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Field comparison of spray drift
from unmanned aerial spraying
systems using air-induction
nozzles versus rotary atomizers
Katrin Ahrens*, Andreas Herbst and Jens Karl Wegener

Institute for Application Techniques in Plant Protection, Julius Kuehn Institute (JKI),
Braunschweig, Germany
Unmanned aerial spraying systems (UASS, hereafter ‘drones’) are increasingly

deployed for pesticide application, yet field evidence on spray drift—particularly

for rotary atomizers (RAT)—remains limited. We conducted ISO 22866 drift trials

over short grass using two drones: a DJI Agras T30 fittedwith air-induction nozzles

(AIN) and a DJI Agras T25 fitted with rotary atomizers. Droplet-size spectra were

determined in accordance with ISO 25358 for AIN and via an adapted scanning

procedure for RAT. Target application rate was ~75 L ha-¹ at a working width of 4

m, flight heights of 1.5–3.0 m, and flight speeds of 2.5–4.5 m s-¹. Drift sediment

was sampled 3–20 m downwind and expressed as a percentage of the application

rate. Quantile regression (t = 0.5, 0.9) on log-transformed sediment tested effects

of distance, flight height, flight speed, atomizer type, and their interactions.

Distance, flight height, atomizer type, and atomizer-specific interactions with

flight speed and flight height were significant for the median response. RAT

tended to produce higher drift under more extreme operating settings; however,

at practical settings (2 m height, 2.5 m s-¹ speed) RAT drift was equal to or lower

than AIN, with only small and distance-specific median differences. These findings

indicate that atomizer choice and operating envelope jointly determine UASS drift.

We discuss safe operating windows, limitations of RAT droplet sizing relative to ISO

25358, and provide open data and code to support meta-analysis and modeling.
KEYWORDS

unmanned aerial spray systems, rotary atomizer, air-induction nozzle, ISO 22866, spray
drift, quantile regression, droplet size distribution, Dv50
1 Introduction

Spray drones, also called Unmanned Aerial Spraying Systems (UASS), have been

increasingly used worldwide for the application of plant protection products (PPPs). Until

recently in Germany this is limited to chemical application in steep slope trial fields

according to European (EU, 2009) and German (DE, 2012) legislation.

When PPPs are applied, spray drift is one of the major hazards for non-target

organisms downwind from the treated areas. Herbst et al. (2023) could show that spray
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drift from drone applications in trial fields does not exceed existing

basic drift values for ground sprayers (BBA, 2000; BVL 2020)

providing that the UASS is equipped with air-induction

nozzles (AIN).

Novel UASSs equipped with rotary atomizers (RAT) were

introduced into the market recently. In contrast to conventional

nozzles providing hydraulic atomization, these atomizers produce

droplets by centrifugal force of a spinning disk with a toothed edge.

Droplet-size is determined by size and shape of the teeth, the

rotational frequency of the disk and the liquid volume rate

applied. The concept of these atomizers is known for many years

but the utilization for chemical application is very limited in

general. This is why it is very difficult to find theoretical basics as

well as experimental data describing the droplet formation from

RAT. In general, it is assumed that RATs would produce more

uniform droplet-size spectra compared to hydraulic nozzles.

Another, more obvious difference is that RATs that are mounted

on a drone with a vertical rotary axis would eject the spray in

horizontal orientation while hydraulic nozzles spray downwards. In

combination with the downwash of the drone fans, this would result

in different droplet trajectories and finally different spray

distribution and spray drift potential.

An OECD study (OECD, 2021) states that reliable spray drift

data from UASSs are hardly available worldwide. It does not

mention any data from RATs.

Several recent studies have specifically compared the behavior

of rotary atomizers and hydraulic nozzles. Wang et al. (2023)

conducted wind tunnel tests in which rotary atomizers and flat

fan nozzles were tested under identical conditions. Even with

comparable median droplet-sizes (DV50), it was found that RATs

caused significantly higher drift: In 3.5 m s-¹ wind, the cumulative

drift percentage at a distance of 2 m was 90.1% for the rotary

atomizer compared to 40.6% for the hydraulic nozzle. The cause is

identified as the horizontal discharge direction and the lack of a

downward component of the droplet movement in RAT. At low

rpm, a higher DV50 is produced. Here, the cumulative drift

percentage does not differ significantly from the fine-droplet

nozzles. Similar trends are confirmed by field trials in which

drones with RAT showed increased drift compared to (AIN),

especially under unfavorable parameters such as high flight height

or high flight speed.

Ranabhat and Price (2025) show in field studies that rotary

atomizers on drones produce particularly fine and uniform

droplets, which is advantageous for good coverage at low spray

volumes, but at the same time increases drift. Hydraulic nozzles, on

the other hand, produce coarser droplets with better penetration

depth but less uniformity.

In addition, there are studies that examine drones with RAT

without direct comparison to AIN. Yang et al. (2023) optimize the

rotation speed, flow rate, number of teeth and tooth shape of rotary

atomizers in a wind tunnel. With the optimized atomizer, the

influence of rotation speed, flow rate and flight height on the

effective swath width was investigated. Wang et al. (2020) and

Butler-Ellis et al. (2025) investigated the spray drift of drones with

rotary atomizers using UASS from XAG. Wang reports the
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influence of droplet-size on drift and emphasized the effect of

wind speed and droplet-size on downwind drift. Martin et al.

(2025) also came to this conclusion in a study with UASS with AIN.

Review articles (Chen et al., 2022) emphasize that UASS –

regardless of the nozzle system – fundamentally carry an increased

risk of drift due to their mode of operation (flight-height, multi-

rotor downwash, low spray volumes). This risk is particularly

pronounced for RAT, as they can produce very fine droplet spectra.

The aim of this study was to compare spray drift from UASSs

equipped with AINs and RATs in a field test. This should help to

clarify whether the German authorization of PPPs for application

using AINs is also valid for the use of RATs. The variation of

application parameters in this study should help to obtain results

with sufficient practical relevance for a reasonable range of

conditions. It was not possible to equip the same drone with both

atomizer types but the influence of the drone design on spray drift

was minimized by selecting drone models similar in size and weight.

The comparison should be focused as much as possible on the

differences between the atomizer types for the same application

parameters, like application rate, flight speed and flight height, and

for similar droplet-size spectra.

The tests were conducted on a flat, grass-covered field. It is

assumed that the relative differences between the atomizer types are

similar for different cropping scenarios, such as vineyards or arable

crops. Using this approach, it is also possible to compare the results

with existing spray drift data from horizontal boom sprayers or

other sprayers.

Measurements of lateral spray distribution in the target area

were also collected to examine potential differences between the

atomizer types; however, their evaluation lies outside the scope of

this manuscript.
2 Material and methods

A spray drift study according to ISO 22866 (ISO, 2005) was

conducted with two different UASS models (Figure 1): a DJI Agras

T25 equipped with two RAT and a DJI Agras T30 fitted with twelve

Agrotop Airmix 110°flat fan air-induction nozzles (see Table 1).

Prior to the drift tests, it was necessary to measure the droplet-

size spectra from the atomizers used. This was conducted according

to ISO 25358 (ISO, 2018) for the AIN. RAT are not in the scope of

this standard and due to its working principle and the conditions in

the JKI droplet sizing lab it was not possible to cover the entire

footprint of the RAT spray. As the spray from RAT is initially

rotating, it is also not necessary to scan the whole footprint of the

spray. Positioning the RAT relative to the droplet sizing system, in

our case the VisiSizer (Oxford Lasers), and moving the RAT

vertically with steps of 10 mm across the spray fan as shown in

Figure 2, this ensured that the droplet sampling was representative

for the whole RAT spray fan. After measuring the droplets at each

vertical position, the data were subsequently merged to obtain the

volumetric 50th percentile of droplet diameter (DV50), the

corresponding droplet-size class according to ISO 25358 as well

as the fraction of the spray volume with a diameter < 100 μm (V100)
frontiersin.org
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for the whole spray fan. The adapted RAT procedure was checked

for internal repeatability across rpm settings.

The spray drift test site was a level field located at the

experimental farm of the Julius Kuehn Institute near Sickte,

southeast of Braunschweig (52°12’09.7” N; 10°36’21.9” E). The

field surface was covered with short grass trimmed to a maximum

height of 10 cm (Figure 3). ISO 22866 specifies that spray drift

measurements must be performed outdoors under typical field

conditions or over a defined surface including grass turf.

Therefore, the trials were conducted over short, homogeneous

grass to avoid canopy interception and to ensure compliance with

the standard. The homogeneous grass surface ensured that no crop

canopy, row structure, or plant interception influenced the drift

measurements, so that all downwind sediment originated solely

from the UASS application.

Spray pressure and flight speed were adjusted to obtain an

application rate of approximately 75 L ha-1 assuming a working

width of 4 m for both UASSs. The application rate of 75 L ha-1 was

chosen in order to make the tests comparable with previous drone
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tests (Herbst et al., 2023). In addition, an application rate of 75 L ha-¹

represents the minimum application rate permitted by the German

plant protection authorization authority (BVL) for PPP use in steep-

slope vineyards. During the application, the time needed to fly along

the lines was manually measured to check the speed. The complete

UASSs were weighed before and after the tests to determine the

volume of spray liquid applied and to calculate the actual application

rate for each test considering the set working width and flight speed

(Table 1). The set flight height varied from 1.5m to 3m above ground

level. Compliance with the set height was checked occasionally using

a measuring stick. Whereas the nozzle arrangement of the DJI Agras

T30 drone with AIN allowed to fly forward and backwards without

turning around when the flight direction was reversed, the DJI Agras

T25 equipped with two rear mounted RAT had to rotate by 180°

when turning.

The drones were operated in automatic mode during the tests

along pre-defined flight lines at pre-set height and speed, using GPS

navigation with a manual correction from a reference point at the

test site. The positioning error was in the range of 10 cm.
TABLE 1 Tested UASS variants and application parameters, including atomizer type, spray pressure (AIN), atomizer rpm (RAT), nominal droplet size
(RAT), flow rates, flight speed and height, and number of valid replicates.

No. UASS Atomizer spray
pressure

Atomizer
rpm

Nominal
droplet
size

Nominal
volume

flow rate of
atomizer

Nominal
volume
flow rate
of UASS

Flight
speed

Flight
height

Valid
replicates

Bar min-1 µm L min-1 L min-1 m s-1 m

1

AIN (DJI
Agras T30)

Airmix 110-
015

2.6 0.56 4.48 2.5 2 4

2

Airmix 110-
02

2.9 0.79 6.32 3.5

1.5 3

3 2 4

4 3 3

5

RAT (DJI
Agras T25)

LX8060SZ

3,000 500 2.25 4.5 2.5 2 4

6

3,400 470 3.15 6.3 3.5

1.5 3

7 2 4

8 3 4

9 3,600 500 4.05 8.1 4.5 2 4
FIGURE 1

Experimental drones used in this study: DJI Agras T30 (max. take-off mass 66.5 kg, max. payload 30 kg) equipped with air-induction nozzles (AIN,
left) and DJI Agras T25 (52 kg, 20 kg) equipped with rotary atomizers (RAT, right). Alt text: Two agricultural drones side by side: the DJI Agras T30
equipped with downward-facing air-induction nozzles, and the DJI Agras T25 equipped with horizontal spraying rotary atomizers.
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Rows of ground collectors each consisting of 10 Petri dishes

(greiner bio-one, ref. 6391102, 145 mm in diameter) were spaced 1

m apart at downwind distances of 3 m, 5 m, 10 m, 15 m, and 20 m

from the edge of the field. The collectors were arranged on metal

planks in the longitudinal center of the treated area to capture drift

sediment. The drift sampling distances were referenced to a virtual

field edge located half a swath width downwind from the first flight

line. (Figure 4).

Other sets of the same collectors were placed on the target area

of the treatments to determine the lateral spray distribution, also

shown in Figure 4. The Petri dishes on the target area and at the 3 m

and 5 m spray drift sampling lines were equipped with a steel foil at

the underside and fixed to magnetic stands to prevent displacement

by rotor downwash. All other Petri dishes were placed directly

on planks.
Frontiers in Agronomy 04
All tests were conducted at least four times. The 4.5 m s-¹ flight-

speed variant could not be realized with the AIN because the DJI

Agras T30 could not maintain the required flow rate to reach 75 L

ha-¹ at this speed (pump and pressure limitations); therefore, this

variant was excluded.

Weather data—including wind speed, wind direction, air

temperature, and relative humidity—were recorded using a

WENTO-Ind weather station (Lambrecht Meteo GmbH)

equipped with a cup anemometer, a wind vane, and a shielded

temperature–humidity sensor. The station was installed in the

longitudinal center approximately 20 m downwind from the

treatment area at 2 m above ground level and sampled at 1 Hz.

According to ISO 22866, the wind speed should be greater than

1 m s-1, with a maximum of 10% of the values below this value. The

wind direction should deviate by a maximum of 30°from the
FIGURE 3

Field test site with DJI Agras T30 (AIN) in operation; short grass field in foreground, weather station and sampling collectors in background. Alt text:
Photo of the DJI Agras T30 spraying over a short grass field, with the weather station and sampling collectors visible in the background. The
markings for the different distances can be seen.
FIGURE 2

Setup for droplet-size measurements of the rotary atomizer (RAT), showing atomizer (a), spray fan (b), and vertical measurement points (c). Alt text:
Graphical illustration of the rotary atomizer test setup with the atomizer generating a spray fan and multiple measurement points marked vertically
across the fan.
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perpendicular of the spray track on average, and no more than 30%

of the values should have a deviation greater than 45°. The

temperature should be between 5 and 35°C. Replicates exceeding

any ISO 22866 acceptance criterion were excluded from statistical

analysis. Thus, all statistical analyses are based exclusively on ISO-

compliant replicates.

The spray liquid was water with Pyranin 120% (Lanxess) as

tracer dye with a concentration of 3 g L-1. All samplers were

collected within less than 10 min after each test and stored in a

box protected from light exposure to minimize the influence of

ambient UV light on the stability of the tracer dye. Considering a

time for each treatment of 7 min at most, the total exposure time of

the Petri dishes to sunlight could have caused a maximum decay of

fluorescence for pyranine of about 5% (Herbst and Wygoda, 2006;

Ehmke et al., 2023).

In total 2,400 Petri dishes were stored in a dark, cool room and

analyzed within two months after the tests. Tests conducted by

Ehmke et al. (2024) with the fluorescent dye pyranine showed, that

it can be stored without decay for a longer period. For analysis, the

tracer was extracted from the Petri dishes using 40 mL of de-ionized

water and shaking the Petri dishes for 10 min on a rotating table at

65 rpm. These samples were analyzed with a fluorometer (RF-6000,

Shimadzu, Duisburg) to determine the mass of pyranine recovered

on each Petri dish. For measurement, a calibration curve was

prepared from defined dilutions of a pyranine stock solution in

de-ionized water, following the JKI Guideline 7-1.5 (JKI, 2021).

Fluorescence readings from the Petri-dish samples and from spray-

tank samples taken several times per day from a nozzle or atomizer

of the UASS were first converted into tracer mass using this

calibration curve. The tank samples were then used as a reference

to adjust the calculated tracer mass on all Petri dishes to the actual

tracer concentration in the spray tank. The sediment (Equation 1)

on each drift collector was calculated as:
Frontiers in Agronomy 05
sediment =
m

Arate · Acoll
· 100 (1)

where.

m is the tracer mass sedimented on the sampler (μg).

Arate is the application rate expressed as tracer mass per unit

area (μg cm−2), and.

Acoll is the collector area (cm²).

The result is expressed as a percentage of the application rate.

A statistical evaluation was conducted to compute the 50th and

90th percentiles of the sediment values for each downwind distance

and test variant. These percentiles were used to summarize and

visualize downwind drift curves for the two atomizer types. For

context, basic drift values from the German authorization scheme

(Rautmann et al., 2001) were added to the figures as reference lines

(50th and 90th percenti les) ; they were not used for

statistical inference.

Downwind drift sediment was further analyzed using quantile

regression at t = 0.5 (median) and t = 0.9 (90th percentile). The

response was log-transformed drift sediment. Model comparison

and selection were based on Akaike’s Information Criterion (AIC)

and a permutation-based analysis of deviance (1,000 permutations).

Standard errors were obtained by bootstrapping (10,000 x–y pair

resamples clustered by experimental replicate). Unlike mean

regression, quantile regression estimates conditional quantiles

(e.g., the median and the 90th percentile), which is robust to

skewness and outliers and better captures the upper tail of drift

(e.g., Supplementary Data Sheet 2).

Because drift sediment data were right-skewed and

heteroscedastic, median sediment values between atomizer types

were additionally tested at each downwind distance using a non-

parametric median test.

All data analyses were performed in R (R Core Team, 2024)

using the following packages: ggplot2 (Wickham, 2016) and ggh4x
FIGURE 4

Experimental arrangement for drift and spray distribution measurements according to ISO 22866, with treatment area, spray distribution collectors,
and drift collectors placed 3–20 m downwind.Alt text: Schematic diagram of the drift experiment layout, including the treatment area, parallel lines
of spray distribution collectors, and drift collectors positioned at increasing downwind distances.
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(van den Brand, 2024) for visualization, dplyr (Wickham et al.,

2023) and tidyr (Wickham et al., 2024) for data manipulation,

readxl (Wickham and Bryan, 2023) and openxlsx (Schauberger and

Walker, 2024) for Excel import/export, plyr (Wickham, 2020) for

data summarization, quantreg (Koenker, 2024) for quantile

regression, broom (Robinson et al., 2024) for tidying model

outputs, and agricolae for median test (de Mendiburu, 2023). All

R scripts used for data processing, statistical analysis, and figure

generation are provided in the Supplementary Material.
3 Results

The droplet-size measurements for the atomizer settings used in

the drift tests are summarized in Table 2. Although the study was

designed to use comparable droplet-size spectra for both atomizer

types, perfect matching could not be achieved. The selected AIN

were the smallest reasonable size to reach the intended application

rate at the chosen operating parameters; they still produced coarser

droplets than the RAT operated at its maximum droplet-size

setting. Thus, identical droplet-size classes could not be attained.

Meteorological conditions for all field tests are provided in

Table 3. Acceptance criteria for valid drift measurements were

defined according to ISO 22866. Two tests exhibited minor

deviations in mean wind direction (replicate 4 of variant 3: −33.2°;

replicate 4 of variant 4: +33.4°); these replicates are marked with an

asterisk (*) and were excluded from statistical analysis. Four replicates

marked with a double asterisk (**) exceeded ISO acceptance limits

and were excluded. After filtering, each test variant retained at least

three valid replicates (see Table 1). Air temperature ranged from 5–10

°C and relative humidity from 52–82%. All statistical analyses were

performed exclusively on ISO-compliant replicates.

Figure 5 shows the median (50th percentile) drift sediment for

AIN and RAT at the measured downwind distances and operating

conditions. RAT produced higher drift sediment only under the

more extreme combinations of flight height and flight speed. Under

practically relevant conditions (2 m flight height, 2.5 m s-¹), drift

sediment from RAT was consistently lower than from AIN at all

downwind distances. Figure 6 presents the 90th percentile drift
Frontiers in Agronomy 06
sediment and shows the same overall pattern. All 50th and 90th

percentiles across variants are listed in Supplementary Table S1.

To quantify the effects of distance and operating parameters on

drift, quantile regression models were fitted for the median (t = 0.5)

and the 90th percentile (t = 0.9). The response variable was log-

transformed drift sediment (percentage of application rate). Fixed

effects included log(distance), flight height, flight speed, atomizer

type (RAT vs. AIN), and their interactions. Two models were pre-

specified a priori:
1. model 1: a main-effect model with a height ×

atomizer interaction;

2. model 2: an interaction model including both height ×

atomizer and speed × atomizer interaction, but excluding

the main effect flight speed.
A model including a height × speed interaction was initially

tested but it produced a singular design matrix due to strong

collinearity between flight height and flight speed.

Model comparison using AIC and permutation-based analysis

of deviance (1,000 permutations) showed that the model including

the speed × atomizer interaction provided a substantially better fit

(DAIC > 10 is considered strong evidence; p-value is the proportion

of permuted test statistics ≥ observed statistic):
− t = 0.5: DAIC = 97.4, p < 2×10-¹6;

− t = 0.9: DAIC = 130.9, p < 2×10-¹6.
Importantly, only this model reproduced the empirically

observed pattern that RAT drift is equal to or lower than AIN

drift under practical operating conditions. Therefore, the

interaction model was selected as the final specification Therefore,

the interaction model (Equation 2) was selected as the final

specification:

log (sediment)   =   b0 + b1 · log (distance) +   b2 · height +   b3

·atomizer + b4 · (height  �atomizer) +   b5 · (speed � atomizer) + e · t
(2)
TABLE 2 Droplet-size measurement results for the atomizers and settings used in field tests, including DV50, droplet-size class, and fraction of spray
volume <100 µm (V100).

Atomizer Spray
pressure

Atomizer
rpm

Nominal volume flow
rate

Nominal droplet
size

DV501 Class2
V1003

Bar min-1 L min-1 µm µm %

Airmix 110-015 2.6 0.56 462 VC 1.44

Airmix 110-02 2.9 0.79 493 VC 1.23

LX8060SZ

3,000 2.25 500 298 C 1.50

3,400 3.15 470 283 C 1.42

3,600 4.05 500 291 C 3.06
fron
1volumetric 50th percentile of droplet diameter.
2droplet size class according to ISO 25358 (C – coarse, VC – very coarse).
3fraction of the spray volume with a diameter ¾ 100 μm.
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TABLE 3 Meteorological conditions for each test (in brackets: acceptance criteria according to ISO 22866 or German code of practice).

Variant Replicate Flight
speed

Flight
height

Wind
speed

Wind
direction

Fraction of
wind

direction
deviations >
45° (30%)

Fraction
of wind
speed < 1
m s-1

(10%)

Air
temperature

Relative
air

humidity

Validity

m s-1 m m s-1 deg % % °C %

1 1 2.5 2 1.4 16.6 16.0 17.1 7.9 51.7 **

1 2 2.5 2 4.0 -18.5 10.8 0.0 8.9 65.0

1 3 2.5 2 2.7 -27.7 15.0 0.0 9.1 63.0

1 4 2.5 2 2.6 -2.8 1.2 0.0 6.3 82.4

1 5 2.5 2 3.2 5.8 0.0 0.0 9.1 68.2

2 1 3.5 1.5 3.4 -37.6 34.2 0.0 9.1 52.7 **

2 2 3.5 1.5 1.9 -1.4 5.4 0.0 7.1 74.4

2 3 3.5 1.5 3.3 17.8 4.7 0.0 7.3 70.5

2 4 3.5 1.5 3.2 -28.4 12.7 0.0 7.6 75.4

3 1 3.5 2 4.0 -8.4 0.0 0.0 8.8 51.6

3 2 3.5 2 2.3 -12.2 25.0 5.5 9.1 65.3

3 3 3.5 2 2.0 -40.1 31.0 0.0 7.9 68.1 **

3 4 3.5 2 1.9 -33.2 25.2 0.0 7.5 66.6 *

3 5 3.5 2 3.4 -5.8 1.6 0.0 7.6 73.7

3 6 3.5 2 3.9 -7.5 1.6 0.0 8.4 71.3

4 1 3.5 3 3.8 -7.2 0.0 0.0 8.9 52.5

4 2 3.5 3 3.8 -12.7 0.8 0.0 8.6 65.0

4 3 3.5 3 2.2 -10.8 0.8 0.0 7.6 66.3

4 4 3.5 3 3.3 33.4 21.5 0.0 7.8 75.3 *

6 1 2.5 2 3.6 -6.4 0.0 0.0 6.6 70.0

6 2 2.5 2 3.1 -15.9 12.2 0.0 7.8 65.6

6 3 2.5 2 2.8 -14.9 22.5 0.0 9.5 63.2

6 4 2.5 2 3.2 6.5 0.7 0.0 7.8 73.9

7 1 3.5 1.5 2.9 26.2 6.4 0.0 9.5 51.6

7 2 3.5 1.5 3.2 -29.3 26.7 0.0 8.0 64.1

7 3 3.5 1.5 3.4 38.4 28.8 0.0 5.6 81.0 **

7 4 3.5 1.5 3.4 13.0 0.9 0.0 5.8 78.9

8 1 3.5 2 3.4 -25.3 16.5 0.0 6.4 70.1

8 2 3.5 2 3.6 -9.4 1.8 0.0 7.6 63.2

8 3 3.5 2 2.5 -8.6 16.5 0.0 8.5 65.9

8 4 3.5 2 3.3 17.3 0.0 0.0 6.0 78.9

9 1 3.5 3 1.6 -19.7 2.6 4.3 8.1 53.1

9 2 3.5 3 3.8 -20.2 3.6 0.0 7.5 62.6

9 3 3.5 3 2.8 15.6 1.0 0.0 6.3 77.9

9 4 3.5 3 3.1 3.6 0.0 0.0 7.2 77.5

(Continued)
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The median quantile regression (t = 0.5) showed a

pronounced decrease of drift with distance and a clear increase

with flight height (Table 4). For interpretation, positive

coefficients indicate higher drift relative to the reference level,

while negative coefficients indicate lower drift. Under baseline

operating conditions (2 m, 2.5 m s-¹), RAT exhibited lower drift

than AIN, reflected by the negative atomizer coefficient. The

significant height × atomizer interaction indicates that the

increase in drift with height was more pronounced for AIN than
Frontiers in Agronomy 08
for RAT. Flight speed had no detectable effect for AIN, whereas

RAT drift increased substantially with speed, as shown by the

large positive speed × atomizer coefficient.

For the 90th percentile (t = 0.9), the main effects of distance and

height showed the same general pattern (Table 5). RAT again

produced lower drift than AIN under baseline conditions. In

contrast to the median model, however, the height × atomizer

interaction was not significant, suggesting that both atomizer types

responded similarly to changes in flight height under high-drift
FIGURE 5

Median drift sediment curves (% of applied) for AIN (orange) and RAT (blue). Dashed black line shows vineyard basic drift values (Rautmann et al.,
2001). Alt text: Log-log-scale line plot of median drift sediment versus distance, showing orange (AIN) and blue (RAT) curves compared to a dashed
black reference line for vineyard values.
TABLE 3 Continued

Variant Replicate Flight
speed

Flight
height

Wind
speed

Wind
direction

Fraction of
wind

direction
deviations >
45° (30%)

Fraction
of wind
speed < 1
m s-1

(10%)

Air
temperature

Relative
air

humidity

Validity

m s-1 m m s-1 deg % % °C %

10 1 4.5 2 3.0 -23.6 5.4 0.0 5.4 73.9

10 2 4.5 2 3.1 -3.7 3.6 0.0 7.3 65.5

10 3 4.5 2 3.7 28.7 12.3 0.0 5.4 81.9

10 4 4.5 2 3.0 15.6 2.0 0.0 6.6 75.1
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conditions. As in the median model, flight speed had no measurable

effect for AIN, while RAT drift increased strongly with speed,

confirming the greater aerodynamic sensitivity of RAT in the

upper tail of the drift distribution.
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Under practical conditions (2 m height, 2.5 m s-¹ speed), model-

based estimates at 5 m downwind were:
− RAT: 0.89% (95% CI: 0.74–0.98%)

− AIN: 1.08% (95% CI: 0.91–1.29%)
with no significant differences at t = 0.5.

At 3 m height and 3.5 m s-¹, RAT produced higher drift

at all distances (e.g. dsediment = 0.06% at 15 m; 95% CI: -0.06–

0.17). The t = 0.9 model showed the same pattern with

larger magnitudes.

A non-parametric median test was performed for all four

operating settings where both atomizer types were tested,

comparing RAT and AIN at each downwind distance.
− 2 m height/2.5 m s-¹ speed:

RAT showed lower drift sediment than AIN, with significant

differences at 5 m and 20 m.

− 1.5 m height/3.5 m s-¹ speed:

RAT showed higher drift sediment than AIN, with

significant differences at all distances (3–20 m).
FIGURE 6

90th percentile drift sediment curves (% of applied) for AIN (orange) and RAT (blue). Dashed black line shows vineyard basic drift values (Rautmann
et al., 2001). Alt text: Log-log-scale line plot of 90th percentile drift sediment versus distance, comparing AIN (orange) and RAT (blue) against a
dashed black vineyard reference line.
TABLE 4 Quantile regression results at t = 0.5 (median drift values),
showing coefficients, standard errors, confidence intervals, and p-values
for distance, flight height, atomizer type, and interactions.

Term Estimate SE 95% - CI P-value

(Intercept) 0.924 0.374 [0.1905, 1.6571] 0.014

distance [log] -1.684 0.041 [-1.7643, -1.6033] <0.001

flight height 0.750 0.096 [0.5615, 0.9379] <0.001

atomizer (RAT) -1.302 0.416 [-2.1192, -0.4857] 0.002

interaction flight
height – atomizer
(RAT)

-0.322 0.116 [-0.5497, -0.0949] 0.005

interaction flight
speed – atomizer
(AIN)

0.144 0.087 [-0.0261, 0.3136] 0.097

interaction flight
speed – atomizer
(RAT)

0.833 0.045 [0.7437, 0.9219] <0.001
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Fron
− 2 m height/3.5 m s-¹ speed:

RAT showed higher drift sediment than AIN, with

significant differences at distances > 5 m.

− 3 m height/3.5 m s-¹ speed:
No significant differences were observed at all distance (3–20 m).

These comparisons are shown in detail in Figure 7 for 2 m

height/2.5 m s-¹ speed and 3 m height/3.5 m s-¹ speed. Overall, both

atomizers show similar drift behavior, and RAT did not produce

significantly greater drift sediment than AIN in these two settings.

For application in German steep-slope vineyards, the drift sediment

at a flight height of 2 m and a flight speed of 2.5 m s-¹ was below the
tiers in Agronomy 10
basic drift values for vineyard sprayers (Rautmann et al., 2001). At 3

m and 3.5 m s-¹, the results for both atomizers exceeded these basic

drift values, and use at these parameters would therefore not

be permissible.

A data set with all test details, drift sediment and deposition

data as well as the detailed weather conditions is available from

Ahrens et al. (2025).
4 Discussion

4.1 Limitations and measurement context

Droplet-size measurements for both atomizer types were

conducted without rotor downwash. This choice was necessary

for practical and safety reasons, but it introduces an important

limitation: air shear and plume entrainment under downwash can

modify breakup and shift the measured size spectrum. We expected

these effects to influence both atomizer types in a comparable

magnitude. Because RAT sizing required an adapted scanning

procedure, the resulting DV50 and V100 values should be

regarded as indicative rather than fully standardized under ISO

25358 conditions. However, rotary atomizers discharge horizontally

whereas air-induction nozzles emit hydraulically formed droplets

downward, this assumption may not fully hold. Absolute DV50 or

V100 values should therefore be interpreted with caution.

For rotary atomizers, measured DV50 values deviated from the

nominal setpoints in the DJI control menu. Importantly, our drift

interpretation does not rely on matching these nominal droplet-size

setpoints. The analysis is based entirely on field sediment

measurements, and sensitivity checks confirmed that the main

drift patterns remained unchanged.
TABLE 5 Quantile regression results at t = 0.9 (90th percentile drift
values), showing coefficients, standard errors, confidence intervals, and
p-values for distance, flight height, atomizer type, and interactions.

Term Estimate SE 95% - CI P-value

(Intercept) 2.504 0.258 [1.9974, 3.0108] <0.001

distance [log] -1.844 0.038 [-1.9182, -1.7702] <0.001

flight height 0.637 0.060 [0.5192, 0.7548] <0.001

atomizer (RAT) -2.558 0.339 [-3.2224, -1.8943] <0.001

interaction flight
height – atomizer
(RAT)

0.081 0.100 [-0.1159, 0.2781] 0.42

interaction flight
speed – atomizer
(AIN)

0.116 0.083 [-0.0474, 0.2797] 0.164

interaction flight
speed – atomizer
(RAT)

0.891 0.048 [0.7982, 0.9846] <0.001
FIGURE 7

Median drift sediment curves (% of applied) for AIN (orange) and RAT (blue) at 2 m/2.5 m s-¹ and 3 m/3.5 m s-¹ operating parameters. Vertical bars at
each distance indicate the interquartile range (IQR) of drift sediment, showing the variability and spread of drift values across replicates. Alt text: Log-
log-scale line plot of median drift sediment versus distance under two operating scenarios: 2 m flight height at 2.5 m s-¹ and 3 m flight height at 3.5
m s-¹, comparing orange (AIN) and blue (RAT) curves. At each downwind distance, vertical error bars show the interquartile range (IQR) of sediment
values, illustrating how much the drift measurements varied between replicates.
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ISO 22866 specifies that spray drift measurements must be

performed outdoors under typical field conditions or over a

defined surface including grass turf. Therefore, the trials were

conducted over short, homogeneous grass to eliminate crop-specific

structural effects and to ensure compliance with the standard. The

homogeneous grass surface ensured that no crop canopy, row

structure, or plant interception influenced the drift measurements,

so that all downwind sediment originated solely from the UASS

application. Some field runs fell outside ISO 22866 meteorological

limits, but these replicates were excluded; all drift values reported here

are therefore based solely on ISO-compliant measurements.
4.2 Link to our findings and robustness

The core findings of this study stem from quantile regression of

the field drift sediment data. At the practically relevant operating

conditions (2 m flight height, 2.5 m s-¹), rotary atomizers produced

drift sediment equal to or lower than air-induction nozzles at all

downwind distances. At 3 m and 3.5 m s-¹, both atomizer types

showed increased drift, with RAT exceeding AIN at lower distances,

but the absolute differences remained modest.

The quantile regression revealed a strong interaction between

flight speed and atomizer type: while AIN showed no detectable effect

of speed across the tested range (2.5–3.5 m s-¹), RAT exhibited a clear

speed response. This difference is consistent with the aerodynamic

behavior of the two droplet-generation principles: AIN produce

relatively coarse droplets with lower sensitivity to horizontal

airflow, whereas RAT produce finer droplets that are more affected

by wake turbulence and forwardmotion. This moderating effect likely

reflects the strong downward momentum generated by the

multirotor downwash, which is absent in wind-tunnel tests such as

Wang et al. (2023). In addition, Wang et al. operated RAT mostly at

substantially higher rotational speeds (> 4000 rpm), producing much

finer sprays and inherently higher drift potential. For the tests with

4000 rpm, the cumulative drift rate of the rotary atomizer did not

differ significantly from that of some hydraulic nozzles. Based on the

regression functions, it is likely that this effect would further increase

at higher speeds such as 4.5 m s-¹, which could not be tested for AIN

due to flow-rate limitations of the DJI Agras T30.
4.3 Implications for standards and future
work

There is currently no harmonized procedure for sizing sprays from

rotary atomizers. A revision of ISO 25358 would be warranted to.
Fron
i. define sampl ing under control led, downwash-

representative conditions,

ii. require fan-resolved scanning and reporting of within-

fan variability,

iii. include drift-relevant metrics such as V100 alongside

DV50, and

iv. specify uncertainty reporting (repeatability, spatial

coverage, and calibration)
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Future work should compare sizing with vs. without downwash

on the same hardware and validate bench measurements against field

sediment distributions. While the adapted RAT measurement

approach provided consistent internal results, its representativeness

under downwash conditions remains to be validated experimentally.

5 Concluding remarks

Operationally, our findings show that atomizer type alone is not

sufficient to predict drift risk. Flight height and speed govern drift far

more strongly than whether AIN or RAT are used. Under

recommended low-to-moderate operating conditions (2 m, 2.5 m s-¹),

both atomizer types generated drift values that remained below the basic

drift values for vineyard sprayers. At higher settings (3 m, 3.5 m s-¹),

drift exceeded these reference values for both AIN and RAT, indicating

that operational limits are essential for risk management.

The basic drift values for vineyard reference sprayers (Rautmann

et al., 2001) were included solely as regulatory reference thresholds.

We did not conduct an experimental comparison between UASS and

ground-based application technologies. The reference lines serve only

to indicate whether the drift levels measured for the two drones lie

under the basic drift values for vineyards in Germany. This approach

reflects the existing regulatory practice, where drift from different

application systems is interpreted against established reference values

rather than compared experimentally to reference sprayers.

This study demonstrates that rotary atomizers do not

universally produce higher drift than air-induction nozzles. Under

realistic operating conditions, both atomizer types performed

similarly, and drift behavior was primarily governed by height

and speed. While the trials followed ISO 22866 closely and were

conducted under standardized conditions, limitations in droplet-

size characterization and the technical constraints of UASS

operation underline the need for further refinement of standards

and future fully ISO-conforming trials. Standardized droplet sizing

for rotary atomizers (ISO 25358 update) remains a priority to better

connect bench metrics with field drift.
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