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Abstract

Over the decade, rapid climatic changes threaten agroecosystem stability and food security. The rapid transition from natural vegetation
to agricultural land results to alteration of surface energy balance. Numerous interactions occur within the agroecosystem among its
diverse components. Properly understanding these interactions helps mitigate environmental impact through modern climate-smart
technologies and sustainable crop water management based on unique needs. Smart water management paves the pathway, particularly
in water crises phase through the use of numerous contemporary artificial intelligences, machine learning tools, agrometeorological
models and Internet of Things based modern watering devices aid in the efficient use of resources both on and off farm to improve
agricultural output and quality. The study's objective is reviewing core technologies including advanced sensors, internet of things,
remote sensing and agrometeorological models. The highlights of this study to investigate SWM systems. A comparative analysis of
existing technologies identifies challenges such as high cost, data privacy concerns and policy gap. To address these gaps, this study
proposes an integrated approach that combines artificial intelligence, remote sensing and loT framework as most effective approach,
enabling real time monitoring, precise irrigation scheduling and adaptive response to climate variability. Advancing these technologies
with suitable, cost effective solutions, and policy interventions is crucial for ensuring climate resilient, increasing the efficiency of the
smart management system and sustainable agricultural water management.

Keywords: agrometeorological models; artificial intelligence; climate variability; internet of things; irrigation scheduling; remote sensing;
water productivity

Introduction Recent research findings emphasize the need for an
intelligent irrigation system in India to tackle water scarcity
and enhance water productivity. India’s traditional irrigation
systems, including wells, tanks and water channels, have led
to groundwater depletion and are inefficient, with only 30-40
% efficiency (3). Alternate wetting and drying (AWD), the
vibrant water-saving and eco-friendly option in India's rice, is
a successful micro irrigation (MI) method (4). The role of the
International Commission on Irrigation and Drainage (ICID)
launched in 1993 is inevitable in coordinating policies to
promote and recognize water-saving practices and upscaling
of technologies worldwide (5).

After thousands of years of human development in which
water has been a plentiful resource in most areas, amounting
virtually to a free good, the situation is now changing
abruptly to the point where, particularly in the more arid
regions of the world, water scarcity has become the single
greatest threat to food security, human health and natural
ecosystems. Growing talks on the water problem emphasize
that 1.2 billion people cannot access safe and inexpensive
home water. Water shortage is a major problem in many
areas, aggravated by overuse of water resources, climate
change and diminishing water quality change (1). Water
shortage has two separate aspects: availability and Micro-irrigation techniques like drip irrigation and AWD
application. Availability relates to the balance between have improved water productivity but remain insufficient for
quantitative demand and resources, whereas applicability ~large-scale resilience. Smart Water Management (SWM)
refers to the water's suitability for its intended use. This integrates Al, remote sensing (RS) and the internet of Things
distinction is critical when comparing rural vs urban water ~ (I0T), enabling real-time monitoring, predictive analytics and
consumption. Water is frequently lost in rural locations due to automated irrigation to optimize water use. The International
evaporation and pollution, whereas water is retained but Commission on Irrigation and Drainage now emphasizes data-

extensively contaminated in metropolitan areas. Scarcity has ~ driven irrigation  frameworks for  sustainable ~water
a more significant impact (2). conservation. loT-enabled precision irrigation, Al-driven
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forecasting and real-time soil moisture sensing are shaping the
future of climate-adaptive water management in agriculture.

Smart water management (SWM) is a transformative
approach to address the escalating water crisis driven by
climate change and rising demand. It has been advancing
since 2015, exploiting information and communication
technology (ICT) to tackle water sector challenges while
ensuring economic, social and environmental sustainability
(6). Predictive indicate that by 2050, water scarcity can
increase many times with agricultural water consumption
alone about 70 % of available water (7-9).

Based on the reports of irrigation water requirements, it
is the right time to explore SWM technologies for sustaining
food production globally. ICT-based sensors are important
tools for providing real-time monitoring of data such as
pressure, water, or water quality, moisture, etc. with the
capability to detect any abnormalities such as non-revenue
water losses and water contamination in the water distribution
system (10). The crop productivity influenced by the water as a
major resource throughout agricultural revolution is depicted
in (Fig. 1). The integration of innovative digital technologies
transform SWM driven advancement in urban water system,
enabling real-time monitoring, enhance operational efficiency,
facilitate predictive maintenance and enhance water security
and climate resilience.

Climate change, not easily persuadable for management
and also precisely predictable, has intensified many stresses
causing factors (frequent and intense droughts) that threaten
food security (11, 12). Global warming is expected to result in
increased sea levels due to the spreading of oceans and melting
of glaciers, affecting the flow of freshwater into the oceans
causing variations in stratification, nutrient availability, salinity
and turbidity, influencing tourism, agriculture and industry (13).
Climate change is already known for fluctuating the earth’s
temperature and precipitation; often increasing in the mean
seasonal temperature, resulting in reducing the crop duration
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and water , forcing towards enormous economic losses to
agroecosystems, ultimately influencing photosynthesis,
respiration and translocation declined global food production
(14,15).

Recent Conference of the Parties 26 and Conference of
the Parties 27 meetings have developed major policies and
focus on sustainable development (16). The Internet with
weather service is valuable in developing climate-resilient
agriculture services. Due to an increase in contradictory or
stress-causing factors the agroecosystem got disturbed which
affected crop production, including alteration of soil
physicochemical properties, product quality, increase in pest
attack, weed prosperity, intense fire incidents and intensive
crop production methods (17, 18). Freshwater ecosystems have
been disturbed in past years due to over-exploitation, which
makes the region's socio-economic condition insane, putting
an urgency to deal with water resources smartly (19). According
to the Second United Nations World Water Development
Report, there is a strong positive link between investments in
irrigation, poverty alleviation and food security. Irrigation
facilitates minimizing abrupt and unpredictable vyield
reductions that many of the world’s food production areas
would face due to recurring or sporadic droughts (20).
Agriculture 5.0 in the first half of the 21 century has developed
a revolutionized agriculture sector, which plays an essential
role in the utilization of digital tools for efficient and economical
management of resources (21). SWM apprehends the
automatic water management system that functions on Al
tools and forecasting models. The utilization of water resources
observed a shift in recent times has led to the development of
real-time monitoring.

Artificially withdrawing the water from the earth is
fuelled with emerging climate change challenges forces to
adopt SWM technologies to save water and environment.
Agroecosystem, being the most prone sector to climate change
leading to social and economic consequences for human
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Fig. 1. Evolution of smart water management globally.
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life (22), the need for development of improved technologies to
fit with the new climatic scenario by duly considering cultural,
social and institutional approaches (23). In a broader
perspective, various digital technologies, including sensors, loT
networks, cloud computing algorithms (e.g., machine learning)
and big data analytics have been employed to enhance the
agricultural landscape and irrigation system (24-26). By
embracing digital transformation, irrigation system improves
efficiency, becomes smarter and resilient, enabling innovative
cost-saving solutions for agricultural communities (27, 28).
Such innovative real-time tracking and dynamic monitoring of
water consumption and improve essential decision support
mechanisms.

The purpose of this review is to highlight the various
SWM technologies over a period of time. This brief attempt
to visualize the work carried out in SWM is to project the
achievements made under the following objectives.

1.Areview of core technologies in SWM, including advanced
sensors, loT, RS and agrometeorological models

2.A novel SWM architecture integration of various tools like
crop models, Al, loT, etc. for real-time irrigation scheduling
highlights its importance in efficient utilization of scarce
water resources for agroecosystems.

3.To analyze main reasons behind the need and
shortcomings of SWM technology

Materials and Methods

Using a multidisciplinary approach, a bibliometric study was
performed to examine smart water management studies.
Databases such as Google Scholar, the Consortium for e-
Resources in Agriculture (CeRA) and Scopus were used to find
the literature. More than 1200 documents were found in the first
search using terms like "smart water management," "climate
change," and "agriculture." The dataset was further refined to
200 papers using subject-specific selection, keyword exclusion
and sophisticated filtering. The collection was further narrowed
to 50 pertinent studies by additional searches, including
agrometeorological models, artificial intelligence,
agroecosystems, remote sensing, loT and climate resilience. For
information on managing water resources, conference papers
and IPCC reports were also examined.

To guarantee the applicability and methodological
soundness of chosen studies, eligibility and quality evaluation
were carried out utilizing predetermined inclusion and
exclusion criteria (Table 1). About 100 research publications
were chosen after a thorough screening procedure. Important
study features, conclusions and analytical patterns were taken
out for assessment. R Studio (version 4.4.0) was used for
bibliometric analysis, while Draw.io software (version 20.8.16)
was used for data visualization.

A descriptive examination of the gathered literature first
found 738 papers from PubMed and 1013 from Scopus. After
removing irrelevant, duplicate, or non-agriculture-related
studies, the final selection included 111 publications (Fig. 2).
Research on smart water management has significantly
increased over the last 15 years, with 64.55 % of the literature
written between 2019 and 2023, according to a temporal

review. Bibliometric mapping revealed China as the top
contributor to publication frequency, followed by the United
States and India, with variable densities reflecting strong
worldwide research linkages (Fig. 3). The selected research
investigated Al-based applications in agriculture, aquatic
ecosystems and water resource management, including
predictive analytics, smart metering, leak detection and
decision-support systems. The findings highlight the growing
importance of innovative water management systems for
improving resource efficiency and climate resilience.

Leading peers in SWM

On proper reviewing of literature, Kamienski C. leads with
more publication followed by Maia R.F., Soinen J.P as
indicated in Fig. 4. projecting the major share by India and
China concentrating on water saving technology.

Smart Water Management (SWM)

SWM is sustainable crop water management based on
specific needs and advanced climate-smart technologies
reduces water use while maintaining crop yield (29).
Integrating data sources and predicts soil moisture using
dynamic data processing tools like sensors and a cloud-
based platform that utilizes mobile apps to adjust irrigation
scheduling (30) and enabling precise water management as
illustrated in Fig. 5. Artificial intelligence has innovative
solutions that contribute to reducing labour demand and
proficiency in the preservation of natural resources (31).
Earlier reports revealed that irrigation methods from simple
traditional used shaduf or shadoof followed by hand
operating water lifting devices (in India, Egypt and some
other countries) (32), irrigation through constructed of lakes
(33), dams, water control systems for small scale/
community system (34).

Water resources are decreasing day by day due to
changing climates and the demand rate is increasing at a
critical rate. Hence innovative ways like MI to enhance
efficiency and conserve water were first setup in Israel
during the 1960s and have spread to many other parts of
the world, especially in the USA, which holds good even in
present condition (35). Innovative approaches to water
management along with artificial learning (AL), machine
learning (ML), deep learning (DL), IoT and sensors enhance
water-use efficiency. Climate resilient smart water
management requires an understanding of plants drought
resistance mechanisms that include detoxification and
carbon assimilation, which aid in increasing plant tolerance
against drought stress (36). A proactive approach needs to
be implemented by learning from past experiences for
better sustainable drought management practices

Innovative technologies

In recent years, role of different robotics and unmanned aerial
vehicles (UAV) in water management in agriculture, has been
sensitized in optimizing scarce resource allocation. Though ML
is the initial step in water conserving technologies, much more
advanced system has evolved in pace with the scientific
advancement based on human needs such as Remote sensing
(RS) and Al, loT and agrometeorological model as detailed
below.
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Table 1. Inclusion and exclusion criteria

Criteria Inclusion Exclusion
Time span 2018-2024 <2018
Document type Article Conference papelésai?grc?:lchapters, review,
Languages English Non-English
Source type Journal Trade journal
Publication stage Final Press

"smart water management," "climate change," "agriculture,”
Keywords “remote sensing”, “artificial intelligence,” “machine learning.” All other keywords
“Internet of things”

Open access All open access Restricted access
Screening
. The study includes titles and abstracts that contain preset
Title and abstract keywords.
Full text The papers that address the predetermined keywords are the

pertinent ones incorporated into this study.

*Few important articles from before 2018 also included

Scopus Database PubMed

(n=1013) (n=738)

l

Title identified for review

(n=1751)

A 4

[ 678 Duplicates removed ]

627 Number of reviewed

1073 Number of articles included
articles excluded

335 Number of

information related to irrigation application
|

I

111 Articles were used for further analysis.

reviewed articles

446 Number of articles excluded due to missing J e

Fig. 2. Flowchart of search, selection and screening of article.
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topic in past 20 years.
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Remote sensing (RS) and Artificial intelligence (Al)

With the advent of satellite in the 1960s, RS technologies
leverage Al revolutionizing to enable automated hydrological
data processing and intelligent monitoring (37). Integration of
RS and Al increase the ability to process a large amount of
data and identify patterns facilitating the Al algorithms to
analyze remote sensing data for crop health, soil moisture
and evapotranspiration losses assessment. Further it
facilitates groundwater surveillance via satellite radar,
optimizing irrigation scheduling through soil moisture
capacity and ET estimation. Al and deep ML technologies
facilitate efficient utilization of resources both on and off-
farm through various modern Al tools to improve agricultural
operations, by providing recommendations to farmers for
taking different farm operations (38) at right time thereby
saving approximately 30 % of water.

A Drone-based spatial soil moisture survey can be done
to analyze the variable water requirement of the same field
(39). A successful case of Groundwater modelling done using
the RS tool Earth Engine Evapotranspiration Flux (Efflux) over
the Andean basin with an objective to enhance its efficiency for
sustainable management and assessment of groundwater
resources (40) is a monumental example. In addition to this,
Moderate Resolution Imaging Spectroradiometer (MODIS)
based on spatial mapping of chlorophyll-a done in
Apalachicola Bay of Florida in Mexico to estimate the water
quality and oyster growth in varying river flow ecosystem is
another feather to the achievement (41).

Similar other advancements through effective
integration of these water management technologies are
listed below:

1.The Araguaia River flow assessment through Planet
CubeSats via the RS constellation by effective integration
of CubeSat images at CubeSat Virtual Station (CVS) for
accurately estimating river flow and height variation in
different time frame leading to monitoring the sub-basin
scale discharge for managing water efficiently particularly
in developing countries (42).

2.Monte Carlo simulation model and RS-linked eco-
hydrological model facilitates to economized assessment
of soil moisture by farmers, for the individual and
community level, which will enable the management of
water resources for efficient agricultural utilization (43).

3. Monitoring water quality of water resources in plain can
be very well stored in ponds and lakes. Water quality
management can be effectively done using Al-based Land
Satellite (LANDSAT) imagery models and in-situ (44).
Increasing algal blooms in freshwater, affected water
quality thereby the ecosystem. Al-based image processing
and sensor could be used to assess the algal mass in the
water resources and find ways to utilize Al-powered real-
time data collection effectively facilitate SWM techniques
(45, 46).

4.Al enabled water management/hydrological models to
improve water conservation efforts by strategic water
allocation and cropping system optimization in hilly
regions such as Uttarakhand and Tamil Nadu facing water
availability fluctuation (47).

5.A remarkable transformation of African agriculture by
utilizing software’s like Farmer Edge in South Africa and
Zenvus in Nigeria which brings more transparency
empowering the farmers to use Al tech tools for
sustainable agriculture by suitably in cooperating the
innovative and efficient water saving method along with
other crop production technologies (48).

Latest version software 5.0 the HYDRUS model
evaluates irrigation strategies through refine study on soil
water analysis for efficient planning (49). In contrast, sensor-
based temperature vegetation dryness index (TVDI) and
normalized difference water index (NDWI) offer satellite
based monitoring and risk occurrence prediction (50).

The role of RS in SWM is pictorially depicted in Fig. 6
while the latest innovations and their principle and benefits
are listed in (Table 2) for comprehensive understanding.

Internet of Things (loT)

loT is being widely applied in all scientific fields for efficient
data coordination. The utility of loT in the SWM is remarkable
and the various developments witnessed are discussed here
underneath. Spatial application analyses irrigated areas' size
and distribution for mapping water availability and
increasing cropland areas (60). Highly efficient ZR16S08
microcontrollers were identified to identify water leakage
promptly, monitor water quality, supply and leakage and
provide an efficient solution (61). Subsequently development
of Smart and Green lot-based framework software optimizes
irrigation water-saving up to 56.4 to 90 % (62). Being loT
facilitating the connection of internet virtual infrastructure
and communication technologies that collect data and
transfer it for further processing (63), a loT mobile application
-based irrigation system analyses inputs (soil moisture level
and chances of rain depending on water requirements) to
control the motor water output remotely for saving water in
highly efficient manner in comparison to manual flooding
(64).

Combining the RS technology tools of digital soil
mapping aids in decision-making for achieving sustainable
goals. In the evolution of the loT model with high spatial
resolution and enhanced mapping, Revised Universal Soil
Loss Equation (RUSEL) is fabricated for estimating rainfall-
runoff erosivity, soil erodibility, land cover and
management (65). Diffusion Convolutional Neural Network,
a precision agriculture based accurate water requirement
estimation model coordinating the different crop stages;
along with moisture, various climatic parameters like
temperature, humidity (66) is another milestone in the loT
integrated water management by enhancing water use
efficiency, energy and management cost reduction,
decrease in human interference and crop productivity
enhancement.

Considering the utility of smart infrastructure, which
are predominantly self-monitored, self-communicating and
self-administering loT based technologies, an integrated loT
paradigm for water supply system paves way for enhanced
water management, decrease in energy usage, enhanced
water utilization with minimized human intervention, thereby
for the increased productivity offering high economic returns
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Table 2. Remote sensors with its principles and benefits

Sensor Principle Benefit Reference
Cosmic ray neutron sensor Volumetric soil moisture estimates by in-situ . Ngt expensive .
(CRNS) sensors or taking samples soil texture influence on moisture (51)
availability can be analyzed
The relation between surface temperature and Simple technology (52)
. . NDVI index value depicts the TDVI (Temperature S 52
Surface radiometric sensors vegetative dryness index) value, which is directly Avoid soil dlsturbance. .
related to water stress. RS based on large-scale monitoring
. . . Remotely monitoring and irrigation
WSN (Wireless Sensor Network) Fusion of Zigbee Networkand GPR S management (53)
Highly sensitive Screen-printed An interdigitated electrode (IED) measures soil Soil moisture and relative humidity (54)
flexible soil moisture sensor moisture monitoring management
R system readings based on sensors and send them Real-time visualization and management of
Automated irrigation prototype to the Adafruit platform 10 water (55)
Extract plant leaves and using the Leaf Regions
PSDNet with CNN Features (Leaf-RCNN) module to predict Improve accuracy (56)
water requirement Automated water system
Ultrasonic sensor-based water monitoring device Significantly measure water depth in
Ardu Hydro (AH) and signals through Arduino microcontroller irrigating fields by spatiotemporal (57)
REES52 Sensor Measure real-time soil moisture data Automated and precise water management (58)
Hydromast Sensor-based water flow monitoring device near Key for water resource management (59)

the bed, current and water level

decision-making

to farmers in addition to environmental sustainability.

based SWM are depicted

in the Table 3 for easy

Innovation of Smart loT lysimetric system, paved way for the
development of a portable smart weighing lysimeter at CPCT,
IARI, New Delhi for real-time measurement of Crop Coefficient
(K) and water requirement of greenhouse chrysanthemum
crop and bulk data storage (67). Smart loT lysimetric system, a
Wi-Fi communication interface to cloud computing services
models comprising platform as a service (PaaS) and software
as a service (SaaS) developed using a mechanical weighing
lysimeter; sensors and actuators commanded by a digital
controller based on a microcontroller platform. The smart
weighing 10T is very successful for an integrated automation
and control system to monitor reference evapotranspiration
(ETo) (68) directly. Recently, the above lysimeter has been
modified to be cost-effective in monitoring crop
evapotranspiration (ET) in Central India (69). In general, those
working in environmental sustainability and water technology
are very concerned about developing greenhouse
technologies with effective utilization of available resources
and inputs with the least adverse effect. The progress in the loT

comprehension.
Agrometeorological models

The Agri Met system seeded in 1983, for automation weather
stations to collect data for ET and resulting in water and energy
saving by 15-50 % (84), predicting drought and variation in
hydro-climatic conditions on different terrestrial ecosystems
and their biome (85), focusing on weather forecasting at its
budding initial stages and further improved by in cooperating
more complex data to facilitate for agriculture decision making
system (86). Efficacious noteworthy model, IABM (lrrigation
Agent-Based Model) implemented in Colombia by segregating
the villages based on the GIS model and Agro-met data (87), is
considered a flagship achievement.

At the global Scenario, African countries are considered
to have high vulnerability because of their large dependence on
rainfed agriculture (88), indicating the necessity for utilizing a
suitable agrometeorological model. Only a few farmers were
found to adapt new practices to overcome climate change in the
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Table 3. Different loT tools for enhancing water system

loT technology Principle /method Advantage Reference
Open field condition
ANN: Forecasts greenhouse internal
Integrates ANN and FAM for automated temperature
Agro-industrial 10T (Al loT) technology anti-frost irrigation controlviaa  Fuzzy Control: Predicts crop land temperature (70)
climatological station Water Pump Activation: Regulates five output
levels based on predictions
Lora WAN ( Long Range Wireless Area Continuous monitoring of moisture in . :
Network ) 10T system the environment, plant and soil Effective and economical method (71)
A fuzzy logic controller and LoRa
Fuzzv-loT enable real-time, long-range data Economized irrigation and energy (72)
y monitoring for adaptive system requirement
control.
. Using microchips and sensors for crop -
Zigbee Technology growth and moisture analysis Avoid water wastage (73)
Remotely (wireless connection) . . .
. . . : . Facilitates screening the plants for ecological
LysipheN prototype integrating sensors with plants and soil - - (74)
via a data platform adaptation and WUE evaluation
loT sensors are integrated for
SMAloT-ferti monitoring soil, air, water and fertilizer Resource use optimization (75)
levels.
loT-based humidity and soil sensors
collect real-time soil data. The Accuracy: 98.5 %
Internet of things sensors and support collected data is stored in a centralized  Functions: Classification, water demand
vector machine integrated intelligent cloud for further processing. prediction (76)
irrigation system The Correlation-based Feature Impact: Optimizes irrigation, conserves
Selection (CFS) algorithm is used to freshwater
identify relevant features.
Greenhouse condition
: . Remote control of environmental L .
IT Dovetailed cloud computing resource : Controlling indoor environmental parameters
needs anytime, anywhere through the (77)
management web page and water supply
Sophisticated multidisciplinary Promotes eco-friendly urban development
GEWA G framework Optimizes space and resource utilization
auton;Eﬁéﬁ?g(refr?r?oeuns?ergs\{vear;e)r- Optimize water and solar energy Enhances urban aesthetics and air quality (78)
utilization Reduces cooling and heating demands
Integrated resource management  Adaptable for various urban environments
Online management of greenhouse
environmental parameters utilizing Remotely managing moisture and
Smartphone-controlled greenhouse various sensors, GPS and robotic temperature requirements (79)
technology
Tracks temperature, humidity, sunlight
and soil moisture via sensors . itori ¢ data by q
. ) . ) asy monitoring of data by farmers an
Adptivefeurs Newro Fuzy lfeence, ) Accessiblethrough cllphone based 0 orof moistre and tamperature (50
. . for sustainable crop production
Linked with a fuzzy control system for
intelligent decision-making
- o Combining the real-time sensor data
:RE:lrl?e;r?cfeT(rRIr;gtf‘a(slgg)s%]:rﬁrtrlgecéar:ouse with the Multivariate Decision-Making ~ Quick Accessibility effective greenhouse (81)
systen% g Algorithm (MDMA) along with fuzzy environment management
logic
- - : Real-time processing of data and L -
tDég}tgé'chwn-drlven smart greenhouse machine learning for optimized Prease(r:leter:]eh’grdwseel)(/)p::;c;irg;z;nce of (82)
8y decisions for enhanced productivity g P
Sensors collect indoor and outdoor ~ CNNs predict inner humidity, temperature
loT platform-assisted greenhouse weather data and transmititto a and outdoor conditions with high accuracy (83)

environment management

central sink node for processing and

Regression analysis corrects faulty sensor
analys

data for reliable monitoring
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Indian Himalayan region, emphasizing the need for cooperative
projects between local government organizations and research
projects to enhance farmers' knowledge of climate and
agroecosystem (89). As per the Agrometeorological model, the
sugarcane ratooning in the Semi-Arid Ago ecosystem in North
India, suffering due to borer infestation could be managed with
improved irrigation and potassium fertilizer supplementation
(90). Multivarious models developed in recent time based on
crop data are tabulated in Table 4. Understanding the various
developments by integration of agroclimatic factors for SWM
efficiently are portraited in the Fig. 7.

Comparative analysis of innovative technologies for SWM

Table 4. List of models enhancing water resource management

10

Agriculture can be made more sustainable by making better
use of data in decision making. Indeed, SWM is advancing
through seamless fusion of Al, RS, loT and different models
enhancing water conservation, operational efficiency and
precision irrigation (98). A comparative assessment reveals
these technologies' distinct yet interconnected contributions
(Table 5). Precision agriculture undergoing transformation
collectively by innovative technology system. Broad scale
observation into vegetation, soil moisture and climatic
conditions providing large scale indirect monitoring and cost
effective. Its effectiveness relies on satellite imagery
constrained by cloud cover interference, resolution
limitations and the need for expert interpretation. Al

Models Principle Advantages References
Soil compaction serves as an indicator Ensures efficient water allocation while minimizing
Soil Flex model of moisture stress, aiding in precision . Wgstage . - (91)
water management Prevents soil degradation, preserving fertility and
sustainability
'\H"iag%pg;% Svapotranspirationat - satellite-Sentinel-based estimation of Enhance water resource usage. (02)
Calibration (METRIC) model NDVI-based ET Protects water quality and the environment
Water requirement prediction using IT Optimizes water supply and bamboo crop
Aqua Bamboo sensors and analytic models productivity (93)
Solar ET Model Mea?jl;rtlgilﬂig:g;gfgenr:gig;ldeaignsor Accurate and efficient system of irrigation scheduling (94)
OAA-Enhanced MobileNetV2-TC Deep-learning models combining Identifying different wastewaters by processing
(95)
model various sensor data images
Integrated multi-sensor indicators EL-based algorithms (UAV and ground
and ensemble learning (EL) model multi-sensors) for soil moisture Accurate moisture concentration estimation (96)
algorithms estimation
LSTM (L h Uses a combination of soil, weather and - fsoi . . A
ong Short-Term Memory) satellite-based plant vegetation data for Prediction of soil moisture reduction and irrigation (97)
Model scheduling irrigation scheduling
¢ Meterologica
Data
X &
A—Y Soil moisture
i .
1illl Environment
= = =4
=2011= H__data
- -
- - Geospatial
— =—
data
min
T Water Prediction
Model
Crop data

Fig. 7. Diagrammatical representation of the agrometeorological model.
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Table 5. Comparative analysis of different SWM technologies
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Technology Data Source Spatial Coverage

Temporal
resolution

Accuracy WUE Cost Applicability

RS & Al based system  Weather, soil, crop Field and regional

Moderateto Moderate to

Predictive analytics
Upto 50 % Moderate - High for WUE Large scale

(99, 100) data Satelite to global High High assessment
- Real-time

loT . . . oo
oT based system Sensors Localized sensor Continuous High 40 % Variable monitoring &

(101, 102) specific automation

. Meteorological : Irrigation
Agrometeorological h : Regional to Moderate to - Low to 2
models (103) Sctritpl)o;asr:asgelztaenrg national High High moderate SCherilél('jg%g‘gcrOp

improves predictive analytics by analyzing extensive datasets
for climate scale assessment. However it is large datasets
intensives, requires, substantial computational resources and
often lacks interpretability. Agrometeorological models aid in
predicting evapotranspiration, crop water demand and
droughtrisks, aiding long tern agricultural planning. Although
resolution limitations and the need for expert interpretation.
loT systems enable real-time monitoring of field conditions,
improving irrigation efficiency and overall resource
management. Yet, high initial investment costs, network
connectivity limitations and cybersecurity risks must be
considered. RS delivers large-scale monitoring but lacks real-
time adaptability, which loT efficiently addresses at a
localized level. Al surpasses traditional Agrometeorological
frameworks in forecasting precision, while real-time loT-
derived insights refine Al-powered decision-making.

Furthermore, RS-derived climate variables strengthen
its predictions. While Al and loT enhance localized automation,
remote sensing provides large-scale insights and blockchain
reinforces data integrity and trust in water management. The
evolution of intelligent water systems depends on the synergy
of these technologies, reinforced by quantum computing and
decentralized networks, enabling anticipatory, adaptive and
climate-resilient water management. This integrated
framework is vital for fostering sustainable water utilization in
agriculture, urban planning and environmental conservation,
addressing urgent global water security issues.

Need of SWM in Agroecosystem

Shortage of labour in agriculture is the challenge for
agriculture professionals, farmers and government’s food
security policy of India due to multi-dimensional, socio-
economic, environmental and agricultural marketing
infrastructure, are not mutually exclusive and not static in
nature (104). Though the expenditure for irrigation is 8.2 %
the labour cost accounted for the highest proportion of 51.3
% (105) and the availability of labour force is expected to
decline due to changed socio economic conditions so
forcing the land owners to take the responsibility of at least
irrigation with automation facilities so that the expenditure
to be incurred for labour cost for irrigation could be saved
(105).

SWM is expected to handle the extreme event
attribution aiming to elucidate the link between global
climate change, extreme weather events and the harms
experienced on the ground by people, property and nature
by overcoming the limitations in attribution science,
including the capacity for studying different types of events,

as well as the geographical heterogeneity of both climate
and impact data availability (106) thereby saving the
ecosystems, wildlife and humans. By suitably quantifying
drought risk situations in the long term, SWM extends a
helping hand to sustain agricultural production.

Prospects and challenges

A large gap is prevailing between access and availability of all
complex satellite data that can improve a decision-making
process at national and regional level. SWM is a futuristic
approach to utilizing water resources to enhance its credibility
for future generations. To combat increasing population water
demand. Al-based water management provides a unique
solution for harvesting and precisely utilizing water. Precision
agriculture has made agriculture smart, but traditional practices
and knowledge are getting lost with the modernization of all
farming practices. The potential challenges of discrimination in
Al technology are driven by regional dominance over labour and
knowledge (107). Additionally, there is a lack of a proper
categorization framework for Al applications which makes
comparisons of different applications and selects the best
method. Satellite remote sensing avail real-time information of
water cycle, howbeit with constrains related to accuracy,
viability and utility.

Challenges and adoption barriers in SWM implementation
High cost

Being in the initial stage of SWM, the components and their
installation are beyond the power of marginal and small
farmers who occupy a major portion of the farming
community in developing and underdeveloped countries
(108).

Complexity and Data privacy

Smart devices collect and analyze huge data related to farm
which can be utilized by various stakeholders like farmers,
technology provider, commercial agencies, etc. where the
data privacy of farmers leads to biggest concern (109).

Expertise Technical knowledge

Intensive training on the installation operation and
maintenance of tools interoperability with industry for
establishing common national and international standards
and protocols to ensure safety.

Unavailability of precise real time data

Time Lag in the availability of precise meteorological data
for the specific region of interest.

Institutional and policy barriers

Complexed administrative procedure not matching with the
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literacy level of major portion of the farming community for
getting the access on SWM. Weak national and international
cooperation for developing region or area specific SWM.

The integration of smart water management
technologies in agriculture has the potential to transform our
approach to water conservation and adaptation to climate
change. However, several limitations and considerations
must be addressed to enable successful adoption of these
technologies. A primary limitation is the generalizability of
findings from current studies. The success of smart water
management innovations can vary significantly based on
local conditions, including climate, soil types, crop varieties
and socio-economic contexts. Consequently, results from one
region may not apply to others, which restricts the ability to
make broad generalizations. Another critical challenge is
adopting these technologies among various stakeholders,
particularly farmers. For successful implementation, farmers
who may encounter obstacles such as financial limitations,
lack of technological knowledge, or cultural resistance to new
practices must actively participate. Therefore, it is vital to
prioritize community empowerment and ensure that the
decision-making processes concerning water management
incorporate the views and needs of all stakeholders,
including farmers, researchers and policymakers (110).

The study can empower community researchers and
stakeholders by involving all research stakeholders and
considering insights about community-specific water need
and challenges. Enhancing understanding of water
management issues of community and equips them with
knowledge for effective community led initiatives aims at
improving water supply and quality. SWM is an approach
that provides a prominent solution for optimizing the
utilization of scarce water resources (111). Utilizing these
technologies will enhance water use efficiency and
accessibility for all. These advancements will provide
farmers with accurate predictions of monsoon so that crop
planning can be done according to it, saving farmers from
economic loss and enhancing productivity. As the timely
adoption of new advanced technologies is better for global
development, these tools provide prominent solutions to

Table 6. Institutional policies to overcome lacunae in implementing SWM
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the problems that arose due to climate change. Indicatively,
the utilization of modern innovative technologies has been
catalyzing SWM. Future research should be focused on
making technologies affordable for farmers. The Policy
Framework needs to be modified to support and encourage
smart water management and its integration with modern
agriculture practices to enhance climate resilience.

Policy recommendation

A Policy Framework for Innovative Smart Water Management
to guarantee food security through effective water
management by suitably identifying the region-specific lacuna
so far. Accordingly, the present review foreshows the
deficiencies and appropriate policy interventions are
suggested in Table 6.

Conclusion

Incredible development witnessed in SWM technologies pave
way for effective utilization of water for sustainable agriculture. It
has different prospects for making agroecosystems more
sustainable, adaptive, addressing an integrated approach by
utilizing innovation and resource conservation farming to
increase water use efficiency. Climate change has affected
various river basins worldwide, leading to variability in water
availability. Simulation model for different river basins
integrated with sensors, Al and different satellite data for
efficiently managing water resources. loT-based automation
irrigation operations via monitoring the water quality, leakage
and supply in the agricultural sectors. The major setback is that
with the advanced Al technologies which are not properly
adopted and gained by the stakeholders. these integrated
approaches are needed to address the emerging problems
related to smart-water technologies and agroecosystems to
enhance sustainability and climate resilience in the eco-system.
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