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Abstract: The demand for efficient water use and automatic systems has been increasing due to the
frequent drought damage to crops as a result of climate change, the shortage of water resources in
rural areas, and the aging of farmers. The existing automatic irrigation systems reduce the amount of
labor required for irrigation and maintain soil moisture. However, the irrigation threshold criteria are
user-determined as opposed to being automated according to input objectives such as improving crop
productivity and saving water. In this study, an algorithm that could automatically determine suitable
soil moisture according to a database and an automatic irrigation system with intermittent irrigation
for efficient water use were developed. An experiment was then conducted on the productivity of
crops for protected cultivation according to the application of the system. As the frequency domain
reflectometry (FDR) sensor used in this system measured the volumetric water content of the soil,
the soil moisture tension corresponding with the set value was converted into the volumetric water
content using a regression equation. The process of intermittent irrigation was defined by using
the moisture movement modeling of Hydrus 2D to reduce water loss on the soil surface and allow
moisture to penetrate the soil unobstructed. An experimental field of a tomato farm was divided
into empirical manual and controlled automatic irrigation plots. A total of 97.3% of the soil moisture
values in the —33 kPa-controlled automatic irrigation plot and 96.6% of the soil moisture values in
the —25 kPa-controlled automatic irrigation plot were within each set range during the first cropping
season. During the second cropping season, a total of 94.8% of the soil moisture values in the
—33 kPa-controlled automatic irrigation plot was within the set range. Compared with the empirical
manual irrigation plot, the water productivity in the first cropping season was 113.9% in the —33 kPa-
controlled automatic irrigation plot and 106.3% in the —25 kPa-controlled automatic irrigation plot. In
the second cropping season, the water productivity was 117.3% in the —33 kPa-controlled automatic
irrigation plot. Therefore, an automatic irrigation system applied with intermittent irrigation could
be critical to increasing agricultural production and improving water-use efficiency.

Keywords: irrigation method; moisture movement modeling; soil conditions; threshold criteria
algorithm; tomato; upland crops

1. Introduction

Global warming has far-reaching effects on housing, agriculture, livestock, and in-
dustrial activities as well as changes to natural ecosystems and human health [1]. Global
warming increasingly impacts extreme weather events, including the drought through
Europe from 1988 to 1992, the extreme drought of 1995 in northern England, and the pro-
longed drought in 2019 in the Pantanal region of South America in one of the world’s largest
wetlands [2—4]. Due to extreme weather events, droughts have occurred on the Korean
Peninsula every year, either nationwide or regionally, since the 2000s. The Chungnam
region in Korea has consistently had less precipitation than average since 2015 and the
water level at Boryeong Dam dropped to an all-time low in June 2017, resulting in a water
resource shortage [5].
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According to the 2015 and 2020 Census of Agriculture, Forestry, and Fisheries in Korea,
the number of farm households decreased by 53,325 (4.9%) in five years, from 1,088,518 in
2015 to 1,035,193 in 2020. The farm household population decreased by 255,323 (9.9%), from
2,569,387 in 2015 to 2,314,064 in 2020. In addition, over the last 17 years, Korea has rapidly
shifted from an aging society with an aged population ratio of 7.3% in 2000 to an aged
society with an aged population ratio of 14.2% in 2017. It is predicted to be a super-aged
society by 2025. The proportion of the agricultural population aged 65 and over has also
increased, to 38.4% in 2015 and 42.5% in 2020. In addition to the natural decline of the
agricultural population, productivity has rapidly declined due to the rapid aging of the
agricultural population [6,7].

To address these issues, irrigation automation technology that combines sensors and
data with information and communications technology (ICT) has been actively researched.
Water productivity and fruit quality were improved by applying an automatic irrigation
system using subsurface drip irrigation (SSDI) method with date palms for optimal water
use due to a lack of water resources [8]. A “smart” irrigation system using internet of
things (IoT) technology provided acknowledgment messages about the status of jobs (e.g.,
the humidity level of soil, temperature of the surrounding environment, and status of the
motor regarding the main power supply or solar power) and also saved water and electric
power [9]. A low-cost intelligent smart irrigation system was developed for functions
such as irrigation scheduling, decision-making, and remote monitoring using IoT [10]. An
irrigation system with embedded controlled technology as a complete intelligent irrigation
system enhanced the agricultural produce, improved the soil health, used water efficiently,
and automated all aspects [11]. As such, automatic irrigation technology has developed in
combination with IoT and ICT, for example.

Intermittent irrigation is one of the irrigation techniques that can save water, increase
the crop yield, and reduce greenhouse gases (GHGs) by irrigating crops several times at
regular intervals [12-14]. The effects of an intermittent flow, a dual-lateral drip system, and
a physical barrier were evaluated on subsurface drip-irrigated tomatoes. The application
of an intermittent flow maintained the wetting pattern at high moisture levels for a longer
period of time and could be recommended to improve the quality of tomatoes [15]. A study
was conducted to determine the effect of intermittent irrigation to mitigate climate damage
whilst maintaining the crop yield. It was found that GHG emissions were alleviated without
reducing the grain yield [16,17].

In this study, an automatic irrigation system with intermittent irrigation was devel-
oped and empirical field experiments were conducted, as more farms have been applying
intermittent irrigation and adopting automatic irrigation systems to manage water short-
ages, prevent decreases in crop yields, and reduce GHG emissions. We developed an
algorithm that provided users with soil moisture criteria, according to the crops and site
conditions and it automatically controlled intermittent irrigation. An automatic irrigation
system with the algorithm was developed. In addition, field experiments were conducted
in protected cultivation to verify the water usage and crop productivity.

2. Materials and Methods
2.1. Algorithm

The existing automatic irrigation system used the algorithm shown in Figure 1 and
required the user to input the soil moisture values used to trigger irrigation “on” and
“off” [18]. It can be difficult for a user to determine the appropriate field capacity for
the crop type, growth stage, soil texture, and soil bulk density. For this reason, the user
may set the irrigation threshold criteria for the soil based on their own experience. The
existing automatic irrigation system reduced the amount of labor required for irrigation and
consistently managed the soil moisture. However, it would not be reliable if the irrigation
threshold criteria were determined by the experience of the user; it needed data in order
to improve the crop productivity and conserve water. Therefore, an algorithm, as shown
in Figure 2, was developed that automatically provided the field capacity suitable for the
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cultivation conditions. The developed algorithm automatically determined the minimum
and maximum values of suitable soil moisture, according to selected data such as the crop
name, planting date, soil texture, and bulk density based on the crop type and the soil
moisture for the growth stages stored in the database. The system could then determine
whether to start irrigation by comparing the soil moisture value measured in real time
with the starting value. At the start of irrigation, intermittent irrigation was performed by
operating the pump for a set number of times and periods. The system then determined
whether to stop irrigation by comparing the soil moisture value measured in real time with
the stop value.

Measurement of soil moisture (M)

M; = Soil moisture criteria
for irrigation start

Start of irrigation

Measurement of soil moisture (M;)

M, 2 Soil moisture criteria
for irrigation stop

End of irrigation

Figure 1. The existing algorithm for irrigation.
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Input : crop, soil texture,
soil bulk density, area,
and date of the built-in
clock

Selection of values from database
- Soil moisture by crop type

- Soil moisture by crop growth stage

- Soil moisture criteria for irrigation
start and stop by soil texture and
soil bulk density

Operation time of pumps

- Area of irrigation

- Capacity of water pump

- Number of maximum repetition (N.,)

Measurement of soil moisture (M)

M; < Soil moisture criteria
for irrigation start

Yes

Start of irrigation

Operating pump for set time

Stopping pump for set time

N, < Number of repetitions

Yes

Waiting for water movement

Measurement of soil moisture (M)

M, 2 Soil moisture criteria
for irrigation stop

End of irrigation

Figure 2. The algorithm for intermittent irrigation.

2.2. Automatic Irrigation System

An automatic irrigation system with the soil moisture information controlled the
irrigation according to the soil moisture changes and irrigation threshold criteria in the
field. It consisted of a sensor unit, a control unit, and a driving unit. The sensor unit
measured the soil information in real time using an FDR sensor. The control unit was
composed of a control panel that directed the device by calculating the set irrigation value
using the soil moisture information measured by the sensor unit and an application set
directly by remotely operating the control panel. Finally, the driving unit operated the
electronic pump and solenoid valve to supply water to the soil.
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The volumetric water content was the ratio of the volume of water to the unit volume
of soil. There are various sensors for measuring the volumetric water content [19]. In
this study, the volumetric water content was measured in real time using an FDR sensor
that transmitted an electrical signal to the soil and measured the response through a
frequency analysis using the difference in the permittivity of the soil and water. The
FDR sensor (WT1000B, Mirae Sensor Co., Ltd., Seoul, Korea) used in this study had the
ability to measure the volumetric water content, soil electrical conductivity (EC), and soil
temperature. Figure 3 shows the FDR sensor and Table 1 shows the specifications of the
FDR sensor.

»a

L

Figure 3. The photos of the FDR sensor.

Table 1. The specification of the FDR sensor.

Measuring Range Accuracy Operating Temperature
Moisture: 0-99.9% Moisture: £1%
Soil EC: 0-6.0 dS/m Soil EC: £0.1 dS/m 0°C-60 °C
Temperature: 0 °C-60 °C Temperature: £0.5 °C

Pressure pumps were used to supply water at an appropriate pressure and solenoid
valves were used to regulate the flow of water by a remote control. Figure 4 is a photo of
the pumps and valves that were set up in the field. Using the soil moisture information
measured by the FDR sensor, the control panel operated the pressure pump and solenoid
valve to irrigate the soil. In addition, users could directly remotely operate the control
panel through a mobile application on an Android OS. Figure 5 shows the control panel
location during the experiment.
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Figure 5. The picture of the control panel in the experiment.

2.3. Empirical Field Experiments

The empirical field experiments were conducted on a tomato farm in protected culti-
vation with an area of 3903 m?; 400 m? of the cultivation area was used as the experimental
field. We conducted the experiment during the first and second cropping seasons. The
soil texture of the experimental field was silty loam with 32.0% sand, 51.6% silt, and 16.4%
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clay [20]. The soil moisture tension of the Korean field capacity was —33 kPa and the
soil moisture tension of the 60% vicinity of the difference between the maximum water
capacity and the field capacity was —25 kPa. Therefore, the soil moisture criteria were
set at —33 kPa and —25 kPa [21]. As the FDR sensor measured the volumetric water
content of the soil, a regression equation was deduced from the data converted from the
soil moisture tension to the volumetric water content [22,23]. By using this regression
equation, a volumetric water content corresponding with the set value was obtained. The
set scales of the volumetric water content for the soil moisture control were set from 24%
to 34% in the —33 kPa-controlled automatic irrigation plot and from 26% to 34% in the
—25 kPa-controlled automatic irrigation plot. Figure 6 shows the graph and formula for
the conversion from the soil moisture tension to the volumetric water content.

40 T T T

y —&— Clay loam soil
\ —&— Sandy loam soil

—&— Sandy soil .

35

30 N 4

25

o —
>— 9 —— — o s

20
y=20.25 +17.18e¥2814  adj. R? = 0.99

Volumetric water content (%)

15|
-l y=12.21+13.94¢¥?°%  adj. R?=0.99

r .

T
e
ﬂ_‘—‘—\—\___‘i_\_‘—‘_-‘g
.
5 e — A A A =Y
y=4.58 +4.73¢"*37* adj. R? = 0.98

0 | | | 1 1

0 =20 -40 -60 -80 -100 -120

Soil moisture tension (kPa)
Figure 6. The formula to convert soil moisture tension to volumetric water content.

The empirical manual irrigation plot was manually irrigated according to the experi-
ence of a farmer. Furrow irrigation was used in the first cropping season and drip irrigation
was used in the second cropping season. The controlled automatic irrigation plots used
intermittent irrigation via the automatic irrigation system that referred to the moisture
movement modeling for each soil texture using Hydrus 2D software [12,24,25]. The condi-
tions of intermittent irrigation were that the irrigation depth was 1.7 mm, the irrigation
interval was 40 min, and irrigation was performed three times [12]. The experimental
field was automatically irrigated from 7 a.m. to 3 p.m. when the evapotranspiration of
plants was active [26]. A schematic diagram of the automatic irrigation system is shown in
Figure 7 and a photo of the experimental field where the automatic irrigation system was
installed is shown in Figure 8.
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Figure 7. The schematic diagram of the experimental field with the automatic irrigation system.
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Figure 8. The picture of the experimental field on a tomato farm in the first cropping season.

3. Results
3.1. Control of the Soil Moisture

The results of soil moisture control were that 97.3% of the soil moisture values mea-
sured in real time in the —33 kPa-controlled automatic irrigation plot and 96.6% of the soil
moisture values measured in real time in the —25 kPa-controlled automatic irrigation plot
fell within their set ranges during the first cropping season. Figure 9 shows the results of
the comparison between the controlled automatic irrigation plot and the empirical manual
irrigation plot during the first cropping season as a graph. The results of the soil moisture
control were that 94.8% of the soil moisture values measured in real time in the —33 kPa-
controlled automatic irrigation plot fell within their set ranges during the second cropping
season. Figure 10 shows the results of the comparison between the —33 kPa-controlled au-
tomatic irrigation plot and the empirical manual irrigation plot during the second cropping
season as a graph. The black graphs in Figures 9 and 10 show the experimental results of
the irrigation based on the experience of the user in the empirical manual irrigation plot.
The user could not quantitatively recognize the soil moisture content and the irrigation
amount was not constant, showing uneven soil moisture values. However, the blue and
green graphs are the soil moisture values of the controlled automatic irrigation plots. Most
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of the soil moisture values were distributed within the set range by automatic irrigation
using the automatic irrigation system.

50

—a— -33 kPa controlled automatic imrigation plot
—a— Empirical manual irrigation plot

a0}
[ Maximum water capacity (-10 kPa]

30

20 Hirrigation set (-33 kPa

Volumetric water content (%)

10 -
0 L L | I 1 L I | M
Jun 7 Jun 12 Jun 17 Jun 22 Jun 27 Jul 2 Jul 7
Date
(A)
50
—e— -25kPa controlled automatic imigation plot
—&— Empirical manual imigation
40 -

[ Maximum water cipac}ty (-10 kPa) R\T\' W
o ARKANA ARV oo
Irmigation set (-25 kPaj

20 -

10 -

Volumetric water content (%)

0 L L L P | M
Jun 7 Jun 12 Jun 17 Jun 22 Jun 27 Jul 2 Jul 7
Date

(B)

Figure 9. The results of soil moisture control in the experimental field during the first cropping season:
(A) —33 kPa-controlled automatic irrigation plot; (B) —25 kPa-controlled automatic irrigation plot.

o
o

—a— =33 kPa controlled automatic imrigation plot
—a— Empirical manual irrigation plot

40 |
[Maximum water capacity (-10 kPa]

20 Irrigation set (-33 kPaj

10+

Volumetric water content (%)

Il L 1 1 1

0 I | I i i
Nov 16 Nov 21 Nov 26 Dec 1 Decé Dec 11 Dec 16
Date

Figure 10. The results of soil moisture control in the —33 kPa-controlled automatic irrigation plot
during the second cropping season.
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3.2. Crop Yield, Irrigation Amount, and Water Productivity in the Experimental Field

Table 2 shows the results of the first cropping season. The production of toma-
toes in the —25 kPa-controlled automatic irrigation plot was the highest at 8178 kg/10a
(10a = 1000 m?), followed by 7147 kg/10a in the —33 kPa-controlled automatic irrigation
plot and 6577 kg/10a in the empirical manual irrigation plot [20]. The largest amount of
water was irrigated—323.6 m3/10a—in the —25 kPa-controlled automatic irrigation plot
and the smallest amount of water was irrigated—264.0 m*®/10a—in the —33 kPa-controlled
automatic irrigation plot. The ratio of the crop yield was 108.7% in the —33 kPa-controlled
automatic irrigation plot and 124.3% in the —25 kPa-controlled automatic irrigation plot
compared with the empirical manual irrigation plot. Furthermore, the ratio of the water
consumption in the —33 kPa-controlled automatic irrigation plot was lower at 95.5% and
the —25 kPa-controlled automatic irrigation plot was higher at 117.1%. Water productivity
determined the efficient use of water by the crop yield per cubic meter of water consump-
tion [27]. It was 23.8 kg/ m?3 for the empirical manual irrigation plot, 27.1 kg/ m?3 for the
—33 kPa-controlled automatic irrigation plot, and 25.3 kg/m? for the —25 kPa-controlled
automatic irrigation plot, among which the —33 kPa-controlled automatic irrigation plot
showed the highest results. The —25 kPa-controlled automatic irrigation plot produced
more crops than the —33 kPa-controlled automatic irrigation plot, but the water consump-
tion was also higher. Therefore, the —33 kPa-controlled automatic irrigation plot had the
most efficient use of water.

Table 2. Crop yield, irrigation amount, and water productivity by each plot in the first cropping

season.
Pl Crop Yield Irrigation Ratio of Empirical Manual Irrigation Plot (%)  Water Productivity
ot (kg/10a) Amount (m3/10a) Crop Yield Irrigation Amount (kg/m®)
Empirical manual 6577 276.4 100 100 23.8
irrigation
38 kPa automatic 7147 264.0 108.7 95.5 27.1
irrigation
—2>kPaautomatic 4, 323.6 124.3 117.1 25.3

irrigation

Table 3 shows the results of the second cropping season with minimal irrigation
on the —33 kPa-controlled automatic irrigation plot to increase the water productivity.
The tomato yield of 3879 kg/10a in the —33 kPa-controlled automatic irrigation plot was
higher than the tomato yield of 3826 kg/10a in the empirical manual irrigation plot [20].
The empirical manual irrigation plot was irrigated with 75.36 m>/10a of water and the
—33 kPa-controlled automatic irrigation plot was irrigated with 65.04 m3/10a of water,
so the empirical manual irrigation plot was irrigated with more water. The ratio of the
crop yield was 101.4% in the —33 kPa-controlled automatic irrigation plot compared with
the empirical manual irrigation plot. Furthermore, the ratio of water consumption in
the —33 kPa-controlled automatic irrigation plot was 86.3% compared with the empirical
manual irrigation plot. The water productivity was 50.8 kg/m? for the empirical manual
irrigation plot and 59.6 kg/m? for the —33 kPa-controlled automatic irrigation plot, among
which the —33 kPa-controlled automatic irrigation plot showed the higher result. Therefore,
the —33 kPa-controlled automatic irrigation plot had the more efficient use of water.
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Table 3. Crop yield, irrigation amount, and water productivity by each plot in the second cropping
season.

Plot

Crop Yield Irrigation Ratio of Empirical Manual Irrigation Plot (%)  Water Productivity

(kg/10a) Amount (m3/10a) Crop Yield Irrigation Amount (kg/m?3)

Empirical manual
irrigation

3826

75.36 100 100 50.8

—33 kPa automatic
irrigation

3879

65.04 101.4 86.3 59.6

References

4. Conclusions

In this study, an algorithm was developed to suggest the soil moisture criteria by
providing appropriate soil moisture values based on the conditions. By applying this
algorithm to the system, an automatic irrigation system capable of controlling the soil
moisture was developed and its field applicability was confirmed.

The existing automatic irrigation system irrigated a predetermined amount when the
soil moisture value fell below a set value. Therefore, it had the disadvantage that it could
not respond to many variables such as the crop type, growth stage, soil texture, and soil
bulk density. To compensate for these shortcomings, an algorithm for determining the soil
moisture criteria based on the crop type, growth stage, soil texture, and soil bulk density
was developed and applied to the automatic irrigation system. Intermittent irrigation with
reference to the soil moisture movement modeling was performed on an experimental field
using the automatic irrigation system. Moreover, the soil moisture control, crop yield, and
water consumption were verified.

As a result of the empirical field experiments, it was confirmed that it could be
effectively used in the field as the soil moisture control values fell within each set range and
it showed a higher crop yield and water productivity compared with the empirical manual
irrigation plot. In the future, we plan to conduct research on the application of automatic
irrigation systems in consideration of various influences such as evapotranspiration and
climatic conditions by weighing lysimeters and agroclimatic stations [28,29].
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