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(BSTRACT

. Pan Evaporation and Evavotranspiration’in Iran /
by

Abdol Reza Khos ra‘wi.‘ Master of Science

hY

. . 'Utah State University, 1972

Major Profes‘bo“r: Jerald E. Christiansen ‘
Depariment: Agricultural and Irrigation Enegineering

§
Monthly climatological data, including Class A pan evaporation,

for 6 stations in Iran,. with a total of 132 months of data, was analyzed

4

to develop a formula for estimating pan evaporation where evaporation

measurements are not made.

-
B '
[

Using computed }ian evaporation and coefficients previously pre-

1

pared by Christiansen, a formula was developed to estimate potential

i {

evaporation. This formula was used to compute potential evapoti'an's-,

(- 3

piration for 24 stations in Iran.with-2615 months of climaticdata.’ These

.

values werc then compared with values-computed by four other form-
' “‘lls.
"' Measured evapotranspiration of one station in Iran with two years

'
!
+ * ' 4 K
¢ 1

} M !

ol data for seven crops was compared with measured pan evaporation

.l computed evapotranspiration,

. (174 pages)



INTRODU CTION

General
et

Irrigétioﬁ is an old art practiced in the world . probably since 5,000

years ago. There are striking examples in many countries of some

ancient irrigation works still in operation and some that have been

'

improved with advance in knowledge and new techniques. On the other
hand, some of these newer systems have failed because of inadt;quate
investigati‘ons prior to development and poor design.

"W(ith a consistent increase in population in most of the countries,
' the need for mo;.'e 'foéd and fiber is evident, Savings in the use of irri.
. gation water is of less importance where water is plentiful, but in -
- most of thé arid and semi-arid parts of the world water is a limiting
factor in crop I;roduction. Conservation methods must be practiced"to
obtain the maximum production f)r0m each unit of water,

: To, op’tit.niz; production one should know how much water
to apply, when to‘apply it, where to api)ly it, and how to d;asign and
manage the irrigati'on systems, Todo this, it is essential that the

water requirements and consumptive use of water be known, These.
data are necessary in planning farm irrigation systems, and they are

' used by the government and the agencies responsible for the planning, ]

t e
v v
[

v - ! : . ' o ! . ;e J‘ N ) v
construction,  operation and maintenance of irrigatjon projects. o
’ ! ' r o 'n ' r*\\‘ e .
¢ -, - ' . - v ‘ A ) . LA 'K
Many irrigation projects have been developed reésntly inlran, and:
- ' 1 . ~ ! ‘Lz . N ! L] : zr

L I

- other projects are already underway. These projects will supply irrigé.tiib‘n =



1
¢

water not “oanly‘to,iﬁ}&xg Exﬁsting 699, 000 heétaégg’,“ but they will bring

\ .

I +
’
.

618,000 hectares of new lands under production. Experience has shown

: "
i

that to have a successful farming operation in an irrigated region, the

1 3
v

methods of irrigation is essential. These

4

introduction of modern

i L1

B "
i

methods include furrow, borderstrip ' and sprinkling. A 'knowledge of
‘consﬁmptivg use of water is also very important.

N - v
) N

The results of thié‘ study should be ‘useful ‘t'ﬁo those .involved. in

®

.Iranian irrigation work.

s

,Objectives

o The primafy objectives of this thesis are to:

B

1. Develop alr.qodified Christiansen-type formula for C;las’—s A

v f

pan évaporatioh tﬁat,best fits the Iranian data. L
2, Cqmparé this forrﬁula. with the already computed values from

! [ A

the Penman and Bla.ney-:Cl"idélle f@fmulas. o /

.
» . ¢ 4 s *

3, Develop a formula for potential evapotranspiration using avail-

able lysimeter and other data.

'
[
‘

-4, Compare this formula with other formulas for estimating
potential evapotranspiration,
"5, Use data from lysimeters and other sources to estimate crop

. 4
. 3 <, B N

.coefficients which can be applied to potential evapotranspiration and /or

3

3
.

v . v f . v . \ . .

pan evaporationto obtain an estinuite of actual evapotranspiration for
,, ' S ! o . ‘
.several crops.:



GENERAL DESCRIPTION OF IRAN .

Location
,Iran is situatted\in the north temperate zone, north of the Persian
‘Gdlf. south of the Spvigt Ux;ion, west of Afghanistan and Pakistan, and
i e‘ast of Iraq and Turkey. It lies between 44 and 63 degrees longitude
anld 25 ami 4q degreéé latitude. ‘It covers an area of about 1, 648, 000
. square k'.ilometersl (165 million hectares), of which about 1, 000,000

hectares are lakes and other water bodies (12, 23).

‘Physiographic Areas
~"Thére are four main physiographic areas in Iran:
1, ’The :Caspian Coast, which is below sea level, forms a separ-
ate climatic éone; being more humid than other regions.
2. Thé Zagros Rahge stretches from northwest to southeast, and‘
'theuAlborz Range runs across the north and borders the south coast
of the Casp‘ian Sqé..
3. ;Ihé' area bej;ween the Alborz and Zagros Ranges begin\'s as a
hiéh Piateau with its own secondary ranges and gratiually descends into
> deserts (Dasht-E-~Kavir and Dasht;E-Lﬁt (23).
C 4, T};e Khuéistan, a low-lying plain, is a continuation ot tne
Mesojpotamia'r; Plain of Iraq. .

The 'main pﬁysiquraphi‘c features of Iran are shown in Figure 1, -

1
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Geixerailv Iran is a modntain'ous- country with an average altitude
of about 1, 000 meters (3, 000 feet). The hlghest peak, called Mount
Demavand is 5, 654 meters (about 18 600 feet)

The major part of the country whlch mpludea the two deserts is |

1

arid and semi-arid, These deserts comprise roughly one-third of the

total area of Iran.

The relief map of Iran indicates that:

ElevatxonAbove Sea Level Area, %
1, 000 2 000 meters 53.3
500 - 1, 000 9.3
0 - 500 20.1
Greatgr than 2, 000 15.7
0 - 28 meters below sealevel 0.7
Lakes 0.9
Climate

Because climate is one _of the most~imp9rtant factors affecting
lqvapotrazis’piration, it is essential in this tliesisfto‘ review the differ-
;nt types of clir;uate that prevail in Iran as it has been cléssiﬁed«by
| .Dr. Ganji (15), based on Koeppen's systén; (15).

B Climates. A dry climate in which ew;aporation exceeds preci-

i

' pitation, This type inclues two-thirds of the climatic condition

of the country and is subdivided as follows:

i



BW. Along the southern coastal and intenor regxons this type
of chmate is called the "dese;'t type' and is charactenzed by scanty
’ ramfa.ll and high tempera.tures with high hum1d1ty along the coast,
BS. Generally thxs type of climate, known as semi-arid steppe, is
| often a transition between the arid cleserts end'hurr;id climates. The
BS type of climateﬁcovers about 500, 000 squafe kilol‘neters, or 30 per-
cerlt of'Iranfs area. It lies betwleen‘ 1,000 to 1,500 meters elevatifen

abeve sea level, Thls zone covers most of the mountain foothills
except Vthose inKhuzistan. 'l‘lle maximum rainfall inthis zone occurs du‘rinxg
the cool months and therefore contributes te the groundwater supply. The
highest rainfall in this t);pe ofclimateis abeut 300 millimeters .(mm).

C Climates. The most populous partofIranis located inthis climatic
zone. It covers one-fourth of the total land area of Iran and .belqngs
lo the Mesothermal Gfoup of' climates, It is divided into the two follow-
ing éroups: |

Cc. The Caspian type climate is characterized by moderate

’teh'x’peratl'x"res; very high hpmidity, highlprecipitation (l 000 -2,000 mpq).
high local winds, and strong land and sea b'reezes. This type of climate
is found on the coast of the Caepxan Sea, and the‘ northern slopes of the
paountatps facing the sea. Subtropxcal fgresf:;s grow 1‘\1‘thtis‘a’rea
up to é, 500-mel:er eleeations.

; Cg, The hxghland type clu‘nate 13 a Medxterranea.n type except that -

,t:he warm wmters are not found in the Iranian hxghlands. These hxghlands



are very cold, especially in Azarbaijan and Khorasan provinces., The
'.C_é climate in the Fars province, however, is more similar to that of

Mediterranean countries.

D Climates. ' Forty thousand square kilometers of Iranian land are

included in the D type climate zone. The warmest temperatures are
above 10°C, and the lowest temperatures are sometimes below 3%,

E Climates. The E type climate belongs to higher elevations (above

3,000 meters). This zone includes the volcanic peaks of Demavand and
Sabalanwhere the temperatures dvop below 10°C even during the warmest
months. The highest peaksare permanently covered with snow (12).

Figure 2 shows different climatic regions in Iran.

Rainfall

* Winter is the rainy season in Iran. Generally, the annual rainfall
is low. except along the Caspian Sea. The average annual precipitation

in Iran is estimated at about 240 mm, Table 1 shows the distribution

of this rainfall (39).

yTablé 1. Distribution of Rainfall in Iran

"_——'———_———————-————————-——————-—.__.—___,_._____________
e e e e e ]

Annual Rainfall Recipient Area ' SR -
(mm) (Millions of Hectares) Percent of ;I'otal Area

Less than 100 T 22 13

100 -~ 250 100 , 61,

250 -~ 500 28 1 17

500 ~ 1000 , 13 8

Greater than 1000 1 1
‘ TOTAL, . . 165 . 100




N s

v
0370
LB SR 3 \VNA? r....)v

Temperate

Pe\
!
LY

iterranean '

B Med

id Step

1-aTrl

HIHJ Sem

ical

Trop

_—
\—

Desert

§0, 4%
3 R
(T ]

Map Showing Different Climatic Regions in Iran

Figure 2.



'In Iran the rainfall generally decreases with latitude, whereas the
temperatures increalse. 'Tllle southeastern region receives the small-
est amount of rainfall, and it occurs during the cold;st month of the
yea;r., The Caspi'ém region has the‘highest precipitation, generally
more than 1,000 mm Practically all of the winter precipitation in Iran
is produced by thé Mediterranean barometric depressions which move
across the country throughout the winter months at almost regular
intervals. During their passage, these depressions produce rain at
low altitudes and snow at hi'gh elevations.

In the spring scattered convection showers are produced by the
rapid -heating of the moist lands and snow-covered areas, especially
in the mountainous areas of the northwestern and western provinces.

In the summer, except on the Caspian shores, the countlly is dry.
In the fall the rainfall may start by mid-autumn (23). Figure 3 shows

the distribution of the average annual precipitation in Iran,

Water Resources

The total a;mount of water received by Iran fromdifferent sources

- is estimated to be about 400 billion cubic meters annually. Evapora-
tion directly, or ;mdirectly., is responsible for the loss‘ of 24;0"'p111ion
cubic meters, .Th:e surface ﬂow; in the form of perenﬂial and sea-, .
sonal rivers account for(labout l;)O billion c;ﬁbic meters. The femain-:.."

ing 60 billixony cubic metei‘é infiltrates into the ground, outof whi~h Anly, [

3 billion cubic,nieters (5 percent) are utilized.
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. Figure 3. Map Showing the Distribui:ion* of the Average Annual Precipitatioﬁ in Iran

or.
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The total water used for irrigétjon in'Iran is estimafed to be about
37 billion cubic meters, About one 'billic;n cuiﬁic meters annually are
used for industrial and ‘dome‘stic pt;rposes.

Of the 400 billion cubic meters of water that enter Iran annually
from rivers or precipitation, only about 78 billion cubic meters (19
percent) are utilized. Assuming that the country's ground water re-
sources remain constant,-the remainder either evaporates or flows
o'ut of the country in the form of rivers (23),

Ghanats (underground water tunnels) are started at the surface
V and dug slightly upgrade toward the ground water supply. They are
so‘metimes"zro to 30 miles in length (24) and have been the mo;at import-
ant means of exﬁloiting the underground water resources., The amount
of water obtained from ghanats in the past decade has been e;timated

at about six billion cubic meters per year, Unfortunately, because

of the lowering of the water table through the use of deepand shallow pump
and poor maintenance, some of these ghanats have been abandoned in
recent years. Table 2 gives the number of irrigation pumps in opera-

tion in Iran (23).

Table 2, Pumps Used for Irrigation in Iran

Deep Wells 7,382
Semi-deep Wells 19,993
Riverbank pumps *5,178

TOTAL 32,553
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Table 3 indicates the amount of p&wér used for pumping water. ‘

Table 3. Power Used for Irrigation Pumping in Iran

‘By pumps on wells 399,466 KW

By pumps on riverbanks 73,721 KW
Total power used 473,187 KW

Data from the Plan Organization (agency i'esponsible for develop-
ment planning in’Iran) st;ows that from 1965 to 1972'a tr’.»tal sum of
53, 150 million rials ixa.s been allocated for the‘development of the water
resources by the Iranian government, Many dams and irrigation
projects have already been bui'l‘t.‘ and some are now under comn-
- sttluction.

Table . 4 introduces the dams built in'Iran and their

cost and locations.” The technical details ’a'nd sp;cifiéation of these
dams are‘ shown in,'Ifal.)le 5, anci the estimrated incre/a.se)in area of '

arable land in the cc;ursgé of the Fourth Developmentﬂ Plan (196;5 to 1972)

<

' is given in Table 6.

Since the average annual rainfall-in Iran is about 300 mm, com-
v \ ’ ! ? '

pared to the world's,aveﬂrtageﬁof 860 mm, Iran'is’considered an arid or
set'mi-‘-a‘rid coﬁntry (23). Under the law, all waters in Iran are nation-
alized. This water law, which was passed on July 29,1968, is an’ )

[

important step toward pi-otqcting apd’utilizing the water resources of



Name, Place and Construction Cost of the Reservoir Dams

Table 4.
: in Iran2
: \ Cost in
Name of Dam River Province millions Remarks
of Rials | )

I, Alrg.a.dy Constructed

Shah-Esma'il
(Golpayegan)
Amir-Kabir
(Karaj)

Shahbanu Far-
ah (Sefid-Rud)

Mohammad -
Reza Shah
(Dez)

Shahnaz

Farahnaz

Shah Abbas
Kabir

Qum
Karaj

Sefidrud

Dez.

Qarachay
Jajrud
Zayanderud

Isfahan

Central

Gilan

Khuzistan

Hamadan

Central
Isfahan

160

4,800

4,584

7, 105

1,200
4,000
3, 000

II. Under Construction or About to be Constructed

Sangarsavar
(Voshmguir)
Aras

Dariush-Kabir
(Dorudzan)

Shapur-Awal
(Mahabad)

Kurosh-Kabir
(Zarrinehrud)

Gorgan

Aras
Kor

Mahabad

Zarrinehrud

Mazandaran

W. Azerbaijan

Fars
W. Azerbaijan

W. Azerbaijan

380

2,900
1,200

1, 050

925

2/3 costshare
inirrigation &
1/3 inelectric
power

L] ..Cditto.l'.‘

2/3 costshare
in irrigation

#Source: Plan Organization Publications.
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- (Karun)

1 Khuzistan

Table 4. (Continued)
. . Cost in
. Name of Dam River Province millions Remarks
of Rials
III. Under
Study
TaleQah | Shahrud Central 1,800
Jiroft Halilrud Kerman 700 |2/3 cost share
' in irrigation .
‘Minab Minab Banader 3,000
Reza-Shah Karun Khuzistan 7,200 [Irrigation
Kabir share has only
been sanc-~
. o tioned
Nader-Shah | Karun 3,700 |1/2 irrigation

cost share




"Table 5. Technical Details and Spéciﬁcations of the Dams @

Plan Orgaziization Publications.,

: c ... | Annual Vol. | Area Which Power:
o : Height a‘éa?.ty Arranged and It Will Irri-| Which1It.
- Name of Dam :TYPe of Dam (Meters) n;/l : ¢ | Regulated (m |gate (1000 | Will Gener-
) €*€¥S | Gubic Meters) | hectares) ate (1000
kilowatts)
I. Already Built ) o
Shah-Esmail | Earth embankment 51 28 50 5 Nil
Amir-Kabir Arch 185 205 400 21 75
Shahbanu Spanned ~-Gravity 106 1860 2000 238 87
Farah
‘Mohammad- Arch-Gravity 203 3350 6000 125 520
Reza Shah ’ (130 of that
has been in-
stalled
Shahnaz ’ Spanned -Gravity 53 ) 8- 17 Hamadan Nil
. Water
Farahnaz | Spanned-Gravity 104 5 95 245 30 22
Shah-Abbas | Arch | 95 1450 1500 116 60
II. Under Construction or About to be Constructed
) ‘ ] i !
_Saungarsavar Earth embankment 17 %0 | 190 20 Nil
Aras Earth embankment 38 1350 1400 82 21
,-aSourcg:

st



Table 5. ({Continued)

Arch

o ) : . Capacity | Annual Vol. Area Which Wi?v:xe;t
; Height | - ic | A d and | It Will Irri- te
. Name of Dam Type of Dam M M Cubic rranged an 1 -1 will Gener-
) “'1: ( efers) Meters | Regulated (M gate (1000 ate (1000
Cubic Meters) hectares) Kilowatts )
II. Under Construction or About’tO‘jae'ConSQrpééed {(Continued) ,
Duriush-Kabir | Earth embankment 60. | "993 ' 526 .76 - 20
Shapur Awal | Earth embankment - 48- 250 - 190 .20 5.
Kurosh-Kabir | Earth embankment 50 . | " 610 .530 . - 95 10
II1. ‘Undel_' Study ) . - -
Talegan. Earth embankment 68 - "195 450 . 80 - 20
Jiroft Arch ] 120 400 " 325 25 35
Minab . _ -—- —- 400. - 25 . Nil
Reza-Shah Earth embankment .80 9100 - 13400 - | 160 . 700
Kabir ) . ) - o .
Nader-Shah 190 |-. 200 950 40 . | 100

91



Table 6. Estimated Increase in Area of Arable Land Ready for Culti-
vation, and Land Which Will Receive Improved Irrigation in

B the Course of Fourth Plan (in 1000 hectares)2

Increased

- %

| 900

aSource:‘ . (23j

17

Title of Project Area of Arable Iml?rov.ed Total
Irrigation
Land
1, Irrigation network of Shahbanu 96 20 116 .
+ Farah Dam (Sefid Rud) |,
2, Irrigation network of 30 65 95
Mohammad Reza Shah Dam
. (Dez)
3, Irrigation network of Dariush- 54 16 70
Kabir Dam (Dorudzan) -

. 4, Irrigation network of Aras 39 18 57
Dam ,
Irrigationnetwork of Shah- 25 70 95
Abbas Kabir Dam (Zayandeh '

Rud)
6. Irrigationnetwork of Kurosh- 25 . 11 - -| 36
Kabir Dam (Zarrineh Rud) 1
7. Irrigationnetwork of Jiroft 6 16 + | 22
Dam -
8. Irrigationnetwork of Shahpur- 10 6 16
AwalDam (Mahabad)
Irrigation network of Woshmgir 10 10 20
Dam (Sangarsavar) )
10, Development of Qazvin Plain -- 44" 44
11, Karun Irrigation network 24 6 30
12, Marun Irrigation network 6 56 62
13, Garmsar Irrigation network - 20 - 20
14, Irrigation network of -- 30 30
‘Farahnaz Dam (Latian) ,
15, Exploitation of Groundwater 60 60 120
Resources ' .
16. Other Irrigation Projects 15 522 | 67
TOTAL . 400 -500 )
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.the country in an efficient manner; ' The Ministry of Water and Power '
is responsible for the task of protecting, developing, and utilizing this

national resource.

‘ Ag rictzulvtkure

Acl:ci’)'rding to thg’ 1966 census, 60 lper‘cent of the 25 rpilliori Iranians
live in'the ‘villages and hgve farming“ occupatioﬁs. The Industriai.Revo-
3 lul{ion in Iran ia responsibl‘e for ma‘ny" ch'ap‘ges, -but still, next to oil
'fevenues, agricult\ii'a.l income i;; the highest in the cduhtry (26 pei‘cent
of C‘%NP).‘ The soil bonfinules ;:o be the mosf'exploitabie ass“e:t. Out of
, th; total land area of 165,n"1i11ion hectares inIran, only 21 million hec-
ta'.rés’ artlelestimate—d to be arable, ‘a‘md ;:nly 'one-thiljd of this area,
7 ir;'xillion hectares, is under cultivation. The re£na'ming 14 million
" hectares are fallow. Of the 7 million cultivated hectares, 40 percent
is irrigated é.nd 66 pérce;'xt is dry farmed (23).. Table 7 shows tﬁe var=

jous crops that are grown in Iran and their acreage.



Table 7. Area Under Cultivation at End of Third Plan and Increase During Fourth Plan by Vanous
Agricultural Products®

Area under cultivation at Increase in area under Area under cultivation
end of 3rd Plan cultivationduring 4th Plan, at end of 4th Plan
-Products (thousands of hectares) : (thousands of hectares) ' (thousands of hectares)

Irrigated Fa?‘:ri’ing!TOtal Irrigated Falz-tri gxTot:al Irngated Fal.)rzing Total
Wheat - ' 1400 2600 i 4000 20 ' 40 ' 60 1420 © 2640 4060
Barley 330 870 | 1200 - - -- ! 330 . 870 1200
Rice 355 -- 355 25 | -- 25 380 | -- 380
Cereals ' 87 60 147} 22 18 40 109 ; 78 187
Sugar Beet f 115 -- 115 35 - 35 150 - 150
Cotton | 200 155 355 20 20 40 229 175 395
Sugar cane E 5 -- 5 4 -- 4 9 -- 9
Tea ) - 26 26 -- 5 5 -- 31 31
Oil seeds 25 -- 25 70 -- 70 95 -- 95
Tobacco 10 10 20 - - - 10 10 20
Jute & fibrous plants 1 4 5 - - -- 1 4 5
Fruit 280 80 360 20 - 20 300 80 380
Vegetables 110 90 200 15 10 25 125 100 225
Fodder crops 142 35 177 69 57 126 211 92 303 -
Other grains & crops 90 20 110 - -- -- 90 : 20 110
Total 3150 3950 7100 300 150 450 | 3450 4100 7550
Area ready for culti-
vation below dams 100 100 100 110
Grand Total 3150 3950 7100f 400 150 550 3550 4100 7650

a - .
Source: Plan Organization

61
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"DEFINITION OF 'TERMS

Evaporation. Evaporation is defined as a physical process by which

liquid is: changed to vapor; It is the first s‘tage in éhé'h;r&fc;logic cy:clej
and occurs when the temperature of a water surf;.ce is l;igl}er than thg
'de\'v point temperature of the air. ‘It is commonly expreslsed in> units
of depth per uﬁit of 'timé (m’illimeter'a,?o;" ipch;as, per day or per
rrlzonth) (16). | | |

As used in this‘_thesis,ll pan evapordti&n means that which vaporizes
from a standard ('Jllasé,A-pa\n‘as .used b}lr.the United States Envirc;nmental
Scienée Services (U.S. 'Wea:theerureau). "The élass A pan is 4 feet in
diamgter énd 16 inchqs;d~e’ep, mgdve .of unpainted gz,tlvanized iron, and
supp;:rted by a wooden frame as ,shoyvn in'Figure 4. The Class A pan
*+ has been"adopted by the "‘Wor\ld Meteorological Organization and is now
‘used in many countries, ‘It has been used-in Iran for 7 years.

Transpiration, Transpiration is the loss of water in the form of

vapor from plants. All ae\rial parts of plants may lose some water by
transpiration, but most wat;ey is lost through the leg,ves in two
stages:
1, Evaporation of waLt’eét frgn;m cell Waﬁé into interc’ellular spacés.
2. -Diffus;o;xi tﬁrbug‘h;tc‘)rhgtegs i§'1to’ ;ile 'étmosphere'. «
Some water vapor also diffuses *otuu; through:the epidermal cells of

leaves and the cuticle, Small amounts of cuticular transpiration may

" take place in herbaceous stems, flower parts, and fruits (26). |
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. Evapotranspiration. Evapotranspiration is the spm'of water lost
by tra.n‘spiratiofn‘ apc‘l‘\ev‘a‘poration from tixe ’soil\oru frqrr; exterior porti‘dn
of plants wher§ wétér may have‘acc’umuliated frbrp i'ai:nfall,‘ dew, or
exudatiori‘frc:;rr;) the"interiof of the pfané (26). Potgﬁtiai'evapotraﬁs-
piraéion; E;tp, as used in this thesis, means the evapotranspiration

i

. from a short grass turf growing under favorable conditions when mois-

ture content of soil.is not a limiting factor. This definition of potential

evapotranspiration is similar to Penm;.n's definition. He states that
it "is the amount of water t'ranspir‘ed in unit time by a short; green crop,

completely shading the groi:u;d, of uniform height and never short of
water' (11).

Consumptive Use. Consumptive use is, for all practical purposes,

identical with evapotranspiration, Ii;s definition differs by thé inclu~
sion of water retained in pla:nt tissues. For most agricultural i)lants ’
the amount of water retained by'plants is insignificant when compared
to evapotranspiration (26). Consumptive use may be defined as: z"‘Thet
sum of the volume‘sl o; water used by.the vegetative growtl; of a given g
area in tran§pifatioh :}a.nd{ building of plant tissues and that evaporated
fror;"x adjacent s;)il, ‘snovg/, or intercei);:ed precipithtioﬂ on the area in
;n}; spegified tin'ie.; diincl'ed«by‘the area.'’ 'i‘ﬁi_s definition was adopted

with minor changes by'the Committee on Irx"igation\ofr the American

Society of Agriculturai Engineers in.1939 (3)}
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1

Consumptive Water Requirement. The consumptive water req

Iment is the amount of water potentially required to meet the evapotrans-
éiration need of vegetative areas so that plant production is not limited

from lack of water (45).

Peak Period Consumptive Use. Peak period consufnptive use is

the average daily rate of use of a crop occurring during a period be-
tween normal irrigations when such rate of use is at a maximnum (45).

Duty of Water. Duty of water is the quantity of irrigation water

applied to a given area during the season for the purpose of maturing

the crop (3). This term was formerly extensively used but is seldom

found in recent literature.

Irrigation Requirement, Irrigation requirement is the quantity of

water,  exclusive of precipitation, that is required for crop p'roduction.
It includes surface evaporation and other economically unavoidable

wastes (3).

Dependable Precipitation. Dependable precipitation has been
defined 'as' that precipitation equaled or exceeded during three years
out of four years, or a 75 percent probability, It is determined from
a sorting or ranking procegiixre. Where individual years cf data are
noi available, an approximatior may be made by using a relationship
developed from mean precipitation and dependable precipitation ( 18‘).

Effective Rainfall, Effective rainfall is precipitation falling dur-

ing the growing period of the crop that is available to meet the consﬁmp- ,
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tive water requirements of crops. It does not include the precipita-
. tion lc'»sf,to deep percolation below the root zone nor that lost by sur-

face runoff (45),

irrigafion Efficiency. Irrigation efficiency‘is ﬂ:\e petr’c‘entage of

~ applied irrigation water that is sktoréc‘i in the soilxén'd n';adgi ;vailafale
'for cgnsumptive use i:y the crop. When the water is measured at‘ the
headg;te; it is called farmrirrigat‘ion efficiency; when measured at
tbe fieiq, it is called field irrigation efficiency; and when measured at

the point of diveréion, it may be designated as project efficiency (45).

Net Irrigation Requirement. The actual amount of irrigation water
required to meet the crop demands without any deficiencies if it could
be applied uniformly without deep percolation or runoff. Same as con-

sumptive use requirement.

Irrigation Water Requirement. Irrigation water requirement is
the net irrigation water requirement divided by the irrigation efficiency
(45).

Adequacy Percentage. Adequacy percentage is the percentage of

years'in the precipitation record during which precipitation for any

' given month equals or exceeds the potéﬁtial,ekvapoti'anspiration (18).

¥

Moisture Availability Ratio," Moisture availaﬁility ratio is an'index .
of the adequacy of precipitation to supply mmsture requxrements. It
'is computed by dividing the dependable prec1p1tation by the potential

evapotranspiratior (18).
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Moisture Deficit. Moisture deficit is the difference between poten-'

tial evapotranspiration and dependable precipitation (18),

-Stream-Flow Depletion, Stream-flow depletion is the amount of

water that flows into a valley, or onto a particular land area, minus
the amount that flows out of the valley, or off that particular land
area (3).

Fieid Capacity. Field capacity is the moisture percentage on a dry

weight basis of a soil after rapid drainage has taken place following an
applica',tiqn ‘of water, provided there is no water table within capillary

reach of the root zone. This moisture percentage usually is reached
two to four days after an irrigation; the time interval depends. on the

physical characteriastics of the soil (45).

Permanent Wilting Point. The permanent wilting point is the mois-

ture percentage on a dry weight basis at which plants can no longer
obtain sufficient moisture to satisfy their moisture requirements;

they will wilt permanently unless moisture is added to the soil profile

(45).

Carryover Soil Moisture, Carryover soil moisture is moisture
stored v&;ithin the root zone depth of a soil during the winter when the‘
crop is dormant, or before the crop is planted. This ;rloisturé is’é‘vail-
able to h'elp meet the consumptive wai'er needs of the crop‘(45). ' |

. Rain. Rain is drops of water falling from visible clouds, and in-

Elude‘s‘ drizzle, which is composed of 'very small and uniformly dis-
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p‘ers‘ed‘dlropklgts that may appear to float while ‘folldv‘ving»ai'r’currénts. ‘
Unlil;e fgg:drop.lbets, hpv;'e'vler', giri‘zlzlye.\f:alils tl) the g;ouﬁd (44). -

B §_139_v&. Sfﬁm‘y:(is‘ ~white or Vfra(mslg'cﬁept—‘ice:crirstalg, cl;iefiy in con‘)l-‘
( ;lék ht_e:éagoné.l for;n. ‘lgdefe’o‘rolog‘ical conditions for ém.;w are sin‘iilaxj
tolthbse of)rain, but t‘he\ air il:emp’er‘ature ;nust’ be fréez'ir(lg (32‘°F) 011
‘\(lew‘er (44)..
‘ _]_)_g_xg:_\l‘)ew is liquid water that conc}enges upﬁnr objects at or near
the surface of tize earth at t;mp'eraturés abb‘vé freezing. Dew occurs
on caln;, clear nights.,

Freeze. Freeze is the condition of lower atmosphere when the

temperature of surface obje;:t‘s is 32°F or lower, -and it may or may

not be accompanied by frost.

Frost. Frostis a deposit of thin ice crystals in the form of scales,
needles, feathers, or fans in crystalline form on objects at tempera-

tures of 32°F or lower.
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FACTORS AFFECTING EVAPOTRANSPIRATION,

Evapotranspiration is generally cdnsidergd to be a function of:
"1, Climatic factors.
2. Soil factors,

3, Plant factors.

- Climatic Factors

Temperature. Since evaporationis basicallya function of the vapor pres-

suredeficit, whichisinturna function of both temperatureand humidity,
it can be seen that temperature is a very important climatic factor.

The U.S. Soil Con‘servatic;n Service (45) reports that for a lor;g-term
period, temperature is a good measure of the incoming solar radigtio;m.
, Humidifz. Since evaporation is also a function of the vapor pres-

sure ’defi.cif.:, one can reason that pofential evapotranspiration increases. .

with low humidity and decreases with high humidity. Where the average
relative humidity is low_during the growing season, a greater water
use l;y the'blant is; ekpected to occur, provided water is freely avail-
. able (45).

‘A n‘umber of ‘expressions of humidity are used in forinulas for esti-
rr;aiting évapotranspira,t%pn: vapor pressure, ‘-rela\ti\}e humid‘ity. ‘cl‘e\;v

point, vapor pressure deficit, and wet-bulb depression (46).

'Wind Speed. The litetature review by Wiegand and Tayior (46)

summarizes the effect of wi'nci speed as follows:
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. a. ,,_7Changes in wind speed affect both thé turbulent transfer
of the water vapor away from the evaporat@pgjsurfaice' and the temp-

.erature of the evaporating surface.

PR

b.,

The relation between wind speed and turbulence yields a

~r

" power dgpendent:e of evaporation on winct éi)géd. ‘
.‘ c. The quantitative dependence of evaporation on wind speed
is -not independent of the geometry of the system studied.
: d. V:aria.tion in wind speed dcés not cause appreciable mass
movement of water vapor within a p.orot:s drying medi'um such as a soil
or dense veéetattve "gov:ar. ‘(Son;e a;thqrities question this conclgsion.)

e. 'Reportéd correlations between wind speed and evaporation-

e
[N & N A
l

are characterized by low correlation coefficients.

f
LA ‘e

One would expect that evapotranspiration is'less influenced by wind
speed than by tem{:eratuzje and }iumidity.
.+ Radiation. The energyusupl;liedlfox evapotranspiration comeé from

the sun,’ The solar constant is abcm. 2.0 calories per square centi~

( meter per minute (cal/cm /mm), but interference and filtering by the
)

_atmosphere, surface slope, and dechnatmn of the earth, latitude, and
rotation of the earth (!\mur of the day) all tend to reduce radiation to a

maximum vaiue qf l‘about 700 ca.l/cm2 /dlay’.\ Iré an arid environment,
with nogevﬁporatilngv medium, the solar energy reaching the’ ea.rthfs sur-
face is largeiy absorbed by the earth's crust, which in t‘urn heats tl';e E
'wair in contact with it. The remainder is reflected or tadiatéd back tt) :

the sky.
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In an evaporating environment, such as a'well vegetated area,
much of the incoming eneré’y is used in the evaboraqion process (46),
and the remainder is'dissipated in heating the earth's crust, the air,

and in back radiation.” Review of evaporation as a function of radia-

_tion shows that: *

a. ‘E(vapotranspiration is in phase with radiation flux rather
than ten}ﬁe‘fature.

b. The tﬂranspiratiox"m rate increases with intensity of radiation.

c;. The effect of radiationonevaporationfromsoil depends on
the .content and thﬂe ;listribution of soil moisture (46). EBecausg of
the ea‘.r\th"s‘ movement and axial inclination, the hours of daylight during
the summer are much greater in the higher latitudes than at the equa-
. tor. This increases evap’otranspiration and produces an effe;:t qimilar
to that of le:{gthening the growing season (45).

Sunshine Percentage. The ratio of hours of sunshine to day

length, or percentage of possible sunshine, is also an important factor
‘affecting evapotranspiration, since it affects the solar radiation reach-
ing the earth's surface. This factor is especially important when

one ‘uses extraterrestrial radiation as a.parameter in formulas for

_estimating potential evapotranspiration.
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‘Precipitation, ,"I‘he amount and rate of precipitation directly

| , a'i'iects the amount of irrigation‘ water ne,eded i'or plant gtowth. _ Even |
though a light shower may not contribute sigmficantly to the soxl mois-~ .
\ ‘ture supply, it certamly 1educes the evapotranspiration and uptake of
moxsture from the soxl hy the plants because it generally reduces the »

temperature and increases the humidity,

y . . N " '
Advection. Crops grown in small irrigated areas surrounded -

by »
»
g

by large arid or semi-arid areas receive additional energy for vapori-
zation of water by advection. This is called "oasis effect"”, and seems

to be very sig ificant in most parts of Iran,

Soil Factors

Moisture Distribution and Site of Evaporation. - Moisture dis-

tribution during drying was studied by Sherwood and co-workers in

%

1932. They found that moisture distribution is a parabolic function

of the distance from the surfa.ce during the constant rate peri'od of '

drying. Evaporation as a function of soil moisture distribution appears

to have been neglected by the soil scientists. Staplc (46) in ]956 suggested

" that 'computation of evapo‘ration must be a stepwise process‘involving :

1
A

the calculation, in short time mtervals, of both the changmg moxsture

),,(
LK

profiles in the drying 8011 and the resultmg evaporation at the surface.",

Closely allied thh the mmsture distribution is the site of evapora-' '

* 4 b ‘
‘ " '

tion. \ ';[‘he” obsei'ved accumulation of soluble salts at the surface',in'v‘
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arid and irrigated areas is a good evidence that when the profile is
moist’enough_ for liquid flow to keep pace with evaporative demand,
evaporation occurs mostly at the soil surface (46) .

Soil Mulches and Crop Residues. Use of soil mulches has long

' "been recognized as a possible method of suppressing moisture loss

by evaporation (46).

' .Depth of the Water Table. From the review of the literature, it
apl;em;s that the steady state rate of evaporation from water tables under
natural conditions can be predicted from the moisture flow equation
and knowledge of the moisture characteristics of soils, The agreement '
between prediction and expcriment suggests that the unsatura.ted liquid
phage flow limits the rate of evaporation, This is particularly true for

water tables two feet or more below the soil su\rfa\,ce (46).

Plant Factors

’Stage of Plant Growth. The st@.ée of plant growth has a very signi-
ficapt influence on the consumptive use rate, assuming t‘;ha.t other
~ factors are constant. During the stage of vegeta}:ive growth from time
‘of erﬁergence, the water use increagses from a low value and reaches
é.,rriaxi;num wlgen the growth is at its peak, and thén slowly decreases
;snthel]’ple’mt matures. . 'I;he surface area of the leave; is aiso i't‘npoi'tan;: 3
,i:o%‘the absorption of ligh;: energy and the intérchange of gases with the

" environment,
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’

- Length of Growing Season. The length of the growing season is .

%
'

considered to be the period between killing ffosta‘.“' .For annual crops,

however, it is shorter than the frost-free period because crops are

often pfanted after spring rfrosts\a're past and they may r_na‘ture before
the ﬁrét frosts in the fall, The length of 'growing-season which is tied

_‘closely to temperature has major effects on seasonal water use by

plants (45).



-~

33

ESTIMATION OF EVAPOTRANSPIhA,TION

History

The effect of sunshine and heat in stimulating transpiration was
studied in England as early as 1691 (1). Dalton's work in 1798 led to “
the de;relopment of empi;'ical formulas now being used to estimate evap-
oration and evapotranspiration.

The passage of the Hatch Act in 1887 was responsible for the estab-
lishment of agricultural research stations in the United States, These
stations p,ro‘vided the first facilities for water-use research (26).

In the western United States during the late 1800s and early 1900s
water delivered to the farm was often measured, but measurements of
actual consumptive use were seldom made. Later, factors causing
and affecting water loss from plants were studied. For the next
two decades emphasis was placed on the development of procedures
for measuring the actual consumptive use, and in the development of
formulas for estimating monthly and seasonal consumptive use of water
by using avalila.ble climatological data (26).

From 1‘887 on, various investigators carried out research on water
use in Colorado, Wyoming, and Utah., Until 1920, ’the 'term"du‘ty of wé,ter','
wa:é used exten'sively to describe the amount of“-)watler being used for

irrigétioh (26).
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Wldstoe et al, in 1902 Fortler in 1970 and Teele in 1908 estab-

% o

lished f).eld and plot studles to determme the relatlon between the quan-

o tlt‘]’ of water used and crop returns and losses of wa;er by eva.pora--

vt

~tion (26)

Fttzgerald in 1886, Bigelow in 1910, Himus in 1929, Rohwer. in
1931, and Braslavskii and Vikulina in 1963,derived empirical equations
by graphical and statistical techniques to equale evaporation Fo n"xea-
sured meteorological data (33).

g
Briggs and Shantz early in the beginning of this century indicated

‘close correlation among transpiration and evaporation from free water

surfe.ces, air temperattire, solar radiation, and wet bulb depression
(34). Hedke in 1924 developed the effective-heat method on the Rio
Grande in New Mexico. 'By this method, consumﬁtive use is estimated

from a st':'udy of the heat units ax'reilable to the crops of a particular

‘vé.lley or growing area. ' Blaney and Israeleen in 1936 used this method

to estimate the consumppive use of water in the Mesilla Valley, New
Mexico (5). Lowry end Johnson in 1937 developed a similar method that

has been used by the U,S. Bureau of Reclamation (31). BlaneyACridcile,

" and Morin in 1941 developed empirical formulas from long-term climate

data of the Pecos River Basin in New Mexico and Texas. The Pecos
formula was simplified by Blaney and Criddle in 1945 when they elimi-~

nated the humidity faefor'(é),r This Blaney-Criddle formula has been

' extensively used to estimate monthly water requirements for a large
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number of crops. :F‘dr annual crops, the monthly K factor varies widely
' during the growing seasc;@; and the pi‘inéipal difficulty in using this

formula is to i)roperly estimate this K factor. In 1965, .J' T. Phelan

of the United S;:ates Soil Conservation Service modified the Blaney-

Criddle formula by making the K factor the product of two factors,

k = KcKi’ where ‘K; is a crop factor and Kt is a temperature factor:

'Kt = 0.0173t - 0,314,
This modified formula was originally applied to lawn turfs but was
later adopted to other.crops (42).
Hargreaves in 1947, when working for the United States Bureau of

.Reclamation, suggested a method of calculating consumptive use for

the Central Valley of California. This method was based on local

records of evaporatit;n, temperature, and humidity (8).

Penman ~in 1948 in England correlated evaporation and evapotrans-
piration from grass with meteorological observations and developed
an index fo;' estimating evapotranspiration (8).

From 1960 to the present J, E. Christiansen and his associates
at Utah State ﬁniversity have developed formulas for estimating the
evaporation and potential evapotranspiration from climatic data for

. many countries, particularly those of Latin America, His‘objection
was to develop a practical procedure for estimating evaporati(on and /o:

potential evapotranspiration from the \climatologiczil data published by

meteorological sources.
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The work of other invesiigat‘qx:'s---]}ow;p' m 1926, Cummings and
Ricil;'a;"dsonlin 1)9217,"'I‘h91"lnthw5.it‘e in 1‘;48,' Haflkai‘s._Ve{hmyer and
‘Hendri“cvk’son ip 1955, Munson \i(n "19)60, w. O. Pfuitt at Da{ris since |
i959, and rn’aany,others‘hévé con'tributed to the science of evaporation
;.m‘i‘evapotra(r‘x‘spiration, b;lt ‘the'y have not developed formulas‘t,hat could

be applied to the problems of estimating potential evapotranspiration

for.Iran.

Direct Methods of Determining Evapotranspiration

S;Jil'Moisturel Depletion. Soil moisture content is determined
‘within the root zone by gravimetric sampling or u;ing a neutron probe.
’ When'the moisture is measured bleft;re and after irrigations and soﬁe

between irrigations, a curve is drawn from which monthly and sea-
sonal use can be obtained. This method is more suitable in uniform
soil that has no influence on groundwater table within the root zone.
'Deep percolation must be avoided, and the water used cannot be mea-

sured for periods less than one week.

' Field Plot Studies. Yield of crops increases as the water use

increases up to a point, and then it.will decrease. Severaltinvestiga-
tors have used this as an index for measuring consumptive use,
.Dr, John A, Widtsoe's ' work from 1902-to 1911 on fourteen different -

.

crop‘s is a good example (2),"
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Lysimeters, A lysimeter consists of a tank in which a crop is
grown under condit.ions where the evé.potranspiration can bé measured,
Th.eré are two basic kinds of lysimeters: weighing and drainage.l In
order to give reliable results they must be located in a field of like
|vegetation so that both the r_adia!:ive and advective energy received by
the crop in the lysimeter’'is the same as for the surrounding area,
Pruitt at Davis, California has used a very sensitive 6.1 meter dia-
méter weighing lysimeter for measuring hourly and daily rates of

evapotranspiration from grass to obtain potential Etp values (35).

With dralinage-type lysimeters the water added and the water
.drained from the soil is weighed or measured, the difference being
the evapotranspiration. Lysimeters of this type are not suitable for
short-time determinations, but when properly used they may give reli-
able results. A major l?roblem is to grow crops in lysimeters such
that the height and d;ﬁsity of the vegetation in the lysimeter is the
same as for the surrounding area. Serious errors may result when
the plants in the lysimeter grow more vigorously than those outside

the lysimeters, a common occurrence.

Inflow-Outflow. The difference between the inflow and the out-

- flow, both surface and subsurface, plus the algebraic differe'ncé be-

i

‘

tween groundwater storage at the beginning and at the end of the period,
equals the consumptive use inyth'egiven area. It is most suitable fo,z_"

large areas.
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The follqwing.formgla. is us‘e'dA to compute the consumptive t;se with
‘the inflow;outﬁo;v methdd:
U= (I+R)+ (GB\'--G‘;) - Q )
where - o
< U= cqnsqmptive use
"1 = inflow
R = rainfall
Q= outfl.o'wl :

Gs' Ge = volumes of water in grours stroage at the beginning
and at the end of the period (4).

‘A consistant set of units must be used. Usually ail terms are
expre;ssed in equivalent depth per unit time,. such é.s mm per month,

IntegA ration, The integration me?:hod is ‘the summation. of the pro-
ducts of unit consumptive use for each crop times its area, plus the
unit consumptive use of nat;ive vegetation times its area, plus water
surface evaporation times wate}' ‘surface,'area,' .plus ev'aporafion from
 bare land tirﬁeé its area’. '(2.4). This method is used to estimate the total
evapotranspiration from a large aréav of mixed types of vegetation
(including bare areas and water: surfaceg)'where unit values may be
estimated with reasonable. .a,ccuré.cy. It may be used as a check against..

the inflow-outflow method,

Groundwater Fluctuations. An analysis of the ﬂuctuations’i'n the

elevation of groundwater tables can be used as an indéx of average
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evapotranspiration, provided the area is flat with adequate water sup-
ply. This method has been used in Arizona, California, and.Utah (36), -
but it is subject to appreciable error under some conditions.

Measuring Matric Potential,  Tensiometers measure energy sta-

tus of soil water directly, but since the instrument functions only over
a part of the available moisture range, its use for measuring the actual
evapotranspiration is limited. Tensiometers have to be calibrated

for different soils in order to obtain quantitative results,

Micrometeorological Methods of Determining Evapotranspiration

Micrometeorological methods can be used to estimate evapotrans-
piration over very short periods of time (e.g., a few minutes), They
can ﬁrovic}e flux measurements (e, g., CO2 and heat), and can provide

environmental information (e.g., humidity, temperature, etc.) (20).'

i

Aerodynamic Equations
A'ero;lynarhic‘:r;ethods, ‘also called profile or mass transport

métl;qu (20), are designed ‘to measure or to estimate the rate of water
val;cln"‘ flow from an evaporating surface and particularly as it is affected
,‘by t'u;bulence. The \‘ralidity of this method depends on tl{x"ee propo;i-
tions for‘:which'there is experimental support under fully turbilent to
nea:rly' neutral ;tmosph‘ere c;onditio;us. These are; .

1. . fﬂat‘él;e‘ mean wind speed varies lo‘ga(ri~thmicallywith\ heiighti f

?.' That eddir, shear stress is cqnstant'\;rith héight.

1
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i

vaporfdiﬁ't‘xsion, f‘pa‘rt{cularly; that caused by turbulence, ,‘ The vaiidity of. .
t!;is \me‘.thod ldgpéﬁds'. on three propomtmnsfor w!{ich‘fﬁg”ge'i'; e'xpedl,'{-
n;'én‘ta\ll éﬁpj.'xyc;rt'under fuliy t'u‘rbt‘xle;ﬂ:~ t‘éy'xlxearllvy’ne\utrél atmb‘spl;e'ric‘ ,
’édnditii)ns. 'I‘he;se a.lre: ,‘
1. That the mean wind spe&d v?.riés Iogarithmfmally with f;eight.
| 2. ’, That ed;ly‘shear,stréss i's conéj:ant with heigl;;:. “ |
3., That'the 'eddy (hiiffusiv'itir for‘wate.r (rapo?, Kw’ is equal to that
for m'o§nex’1tum,\ Kr‘n. |
A near neutral atinosphere and an'o‘pen uniform site are also impor-
]

ian@ conditions to be considered (37).

Fluctuation Theory. This technique is theoretically sound, but

the instrumentation is only partially developed and quite eﬁfpensive.

The methd has been successful 6n1$r for the evaluation of sensible .

heat flow (H)', |

Munﬁ in 1961 listed three points required in the design of instru-
mentation for this méth;o'd‘:'

1. The sepa“r-a:f':i‘on’i)‘etween instruments meésuxi'ng spegific;
humidity and wind. speed m‘ust be é;rxaller than ‘the smalle‘st“eddit?hs con-
tributing to"the wa;cer 'vap,or flux,

| " é. | The sensiﬁg'iﬁs\t'rumer}ts must have the same response time,
, ot}ier'wise si)uxlious covalriance wili i;esult.’
3.,  The responding time of the sensing elements must be suffi-

éiently short to record the flux contributions of very small eddies (11),
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Turbulent Tfansport Equations, Evapotranspiration can be esti~-

mated by using the follow‘ing formulas

~ 0PV
Et - -Kw oz

!

2]
. in which

Et = evapdtranspiration

Kw'; éddy transfer coefficient of water vapor (cmzlsec)

Pv = vapor density (absolute humidity) (g/cmB)

z = distance from evaporating surface.

' To evaluate KW is a difficult task, but it can be approximated by:

W2 @ )z, -z) 3
g =¥ 2 1V [3]
w z
2.2
(ln'z'-)
1

in which
'6'2’, u

= average wind speeds at heights z

and z

1 2

% = temperature stability correction requiring measurements
of changes in wind and temperature

kz = 0.16 (k-= Von Karaman's cofxstant).

[

The measurements necessary for determining ¢ and (u, - ul) aaré':diffi- L
"cult. * The basic assumptions are not always met, but this me.t'hod.has o

given reasonable results under some conditions,
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Dalton's Formula. Dalton's Eor‘lr’hqla is th'g' éldest,' 'deveioped in-

1798, to represent the evaporation p?ocesé from a water surface mathe-

matiéally ass

Eo = (eg -'e) f(ut) : ( [4]

where
e = vapor pressure at the evaporating surface

= vapor pressure at some height above the surface

#£(u) = function of the horizortal wind velocity.

7Tl”1isﬂformula, with;a’suitable wind function, has been used to estimate

evaporation but has not been used for evapdtranspiration because of the
difficulty in measuring e, at the plant surface (11).
- Thornthwaite. and Holzman Equation, Tho'z'nthwaite and Holzman .
: CN

' derived the first aerodynamic equation in 1939 for evapotraaspiration’

J

.over short vegetation: .

2 @ = T) Py - PYy) .
Et= 5 8]
- (In (z,/2,))

where |

1

Et = evapotranspiration
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k = Von Karman's constant, usually‘téken' as 0.40

U, Uy, 'I?vl,’and Pv

2
humidities at the height z, and Z respectively,

are the wind speeds and specific

Pasquill in"1950 expanded this equation for tall crops in the form:

2 1. -
k luz (1 "'uz) (PVZ - Pvl)
Et= —— (6]
' [n 2—J?
zl -d

where d ﬂ,is\ the zero plane d‘isplacerr;ent. Its evaluation requires

the difficult ta(sk of meas;:r,ing wind profile during the different time
‘perri(odé of plant grox;vth.‘ 'Thisvmethod is difficult to apply to field c<;n-
ditions ‘and if tﬁe assumptions are not met in actual practice, 'a. correc-

tion must be api)lied to Pasquill's formula as follows:

u

S |
LT AL - =) (PT. - PT
kT, (1 uz)(Pv2 Pv))
Et.= [—— 7 —d ] ]
' [In 2 ]2
zl-d

where

es
i

1/1 + 10 Ri if Ri is positive

(1'- 10Ri) i€ Ri is negative

o
i
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&- is.a function of the Richardson number, Ri, which can be com-

puted by the,.follrowi'ng;fprmulas;‘ "

Ri = —& (a'r/az)z- [é’]
ST, (ufz) '
whe'rejl
g, ;'951 cm?'/sec, the:‘acvgeleration of éraviiy ‘
'I'; ‘=‘ absolute temperature

Richardson's number can al‘s‘& Bq approximated by:
Ri= 3 4‘('.[' -T )-Y(zi —z Y, T )2 [9]
I 2 712 T2 A

as stated by Chang (11) and Rose l(37'). e

Energy Budget Method

f

The energy budget is based on the law of conservation of energy. -

Change in stored energy is equal to the difference between incoming and
outgoing energy. Evaporation is the ;r(esidufal and therefore asu'bject.to
considerable error if it.is compared to th}e,other‘l terms in‘the energy

budget equation.

' The energy budget equation, expressed'as calories per square

N v N

- centimeter per day, 'in'a-broéad general form is:

v
- v
Ca Q

o

0, <0, 8~ Qe Qg 19, "0y "% 70 [10]
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where

O
u

net change in stored energy

,incoming solar or short-wave radiation

reflected short-wave radiation

O O . D
1}

incoming atmospheric or long-wave radiation

-reflected long-wave radiation

| ®)
n

i

i’) ! = back radiation emitted by the water surface

net ‘ad‘vectgd energy into the body of water

0o DO
1 I

energy advected with the evaporated water

, Qh = energy transferred betwcen the water surface and over-

lying air as sensible heat
Qe ‘= :energy required to change the evaporated water to the
vapor state without a change in temperature,

' Cor;ductior; of energy through the bottom, heating due to chemical .
and‘biol‘ogic’al processes, and the transformation of kinetic energy into
th:erngal ex;ergy we;re assumed to be negligible (32), The energy budget
equation in the more simplified form generally used is:

- Rn =G + H + L Et + Photosynthesis + Plant 'Heating ~ j [11]
where, o
Rn = net rad.iat‘ion, cal/cmz/day |

G = soil heat flow, 'callcmzl}iay |
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H = sensible heat flow, cal/cm?/day ,

"L = léi:ept rhea:t of yapqrizaéi_oﬁ, ‘usually ;:aker; as 585 c’al/cxyth‘

Et = e’n{apotraﬂspi‘ration‘, cx;i/day. ,‘ |
‘7B‘ecé“use*the \;p.lt;es‘for'.photo‘syri‘thesié. anci piant Heatfng are usually very
Qx;aall, ‘the‘y are:usuglly ﬁeglected; ther;fdre, 'evapptranspiratiqh can be
eséima}:'ed by: x |

Bt = .(’Rn’-:”q -H)/L . [z] .

'Rn can be measured with a radiometer and Gwitha heat flow plate or

calorimetrically, The measurement of H is difficult and usually it is
'determined aerodynamically.

, ‘ . a‘E’ . |

. H= -vf?a CP Kh 32 [13]

whg re

pa" density of moist'air, gx;n/crn3

f

C
P

Kh = eddy transfer coefficient for heat, cmzlsec

specific heat of moist air at constant pressure, cal/gm/OC

T
oz

= temperature gradient,

Combination Equation

Since the measurement of H is difficult, as-has been mentioned above,
the energy budget formulas:are generally used in' combination with aero-
- ’ v B 1‘ \‘ - "
dynamic formulas in order. to estimate evapotranspiration.

Bowen Ratio, Bowen (32) concluded that the process of eira’pora-

tion and diffusion of water vapor from any water surface into thley
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overlying body of air is exactly similar to that of conduction of specific
heat ene;'g'y f;'orln the water surface into the same body of air\. Because
of this similafity, t‘he ratio, which bears Bowen's name, of the ex'xergy
loss by conductio;u to‘that by evaporation can be expressed as:

B = H/(L Ev) [14]
and thus evapotranspiration, Et, can be estimated from the equation:

Et =‘ (Rn - G)/(L (1 + B)) [15]
where B is Bowen's ratio, and other terms in the equat{on are as
defined be'fore. If the moisture is not limiting as for potential evapo-

transpiration, Etp, this method is useful because B is small,

Penman's Method. Penman in 1948 and 1956 (38) combined the aero-

dynamic and the energy budget approaches to eliminate surface measure-
. ment of gradients. His equation requires observation of radiation, témp-
erature, humidity' and wind, Penman's equation in a general form is

given as:

. AHnT/L + yEa

. Eo A+ oy 6]
wﬁgre
Eo = evaporatiop from open water surface in mm/day
A = slope of the saturation vapor pressure versus temperature

curve (dea /d't‘) at the air temperature T in millibars /¢’

‘= the psychrometric constant or the ratio of specific heat

- .of air to the latent heat of evaporation of water

V

Hnt = net radiation (cal/cm /24 hrs)
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L: .= latent heat"ofyaporizgtion (?E)O cal/m} of water)
Hnt = (I = rw)'RI - RU [17]
in wl?ich ’
rw = reflection coefficient for xi‘(a};er (0. 05)
‘R‘I~ = g1;>ba1 'short-wa\;e iragiiafior* '
‘RU ='net lox';g-wave raidiai:ion" ’

Penman in 1948 gave the values of RI and RU as:

RI. =.(0.18 + 0.55 n/N) Qn [18]
|"‘ ~4~ C ! o .
RU =0T (0.56 - 0,092 (&;) (0.10 + 0,90 n/N)

i

E_=0,8541.0+-0.54 Uz) (E_-"e ) [20]
a z z

'in which

n/ﬁ = ratio between actualland,possible hoursﬂof'sunshine‘

. o = Stefan-Boltzman constant
in = theoretical maximum extraterrestrial radiation (qal/
cm/24 hrs)

Values of Qn can be obtained from standard tables such as Brunt in 1944
. 'and Smithsonian Meteorological T’ables,,;f 1961,

. T4 = theoretical black body radiaAtiqn at mean absolute air -

" temperature

‘Uz = wind speed at two meters ‘above the ground surface (m/sec)
\ :

<

éz = mean vapor pressure of the atmosphere (mm Hg)

Ez= saturation vapor pressure at mean air temperature (mm Hg)
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E, - e = vapor pressure deficit of the atmosphere. at the: shelte

heig,fgt. usually 2 meters.
lPenman"suggested that when wind measurements (U) are taken at
;tﬁer(héights ‘(h, in meters'), the wind velocities can be corrected’ to the
2-meter height by using the following relationship:

0.8
U, *VUhlogh+0.5 [21]

Fil"l&ll}", the foi'mula for free water surface evaporation is then:
E, =7 +v ~A—[(1-r_)RI - RU]/L+Zl+7y-[O.35 (0.5+0,54) Uy(E 5 - e,
[22]
* Potential evapotranspiration can be determined first by calculating
Eo then coﬁ'verting it to Et b;r a factor F = Ei:/Eo as stated by Penman.in
1948 (3‘8),«’
. Although Penman's formu}a'was developed from a theoretical base
it contains empirical functions of sunshine, vapor pressure and wind
velocity‘. Its principal Adisadva.ntages»are its complexity and the ,fact'

that the parameteré used are seldom measured and reported by meteoro-

logical services.

Empirical Equations

A considerable number of empirical equatiéns havé been developed .
to estimate potential evapotranspiration.' It is not the obgective of this,

thesis to g0 into detalls of these methods other than mentroning them.
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The methods used to compute evaporation and potential evapotranspira-
tion in this thesis will be explained fully.

Thornthwaite. Thornthwaite developed a method based on'temp-

erature which can be préséntgd by the formula:

Etp = 1,64 (10 T_/1)? : | [23]
where ‘
Etp = unadjusted monthly potential evapotranspiration in cm
d=a aay'length correction factor ‘
T, = mean monthly temperature in °C
I = Thornthwaite's temperature-efficiency index, being equal
to the sum of 12 monthly values of heat index, "i"

1.514

i=(T_/5) [24] |

a = 0. 0000006751 = 0.00007711% + 0.0179211 +0; 49239, r25]

This method has been found suitat;lg to h;lmid, well-vegetated areas (13).
As can be noted, tl}is formula depend;s on only the mean mon;thly
“ter‘nperatu‘rér, '];‘c, a.‘mi the dp,y length c‘orrection-fac;:o‘r, d. It neglects
such\‘important pa.rameters,/a"s( wind, hufnid{ty, sunshine and /or radiation.
Hamc;};. | ﬁaﬁon ;iéz;ived an eQuation f'or computing potential evapo-
transpiration based opﬁi)os“sijb‘le\llm}lré of ';ﬁﬁs};ine and the aatufated wa‘telz:
vapor density at the dai‘ly mean te;npe;atl;re (2’1). ~

His formula is: '
| 2

Etp = C D" Pt/100 [26]
where

. "C'=,0,55
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D= possible hours of auns};ine
. Pt = saturated vapor density (absolute humidity)
Turc, As stated by Hamon (21), Tur;: hlas a formulg, for‘ estimating
Etp in:mm pér day based on solar radi'a';ion which can be written:
Etp = 0,013 T_ '(R’3 + 50)/('41‘c + 15) [27]
in which
' RB = mean incoming radiation in langleys per day (cal/cmz/day)
Where data for.radiation, Rs » are not available they can be computed by
the following ‘equation (14):
R8‘= Rt (0.18 + 0.62 Dh) [28]
in which’ |
Rt = theoretical radiation
D, = daylight hours expressed decimally.

Jensen-Haise. Jensen and Haise developed a formula for computing

Etp based on mean air temperature and solar radiation (43). Their equa-
tion is as follows:

Etp = K_ (0,025 T_ +0.08) R /L ’ [29]
in which

mtp 18 expresséd‘in inchea'per day

crop factor

=
]

-
i

. . °
= mean air temperature in |C

'solar and scattered radiation:in inches per day

.~
I
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‘When solar radiationdata are not available, ‘the following formula proposed
by .Angst’rom with ‘cons?ants‘devéloped b)} S. Frit{z.énd J. H. MacDonald
can be usod:

'

R_= Rgo (0. 35 + 0,615) [30]

‘in which .
Rs = golar radiation

Rgo = solar radiation on cloudless days -

Makkink, Makkink'é t:ormula is based on solar radiation measure=~
ment welghted accordmg to a1r temperature (11). He developed his
formula in the Netherlands by using the lysimeter measurements ot:
potential evapqtranspira‘tion from shori: grass. His‘formula is:

A .
Etp -0.61R8A " 0-12 | [31]

in which

R_ = incoming radiation'in mm/day

8
A. = the slope of the saturated vapor pregsure-temﬁerature
curve at the mean air temperature
4% = psychrometertc constant = 0.49 for °C.

and mm of mercury, or 0,27 for °F and mm

of mercury

‘This formula was developed in 1957 but has not been wxdely tested.

4

*Blaney-Morin, Blaney and Morin in 1942 derwed the following

fg;rtﬁula,from New Mexico 'and ‘Texas data (11):,
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u=15.tf'P(114-h) 132]
in which
.u = monthly consumptive use in inches
k = monthly.crop coefficient
Tf:. = mean monthly air temperatures in °p
P = monthly peri:entage’ of daytime hours in the year
h = mean monthly relative humidity.
Table 8 gives the monthly percentages: of daytime hours of the

year for latitudes 24° to 50° north of the equator,

Blaney-Criddle. Blaney and Criddle (4) in 1950 simplified the Blaney-

Morin formula by dropping the humidity term., Their formulas ‘are:
u=kP Tf/100, or
u=k{f, and
U=zKF [33]
wheré
us= monthly consumptive use in inches .
U é'ponsﬁmptive use for thé growing season in inches
K = seasonal c;:op coefficient

'F = sum of the monthly consufnptive use factors, f, ‘fo'r'.thei

growing season

f= Tf P/100.

\

Pavgadakvis. ,Papadakiéuin,Argeritinﬁ in 1961 computed potential pvapo;

tvranspif‘a‘ti'on with his ‘equation-that can be written as ‘( 13):



Table 8. Monthly Percentages of Daytime Hours of the Year for Latitude 24°

the Equator (11)

to 50° North of

Month

Latitudes in Degreés North of Equator

26 |28 |30 [32 134 36 |38 |40 |42 44 46 48 - 50
January 37.58 7.49|7.40(7.30{7.20!7.10°6.99{6.8716.76| 6.62 6.49 6.33 6.17:5.98
February  7.17:7.12|7.07|7.03|6.97]6.91|6.86|6.79]6.73|6.65|6.58] 6.50| 6. 42 6.32
March 8.40:8.40 {8.39 {8.38|8.37/8.36|8.35(8.34|8.33/8.31/8.30|8.29|8.27}8.25
April ,8.60!8.648.68(8.72|8.75/8.80:8.858.90{8.95|9.00|9.05}9.12;9.18]9.25
May %9.30 9.3819.46 19.5319.63]9.72,9.81,9.92/10.02/10.14!10.26|10.39, 10.53{10.69
June ©9.2019.30(9.38 [9.49/9.6019.70:9.83!9.95!10.08/10.21{10.38{10.54110.71'10.93
July £ 9.41]9.49 19.58 {9.67(9.77{9.8819.99{101010.22{10.35 |10.49|10.64 10.80110.99
August  ©9.05/9.1019.16 [9.22]9.2819.3319.4019.47{9.54/9.62/9.70}9.79. 9.89{10.00
September ;8.31 8.31(8.32 {8.34/8.34,8.36!8.3618.38|8.3818.40/8. 41 8.42'8.44i8.44
October | 8.09(8.06 |8.02 |7.99[7.93|7.90|7.85|7.80|7.75|7.70|7.63|7.58|7.51|7.42 .
November ! 7.43[7.36[7.27(7.19{7.11{7.02!6.92{6.82|6.72}6.62|6.49|6.36;6.22 6,07
December f7.46 7.35%7.25 7.14 7.05:6.92!6.79 6.6616.5216.38|6.22 6.o4§é.86§5.65'
Total © 100. | 100. ;100. 100. | 100. 3100.‘ imo. i1oo. £100. | 100. | 100. | 100, 3:100._: 100.

14°]


http:8.40:8.40
http:7.20',7.10'6.99'6.8716.7616.62.6.49

55

Etp = 0, 1875 (eam - edm) ['34]

where

€.rn = saturation vapor pressure at the average daily maximum

temperature of the month in millibars

e dm = saturation vapor pressure at the temperature of dew

point, in millibars,
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FORMULAS DEVELOPED BY C HRISTIANSEN, AND ASSOCIATES
AT UTAH STATE UNIVERSITY

Christiansen

. Pan eva.poration, as me:‘tsdred with a Class A pan under standard-
‘ized'ce’nditifons, i’s-‘e re'liab\le mdex of ciirhate as it pertains to evapo-
ers.nspiration. Christlansen (8), (7), and (9) and co-workers at Uta.h
State Uslvessxty fu-st developed a forrnula for estxmatmg Class A pan
| e\‘ralf)o\rl'a}tlon usu;g, asa basls, \extraterres;:nal radiation, Rt’ and cli-
met'ic‘ data. Christiassen ls.ter developed formulas for rela.th;g potentiei
levapotranspi‘ration' te pan e’veporation asd“ to radiation a'.nd-‘climatic data.
The 'g'esmeral for’r;'l of the equation l]i.s

E=KRC_ [35]

in which

E = evaporation or evapotranspiration

"K = dimensionless constant determined from the -analysis

of many data

R = extraterrestnal or measured mcommg radiation,,

‘. expressed in the same umts of E

Q' ..
u

emptmcal coefﬁment whlch is the product of any number
“of subcoefficients each expressing the effect of a given cli-

,mate or. other factors such as temperature, wind speed,"
‘ sunshine, relative humidity, elevation, and month, thus

‘4C=CT CW CS CHCD C‘M

Each coefficient can be expressed by an e’quation;, generally of the form: .

2
C,=C,+A (X/X )+B (X/X) [36]
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in which
X = a specific climatic factor

a staﬁdard, approximate mean, value of the factor

>
n

a’
[}

C atX=0
x

- P4
i

XatC =1
x
A ande are constants, such that Co +A+B=1
For example, CT = C,+A (T/To) +B (T/To)z.
_ In the development of the formulas, the considerations and limita-

tions kept in mind can be enumerated as follows:

1. ""Only data of the kind that a;re readily available to the user
should be required for alpplicatiqn of the procedure, and only such data
should”be used in the development of i"ormulas.

2. The f)roce‘dures or formulas should utilize all of the é.vailabl'e
climatic parameters that are found to significantly affect evaporation

| or evapotx('ar}sp’irét,tion,'but the); shoulq permit use of more-limited
data.

3., The procedures should require a'minimum qf pefsonal judg-
fne::xt on the“paré: of the user. |

4., The fo1:mula developgc:l should be dimensionally sound and
’ s'l‘mgld be applicable in either English or metric units.

5. Thé:’fox!'mulaé should, inséfaf as possible, provide tﬁe prac-

t’i;cipg engineer with'a '{;;;)fxtl;ing tool that w?lllg’ive reliable Fesults when

applic;.d to climatic data from any'part of _thé world" (7).
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1

One of the important advantages of this form of formula is that if

any one-of the parameters is missing,’ it can be assumed as unity.

Christiansen's 2an Evaporation Formula. Using extraterrestrial

radiation, R;, as a base, this formula, which is based on data from many

countries of the world is:

where

where

E =0.459R C.'C. C..C.C._GC i [37]

v t °T "W H 'S E M

¢ = extraterrestrial radiation reaching the earth's atmosphere,

computed from a solar constant 2 ’cal/cmZ/min (Tables

9 and 10)

Gy = =0.0673 + 0.8976 (T/T ) +0.1722.(T/T ) [37a]

T

if temperature in c’17" for To = 68°

Cp = 0.393 + 0.559 (T_/T ) +0.048 (T_/T )" [37b]

T

if temperature in'°C for T, = 20°

Cyy = 0.708 + 0,328 (W/Wo) - 0.036 (W/WO)Z | [37¢]
for W _ = 60 miles/day, or 96.56 kilometers/day (n"xea'sured.

at two feet above ground)

Cy ='1.250 - 0.348 (H/H ) + 0. 120 (H/HO)Z' - 0.022 (H/H°)4 [37d]

for mean relative humidity at nobn, or average hun;xidity for
11 and 17.hours, for‘Ho =:40 pert}ent, or 0,40, When mean
humidity'is available, however, the following approximate

relation is used:

CHy, = 1.255 - 0,242 (H /Hy, ) - 0,013 (H /H ) [37e]

y A0 r ['o)



TARLE 9.

MEAN MONTHLY VALUES OF EXTRATFPPESTRIAL RADIATION EXPRESSEN AS EOQUIVALENT FVAPORATION
IN MILLIMETERS PER MONTH AT 20 DEGREFS C.

LATITUOE-

DEGOEES
NOP TH

<o
&9
eg
a?
46

as
ag
a3
82
a1

ag
19
.1
7
1

2 3
\L]
<3
x2
.1

Qe
29
28
27
?6

25
24
23
22
>1

JAN.

121.3
129.1
13R.2
164.8
152.7

1RA. 6
1h2.5
176.%
116.3
192.2

2n0.1
7ne.n
215.9
2237
?231.5

2%9.3
2u7.0
?2%4.7
?2682.1
2710.0

?277.6
?88.1
292.6
nn.n
317.3

Il8.6
3?21.3
328.9
335.9
342.9

FFR.

1RRa9
173.9
180.9
187.9
193.9

201.8
2CR.7
215.5
2273
27%.1

235.8
282.4
249.U
2%5.5
262.U

?5R.3
2.7
28U.9
237.1
?20%.2

29%.?7
30%.2
311.0
31R.8
322.5

32R.1
33%.6
3139.1
Jak.0
33%9.6

MARS

28R.?
29%.0
239. %
3nK.n
31%.0

319.5
325.9
332.2
33R.3
Jua,.n

6 0.8
IR, 3
352.0
367.7
37%7

378.7
IRG,0
3R0,2
396, %
399.27

uft. 1
4n9.%
414
417.R
422.7

42fe0
az0.5
4344
428.%
a8 1.9

APR e

390.7
349571
393.5
4037
a07.9

911.9
415.8
419.6
423.3
426.8

432
433.6
a36.7
439.9
442.7

4u5.5
448.2
850.8
453.2
455.5

457.F
4 52.5
4615
u63.3
4UR%.9

466.8
4R7.7
4 RE.9
4 70.0
s10.9

JUNE

578.3
S2R 7
529.0
57%5.3
§79.5

§29.6
5279.6
529.5
57°.3
529.1

S28.7
5728.2
§27.7
527.0
525 .2

$25.3
574 .3
S2%.2
521.9
572346

519.1
517.5
515.8
513.0
5120

Sul.s
507.7
s $ .“
502.9
5008

MONTH

JuLy

62¢.8
S27.8
578.8
£2%.7
$30.6

531.3
§31.9
532.4
532.9
S$%3.2

S32.8
£33.5
533%.5
533.8
5331

532.8
£32.3
§$31.7
5%L.9
g‘U-l

S29.1
S?R.0
§76..7
S75.3
52%.8

822.2
520.4
518.5
516.5
Sl4.8%

AUG.

4487.5
451 .0
4su.3
457 .6
S FRl.8

8 63 .8
L3 1-9% )
4 R9 .6
al.3
Q7449

477.3
477
48] .2
4 d3.9
4 A5.2

4 87.7
G 89.3
493.9
§ a2 .X
4 93.5

Yqu .7
495.7
496 .5
897.2
897.8

49,3
g 3.6
893.7
898.7
498 .5

SEP.

¥ 3.0
329%.8
33%.5
le?
TWE.7

352.2
35 7.5
352.8
35 7.9
X72.9

377.8
392.6
387.3
321.8
I96.3

4rg.h
4J 4.8
47 8.9
412.8
ulh.f

u2nNe.3
a2 3.9
827.3
430.6
43 3.8

a36.9
43 9.8
2.6
a4 5.2
MT.7

o€Te

221.0
22°% .6
23R.l
243.5
251.0

258 .0
265.%
277.8
2F0 UL
2A7.0

29%.0
3IUd .S
307.7
AP LI )
321.1

327.6
I 3u.1
IuN.u
345.7
352.9

359.0
368.9
3.8
376.5
382.2

397,.7
393.1
398 o4
8 0.4
4087

NOVe

134.3
16 1.9
143.S
1571
1a8.8

172.8
12U.0
IR7.6
195.2
202.%

?210.4
217.9
225 .4
23 2.R
Bu.

2uT.6
?255.0
20242
269.5
2756

283.7
?7290.8
297.%
308.7
311.5

318.%
325.0
331.6
338.1
3a 4.6

DE c.

1M .5
112.2
1192.9
127.7
135%.5

1643 .8
151.3
159.2
167.2
175.1

18%.1
1%9i.1
199.0
207 .0
215 .9

222.8
230.7
? 3.k
2us .4
254 .2

262.0
269.7
277.3
285.0
292.5

30n.1
307.5
314.9
37242
32945

ARNUAL

375140
3112.8
3874 .0
3936.S
399,32

4l S3.8
U117
u169.1
42257
52813

4336.0
4389.8
g4 425
44 94 .2
4Sug .8

4503 ,3
A U2 .7
QR A9 .9
87 35.9
Q7 20 .8

UA24 .8
48R6.8
&30R .0
4947.8
49 86 .8

S023.6
$359.5
Sges.l
5127.%
S159.1

69



oration in Inches per Month for Use with Equation (37)

Table 10. Mean Monthly Values of Extraterrestrial Radiation Expressed as Equivalent Evap-

Latitude ] - T e e -
Degrees Jan Feb Mar Apr May Jun Jul Aug Sep- -Oct ‘Nov” Dsc “
North
60,  1.73 3.70 - 8.40 13.35 18.47 20.14 19.83 15.90 10.24 5.59 2.26  L17 -
'55.  "3.11 5.10 9.87 14.39 18.98 20.29 20.14 16.74 1l.54 7.14 3.67 2:47
50 4.60 6.49 11.26 15.33 19.44 20.43 20.42 17.50 12.75 8.66 5.14 3.92
45 .-6.15 7.87 12.58 16.17 19.81 20.53 20.64 18.15 13,86 10.13 6.65 5.45
40 - 7.72 9.21 13.79 16.90 20.08 20.53 20.76 18.70 14.87 11.54 8.15 7.02
35  -9.27 10.50 14.91 17.50 20.23 20.44 20.76 19.12 15.77 12.86 9.63 8.59
30 f)416.79'1i,73 15.91 17.98 20.26 20.23" 20.65 -19.40 16.55 14.10 11.06 10.15
25 . 12.26 12.87 16.79 18.33 20.16 19.91°20.41 19.56 17.20 15.24 12.43 11.67
20 13.67 13.93 17.54 18.55 19.92 19.46 20.04 19.57 17.72 16.26 13.74 13.14-
15 15.00 14.89 18.16 18.63 19.55 18.89 19.55 19.45 18.11 17.17 14.95 14.53
10 16.24 15.75 18.64 18.57 19.05 18.21 18.93 19.18 18.35 17.95 16.07 15.85
5 '17.37 16.49 18.98 18.37 18.42 17.41 18.18 18.78 18.46 18.60 17.09 17.07
"0 18.40 -17.12 19.17 18.04 17.67 16.50 17.32 18.25 18.43 19.11

17.99

18,18 -

09



Table 10. (Continhed)
Latitude ' ~
Degrees Jan ~Fe’!? "Mar Apr May Jun Jul Aug Sep- Oct _ Nov Dec
South -
-5 19.30 17.62 19.22 17.57 16. 79 15.49 16.34 17.58 18.26 19,48 18,77 19.18
-10 20,08 18.400 19.13 16.97 15.81 14.39 15.26 16,79 17.95 19.71 19.43 20.07
-15 "20.73 18.24 18.89 16.25 14.71 13.19 14.09 15.88 17.51 19.79 19.95.20.82
.20 21.24 18.36 18.53 15.41 13.53 11.93 12.83 14.86 16.93 19.72 20.34 21.45
=25 21.62 18.35 17.98 14.45 12.26 10.60 11.49 13.73 16.22 19.51 20.59 21.94
. =30 '21.85 18.21 17.32 13.39 10.92 9.22 10.10 12.51 15.39 19.16 20.71 22.30
-35 21.96 17.94 16.52 12.24 9.52 7.80 8.66 11.21 14.44 18.67 20.70 22.53-
-40 21,94 17.55 15.61 10.99 8.07 6.38 7.19 9.83 13.38 18.04 20.57 22.63
-45 '21.80 17.04 14.57 9.67 6.60 4.95 5.72 8.40 12.23 17.28 20.30 22.63
V-SVO 21.55 16.42 13.43 8.29 5.13 3.56 4.26 6.93 10.98 16.41 19.93 éZ. 53
-55 21.24 15.71 12,18 6.86 3,68 2.25 2.86 5.44 9.64 15.43 19,48 22.37
-60 20.89 14.93 10.84 5.40 2.29 1.07 1.56 3.96 8.24 14.35 18.98 22,21

19
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Hmo ‘= (’5570. ‘or 0. 55

For mean sunshinq' pgrcentage;" for S0 = 80 percent, the sunshine '

coefficient is:

: . ‘ 3
Cg = 0.54240,640 (S/5 ) -0.499 (S/S)) +0.317(S/5))" . [371]

For elevation the coefficient is:
Cp = 0. 970 + 0. 630 (E/E_) | [37g]
, "~ when Eo = iOOO feet; or 305 meters

The, monthly coefficient, CM' is the mean ratio of the measured pan
vaporation to the computed value. ' This coefficient is often omitted.

soefficients for equation [37] are given in Table 11.

Jhristiansen's Formulas for Potential Evapotranspiration

Three formulas hav}e be;an developed using Pruitt's ryegrass lysi-
.lmeter data from Davis, California.

1. Using Measured Pan Evaporation as a Base. The poteﬁtial

vapotranspiration, Etp, can be expressed by the equation:
Etp = 0, 755.EV cT, CW, CH, CS, [38]

there

B, = measured Class A pan evaporation

CT, = 0.670 +7), 476 (T/68) - 0.146 (T, /68)° [38a]
CT, = 0.862 + 0,179 (T /20) -0, 041 ('r /20) [38b]
cw, = 1189 o.z4o (W/W )+ 0. 051 (w/w )2 [38¢]



Table 11. Coefficients for Temperature, Wind, Humidity and Sunshine, for Use with Equation (37)

Mean temperature Wind velocity at 0.6 meter Relative humidity Sunshine
Tel v Cr 1%08Cr Wmp| Win | Cw [LogCy |Hy | Hm | Cu |LegCy| s Cs {Log Cs
4 39.2; .507 -.2952 0 .00 .708 -. 1500 .20} .33 1. 105 . 0432 .20 .676 -. 1702
5 41.0}f .536 -.2710 5 .34 . 735 -. 1337 .22| .36 1.093 . 0386 .22 . 687 -. 1631
6 42.8 | .565 -. 2479 10 .67 . 762 -. 1182 .24} .38 1.082 . 0340 .24 .668 -. 1564
7 44.6 | .595 -. 2258 15 1.01 . 788 -. 1036 .26 .40 1.071 . 0296 .26 . 708 -. 1436
8 46.41 .624 -. 2046 20 1.34 .813 -. 0897 .28 .43 1. 060 .0253 .28 .718 -. 1436
9 48.2] .654 -. 1842 25 1.68 .838 ~. 0765 .30} .45 1.050 .0210 .30 . 729 ~. 1376
10 50.0{ .684 -, 1646 30 2.01 . 863 -. 0640 .32 .47 1.039 .0168 .32 . 738 -. 1317
11 51.8| .71% -. 1457 35 2.35 .887 -. 0520 34| .49 1.029 .0126 .34 . 748 -. 12€0
12 53.6 | .746 -. 1274 40 2.68 .911 -. 0406 .36} .51 1. 020 . 0084 .36 . 758 -. 1204
13 55.4) .777 -. 1098 45 3.02 » 934 -. 0298 .38 .53 1.010 . 0042 .38 . 767 -. 1150
14 57.2} .808 -.0927 50 3.35 . 956 -.0194 .401 .55 1. 000 . 0000 .40 £ 777 -. 1096
15 59.0}f .839 -.0761 s 3.69 .978 -. 0095 .421 .57 «790 | -.0043 .42 . 736 -. 1044
16 60.8}1 .871 -. 0600 60 4.02 ] 1.000 -. 0000 .44 .59 .980 | -.0087 .44 . 796 -. 0992
17 62.6] .903 -. 0444 65 4.36 | 1.021 . 0091 .461 .60 .970 | -.0132 .46 . 805 -. 0941
18 64.4| .935 -.0292 70 4.69| 1,042 ,0177 .48 .62 .960 | -.0179 .48 .815 -. 0839
19 66,2 .967 -. 0144 15 5.03 1 1.062 . 0260 .50] .64 «949(-.0228 .50 . 824 -, 0838
20 68.0{1.000 -. 0000 80 5.37 ] 1,081 . 0340 .52 .66 .938}-.0280 .52 .834 -. 0787
21 69.8{1.033 .0140 85 5.70 1 1.100 . 0416 .54 .67 .926|-.0335 .54 . 844 -. 0736
22 71.6 |1.066 . 0277 90 6.04| 1,119 . 0488 .56 .69 .9131-.0393 .56 . 854 -. 0684
23 73.4}1.099 .0411 95 6.37 ) 1.137 . 0558 .58 .70 900 -, 0455 .58 . 865 -. 0632
24 75.211.333 .0542 | 100 6.71] 1.155 . 0625 .60) .72 .887}-.0523 .60 .875 -. 0580
25 77.01.167 .0670} 105 7.04 | 1l.172 . 0688 .62] .74 .8721-.0595 .62 . 886 -.0526
26 78.8}1.201 .0795] 110 7.38 1 1,188 . 0749 .64 .75 .856|-.0674 .64 . 897 -. 0472
27 80.6}1.235 .09171 115 7.71 | 1,204 . 06808 .66 .77 .8391-,0760 .66 . 908 -. 0417
28 82.411.270 . 10371 120 8.05 | 1.220 . 0864 .681 .78 .821]-.0854 .68 . 920 -. 0361
29 84.211.304 .1154 1} 125 8.38 ( 1.235 . 0917 .70 .80 .802]-,0957 .70 . 932 -. 0304
30 86.0)1.339 .1269§ 130 8.72| 1,250 . 0968 .721 .81 .781]-.1071 .72 . 945 -. 0246
3 87.8(1.375 .1382] 135 9. 05 1.264 .1017 .74] .83 - 759]-.1196 .74 .958 -.0187
32 89.61.410 14931} 140 9.39 1 1,277 . 1063 .76 .84 .7351-.1335 .76 . 971 -.0126
33 91.411.446 . 1602} 145 9.73 | 1.290 . 1107 .7841 .85 . 7101 -.1490 .78 . 985 -. 006
34 93.211.482 .1709] 150 10.06 1.303 . 1149 .80 | .87 .682}-.1662 .80 | 1.000 -, 0000
35 95.0}11.518 .1813] 155 10.40 1.315 . 1190 .82 .88 .652]-,1855 .82 1 1,015 . 0065
35 96.8}1.555 .1917| 160 10.73 1,327 . 1228 .84} .90 .621]-.2072 .84 1 1,031 .0132
37 98.6}1.591 .2018 | 165 11.07 1.338 . 1264 .86} .91 .586|-.21318 .86 | 1.047 . 0200
38 100.41.628 .21181170 11.40 1.348 . 1298 .88} .92 .5501-.2598 .88 ] 1,064 .0270
39 102.2{ 1,666 .2216| 175 11,74 1,358 . 1330 .901 .94 «5111-,2919 .90} 1,082 ° . 0341
40 104.0 {1.703 123121 180 12.07 1.368 . 1361 .92] .95 .469]-.3291 .92 | 1,100 .0415
41 105.8 {1,741 .2407] 185 12,41 1.377 . 1390 .94 .96 <4241 -,3727 .94 1 1.119 . 0190
42 107.6 }1.779 .25011 190 12.74 1.386 . 1417 .96 .97 376 -. 4247 .96 1 1.139 . 0566
43 109.4 | 1.817 .25931 195 13.08 1.394 . 1442 .98} .99 .325|-.4881 .98 | 1.160 . 0644
44 111.2 } 1.855 .2684} 200 13.41 1. 401 . 1465 |1.00(|1.00 .2711-.5076 [ 1.00 | 1,181 . 0724

€9
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Cy, = 0.499 + 0. 620 (H /. 60) -.0.119 (H I 60) | 384
‘ z ! "
cSz = 0,904 + 0,008 (S/.80) + 0,088 (S/: 80)? [38e]

whe re

t

W mean wind velocity at two meters above bround level in

'mles/day, or km/hour
W= lOOfmile‘s /day, or 6.7 Km/hour, —

Coefficients for equation [38] are given in Table 12,

2, Using Extraterrestrial Radiation as a Base., The following
formula relates potential evapotranspiration to extraterrestrial radia-

tion and other climatic factors,

Etp = 0,324 R, Cop Cyrp gHT Cor Cg [39]
where | | ‘

Copp = 0,174 + o.*4zé (T, /68') +0.398 (T, /68)2, or [39a]
cTT = 0,463 + 0,425 (T /20) +0.112 (T, 120) [39b]
Cyrr = 0.672 + 0. 406 (W/w ) -o. 078 (W/W ) [39¢]
Cigp = 1035 + 0.240 (1, /. 60)* - 0,275 (H_/.60)° [394]
Cyq = 0. 340 + 0. 856 (S/.80) - 0.196 (S/. 80)% [39€]
C.=0. 970 + o 030 (E/E ) [39;]

E

Qoeffic’ients for equations [39] and [40] are giveh in Table 13.

3. Using Measured Incoming Radiation as'a Base. The formula is:

Etp = 0,492 Ry Crp. Oy Cpyp [40]

where



Table 12. Coefficients for Temperature, Wind, Humidity and Sunshine, for Use with Equation (38)

Mean temperature | Wind velocity at 2 meters Relative humidity Sunshine
TC TF ! CTZ : Log CTZ W MD th sz Log cwz Hey, ! Hn ! :HZ Log CHl S ng Log CSZ
4, 39.2: .896 -.0476 0 .00 1.189 . 0752 .20} .10 ; .692 -. 1596 f .20 .911 -. 0402
5 i 41.0} .904 -. 0437 10 .67 1,166 . 0665 22| .12 1,710 -.1485 .22 . 913 ~. 0396
6 ! 42.8: .912 -. 0400 20 1.34 1.143 . 0581 .24} .13 . 728 -. 13791} .24 .914 -. 0389
7 44,6 .920 -.0364 390 2.01 1.122 . 0498 .26 .14 . 745 -. 12771 .26 . 916 -, 0382
8 46.41 .927 ~-. 0329 40 2,68 1.101 . 0419 .28 .16 . 762 -.1178 .28 .918 -.0374
9 48.2) .934 -.0295 50 3.35 1.082 . 0341 .30] .17 . 779 -.1083} .30 .919 -. 0365
10 50.0| .9+41 -. 0263 60 4,02 1.063 . 0267 .32} .19 . 796 -.0992 | .32 .021 -. 0356 °
11 51.8¢ .948 -. 0232 70 4.69 1. 046 .0195 .34} .21 .812 -.0904| .34 .923 -.0347
12 53.6| .955 -. 0202 80 5.37 1.030 . 0127 .36 .22 .828 -. 0819} .36 . 925 -.0337
13 55.4| .961 -.0173 90 6.04 1.014 . 0062 .38} .24 .814 -.0737] .38 .928 -.0326
14 57.21 .967 -. 0145 } 100 6.71 1.000¢{ .0000 .40| .26 .859 -. 06581 .40 . 930 -, 0315
15 59.0{ .973 -.0118 | 110 7.38 .987|-.6058 .42 .27 .875 -. 0581} .42 .932 -.0304
16 60.8| .979 -.0092 | 120 8.05 .974|-.0112 .44] .29 .890 -.0508 ] .44 . 935 -.0292
17 62.6! .985 -. 0068 | 130 8.72 «9631-,0163 .451 .31 . 904 -. 0436} .46 .938 -. 0279
18 64.41 .990 -.0044 | 140 9.39 +953}-,0209 .48} .33 <919 -.03681} .48 . 940 -. 0267
19 66.2] .995 -. 0022 150 10.06 «9441-.0251 .50 .35 . 933 -.0301} .50 . 943 -. 0253
20 68.01.000 .0000] 160 10.73 .936|-.0289 .52, .37 « 947 -.0237) .52 . 946 -. 0239
21 69.811.005 .00211] 170 11.40 .928| -. 0323 .54} .39 . 961 -.0175{ .54 . 949 -. 0225
22 71.611.009 .0040 | 180 12.07 «922}-.0352 .56 .41 .974 -.01141 .56 . 953 -. 0210
23 73.411.014 .00591 190 12.74 .9171-.0376 .58 .43 . 987 -.0056{ .58 . 956 -.0195
24 75.211.018 .0076 | 200 13.41 «913]-.0395 .60 .46 | 1.000 -. 0000} .60 « 959 -.0180
25 77.0;1.022 .0093 1| 210 14.08 «910}-.0420 .62] .48 | 1.013 . LDU54} ,62 . 963 -. 0103
26 78.8|1.025 .0109] 220 14.76 «9081 -.0420 .64] .50 } 1.025 .0107; .64 . 967 -. 0147
27 80.6|1.029 .0124} 230 15,43 <907} -. 0425 .66 .53 | 1.037 .0158} .66 - 970 -.0130
28 82.411.032 .01381{ 240 16,10 «907} -. 0425 .68 55 { 1.049 .0207] .68 .974 -.0113
29 84.211.035 .01511} 250 16.77 . 906} -. 0429 .70} .57 | 1,060 .0255| .70 .978 -. 0095
30 8¢.011.038 .0163; 260 17.44 . 906} -, 0429 .72] .60 }1.072 . 0300} .72 . 982 -. 0077
31 87.81.041 .0174| 270 18,11 .906] -. 0429 .74) .62 |1.083 .0345| .74 . 987 -. 0058
32 89.611.043 . 0185} 280 18.78 . 906} -. 0429 .76 ] .65 | 1.093 .0388] .76 . 991 -. 0039
33 91.4{1.046 .0194| 290 19.45 906} -. 0429 .78 .68 ) 1.104 .0429] .78 . 995 -. 0020
34 93.2]1.048 .0203 | 300 20.12 .906] -. 0429 .80} .70 | 1.114 .0469} .80 | 1.000 -.0000
35 95.011.050 .0211] 310 20,79 . 906} -, 0429 .82 .73 | 1.124 . 0508 .82 | 1.005 . 0020
36 96.8]1.051 .02181 320 21.46 . 906 -.0429 .84 .76 | 1.134 .0545] .84 | 1.009 . 0041
37 98.611.053 . 02241 330 22.13 .906| -. 0429 861 .79 ] 1,143 .0581f .86} 1.014 . 0062
38 100.4} 1,054 .02291 340 22,80 . 906} -. 0429 .88) .82 [ 1.152 .0616] .88 | 1.019 . 0043
39 102.2 | 1.055 .0233] 350 23.47 . 906| -. 0429 .90 .85 | 1,161 .0649] .90 | 1.024 .0105
40 104,0 | 1. 056 .0237] 360 24,14 . 906 -. 0429 .921 .88 | 1.170 0681} .92 ! 1,030 .0127
41 105,.8 | 1.057 .0237: 370 24,82 .906( -. 0429 .941 .91 ;1.178 .0712] .94 1.035 .0149
42 107.6 11,057 . 0241 | 380 25,49 . 906} -. 0429 .96 ) .94 | 1.186 .0742] .96 ;: 1.040 .0172
43 109.4 11,057 .0212| 390 26.16 .906] -. 0429 .98} .97 | 1.194 .0771] .98 + 1.046 .0195
44 111.2 j1.057 .02421 400 26.83 -906} -.0429 } 1.00]1.00 | 1.202 -0796{1.00 1.051 .0218
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Table |3, 2 oeffirierts for Temperatire, Wind, Hur idity an? Surshine, for Use VWi, "¢ *1tions (3 ) oani (- )

Mean temperature Wind velocity at 2 meters Relative hamidity Sunshine
Te] Tr Crt jLoeCrr|Wmp Wi  Cwr |LogCwr; Hy,  Hy, |, Cyr |Lo8Gp. s Cst  Lop g
4 39.2 0.552 -.2577 c: .00 .672 -. 1726 .20 .10 | 1.051 .0218 ¢+ .20 . 542 , =-2662
41.0 | .576 -.2394 10 67 .712 -. 1476 .22 | .12 | 1.054 0227, .22 .561 1 -.2514
6 42.8 . .601 -.2214{ 20 1.34 . 750 -. 1249 .24 1 .13 ] 1.056 .0236 | .24 ! .579 ! -.2372
7 44.6 .625 , -,2038 30 2.01 . 787 -. 1041 .26} .14 | 1.058 .0244 | .26 .597 -. 2237
8 46.4 ; .651 -. 1865} 40 2.68 .822 -. 0852 .28 { .16 | 1.059 .0250} .28 .616 -. 2107
9 48.2 677 -. 1695 50 3.35 . 855 -. 0678 .30} .17 | 1,061 .0256 | .30 .633 -. 1983
10 59.0 . 703 -. 1527} 60 4.02 .888 -.0518 .32 1 .19 1 1.062 . 0259 | .32 . 651 -. 1864
11 51.8 731 -. 1363 70 4.69 .918 -.0372 341 .21} 1.062 .0261: .34 . 668 <. 1750
12 53.6 .758 ~-. 1201 80 5.37 947 -.0237 .36 | .22 | 1.062 .0261] .36 . 686 -. 1640
13 55.4 787 -. 1043 90 6,04 974 -.0113 .38 .24} 1,061 . 0259} .38 . 702 -+ 1534
14 57.2 .815 -. 0886 | 100 6.71 1.00 .0000 .40 ) .26 | 1.060 . 0254 | .40 .719 -. 1433
15 59.0 . 845 -.0733 1 116G 7.38 1.024 0104 .42 ] .27 | 1,058 . 0246 | .42 . 735 -. 1335
16 60.8 .875 ~-.0582 | 120 8.05 1,047 0199 .44 ] .29 | 1.056 .0235} .44 . 752 -. 1241
17 .6 . 905 -.0433 |} 130 8.72 1. 068 .0286 .46 { .31 1 1.052 .02211] .46 . 767 -. 1150
18 64.4 .936 -.0286 | 140 9.39 1.088 .0364 .48 1 .33 | 1.048 .0203 3 .48 . 783 -. 1062
19 .2 .368 -. 0142 1 150 | 10.06 1.105 0436 .50} .35 ] 1.042 .01811 .50 .798 -. 0978
20 8.0 1. 000 -.0000 | 160 | 10.73 1.122 -0500 .52 .37 | 1.036 .0155] .52 .814 -. 08926
21 69.8 1. 033 .0140 | 170 | 11.40 1. 137 .0557 .54 | .39} 1.029 .0124 | .54 - 828 -. 0817
22 71.6 1. 066 -0278 | 180 ; 12.07 1. 150 .0607 .56 .41 ] 1,020 .0088 1} .56 .B43 -. 0741
23 73.4 1. 100 .0413 | 190 | 12.74 1.162 .0651 .58} .43 | 1.011 .0047 .58 .858 -. 0667
24 75.2 1.134 .0547 | 200 | 13.41 1. 172 .0689 .60} .46 | 1.000 .0000| .60 .872 -. 0596
25 77.0 1. 169 .0679{ 210 | 14.08 1.181 .0721 .62 1 .48 . 988 -.0053 | .62 . 886 -. 0527
26 78.8 1.205 . 0809 | 220 | 14.76 1.188 0747 .64} .50 .974 -.0113| .64 . 899 -. 0461
27 80.6 1.241 .0937 | 230 | 15.43 1.193 0767 .66 .53 . 959 -.0180 .66 .913 ~-. 0396
- 28 82.4 1.278 . 1064 | 240 { 16.10 1. 197 0781 .68 .55 . 943 ~. 0255 .68 . 926 -.0334
29 5.2 1.315 . 1183 | 250 | 16.77 1.199 .0790 .70 .57 . 925 -.0332| .70 . 939 -. 0274
30 66.0 1.352 <1311 260 | 17.44 1.200 0793 .72 .60 . 905 -.0432: .72 .952 -.0215
31 87.8 1.391 .1433 1 270 | 18,11 1.200 .0790 .74 .62 . 884 -.0535| .74 . 964 -.0159
32 89.6 1.430 .1553 ! 280 | 18.78 1.201 .0795 .76 | .65 .861 -.0649) .76 . 976 -.0104
33 9.4 1. 469 .1671 | 290 | 19.45 1.201 . 0795 .78 ] .68 .836 -.0776| .78 .988 -.0051
34 93.2 1.509 .1787) 300 | 20.12 1.201 . 0795 .80 .70 .810 -.0916| .80 | 1.000 -.} -,0000
35 95.0 1.550 .1903 ) 310 | 20.79 1-201 . 0795 .82) .73 . 781 -. 1072} .82 | 1.011 . 0050
36 96.8 1.571 2016 320 | 21.46 1.201 . 0795 .84} .76 751 -. 1245} .84 } 1.023 . 0098
37 98.6 1.633 .2129: 330 | 22.13 1.201 . 0795 .86 .79 .718 -.1437] .86 | 1.034 .0144
38 100.4 | 1.675 .2240( 340 | 22.80 1.201 . 0795 .88 .82 .684 -.1652] .88 | 1,044 .0189
39 102.2 1.718 .2349{ 350 | 23.47 1.201 . 0795 .90| .85 .647 -. 18921 .90 { 1.055 .0232
40 104.0 1.761 .2458 ] 360 | 24.14 1.201 . 0795 .92 .88 .608 -.2162} .92 | 1.065 .0274
41 105.8 1.805 2565 370 | 24.82 1.201 . 0795 941 .91 .567 -.2467| .94 1 1.075 .0315
42 107.6 1. 849 .2670| 380 | 25.49 1.201 . 0795 .96 .94 .523 -.2815] .96 | 1.085 .0354°
43 109.4 | 1.894 .27751 390 | 26.16 1.201 . 0795 .98} .97 .477 -.3215} .98 | 1.094 . .0392
44 111.2 1.940 .2878 | 400 | 26.83 1.201 .0795 | 1.00]1.00 «429 | -.368011.00 | 1.104 . 0429
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RS‘= measured incoming solar radiation expressed as equi~

valent depth of evaporation.

The‘ equatiohs foi' the éoefficients C C T and C

TT’ W
given'in equations [39a], [39b], [39¢], and [39d],

HT arg ?he same as

v

The measured incoming solar radiation is generally reported as
langleys per day (cal/cmz/day). The équivalent depth of evapofation
’per day is oiatained by dividing lanyg.leys per day, RLy' by the latent heat
of vapo'rization, L:

Ry = RLylL [41]

where
L = 595.9 - 0,55 T [42]
For temperatures in OF::
L'=595.9 - 0,305 (T, - 32) [43].
From a; comparison of equations [39] and [40] developed by
Christiansen to estimate potential evapotranspiration, it will be seen

that:

R, = 0,660 R, Cy. Cp [44]

Hargreaves

Hargreaves proposed the use of Class A pan evaporation as a cli-
matic index and a basis for estimating actual evapo't}ranspiration as early
as 1948 (7). His formula developed at 'Uta.h State University for Eomput- '

ing Class A pan evaporation, Ev' is:
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E = 0.38D (1.0 - H ) (T - 32) T45]" -
where

‘ Ev = Class A pafl evaporation in inches per month

D ;: monthly day time coefficient

Hn = mean monthly relative humidity at noon Vexprvessed in

decimal form

T = mean monthly temperature in degrees Fahrenheit

Hargreaves' formula expressed in metric units becomes:

‘EV = 17.4 DTC (1.0 -~ Hn) s [46]

where evaporation is computed in mm; Tc in Centigrade.
Hargreaves used the abpve formula to compute evapotranspira-~
tion as follows:

ET = KE_ [47].

in which K is a crop factor (L19). His recent formulas for cc;mputing

pan evaporation and evapotrénspiration used in this study are as follows:

EVPH = 0. 430 x'RMM x.CTH x CWH x CHHxCSH x CEH  [48]

v’v‘here
 GTH-= 0.40 +0. 024 x T™ - [48a]
CWH = 0. 68 V+, 0.04.x W10 | [48b]
CHH = 0. 05 + l;i58 (1.0 - 5;4;\4)0‘5. [48c]
C‘:SH‘=,‘ '0.376,'+A ,‘oi. 83 xS [48d]

CEH = 1.00.4:0,04'x EL/1000 [48e] -
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where
EVPH = Cl;tss A pan eva.poré.i.ion in mm/month
CTH, CWH, CH,H. CSH, CEH ar; tiaé coefficients for terhpera.ture, wind,
humidity, sunshine, and eleyatioh. respectively., In this‘,fo:rrnula if
the coefficient for sunshine begomes,greater than 1. 00 it will be u’:-:ed‘
as 1.00 in tht;~computations.
ETPH = 0.‘82 x EVP x CHTV x CWTV [49]
where
ETPH = potential evapotranspiration
CHTV = 0.55 + 0.75 x HM [49a]
CWTV = 1.08 - 0.01 x W10 ' [49b]
CHTV and CWTYV are the coefficients for humidity and wind, respec-

tively and in cases where CHTYV becomes greater than 1,03 it ;villl be

used as 1. 03.in the computations,
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PROCEDURE

" The following steps weré taken during the course of this study to.
meet the objectives stated in'the introduction.
1. Data collection,
2. . eqixr;a;ing additional data.
3\. ‘ Modyifyinghéhr'istianée;u's formulas for estimating Class A pan .
evap‘er(ation' and potential evapotr,apspiration;
4. Compa.riﬁ'g formulas.
| 5 Computing crop factofs.
6. Estimating actual eéépotran‘spiration of some c'rops at

Marvdasht Pilot Project. .

Data Collection

Climatologieal data were obtained from the Soil Institute of Iran,
These data have been proceesed'b\y Mr, P. J. Sla.Bbers frorril meteo;'o-
logical yearbooke and monthly w‘eather bulletins (;10), fand consist of the
following:

1. Wind speed, in meters per second at two-meter ievel.

2. Mean monthiy:.tempei'ature, in-°c,

3. :Mean monthly relative humxdtty, expre ssed deeimally.

4.I Reiative duratlon of aunshine (n/N),, expressed dlecumally',
where n = actual hours of ,sunshme and N = maxtmum houre of sunshme.
Figure 5 shows the relation between relatwe duretnon of sumhl'ne' (n/N)-
and degree of cloudmess, md (OKTAS) in Iran- (40)

_5. Monthly precnpttatton. in millimete"s.
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Measured Class A Pan Evaporation. Data were'obtained from a

publication by the Iraman Ministry of Water and Power (25)s In the‘/case
of the Marvdasht leot Project, the data were collected by the Soxl Insti-
tute. .‘ ‘
;Eva,potranspiratiop data measured by lysimeter and field plot experi-
: meﬁts for various crops were collet:ted by the writer while working at

the Marvdasht Pilot Project. Table 14 gives these values.

Estimating Additional Data

Theoretical Radiation, RMD. Theoretical radiation, RMD, expressed

as evaporation in mm/day, was calculated from the equation:

RMD = 10 RLD/(595.9 - 0.55 TM) [50]
in which

TM = mean temperature in oC

(595.9 - 0,55 TM) = heat of vaporization, cal/gm at TM °c

RMD = theoretical radiation expressed as evaporation in mm/day,
received at the top of the atmosphere or a unit horizontal

area for an average day in the month

RLD = theoretlcal extra atmospheric radiation in langleys per

day (cal/cm /day), and is computed by

RLD = 120 (DL sin (XLA/57.2958) sin (DER) 51]
47,6394 cos (XLA/57.2958) cos (DER) sin (OM))/ES
where |
DL = OM/0,.1309 (51a]

DL = daylength in hours (theoretical sunshine)



Table 14. Evapotranspiration Values Measured by Lysimeter and Field Plot Studies at
Marvdasht Pilot Project (mm/day)

Al- Sun- Sugar Mexican Al- Sun-

. - tt
falfa flower Beets Wheat Roshan Barley Grass falfa flower Cotton
Month

R Lysi~ Lysi- . Lysi-
Sa.mp- Sa.mp- Sa.-mp- Lysi- Wheat mﬁter m};ter Lysi- Sa:mp- m‘;ter
ling ling ling meter meter ling
Dec 67 - - - - 0.5
Jan 68 - - - - 0.5
Feb - - - - 0.8
Mar 1.3 - 1.3 - 1.6
Apr 2.2 2.1 2.4 - 4.6
May 7.7 3.6 5.6 - 5.5
Jun 10.0 9.9 10.0 - 3.8
Jul 10.5 11.2 11.0 - -
Aug 10.0 4.1 10.0 - -
Sep 8.3 - 9.2 - -
Oct 4.9 - 6.7 - -
Nov 2.7 - 3.3 2.5 - 2.0
Dec - - - 1.5 - 1.4
Jan 69 1.1 - 1.2 - - -
Feb 1.7 - 1.6 - - -
Mar 5.0 - 6.0 3.0 - -
Apr 9.2 - 8.7 3.5 3.6 2.0
May 10.0 - 5.6 4.5 5.0 3.5 8.3
Jun 4.% - - 5.3 8.8 10.9 15.0
Jul - - - 5.0 10.2 13.7 7.3
Aug - - 5.6 9.8 5.4 21.4
Sep - - 5.2 8.9 - 18.7
Oct - - 6.0 5.4 - 14,0
Nov - - - - - -
Dec

€L
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OM = arc tan (1.-- Zz(/IZ,|) [51b]

XLA = latit'(l’de“of the,staﬁ:ion,iﬁ degrees

DER - monthly déclinatioﬁ of the sun in radians
DER = DEC /57, 2958 CI51¢]
DEC = monthly declination of the sun m degrees

L

OM = an angle as used in ra.dfation equa;:ion in radians
Z = - tan (XLA/57.2958) tan (DER) (51d]

ES:= square of the monthly relative values of the distance from

the earth to the sun, dimensionless.

Theoretical Radiation, RMM. Theoretical radiation, RMM, expressed

as evaporation, in mm/month, was computed by
RMM = RMD x DM [52]

where

DM = number of days/month.

Modification of Christiansen's Formula

One of Christiansen's formulas for estimating pan evaporation, de-
veloped from Venezuelan climatic data, was selected as a base and it
was modified to fit better the Iranian data, This formula was given to
the writer by Professor Christiansen in the following form:*

EVVE = XVCV x RMM x CTVV x CHVV x CWVV x CSx CE (53]

where .
XVCV ='0.43

CTVV = 0.40 + 0.50 (TM/ZS) + 0.1 (T‘M/Z5)2 [53a]

»e .
"Personal communication.
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'CHVV = 1,15 + 0.44 (HM/0. 75) - 0.59 {HM/0. 75)° (53b]
CWVV = 0.58 + 0.47 (W,K/4:5) - 0,05 (W,K/4.5)° [53c]
CS = 0,38 + 0,78 (S/.5) - 0.16 (S/.5)2 [53d]
CE = 0.94 + 0.06 (EL/1000) [53e]

XvVCcv, CTVV, CHVV, CWVV, CS, and CE are the con-
stant and coefficients for temperature, humidity, wind,
sunshine, and elevation coefficients, respectively, as

used in the Venezuelan formula,

Computer program K1 (Table 15) was written to compute the ratio
of measured Class A pan evaporation to the computed evaporation,

This was done with the data for each month, The average of these ratios
-was computed for -each month of the year. The overall average for the
stations was also computed. Formula[37] (page 58) of Christiansen and
formula [48] (page 68) of Hargreaves also was used in this program for
qomparison purposes. The Venezuelan formula, however, was modi-
fied to better fit the data.

These computed ratios of EVPM/EVPK were then plotted against
the climatic parameters of the stations, and then the new coefficients
for parameters were developed by drawing the best fit curve and writ-
ing the equation of the cur;res. The procedure used for finding the coeffi-
cients of a parabolic equation as previously used by A, H, Al-Barrak (2)
is given in Appendix D,

Six stations (Table 16) with a total of 132 months of data were used:

in this study. Unfortunately, the limitation of pan evaporation data was
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Table 15. Computer Programs Used in the Study and

) Given in Appendix B ‘
Program .
No. Purpose
Kl To compute Class A pan evaporation

for Iran using the modified formula
and to compare values with formulas
[37] and [48].

K To compute Blaney-Criddle's K
factor.

Comparison of formulas used to com-
pute Class A pan evaporation.

To compute the ratios of measured po-
tential evapotranspiration to measured

pan evaporation and to computed evapo-
transpiration.

K To compute mean monthly values of
extraterrestrial radiation expressed as
equivalent evaporation in mm/month at
20°cC,

K6 To compute monthly values of Etp by
Penman and Blaney-Criddle formulas.

To compute Etp by Christiansen,
Hargreaves, and Khosravi formulas.,

To compare the Etp values obtained in
program K7 with those computed by pro-
gram K6'

To compule coefficients for computing pan
evaporation and potential evapouiranspiration
from Khosravi's formulas for Iran.
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i

a weak point in the modification process. Description of the codes used
for these stations are given in Table 17,

Computer symbois used in all of the programs are listed in Table 27

and aregiven in Appendix A,

Comparison of Evaporation Formulas

The new modified formula was compared with Christiansen's formula
[37] (page 58) and Hargreaves formula [48] (page 68) by using computer
program K1 as mentioned before. Computer program K3 was used to
compare the ratios of measured Class A pan evaporation at each station

with the evaporation values for the same stations already computed by

Slabbers using Blaney-Criddle, formula [64], and modified Penman, for-

mula [62], in Iran (40). Computer program K, was used for determina-

tion of mean monthly Blaney-Criddle's K factor, and Table 18 gives these
values for the five stations used in program K3. To make the study and
comparison clear it is appropriate to explain in this thesis the procedure
used by Slabbers.,

Procedure Used by Slabbers. Slabbers used a modified Penman

formula developed by Rijtema in Holland (38). Rijtema in 1965 devel-
oped a general applicable method for the calculation of the relation
between the evaporation from a free water surface, Eo’ and the poten-

tial evapotranspiration from a crop, E. The formula for {ree water sur-

face evaporation is:

A Y -
e gdy (0T, B a v, Ba

The formula for potential .evapotranspiration is:



Table 16. Stations Used for Developing an Evaporation Formula

for Iran
N;)- ~Code Name Lat. Long. Elev. Years
No. in Degrees Meters of Data
1 111 Gonbadghabus 37.25 | 55,17 36 2
2 490 | Marvdasht 29.87 | 52.80 1500 4
3 | 416 )Ahwaz 31.33 | 48.67 20 2
4 | 506 | Esfahan 32,57 | 51.50 | 1610 2
5 | 508 Shahrood 36.42 | 54.97 1340 2
6 | 608 Yazd 3L 90 | 54.42 1233 2

Table 17. Description of Station Codes

Code

Number i Zone Name Description
0-100 ' Caspian Lower forest belt - up to approxi-

' mately 800 meters

100-200 | Caspian Middle and upper forest belts - from

800 to 2700 meter

200-300 | Baluchi Subtropical arid climate

300-400 | Sub-desertic Less than 100 mm annual precipitation

400-500 | Steppic From 100 to 200/230 mm precipitation

500-600 | Sub-steppic From 200/230 to 380/420 mm precipi-
! tation

600-700 Xerophilous ‘| More than 380/420 mm precipitation

Forest
700-800 | Highest Mountain | Above 2700 meters altitude

)

78



TAALE 18. cowpuTATION GF SLANEY-CRIDOLE X VALUFS

STATION
8- F

8-C ¢

STatTION
B-r f

8-7 x

STATICN
8-C F
B-C x

STATION
8-C F

B-r x

STarvtiov
8-C f

R-C K

AVG X

MYRS
316

?

8015

L3

SO6.

1

RORe

b

?

Jan
NAME
107.%
«300

nawe
77.5

<520

NEemg
6%.1

<R30

NAVF
:1{F% 3

«3Cu

Navg
71.3

«795

P 33]

FFR MAR
AHYA?
82.8 342.6

«0Unn «98%

MARVDASHT
72.2 111.6

le"6 1.108

SHIUROOD
67.72 105.a

«UPD  l.ull

yazn
TR.8 128.0

0NN «0G0

ESFaAHAN
72.8 111.5

-00n 1.43%

1.096 1.148

APR MAY
LAT. 31
1R8.0 213.9
1338 1.8%

LAT,. 29
1790 1883
1296 1.8651

LAT. 3B
129.0 173.6
1.312 1.364

LiT. 2
127.0 189.1

1.133 1.281

LAY, 32
129.0 173.6
1333 1.310

1298 1.383

JUN Jut
20, LONG«

?38.0. 2u.0

?2.289 2.080

52 LONG.
186.0 207.7

1762 1.720

2Se LONG.
128.0 2.6
1.781 2.02%

S&. LONG.
20700 226.3

1.651 1.808

38, LONG.
1£9.0 213.9

1837 1.922

1.78& 1,810

AUG
88 43
23 2.5

2.133

S?2 &R,
195.3

1627

Sa s,
19,1

2192

58 %
208.6
1839

5 0.
195.3%

1.4896

lef23

sep
CLEV.

18h.0

24227

ELEV.
15n.0

2181

ELEV.
162.0
1855

ELEV.
158 .U

1.R5%9

1.918

ocT
M.
164.3
1.650

1503«
18 2.6

r1.407

1340,
120.9

1.543

1237
136.a

«977

1510.
127.1

1.48S

1.415

NOV
ANN.
120.0
1.159

ANN,
96 .0

1.087

ANN.
a! ‘u
1.191

AlNe
U0

lel1SP

ANN,
87.0

1.095

1e117

DEC
HT, 2
10S.8

«987

HTe 2
£3e.7

753

HT. 2
68.2

HT. 2
77.5

=623

HT. 2
71.3

«972

6L



80

- b RV 2 A o
 Esgi- {a-r) Hsh-Hl}/L-hA e [Fiz,,a)Ute, ) [55]

where

A = slope of the vapor pressure temperature curve, mm HgIOC
v = psychrometer constant, mm Hg /°c
Pw = reflection from wat;r’ surface, hundreths
H_ = shortwave radiation, cal/em/day
h
I—fl = longwave radiation, cal/cmzday

L, = latent heat of vaporization, 10’“1 cal cm’

U = wind speed at 2 meters, m/sec

e, = gaturated vapor pressure at temperature at 2 meters

above ground, mm Hg

e = actual vapor pressure at two meters above ground, mm Hg

r

c apparent diffusion resistance of the crop, mm Hg/day/mm

F (Zo,d) = roughness function, mm HZO/day/m sec.

Solving equation [55] for H.1 and substituting this value in equation
[54] yields the following expression:

— s A '
E=E, -0.20 7~ Hsh/L-!-—-x-—'A " 'Y{F(Zo,d) -0.28}U(e_-eo,) [56]

Taking into consideration that potential evapotranspiration is related
to {ree water surface evaporation by:

E=Fx E, . | - [57]

and comparing equations [56] and [57], it appears that the value of
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the crop factor (F') depends on the‘ correlation between Eo and both

a_ Y s .
Aty Hsh/L and £ T (e8 -ea) U. Rijtema in 1965 and 1968, and

Slabbers in 1969 found a close relation between these factors for a variety

of climates. The equations can be written as:

A -
O'ZQA +'YH3h/L—aE°+b [58]
Y U(e ~e )=cE +d [59]
Aty 5 a °

Substitution of both equations in equation [56] gives the following expres-

sion for the relation between E and Eo:
E=[l1-a+c{F (2 ,d) - 0. 28}] E_+d {r (Z,d) -0.28} - b, [60]

An aerodynamically sound expression for the wind function above a
surface reads as F (Zo, d) U. Rijtema in 1965 assumed that the combined
effects of wind and crop length on surface roughness can be expressed as:

F(Zo, d)=g (1) . h (U) [61]

where g(1) is a function of crop length with the same dimensions as
F (Zo,d), and h(u) is a dimensionless factor which depends on the wind-
speed. In the surface roughness expression, Zo is the roughness length
of the evaporating surface, and d is the zero-plane displacement, both
in centimeters. An analysis of lysimeter data for grass resulted in the
following values of g(1) in relation to crop length and values of h(U) in
relation to wind speed at the two-meter height (Table 19).

These relations were tested by Slabbers in 1969 on experimental data

of potential water use of crops for different climatological areas, By
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Table 19. Values of g(1) in Relation to Crop Length and Values of h(U)
in Relation to Wind Speed at Two-meter Height

Crop Length o 00 2,00 5.00 10.0 20.0 30.0 40.0 50,0 70,0 90,0

g(1) 0.18 0.23 0.47 0.74 1.00 1.12 1.22 1.32 1.42 1.50

erigigpeed- 0.50 1.00 1.50 2.00 2.50 3.00 4.00 5.00
h{U) 1.32 1.17 1.05 0.96 0.90 0.86 0.79 0,75

using potential water use data determined by soil moisture and lysimeter
studie/s’z in Iran (Marvdasht Pilot Project and Ghazvin), Lebanon, Tunisia,
and the Netherlands, values of F(Zo,d) were calculated as a rest-term
in Penman's equation. Full agreement in all cases was obtained with
the values in Table 19, using data on sugarbeets, sunflowers, wheat,
alfdlfa, grass, maize 'and potatoes., Figure b gives the relation between
crop length and roughness function (39).

Slabbers, in his study, first calculated the values of Eo and E by

using the following formulas:

= A -9 4
B (a7 01T (095 (0-25+0.540/N) @ - 118,107 (273 +1)

y
A +v

0.35 (e, - ) [62)

(0.56 - 0,092 {s_) (0.10 + 0.90 n/N} + (0.50 + 0.54 U)

and

A

E=(A +fy) 0.1L

{0.75 (0.25 + 0.54 n/) @_ - 118, 107 273 + 1)*

0.35 (e, - e) | [63]
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Then he calculated average monthly values of Eo’ the meteof;.ulogical
factors, and the values of the factors a, b, ¢, and d in equations [58]
and [59] for 49 synoptical stations in Iran. He used a'program written

for an IBM 360 computer. Ir; the same prograﬁn he also con‘if)uéed‘mor’xthly
consumptive use factors with the Blar;ey-Criddle formula;
. F =P (0.46 t + 8,13)/30, 4 | " [64]
where |
F = consumptive use in mm/day

P = monthly percentage daylight hours of the year

t = air temperature in °C at two meters above the ground

surface,

Computing Crop Factors

Data of consumptive use experiments carried out at Marvdasht
Pilot Project in Fars Province were used together witl:z evaporation
pan data from the same station to compute the ratio of potential evapo-
transpiration values, ETP, measured.for various croias by lysi;neters
and field plot studies to measured pan evaporation, EVPM. Two types
of simple lysimeters were used, the drum type for alfalfa and grass
(Figu're 7), and the square type for row crops (Figure 8). These
drainage lysimeters were placéd in the irrigated field grown to the
same crop and care was taken to make the conditions of outside and

ingide the lysimeters uniform. The moisture content was always
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kept at optimum level, so it was not a iimiting factor during the grow-
ing season.

Field studies were also conducted i¥1 100 mz plots. Irrigation
sclgedﬁljﬁg and determination of water use ﬁatg was based on soil samp-"
l’ir'lg:’at~15, | 4."; and 75 cm depths, At planting and harvest, soil samples
were takeﬁ up to 135 ecm. Water application was regulated by using
3-inch Parshall flumes, one for each replication and based on tables
showing the duration ”of irrigation per plot, depending on depth of the
root‘zc‘m\e, soil moisture content at irrigation and head of water in the .

- Parshall flume. The moisture tension curve of the soil, classified as
<lay~loam, -was ~d§tprmir;ed *by pressure-plate-and p;t'essure ~-membrane
apparat\;s. Values of field capacity were determined sep~a.rate1y.by"soi1
csampling two days after irrigation, and were found to be 19.4 and 17. 8
(percent moistu\re by weight) for depths of 15 ‘and 45 cm, respectively.
Value; of permanent wilting pomt as determined by sunflower tests,
were found.to be 10, 10, 4 and 13,5 for depths of 15, 45 and 75 cm,
respectwely. Bulk den91ty was determined to be 1.7 gm/cm3. Moxsture
regimes applied were bgsed on values initially selected and plots were
i;').;ig‘\avte\d at diffe'rlent soil moisture deficits. Fertilizer was applied atl'.
at ;péimqm recomn';ended ‘rate, Thewater usedata collected for various
crc;p(s‘from l;u‘s’imetér and field plot studies was given before in Table. 14,
: Cbmputer program K4, (Ta..‘b1e~ 15) was deveioped to 'cqmput_e ‘the‘ ~

ratios of potential evapotranspiration values measured experimentally;
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to measured pan eva'poration, EVPM, as explained l;efore. The sarhe
prograrF also computed ‘the ratio of’ evapotransptratton measul ed by

lysimeters and field plot studies to that computed by the- formula [65]

The data from plots kept at potential condntmn is used in this nrorram.

Compa‘rison of Etp Formulas

"For the purpose ot’ this comparison. the average daily values of F
for the Blaney Crtodle formula, equatlon [64], and the average dally
values of E for the modlfted Penman formula, equation [63] as computed
by Slabbers (40), were used. Program K, was used to convert the daily
values to monthly values, and the computed F and average monthly K
" values to po’teritial evapotranspiratiorri‘ values. The average monthly K
w;alues for. potentlal evapotransplratton were taken as 80 percent of the

previously computed K values for pan evaporation (program K ) The

rnean monthly values: of ETPP (modified Penman). and ETBC (Blaney-

Crtddle) are gwen in Table 20 for the 24 stations in Iran, Table 21
/gn;es the descrtptton of the stattons and the number of years of data
‘ ‘used‘ 1n‘ this study. The‘ geographical location ot’ these stations is
etm\yn in Figure 9,

‘) Cou'xputer prog ram I‘(.}”(Table 15) was used to‘compute potential
evapotransplrat\cn by Chrlsttansen's formula [39] Hargreaves' formula

' [49] usmg EVPK as the base. Chnsttansen's fotgmla for Etp. using

pan evaporatton as the base. equation [38] was mod\fled by the wrtter
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Table 21. Stations Used for Comparison of Etp Formulas

~ Code Lat. Long. [Elev. Years . 4 . Synoptic
No. No. Name in Degrees © Meters of Data Period ] gtnét?iin'
1 7 Babolsar 36°43'N  52°39'E 21, 11 1956-1966 *
-2 606 Pam 29:06'N 58224‘E 1062 11 19561966 C
33 702 Pandar Abbas 2701 1'N 56017'E 6 10 1957-1966 - %
4 604 Pirjand 32052'N 59 12'E 1455 11 1956-1966 %
15 701 Bushehr 28°59'N  50°50'E 14 11 1956-1966 %
"6 1 Gorgan 36°51'N  51°28'E 120 11 1956-1966 *
7. 303 Hamedan 34°47N  48°30'E 1877 11 1956-1966 %
8. 108 Karaj 35°%47'N 51%0'E 1300 7 1957-1963
9. 607 Kerman 30215'1\: 56258'E 1749 11 1956-1966 %
10 305 Kerman Shah 34719'N 47 0T'E 1322 11 1956-1966 %
11 214 Khoy 28°33'N 44%°57T'E 1100 9 1958-1966 ®
i2 104 Mashhad 36716'N  59°38'E 985 11 1956-1966 %
13 .400 Marvdasht 29°87'N 52°80'E 1500 4 1957-1960 *
14 8 Ramsar 36054'N 50°40'E 20 11 1956-1966 =
15" 3 Rasht 37215'1\: 49°36'E 0 11 1956-1966 *
16 203 Rezayieh 37°32'N  45°05'E 1332 10 1957-1966 x
17 509 Sabzevar 36°13'N  57°40'E 940 11 1956-1964 - x
18 314 Sanandaj 35720'N 47:00'E 1538 7 1960-1966 _  *
19 401 Shiraz 29%36'N  52°32!'E 1539 11 1956-1965 %
20 202 Tabriz 38°%05'N 46°17TE 1362 10 1957-1966 %
21 103 Tehran 35°21'N  51°19'E 1191 11 1956-1966 *
22 518 Varamin 35°19'N  51°39'E 1000 7 1957-1963 %
23 201 Zanjen 36%41'N  48729'E 1648 11 1956 -1966 2
.24 . 605 Zahedan 29°28'N  60°53'E 1370 11 1956-1966 %

06
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by using EVPK computed by equation [65] as the base to compute ETPK.

This form‘ula is used in the follpw'ir‘xg farm:
. E\TZ.PK = 0.755 x EVPK x CHVC x' CW:VC x CTVC x: CSYP '
in which
| ,EVI;K = evapofation computed b;“ formula [66]
'CHVC = 0,499 + 0. 620 (HM/, 60) - 0.199 (HM/. 60)2
HM = humidity expressed decimally
CWYVG = 1.189 - 0.240 (W2ZK/6.7) + 0.051 (W2K /6. 7)2
W2K = wind speed at 2 meters above the ground in Km/Hr
CTVC = 0.862 + 0: 179 (TM/20) - 0,041 (TM/20)
TM = iempéfaturc in °C
'GSVC = 0. 904 + 0.008 (S/.80) + 0. 088 (s/.80)>

S = sunshine expressed decimally. .

Computex; program K8 (Table 15) was used to compare the values
of potential evapotranspiration formulas obtained from computer pro-
grams K, and K'l" ' For this compa:ri;on the ratio of the computed Etp
to both EVPK and ETPK were calculated. Tl}e standard deviation of

:65]

[65a]

[65b]

[65c]

[65d]

the cémputed values of Et from ETPK, in mm, was computed for each

i

station and for the 24 stations.
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RESULTS AND DISCUSSION ,

Evaporation Formula

The final formula developed to estimate Class A pa.lr'l evaporation,
called the Khosravi formula, EVPK, is
EVPK = 0.483 x. RMM x CTK x CWK x CHK x CSK x CEK [66]
where

- 0.483 is the formula constant

RMM = monthly extraterrestrial radiation reaching the earth's

atmosphere, in equivalents of mm of evaporation
C'i‘K ='0,50 + 0.35 (TM/20) + 0. 15 ('I‘M/ZO)2 [66a]
TITM:= temperature in °c
CWK = 0.67 + 0.33 (W2K/5) [66b]
W2K = wind speed at 2 meters above ground in Km/Hr

CHK = 1.05 - 0.05 (HM/0. 40) [66¢]

HM = humidity expressed decimally

CSK = 0,30 + 0.70 (S/0.70) [66d]
LS = sunshine percentage

CEK = 0. 94 + 0. 06 (EL/1000) [66e]

. EL = elevation in meters.

CTK. CWK, CHK, CSK, and CEK are temperature, wind. hurriaidity:.

sunshine, and elevation coefficients, respectively. The values of these

+
1
+ ) 3 ¥ 0“

coefficients are given in Table 31 (Appendix E), together with the coei‘f@—»

cients for the evapotranspiration formula, équation [65].
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Comparison of Evaporation Formulas

']'};‘e average absolute error expressed as a percent was used as
a measulre ot; hO\'V well the:formulas f’}t the: data. | A ?orhpgrison,bf
these in.Table‘ZZ indicateg that the Khosravi f(lnrmula has the least’ e ror.
The overé.ll average absolute.error is 8. 6 for this formula compared
to 11.9, 35,5, 10.‘6 and 10. 6 for P-laney-Cridcile. Penman, Hargreaves,
and Christiansen formulas, respectively., Tables 29.1 to 29.5 in Appen-
dix C,show) thes; comparisons for different stations individually, and
Tables 28. 1', to 28. 6 give the values for the stations frc;m vi'hicl; the new
formula was developéd.

:Since the data used in the modification of Christiansen's formula
in program Kl (Tab}e }'IS)L are from different climatic regions in'Iran,
it a:ppears that ’:he new modified fo;-mula gives the best results. when

used to estimate Class A pan evaporation for Iran.

Comparison of Evapotranspiration Formulas

Since there were not sufficient experimen@all data on potential evapo-
trangpiralion with which the results from the five formulas could be
compared, coﬁxparisons were made with tiue formt;.la devéioped :b}- the
writer, equation [65]. 'fhiq formu"la i; not x;ecessariljr better than
éotulx;: of the others‘. but it seemed ‘l‘ogiéal to, cﬁooge this formula rather
than any of the othe"rs, for'trlies“e compar,ison;. ~Thtt.e results of the c'om-‘
putations for thei,i’ive\ ‘fox-qa‘ala‘s.‘"desig'ﬁa{ted'ETPC’(CBris'tianséni. ETPH, |

(Haréreaves). ETPP (Penman), ETRC (Blaney-Criddle) and ETPK |



. Table 22. Comparison of Mean Monthly Measured Pan Evaporation and that Computed by

Five Formulas (5 stations)

Station Name EVPM=*® EVPC* EVPH* EVPP* EVBC#*® EVPK=*
400 Marvdasht 195, 1 193.5 198. 3 135.0 202.2 201.2
Ratios EVPM/EVC* 1. 008 0.984 1. 445 0. 965 0. 969
Mean absolute error, % 6.0 5.9 30.8 7.8 7.4
416 Ahwaz 282. 8 244.7 254.6 168.3 247.8 280.8
Ratios EVPM/EVC : 1. 156 1.111 1.681 1. 141 . 1.007
Mean absolute error, % 14.5 16.1 40.5 14.6 7.2
506 Esfahan 180.8 170.4 175.1 133. 4 200.0 178. 4
Ratios EVPM/EVC 1. 061 1.032 1. 355 0. 904 ) 1.013
Mean absolute error, % 9.8 9.0 26.2 i7.2 9.3
508 Shahrood 201.9 177.3 184.8 120.0 193.2 195.0
Ratios EVPM/EVC 1,139 1. 092 1.682 1. 045 1.035
Mean absolute error, % 12.2 13.0 40.6 9.8 10.2
608 Yazd 203.3 200. 1 208.3 i29.3 214.8 205.3
Ratios EVPM/EVC 1.016 0.976 1.572 0.946 0.990
Mean absolute error, % 8.8 i2.1 36.4 9.6 9.3
Average EVC 212.8 197.2 204.2 i37.2 2ii.6 212.1
Ratios EVPM/EVC 1.079 i.042 1.551 1.006 1.003
Overall mean absolute ertor, % io.6 i0.6 35.5 il.9 8.6

*EVC is the value computed by the five formulas
EVPM - measured Class A pan evaporation
EVPC - from Christiansen's formula, equation [37]

EVPH - from llarpreaves' formula, equation [48]
EVPP - from muditlicd Penman's formula, equation [62]
EVEBC - from IMancy-Criddle's formula, equation [64]
EVPK - from Khosravi's formula, equation f66]

g6
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(Khosravi‘). are given in Table 23. This table gives'the mean monthly
values of the computed e\(epotranspiration for,eaeh forrxiula,~a.nd the
mean ratio of these computed ;ralees to EVPK .a;id ETPK.A’ the com-
puted values of pan evaporation and potential evapotranspiration, re-
spec.tively.‘ | |

© For the four stations in the Caspian zone (Table 17) with the highest
mean humidity (HM), the values of EVBC and the ratios are sign{fi-
cantly higher than for the other formulas. This is to be ‘exp‘ec)ted
since the Flaney-Criddle ’t"or‘mula does not take into account differences
in humidity. For the same four stations, the.He.rgreaves formule. gives
the‘ 11ex£ ‘highest values (ETPH).and ratios, .and Christiansen's formula
(ETPC) gives the lowest values, with Penman's (ETPP) next. The
writer's formula (ETPK) is intermediate for these stations. .
. The overall averages for the 24 stations is given in Table 24 together
with the staedard deviations from ETPK. For all stations the mean’ |
monthly ETPP from Penman's formula is the lowest, 107.9 mm, wiéh»
Chnstlansen's next 125, 0, followed by the writer's, 127 7, Hargreawes'

144.3, and Bla.ney -Criddle (160 8). The mean average ratios of ETP

to computed pan evaporatlon (EVPK) were 0, 521 for Penman's. 0.604"

Al
3

for Chrtstnansen's. 0. 616 for the wr\ter's. 0 697 for Hargreaves', and,
0. 777 for the Blaney-Criddle formu'la.' ' This latter value is high be-

cause the K value for Er was assumed to be 80 percent of tha.t computed

for pan evaporation, This estimated value of K appeat 8. to be too high

}

" judging from the other values.
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- Table 30.1 to 30.24 in Appen’ﬂix C gives the average monthly values .
and ratios for each of the 24 stations. The geographical location of

these stations was shown in Figure 9 'with the code number,

Detérmination of Actual Evapotransgpiration
No attempt was ma&e to compute the actual evapotrauspiration

because the data of measured potential evapotranspiration was available
only for tl';e Marvdasht Pilot Project,and even these data were very
lirpited (only 'two years). As more experimental data becomes avail-
a.i:le in the ‘future it will be possible to compute the actual evapotrans-
piration of various crops for different regions. Table 25 gives the '
ratios of potential evapotranspiration measured experimentally, to
measured Class A pan evaporation. Table 26 shows the ratio of mea-
s’\ired poten}:ial ev‘apotranspiration to computed values of potential
evapotranspiration for Marvdasht Pilot Project from the Hargraves
formula. This formula was used because the computations were made
before the writer's formula was finalized.

* The ratios of the measured evapotranspiration to the measured
pan evaporation (Table 25) are very reasonable fo‘;'l all of the field
sa;mpling &aﬁaand for the grass in the lysimeters, For fhe -other lysi-. ‘
mete;' data, the values are ex:ceptionla.lly higl; for the tall piénys.
especiaily the cotton, Difficulty“is usuglly experién;:ed in obta;n\ing ‘

- actual values of evapotranspiration with small lysimeters, because the
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plants in the 1ysnmelers -generally gorw more vigorously’ and taller

than the plants’ surroundmg the lysxmete r. and hence receive more .

rad 1ant and advectwe energy than the average field plants.

. The ratios of measured evapotransptratton to the computed poten-

4
1

tial evapotranspiration (Table 26) appear to be fairly reasonable except
for cotton., These hiéh ratios for cotton also suggest that the lysimeter

data for tall'crops may not be replre*senta.f,ive of field crops.
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SUMMARY AND CONCLUSIONS

A review of the literature pertaining to evaporation, potential
evapotranspiration and information on‘Ira.n was undertaken. The lit-
erature on'tl;;ese subjects is volumunous; this review included 47 ref-
erences. Time did not permit a more thorough study.

A formula, equation [66], for estimating pan evaporation was
developed:,f'rbm climatic and evaporation data for 6 stations in Iran,
This formula was then compared with formulas by Christiansen, equa-
tion [37], Hargreaves' equation [48], Penman's equation [62], and
Blaney-Criddle, using computed mean rﬁonthly k values, equation [64].
This compériéon, Table 22, shows that the writer's formula had the
lowest overall mean absolute error, 8.6 percent.

A formula for estimating potential evapotranspiration was also
deve‘ldped'usi’ng the coefficients given by Christiansen's equation [38],
but using fl';e cdt;xputed values of EVPK as the base, since measured
pan evaporation was not available for most of the 24 stations included
in the stludy. A comparison of the 5 fc;rnaulas for 'ey‘apotranspi ration
was hadg by Jcompariné the other 4 with the write r',‘s formula,

l‘VIeasut"ed evapot;anspi{'ation at the Marvadasht Pilot Project,
code nuq‘;ber 400, was 'co_mlpargd with.pan evaporation, and with poten-
tial evapotran'spiration cémpute& from Hargreaves' ‘formula. equation
[49]. The t;a:tioq of the meat_s{lrgd evapotranspiration to meam;xjed ;:aah. -

evaporation were very reasonable for the field sampling‘data! and for
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gféss,in‘thg lysimeters,” but:the ratios appeared somewhat high for. tallj

f
\

1

crops(tin lysimeters, es\precially cotton.y, The same ;baé true f&r thé
r'ati:os' of ;ﬁgqsufeci eva‘.pqtj;x"a;‘sp.i r;tion to'EVI%H.}

‘ Additioﬁalldata' on bo’th ‘pan eyapoxatioh and ‘ac‘to'.;ai measurements
of evaipotransi::iratior; w‘ould be of great value ina st\t‘xdy c':f tl}is kingi.
Glr’ea}t‘ care shonld be exercised in the use of small lysimeters for de-
termining evapotranspiration for all tal?. créps to 'se~e that the density,
v?gor and grm#rth of the plant.s in the lysimeters vare the same as for
'tho’se su'rr‘o.unding the lysimete;r's. Field sampling to determine actual *

evapotranspiration of most crops, when carefully done, may give more

reliable results.



