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Abstract:  

In arid regions where water is scarce, effective management of irrigation water for ag-
ricultural practices is a major challenge. Integrating IoT technology with modern irrigation 

systems enables real-time monitoring and data-driven decision-making, significantly im-

proving irrigation efficiency. Therefore, the current study aims to improve water use in 

these environments by integrating cutting-edge Internet of Things (IoT) technology into 

modern subsurface irrigation systems. Considering the urgent need for sustainable date 

palm farming in arid regions, the study focuses on developing and validating an innova-

tive IoT-based system for remote monitoring and controlling solar-powered smart subsur-

face irrigation (SSI) systems. This SSI system operates under two distinct irrigation 

scheduling strategies: volumetric soil sensor-based irrigation scheduling (VSS-BIS) and 

evapotranspiration-based irrigation scheduling (ET-BIS). The SSI system performance 

was evaluated against the traditional bubbler irrigation (TBI) system. The SSI features an 

independent sensor network that collects real-time data based on soil moisture in VSS-BIS 
and based on climatic conditions in ET-BIS. This data is managed through the Thing-

Speak cloud platform, which supports algorithmic analysis, generates event-triggered 

alerts for users, and sends instructions to IoT devices based on the specific irrigation ap-

proach. The SSI system with VSS-BIS followed by ET-BIS proved to be significantly 

more efficient than TBI, reducing water consumption by 62.3% and 58.2%, respectively. 

The average annual water use of SSI with VSS-BIS, ET-BIS, and TBI was found to be 

28.91, 32.51, and 68.81 m3/palm tree, respectively. The water use efficiency (WUE) was 

highest with SSI using VSS-BIS (1.83 kg/m³), followed by ET-BIS (1.56 kg/m³), and 

much lower with TBI (0.62 kg/m³). This result was because the VSS-BIS method consist-

ently maintained the volumetric water content close to field capacity, improving root zone 

conditions. This study confirms the beneficial effect of IoT application for date palm irri-
gation management, especially in combination with the VSS-BIS, demonstrating its effec-

tiveness for irrigation water conservation in arid climates. 

 

1. Introduction 

In arid regions, where water resources are increas-

ingly strained, efficient irrigation water management for 

agricultural practices denotes a formidable challenge 

(Ahmed Mohammed et al., 2020). Drought poses a sig-

nificant challenge to agricultural productivity, with its 

severity escalating across many cultivated regions glob-

ally. Consequently, enhancing water efficiency stands 

as a fundamental goal in the pursuit of sustainable agri-

culture (Mohammed, Riad, et al., 2021).  

The date palm (Phoenix dactylifera L.) thrives in 

arid and semi-arid regions where water resources are 

scarce (Shadeed, 2013). Despite the challenges posed 

by water scarcity in these areas, inefficient irrigation 

practices persist in date palm orchards, leading to the 

depletion of precious groundwater sources (Baig et al., 

2020). The most of existing irrigation systems utilize a 

fixed schedule for water application, irrespective of the 

actual water needs of the plants, posing a considerable 

challenge for irrigation water management (Calera et al., 

2017). Effective irrigation scheduling plays a vital role 

in achieving optimal crop yields. However, with tradi-

tional surface irrigation methods, making frequent ad-

justments to irrigation depth and frequency is impracti-
cal due to implementation complexities. These varia-

tions in irrigation depth can be perplexing for producers, 

making it challenging to adjust the irrigation schedule 

accordingly (Pereira, 1998). Soil sensor-driven irriga-

tion scheduling represents an applicable solution tai-
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lored to field-specific parameters, suggesting a signifi-

cant contribution to making informed decisions regard-

ing irrigation water scheduling (Sagheer et al., 2021).  

Soil moisture measurement involves assessing the 

moisture level in the soil through either direct or indi-

rect means. Control entails interpreting these measure-

ments and implementing actions that offer the greatest 

benefit. One direct method involves utilizing a device 

known as a tensiometer, which gauges the amount of 

tension or negative pressure within the soil. Another 

method is the gravimetric technique, considered the 

gold standard, although it's impractical for regular soil 
moisture monitoring due to its slow nature. Conven-

tional time domain refractometry (TDR) measurements 

provide estimates of average soil moisture and the bulk 

electrical conductivity of the surrounding medium by 

analyzing the travel time of a reflected electromagnetic 

wave within a wave guide/TDR probe inserted into the 

soil (Graeff et al., 2010). 

Schmitz and Sourell (2000) attempted to assess the 

measurement uncertainty of various commercially 

available sensors including granular matrix, electro 

conductivity, and time-domain reflectometry sensors. 
Their findings revealed significant scattering over time, 

leading the researchers to advise against scheduling 

irrigations solely based on these instruments without 

considering the considerable uncertainty associated 

with their measurements. In contemporary soil moisture 

measurement methods, numerous types of sensors have 

been defined and classified by Jorapur et al. (2015). 

Capacitive, resistive, densiometric, hygrometric, and 

other indirect measurement techniques have been de-

veloped (Susha Lekshmi et al., 2014). Some of them 

have been miniaturized; e.g., polymer-based resistive 

method (Liu et al., 2008), micro-machined beam, mi-
cro-tensiometer (Jackson et al., 2008) and heat-pulse 

(Valente et al., 2004) methods. 

Moghaddam et al. (2010) proposed a method em-

ploying a smart wireless sensor to achieve optimal 

measurements of soil moisture profiles from the surface 

to deeper layers using in-situ sensors. This system inte-

grates feedback and control within a dynamic physics-

based hydrologic and sensor modeling framework. 

Their findings indicated that the synchronized operation 

of sensors guided by the control policy leads to signifi-

cant reductions in resource consumption.  

Due to the substantial advancements in artificial in-

elegance (AI), internet of things (IoT), and sensor tech-

nology for precision agriculture, their implementation 

brings about significant advantages for both plant 

growth and the saving of irrigation water (Mohammed 

et al., 2023; Nam et al., 2020). In a study by the authors 

(Abba et al., 2019), an IoT-based monitoring and con-

trol system for irrigation was introduced, with a focus 

on ensuring adequate water supply for specific domestic 

crops in India. The system employed a pumping mech-

anism to deliver the required water to the soil. However, 

it lacked the integration of a flow meter to accurately 
measure the volume of water applied. 

The objective of the current study is to develop and 

validate an innovative IoT-based system for remote 

monitoring and controlling solar-powered smart subsur-

face irrigation (SSI) systems for date palm irrigation in 

arid regions by comparing the performance of two dif-

ferent irrigation scheduling strategies, volumetric soil 

sensor-based irrigation scheduling (VSS-BIS) and 

evapotranspiration-based irrigation scheduling (ET-

BIS), against the traditional irrigation method. 

2. Materials and Methods 

3.1. Study Area 

The experimental study was conducted in an arid 

region at the experimental farm of the Date Palm Re-

search Center of Excellence (Latitude: 25.26121 ° N 

and Longitude: 49.70841 ° E), King Faisal University, 

Saudi Arabia for one year from 1 January to 31 Decem-

ber 2022. The irrigation water used during the experi-
ment had electrical conductivity, pH, and total dis-

solved solids values of 0.94 ± 0.16 dS m−1, 7.91 ± 0.87, 

and 781 ± 50.11 mg L−1, respectively. The bulk density, 

field capacity, pH, electrical conductivity, and hydraulic 

conductivity of the soil in the study area were 1.59 ± 

0.14 g cm−3, 16.87 ± 0.59 %, 7.8 ± 0.97, and 3.25 ± 

0.12 dS m−1, and 4.76 ± 0.15 cm h−1, respectively. 

3.1. Description of the Irrigation System 

A single solar-powered pumping system was em-

ployed for the irrigation setups, including a solar-

powered irrigation control unit, two water pumps a wa-
ter source, water solenoid valves, pressure regulator, 

valves, a pressure gauge, and water flow meters. In the 

evapotranspiration-based irrigation scheduling (ET-

BIS), the solar-powered irrigation control unit incorpo-

rated four digital programmable timers, electronic cir-

cuits, and power sources for the valves and timers. Fig-

ure 1 displays the main components of the developed 

irrigation system and the irrigation units distribution 

around the date palm tree. 
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Figure 1. The main components of the irrigation system 

and the irrigation units’ distribution around 

the palm tree. 

The irrigation network comprised mainlines meas-

uring 5 cm in diameter, sublines with a diameter of 2.5 

cm, and a distribution ring with a diameter of 1.25 cm, 
all fabricated from high-density polyethylene material. 

For water infiltration, disc filters were installed to 

cleanse the water before it entered the tank and before 

being pumped into the irrigation networks. Furthermore, 

manual water valves were employed to manage the flow 

of irrigation water, serving as backup control measures 

during system malfunctions and for maintenance tasks. 

Pressure regulators were employed to prevent water 

hammering, maintain optimal pressure levels, minimize 

water leakage, and stabilize pressure fluctuations within 

the connecting irrigation networks. These pressure 

regulators, crafted from high-quality copper, featured a 
connector size of DN25 (2.5 cm). The solenoid valves-

controlled water flow based on the irrigation schedule, 

operating at a voltage of 24 V, with a valve thread size 

of 2.5 cm, and a working water pressure range of 0.03 - 

1.72 MPa. Multiple pressure gauges were employed to 

monitor irrigation water pressure during operation, en-

suring that the required amount of water reached each 

palm tree at the specified time. The irrigation water 

pumps utilized were of the Self-priming JET pump type, 

featuring a mono-phase power supply, power rating of 

1100 W, 220-240 V, maximum flow rate of 2.100 m3/h, 
maximum working pressure of 6 bar, and constructed 

from stainless steel. 

In this system, 6 subsurface irrigation units were 

employed for each palm tree, as shown in Figure 1. 

These subsurface irrigation unit comprised two perfo-

rated pipes constructed from polyvinyl chloride (PVC) 

and encased with a filtering cloth to hinder the intrusion 

of fine soil particles into the unit, as illustrated in Figure 

2. These units were connected to the distribution ring, 

which was then linked to the subline. Each subsurface 

irrigation unit consisted of two perforated pipes filled 

with light volcanic gravel sandwiched between them. 

The outer pipe had 12.5 cm diameter and 35 cm length, 

featuring slotted surfaces measuring 0.2 cm in width, 

4.0 cm in length, and tilted at a 30° angle.  

 
Figure 2. Schematic diagram for the used subsurface 

irrigation unit. 

3.2. IoT System Architecture 

Figure 3 displays the hardware components and 

devices related to a smart irrigation system. The hard-

ware components include relays, contactors, and the 

ESP8266 Wi-Fi module, which facilitates the automa-

tion and connectivity of the system. Additionally, the 

figure features the Arduino Mega microcontroller, sen-

sors for environmental data collection, PV modules for 
solar power generation, batteries for energy storage, 

inverters for DC/AC conversion, charge controllers for 

managing power flow, as well as valves, pumps, and an 

irrigation network for water distribution. These compo-

nents were integrated for the operation and control of a 

modern, IoT-driven irrigation system to enable the effi-

cient and intelligent management of the irrigation pro-

cess in the volumetric soil sensor-based irrigation 

scheduling (VSS-BIS). 
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Figure 3. Hardware components and Devices in a 

Smart Irrigation System 

3.3. Experimental Layout 

In the current study, we developed and imple-

mented the solar-powered smart subsurface irrigation 

(SSI) system to maintain soil moisture content near 
field capacity while optimizing irrigation water usage. 

An experiment was performed to assess the impact of 

SSI on date palm yield and water productivity. Volu-

metric soil sensor-based irrigation scheduling (VSS-BIS) 

and evapotranspiration-based irrigation scheduling (ET-

BIS) were utilized as essential tools for irrigation 

scheduling decisions, customized based on plant char-

acteristics and field attributes. The study applied full-

grown date palm trees (Phoenix dactylifera L.) of the 

Khalas variety, aged 14 years. The VSS-BIS and ET-

BIS methods were compared with traditional surface 

irrigation (Control) in a randomized complete block 
design. The irrigation amount in VSS-BIS was con-

trolled based on soil volumetric water content using 

VH400 sensors (Vegetronix, Inc., Riverton, USA) and a 

cloud platform and IoT system, with hysteresis operated 

to minimize relay and conductor switching. In ET-BIS, 

irrigation was selected based on calculated crop evapo-

transpiration (ETc) and target soil area, with 60% of 

ETc applied following recommendations of (Ahmed 

Mohammed et al., 2020). 

The amount of irrigation water requirement (IWR) 

for each irrigation system was estimated based on the 

target deficit irrigation percentage, ETc of the study 

area, and the target irrigation area as the following 

equation: 

IWR =
ETc × A𝑖

1000 (1 − LR)
                                  1 

where IWR is the irrigation water requirement 

(m3/palm/day), Etc is the crop evapotranspiration 
(mm/day), Ai is the target irrigation area of each date 

palm tree, LR is the leaching requirement (LR = 0.2). 

The ETc was determined according to the following 

equation: 

ETc  =  Kc × ETo                                  2 

where Kc is the crop factor (the average Kc was 0.95) 

(Ahmed Mohammed et al., 2020; FAO, 2008), and ETo 

is the reference evapotranspiration (mm/day). The ETo 

was calculated using FAO software (CropWat 7) ac-

cording to Penman-Monteith equation (Clarke et al., 

2001). 

3.4. Statistical Analysis 

The statistical analysis employed analysis of vari-

ance (ANOVA) to analyze data using IBM SPSS ver-

sion 26 (SPSS Inc., Chicago, USA). The significant 

differences among the means at level of P < 0.05, was 

determined using Tukey Test. 

3. Results 

3.1. Data Description 

Figure 4 displays the volumetric soil water content 

within the controlled subsurface irrigation system utiliz-

ing the VSS-BIS method throughout the year 2020 at 

the experimental site. The volumetric soil water content 

was maintained within the specified range, bounded by 

the Min Setpoint of 15% and the Max Setpoint of 30%. 

Figure 5 shows the meteorological parameters measured 

from 1-January 2022 to 31 December 2023, using the 
cloud-based IoT platform developed in the current 

study. The Al-Ahsa region experiences extremely hot, 

dry summers and mild to cool winters. December ex-

hibited the lowest average temperature, followed by 

January and November. Summer temperatures began to 

rise from May onwards, peaking in June, July, and Au-

gust. The highest maximum temperatures occurred in 

June and July, while the lowest were recorded in De-

cember and January. The lowest average monthly rela-

tive humidity was observed in May and June, while the 

highest was in November, with intermediate levels in 

January and December. Solar radiation was highest in 
May and June, followed by July, with the lowest levels 

in November and December. Wind speed peaked in 

April and May and was lowest in January and Decem-

ber. 

 
Figure 4. The measured volumetric soil water content 

(VSWC) in the controlled subsurface irriga-

tion system using VSS-BIS method 

throughout the year 2022 at the experimental 

site using the cloud-based IoT platform. 
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Figure 5. The meteorological parameters measured 

from January 1, 2022, to December 31, 

2023, using the cloud-based IoT platform. 

3.2. Applied Irrigation Water  

Figure 6 displays the average crop evapotranspira-

tion (ETc) and applied irrigation water (AIW) at 60%, 

ETc from 1-January 2022 to 31-December 2023. ETc 

was lowest during the winter months (January, February, 

November, and December) but peaked during the sum-

mer months (April, May, June, July, August, and Sep-

tember). Similarly, the highest water application oc-

curred in summer, with reduced amounts during winter. 

Figure 7 shows the average AIW for the date palm 

trees under investigation, as well as the cumulative wa-

ter consumption over a year within the implemented 
controlled SSI system using the (VSS-BIS) method. 

The average annual cumulative water consumption was 

found to be 28.91 m3. In the VSS-BIS method, irriga-

tion intervals varied throughout the study period based 

on soil VSWC conditions. 

Figure 8 shows the average AIW for the date palm 

trees under investigation, as well as the cumulative wa-

ter consumption over a year within the implemented 

SSI system using the ET-BIS method. The average an-

nual cumulative water consumption was found to be 

32.51 m3. 

 
Figure 6. Average daily ETc and applied irrigation wa-

ter (AIW) from January 1, 2022, to December 

31, 2023. 

 
Figure 7. The average volume of applied irrigation wa-

ter (AIW) and the average cumulative volume 

of water applied (CAIW) throughout the year 

2022 at the experimental site, employing the 

designed controlled SSI system with the VSS-

BIS method. 

 
Figure 8. The average volume of applied irrigation wa-

ter (AIW) and the average cumulative vol-

ume of water applied (CAIW) throughout the 

year 2022 at the experimental site, employ-

ing the SSI system with the ET-BIS method. 

The SSI system employing VSS-BIS significantly 

(p < 0.05) succeeded in being notably more effective 
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than TBI, reducing water usage by 62.3%, while em-

ploying ET-BIS resulted in a reduction of 58.2%. On 

average, the annual water consumption per palm tree 

was determined to be 28.91 m3 with SSI using VSS-BIS, 

32.51 m3 with ET-BIS, and significantly higher at 68.81 

m3 with traditional bubbler irrigation. In general, the 

yearly cumulative application of irrigation water 

for date palm trees utilizing the designed CSIS 

with either S-BIS or T-BIS fell below the range 

documented by (Ahmed Mohammed et al., 2020; 

Alnaim et al., 2022; Mohammed et al., 2023; 

Mohammed, Riad, et al., 2021; Mohammed, Sallam, 

et al., 2021). 

3.3. Yield and Water productivity 

Table 1 shows the comparative impact of the VSS-

BIS and ET-BIS methods implemented within the de-

signed SSI against the traditional bubbler irrigation 
method on the studied date palm yield, applied irriga-

tion water, and water productivity. Significant differ-

ences (P < 0.05) were observed in terms of cumulative 

applied irrigation water, total marketable yield of date 

palm, and water productivity across the SSI with VSS-

BIS, ET-BIS, and traditional methods. The VSS-BIS 

and ET-BIS methods showed the highest marketable 

yield and water productivity, while the lowest values 

were observed with traditional surface irrigation. Nota-

bly, date palm trees irrigated using the SSI with the 

VSS-BIS method showed a substantial reduction in 
applied irrigation water compared to the ET-BIS and 

traditional surface irrigation methods. 

Table 3. The applied irrigation water (AIW, 

m3/palm/year), total yield of date palm 

trees (Yield, kg/palm), and water produc-

tivity (WP, kg/m3) within the experi-

mental season of 2022 under the VSS-BIS 

and ET-BIS methods of the controlled 

subsurface irrigation system CSSI system 

and traditional surface irrigation (Control). 

Parameters 

Irrigation methods 

CSSI 
(Control) 

VSS-BIS ET-BIS 

AIW  28.91 ± 1.04A 32.51 ± 0.98B 68.81 ± 0.36C 

Yield  52.87 ± 2.83A 49.94 ± 2.13B 42.45 ± 3.12C 

WP  1.83 ± 0.12A 1.56 ± 0.14B 0.62 ± 0.29C 

Figures with the same letter in each row are non-significant at P ˂ 

0.05.  

In this investigation, irrigation scheduling relied on 

volumetric water content sensors within the SSI em-
ploying VSS-BIS. This approach aimed to mitigate the 

risk of emitter flow rates surpassing the soil's capacity 

to evenly distribute irrigation water within the function-

al root zone. This contrasts with the utilization of con-

stant irrigation depth, which can be determined and 

estimated through computer programs or practical in-

sights gleaned from prior research endeavors (Ahmed 

Mohammed et al., 2020; Al-Muaini et al., 2019; 

Intrigliolo & Castel, 2010). The smart irrigation system 

demonstrated enhancements in both water productivity 

and date palm yield. While employing a constant irriga-

tion depth can streamline and simplify irrigation pro-

cesses, failing to apply the actual depth of irrigation 

water uptake often leads to either excessive or inade-

quate irrigation (Alikhani-Koupaei et al., 2018; Allen et 

al., 1998; Egea et al., 2012). Furthermore, traditional 

subsurface irrigation systems pose challenges in effec-

tively controlling irrigation water, as they rely on esti-

mating water requirements from historical evapotran-

spiration data rather than real-time weather conditions. 

This underscores the necessity of employing IoT tech-
nology to monitor crucial weather parameters like solar 

radiation intensity, temperature, relative humidity, and 

wind speed for accurate real-time evapotranspiration 

estimation. Consequently, our study ensured effective 

management of the subsurface irrigation system to pre-

vent issues such as water deficit, reduction in date palm 

yield and quality, or over-irrigation by implementing 

controlled SSI with ET-BIS. 

4. Conclusions 

The integration of modern automatic irrigation sen-

sors and devices is critical for enhancing traditional 
irrigation systems and promoting water conservation. 

These systems, enriched with contemporary water-

saving technologies, have undergone further advance-

ments aimed at enhancing water productivity. This re-

search proposes a solution to address and mitigate the 

drawbacks of water-saving subsurface irrigation meth-

ods through the application of IoT technology, which 

facilitates improved control over system operations. 

Moreover, the utilization of subsoil irrigation systems 

for water applications often lacks adequate monitoring, 

management, and evaluation of irrigation events. In the 

current study, irrigation scheduling relied on volumetric 
water content sensors within the CSIS with S-BIS to 

mitigate the risk of emitter flow rates exceeding the 

soil's capacity to distribute irrigation water in the root 

zone effectively. Further studies are needed to explore 

the effects of contemporary irrigation systems on vari-

ous fruit tree species and diverse soil compositions. 
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