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The non-judicious use of water at the farm level in traditional irrigation application methods is a present-day
concern across the world that can be resolved by enhancing application efficiency through the adoption of
advanced irrigation techniques. Sprinkler irrigation is a method that has high application efficiency, which can be
further increased when coupled with automation toward precision irrigation. The objectives of this review are to
summarize the main aspects of sprinkler and precision irrigation and their development, scope, and future

prospects specifically in Asian countries.

application efficiency sprinkler types sprinkler nozzles irrigation automation

variable rate irrigation

| 1. Sprinkler Irrigation

Sprinkler irrigation is a type of pressurized irrigation that irrigates crops by spraying water in the form of small
droplets like natural rainfall. It has numerous advantages over surface irrigation or even over other pressurized
irrigation technologies like drip irrigation as it can not only apply water to a crop but also flush its leaves and
regulate canopy temperature to improve the efficiency of the photosynthesis process. Many research studies have
been conducted on sprinkler irrigation that proved its viability and adoptability for economically higher crop
production WI2EIE These systems have some limitations and disadvantages over other pressurized irrigation
systems. These disadvantages include higher capital and operational costs, damage to soft fruit plants, low
application efficiency in windy areas, and unsuitability for fields with fine textured soil Bl. Under humid conditions,
moisture-related diseases may emerge within the crop canopy due to the presence of excessive moisture after the
application of overhead sprinklers €. Romero et al. @ reported the outbreak of fungal-related diseases within crop
plants grown under humid and warm conditions. Belo et al. & reported management techniques including irrigation
time and frequencies to reduce the risks of spreading bacterial-related diseases due to heavy moisture and dirt
being splashed into the plant canopy of onion plants. But on the other hand, foliar water application by using an
overhead sprinkler is beneficial for plants and good for protecting plants against frost when the temperature is at or
below zero °C . Despite these minimal limitations, sprinkler irrigation has marvelous advantages with high water
application efficiency in the field 19, The field application efficiency of different irrigation systems in comparison

with different sprinkler types is illustrated in Figure 1.
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Figure 1. Application efficiencies of different types of sprinkler systems.

1.1. Types of Sprinkler Systems

In the early usage of sprinkler systems, single-point sprinklers were used with moveable positions, and the water
was supplied to sprinklers through iron pipes . The iron pipes were susceptible to erosion and heavy when
moving sprinklers from one place to another. Iron pipes were replaced with aluminum pipes in the first phase and
then with plastic/PVC pipes along with plentiful progress in the design of irrigation systems in the late 1990s 12, By
increasing the understanding of sprinkler systems, moveable machines were developed with sprinkler nozzles that
can be transported throughout the field to irrigate entire areas with the same sprinkler setup. This kind of sprinkler
system has high application efficiencies and more irrigation coverage with less labor requirements. This form of
sprinkler system has many types and is adopted as per field conditions due to specific limitations associated with
each type. The features and distribution uniformities (DUs) of different sprinkler systems were obtained from the
literature 193] Generally, Equation (1) is used to calculate the DU of a sprinkler irrigation system. The DU
depends on the crop type, field condition, and environmental exposure of a sprinkler system. The maximum DU
value belongs to lab experiments and the minimum value belongs to field conditions.

Average lowest quater depth of water received

Distribution uni formity (DU) =
f y (DU) Average depth of water received

The center pivot system has many advantages over other types; therefore, this type of system has been installed in
more than 13% of the area under sprinkler irrigation in China 141 Researchers are working on a center pivot
system to increase its efficiencies via a nozzle configuration corresponding to the particular movement speed [15]
18] Ma et al. studied the uniformity and the application efficacies of a two-span center pivot system and reported a
66.1-68.4% uniformity coefficient [17] Several other researchers worked on other types of moveable sprinklers and

conducted performance tests to determine their suitability and to improve the characteristics of existing systems [18]
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(191201211 Hand-mover gravity sprinklers are mostly used in hilly areas where sufficient gravitational head is

available to operate sprinklers without irrigation pumps 221,

1.2. Sprinkler Nozzle

Sprinkler nozzles are key components in the whole sprinkler system and their uniform operation determines the
efficiency of the system. The study of sprinkler nozzles was limited before the 1970s; however, the topics gradually
received attention due to the increasing demand for sprinkler systems. In the late 1970s, work on designing impact
sprinklers was started by an industrial group, and a series of sprinkler nozzles were designed with varying
diameters (20 mm to 80 mm inner diameter). The Chinese government put a special effort into the development of
new sprinkler nozzles by reverse engineering imported sophisticated nozzles and promoting research and
development in the same area 1823 Currently, researchers and enterprises have been working on the
development of new products and refining the hydraulic performance of existing sprinklers with structural

improvements. Low-pressure sprinklers are an example of the improvement in the design of existing sprinklers.

1.3. Low-Pressure Sprinklers

The increase in energy demand and its high cost are forcing researchers to introduce new developments in the
existing irrigation technologies so that these systems could still be used as a viable source in the new era. Normal
sprinkler irrigation is operated at a high pressure of around (=300 KPa), causing more energy consumption 24, The
low-pressure sprinkler is a new addition to the existing technology, enabling users to operate sprinklers at <200
KPa and subsequently lowering operating costs with different management strategies 241231261 The key principle
of designing a low-pressure sprinkler is to change the internal nozzle structure to reduce the operating pressure

without compromising the dispersion uniformity of water droplets.

Li et al. designed a low-pressure rotary sprinkler with different dimensions of scatters and evaluated its
performance; the authors reported satisfactory results regarding all selected performance parameters 22, Other
researchers improved the jet dispersion in low-pressure sprinklers by introducing a pair of aerated pipes inside the
sprinkler nozzle (27, The optimal groove numbers were identified during a series of experiments using D3000 range
sprinklers after changing their plate structure 28, Wang et al. 22 derived empirical equations for low-pressure
sprinklers for operation under varying operating conditions and design parameters B9, Quazaa et al. derived a
calculation model for cunnings of water distribution using low-pressure sprinklers 1. Besides the changes in
sprinkler design, researchers improved the field performance of sprinkler irrigation systems by optimizing the
pipeline structure to reduce energy loss in order to promote the use of low-pressure sprinklers B2, Tsaboula et al.

studied the effects of different wind speeds on water spray through low-pressure sprinklers (231,

1.4. Sprinkler Irrigation Use for Crop Production

The use of sprinkler irrigation is not only for water saving but also to improve crop yield and reduce crop production
costs by limiting crop inputs. Sprinkler irrigation has many advantages over other pressurized irrigation methods

(drip irrigation) including rain characteristics and delivery of higher amounts of water during irrigation in time units.
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Sprinkler irrigation systems can be effective in large areas with less costly installation costs. The regular operation,
maintenance, and operational troubleshooting of sprinkler irrigation systems are easier than drip irrigation. The
benefits of sprinkler systems over other irrigation systems have been reported by many researchers 34I(351(361(37][38]
(391 sprinkler irrigation can be applied to a variety of crops, soils, and field conditions compared with other systems.
These are efficient for keeping crops well flourished and maximizing yield; therefore, about 6% of irrigated area in

China has been covered with sprinkler irrigation L1,

To obtain better crop response under a sprinkler system, the fertilizer must be applied with water for the highest
crop productivity. The overall fertilizer use efficiency has been reported at only 30% 49, which can be improved by
its application using sprinkler irrigation systems. The injection of fertilizer via sprinkler irrigation is only possible with
the use of injection devices. Different injection devices and application methods have been reported according to
specific operating or field conditions [E1411(421[43]

Irrigation water and fertilizer could be further saved using variable rate technology (VRT), which means specific
water application on a particular portion of the field 44, The first VRT system was introduced in Asia in 2014 43
followed by continuous research work on modifications of VRT systems. One researcher attuned the variable spray
of the sprinkler nozzle by changing the operating pressure, flow rate, and internal structure 48 while another
researcher invented the variable spray mechanism of CPS using infrared thermography 4. A GPS-based
operating system was developed by a group of scientists, which can apply fertilizer at variable rates by changing
the duty cycle and pivoting the operating speed [22. In present times, VRT machines are capable of applying water

and fertilizers as per the soil conditions and plant needs 48],

| 2. Precision Irrigation Using Sprinklers

Sprinkler irrigation systems can apply water and fertilizer precisely but manually operated sprinkler systems involve
labor for their operation; moreover, it is difficult to apply irrigation as per the real-time crop water requirement,
whereas precision irrigation is the latest water-saving technique for maximizing yield and providing water at a
desired location based on actual crop water demand [22IBUBLS2IE35455]56] The potential of water saving with
precision irrigation through sprinkler systems has been reported as 30% compared with conventional sprinkler
systems 7. The concept of precision irrigation is based on the temporal and spatial variation in the application rate
of irrigation systems based on real-time crop water requirements 2859 The entire field or application area is
tackled as small parts or zones having the same water requirement at a particular time. Then, irrigation is applied
in every zone in the desired quantity using a smart application mechanism attached to an irrigation system.
Precision irrigation keeps every part of the field at optimum moisture level for proper plant growth in a uniform way
(691 which improves its productivity, yield quality, and water use efficiency 1. Researchers studied water
application via sprinklers using the principles of precision irrigation and reported marvelous results regarding
efficient water applications [BL62][63I[64][65][66](671[68] precisjon irrigation involves (1) variable applications of irrigation
water in space and time, regulated by the real-time monitoring of irrigation-related parameters in the field using
sensors or other tools, (2) analyzing the data to develop irrigation schedules, and (3) feedback and operating

mechanisms to control the irrigation machine using GPS to fulfill actual crop water requirements in every section of
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the field separately. To implement a precision irrigation system, advanced sensing, analyzing (simulating), and
control technologies are adopted to achieve its best performance. This understanding of precision irrigation is also

expressed as variable rate irrigation.

Typical precision irrigation has been drawn by getting inspiration from the literature 62 and is shown in Figure 2. A
precision system includes a mechanism for field data collection, data transformation to the control center/device,
data analysis, and calibrated operation of I0T-based automatic solenoid valves to operate the irrigation system.
Under precision applications, irrigation is applied frequently for short durations just to maintain the field water
balance of a cropping system at every part of the field. Prior to the application of precision irrigation, the actual
water requirement is calculated, and the operating time or intensities are designed for the onward operation of

sprinkler vehicles. These calculations are referred to as irrigation scheduling.

Figure 2. Overview of typical precision irrigation mechanism: (a) sensors for data collection from the field; (b) data
transformation mechanism and transmitters; (c) data receiver and data analyzer for data calibration and to
generate a command for the irrigation system; (d) remotely operated solenoid valves to operate the irrigation

system as per commands generated by the data analyzer; and (e) the sprinkler irrigation system.

2.1. Field Parameters Used for Irrigation Scheduling for Precision Irrigation

The monitoring of field conditions is crucial for implementing precision irrigation for food production with minimum
water usage. Monitoring of field conditions refers to the data collection regarding irrigation-related parameters that
are capable of stating the real-time water balance of the crop system so that the desired water can be applied.
Some basic parameters that are related to irrigation scheduling are categorized 9 into three classes or groups.
Any of these parameters or the sum of some parameters could be adopted to determine irrigation scheduling under
precision irrigation. The first group is associated with soil parameters including soil moisture, soil salinity, soil water

absorption capacity, soil pH, etc. The second group is associated with plant parameters including leaf area index
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(LAI), normalized difference vegetation index (NDVI), stomatal conductance, evapotranspiration, leaf turgor
pressure, crop water stress index, etc. Plant-related parameters for irrigation scheduling are relatively difficult to
monitor but these parameters exhibit the most realistic picture of plant water balance and present the plant growth
expected to be affected by droughts and nutrient deficiencies 2. The third group contained climatic parameters
including ambient temperature, humidity, wind speed, solar radiation, precipitation, atmospheric pressure, etc.
These climatic parameters are put in the world-renowned “Penman—Monteith evapotranspiration model” for

calculating actual evapotranspiration using crop coefficients for the development of irrigation schedules [Z2],

A summary of the literature review regarding the use of different parameters for precision irrigation has been taken
from the literature /4 and illustrated in Figure 3 after modifications and improvements. The parameters are shown

as per previously defined groups (crop parameters, soil parameters, and climatic parameters).

https://encyclopedia.pub/entry/53152 6/22



Precision Irrigation for Crop Production | Encyclopedia.pub

Literature Literature

o Monitoring °
N : 4
A Domains

Figure 3. lllustration of the literature showing the domains of monitoring parameters for precision irrigation. A: [3;
B: 78 c: [14: p: [18l: g: [79]: F: [80: G: (78], Y [B1] ). [22: j: [82): K [83]: | . [84]: \: [83]: N: [86]: O: [B7: p: [88]: Q: [82]: R:
(901: g [94]: T: (921 y: 98] v/: [94]: yy: (681 x: [35]: y: [96]: 7: [97): Aq: [98]: and Bb: [63],

2.2. Data Collection Regarding Irrigation Scheduling for Precision Irrigation

Precision irrigation requires the accurate measurement of field data related to the above-described parameters to
implement its full scope in order to obtain maximum advantages. There are several ways to collect field data

including the following:
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« Manual monitoring using smart tools;

» Use of sensors (sensors for soil, plant, and climate parameters);

o Use of satellite data;

Use of UAV for data collection.

2.2.1. Manual Monitoring Using Smart Tools

The accuracy of monitoring field parameters is crucial to implementing precision irrigation in a true sense. The
continuous and uninterrupted monitoring of irrigation-related parameters at different points at desired intervals can
be conducted manually using smart sensing tools or devices. The biases in data collection by humans have been
reported but the data regarding some specific plant or soil-related parameters could still be collected manually by
following standard protocols 22, This method of data collection is convenient and easy to follow but it is very low in

efficiency.

2.2.2. Use of Sensors

Plant growth is highly dependent on the moisture level in the rhizosphere and frequent monitoring of moisture
levels needs to be carried out for accurate irrigation scheduling. Accurate data collection regarding soil moisture on
high temporal grounds is the only option for irrigation scheduling in a precise way [23I881100]  pifferent kinds of
sensors are available in the market and are being used for such purposes. One type is capacitance-based sensors,
which are relatively low cost and can measure the moisture level with adequate reliability after efficacious
calibration of the sensor with measured field data 19, A more sophisticated device to monitor soil moisture is TDR
(time domain reflectometry), which contains two electrodes. These electrodes are inserted in the soil column up to
the desired depth and, afterward, an electric signal is generated from one electrode to another to assess the soil
moisture by estimating travel time and soil conductance characteristics. The accuracy of TDR is high, but it is
expensive to install in large numbers in open fields for monitoring soil moisture at different field spots. Bitella
introduced the methodology to measure soil moisture at different depths at the same time using low-cost dielectric
probes BY while other researchers used loT-based field monitoring devices for moisture measurements 8],
Huuskonen and Oksanen used drone cameras for remote measurement of soil moisture in upper soil layers 4],
Besides soil parameters, the use of climate parameters for irrigation scheduling has the highest ranking due to their
extensive use among all contenders [621[72][86[20][102][103][104] ' permanent weather stations or weather monitoring
devices can be installed in the field to collect real-time climate data. The sensors to monitor plant or soil-related
parameters can be installed on the moveable platform of an irrigation system like CPS for real-time monitoring
during the irrigation cycle 195, |n addition to the moisture, soil and plant nutrients could also be monitored using
soil nutrient detectors connected parallel to moisture sensors 2981 Joly developed a silicon chip for site-specific

monitoring of soil nutrients (2971,

2.2.3. Application of Remote Sensing for Data Collection
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Satellite remote sensing is an excellent and reliable option to collect data on soil and plant-related parameters for
irrigation under various environmental conditions throughout the world. The satellites can read ground data using
different spectral bands and are capable of differentiating water-stressed crop areas and analyzing crop water
needs at high spatial and temporal frequencies 228!, Many commercial satellites like MODIS, Landsat, SPOT, etc.,
offer crop and soil moisture status at high temporal frequency [223. Several researchers used open-source satellite
data related to crop evapotranspiration, soil moisture, plant water stress, NDVI, etc., for the implementation of
precision irrigation using sprinkler irrigation systems 110111 Reyes [112] ysed a satellite-based vegetation index to
estimate actual crop water requirements for the design of irrigation scheduling for precise water applications in the
field. Ramirez 118l ysed a GIS-based toolbox to explore satellite data for the assessment of soil moisture to
determine crop water requirements. The 10-20% more water saving achieved by using integrated precision cum
pressurized irrigation systems has been reported by many researchers who used satellite data for irrigation

scheduling of various crops grown under varying field conditions 1141(115]

2.2.4. Use of UAV for Data Collection

UAVs (unmanned aerial vehicles) or “drones” are aircraft with no human pilots. The size of a UAV varies from small
to large, depending upon the function that it can perform. UAVs are quick, affordable, and reliable alternatives to
satellite data if the application area is small (local scale). Depending on the sensors carried by a UAV, various crop-
and soil-based parameters for irrigation scheduling could be collected and monitored in real time at high spatial
frequency. Various researchers used UAVs for the determination of crop water requirements 118, soil moisture 17,

and plant water stress 118! for the implementation of precision irrigation, and satisfactory results were reported.

2.3. Techniques for Data Analysis and Management of Sprinkler Systems for
Precision Irrigation

The collected data were analyzed using several sophisticated techniques including modeling tools and
multidimensional simulating software (DSSAT(v4.6), MATLAB(R2011b), APSIM (7.1), R(2.4.1.2) etc.) to predict
spatially and temporally varied crop water requirements for developing irrigation maps for onward applications of
precision irrigation. Mechanized techniques are essential in precision irrigation to manage sprinkler systems for
efficient water applications using developed irrigation maps with less energy input and higher crop yield. The
mechanized techniques belong to two big categories called open loop technique (OLT) and closed loop technique
(CLT). In OLT, irrigation is controlled by a pre-set program designed for a particular field using input data regarding
irrigation parameters 119 The OLT is easier to follow and cheaper in cost; therefore, farmers prefer to adopt these
techniques for implementing precision irrigation 129, Farmers can set operating conditions (pre-timers, speed, and
application rate) for any sprinkler system, which can be monitored during the entire operation of the irrigation

machine. Many researchers reported the use of OLT by farmers for precision irrigation in their fields [221l[122][123]

The CLT is relatively difficult to implement but is more accurately related to the true spirit of precision irrigation
using sprinkler irrigation systems with 20-30% more efficiency [124I[125]l126] progressive farmers use such

techniques at their farms. Many studies have been conducted on the applications, adoptability, and benefits of CLT
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techniques, and significantly positive responses to these techniques for crop production were reported [1271[128]
The controlling mechanism of CLT includes a feedback input mechanism that continuously feeds the field
conditions—retrieved from the sensors—to the input controller; then, the operation of irrigation machines is
conducted in accordance with this information. The information may relate to climate, soil, or crop parameters 123
(1301 |nitially, a bigger irrigation program of variable nature is formulated that is implemented accordingly after
retrieving information from the sensors at small time intervals 131132 However, continuous dynamics in field
conditions make the control of irrigation extremely cumbersome under CLT. Also, due to the installation of sensors
on irrigation machines and in soil profiles, the capital cost exceeds even unaffordable limits. Also, the use of
sensors could mislead operators if they are not calibrated properly, which results in immense implementation
struggles for farmers. The simplest illustration of precision irrigation using a center pivot sprinkler system under
both controlling mechanisms (OLT and CLT) is shown in Figure 4.

(a) Input Pre set I;igalion Freld
F (TimeVolume) ™%  tmer P {IEEF".EST wmp applications ™= Output
ﬁ Desired Irrigation Fieid +)
ESINEQ  wp- Observation
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- - applications

=

Figure 4. Block diagram of (a) open loop technique (OLT) and (b) closed loop technique (CLT) under precision

irrigation.
2.4. Use of Controlling Devices for Precision Applications of Sprinkler Irrigation

To perform water application using a sprinkler system according to real-time irrigation scheduling, mechanized
systems are used to continuously control the operation of the irrigation system to adopt the true spirit of precision
irrigation. The operation of the irrigation system is controlled to maintain the desired irrigation level by controlling
the application rate or irrigation time B2, To achieve this, electronic devices called “controllers” have been
developed and are available in markets. The selection of controllers is made keeping in view their function,
reliability, availability, price, etc. One type of controller is the PID (proportional-integrated derivative) controller.
These controllers are widely used due to their simple structure, ease of troubleshooting, and minimum errors but
these cannot handle external disturbance and can thus create errors 1338l The second type of controller is an Al
(intelligent control for precision irrigation) controller. These controllers use the application of artificial intelligence,
which makes these devices capable of providing solutions in a smarter way 234l These devices with briskly

developed algorithms can emulate the process of human decision making; therefore, these devices have been
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implemented specifically in sprinkler irrigation machines for precise water applications 13311381 iy different forms
like fuzzy logic, etc. 2371, On the other hand, these kinds of controllers have complex structures, are higher in price,

and are difficult to troubleshoot. The third type of controller is the MPC (model predictive-based irrigation)

controller, which is widely used in agriculture and other industries [1381[139][140][141][142] By installing MPC controllers
instead of classical controllers on sprinkler irrigation machines, many benefits including good efficiency, excellent
performance, and optimality can be achieved toward the true spirit of precision 43l Future research on the
development of smart MPC controllers can improve the efficiency of precision irrigation using sprinkler systems in a

convenient way with 20-30% more efficiency.
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