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Abstract: Irrigation is the artificial application of water to crops to supply moisture.
With rising drought indices and rapid population expansion, the need for irrigation
water for food production is growing. Nonetheless, irrigated agriculture is battling

several issues that have resulted in poor performance, inefficient water usage, and
low crop water production. Improving water use efficiency in irrigated agriculture

necessitates using technology that decreases water losses, matches available sup-
plies to demand, and tracks performance. Geographical Information Systems (GIS)
and Remote Sensing (RS) allow for effectively managing water and land resources
for irrigation. Current GIS and RS uses in irrigation systems are covered in this study,
covering land suitability for irrigation, crop water needs, irrigation scheduling, per-
formance evaluation, and other related applications. The future potential of GIS and
RS applications for sustainable irrigation water management are highlighted. This

paper offers relevant information for researchers, irrigators, and policymakers on

using GIS and RS in irrigation water management and how technological improve-
ments will change irrigation water management to enhance water usage efficiency.

Subjects: Computer Science; General; Water Engineering; Hydraulic Engineering
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1. Introduction

Climate change, particularly protracted drought, has resulted in poor agricultural production,
particularly in arid and semi-arid countries. As a result, the use of irrigation systems to adapt to
the impacts of climate change has increased. Irrigation contributes about 40 % of the world’s food
production from 25 % of the worlds’ land area (FAO, 2020). Irrigation ensures the continuous
production of food, especially in arid and semi-arid lands of the world. Nevertheless, irrigation is
a significant water user sector, as it accounts for 70 % of all freshwater withdraws, of which 60 %
is lost in evaporation, seepage and deep percolation (Ungureanu et al., 2020). Many countries are
experiencing water scarcity, making it difficult to practice irrigation. Increasing drought indices in
most parts of the world coupled with rapid population growth threatens the future availability of
food and water resources (FAO, 2018a).

Irrigated agriculture faces tremendous challenges ranging from poor management, deteriorating
infrastructure, lack of participation in decision-making, sedimentation of reservoirs (Iradukunda &
Bwambale, 2021) and poor irrigation scheduling (Kywe & Aye, 2019). This has led to the poor
performance of most surface irrigation schemes in Africa. On the other hand, pressurized irrigation
systems like drip and sprinkler systems are associated with pipe leakages, component failures, high
labour costs and variability of soil characteristics leading to spatial variation in irrigation (Belaud et al.,
2020). Therefore, sustainable management of irrigation systems using robust and holistic tools and
software is necessary to improve water use efficiency and productivity (Bwambale et al., 2019a).

Geographical Information Systems (GIS) have evolved to address various spatial and temporal
issues in irrigation and water resource management. GIS is capable of capturing, storing, manip-
ulating, managing, and analyzing geographically referenced datasets and producing output. As
a result, it is an essential tool in resource allocation, modelling, optimization, and decision-making
processes. Gebeyehu (2019) recognized GIS and RS as effective and powerful tools for detecting
land cover and land use change. In combination with other tools, GIS has been used to understand
plant health status, pest infestation, potential yield, soil conditions, crop identification, crop area
estimation and agricultural water management (Gebeyehu, 2019).

1.1. An overview of geographical information systems and remote sensing

GIS is a tool for data input, storage, retrieval, manipulation, analysis, and output of spatial data
(Huisman, 2009). GIS plays a vital role in spatial decision-making. GIS allows users to combine
multiple types of information depending on the data’s geographic and locational components. GIS
allows users to create maps, integrate data, visualize scenarios, solve complicated issues, present
persuasive ideas, and develop effective solutions(ESRI, 2022). GIS and its related technologies are
progressively being recognized as useful tools for natural resource inventory studies and manage-
ment (Campbell & Shin, 2011). Fundamentally, GIS is employed to provide perceptions into
quantitative inquiries and decision-making. Figure 1 represents five sets of geographic data hand-
ling capabilities performed by geographical information systems.

Furthermore, geographic information systems are utilized for the collecting, storage, and ana-
lysis of objects and phenomena when the geographical position is an essential property or vital to
the research. GIS is a better information system due to its spatial searching and overlay capabil-
ities. GIS is a sophisticated and effective planning tool for resource managers and decision-makers
in calculating and analyzing large datasets in a short amount of time. Because of these character-
istics, GIS has been used in a wide range of industries, including urban and rural planning, natural
resource management, military, business, and agriculture.
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Figure 1. GIS capabilities.
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Remote sensing is the art, science and technology of obtaining information about objects
especially using aircraft or satellites (NOAA, 2021). Remote sensors collected data by detecting
energy from the earth. The energy can be light or any other form of electromagnetic radiation,
force fields, or acoustic energy (Tempfli et al, 2009). A remote sensor can be a conventional
camera. Light reflected from an object passes through the lens and the light-sensitive film detects
it, and a latent image is recorded. A photograph is then developed and generated in the photo lab
for interpretation (Tempfli et al., 2009). RS defined as above, is applied in many fields, including
architecture (2021), archaeology (Villa, 2011), medicine (Suzuki et al., 2012), industrial quality
control (Barsi et al,, 2019), robotics (Guo & Wang, 2012), extra-terrestrial mapping (Nina et al,,
2021), etc.

In agriculture, RS and GIS have enabled the spatio-temporal visualization of field information,
allowing for monitoring crop and animal real-time conditions. GIS has been used in irrigation for
a variety of purposes, including agricultural watershed management (Rudra et al., 1993), hydrol-
ogy (Y. Chen et al, 2004), water productivity estimation (Tantawy, 2019), irrigation delivery
monitoring (Rowshon et al., 2018), groundwater assessment (Megahed, 2020; Bhunia et al,
2018), calculating water demand (Santos et al., 2008), spatiotemporal variations of water require-
ments (Kyagulanyi et al., 2016).

(Rudra et al., 1993), hydrology (Y. Chen et al., 2004), water productivity estimation (Tantawy,
2019), Related Research

One of the motivations for this systematic literature review is to develop a rich and comprehen-
sive understanding of the existing application domains of GIS and RS in irrigation systems.
Specifically, concerning the application of GIS and RS in irrigation, to the best of our knowledge,
there are very few Systematic Literature Reviews (SLR) available.

The most recent review papers in the realm of geospatial technologies in irrigation are by Maina
et al. (2014). The authors review the literature on web GIS-based support services for irrigation
management in the study. In our view, the study presents valuable information for researchers on
the different tools and future developments of web GIS in irrigation water management. Similarly,
Saroj et al. (2014) reviewed the use of geographical information systems in irrigation water
management. The authors suggested that future research should concentrate on building GIS
tools that deal with the unpredictability of spatial and temporal data. However, information
technology is fast evolving, and various irrigation tools have subsequently been created. A few
reviews on remote sensing, particularly remote sensing applications in agriculture, have been
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published. (Karthikeyan et al., 2020), application of remote sensing in precision agriculture
(Sishodia et al., 2020), and remote sensing for agricultural crops (Alvino & Marino, 2017). Besides
this study, very few reviews have been published regarding GIS and RS applications in irrigation
systems. In the study, we discuss the different application domains of GIS and RS in irrigation and
give future prospects of this field.

Our SLR is unique as it discusses the potential integration of other technologies to improve
irrigation water management. Emerging technologies like cloud technology, real-time data,
Internet of Things (IoT), 3D GIS, Mobile GIS and Unmanned Aerial Vehicles (UAVs), Big data and
Machine Learning that are improving the capabilities and horizons of GIS are discussed in relation
to agricultural water management.

2. Review methodology

The Systematic Literature Review (SLR) guidelines described by Xiao and Watson (2019) were
followed for this study. Keywords were chosen to obtain target results to address the study
questions. The following search phrase was used for seeking the most relevant literature to our
research:

(""GIS” OR " Geographical Information System” OR ** Remote Sensing” OR *"Geomatics”)
AND
(“Irrigation” OR “Agricultural water management”).

Web of Science, Science Direct, the Institute of Electrical and Electronics Engineers (IEEE), the
Directory of Open Access Journals (DOAJ), and Google Scholar were all used in the search.
Depending on the search parameters of a given database, the search was done using the title,
keywords, or abstract fields. Despite the fact that GIS and remote sensing have been employed
since the 1990s, we focused on published literature from 2010 to 2020. A total of 398 items of
published literature were acquired from the databases, with Google Scholar accounting for 36% of
the results, Web of Science accounting for 28%, Science Direct accounting for 19%, IEEE account-
ing for 13%, and DOAJ accounting for 4%. The number of articles collected from each of the
databases analyzed for this investigation is shown in Table 1.

Further analysis was performed on MS Excel following a procedure presented in Figure 2. The
removal of duplicates was carried using the Conditional formatting tool in Excel. The quality check
was conducted by reading the articles and judging the quality of work done. And using the search
command in excel the application domains were obtained.The number of articled finally consid-
ered for this review was 76.

Figure 3(a) presents the distribution of search results obtained from the databases. Figure 3(b)
presents the search results after duplicates have been removed in MS Excel. Figure 3(c) shows the

Table 1. Number of publications obtained from databases

Databases Searched Number of Publications
Web of Science 158
Science Direct 62
Institute of Electrical and Electronics Engineers 45
Directory of Open Access Journals 13
Google Scholar. 120
Total 398
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Figure 4. Flowchart for land
suitability for irrigation. adapted
from (AL-Taani et al., 2021).

published literature according to the application domain, while Figure 3(d) shows the studies
published between 2010-2020 in this field.

3. Review findings and discussions

3.1. GIS-based irrigation suitability analysis

Suitability analysis is a technique of selecting the optimal place to locate goods or regions to
conserve. The site to be selected relies on the site-specific characteristics. Various GIS applications
contain suitability tools/Modelers used for performing out suitability studies. A suitability Modeler is
an interactive, exploratory platform for generating and assessing a suitability model (ESRI, 2021).
The Modeler delivers analytical input at each level of the model generation process and enables for
smooth back and forth movement between stages. (ESRI, 2021).

In recent years, Geographical Information Systems have been applied to evaluate the suitability
of land for irrigated agriculture (Aldababseh et al., 2018; El Baroudy et al., 2020; Elnashar et al,,
2021; Seif-Ennasr et al., 2020). Not every land has suitability attributes for irrigation. Data on soils,
land use/land cover, climate, distance from water resources, slopes and crops are collected and
analyzed using GIS. The data is used to develop slope, land-use/landcover, climate, soil, and water
resource maps, which are then categorized into suitability classes based on different criteria
(Mandal et al., 2018). Figure 4 presents the process for land suitability evaluation for irrigation
using GIS.

Acquisition of Satellite ‘

Imagery
Digital Image Processing Data Collection
Digital Elevation Model Lajel stdbng Image Gilinate Jole
Geometric corrections Soil data
Mosaicing and subsetting Water source
Surface fnalysm Landuse/cover mapping — Soil map
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l «——  Temperature map
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Several researchers have used GIS in land suitability analysis; for example, AL-Taani, Al-husban,
et al. (2021) used GIS and RS techniques to assess land suitability for agricultural use in Jordan.
Rainfall, temperature, slope %, soil types, and water well distribution were all studied geographi-
cally by the authors. According to the authors, just 0.2 percent of Ma’an’s total land is appropriate
for rainfed agriculture, whereas 1.4 percent is suitable for irrigated crops. The authors ascribe the
low levels of agricultural land suitability to poor soil fertility and water shortages. Simillarily, Paul
et al. (2020) used geospatial multi-criteria decision analysis to assess agricultural land irrigation
with reclaimed water. The researchers discovered a substantial relationship between the geogra-
phical distribution of appropriate regions for recovered water reuse in agricultural areas.
A summary of search results for suitability analysis studies in irrigation is presented in Table 2.

3.2. Mapping in irrigation

In addition to evaluating land for irrigation, GIS can be used to accurately map irrigated areas
which are vital in achieving precision in irrigation. Data is acquired from satellites like MODIS,
LandSat and AVHRR to detect irrigated areas. Spectral patterns of the data are analyzed to classify
irrigated, and non-irrigated areas and also spatio-temporal variations of irrigation can be assessed.
This is achieved through the spectral reflectance concept that is compared with other land use and
land cover types (Karthikeyan et al., 2020). GIS has also been used in groundwater potential
mapping, soil salinity mapping, and irrigation infrastructure mapping, as seen in Table 3.2020

Several researchers have used this procedure to map irrigated agricultural systems. Gumma
et al. (2011) mapped irrigated areas in Ghana using MODIS data at 30 m and 250 resolution,
Ketchum et al. (2020) used Irrimapper, using machine learning approaches to determine the
trends and extent of irrigation coverage in the United States and noted a 15% increase of irrigated
agriculture over 33 years. Vogels et al. (2019) presented an object-based approach to map
irrigated agriculture in the Central Rift Valley in Ethiopia using SPOT6 imagery. The authors came
to the conclusion that SPOT6 imagery and GIS mapping are beneficial for assessing spatiotemporal
dynamics of irrigated (smallholder) agriculture in complicated terrain and provide a foundation for
agricultural land and water management. Mapping irrigated areas and rainfed areas under the
same cropping conditions was done by Jin et al. (2016) in China using Normalized Difference
Vegetation Index (NDVI) at a 30 X 30 m spatial resolution derived from the Chinese HJ-1A/B.

The process of measuring soil salinity entails locating hotspots in an irrigated area. The following
GIS tools are necessary for soil salinity mapping: Excel, ArcMap with the spatial analyst extension,
Arc Toolbox, and Arc Catalog. To generate continuous surface maps from discrete sample points,
the Spatial Analyst extension is necessary. Additionally, this expansion offers a wide range of
analytic and spatial modelling capabilities, such as converting features (points, lines, and polygons)
to rasters, carrying out zone and neighborhood studies, and modelling and analysing both raster

Table 2. Suitability analysis studies using GIS and RS

Study Description Author

Land Suitability Analysis Irrigation Chikabvumbwa et al. (2021),
Sultan (2013), Sebnie et al. (2020),
Abu-Hashim et al. (2021)

Cropping Seyedmohammadi et al. (2019),
Al-taani et al. (2021), Ziadat and
Sultan (2011) Thapliyal et al.

(2019)
Drainage Mohammed et al. (2021)
Aquifer storage and recharge Owusu et al. (2017)
Ground Water Quality for Irrigation | Zoning, water quality Jasmin and Mallikarjuna (2015), ;
Sankar et al. (2018) Narany et al.
(2016)
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Table 3. Mapping in irrigated agriculture

Study Datasets Author
Groundwater potential Land use land cover, geology, Abdalla (2012), Nigussie et al.
geomorphology, soil texture, (2019), and Patra et al. (2018).

Digital elevation model, slope,
drainage density, normalized
difference vegetation index (NDVI),
potential groundwater storage
(recharge), rainfall, and
groundwater table depth

Soil salinity mapping Remotely sensed Landsat OLI 8 Gorji et al. (2015), Asfaw et al.
image, NDVI mask to extract the (2018) Corwin and Scudiero (2019)
saline areas, Soil salinity and GPS and Djuraev et al. (2021).

data.

Irrigated Areas Landsat Enhanced Thematic Gumma et al. (2011), Bazzi et al.
Mapper (ETM+) data and time- (2019),Vogels et al. (2019),
series Moderate Resolution Basukala et al. (2017), Narziev
Imaging Spectroradiometer et al. (2021)

(MODIS), land use/land cover
(LULC)

and vector data. ArcPad and Geostatistical Analyst are further optional programs and extensions.
Using a hand-held device equipped with a GPS, ArcPad is an application used to specify and
georeference the boundaries of the surveyed area The Geostatistical Analyst extension can be
used to define a spatial model that will be integrated into the kriging interpolation. New trends in
mapping irrigated areas involve the use of advanced technologies, object-based image classifica-
tion and non-parametric machine learning algorithms, and artificial intelligence evolved in a GIS
environment (Basukala et al., 2017;; Ketchum et al., 2020).

3.3. Determination of crop water requirements

The amount of water a crop needs to grow in wide fields under unrestrictive soil conditions, such
as soil water and fertility, and to reach its maximum output potential in the given growing
environment is known as the crop’s water requirements (Pereira & Alves, 2013). Crop evapotran-
spiration is a product of reference evapotranspiration and the crop coefficient. Detailed informa-
tion on crop water requirements can be found in R. G. Allen et al. (1998).

In a GIS environment, crop water requirements are estimated spatially using an inbuilt FAO
Penman-Monteith Model that estimates the reference crop evapotranspiration. Monthly crop
coefficients values are associated with each crop class and a reference evapotranspiration map
derived from meteorological data (Casa et al., 2009). Several researchers have used this approach
to determine crop evapotranspiration (Elnashar et al., 2021; Fares et al., 2016; Ramirez-Cuesta
et al,, 2018; Tessema Roba et al., 2021; Garrido-Rubio et al., 2018). Reyes-Gonzdlez et al. (2018)
estimated crop water use using a satellite-based vegetation index in northern Mexico for four
growing seasons. The authors developed crop evapotranspiration maps which were used for
irrigation scheduling. Similarly, Ramirez-Cuesta et al. (2018) developed a novel ArcGIS toolbox
which has been useful in estimating the amount of water required by a crop by integrating a dual
crop coefficient method with multi-satellite imagery. The tool is appropriate for irrigation schedul-
ing and other applications that account for water balance in agroecosystems.

For mapping and tracking ETa (actual evapotranspiration) at the field size, remote sensing methods
using satellite and aircraft photography have become more popular in recent years. For example,
potential differences in spatial and temporal resolutions have proved helpful for calculating ETa
based on thermal infrared (TIR) data. Additionally, a number of sensors have been extensively used
for mapping ETa in irrigated agricultural areas, including Landsat-TM/OLI (60-120 m), Moderate-
resolution Imaging Spectrometer (MODIS) (1 km), ASTER (90 m), and GOES (4 km). The capabilities
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Figure 5. Remote sensing
determination of
evapotranspiration.
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were recently improved with the start of the ESA’s Sentinel-2 and Sentinel-3 missions. The lack of fine
spatial resolution in satellite TIR pictures is a key drawback despite extensive study on ETa estimates
with satellites. Furthermore, ground validation is still insufficient.

Geospatial models can provide spatial estimates of actual evapotranspiration (ET,) through the
integration of satellite and meteorological data. These models include Surface Energy Balance
Algorithm for Land, SEBAL (Bastiaanssen et al., 1998), SEB, Mapping Evapotranspiration with
Internalized Calibration, METRIC (Richard G. Allen et al., 2007), PySEBAL and FAQO’s ET-Look based
WaPOR product (FAO, 2018b). The ET, obtained from these algorithms is used in irrigation sche-
duling calculations. Although it is a reasonable assumption that ET4 is crop water requirement, this
may not be the case in water-stressed conditions because the soil water limits ETa. ET, informa-
tion provides an estimate of how much water a farmer should apply (Govind, 2021).Remote
sensing Based determination of evapotranspiration is presented in Figure 5.

3.4. Irrigation scheduling

Irrigation Scheduling is the process of deciding when and how much to irrigate. Optimal irrigation
scheduling is important to ensure that crop water requirements are met and also in saving water
(Bwambale et al., 2022). GIS has been applied in irrigation scheduling. Rowshon et al. (2003)2003
developed a program using GIS for the spatial and temporal distribution of irrigation supply for
Malaysia’s large-scale rice irrigation system. The system determined and delivered water periodically
based on spatial and temporal demand. Fortes et al. (2005) used a GIS-based irrigation scheduling
simulation model to support improved water use. The model implemented a 15-20-day time interval
between irrigations. In addition, the model was useful in handling time series of weather data. Table 4
presents a summary of published literature that has used GIS for irrigation scheduling applications.

3.5. Irrigation systems management

The right allocation of water resources to distribute irrigation water with variable irrigation
requirements is necessary to improve irrigation scheme management. Crop water requirements
may vary in space and time and using the spatial data management and utilization tools of GIS,
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Table 4. GIS-enabled irrigation scheduling
Study Irrigation System Author

Remote Scheduling System for Drip | Drip Irrigation Fue and Sanga (2015)
Irrigation System Using Geographic
Information System-GISAREG

Modified checkbook irrigation Flood Irrigation Li et al. (2011)
method based on GIS- WNMM
coupled model

Irrigation Scheduling Software for | Center Pivot Irrigation Ng Cheong and Teeluck (2018)
Sugarcane
Irrigation scheduling using the Surface Irrigation Singh et al. (2016)

intervention of Geomatics tools

the Spatio-temporal variation in water allocation can be harmonized (Rowshon et al., 2009)2009.
GIS provides an effective information system of the scheme that is interactive and representative
of the hierarchy of irrigation system operation. Rowshon et al. (2009) developed a Rice Irrigation
Management System (RIMIS) in a GIS environment. The developed system was able to provide
information on the uniformity of water distribution, with maps as output, irrigation managers were
able to make informed decisions in regard to the operation and management of the scheme.
Likewise, Garrido-Rubio et al. (2020)2020; Maina et al. (2014); Mohd et al. (2014); ; Valencia et al.
(2020)2020; and Yang et al. (2016) have applied GIS and RS techniques in designing irrigation
canals, visualization of water management and demand, groundwater assessment, and evaluating
irrigation approaches under various environmental conditions.

3.6. Decision support systems

GIS and RS have been used in the development of spatial decision support tools for irrigation
management. Geospatial systems provide a framework for combining database management
systems, analytical models, and graphics to facilitate decision-making from the field to basin
scale. Fortes et al. (2005) developed a graphical user interface for irrigation management with
the support of GIS customization using Visual Basic for Application (VBA). Table 5 presents
a summary of GIS-enabled decision support systems published in recent times for irrigation
management.

Table 5. GIS-based decision support systems for irrigation management

Study Decision Support System Author

Web geographic information Web GIS DSS Mohd et al. (2014)
system decision support system
for irrigation water management.

Application of Web Geospatial SWAMP Maina et al. (2014)
Decision Support System for

Tanjung Karang Rice Precision
Irrigation Water Management.

Water-Saving Irrigation WEBGIS Z. Chen et al. (2012)
Management and Decision Support
System Based on WEBGIS.

A GIS-based Decision Support Tool | ARS-Pivot (ARSP) Andrade et al. (2016)
for Center Pivot Irrigation Systems.

GIS-based decision tool for Peragon et al. (2018)
reducing salinization risks in olive
orchards

Juan.
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3.7. Irrigation performance assessments

The systematic observation, documenting, and interpretation of activities connected to irrigated
agriculture with the goal of continual improvement may be characterized as irrigation system
performance assessment (Bwambale et al., 2019b). Evaluation of irrigation scheme performance
is possible when water balance and information is combined with remotely sensed evapotran-
spiration. Recent developments in GIS and RS make it possible to assess irrigation performance
on a pixel-by-pixel basis (Taghvaeian et al., 2018). Performance Indicators like adequacy, equity,
dependability, sustainability ratio, drainage ratio and drainage uniformity were estimated by
Taghvaeian et al. (2018) using GIS. Nikam et al. (2020) used indicators of agricultural perfor-
mance, water delivery performance and physical performance using remotely sensed data and
GIS to evaluate the performance of a large scale irrigation project at a disaggregated level. The
authors reported that the project positively impacted agriculture and economic growth of the
region, despite excessive water logging in some parts of the command area and inadequacy at
the tail end. Zafar et al. (2021) demonstrated that using remote sensing-derived information to
complement classic canal flow data with spatially discrete field-level water use information is
essential to improve equity in canal water delivery in Punjab, Pakistan. Various organizations
have developed models for monitoring land and water productivity. They make use of satellite
data that is input and analyzed in a GIS environment to determine land and water productivity
using inbuilt algorithms (Bastiaanssen & Steduto, 2017). FAO’s WaPOR database helps monitor
agricultural water productivity using satellite data analyzed in a GIS environment (FAO, 2018aq,
2018b). Researchers (Blatchford et al., 2018, 2020; Sawadogo et al., 2020; Tantawy, 2019) have
already used this database to monitor agricultural water productivity. The authors report that
the GIS-enabled database is very accurate and important in estimating water productivity in
production areas where field data is unavailable. This makes GIS a very important tool in
estimating the productivity of land in both rainfed and irrigated agricultural systems.

4. Opportunities and challenges of GIS and RS technologies

GIS and remote sensing have shown to be excellent methods for monitoring irrigated areas in
various locations throughout the globe under various environmental circumstances. They offer
synoptic coverage of irrigated fields in numerous spectral areas and with temporal frequencies
suitable to estimate agricultural water usage at various crop development stages. Furthermore,
archival data that spans several years allows for picture comparison, demonstrating evolution.
Because satellite data is digital, it is extremely simple to incorporate into a GIS for synthesis or
comparison with other data sources. Remote sensing reduces the cost and time required to
acquire datasets compared to conventional statistical surveys, which may entail aerial photo-
graphy over huge regions. As a result, GIS and remote sensing technologies have become vital
in underdeveloped nations where financing for data collecting for irrigation research is limited.
Moreso, remote sensing offers meaningful geographical information on the specific locations of
irrigated areas rather than just totals inside arbitrary administrative subdivisions. This is vital for
optimizing water distribution, measuring irrigation performance, giving irrigation schedules,
enumerating environmental effect, objectively assessing irrigation water consumption and
understanding irrigation dynamics (Ozdogan et al., 2010). Finally, remote sensing may give
timing data, both in terms of the number of irrigation-related vegetation peaks and the amount
of time irrigation is used over the course of a year.

Difficulty distinguishing between irrigated and non-irrigated lands. In humid places, separating
irrigated fields from non-irrigated plots is challenging due to significant overlap in their spectral
signatures. For example, during some development phases, the fingerprints of flooded irrigated
fields may overlap with those of natural wetlands, reducing mapping accuracy. Researchers have
addressed these constraints by combining time information on crop planting, maturity, and
harvest with spectral data. Unfortunately, the gathering of remotely sensed data is limited by
the orbit and return interval of a specific satellite, thus observations are not always caught at
optimal periods. The availability of optical data is also a challenge in locations with regular cloud
cover, such as humid tropical and subtropical settings.
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The other difficulty faced with geospatial technology is real-time irrigation scheduling. Precision
irrigation management attempts to provide the plant with the optimal moisture conditions in both
time and space. These geospatial technologies, particularly satellite images, are unable to provide
real-time data collecting to aid with irrigation scheduling choices. This complicates matching crop
water demand with supply across wide regions in time and space.

Finally, detecting agricultural fields via remote sensing is problematic because irrigated land-
scapes are a subtype of croplands, which have historically proven difficult to map. Agrarian fields
(particularly irrigated fields) are very dynamic since each field is at a distinct stage of development
and hence may be mistaken with natural land cover classes. The categorical detail of land-cover
maps is often negatively proportional to their accuracy. Because agriculture is difficult to identify
and map in and of itself, recognizing irrigated regions as a subclass of farming becomes much
more challenging. Perhaps here is where temporal data profiles will come in handy for distinguish-
ing irrigation from rainfed crops.

GIS and RS technologies do not work in isolation; they must be integrated with other tools to
acquire, store, visualize, analyze, and output geographical data effectively. The combination of
geospatial technology with advances in agricultural Internet of Things, Artificial Intelligence, 3D
GIS, Mobile GIS, Big data, and Machine Learning makes collecting and processing spatiotemporal
agricultural data simpler.

5. Future prospects and emerging technologies for precision irrigation management

A GIS professional market and application survey of more than 200 respondents revealed that
major trends in technological advancements that will become their organizations point out cloud
technology, real-time data, Internet of Things(IoT), 3D GIS, Mobile GIS, Unmanned Aerial Vehicles
(UAVs) and Artificial Intelligence (USC, 2021; see, Figure 6). These advancements will not only be
limited to other sectors but also agriculture and irrigation, to be specific. These advancements will
improve irrigation management of the future in the following ways.

5.1. Cloud technology and GIS in irrigation systems

In precision irrigation technologies, cloud computing combined with geographical information
systems will be critical to ensure variable rate application. In the cloud, revolutionary algorithms
and software have the potential of thoroughly analyzing field conditions to estimate spatially
distributed crop water requirements (Debauche et al., 2018). The data can then be communicated
to an irrigation control to perform for actuation. The farmer then can view soil moisture status on
his smartphone or a web interface and with just a click, the farmer can control the system where
he/she is. This has the potential of saving irrigation water and eliminating high operational costs.

Complex computations from ET algorithms can easily be handled and data sent to a GIS-enabled
smartphone in the form of irrigation water to be applied. Forcén-Mufioz et al. (2022) described the
Irriman Platform, a system based on cloud computing techniques, which includes low-cost wireless
data loggers, capable of acquiring data from a wide range of agronomic sensors, and novel software
architecture for safely storing and processing such information, making crop monitoring and irrigation
management easier. The proposed platform helps agronomists optimize irrigation procedures through
a web-based tool that allows them to elaborate irrigation plans and evaluate their effectiveness over
crops. Similarly, Younes and Salman (2021) developed a cloud-based smart irrigation system lever-
aging satellite data. The system provides communication interfaces to trigger irrigation scheduling in
the field. The application enables building a decision-support system that allows an inexperienced
farmer to practice productive farming in a semi-automated manner. Other applications include,
among others, the determination of actual evapotranspiration (Laipelt et al., 2021), assessing irrigated
area expansion (Naboureh et al., 2021), and automated mapping of cropped areas (Xiong et al., 2017)
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Figure 6. Technological
advancements that will shape
future irrigation systems.
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5.2. Internet of things for irrigation management

The advent of the Internet of Things (IoT) has resulted in a paradigm shift in agricultural water
management. Traditionally, farmers use heuristic approaches to schedule irrigation which often-
times results into over or under irrigation (Kashyap et al., 2021). Closed-loop control strategies
ensure that the amount of water to be applied is determined by the current soil moisture status
and prevailing crop environment. IoT provides a platform for precision irrigation, wirelessly con-
necting several soil sensors and other different hardware on the farm. The coupling of
Geographical Information Systems with the Internet of Things is essential in the automation of
irrigation systems. The combination of Geographical Information systems and IoT will bring
a dynamic change in the irrigation industry and other sectors as well. IoT technology is one of
those techniques in which, by using the normal internet protocol, the desired technology may
wirelessly transmit the data gained by digitizing the data of the object or domain of the adapter
that it is adapting to the server. With a system architecture comprising of soil moisture sensors,
weather sensors and solenoids placed on sprinklers, Lora modulation and 4 G connection, real-
time irrigation requirements can be met (Rehman et al., 2022).

Recently, Abioye, Abidin, et al. (2021) implemented an IoT-based monitoring and data-driven
modelling of drip irrigation system for mustard leaf cultivation experiment. The authors used plant
sensors to monitor water stress and weather sensors to monitor the plant environment conditions
and the data was sent over a wireless sensor network. The system was able to schedule irrigation
in real-time. Other applications of IoT Integrated with GIS/RS include Real-time detection of
irrigation water pollution (Lin et al., 2020), estimation of leaching requirement (Bashir et al,
2020), irrigation scheduling for water management (Roy et al., 2021) and irrigation management
(Liu, 2021).

5.3. Augmented reality and virtual reality
Augmented reality is a field of research that combines the real environment and computer-

generated data to increase the human perception of a scene in real-time, enhancing visible details
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and displaying invisible or inexistent objects (Mirauda et al.,, 2017). This virtual-real merge is
achieved via the appropriate Graphical User Interfaces (GUIs) on the user’s hand-held portable
devices (smartphones, tablets, etc.). Future outdoor activities will be transformed by augmented
reality. It gives mobile field personnel a handy tool for visualizing their surroundings, providing
related information, and reducing the need to read maps and documentation while monitoring
and managing operations. This will assist in bridging the gap between GIS data on a PC that is not
helpful to field employees in real-time. An irrigator may use augmented reality to aim a phone
camera at the ground and observe the position and direction of water pipelines and power wires
buried under the earth. The AR software uses the GIS system and the irrigator’s position to visually
represent the infrastructure underneath. This assists in detecting leaks in subsurface drip irrigation
systems and subterranean conveyance pipelines.

5.4 3D GIS

3D GIS adds another dimension(z) to objects for greater details and visibility 3D GIS adds an
elevation component to objects that 2D maps are unable to provide. 3D technologies in GIS maps
gives explanatory illustrations to represent the scale of real-world objects (Jacob, 2019). The
models in three dimensions result in a great appearance, aiding surveying in different domains.
Integrating 3D technologies can help irrigation engineers envision, evaluate and analyze how
certain changes in irrigation layouts will look like, and how sustainable the changes are.
A typical 3D model would consist of irrigation infrastructure information, satellite imagery and
data to help irrigation designers decide on the most economical routes for irrigation conveyance
systems. In ArcGIS, it is possible to integrate 2D GIS and 3D GIS for greater visualization and
simulations of irrigation systems (Yang et al., 2016). With this integration, it is possible to assess
the impact of flooding on irrigated agriculture in 3D using GIS 3D spatial analysis tools.

By using 3D geographicinformation system (3D GIS) and remote sensing (RS) technologies, Cheng et al.
(2015) offered a simple, practical, and cost-effective technique. 3D terrain and ground feature models
were built interactively using multi-source data such as Google Earth (GE) high-resolution remote sensing
images, ASTER G-DEM, hydrological facility maps, etc. After that, both models were produced with texture
data and linked into the ArcGIS platform. A vibrant, realistic 3D virtual picture of an irrigation field was
created with a nice visual impact and basic GIS tools for data retrieval and analysis.

5.5 Mobile GIS

Mobile GIS makes it easier to conduct feasibility studies for irrigation development by allowing field
personnel to gather, save, update, edit, analyze, and display geospatial data and information. This
is made possible by integrating mobile devices, GIS software, GPS, and wireless connections that
provide internet-based GIS access. With mobile GIS, it is possible to make changes and updates in
real-time while collecting data, accelerating processing and increasing accuracy. Several mobile
GIS applications have been developed for numerous purposes, and because to significant devel-
opments in mobile technology, these applications now go well beyond basic mapping (Mostafa,
2019). Some of these applications were developed by private sector companies for commercial
purposes. Weather forecasting, acquiring market prices, and detecting plant diseases are a few
examples of mobile GIS applications purposefully designed for irrigated agricultural systems.

5.6 Unmanned aerial vehicles

An unmanned aerial vehicle (UAV) is an aircraft that carries no human pilot or passengers. UAVs,
sometimes called “drones” can be fully or partially autonomous but are more often controlled
remotely by a human pilot (RAND, 2020). Unmanned aerial vehicles (UAVs) are evolving toward
autonomy, choosing where to fly based on deep learning, a variety of navigational signals, and
sensor data. In order to create accurate 3D models and orthophotos of a region of interest, on-
demand detailed picture gathering with UAVs is a quick and affordable alternative (Giacomo &
David, 2018). UAV-based remote sensing and GIS mapping of processed data can be used for
irrigation scheduling, plant water status assessment and nutrient assessment applications. Recent
studies have applied UAVs in energy balance of an irrigated field (Ortega-Farias et al.,, 2021),

Page 14 of 22



Bwambale et al., Cogent Engineering (2022), 9: 2100573 ‘;K;' Cogent y=la g | nee ri N g

https://doi.org/10.1080/23311916.2022.2100573

surface moisture mapping (Zeyliger et al., 2022) and determination of actual evapotranspiration
(Mokhtari et al., 2021). Remote sensing using unmanned aerial vehicles can provide precise
information of irrigated crop areas through monitoring the phenological development of crops
through multi-temporal images.

5.7 Big data and machine learning

To deliver sustainable irrigation, irrigation managers need to employ cutting edge technologies like big
data, machine learning and blockchain. Data-driven- precision irrigation with these technologies is the
most promising approach to solve existing and future problems (Alfred et al., 2021; Bhat & Huang,
2021; Kashyap et al., 2021). Once vast data is obtained from an irrigated field, it can be used to drive
irrigation and other farming decisions. Data-driven agriculture has been proven to improve crop yield,
reduce cost, and ensure sustainability. The integration of GIS, RS with Big data and machine learning
encourages the automation of farm data collection, analysis and decision making. GIS-based data
management systems have been developed to help farmers with specific irrigation-related tasks like
weather prediction, mapping, irrigation scheduling, automated field management, Big data, and
Machine Learning tools and the increase in computational power has made it possible to develop
algorithms from data collected from the field either by UAVs, satellites and sensors to make decisions.

Data-driven machine learning models for irrigation have gained attention (Abioye, Abidin, Aman
et al,, 2021; Bwambale et al., 2022, 2023; Lozoya et al., 2014; McCarthy et al., 2014)) over physical/
mechanistic models to predict soil moisture content because data-driven models require less data
for calibration as compared to mechanistic model calibration. In addition, ML models process
spatial and temporal data easily in less time and show good predictive performance over physical
models. The ML model-based irrigation systems have a closed-loop controller that learns from
calibration, in which the system itself employs feedback from the comparison between pre-
processed data and measured real-time data (Abioye et al., 2023).

Big data and machine learning techniques have been applied in paddy rice to ensure the
optimum water level is maintained in the field. Climate data is obtained using satellites, drones
ae used in monitoring water stress while a wireless sensor network is used to build a smart
irrigation system for paddy. Significant increases in yields have been reported using this approach
of maintaining a certain amount of water in the paddy field using a data-driven approach.

6. Conclusion

This study examines the most current uses of Geographical Information Systems in irrigation.
Furthermore, developing technologies in irrigation management are highlighted. Geographical
Information Systems have been used in land suitability analysis mapping, crop water consump-
tion estimation, irrigation scheduling, productivity monitoring, and irrigation performance eva-
luations. Combining GIS with existing irrigation management systems is more powerful and
effective when dealing with significant amounts of geographical and temporal data. It is used
to organize, retrieve, and show geographical and geographic data for irrigation at the field or
basin size. Despite the fact that a few tools and systems have been developed to simulate
irrigation models, there is still a need for new tools to examine spatial irrigation water needs,
which might be produced by altering current GIS software. Technological and application
advancements in GIS will determine the future usage of these geospatial tools in irrigation
systems. Integration of cloud computing, Internet of Things Big Data and Machine Learning, 3D
GIS, Mobile GIS, Augmented and Virtual Reality, and Unmanned Aerial Vehicles with GIS and
Remote Sensing technologies will transform agriculture and continue to play an important role in
agriculture 5.0. In site-specific precision irrigation, smart irrigation systems like as drip and
sprinkler irrigation are widely employed. With water supplies becoming scarce, sophisticated
water management and irrigation techniques are required to conserve this valuable resource.
To address under- or over-irrigation issues, as well as soil leaching or drying, requirement-based
irrigation may be carried out utilizing a mix of geospatial technologies, information systems, and
decision support systems.
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