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Abstract: Selecting appropriate spraying parameters is a prerequisite for profitable agricultural crop
production. These parameters include spraying speed, application rate, working pressure and
characteristics of the equipment used, such as nozzles, pumps, filters and tanks. The listed parameters
are essential for optimizing the efficacy and cost-effectiveness of pesticide application and
minimizing environmental impact. In addition, weather conditions, terrain, crop type and specific
microclimatic and micro-relief conditions impose restrictions on these parameters. Pesticide
deposition on the target area is influenced by multiple parameters, including adjusted working
pressure, speed, nozzle altitude and boom air assistance. Drone sprayers generate strong air
assistance at the nozzle jets, causing droplet drift. If altitude of the sprayer is lower, droplets spend
less time in the air and reach the target area more quickly. In contrast, if the drone is flying at a higher
altitude, droplets spend more time in the air and are more affected by drone fans. Drone engine
blades create an effect similar to wind, potentially causing wind drift and leading to faster droplets
evaporation. The deposition efficiency of a drone sprayer using three different nozzle types was
assessed during wheat treatment. The tested nozzles included a flat fan nozzle, an air-injector single
flat fan nozzle and an air-injector double flat fan nozzle. These nozzles were tested at three different
altitudes with consistent speed and nozzle pressure. At the highest altitude, deposition was reduced
by half due to various types of drift. Small droplets evaporated while flying through the air, further
pushed by the wind generated by the drone engines blades. It resulted in reduced total deposition
(approximately 12%), as only larger droplets reached the target. Also, an unsatisfactory vortex was
recorded. Since air-injector nozzles produce larger droplets, all parameters improved, achieving
optimal efficacy, with the total deposition reaching up to 80%. Maximum deposition was achieved at
a flight altitude of 1.5 m. The average deposition was approximately 34% for a spray width of 6 m.
The collected data were sorted as nested data and processed to develop a model describing changes
in deposition at different drone spray altitudes. This model can be a valuable tool for farmers and
agricultural engineers in selecting appropriate nozzles for drone spraying. The choice of spraying
altitude influences pesticide deposition, affecting both application efficacy and potential impact on
the environment. Furthermore, during drone-based pesticide application, it is necessary to use only
pesticides registered for aerial application. It is also obligatory to obtain permission from the Ministry
of Agriculture, and notify the local community about the date and time of spraying. In this study,
pesticide application was simulated using Brilliant Blue tracers. Drones equipped with multispectral
cameras were used in this study for monitoring crop health and detecting disease outbreaks.
Multispectral imaging was conducted to analyze vegetation indices such as NDVI and NDRE, in
combination with drift analysis, to determine the optimal timing for pesticide application. High-
resolution multispectral images of 1x1 m wheat plots were captured at a 15 m flight altitude, ensuring
a spatial resolution of less than 1 cm per pixel. This approach allowed for precise detection of crop
stress while simultaneously evaluating pesticide drift and deposition efficiency. By integrating
remote sensing for stress detection and drift analysis for application efficiency, this study provides a
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data-driven approach for optimizing pesticide use, improving precision and minimizing
environmental impact.

Keywords: nozzles; deposition; drift; remote sensing; wheat treatment

1. Introduction

Food producers face serious challenges related to pesticide residues in fruits and vegetables.
Continuous concern over this issue leads to production instability and reduced economic
sustainability of production. As a result, farmers opt to cultivate other crops primarily to avoid these
challenges and secondly due to lower profit caused by increased pesticide use. Additionally,
unpredictable weather conditions, especially high temperatures and humidity, have great impact on
production by creating conditions favorable for development of pest population.

For these reasons, farmers must be prepared to respond quickly and effectively at the first signs
of disease. Conventional methods, such as using tractors and field crop sprayers, are not economical
for treating small spots, as they take considerable time and require spraying of the entire area,
including unaffected sections. In contrast, drones equipped with cameras can be used for both
detection of localized infections and pesticide spraying. Drones for pesticide application can be used
for several purposes and have a number of advantages [1,2]. First, drones are a significantly cheaper
investment compared to tractors and field crop sprayers. In addition, using a drone for pesticide
application can be a considerably cheaper alternative to using a tractor equipped with a field sprayer
[3,4]. Second, apart from spraying, drones can be employed for monitoring and analyzing large
agricultural areas for pest or weed infestations. Drones for pesticide spraying are typically equipped
with a tank, nozzles, pumps, lines, hardware and GPS for precise application control. Operational
parameters usually range around 1.15 ha/h, with an average speed of 4.45 m/s [3,5]. Spraying rate is
lower compared to other methods, at 47 1/ha [6] with a flow rate ranging from 0.6 I/min to 1.25 1/min
[7,8]. However, certain limitations have been identified [4], related to speed and total sprayed area.
The cost of drone-based pesticide spraying can easily increase if spraying speed and altitude are too
high. It was reported that drones are suitable for crop monitoring and small interventions in
fertilization and crop protection [9]. Other unmanned aerial vehicles, with autonomous flight and
path control software, have also been tested for fertilization and crop spraying [7]. It was observed
that increasing drone flight altitude to 4 or 5 m resulted in a reduced swath width [10].

Achieving high pesticide application efficacy is important not only for economic sustainability
of crop and food production, but also for maintaining effective control over disease and weed
populations. This can be accomplished only by using a properly calibrated sprayer. Sprayer
calibration involves more than simply checking the pump flow rate, pressure, nozzle flow rate and
distribution uniformity. It also requires optimizing pesticide distribution on the target area with
minimal drift [11,12]. The primary goal is to distribute a sufficient amount of pesticide to the spraying
target (weeds and pests) to eliminate them immediately. Otherwise, weed and pest populations may
develop resistance to the pesticides.

To prevent pesticide resistance, it is important to consider different pesticide application
technologies, while prioritizing prevention strategies over post-infestation treatments. Maximizing
spraying deposition improves spraying efficiency while reducing spray drift, which is a challenge
farmers constantly encounter throughout the growing season [13]. To address these problems,
numerous policies — many of which are found in EU regulations — recommend using calibrated
unmanned aerial vehicles (UAVs), such as drones [14]. Using drones with sprayers can be an efficient
way for pest control in fields [15]. Over the years, drones have undergone many changes and
advancements and their capabilities will keep expanding [16]. Having low labor and human
operational costs and causing no damage to the crops and no soil compaction from ground traffic,
drones are expected to have even more significant role in future agriculture production. However,
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some researchers stay cautious about UAV efficiency. A study [3] demonstrated that UAV ground
operations accounted for 50% of the total working time, preparation and route planning required
10% each, while only around 30% of the working time was for spraying operations. For optimal
spatial pests control aimed at preventing yield losses, minimizing drift is essential. There are several
factors affecting drone deposition quality. The primary factor is wind, which can increase drift. In
additional, evaporation drift must be considered, as small droplets are affected by high-speed airflow
generated by drone turbines (smaller droplets have faster evaporation). These factors reduce
pesticide efficacy and can potentially contribute to resistance development in weeds or pests. To
minimize these effects, [17] found that optimal application parameters for WPH642 unmanned
aircraft were a flight altitude of 2 m and a flight velocity of 1.5 m/s. In another study testing two
different drones with sprayers, [18] reported that spray drift was possible due to small volume
median diameter (VMD) of droplets during spraying. When droplets were smaller than 200 pum, drift
became inevitable. Although the spray pattern reached swath widths of 5 m and 7 m, no drift
measurements were recorded. The authors suggested that changing nozzles could reduce drift. A
study by [8] confirms that drones can be efficiently used for crop protection. When a UAV was
operated at a fixed flight speed of 4 m/s and an altitude of 3.5 m, the droplets coverage rate on wheat
canopy and the distribution uniformity were optimal. The ratio of droplets coverage rate between
the lower layer and the canopy was 45.6%. The authors also stress that some auxiliary agents must
be added to extend the retention period of the pesticide solution on crop surfaces to prolong the
pesticide effect and improve pest control efficiency. In a study by [19], it was reported that low flight
altitudes (0.8 m) and drone velocity of 3 m/s resulted in coverage of approximately 6%. This very low
coverage was attributed to wind drift, as higher speed reduces coverage to between 3% and 5%. The
impact of drone turbines on pesticide losses is very high and using ultra-low volumes of pesticide
further decreases the coverage. Moreover, the airflow from drone turbines significantly affects
droplet penetration into the crops, especially along the edges of the spray area, making smaller
droplets prone to drift. Although this airflow can have a positive effect on deposition and efficacy in
some cases, it is important to minimize drift by using low-drift nozzles, such as air-injector nozzles
[20]. It is necessary to point out that smaller droplets contribute more significantly to treatment
efficacy [21].

However, certain factors have not been adequately considered in drone-based pesticide
spraying. Successful prevention of diseases and weeds using field crop sprayers has become less
economically sustainable due to the high cost of pesticides and the necessity to spray entire fields
instead of only infested areas (which can be performed by drones). Effective pest control requires
high spraying efficacy.

In India, conventional pesticide application methods result in excessive use of chemicals, lower
spray uniformity, reduced deposition and coverage, leading to higher cost of pesticides and increased
environmental pollution [22]. Furthermore, these methods require increased drudgery in field
application and result in reduced area coverage, leading to increased input costs as well as reduced
efficiency in pest and disease control.

UAV-based remote sensing has transformed disease monitoring and crop protection by enabling
early detection, targeted treatment, and data-driven decision-making. Traditional scouting methods
are time-consuming and reactive, whereas drones equipped with multispectral sensors can detect
stress indicators before visible symptoms appear, allowing for timely intervention [41]. By analyzing
NDVI and NDRE indices, UAVs precisely identify affected areas, reducing unnecessary pesticide
applications and lowering costs [42]. Precision spraying guided by drone mapping enhances
application efficiency, prevents pesticide resistance, and minimizes environmental impact [43].
Additionally, long-term UAV data facilitates prediction of future outbreaks, contributing to
improved disease management strategies [44]. Integration of remote sensing technologies in modern
agriculture enables earlier, more precise, and cost-effective disease control, ensuring sustainable crop
production.


https://doi.org/10.20944/preprints202503.1329.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 March 2025

The application of UAV-based multispectral imaging has significantly advanced crop health
monitoring and disease detection. By capturing and analyzing vegetation indices, such as NDVI and
NDRE, it is possible to detect early stress symptoms in plants before they become visible, allowing
for prompt intervention and more effective pest and disease management. In this study, multispectral
imaging was employed to monitor crop conditions and assess pesticide application efficiency by
analyzing spray drift [39]. Integration of remote sensing technologies in precision agriculture is
essential for optimizing input usage, reducing pesticide waste and enhancing overall crop
productivity [40].

2. Materials and Methods

The experiment was conducted using the Agras MG 1S drone, equipped with 8 rotors, providing
a maximum trust of 24.5 kg. Maximum operation speed is 8 m/s and flight speed is 22 m/s. A sprayer
system is mounted on the drone, with a 10-liter tank and 4 nozzles. The altitude stabilization system
has a detection range of 1.5-7 m, an operational range of 2-3.5 m and detection accuracy <0.1 m.
According to the manufacturer’s manual, the spray width ranges 4 — 6 m when the drone flight
altitude is between 1.5 and 3 m.

During the experiment, clean water was used together with a specific concentration of tracers.
Brilliant Blue was used as the tracer at a concentration of 5 g/1. These tracers are employed to assess
deposition levels on artificial targets on the ground. The artificial targets were plastic plates arranged
in a 7x7 grid pattern, with one plate positioned at every 1 x 1 m (Figure 1).

Figure 1. Plastic plates used for assessment of deposition levels.

The spraying rate was 150 1/ha. Following the application, tracers were collected and washed
with 0.025 1 of deionized water. Absorbance was measured using the PhotoLab 6600 UV/VIS
spectrophotometer at a wavelength of 627 nm, with a wavelength accuracy +1 nm and a resolution
of 1 nm.

For this experiment, the nozzles on the drone were replaced with different nozzle types to assess
their impact on spray deposition. The first tested nozzle was the original flat fan nozzle (XR), with
which the drone was initially equipped. This yellow-colored nozzle had a fan angle of 110° and a
flow rate of 0.8 1/min at 3 bar, producing droplets with a volume median diameter of 190 um. The
second tested nozzle was an air-injector nozzle, the Compact Fan Air-T (CFA-T 110-02). This yellow-
colored nozzle had a single flat fan rotated 13° backwards, a spraying angle of 110°, a flow rate of 1.2
l/min at 3 bar. It was made of molded Delrin acetal resin, producing very coarse droplets, with a
volume median diameter of 368 um. The third tested nozzle was an air-injector double flat fan nozzle.
This Twin Fan Air (TFA) nozzle, also yellow-colored, had two flat fans positioned at a 30° angle to
each other, a spraying angle of 120°, a flow rate of 1.2 /min at 3 bar. It was also made of molded
Delrin acetal resin, and produced extremely coarse droplets, with a volume median diameter of 525
pm. The drone speed was 2 m/s. The flight altitudes were set at 1.5 m, 3 m and 5 m above the ground,
with the spraying rate of 150 I/ha.

The weather conditions were favorable, with a wind speed of approximately 1 m/s, humidity
around 65% and temperature of 26.5 °C. The terrain was flat, with no inclination.
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The collected data were processed using Wolfram Mathematica as a nested design.
Computational models were developed to assess changes in deposition amounts.

In order to conduct remote disease detection, the DJI Phantom P4 drone equipped with a
multispectral camera was used. Multispectral images were obtained using a six-channel camera,
which included an RGB channel (visible spectrum), a Red channel at 650 nm * 16 nm, a Blue channel
at 450 nm + 16 nm, a Green channel at 560 nm + 16 nm, a near-infrared (NIR) channel at 840 nm + 26
nm, and a RedEdge channel at 730 nm + 16 nm. The wheat samples under observation were placed
in 1 m? boxes. During imaging, the boxes were arranged in a row according to infection severity levels
ranging from 0 to 4, based on the Stackman scale, where 0 represents healthy wheat and 4 indicates
the highest level of infection. The drone was flown at an altitude of 15 meters, achieving a pixel
resolution of 0.7 cm, which allowed for precise image analysis. After processing the images,
vegetation indices were generated. The NDRE vegetation index represents the ratio between near-
infrared (NIR) and visible red spectrum reflectance of plants. The healthier the plant, the greater the
difference between the reflectance of these two channels (with a stronger near-infrared signal),
resulting in a higher index value. The NDVI is a remote sensing metric used to assess vegetation
health by analyzing the difference between near-infrared (NIR) and red light reflectance. Higher
NDVI values indicate healthy, dense vegetation, while lower values suggest stress, disease, or poor
plant coverage. For multispectral image analysis, five specific points were selected within each box
to extract vegetation index values. These values were used to estimate the health status of wheat and
examine the correlation between disease severity and index fluctuations. The collected data provided
a basis for evaluating crop stress levels and determining the potential need for intervention.

3. Results

Data collected from artificial targets were first classified using a nested data design [23-25]. The
data were processed in Wolfram Mathematica 10 to generate surfaces and develop models describing
deposition variations influenced by two factors: flight altitude and nozzle type. Accordingly, the data
were classified with two levels of factors: flight altitude (h), nozzle type (R), with the dependent
variable being deposition (Y). A nested design was formed, wherein nozzle type was nested within
flight altitude (h(R)), indicating that deposition (Y) is nested within both nozzle type and flight
altitude (h(R*Y)). Statistical analysis was performed using Statistica 13 software following the same
nested design structure.

Table 1 presents the average tracer deposition on artificial targets depending on nozzle type and
flight altitude. When using a flat fan nozzle (XR), the deposition reached 12.69% of the total
deposition at a flight altitude of 1.5 m. As the flight altitude increased, deposition decreased to 7.34%
at 3 m and further declined to 1.77% at 5 m. This means that a drift was more than 98%. A higher
average deposition was recorded with the CFAT nozzle, reaching 16.51% at 1.5 m flight altitude with
6 m boom width. Changes in flight altitude had no dramatic effect on the deposition, with only 23.4%
reduction at 5 m altitude. The highest average deposition was observed using the air-injector double
flat fan nozzle (TFA), with more than 34%. When the flight altitude increased, the average deposition
remained high, 30.51% at 3 m and 20.86% at 5 m. Statistical data processing included testing all effects,
assessing homogeneity of variances and significance using Duncan test for the nested design
(h(R*Y)). The results indicate, with 95% confidence, that flight altitude and nozzle type affect the
average deposition and spraying distribution uniformity. Homogeneity of variance was not
observed. Duncan test confirmed, with 95% confidence, that the highest average deposition was
achieved using the TFA nozzle, especially at lower altitudes. The lowest average deposition was
recorded for the XR nozzle at 3 m and 5 m. These findings are consistent with the droplet size of the
tested nozzles [26,27].

Table 1. Average deposition for tested nozzles at different flight altitudes.

Nozzle type / flight altitude, m 1.5 3 5
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1. XR 12.69ab 7.34ac 1.77¢
. CFAT 16.51ab 13.23ab 12.65ab
3. TFA 34.6d 30.51d 20.86b

The variations in deposition distribution uniformity for the tested nozzles at different altitudes
collected on artificial targets are presented in Figures 2—4. Figure 2 presents the deposition of the air-
injector nozzle with two flat fans (TFA), showing that this nozzle achieves the highest deposition, up
to 80%, at the center of spraying. However, uniformity is not achieved. The same pattern is observed
with the other two tested nozzles. The deposition for the air-injector nozzle with a single flat fan is
over 60% at 1.5 m flight altitude, similar to the TFA nozzle. Deposition distribution declines
drastically as the spray width changes. Total deposition remains above 50% at 2 m spray width and
above 40% at 4 m spray width. However, the XR nozzle shows a distinct distribution pattern, with a
maximum total deposition of approximately 20%. The most important characteristic is illustrated in
Figure 4, showing that the distribution curve of XR nozzle is more spherical compared to other two
nozzles. This is attributed to the smaller, more drift-prone droplets, which are spread more widely
by the drone vortex. This effect is particularly evident in this case. In contrast, the graph for the CFAT
nozzle (Figure 3) is not spherical at all, as this nozzle produces much larger droplets that are less
drift-prone [28]. These droplets are concentrated in the centre as they are heavier and fall directly
onto the targets. The TFA nozzle is at the centre of the spherical curve as it produces medium-coarse
droplets. As the XR nozzle generates fine droplets, drift is further increased under the influence of
the drone vortex [29]. In addition, very fine droplets evaporate almost immediately due to
evaporation drift generated by the drone engine blades.
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Figure 2. Deposition of TFA nozzles at different flight altitudes (x-axis is the distance from the centre of the
drone path to the left and right sides, in meters).
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drone path to the left and right sides, in meters).
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Figure 4. Deposition of XR nozzles at different flight altitudes (x-axis is the distance from the centre of the drone
path to the left and right sides, in meters).

As the highest deposition is achieved at lower flight altitudes, a fitted curve can be useful to
drone operators. This approach can be used for development of predictive models for pesticide
deposition. Such models can help farmers in enhancing spraying efficacy and optimizing cost-
effectiveness of pesticide application. The three models presented in this study are suitable for
evaluation of pesticide distribution quality during spraying with three tested nozzle types at a flight
altitude of 1.5 m. To apply these models, farmers need to substitute variable x with the flight altitude
and variable y with the maximum spray width. The calculated value z will predict the average
deposition for a given flight altitude and spraying width (Eq. 1, 2, 3).

Zrpa = 96.56 — 194.87x + 50.91x2 — 3.71x3 — 68.21y + 181.44xy — 41.78x%y + 2.38x3y + 14.89y% —
35.45xy? + 5.68x%y% — 0.97y3 + 1.71xy® — 0.05x3y3® ; R? = 0.937
1)
Zepar = —23.61 + 15.02y — 2.73xy + 0.55x%y — 0.032x3y — 0.087y% ; R? = 0.89 )

Zygr = 11.24 + 7.14x — 3.6x2 + 0.23x3 — 17.64y + 3.9xy + 0.38x%y — 0.022x3y + 3.75y2 — 0.88xy? —
0.19y3 + 0.04xy? ; R? = 0.82

®)

In addition to the previously presented models, effective plant protection using drones also
requires monitoring crop health in accordance with time-based models for predicting disease
occurrence.

Table 2 presents the average NDRE and NDVI values for each infection level, derived from five
measurement points per box. The results indicate a gradual decline in both indices as infection
severity increases, demonstrating a strong correlation between the vegetation indices and crop
health. At the lowest infection level (0), the NDRE index is 0.46, while the NDVI index is 0.87,
indicating healthy vegetation. As the infection progresses, these values steadily decline, reaching 0.20
for NDRE and 0.62 for NDVI at the highest infection level (4). This trend suggests that multispectral
imaging can effectively detect early signs of plant stress, enabling timely disease management
interventions. These findings emphasize the importance of remote sensing in precision agriculture,
as vegetation indices provide an objective measure of crop health. By integrating NDVI and NDRE
analysis with pesticide application strategies, it is possible to optimize treatments and improve
efficiency while minimizing environmental impact.

Table 2. Average values of indices.

Infection Level NDRE NDVI
0 0.46 0.87
1 0.32 0.72
2 0.26 0.65
3 0.24 0.64
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4 0.20 0.62

4. Discussion

Although drones currently do not play a major role in pesticide application, their use is expected
to increase due to changes in environmental protection regulations [1]. Despite certain limitations,
drones have significant advantages. Apart from their capacity to operate at high speed, fly safely and
carry cargo, drones provide benefits such as low energy consumption, no gas emissions, minimal
environmental impact. They enable targeted spraying, fertilizing small areas and real-time crop
monitoring. Furthermore, they are user-friendly, equipped with automated controls and efficient and
stable performances [30-33]. Regulations force farmers to reduce pesticide use to ensure production
of safer food products. Pesticide residues have become a significant concern, especially because many
fruits and vegetables are consumed without processing. Drones can be used for monitoring field
crops to support efforts in reducing pesticide application [34,35]. By implementing good agricultural
practices in drone-based pesticide application, pesticides can be sprayed preventively, before disease
outbreaks. This approach allows drones to spray only high-risk areas where pests are likely to occur.
Thus, instead of spraying full doses of pesticides, drones enable significant reductions of pesticide
use as only zones at high risk of disease and pest infestation are sprayed [36-38].

In addition, using drones for remote monitoring in agriculture enables real-time crop health
assessment, facilitating early disease detection and precision interventions. Multispectral imaging,
using vegetation indices such as NDVI and NDRE, is used to assess crop health. It allows for precise
evaluation of infection severity and stress levels through multiple measurement points per plot. By
integrating remote sensing with drift analysis, this approach optimizes pesticide application by
ensuring timely and site-specific treatments. Overall, drones contribute to reduced pesticide usage,
while minimizing environmental impact and enhancing efficiency in disease and pest management,
which positions them as one of the key tools in modern precision agriculture [43].

5. Conclusions

Environmentally sustainable use of pesticides can now be achieved with advanced application
methods. Although pesticides will continue to be used for pest control, their application can be
significantly reduced. Drone-based pesticide application is a highly efficient method for pest control
that also minimizes crop damage and yield loss. Appropriate use of drones contributes to the efficacy
of pesticide application, ensuring more cost-effective and profitable crop production. The experiment
results show that an optimal flight altitude for drone-based pesticide application is approximately
1.5 m above the targeted crops or area. Furthermore, problems related to spray drift can be mitigated
by using air-injector nozzle with two flat fans, which improves spray deposition. Medium-coarse or
coarse spray droplets sizes are more suitable, as they improve distribution uniformity and
significantly reduce drift, especially wind drift caused by drone engines blades. Using extremely
coarse sprayer droplets is not suitable for this type of pesticide application equipment. Achieving
nearly 80% of total deposition and over 50% within 2 m spray width is considered as good pesticide
efficacy. It should be emphasized that drone-based pesticide application must be conducted with
pesticides registered for this purpose and in accordance with national regulations related to the use
of aerial application in plant protection.

Apart from pesticide application, drones have become an essential tool in remote crop
monitoring, enabling early disease detection, optimized resource management and improved
agricultural sustainability. Their ability to provide real-time, high-resolution data enhances decision-
making in precision agriculture, leading to greater efficiency, lower costs and reduced environmental
impact. Multispectral imaging was employed to assess vegetation indices, providing valuable
insights into crop health. By analyzing NDRE and NDVI indices, early signs of plant stress and
potentially infected zones can be identified, allowing for timely intervention and precise pesticide
application. This targeted approach ensures that pesticides are applied only in high-risk areas. This
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method not only reduces the overall pesticide use, but also enhances application accuracy, minimizes
environmental impact and improves overall disease management efficiency. By integrating drone-
based spraying with multispectral monitoring, this approach contributes to a more sustainable and
efficient agricultural system, leading to improved crop health and better resource utilization.
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