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Abstract

Drones have emerged as a viable precision agriculture technology that can help
achieve sustainable development goals (SDGs) by enhancing sustainable farming
practices, increasing food security and reducing environmental impact. This review
paper aims to thoroughly examine the various applications of drone technology,
including crop health monitoring, pesticide and fertilizer spraying, weed control and
data-driven decision-making for farm optimization. It emphasizes the role of drones
in precision spraying, promoting targeted interventions and minimizing
environmental impact compared to conventional methods. Drones play a vital role
in weed management and crop health assessment. The study emphasizes the
relevance of data collected by drones for decision-making concerning irrigation,
fertilization and overall farm management. However, using Unmanned aerial
vehicles (UAVs) in agriculture faces challenges caused by batteries and their life,
flight time and connectivity, particularly in remote areas. There are legal challenges
whereby regulatory frameworks and restrictions are present in different regions that
affect the operation of drones. With the help of continuous research and
development initiatives, the challenges depicted above could be solved and the
fullest potential of drones can be tapped for achieving sustainable agriculture.

Keywords

drones; precision farming; standard operating procedures (SOPs); sustainable
agriculture

Introduction

The drone was initially created for military purposes and is also called a UAV (1), a
miniature pilotless aircraft, or a flying mini robot (2). (UAVs) are aircraft controlled
remotely equipped with specialized thermal and multispectral sensors and a Global
Positioning System (GPS). Modern drone technology is widely used in military
operations, search and rescue, agriculture, mapping, archaeology and wildlife
protection (3). Conventional practices suffer from challenges including high use of
chemicals, lack of farm labour, uneven distribution of sprays, environmental
pollution and incapability of reaching many farms. These conventional approaches
consume more money for pesticide application and are less effective in managing
pests and diseases (2). However, the current integration of cutting-edge
technologies into agricultural systems has initiated a paradigm shift characterized
by innovation and increased efficiency in recent years (4). The application of
mechanistic and artificial intelligence to farming systems has started the current
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years of higher innovation and efficiency years sooner (4). Among
such incipient innovations, UAVs have become a powerful tool
for revolutionizing agriculture. In that regard, drones can capture
accurate and high-resolution images, send and supply multiple
feeds simultaneously with real-time results and undertake
numerous operations in agricultural fields (5). UAVs can
revolutionize traditional remote sensing (RS) systems by
enabling real-time or condition-specific strategies for plant
monitoring, growth analysis, weed detection, crop water stress
assessment, disease diagnosis, crop yield evaluation and
systematic pest and nutrient management. This depends on
what is needed and where the drones will be used, which
includes cameras, sensors and control devices.

The use of UAVs in small-scale agriculture, especially in
water-stressed areas, is of great value as they provide valuable
information for operational decisions at the farm level. It is
helpful for risk mitigation against crop failure and low yields (6).
Drone data collection is useful to farmers as it can help them
manage pests, decide on resource inputs and maximize harvests
(7). Continuous monitoring of crops is to detect small changes
that may not be easily visible to the human eye (8,9). UAVs
equipped with high-resolution multispectral cameras enable
precise monitoring of individual plants, ideal for smallholder
farms (10). With the help of multispectral images, Normalized
Difference Vegetation Index (NDVI) and Normalized Difference
Red Edge (NDRE) indices are developed, offering valuable
insights into crop health by assessing solar radiation absorption
intensity and other critical factors (11). Besides, thermal cameras
add value to UAVs' abilities to measure evapotranspiration and
identify water stress (12). The spread of UAV use in agriculture is
made possible by the reduced cost, with many models now
priced affordably despite additional operational expenses
(10,13).

Policies are progressively becoming more balanced,
particularly in rural areas where safety and privacy concerns are
less pronounced (14). UAVs enable rapid reconnaissance of large
rural estates, complementing ground-based sensors and
surpassing the resolution limitations of satellite imagery (10, 15).
Advancements in imaging sensors enable high-resolution aerial
images even at high altitudes, making it easier to detect
problems early (10). In addition, UAVs are becoming more and
more convenient as automated flight missions and offline
planning are possible. Drones are crucial in assessing risks and
damage in disaster-affected agricultural areas and providing
timely information for efficient response and recovery efforts (16,
17). Even when monitoring the impacts of climate change on
agriculture, drones offer valuable data for adaptive resource
management and crop selection, thereby increasing resilience to
future challenges (18).

Fixed-wing

Fig. 1. Primary types of UAVs (1).

Helicopter
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Drones are a practical, rapid and affordable technology
that can gather information on crop emergence, inform
decisions about replanting and assist in predicting yield by
combining high-resolution data with drones using algorithms for
machine learning. This system uses the data to generate output
with 97% accuracy acquired using drones and photogrammetry.
Drones with Light Detection and Ranging (LIDAR) sensors
estimate the possible tree and crop biomass change through
differential height measurements (19).

Drone applications for agriculture correspond with
multiple Sustainable Development Goals (SDGs). Improving crop
monitoring and yield forecasts helps achieve SDG 2: Zero hunger
by boosting food security (20). SDG 12: Responsible consumption
and production are supported by precision spraying and data-
driven interventions since they minimize environmental effects
using less pesticide and fertilizer (21). Additionally, by
maintaining crop health and optimizing resource use, drones
assist SDG 13: Climate action through climate-smart agriculture
(22). SDG 15: Life on land is related to their work in enhancing
land management and protecting ecosystems (22) and SDG 9:
Industry, innovation and infrastructure are related to their
promotion of agricultural innovation (23). Collectively, these
technologies support sustainable farming methods that help
achieve several SDGs.

The structure of this review is meticulously framed to
offer a comprehensive understanding of the usage of drones in
sustainable agriculture. The main goal of this review article is to
examine the inherent potentials and drawbacks associated with
drone technology to support sustainable agricultural practices.
The aim is to reveal the latent benefits and limitations of using
drones in agroecosystems by analyzing and evaluating the
potential of unmanned aerial vehicle technology in various
agricultural environments and functions, including crop
monitoring, pest control, precision agriculture, and sustainable
land management. Additionally, we have conducted an in-depth
analysis of the technical and regulatory dynamics that govern
the adoption and use of drone technology in agriculture,
providing insights into the myriad opportunities and obstacles
that chart the path to fully realizing its transformative potential.

Types of Drones Used in Agriculture

In terms of agriculture, three primary classifications of (UAVs) are
prevalent. These include Fixed-wing, Helicopter and Multi-copter
(Fig. 1) (24). This implies a need to consider factors such as the
type of UAV model that will suit a given application and the
financial resources available. For example, blimps have huge
useful characteristics, including hovering and high-reward
crowds and their suitability in vertical flight and lift. However,
their utility is hampered by inherent limitations such as reduced

speed and compromised stability in adverse
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weather conditions, which can impede accurate data acquisition
(25).

Fixed-wing drones have immobile wings shaped like
airfoils, generating lift as the vehicle attains a specific velocity
(26). These UAVs are distinguished by their high-speed flight
capabilities and prolonged endurance in the air (27). Typically
capable of achieving velocities ranging between 25-45 mph, fixed
-wing drones exhibit a significant coverage capacity from 500 to
750 acres per hour, contingent upon battery specifications (4).

Helicopters, on the other hand, are rotorcraft with a
single set of spinning rotor blades attached to a central mast,
creating lift and often incorporating a tail or counter-central rotor
for yaw control. Unmanned helicopters possess the capability of
vertical take-off and landing, sideways flight and hovering. They
boast a larger payload capacity than multi-rotor UAVs, enabling
them to accommodate sizable sensors like LIDAR (28). Multi-
copters, alternatively, are rotorcraft equipped with multiple rotor
blades, typically numbering between 4 to 8, facilitating enhanced
control over movements encompassing yaw, roll and pitch (26).
This configuration grants multi-copters heightened agility and
manoeuvrability, making them particularly well-suited for
applications demanding intricate aerial operations within
confined spaces or complex environments.

Multi-copter UAVs provide advantages such as cost-
effectiveness, hover capability and minimal requirements for take
-off and landing, making them extensively utilized for field-based
photography (FBP). However, they are accompanied by notable
drawbacks, including limited flight duration, diminished payload
capacity and vulnerability to adverse weather conditions (29). The
advantages, disadvantages and applications of fixed-wing drones,
helicopters and multi-copters are represented in Table 1.

Crop-specific Standard Operating Procedures (SOPs) for Drone
Applications

Standard Operating Procedures (SOPs) tailored to specific crops
and environmental conditions are crucial for maximizing
agricultural productivity and ensuring sustainable practices. The
Ministry of Agriculture and Farmer's Welfare, supported by the
Government of India (GOI), has taken progressive measures to

promote the use of drones in agriculture. As part of these efforts,
GOl has developed the (SOPs) for drone spraying in agriculture.
Crops are grown in various environments, so SOPS must address
ecological factors like temperature, humidity, wind speed,
terrain and other environmental factors. These SOPs are focused
on the drone specifications such as flying speed and height
above the crop canopy, sprayer factors including the type of
nozzle, spray width, crop factors volume of the canopy and
growth stage, water and pesticide rates and the best time to
spray.

Furthermore, they also consider the regions' weather and
the climate zone where the chemicals are used to obtain the best
efficiency of pesticides and to minimize the negative impact on
crops. The flying height of the drone over the crop canopy
depends on aspects like the total mass of the drone, the
downforce impact over the crop canopy and the type of sprayer.
To ensure operational efficiency and safety concerns, the drone
is programmed to work at the optimal level below the crop
canopy to avoid drift when spraying. Nevertheless, it is
indispensable to keep the vertical clearance above the crop
because the thrust of the drone may be detrimental to the crop.
Hence, the appropriate height for operation has been
highlighted in the SOPs. Likewise, the speed of the drone's flying
is associated with the spray distribution pattern and should also
be optimized. Several experiments have been conducted to
standardize the drone application among different crops,
delineated in Table 2.

Rice

Rice is the most important staple crop cultivated in large areas of
Asia and other continents. It requires an SOP for drone
application to achieve the fullest potential of drones in rice crop
monitoring. Hence, Tamil Nadu Agricultural University in
Coimbatore, India conducted a pioneering study on using drones
for pesticide spraying in rice fields. They utilized a hexacopter
drone with specific parameters, including a payload of 16 Land a
fuel capacity of 3.5 L. Through this study, they established a
standard operational protocol for drone-enabled pesticide
application, determining that a flight height of 1.5-2.0 m, a flight
speed of 5m s, the area coverage (4 min/acre) and a wind speed

Table 1. Benefits, drawbacks and applications of fixed-wing drones, helicopters and multi-copters

Payload & Applications in

Types of drones Agriculture Benefits Drawbacks Reference
. . 1. Restricted accessibility
1. Large-scale spraying L St.reanjll-med ar.chltecture 2. Reduced wind resistance
2. Monitoring extensive areas 2. Simplified maintenance 3. Challenges in launching and
Fixed wing 3. Crop growth assessing 3. Increased flight speed landing (2)

4. Crop health status 4. Enhanced energy efficiency 4. Required more training

5. Fertilizer and pesticide spraying. . o 5. Initial and maintenance costs
5. Superior survivability are high
1. Spraying capacity (5 to 30L) 1. Longer time in flying 1. Incomplete coverage during
2. Pesticide spray 2. Increased speed spraying
. 3. Estimation of crop height 3. Robust durability, 2 Increasgd weight
Helicopters 4. Soil and field analysis 4. Accessibility to remote locations 3. Expensive setup (2,30)
e and operating on petrol. 4. Stability issues
5. Crop classification . . . .
5. Vertical take-off, landing, 5. Initial and maintenance costs
hovering, forward, backwards. are high
- }.f‘SE)CrIaymg.(up to t10L) ) 21.LTa|lorlf.:I sclitefrlﬁahnta.gement.d 1. Limited by slow speed
. Local field requirements and crop . Low-altitude flight improve . .
stress, targeted pesticide spraying stability. 32.CPaylolad We'f_:t cta paatyd
- ) oo . - . Complex architecture an
Multi-copter 3. Monitoring small fields, estimating 3. Stable flight, increased payload, challenging maintenance (2), (30)

crop height
4. Conducting soil and field analysis

5. Integral aspects of the overall
agricultural approach.

slow capability.
4, Vertical take-off, UAV swarms.

5. Pre-programmed flight plans and
improved accessibility

procedures
4. Limited flight capabilities
5. Unstable in weather
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Table 2. Application of UAVs with the set of parameters (spraying width, flight height, flight speed, nozzle type) in various crops

Payload . . Flying height (m)
A Spraying Flight
Crop UAV Type Application (Tank Nozzle Type : Above The Crop Reference
Capacity) Width (m) Speed (m/s) Canopy
Rice Hexacopter Drone  Pesticide 6L - - 5 1.5-2m (31)
. Hy-B-15l .
Rice . Pesticide 15L Tee Jet 110067 4-5m 5 1.5m (32)
(Single Rotor)
. Fertilizer and
Rice Hexacopter Drone Pesticide 6L - - 4 2m (33)
Maize Battery-Operated  Nutrients 10L Flood Jet 3.5m 4-5 0.75to1m (34)
Maize Fuel-Operated Nutrients 6L Flood Jet & Atomizer 4m 4-5 0.75to1m (34)
Cotton  xag P Series Plant )
Protection UAV - 15L Centrifugal Nozzles 3.5m - 1-3m (35)
Fertilizer and -
Cotton Pesticide 10L Centrifugal Nozzles  1.5-3m 1-8 2m (36)
Quad-Rotor . .
Sugarcane . Pesticide 15L Centrifugal Nozzles - 4 3m (1)
Electric Drone
. . . 6 (above the
Sugarcane Single-Rotor Drone  Pesticide Centrifugal Nozzle - 2-3 ground level) (1)
X . 10L
Sugarcane Tiger Drone Fertilizer Flat Fan 3-6 (42)
Black Gram Battery-Operated  Nutrients 10L Flood Jet 4m 4-5 im (39)
Black Gram Fuel-Operated Nutrients 6L Flood Jet & Atomizer 4m 4-5 1m (39)
Green gram Ad610d Nutrients 10L FlatFanStandard 55 - 1.5m (40)
Nozzle
Papaya Dji T10 10L XRbngéf;;”d 3-5.5m 5 2.5m (40)

below 5 km h* were optimal conditions for effective pesticide
spraying (31). Similarly, research carried out in the rice fields of
China explored miniaturized UAVs for efficient pesticide spray
without crop damage. Standardized parameters (1.5m height,
5my/s speed) ensured effective delivery and uniform distribution
(CV = 23%), yielding high insecticidal efficacy (92-74%). UAV
spraying surpassed conventional methods, enhancing pesticide
activity duration (32). Another experiment was conducted to
standardize the fertilizer and pesticide spraying in a paddy field
in Parit Keladi Village, Indonesia. Impact assessments on paddy
growth, including leaf length and tiller number, were carried out.
The drone achieved ground coverage of 6-7.5 m at a 4 m altitude,
equipped with four nozzles and a 1.6 | m* spraying flow rate. This
study introduced drone technology to conventional paddy fields,
which is significant in Indonesia and other Asian countries (33).
Hence, these experiments ensure optimal drone functions such
as effective pesticide delivery, fertilizer application and better
crop production.

Maize

Maize is also one of the important staple crops in the world.
Agricultural Research Station of the Tamil Nadu Agricultural
University situated at Bhavanisagar, Tamil Nadu, India,
conducted a study on delivering nutrients to maize via foliar spray
using battery-operated and fuel-operated drones with the
traditional knapsack hand sprayer. They utilized battery-operated
and fuel-operated drones with specific parameters. A battery-
operated drone features a 10-litre tank and a 16000 mAh battery,
with a spraying width of 3.5 meters and a flying height of 0.75 to 1
meter above the crop canopy. The fuel-operated drone has a 16-
litre tank and a 4-litre fuel tank, with a spraying width of 4 meters
and a flying height of 0.75 to 1 meter above the crop canopy. UAV
spraying surpassed conventional methods and enhanced
biometric attributes. The benefits of drone spraying include

reducing the amount and expenses of nutrients, lower cost
compared to traditional spraying techniques and significantly
decreased spray fluid necessity (34).

Cotton

Cotton is an important commercial crop and to ensure improved
penetration and uniform distribution of applied chemicals, UAV
spraying requires optimizing flight height, spray volume and
droplet size. In Xinjiang, experiments were conducted and the
parameters selected include spray volume (8.7, 12 and 15 L/ha in
2018; 18, 22.5 and 30 L/ha in 2019), droplet size (100, 150 and 200
um in both years) and flight height (1,2 and 3 m in 2018 only). The
study found that adjusting flight height, spray volume and droplet
size notably affects spray penetration. Lowering drone flight
height, increasing spray volume and enlarging droplet size
enhance droplet distribution at the lower cotton canopy.
However, flight parameters minimally affect droplet distribution
uniformity (35). Understanding droplet distribution, drift and
cotton aphid and spider mite control effectiveness and cotton leaf
adhesion and absorption in UAV spraying. Droplets were collected
using Kromekote card and filter paper and parameters such as
droplet density, coverage rate, deposition and drift percentage
were statistically examined. The combined results showed that at
a UAV flight altitude of 2 meters, droplet uniformity, coverage rate,
deposition and drift ability increased (31).

Sugarcane

The ideal spraying parameters for sugarcane crops were a spray
volume of 15 L/ha, a flight height of 3 m and a flight velocity of 4
m/s (1). The most effective spraying parameters identified were a
flight height of 6.0 m and a flight velocity of 2.5 m/s, resulting in a
minimal pesticide usage of 15.38 L/ha. These findings explain the
appropriate parameters for single-rotor drone applications in
sugarcane protection (37).

https://plantsciencetoday.online
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Pulses

Agricultural Research Station, Tamil Nadu Agricultural University
located at Bhavanisagar, Tamil Nadu, India, experimented with
applying nutrients to black gram via foliar spray using battery-
operated and fuel-operated drones with the traditional knapsack
hand sprayer. (35, 38) utilized battery-operated and fuel-
operated drones with specific parameters. A battery-operated
drone features a 10-litre tank and a 16000 mAh battery, with a
spraying width of 4 meters and a flying height of 1 meter above
the crop canopy. The fuel-operated drone has a 16-litre tank and
a 4-litre fuel tank, with a spraying width of 4 meters and a flying
height of 1 meter above the crop canopy. Drone spraying
showed greater efficiency than manual knapsack sprayers (39).
While in Green gram, Anbil Dharmalingam Agricultural College
and Research Institute, in Tiruchirappalli, India, conducted a
study to assess the viability of utilizing drones for foliar nutrient
spraying on the growth characteristics, yield and economic
aspects of green gram cultivation. It used drones with specific
parameters, including a tank capacity (Litres) of 10, a Spraying
width (m) of 3.5 and a Flight height (m) of 1.5(40).

Papaya

To assess the effectiveness of droplet distribution utilizing an
unmanned aerial vehicle across various application rates (12.0,
15.0 and 18.0 L/ha) and spray nozzles (XR110015 and MGAOQ15)
targeting different layers (upper, middle and lower) and papaya
fruit clusters. They utilized a DJI T10 drone with specific
parameters, including a payload of 10L, a Spraying width (m) of 3
-5.5, a Flight height of 2.5 meters above the crop canopy and a
flight speed of 5.0 m/s (41). Thus, the results of these experiments
help standardize the protocols and operating procedures for
drone application among different crops, which could increase
and improve crop productivity.

Prospects of Drone Technology

Advanced data analytics and technology are coupled to optimize
the resources and agronomic practices encompass the potential
of drones as a critical facet in Sustainable agricultural systems
(43). The increasing accessibility of drone technology is enabling
its integration into precision agriculture practices (44) (Fig. 2). In
precision agriculture (PA), drones are utilized to efficiently

5

monitor various stages of crop growth, facilitating the collection
and processing of extensive data about crop health across
different developmental stages (45). Precision agriculture utilizes
multiple technologies, including the global positioning system,
geographic information system, remote sensing (RS), sensors
and data analysis, to gather information on crop conditions and
soil diversity. Subsequently, this data can be employed to make
well-informed decisions regarding applying inputs such as water,
fertilizer and pesticides (43). UAVs are frequently used in
agriculture to conduct RS tasks, such as surveying crop fields and
overseeing livestock (38). Specifically, UAVs equipped with
multispectral cameras have proven valuable in assessing crop
yields, tracking crop height, mapping weed distribution and
monitoring biomass. Additionally, using UAVs with high-
resolution cameras and various sensors allows for observing
topographic alterations within watersheds (46).

These surveys provide precise coordinates of
contaminations, which can be integrated into water quality
monitoring plans for additional sampling. In addition to RS, UAVs
and specialized sub-systems can be employed for on-site
measurements of water quality parameters such as pH,
dissolved oxygen, electrical conductivity and temperature in
surface waters (47). Complementing on-site measurements
using tailor-made water collection devices can enhance water
sample collection, thereby improving water quality monitoring
in larger water bodies. Precision agriculture applications using
UAVs cover a wide range of tasks, including crop health
monitoring, pesticide and fertilizer spraying, vegetation growth
monitoring for yield estimation, vegetation health monitoring
and pest management, irrigation management, water stress
assessment, nutrient status monitoring as well as deficiency,
evapotranspiration (ET) estimation and weed control.

Crop Monitoring and Management

In precision agriculture, drones are instrumental in field mapping
and crop condition monitoring, as depicted in Fig. 3(2). Equipped
with a diverse array of advanced sensors, including multispectral
and thermal cameras, drones facilitate the collection of remote
sensing data, enabling comprehensive observation of crops.
Analysis of this data allows for evaluating crop health, detecting
diseases or pests and tracking overall plant growth. Leveraging

Crop ind.ices e - Disease
Calculation monitoring
| -

B 0]

Nutrient Pests
management ’A\ monitoring
L g
[ ]

Farm Livestock
optimization management

Fig. 2. Application of drone technology in precision agriculture.
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Fig. 3. DJI P4 multispectral drone and vegetative indices (NDVI) (54).

drones for crop monitoring and cutting-edge management
empowers farmers to make data-driven decisions regarding
irrigation, fertilization and pest management (9). Drones
equipped with various sensors, including those for visible, near-
infrared (NIR) and thermal infrared wavelengths, enable
continuous monitoring of crops throughout the growing season.
These drones can assess crop conditions, including water stress,
nutrient deficiencies, pest infestations and diseases, by
computing multispectral indices derived from reflection
patterns. Even before visible symptoms manifest, early detection
facilitates timely intervention and serves as an early warning
system for effective remedial actions (48). UAVs can survey
extensive hectares of fields in a single flight. Thermal and
multispectral cameras are mounted on the underside of the
quadcopter to capture observations, recording the reflectance of
the vegetation canopy (49). The camera captures one image per
second, storing it in onboard memory before transmitting it to
the ground station via telemetry (9).

A UAV-based monitoring system addresses precision
management in crop production (50). The UAV crop-growth
monitoring system comprises three primary components: the
UAV platform, the crop-growth sensor affixed to the UAV and the
ground-based data processor (9). The crop-growth sensor,
mounted on the UAV platform, records real-time reflection
spectra from the crop canopy. Subsequently, the ground-based
data processor wirelessly receives and processes this data. By
estimating indices such as NDVI, RVI, LNA, LAl and LDW and
providing critical insights into crop growth, the processor
contributes to the crop growth and health-monitoring model
(51). These technological advancements will give farmers more
precise and comprehensive information about their crops,
leading to increased yields, reduced input costs and enhanced
farm profitability (52).

Nutrient and Deficiency Monitoring

In agriculture, ensuring plants receive optimal nutrient levels is
crucial for achieving robust growth and maximizing yields.
Essential nutrients such as nitrogen, phosphorus and potassium
play distinct roles; nitrogen promotes leaf growth, phosphorus
supports root and stem strength and potassium enhances
disease resistance. The NDVI aids in identifying areas of crop
stress, enabling targeted intervention (53). UAVs equipped with
near-infrared (NIR) and multispectral imagery facilitate early
detection of management zones, allowing proactive measures
before visible symptoms manifest. Currently, nutritional
assessments often rely on subjective visual inspections or labour
-intensive laboratory leaf analyses, both of which have
limitations in accuracy and efficiency (55). Alternative methods,
such as the chlorophyll meter (SPAD), provide indirect estimates,
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albeit with drawbacks, including time consumption and
potential inaccuracies (56-58). Consequently, there is a growing
emphasis on exploring novel approaches for identifying and
quantifying plant nutritional deficiencies (46). Many studies in the
literature derive vegetation indices (VI) from imagery and
establish correlations with nutrient content through regression
models, often employing linear models. However, less prevalent,
other categories of variables have also been incorporated into
regression models, such as the spectra of average reflectance
selected spectral bands, colour features and principal
components (47,59-61).

Site-Specific Nutrient Management

Applying fertilizers and chemicals is crucial for crop health and
yield optimization in agriculture. Drones have revolutionized
precision agriculture through specialized applications such as
spraying (62). With advanced capabilities like GPS, autonomous
flight control, real-time image transmission and various sensors,
UAVs efficiently gather high-resolution spatial data for rapid
analysis. They can perform regular surveillance and monitor
abnormal conditions (63). Drones can deliver chemicals such as
fertilizers and pesticides, adjusting quantities based on spatial
crop variability and pest severity. Integrating UAVs with sprayer
systems supports accurate, site-specific application in extensive
crop fields, necessitating heavy-lift UAVs for larger spraying areas
(64). The lightweight and inexpensive Quadcopter (QC) system,
also referred to as a UAV, was proposed by researchers (65).
Researchers have proposed lightweight and cost-effective
quadcopter (QC) systems for indoor and outdoor crop spraying,
autonomously controlled via Android devices. Leveraging
machine learning algorithms ensures precise identification and
treatment of insect pests, enabling targeted interventions
without compromising healthy crops (62). These drones reduce
the need for pesticides and minimize environmental impact,
offering improved efficiency and cost-effectiveness compared to
conventional spraying methods (66).

Utilizing drones for precise interventions allows farmers
to apply fertilizers, pesticides and herbicides with exceptional
accuracy. This targeted approach minimizes chemicals, leading
to cost savings and a reduced environmental footprint
compared to conventional widespread spraying methods (4).
Moreover, drones can be automated to fly independently over
designated regions, pinpointing areas of interest by assessing
crop health factors like moisture, nutrition and pest presence.
The data gathered offers crucial insights for proactive crop
management, empowering farmers with enhanced control and
understanding and fostering sustainable and efficient
agricultural practices (9). Advancements in technology have
introduced drones to agriculture, offering an innovative and
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efficient method to reduce chemical usage and promote smart
farming, minimizing potential environmental impacts (67).
Reducing chemical dependency in agriculture is just one of the
advantages of drone technology; it also facilitates enhanced crop
monitoring, early pest and disease identification and efficient
land mapping for improved resource management (2).
Incorporating drone technology into agriculture reduces reliance
on chemicals and advocates for sustainable and resource-
efficient farming methods, ultimately vyielding positive
environmental outcomes (68).

Water Conservation and Soil Health

Multiple factors contribute to water stress in crops, and
characterizing this stress can be difficult (61). Derived variables
from thermal images often depend on subtle temperature
fluctuations to identify stresses and other phenomena.
Consequently, thresholds and regression equations established
under specific conditions typically do not apply under even
slightly different circumstances. Scientists employed a variety of
sensors and modelling techniques to assess instances of water
stress. Drones fitted with specialized sensors can calculate these
indices, which could help monitor water stress. Using
multispectral hyperspectral or thermal infrared imagery,
vegetation indices (NDVI, GNDVI, etc.), the difference between
the canopy, air temperatures (Tc - Ta) and canopy temperature
directly (69), crop water stress index (CWSI) can be calculated.

Drones are also instrumental in monitoring soil health,
capturing detailed images and data to evaluate erosion,
compaction and nutrient levels. Utilizing drone-supplied data for
decision-making allows farmers to improve soil fertility and
overall health, promoting sustainable long-term growth (70).
Additionally, drones facilitate the acquisition of valuable data
and insights, enabling farmers to make informed decisions
regarding soil management strategies, ultimately enhancing soil
health and productivity (71).

Evapotranspiration (ET) estimation

Evapotranspiration (ET) is a vital process that involves water
transfer from the land to the atmosphere through soil
evaporation and plant transpiration. With careful concerns about
water scarcity, population growth and climate change,
evapotranspiration estimation has become a significant focus in
agricultural research. Estimates show that different types of UAVs
have various functions in evapotranspiration. Fixed-wing UAVs
are ideal for large-scale fields because of their two-hour average
flying time. In contrast, quadcopters are used for quick missions
in smaller fields because of their shorter flying duration of around
30 minutes (69). UAVs introduce new research challenges when
utilized as remote sensing platforms, including drone image
processing and flight path planning. An example includes using a
fixed-wing UAV to gather thermal data for estimating ET through
two-source energy balance models (12). Unmanned aerial
vehicles (UAVs) can reduce these temporal and spatial
constraints. The UAVs can be equipped with lightweight sensors
and cameras to capture high-resolution pictures. The spatial
resolution of UAV photographs can reach the centimetre level
compared to satellite imagery.

Additionally, UAVs can fly whenever needed, allowing for
high-temporal images. So, various UAV-based techniques are
used for evapotranspiration (72). Utah State University

developed an airborne digital system to gather multispectral and
thermal images for evapotranspiration estimation (73). These
cameras have the following spectral bands: Near-infrared (NIR)
(0.780um-0.820 um), Blue (0.465um-0.475um), Green (0.545um-
0.555um) and Red (0.645um-0.655um). UAV platforms with
lightweight sensors can give higher quality and spatial and
temporal resolution images compared to other satellite-based
remote sensing techniques (72).

Decision-Making System for Farm Optimization

Agricultural remote sensing proves highly beneficial by enabling
the comprehensive observation of crops on a broad scale,
employing a synoptic, remote and non-invasive approach.
Typically, this technology employs sensors mounted on UAVs to
capture the reflected or emitted electromagnetic radiation from
plants (74). The collected data is then processed to generate
valuable insights and products. These insights encompass
various characteristics of the agricultural system, showcasing
their spatial and temporal variations. Functional traits refer to
the biochemical, morphological, phenological, physiological,
and structural features that govern the performance or fitness of
organisms, particularly plants (74). Plant traits, categorized as
typological, biological, physical, structural, geometrical, or
chemical, exhibit variations across plant species and locations.
Remote sensing (RS) establishes a crucial link with traits such as
leaf area index, chlorophyll content and soil moisture (75).
Accurate interpretation relies on crop phenology, type, soil
characteristics, weather, etc.

Remote sensing yields key information products like
plant density, leaf biochemical content and soil moisture, aiding
in assessing crop health, disease, irrigation timing, nutrient
status and yield predictions. This data is crucial for interpreting
crop health, disease incidence, irrigation needs, nutrient
deficiencies and generating predictions (74). With the global
population on the rise, frequent shifts in climate patterns, and
limited resources, meeting the food demands of the current
population has become a formidable challenge (76). Precision
agriculture, also called smart farming, has emerged as an
innovative solution to address the sustainability issues in
agriculture. Integrating drone technology in precision agriculture
facilitates sophisticated analytics and data-centric decision-
making, leading to optimized farm operations (77). This acquired
knowledge enables farmers to make well-informed decisions
regarding irrigation schedules, nutrient management and pest
control, ultimately enhancing productivity and minimizing
waste. Additionally, the application of advanced analytics aids in
identifying trends and patterns within the collected data,
empowering proactive and timely interventions to mitigate risks
and maximize crop yields (78).

Crop Protection
Data-driven disease detection

Crop diseases, whether fungal, bacterial, or viral, threaten
agricultural productivity. Timely detection enables proactive
measures such as removing infected plants to prevent spread.
Image-based tools are instrumental, especially when manual
assessment is impractical, unreliable, or inaccessible, with UAVs
enhancing surveillance capabilities (79). RGB and multispectral
images have traditionally been utilized, with ongoing exploration
into hyperspectral and thermal imagery (80, 81). Thermal
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imaging, in particular, aids in detecting water stress induced by
specific diseases. UAVs equipped with infrared cameras offer
detailed insights into plant internal structures (82), precisely
capturing various data types such as visual, thermal and infrared.
Integrating this data into analytics platforms facilitates
actionable insights and predictive capabilities, supporting
sustainable decision-making (83).

Pest surveillance and management

The combination of a sprayer system mounted on a UAV for
pesticide spraying presents a promising opportunity for effective
pest management and vector control. This integrated solution
offers precise site-specific application, particularly beneficial for
extensive crop fields. Heavy-lift UAVs become essential for
spraying operations to cover large areas efficiently (64). The
spraying drone has various components (Fig. 4) and drones with
an integrated spraying system flow chart are displayed in Fig. 5.
The effectiveness of the spraying system, when attached to the
UAV, is enhanced by the use of a PWM (Pulse Width Modulation)
controller in pesticide applications. (84). A prototype is designed
to create a UAV capable of adjusting the mean diameter droplet
size up to 300mm. The growing popularity of UAVs in spraying
operations is attributed to their speed and precision (85). On the
contrary, crop quality may be compromised due to issues such
as inadequate coverage during spraying, overlapping in crop
areas and ineffective treatment of the outer edges of the field. To
address these challenges, a control loop algorithm was
implemented in agriculture operations, employing a swarm of
UAVs to handle the precise spraying of pesticides (86). These
unmanned aerial vehicles take responsibility for overcoming the
mentioned factors and ensuring more effective and uniform
pesticide application across the entire crop field.

Flat fan nozzle =
pY r
@/

Battery

Propeller Motor ==

Fig. 4. Components of spraying drone.
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Punp confroller

Fig. 5. Flow chart of UAVs for pesticide application.

Weed control

Undesirable plants, or weeds, pose crop challenges by
competing for resources, potentially reducing yields. Herbicides
are commonly used in conventional farming, but their excessive
application may lead to herbicide-resistant weeds, impacting
crop growth. Employing hyperspectral images to distinguish
between weed spectral signatures with varying glyphosate
resistances is explored (87). RGB sensors categorize different
types of weeds (85). Researchers utilized drones equipped with
hyperspectral sensors to track weeds based on leaf density and
chlorophyll in the plant canopy (88). Moreover, it presents a
significant environmental pollution risk. Site-specific weed
management relies on accurate weed cover maps for precise
herbicide spraying to address these issues. Drones capture field
images to create such maps. Utilizing drones for herbicide
spraying proves effective for pre- and post-emergence weed
control. It allows spraying in diverse fields, including mud, weeds,
and various weather conditions. The drone application ensures
efficient weedicide use and is user-friendly, portable and easy to
maintain (69).

Livestock monitoring

In livestock monitoring, drones offer numerous applications for
animal husbandry and prove valuable for overseeing extensive
herds. Animals on the farm are fitted with sensors or radio-
frequency identification (RFID) tags, enabling tracking of their
feeding patterns and movements. Drones monitor livestock
more frequently, accomplishing this quickly without extensive
personnel involvement (89). The concept of remote-sensing
fencing or virtual boundaries involves creating a virtual obstacle
or security barrier within a specified spatial area, which is
particularly useful in the context of free-range livestock grazing.
Equipped with high-resolution infrared cameras, these drones
can promptly identify diseased animals based on their heat
signatures. Once a diseased animal is detected, it can be isolated
from the rest of the herd, allowing for early intervention and
treatment. This application positions drones as a tool for precise
dairy farming (90).

Challenges in Drone Technology for Sustainable Agriculture

Every technology encounter initial limitation and drones are no
exception. Drones in sustainable agriculture face challenges such
as limited battery life, connectivity issues in remote areas and
regulatory hurdles. These issues can impact efficiency and
effectiveness, but ongoing research aims to overcome these
obstacles and maximize drone potential.

Limited battery life

The main limitation of UAVs is their maximum flying time is
limited by the energy provided by batteries when drones cover
large areas or lengthy flights for data collection purposes this
limitation can cause difficulties (91). One main constraint
concerns technological capabilities, particularly battery life and
flight duration (Table 3). Currently, the market has a maximum
operating duration of approximately thirty minutes, due in large
part to constraints in battery capacity and weight (92). This
constraint significantly reduces the area coverage of drones that
can be used for spraying, monitoring and surveying.
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Table 3. Battery life and flight duration factors affecting flight duration for different types of agricultural drones

Range of Flight

Drone Type Average Battery Life Duration Factors Affecting Flight Duration Reference
Multi-rotor drones 20-30 min 15-45 min Size, weight, motor power, payload weight, (93)
weather
Fixed-wing drones 30-60 min 20-90 min Size, battery capacity, motor efficiency, spraying (94)
rate, wind
Vertical Take-Off and : . Motor type, payload weight, spraying intensity,
Landing (VTOL) drones 25-40 min 18-50 min flying speed (95)
- . - ) - Battery capacity, hybrid propulsion efficiency,
Hybrid drones 30-45 min 20-60 min payload weight, flight distance (96)
Cost scalability The quality of information derived from aerial image

The expense of buying and maintaining agricultural drones is a
hurdle for farmers (97). The operational cost is also very high, it
includes batteries, sensors and other equipment that are
necessities for operations and may need to be upgraded or
replaced regularly. Moreover, there are expenses related to
operator training and following rules (98).

Data analysis and interpretation

Another significant constraint is data analysis. Drones equipped
with hyperspectral sensors often generate many terabytes of
data, requiring proper storage, specialized software for
processing and analysis by experts with years of experience. As a
result, there is a significant delay between data collection and
obtaining results. While multispectral data processing is
significantly faster than hyperspectral data processing, accuracy
is very low (99). The remote and rural settings of many farms
introduce challenges related to connectivity and the real-time
processing of intricate sensor data collected by drones (100).
Agriculture drones collect massive amounts of data, making Data
Analysis and Interpretation challenging and time-consuming to
handle and analyze (96).

Adverse weather conditions

The unfavourable weather conditions could restrict the sensing
and response of drone activity (101). Additionally, weather
conditions like heavy winds or precipitation pose operational
difficulties for drones, particularly those with lighter structures. In
general, drone flight missions are designed in such a way as to
minimize the constraints as mentioned earlier. Responding to
the constraints occurring under unfavourable conditions may
require atmospheric, radiometric and geometric corrections,
which may require accurate data collection and processing,
which are usually application-specific.

Atmospheric correction

The sun emits electromagnetic energy (EM) toward the earth, but
before it reaches the surface, some is absorbed and dispersed by
dust and gases in the atmosphere. Aerial imagery for surface
reflectance observations is influenced by various processes
related to the propagation of electromagnetic radiation within
the atmosphere-surface system. Under clear sky conditions, the
relevant processes include gaseous absorption, molecular
scattering, aerosol scattering, absorption and water surface
reflection. In cloudy conditions, cloud droplet scattering makes
surface sensing challenging, with the cloud signal predominantly
prevailing. An exception arises when clouds are optically thin or
cover only a tiny portion of the pixel, meaning their impact on
pixel reflectance is less than 0.2 (102).

measurements, including vegetation indices, is affected by
atmospheric effects. Errors induced by atmospheric effects can
potentially elevate uncertainty by up to 10%, varying depending
on the spectral channel (63). Moreover, much of the signal an
imagery sensor receives from a dark object, like an area
experiencing water stress, is attributable to the atmosphere at
visible wavelengths, assuming that near-infrared and middle-
infrared image data are unaffected by atmospheric scattering
effects. Consequently, pixels from dark targets indicate the
amount of upwelling path radiance in that band. The influence of
the atmosphere and surface must be eliminated to access
accurate surface reflectance. This necessitates an atmospheric
correction model, particularly when vegetation indices (103) are
utilized in vegetation monitoring and dark scenes where
atmospheric scatters can mask features like water stress and
drought. Atmospheric correction removes atmospheric effects,
variable solar illumination, sensor viewing geometry and terrain
influence on image reflectance values, thereby determining their
actual values. Supplying, calibrating and adjusting for
atmospheric conditions at the time of imaging are crucial
atmospheric correction prerequisites.

Radiometric correction

Radiometric calibration establishes the functional relationship
between incoming radiation and sensor output, such as digital
number (104). Accurate radiometric calibration is essential for
change detection and interpretation, especially when images are
captured at different dates, times, locations or by other sensors.
It ensures that changes in the data reflect actual field changes
rather than variations in the image acquisition process or
conditions (e.g., changes in light intensity). Many image
collections involving hyperspectral cameras (e.g., crop
phenotyping, disease detection and vyield monitoring)
necessitate precise radiometric calibrations.

Several potential solutions can mitigate radiometric
variation. Light intensity fluctuates over time due to changes in
solar elevation, atmospheric transmittance and cloud cover.
Therefore, conducting image collection flights during periods of
minimal solar elevation could reduce radiometric variation in
collected data. Additionally, manually or automatically, digital
camera exposure settings should be carefully chosen based on
overall light intensity (105).

Geometric correction

Unmanned Aerial Vehicles (UAVs) capture imagery for aerial
mapping of agricultural landscapes. Still, this data often contains
geometric distortions arising from various factors such as sensor
position variations, platform motion and earth's rotation. These
distortions, categorized as internal and external factors, lead to
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inconsistencies in pixel size and inaccurate geographic
coordinates of image pixels. Geometric correction is essential to
rectify these distortions and ensure the accurate representation
of features in the corrected image (106). By calibrating intrinsic
camera parameters like focal distance and lens distortion,
geometric correction restores the geometric integrity of the
image, facilitating precise spatial analysis.

Regulatory and legal hurdles

A significant challenge in integrating drones for precision
agriculture is ensuring compliance with the diverse regulatory
requirements that govern the use of UAVs in various geographic
areas (Table 4). Depending on the geographical location, drones
might necessitate registration, licensing, certification, insurance,
or permission to operate within specific airspace or over
designated land (107). Moreover, drone pilots need to follow
regulations regarding safety, privacy, security and environmental
concerns linked with their drone operations. These rules may
differ depending on factors such as the type, size, weight, speed,
altitude and intended use of the drone, emphasizing the necessity
for operators to be knowledgeable about and adhere to the
relevant legal stipulations and limitations applicable to their
drone usage and geographic location (108).

Despite drones being utilized in agriculture for the past
two decades, regulations about their use in agricultural settings
are still nascent worldwide. Although India's utilization of drones
in agriculture lags that of the US and China, New Delhi has taken
proactive measures to establish regulatory frameworks for global
drone governance. This initiative is partly driven by the
recognition of the potential security implications of drone
technology for India and the strategic advantage of leading in this
domain to safeguard national interests. At the international level,
the International Civil Aviation Organization (ICAO) plays a pivotal
role in developing rules and regulations for drone operations, with
its initial efforts dating back to 2007. However, it was not until
2011 that the ICAO issued its first set of rules in Circular 328. In
December 2018, the Indian government introduced a drone
policy facilitating drone applications, particularly for agriculture.

The DGCA and GOI regulations implicitly permit using
RPAS, i.e, Drone/ UAV, for agricultural purposes except for
spraying pesticides until specifically cleared. The DGCA RPAS
Guidance Manual provides procedures for the issue of Unique
Identification Numbers (55). Unmanned Aircraft Operator Permits
(UAOP) and related activities by drone regulations are restricted in

Table 4. Regulatory and legal hurdles
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various designated areas, including densely populated zones,
near airports, during poor weather and around sensitive facilities.
Operators above 18 must maintain a visual line of sight, possess a
valid license plate and insurance and refrain from exceeding
altitude limits or flying multiple drones simultaneously.
Addressing regulation, ethics and implementation issues is
imperative, necessitating alignment with existing legal and moral
principles and adaptation to rapid technological advancements
to establish an effective governance framework for UAVs in India
(109).

Agricultural drones make precision farming and resource
optimization possible, yet there are drawbacks related to data
processing, cost scalability and regulatory compliance. By
overcoming these obstacles, drones in various fields will reach
their full potential (97).

Future Direction

In the realm of agricultural technology, drone technology stands
out for its efficiency and adaptability across various operations.
However, for small-scale farmers, the high cost of purchasing
and maintaining agricultural drones poses a significant
challenge. The wider adoption and accessibility of drones
depend on their scalability and affordability, including the
equipment and training and support services. Despite this, the
high initial investment costs and the need for policy reforms
remain major hurdles in making drones more accessible to
farmers. Additionally, there is a pressing need for comprehensive
research to optimize operational protocols and validate the
effectiveness of drone applications. One critical area of
investigation involves understanding how drone-induced airflow
affects liquid distribution during spraying. Recent studies have
shown a correlation between the rotational speed of drone
rotors and the deposition of liquid droplets on plant surfaces.
Interestingly, higher rotor speeds reduce liquid deposition on
lower plant levels, suggesting that airflow generated by the
rotors can alter distribution patterns. As a result, the uniformity
and efficacy of pesticide application remain uncertain,
highlighting the need for further research to refine these
processes. Beyond these challenges, numerous unresolved
issues persist, making ongoing research essential for enhancing
the efficiency and effectiveness of drone technology in
agriculture. Addressing these limitations is key to realizing the full
potential of drones in improving agricultural practices.

Challenge Description Impact Reference
Obtaining permits for airspace usage, data . : : )
Complex permitting processes collection, and pesticide spraying can be time- Discourages adggat;grf]éfnz:;trlgularly for small (110)
consuming and expensive. :
- Lack of clarity on data ownership and privacy Farmers hesitate to share sensitive data,
Unclear dat?i\?z\;\énershlp and raises concerns about farmers' data being used hindering its potential for analysis and (111)
P Y without their consent. improvement.
. N . Existing frameworks might not adequately - ;
Limited liability and insurance - .S : - Creates uncertainty for farmers and service
frameworks address agrmﬂ%ﬁ;?},?ﬁﬂﬁﬁ'gﬂzgke spraying or providers in case of accidents. (112)
- - Differing regulations in different countries create . -
Variable regulations across ) h Hinders global collaboration and technology
borders challenges for crosssacgi?ﬁéoperatlons and data advancement. (110)
Evolving technology and The rapid evolution of drone technology often This leads to hesitant adoption by farmers (113)

policy gaps outpaces regulatory frameworks.

and discourages innovation by developers.
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conclusion

Drone technology holds immense potential for transforming
agricultural practices, fostering sustainability and boosting its
efficiency. Its adoption enables the farming community to
contribute to global environmental conservation and economic
resilience efforts. Drones' versatile applications, such as crop health
monitoring, precision spraying, data-driven decision-making and
soil health assessment, align with Sustainable Development Goal
(SDG) 2, aiming for Zero Hunger. Moreover, drone use in precision
agriculture significantly supports SDG 13 (Climate Action) by
reducing greenhouse gas emissions linked to conventional farming,.
Nonetheless, several challenges impede the widespread adoption
of drone technology. Issues such as short battery life and
operational limitations during adverse weather conditions present
practical barriers that need to be addressed for broader
implementation. Regulatory frameworks vary significantly across
regions, necessitating adherence to complex guidelines and
obtaining permits. This variability, coupled with the high initial cost
of drones and the requisite expertise in operation and data analysis,
can pose barriers for small-scale farmers.

An Agricultural Drone Subsidy system could play a crucial
role in overcoming these challenges, especially in developing
countries. Providing financial support, subsidies, or low-interest
loans can help smallholder farmers afford drone technology.
Governments and international organizations can also direct
subsidies toward training programs, ensuring farmers gain the skills
to operate drones and interpret data effectively. Continued
research and development efforts are essential to unlocking the full
potential of drones. Focus areas include improving battery life,
enhancing sensor capabilities, and streamlining regulations to
increase accessibility. Capacity-building initiatives can further equip
farmers with the necessary knowledge to leverage this technology.
By addressing these challenges and harnessing the transformative
power of drones, agriculture can transition toward a future marked
by sustainability and efficiency, ensuring food security.
Collaborative approaches involving multiple stakeholders will be
instrumental in effectively transferring UAV technology to farmers,
making this innovation more accessible at the field level.

Acknowledgements

The authors would like to sincerely thank the Department of
Remote Sensing and GIS, Tamil Nadu Agricultural University,
Coimbatore, Tamil Nadu, India, for providing the necessary
resources and support during this review. We also extend our
appreciation to colleagues and experts in the field for their
insightful feedback and suggestions that helped improve the
quality of this article.

Authors' contributions

RS contributed to the manuscript's conceptualization,
literature review and drafting. KP, PS and KR provided critical
insights and revisions to improve the scientific rigor of the
review. SN, MD and MR were responsible for acquiring and
analysing relevant literature. VB and STV contributed to the
organization and refinement of the manuscript, ensuring clarity
and coherence. All authors reviewed and approved the final
version of the manuscript.

11

Compliance with ethical standards

Conflict of interest: The author declares they have no
conflict of interest.

Ethical issues: None

Declaration of generative Al and Al-assisted technologies
in the writing process

During the preparation of this manuscript, Grammarly was
used for grammar correction and fluency to improve the
writing skills.

References

1.  ZhangXQ, SongXP, Liang YJ, Qin ZQ, Zhang BQ, Wei JJ, et al. Effects
of spray parameters of drone on the droplet deposition in
sugarcane canopy. Sugar Tech. 2020;22:583-8. https://
doi.org/10.1007/512355-019-00792-z

2. Hafeez A, Husain MA, Singh S, Chauhan A, Khan MT, Kumar N, et al.
Implementation of drone technology for farm monitoring &
pesticide spraying: A review. Information processing in Agriculture.
2022. https://doi.org/10.1016/j.inpa.2022.02.002

3. Rejeb A, Abdollahi A, Rejeb K, Treiblmaier H. Drones in agriculture: A
review and bibliometric analysis. Computers and electronics in
agriculture. 2022;198:107017. https://doi.org/10.1016/
j.compag.2022.107017

4. PuriV, Nayyar A, Raja L. Agriculture drones: A modern breakthrough in
precision agriculture. Journal of Statistics and Management Systems.
2017;20(4):507-18. https://doi.org/10.1080/09720510.2017.1395171

5. Nhamo L, Magidi J, Nyamugama A, Clulow AD, Sibanda M,
Chimonyo VG, et al. Prospects of improving agricultural and water
productivity through unmanned aerial vehicles. Agriculture. 2020;10
(7):256. https://doi.org/10.3390/agriculture10070256

6. Nhamo L, Mabhaudhi T, Modi A. Preparedness or repeated short-
term relief aid? Building drought resilience through early warning in
southern  Africa. Water Sa. 2019;45(1):75-85. https://
doi.org/10.4314/wsa.v45i1.09

7.  Olson D, Anderson J. Review on unmanned aerial vehicles, remote
sensors, imagery processing, and their applications in agriculture.
Agronomy Journal. 2021;113(2):971-92. https://doi.org/10.1002/
agj2.20595

8. Pongnumkul S, Chaovalit P, Surasvadi N. Applications of smartphone-
based sensors in agriculture: a systematic review of research. Journal
of Sensors. 2015;195308:1-18. https://doi.org/10.1155/2015/195308

9.  Delavarpour N, Koparan C, Nowatzki J, Bajwa S, Sun X. A technical
study on UAV characteristics for precision agriculture applications
and associated practical challenges. Remote Sensing. 2021;13
(6):1204. https://doi.org/10.3390/rs13061204

10. Barbedo JGA. A review on the use of unmanned aerial vehicles and
imaging sensors for monitoring and assessing plant stresses.
Drones. 2019;3(2):40. https://doi.org/10.3390/drones3020040

11. Ishihara M, Inoue Y, Ono K, Shimizu M, Matsuura S. The impact of
sunlight conditions on the consistency of vegetation indices in
croplands-Effective usage of vegetation indices from continuous
ground-based spectral measurements. Remote Sensing. 2015;7
(10):14079-98. https://doi.org/10.3390/rs71014079

12. Hoffmann H, Nieto H, Jensen R, Guzinski R, Zarco-Tejada P, Friborg
T. Estimating evaporation with thermal UAV data and two-source
energy balance models. Hydrology and Earth System Sciences.
2016;20(2):697-713. https://doi.org/10.5194/hess-20-697-2016

13.  Mulero-Pazmany M, Stolper R, Van Essen L, Negro JJ, Sassen T.
Remotely piloted aircraft systems as a rhinoceros anti-poaching
tool in Africa. PloS one. 2014;9(1):e83873. https://doi.org/10.1371/
journal.pone.0083873

Plant Science Today, ISSN 2348-1900 (online)


https://doi.org/10.1007/s12355–019–00792–z
https://doi.org/10.1007/s12355–019–00792–z
https://doi.org/10.1016/j.inpa.2022.02.002
https://doi.org/10.1016/j.compag.2022.107017
https://doi.org/10.1016/j.compag.2022.107017
https://doi.org/10.1080/09720510.2017.1395171
https://doi.org/10.3390/agriculture10070256
https://doi.org/10.4314/wsa.v45i1.09
https://doi.org/10.4314/wsa.v45i1.09
https://doi.org/10.1002/agj2.20595
https://doi.org/10.1002/agj2.20595
https://doi.org/10.1155/2015/195308
https://doi.org/10.3390/rs13061204
https://doi.org/10.3390/drones3020040
https://doi.org/10.3390/rs71014079
https://doi.org/10.5194/hess–20–697–2016
https://doi.org/10.1371/journal.pone.0083873
https://doi.org/10.1371/journal.pone.0083873

RISHIKESAVAN ET AL

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Barbedo JGA, Koenigkan LV. Perspectives on the use of unmanned
aerial systems to monitor cattle. Outlook on agriculture. 2018;47
(3):214-22. https://doi.org/10.1177/0030727018781876

Gabriel JL, Zarco-Tejada PJ, Lopez-Herrera PJ, Pérez-Martin E, Alonso-
Ayuso M, Quemada M. Airborne and ground level sensors for
monitoring nitrogen status in a maize crop. Biosystems Engineering.
2017;160:124-33. https://doi.org/10.1016/j.biosystemseng.2017.06.003

Dileep M, Navaneeth A, Ullagaddi S, Danti A, editors. A study and
analysis on various types of agricultural drones and its applications.
2020 fifth international conference on research in computational
intelligence and communication networks (ICRCICN);2020:IEEE.
https://doi.org/10.1109/ICRCICN50933.2020.9296195

Ren Q, Zhang R, Cai W, Sun X, Cao L, editors. Application and
development of new drones in agriculture. IOP conference series:
earth and environmental science; 2020: IOP Publishing. https://
doi.org/10.1088/1755-1315/440/5/052041

Ukhurebor KE, Adetunji CO, Olugbemi OT, Nwankwo W, Olayinka
AS, Umezuruike C, et al. Precision agriculture: Weather forecasting
for future farming. Al, Edge and loT-based Smart Agriculture:
Elsevier;2022.p.101-21. https://doi.org/10.1016/B978-0-12-823694
-9.00008-6

Debangshi U. Drone -Applications in Agriculture. Chronicle of
Bioresource Management 2021;5(3):115-120

Atukunda P, Eide WB, Kardel KR, Iversen PO, Westerberg AC.
Unlocking the potential for achievement of the UN Sustainable
Development Goal 2-'Zero Hunger'-in Africa: targets, strategies,
synergies and challenges. Food & Nutrition Research. 2021;6.
https://doi: 10.29219/fnr.v65.7686

Mohamed M. Agricultural Sustainability in the Age of Deep Learning:
Current Trends, Challenges, and Future Trajectories. Sustainable
Machine Intelligence Journal. 2023;4:2-1. https://doi.org/10.61185/
SMIJ.2023.44102

Sayer J, Sheil D, Galloway G, Riggs RA, Mewett G, MacDicken KG,
Arts BJ, Boedhihartono AK, Langston J, Edwards DP. In: Katila P,
Pierce Colfer CJ, de Jong W, Galloway G, Pacheco P, Winkel G, eds.
Sustainable Development Goals: Their Impacts on Forests and
People. Cambridge University Press; 2019.p.482-509. https://
doi.org/10.1017/9781108765015.017

Tomaselli MF, Timko J, Kozak R, Bull J, Kearney S, Saddler J, Zhu X.
SDG 9: industry, innovation and infrastructure-anticipating the
potential impacts on forests and forest-based livelihoods.
Sustainable Development Goals. 2019 Dec 12;279.

Singhal G, Bansod B, Mathew L. Unmanned aerial vehicle
classification, applications and challenges: A review. Preprints. 2018;
2018110601. https://doi.org/10.20944/preprints201811.0601.v1

Liebisch F, Kirchgessner N, Schneider D, Walter A, Hund A. Remote,
aerial phenotyping of maize traits with a mobile multi-sensor
approach. Plant Methods. 2015;11:1-20. https://doi.org/10.1186/
s13007-015-0048-8

Marinello F, Pezzuolo A, Chiumenti A, Sartori L. Technical analysis of
unmanned aerial vehicles (drones) for agricultural applications.
Engineering for rural development. 2016;15(2):870-5.

Herwitz S, Johnson L, Dunagan S, Higgins R, Sullivan D, Zheng J, et
al. Imaging from an unmanned aerial vehicle: agricultural
surveillance and decision support. Computers and Electronics in
Agriculture. 2004;44(1):49-61. https://doi.org/10.1016/
j.compag.2004.02.006

Chapman SC, Merz T, Chan A, Jackway P, Hrabar S, Dreccer MF, et
al. Pheno-copter: a low-altitude, autonomous remote-sensing
robotic helicopter for high-throughput field-based phenotyping.
Agronomy. 2014;4(2):279-301. https://doi.org/10.3390/
agronomy4020279

Pefia JM, Torres-Sanchez J, de Castro Al, Kelly M, Lépez-Granados
F. Weed mapping in early-season maize fields using object-based

30.

3L

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

12

analysis of unmanned aerial vehicle (UAV) images. PloS One. 2013;8
(10):e77151. https://doi.org/10.1371/journal.pone.0077151

Sinha J. Aerial robot for smart farming and enhancing farmers' net
benefit. Indian Journal of Agricultural Sciences. 2020;90(2):258-67.
https://doi.org/10.56093/ijas.v90i2.98997

Subramanian K, Pazhanivelan S, Srinivasan G, Santhi R, Sathiah N.
Drones in insect pest management. Frontiers in Agronomy.
2021;3:640885. https://doi.org/10.3389/fagro.2021.640885

Qin W-C, Qiu B-J, Xue X-Y, Chen C, Xu Z-F, Zhou Q-Q. Droplet
deposition and control effect of insecticides sprayed with an
unmanned aerial vehicle against plant hoppers. Crop Protection.
2016;85:79-88. https://doi.org/10.1016/j.cropro.2016.03.018

Panjaitan SD, Dewi YSK, Hendri MI, Wicaksono RA, Priyatman H. A
drone technology implementation approach to conventional paddy
fields application. 1EEE Access. 2022;10:120650-8. https://
doi.org/10.1109/ACCESS.2022.3221188

Kaniska K, Jagadeeswaran R, Kumaraperumal R, Ragunath KP,
Kannan B, Muthumanickam D, et al. Impact of Drone Spraying of
Nutrients on Growth and Yield of Maize Crop. International Journal
of Environment and Climate Change. 2022;12(11):274-82. https://
doi.org/10.9734/ijecc/2022/v12i1130972

Chen P, Ouyang F, Wang G, Qi H, Xu W, Yang W, et al. Droplet
distributions in cotton harvest aid applications vary with the
interactions among the unmanned aerial vehicle spraying
parameters. Industrial Crops and Products. 2021;163:113324.
https://doi.org/10.1016/j.indcrop.2021.113324

Lou Z, Xin F, Han X, Lan Y, Duan T, Fu W. Effect of unmanned aerial
vehicle flight height on droplet distribution, drift and control of
cotton aphids and spider mites. Agronomy. 2018;8(9):187. https://
doi.org/10.3390/agronomy8090187

Zhang P, Zhang W, Sun H-T, He F-G, Fu H-B, Qi L-Q, et al. Effects of
Spray Parameters on the Effective Spray Width of Single-Rotor
Drone in Sugarcane Plant Protection. Sugar Tech. 2021;23:308-
15.https://doi.org/10.1007/s12355-020-00890-3

Freeman PK, Freeland RS. Agricultural UAVs in the US: potential, policy
and hype. Remote Sensing Applications: Society and Environment.
2015;2:35-43. https://doi.org/10.1016/j.rsase.2015.10.002

Nandhini P, Muthumanickam D, Pazhanivelan RS, Kumaraperumal
R, Ragunath KP, Sudarmanian NS. Intercomparision of Drone and
Conventional Spraying Nutrients on Crop Growth and Yield in Black
Gram. International Journal of Plant & Soil Science. 2022;34(20):845
-52. https://doi.org/10.9734/ijpss/2022/v34i2031231

Dayana K, Ramesh T, Avudaithai s, Sebastian P, Selvaraj R.
Feasibility of using drone for foliar spraying of nutrients in irrigated
green gram (Vigna radiata L.). Ecology, Environment and
Conservation. 2022;28:589-94. https://doi.org/10.53550/
EEC.2022.v28i01s.064

Ribeiro LFO, Vitéria ELd, Soprani Juinior GG, Chen P, Lan Y. Impact of
Operational Parameters on Droplet Distribution Using an
Unmanned Aerial Vehicle in a Papaya Orchard. Agronomy. 2023;13
(4):1138. https://doi.org/10.3390/agronomy13041138

Koondee P, Saengprachatanarug K, Posom J, Watyotha C,
Wongphati M. Study of field capacity and variables of UAV operation
time during spraying hormone fertilizer in sugarcane field. I0P
Conference  Series: Earth and Environmental Science.
2019;301:012020. https://doi.org/10.1088/1755-1315/301/1/012020

Chokkalingam V, Kamble B, Durgude A, Ingle S, K P. Hyperspectral
Imaging of Soil and Crop: A Review. Journal of Experimental
Agriculture International. 2024;46:48-61. https://doi.org/10.9734/
jeai/2024/v46i12290

Dutta S, Singh AK, Mondal BP, Paul D, Patra K. Digital Inclusion of
the Farming Sector Using Drone Technology. 2023. https://
doi.org/10.5772/intechopen.108740

https://plantsciencetoday.online


https://plantsciencetoday.online
https://doi.org/10.1177/0030727018781876
https://doi.org/10.1016/j.biosystemseng.2017.06.003
https://doi.org/10.1109/ICRCICN50933.2020.9296195
https://doi.org/10.1088/1755–1315/440/5/052041
https://doi.org/10.1088/1755–1315/440/5/052041
https://doi.org/10.1016/B978–0–12–823694–9.00008–6
https://doi.org/10.1016/B978–0–12–823694–9.00008–6
https://doi:%2010.29219/fnr.v65.7686
https://doi.org/10.61185/SMIJ.2023.44102
https://doi.org/10.61185/SMIJ.2023.44102
https://doi.org/10.1017/9781108765015.017
https://doi.org/10.1017/9781108765015.017
https://doi.org/10.20944/preprints201811.0601.v1
https://doi.org/10.1186/s13007–015–0048–8
https://doi.org/10.1186/s13007–015–0048–8
https://doi.org/10.1016/j.compag.2004.02.006
https://doi.org/10.1016/j.compag.2004.02.006
https://doi.org/10.3390/agronomy4020279
https://doi.org/10.3390/agronomy4020279
https://doi.org/10.1371/journal.pone.0077151
https://doi.org/10.56093/ijas.v90i2.98997
https://doi.org/10.3389/fagro.2021.640885
https://doi.org/10.1016/j.cropro.2016.03.018
https://doi.org/10.1109/ACCESS.2022.3221188
https://doi.org/10.1109/ACCESS.2022.3221188
https://doi.org/10.9734/ijecc/2022/v12i1130972
https://doi.org/10.9734/ijecc/2022/v12i1130972
https://doi.org/10.1016/j.indcrop.2021.113324
https://doi.org/10.3390/agronomy8090187
https://doi.org/10.3390/agronomy8090187
https://doi.org/10.1007/s12355-020-00890-3
https://doi.org/10.1016/j.rsase.2015.10.002
https://doi.org/10.9734/ijpss/2022/v34i2031231
https://doi.org/10.53550/EEC.2022.v28i01s.064
https://doi.org/10.53550/EEC.2022.v28i01s.064
https://doi.org/10.3390/agronomy13041138
https://doi.org/10.1088/1755–1315/301/1/012020
https://doi.org/10.9734/jeai/2024/v46i12290
https://doi.org/10.9734/jeai/2024/v46i12290
https://doi.org/10.5772/intechopen.108740
https://doi.org/10.5772/intechopen.108740

45.

46.

41.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Shafi U, Mumtaz R, Garcia-Nieto J, Hassan S, Zaidi SAR, Igbal N.
Precision  Agriculture  Techniques and  Practices: From
Considerations to Applications. Sensors. 2019;19:3796. https://
doi.org/10.3390/519173796

Ali M, Al-Ani A, Eamus D, Tan DK. Leaf nitrogen determination using
non-destructive techniques-A review. Journal of Plant Nutrition.
2017;40(7):928-53. https://doi.org/10.1080/01904167.2016.1143954

Capolupo A, Kooistra L, Berendonk C, Boccia L, Suomalainen J.
Estimating plant traits of grasslands from UAV-acquired
hyperspectral images: a comparison of statistical approaches.
ISPRS International Journal of Geo-Information. 2015;4(4):2792-
820. https://doi.org/10.3390/ijgi4042792

Simelli I, Tsagaris A, editors. The Use of Unmanned Aerial Systems
(UAS) in Agriculture. HAICTA; 2015.

Colomina I, Molina P. Unmanned aerial systems for
photogrammetry and remote sensing: A review. ISPRS Journal of
Photogrammetry and Remote Sensing. 2014;92:79-97. https://
doi.org/10.1016/j.isprsjprs.2014.02.013

Ni J, Yao L, Zhang J, Cao W, Zhu Y, Tai X. Development of an
unmanned aerial vehicle-borne crop-growth monitoring system.
Sensors. 2017;17(3):502. https://doi.org/10.3390/s17030502

Ma Z, Zhu X, Zhou Z, Zou X, Zhao X. A lateral-directional control
method for high aspect ratio full-wing UAV and flight tests. Applied
Sciences. 2019;9(20):4236. https://doi.org/10.3390/app9204236

Ennouri K, Kallel A. Remote sensing: an advanced technique for
crop condition assessment. Mathematical Problems in Engineering.
2019;2019. https://doi.org/10.1155/2019/9404565

Noulas C, Torabian S, Qin R. Crop nutrient requirements and
advanced fertilizer management strategies. Agronomy. 2023; 13(8),
p.2017. https://doi.org/10.3390/agronomy13082017

Himanshu, Sharma S, Rana VS, Ankit, Thakur V, Kumar A, Prachi,
Thakur S, Sharma N. Unlocking the sustainable role of melatonin in
fruit production and stress tolerance: a review. CABI Agriculture and
Bioscience. 2024;5(1):103.

Dezordi LR, Aquino LAd, Aquino RFBdA, Clemente JM, Assungdo NS.
Diagnostic methods to assess the nutritional status of the carrot
crop. Revista Brasileira de Ciéncia do Solo. 2016;40. https://
doi.org/10.1590/18069657rbcs20140813

Balasubramaniam P, Ananthi V. Segmentation of nutrient
deficiency in incomplete crop images using intuitionistic fuzzy C-
means clustering algorithm. Nonlinear Dynamics. 2016;83:849-66.
https://doi.org/10.1007/s11071-015-2372-y

Jia L, Chen X, Zhang F, Buerkert A, Rmheld V. Use of digital camera
to assess nitrogen status of winter wheat in the northern China
plain. Journal of Plant Nutrition. 2004;27(3):441-50. https://
doi.org/10.1081/PLN-120028872

Nau$ J, Prokopové J, Rebi¢ek J, Spundovd M. SPAD chlorophyll
meter reading can be pronouncedly affected by chloroplast
movement. Photosynthesis Research. 2010;105:265-71. https://
doi.org/10.1007/s11120-010-9587-z

Severtson D, Callow N, Flower K, Neuhaus A, Olejnik M, Nansen C.
Unmanned aerial vehicle canopy reflectance data detects potassium
deficiency and green peach aphid susceptibility in canola. Precision
Agriculture.  2016;17:659-77.  https://doi.org/10.1007/s11119-016-
9442-0

Yakushev V, Kanash E. Evaluation of wheat nitrogen status by
colorimetric characteristics of crop canopy presented in digital
images. Journal of Agricultural Informatics. 2016;7(1). https://
doi.org/10.17700/jai.2016.7.1.268

Berni JA, Zarco-Tejada PJ, Sudrez L, Fereres E. Thermal and
narrowband multispectral remote sensing for vegetation
monitoring from an unmanned aerial vehicle. IEEE Transactions on
Geoscience and Remote Sensing. 2009;47(3):722-38. https://
doi.org/10.1109/TGRS.2008.2010457

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

T2.

73.

4.

5.

6.

7.

78.

79.

80.

13

Mogili UR, Deepak B. Review on application of drone systems in
precision agriculture. Procedia Computer Science. 2018;133:502-9.
https://doi.org/10.1016/j.procs.2018.07.063

Chen CJ, Huang YY, Li YS, Chen YC, Chang CY, Huang YM.
Identification of fruit tree pests with deep learning on embedded
drone to achieve accurate pesticide spraying. IEEE Access.
2021;9:21986-97. https://doi.org/10.1109/access.2021.3056082

Sarghini F, De Vivo A. Interference analysis of an heavy lift multirotor
drone flow field and transported spraying system. Chemical
Engineering Transactions. 2017;58:631-6.

Kedari S, Lohagaonkar P, Nimbokar M, Palve G, Yevale P.
Quadcopter-a smarter way of pesticide spraying. Imperial Journal
of Interdisciplinary Research. 2016;2(6):1257-60.

S. M V. Importance of Drones in Agriculture. In: Bholanath M, Sanjay
KB and Subhrangsu S, editors. New Delhi: New publishing House.
2024. p.112-28.

Bongiovanni R, Lowenberg-DeBoer J. Precision agriculture and
sustainability. Precision  Agriculture. 2004;5:359-87.  https://
doi.org/10.1023/B:PRAG.0000040806.39604.aa

Talaviya T, Shah D, Patel N, Yagnik H, Shah M. Implementation of
artificial intelligence in agriculture for optimisation of irrigation and
application of pesticides and herbicides. Artificial Intelligence in
Agriculture. 2020;4:58-73. https://doi.org/10.1016/j.aiia.2020.04.002

Dutta G, Goswami P. Application of drone in agriculture: A review.
International Journal of Chemical Studies. 2020;8(5):181-7. https://
doi.org/10.22271/chemi.2020.v8.i5d.10529

M. Tahat M, M. Alananbeh K, A. Othman Y, I. Leskovar D. Soil health
and sustainable agriculture. Sustainability. 2020;12(12):4859.
https://doi.org/10.3390/su12124859

Merwe D, Burchfield D, Witt T, Price K, Sharda A. Chapter OneDrones
in agriculture. Adv Agron. 2020;162:1-30. https://doi.org/10.1016/
bs.agron.2020.03.001

Niu H, Zhao T, Wang D, Chen Y, editors. Estimating evapotranspiration
with UAVs in agriculture: A review. 2019 ASABE Annual International
Meeting; 2019: American Society of Agricultural and Biological
Engineers. https://doi.org/10.20944/preprints201907.0124.v1

Xia T, Kustas WP, Anderson MC, Alfieri JG, Gao F, McKee L, et al.
Mapping evapotranspiration with high-resolution aircraft imagery
over vineyards using one-and two-source modeling schemes.
Hydrology and Earth System Sciences. 2016;20(4):1523-45. https://
doi.org/10.20944/preprints201907.0124.v1

Weiss M, Jacob F, Duveiller G. Remote sensing for agricultural
applications: A meta-review. Remote Sensing of Environment.
2020;236:111402. https://doi.org/10.1016/j.rse.2019.111402

Martos V, Ahmad A, Cartujo P, Ordofiez J. Ensuring agricultural
sustainability through remote sensing in the era of agriculture 5.0.
Applied  Sciences. 2021;11(13):5911. https://doi.org/10.3390/
appl1135911

Kamilaris A, Prenafeta-Bold(i FX. Deep learning in agriculture: A
survey. Computers and Electronics in Agriculture. 2018;147:70-90.
https://doi.org/10.1016/j.compag.2018.02.016

Gopal R, Singh V, Aggarwal A. Impact of online classes on the
satisfaction and performance of students during the pandemic
period of COVID 19. Education and Information Technologies.
2021;26(6):6923-47. https://doi.org/10.1007/s10639-021-10523-1

Sishodia RP, Ray RL, Singh SK. Applications of remote sensing in
precision agriculture: A review. Remote Sensing. 2020;12(19):3136.
https://doi.org/10.3390/rs12193136

Ziya A, Mehmet M, Yusuf Y. Determination of Sugar Beet Leaf Spot
Disease Level (Cercospora beticola Sacc.) with Image Processing
Technique by Using drone. Curr Inves Agri Curr Res 5(3)-2018:149-
56. https://doi.org/10.32474/CIACR.2018.05.000214

Dash JP, Watt MS, Pearse GD, Heaphy M, Dungey HS. Assessing very
high resolution UAV imagery for monitoring forest health during a

Plant Science Today, ISSN 2348-1900 (online)


https://doi.org/10.3390/s19173796
https://doi.org/10.3390/s19173796
https://doi.org/10.1080/01904167.2016.1143954
https://doi.org/10.3390/ijgi4042792
https://doi.org/10.1016/j.isprsjprs.2014.02.013
https://doi.org/10.1016/j.isprsjprs.2014.02.013
https://doi.org/10.3390/s17030502
https://doi.org/10.3390/app9204236
https://doi.org/10.1155/2019/9404565
https://doi.org/10.3390/agronomy13082017
https://doi.org/10.1590/18069657rbcs20140813
https://doi.org/10.1590/18069657rbcs20140813
https://doi.org/10.1007/s11071-015-2372-y
https://doi.org/10.1081/PLN–120028872
https://doi.org/10.1081/PLN–120028872
https://doi.org/10.1007/s11120-010-9587-z
https://doi.org/10.1007/s11120-010-9587-z
https://doi.org/10.1007/s11119–016–9442–0
https://doi.org/10.1007/s11119–016–9442–0
https://doi.org/10.17700/jai.2016.7.1.268
https://doi.org/10.17700/jai.2016.7.1.268
https://doi.org/10.1109/TGRS.2008.2010457
https://doi.org/10.1109/TGRS.2008.2010457
https://doi.org/10.1016/j.procs.2018.07.063
https://doi.org/10.1109/ACCESS.2021.3056082
https://doi.org/10.1023/B:PRAG.0000040806.39604.aa
https://doi.org/10.1023/B:PRAG.0000040806.39604.aa
https://doi.org/10.1016/j.aiia.2020.04.002
https://doi.org/10.22271/chemi.2020.v8.i5d.10529
https://doi.org/10.22271/chemi.2020.v8.i5d.10529
https://doi.org/10.3390/su12124859
https://doi.org/10.1016/bs.agron.2020.03.001
https://doi.org/10.1016/bs.agron.2020.03.001
https://doi.org/10.20944/preprints201907.0124.v1
https://doi.org/10.20944/preprints201907.0124.v1
https://doi.org/10.20944/preprints201907.0124.v1
https://doi.org/10.1016/j.rse.2019.111402
https://doi.org/10.3390/app11135911
https://doi.org/10.3390/app11135911
https://doi.org/10.1016/j.compag.2018.02.016
https://doi.org/10.1007/s10639–021–10523–1
https://doi.org/10.3390/rs12193136
https://doi.org/10.32474/CIACR.2018.05.000214

RISHIKESAVAN ET AL

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

simulated disease outbreak. ISPRS Journal of Photogrammetry and
Remote  Sensing. 2017;131:1-14.  https://doi.org/10.1016/
j-isprsjprs.2017.07.007

Calderdn Madrid R, Navas Cortés JA, Lucena Ledn C, Zarco-Tejada
PJ. High-resolution hyperspectral and thermal imagery acquired
from UAV platforms for early detection of Verticillium wilt using
fluorescence, temperature and narrow-band indices. 2013. https://
doi.org/10.1016/j.rse.2013.07.031

Hardin PJ, Jensen RR. Small-scale unmanned aerial vehicles in
environmental remote sensing: Challenges and opportunities.
GIScience & Remote Sensing. 2011;48(1):99-111. https://
doi.org/10.2747/1548-1603.48.1.99

Manfreda S, McCabe MF, Miller PE, Lucas R, Pajuelo Madrigal V,
Mallinis G, et al. On the use of unmanned aerial systems for
environmental monitoring. Remote Sensing. 2018;10(4):641.
https://doi.org/10.3390/rs10040641

Huang Y, Hoffmann WC, Lan Y, Wu W, Fritz BK. Development of a
spray system for an unmanned aerial vehicle platform. Applied
Engineering  in  Agriculture.  2009;25(6):803-9. https://
doi.org/10.13031/2013.29229

Huang Y, Reddy KN, Fletcher RS, Pennington D. UAV low-altitude
remote sensing for precision weed management. Weed
Technology. 2018;32(1):2-6. https://doi.org/10.1017/wet.2017.89

Yao L, Jiang Y, Zhiyao Z, Shuaishuai Y, Quan Q, editors. A pesticide
spraying mission assignment performed by multi-quadcopters and
its simulation platform establishment. 2016 IEEE Chinese Guidance,
Navigation and Control Conference (CGNCC); 2016

Li L, Fan Y, Huang X, Tian L, editors. Real-time UAV weed scout for
selective weed control by adaptive robust control and machine
learning algorithm. ASABE Annual International Meeting; 2016:
American Society of Agricultural and Biological Engineers. 2016

Malenovsky Z, Lucieer A, King DH, Turnbull JD, Robinson SA.
Unmanned aircraft system advances health mapping of fragile
polar vegetation. Methods in Ecology and Evolution. 2017;8
(12):1842-57. https://doi.org/10.1111/2041-210X.12833

Ajakaiye OB. Drone Agricultural Technology: Implications for
Sustainable Food Production in Africa. African Journal of
Agricultural Science and Food Research. 2023;9(1):36-44.

Rathod PD, Shinde GU. Autonomous Aerial System (UAV) for
Sustainable Agriculture: A Review. International Journal of
Environment and Climate Change. 2023;13(8):1343-55. https://
doi.org/10.9734/ijecc/2023/v13i82080

Mohsan SAH, Othman NQH, Li Y, Alsharif MH, Khan MA. Unmanned
aerial vehicles (UAVs): practical aspects, applications, open
challenges, security issues and future trends. Intelligent Service
Robotics. 2023;16(1):109-37. https://doi.org/10.1007/s11370-022—
00452-4

Dutta G, Goswami P. Application of drone in agriculture: A review.
International Journal of Chemical Studies. 2020;8:181-7. https://
doi.org/10.22271/chemi.2020.v8.i5d.10529

Elouarouar S, Medromi H, editors. Multi-Rotors Unmanned Aerial
Vehicles Power Supply and Energy Management. E3S Web of
Conferences; 2022: EDP Sciences. https://doi.org/10.1051/
e3sconf/202233600068

Jayasinghe SL, Thomas DT, Anderson JP, Chen C, Macdonald BC.
Global Application of Regenerative Agriculture: A Review of
Definitions and Assessment Approaches. Sustainability. 2023;15
(22):15941. https://doi.org/10.3390/su152215941

Diindar 0, Bilici M, Unler T. Design and performance analyses of a
fixed wing battery VTOL UAV. Engineering Science and Technology,
an International  Journal.  2020;23(5):1182-93.  https://
doi.org/10.1016/j.jestch.2020.02.002

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

14

Rajabi MS, Beigi P, Aghakhani S. Drone delivery systems and energy
management: a review and future trends. Handbook of Smart
Energy Systems. 2023:1-19. https://doi.org/10.1007/978-3-030-
72322-4_196-1

Emimi M, Khaleel M, Alkrash A. The current opportunities and
challenges in drone technology. International Journal of Electrical
Engineering and Sustainability. 2023:74-89.

Singh P. Drones in Indian Agriculture: Trends, Challenges and Policy
Implications2023.

Yang JM, Yu PT, Kuo BC. A nonparametric feature extraction and its
application to nearest neighbor classification for hyperspectral
image data. IEEE Transactions on Geoscience and Remote Sensing.
2009;48(3):1279-93. https://doi.org/10.1109/TGRS.2009.2031812

Islam N, Rashid MM, Pasandideh F, Ray B, Moore S, Kadel R. A review
of applications and communication technologies for internet of
things (lot) and unmanned aerial vehicle (uav) based sustainable
smart farming.  Sustainability. = 2021;13(4):1821.  https://
doi.org/10.3390/su13041821

Furlan LM, Moreira CA, de Alencar PG, Rosolen V. Environmental
monitoring and hydrological simulations of a natural wetland
based on high-resolution unmanned aerial vehicle data (Paulista
Peripheral  Depression, Brazil). Environmental Challenges.
2021;4:100146. https://doi.org/10.1016/j.envc.2021.100146

Frouin RJ, Franz BA, Ibrahim A, Knobelspiesse K, Ahmad Z, Cairns B,
et al. Atmospheric correction of satellite ocean-color imagery
during the PACE era. Frontiers in Earth Science. 2019;7:145. https://
doi.org/10.3389/feart.2019.00145

D'Sa R, Jenson D, Henderson T, Kilian J, Schulz B, Calvert M, et al.,
editors. SUAV: Q-An improved design for a transformable solar-
powered UAV. 2016 IEEE/RSJ International Conference on
Intelligent Robots and Systems (IROS); 2016:IEEE. https://
doi.org/10.1109/IR0S.2016.7759260

Saeed AS, Younes AB, Cai C, Cai G. A survey of hybrid unmanned
aerial vehicles. Progress in Aerospace Sciences. 2018;98:91-105.
https://doi.org/10.1016/j.paerosci.2018.03.007

Hunt ER, Cavigelli M, Daughtry CS, Mcmurtrey JE, Walthall CL.
Evaluation of digital photography from model aircraft for remote
sensing of crop biomass and nitrogen status. Precision Agriculture.
2005;6:359-78. https://doi.org/10.1007/s11119-005-2324-5

Kallimani C, Heidarian R, van Evert FK, Rijk B, Kooistra L. UAV-based
Multispectral & Thermal dataset for exploring the diurnal variability,
radiometric & geometric accuracy for precision agriculture. Open
Data Journal for Agricultural Research. 2020;6:1-7. https://
doi.org/10.18174/odjar.v6i0.16317

Stocker C, Bennett R, Nex F, Gerke M, Zevenbergen J. Review of the
current state of UAV regulations. Remote sensing. 2017;9(5):459.
https://doi.org/10.3390/rs9050459

Memisoglu O. Justification of Civilian Use of Drones and
International Security: Comparison between the United States and
the European Union. 2019.

Aviation MoC. Annual Report 2022. Available from: https://
www.civilaviation.gov.in/sites/default/files/2023-07/Annual%
20Report%200f%20MoCA%202022-2023%20English.pdf

Pathak H, Kumar G, Mohapatra S, Gaikwad B, Rane J. Use of drones
in agriculture: Potentials, Problems and Policy Needs. ICAR-
National Institute of Abiotic Stress Management. 2020;300:4-15.

Altawy R, Youssef AM. Security, privacy, and safety aspects of
civilian drones: A survey. ACM Transactions on Cyber-Physical
Systems. 2016;1(2):1-25. https://doi.org/10.1145/3001836

Singh P, Singh P. Drones in Indian Agriculture: Trends, Challenges
and Policy Implications. 2023.

Rajagopalan RP, Krishna R. Drones: Guidelines, regulations and
policy gapsin India. 2018.

https://plantsciencetoday.online


https://plantsciencetoday.online
https://doi.org/10.1016/j.isprsjprs.2017.07.007
https://doi.org/10.1016/j.isprsjprs.2017.07.007
https://doi.org/10.1016/j.rse.2013.07.031
https://doi.org/10.1016/j.rse.2013.07.031
https://doi.org/10.2747/1548–1603.48.1.99
https://doi.org/10.2747/1548–1603.48.1.99
https://doi.org/10.3390/rs10040641
https://doi.org/10.13031/2013.29229
https://doi.org/10.13031/2013.29229
https://doi.org/10.1017/wet.2017.89
https://doi.org/10.1111/2041–210X.12833
https://doi.org/10.9734/ijecc/2023/v13i82080
https://doi.org/10.9734/ijecc/2023/v13i82080
https://doi.org/10.1007/s11370–022–00452–4
https://doi.org/10.1007/s11370–022–00452–4
https://doi.org/10.22271/chemi.2020.v8.i5d.10529
https://doi.org/10.22271/chemi.2020.v8.i5d.10529
https://doi.org/10.1051/e3sconf/202233600068
https://doi.org/10.1051/e3sconf/202233600068
https://doi.org/10.3390/su152215941
https://doi.org/10.1016/j.jestch.2020.02.002
https://doi.org/10.1016/j.jestch.2020.02.002
https://doi.org/10.1007/978-3-030-72322-4_196-1
https://doi.org/10.1007/978-3-030-72322-4_196-1
https://doi.org/10.1109/TGRS.2009.2031812
https://doi.org/10.3390/su13041821
https://doi.org/10.3390/su13041821
https://doi.org/10.1016/j.envc.2021.100146
https://doi.org/10.3389/feart.2019.00145
https://doi.org/10.3389/feart.2019.00145
https://doi.org/10.1109/IROS.2016.7759260
https://doi.org/10.1109/IROS.2016.7759260
https://doi.org/10.1016/j.paerosci.2018.03.007
https://doi.org/10.1007/s11119-005-2324-5
https://doi.org/10.18174/odjar.v6i0.16317
https://doi.org/10.18174/odjar.v6i0.16317
https://doi.org/10.3390/rs9050459
https://www.civilaviation.gov.in/sites/default/files/2023-07/Annual%20Report%20of%20MoCA%202022-2023%20English.pdf
https://www.civilaviation.gov.in/sites/default/files/2023-07/Annual%20Report%20of%20MoCA%202022-2023%20English.pdf
https://www.civilaviation.gov.in/sites/default/files/2023-07/Annual%20Report%20of%20MoCA%202022-2023%20English.pdf
https://doi.org/10.1145/3001836

