Droplet evaporation losses during sprinkler irrigation: an overview
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Abstract

A detailed understanding regarding the evaporation losses in sprinkler irrigation is important
for developing as well as adopting appropriate water conservation strategies. To explain this
phenomenon many theoretical and experimental studies have been conducted since the 1950°s.
Notwithstanding all these efforts, the contribution of droplet evaporation to the total
evaporation losses during sprinkler irrigation is still a controversial issue in the irrigation
community. There is a substantial difference among researchers regarding the magnitudes of
the different components of the total evaporation in sprinkler irrigation especially droplet
evaporation losses. Field studies reported that the droplet evaporation losses ranged from 2 —
45%, whereas theoretical studies indicated that it is less than 1%. This is due largely to the
limitations of the traditional measurement methods. However, it is likely that these limitations
can be overcome and accurate measurements obtained using the eddy covariance (ECV)
technique.
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Introduction

Sprinkler irrigation is becoming a preferred method as the water available for irrigation
around the world becomes increasingly scarce, especially in arid and semi arid regions.
However, little is known about its performance in terms of water use efficiency under field
conditions. The efficiency of sprinkler irrigation depends on the evaporation losses, which
include the droplet evaporation, soil evaporation and canopy evaporation that occur from
when water leaves the sprinkler nozzle until it reaches the root zone (Steiner ef al, 1983).
Among these, droplet evaporation (the water that evaporates directly from the droplets to the
atmosphere during travel) is frequently assumed to be a major source of water loss. However,
there is a substantial difference among the researchers regarding the losses. Evaporation loss
is often cited by growers as a reason not to adopt sprinkler irrigation.

To tackle this problem, many theoretical and experimental studies have been conducted
since the 1950s. Since these studies are not defined under same terms and conditions, the
results vary a great deal with losses ranging from 2% to 40% (Kincaid ef al. 1996; Kolh et al.
1987, Yazar 1984). Notwithstanding all the efforts, the phenomenon of droplet evaporation
has not been adequately quantified and the technical literature provides conflicting results
with a wide range of estimates for this loss. The reason is that the field techniques used to
estimate the losses have severe limitations and large measurement uncertainties of traditional
methods. However, due to the recent advancement of the eddy covariance (ECV) system it is
hypothesized that the total evaporation during sprinkler irrigation can be partitioned into its
different components using this technique in conjunction with additional measurements such
as transpiration by the sap flow method and canopy evaporation by the energy balance
method.

Water balance under sprinkler irrigation

Sprinkler irrigation is a method of applying water to the soil by sprinkling (discharged of
water from nozzle) of water into air. In this method water emitted from the nozzle forms a
water jet, which impacts against a deflector plate and disperses as a thin sheet or thin streams
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calied ligaments. The ligaments then break up into droplets due to surface tension and
aerodynamic drag forces as they travel from the nozzle point to the soil surface. During the
travel some portion of the water evaporates from the droplets to the atmosphere (called
droplet evaporation) and some drifts outside the irrigation area (drift loss) (McLean et al.
2000). The remainder of the water enters the canopy as precipitation. This portion of the
water is partitioned between canopy interception and direct throughfall to the soil. Canopy
interception can be further divided into the portion remaining on the leaves and another part
dripping onto the lower leaves or the soil and running down the stem to the soil. The water
remaining on the leaves (intercepted water) is then evaporated to meet the atmospheric
demand and is called canopy evaporation (Wang et al. 2006). The soil water from direct
throughfall is then partitioned into four component viz.: (i) the portion of water evaporated
from the surface through evaporation (called soil evaporation), (ii) the portion that is lost by
direct runoff, (iii} the portion of water which is available in the root zone for plant intake, and
(iv) the portion of water lost by deep percolation. However, runoff and deep percolation can
usually be considered negligible in sprinkler irrigation (Thomson 1986).

Physical process

Evaporation losses in sprinkler irrigation take place through the exchange of energy driven
by the difference in temperature between droplets and their environment in three parts: (i)
energy exchange between the water droplets and atmosphere above the canopy, (i1) exchange
between water droplets and canopy, and finally (iil) exchange of energy between water
droplets and soil (Thomson 1986).The evaporation of a liquid drop is essentially a combined
process of mass and heat transfer. In this operation the heat for evaporation is transferred by
conduction and convection from the environment to the surface of the droplet from which
vapour is transferred by diffusion and convection back into the atmosphere (Ranz & Marshall
1952). Ranz & Marshall also mentioned that the rate of mass transfer per unit area of interface
is a function of temperature, vapour pressure deficit, and the diameter & temperature of the
droplets. Hardy (1947) described that when liquid is sprayed (discharged from the sprinkler
nozzle) into the air which has a different temperature, the temperature of the droplets will
change depending upon the rate at which the heat is transferred to, or from, the air both by
convection and evaporation.

Factors affecting evaporation losses

There are many equipment-related factors (such as nozzle size, angle, operating pressure
and height of the sprinkler) and climatic factors (like air temperature, air friction, relative
humidity, solar radiation and wind velocity) that contribute to evaporation losses.

Frost and Schwalen (1955) found that evaporation losses are directly proportional to wind
velocity and operating pressure and inversely proportional to relative humidity of the air and
nozzle size. A close relationship between losses and vapour pressure deficit of the air was also
obtained by Christiansen (1942) and Frost and Schwalen (1955). Hermsmeier (1973)
suggested that air temperature and rate of application were more important factors responsible
for evaporation losses than wind velocity or relative humidity. Abo-Ghobar (1993) reported
that the evaporation losses increased with decreasing nozzle size, relative humidity and
increased with air temperature and wind velocity. Lorenzini (2002) found that the evaporation
losses greatly effect by air temperature with a logarithmic relation. Yazar (1984) observed
that wind speed and vapour pressure deficit are the predominant factors that affect
evaporation losses significantly during sprinkler irrigation. He concluded that the losses are
exponentially correlated with wind speed and vapour pressure deficit. Operating pressure had
very little effect on the evaporation losses.

Droplet size resulting from the nozzle is most important factor in evaporation losses. Kohl
et al. (1987) reported that small droplets are more susceptible to evaporation. Equipment
variables that affect the droplet diameter are the nozzle size, geometry, and operating pressure.
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The size of droplets was found proportional to the nozzle diameter Kohl and Wright (1974)
and Dadiao and Wallender (1985) and inversely proportional to the operating pressure.

Many researchers have reported that the diameter of the nozzle played a major role in the
break up of the droplets and indirectly influenced the evaporation losses (Kohl and Wright
1974, Solomen et al. 1985). Frost and Schwalen (1955) found that a 25% increase of nozzle
operating pressure increased the evaporation losses by 25%. They also noted that smaller
nozzle diameters tended to break up the droplets leading to greater evaporation losses. Edling
(1985) and Thompson et al. (1993) found that, the drift and evaporation losses are inversely
proportional to the droplet diameter, whereas Lorenzini (2004) and De Wrachien and
Lorenzini (2006) proposed that the evaporation losses are directly proportional to the droplet
diameter.

Magnitude of the losses

Many studies (e.g. field tests, laboratory, analytic and physical-mathematical) have been
conducted to quantify the magnitude of the evaporation and drift losses during water
application by means of sprinkler irrigation. However, these studies were not defined under
the same terms and conditions, had different accuracy levels, and attained results that varied
greatly. Frost and Schwalen (1955) found that the droplet evaporation losses at the time of
sprinkler irrigation were as high as 35-45% under extreme conditions. Kincaid et al. (1996),
Kolh et al. (1987) and Yazar (1984) reported losses that varied from 2 to 40% (mostly 10-
20%) from field tests. Analytic and laboratory investigations reported losses that ranged from
0.5 to 2% (Kohl et al. 1987). From laboratory tests Kincaid and Longley (1989) found that
droplet evaporation losses in sprinkler irrigation are usually less than 2-3%, even under high
air temperature and low relative humidity. Under normal conditions they were almost
negligible. In comparison, under moderate evaporative condition the losses should not be
more than be 5-10% (Keller & Bliesner 1990). Innoue and Jayasinghe (1962) calculated that
the droplet loss during sprinkler irrigation should not be more than 6% considering the rate of

“heat flow into the droplet. Similarly, Thomson (1986) observed that the transfer of energy to

droplets during flight is not sufficient for evaporating more than 1 to 2% of their volume.
Using a modelling approach, Edling (1985) computed droplet evaporation losses during
sprinkler irrigation ranging from 0.5-20% at different operating and climatic conditions.
Thomson et al. (1993b, 1997) predicted that the droplet evaporation loss throughout the
irrigation was less than 1%. They also pointed out that in some cases it is almost negligible.
Most recently, Lorenzini (2004) estimated using an analytical model that the upper limit
values of droplet evaporation varied from 3.7 to 8.6% for the droplet diameters ranging from
0.3 to 3mm.

Impacts of droplet evaporation on microclimate

Droplet evaporation during sprinkler irrigation is not only a direct loss of water, but it also
has a significant effect on microclimate. It improves the microclimate of the irrigated area by
reducing temperature (Thomson ef al. 1993b; Tolk et al. 1995) and vapour pressure deficit
(Chen 1996; Tolk et al. 1995) which leads to a decrease in the transpiration (Tolk ef al. 1995)
and soil evaporation. Norman and Campbell (1983) stated that during sprinkler irrigation,
transpiration may be zero due to evaporation from intercepted water on leaves and soil.
Reduction of crop transpiration and soil evaporation results in the conservation of soil water
that would otherwise be depleted by the crop (McNaughton 1981; Steiner e al. 1983). It can
reduce the gross interception loss by 6.6% via suppression of transpiration by 50% or more
during irrigation (Tolk et al. 1995). Thomson et al. (1997) stated that the significant impact of
sprinkler irrigation is the reduction of net evaporation losses by 7.2% and 2.6% for impact
and spray type sprinkler nozzles respectively by depressing transpiration. More recently,
Martinez-Cob et al. (2008) found a significant decrease in evapotranspiration (32-55%) and
transpiration (58%) during irrigation compared to the dry (without irrigation) period.
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Liu and Kang (2006) reported that field microclimate can be affected significantly by
sprinkler irrigation not only during the period of irrigation but also during the irrigation
intervals, They observed that VPD and air temperature above the canopy were lower in the
sprinkler irrigated field compared to surface irrigated fields throughout the irrigation interval
where the effect on temperature lasted 2-3 days after the irrigation. They revealed that the
evaporation over this period was about 3-11% lower in a sprinkler irrigated field compared to
the surface irrigated field during three winter seasons. Similarly, Kang et a/. (2002) found that
the cumulative surface evaporation on the top of the canopy under sprinkler irrigation was
12% lower than that under surface irrigation.

It is generally believed that the droplet evaporation and interception are not entirely losses
since they partly contribute to decrease the crop water requirements. McNaughton (1981)
indicated that the part of droplet evaporation replacing crop ET, should be regarded as crop
consumptive and beneficial, whereas Burt er al. (1997} described it as consumptive but non
beneficial.

Studies on evaporation losses during sprinkler irrigation

Experimental studies

The losses are conventionally determined in the field from volumetric or gravimetric
measurement of water collected in catch-cans. The inherent problem in this method is that
estimated droplet evaporation loss includes the water evaporated from the catch-cans during
the irrigation. Accurate measurement of water that reaches the ground is also very difficult
especially in windy conditions which increase the sampling area due to drift. To avoid these
difficulties of measurement, wind drift loss are often included with the evaporation losses
(McLean et al. 2000). Kohl et al. (1987) reported that measurements using catch-cans
commonly have experimental errors. Jenson (1980) pointed out that investigators have
applied corrections to account for these errors, but accurate measurements are difficult to
achieve. Since there are no alternative methods to measure the loss, most of the studies have
been conducted by this method. However, they differed in the details of the method.

Christiansen (1942) was the pioneer in both experimental and theoretical research
concerning evaporation losses from sprinkler irrigation. He investigated the droplet
evaporation losses from sprinklers by using catch-cans under different climatic and operating
conditions at Davis, California. He also developed a theoretical equation to predict the
evaporation losses during sprinkler irrigation on the basis of thermodynamic principles. He
estimated from field tests that the losses ranged from less than 10 to 40% in the afternoon and
approximately 4% in the morning. On the other hand, he predicted by his proposed equation
that the evaporation losses from the droplets is negligible compared to the losses from crop
canopy and soil.

Using the catch-cans technique, Frost and Schwalen (1955) estimated the droplet
evaporation losses were as high as 35-50% during the day time under extreme conditions of
bright sunlight, high air temperature and low humidity which prevail in Arizona.

To minimize the errors in the catch-cans method, George (1957) used an electrical
conductivity (EC) method to estimate the droplet evaporation loss. He found that the losses
ranged from 2% at a relative humidity of 48% with wind velocity 1.79 m/s to 15% at a
relative humidity of 14% and wind speed of 9.95 m/s. Based on George’s work, Hotes (1969)
reported that the droplet evaporation losses during sprinkler irrigation may be 4% under most
conditions. Hermsmeier (1973} carried out an experiment in the Imperial Valley of California
using the electrical conductivity method and placing oil in the catch cans to reduce the
evaporation from the catch container. He determined that the estimated evaporation loss was

“reduced by 17.2% from that measured without oil.

Myers et al. (1970) conducted an experiment in an environmental control chamber at
Gaineville, Florida and estimated the losses as 0.2-1.1%, while the evaporation from the
canopy surface varied from 3.5 to the 60% of the total volume applied. They also observed
that evaporation loss during flight would not more than 5% under most conditions.
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Using potassium ions as a chemical tracer in the irrigation water Kohl et al (1987)
measured the evaporation losses as 0.5 to 1.4% for smooth spray plates and 0.4 to 0.6% for
coarse serrated plates in a low pressure sprinkler.

More recent studies predominantly in Europe {Bavi et al. 2009; Tarjuelo et al. 2000; Yazar
1984) have attempted to use the experimental data in regression models to quantify the
interaction of the climatic and operating factors. However, quantifying the evaporation losses
in sprinkler irrigation is very difficult due to a number of factors both climatic (air
temperature, air friction, relative humidity, solar radiation, wind velocity etc.) and operating
(droplet diameter, nozzle size, sprinkler height, operating pressure etc.). The problem is
particularly acute with respect to separation of the components of losses. In that case,
resorting to statistical {empirical) formulae often becomes the only way to circumvent the
difficulties. However, the results in this approach are highly dependent on application of
particular statistical techniques, which may vary from author to author. The statistical
approach is adequate for describing empirical relationship but provides limited information on
the physical processes involved.

Reviewing the available literature, it is concluded that the experimental studies have the
following limitations:

i) there were differences in definition of the losses,

il) the accuracy of experimental techniques,

iii) evaporation losses were over estimated due to inclusion of evaporation losses
from catch-cans, and

iv) it was difficult to separate the different components.

Physical-mathematical modelling approach

Physical-mathematical models are developed on the basis of mathematical equations
representing the physical process. These models, although requiring more extensive input data,
provide a much better means of predicting actual evaluation avoiding laborious field or
laboratory tests. The advantages of modelling over other technique (empirical equations) are;
(i) it can minimize the knowledge gaps (ii) it can predicts the value accurately by minimizing
experimental errors, and (iii) a proven model can be a valuable engineering and research tool
for the scientists. The physical-mathematical modelling approach of droplet evaporation is
based on combining the equations accounting for the water droplet evaporation with particle
dynamics theory.

The droplet evaporation-trajectory model is developed mainly based on mass and heat
transfer and ballistic equations. The first equation for mass fransfer of a still droplet was given
by Langmuir {1918). Hardy (1947) presented a modified equation similar to that of Langmuir
for the rate of evaporation from the surface of a sphere accounting forced air convection as:

D, _ _2(9_][&_1%)[ %~ % ]N ............................... M
dt D, \ o AM, P

Where, D, is the mass diffusion of vapour in the gas,
D, is the droplet diameter,
M, and M, are the molecular weight of vapour and air respectively,

p, and p are the density of air and water droplet respectively,

(esey) is the difference in the saturation pressure at wet and dry bulb temperature,
P is the partial pressure of air, and

N’y is the Nusselt Number (Froessling 1938).

Various authors have developed droplet evaporation models based on the heat and mass
transfer theory for numerous purposes such as chemical spray (application of hot gas through
scattering a jet of droplets) drying, agricultural spray (application of pesticides through
scatter in a mass or jet of droplets) as well as for sprinkler droplet evaporation. Ranz and
Marshall (1952} first developed a model to estimate droplet evaporation using heat and mass
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transfer equations and presented an equation for molecular transfer rate during evaporation
along the flight path of the droplet. They used the model in chemical spray drying for very
small diameter droplets with low Reynolds Number (0-200). Most subsequent investigators
have used the heat transfer theory to describe the evaporation from droplets and have
referenced the work of Ranz and Marshal (1952). Starting from the equation of Marshall
(1954), Goering et al. {(1972) arrived at an equation similar to Hardy’s for studying the change
of diameter in smaller (15-135 micron) droplets.

Williamsom and Threadfill (1974) also used the mass diffusion equation in a form similar
to Ranz and Marshall (1952) for agricultural spray, considering diameter ranging from 0.1 to
0.2 mm. They concluded that the results of their model were accurate under experimental
conditions, when compared to horizontal and vertical displacements and change in droplet
diameter due to evaporation. :

Kincaid and Longley (1989) theorized an empirical model based on the above theory to
predict the droplet evaporation and assess the role of changes in water temperature in the
evaporation process. They assumed, and proved that, the temperature of the droplet does not
necessarily reach the wet bulb temperature of the air instantaneously as the droplet leaves the
nozzle, which was assumed by most previous researchers. They reported that this assumption
may be correct for the spraying of agricultural chemicals where the drops are small (<0.55
mm). They also considered that diffusivity is a function of air temperature and pressure while
others considered temperature only. Model predictions were reasonably accurate but there
was a tendency for the model to under predict loss rates for the smallest drops measured (0.3
to 0.5 mm). Some of the difference may be due to experimental errors in measuring loss from
the smaller drops.

Based on the principle of impulse momentum, Edling (1985) established a model for
estimating kinetic energy, evaporation and wind drift of droplets from low pressure irrigation
sprinklers in order to determine the influence of design and meteorological parameters on
droplet behaviour. He concentrated mainly on the effect of droplet size and its impacts on soil
erosion. He verified his predicted results with those of Williamsom and Threadfill (1974) and
observed a similar trend for small droplet diameter. However, he recommended that
additional verification is needed for the model through appropriate experimentation.

Thompson ez al. (1993a) developed a unique comprehensive model (Cupid-DPEVAP) to
assess water losses during sprinkler irrigation of a plant canopy under field conditions. The
combination of equations governing water droplet evaporation based on the heat and mass
transfer analogy used by Ranz and Marshall (1952), linked with temperature-droplet model
presented by Longley and Kincaid (1989), and droplet ballistics equations (three
dimensional) with a plant-environment energy mode! Cupid given by Norman (1982), were
used in their model. Further they included droplet heat and water exchange above the canopy,
along with the energy associated with cool water impinging on the canopy and soil. The
model was able to give results in reasonable agreement with field measurements carried out in
experimental plots equipped lysimeters. The model was also used to partition the water losses
between droplet evaporation, evaporation from wetted canopy and soil, and transpiration
during irrigation. The model was verified through field water balance measurements using
monolithic lysimeters. However, the experimental values of total ET were lower than the
predicted values in non irrigation period. Most importantly, they could not verify the
predicted values of model during the irrigation, because they were not able to measure the ET
during the irrigation through lysimetry. They attempted to verify the model by comparing
predicted air temperature and vapour pressure above the canopy during irrigation with
measurement of these parameters.

Most recently, Lorenzini (2004) developed an analytical model considering the effects of
air friction (ignored in previous models) on droplet evaporation which is relevant in a
‘turbulent flow (Reynolds Number > 1000). He did not consider the physical {mass and heat
transfer) changes of droplet to develop the model. The model proved to fully match the
kinematic results obtained by more complicated procedures of Edling (1985) and Thompson
et al. (1993b). He made comparison of the field measurements and theoretical values in terms
of travel distance for the model of Edling as well as Thompson et al. and for time-of-flight

Uddin, Smith, Hancock and Foley, 2010 page 6 of 10




(Thompson et al. 1993b). The observed data of Lorenzini and Edling showed reasonable
agreement in two cases (droplet diameter 1.5 mm and 2.5 mm), but poor agreement with
droplet diameter of 0.5 mm. A comparative analysis based on data from Thompson et al.
(1993b) in terms of travel distance and time-of-flight made a difference with a droplet
diameter of 0.3 mm. He recommended that the model still needs further verification to
determine aerial water droplet evaporation,

Reviewing the comparative approaches, it is concluded that among the different
procedures now available:

(i) the heat and mass transfer approach combined with ballistic theory offers a sound basis
for the assessment of evaporation from falling droplets and the results are in reasonable
agreement with experimental data for Reynolds Numbers {generally lower than 1000) that fall,
mainly, under the laminar and/or intermediate flow laws,

(ii) the Lorenzini (2004) model has proved to be kinematically reliable to analyse the
droplet evaporation losses from both a qualitative and quantitative point of view, particularly
for small droplet diameters and large Reynolds Numbers (turbulent flow), and

(iii) considering all the parameters incorporated within the model Cupid-DPEVAP
developed by Thompson et al. (1993a), it can be considered the most complete model
available to quantify the evaporation losses in sprinkler irrigation.

However, these models should be validated through appropriate experimentation.

An alternative method for accurate measurement of sprinkler evaporation

Eddy covariance (ECV, also known as eddy correlation) is a direct, accurate and reliable
micrometeorological mass transfer method for measuring evaporation and evapotranspiration
(ET). It is being used successfully since the last decade to measure evaporation from
watersheds, grasslands, lakes, surface and drip irrigated fields and has some significant
advantages over the other methods. However, a review of the literature provided no instances
of it being used to measure evaporation losses occurring during sprinkler irrigation. It is
assumed that ECV technique can be an alternative approach to measure the droplet
evaporation losses via the accurate measurement and partitioning of the total evaporation
during sprinkler irrigation.

Eddy covariance (ECV) method to estimate evapotranspiration (ET) for partitioning

Although the partitioning of evaporation losses during sprinkler irrigation is an important
issue before any improvements on the design of irrigation system, it was often ignored in the
past research. However, accurate measurement of ET is the prime need to obtain reliable data
to partition all the components. The most common methods of estimating field ET are
hydrological approaches (such as field water balance and weighing lysimetry), and
micrometeorological methods (e.g. eddy covariance, ECV; Bowen Ratio-Energy Balance,
BREB). Regarding the first approach, the field water balance equation is a basic method of
estimating ET by determining all other components of the equation. This method can
generally be used to calibrate other ET estimation methods but it also has some disadvantages.
For example, canopy interception is not often considered in the water balance equation (Li ef
al. 2008) and the other components are not easily determined accurately in the actual
application of the equation (Shi ez al. 2008). The lysimeter is not feasible for the measurement
of ET during sprinkler irrigation due to simultaneous addition of water {Thomson et al. 1997).
Lysimetry usually involves permanent installation, hence high cost and is less suitable for
measuring short time ET. However, for situations with well-defined surface and lower
boundary conditions, it is still a reliable method to calculate long term ET of crops (Rana &
Katerji 2000).

With respect to micrometeorological methods, two of the most frequently used methods
are Bowen Ratio-Energy Balance (BREB) and Eddy Covariance (ECV). However, the BREB
assumption of equal eddy diffusivities for heat and water vapour is not always met (Barr ef al.
1994). The method does not work under Bowen ratio values in the vicinity of -1 (Twine et a/.
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2000). Furthermore, the BREB method needs a large fetch requirement (hundreds of metres)
which often makes it invalid and therefore of unknown accuracy (Craig & Hancock 2004).

Alternatively, ECV is generally considered as a standard direct micrometeorological
method to measure the surface flux (Baldocchi 2003; Yu ef al. 2006), which can be used for
comparing with the other methods or models. It can measure water vapour and heat fluxes
simultaneously and effectively ‘at a point’, thus avoiding the fetch requirement. The method
offers an attractive alternative to other more cumbersome methods such as weighing lysimetry
or potentially invalid methods such as BREB (Craig & Hancock 2004).

Prior to 1990, limitations in sensor performance and data acquisition systems restricted the
duration of the eddy covariance studies to short campaigns during the growing season (Verma
et al. 1986). However, during the past decade the eddy covariance method has emerged as an
important tool for evaluating fluxes between terrestrial ecosystems and the atmosphere. At
present, the method is being applied in a nearly continuous mode for the direct measurement
of crop and grass land evaporation, forest evaporation and evaporation in irrigated fields.

Although it has some limitations such as relatively high equipment cost, complexity in use
and requires steady environmental conditions, ECV is gaining popularity over other methods
such as lysimetry and Bowen Ratio-Energy Balance (BERB) method because:

(i) it is the most reliable and accurate direct measuring method (Wang et al. 2006)
avoiding the measurement of other components of the water budget and energy balance
methods;

(ii) it offers several advantages over lysimetry by providing more areal integration, finer
temporal resolution, less site disruption and by eliminating the need to estimate other terms of
a water budget (precipitation, deep percolation, runoff, and storage etc.) (Sumner 2001);

(iii) no fetch requirement like BREB and rapid development of modem electronics makes
the equipment a standard tool for researchers (Craig & Hancock 2004);

(iv) sonic anemometers make it possible to measure the sensible heat flux in wet
conditions and to calculate evaporation as a residual of the energy balance (Gash et al. 1999),

(v) this technique emphasizes the influence of additional climatic factors on the intensity
of the process (Assouline & Mahrer 1993);

(vi) the microcomputer data acquisition system has real time data processing of the digital
turbulence data (Baladocchi 2002);

(vii) all the components of the energy budget can be measured simultaneously and thus
errors can be identified, quantified and corrected by closing the energy balance (Villalobos et
al. 2008);

(viii) averaging flux measurements over long periods reduces the random sampling error
to relatively small values (Baladocchi 2002); and

(ix) ET can be measured for both short times and seasonal basis (Sammis e¢ al. 2004).

Reviewing the comparative methods, it is concluded that eddy covariance (ECV) will be
the most appropriate and reliable direct method for measuring evaporation and transpiration
during sprinkler irrigation.

Conclusions

Partitioning of total evaporation during sprinkler irrigation into its different components is
essential to the understanding of the phenomena, because of the conflicting results reported in
literature. In many previous studies all other components except droplet evaporation were
ignored due to difficulties in measurement. As a consequence, a study was conducted in the
early 1990’s to separate all these components through a modelling approach. Although, the
components were successfully predicted, the predicted results were not verified
“experimentally due to the inadequacy of the measurement techniques. However, in recent
advancement of ECV technique, it is hypothesized that the total evaporation during sprinkler
irrigation can be partitioned into its different components using this technique in conjunction
with additional measurements such as transpiration by the sap flow method and canopy
evaporation by the energy balance method.
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