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Abstract

The main concern in cultivating crops has always been water availability. To increase food pro-
duction, water plays a major role after securing a large portion of land area. Knowledge of the fac-
tors influencing crop water use efficiency and hope to increase the efficiency has continued to be
an objective in many modern studies. The gap between irrigation supply and demand is increasing
from year to year as a result of an increase in population growing rate and people moving from
place to place. Searching for new water may be a too difficult and very expensive process, so the
shortest and easiest way is to maximize the water use efficiency throughout optimizing water use
efficiency and the first step on that is determination of the actual crop water requirements.
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1. Introduction

The crop evapotranspiration is defined like the water transferred to atmosphere by plant transpiration and sur-
face evaporation. The evapotranspiration term was proposed by [1] to conceptualize the process of plant trans-
piration and surface evaporation which occurs simultaneously and no easy way to distinguish them. The evapo-
transpiration process occurs naturally only if there is inflow of energy in the system, from the sun, atmosphere,
or both, and is controlled by the rate of energy in the form of water vapor that spreads from the surface of the
Earth [2]. This transfer takes place physically in the forms of molecular and turbulent diffusion.

According to [3], evaporation is the process whereby liquid water is converted to water vapor (vaporization)
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and removed from the evaporating surface (vapor removal). Water evaporates from a variety of surfaces, such as
lakes, rivers, pavements, soils and wet vegetation. Transpiration, in turn, is the transfer of water from plants
through their aerial parts. Water transfer from plant to atmosphere occurs mainly through the stomata through
which they pass more than 90% water transpired.

The evapotranspiration can be derived from a range of measurement systems including lysimeters, eddy cova-
riance, Bowen ratio, water balance (gravimetric, neutron meter, other soil water sensing), sap flow, scintillome-
ter and even satellite-based remote sensing and direct modeling [4]. The micrometeorological method of Bowen
Ratio Energy Balance (BREB) has been widely applied due to its relative simplicity, practicality, robustness and
accuracy. Recently, the Eddy Covariance method has been increasingly applied mainly after the sensors have
reduced costs.

The science of micrometeorology, which deals with atmospheric processes near the earth’s surface, is provid-
ing increased knowledge of the mechanisms controlling our environment. Micrometeorological methods have
only recently been applied to agronomic problems. Such application has increased our understanding of the re-
sponse of crop plants to their physical environment, thereby permitting us to develop improved agronomic prac-
tices aimed at achieving more efficient use of water with increased and more economical production of crops
[5].

The main aim of this discussion is to summarize some of the key factors in the application of the meteorolog-
ical methods to agronomic problems. The application of the methods to the problems of increasing water-use ef-
ficiency and crop production will be emphasized rather than the details of the methods. This will include a re-
view of some of the basic physical factors controlling the microclimate at any point on the earth’s surface and
the application of the meteorological approach in studying this microclimate [5].

The meteorological method has a twofold application to agronomic problems. First, it serves as a useful re-
search tool, permitting the study of basic physical processes within the microclimate. Second, it has the potential
for direct application to farm management practices, such as measurement of the evaporative loss of water and
determination of when to irrigate. The expenditure of considerable time, effort and money in the development of
these methods is fully justified because only by gaining an increased understanding of the natural physical envi-
ronment of soils and plants and their response to this environment can we hope to understand and predict plant
responses to microclimatic conditions. The resulting information will permit us to develop methods of altering
the natural environment to increase crop production and water-use efficiency [5].

2. Bowen Ratio Energy Balance (BREB)

The Bowen-ratio method is one of the most common methods used to determine the fluxes of sensible and latent
heat. The method is based on Bowen-ratio similarity and the energy balance equation. The energy balance equa-
tion provides a sound theoretical basis for estimating evaporation from natural surfaces. For a natural surface the
complete equation can be written as

Q::QH+QE+QG+Q/+Q\N+QP 1)

where:

Q, = turbulent transfer of sensible heat flux which is responsible for heating the atmosphere from the sur-
face up to some 100 m during the day, except for days with strong convection,

Q: = latent heat energy loss by evapotranspiration,

Q. = vertical heat flux downward into the ground,

Q, = horizontal heat flux, or advection, out of the region,

Q, =net heat loss due to vertical water storage exchange,

Q, = netenergy used in such natural processes as photosynthesis.

The vertical water storage exchange term refers to the transfer through evaporation and precipitation at tem-
perature different than the mean surface temperature. The relative magnitudes of terms in equation above are
highly dependent on the space and time scales under consideration, the characteristics and homogeneity of the
surface, and atmospheric conditions.

The crop evapotranspiration is estimated by use of the BREB technique from latent heat flux density which is
derived from energy balance equation (Equation (2)). For many practical purposes the last three terms are neg-
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ligible and the equation reduces to [6]:
_Q: = QH + QE + QG (2)

where: —Q_ is the net radiation, Q,, is the sensible heat flux which is responsible for heating the atmosphere
from the surface up to some 100 m during the day, except for days with strong convection, Q. is the latent
heat energy loss by evapotranspiration and Q, is the vertical heat flux downward into the ground.
On the other hand [4] lists some potential advantages of BREB method, which are:

non-destructive, direct sampling of the turbulent boundary layer;

no aerodynamic data are required;

simple measurement of temperature and vapor pressure at two heights;

can measure ET over both potential and non-potential surfaces;

gradient-based fluxes are averaged over a medium sized area (200 - 100,000 m?); automated.
Additionally it is relative simplicity of method made it widely applied [7]-[11].
The Bowen ratio method can be used to access the apportionment of the remaining available energy between
the sensible heat term Q,, and the latent heat term Q. . The Bowen ratio can be determined from the gradients
of temperature and vapor pressure above the evaporating surface, using either the equation quoted by [6]:

5_Qu _062PT,-T,
Q: 1000 e, —¢
where:
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or that by [12]:
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where the psychrometric constant is » = 0.667 K -hPa™, the pressure p = 1000 hPa, the specific heat for constant
pressure ¢, =1004.834|J-K™. kg’lj , the evaporation heat of water A = 2500827 — 2360(T — 273.1) [J : kg’lJ ,
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From both Equations (1) and (2), the sensible and latent heat fluxes can be determined:
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QiE(_Q; ~Q.)=B+1 (10)
. B
Qu=(-Q-Q)g 7 (12)

The latent heat flux can also be expressed as Q. = AE, where 4 ~2.45x10°J-kg™ is the latent heat of
evaporation/condensation and E is the rate of evaporation/condensation. The accuracy of the Bowen ratio has
been discussed by [13] (Tanner, 1960) among others. It is apparent that Equations (7) and (11) do not include
the wind velocity and do not prescribe a certain difference between the measurement heights.

The crucial disadvantage of the Bowen-ratio method is that because of the apparent unclosed energy balance
the residual is either added to the net radiation or distributed according to the Bowen ratio to the sensible and la-
tent heat flux. In general, the fluxes determined with the Bowen-ratio method are larger than those determined
with the eddy-covariance method.

The sensible heat flux can be directly determined with a sonic anemometer and a correction of the buoyancy
flux [14] (Liu and Foken, 2001). The Bowen ratio can be calculated with Equation (3), and the latent heat flux
can be calculated with:

Qe =—- (12)

3. Meteorological Methods and the Plant Microclimate
3.1. The Plant Microclimate

The physical processes of the atmosphere, called meteorological processes, establish the existing climate or mi-
croclimate. Although it does not act alone, climate, in turn, determines the regime of soils and plants at a given
location. Wind, precipitation, sunshine, temperature, humidity, and soil moisture are the primary factors in-
volved. The profitable production of crops and efficient use of water require a microclimate suitable for plant
growth. What makes the microclimate suitable? The meteorological methods are helping us answer this question.
Recent studies of the nature of the microclimate have yielded a wealth of information on the interaction of the
physical processes of the environment and the response of plants to these processes. A brief review of the results
from these studies will be presented here [15]-[18]. The meteorological processes are dynamic, each reacting to
the changes in the others. The dynamic balance involves a continual exchange of mass and energy. Of particular
importance to us are the exchanges of molecular heat energy, radiant energy, momentum, water vapor, carbon
dioxide, and oxygen between the plant or soil surface and the atmosphere. We refer to this exchange as the ver-
tical flux of the respective quantities. The meteorological method currently offers one of the best approaches to
the study of these fluxes. It also permits an evaluation of the rates of the associated plant physiological processes
such as photosynthesis and transpiration under natural field conditions [5].

The energy exchange processes are basic to the rest of the dynamic system. The sun provides the source of
radiant energy called solar radiation. Of the total solar energy reaching the outer edge of the earth’s atmosphere,
about, 65% is available at the earth’s surface for processes requiring an energy input. The other 35% is reflected
by the atmosphere and the earth’s surface. The solar energy absorbed by the earth causes it to be warmed. The
heated surface emits thermal radiation back into space, resulting in a loss of energy and a cooling of the surface.
We refer to the portion of the radiant energy absorbed at the surface and remaining after the emitted thermal
radiation portion is subtracted as the net radiation component. This is the important component so far as the
energy-utilizing processes at the earth’s surface are concerned because it is partitioned among the various phys-
ical and physiological processes existing here [5].

Net radiation can be measured with reliable instruments. In the absence of direct measurements, net radiation
can be obtained using the radiation balance equation if other components are known. The radiation in the at-
mosphere is divided into shortwave (solar) radiation and long-wave (heat) radiation [19]. Radiation balance at
the surface of the Earth is composed of four spectral radiant fluxes; shortwave down welling irradiation from the
Sun (K {) in the wavelength range 0.15 - 4 um, the amount of energy that is reflected (K T), the incoming
long-wave in the wavelength range from (4 - 100 um) radiation from the atmosphere (I {); and the amount of
long-wave radiation emitted from the surfaces (I T) [19]. The net radiation at the ground surface is given by:
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Q=KI+KT 1T+ (13)

From Equation (13) above we see that the net radiation is the sum of the shortwave down-welling radiation
mainly from the sun (global radiation), the long-wave down welling infrared (heat) radiation emitted by clouds,
aerosols, and gases, the shortwave up-welling reflected (solar) radiation, and the long wave up-welling infrared
(heat) radiation. The shortwave radiation can be divided into the diffuse radiation from the sky and direct solar
radiation. The down-welling radiation may be greater if clouds appear in a previously clear sky and the ground
surface has cooled. It is only in the case of fog, that up-welling and down-welling radiations are equal. The
up-welling long wave radiation is greater than the down-welling long wave radiation, because of the earth’s sur-
face is warmer than clouds and aerosols. For clear sky without clouds and dry air, the radiation temperature is
approximately —55°C [19].

Expressing this in terms of an energy balance, we can say that the net radiation is equal to the total incoming
solar radiation minus that which is reflected and that which is lost by radiation from the surface. We can further
say that the net radiation is partitioned among the components: 1) sensible heat, utilized in the heating of the air;
2) latent heat, utilized in the evaporation of water; 3) stored heat in the soil and plant materials; and 4) the pho-
tochemical energy, utilized in photosynthesis.

As an example of information gained from studies of the microclimate on the interaction of the radiation
energy exchanges and the other processes existing within the microclimate, let us consider what happens within
a growing crop on a clear summer day. Beginning at sunrise, the soil and plant surfaces are rapidly heated by the
absorption of radiant solar energy. Because the air is nearly transparent to shortwave radiation, it does not ab-
sorb as much of the radiant energy as do the surfaces. Therefore, the surfaces are much warmer than the air and
there is a resulting flow of heat from the surfaces to the air, referred to as sensible heat flux. Because of this, a
strong temperature gradient develops very near the surface and the rising of the warmer air parcels causes the air
to become unstable. This greatly increases the mixing motion or turbulence of the airstream, which serves to
cool the surface and warm the air at even faster rates.

In addition, the solar energy absorbed provides energy for the evaporation of water from the surface. The in-
creased turbulence of the unstable air increases the rate of transfer of water vapor away from the surface, so that
there is a rapid drying of soil surfaces and wilting of plants if moisture is limiting.

During photosynthesis, photochemical energy is used by the crop leaves to synthesize organic matter using
carbon dioxide from the air. This results in a net transfer of carbon dioxide from the air to the leaves of the plant.
Turbulent air motion enhances this transfer rate [5].

The net result is that the surface gains energy from the sun then loses energy in heating the air, in the evapora-
tion of water and in the flow of heat to the deeper soil layers. This is accompanied by a flow of water vapor
away from and a flow of carbon dioxide to, the surface [5].

After sunset, the situation quickly reverses. The surface radiates heat away rapidly and cools to a temperature
below that of the air. There is then a flow of heat from the deeper soil layers and from the air to the cooling sur-
face. A strong temperature gradient develops between the air and the soil or plant surface opposite in direction to
that existing during the day-time. This condition, called temperature inversion, results in the air mass becoming
more stable, with decreased turbulent mixing. Evaporation rapidly decreases, and photosynthesis ceases so there
is then an uptake of oxygen and a release of carbon dioxide associated with respiration [5].

The plant and soil surfaces thus act as sources and sinks for the various energy and molecular entities
throughout the day. There is a flux of energy and molecular quantities either away from or toward the surface at
almost all times, the direction depending upon the daytime conditions. The microclimatic conditions determine
the flux rates, but the plant can modify these by stomata closure, shading the ground, and increasing the surface
roughness.

Our desire is to be able to quantitatively measure these flux rates on a continuous basis. The meteorological
approach serves as a useful tool in enabling us to do this. A complete study of the microclimate involves the
measurement of net radiation, total incoming incident radiation, wind speed, air temperature, air humidity, soil
temperature, the flow of heat into the soil, the soil moisture content, and the various properties of the surface or
plant community itself [5].

3.2. The Meteorological Approach

The meteorological approach to determining the vertical flux of energy and mass from a crop surface requires
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the measurement of the respective gradients, with height, of the energy and molecular entities and the determi-
nation of a transfer coefficient. The plant and soil surfaces acting as sources and sinks for the various entities
establish the concentration or energy differences, which we call gradients, along which the respective entities are
transferred.

The transfer rate, or flux, of the particular entity is related to its gradient by a transfer coefficient. This coeffi-
cient, which is similar to a diffusion coefficient, characterizes more than any other single parameter the effec-
tiveness of the exchange process [5].

Of particular interest to the micrometeorologist is the flux of carbon dioxide and water vapor associated with
photosynthesis and evapotranspiration. The evaporation rate can be calculated under natural field conditions
without altering the crop or soil system from measurements of the water vapor gradient and the transfer coeffi-
cient. Short period results so necessary in the evaluation of the important aspects of the highly transient system
are possible. The meteorological approach also lends itself to mobility. It does, however, require careful applica-
tion, considerable instrumentation, and involved analysis procedures. Recent advances in instrumentation, elec-
tronic technology, and computer developments have enabled use of this approach in spite of its complexity [5].
However, an example of one of the meteorological methods is presented to show how they can be applied to
problems of crop production and water-use efficiency [5].

The energy balance approach is a suitable example because of its basic nature and its prominence in studies of
evapotranspiration. This approach involves determination of the partitioning of energy among the various phys-
ical processes contributing to the microclimate, and can be used to measure daily evaporation with little more
effort than that required to measure weekly evaporation by soil moisture sampling methods. It has been applied
to the determination of evapotranspiration from crops only within the past few years [13].

4. The Energy Balance Method

A brief theory of the energy balance is presented here to illustrate what is involved in using such a method. In
the total balance, the earth’s surface receives more radiation energy than is lost, i.e. the net radiation at the
ground surface is positive —Q_ . The surplus of supplied energy will be transported back to the atmosphere due
to two turbulent energy fluxes, the sensible heat flux Q,, and the latent heat flux Q. , A small portion of the
net radiant energy is utilized in the photochemical processes of photosynthesis. A larger portion goes into the
heating of the soil, plants, and air. A fairly large portion provides evaporation. Furthermore, energy is trans-
ported into the soil due to the ground heat flux Q; and will be stored by plants, buildings, etc. AQq. The
sensible heat flux is responsible for heating the atmosphere from the surface up to some 100 m during the day,
except for days with strong convection. A simplified energy balance equation for a crop community, neglecting
the relatively small photosynthetic energy component and assuming horizontal uniformity, can be written as
Equatian (2) above.
The terms for sensible heat and latent heat can also be represented by diffusion type equations:

oT

Q= _pCpKH E (14)
0
Qe =-paKe = (15)

where p : the air density g«cm’s); C,: the specific heat capacity for constant pressure (calg’l); A eva-
poration heat of water; K, heat transfer coefficient (cm2 ~s’1); Kg water vapor transfer coefficient; z
height above ground (cm); and T temperature (*C).

The ground heat Qg , is based mainly on molecular heat transfer, and is proportional to the temperature gra-
dient times the thermal molecular conductivity ag

oT
=ag—. 16
Q=2 — (16)
This molecular heat transfer is so weak that during the day only the upper decimeters are heated. When con-
sidering the annual cycle of ground temperature, maximum temperature is at the surface during the summer, but

10 - 15 m below the surface during winter [20]. Table 1 shows different values for different thermal molecular

conductivity a; of Equation (16).
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Table 1. Thermal molecular conductivity a;, volumetric heat capacity C., and molecular thermal diffusivity v, for dif-
ferent soil and ground properties [21].

Ground surface a, (W-m*-K?) Cs (10° W-s-m*.K) v, (10° m*.s)
rocks (granite) 2.73 2.13 1.28
moist sand (40%) 251 2.76 0.91
dry sand 0.30 1.24 0.24
sandy clay (15%) 0.92 242 0.38
swamp (90% water) 0.89 3.89 0.23
old snow 0.34 0.84 0.40
new snow 0.02 0.21 0.10

From Equation (16) the determination of Qg is not practicable because the temperature profile must be
extrapolated to the surface to determine the partial derivative there. This can be uncertain because of the high
temperature gradients near the surface and the difficulties in the determining thermal heat conductivity. Accord-
ing to [22] using sensitivity analysis, the soil heat flux plate should be buried rather deeply (10 - 20 cm) with
some temperature measurements (water protected thermometers) made above it to calculate the heat storage. A
similar accuracy can be archived if a temperature profile is used to calculate both the soil heat flux according to
Equation (16) at a certain depth and the heat storage between this depth and the surface [19].

The heat exchange in the air due to turbulence is much more effective. This is because turbulent exchange
occurs over scales of motions ranging from millimeters to kilometers. Turbulent elements can be thought of as
air parcels with largely uniform thermodynamic characteristics. Small-scale turbulence elements join to form
larger ones and so on. The largest eddies are atmospheric pressure systems. The heated turbulent elements
transport their energy by their random motion. The larger turbulent elements receive their energy from the mean
motion, and deliver the energy by a cascade process to smaller elements. Atmospheric turbulence is a specialty
of the atmospheric motion consisting in the fact that air volume (much larger than molecules: turbulent elements,
turbulent eddy) achieve irregular and stochastic motions around a mean state. They are of different order with
characteristic extensions and lifetimes ranging from centimeters and seconds to thousands of kilometers and
days [19].

The characteristic distribution of turbulent elements (turbulent eddies) takes place according to their size and
is represented by the turbulence spectrum: The turbulence spectrum is a plot of the energy distribution of turbu-
lent elements (turbulent eddies) according to their wavelength or frequency. Depending on the frequency, the
distribution is classified as macro, meso or micro turbulence (Foken, 2008). Turbulence refers to the apparently
chaotic nature of many flows, which is manifested in the form of irregular, almost random fluctuations in veloc-
ity, temperature, and scalar concentrations around their means values in time and space [23]. The calculation of
the heat fluxes (sensible and latent) caused by turbulent elements is analogous to Equation (16) using the vertical
gradients of temperature T and specific humidity g respectively. The sensible heat flux, Q, , describes the tur-
bulent transport of heat from and to the earth’s surface.

Turbulent transfer is a bulk transfer, so the transfer coefficients K,, and K are nearly equal because they
are not as much a function of molecular properties as are molecular diffusion coefficients. Substitution of Equa-
tions (14) and (15) for the sensible and latent heat terms of Equation (2) and solving for the latent heat term
gives:

_(Qs* +QG)

Q= Cp(aT/az]
142
2 | &q/oz

(17)

Therefore, if we measure the net radiation, soil heat storage, and the air temperature and humidity gradients
all of which we are presently able to do, then we can calculate the latent heat flux and water vapor flux which
gives the evaporation rate.
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5. The Application of Meteorological Methods

The energy balance method has much potential in the study of rate of evaporative loss of water from cropped
surfaces because of its fundamental nature and because it can be employed in various other forms. It lends itself
to estimating evapotranspiration by approximation procedures when complete data are not available. Such ap-
proaches have been suggested and successfully used by [24].

The meteorological methods serve as tools for increasing crop production and water-use efficiency by pro-
viding a means of obtaining fundamental information about the controlling physical processes involved in the
microclimate.

The economic use of water, for example, requires knowledge of the water evaporated by various vegetated or
treated surfaces. It requires an understanding of the effects of stage of growth, plant characteristics, and various
management practices on water use and crop production. An understanding of plant response to the microcli-
mate in the evaporation of water is necessary for predicting the amount of water that will be evaporated under
given conditions and for controlling evaporation [5].

Furthermore, the meteorological method has a potential for more direct application to these problems. It was
suggested several decades ago that the careful determination of evaportranspiration by such a method could be
used to determine the time to irrigate [25] (Van Bavel, 1956). This has been tested on an experimental basis and
found to be a usable technique. With more information about crop factors and their relationship to water use, the
utility of this approach will be increased [5].

As a further development along this line, the scheduling of irrigation of several crops on farms in this area is
now being cooperatively carried out on a trial basis. The scheduling is based on meteorological parameters and
previously obtained information about the response of crops to certain conditions [5].

This procedure offers an alternative to present methods of determining when to irrigate. The method most
commonly used is that of judging irrigation needs by the plant or soil appearance, which often results either in
irrigation after the plant has already suffered from lack of water or in the waste of water by irrigating before it is
required. Another method is that of using soil moisture measuring instrumentation or sampling procedures to
monitor the water content of the soil. These methods can be used satisfactorily on a research basis or on large-
scale operations where individuals highly skilled in the interpretation of these instruments are available. How-
ever, it is not likely that these instruments will ever be used extensively on the small farming scale. It is highly
probable that within the near future the meteorological approach will find widespread application and that with
further developments it may be possible to forecast irrigation requirements from crop data, meteorological data,
and predicted weather patterns.

Meteorological methods may also be used to study the effects of irrigation on the microclimate and the plant
response to these effects. Irrigation decreases air and soil temperatures and increases the humidity of the atmos-
phere near the surface. It, therefore, exerts a profound influence upon the disposition of energy at the surface and
upon the climate near the ground. Such side effects of irrigation may have great importance in the management
of suitable microclimates [5].

Another interesting application is that of studying the modification of the microclimate by such management
practices as planting of windbreaks. In another application, the meteorological approach has been used to gain
valuable information about the distribution of photosynthesis within a crop throughout the day [26] [27]. Infor-
mation gained from these studies could lead to the development of an ideal model of a plant so far as leaf ar-
rangement, leaf characteristics and other plant morphological characteristics are concerned. This might help
plant breeders in the development of improved plants [5].

6. Conclusions

The probable advent of increasing water scarcity in this century will see less increase in irrigated land available
for food production than in the past. Novel irrigation technologies need to be tested under local environments
and particular agricultural production systems of developing countries like Nigeria. While irrigation can benefit
yields and enhance in water-limited environments, the potential for full irrigation is decreasing, with increased
competition from the domestic and industrial sectors. Thus the main challenge confronting both rain fed and ir-
rigated agriculture is to improve sustainable water use for agriculture. This can be achieved through 1) an in-
crease in crop water productivity (an increased in marketable crop yield per unit of water taken up by crop), 2) a
decrease in water outflows from the plant rooting zone other than that required by plants and 3) an increase in
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soil water storage within the plant rooting zone through better soil and water management practices at farm and
catchment scales.

The micrometeological method of studying the microclimate and all its important physical processes is serv-
ing as a useful tool for gaining information about these processes. With this information, we will be better able
to predict the response of plants as we alter the natural environmental conditions in an attempt to provide an
ideal environment for plant growth. Also, the micrometeorological method may in the near future serve as the
basic tool by which we manage our crops and decide when to irrigate our agricultural lands (Wright and Lemon,
1967).
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