9 1zd.a) gz.el 13bop} 07,60 1245 81,0 | 26,6 1,6
Uay/'fear' %1/53 366 | 11/52 | 665 ’ a/s2 | /70| 26/6%] 12/78 751 26/89 | A0/ | 20f7 7751
Number of Bays with!
Haze t 25.8 1 2.5 i 758 | w.s 1,6 0.0 G103 .71 3.8 9,6 1 20,7 125.6
Fug A3 2.7 [ 3.2] 1.2 0.3 Q.1 0.0) Q.2 o3 AP 3 5 4.9 5.7
Hall 0,0 6.0 0.0 0.0 0.0 0.0 g.0l  ©.0 0.0 0.0 0.0 ! 0.0 0.0
Thunderstorm | o.3 1.k 5.0 | 1.8 1704 b2 13,47 1.5 3,34 5.9 T § Gl 5.6
Squall Lo,a GO0 00| 0.0 j 0l ool sl o 0.1% 0.0 ‘ N i 6.0 0.4
i i ]

Kemark

tvaporatien 1961-1980
Sunshine Duration 7957-1980
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W = weighing factor which depends on temperature and
altitude,
e = adjustment factor which depends on mean humidity and

day time wind conditions.

Where measured values of R for the area of interest are
s
not available, they can be estimated from measured sunshine duration
records and the extraterrestrial radiation, R ,by the equation:
a

R = 4025 % 0.50 BAN) R civavsss mnmmesiew e b s e s (8)
s a

Where n/N is the ratio between actual measured hright sun-
shine hours and maximum possible sunshine hours of the same period,
Ra ig the extraterrestrial radiation or the amount of radiaticn
received at top of the atmosphere in equivalent evaporation in
mm/day .

The values of Ra and N which are both latitude and time of
the year dependent are given in Table 3 and 4, Also, the wvalues of
weighing factor W which depends on mean air temperature and alti-
tude are given in Table 5.

If the measured wvalues of a bright sunshine hours are not
available, the ratio n/N can be estimated from cleoudiness observa-
tions. For climatic conditions of Thailand, the relation between
the ratio of bright sunshine and cloudiness is qgiven by

n/N = 0,745 + 0.095 CC - 0.02 Ci S § 4 5 wwsreses BN

Where CC isg cloudiness expressed in oktas (0 to 8) scale.

the n/N ratio for various values of C. are given in Table 6,

After the wvalue of W.RS has been determined, appropriate

adjustment for humidity and wind speed can be done by using Fig. 9.
Example 2

Lecation: Khon Kaen, Thailand; Latitude 16ON; Altitude
165 m. (MSL.)
Month: April

Basic Monthly Data: From Table 2,
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Table 6 Values of n/N ratio as a function of cloudness

(0-8) (Applicable for Thailand).

I n/N = 0.745 + 0.095 Cc - 0.02 Cc>

@ -8 0 0.2 0.4 0.6 0.8
0 0.745 0.763 | 0.780 0.795 0.808
1 0.820 0.830 0.839 0.845 0.851
2 0.855 0.857 0.859 0.857 0.854
3 0.850 0.844 |  0.837  a.828 0.817
4 0,805 0.791 | 0.776 | 0.759 ’ 0.40
5 0.720 0,698 0.675 0.650 " '_ 0.623
6 0.595 0.565 0.534 6.501 0.466
el . 0.430 0.392 0.353 0.312 0.269
8 0.225 - - . .
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T =~ 30.2 °c
mear
= 63 %
mean
Sunshine (n) = 8.53 hre/day

Day time wind (by estimation) 1.306 m/sec {Low)

Calculation:

Ry from Table 3 15.6 mm/day

N from Table 4 = 12.5 hrs.

n/N B 8.53/12.5 £ .68
RS = (0.25+0.50 n/N)Ra = 9,20 mm/ day
W from Table 5 . 0.78

W.R = 7.18 mm/day

From Fig.9 for RH of 63%, U, daytime of 1.3 n/sec,
mean

2
using line 1 block 3

ETO = ) i /day

5.3 Penman Method Basically, the Penman equation {Penmar, 1%45)

consists of two important components in evapotranspiration process:
energy component and aerodynamic component. The first component is
related to the energy available for evaporation while the second is

related to transport mechanism available to remove the water wvapor

from the secil and crop surfaces. Penman formula, in short form, is
given by :
ET_ = W.R o+ (1 -W B .oiiiiiiiiiiinaes (10)
where ETO = potential evapotranspiration in mm/day,
W = temperature and altitude related weighing féctor

which values can be obtained from Tabkle 5,
Rn = net radiation in eguivalent evaporation in mm/day,
E_ = aerodynamic component in mm/day .
The net radiation can be measured directly using net radio-
meter. However, this wvalue is usually not available and has to be

estimated by using equation:

R = (i - a) R - R ...... R O
n g b



ETo, mm/day

ETo, mm/day

24

RHmean Medium - High (55 - 70 %)

RHmean High {> 70%)

4. U daylime=>8m/sec

3. Udayllme= §-8 m/sec
2. Udaytlme= Z-5 m/sec
1. Udaylime=- 0-2 m/gec

BRilmenn Low { < 407)

RITmean Low -Modivm {40 -559)

. Udaylime == m/aec
Uodaytime s 5 -8 mfaee

§
.

12 2 Udayitme= 2.5 m/aec
1

T LU daytime= 0-2 m/gec

W. Rs, mm/day

O - 10— : /
I §llieretio sl il ey ol 7/
Bl B+ .

i
L + |
|
GRS 6+ ;
X
L h:
f o
4L 4t =
ol
=
I 3 . E5
E
|
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er 2- / o
1
L L s . S n
A
1 1 i 1 n Il X I 1 1 r 1 J{,rk“ 1
2 4 g 8 10 z 4 6 8 e

W, Rs, mm/day

Fig. 9 FPrediction of ETO from W.RS for different conditions

of mean relative humidity and day time wind

{Doorenbos and Pruitt,

1884}
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Where a is the short wave reflection coefficient and Rb is
the net ocutgoing thermal radiation. The reflection coefficients of
most green crops with full cover vary from 0.20 to 0.25 and a value
of 0.23 is commonly used. The net outgoing longwave radiation, Rb

can be estimated from:

R - otk (0.34-0.044v2d) (0.1040.90 n/N) -.... (12)

4 ¢ e ; i
Wher e oK represents the klack keody radiation which depends
on temperature and can be obtained from Table 7, ed is the actual
vapor pressure of the air and n/N is the ratio between actual and

possible hours of sunshine during the same period.

The aerocdynamic component of the Penman equation 1s given
by :

Ea = 0.265 (1.0+0.0062 UZ)(eamed) .......... (12)

Where U2 is the average wind velocity at 2 meters high in
km/day . The wind velocity, scmetimes, is madse &t some other height
which needs to be converted to two meters level before substituting

into the aerodynamic term. The conversion can be done by using

power law:

U = 1. ™" 5535 0idid e e v s - ceeee.. (14
u, (=) (14)

Where UZ is the wind speed measured at a height =z meters

from the ground in km/day.

The saturation deficity (ea-ed) represents the capacity of
the air to absorb more water vapor at mean air temperature. The
first term, ea, is the saturation vapor pressure at mean air tem-
perature. The first term, ea, i1s the saturation vapor pressure at
mean air temperature which values can be obtained from Table 8. The
actual vapor pressure, ed, is more difficult to determine than ea

and must be estimated using either one of these relations:

a) ed = saturation vapor pressure at dew point

temperature, or
b) ed = ea x felath?Ogumldlty
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Table 7 Values of black body radiation ¢ TK4 in equivalent
evaporation in mm/day.
GTK-Z“ oTK® oTKY
T'C mm/day ¥ e mm/davy e mm/c';ay

Q 11.21 17 14.23 3a 17.92
1 11.28 18 14.48 35 18.17
2 11.55 1] 14.68 36 18.41
3 11.72 29 14.88 37 18.64
4 11.29 21 15.08 38 18.89
3 12.06G 2z 13.22 as 19.13
[ 12.23 23 15.50 40 1e.38
7 12.41 24 15.71 43 19.63
8 12.59 a3 15.92 42 15.88
g 12.77 25 16,14 43 20.13
10 12.93 27 16.35 44 20.39
11 13.13 28 16.57 43 20.83
12 13.32 29 16.79 45 20.91
13 13.51 30 17.02 47 21.17
14 13.70 a1 17.24 48 21.44
15 13.3¢ 32 17.47 49 21.70
16 14.08 33 1770 50 21.28
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Table 8 Saturation vapor pressure over water in millibars
- Fraction of temperature

TC : . _

.0 .1 2 .3 .4 .5 B T 5 5

25 | 31.67 | 3186 | 32.05 | 22.24 | 32.43 | 22.82 | 22.82 | 3302 | 2221 | 2nia
26 33.51% 33.31 34.0 34.21 34-.41 34.81 34.82 3s.q2 25273 35.44
27 35.65 | 35.86 | 36.07 | 36.28 | 36,49 | 36.71 | 36.92 | 3714 | 2735 | 17.55
28 37.80 | 3B.02 { 58.24 | 28.46 | 38.69 | 38.91 | 39.14 | 33.36 | 20.55 32.82
2g 40.05 | 40.29 | 40.52 | 40.75 | 40.99 | 41.23 | 41.47 | 41.70 | 41.5¢ 42.13
30 42.43 | 42.67 | 42,927 | 43.17 | 43.41 | 43.85 43.91 | 44.18 | 44.42 44 67
1 as03 | as.1s 45.44 | 45.70 | 45.96 | 46.22 | 46.49 | 46.75 | 47.02 47.283
3z 47.55 | 47.82 | 48.00 | 48.26 | 48.52 48.91 | 49.19 | 49.47 | 49.74 50.02
13 50.31 { 50.59 | 5Q.87 | S1.16 ] S1.45 |'51.74 | 32,03 § s2.35 | 5057 52.90
34 s2.20 | 53.50 | 53.80 | sa.to | saco 54.70 | 55.0¢ | §5.31 | S3.82 §5.93
35 56.24 | 58.55 | 58.86 | s7.18 | $7.49 | S57.81 | 38,13 | 58.45 | 58.77 54.10
36 58.42 | 53.75 80.08 £0.41 60.74 81.07 51.41 §1.74 62.08 62.42
37 §2.76 | 83.10 | 63.45 | 63.80 | 64.34 | 54.49 | 54,34 | 55.20 | 65.55 £5.91
] 68.26 | 6§5.62 | 56.98 | &7.35 | 67.71 | 58.08 | 58.45 | s8.81 | &9.19 §9.56
29 60.92 | 70.31 | To.ee | 71.07 | Tt.as | 1183 | v200 | veso | rzoe 72.38
40 73.78 T4.17 74.57 - v4.97 75.38 TE.TT 7817 TE.ST7 7E.28 77.329
45 77.80 | 78.21 | 78.53 79.05 | 79.46 | 79.88 | 80.31 | 80.72 | 81.1& 21.58
a2 82.0% | 82.45 | 22.88 | 83.22 | 83.75 | 84.19 | 8<.5¢+ | 85.08 | 85.22 3z.a7
az 86.42 36.57 87.33 | 87.78 | #8.24 | §8.70 | 89.16 | 89.63 | 90.09 90.55
a4 91.03 § 91.57- ; 91.98 | 92.45 | 92.94 | 93.42 | 93.20 | 94.39 | 94.87 92_35
45 95.35 | 96.35 | 96.384 | 97.34 | 97.94 |og.3s | agss | 90.236 | 99.87 | 10038
45 700.83 | 101.47 | 161.93 | 102.45| 102.97| 103.50 | 104.03 | 104.56{ 105.09| 105.62
47 106.16 | 106.70 | 107.24 | 107.78 | 108.33 | 108.88 | 109.43 | 109.98 | 110.54 | 131.10
48 11168 ] 112.22 | 112.79 §113.28; 113.834 114,50 | 115.07 11‘5.65 116.23 115.81
43 117,40 117.39 | 118.28 | 119.17 ) 119.77 1 120.37 | 120.97 ) 121.57.} 122.18 | 122.79
5Q 122.40 | 124,01 | 124.63 | 125.25| 125.87 126.4¢ | 127.12 | 12775 | 128.38 | 120.m




Table 8 Saturation vapor pressure over water in millibars
Fraction of temperature
TC
.0 .1 2 3 .4 & .8 .7 .8 2
0 .11 §.15 .20 8.24 5.29 6.33 6.38 5.42 §.47 §.52
1 §.57 6.51 6.65 6.71 6.76 5.81 5.85 6.90 £.95 7.00
2 7.08 7.10 7.15 7.21 7.25 7.21 7.28 7.41 7.47 7.52
3 7.57 7.63 7.58 7.74 7.78 7.85 7.20 7.86 2.01 8.07
4 213 | 8.19 | 8.2¢ | 830 .36 | 8.42 | 848 | 8.54 8.L3 8.65
5 5.72 8.78 8.34 | 8.90 | #.9§ 9.03 2.09 3.1 9.22 9.28
& $.25 .41 9.48 | 9.54 9.61 9.67 9.74a 9.81 9.88 9.94
7 10.01 | 10.08 | 10.1s | w2z | 10.20 | to.zs | 10.43 10.50 10.58 10.85
g 10.72 | 10.70 | 10.87 | 10.84 | 11.02 | 1109 | 1147 11,24 11.22 11.40
9 11.47 1 11,55 | 11.63 | 11.71 § 11,79 | 11.87 11.95 12,03 iz.n 12.19
10 12.27 | 12.35 | 12,42 | 1252 | 12.51 § 12.69 12.77 12.36 12.85 13.03
11 12.12 13.21 12,29 | 13.38 | 13.47 | 13.28 13.685 13.74 13.83 13.92
12 14.02 1411 | 1420 | 1420 | 1430 | 1449 14.23 14.58 14.77 14.37
13 14 .27 15.07 1517 15.27 15.28 15.47 15.57 15.87 15.77 15.27
14 15.88 16.08 16-19 16.29 16.40 16.30 18.481 16.72 16.83 15.82
15 17.04 | 17.15 | 17.26 | 17.28 | 17.29 | 17.60 | 17.71 17.33 17.84 18.08
18 18.:7 15.29 18.41 18.52 18.64 18.76 18.88 19.Ga 1842 1924
17 19.37 19.49 19.5¢ 1874 19.36 19.96 20.12 20.24 20.27 2C.23
18 20.82 | 20.75 | 20.8% | 21.02 | 21.15 | 21.28 | 21.42 21.28 21.89 21.82
19 21.06 | 22.10 | 2224 | 22.28 | 2052 | 2288 | 22.80 22.24 22.08 2223
20 23.37 | 23.52 2.55 | 23.81 | 23.96 | za.11 | 24.26 24.41 24.55 24.71
21 2486 | 2501 | 25.17 1 25.22 | 25.48 | 25,53 | 2555 | 2588 | 25.1 26.27
22 26.43 26.59 | 26.75 | 2€.22 27.68 | 27.25 27.41 27.58 27.75 27.92
23 28.09 28.26 28.42 28.60 P1- 28.95 2912 29.20 29.47 20.85
24 29.83 30.01 20.19 20.37 30.55 2074 30.82 3.4 31.29 31.48
:
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Illustration for calculating potential evapotranspiration

by Penman method is presented in Example 3,

5.4 Pan Evaporation Method Since the terms of energy availakle

and transport mechanism in evaporation process, is scomewhat similar
te that of transpiration, pan evaporation has been used for estima-
ting crop evapotranspiration and irrigation scheduling with high
degree of success. In additiconal to climatic conditions, the rate
of evaporation from a pan varies with the size, colour, material,
depth of water, types of pan, and installation of the pan. A dark
colour pan will loss more water than the white one. Turbulent of
air flow over the pan develcped by large depth of water level below
the rim or installation of the pan itself increases the evaporation
rate. Pans which are designed to install in the ground {sunken pans)
have less exposure to direct sun light and therefore rates of evapo-

ration will be less than pans installed on the ground.

Since evaporation rates from pan are highly dependent on the
design and installation, to avoid the discrepancy in the design and
measurements the World Meteorclogical Organization adopted the U.S,
Weather Bureau Class A pan as a standard for climatological observa-
Licns. The Class A pan is of cylindrical design 10 inches deep and
47.5 inches inside diameter. It is constructed of galvanized steel.

Details of the dimensions and installations are presented in Fig. 10,

Class A pan should be located at the middle of the field of
fairly level, sodded and free of obstructions. Trees, buildings,
and shrubs should be no cleser to the pan than two times and pre-
ferably four times their height above the pan. The grasg should be
frequently watered and removed to keep it below the level of the pan.
The pan should be free of any cbstructions that cast shadows over it
during any part of the day other than brief periods near sunrise or

sunset. The pan should be filled with clean, grease free water o a



Example 3

Computational Sheet for Penman Method

Location Khon Kaen Latitude 16° Crop Grass

30

Formula : ET = W.R + (1 -~ W) E; R = {1 - qa) R - Rb;
—_— o n a n s

E = 0.265 (1.0+0.0062 U_)(e - e
a & a

Data:
1. Alir temperature - S (Table 2)
2. Relative humidity - fraction (Table 2}

3. Sunshine hour, n - hr/day (Table 2)

4., wind speed, U2 - km/day at 2 m, {Estimated by from

{Table 2)
5. Radiation rate Ra - mm/day (Table 3)
6. Max. pogsible sunshine N - hr (Table 4)

7. Reflection coefficients o - fraction

Solving expression: (1 - @) Rs

8. (1 - &}

If

G Rs {0.254+0.50 n/N) Ra, mm/day

10. (1 - o) RS = item 8 x item 9, mm/day

d

)

15.6
12.5
0.23

0.77
9..20
7.09

Sclving expression: R = oTK* (0,34 - 0.044~f5£)(0.10+0.90 n/N)

b

117. Vapour pressure
{a} Saturated, e, (Table 8)
(b) Actual, e4 = (RH x e_)
a
12. gTK* (Table 7)
13. (0.34-0.044 ¢ )
14. (0.10+0.90 n/N)

15. Rb = dtem 12 x item 13 x item 14, mm/day
Solving for Rn = item 10 - item 15, mm/day

Solving for E, = 0.265 (1.0+0,00862 Uz}(ea - e
16. 0,265 (ea - ed)
17. (1,0+0,0062 U2)

18. Ea = item 16 x item 17, mun/day

Solving for ETO = W.Rn + (1 = W} Ea
19, W (Table 5)

200 W.R
n

21. (1 - W) E
a

ET = iem 20 + item 21 (mm/day)

d

}

42,82

27.04

17.06
0.1
0.7
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Fig. 10 Standard Weather Bureau evaporation pan.
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level of 50 rmm below the rim, and refilled when the water has
evaporated 25 mm. Water in the pan is regularly changed to elimi-
nate extreme turbidity. The pan, if made of galvanized steel,

should be repainted annually with aluminum paint.

The use of Class-A pan evaporabtion for estimating crops
evapotranspiration can be divided into two categories: (1) estima-
tion of crops evapctranspiration, and (2) estimating reference crop
or potential evapofranspiration for further converting to crop eva-

potranspiraticon by multiplying with crop ceoefficients. Ecuations

expressing these estimates are given by:

ET = C . B seaseres ¥ 6 4 8 eI & 4 6§ SR 5 e v s 0] D)

c p pan
and ET = K.E DU & B 9
o P pan
where ETc = crop evapotranspiration,
Cp = crop coefficient based on pan evaporation,
E = an evaporation
pan p P !
ETO = reference crop evapotranspiration,
Kp = pan coefficient, depending on the reference crop

and pan involved.

The crop coefficients (Cp) for converting Class-A pan
evaporation to evapotranspiration are presented in Table 9. The pan
coefficients (Kp) for converting Class-A pan evaporation to grass
evapotranspiration (ETO) which were developed by Doorenbos and

Pruitt (1977) are presented in Table 10.

In selecting the appropriate value of Kp in Table 10, it is
necessary to consider the surrounding ground cover of the pan. Two
different cases presented in the table are: (1) pan located within
cropped areas surrounded by or downwind from dry surface areas
(Case A) and (2) pan located within a dry or fallow area but sur-
rounded by or downwind from irrigeted or rainfed areas {Case B).
The surrounding ground cover for both cases are illrustrated in

Fig. 11.



Table 9 Crop/Class A-pan evaporation ratio {adopted
from Withers and Vipond, 1974)
Percencage of crop-orowing seaton :

- { 9% 10% 20% 30% 40% 0% 6o%, 70% 80% 90%, 100%
Alfzllz o595 o060 o7 oo one 093 003 095 oo o0-30 oGy
Beans @20 ogo 0-30 065 085 ogo oon aBo 9Ga a3 o0
Cirusand avocados | o'50 0-45 043 .0°45 0°45 945 050 0°53 efo o935 o502
Com @20 030 030 065 oBo g9 ogu o83 073 obo oo
Cation 012 020 Q40 953 0°75 0'00 0-9a a:B5 a-75 o35 o033
Fruit, deciduous o0 a3 050 983 o jo o75 o970 060 0'50 940 o0
Fruit with cover Averages about t+00 lor peniods of raoid growth of cover crop
Geain sorghum 070 935 0°55 o°75 ¢85 o099 o83 o070 ofo gi5 ass
Grain, Spring Gr§ 9920 025 9730 6°40 33 @75 o3 ogo ogu oin
Grain, Wineer 0 (5 @125 935 040 050 0bo oyo o8B0 o090 ogo oo
Crapes 0715 0703 072 @33 @25 0°53 0G5 015 055 0725 a0
Ladino cover Averages abigut 095 lor maximum growth
MNues, welnuts 030 o35 953 070 075 075 075 065 95 o030 s
tuts, pucan @75, €45 0335 @75 75 005 039 043 o0 035 od0
Peanucs 015 @23 935 045 955 o-bo obg 0835 oBa 813 o0
Potawees 2@ 035 @45 a5 o8e o-go ov35 uvag o9y 090 o0
Rice 030 205 1°0F i15 (X0 3T 150 120 1460 g0 Jo50
Sugar beets 025 943 ¢0c 070 060 o83 0o 090 ogo ogo a-go

Sugar cane

Vegewable, deep
raoted

Vegeuble, shallow
rooLec

Varies{rom a'3535 to t-oc depending vpon race and siage ol growen

0°70 020 2§

ne 0726 040

@35 030 o065 a-10 o060 wyg o015

ase obo ofe abe 055 nis 9733

[slgada )

610

* Coefficients, Cp, to be used in Bquation 15, ETc = Cp

33

Epan.



Table 10

Pan Coefficient (Kp) for Different Groundcover, Mean

Relative Humidity and 24 hour Wind {(Adopted from

34

Doorenbes and Pruitt, 1984)

pan coefficient (Kp) in Table 10

I-mc]ﬂss A pan Case A: Pan placed in short green Case 3 Pan placed in dry
: gropped greg e _Jallow area .
i fow | medium| high low | medium| high
_E{__Hmcan " <40 4G-70| =70 <40 40-70 | > 70 |
Windward side Windward side
NS sl Adistuiiw o disgancs
km/day of green crop of dry lallow
m n1
Light 1 55 .65 i 1 7 8 .85
<175 10 .65 st LBE¥ 10 6 o .8
1¢0 5 .8 .85 100 55 B .75
1 000 .75 85 .85 1000 45 #6 L7
Maoderate i B 6 .65 ] .05 =75 8
175-425 10 .6 -7 ; T 10 55 .65 .
100 LG5 75 .8 100 &5 6 .65
1000 : 7 .8 .8 1000 A5 55 b
Si.T‘on% 1 S 555 6 1 .G .05 . 7
A25-700 10 .55 a0y .65 10 .5 .55 .65
100 .6 65 | L7 100 A 5 .
1000 .65 .7 ; 5 1 GGO 4 A .55
Very strong 1 A W45 5 1 w3 .6 65
> 700 10 A 55 G 10 A5 B -55
100 i 5 6 .@5 100 A L .5
1 Qoo 0D g .05 1 000 a5 il A5
Cose A Caose B
wind o wind
dry surface green crop pan green crop dry surfgce pan_
SO #1851 S AV R TN TR TN NTSIIN ] LA LS b L T L Dk i
- il . e W P—
50m. or more varies S5Cm ar more varies
Fig. 11 Surrounding ground cover of Class-A pan for selection of
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Example 4

The Class-A pan at Khon Kaen meteorological observing sta-
tion is in the middle of 20 x 20 m%grass field, Other data for the

month of April are asc followsz:

= 2 k., .
Epan 225 mm/mont or 7.5 mm/day
RH = 63 %
mean
Wind = 118 km/day (light)

Calculation:
Since the pan is in the middle of 20 x 20 m grass [lield,
the windward side distance of green crop is 10 meters.
From Table 10 for light wind in Case A,
for RH between 40 to 70 % Kp = 0.75
RH greater than 70 % Kp = 0.85

Since RH mean of 63 % 1s closed to the 70 % border line,
the appropriate Kp should be the average of 0.75 and 0.85 or 0.80.
Thus:
ET = .80 x 7.5
0
6.0 mm/day

6. Determination of Evapotranspiration

After potential evapotranspiration has been estimated from
local climatic data or pan evaporation, evapotranspiraticn of a

specific crop can be computed using the relation:

ET = K _.ET
ol c o}

Where ETC is the crop evapotranspiration, KC is the crop

coefficient, and ET is the potential evapotranspiration.
o]

6.1 Crop Coefficients The crop coefficient, KC, which is the

ratio of ETc to ETO is determined mxperimentally in the field. Tts
value depends mainly on the c<¢rop c¢haracteristicg, planting data,
stages of crop develcpment, length of growing season and climatic
conditions. Since the coefficient 1s a relative rate of water use

by the crop to that of reference crep, its value is essentially
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depend on the selected reference crop as well. In estimating eva-
potranspiration based con Egquation (3}, care must be taken to assure
that the crop coefficient being used is based on the same reference
crop as used in developing the ETo formula. All of the methods for
estimating potential evapotranspiration discussed in this chapter,

however, are based on reference crop of grass.

Doorenbos and Pruitt (1977) presented a process for obtain-
ing crop coefficients for field and vegstables crops which can be

summarized as follows:

1. Determine the planting data, toctal growing season and
length of crop development stages of the interested
crops from local information or practices in similar
climatic =zones. Guidelines to crop development

stages are presented in Table 11.

Table 11 Stages of crop development for determining crop coeffi-

cients. (Doorenbos and Pruitt, 1984)

(1) initial stage v germinztion and early growth when the soil surface
is not or is hardly covered by ths crop (groundcover
< 0 %3

(2) crop development stage : from end of initial stage to atfainment of effective

full groundcover (groundeover 70 - 80 %) 1/

(3) mid-season stage : from attuinment of effective full groundeover to time
of start of maturing as indicated by discolouring of
leaves (beuns) or leaves talling off (cotton), For
some crops this may extend to very near harvest
(sugarbeets) unless irrigation is not applied at late
season and reduction In ET crop is induced to increase
yield and/or quality (sugsrcane, cotton, some grains);
normally well past the Tlowering stage of anaval crops

(4) late season stage : from end of mid-season stage until full maturity or
harvest.

l/ Start of mid-seascn stage can be recognized in the field when
crop has attained 70 te 80 % groundcover which, however, does
net mean that the corop hag reached its mature height, Effective
full groundcover refers to cover which Kc is appreaching a

maximum.
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2. Based on the available information or gquidelines, the
toetal length of growing season is divided intoe four
stages; initial, crop development, mid-ssason and late
season stages. The length of growing seascon with sub-
divisions for all growth stages is drawn on horizontal
axis to indicate the planting and number of days on
the time scale against the crop coefficient on verti-

cal axis as shown in Fig. 12,

3. To obtain KC value for initial stage, the irrigation
and/cr rainfall freguency as well as potential evapo-
transpiration during the initial stages are predicted.
The KC value is then selected from Fig. 12 and plotted
in Fig. 13.

4. Based on local climate {(humidity and wind) select K,
values from Table 12 for mid-seascon and late season
stages. The mid-season KC is plotted as a horizontal

straight line covering the whole length of growth stage.

5. The Kc value for late season stage (from Table 12) is
plotted at the end of late season stage. Draw a
straight line between the end of the mid=-season to the

full maturity date.

6. During the development stage, the KC value is assumed

to follow a straight line between the end of the ini-

tial stage and the starting of the mid-season stage,

The curve may be refined by drawing a smooth curve to indi-
cate gradual changes in the crop coefficient. An example showing
crop coefficient of corn which was developed based on moderate wind
speed (0-5 m/sec), RHmin of 60%, ETO at initial stage of 6.0 mm/day,
and irrigation frequency during the initial growth stage of 7 day is

presented in Fig. 13.
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2 days
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10 days
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ETo, mm/doy, during initial stoge

Fig. 12 BAverage Kc value for initial crop development stage as
related to level of ET and frequency of irrigation

and/or sigaificant rain {(Doorenbos and Pruitt, 1984)
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Table 12 Selected crop coefficient (Kc) for field and vegetabkle
crops for different stages of crop growth and prevailing
climatic conditions (Doorenbos and Pruitt, 1977)
Humidity RHmin >70 % REmin <20
rop
Wind m/sec ... 0-5 5-8 0-5 5-8
Cron stage
All field crops initial 1 Use Fig. 12
H ] cgop dev. 2 by interpoleation
Barley mid-seascon 3 1.05 1.1 1.1s 1.2
at harvest 4 .25 .25 2 .2
or maturity
Beans (green) 3 a5 =95 Tl 185
4 .85 835 43 .9
Beans (dry) 3 1.05 1.1 1.15 1.2
Pulsas 4 +3 3 25 .25
Corn (sweet) 3 1.05 1.1 115 3.2
{maize) 4 .95 1.0 1.05 1.1
Corn {grain} 3 .05 Ll I S 1.2
(maize} 4 55 5D .6 .B
Cotton 3 L:05 O O 1.2 oS
4 &5 &5 B3 .7
Crucifers (cabbage, 3 .93 1.0 1.05 1ok
cauliflower, broccoli) 4 80 85 .9 .95
Brussels sprout)
Cucumbex 3 5 -9 .85 1.0
Fresn market 4 .7 s .8
Machine harvest 4 JB5 .85 =85 1.0
Egg plant 3 .25 1.0 1.05 1.1
(aubergine) 4 8 .85 .85 .9
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Table 12 (Cont'd)
Crop Humidity RHmin >70 % RHmin <320 %
Wind m/see 0-5 £-8 0-5 5-8
Grain 3 1.05 1.1 1.1s 1.2
4 .3 .3 .25 +25
Lettuce 3 .95 : .;95 1.0 1.05
4 .9 :9 .9 1.0
Melons 3 .95 .95 1.0 1.05
4 .65 .65 .75 .75
Onion {dry) 3 .98 .95 1.05 1.1
' 4 .75 .75 .8 .85
(green) 3 .35 .35 1.0 1.05
4 .95 .95 1.0 1.05
Peanuts 3 .95 1.0 1.05 1.1
(Groundnuts) 4 .55 .55 .6 .6
Peas 3 1.08 1.1 1.15 1.2
4 .95 1.0 1.08 1.1
Peppars (fxash) a .o5 o L.05 IS
4 .8 .85 .85 o
Potato 3 1.08 L.l Lel5 1.2
4 LT .7 .75 .75
Scrghum 3 1.0 1.05 Lo LelS
4 .5 5 =55 .55
Soybeans 3 1.0 1.03 1.1 1.15
4 .45 .45 .45 45
Tomata 3 1.05 Ll 1.2 1.25
4 .B .B .B5 «BD
Wheat 3 105 1.1 dad3 Lu
4 525 .25 .2 a2




6.2 Calculation of Evapotranspiration After the potential

evapotranspiration and crop coefficient curve have been determined,

the c¢rop water requirement or ETC can be evaluated by using Egquaticn

(3).

Example 5

Potential evapotranspiration of the central plain of Thai-
land from June to September have been estimated to be 6.00, 5.75,
5.20 and 4.85 mm/day respectively. Determine the water requirement
of corn if the planting date is June 10, total length of growing
season of 110 days, and the crop coefficient curve was developed

and presented in Fig. 13.

Calculation:
Month June July August September
(1) Ne. of days in the month 20 £l 31 28
(2) Kc at the middle of period 0.47 0.93 1.13 G6.81
(3) ETO mm,/day 6.00 54775 5,20 4,85
ET = K_.ET - mm/day 2.82 5.35 5.88 2.93
ETc for the month ~ mm 56.4 165.8 1682.3 110.0

l

Therefore, peak period ETc 5.88 mm/day
56.44165.8+182.3+110.0

514.5 mm.

Seasonal water requirement

1]

7. Net Trrigation Requirements

Calculation of irrigation water reguirements for planning
and design of irrigation system involves determination of net irri-
gaticn requirement and requirement needed for other purposes such as

land preparation, leaching of galts, crop envircnmental control, and

losses incurred in delivering and applying water to the crops.

The net irrigation requirement is the amount of water,
exclusive of rainfall or contributions from other sources, required
for crop production. In other woerds, it is the amount of irrigation
water that must be supplied to meet the consumptive-nse requirsment

of a crop, or
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W = ETc - (Re + GC + Sm) T O 8
where wn 2 net irrigation requirement of the crop,
ETC = crop evapotranspiration,
RC = effective rainfall,
Gc = groundwater contribution,
Sm = stored soil moisture at the beginning of growing
seagon.

The contribution from groundwater table is determined by
its depth below the root zone, the capillary properties and moisture
content during the growing season of the soil. Because of the com-
plexity in estimation and its variation with places and time, the

value is usually omitted in the water requirement calculation.

Although the scil moisture storage at the beginning of
growing season may be substantial in relative to the amcunt of water
applied at each irrigation, it 1s wusually a small percentage of
seagonal water reguirements and is often omitted especially area

where irrigaticn water is plentiful.

8. Effective Rainfall

Effective rainfall is a portion of total rainfall that con-
tributes to meet the crop water requirement and other requirementsg
at the farm for crop productions. Rainfall on cultivated land is
not all effective because part of it may be lost by surface runocff,
deep percolation, or evaporation. The portion which stored in the
root zone or benefited to the crops dependson many factors. Rain-
fall intensity, duration, freguency dictate the amount that can
infiltrate inte the soil. The scil properties which influence the
effectiveness of rainfall are infiltration characteristics, water
holding capacity, molisture content at the time of rainfall, etc.
Crop rooting depth and water use rate determine the capacity of
soil moilsture reservoir and its depletion rate on which the effec-

tiveness of rainfall depends. Crop covers and characteristics of the

ground surface, slope, irrigaticn methods used, cultivation
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practices are all infiuent on the value of effective rainfall.

Since the cultivation characteristics of field and vegeta-
ble crops are completely different from that of paddy field, deter-
mination of effective rainfall for these twe iypes of crops will be

considered separately.

8.1 Effective rainfall for field and vegetable crops. Per haps

the mest widely used method for estimating effective rainfall for
field and vegetable crops ig that develecped by U.S. Depatrtment of

Agriculture, Scil Conservation Service (1870) as presented in Table
13. The table has been developed to show the relaticnship between
monthly effective rainfall and the three wvariables; monthly rain-
fall, consunptive use rate and the storage capacity of soil moisture

reserveir. The effective storage capacity was assumed to be 75 mm

fer the values of monthly effective rainfall presented in the Table.

Correction factors are provided for different soil moisture holding

capacity .
Example &

Given monthly rainfall of 150 mm; crop evapotranspiration,
ETC, of 175 mm. and effective storage of 125 mm., determine the

effective rainfall.

Calculation

Effective rainfall from the Table 13 i 110¢ mm,

Correction factor for effective storage = 1.04

Then, monthly effegftive rainfall = 110x1 .04 mm.
= 114.4 .

8.2 Effective rainfall for paddy field. There are many methods

available for estimating effective rainfall for paddy field. Most
of these methods were developed by applying water balance equation
to the storage capacity of paddy fields. The estimated effective
rainfall, therefore, depends on the local cultural practices, rain-
fall characteristics, crop growth stages as well as irrigation

practices in the area. BAn example of effective rainfall curve for
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Table 13 Average monthly effective rainfall (R ) as related to mean
e

monthly rainfall and average monthly consumptive use.

Monthly mean Average Monthly Consumptive Use (ET) mm.

Rainfall mm

50 s 100 7125 150 75 200 223 230G

Average Monthly Effective Rainfall (Re) mm.

s s 10 10 a0t 12 a2 13 12 15
20 12 13 1a 1615 16 7 1 1o 29
30 18 18 21 22 22 23 24 26 28 36
40 23 25 27 29 30 n - . 32 as 238 40
s 25 32 34 35 38 38 a0 43 26 49
&G 18 40 42 43 45 a7 51 35 5a
70 43 a8 49 51 53 55 so 53 58
80 48 52 55 .58 &Q 53 61 & 77
a0 s0 57 61 s4 - &7 70 75 79 8s
100 83 87 7 T4 78 82 87 a4
e 58 73 78 80 gs 89 9s 102
120 73 78 a4 2153 1 87 102 11C
130 75 83 89 92 a8 104 110 116
140 8a 95 99 105 112 1186 126
150 ' 94 101 105 110 120 125 134
150 ag 106 10 117 125 132 142
170 100 111 116 123 131 128 149
1€0 116 193 129 136 144 165
186 121 126 124 142 154G i€6
2qQa - 125 122 146G 148 157 166

tftective

S 20 30 40 50 60 75 100 125 154 175

Storage

. .74 0.8z 0.88 0.9% ¢.96 T.000 T.02 1.0k 1,06 1.07
Factor

Note: Average monthly effective rainfall cannot exceed average monthly rainfatl or average
monthly consumptive use. When the application of the above factors results 1n a
value of effective rainfall exceeding either, this value must be reduced to
value equal the lesser of the fwo.
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paddy developed for the north-eastern region of Thailand is pre-

sented in Fig. 14.

9. Leaching Regquirement

Leaching requirement is a fraction of irrigation water that
must be leached through the root zone to control soil salinity at

any specified level.

Irrigation water may contains from (0.1 to 4 metric tons of
salts per hectare-meter. When it is applied to scil, these salts
are added to those already present in the so0il and the =alt concen-~
tration increases. Without removal the accumulation of salts may increase to
the level that it is harmful to the crops and the vyields will

decrease.

Salt concentration in the root =zone can be removed by
apply ing encugh water through the soil profile to dissclve the solu-
ble salts and to transport them by downward movement from the crop
root zone. The process is known as leaching. In humid and subhumid
areas, rain water usually passes through the so0il in sufficient
quantities to dissolve and remove =alt accumulation and thus leach-
ing is seldom reguired. TIn arid and semi-arid areas, on the other
hand, irrigation water and soils normally contain higher concentra-
tion of salts but rainfall is insufficient to leach them out of the
soils. Leaching of excess salts in these regions, therefore, is

usually a necessity 1if high crop preoduction is to be sustained.

The leaching requirement can be determined from the formula:

Py e |
LR = (Dr+ Di) Ecd ....... SRR FEBEEVE (18)

where LR = leaching requirement,
D = depth of irrigation water required to satisfy both

crop evapotranspiration and leaching requirement
in mm,

D = depth of rainwater entering the soil profile in mm,
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FC, £ electrical conductivity of irrigation water in
millimho per centimeter,
BC = maximum permissible electrical conductivity of

drainage effluence for the crop being irrigated

in millimhoe per centimeter.

10. Water Requirements for Paddy Field

In determining water requirements for paddy, there are
few components which are not taken inte account in estimating water

requirements for field or vegetable crops, including percolation

loss, land preparation and nursery regquirements.

10.1 Percolation loss Unlike field crops, percolation loss

in a paddy field is unavoidable and must be ftreated as a regquirement.
Percolation loss from paddy field depends on the soil texture, depth
to groundwater table and the present of hard pan which is commonly
found in a paddy field. The range of this loss may vary from less
than 1,0 mm/day 1in heavy clay soils fto as much as 6.0 mm/day in
light szoils. However, rice cultivation is not recommended where the
loss exceeds 5 mm/day because irrigation in such area would require

too large water distribution system to be economically justified.

10.2 Land preparation Preparing land for transplanted rice

usually requires considerable amount of water which gometimes exceeds
the peak evapotranspiration reguirements for the crop itself. This
requirement consists of water that need for top soil saturation,
percolation and evaporation losses during the preparation period,
and that need for standing water. Generally, land preparation re-

quirement for paddy may range from 200 mm to 350 mm or more.

10.3 Nursery bed Preparing a nursery bed is, more or less,
the same as land preparation for the rransplanting but more water is
needed for consumptively uses of seedlings and percelation loss
during the crop development. These extra regquirements range from

200 to 250 mm and meke a total requirements for the nursery bed of
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400 to 600 mm. However, the area for nursery bed is only 3 to 6
percent of the paddy field and the water requirement for this pur-
pose will be reduced toc 25 to 40 mm when spread over the entire

fieid.

In summary, the water requirements for paddy field con-
sists of evapotranspiration plus percclation loss which is normally

accounted for 1 to 3 mm/day, plus land preparation reguirement of

200 to 350 mm and Z5 to 40 mm for nursery bed at the starting of

growing season.

11. Irrigation Efficiency

After the net irrigation reguirements has been calculated
the unavoidable losses need to be known to determine the project

water reguirement, The losses are operation, conveyance, storage

and applicaltion losses.

The operation losses are those incurred during the deli-
very operation. Examples of such losses are diversion in excess of
the demand, loss in filling the canals and ditches at the starting
of a rotational delivery, leakage from the gate or other water con-

trol structures, etc. at headworks.

Conveyance losses in an irrigation system ccme from three
sources: (1) seepage from the canal, (2) evaporation from water sur-
face and consumptive use by agquatic weeds in the canal, and (3)
leakage through and arocund water control structures in the canals

and ditches.

In some irrigation scheme, farm ponds or Iirrigation re-
servoirs may be needed to store water during the period of excess
periocd of deficit, *teo meet the farm requirements during the period
of deficit., The need may also come from receiving too small stream
to operate the irrigation system or apply to the field efficiently.
When the water is stored in a reservolr, the evaporation and seepage

losses will incur.
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Losses during water application are determined mainly by
irrigation method. In surface irrigation,the losses probably come
from surface runoff and deep percolation. When sprinkler irrigation
is used, the losses are evaporation and wind drifting of the droplets

to non-croped area.

The magnitude of all losses discussed above can be eva-
luated in the field with acceptable accuracy. However, these data
aré not available during planning stages and usually have to base on
measurements from similar projects. The lesses from idrrigation
system, usually expressed in terms of efficiency, are normally sub-
divided into three stages, each of which is affected by different

set of conditiong:

(1) Conveyance efficiency {(Eqg): the ratio between vo-

Tume of water received at inlet of a block of fields to the volume
of water diverted into the conveyance system at the headwork or

supply source.

(2) Field canal efficiency (Ebh): the ratic between

volume of water received at the field inlet to the volume of water

received at the inlet of the block of field.

(3) Field application efficiency (Lg): the ratio between

volume of water available for beneficially use by crop toc the volume

of water received at the field inlet.

(4) Project efficiency (Ep): the ratio between volume

of water available for beneficially use by crop to the volume of
water diverted into the conveyance system at the headwork.

E = E .E
a

B w e meareane € 6 v w e S eveiea @ 8 8w . (19}
P c

o]
Scme data of irrigation efficlency are presented in Table
14, Some water requirement assumptions for operation of Nong Wal

Project, Thailand, are presented in Table 15.
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Table 14 Convey ance (EC), Field Canal (Eb), Distribution (Ed} and

Field Applicatiorn Efficiency (Ea) {BOS and Nugteren 1974)

ICID/ILRI

Convey ance Efficiency (Eg)

Continuous supply with no substantial change in flow 0.9
Rotational supply in projects of 3000 - 7000 ha and
rotation areas of 70-300 ha, with effective management 0.8
Rotational supply in large schemes (> 10000 ha) and
small schemes (<1000 ha) with respective problematic
communicaticn and less effective management:
based on predetermined schedule 0.7
based on advance request 0.65

Field Canal Efficiency (Ep)

Blocks larger than 20 ha: unlined 0.8
lined or piped 0.9
Blocks up to 20 ha: unlined 0.7
lined or piped 0.8

Distribution Efficiency (Eq = Es. Ep)

Average for rotational supply with management and

communication adeguate 0185
sufficient 0.55
insufficient 0.40
poor 0.30
Field Application Efficiency (Eg) UsDa Us (5Cs)
Surface methods 0.55
light soils 0.55
medium soilg 0.70
heavy soils .60
graded border 0.60-0,75 0.53
bagin and level border 0.60~0.80 0.58
contour ditch 0.50-0.,55
furrow 0.55-0.70 0.57
corrugation 0.50-0.76
Subsurface up to 0.8C
Sprinkler, hot dry climate 0.60
merderate climate 0.70 0.67
humid and cool 0.80

Rice .32
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IRRIGATION SCHEDULING

1. Introduction

Irrigation scheduling may be defined as a decision making
process by which the amount and time of irrigation is determined so
that the yield, in terms of both quality and quantity, is maximized.
The key to this decision making is the understanding of the relation-
ship between water and vyvield, i.e., at which mcisture level water
should be applied to cbtain the maximum yield, and what would be the

yvield less if the water applied is inadequate.

2. Effects of Irrigation on Yield

The scoil meoisture level that must be maintained for optimum
yield and quality varies with crop varieties and climatic conditions,
Most plants can extract sufficient water for maximum growth if the
s0il moisture is maintained at a level close to field capacity. Ag
solil moisture decreased, the so0il moisture tensicn increases and the
plants have to use more and more force to extract the same amount of
water, If the soil moisture is not restored by irrigation or rain-
fall, eventually the water uptake by plant roots will not be suffi-
cient to meet evaporative demand dictated by climatic conditions.

The plants begin to wilt and growth is retarded or completely stopped

When the water uptake by plant roots does not satisfy the
crop water requirements, the actual evapctranspiration of that crop
will fall below maximum evapotranspiration. Under this condition,
the crop 1is said to be under "stress" which growth and yield will be
affected. The effect of water stress on growth and yield depends on

the crop types and varieties, the magnitude and duration of water

stress, and the growth stage at which the siress ocours.,

Numerous research results have shown that dry matter pro~
Guction is proporticnal to the amount of water transpired. This is

particularly true during the period when the plants are actively



growing. Maintaining high level of meoisture in so0il will insure
rapid leaf development in young crop and maximum photeosynthesis when
the crop is fully developed. Therefore, for crop whose yield de-
pends whelly, or in large part, on vegetative growth stage such as
lettuce, celery, cauliflower, tobacco, grass, and other wvegetable
crops, the maximum yield is usually obtained by maintaining the goil
moisture close to field capacity. For these crops, the meximum eva-
potranspiration must be used for determining the amount and time of

water application.

Crops have different levels of tolerance to the depletion
of soil moisture before irrigation. Some crops such as sweet pota-
toes, grasses, and most vegetable crops response favorably to freqguent
irrigations and may suffer if more than 40 to 50 percent of availlable
moisture in the so0il is depleted before irrigaticn is applied.
Other crops, such as tomatoes, potatoes, peanuts, smell grains
{especially during maturity stage), fruit trees and a number of crops
which develop deep and well rooted systems, may show little reduction
in yvield until most of the available moisture has been depleted from

the root zone.

When a water deficit occurs during any growing period of a
crop, the reduction in yield can vary greatly depending on how sengi-
tive the crop is at that growth pericd. For example, moisture level
studies at Prosser, Washington showed that depletion of moisture to
the wilting point markedly depressed yields of corn. A meisture
deficit for 1 or 2 days during the tasseling or pollination pericd
reduced yields by as much as 22 percent. A moisture deficit for 6 or
8 days reduced yields by 50 percent. For most crops there are criti-
cal periods in the growing season when a high moisture level must be
maintained for high vields. The critical period for a number of

commonly irrigated crops is presented in the Table 1.

3. Effect of Irrigation on Crop Quality

As discussed in the preceeding secticn, dry matter produc-

tion is related to the amount of water franspired. However, this is



Table 1 Sensitive Growth Periods for Water Deficit (Critical Period)
{Doorenbos and Kassam, 1979)

Aifalfe Just after cutting (wnd fur seed production at flowering)

Banund throughout but particularly during first part of vegetative periocd,
flowering and yield formation

Boan flowering and pod filling; vegetative period not sensitive when
foliowed by ample water supply

Cabbage during head enlargement and ripening
Citrus
grapefruit flowering and frult set » fruilt enlargement
lemgn flewering and fruit set » fruit enlargemeni; heavy flowering may be
induced by withholding irrigation just before flowering
nrange flowering and fryit set » frult enlargement
Cottun flowering and boll formation
Grape vegetative period, particularly during shoot elongation and flowering -
fruit filling
Groundnut flowering and yield formation, particularly during pod setting
Malze flowering » grailn filling; flowering very sensitive if no prior water
deficit
Olive just prior flowering end yield formation, particularly during the

period of stone hardening

Onion buib enlargement, particularly during rapid bulb growth - vegetative
peried (and for seed production at flowering)

Pesa flowering and yield formation > vegetative, ripening for dry peass

Pepper throughout but particulariy just prier and at start of flowering

Pineapple during period of vegelative .growth

Potato pericd of stolonization and Tuber initlation, yileld formation > early

vegetative period and ripening

Rice during period of head development and flowering > vegetative period
and ripening

Safflower seed filling and flowering > vegelative

Sorghum flowering yleld formation > vegetative; vegetative period less
sensitive when follcwed by ample water supply

Soybean yield formation and Tlowering; particularly during pod develaopment

Sugarbeet particularly first moenth after emercence

Sugarcane vegetative period, particularly during period of tillering and stem
elongation » yield formation

Sunflower flowering » yield formatien > late vegetative, particularly period
of bud development

Tobacco pericd of rapid growth > yield formation and ripening

Tomto flowering > yield formation » vegetative period, particularly during

and just after transplanting

Water melon flowering, fruit filling > vegetative perlod, particularly during
vine development

Wheat flowering » yield formation > vegetative period; winter wheat less
sensitive than spring wheat




not necessary o for quality of an agricultural preoduct and yield
because water deficit may retard vegetative growth but may have

lJittle effect on the economical yield.

The quality of a crop is influenced by temperature, radia-
ticn, and length of the total growing season in additional to cultu-
ral practices such as fertilizer application, allowable depletion,
and control of plant diseases, However, in the case where certain
compounds of plant such as sugar, rubber and tobacco, are the re-
gquired guality, moderate moisture stress has often been found to be

degirable.

For example during the ripening peried, irrigation interval
of sugarcane should be extended or stopped itoe dehydrate the cane and
force the conversion of total sugar to recoverable sucrose. A mild
water deficit during the ripening period of tobacco is desirable to
restrict the growth of new yvoung leaves. Excess water during the
vield formation and ripening pericd will result in low quality

leaves.

Effects of irrigation on yield quality of scme crops are

presented in Table 2.

4. Factors Affecting Irrigaticn Scheduling

There ars many factors involved in determining irrigation
scheduling. These factors can be divided into four main groups: (i}
plant, (2) soil, (3) climatic and (4) management factors. Based on
these factors, Hagen et. al. (1967) have summarized conditions which
require relatively frequent irrigations for maximum crop yields and

conditions which permit relatively infrequent irrigations as follows.

4,1 Conditions farrelatively fregquent irrigations:

(1> Plant
- Shallow, sparse, slow-growing roots.
-~ Major growth occurs during rainless season and/or
periods of high evaporative demand.

- Fresh weight yield of vegetalive organ desired.



Table 2 Effect of Irrigation on Crop Quality (Chang, 1968)

Crop FEilect Reference

Paslure Icrigation increased the protein and Turley, Webster, and Carson
decreased the fal contents of lhe (1963}
herbage but had little effect on the
crude fiber and ash conteni.

Vegetable Maint.nining 1 low moisture siress  Bierhuizen and de Vos (1959)

crops during the whole growth period gen-
erally resulted in the highest yieid
and quality.

Snap beans Irrigalion decreased the percentage  Villum, Alderfer, Jaaes, Reynolds,
of pads that were badly crooked or  and Struchiemeyer (1963}
severely maiformed. Fibrous coatent
of Deans was generally reduced,

Sweet corn  [rrigation significantly increased the  Vittum, Alderfer, Janes, Reynolds,
numiber of marketabie ears per and Siruchtemeyer (1963)
plants, the average weighi per ear
and the gross yield of unhusked ears
and the percentage of usable corn
cui from these ears for canning or
freezing.

Soybeans  Irrigated soybeans had stightly fower Schwab, Shrader, Nixon, and”
oil content and slightly higher pro-  Shaw (1958}
tein conlent.

Bartey frrigation significantly increased the  Bendelow (1958)
yield of grain and improved malting
quality, mainly by increasing extract.

‘Potatoes Irrigation that gave good increase in Jacob, Russell, Klute, Levine, and
yield of potatoes very seldom re-  (Grossnian (1932)
duced the specific gravity and was
more likely {0 incrense il.

Tobacco Icrigaled (obacco had lower nicotine  Anita (1949)
and protein, but higher carbohydrate
content.

Tobacco Adequate irrigation meant lower cos-  van Bavel (19532}
wnt in the cured leaves for nicotine,

total nitroeen, CaQ and MgQ, but
higher content for sugars, 3§ well as

better burning characteristics, high
yicld and higher market value,

Tobacco Irrigation praduced higher vields of  Loveit (1953}
: leaves of salisfactory quality.

Fruits Canned peaches that were tough and  Veihmeyer and Hendrickson

leathery in lexture, pears that re-  (1556)

mained green and hard a week or

mare after he ripening  season,

orunes that were sunburned, and

walnuts with partly (lled shelis were

some of the resuils of a reiatively

long Lime without readily available

maisture.

Cantaloupes Heavier irrigation increased cuii fruits  Flocker, Lingle, Davis, and
associaled with increased vine growth  Miller (1965)
and succulence.

Olives The higher yield cbtained by irriga-  Samish and Spiegel (1961)
tion is due to an increase in fruit
size, rather than in Lhe number of
fruits. [rrigated groves hiave a higher

oil content than unirrigated ones.




(2) Soil

- Shallow scil; poor structure impeding roct growth.

- Slow infiltration and internal drainage, poor
aeration.

~ Root diseases, nematodes present.

- 8mall fraction of available water held at low
suctions.

- Sfaline soils and/or saline irrigation water,

- High Fertility level; nutrients concentrated in top
soil.

- Very high soil temperature with shallow rocted crops.

(3) <climatic conditions
- High evapcrative rates.

- No rainfall during the growing secason.

(4) Management
- Planted at beginning of hot dry weather.
-  Maximum yvield desired even though maturation may be
retarded.
- Market valve dependent on total fresh weight yield

cr size of harvested crgan.

4.2 Conditions for relatively infrequent irrigations:

{1) Plant
~ Deep, dense, fast-growing roots.
- Xerophytic characteristics.
- Major growth occurs during rainy season and/or
periods of low evaporative demand.

~ Dry weight yields of reproductive organ desired.

(2) Boil
- Deep soil, geod structure.
- Good infiltration, internal drainage, aeration.
- Large fraction of available water held at low

suctions.



- Nonsaline
~ Low fertility level, nuirients distr ibuted in
profiles.

- Constant water table in reach of roots.

(3} Climatic conditions
- Low evaporative rates,

- Rain during growing season.

(4) Management

-~ Planted and grown during rainy season and/or periods
of low evaporative demand.

-~ Planted and well established before hot dry weather.

- FEarly maturation required to achieve harvest of
favorable marketing even though yield may be some-
what depressed.

- Market value determined by total dry weight, percen-—

tage dry weight or content of specific constituent.

5. TIrrigation Scheduling Criteria

Criteria for irrigation scheduling vary from one situation
to another. Generally, there are two constraints which influence
setting the criteria: limited land area and limited water availabi-
lity. These two cases have to be considered separately in subsis-
tence economy or under-developed areas and in competitive economy

areas.

5.1 Subsistence cocnomy In under-developed or some developing

areas, the goal of irrigation usually aim at maximizing total gross
product with little attention paid to the production costs. There-
fore, when the water resource is not limited, irrvigation should be

gschedule to maximize crop production per unit of planted area.

1f the water supply is scarce or expensive, the area that
can be irrigated is inversely proportional to the water applied.

Under this condition, the irrigation should be schedule to maximize



crop production per unit of applied water. To determine the optimum
volume of applied water per unit area, it is neccessary to know the
exact shape of crop response function to different quantity of water
used by the crop throughout its growth cycle. The optimum water
allocation of both cases based on crop yield-water use function or
production function is presented in Fig. 1. The point A on the pro-
duction function corresponds to the conditions where the land area is
limited and point B corresponds to the optimum water applied and

expected yield when the water is limited.

S
YA — ]
7 [
2 | |
o
a | I
2 : |
o I |
L.
B I |
I
l I
| I
l !
| !
VB VA
Volume of water applied, V.
Fig. 1 Production function and optimum water allocation

under subsistence economy conditicns.



5.2 Competitive FEconomy Under competitive economy condition,

the cobjective of irrigation is to maximize the net income from irri-
gated crops. Therefore, all the production costs such as cost of
water per unit volume, operation and maintenance costs of the irri-
gation system, expenditure on soil preparation, harvesting, ferti-
lizer, labor, etc., as well as the gross income of the area from
irrigation must be taken into consideration. The optimum volume of
water to apply will correspond to the volume where the difference

between the gross income and production ceosts is maximum.

6. Methods for Scheduling Irrigations

Where the water is available on demand, the following ap-

proaches may be used to schedule irrigation:

(1) Crop appearance
{2) 501l moisture measurements

(3) FEvapotranspiration rate

6.1 Irrigation Scheduling by Crop appearance

There are many indicators can be observed when the plant is
under water stress. The most cbvious sign is its wilting, and ceolour
change in the plant foliage. Temporary wilting may occur during the
hot and windy day even when the soil is still relatively wet. Crop
appearance varies in its significance on irrigation need from crop
to crop. Scheduling irrigation based on crop appearance aione could
be dangercus because scme plants may not show any wilting or other
signs until growth has been seriously retardsd or some other injury

has occured.

6.2 Irrigation sScheduling by soil Molsture Measurements

The most direct and effective method of determining when to
irrigate is to measure or to estimate the soll molsture periodically
before irrigation. Based on this information and allowable soil
moisture depletion at particular crop ¢growth stages, the time and

depth of irrigation can be accurately determined.
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There are many methods that can be used to measure and es-
timate the soil moisture: some are relatively simple and do not
required expensive equipments, cthers are strickly suitable for re-
search work. The methods and instruments which are commonly used in
irrigation scheduling which will be discussed are the soil appearance

and feel, tensiometer, and electrical resistance instruments.

(1) Appearance and feel method By taking =soil samples

from representative locations and to a depth cover the major part of
the root zone and comparing with descriptions in a guide as shown in
Table 3, the available moisture remaining in the root =zone can be
estimated. The only equipment reguired in this method is the soil
anger , therefore, it is one of the cheapest. However,; it requires
a lot of work to get scil samples. The method may not be very accu-
rate but with experience and judgement the irrigator should be able
to estimate the moisture level in the scil within acceptable range

of accuracy for irrigation scheduling purpose.

{2) Tensiometer Tensiometer is an instrument for measur-
ing soil moisture tension which is an indicator of the amount of
available moisture. It is a closed tube filled with water which
bottom is made of porous ceramic cup. A gage or device for measuring
vacuum is attached just below the stopper. The scale of the gage are
generally calibrated in either hundredths of an atmosphere or in
centimeters of water. The tube is installed in seil with the ceramic
tip located at the desired depth. The ftube is long enough for the
stopper and gage to remain above ground. A schematic sketch of

tensiometers is presented in Fig. 2.

After installed, the *tube is filled with water., Water moves
through the porous wall and create a partial vacuum inside the tube
until the vacuum is in eguilibrium with the soi1l suction. The soil
suction which can be read from the gage will change corresponding to
moisture change in the scoil. The tensiometer reading increases as
the soil dried and decreases when the soil is irrigated and water is

flown back into the tensiometer by the vacuum.
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Vacuam gage

bt — Manomater

v Plastic tube

C

. Porous cup ,

4

Fig. 2 Schematic sketch of tensiometers

Most tensiometer gage are calibrated with reading from 0 to
100 centibars. One hundred centibars egqual one bar which is about
the same as a standard atmospheric pressure. The tensiometer conkti-
nues to record fluctuaticons in soil-water content unless the tension
exceeds Incentibars, at which point air enters the system. and the
ingtrument ceaseg to function. Within its measuring range, inter.

rretation of the reading are as follows:

Reading Interpretation

0 The soil is egaturated where plant roots will
suffer from lack of oxygen.
0-5 The =o0il is wet for most <rops.

10-25 Ideal moisture and aeration conditions,
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Reading Interpretation

> 25 Water deficiency may occur for sensitive plants
or plants having shallow root systems includ-
ing potted plants or plants growing in coarse

textured soil.

40-50 Most field crops having root gystems 50 om deep

or more will not suffer from lack of water.

70 Plants having good root systems .75 cm deep or
more. in medium textured soils will not suffer
from shortage of water. In medium to mo-
derately fine-textured scils, plants having
well developed deep root system may not need
irrigation for several days after reading

passed 70.

80 Most soils will be dry enough to reguire irri-
gation even though the plant may not show any

symptoms of stress.

S0il moisture suction at which water should be applied for
maximum yield for various crops as compiled by Taylor (1965) is pre-

sented in Table 4.

Tensiometer readings do not provide direct information on
the amount of water remaining in the soil but give relative wetness
around the porous cup in term of soil moisture tensions. Tensicmeter
therefore, is used as an indicator on when to irrigate but not on how
much water should be applied. However, if tensicmeters are placed in
the active root zone and near the bottom of root zone, the readings
during irrigation can provide information on the wetted depth as
illustrated in Fig. 3. In this example, water was applied when ten-
sicometer reading at 12 inches depth approaching 50 centibars but the
amount was not large encugh to wet down to 24 inches level. When the
duration of application was increased to 7 hours, the soil moisture

suction at the lower depth decreased indicating the water reached the
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Soll water suvtion i which weter should be applied for maximum yields
of various crops grown in deep, well dreined soil fertilized and
wanragement for meximum production (adapied from Teylor, 1965)F

Crap Suil suction, bars

Liternture reference

Yegetallve crops

Allalln 1.50 3. A. Taylor & assacintes, Logan, Utah
Beans (snap, lhma) 0,75 - 2.00 Vittum et al. (1963 i
Cabbage 0.66 - 0. 70 Vittum et al. (1963} Pew (1958)
Canning puns 0.30 - 0. 50 S. A, Taylor & agsoelates, Logan, Utah
Calery 0.20 - 0.30 AW, Marah, personal communication
Marsh {19Gi)
Grass 0.39 - L, 00 Yisaar (1959}
Leftuce i 0.40 - 0. 60 A.W. Marsh, personal communlcaiion
Vissar (1959} Pew (1958)
Tobaceo 0. 30 - 0,80t Jones et al, {19G0) ;
Jugar cane 0.25 - 0.30 Anan., (1954}
Sweet carn 0.5G - 1.00C 5. A. Taylor & assoclates, Logan, Utah
Vittum et al. (1963)
Root crops
Onions, eariy 0.45 - 0. 55 Pew (1958)
Onions, buibing 0.55 - 0.6% Paw (1958)
Sugar beets 0.48 ~ Q. 6% 3. A. Tayior & associates, Logan, Utah
Potatoes 0,30 - 0,50 5.A. Tavlor & assoclates, Logan, Utnh
Vittuin et al. (1963) Pew {1958)
Carraots 0.55 - 0.65 Pew (1958)
Broccali, carly 0.45 - 0.33 Pew {1958)
Broeceali, postbud 0.60 - 0.70 Pew (1958}
Caulifltowes 0.60 - 0. 70 Pew (19%8)
Fruil crops
Lemons .40 AW, Marsh, personal comamunication
Qrauges 0.20-1.00 Stalry et al. (1963)
Declciunus {ruft 0.56 -~ 0.30 A.W. Marsh, personal communication
Vissar (1959}
Avocadoes Q.50 Richards et al, (1962}
Grapes, e:rly 0.40 - 0, 530 A.W. Marsh, peracnal communication
Grapes, mtlure . L.od A.W. Marsh, persoaal communicatlon
Sirawberries Q.26 - 0.30 AW, Marsh, personal communication
. Marsh (1961}
Zantaloupe 0.35 - 0.40 " Marsh (1861) Pew (1958
Tomatoes 0.8¢ - 1.50t Vittum et al, (1958) Vittum et al. (1963)
Sananas 0,30 - L.50t Schmuell (1953)
Corn, vegetative 0. c0 S. A. Taviar & nssoclales, Logoan, Utah
Corn, ripening 8. 00 - 12.00 5. A, Tavlor L assoctales, Logan, Utah
Small grains, vegetative 0.40 ~ 0.50 5. A. Taylor & assoclates, Legan, Ulah
Small graing, ripening §. 00 - 12,00 5. A, Taylor & assoclates, Logan, Ulah
. Seed crops
Allaifn, prebloom 2. 06G Taylor et al. (1955)
Alfatla, bioum 4. 00 - 8, 40
Alfalfa, rirening 8.00 - 15.400
Sead carrocg, s0-cmdepth 4.00-6.00%§ Hawtharne (1531)
Cnions, 7-=m depth 4.00 -. 6. 004 Hawthnrne (10951)
Seed onlona, 15-cm depth 1. 50
Lattuce, nroductive 3. 005 Hawthorne & Pollard (1936)

Colfee requires shert periods
of low potential to break bud
dormancy, loilowed by hlgh
watar poientlal

Alvim {19G30)

*

Where two values for soil water suctlon are given, the lower suclion value is used

when the evaporative demand Is high and the higher vatue when it is low; intermediata
values are used when the atmospheric demand [or evapotranspiration is intermediate,
(these values are subject lo revision as additlonal experimental data becoue

avallable.)

—r

Based on converting 507 available waler to water potential (50il suction) equivalents

using curves {or appropriale sail textures of Fig. 30-2.

-

-

plasier resistance unils_

Based on converting 70% available waler lg water polential {ssil suction} aquivalents
ualng curves [or clay soils of Fig. 30-2,
Resistance values were cenverled Lo water poteniial {romws calibration of similar
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Fig. 3 Plotted of scil suction data during growing season.,
Tensiometer readings at a level near the bottom of
the root zone (24 inches) is used to control the
wetted depth and duration of water application.

level of the porous cup and water application should be stopped to

aveld percolation loss.

Generally, at least one tensiometer should be placed in the
active root zone for determining when to irrigate and another one
near the boftom of the rocot zone for indicating depth of water pene-

tration. When the root zone depth is less than 40 cm one tensiometer

should be adeguate and Two Or more should be uged when the agtive
roots are deeper than 40 cm. For plants with rooting depth deeper

than 1.20 meters, it is desirable to have instruments at three dif-

ferent depths.

Tensiometers cannot be used to measure the entire range of
available moisture in all soil types. However, they are the most
suitable instrument for field measurement of moisture conditions in
the wet range especially in sandy soil which large part of the mois-—
ture available to plants is held at a tension of less than cne at-
mosphere. Tensiometers are less suited to use in fine-textured scils
in which only a part of the available moisture is held at a tension

of less than one atmosphere.
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{3) Electrical Resistance Instrument This instrument mea-

sures moisture conditions in the soil based on the principle that a
change in moisture centent produces a change in electrical resistance
property of the soil or of an instrument buried in the soil. The
instrument that has been widely used consists of two electrodes made
of straight wire or mesh screen of stainless steel. They are cast
in plaster of paris or gypsum. When burried in scil, the plaster
of paris or gypsum which are absorbent materials, will behave as a
part of the soil and respond to changes in surrounding soil meisture
contents. By measuring the changes in electrical resistance of the

blocks, the swrounding soil moisture is read.

Other materials, such as nylon, fiber glass, and combina-
tions of them with plaster of paris, also have been used as absorbent
materials to enclosed electrodes. These materials provide greater
sensitivity in the higher ranges of s0il wmoisture than the plaster
of paris block. However, under alternately webt and dry conditions,
the contact between the resistance block and the soil particles
may be poor. Consequently, the response of meisture changes in soil

is often erratic and unreliable.

A serious problem in using plaster of paris or gypsum as an
absorbent material is its' lack durability. If the soil is frequent-
ly irrigated or the blocks are placed in water logged scils, the
resistance blocks made of plaster of paris or gypsum may disintegrate

in one seasoen.

Electrical resistance method for measuring soil molisture is
sensitive to the present of salts in the scil profile and in irriga-
tion water., The reading can also be affected by concentration of
fertilizer. However, plastic and fiber blocks are more sensitive
than ¢ypsum blocks because the latter contain a saturated solution
of calcium sulfate when wet. A salt concentration less than the

level in the block has only slight effect on resistance of the unit.

Sensitivity of this method of so0il moisture measurement

depends on relative attraction of soil and block materials for water
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at various moisture contents, Nylon blocks are more sensitive at
tensions less than two atmospheres, Plaster of paris blocks function
more effectively in the range between 1 and 15 atmospheres. However,
none of the resistance blocks is as sensitive as the tensiometer
within cne atmosphere tension range. Since resistance readings vary

with soil type, the blocks must be calibrated for the particular soil.

Number and locabtions of resistance blocks to be installed
for irrigation scheduling purpose depend on crop rooting depth,
Before installation, the blocks are saturated by soaking in water
for few hours. A heole is drilled down to the desived level in the
active rcoot zone and the block is attached into the side of the hole
at desired depth. Backfill and tamp the soil in place. A schematic
sketch of typical installation of resistance blocks igs presented in

Fig. 4.

Fig. 4 Electrical resistance soil meisture meter
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Resistance blocks and small portable electrical resistance
meter are available commercially. The meter scales are calibrated to
show both resistance and percentage of available meoisture remaining
in the soil. A reading of 100 indicates moisture level at field
capacity and zero reading indicates meoisture content at permanent
wilting point. Plot of reading data with time during the growing
seascn can be used to anticipate idrrigation need several dayvs in

advance.

6.3 Irrigation Scheduling Based con Moisture~Accounting Method

The moisture accounting method is a bock-keeping procedure
for estimating soil meisture remaining in the roct zone. The method
ig based on the principle that if the moisture content of a scil at
any given time is known, the moisture content at any later time can
be computed by adding water gains (from irrigation and/or effective
rainfall}) and subtracting water losses by crop evapotranspiration
during the elapsed period. Irrigation will begin when the soil

moisture in the root zone drops to an allowable depletion level.

This method reguires a reliable estimation of daily evapo-
transpiration rate (ETC) of the c¢rop grown and daily measurement of
rainfall at the site. Depending upcon available data, the ETc may be
estimated by using modified Blaney-Criddle formula, radiation method,
Penman method or evaporation pan method along with proper crop

coefficients.

Computation usually is started on the day following a heavy
rainfall or an irrigation which soil moisture content is assumed at
field capacity. By knowing the daily rainfall and estimated ETC the
amount of available moisture in the root zone in each morning 1is
computed by subtracting estimated ETC for the previous day from the
remaining moisture in the previocus morning. Irrigation and rainfall
of the previous day, if any, 1s added to the previous morning's
balance. When the infiltrated rainfall causes the daily balance to
exceed the field-capacity level, the excess 1is presumed to be lost

and the daily balance is recorded as the field capacity level.
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When the daily bkalance reaches the point at which the soil
meisture depleted to the predetermined allowable limit, it is time
to irrigate. The net depth of water to apply is the amount that has
been depleted from the rcot zone. In the morning following irriga-
tion the balance is again set at field capacity. The balance is

computed daily until another irrigation is indicated.

Comparing to the soil moisture measurement methods, irriga-
tion scheduling based cn meoisture accounting procedure has the advan-
tage of requiring no costly eguipment and very little labour. Never-
theless, its accuracy depends on estimates of water holding capacity
of the soil, root =zone depth, and accurate estimations of ETC and
effective rainfall. This weakness can be overcome by installing soil
moisture measuring instruments at few representative locations to
check the moisture level in the root zone as well as to indicate the
depth to which rainfall or irrigation water has penetrated. With
soil moisture measuring devices, the reliability of irrigation sche-
duling by moisture accounting procedure weould be improved substan-

tially,



Example 1

Following

Month :

Lrop

Available moisture in root zone :

hpril

Corn (Root Zone 1.0 m)

120 mm.

20

table is a typical moisture bslance sheet fur scheduling irrigation:

Allowable depletion @ 50 % (60 mm)
Estimated | Effective Irrigation Daily
Date ETc - mm Rainfall e balance Remarks
mm mm
3n.5 Balance from Feb.
Apr.1 5.6 29.9 |

2 6.1 23.8
3 6.3 17.5
4 6.8 10.7
5 6.3 4.4
B 6.6 60 57.8
7 6.6 S 2
8 7.0 a4 2

2 6.8 32 00.0 9.4 mm lost
10 7.0 53.0
11 6.6 46 .4
12 6.0 39.8
13 6.8 33.0
1< T.Z 23.8
L5 6.3 19.5
1o 6.6 12.9
17 4.8 12 20.1
18 4.1 14 3G.0
19 6.1 23.9
20 5.6 17.3
21 2.8 10.5
22 6.6 2.9
23 £.3 60 57.6
24 S 52.3
25 (ST 46 .0
26 6.1 39.9
27 6.3 33.6
28 6.3 27.3
29 6.6 20.7
30 6.6 14.1

Totals 58 126 4.1 Carry over to May 1
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Training Course on Irrigation Design and Management
{August 87)
Exercise No. 2

Irrigation Water Requirements and Irrigaticen Scheduling

The climatological data of Khon Kaen are given in Table Z,
determine *the potential evapctranspiration {mm/day)} for June by
using:

{1) Improved Blaney Criddlie Formula,

(2) Radiation Method,

(3) Penman Method, and

(4} Pan Evaporation Method.

Determine the potential evapotranspiration of Khon Kaen for July,
August and September using the data from Table 2. The method of

calculation is vour choice.

A maize is to be grown in an area of Khon Kaen province. The
local information shows that the length of growing season of maize
ig approximately 110 days and the initial, crop development,
mid-season and late season stages take 15, 30, 35 and 30 days
respectively.

Determine the crop coefficients of maize, if the irrigatiocn
frequency during the initial stage is 7 days and the planting

date is June 10.

Calculate the evapotranspiration of maizein June,July, August and

September by using the information from (1), (2} and (3).



The soil investigation revealed that soils in the area (to grow
maize) has loamy in texture. The field capacity and permanent
wilting point are 22 and 10 % on dry weight basis respectively.
The apparent specific gravity is 1.40. The data from the
agricultural experimentation of Khon Kaen province reported that
the average rooting depths of maize during the initial, crop
development, mid-season and late-season stages are 10, 25, 40
and 40 em. accordingly. If the allowable depletion at any stage

of crop development is 50 % of available moisture:

(1) What are the irrigation frequencies.

{(2) What is the tentative irrigation schedule for this maize?

Determine the average effective rainfall during June to September

by using the relationship {(Table) of USDA.

Assume ne groundwater centribution to the root zone of maize and

the initial soil moisture (June 10) ig at the permanent wilting

point. What is the net irrigation requirements of the maize ?

If the planting areais 50 hectares, the application efficiency
ig 70 % and the distribution efficiency is 65 %, what is the

water delivery rate to the farm at the peak use demand?



Training Course on Irrigation Design and Management
(August 87)

Solution to Exercise No.Z

Irrigation Water Requirements and Irrigation Scheduling

1. Find ETO (mm/day } for June using the climatological data

of Khon Kaen in Table 2.

(1) TImproved Blaney Criddle Formula, Eg. (5)
From Table 2 (p. 18)

Khon Kaen Province

Latitude : 16°N

Month ;. June

Mean daily temperature (T) = 28.7°C

Min relative humidity (RH . )} = 60 %

min

Mean relative humidity (RH )= 76 0%
mean

Mean sunshine hours = 196.9 hr./month

Mean wind sgpeed = 3.9 knots

Height of wind vane above the ground = 10.55 m.

Determine

p (from Table 1, p. 15) = 0.29

[
B

p(C.46 T + 8) mr .

0.22 (0.46 = 28.7 + 8) "
6.15 "

186.9
n = 70 hours/day

6.56 2

b,

! (from Table 4) = 13,1 n

_ 596 = 0.50

o =lo
L
w

= F.9 knots

3.9 x 0.5148 m/sec

2.0 "



2 0.2

u, = U10.55( T0.55 ) m/sec
2z 0.2
s . ) * it
Zulil 10.55
= 1 .44 \
From Fig. 8 (p. 16)
Use Block IX, Line I
f = p (0.46T + 8) = 6,15 mim .
ETO = FwD mm/day
Use Block VI, Line I
ETO £ 4,9 mm/ day
- {4.5-3.9)x0.5
ETO {average at — = 0.5) = 3.9 G
= 4.1 mm/ day
Ans.,
(2} Radiation Method, Eg. (7}
ET = C(W,R ) mm/day
o] =
n
R = (0.2540.5 =) R "
S N a
n
= - 0.50
Ra = Extra Terrestrial Radiation from Table 3
(p. 20)
= 15 .9 mm/day
RS = (0.25+0.5x0.5)15.9 4
= 7.95 i
W = Weighting factor for Ra
from Table 5 (p, 21}
= 0.78 (for attitude 165 m, T = 28.7°C)
W.R = .78 x 7.95 mm/day

= 6.20 N



Fig. 9 {(p. 24), for RHmean = 76 % and

U2 = 1.44 m/sec

Use Block IV, Line I

ETO = 4.8 i/ day

Ans.

(3) Perman Method, Eg. (10}

ETo = W.Rn+ (1 - w Ea mm,/day
W (Table 5) = 0.78
Rn = net radiation in mm/day
= (1 = o) RS - Rb
o = reflection coefficient = 0.23
RS = 7.95 mm,/ day
— GTH(0.34-0.044 ,5.)(0.10+0.90 2) /d
Rb = 0 ghUe34-0. Jed LU0, N mm/day
GTE £ black body reflection from Table 7, p.26
= 16.7 i,/ d ay
mean = 76 %
e, = gaturation vapor pressure from Table 8,
Thias Bl
= 39.14 millibars
REI X e
o B mean a
d B 100
N 76 x 39.14
- 100
= 2815 millibars
Rb = 16.7(0.324-0.044 /29.753(0.1+0.9x0.5) mr/ day
= 0.92 "
Rn = (1-0,23)7.95-0.92 u

5420 .

fl



{4)

ET

Aerodynamic component

0.265 (1.0 + 0.0062 U2)(ea - ed) mm/ day
1.44
1.44 m/sec = To00 ® 24 x 3600 = 124.4 km/day

0.265(1.040.00682%124.4)(358.14-20,75) !
4.4 mm/day

W.R_+ (1 - WIE "
n a
0.78 x 5.2 + (1 = 0.,78)4.41 "

5507 " Ans,

Pan Evaporation Method, Eg. (16)

ET = K. SRR S B LR B e e e s =
o D pan
Mean evaporation (Table 2), E
pan
= 168.5 mm/month
_ 168.5 .
B 30
= 862 !
Kp = pan cecefficient (Table 10, p.324)
Agsume Case A with green crop distance of 100 m.
= 76 %
mean
24 hr wind = 124.4 km/day
K = 0.85
P
BT, = (.85 x 5,62 mm/day

4,78 " Ans.



Use pan evapeoration method to calculate ETO for July, August and

September in Khon Kaen Area.

July August JSeptember
Epan {(Table 2), mm/month T2 151 .9 138.0
Epan , mm/day 171 .2/31 [151.9/31 138/30
= Buh3 = 4_90 = 4.60
Agsume Case A with the green Yes Yes Yes
crop distance of 100 m. |
| i
i % 77 80 é 82
Mean wind speed, knots ; 4.1 3.8 é 2.8
24 hr wind at 2 m. above the é?30.8 121 .2 é BS1.3
ground, km/day (31.895xknots)§
|
Kp | 0.85 0.85 0.85
ET_, mm/day E 0.69 4.17 3.91
i
3. Data
A maize is to be grown in Khon Kaen area.
Length of growing season = 110 day s
initial stage = 15 f
crop development stage = 30 "
mid-season stage = 35 i
late season stage = 30 i
Determine crop coefficients
Planting data is June 10
irrigation frequency during initial stage = 7 davs



K , Crop coefficients

C

Fig. 12 (p. 38), if ETO = 4,78 mim/day s
Kc (initial) = P

From Table 12 {(p. 40},
Kc (mid ceaecon) = 1.06
KC (late season) = 0.55

initiaﬂcrop devel I mid-season l late season \

|

| | l I |
1' : |
10

Jﬁne July August Sept.

Crop coefficient of Maize



Calculate ETc of maize in June to September
Month ; June July August  September
; ?
(1) MNo. of doys in khe : 21 : & 21 277
month i ,
! ]
(2} K_at th icgdl £ ;
o % hiddim o 0.52 . 0.85 1.2 1 0.80
the period :
(3) ET_{Pan Evaporation 4.78 P 4,69 4,17 3.91
method}, mm/day
4y BT =K .
(4} - 5 ETO, mm,/day 2,495 32.99 4.67 3.13
(5) ET_  mm, 52.3 ; 123.7 144.8 ' 84.5
: |
Irrigation Schedule
Irrigation Irrigation Irrigation
No. Freguency , days Date
1 3 Jun. 10
2 3 Jun. 13
3 3 Jun. 16
4 3 Jun. 19
5 3 Jun, 22
6 3 Jun. Z5
7 5 Jun. 39
8 5 Jul. 5
9 5 Jul. 10
10 L5 Jul. 15
11 5 Jul. 20
12 5 Jul, 25
13 7 Aug. 1
14 7 Aug. 8
15 7 Aug. 15
16 i Aug. 22
15 7 Aug. 29
18 10 Sep. 8
19 10 Sep. 18
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&. Determine the effective rainfall using Table 13 {p. 45)

June C July Aug. ' Sept.

|
| |
_ | |
{1) Mean rainfall, mm/month 180.8 156.5  188.3 2769
(2) ETC, mm/ day 2.49 ] 3.99 i 4.67 3.13
, mm/month 74.7 i 123.7 i 144.8 93.9
(3) Unadjusted effective | 74.7 | 103.9 E 124.2 93.9
rainfall, mm/month ; f
(4) Weighted average } 12 E 23.8 33.6 | 33.8
allowable depletion %
in mm. ? g : !
(5) Adjustment factor Co0.74 1 0.79 0.84 | 0.84
(6) Adjusted effective . ‘; |
rainfall, mm/month ; 55.3 82.1 E 104.3 | 7809
,mm/ day | 1.84 2.65 | 3.36 { 2.63

7. Assume no groundwater contribution to the roct zone of maize and
the initial scil moisture content on June 10 igs at the permanent
wilting point. Net irrigation water reguirements (IN)

= ETC - Effective Rainfall

June i July i Aug. ; Sept.
| i
No. of days 21 31 E 31 } 27
ETC, mm/day . Z.49 3.99 % 4,67 3.13
Effective Rainfall, mm/day 1.84 2,65 i 3.36 2.63
IN, mm/ day | 0.65 1.34 l 1.31 Dies
IN_. mm,/ month | 13.7 41,5 ‘} 40.6 13.5

Net irrigation water reguirements
13.7 + 41.5 + 40.6 + 13.5 mm.
109.3 mm ., Ans.

1
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Area = 30 Thectares

Application efficiency (Ea) = 70 %
Distribution efficiency (Ed) = &5 %
Peak use demand from 7 = 1,34 mm/day

(consider that the effective rainfall reduces the irrigation
water requirements)

A x D « 1
t E_.E
a

0 =
d

1.34 1 3
50 x 10000 x 7000 X 0.7 < 0.65 m” /day

1
1]

I

T472.5 "
If the working hour is 8 hr/day

1472.5 x 8

2
5 490.8 m-/hr

= 0.136 m3/sec

= 13 1/s Ans.




