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Climate change presents one of the most
significant  challenges to global agriculture,
threatening food security and the livelihoods of
millions. Traditional agricultural practices often
aggravate environmental degradation. Climate-smart
agriculture (CSA) aims to address these issues by
promoting practices that enhance productivity,
resilience, and reduce greenhouse gas emissions;
encouraging producing more from less. Among the
various technological advancements supporting CSA,
drones stand out for their versatility and precision.
Equipped with advanced sensors and imaging
technologies, drones provide detailed, real-time data
on various aspects of farming, enabling more
informed decision-making. The roles, benefits,
challenges, and future prospects of use of drones are
discussed below.

Role of drones in climate smart agriculture
1. Precision Agriculture

Precision  agriculture is the  precise
management of all agricultural practices and
resources, from land preparation to harvest, based on
detailed observations and measurements, i.e., data.
Drones play an important role in precision agriculture
by offering high-resolution imagery and data that can
be analysed to optimize farming practices.

a. Crop health monitoring and assessment
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Fig. 1. Navigation of drones in farming
(Source:https:/ / theagrotechdaily.com/exploring-pros-and-cons-
of-drones-in-farming)
Early identification of stress factors such as
disease, pest infestation, or nutrient deficiencies
allows for timely interventions, thereby minimizing

crop losses and reducing the need for chemical
treatments. Drones equipped with multispectral,
hyperspectral, and thermal sensors can capture
detailed images across various wavelengths,
providing insights into plant health and physiological
conditions. These images help assess plant health by
analyzing various spectral indices such as the
Normalized Difference Vegetation Index (NDVI),
Enhanced Vegetation Index (EVI), and Soil-Adjusted
Vegetation Index (SAVI). These indices help identify
areas of stress, disease, or nutrient deficiency within a
field. NDVI measures the difference between near-
infrared (reflected by healthy vegetation) and red light
(absorbed by plants), providing a reliable indicator of
plant health (Rouse et al.,, 1974). EVI is better than
NDVI in that it reduces atmospheric and soil
background effects, offering a more accurate
representation of vegetation cover (Huete et al., 1997).
SAVI incorporates soil brightness correction factor,
making it suitable for areas with sparse vegetation
(Huete, 1988).

b. Variable Rate Technology (VRT)

Variable Rate Technology (VRT) is a
cornerstone of precision agriculture, allowing for the
differential application of inputs such as fertilizers,
pesticides, and water. Drones facilitate VRT by
mapping fields and identifying specific areas that
require attention. This targeted approach not only
enhances crop productivity but also reduces input
costs and minimizes environmental impact.

2. Early Detection of Stress Factors

Drones enable the early detection of stress
factors such as water stress, pest infestations, and
nutrient  deficiencies, allowing for timely
interventions. Thermal cameras on drones can detect
variations in canopy temperature, which are
indicative of water stress. Plants under water stress
typically exhibit higher temperatures due to reduced
transpiration rates. Timely identification of these
hotspots helps optimize irrigation schedules and
prevent crop loss (Zarco-Tejada et al., 2012).

High-resolution images and detailed spectral
data enable the detection of subtle changes in crop
conditions that are not visible to the naked eye or
through satellite imagery (Lamb et al., 2008). They can
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help identify and assess the signs of pest infestations
or disease outbreaks before they become visually
apparent. For example, changes in reflectance patterns
can indicate pest damage or disease stress (Mahlein et
al.,, 2013). This allows for prompt and targeted
interventions, reducing the reliance on broad-
spectrum pesticides and minimizing crop damage.
The use of drones for monitoring also reduces the need
for manual scouting, saving time and labour.
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Fig. 2 Crop water stress index (CWSI) acquired from
unmanned aerial vehicle (UAV) at (a) Arzachena
and (b) Usni (Matese et. al., 2018)

3. Efficient resource management

a. Field Mapping and Surveying

Fig. 3. Land surveying and mapping by drone

(Source: https:/ /www.atomaviation.com/land-surveying-

mapping-by-drone)

Topographic Mapping using drones can create

detailed topographic maps of fields, which are

essential for precision farming practices like variable
rate application of inputs (fertilizers, pesticides).

b. Soil analysis and management
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Fig. 4. Soil and field analysis
(Rajani and Samruddhi, 2023)
Healthy soil is fundamental to productive
agriculture. Drones assist in soil analysis by capturing
high-resolution images that reveal soil texture,
structure, and organic matter content. This
information is essential for determining appropriate
crop rotations, soil amendments, and other
management practices such as irrigation. Regular
monitoring of soil health helps maintain its fertility
and productivity, contributing to long-term
agricultural sustainability.

c. Irrigation management

(Source:https:/ /specdrones.us/agriculture/irrigation-
management-drones)

By ensuring that water is applied only where

and when needed, drones help conserve water
resources and enhance crop yields. They can also
monitor irrigation infrastructure, detecting leaks or
blockages that could lead to water wastage. Drones
offer two main benefits for irrigation: they can detect
water-stressed areas using sensors and cameras,
enabling precise irrigation adjustments, and they can
apply pesticides and water efficiently, especially in
emergencies. Matese ef al., 2018 reported that a fixed-
wing UAV captured multispectral images of citrus
crops to identify changes, and also sprinkled water
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accurately over stressed areas. This frequent and
targeted irrigation makes UAVs an effective tool for
water conservation.

d. Planting and Seeding

Fig. 6. (a) Tree planting using drone
(Source:https:/ /www fastcompany.com /40450262 / these-tree-
planting-drones-are-about-to-fire-a-million-seeds-to-re-grow-a-
forest )

Precision Planting: Some drones are equipped with
systems to plant seeds accurately and efficiently,
which is particularly useful for reforestation and cover
crops.

Fig. 7. Seedmg using- dron

(Source:https:/ /hamiltonnativeoutpost.com/drone-

seeder)

Variable Rate Seeding: By understanding the

variability within a field, drones can assist in planting
seeds at variable rates to maximize yield.

e. Precision spraying

In addition to monitoring, drones can be
equipped with spraying systems to apply pesticides or
biological agents precisely where needed. This

targeted application minimizes the amount of
chemicals used, reducing environmental
contamination and the risk of developing pesticide
resistance. Precision spraying also enhances the
effectiveness of treatments, improving crop health and
yield. Targeted spraying of fertilizers, pesticides, or
herbicides can be done using drones. They carry tanks
filled with plant protection chemicals and apply them
precisely where needed, reducing waste and
environmental impact. Advanced drones can
autonomously navigate fields and spray crops based
on pre-determined maps and real-time data, called
automated spraying.

| Fi. 8. Drone spraying |
4. Yield Estimation and Harvest Planning

Fig. 9. UAV imaging
(Source: https:/ / www.pix4d.com/blog/uav-imaging-
future-of-yield-prediction-research)
Accurate yield estimation and mapping are
critical for planning and resource allocation. Drones
can provide detailed spatial data that improve the
accuracy of yield predictions. By analyzing growth
patterns and health data, drones can help estimate
crop yields, aiding in planning harvests and market
strategies. They can also determine the optimal time
for harvesting by monitoring the ripeness and health
of crops.

5. Biomass Estimation and Crop Damage Assessment

By using multispectral imagery, drones can
estimate biomass and crop growth stages. Indices such
as NDVI correlate strongly with biomass, allowing for
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precise yield predictions (Tilly et al., 2015). After
extreme weather events or pest attacks, drones can
quickly assess crop damage, providing critical
information for insurance claims and recovery
planning (Mulla, 2013).

Environmental, economic and social benefits of
drone technology

Drones in agriculture significantly reduce
greenhouse gas emissions by optimizing input use and
improving efficiency. They provide precise data on
crop and soil needs, reducing the need for synthetic
fertilizers and pesticides, and lower emissions from
agricultural machinery by minimizing field
operations. Drones also support soil health and carbon
sequestration by monitoring key parameters, enabling
practices like cover cropping and reduced tillage to
store more carbon. Furthermore, they conserve
biodiversity by targeting interventions precisely,
reducing harm to non-target species, and managing
habitats essential for biodiversity, making it an
environment friendly technology.

The economic and social benefits of drone
adoption in agriculture are substantial, particularly for
smallholder farmers. Drones cut input costs, boost
yields through early stress detection, and enhance
farm profitability. Advances in technology have made
drones more affordable and accessible, with service
providers offering affordable solutions, especially in
developing regions. Drones democratize access to
precise agricultural data, empowering farmers with
real-time insights, improving productivity and
sustainability. They also create employment and
entrepreneurial opportunities, contributing to social
equity, rural development, and enhanced food
security in rural areas.

Drone technology adoption -
solutions

challenges and

Regulatory frameworks governing the use of
drones vary widely across countries and regions,
posing significant barriers to their adoption in
agriculture. Restrictions on airspace, privacy concerns,
and certification requirements can limit the
deployment of drones. Harmonizing regulations to
balance safety and innovation is crucial for promoting
drone use in agriculture (Barnes et al., 2019; Huang et
al., 2020). Moreover, technical expertise is a critical
challenge. Operating drones and interpreting data
require specialized skills, which many farmers,
especially in developing regions, may lack. Training
programs and extension services are essential to build
local capacity and ensure effective utilization of drone
technology (Li et al., 2018).

Despite decreasing costs, affordability remains
a barrier, particularly for smallholder farmers.
Subsidies, financial incentives, and cooperative
models can help lower entry barriers and promote
wider adoption (Zhang et al., 2017). Additionally,
ensuring that drones and related technologies are
accessible to farmers in remote and underserved areas
is crucial. Another challenge is data management; the
vast amount of data generated by drones poses issues
related to storage, analysis, and integration with
existing farm management systems. Developing user-
friendly platforms and tools for data management and
decision-making is essential to maximize the benefits
of drone technology (Jones et al., 2021; Thompson et
al., 2019).
Conclusion

Drones have emerged as pivotal tools in
climate-smart agriculture, offering a wide range of
applications that enhance sustainability and efficiency
in farming practices. By providing detailed, real-time
data on crop monitoring, soil and water management,
pest control, and more, drones enable farmers to make
informed decisions that optimize resource use and
reduce environmental impact. Despite the economic,
social, and regulatory challenges associated with
drone adoption in agriculture, the benefits they bring
in terms of increased productivity, reduced
greenhouse gas emissions, and improved livelihoods
for farmers are substantial. Moving forward, it is
essential to address these challenges through targeted
policies, investments in training and capacity
building, and the development of user-friendly data
management systems to maximize the potential of
drone technology in advancing climate-smart
agriculture practices. With continued innovation and
collaboration, drones are poised to play a crucial role
in shaping the future of sustainable agriculture and
food security worldwide.
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