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Abstract

Agricultural irrigation is a primary user for freshwater withdrawal. Irrigation
plays an important role in crop production, as it provides the benefit of re-
ducing the effects of prolonged dryness and erratic precipitation. Center pivot
irrigation system is the most common irrigation system in agriculture. As the
center pivot irrigation system ages, the system could develop a leaking joint,
clogged sprinklers, and physical damage. This can cause areas of non-uniformity
that can lead to under- or over-irrigated in some areas of the land, resulting
in excess energy use and cost, wasting resources, and environmental impacts.
Thus, it is important to evaluate the performance of a center pivot irrigation
system regularly to maximize return on investments and minimize wasting
resources. This study focuses on evaluating the impacts and benefits of im-
proved center pivot irrigation distribution uniformity by performing distri-
bution uniformity evaluations pre- and post-retrofit. This study also focused
on demonstrating an unmanned aerial vehicle (UAV) to assess the perfor-
mance of the center pivot irrigation system in two irrigated farmlands. The
Coefficient of Uniformity (CU), Distribution Uniformity (DU), and Sche-
duling Coefficient (SC) were calculated based on the catch can test data. The
values were utilized to evaluate water and energy savings from the improved
coefficients. The team has found that replacing sprinkler packages increased
the CU from 78 to 89 and the DU from 77 to 82, and reduced the SC from 1.3
to 1.2 in Field A. In Field B, replacing sprinkler packages increased the CU
from 73 to 91 and the DU from 62 to 84 and reduced the SC from 1.6 to 1.2.
The estimated water savings in Field A due to the reduced scheduling coeffi-
cient was approximately 151,000 liters/hectare/year, with consideration of the
corn and soybean rotation field in Michigan. The estimated water savings in
Field B was 608,000 liters/hectare/year. The data from this demonstration
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study showed the value of distribution uniformity evaluation and retrofit of
irrigation systems. This information will encourage farmers and agricultural
industries to consider performing more distribution uniformity evaluations,
ultimately improving irrigation water use efficiency and supporting sustaina-
ble water management in agriculture.

Keywords

Center Pivot, Irrigation, Uniformity, Sprinkler System Evaluation, Water
Saving, UAV

1. Introduction

Agricultural irrigation contributes 65% of the world’s freshwater withdrawals,
excluding thermoelectric power. As the world experiences climate change, agri-
cultural irrigation plays a significant role in crop production. Irrigation can re-
duce the effect of erratic precipitation and prolonged soil dryness, which will in-
crease the resilience of crop production to climate change. However, improper
or unnecessary irrigation can waste resources. Freshwater is a valuable and li-
mited resource. Thus, efficient water use in agriculture is important for sustain-
able water management in agriculture, as well as crop production.

A center pivot is a pipe-sprinkler irrigation system that rotates around a cen-
tral pivot and moves in a circular area. The center pivot irrigation system is the
most popular sprinkler system in the world [1]. Center pivot irrigation systems
have been used in corn, soybean, potato, alfalfa, wheat, cotton, vegetables, and
sugar beet fields [2]-[9]. As center pivot irrigation systems age, several issues can
be found, such as leaking joints, clogged sprinklers, missing sprinkler heads, and
rusted equipment [10]. These can cause areas of non-uniformity that can make
locations under- or over-irrigated and increase the potential for nitrogen leach-
ing into groundwater [11]. Poor uniformity in irrigation can lead to excess
energy use and cost and potentially affect yield negatively due to poor soil aera-
tion and increased disease incidence [12]. Some research observed good unifor-
mity can positively affect crop yield. The increase in the coefficient of uniformity
resulted in a 4% increase in corn yield for a common irrigation strategy and an
11% increase for 17% additional irrigation application [13] [14]. In addition to
corn, previous research found that increasing the uniformity of irrigation sys-
tems direct correlates with the growth of alfalfa and hay yield. The study dis-
cussed that the highest alfalfa yield was found in the highest uniformity condi-
tion [15]. Therefore, it is important to maintain good uniformity to maximize
yield and growth, save water, and reduce nutrient loss to percolation [16] [17].

A common method to evaluate the irrigation system uniformity is a catch can
method. The catch can method requires setting catch cans every 3 m (10 ft) from
the center of the irrigation system. The cans should be at least 12 cm above
ground level. The test should be conducted when the wind is less than 3.6 km/h
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(2.25 mph) and during the late evening through early morning hours to minim-
ize evaporation [18]. Once the uniformity evaluation is completed, distribution
uniformity can be calculated to determine whether the center pivot system is ap-
plying the water evenly or not. Irrigation distribution uniformity evaluation
provides useful information, however, estimation of the values regarding water,
energy, and cost savings should be conducted to encourage more farmers and
agricultural industries to perform the evaluation. This study focuses on assessing
the benefits and impacts of improved center pivot irrigation uniformity by con-
ducting center pivot uniformity evaluations pre- and post-retrofit. In addition,
the study evaluates an Unmanned Aerial Vehicle (UAV) to observe its capability

to assess irrigation system water distribution.

2. Materials and Methods

2.1. Demonstration Sites

Two center pivot irrigated fields were selected for demonstration. Field A has a
6-tower center pivot irrigation system, located in Three Rivers, MI, USA. The
center pivot irrigation system in Field A is equipped with a cornering arm and
an end gun. Field B has a 4-tower center pivot irrigation system with an end gun
and is located in Constantine, MI, USA. Both farmlands rotate corn and soy-

bean.

2.2. Catch Can Setup

Uniformity was conducted following the ANSI/ASAE $436.1 standard, which is
a Testing Procedure for Determining the Uniformity of Water Distribution of
Center Pivot and Lateral Move Irrigation Machines Equipped with Spray or
Sprinkler Nozzles. The procedure includes placing 946 ml (32 oz) catch can at 3
m (10 ft) distance apart in a straight line outward from the pivot elbow. Once
the catch cans were installed in the field, irrigation was started. The water level
in each of the cans was measured using a graduated cylinder and recorded. Fig-

ure 1 and Figure 2 show the catch can setup in Field A and Field B, respectively.

Figure 1. Catch can setup in demonstration field A (Three Rivers, MI, USA).
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Figure 2. Catch can setup in demonstration field B (Constantine, MI, USA).

2.3. Unmanned Aerial Vehicle (UAV) Flight

UAV or unmanned aerial systems (UAS), commonly referred to as drones, have
been used in many agricultural applications such as monitoring water manage-
ment, nutrient management, crop health, topography evaluation, etc. [19] [20]
[21] [22] [23]. Typical height of a center pivot pipeline is located at 3 m (10 ft)
and some sprinkler packages are mounted on the top of the pipeline which
makes hard to observe the condition of the sprinkler packages. Aerial photos
and videos provide valuable information, especially with the ability to capture
images at the top of the pipeline. Thus, a UAV was used to determine how much
information could be gathered about the uniformity of a center pivot irrigation
system. An Autel EVO II Pro V2 (Autel Robotics, Bothel, WA, USA) with stock
optical hardware (6 K video, 2.54 cm CMOS 20 MP sensor) was used to capture
all aerial imagery. The Autel remote controller was connected to either a smart-
phone (iPhone 13) or a small tablet (iPad Mini) and the Autel Explorer app
was used during flight. The UAV was flown over irrigation systems in opera-
tion to detect differences in water distribution patterns from individual
sprinkler heads. No software was needed to view aerial imagery aside from
standard photo or video players as orthomosaics were not created and only RGB
imagery (red-green-blue, ie., standard optics) was collected. The goal was to de-
termine whether qualitative information, quantitative information, or both
could be gathered about the systems.

The UAV was flown at various altitudes and angles relative to the center pivot
and the direction of flight. Altitudes included: 3.0 m (10 ft) above ground level
(AGL), roughly equal to the height of the sprinkler heads; 7.6 m (25 ft) AGL;
10.7 m (35 ft) AGL; and 15.2 m (50 ft) AGL. The angle of video capture in rela-
tion to the ground included: 0 degrees (when at sprinkler head height); 90 de-
grees (when flying directly over the pivot); and roughly 20 to 30 degrees (at 7.6
and 10.7 m AGL) when flying roughly 9 m (30 ft) to the side of the pivot. The
UAYV was also flown at various angles to the direction of travel from 90 degrees
(ZLe., directly facing the irrigation span traveling sideways) to roughly 45 degrees

in the direction of travel.
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2.4. Coefficient of Uniformity

Once the catch can data were collected, the Coefficient of Uniformity (CU), also
known as the Christiansen coefficient, was calculated. This is the most common
method to determine the system’s uniformity. This method accounts for the in-
creased area coverage of each sprinkler head as one moves away from the center.
It is defined as shown in Equation (1) [24].

Z,-":l()ﬁ -X

CU=|1- ) *100% (1)

nX
where,
X, is the water depth collected from the #th catch can (mm/h).
X s the average of water depth collected in all catch cans (mm/h).

nis the total number of catch cans.

2.5. Distribution Uniformity

Distribution Uniformity (DU), an indication of how uniform the spray of the
system is, compares the lowest one-quarter of depth in the catch cans to the
overall depth of the catch cans. It is defined as shown in Equation (2) [8].

— Dy,
DU =—="-%100 (2)
D
where,
D, is the average of the lowest one-quarter of measure depth.

Iq
D is the average of water depth collected in all catch cans.

2.6. Scheduling Coefficient

Scheduling Coefficient (SC) is a run time multiplier that shows the amount of
extra water that needs to be applied to get the dry areas of the field wet. It is de-
fined as shown in Equation (3) [24].

SC = L*loo% (3)
DU

where,

DU is distribution uniformity.

2.7. Uniformity Evaluation Criteria

The CU, DU, and SC were calculated using the collected data. In these calcula-
tions, data from the first 15 m from the center and the end gun areas were elim-
inated for the calculations. The acceptable ranges for CU, DU, and SC from oth-
er studies are shown in Table 1. In this study, the criteria to evaluate the satis-
faction of retrofit were using CU > 85%, DU > 80%, and SC < 1.3.

3. Results and Discussion
3.1. Catch Can Results

Figure 3 and Figure 4 show the catch can test results pre- and post-retrofit of
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Figure 3. Uniformity data of pre- (top) and post- (bottom) sprinkler package upgrade in Field A using the catch can method.
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Figure 4. Uniformity data of pre- (top) and post- (bottom) sprinkler package upgrade in Field B using the catch can method.

the sprinkler packages replacement. The catch can test was effective in deter-
mining the problematic locations of the center pivot and measuring the actual

water application to the soil. In Field A, the areas between 18 and 36 meters
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from the center were significantly higher than the average. Several areas at 57 -
66, 84 - 90, 183 - 189, and 213 meters from the center were lower than the aver-
age. At Field B, the areas at 69, 78, and 90 meters from the center were markedly
higher than the average and the areas at 150 - 156, 183 - 189, 198, 249 - 255 me-
ters, were considerably lower than the average. Under-irrigated areas could have
plant water stress, resulting in reduced crop yield and quality. Over-irrigated
areas can waste water and leach nutrients below the root zone [11].

CU, DU, and SC can be calculated using the data collected by the catch can
test. These coefficient values can be used as an evaluation of the improvements
after repairing or upgrading or retrofitting the irrigation system. At both dem-
onstration farms, the farmers and the project team have replaced the sprinkler
package which was the major contributor for poor uniformity (see Table 2). The
CU, DU, and SC of the pre-sprinkler package upgrade from Fields A and B did
not meet the criteria. Post sprinkler upgrades for both CU and DU were in-
creased by approximately 11% and 5%, respectively. The CU, DU, and SC met
the criteria after replacing sprinkler packages. These data show that upgrading
sprinkler packages when the uniformity is poor improved the CU, DU, and SC.
In addition to the sprinkler package upgrade, other potential issues, such as lea-
kage at the pipe joint and pressure differences within a system caused by the
elevation changes and pipeline friction losses should also be inspected and con-

sidered.

Table 1. Uniformity acceptance ranges.

Recommended Range

Analysis (%) References
>85 [25] [26] [27] [28]
Coefficient of Uniformity
>84 (29]
90 - 95 (30]
Distribution of Uniformity
>75 [31] [32]
Scheduling Coefficient <1.3 [29]

Table 2. Result of coefficient of uniformity, distribution uniformity, and scheduling coef-
ficient for Field A and Field B.

Field A Field B
Analysis Pre- Post- Pre- Post-
Sprinkler Sprinkler Sprinkler Sprinkler
Upgrade Upgrade Upgrade Upgrade
Coefficient of Uniformity 78 89 73 91
Distribution Uniformity 77 82 62 84
Scheduling Coefficient 1.3 1.2 1.6 1.2
DOI: 10.4236/jwarp.2023.153005 77 Journal of Water Resource and Protection
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3.2. UAV Results

A UAV was used to capture aerial pictures and videos of center pivot irrigation
systems with known problems, primarily with faulty sprinkler heads, to deter-
mine what kind of information could be obtained with the UAV and how best to
capture the imagery. It was apparent that video was helpful and necessary in
some cases, as photos were difficult to observe the obvious differences in water
distribution patterns among sprinkler heads. Figure 5 is a clear UAV photo that
shows three sprinklers with the middle having a very distinct throw pattern.
Therefore, while video is the preferred way for identifying problematic sprin-
klers, photos can also be used if it is clear and high-resolution.

The second lesson learned was that the height of the UAV relative to the irri-
gation equipment was important, particularly with a light-colored backdrop like
the cloudy sky seen in Figure 6(a). Being able to position the UAV at some
height above the pivot allowed for a greater contrast between the lighter water
spray and the darker crop canopy or trees as background (Figure 6(b)) making
it easier to detect differences in throw patterns. Positioning the UAV directly
above the pivot had some advantages, especially when using a gimbal angle of
roughly 45 degrees and a greater altitude to see a larger section of the irrigation
system to look for obvious water distribution pattern anomalies (Figure 7). The
altitude could then be decreased to further investigate any differences detected.

For most situations, it was found that flying approximately 9 m away from the
irrigation span, 10.7 m AGL and approximately 45 degrees in the direction of
travel resulted in an efficient method of examining an entire pivot for sprinkler

head anomalies (Figure 8). This method allows the pilot to effectively maneuver

Problematic
Sprinkler |

Normal =

Figure 5. A worn sprinkler head in the middle of this UAV image.
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Figure 6. (a) Positioning the UAV at the same height as the pivot span is not useful when
there is not sufficient contrast between the water throw and the backdrop. (b) With trees
as a backdrop allows to see the water spray patterns.

Figure 7. Positioning the UAV directly above the pivot at a higher altitude (Ze. 15 m
AGL) and capturing video at a gimbal angle of roughly 45 degrees is an efficient way to
detect obvious differences in sprinkler throw patterns.

the UAV, see water distribution differences, and safely fly while keeping the
UAYV away from the water spray. An exception to this protocol would be when
examining the end gun for coverage and any equipment failures. Care should be
taken to begin flying at a greater altitude over the end gun to enable the pilot to
see the full extent of coverage while keeping the UAV away from the water spray

before decreasing altitude for a closer inspection if necessary (Figure 9).
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Figure 8. Flying above the pivot and approximately 45 degrees in the direction of the
flight path is an efficient protocol for viewing sprinkler anomalies in most situations.

Figure 9. Begin flying the UAV well above the height of the pivot when capturing video
of the end gun to capture the full extent of coverage and to keep the UAV away from the
water spray.

3.3. Potential Water and Energy Cost Savings

Potential water and energy savings of the two demonstration sites were esti-
mated based on available data and assumptions, including annual average irriga-
tion application in corn and soybean production in Michigan and an average ir-
rigation power cost in Michigan. The scheduling coefficient for Field A was re-
duced from 1.3 to 1.2 after replacing the sprinkler packages. The scheduling
coefficient is a run time multiplier to ensure dry areas of the field are wet. The
annual average irrigation application in corn and soybean production in Michi-
gan is 15.24 cm. This means the annual irrigation application for corn and soy-
bean production was reduced from 19.81 cm to 18.29 cm. Therefore, 1.52 cm per
year of irrigation application can be conserved from the retrofit. This translates
into savings of 4.9 million liters per year, given the size of 32.4 hectares of field
A. The scheduling coefficient for Field B was reduced from 1.6 to 1.2 after the
retrofit. This equates to saving 19.7 million liters per year, given the size of 32.4

hectares of field B. Michigan has over 8000 center pivot irrigation systems, and
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one-third of them are more than 20 years old. Therefore, evaluation and retrofit
of the existing center pivot irrigation have the potential to significantly impact
and support sustainable water management in agriculture. Irrigation water sav-
ing directly relates to energy saving. An average irrigation power cost in Michi-
gan is $5.24/hectare/cm. The potential energy savings for Field A and Field B are
$258/year and $1023/year, respectively. This energy cost saving could potentially
motivate more farmers and agricultural professionals to conduct the irrigation

system evaluation and retrofit.

4. Conclusions

Performance evaluation of water distribution uniformity of the center pivot irri-
gation system was helpful in determining whether the system needs a repair or
replacement of parts. Retrofit on two demonstrated center pivot irrigation sys-
tems increased the coefficient of uniformity to above 85, which is recommended
threshold. Improved uniformity shows the potential water saving of 4.9 and 19.7
million liters/year for Field A and B, respectively. In addition, the potential
energy savings were $258/year and $1023/year for Field A and B, respectively.
Efforts to evaluate and retrofit the existing irrigation systems and outreach activ-
ities should be continued to support sustainable water management in agricul-
ture. The collaboration between University Extension agents, local USDA NRCS
staff, Soil and Water Conservation Districts, and irrigation dealers is critical to
accelerating the number of evaluations and their impacts. In addition, a study on
the effect of the newer sprinkler packages on distribution uniformity is needed
for the retrofit recommendation.

In this study, identifying problematic sprinklers of a center pivot irrigation
system can be achieved using a UAV. However, it was not possible to quantita-
tively estimate the volume of water distribution of a sprinkler head or compare
distribution among sprinklers using only RGB video. Therefore, UAVs should
only be relied upon to detect qualitative differences among sprinklers and other
equipment anomalies or failures. More evaluation and potential use of Artificial

Intelligence (AI) techniques may allow UAV to determine quantitative analysis.
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