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Abstract: The phenomenal growth of remotely piloted aerial application systems (RPAASs)
in recent years has raised questions about their impact on the off-target movement of plant
protection products. The spray droplet spectrum is one of the important determining
factors that govern droplet trajectories and off-target movement of pesticide particles.
A field study was conducted to compare in-swath and downwind spray deposition on
ground samplers from a 20 L RPAAS platform, equipped with three different nozzles,
which provided fine, medium, and extra-coarse droplet spectra. A fluorescent dye was
used as a tracer to determine spray deposition. Airborne spray droplets were measured at
10 and 20 m downwind. Downwind deposition measured on ground samplers showed
that the extra-coarse nozzle received significantly fewer deposits than the medium or the
fine nozzle. Similarly, the airborne deposition for the extra-coarse nozzle was significantly
less compared to either the fine or the medium nozzle. Linear mixed effects modeling
confirmed these results and showed that wind speed served as a covariate by refining
the deposition differences among nozzles. Results indicated that spray drift from RPAAS
platforms may be mitigated by using appropriate nozzles that produce larger droplet
spectra. These results will provide aerial applicators with a better understanding of the
best management practices to mitigate drift.

Keywords: UAS; UAV; RPAAS; spray drone; deposition; spray drift

1. Introduction
Unmanned aerial vehicles (UAVs) or remotely piloted aerial (or aircraft) application

systems (RPAASs) have burgeoned recently across the world, transforming traditional
farming systems with a novel method of treatment based on autonomous aerial spray
technology. Although various market share data for the drone industry have been re-
ported [1], one of the reports projected that the current market is well poised for future
expansion, primarily due to government support by various countries, cost efficiency, the
introduction of bigger machines to serve sizeable acreage farms, and the integration of
precision agriculture and AI technology purported to revolutionize the agricultural sector
to provide farmers with efficient land and crop management systems [2]. The market for
agriculture drones in the United States was worth USD 1.39 billion in 2021, and growing
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at a compound annual rate of 35.79% over the next few years, the spray drone sector is
anticipated to reach a total value of USD 11.9 billion by 2028 [3]. With increased production
of UAVs, it is expected that the economic benefits to the aerospace industry in the United
States will accelerate job growth and the accrual of additional revenue, totaling more than
USD 82 billion from 2015 to 2025 [3]. Goldman Sachs reported that the current spray drone
technology has already surpassed manned aircraft in endurance, range, safety, and cost
efficiency and that the next generation of drones will add greater stealth, sensory, payload,
autonomous, and communication capabilities [4].

Concomitant with the phenomenal growth of UAVs in the farming systems in the
United States and South Asian countries, there is a growing concern vis-à-vis their ade-
quacy relative to downwind deposition via off-target movement of pest control products.
Although the application of pesticides is more regulated in the United States than in many
other countries, there is a growing worldwide demand from growers, applicators, and
industries to provide supporting data for safely applying pesticides using this newly
emerging technology-based spray application system. Accordingly, the OECD and other
researchers compiled a comprehensive review of research publications on RPAASs to help
support the data requirements necessary for the safe use of this platform [5–7]. In further-
ance of the objectives of this team, it is important to generate field-based data to assess
and understand the behavior of pest control products when applied by RPAAS platforms
and thus contribute real-time data to help develop predictive models describing the fate
of spray droplet trajectories when applied by spray drones. Chen et al. [8] studied spray
deposition and drift in a field study and found that drift increased with wind speed, while
Dv0.5 droplets decreased, and that Dv0.5 droplets of 185 µm showed better penetration into
rice foliage. Wang et al. [9] studied in-swath deposition and downwind drift of a four-rotor
drone equipped with centrifugal nozzles in a field using three different droplet sizes
(100, 150, and 200 µm) and under different wind speed conditions. Wang et al. [9]
found that when the rotation speed of the centrifugal nozzle increased from 2000 rpm to
17,000 rpm, the DSC classification changed from extra-coarse to fine droplets. In a turf grass
ecosystem, Koo et al. [10] found that for the control of crabgrass, the application height
should be as low as possible, as total deposition decreased 6% for each meter increase in
application height, probably due to evaporation. Wongsuk et al. [11] found that higher
flight altitudes and finer droplets resulted in higher drift values, whereas the addition of
an adjuvant and the use of an air-induction nozzle reduced drift <3 m aboveground for a
six-rotor UAV.

The fate of the spray droplet trajectory when aerially released by manned aircraft
was mathematically modeled as early as 1979 to predict the real-time adjustment of flight
operations [12]. However, the RPAAS aircraft is more maneuverable than manned aircraft
and can safely fly at much lower altitudes with computer-based guidance systems and
thus require mathematical tools to make real-time predictions and adjustments of spray
deposition under these conditions. Furthermore, RPAASs are commercially available as
diverse types with different payload capacities, amounts of motor thrust, and power ratings
and are equipped with factory-installed nozzle systems that produce varying spray droplet
spectra [13].

Although the spray drift models developed in a wind tunnel help in understanding
the fate of spray droplet trajectories in a controlled environment, they do not address
spray drift in the field where the vagaries of weather play a dominant but a determinant
factor [14]. Realistic benefits expected from this novel technology in farmlands can only be
achieved by understanding the fundamental factors that govern efficacious management
and operations of RPAASs during each pass of the aircraft.
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The objectives of this study were to determine in-swath and downwind deposition
of an aerially applied spray solution when released from an RPAAS platform. The spray
droplet spectrum has been well documented as an important variable that the aerial
applicators utilize to mitigate spray drift. Sprays composed of a larger droplet spectrum
tend to move less horizontally or off-target due to greater mass and have reduced time to
descend on the crop foliage. For this study, Turbo TeeJet air-induction (TTI) nozzles that
produce extra-coarse droplets were compared to extended range (XR) and Turbo TeeJet
(TT) nozzles that produced fine-to-medium droplets, respectively.

2. Materials and Methods
This study was conducted in an unpaved area surfaced with gravel in Burleson

County, near College Station, TX (30◦40′ N, 96◦18′ W). The RPAAS used in this study
was a V8A Pro (Homeland Surveillance and Electronics, Casselberry, FL, USA) with
a 20 L payload capacity (Figure 1). This study was composed of three treatments, and
each treatment was replicated 20 times. In treatment 1, the RPAAS aircraft was equipped
with extended range flat-fan spray nozzles, XR 110-01 (Spraying Systems Inc., Wheaton, IL,
USA), which provided fine sprays, and treatment 2 consisted of wide-angle flat-fan spray
nozzles, TT 110-01 (Spraying Systems Inc., Wheaton, IL, USA), which provided medium
sprays, and treatment 3 consisted of extra-coarse sprays provided by air-induction flat-fan
spray nozzles, TTI 110-01 (Spraying Systems Inc., Wheaton, IL, USA). The V8A Pro was
equipped with four nozzles, two on the right and two on the left side of the boom. The
nozzles were 18′′ (45.7 cm) and 32′′ (81.3 cm) from the center of the aircraft for inboard and
outboard nozzles, respectively (Figure 2).
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The aircraft containing a spray mixture of tap water and Vision Pink™ dye (GarrCo 
Products, Converse, IN, USA) at 20 mL·L−1 was flown perpendicular to the wind (±30°) 
over a 30 m long sampling line (Figure 3). The aircraft was flown at the −2.5 m position at 
3 m height and at a ground speed of 3 m·s−1. The spray nozzle pressure was set to 165.5 
kPa which was the lowest pressure that could achieve a full flat-fan pattern, which can 
help reduce drift. However, this low system pressure would result in a lower flow rate 
(0.46 L/min) which will yield a lower application rate (4.3 to 8.6 L/ha), depending on the 
spray nozzle. The operational parameters for the V8A Pro aircraft used in this study were 
in alignment with Martin et al. [15]. 

Figure 1. The V8A Pro aircraft with a 20 L payload capacity, eight (8) rotors, and four (4) spray
nozzles on a boom used for this study. The nozzles were 18” (45.7 cm) and 32” (81.3 cm) from the
center of the aircraft for inboard and outboard nozzles, respectively.

The aircraft containing a spray mixture of tap water and Vision Pink™ dye (GarrCo
Products, Converse, IN, USA) at 20 mL·L−1 was flown perpendicular to the wind (±30◦)
over a 30 m long sampling line (Figure 3). The aircraft was flown at the −2.5 m position
at 3 m height and at a ground speed of 3 m·s−1. The spray nozzle pressure was set to
165.5 kPa which was the lowest pressure that could achieve a full flat-fan pattern, which
can help reduce drift. However, this low system pressure would result in a lower flow rate
(0.46 L/min) which will yield a lower application rate (4.3 to 8.6 L/ha), depending on the
spray nozzle. The operational parameters for the V8A Pro aircraft used in this study were
in alignment with Martin et al. [15].
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where ground samplers [Mylar cards (10 cm × 10 cm)] were placed 1 m apart (Figure 3). 
The sampling line measured in mm was designated as comprising upwind (−10 to −6), in-
swath (−5 to 0), near field (1 to 5), and far field positions (6 to 20). The spray droplets were 
transported parallel to the sampling line where the Mylar cards were placed, perpendic-
ular to the direction of the flight. During each test, spray applications were conducted 
with a full payload to ensure a maximum, relatively constant, downwash force. The Mylar 
cards, placed along the downwind edge of the spray swath, as a continuation of the in-
swath samplers, measured the downwind movement, or the drift, of the spray particles. 
In addition to these samplers, monofilament lines, established parallel with the flight line, 

Figure 2. A schematic layout of rotor configurations and nozzle placement on the aircraft boom.
Circles represent rotor positions, and the triangles represent the nozzles emitting simulated flat-fan
spray patterns. The nozzles were 18′′ (45.7 cm) and 32′′ (81.3 cm) from the center of the aircraft for
the inboard and outboard nozzles, respectively.
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downwind deposition. * Drift towers.

The sample line was oriented parallel to the prevailing wind on a caliche surface
where ground samplers [Mylar cards (10 cm × 10 cm)] were placed 1 m apart (Figure 3).
The sampling line measured in mm was designated as comprising upwind (−10 to −6), in-
swath (−5 to 0), near field (1 to 5), and far field positions (6 to 20). The spray droplets were
transported parallel to the sampling line where the Mylar cards were placed, perpendicular
to the direction of the flight. During each test, spray applications were conducted with a
full payload to ensure a maximum, relatively constant, downwash force. The Mylar cards,
placed along the downwind edge of the spray swath, as a continuation of the in-swath
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samplers, measured the downwind movement, or the drift, of the spray particles. In
addition to these samplers, monofilament lines, established parallel with the flight line,
were suspended above the ground at 2 m height and at 10 and 20 m downwind of the field
edge in each of the three treatments to measure airborne deposition.

Soon after each spray was completed, the Mylar card (100 cm2) and the monofilament
samples were placed individually in a plastic bag labeled with the run number, treatment,
and replication, stored in an ice chest, and transported to the laboratory for analysis.
In the laboratory, 20 mL of ethanol was pipetted into each bag, the bags were agitated
forcefully, and 6 mL of the effluent was poured into a cuvette. The cuvettes were then
placed into a spectrofluorophotometer (Shimadzu, Model RF5000U, Kyoto, Japan) with an
excitation wavelength of 453 nm and an emission at 488 nm. The fluorometric readings
were converted to µg of dye/cm2. The minimum detection level for the dye and sampling
technique was 0.00007 µg/cm2.

Prior to the spray drift field tests, the spray droplet spectra for each of these nozzles
were determined by flying the V8A Pro aircraft over a sampling line composed of water-
sensitive paper (WSP) samplers (76 mm × 26 mm) placed 1 m apart. WSPs were inserted
into each of the paper clips mounted on a wooden block before each spray application. The
WSPs were removed from the wooden block approximately 1 min after each spray pass was
completed and placed inside photonegative sleeves (Model # 35-7BXW; PrintFile® Archival
Preservers, Apopka, FL, USA). They were then taken to the laboratory for computer-based
analysis of the spray droplet images captured on the samplers using the DropletScan™
scanner-based system [16]. The spray droplet spectra measured were Dv0.1, Dv0.5, and Dv0.9.
Dv0.1 is the droplet diameter (µm) where 10% of the spray volume is contained in droplets
smaller than this value. Similarly, Dv0.5 and Dv0.9 are droplet diameters where 50 and 90%
of the spray volumes are contained in droplets smaller than these values, respectively. The
Dv0.5 is commonly known as the volume median diameter (VMD). The American Society
of Agricultural and Biological Engineering (ASABE) has developed a standard to measure
and interpret spray quality tips of nozzles used in production agriculture, ASABE S572.3,
the Droplet Size Classification [17]. In accordance with this standard, the spray droplet
sizes that were released from the spray nozzle tips in this study were composed of fine
(106–235 µm), medium (236–340 µm), coarse (341–403 µm), and extra-coarse (404–502 µm)
spray droplets.

2.1. Determination of Effective Swath

The effective swath was determined using established methodologies designed
for manned aircrafts by the American Society of Agricultural and Biological Engineers
(ASABE) [18]. This method is composed of multiple passes (three or more) each lapped
one over the other to obtain an average spray pattern, while eliminating passes with de-
formed or skewed patterns. The aircraft, a V8 Pro equipped with XR 110-01 nozzles, and a
fluorescent tracer solution flew into the wind over a 19.2 m long cotton string line in the
study area used for the drift tests. The spray passes were replicated 4 times. The cotton
string for each pass was analyzed using a fluorometric detection system [19]. Each pass was
conducted in a “racetrack” style such that the aircraft flies circuitously and continuously in
the same direction. This average spray pattern is then computer-simulated over multiple
back-and-forth and racetrack passes. The method used here was consistent with the stan-
dard established by Operation S.A.F.E (Self-Regulating Application and Flight Efficiency),
sponsored by the National Agricultural Aviation Association, for calibration of fixed-wing
and rotary-wing aircraft for spray pattern and drift analysis [20]. The computer simulation
will calculate the coefficient of variation (CV) for multiple swath widths. The CV is an index
of the uniformity of spray deposit across the swath width and represents the degree of
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variation in deposition from the mean [21–24]. An acceptable swath width for the manned
aerial applicators is one where the CV ≤ 25%. The greater the CV, the more variability there
is in the spray pattern. However, Smith et al. [25] reported that a CV of 15% corresponded
to a maximum-to-minimum deposit ratio of about 1.7 and indicated that a CV of about
15% or less is a desirable goal for spray applications to minimize overapplication. Figure 4
shows that the effective swath varied from 16 to 26 ft (4.87 to 7.92 m) with acceptable CVs
≤ 15% of variability. For this study, we chose an effective swath of 6 m, because it provided
a wider swath where the fine droplets spread across a wider distance.

Drones 2025, 9, 66 6 of 19 
 

15% corresponded to a maximum-to-minimum deposit ratio of about 1.7 and indicated 
that a CV of about 15% or less is a desirable goal for spray applications to minimize over-
application. Figure 4 shows that the effective swath varied from 16 to 26 ft (4.87 to 7.92 m) 
with acceptable CVs ≤ 15% of variability. For this study, we chose an effective swath of 6 
m, because it provided a wider swath where the fine droplets spread across a wider dis-
tance. 

 

Figure 4. Determination of effective swath for the V8 Pro aircraft equipped with XR 110-01 nozzles. 
Three passes lapped one over the other provided an effective swath which varied from 16 to 26 ft 
(4.87 to 7.92 m) with acceptable CVs ≤ 15% (top graph). The average of the three passes is shown in 
the bottom plot. The blue and purple lines represent the target swath average and combined deposit 
average, respectively. The vertical lines delineate the 26 ft (7.92 m) target swath width (13 ft or 3.96 
m on either side of the center line). 

2.2. Meteorological Data 

A weather station located at Easterwood Airport, College Station, Texas, was used as 
the source of wind speed and wind direction data. These data were collected approxi-
mately twice every minute. Wind direction was calculated as degrees from parallel to the 
sampling line, aligned at 143 degrees. Wind speed was measured at a height of 10 m but 
was converted to 2 m using Equation (1), where V1 is the measured wind speed at the 10 
m height (h1), V2 is the estimated wind speed at 2 m (h2), and Z0 represents the surface 
roughness [26,27]. 

𝑉ଶ = 𝑉ଵ ln ቀℎଶ𝑍ቁln ቀℎଵ𝑍ቁ (1)

Figure 4. Determination of effective swath for the V8 Pro aircraft equipped with XR 110-01 nozzles.
Three passes lapped one over the other provided an effective swath which varied from 16 to 26 ft
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the bottom plot. The blue and purple lines represent the target swath average and combined deposit
average, respectively. The vertical lines delineate the 26 ft (7.92 m) target swath width (13 ft or 3.96 m
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2.2. Meteorological Data

A weather station located at Easterwood Airport, College Station, Texas, was used
as the source of wind speed and wind direction data. These data were collected approx-
imately twice every minute. Wind direction was calculated as degrees from parallel to
the sampling line, aligned at 143 degrees. Wind speed was measured at a height of 10 m
but was converted to 2 m using Equation (1), where V1 is the measured wind speed at the
10 m height (h1), V2 is the estimated wind speed at 2 m (h2), and Z0 represents the surface
roughness [26,27].

V2 = V1

ln
(

h2
Z0

)
ln
(

h1
Z0

) (1)
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For this calculation, a surface roughness of 0.03 m was used which represents open
agricultural land [27], which accounted for the wind speed being affected by the friction
against the surface of the Earth.

The wind measurements were aligned with times for each run as closely as possible,
using professional best judgment. If a wind measurement occurred during the spray run
time, this single value was used. However, if a wind measurement was not available during
the spray run time, measurements flanking the run time were considered. If there were
two flanking wind measurements within one minute of the spray run time, the values were
averaged. Runs in which the wind direction was >±30◦ relative to the UAV flight line or
that had 0 m/s wind speed were omitted, resulting in 23 runs. This agrees with the ASABE
standards S561.1 for determining spray drift by aerial vehicles [28]. Table 1 shows that the
meteorological data measured during this study remained stable without any aberrations,
and Figure 5 describes the wind direction and wind speed during the tests described in
this report.

Table 1. Meteorological data (Mean ±SEM) measured and calculated for each treatment for this
study.

Treatment
(Nozzle)

Wind Speed
(10 m)

Wind Speed
(2 m)

Wind
Direction

(◦)

Relative
Humidity

(%)

Temperature
(◦C)

Fine 2.08 ± 0.41 1.51 ± 0.29 151.5 ± 7.4 71.3 ± 2.4 30.8 ± 0.6

Medium 2.13 ± 0.38 1.54 ± 0.28 157.0 ± 8.4 70.5 ± 2.4 30.9 ± 0.6

Extra
Coarse 1.87 ± 0.42 1.35 ± 0.30 167.8 ± 9.8 70.0 ± 2.4 31.1 ± 0.6
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2.3. Data Analysis

Downwind deposition data on Mylar cards were used to define spray drift curves
and to compare between nozzles. Of the 23 runs in which the recorded wind direction fell
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in the <±30◦ range and the wind speed was >0 m/s, there were 9 fine, 8 medium, and
6 extra-coarse nozzle runs each. Drift curves were defined from 1 to 20 m downwind of
the drone since the spray swath was assumed to be 6 m wide (3.0 m in either direction).
Since all deposition values collected at distances 7.5 m and beyond for the extra-coarse
nozzle treatment were <LOD (limit of deposition), they were excluded from this model.
The total number of observations used was 424 (14 distances per extra-coarse nozzle run
and 20 distances for each of the other nozzles).

Variability in deposition, reported in µg/cm2, was evaluated using linear mixed-effects
(LME) modeling as described by Kuznetsova et al. [29]. To achieve linearity, homoscedastic-
ity, and normality of residuals, deposition was transformed by the cube root and distance
was transformed by the natural log. Other fixed-effects variables were the nozzle as a
categorical variable, the wind speed in m/s, the cosine of wind angle from parallel, and
the combined variable of wind speed × cosine(angle) to represent both characteristics.
The random effects variable was set as a replicate to allow for random intercepts. Statis-
tical analyses were conducted in R software version 4.2.0 [30] including calculation of an
R2

β value [31,32], using the standardized generalized variance approach, and graphs were
made with data visualization package, ggplot2 [33].

Differences between in-swath deposition among nozzles were also compared. Deposi-
tion collected on Mylar cards at distances from −5 to 0 m, over a 5 m width around the
drone’s flight line, were summed within replicates. These totals were grouped by nozzle,
and an ANOVA test was conducted and a Tukey post hoc test was run to differentiate the
nozzles [30]. Residuals were tested to ensure normality and homogeneity of variance.

Besides understanding the effect of spray nozzles on drift, it is equally important
to know the differences in deposition between nozzles at each of the sampling locations.
Thus, the in-swath and downwind deposition data collected along sampling lines with
significant interactions were processed using the least square mean option (adjust = Tukey)
of the PROC GLIMMIX procedure [34]. Spray droplet spectra measured before the drift
tests were analyzed to determine whether each of the droplet spectrum (Dv0.1, Dv0.5, and
Dv0.9) differed between spray nozzles. To make the error variance more nearly constant,
the Mylar and the monofilament data were transformed to X + 1 and Normal Quantile
transformations, respectively, before performing ANOVA. Graphical illustrations of the
data were conducted using the SAS/JMP® [35] software using the untransformed data.

3. Results
3.1. Droplet Size Classification

Spray plumes exiting the nozzles were composed of fine, medium, and extra-coarse
droplets. ANOVA analysis showed that all droplet spectra varied significantly between the
nozzles tested (Dv0.1: F = 16.68; p < 0.0001; Dv0.5: F = 18.22; p < 0.0001; and Dv0.9: F = 8.68;
p < 0.0006) with MSE df = 46 for all droplet spectra. Figure 6 shows that the Dv0.1 droplets
were significantly smaller for fine and medium nozzles than those for the extra-coarse
nozzles. The Dv0.1 droplets were comparable between fine and medium nozzles. Similarly,
the Dv0.5 droplets were smaller for the fine and the medium nozzles than those for the
extra-coarse nozzle. The Dv0.9 droplets were significantly larger for the medium and the
extra-coarse nozzles than those for the fine nozzle. The Dv0.9 droplets for the medium and
the extra-coarse nozzles were comparable.
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Figure 6. Spray droplet spectra of the spray nozzles (fine, medium, and extra coarse) used in this
study. The droplet images captured on WSP samplers were analyzed using computer-based software.
Means ± Standard Error of the Mean (SEM) between spray nozzles within each droplet spectrum
followed by the same lower-case letters are not significantly different at α = 0.05 (Tukey’s HSD test).

3.2. Deposition on Mylar Cards

The variance analysis of upwind, in-swath, and near-field deposition on Mylar cards
showed a significant interaction with sampling locations (F = 2.63; df = 30, 320). Figure 7
shows that beginning at the upwind location of −6 m, significantly fewer deposits occurred
for the extra-coarse nozzle, but differences were not significant between extra-coarse and
fine nozzles. However, deposition for the extra-coarse nozzle was significantly less than
that for the medium nozzle. A similar trend persisted at the −5 m in-swath location.
Deposition in the in-swath region increased for the extra-coarse nozzle until the location at
−3 m when significantly more deposits occurred for the extra-coarse nozzle compared to
either the medium or the fine nozzle. Increased deposition for the extra-coarse nozzle at the
in-swath locations persisted until −1 m when the trend was reversed with deposition for
the extra-coarse nozzle declining significantly and asymptotically. The near field deposition
was significantly lower for the extra-coarse nozzle than that for either the medium or the
fine nozzle.

Figure 8 shows the downwind transport, or the drift, of the applied solution released
from the aircraft. Significant differences between treatments were evident from position
6 to 17 m when the deposition for the extra-coarse nozzle was significantly less compared
to the fine nozzle. The deposition for the extra-coarse nozzle was significantly less than the
medium and the fine nozzle from position 6 to 8 m downwind, but there was no significant
difference between the fine and medium nozzles. However, significant separation in
deposition between all three nozzles was evident from the 9 to 12 m positions downwind.
The extra-coarse nozzle continued to receive significantly less deposition than the fine
nozzle from position 13 to 17 m downwind. No significant difference between nozzles were
detected thereafter.



Drones 2025, 9, 66 10 of 18

Drones 2025, 9, 66 10 of 19 
 

downwind. The extra-coarse nozzle continued to receive significantly less deposition than 
the fine nozzle from position 13 to 17 m downwind. No significant difference between 
nozzles were detected thereafter. 

 

Figure 7. Spray deposition on Mylar cards. Data were analyzed using log x + 1 transformation, but 
original means are presented here. Means ± Standard Error of the Mean (SEM) within each sampling 
line location with the same lower-case letters are not significantly different at α = 0.05 (Tukey’s HSD 
test). 

 

Figure 8. Downwind spray deposition on Mylar cards. Data were analyzed using log x + 1 transfor-
mation, but original means are presented here. Means ± Standard Error of the Mean (SEM) within 

Figure 7. Spray deposition on Mylar cards. Data were analyzed using log x + 1 transformation,
but original means are presented here. Means ± Standard Error of the Mean (SEM) within each
sampling line location with the same lower-case letters are not significantly different at α = 0.05
(Tukey’s HSD test).

Drones 2025, 9, 66 10 of 19 
 

downwind. The extra-coarse nozzle continued to receive significantly less deposition than 
the fine nozzle from position 13 to 17 m downwind. No significant difference between 
nozzles were detected thereafter. 

 

Figure 7. Spray deposition on Mylar cards. Data were analyzed using log x + 1 transformation, but 
original means are presented here. Means ± Standard Error of the Mean (SEM) within each sampling 
line location with the same lower-case letters are not significantly different at α = 0.05 (Tukey’s HSD 
test). 

 

Figure 8. Downwind spray deposition on Mylar cards. Data were analyzed using log x + 1 transfor-
mation, but original means are presented here. Means ± Standard Error of the Mean (SEM) within 

Figure 8. Downwind spray deposition on Mylar cards. Data were analyzed using log x + 1 transfor-
mation, but original means are presented here. Means ± Standard Error of the Mean (SEM) within
each sampling line location followed by the same lower-case letters are not significantly different
at α = 0.05 (Tukey’s HSD test).
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3.3. Downwind Spray Deposition Curves

Variability in spray drift deposition downwind of the drone was defined using LME
modeling. Details of the model are shown in Table A1 (Appendix A), and the residuals are
shown in Figure 9. The R2

β value was 92% overall, and residuals appeared linearly and
normally distributed. The model is summarized with the following formula, which can
be used to estimate average deposition at different distances, wind speeds, and nozzles
(Equation (2)).

Deposition = (4.94 − 1.28ln(Dist) + 0.82W − 0.36NM − 1.31NC − 0.30[ln(Dist)× W])3 (2)

where deposition is in µg/cm2; Dist = distance in m; W = wind speed in m/s; NM = a
binary indicator of the medium nozzle (1 where the nozzle is medium; 0 where it is not);
and NC = a binary indicator of the extra-coarse nozzle. The fine nozzle is the base model
and is therefore predictable by setting the NM and NC variables equal to zero.
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Figure 9. Graph of residual errors from the downwind spray drift deposition LME model. Points
above the 1:1 line were overestimated, and those below were underestimated. Predictions were
calculated without random effect shifts. Both axes are graphed on the cube root scale, as modeled.

The extra-coarse nozzle produced significantly reduced deposition compared to both
of the other nozzles (p = 0.0018 versus medium, and p = 0.0001 versus fine, calculated
using the package emmeans [36]). For example, at the closest distance downwind of 3.5 m
from the drone and at the mean wind speed (2.1 m/s), extra-coarse-nozzle runs produced
34.0 µg/cm2 less than medium-nozzle runs on average, and 52.8 µg/cm2 less than fine-
nozzle runs on average. However, 20.5 m from the drone, extra coarse < medium by only
0.2 µg/cm2 on average and extra coarse < fine by 0.8 µg/cm2 on average.

Though the nozzle variable overall was significant (p = 0.0005), the medium nozzle’s
deposition was like that of the fine nozzle (p = 0.14). These two nozzles’ sets of replicates
had wide variability, with enough overlap to result in confidence intervals too wide to
differentiate the two nozzles (see overlap in shaded 95% confidence intervals in Figure 10).
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Figure 10. Downwind spray drift deposition curves for each nozzle with shaded 95% confidence
intervals, shown at the mean wind speed (2.1 m/s). (Left): axes scaled as modeled; (Right): standard
scale. The fine and medium nozzles are more similar in range compared to the distinctly lower extra-
coarse nozzle. From 7.5 m and on, extra-coarse nozzle depositions were predicted as nondetectable.

Faster wind speed was associated with greater deposition at distances close to the
drone (p value of intercept shift = 0.0004), with differences indistinguishable at farther
distances (p value of slope shift < 0.0001). This attenuation of wind speed effect is visi-
ble in Figure 11. Wind speed correlated with and partially explained variability in the
deposition. Wind speed, therefore, served as a covariate by refining the mean differences
among nozzles.
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Figure 11. Actual downwind depositions (thinner lines with circle points) and predicted depositions
from the LME model (thicker lines with triangles). Wind speed varied the predictions, such that
faster speeds had greater depositions at closer distances.
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Of note, one point was not well-predicted in this model. During fine nozzle replicate 7,
the closest downwind distance of 3.5 m was measured to be 14.3 µg/cm2 but was predicted
as 109.0 µg/cm2. The shape of this run’s deposition curve was unique in that values from
distances 3.5 to 9.5 were nearly flat, rather than decreasing as would be expected. This
run had the maximum wind speed among the runs used in this analysis (3.2 m/s), but
otherwise, no data existed to explain its uniqueness.

3.4. Deposition on Monofilament Lines

The deposition on monofilament lines as the driftable component of the spray applica-
tion is shown in Figure 12. The variance analysis indicates that the spray nozzle (F = 29.78;
p < 0.0001; df = 2, 113) and the location of the samplers as sources of variation were highly
significant (F = 22.89; p < 0.01; df = 1, 113) with no significant interaction between them
(F = 2.70; p > 0.0.07; df = 2, 113). Deposition decreased significantly as sampling distance
downwind increased. The extra-coarse nozzle produced less airborne deposition compared
to either the fine or the medium nozzle at both the 10 and 20 m sampling distance. The
fine nozzle predominated with higher airborne deposition at the 10 m distance downwind.
A similar trend in deposition was observed at the 20 m distance downwind as well for
the fine nozzle, but it was comparable to that for the medium nozzle. Overall, deposition
on monofilament lines averaged 14.80 ± 1.77, 5.51 ± 1.16, and 0.37 ± 0.12 µg/cm² for
fine, medium, and extra-coarse nozzles, respectively, and these values were significantly
different from one another (Figure 13).
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(Tukey’s HSD test). The data were analyzed using the Normal Quantile transformation, but the
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4. Discussion
Researchers have reported that fine spray droplets were often the primary cause of

agrochemical spray drift, while extra-coarse droplets produced by air-induction nozzles
were less prone to drift. This study shows that as the droplet size increased, the spray
drift or the movement of spray particles downwind decreased. The TTI 110-01, a flat-fan
air-induction nozzle (extra-coarse droplets), produced the lowest spray deposition on Mylar
cards downwind of the swath. This is in alignment with Wang et al. [37] who studied spray
drift potential for UAVs in a controlled wind tunnel and found the air-induction nozzle
produced less drift compared to hollow-cone or flat-fan nozzles. Data in this study also
showed that deposition on the monofilament lines from the drift towers established at two
different distances downwind was significantly less for the air-induction nozzle compared
to fine and medium nozzle treatments. The importance of droplet size and, therefore,
the spray nozzles are important factors for characterizing spray drift. Smaller and fine
highly driftable droplets move downwind, while the drift-prone extra-coarse droplets fall
under the fuselage of the aircraft. Coarse spray droplets have greater mass and sustain a
downward velocity in the air for a longer time than fine droplets before they descend to
the target sites and thus cause less drift.

This study demonstrates that wind speed is an essential covariate influencing the
trajectory of spray droplets. Notably, the lowest wind speeds occurred during the test
when the drone was equipped with an extra-coarse nozzle. To evaluate the potential impact
of this coincidence on downwind spray drift, we reran the LME model excluding these
two instances. The analysis revealed that the intercept of the wind speed variable was
not significant (p = 0.113), although the negative slope remained significant (p = 0.026),
indicating that wind speed’s explanatory power was reduced, but its directional influence
persisted. Additionally, removing these data points slightly increased the estimate for the
extra-coarse nozzle (coefficient changed from −1.31 to −1.27), yet it remained statistically
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significant, confirming that the results were not substantially affected by these specific
conditions. These findings from the LME model highlight the benefit of using modeling to
assess the impact of covariates such as wind speed on spray drift. This method provides a
foundational platform for enhancing our understanding and prediction of drift behavior
under various conditions and is complementary to field research.

Teske et al. [38] reported that the rotor downwash of UAVs could facilitate the move-
ment of spray materials to the ground under critical application speed. At a lower flight
speed, the strong downwash beneath the rotors is likely to push the sprays to the ground
more quickly and improve spray distribution on target sites. However, under higher appli-
cation speeds, the turbulence created could reduce the downwash force and help in the
off-target movement of spray materials. In this study conducted under optimal ground
speed, it appears that the RPAAS propellers could have helped the spray solution to reach
the target and thus achieve the intended objectives of this study. Hunter et al. [39] reported
that the wind currents at a higher application height may carry driftable particles farther
than the intended area compared to the application height used in this study.

Using a modeling approach, Yang et al. [40] reported that the distance spray droplets
can travel upon exiting the nozzle are controlled by horizontal and vertical forces from a
UAV aircraft. Teske et al. [38] reported that it is important to identify the ground speed of a
UAV when the downwash from the rotors becomes outwash before the spray materials
reach the target site. At an increased ground speed, the interaction between perpendicular
wind conditions is likely to increase off-target transport of spray products. Atmospheric
stability and wind conditions are more likely factors that impinge upon the off-target
movement of spray droplets.

One of the limitations of this study was that the wind speed measurements in time
were used from a nearby weather station. Thus, there is uncertainty associated with
the wind speed data associated with each run. Since wind speed and wind direction
varied frequently from one minute to the next, it is likely that at least some of the runs
associated with wind speed measurements did not represent actual wind conditions onsite.
A greater reliance on model predictions of field data would require more robust and on-site
measurements of weather conditions.

5. Conclusions
With the phenomenal growth of remotely piloted aerial application systems in pro-

duction agriculture in recent years, there is a growing demand from applicators of aerial
application systems to provide them with guidelines for applying pest control products
with minimum spray drift. It is well documented that spray nozzles play a dominant role
in the downwind deposition of driftable spray particles. Accordingly, this study sought
to assess the effects of three different nozzles with fine, medium, and extra-coarse spray
droplet spectra on in-swath and downwind deposition. Monofilament lines to measure
airborne drift were established out to 20 m downwind from the edge of the field. The
spray droplet sizes that were released from the spray nozzle tips in this study were com-
posed of fine (106–235 µm), medium (236–340 µm), coarse (341–403 µm), and extra-coarse
(404–502 µm) spray droplets. Results indicated that the extra-coarse nozzle was associated
with reduced downwind and airborne deposition compared to both medium and fine
nozzles. Wind speed served as a covariate in refining the differences in deposition between
nozzles. Results also suggested that smaller, fine, and highly driftable spray droplets
move downwind while extra-coarse and very large droplets tended to fall directly under
the fuselage of the aircraft. Remote pilots of aerial application systems may adopt this
technology as a best management practice to mitigate spray drift.
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Appendix A

Table A1. LME model results describing variability in downwind spray drift deposition. Significance
level of 0.05 (p-value < 0.05 = * (significant); ns = not significant).

Random effects:

Groups Standard
Deviation Number of Groups

Replicate 0.4598 23
Residual 0.3806

Fixed effects:
Variable Explaining

3
√

Deposition in µg/cm2 Coefficient Standard Error Degrees of
Freedom p Value

Intercept 4.9403 0.5274 42.7 6.54 × 10−12 *
ln (Distance) −1.2805 0.1323 400.3 <2.0 × 10−16 *
Wind speed 0.8204 0.2148 52.6 0.000356 *

Nozzle: medium −0.3596 0.2346 18.9 0.141789 ns
Nozzle: Extra coarse −1.3076 0.2766 19.2 0.000142 *

ln (Distance) × Wind speed −0.2953 0.059 400.3 8.39 × 10−7 *
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