agronomy

Article

The Influence of Unmanned Aerial Vehicle Wind Field on the
Pesticide Droplet Deposition and Control Effect in Cotton Fields

Haoran Li, Ying Li, Muhammad Zeeshan, Longfei Yang, Zhishuo Gao, Yuting Yang, Guoqiang Zhang *,

Chunjuan Wang and Xiaoqiang Han *

check for
updates

Academic Editor: Chengming Sun

Received: 12 April 2025
Revised: 10 May 2025
Accepted: 14 May 2025
Published: 17 May 2025

Citation: Li, H.; Li, Y.; Zeeshan, M.;
Yang, L.; Gao, Z.; Yang, Y.; Zhang, G.;
Wang, C.; Han, X. The Influence of
Unmanned Aerial Vehicle Wind Field
on the Pesticide Droplet Deposition
and Control Effect in Cotton Fields.
Agronomy 2025,15,1221. https://
doi.org/10.3390/agronomy15051221

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

Key Laboratory of Oasis Agricultural Pest Management and Plant Protection Utilization, College of Agriculture,
Shihezi University, Shihezi 832002, China; 20232112089@stu.shzu.edu.cn (H.L.); liyingl@stu.shzu.edu.cn (Y.L.);
zeeshanmuhammad@stu.shzu.edu.cn (M.Z.); yanglongfei@stu.shzu.edu.cn (L.Y.);
20221012322@stu.shzu.edu.cn (Z.G.); 20221012373@stu.shzu.edu.cn (Y.Y.); ggzhang@shzu.edu.cn (G.Z.);
wchj_agr@shzu.edu.cn (C.W.)

* Correspondence: hanshz@shzu.edu.cn

Abstract: Unmanned aerial vehicles (UAVs) offer significant advantages in agricultural
pest control. The present study investigated the influence of rotor-induced wind fields from
multirotor UAVs (six-rotor T30, eight-rotor T40, eight-rotor T50, and four-rotor T60) on
pesticide droplet deposition and control efficacy in cotton fields. The results revealed that
UAVs with stronger wind fields (e.g., T60) significantly improved droplet deposition in the
middle and lower canopy layers, with penetration rates of 54.09-56.04% which were notably
higher than the penetration rate observed for the T30 (45.83—44.76%). UAVs exhibited a
pesticide utilization efficiency of 75.47-77.86% indicating a 32.2% improvement over the
boom sprayers, which achieved a utilization efficiency of 58.88%. While the boom sprayers
initially showed a better pest control efficacy, the efficacy gap narrowed after 7 days, with
T40 achieving 91.55%, comparable to the efficacy of boom sprayers (93.36%). Following a
second spraying, UAVs achieved defoliation rates exceeding 93% and boll opening rates
exceeding 90%, similar to that of boom sprayers. This study underscores the critical role of
wind field intensity in influencing the spraying performance, with UAVs featuring stronger
wind fields exhibiting superior droplet penetration and distribution uniformity. These
findings provide valuable scientific insights for optimizing UAV spraying in cotton fields.

Keywords: crop protection UAVs; wind field; droplet deposition; pesticide utilization;
aphid; cotton harvest aids

1. Introduction

In recent years, the low-altitude and low-dose pesticide spraying technology employed
by plant protection unmanned aerial vehicles (UAVs) has gained significant attention and
has undergone comprehensive development. By the end of 2024, the number of UAVs
in China reached 251,000, covering a control area of 40.05 billion hectares. UAVs have
effectively addressed the bottleneck problem of mechanized crop protection operations in
paddy fields, hilly and mountainous areas, and areas with tall crops, making a substantial
contribution in advancing the modernization of crop protection in China [1]. With the
advancement of efficient agriculture and the development of smart agriculture, the mecha-
nization and intelligence levels of plant protection work have been further enhanced [2,3],
and China has taken a leading position globally in terms of the number, operating area, and
technological development of UAVs [4,5]. Among various types of UAVs, multirotor UAVs
have become a dominant model in the Chinese market due to their characteristics such as
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light weight, operational flexibility, and stable flight [6]. Recent studies have demonstrated
that multirotor UAVs with optimized operational parameters (flight height 1-3 m, speed
3-4 m/s) can achieve 148 4 8 drops/cm? deposition density while reducing off-target
drift by 28% compared to conventional methods [7]. In contrast to traditional fixed wing
aircrafts, which mainly rely on the natural settling of droplets to reach the target area when
spraying pesticides, multirotor UAVs typically operate at low altitude and low flight speed
during pesticide spraying. This design helps to utilize the “wind delivery” effect created
by the rotor airflow in enhancing the droplets, thereby improving the penetration and
uniformity of the droplets towards the targeted area [8]. Experimental evidence from rice
fields shows UAV sprayers increase chemical penetration by 35-40% in lower leaf layers
compared to manual sprayers, with deposition uniformity exceeding 85% under optimal
rotor configurations [9]. The rotor airflow plays a crucial role in determining the motion of
pesticide droplets in space, influencing both the deposition of droplets on the target surface
and their potential for droplet drift. Moreover, the interaction between the rotor rotation
of the UAV and the surrounding air not only provides necessary lift but also generates a
rotor-induced wind field that wraps around the UAV and its spraying apparatus [8,10].
This rotor-induced wind field directs the spraying droplets downwards, “hitting” them
towards the target area of the crop canopy. When they interact with the crop stems and
leaves, they form a cone-shaped vortex which influences their deposition and distribution
within the target area [8].

The distribution pattern of droplet deposition during pesticide spraying by UAVs is
not only related to the operational parameters of the UAV but also significantly correlated
with its rotor wind field, which play a critical role in this process [11,12]. Martin et al.
further evaluated four UAV platforms with payloads ranging from 5 to 20 L, revealing
that increasing payloads up to 15 L expanded the effective swath width by 20%, whereas
higher payloads (20 L) exhibited diminishing returns, suggesting a critical balance be-
tween payload capacity and operational efficiency [13]. From the perspective of pesticide
spraying effectiveness, rotor airflow is essentially an important parameter that constrains
the flight parameters of UAVs and determines the pesticide spraying effect in the field
operation system of UAVs. This aspect has fundamental significance in advancing the
research of UAV field operation systems [14]. Notably, propeller spin rate and UAV weight
variations (0-10 kg payload) can alter airstream speed by 300-400%, significantly affecting
deposition uniformity in coniferous canopies [15]. Eun et al. demonstrated that there are
significant differences in the airflow by the rotor of UAVs reaching the crop canopy, and
the corresponding parameters such as wind speed, wind direction, and wind field width
have different effects on the operational efficiency [8].

Li et al. investigated the effects of wind speed and wind field extent generated
by plant protection UAVs at different flight speeds on pollen deposition quantity and
deposition coverage. The study revealed that flight speed had a significant effect on the
wind field, with pollen deposition coverage being correlated with the horizontal wind
field while the deposition amount was correlated with the vertical wind field [16]. Tang
et al. further demonstrated that the downwash wind field velocity of an octocopter UAV
not only affects the droplet deposition area but also influences the uniformity of droplet
deposition distribution [17]. Guo et al. focused on the downwash airflow characteristics of
quadrotor agricultural unmanned aerial vehicles (UAVs) during dual-aircraft collaborative
operations. Through numerical simulation and experimental verification, they revealed the
influence law of the distance between the two aircraft on the coupled downwash airflow
and proposed the key parameters for optimizing collaborative operations [18]. Additionally,
Liu et al. showed that the overall shape of the downwash airflow gradually changes from
a “four-point shape” to a “square shape” and eventually forms an “elliptical shape”. The
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velocity distribution in the central area means that the airflow is vertically downward
directly beneath the fuselage. The velocity first increases and then decreases, and the
high-speed area is concentrated beneath each rotor. The airflow on the two sides of the
area shows a horn-shaped distribution of “contracting first and then expanding”. The
area with low wind speed expands faster, while the area with high wind speed merges
below the rotor and extends downward, forming a continuous area [19,20]. Chojnacki et al.
verified the effects of nozzle type, drone rotor airflow, and the spacing between trees on
the deposition distribution of fog droplets in cherry tree canopies. The research results
revealed that the rotor airflow from agricultural drones increased the amount of droplet
deposition in the middle and lower layers of the tree canopy [21]. These studies indicated
that the rotor wind field not only increases the settling velocity and size of droplets but
also improves the droplet deposition and distribution uniformity of spray droplets near
the ground [17].

Additionally, Daniel et al. investigated how UAV operational parameters (e.g., flight
height, ground speed) affect spray pattern uniformity and droplet distribution. The study
explicitly discusses the role of rotor downwash airflow in shaping spray width and deposi-
tion characteristics. For example, the authors note that the downwash airflow can expand
the effective spray swath while also influencing droplet drift dynamics. Experimental
results using two UAV models (DJI MG-1 and HSE V6A, Shenzhen Dajiang Innovation
Technology Co., Ltd., Shengzhen, China) show that application height significantly impacts
spray width, with taller heights leading to broader coverage [22]. Furthermore, Tang et al.
explored that the downwash wind field of eight-rotor UAVs transitions from an unsteady
to a steady state over time, generating wake vortices, ground-diffusing airflow, and vortex
rings during evolution. Their analysis revealed a negative downwash wind field channel in
the central rotor area with the wake vortex airflow area expanding as the distance from the
rotor increases, causing adjacent left-right wake vortices to transition from independent
to gradually coupled states. The “helical effect” of the downwash wind field is offset by
the mutual coupling of upper and lower rotors of the UAV. When the nozzles are installed
directly below the rotors, the distribution of droplet deposition is superior to that observed
in the central axis position, indicating that droplets under the rotors avoid entering the
wake vortex coupling area, effectively reducing droplet drift. Field tests further confirmed
that measured and simulated downwash wind field velocities exhibited consistent trends,
with relative errors ranging from a minimum of 4% to a maximum of 29% [23]. Yallappa
D. et al. quantified the influence on spray deposition through experiments. It was found
that the downwash airflow was uniformly distributed on the rotating ring of the rotor,
with a standard deviation of less than 0.5 m/s, indicating that the airflow stability was
relatively high, and the velocity showed a trend of increasing first and then decreasing with
the radial distance. The maximum speed (13.8 m/s) occurs at a load of 10 kg, a hovering
height of 1 m, and 0.5 m in the X direction. The minimum velocity (0.3 m/s) occurs at a
load of 0 kg, a height of 1 m, and a position of 2 m in the X direction. The overall shape
of the downwash airflow field gradually expands from a “four-point shape” to a “square
shape” and eventually evolves into an “elliptical shape”. The low-speed zone has a wider
expansion range. The high-speed zone is concentrated directly beneath the rotor, while the
low-speed zone merges beneath the rotor to form a continuous area [24].

The downwash wind field generated by rotor-driven UAVs is also influenced by ambi-
ent wind direction and speed. Zhang et al. demonstrated that, when natural wind speed
exceeds 3 m/s, the downwash wind field velocity of hexacopter UAVs is dominated by
ambient wind, and the conditions for hovering and spraying operations become unachiev-
able. The natural wind can disrupt the central symmetry of the rotor downwash wind field,
causing the downward wind to exhibit rearward deflection, and the extent of rearward
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deflection increases as the natural wind speed and hovering height increase [25]. However,
changes in flight altitude and the decreasing load of the tank will alter the flow field beneath
the unmanned aerial vehicle, thereby affecting the droplet distribution [26]. The Syngenta
team discovered through wind tunnel experiments (with wind speeds ranging from 1.5 to
4.5 m/s) that the ambient wind caused the effective spray width to shift 2 m towards the
crosswind direction, and the drift of fine droplets (<100 um) increased by three times. It is
recommended that, when the natural wind speed is greater than 3 m/s, coarse droplets
(>300 um) combined with reducing the flight altitude (1.5-2 m) are adopted to control
the drift [27]. Li et al. suggested that the intensity of the downward pressure wind field
varies with flight inclination, dividing the area below the rotors into front, middle, and
rear zones along the flight direction, with increasing wind field strength in sequence [28].
Moreover, the downwash wind field of rotor UAVs significantly affects crop morphology,
thereby influencing droplet deposition. Shi et al. analyzed the dynamic behavior of rice
plants under UAV downwash wind fields and found that stronger downwash leads to
more pronounced plant deformation, with canopy morphology closely linked to droplet
deposition outcomes [29].

Numerous studies indicate that the wind field generated by UAV rotors significantly
influences droplet movement and deposition distribution. Understanding the effects of
wind fields on droplet dynamics and distribution characteristics is of critical scientific
importance for improving droplet adhesion on target surfaces, enhancing deposition
uniformity, and mitigating drift-associated risks. Therefore, this study has employed UAVs
with different payloads to simulate varying takeoff wind fields. The study focused on
conducting spraying operations aimed to control cotton aphid and defoliation ripening
in maximum payload conditions. By investigating the impacts of different wind fields on
droplet deposition and spraying efficacy, the current research aimed at providing valuable
guidance for precise and effective utilizations of UAVs in cotton fields.

2. Materials and Methods
2.1. Field Plot

The experiment was conducted in 2024 within a cotton field located in the research
area of Shihezi University in Beiquan Town, Shihezi City, Xinjiang, China (44°33'61” N,
85°97'05" E, Figure 1). The field had been planted with the “Huiyuan 720" cotton variety,
sown on 24 April 2024, with a planting density of 175,000 plants/ hm?. The experiment
employed the traditional wide and narrow row planting method for cotton sowing—a
common pattern where wide and narrow rows alternate to optimize light penetration, air
circulation, and mechanized operations (e.g., fertilization, pest control)}—having six rows
per film with a spacing of 66 + 10 cm. This configuration means rows are arranged in a
repeating cycle of 66 cm (wide row) and 10 cm (narrow row), forming three sets of wide—
narrow pairs per film to balance plant spacing and land use efficiency while facilitating
drip tube installation. The mulch film width was 2.05 m, accommodating the six rows and
ensuring proper coverage for the subsurface drip system. During the entire growth period,
drip irrigation was applied with one film and two tubes, wherein drip tubes are placed
beneath the mulch film to deliver water and nutrients directly to root zones. The two tubes
per film ensure uniform water supply across all six rows, especially in the narrow rows,
by matching the row spacing and irrigation coverage requirements. The experimental site
was moderately fertilized in such a way that fertilizers were applied to the cotton field
in amounts consistent with typical agricultural practices in the region but not excessive
enough to cause nutrient imbalances or excessive growth. Specifically, a balanced fertilizer
was employed, which provided the crop with essential nutrients such as nitrogen (N),
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phosphorus (P), and potassium (K) at a level intended to support healthy growth and
development without exceeding standard agronomic recommendations.

Meteorological variables monitored throughout the experiment, including wind speed,
wind direction, air temperature, and relative humidity, are presented in Table 1.

Map of the People's Republic of China

Figure 1. The graphical map of the experimental site.

Table 1. Meteorological variables monitored throughout the experiment.

Date Air Temperature Relative Wind Wind Speed Weather Comments
O Humidity (%) Direction (m/s) Conditions
16 July 2024 27.5 64.5 West 05 Cloudy ~ [nvestisate/Spray
pesticide
17 July 2024 25.1 62.4 East 1.4 Cloudy Investigate
19 July 2024 24.6 50.5 West 1.5 Cloudy Investigate
23 July 2024 28.2 48.8 Northeast 1.7 Cloudy Investigate
5 September 2024 18.1 54.5 Northeast 14 Sunny Inveiltlgat'e /Spray
efoliant
10 September 2024 18.8 48.2 Northeast 2.1 Cloudy Investigate
12 September 2024 202 53.3 South 11 Sunny Investigate/Second
spray defoliant
15 September 2024 17.1 49.5 East 2.7 Cloudy Investigate
20 September 2024 20.9 55.3 Northeast 1.6 Sunny Investigate
25 September 2024 23.1 60.1 Northeast 0.9 Cloudy Investigate

2.2. Sprayers

The UAVs used in this study were manufactured by Shenzhen Dajiang Innovation
Technology Co., Ltd., Shengzhen, China (Table 2). Operational parameters for the UAV
were programmed by using an intelligent handheld terminal, with carrier phase difference
technology for precise and accurate flight positioning. During the two spraying operations,
the spraying volume of the UAV was 30.0 L/ha, the spraying width during the operation
was 5.0 m, the flight height was 2.5 m (above the ground), and the flight speed was 5.0 m/s.
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Table 2. Technical parameters of UAVs.

Maximum Takeoff

Sprayers  Tank Rotor/d Nozzle Dimension Weight
6 rotors
T30 UAV 30L 38 inches 16 fan-shaped nozzles, SX11001VS 2858 x 2685 x 790 mm 66.5 kg
T40UAV  40L  rotors 2 centrifugal nozzles, LX8060SZ 2800 x 3150 x 780 mm 90.0 kg
54 inches
T50 UAV  40L Sirl‘r’ltcc;f; 2 centrifugal nozzles, LX8060SZ 2800 x 3085 x 820 mm 92.0 kg
T60UAV ~ 50L 546ri(r)1tc(;fess 2 centrifugal nozzles, LX075505X 2870 x 3295 x 900 mm 112.0 kg

The boom sprayer used in the current study was mounted on a John Deere954 tractor
(John Deere, Morin, IL, USA) as the traction main body combined with a farmer’s self-
assembled sprayer. The volume of the sprayer’s tank was 1000 L, with the dimensions of
2400 mm X 1920 mm x 3150 mm (length x width x height), and liquid pump flow of
100 L/min. It was equipped with 32 flat-fan nozzles (model 11003, Dongguan Huajue Spray
Technology Co., Ltd., Dongguan, China), featuring a 110° spray angle and a nominal orifice
size suitable for medium-to-coarse droplet formation. The nozzles were evenly spaced
along an 11.25 m long boom, with a nozzle spacing of 35 cm, with a single spray width
of 70 cm (50% overlap between adjacent nozzles), ensuring uniform spray coverage. The
effective spraying width of this boom sprayer is also 11.25 m, and the boom was rigidly
mounted with adjustable height brackets. The boom was positioned at a height of 60 cm
from the ground.

2.3. Experimental Design

As shown in Figure 2A, the spraying area for the UAV was 1600 m? (10 m x 160 m) and
spraying area for the boom sprayer was 1800 m? (11.25 m x 160 m), with three repetitions
for each spraying operation. The first spraying was conducted from 8:00-12:00 on 14 July
2024 (UTC+8) to control cotton aphids (Aphis gossypii Glover) with 22.4% spirotetramat
SC (Hebei Mingshun Agricultural Technology Co., Ltd., Shijiazhuang, China) at a rate of
375 mL/ha. At the time of spraying, the cotton plants were at the flower and boll forming
stage, and the average plant height was 74 cm. The second spraying was conducted from
11:00-16:00 on 4 September 2024 (UTC+8) in order to promote cotton boll opening and
defoliation. The treatment involved a combination of 360 g/L thidiazuron and 180 g/L
diuron SC (180 mL/ha for the UAV and 360 mL/ha for the boom sprayer, Hebei Noda
Agricultural Chemicals Co., Ltd., Shijiazhuang, China) along with a 40% ethephon solution
(900 mL/ha for UAV and 1800 mL/ha for boom sprayer, Jiangsu Anpon Electrochemical
Co., Ltd., Huaian, China). At this stage, the cotton was at the boll opening stage, and
the average plant height was 92 cm, with approximately 40% of the cotton bolls already
opened [30]. After 7 days, a third spraying with the UAV was conducted from 11:00-14:00
on 11 September 2024 (UTC+8), using the same formulations: 360 g/L thidiazuron-180 g/L
diuron SC (180 mL /ha) and 40% ethephon solution (900 mL/ha).
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Figure 2. Schematic diagram of experimental plot layout. (A) Spraying area for the UAV and boom
sprayer; (B) Five-point sampling for the UAV; (C) Five-point sampling for the boom sprayer.

2.4. Droplet Deposition and Pesticide Utilization Rate
2.4.1. Pesticide Utilization Rate

In accordance with the “technical methodology of determining pesticide utilization
rate in field-Part 1: technical methodology of determining pesticide deposition rate by
foliar spray in field crop—Allura Red as a tracer (NY/T 3630.1-2020)” [31], Allura Red
(Zhejiang jigaode pigment Technology Co., Ltd., Longgang, China) was used as a tracer at
a rate of 450 g/ha. Allura Red dye tracers are used to quantify the actual liquid volume
deposited on plant surfaces by measuring the absorbance of dye using spectrophotometry,
thus enabling more precise measurement of droplet deposition. It was added into the
pesticide solution and was mixed thoroughly. During each spraying, the UAV was fully
loaded to its maximum takeoff weight in order to achieve the maximum wind field. After
30 min of spraying, a five-point sampling method was used in each plot (Figure 2B,C).
Two cotton plants were selected from each point, cut from the base of stem, and placed
in a sealed bag. One cotton plant from each sampling point was washed with 100 mL
distilled water, and the washing solution was then filtered through a water-based needle
filter (WondaDisc II, d = 13 mm, pore size = 0.22 um, Shanghai Island Jinjier Trading Co.,
Ltd., Shanghai, China). The absorbance value of filtrate was measured at 514 nm by a Tecan
Infinite 200 PRO ELIASA (Tecan company, Mannedorf, Switzerland). The utilization rate
was calculated according to Equation (1).
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(psmpl - Pblk) X Feqp % Vi xpx10,000

D= 106xM x N M

where 0, Tepresents the absorbance value of the test sample, pj; represents the ab-

sorbance value of the blank control, F,,;; represents the slope value of the standard curve,
Vi represents the volume of eluent in mLs, D is the pesticide deposition (%), p is the
planting density (plant/ mz), M represents the total amount of indicator per unit area
applied (g/ha), N is the number of sampled plants.

Six concentrations of Allura Red, 0.2, 0.5, 1.0, 2.0, 5.0, and 10.0 mg/L, were se-
lected and utilized to form a relevant absorbance range. The resulting strand curve was
y =0.0317x + 0.0417 (R2 =0.9999), where x is the absorbance of the Allura Red solution and
y is the concentration of the Allura Red solution in mg/L.

2.4.2. Droplet Deposition

Water-sensitive paper (WSP, Hebei Mingshun Agricultural Technology Co., Ltd.,
Shijiazhuang, China) was utilized to assess the key deposition characteristics which include
coverage, number of spray impacts/stains, and deposition of the impact/stains [32]. WSP
was used because it provides a visual assessment of droplet coverage and uniformity, and
WSP is the most widely used artificial collector worldwide for the rapid assessment of
spray distribution behavior in the field [33]. Three sampling lines, each of which contained
10 sampling points with an interval of 1.0 m, were set along the UAV flight route, and the
distance between the sampling lines was set to be 10 m (Figure 3A). Each sampling point
was further divided into three parts and named as upper, middle, and lower layers. For the
spraying at the flowering stage, the WSPs were placed at heights of 30, 50, and 70 cm from
the ground. At the same time, the heights of WSPs for the boll opening stage were set to
be 50, 70, and 90 cm above the ground (Figure 3B,C). Nearly 30 s after spraying, all WSPs
were collected and placed in ziplock bags and then transferred to the laboratory for further
analysis. Each bag was labeled describing the treatment, replication, and site information.
In the laboratory, further analysis was performed after scanning the WSPs at a resolution of
600 dpi with a scanner (FileScan2500, Shanghai Zhongjing Technology Co., Ltd., Shanghai,
China). Image] software (Image] 1.3 8, National Institutes of Health, Bethesda, MD, USA)
was then used to extract droplet deposits from the digital image to analyze the number of
spray deposits, the area coverage, and the droplet deposition [32].

To assess the uniformity of droplet deposition between spray widths, the coefficient of
variation (CV) of droplet deposition densities was measured at various locations within
the effective spray width of the UAV sprayers on the cotton canopy. The CV of the droplet
deposition density was calculated using the following Equations (2) and (3):

V= 2 % 100% @)
X

S—\/i(Xi—X)Z/(n—l) 3)
i=1

where S denotes the sample standard deviation, X; represents the number of droplets per
unit area at each collection point, n represents the number of collection points, and X is the
mean droplet density.
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Figure 3. Experimental layout for spraying pattern analysis from a single UAV flight pass. (A) Sam-
pling points in the pesticide application area of UAVs for plant protection; (B) Sampling points in the
pesticide application area of boom sprayer for plant protection; (C) Schematic diagram of field layout.

2.5. Control Effect
2.5.1. Aphids

The survey and recording for the population of cotton aphid Aphis gossypii were
conducted by Mseddi’ method [34]. In order to investigate the control efficacy of pesticide
spraying on the aphid population, the paralleljump method was utilized to investigate the
population densities of cotton aphid Aphis gossypii and spider mite Tetranychus urticae in
each treatment zone prior to spraying and at 1, 3, and 7 days after spraying. The five-point
method was utilized for each treatment zone and five cotton plants were selected from
each point. For a comprehensive investigation, the total number of aphids from a 10-point
survey using one cotton plant for each point was counted. The defoliation rate and control
efficacy were obtained on the basis of numbers of live insects in each zone before and after
pesticide application, using Equations (4) and (5).

D = ((Na — Nb)/N) x 100% @)

CE = ((Da — Db)/(100 — Db)) x 100% ()

where D represents the insect population decline rate. Na represents the number of insects
before spraying. Nb represents the number of insects after spraying. CE denotes the control
efficiency. Da is the decline rate of the insects within the treated area, and Db is the decline
rate of the insects within the control area.

2.5.2. Boll Opening and Defoliation

Before the application of pesticide within the target area, 15 cotton plants were ran-
domly selected and tagged to count the number of leaves, open bolls, and non-opened
bolls on each cotton plant. The number of leaves, opened bolls, and non-opened bolls were
calculated 5, 7, 10, 15, and 20 days after application of pesticide. The defoliation and boll
opening rates were then calculated according to Equations (6) and (7).

Defoliation rate (%) = (NBS — NAS)/NBS)) x 100% 6)
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where NBS denotes the number of leaves before spraying and NAS denotes the number of
leaves after spraying.

Boll opening rate (%) = (Nc/Nd) x 100% (7)

where Nc is the number of opened bolls and Nd is the total number of bolls.

2.6. Data Analysis

The data were analyzed using Origin 9.1 software (Origin 9.1 origin Lab, Northampton,
MA, USA) and SPSS 22 (SPSS Inc., an IBM Company, Chicago, IL, USA) statistical analysis
software. The analyses were performed using one-way ANOVA to compare group means.
The LSD test was selected for post hoc comparison. The confidence interval was set
to be 95%, and p < 0.05 was considered to indicate a significant difference between the
two groups.

3. Results
3.1. Effect of UAV Wind Field on Droplet Coverage

Figure 4 represents the droplet coverage, which refers to the percentage of leaf surface
area covered by droplets. The wind field generated by UAVs had significantly influenced
the coverage of spray droplets (Figure 4), with droplet coverage showing a decreasing
trend from the upper to middle and lower layers of the cotton canopy across all treatments.
When the insecticides were applied for aphid control, the droplet coverage in the upper
layer of the cotton canopy for T30, T40, T50, and T60 was 4.00%, 4.19%, 4.06%, and 4.43%,
respectively, with no significant differences observed among treatments. These findings
indicate that the UAV wind field had a minimal impact on droplet coverage in the upper
cotton canopy. In contrast, the middle canopy showed a notable difference, and T40 (3.13%),
T50 (3.07%), and T60 (3.12%) exhibited significantly higher droplet coverage than T30
(2.58%). A similar trend was observed in the lower canopy, and T40 (2.28%), T50 (2.24%),
and T60 (2.25%) had significantly higher coverage than that of T30 (1.91%). This is because
T40, T50, and T60 generated a stronger wind field with more intense rotor downwash
airflow compared to T30 that facilitated a better droplet deposition in the middle and lower
canopy due to the efficient transport of droplets via the airflow.
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Figure 4. The effect of wind field on insecticide (A) and harvest-aid (B) droplet coverage of UAV.
There is no significant difference (p > 0.05) among the values marked with the same letter.
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When the harvest aids were applied, the droplet coverage in the upper cotton canopy
for T30, T40, T50, and T60 was 4.39%, 4.67%, 4.40%, and 4.53%, respectively, with no
significant differences among the treatments. Notably, in the middle canopy, T60 achieved
a significantly higher coverage of 3.55% compared to T30 (2.77%), while no significant
differences were found between T60 and T40 (3.30%) or T50 (3.25%). In the lower canopy,
T60 achieved a droplet coverage of 2.61% which was significantly higher than that of T30
(2.09%), with no significant differences observed between T40 (2.42%) and T50 (2.49%).
The differences observed in spray deposition between the insecticide and harvest-aid
treatments can be attributed to their distinct formulation properties. Insecticides generally
exhibit higher droplet coverage due to their faster drying rate and smaller droplet sizes.
In contrast, harvest-aid formulations, which are more viscous, are designed for improved
canopy penetration, resulting in more concentrated deposition in the lower canopy layers.
These formulation-specific characteristics influenced both droplet deposition and efficacy
across the different UAV models used in this study.

3.2. Effect of UAV Wind Field on Droplet Density

The wind field generated by UAVs had significantly influenced the density of sprayed
droplets (Figure 5), with droplet density showing a decreasing trend from the upper
to middle and lower layers of the cotton canopy across all treatments. When the in-
secticides were applied for aphid control, T60 achieved the highest droplet density in
the upper cotton canopy (37.86 droplets/cm?), which was significantly higher than that
of T30 (30.30 droplets/cm?), while no significant differences were observed for T40
(31.37 droplets/cm?) and T50 (32.99 droplets/cm?). In the middle canopy, droplet densities
for T30, T40, T50, and T60 were 22.83, 24.46, 26.83, and 28.71 droplets/ cm?, respectively,
with T60 exhibiting significantly higher density than the others. The stronger downwash
airflow generated by the rotors of T60 facilitated the transport of more droplets to the
middle canopy, ensuring a better droplet coverage within the middle layer of the cotton
canopy. In the lower layer of the cotton canopy, droplet densities were generally lower than
in the upper and middle layers: T30 (15.27 droplets/cm?), T40 (20.41 droplets/cm?), T50
(21.65 droplets/cm?), and T60 (21.28 droplets/ cm?). Despite this, T40, T50, and T60 still
had an advantage over T30, indicating that UAVs with stronger wind fields can overcome
leaf obstruction and increase droplet density in the middle and lower layers of the cotton
canopy during aerial spraying.
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Figure 5. The effect of wind field on insecticide (A) and harvest-aid (B) droplet density of UAVs.
There is no significant difference (p > 0.05) among the values marked with the same letter.
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When spraying cotton harvest aids, droplet densities in the upper canopy were
32.91 droplets/cm?, 28.93 droplets/cm?, 26.99 droplets/cm?, and 34.93 droplets/cm?
for T30, T40, T50, and T60, respectively. Notably, T40 and T50 exhibited lower droplet den-
sities in both upper and middle canopies than T30, possibly due to the drift of small-sized
droplets caused by sudden lateral crosswind during spraying [35]. This drift likely resulted
in lower droplet density compared to T30. In the middle layer of the cotton canopy, droplet
densities for T30, T40, T50, and T60 during harvest-aid spraying were 23.25 droplets/cm?,
21.47 droplets/cm?, 23.09 droplets/cm?, and 30.19 droplets/cm?, respectively. The droplet
density of T60 for spraying harvest aid was significantly higher than that of other treat-
ments, indicating that T60 provides denser droplet coverage in the middle canopy, which
helps improve the efficacy of harvest aids. In the lower layer of the cotton canopy, the
droplet densities were 16.98 droplets/cm?, 20.52 droplets/cm?, 20.20 droplets/cm?, and
25.34 droplets/cm? for T30, T40, T50, and T60, respectively. T60 exhibited significantly
higher droplet density when compared with all other models of UAV. The strong wind field
generated by T60 facilitates better penetration through plant obstructions, droplet delivery
to the target areas, and providing more effective support for cotton defoliation operations.

The higher impact density of the defoliant (Figure 5B) compared to the insecticide
(Figure 5A) is likely due to its formulation containing surfactants that reduce surface tension,
especially the fan-shaped nozzle of T30, promoting finer atomization and a higher number
of small droplets despite identical nozzle settings. This aligns with the defoliant’s lower
viscosity, which enhances atomization efficiency through centrifugal nozzles, resulting in
denser droplet distribution on WSP.

3.3. Effect of UAV Wind Field on Droplet Deposition

Figure 6 represents the droplet deposition. The wind field generated by UAVs had
a significant impact on the droplet deposition (Figure 6). Droplet size distributions were
analyzed based on the area of droplet impacts on WSP, categorized using Image] software.
The results showed that UAV spraying generated a broad range of droplet sizes. Larger
droplets were predominantly deposited in the upper canopy layers, where wind attenuation
was less of a factor, while smaller droplets were more prevalent in the lower canopy layers,
where stronger rotor downwash facilitated better penetration. These distributions varied
across treatments. The droplet deposition of each treatment showed a downward trend
from the upper to the middle and lower parts of the cotton canopy. During aerial spraying
of pesticide, the droplet deposition of each treatment in the lower canopy was generally
lower than those in the upper and middle canopies. This is because the branches and leaves
in the upper part of the cotton plants strongly block the droplets, making it difficult for the
droplets to reach the lower parts. When the UAVs were used to spray insecticides to control
aphids, the droplet deposition of treatments with T30, T40, T50, and T60 in the upper
cotton canopy were 0.259 (uL/ cm?), 0.254 (uL/cm?), 0.250 (uL/cm?), and 0.261 (uL/cm?),
respectively, and there were no significant differences among the treatments. In the middle
layer of the cotton canopy, the droplet depositions of T30, T40, T50, and T60 were 0.175
(uL/cm?),0.190 (uL/cm?), 0.177 (uL/cm?), and 0.191 (uL/cm?), respectively. Among them,
the droplet deposition of T60 was relatively high, with a significant difference compared
to T30. In the lower layer of the cotton canopy, the droplet depositions of T30, T40,
T50, and T60 were 0.119 (uL/cm?), 0.136 (uL/cm?), 0.134 (uL/cm?), and 0.141 (uL/cm?),
respectively. Here, also, the droplet deposition of T60 in the lower layer of the cotton
canopy was relatively high, with a significant difference when compared with T30.
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Figure 6. The effect of wind field on insecticide (A) and harvest-aid (B) droplet deposition of UAVs.
There is no significant difference (p > 0.05) among the values marked with the same letter.

When the UAVs were used to spray harvest aids, the droplet depositions for T30, T40,
T50, and T60 were 0.278 (uL/cm?), 0.294 (uL/cm?), 0.296 (uL/cm?), and 0.299 (uL/cm?),
respectively. No significant differences were observed among the treatments. In the
middle layer of the cotton canopy, the droplet depositions for the treatments with T30, T40,
T50, and T60 were 0.161 (uL/cm?), 0.198 (uL/cm?), 0.198 (uL/cm?), and 0.208 (1L /cm?),
respectively. The droplet depositions for T40, T50, and T60 were significantly higher than
that of T30. In the lower layer of the cotton canopy, the droplet depositions for T30, T40,
T50, and T60 were found to be 0.125 (uL/cm?2), 0.157 (uL/cm?), 0.158 (uL/cm?), and 0.164
(uL/cm?), respectively. The droplet depositions of T40, T50, and T60 were significantly
higher than that of T30. UAV models with stronger wind fields, such as T60, facilitated
better penetration and deposition into the lower canopy layers, which is more directly
reflected in deposition data (Figure 6), whereas coverage may not fully capture this benefit
due to non-uniform leaf surface exposure.

3.4. Effect of UAV Downwash Airflow on Droplet Distribution Uniformity and Penetration

The uniformity of droplet distribution is quantified by the coefficient of variation
(CV) of droplet density within the same canopy layer, where lower CV values indicate
superior distribution homogeneity. Field trials are highly influenced by environmental
conditions, resulting in large coefficients of variation (CVs) for droplet density and coverage.
The effects of UAV wind fields on droplet distribution uniformity and penetration are
presented in Tables 2 and 3. When spraying insecticides, T40 exhibited the best average
droplet uniformity (63.58%), followed by T50 (68.55%) and T60 (64.10%), while T30 had
poor uniformity (80.11%). For harvest-aid spraying, T60 achieved the highest average
uniformity (59.29%), followed by T50 (64.02%), T40 (65.42%), and T30 (67.92%). Overall,
droplet uniformity was relatively stable across treatments, except for T30 during insecticide
spraying, likely because of its weaker six-rotor downwash airflow being more susceptible
to environmental interference, leading to uneven droplet distribution.
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Table 3. The effect of wind fields on insecticide deposition droplet uniformity and canopy penetration.

Uniformity (%) Penetration
Treatment °
Lower Middle Upper Average (%)
T30 94.97 63.59 81.78 80.11 45.83
T40 78.73 61.11 50.91 63.58 53.74
T50 71.89 68.35 65.41 68.55 53.45
T60 63.14 65.88 63.27 64.10 54.09

Tables 3 and 4 further illustrate stratification in distribution uniformity: upper canopy
layers exhibited the highest uniformity (48.47-81.78%), followed by middle (59.10-68.35%)
and lower (56.78-94.97%) layers. This hierarchal distribution is mainly attributed to the
expanded leaf exposure and unobstructed airflow in upper canopies, where improved illu-
mination and ventilation promote droplet drying and adhesion, enhancing uniformity [36].
The droplet uniformity in the middle layer of the cotton canopy is influenced by a variety
of factors. During the pesticide spraying operation of the plant protection UAVs, the
lower rotor downwash wind field can deliver some of the droplets into the middle canopy,
however, because of the attenuation of the airflow or the unevenness of the wind field,
the droplet coverage of the middle canopy may not be as uniform as that of the upper
canopy [37,38]. Furthermore, the denser leaf structure in the middle canopy can also cause
severe inter-leaf shading, adversely affecting droplet penetration and distribution. The
lower canopy exhibits the most uneven coverage due to gravitational forces and obstruction
by upper/middle layer canopies during droplet descent. Previous studies on orchard spray
drift have found that updraft vortices from rotor downwash are the key factors in UAV
spray drift, potentially causing uneven lower canopy coverage [12], consistent with the
findings of this study. Interestingly, T60 showed better lower canopy uniformity than the
other UAVs, possibly due to its stronger downwash airflow, which reduces the effect of
environmental disturbances on droplet distribution.

Table 4. The effect of wind fields on harvest-aid droplet deposition uniformity and canopy penetration.

Uniformity (%) Penetration
Treatment : o
Lower Middle Upper Average (%)
T30 81.78 63.92 58.41 67.92 44.76
T40 79.61 59.10 57.56 65.42 53.22
T50 75.29 68.31 48.47 64.02 53.50
T60 56.78 64.58 56.52 59.29 56.04

To assess the droplet penetration within the canopy, penetration was evaluated as the
ratio of droplet deposition in the lower canopy to that in the upper canopy. As shown in
Tables 3 and 4, T40 (53.74% for insecticide, 53.22% for harvest aid), T50 (53.45%, 53.50%),
and T60 (54.09%, 56.04%) had higher penetration rates than T30 (45.83%, 44.76%). This is
likely because UAVs with stronger wind fields generate more intense downwash airflow,
enabling the droplets to penetrate the upper canopy and deposit more effectively in the
middle and lower canopies.

3.5. Effect of UAV Wind Field on Pesticide Utilization Rate

As shown in Table 5, the pesticide utilization rates for T30, T40, T50, and T60 for
insecticide spraying to control cotton aphids were 75.47%, 76.13%, 77.76%, and 77.86%,
respectively, each significantly higher than that of the boom sprayer. UAVs, with their
low-altitude spraying capabilities, enable more precise pesticide delivery to the target



Agronomy 2025, 15, 1221

15 of 19

surface, which minimizes pesticide drift and reduces airborne waste. Furthermore, UAV
spray systems typically generate finer droplets that adhere more easily to the target crop
surfaces, increasing pesticide coverage and adhesion, thereby enhancing utilization rates.
In contrast, boom sprayers operate at ground level and are affected by factors such as
terrain and crop height, leading to uneven pesticide distribution. The high-volume spray
mode of boom sprayers causes droplets to aggregate into water droplets on cotton plants,
which then roll off onto the ground, reducing effective adhesion and lowering pesticide
utilization efficiency.

Table 5. Effect of UAV wind field on pesticide utilization rate.

Sprayers Pesticide Utilization Rate (%)
T30 75.47 £4.53 Aa
T40 76.13 £ 2.50 Aa
T50 77.76 £ 1.30 Aa
T60 77.86 £ 1.12 Aa
Boom sprayer 58.88 £ 1.58 Bb

Note: The data are represented as mean =+ standard deviation; Different lowercase letters mean significant
differences at 5% level between different treatments, and different uppercase letters mean significant differences
at 1% level between different treatments.

3.6. Effect of UAV Wind Field on Spraying Effect

As shown in Table 6, when comparing the control efficacy of five sprayers against
cotton aphids, UAVs showed significantly lower efficacy than boom sprayers 1 day after
spraying, with T30 exhibiting the least efficacy (61.93%). This is likely because aphids
predominantly inhabit the abaxial surfaces of upper and middle leaves of the cotton
canopy. The spray pattern of boom sprayers tends to ensure more droplet deposition on
the backsides of leaf that enhances the contact toxicity against aphids. In contrast, UAV
spraying focuses more on adaxial surface of the leaves, which results in fewer pesticide
droplets reaching the abaxial surfaces, leading to reduced contact toxicity. Aphid mortality
occurred because of ingesting leaf sap after plants absorbed the pesticide, leading to a
slower control effect. Three days after spraying, the control efficacy of the UAV was lower
than that of the boom sprayers but showed a gradual increase. Notably, T40, T50, and
T60 exhibited similar efficacy against cotton aphids, each around 81%. By seven days
after spraying, UAV control efficacy continued to improve, further narrowing the gap
with boom sprayers. T40 achieved the highest efficacy (91.55%), nearly comparable to
boom sprayers (93.36%). This suggests that, over longer periods, UAVs can achieve control
efficacy equivalent to traditional boom sprayers. Additionally, the data showed that T40,
T50, and T60 had significantly higher control efficacy than T30. This is because T40, T50, and
T60 generated stronger wind fields, with rotor downwash airflow carrying more droplets
to leaf abaxial surfaces. Enhanced droplet penetration improved the pesticide contact with
aphids on the backsides of leaves, which improved the control efficacy.

Table 6. Effect of UAV wind field on aphid control efficacy.

Control Effect (%)
Sprayer
1 Day After Spraying 3 Days After Spraying 7 Days After Spraying
T30 61.93 ¢ 79.31 ¢ 89.03 ¢
T40 64.87 b 81.31b 91.55b
T50 64.70 b 81.20b 91.35b
T60 66.19b 80.60 b 90.99 b
Boom sprayer 76.56 a 83.38 a 93.36 a

Note: Different lowercase letters represent the mean significant differences at 5% level between different
treatments.
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As demonstrated in Table 7, UAVs achieved defoliation rates comparable to single
spraying by boom sprayers at 10 days after spraying. Notably, the limited canopy penetra-
tion of UAV-sprayed harvest aids hindered the defoliation efficacy, however, the second
spraying significantly improved this outcome, with defoliation rates exceeding 93% by
20 days after spraying. Surveys conducted 5 and 7 days after spraying showed that T40,
T50, and T60 significantly exhibited a higher defoliation rate than T30, likely because T30’s
weaker rotor downwash airflow hindered droplet deposition and canopy penetration,
leading to lower defoliation. However, no significant differences were observed in the
defoliation among all treatments at 10 days after spraying.

Table 7. Effect of UAV wind field on defoliation.

Defoliation (%)

Treatment 5 Days After 7 Days After 10 Days After 15 Days After 20 Days After
Spraying Spraying Spraying Spraying Spraying
T30 39.77 ¢ 5148 ¢ 61.74Db 8342 a 90.35a
T40 42.96 b 54.18 b 62.73 b 85.05a 9229 a
T50 42.80b 53.78 b 63.29b 84.62 a 91.74 a
T60 41.01b 53.29b 62.57 b 83.64 a 90.28 a
Boom sprayer 50.03 a 61.87 a 70.51 a 81.15b 86.49b
Water (CK) 9.57d 16.35 ¢ 25.45 ¢ 36.85 ¢ 54.86 ¢
Note: Different lowercase letters show the mean significant differences at 5% level between different treatments.
The results presented in Table 8 showed that boll opening rates at 5 and 7 days after
boom sprayer spraying were higher than those of UAVs, possibly due to more uniform
pesticide distribution on cotton plants by boom sprayers, facilitating better absorption of
ethephon ripening agents. However, after the second spraying with UAVs, boll opening
rates between UAVs and boom sprayers became statistically indistinguishable, with both
methods achieving boll opening rates exceeding 90.0% 20 days after spraying. No signif-
icant differences in boll opening rates were observed among T30, T40, T50, and T60 at
5,7,10, 15, and 20 days after spraying. Boll opening rates were primarily influenced by
the natural growth of cotton plants, and both the UAV and the boom sprayer application
achieved satisfactory results in terms of boll opening efficacy.
Table 8. Effect of UAV wind field on boll opening.
Boll Opening Rate (%)
Treatment Before 5Days After 7 Days After 10 Days After 15 Days After 20 Days After
Spraying Spraying Spraying Spraying Spraying Spraying
T30 49.06 a 68.06 b 75.34Db 81.19 a 87.23 a 92.96 a
T40 49.52 a 68.78 b 75.93b 82.05a 89.05 a 93.31a
T50 51.15a 69.34b 75.58b 82.62a 88.53 a 93.00 a
T60 50.37 a 68.92b 76.51Db 83.03 a 89.01 a 92.57 a
Boom sprayer 49.90 a 7240 a 78.87 a 82.78 a 88.84 a 91.98 a
Water (CK) 48.71a 60.56 ¢ 64.93 ¢ 71.02b 76.42 ¢ 78.82 ¢

Note: Different lowercase letters represent the mean significant differences at 5% level between different
treatments.

4. Conclusions

This study has investigated the effects of UAV wind fields on droplet deposition and
penetration within the cotton canopies and further evaluated the impact of these wind fields
on spraying efficacy after measuring the pesticide utilization rate and control efficacy. The
findings revealed that, under identical flight parameters, stronger wind fields generated by
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UAVs significantly enhanced the droplet coverage, density, and deposition in the middle
and lower cotton canopy, thereby improving droplet penetration rates through the cotton
canopy. The pesticide utilization rate of UAV spraying (75.47-77.86%) was significantly
higher than that of traditional boom sprayers, demonstrating a 32.2% increase. Although
the UAVs initially exhibited lower control efficacy against cotton aphids compared to boom
sprayers, the application of stronger UAV wind fields improved both the aphid control and
defoliation efficacy.

Future research prospects could focus on expanding the application of UAV-based
pesticide spraying to diverse crop species beyond cotton, aiming to understand the adapt-
ability of UAV-generated wind fields across varied canopy architectures—such as dense
orchards, tall cereal crops, or delicate vegetable canopies. This would enable the devel-
opment of crop-specific spraying protocols to maximize deposition efficiency in different
agricultural systems. Additionally, integrating advanced sensing technologies (e.g., LIDAR,
multispectral cameras) and machine learning algorithms to create intelligent UAV systems
capable of real-time adaptive adjustments to flight parameters (e.g., altitude, speed, nozzle
pressure) and spraying strategies based on dynamic canopy morphology and environmen-
tal variables (e.g., wind velocity, temperature) is critical. Such innovations would enhance
precision in pesticide delivery and reduce over-spraying in complex field scenarios.

Furthermore, long-term ecological and environmental impact assessments of UAV
spraying are essential to ensure sustainability. This includes evaluating pesticide residue
dynamics in soil and water systems, assessing potential risks to non-target organisms (e.g.,
pollinators, beneficial insects), and quantifying the carbon footprint of UAV operations
compared to traditional methods. Exploring hybrid approaches that combine UAV technol-
ogy with ground-based robotic platforms or precision agriculture tools could also address
challenges in heterogeneous fields, improving overall resource efficiency and reducing
operational costs. By addressing these research gaps, the development of standardized,
environmentally friendly UAV spraying protocols can be advanced, contributing to global
sustainable pest management and smart agriculture practices.
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