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ABSTRACT

Evapotranspiration is a mgjor conponent of the water bal ance
In any ecol ogical system Several nethods have been proposed to
estimate potential evapotranspiration in different parts of the
wor | d. However, the success of nost of them has been limted
because of uncertainties in the reliability of the methods under
subhum d tropical environnent.

A study was therefore wundertaken at the |Institute for
Agricultural Research Farm A B U, Zaria (11° |I'N, 07° 38'E,
686m above sea level) to determne the nost suitable nethod for
estimating potential evapotranspiration in Samaru wthin the
Nort hern Qui nea Savanna Zone of Nigeri a.

To achieve this objective, predictive efficiency of five PET
nodel s (BM\, Hanon, Jensen Hai se, Penman and Makki nk) was exam ned
agai nst neasured mcrolysinetric PET and open pan evaporation.
The estimates of the five nodels were conputed from the 30 years
(1965-1994) climatic data and conpared with pan evaporation.
These five equations were also used to conpute PET for two years
(1996-1997) and conpared with neasured mcrolysinetric PET and pan
evaporation during this period. It was observed that Hanon,
met hod overestimated PET throughout the entire year. Jensen Haise
and Penman nethods over estimated slightly above the pan
evaporation in sone nonths. BWN net hod estinmated cl osest to pan
evaporation. Mkkink nethod underestimated in some nonths and

slightly below the pan evaporation. Only BWN nmethod predicted
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magni tude of performance for the two neasured PET was in the
order: BMN > Penman > Makki nk > Jensen Hai se > Hanon. The net hods
devel oped by BMN, Penman and Makki nk give conparable results which
were good approxi mati on of neasured PET. The recmmended nethods
( BMN, Penman and Makkink) are inspite of the observation that
they do not exhibit the sane degree of oscillation as neasured
mcrolysinmetric PET and pan evaporation and thus the differences
between the nmaxima and mnima are relatively snmaller than the
ot her net hods.

To further inprove on the efficiency of the three equations,
adjustnment factors were incorporated into them so that they can
estimate as precisely and accurately as the neasured PET.
Equations relating BMN, Penman and Makki nk equations to neasured
PET were devel oped. The nodified BMW, Penman and Makki nk

equations are given as follow

Y = 1.38+0.59 BW RP = 0.99
Y= 2.58 + 0.17 Pennman R = 1.00
= 0.5 + 0.99 Makki nk R = 1.00

= -0.08 + 0.99Pan
= Mcrolysinetric PET

For pan evaporation (X)

X = 0.033 + 0.99BW, R =1.00
X = -0.051 + 1.007Penman, R = 1.00
X = 3.79 + 0.23Makkink, R = 0.95

The BMN nethod is recommended for application as best

satisfying the objective of the study. It is the sinplest, nost



The BMN nmethod is recommended for application as best
satisfying the objective of the study. It is the sinplest, nost
accurate and reliable of the three recommended net hods.

It was also observed that the PET is highest in March the
warmest nmonth of the year and lowest in August the wettest nonth
in this zone.

Path correlation analysis on the contribution of each of the

Si X i mport ant climatic factors (relative hum dity, air
tenperature, wnd speed, soil tenperature, sunshine hours and
sol ar radi ati on) i ndicated that m crolysimetric pot ent i al
evapotranspiration was influenced in the following trends:

sunshine hours (18.47% > soil tenperature (13.84% > relatively
hum dity (11.49% > wind speed (11.22% > air tenperature (8.29%
> solar radiation (4.41). \Wereas pan evaporation was influenced
as follows: soil tenperature (39.19% > sunshine hours (22.28% >
air tenperature (7.56% > wind speed (4.05% > relative humdity
and sol ar radiation (2.56%.

A conparison of Penman and Monteith equations with measured
soil evaporation beneath maize and sorghum crops showed that the
Monteith equation is a better estimator of soil evaporation than
Penman equati on. However, adjustnent factors were devel oped for

bot h equati ons.
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CHAPTER ONE

INTRODUCTION

World over, conservation of the existing water supplies to
meet the requirement of the teaming world population has been the
concern of both the soil scientists and agricultural engineers
alike. Per capita consumption of water due to rising standards of
living and economic activities, especially agriculture is on the
rise. Conservation of water is even more critically required in
drier areas typical of Savanna Zone of Nigeria, where inadequate
water resources have proved to be the major limiting factor in
agricultural development.

Conserving the existing water supplies at any particular
period entails the monitoring of how much water is available
(rainfall, rivers, irrigation) and how much is lost, of which
evaporation is the mest significant (Kowal and Knabe, 1972). Crop
transpiration is another avenue of water loss. The loss of water,

by both soil evaporation (E) and crop transpiration (T) is
usually referred to as evapotranspiration (ET).

Evapotranspiration represents the second largest component of
hydrologic cycle being exceeded only by rainfall. It equals about
70 percent of the average annual precipitation that f£falls on
continental Africa (Blaney et al. 1973). Therefore
evapotranspiration, amounting to approximately three thousand
billion litres of water daily, returns to the aumosphere between

2% and 3 times as much water as streams and rivers discharge into




the oceans.

In the humid savanna area about 50 percent of the average
annual rainfall is returned to the atmosphere as
evapotranspiration, while it amounts to approximately 90 percent
of the average annual rainfall in the arid environment of Nigeria.

Average annual evapotranspiration for Samaru is about 50 to 60
percent of the average annual rainfall.

Tremendous amount of energy is expended in . the
evapotranspiration process. over four million calories are
required to evaporate 5.5 mm of water from an hectare of land. On
a warm day over 30,000 kg of water may be removed from an hectare
of 1land by evapotranspiration. These data represent actual
evapotranspiration values. Their relative size in comparison to
the other components in the hydrologic cycle or in a water balancc
on a water shed indicates the importance of having accurate
measured potential evapotranspiration values for managing water
resources.

Evapotranspiration is a serious problem if the Crops fail to
have adequate moisture from the soils. It is a basic parameter in
the design of irrigation projects and, in the analysis of
hydrological systems. Evapotranspiration is also a function of the
climate, the crop, the soil and the agricultural practice. The
combined effect of these factors at a particular time determines
the rate of water loss from a crop. This water must be replaced,

either by irrigation Or rainfall, for continued crop growth.
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BAn estimate of evapotranspiration rate is critical in the
design and management of irriéation projects. In countries with
advanced agricultural technology, the main concern is to obtain
the most efficient use of water delivered to a farm. In less
developed areas, the principal need is to estimate
evapotranspiration for the purpose of developing new irrigation
proaects.

There are two types of evapotranspiration namely; actual
evapotranspiration (ETa) and potential evapotranspiration (PET).
Potential or reference crop evapotranspiration according to
Doorenbos and Pruitt (1977) is the rate of evapotranspiration from
an extensive surface of 8 to 15 cm tall, green grass cover of
uniform height, actively grow.ing, completely shading the ground
and not short of water. It is required primarily for estimating
the amount of water required by a plant for its maximum growth and
hence optimum yield.

There are two broad ways of estimating potential
evapotranspiration. These are commenly referred to as the direct
and empirical methods.

The specific methods for direct measurement of potential
evapotranspiration include lysimetry and pan evapotranspiration.

The more commonly used methods for estimating potential
evapotranspiration include those developed by:

Thornthwaite (1948); Penman {i948}; Jensen Halse (1963); Blancy -
Morin Nigeria (1980); Blaney and Morin (1942) and Blaney - Criddle

{1950). Penman was considered most accurate of these methods.
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Several attempts have been made in different parts of thu
world to develop mcthods to estimate the much desired potentia
evapotranspiration or water balance from a given area of soil
surface. However, the succeés of most of these methods has beel.
limited because c¢i uncertainties in the reliability of cth=
methods. They often require tooc compliex a set of parameter
inputs.

One of the mujor agricultural problem in savanna zone of
Nigeria is the inadequacy of hydrological information for orde.ly
development and management of the water resources. Rainfall, run
off and soil moisture stcorage, which along with evapotranspiraticq
and percolation constitute the components of a water balance, can
be determined quite accurately, especially since the developmert
of nuclear techniques for measuring soil moisture content.

Only few studies have been carried out in the savanna
ecological zones of Nigeria (Fig.l) to evaluate the reliability cf
the different methods. Hence need to identify or develor a
potential evapotranspiration model that is accurate and can L=
readily computed with weather data available in the developing
eccnomies of tropical Africa.

The overall objective of the present study therefore,: is ©o
assess the reliability of the most quoted empirical methods for
estimating potential evapotranspiration in the Northern Guiaeca
Savanna Zone of Nigeria.

Specifically, the aim is to
1) estimate potential evépotranspiration by various empirical

methods reported to be reliable in the tropical environmernt

2) measure potenrtial evapotranspiration and evaporation in che
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Northern Guinea Savanna environment typified by Samaru

(11°11'N, 07°38'E, 686 m above sea level), Nigeria.

identify an accurate and simple empirical method for

estimating potential evapotranspiration in the Savanna Zone

of Nigeria.



Le (24 gﬂ 1?0 ]'zn 1:va
Sokoto w \
\_': * Katsina SAHEL SAVANNA .
R SUDAN SAVANNA -’
0 N\ _ s
120 N » o -'I.Ii j Maiduguri
~ ) I
e%\ NORTHERN un J/’,f———u‘h‘H\H‘\////
‘,' eKaduna _ ]
\( GUINEA Sk
“1 | B vies SAVANNA
' o Minna L — B
\xx ABUJA = F:\E ) SN
SOUTHERN == 2 d .
e llorin \EUI N EA\/
gol
ho °f°" SAVANNA
It dan / Mukurd
i; oEnugu
Lﬂﬁf‘fg_\ Benin T
o | / FOREST KEYS
COASTAL \,-
SWAMPS ‘//f‘ Pll-hmurt Caldbar e Major Towns
[ ‘ e REVEY S
T o~ \ —
4o . :
© & g 10° 1z 00

Fig. 1¢ Ecological zones of Nigeria



7
CHAPTER TWO

LITERATURE REVIEW

2.1 Evapotranspiration:
Evapotranspiration is a term coined from two physical

processes, namely; evaporation and transpiration.

2.1.1 Evaporation

Evaporation according to Penguin dictionary of science is the
conversion of a liquid intc vapor, without necessarily reaching
the beiling point. The fastest moving molecules escape from tinc
surface of a 1liquid during evaporation, thereby reducing thc
average kinetic energy of the remaining molecules, and therefore
causing cooling. The process of evaporation of water is one of
the fundamental compcnents of the hydrological cycle by which
water changes intec vapor through the absorption of heat energy.

Evaporation frem natural surfaces such as open water, bere
soil or vegetative cover is a diffusive process, by which water in
the form of vapor is transferred from the underlying surface to
the atmosphere. The essential requirements in evaporation process
include the source of heat to vaporise the water and the
concentraticn gradient of water vapor between the evaporating
surface and surrounding air. Evaporation, however, can occur only
when the vapor concentration at the evaporating surface excecds
that in the overlying air.

The source of energy for evaporation may be solar energy, the
air blowing over the surface or the underlying surface itself.
The minimum energy regquired for evaporation, irrespective of the

surface where evaporation is taking place, is 590 calories per
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gram of water evaporated at 20°C (Michael, 1978). The fundamental
principle of evaporation from a free surface was derived by Dalton
in the year 1882. Evaporation, accerding to Dalton, is a function
of the difference in the vapor pressure of the air and the vapor
pressure of water. Palton theorized that evaporation from a
surface must be a consequence cf the combined influences of wind,
atmospheric moisture content,.and physical characteristics cf the
surface.

Keen (1914) studied evaporation from various soil types. He
found that vapor pressure within the soil was related tc

evaporation in terms of gaseous diffusion from a surface.

2:1.2 Transpiration: This is a physiological process by
which water vapor leaves the 1living plant body into the
atmeosphere. It involves the continuous movement of water from the
soil into the roots, through vascular tissue to the leaves or
other organs and out through the stomates, lenticels or cuticular
surface into the surrounding éir.

Basically, transpiration is an evaporation process but to
some extent is modified by plant structure and stomatal behaviour.
Transpiration is the dominant factor in plant water relations ac
it produces the energy gradient which causes the movement of wate:
into and through the plants. The rate of transpiration depends on
the supply of energy to vaporise water. The water vapor pressure
or concentration gradient in the atmosphere which constitutes the
driving force, and the resistance to diffusion in the vapor

pathway. Transpiration 1is influenced by climate, soil and such
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plant factors as the size of the leaf and height of the plant.
Light intensity, atmospheric vapor pressure, temperature and
windspeed, are the climatic factors affecting transpiration. Soil
and plant factors affecting transpiration are those factors thrat
govern the water supply to the roots, the extent and efficiency of
root systems in moisture . absorption, the leaf area, leaf
arrangement and structure as well as stomatal behaviour.

The rate of evaporation from a free water surface when
compared with the transpiration from a crop is of considerable
importance. Vegetation ceases to transpire at night as a resull
of the closure of the stomata, but a water surface like that of &
lake or pond continues to evaporate, though at a slower rate even
at night.

Briggs and Shantz (1916a,and 1917) in colorado, correlated
daily transpiration with weather conditions and later used various
types of atmometers and evaporation pans to compare transpiration
with evaporation rate from. free-water surfaces. Kiesselbach
(1916) in Nebraska conducted similar studies with particuler
emphasis on the corn crop. These workers clearly demonstrated *“he
existence of plant morphological and physiological mechanisms
which affect transpiration rates.

Conseqguently, soil evaporation and plant transpiration are
interrelated, and occur simultaneously in nature without any
standard means of distinquishing between the two processes.
Therefore, evapotranspiration 1is the total process co¢f water
transfer into the atmosphere from vegetated land surfaces. It
involves the conveyance of water vapor mass from the earth's

surface and the reservoir within the scoil into the atmospherc.
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Evapotranspiration 1s considered as an energy transfer phenomenc:h
since the evaporation process which constitutes a crucicl
component of evapotranspion involves the change of water from
liquid to vapor requiring the heat of vaporisation.

For many, evapotranspiration is primarily considered as <
component of hydrological balance and the units of measurement arc
expressed in equivalent of depth of water on the surfﬁce.
Evapotranspiration is equivalent to consumptive use which includes
all the water consumed by plants plus the water evaporated from
bare land and water surfaces in the area occupied by the crop.
Incoming solar radiation under field ~ conditions supplies cha:
energy for the evapotranspiration,

Factors that influence both evaporation and transpiration
also govern the evapotranspiration process. Wind is important in
removing water vepor from the <cropped area the prevailing
temperature and humidity conditions affect the rate of water vapor

loss from the crops. More water is lost when the surrcounding

fields are bare than when they are cropped and irrigated.

2.:1.:3 Climate
The climate of Nigeria is characterized by two well-definca

seasons: the wet season with cloudy weather and winds from the
South West and the dry season with continual sunshine and winds
from the North East. The rainfall in Nigeria is controlled by
these two air masses., These currents are separated by a boundary,
the intertropical front, into the equatorial maritime air meass
characterized by rain-bearing south-westerly winds and the

tropical continental air mass of dry north easterly winds known &s
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the harmattan. This front moves northwards across the south ol
the country in February reaching the northern limits around July
and August before retreating to the scuth again. The movement
results in the occurrence of a single rainy season in the northern

areas (500-100Cmm) . (Mcsugu, 1989).
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Table 1: Mean monthly Rainfall and potential evapotranspiration
rate of the Northern Guinea Savanna zone

Month Rainfall P.E
January G.3 115.5
February 1.5 _ 120.7
March 7.1 146.6
April ' 36.8 | 153.2
May 132.1 ., 153.7
June 165.6 125.5
July 221.5 107.7
August 281.4 97.0
September 230.4 106.8
October 36.1 : 119.6
November 1.3 108.7
December 0.0 106.1
Annual Total 1114.0 1461. 5mm

Scurces: Atlas of the Federal Republic of Nigeria, 1978.
Smyth and Monotgometry, 1972
Oyediran Qjo, 1977
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Table 2: Mean monthly temperature, sunshine hours, and net
radiation of the Nothern Guingca Savanna Zone

Month Temperature °C  Sunshine Net radiation
hours/month cal cm™ day™?

January 21.8 9.2 156

February 23.4 9.8 166

March : 26.9 8.7 352

April 28.3 6.9 580

May 27.3 8.1 636

June 24.8 7.4 647

July 23.6 4.6 591

August 23.2 6.2 551

Septenber : 23.8 7.4 635

October 24.4 8.2 566

November 23.2 8.6 281

December 22.0 9.0 151

Annual Mean 24.4 7.8 442 .77

Source: Mosugu, 1989, The National Atlas of Nigeria (1978).
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2.1.4 Climatic Factors
Evapotranspiration depends on net radiation, temperatur.,
length of day, humidity, wind-velocity, ancd soil moisture.
2.1.4.1 Radiation
Is one of the most important meteorological parameter. Radiant
energy from the sun is the ultimate source of energy for driving
the atmosphere and producing our weather. It provides the énergy
for the production of all our fossil fuels and is the source of
energy for photosynthesis and evapotranspiration.

The net radiation is the difference between total upward and
downward radiation Iluxes and is a measure of the energy availaklic
at the ground surface. The importance of this parameter is thac
it is the fundamentzl quantity of energy available at the earth's
surface to drive the processes of evaporation, air and soil hcat
fluxes as well as other smaller energy - consuming processes such
as photosynthesis.

Growing competition for available water among industry,
recreation and agriculture has made the efficient use of water an
important national aind as well as a global problem. The efficiens
use of irrigation water in crop production, to a large degree, .:

dependent on a satisfactery means of measuring water losses. 7o

({7

forecasting of we&ter use, drying conditions, minimum cuir
temperature, scil temperature, dew formation and duration, harvest
dates and crop quality all depend to a greater or lesser extent >
a knowledge of the _.ncident sclar energy.

The difference between the shortwave radiation absorbed by
the earth and atmosphere and the long wave radiation re-radiaten

to space 1is the energy available for those meteorologicad.
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processes going on 2t the earth's surface or in the atmosphere.
For short periods in time and at different sites on the earta.
there 1is imbalance of the incoming and outgoing fluxes of
radiation. This imbalance accounts for circulation in the
atmosphere and oceans (wind and currents) evaporation or
condensation of water vapor, change in temperature of air, earth's
surface including vcgetation and clouds.

A large part of the solar radiation reaching the atmosphecr:z
is absorbed in the atmosphere by dust, clouds, water vapor and the
air, so that the maximum received at the ground is between 200 ov
220 Kcal/cm® per annum in the desert regions. Tropical forezt
receives about 120 to 160 Kcal/cm®’. ©On reaching the vegetation
and soil, part is reflected. Vegetation reflects 10, 15 or even 730
percent depending on type. Consequently only about half the solat
energy entering the atmosphere is ultimately available at i
ground and only a guarter of this is of the correct wavelength for
photosynthesis. Briggs and Shantz (1916a), in their classicel
work on water use by plants, recognized the importance of sola:
radiation in transpiration. A high correlation at
evapotranspiration and radiation has been reported by a number of
workers. Examples of earlier work on evaporation using energy
balance concepts are those of Bowen (1926). Cummings unda
Richardson (1927), McEwen (1930), Cummings (1936), Kennedy anc
Kennedy (1936), <Cummings (1940) and Richardson (1966). Tha
application of thecretical concepts to cropped surfaces receivec
major attention in the 1950's after the work of Penman (1948;.
Generally, the relationshi§ (between theoretical concepts and

cropped surfaces) has been established for daily or longer dc-.
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periods; however, in some cases a close relationship between
evapotranspiration and net radiation has been observed for hourly
or shorter periods.
Pruitt (1964) reported studies which demonstrated that net
radiation is more <closely related to evapotranspiration than
variables such as air temﬁerature and humidity. Problens

affecting measurement of radiation includes:

1) Varying inclinations of the sclar beam associated with
diurnal and seasonal effects.

2) Lack of spatial homogeneity of flux due to synoptic
situations.

3) Influence of local topography.

Solar radiation measurements are taken at a weather Bureau by
a network cof instruments of several types. The most widely used
instrument is the Eppley 180-deg pyranometer.
2.1.4.2 Air temperature: Factors influencing ai:x
temperature include latitude, nearness to water body, relative
humidity and relative amount of dust in the air. The amount of
heat received annually is greatest between 15°N and 15°S. At
higher latitudes the high intensity of solar radiation is combined
with a long day and temperatures in summer may exceed those nearer
the equator. Winters will be cooler.
There is a fall of approximately 6.0°C for every 1000m
rise in altitude. Location near water have much reduced diurnal
and lower maximum temperatures. At such locations humidity will

behigh and solar radiation reduced.
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Within the tropics the temperature at sea level rarely falls
below 16°C. Where humidity is high the maximum shade temperature
rarely exceeds 38°C, but where the humidity is low 55°C may
exceptionally be reached. Low temperature, which 1is often a
limiting factor to plant growth in temperate agriculture, is only
limiting in high altitude areas of the tropics.

Tropical crops have a higher optimum growth temperature than
temperate crops but the temperature range over which crops arec
successfully grown varies not only between crops but between
varieties of a crop. Bananas, cocoa, kolanut, oil palms, rubber,
sisal and sugar cane are true tropical perennial crops requiring =
high minimum temperature for growth, whereas citrus, gum arabic.
coffee, tea and avocade will grow over a wider range of
temperature conditions provided that frost does not occur.

2.1.4.3 Relative Humidity: Relative humidity is the ratio
of actual to saturation vapor pressure at the same temperature.
Water vapor is furnished to the air only from the evaporatinag
surfaces of 1land and water. Water wvapor transport intoc ang
through the layer cf air adjacent to the grocund is analogous tc
heat transport. Heat and water vapor are transferred to the upper
air primarily by convection or "eddy diffusion", The net
transport of heat is usually upward during the day and downward at
night. The net vapor transport usually follows this pattern with
evaporation occurring by day and dew deposition by night.
However, there exist many climatic situations where evaporaticn
continues throughout much or all of the night. At day, vagor
pressure reaches its peak near midday and is greatest within the

canopy. At night, relative humidity reaches this peak 2s



18

temperatures fall. There is usually less vapor in the air at
night than during the daytime, but since temperatures al<o
decrease at night, the capacity of the air to hold vapor drops
sharply and relative humidity rises. Synchronization may result,
at least in part, from the strong cvaporative stress on plants in
the early afternoon that occurs in the Great Plains and.othe:
semi-arid and arid regions. The stress is frequently sufficient
to cause stomates cof the leaves to close, The rate of
transpiration then decreases as the vapor pressure decreases, due
to turbulent transport of vapor away from the crop. Az
transpiration decreases; the quantity of cnergy consumed in
sensible heat generation increases. This effect may contribute to
the mid-afternoon temperature peak. With peak temperature and
reduced vapor pressure, relative humidity falls to its lowest
diurnal value in mid-afternoon. Water vapor content/humidity is
measured with hydrometers.

2.1.4.4 Vapor pressure: Vapor pressure decreases' with
elevation except when condensation is occurring., At dawn, there
may be no change in vapor pressure with elevation. As the day
progresses with increasing evaporation or transpiration the vapor
concentration near the surface increases. The effectiveness of
vapor removal, from the ,surface increases with increasing
windiness and turbulence. By late afternoon or early evening,

evaporation flux decreases as does turbulence.
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2.1.,5 Rainfall: A trend is observed which shows a north
ta south wvariation in rainfall characteristics such as amount,
intensity and seasonality. The Northern Guinea Savanna zone has
an annual mean of about 1114mm (Fig. 2).

Rainfall in Nigeria is highly seasonal in character with
well-marked wet and dry seasons such as are characterstié of
monsoonal types of climate. Like the total, amount of rainfall,
the length of the raindays is 100 days in the Northern Guinea
savanna zone (Fig. 3) The wet season extends for four to five
months in the Northern Guinea‘savanna (Mosugu, 1989). A year to
year variation in the rainfall characteristic is experienced in
this zone which is sometimes caused by local variations in other

climatic factors such as temperature.

2.1.6 Evapotranspiration

In the Northern Guinea savanna 2zone, an estimated total
annual potential evapotranspiration rate of 1461.5mm is :ecérdud
(Table 1).

Northern Guinea savanna zcocne has 3 to 6 months in which
rainfall exceeds evapotranspiration (Davies, 1973). There is much
lower evapotranspiration during the rainy season than during the
dry season.,

Temperature, Net Radiation and Sunshine hours vary widely
from the north to the south of Nigeria. In the Northern Guinea
Savanna zone (Table 2) mean daily temperature of 22°C in December
and 28.3°C in April are observed with annual mean of about 24.4°C,

In this zone, temperatures are highest between April and May,
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and lowest in December corresponding to the beginning of the rainy
season and middle of the harmattan period respectively, (Atlas cf
the Federal Republic of Nigeria, 1978; Kowal and Knabe, 1972).

The Northern Guinea Savanna zone experiences a mean annual
net radiation of 442.7 cal/cm/day (Table 2).

Mean annual sunshine hours of 7.8 hours per months 1is
recorded for this zone (Kowal and Knabe, 1972; Smyth and

Montgometry, 1962).

2,37 Seasonal Evapotranspiration

This is the amount of water used in evapotranspiration by
cropped area during the entire growing season. It is expressed us
the depth of water in cm or velume of water per hectare. iths

values are required to evaluate and determine the seascnal

irrigation water requirement.

2.1.8 Peak Evapctranspiration (period consumptive use)

This is the average daily water use rate during the few days
of the highest consumptive use of the season. Peak period
consumptive use is the design rate used in planning an irrigaiion.

In irrigation project design, the peak period of consumptive use
is the period during which the weighted average daily rate of
consumptive use of the various crops grown in the project area is

at a maximum.
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2ok Annual Evapstranspiration

Annual Evapotranspiration includes seasonal and off-season
evapotranspiration. The off-season period is from harvest of one
crop to the planting of the next crop where only one crop is grown
each vyear. This is very important in optimizing the use of a
limited supply of water for irrigation since stored soil water
following a shallow-rooted crop may be used by a deep-rooted <=rop,
and excess water applied to a shallow-rooted crop may replace deep

soil water.

24 Types of evapotranspiration.
There are two types of evapotranspiration, namely; actual

evapotranspiration (ETa) and potential evapotranspiration (PET).

2.28:3 Actual evapotranspiration

The actual evapotranspiration from a crop (ETa) is obtained
by multiplying potential evapotranspiration by an appropriate
experimentally - determined crop factor (Kc):

ETa = K¢ PET

2.2.2 Potential cvapotranspiration

This is defined as the amount of water which evaporates from
soil air interface and from plants when the soil is at field
capacity (W.M.O, 15%58). Potential evapotranspiration is th<
amount of water that will be lost from a surface completely
covered with vegetation if there is sufficient water in the soil
at all times for the use of the vegetation. It offers an approach

towards the understanding of the role of moisture in climate.
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Potential evapotranspiration is required primarily for estimating
the amount of water required by a plant for its maximum growth and
yield. It is an essential component for determining the water
balance in respect of the rate of water loss from a reservoir
and/or plant cancpy.

The comparison of potential evapotranspiration with rainfall
permits the classification of a particular climate into humid and
dry seasons which is a crucial set of information for the plaﬁning
of farming systems, The knowledge of the potential
evapotranspiration is needed to determine irrigation requirements.

Potential evapotranspiration is affected by the type of soil and

vegetative cover.

22,3 The Concept of Sensible Heat Advection

The concept of potential evapotranspiration as discussed
above may be unreal for a number of reasons. One of the most
serious errors lies in the assumption of infinite upwind fetch.
All fields are influenced by their surroundings to some degree,
and the influence is likely to be greatest in sub-humid and arid
regions where the differences in moisture availability due to
irrigation and crep roughness differences are greatest from field
to field.

Advection is defined by Fhe meteorologist as "the prccess of
transport of an atmespheric property sclely by the mass mection of
the atmosphere”. 1In recent evapctranspiration research, advection
has come to mean transfer of energy in the horizontal plane in the
down wind direction. The advection of sensible heat from one

field to another or from one region to another is our main
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concern.

Tanner (1957) suggests a terminology to describe advection
effects. When advected enerqgy is drawn from the air, an oasis
effect prevails. In areas where sensible heat has been generated
through crops, a “clothesline" effect exists.

Large scale or local and glcbal advection terms have also
been used in attempts to identify sources cof preconditioned air.
In this regard Slatyer and Mcllroy {1961) suggested that even in
moist homogeneous areas large scale or upper level advection due
to movement of weather systems may lead to latent heat consumption
which exceeds average net radiation received, often for long
periods of time. This may arise over surface of relatively warm
dry air masses, generated over large relatively hot dry surfaces
else where, Certain regions, though well provided with incoming
radiant energy, act as long-term sinks of sensible heat, due to
the general pattern of circulation over them, provided that
sufficient moisture is avai}able for the amount of evaporation
involved.

It should be understood that in nature, advection is the
normal rather than the abnormal situation; only when the surface
under consideration is identical in its characteristics of colour,
roughness and moisture availability with an infinite surface
upwind will non- advective condition prevail. Dyer and Pruitt
(1962) and others have attempted tc define fetch requiréments
needed in micro-meteorclegical research. Only locally generated
advective effects will be eliminated when upwind fetch is finite.
Air masses conditioned in very distant regions and climates

continue to move over surfaces of different characteristics and
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their effects on local micrometecrological processes remain
obsexrvable.

The concern with advection evidenced by irrigationist, is due
to the fact that this supplemented energy supply is utilized, when
water 1s available largely in evapotranspiration. The climate of
the windswept Great Plains suggest that advection of large
guantities of sensible heat into the region as well as the
generation and transport of small quantities of sensible heat from
dry land into irrigated fields contribute materially to the amount
of energy which is utilized in evapotranspiration.

The origin of sensible heat for advection to other localities

depends on surface conditions. Generally, the availability of
water on land surfaces determines the partition of enhergy between
sensible, latent and soil heat fluxes. This is well illustrated
in work by PFritschen and Van Bavel (1962) at Phoenix, Arizona.
They measured water use with precision 1lysimeter, solar and net
radiation and soill heat flux with appropriate sensors.
When secoll was wet, evapotranspiration (latent heat flux) consumed
slightly more than energy supplied by the net radiation. Some
quantities of energy were distributed to the soil and sensible
heat flux at first. When the soil had dried, the consumption of
net radiation as latent heat was greatly reduced and sensible heat
was generated. This would then be available for consumption in
the evapotranspiration process.

De Vries (1959) and Philip (1939) evaluated the nature and
extent of changes caused by passage of warm dry air over irrigated
fields by use of the equatioq of motion. Both concluded that the

rapidly with decreasing distance downwind of the leading edge of
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discontinuity but that the effect should persist nevertheless for

great distances downwind.

2.2.4 Methods for Measuring Advection
Two techniques offer the best means of estimating the
contribution of advected energy of evapctranspiration., These are;
a) Energy balance calculations, where the net radiation, - the
soil heat flux and the evapcration are precisely measured and
advective heat ccontributions are computed by difference; and
b) Measurements of the vertical transfer of horizontal momentum
and turbulent transfer of heat and vapor at increasing distances
downwind of a field's leading edge. These measurements may be
effectively employed in aercodynamic or Bowen ratio estimates of
evapotranspiration, particularly if the estimates are tested

against a precise lysimeter.

2.2.8 The Concept of Potential Evapotranspiration

In 1948 both Thornthwaite and Penman put forth the concept of
"potential evapotranspiration™. The concept has had major
influence on geographical studies of world climate and cn attempts
to predict water needs in irrigated agriculture, pedology and
hydrology.

The concept of potential evapotranspiration has been so
widely accepted that a detailed discussion of its meaning is
needed. The following synthesis of definition may apply.

Potential evapotranspiration is the water evapotranspired by
a dense vegetation tnat does not suffer water shortages, It is

the evaporation from an extended surface of short green crop which
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fully shades ground, exerts litgle or negligible resistance to the
:flow of water and is always well supplied with water. Potential
evapotranspiration cannot exceed free water evaporation under the
same weather conditions. 1In general this is the water irrigated
crops require.

Real evapotranspiration differs from the potential under most
circumstances. The reasons for these differences are best
explained by reference to the conditions imposed by the definition
of potential evapctranspiration and an analysis of the reality of

these conditiens.

i) The Influence of Soil Water Availability.

Plants are not always well supplied with water, in the case
of range land and dry land agriculture. This can be the case in
irrigation agriculture as well, by intention, for when the supply
becomes limited it may allow the farmer to get the greatest yield
per unit of water expended. Strategic irrigation at certain
stages of crop growth may lead to great increases in yield with
little irrigation. Marlatt et al, (1961) and others have shown
that with decreasing soil moisture availability the rate of
evapotranspiration is reduced below the potential.

Van Bavel (19%67) suggested that the transpiration rate in
alfafa begins to diminish afte; a soil water potential of abocut 4
bar is reached and cited other works in which this breaking point
has ranged from - 0.2 to - 1.0 - bar for corn and cotton,
respectively. The point is that the potential rate of

evapotranspiration cannot prevail if the soil is not kept well
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supplied with water and depending on the crop involved, this
condition may not exist for any signifcant length of the growing
season.

Ritchie and Co-workers (1972a, 1972b) have shown -that
evaporative flux by sorghum and cotton is conditioned by soil
moisture status after a critical level of water extraction has
occurred. In the Houston Black clay soils studied, this critical
level or lower limit for potential evaporation occurred after 18.2
cm of water had been extracted from a soil which, when initially
wet holds about 48% water by volume. The ratio of the latent heat
flux to net radiation (LE/Rn) was about 1, before the critical
moisture level was reached. Thereafter the ratio dropped rapidly,
sc that when a further 6 cm of water had been with-drawn
evapotranspiration virtually ceased.

Bouchet and Roberlin (1969) attempted to deal with certain
difficulties cited above, particularly those stemming from the
plant and socil <factors. They considered that potential
evapotranspiration is entirely controlled by climate and varies as
a function of season. The real maximum evapotranspiration (ETM)
is defined in a given climate‘'by the develcpment of the plant and
its physiology when it is well supplied with water. Potential
evapotranspiration minus real maximum evapotranspiration, in
essence 1is a measure of the canopy resistance. Real
evapotranspiration (ETR) results when poor soil water supply
causes a reduction uf the exchange surfaces for the transfer of
water and may combine both the plant and soil resistance to
evapotranspiration.

Eagleman and Dezker (1965) suggested that the ratio ETR/ETP

KACit 11+
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may be defined as a function of soil water potential for any given
soil. They further considered that this relationship depends upon
the unsaturated conductivity of the so0il, which decreases as soil
water is depleted. Stern {1967) alsc showed a marked drop in real
evapotranspiration for cotton in an advective envircnment in
Western Australia when soil moisture is depleted to less than 60%

of the available water.

ii) The Influence of Crop Cover.

Row crops do not nermally shade the ground fully excepts in
some cases at advanced stages in their development. Broadcast
crops like alfalfa do not shade the ground for sometime after
pericdic cuttings. Water use as we know may continue to increase
with increasing leaf area even when leaf area dense enough to
fully shade the ground has been achieved. Brun, Kanemasu,‘and
Powers (1972), had shown that in soybean fields the proportion of
water lost as transpiration is closely corrected to leaf area
index with transpiration being approximately 50 percent c¢f the
total evapotranspiration at a leaf area index of 2. This

proportion increases to 95 percent of the total evapotranspiration

at a leaf area index of 4.

iii) The Influence of Crop Height

Many of the important crops grown worldwide are not short;
examples are corn, sorghum, winter and spring grains, cotton, and
trees in river valleys. The taller the crop, the more effective

its exchange of energy with the ambient air. Alfafa is a short
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oxrep. Stanhill (1965) and El1 Nadi and Hudson (1965) had shown
that the gquantities of water evaporated by this crop increases
.with increasing crop height. The type of leaf also influences the
evapotranspiration rate and broad-leafed plants transpire more

than the grasses (Fritschen, 1965; Blad and Rosenberg, 1974).

iv) The Influence of Extended Surfaces or "Fetch".

An extended surface means, great fetch. Stanhill (1865)
suggested that fields be at least 20 m from the centres in ;ny
direction from which the wind blows. Dyer and Crawford (1965)
found temperature profiles up to 5m not fully adjusted to the new
surface at 200m from the edge of a field. Any visible difference
in plant growth along the border of a field or the existence of
non logarithmic profiles of temperature and humidity is evidence
of inadequate field size for measuring potential
evapotranspiration within the meaning of the phrase "extended

surface".

v) The Relation of Free Water Evaporation and Plant Water Use
The condition that potential evapotranspiration cannot cxcéed
free water evaporation under the same weather conditions probably
applies well in humid regions in which the net daily and net
seasonal energy balance involve some sensible heat generation and
transport to the ambient air. Pruitt and Lawrence (1968) reported
that the amount of water used by fescue and rye grass at Davis,
California is about EB0% of that evaporated from open water in

evaporation pans except when winds are strong and the air is hot
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and dry. Then the ratic drops still further apparently because
these conditions cause an increase in the stomatal resistance.

In the Great Plains and arid regions well-watered crops that
exert little canopy resistance and are tall can, conceivably,
consume more energy and transpire more water than is evaporated
from free water surfaces. The differences may be very pronounced,
if the free water surfaces are very extensive and crop areac are
not (Fritschen, et al, 1965).

Rosenberg and Powers (1970) compared soybean
evapotranspiration in the experimental field at Mead to pan
evaporation measured immediately adjacent and to north of the
field. During the period June 26 - July 26, 1969 the height of
AMSOY soybeans increased from about 30 to 102 em. On the twenty
days uninterrupted by rain or irrigation the average daily
lysimeter, evapotranspiration (the mean of two lysimeters) was
8.33 mm day’’. It was observed that free water evaporation need
not always indicate the upper 1limit or the potential
evapotranspiration in subhumid and arid regions as it does,

apparently, in humid regions.

vi) The Internal Plant Resistance to Water Flow

This condition presupposes that plants behave passively as
wicks for the transport of water from the scil to air. Penman
recognized that this assumption did not hold in all circumstances
and with Schofield (1951) attempted to adjust for stomatal
influence on transpiration. Van Bavel (1967), Van Bavel et al,
(1962) and Van Bavel and Ehrler (19268} have shown, that alfafa,

sudan grass and sorghum exert very little canopy resistance to
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evapotranspiration.

Rosenberg (1269b) supports this view with respect to alfafa
for most of the growing season. Cold weather, however, had a
significant effect on the resistance of an alfafa crop. A major
increase in canopy resistance was indicated as evapotranspiration
was greater than net radiation on April 21, but after a cold night
evapotranspiration was greatly reduced on April 22.

There is some evidence of significant stomatal influence on
evapotranspiration rates 1in sugar beets (Brown and Rosenberg,
1970) and dry and snap beans {(Rosenberg, 1966; Rosenberg et al,
1967) . Van Bavel et al, (1967) also suggested a considerable
canopy resistance for an orange orchard. Lee (1967) stimulated a
spirited argument by suggesting a major role for stomatal
regulation of evapotranspiration and thus, a major rocle in the

hydrologic cycle of the earth.

2.3 Potential Evapotranspiration

There are four main methods for direct measurement of
potential evapotranspiration, namely;

(1) lysimeter experiments

(ii) soil moisture depletion studies

(iii) water balance method

(iv) field experimental plots

2.3.1 Lysimeter Experiments:
Lysimeter i1s an instrument for measuring the change of water

content change in scil, Lysimeter experimental studies involve
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growing of crops in large containers and measuring their daily
water loss or gain. The soil and crop conditions in the lysimeter
must be near to the natural conditions. The measurements
{flecating lysimeters) involve ﬁeighing by flecating the lysimeter
tank in water in which the change in liquid displaced is computed
against water loss from the tank. (Michael, 1978). The tank is
buried permanently in the ground and surrounded by a large area of
the crop of the same height if the readings are to bear good
relaticn to losses from the crop in the field. The water table is
maintained at a specific depth in the tank by connecting it to a
supply tank provided with a floating mechanism which has an
arrangement for receiving excess water that tends to build up in
the tank. Water is applied in measured amounts to the lysimeter
as irrigation is applied to the surrounding cropped area. The
over flow and deep percolatioh are measured. The water received
either from the reservoir or precipitation without outflow
constitutes the water used by the crop.

Lysimeters, although providing the means of precise and
direct measurement of the amount of water supplied to and lost by
crops, have a lot of problems. The major limitations are the
maintenance of the physical condition such as water table,
temperature, soil texture and density within the lysimeter
comparable to those outside in the field. The bottom of an
isolated soil column often requires artificial application of a
moisture suction similar to that present at the same depth in the
natural soil, to ensure propef drainage. The soil temperature in
the lysimeter is raised in some cases to such an extent that air

conditioning of the whole system becomes a necessity.



35

2.3:2 Soil Moisture Depletion Studies

This method is usually used to determine the consumptive use
of irrigated field crops grown on fairly uniform soils when the
depth to the ground water does not influence the soil moisture
fluctuation within the root zone: Soil moisture depletion studies
involve measurement of soil moisture from various depths at a
number of times through out the growth period. Consumptive use
(CU) 1is calculated from the change in so0il water content in

successive samples from the equation below:

U= Midi - Moi o AL o DI  ==mmeem—e (1)
i=1
where;
U = Water use from the rootzone from successive sampling
periods or within one irrigation cycle, mm.
n = No of soil layers sampled in root-zone depth, D.
Mii = Soil moisture percentage at the time of the first

sampling in the ith layer.

M2i = Soil moisture percentage at the time of the second
sampling in the ith layer.

Ai = apparent specific gravity of the ith layer of the soil.
Di = depth of the ith layer of the soil, mm.

Seasconal consumptive use is calculated by summing the
consumptive use values of each sampling interval (CU = 3U). A

correction is made by adding potential evapotranspiration values
for accelerated water loss for the intervals just after irrigation

and before soil moisture sampling.
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Water balance in a soil can be described hydrologically by:

Precipitation = Evapotranspiration + surface runoff + sub-surface

drainage + change in soil water contents --- (2)
This method 1is also called inflow-ocutflow method. It 1is
suitable for large areas (water sheds) over long periods.  The

accuracy of this method depends upon the accuracy with which
precipitation, runoff and change in soil moisture content are
measured. Recent soil physics research (Van Bavel, Brust et al.
1968) has shown that measurements of the change in soil moisture
content may not truly reflect the guantities of water that either
percolate of evaporate from the soil because of large quantities
of vapor and liquid flow in both directions due tc thermal and
hydraulic gradients. An improved method for estimating ET in
hydrological studies is proposed by Davidson and Barad, (1969),
who measured soil water flux at various depths with and without
surface evapcration so as to develop better estimates of the

seepage term.

2.3.4 Field Experimental Plots

Measurements of water supplies tc the field and changes in
soil moisture contents of field plots which depend on computing
seascnal water requirement of «crops are Dbetter than the
measurements with small tanks or lysimeter (which has
limitations). The seasonal water are determined by adding the
effective rainfall received during the season, the contribution of
moisture from the soil and measured guantities of irrigation

water. This may be expressed in the eguation below:



n
WR = ER + IR + ¥ Mbi - Mci . Ai. Di = ------ (3}
i=1
in which,
WR = seasonal water requirement, mm
ER = seasonal effective rainfall, mn

IR = tcotal irrigation water applied, mm

Mbi = moisture percentage at the beginning of the season in
the ith layer of the soil,

Ai = Apparent specific gravity of the ith layer of the soil.
Di = depth of the ith layer o©of the soil within the root
Zone, mm.

Mci = moisture percentage at the end of the season in the itlh
layer of the soil.

n = number of soil layers in the root zone D.

This method requires that the awount of water applied to a
field is measured accuratecly. The method, even  though
satisfactory for determining seasonal water reguirements deoes not
provide information on intermediate scil moisture conditions,
prefile use, short term use, deep percolation losses and peak use

rate of the crop.

2.3.5 Other methods of measuring Potential Evapotranspiraﬁion

Other methods which have been used to determine potential
evapotranspiration include the measuring of scil meisture through
gravimetry, neutron scatter, conductivity blocks, tensiometers and
tube sampling. Bach method, however, has its limitations. Most
are laborious, time ceonsuming, expensive, cumbersome and reguiring

intensive and/or destructive sampling.
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2.4.0 Estimation of Evapotranspiration From Evaporation Data

There is a close relationship that exists between the rate of
pan evaporation and the rate of consumptive use by crops. The
standard US Weather Bureau Class A open pan evaporimeter or the
sunken screen open pan evaporimeter (Sharma and Dastane, 1968) can
be used for the measurement of pan evaporation. The relationship
between evapotranspiration and pan evaporation 1is given by the
crop factor: viz
Evapotranspiration = pan evapération X creop factor. Thus this
approach has much to recommend it, in view of the availability of
the data, the simplicity of measurement and the cheapness of the
equipment. Yet in arid or semiarid regions, it is important to
remember that the ratio of pan to crep evaporation will wvary
depending con the down wind distance from the boundary between the
crop and its dry surrounding (De Vries 1959).

The value of the factor for any crop depends on foliage
characteristics, stage of growth, environment and geographical
location, During the early stages of crop growth consumptive use
values are low and increases as the plant approaches maturity.
There is a general decline after the stage of maturity. At each
location the values ofthe factor for a particular crep should be

determined experimentally.

2.5.0 Micrometeorological Metheds for Estimating
Evapotranspiration
- 3 The Mass Transport Method

This method has a general formula which predicts evaporation

as a function of vapor pressure:



E=C (eo - eca) ...-. s & Biileuniid » RSt 5 Bawieraidhin m BISEEENLS 5 EEDA (4)
in which,

C is an empirically determined constant usually containing a
windspeed term, eo is the vapor pressure at the surface, and ea is
the actual vapor pressure in the air above the surface.

Deacon, et al, (1958) stated that the Dalton - type formula
are useful since they employ few measured variable. Daltonian
techniques are often criticized because of the surface vapor
pressure (eo) which is difficult to determine. Saturation wvapor
pressure equals the actual vapor pressure (eo = ea) at surface
temperature (Ts), only if the surface is saturated as is a free
water surface (a lake). surface temperature has been a very
difficult parameter to measure although thermometry and remote
sensing are now making this measurement more feasible.

Some variations of the Daltonian equation have been proposed:

Rohwer (1931) gives

E= (0.44 + 0,118U){€0 = @A) ... .ctveesnsrsannnanss (5)
where U 1is windspeed. This relationship was derived from pan
evaporation data above 1500m in Colorado.

Penman (1948) proposed:

E = 0.40 (ec - ea) (1 + 0.17U2) TR - e, (6)
where U2 is windspeed measured 2 m above ground surface.

Harbeck (1962) developed a practical variation of Daltoen
equation for estimating researvoir evaporation:

E = NU: (eo - ea) A TR D |
where N is a coefficient of proportionality, eo = saturation vapor
pressure at the temperature of water surface. ea is the vapor

pressure at some height above the surface. The mass methed,
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despite its vulenerability, offers the advantage of simplicity in
" calculation once the empirical constants have been developed.

Brutsaert and Yu (1968) have attempted to improve available
empirical coefficients used in mass transfer equations with data
on evaporation from free water surfaces in pans of various sizes
and shapes.

Pruitt (1963) has proposed still ancther modification of the
Dalton expression in which:

E=f (u) {(eo = €l00) ..avi.. ¢ G E § ECEENE & (8)
where eo 1is calculated as saturation vapor pressure at the
temperature of the surface, eloo is vapor pressure at 100 cm above
the surface and f (u) is obtained graphically from a plot of
- windspeed at 100 cm versus ET /{eo - elco).

ET is measured by a lysimeter (Pruitt and Aston, 1963).

2:90.2 Aerodynamic Methods
Three vertical fluxes resulting from turbulent diffusion in

the surface boundary layer are given by:

T = Pa kmu, the flux of momentum,

Oz
A = -Pa CpKy OT, the flux of sensible heat
0z
E = -P kv §q, the flux of water vapor

Az
Cp is the specific heat of air at constant pressure and q is
the specific humidity, if it is assumed that:
Km = Ky = Kv.

Thus E may be calculated from the water vapor gradient if the
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gradient of T or U is measured simultaneously and the flux of
sensible heat or momentum is known. Independent measurements of
sensible heat or momentum flux are, however, difficult to achieve
and are rarely made.

Thornthwaite and Holzman (19242), assuming that km = kv,
proposed that evaporation could be estimated from a relationship
involving the gradients of specific humidity gf and _the
logarithmic wind profile, Their egquation is given by:

E= PaK (€ - @ XUz = Ui} vevernnrnnonnnns (9)

In (Z2/Z1)°

Following Thornthwaite and Holzman's work, many others (e.qg
Pasquill, 1950; Rider 1954a; Munn, 1961; Pruitt, 1963 and Webb,
1965) have proposed stability-corrected aerodynamic methods for
estimating the flux of vapor. These are complex methods demanding
stringently accurate observations of wind speed and specific
humidity or vapor pressure at a number of heights above the
surface, as well as temperature measurement to permit stability-
corrections.

Other notable contributions to aerodynamic theory are to be
found in Sutton (1936, 1948 and 1953), Sverdrup (1936, 1939,194¢),
Thornthwaite and Halstead (1942), Priestly and Swinbank {1947),
Sheppard (1946), Calder (1949), Panofsky (1952), Cramer and Record
(1953), Batchelor(1953), Monin and Obukhov (1954).

Aerodynamic methods have been popular with scientists because
of its origins in classical fluid dynamics theory. The methods,
however, have not reached a degree of development that makes them

applicable for routine use.



42
2.5.3 Eddy Correction Methods

Swinbank (1951} proposed an eddy correlation muLhod. to
estimate the vertical flux of heat or vapor. The equalion is
given below:

H o= Cp €W  —~ewew—ee— (10).

Where H is the upward heat transport/unit area. W is the
vertical component of windspeed and T is the air temperature,

Sheppard (1958) following Swinbank's (1951} development
showed that in fully turbulent flow, the mean upward verlLical flux
(F) of entity (S) per unit mass of fluid is given by

e PEE 2 memeesasensn {11)
where p is the fluid density, W the vertical compcnent of velocity
and the bar indicates a space - time mean for the height z. at
which measurements are made.

Instrumentation for direct measurement of the eddy and its
properties has been under development for a number of vyears
(Taylor and Dyer, 1958; Dyer and Pruitt; 1962; Dyer and Maher;
1965; Dyer, Hicks et.al.1967). These instruments use hotwire
anemometers to sense vertical windspeed W and fine wire wet and
dry thermocouples or thermistors to sense rapid changes in
temperature and humidity,

The art of eddy correlation instrumentation resolves into two
problems. First, to be able to detect simultaneous changes in
temperature, vapor pressure and windspeed due to the rapid paééage
of different eddies. The frequency of the eddy changes that are
reflected in temperature and humidity fluctuations increases as
the surface is approached and the eddy size diminishes.

Second, if the properties of each eddy are to be separately
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measured, tremendous quantities of data will be accumulated

rapidly.

2.5.4 Bowen Ratio-Energy Balance Method

The energy balance at the earth's surface was written as:

Rn = § + A # LE # P 4 p =woc—samaces= (12)

Where Rn is the net radiation, S the soil heat flux, A is the
sensible heat to the air and LE the energy consumed in
evaporation, (L is the latent heat of evaporation and E the
quantity of water evaporated). The terms P and M represent
photosynthesis and miscellaneous exchanges respectively. The
miscellaneous term includes energy exchange which are due to
metabolic activity and the storage of heat in plant tissue or
volume of the canopy. The sum of P and M terms is usually smaller
than the experimental error in measurement of the major
components, they are generally ignored, so that:

Rn = § + A + LE ===csccrcremca—mne- (13).

This equation adequately describes the energy budget of the
earth's surface.

Bowen (1926) recognized that soil heat flux S constitutes
only a small fraction of net radiation when soil moisture is not
limiting. He thus partioned net radiation between sensible and
latent heat.

Evaporation (LE) and sensible heat (A) were expressed as

functions of the eddy diffusivities as follows:
LE = =PLE K¢ B SSassReassans (14)

P dzZ



B=A= Cp Kl
LE LE Kv §z = PCp D e e (16)
oe LE e
04

A simplifying assumption required to compute Bowen's ratio is
Ky = Kv. The validity of this assumption has been the subject of
considerable disagreement among proponents of both aerodynamic and
energy budget methods of ET estimation.

Despite this apparent difficulty the Bowen ratio has been
shown to be accurate for practical applications and is widely
used.

Suomi and Tanner (1958) made instrumental arrangement for the
determination of Bowen ratio. Fritschen (19265), too, developed
instrumentation for direct determination of the Bowen ratio over
crop surfaces. Fritschen (1966) used the device he develeoped to
calculate ET over alfafa; barley, cotton, sorghum, oats and wheat
in Arizona. Alfafa was the greatest water consumer before
cuttings but cotton reached the same peak-water use when fully
developed. The rough broad leafed plants used more water than did
the grasses, likely because the aerodynamic roughness of these
leaves caused greater heat extraction from the air.

Hanks, Bowers and Bark (1961) demonstrated that detectable
differences in net radiation are observed over mulches of
different types. Net radiation was greatest over black gravel of
the mulches used, which included clear plastic, aluminum, straw

and uncovered scil. Differences in albedo and surface radiating

K‘-S‘-a AT LB T

M 7/ LB 4ua
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temperatures determined the total black radiation from the earth's
surface and, therefore, the value of the net radiation over each
surface.

Waggoner and Reifsnyder (1961) observed that paper, foil, hay
and black film mulches influenced outgoing radiation but
increasing transpiration from plants which partially shaded the
ground by illuminating or increasing radiant energy inciden£ on
their lower leaves.

Yao and Shaw (1964a) had shown that differential corn spacing
resulted in net radiation differences which were in part reflected
in water use from plots. Higher planting rates resulted in
greater uptake of net radiation (Yao and Shaw,1964b). Denmead et.
al. (1962) has earlier conducted studies which showed that plant
spacing might be regulated to minimize the quantity of net
radiation available at the scil surface where its only effect
could be direct evaporation of soil water, thereby increasing the
energy available to the crop for photosynthesis.

Bowers, Hanks and Stickler (1963) in Kansas found, on.the
other hand, that the portion of the net radiation absorbed under
cropped conditions is only slightly influenced by row spacing but
that the distribution between evapotranspiration and soil heating
was much affected by row spacing.

Aubertin and Peters (1961) found that spacing of corn plants
and row widths affect relative amounts of energy absorbed by
plants and by the scil. The authors suggested that knowledge of
total net radiation and area in crop should enable estimation of
the total water requirement of the crop.

Tanner (1957) and Tanner (1958) had shown that lysimeter
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determine ET was highly correlated with net radiation over an
alfafa brome hay field and over corn Wisconsin. It was suggested
that for humid regions where there is little vertical transfer of
sensible heat, net radiation will <closely predict potential
evapotranspiration. Good agreement between evapotranspiration and
net radiation was observed for period sherter than one hour
(Tanner and Pelton, 1360).

Tanner and Lemon [1962) suggested that most of the energy of
net radiation is transformed into sensible and latent heat and
that the division between the two depends upon the amount of water
available for evapcration. Data presented by the authors indicate
that when soil moisture is available and a substantial crop cover
shades the ground, most of the net radiation energy is used in the
evapotranspiration process.

Sharp (1958) disagreed with Tanner's suggestion that
evapotranspiration i: best estimated by net radiation. He cited
Kiesselbach's (1916 studies in Nebraska which showed that
transpiration by co'n plants growing in potometers was better
estimated by air temperature than by percent possible sunshine
which was the only mcasure of radiation in these studies.

In a more recenc report, however, Decker (1964) found total
reliance on the eneigy balance apprecach to be unsatisfactory.
Evapotranspiration estimated by energy balance did not agree
closely with measurements of the hydrolegic balance and neutron
probe soil moisture measurements.

Janes (1960b) hxzd indicated that potential evapotranspiration
can be estimated as a 1linear function of the difference in

evaporation between black and white atmometer which is taken to be
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a measure of, or propoertional to the net radiation.

Pruitt (1260) had shown that net radiation and evaporative
flux are generally closely related but evapotranspiration
consistently exceeds net radiation during late afternoon,
apparently due to convective heat transfer from air to evaporating
surfaces. 1In a later study (Pruitt and Aston, 1963) it was found
that especially on calm days diurnal evapotranspiration from rye
grass was not in phase with latent heat flux. Convective heat
flux away from the soil reached a peak value by mid-morning,
dropped to zero by mid-afterncon with considerable heat transfer
from air to surface thereafter. Evapotranspiration exceeded -net
radiation each of 24 hours of a single day at Davis because of
advection.

Dyer and Pruitt (1962) compared evaporation from the weighing
lysimeter at Davis to results of estimations based on an eddy flux
evapotron and to net radiation. Results were good when the
surroundings were moist. When conly the sample field remained
moist agreement was poor. They concluded that a fetch of 30 - 50
times the observation height is not adequate to eliminate
horizontal gradients in temperature and humidity, a condition
necessary for proper application of eddy correlation and
aerodynamic techniques.

Van Bavel and Fritschen (1965) investigating the energy
balance of bare surfaces in arid climates found that on a daily
basis, evaporation from wet soils was closely related to net
radiation. It was also noted that periods of low evaporative flux
were coincident with low windépeeds and higher evaporation rates

with higher windspeeds. The contribution of advected energy to
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total evaporation was considered to be of minor significance. The
authors showed that as a surface dries its albedo increases
resulting in a decrease in the net radiation term and
proportionately larger amounts of energy are consumed in heating
the soil and air. They showed that evaporaticn from well-watered
grass growing in the lysimeters exceed evaporation from both free
water and wet soil. Latent heat wused in potential
evapotranspiration also exceeded net radiation available at the
surface indicating the influence of advective heat. 1t was found
that lysimetrically measured evapotranspiration by grass could be
closely approximated with simpler devices such as water tanks,
radiometers, or with suitable formula combining standard
meteorological quantities,

Van Wijk and de Vries (1954) in a critical evaluation cf
Thornthwaite's technique emphasized that radiation rather than
temperature controls evapotranspiration. The authors suggested
that transpiration may be represented by a function of evaporation
from a wet surface of shape similar to the transpiring parts of
the leaf and a reduction factor determined by physiology of the

plant, that is, diffusion resistance of stomata.

2.5.8 Resistance approach

It was shown earlier that the transport of sensible heat from
surface to air proceeds at a rate directly proportional to the
temperature gradient and inversely proportional to the aerial
resistance to thermal conductivity ra:

A= PaCpifs = T3] =~o=—rcmnm (17)

Ia
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It can be shown that the transport of vapor is directly
proportional to gradient in vapor pressure from the evaporating
surface to the air and inversely proportional to the aerial
resistance to the diffusion of water molecules.

The source of water vapor in the transpiration process ishthc
substomatal cavity of the leaf, unlike sensible heat, which
originates at the surface. In that cavity, air is saturated or
nearly so unless the plant is under severe water stress or is
desiccated. The vapor must diffuse through the stomatal openings
controlled by the guard cells. A second resistance must therefore
be considered in transpiration from a leaf - the stomatal
resistance rs.

Monteith (1963) propecsed that evaporation could be predicted
if the resistance ra and rs were known. The equation analogous to
that for A above would be

LE = Pa LE ( 8 ~ @) —essamsmac—aa-- (18)

P ra + rs
rs is usually in order of 1 - 10 or 20 sec cm’’,
ra is generally 0 .1 - 1 or 2 sec cm .

Tanner (1963) suggested that the sources and sinks for
sensible and latent heat in a crop canopy are unlikely to be
identical and, therefore, the same resistance values cannot be
used.

Brown and Rosenberg (1973) had proposed a resistance model
that can be used to predict the influence cof weather condition or
imposed treatments on latent heat flux by crops. The model is too
complex and requires Iiteractive solutions, although the -Only

weather inputs required are net radiation, soil heat flux, air
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temperature, vapor pressure, and air and stomatal resistance.

LE = [f (Rn ~ S8 - LE) ra + Ta) - ea) M./Ma(Pa] --- (19)

ra + rs P

Air resistance can be related effectively to windspeed.
Stomatal resistance can be measured with diffusion parameters of
various kinds.

Blad and Rosenberg {(1974) proposed a simplification of this
approach so that evaporation from large areas can be measured. It
requires the measurement of the surface temperature with air-borne
or satellite - borne thermometer.

The crop temperature cculd be represented by :

Te = (Rn - § = LE) ra + Ta ~==—=c—w==w {20a)

Cp Pa
Bartholic, Namken and Wiegand {(1972) had shown that available
instrumentation for the remote sensing of thermal regimes is
capable of detecting temperature differences due to moisture
stress in cotton. Latent heat flux could be estimated from a
reduced number of direct environmental measurements and aerial

resistance need be inferred from windspeed information.

2.6.0 EMPIRICAL METHODS

Empirical methods are the methods which relate evaporation or
evapotranspiration to one or more metecrological parameters,
However, any formula containing empirical constant might properly
fit into this <classification. Several general methods for
estimating evaporation or evapotranspiration have been developed
which require only minor modification to be applicable to local

situations where an appropriate weather record exists. These are
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the ones most often applied to agricultural surveys.

2.6.1 Thornthwaite Method

Thorntwaite (1848) describes the biolegical and physical
importance of evapotranspiration in climatic determinaticn. As a
consequence cof his efforts in studies of climatic classification
systems, he developed an equation for estimating potential
evapotranspiration (PET}). From the initial formula:

=t e (21)1  where e is monthly evapotranspiration; T
is monthly mean temperature and < and a are constants, he

developed the general formual:
e=£ﬂ£%zf .................. (22} 2

Calculation of e is very laborious because of the complexity of
the exponent (a) which is defined as:
a=6.75x 107 I° - 7.71 x 10 T I1* + 1.79 x 107% I + 0.49 —- (23,

I is a heat index derived from the sum of 12 monthly index

valugs (i) and (1) 1is in turn a function of the monthly normal

temperature.
i= e/ (24)
The facter {e) represents monthly potential

evapotranspiration (in c¢m) and T is the monthly mean temperature
°cy .

The Thornthwaite method gives a reasonable estimate of
potential evapotranspiration in the temperate, continental climatc
of North America where the formula was originally derived because

there the temperatures and radiation are strongly correlated. In
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other parts of the world this approach has been less successful.
The shortcomings of the methoed as enumerated by Chang (1268) arc
as follows:
(i} temperature alone is not a good indication for the énergy
available for evapotranspiration, (ii) air temperature of a place
lags behind radiation (1ii) according to this method
evapotranpiration will cease when mean temperature is below 07C
which by no means is true, although the amount of evaporation will
be very small; (iv) The methed does not take into account the wind
effect which might be an important factor in some areas. (v) It
also does not ccnsider the effect of warm and cool air on the
temperature of a place

Sanderson {1950) measured the daily potential
evapotranspiration at Toronto over a vegetated soil surface and
found that potential evapotranspiration predicted by’ the
Thornthwaite formula compared favorably with measured values.
Under natural conditions, however, it was found that as the
surface soil dried sub-surface water losses diminished and
potential evapotranspiration diverged from actual
evapotranspiration. '

Leeper (1950) obtained anomalous results with Thornthwaite
method applied to wvarious Australian locations where mean
temperatures were similar but where the actual climate differed
greatly with consequent differences in known evapotranspiration as
well., He suggested incorporation of atmospheric moisture and wind
parameters to make results of potential evapotranspiration more
meaningful.

In another evaluation of the Thornthwaite method, Pelton et
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al , (1960) found that potential evapotranspiration measuremenls
based on short-term mean temperatures are unreliable.

They concluded that methods based on mean temperature can be
used to some degree for estimates during the growing season for
annual estimates of potential evapotranspiration, however, enerqy
balance methods are preferable if radiation data are available,
The failure of the Thornthwaite method over short time periods is
attributed tec the fact that short term mean temperature is not a
suitable measure of incoming radiation. Success on a long-term
basis is explained as due to the fact that both evapotranspiration
and mean temperature are similarly functions of net radiation and
are, therefore, autocorrelated over relatively long periods of
time.

Marlatt et al; {1961) found that the Thornthwaite method,
applied to snap beans on sandy loam, gave good estimates of
evapotranspiration proceeded asymptotically toc a linear decrease
in water loss. This was due to the increasing soil matric suction
which continued until the permanent wilting percentage level was
reached.

Palmer and Havens (1958) developed a graphic solution for the
Thornthwaite equation which utilizes a series of nomogram to avoid
the laborious task of calculating potential evapotranspiration
arithmetically.

Sanderson {1950), working at Norman wells, NWT, Canada
(64°N), made the first known comparisons of empirically derived
and measured evapotranspiration in the sub-arctic. The study was
in good agreement between potential evapotranspiration derived by

Thornthwaite's method (Thornthwaite, 1948) and the amount of water




54

evapotranspired from a soil with sparse grass cover. The
Thornthwaite method has been used as delinear climatic region in
sub-~arctic. ( Sanderson, 1950; Patric 1966). Patric (1966) found
that Thornthwaite potential evapotranspiration estimates agreed
with pan evaporation measurements for several locations in Alaska.
Based on nearly 50 years of climatic data at Fairbanks, Alaska,
Patric (1966) estimated an annual potential evapotranspiration of
0.46 m and a water deficit of 0.15 m.

Garnier {1956) tested the validity of Thornthwaite's formula
in Nigeria under West African conditions, In his investigation,
University College, Ibadan and Northern Research Station of the
Nigerian Department of Agriculture, Samaru were used as his study
areas. It was observed that at 1Ibadan there was a close
relationship between measured and computed potential
evapotranspiration, while at Samaru a similarly close relationship
exists only in the months of the wet season from May or June to
the end of October. During the rest of the year measured values
were a good deal higher than those computed. In the dry seasons,
the daily rate of measured potential evapotranspiration at Samaru

was very much higher than at Ibadan.

2.6.2 Penman Method
Penman (1948) proposed an equation for evaporation [rom open
water surface in mm/day, based on a combination of energy balance

and sink strength, which is given below:

L _mil+0.27 E,
m+0.27
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where;
M = slope of the saturation vépor pressure curve for water at mean
Ta (mm/Hg/°F) 0.27 = constant in standard hygrometer
equation mm/Hg/°F.
H = an estimate of net radiation in evaporation equivalents of
mm/day.

Ea = 0.35 {ea - eg) {I + uz x 107%) mm/day.

]

ed saturation vapor pressure at dew point

eda saturation vapor pressure at mean Ta.
Uz = mean windspeed in miles/day at 2m.

Penman's equation has a more sound physical basis than that
of Thornthwaite but it reqguires knowledge of vapor pressures,
sunshine duration, net radiation, windspeed and mean temperature.

Few of these parameters are measured regularly at any but special
observatories and therefore must be estimated. Another problem
arises in converting E, to ET over vegetated surfaces.

The problem of estimating evapotranspiration in situation
where optimum water supply is not maintained led Penman (1949a) to
a modification of his original method. He assumed rools ocdcupy a
depth of soil which will yield a definite amount of water at a
maximum rate. He found that after this amount of water is lost
the subsequent rate of loss is limited by the ability of sub-
surface scil layers to transmit water. It 1is necessary to
determine subsequent rate Qf loss for each specific soil type.
The method was tested against drain-flow records and it was found
that available water in the root zone yields satisfactory

estimates of evapotranpsiration from turf. The available water,

inturn, is a function of spring rainfall and hence varies




56
considerably from year Lo year.

Penman (1950) tested his equation at 100 stations in the
British Isles against precipitation runcff records lor 40 watc)
sheds. Good results were obtained.

De Vries and Van Duin (1953) applied Penman's method to data
taken by Briggs and Shantz (1917) in an alfafa stand. They found
that the ratio of transpiration to calculated evapotranspiration
was almost constant in most cases and was better than comparison
between measured transpiratiocn and evaporimeter readings,

Purvis (1961) developed a graphic solution for the Penman
equation to be used in the vicinity of Columbia South Carolina.
With minor modifications and adjustments this technique should be
adaptable to any location in which the Penman method is found to
be acceptable. More contributions to Penman's eqguation are Lo be
found in Penman (1949b, 1952, 1956) Van Bavel and Wilson (1852),
Businger (1956), Gerber and Decker (1961), Wang and Wang (1961)

and Van der Bijl and Bark (1960).

2.6.3 Blaney -~ Criddle method

Blaney and Morin (1942) correlated pan evaporation with
monthly mean temperature, relative humidity, percentage of total
yearly day-light hours for each individual month and derived an
empirical consumptive use index:

BL = 001677 (114 =~ RY) roeemwsccmmaommmmiommm e me - (26)
where EL 1is lake evaporation in inches, T is annual mean
temperature, and RH is the annual mean relative humidity. A
factor of evaporative force (heat energy available) was computed

from the product of monthly mean of total annual day - 1light




o7
- hours.

e = K(ty) (114 - rh) = K¢ (114 - rh) ———---—==-=—- (27)
where e is monthly evaporation (in iInches), K 1s onthly
coefficient which varies with the type of evaporimeter or water
surface used; t is mean monthly temperature; p 1s the monthly mean
percent of annual day light hours; tp 1is the evaporative heat
factor; and rh is the monthly mean relative humidity.

Blaney and Criddle (1950} with the above Iformula as a
starting point, developed a consumptive use technique which
correlated existing data on crop consumpltive use of water with
monthly temperature, monthly percentage of annual day light hours,
precipitation and length of the growing or irrigation season. The
equation: |

U= KsF = ¢ Kmf -——---r-r-m--ro oo {?8)a
where U 1is the consumptive use in inches during the period of
interest. Ks = seasonal or growing period consumptive use
coefficient. Ka is the monthly consumptive use coefficient.

f = t.P = monthly consumptive used factor

100
t = monthly mean tenperature (°F)
P = monthly percent of teotal annual day light hours,
F = zf for the total period

U = kmf = monthly consumptive use (inches)
This method has been used extensi?ely, particularly in the Western
United States and Nigeria.

The following assumptions underlay the Blaney - Criddic

method. Seasonal consumptive use (U) varies directly with the
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consumptive use factor (F); water supply to the growing crops and
fertility and producing powers of the s0il do not dilfer
significantly among areas to be compared.

The method is easy to use. Necessary data are readily
_obtainable from weather Bureau records and results have been
sufficiently accurate from many practical applications. Nomograms:
for calculation of consumptive use and a list of consumpltive use
coefficient are given by Criddle (1953}.

Schleusener, et al, (1961), Williams (195%4) and Sommer halder
(1962) adapted the Blaney - Criddle approach to planning
irrigation of corn and pasture in Nebraska. Evaluations of
potential evapotranspiration using this method have been prcpd;Ld
by Tomlinson (1951, 1953) for Wyoming and by Davis, et al, (195%2)
for North Dakota.

Damagnez, Riou et. al. (1963) compared the Thornthwaite,
Turc, Penman and Blaney - Criddle methods of estimating potential
evapotranspiration from climatological data with
evapotranspiration measured by non weighing lysimeters. Their
study used data from five sites in Tunisia. It was observed Lhat
only the Penman and Turc methods gave acceptable estimates of
potential evapotranspiration,

Nixon et.al. (1963) presented comparisons of the Thornthwaile
and Blaney-criddle methods of estimating evapotranspiration frum
alfafa with measured soil moisture depletion. They used three
California sites of differing climate coastal, fogbelt, coastal
valley and interior valley locations. The study showed that
neither method gave close estimates in these areas but that the

Blaney - Criddle method gave slightly closer estimates than the



Thornthwaite method.

2.6.4 Lowry - Johnson Methed

Lowry and Johnson (1942) noted a high correlation between
annual consumptive use (Cu) and effective heat accumulated (degrec
days of daily maximum temperature above 32°F). The linear

relation they developed is expressed by the following equation:

Cu = 0.001B5HE + 10.4 ===—=mm—memmmm e (29)b
where;
HE = effective heat in degree days above 32°F,

Monthly estimates of consumptive use are determined by usirg
a ratio of the monthly degree-days to the annual degree days
multiplied by the annual consumptive use. The relation expressed
in equation 29 was determined from basin-wide studies of tihe
hydrologic budget using inflow, outflow precipitation and chaig.

in the quantity of ground water in storage.

2.6.5 Hamen Method
Hamon (1961) formulated a simplified expression for
estimating potential evapotranspiration. The expression is

represented by the cquation:

where

Er = average potential evapotranspiration in inches per day:

D = possible hours of sunlight, in units of 30 days of 12 hours
each;

P = saturated water - vapor density at the daily mean
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temperature, in Cg/m3 and 5
C = coefficient chosgen to give éppropriate yearly values of
potential evapotranspiration.

Hamon empirically determined the value of C to be 0.55 from
comparisons with the results of. the Thornthwaite method and the
Lowry — Johnson study. !

The Hamon method is based on the relation between potfential
evapotranspiration, maximum possible inceming radiant energy and
the moisture-holding capacity o©f the air at the prevailing aix
temperatuzre. In using this method, wvalues of mean month.y
temperature and the latitude of the site are required. The
absolute humidity at saturation, Pt, is determined directly from

mean air tempecrature. The wpossible hours of gsunlight, D, are

determined from the latitude of the site.

2.6.6 Weather Burean Method

The weather bureau method was developed by Kohler et.al
(1955}, It is a meodification of the Penman's method (19{8) and
was derived by applying the Penman approach to a composite reccord
cf a number of weather stations in the United States and to :the
Lake Hefner studies by Kohler (1954). Estimation of lake
evaporation, which is assumed O approximate potential

evapotranspiraticn is daternined from the equation,

EL = 0.70 [(Qns + Ea¥)] (§ + Y] —-=--—mmommmmmee (31)

where,
EL = average daily lake evaporation in inches
On = net radiant energy, in inches per day.
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§ = slope of the curve relating saturation vapor pressure Lo

temperature at the observed air temperature;

Ea evaporation given by the aerodynamic equation in which water
temperatures are assumed equal to air temperature;
Y = factor defined by the equation for Bowen's (1926) dimension
less ratio.
Kohler et.al.(1955), in order to simplify the computation
have presented nomograph for estimating mean daily l;ke

evaporation from mean daily or monthly values of air temperature,

dew point temperature, wind movement, and solar radiation.

2.8.7 Lane Method
Lane (1964), using 551 sets of monthly data for pan
evaporation, solar radiation and air temperatures at various sites

in the United States, developed the equation below to express the

relation between lake evaporation, solar radiation and
temperature. ' '
10" EL = 2.67T = 51.46 ——=——mmmmmmmmmmmm e (32)
Qs
where;

EL = average monthly lake evaporation, in inches.

Qs = average monthly incoming solar radiation, in Langleys per
day;

T = average monthly air temperature, (in °F).

Lane used a coefficient of 0.70 to adjust observed pan







