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ARTICLE INFO ABSTRACT
Editor: Jay Gan Regulatory bodies worldwide are currently developing modeling frameworks to simulate pesticide drift following
applications from remotely piloted aerial application systems (RPAAS). Unfortunately, there are no currently
Keywords: validated mechanistic models that simulate off-target droplet movement from these systems. To respond to this
Spray drfﬁ depos"t“’n modeling gap, we evaluated AGDISPpro, an established Lagrangian-based drift and deposition model following
Epray drift modeling applications by fixed and rotary wing aircraft. Specifically, we evaluated two of the nine RPAAS models available
TON! . . . . .
Pe:ti:i de applications in AGDISPpro, i.e., PV22 quadcopter and PV35X hexacopter models. Our detailed evaluation relied on two sets of
Agriculture field studies: a series of single-swath applications using medium and extremely coarse spray nozzles, and a series

of four-swath applications using fine and ultra coarse spray nozzles. AGDISPpro model predictions were
compared to in-swath and downwind deposition measurements. The r index of agreement ranged from 0.47 to
0.92 for medium nozzles, 0.61-0.94 for extremely coarse nozzles, and from 0.86 to 0.93 to 0.48-0.55 for fine and
ultra-coarse nozzles respectively. There is uncertainty regarding how swath width and swath displacement
behavior from the RPAAS affect the location, width, and magnitude of the peak deposition and deposition plume.
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Thus, further research is required to reduce this uncertainty. Overall, this study demonstrates that AGDISPpro is
a promising tool for modeling off-target spray deposition effects from RPAAS.

1. Introduction
1.1. RPAAS applications of pesticides

The integration of Remotely Piloted Aerial Application Systems
(RPAAS) into agricultural practices marks a significant technological
advance in crop management and protection strategies. Originally
developed for military applications (Sharkey, 2011; Konert and Balcer-
zak, 2021), RPAASs have found a new and rapidly growing place in
agriculture, driven by the need for more efficient and precision farming
practices (Kaivosoja, 2022; Radoglou-Grammatikis et al., 2020). Among
the many benefits of RPAAS applications for agriculture, their flexibility,
lower operational costs, reduced operator exposure, and the ability to
access difficult terrains have made RPAAS particularly attractive for
chemical spraying (Yan et al., 2021; Kuster et al., 2023; Felkers et al.,
2024; Weicai and Panya, 2023; Zhang et al., 2023; Hassler and Baysal-
Gurel, 2019). In the past decade, chemical application by the RPAAS
spraying technologies have been widely adopted in East Asian regions
with rapidly increasing worldwide adoption (Zhou, 2013; Zhang et al.,
2023; Dubuis et al., 2023). By reducing the quantity of chemicals used
and minimizing their impact on the environment, RPAAS contribute to
lower economic and environmental costs, and help in the move towards
sustainable agricultural practices (Martinez-Guanter et al., 2020; Sahni
et al., 2024).

The phenomenal growth of RPAAS has raised environmental and
regulatory questions on off-target pesticides loss through spray drift.
Spray drift is the movement of pesticide droplets away from the target
area to any off-target location during the spray operation or shortly
thereafter (Nuyttens et al., 2007; Wang et al., 2020b). Wind speed and
direction can significantly influence the trajectory of pesticide droplets.
Temperature and humidity also affect droplet evaporation rates and,
consequently, the likelihood of drift. In addition, vehicular speed, wake,
droplet release height, spray volume, and nozzle orifice are critical
factors influencing spray drift. The effects of these factors on spray drift
from conventional aerial and ground applications are well understood
due to wind tunnel studies, field trials, and physical-based spray drift
models. Spray drift in the context of RPAAS is being actively studied by
researchers through wind tunnel and field studies (Wang et al., 2020a;
Wang et al., 2021; Zhang et al., 2023; Wongsuk et al., 2024; Bonds,
2022; Bonds et al., 2023; Glaser et al., 2020; Herbst et al., 2020; Martin
et al., 2025). Advances in technologies have made it possible for RPAAS
manufacturers to produce a wide range of models of different sizes,
weights and shapes, and capable of carrying different sensor payloads
(del Cerro et al., 2021, Guebsi et al., 2024). There is a need for mech-
anistic spray drift models for RPAAS due to the large number of different
configurations and operating practices that make field studies and
empirical models cost prohibitive (OECD, 2021). AGDISPpro is a
mechanistic model used to predict spray drift deposition from aerial
applications. The latest version currently integrates RPAAS aero-
dynamic flow-field models (Teske et al., 2018a, 2018b). However,
AGDISPpro predictions of spray drift deposition from RPAAS have not
been validated in the scientific literature (Teske and Whitehouse, 2024).
Therefore, conducting such validation is key to determining if
AGDISPpro can be used to accurately model spray drift from RPAAS.

1.2. Mechanistic spray drift modeling of pesticides

In the 1970s, a Gaussian plume dispersion modeling initiative, and a
parallel characterization of the atmospheric boundary layer, were
adopted by the US Environmental Protection Agency to calculate the
concentrations of an airborne pollutant at specified distances from in-

dustrial sources (Teske et al., 2011b). Gaussian modeling tracks the
dispersion of a cloud using a steady-state exponential formulation tying
the strength of the cloud to the three directions of motion. For example,
one of the simplest Gaussian formulations is that of the airborne con-
centration (y, g m %) ofa point release from an elevated source (Turner,

1994):
__Q ¥’ (H-2)°
L= 27rucyczexP { - chz} {exp |: T 20,2 } )

where Q is the emission rate (g s_l), u is the wind speed at the point of
release (m s’l), oy is the lateral standard deviation of the cloud (m), o, is
the vertical standard deviation of the cloud (m), y is the distance
perpendicular to the along-wind distance (m), 2 is the height above the
ground (m), and H is the release height (m). Although this equation is
relatively simple, extending the Gaussian approach to more complicated
problems rapidly introduces mathematical and numerical complexity.

Going forward, provision was made in the US Army's Gaussian
modeling codes to account for the loss of material by gravitational
settling of droplets from elevated spray clouds and to predict resulting
surface deposition patterns using simplified line source models (Cramer
et al., 1972). This early work demonstrated the feasibility of modeling as
an operational tool and as a basis for research on pesticide application
from aerial and ground platforms into plant and forest canopies. The
model was eventually called FSCBG (Dumbauld et al., 1980) and was
developed for the USDA Forest Service from models and work supported
by the US Army at Dugway Proving Ground. FSCBG (for Forest Service
Cramer Barry Grim, after its developers) included algorithms for
considering the penetration of droplets into canopies and simple ex-
pressions for wake effects of spray aircraft, as well as an algorithm to
consider evaporation of spray droplets (Teske et al., 1993b).

In 1979, the National Aeronautics and Space Administration (NASA)
supported the initial development of a Lagrangian droplet trajectory
model. The development of this technology was made technically
feasible by previous research directed at understanding the physics of
vortex wakes behind aircraft (i.e., Bilanin et al., 1977, 1978). A simple
vortex wake model, patterned after an approach suggested by Reed
(1953), and the subsequent development of a closure technique to
recover the effect of atmospheric turbulence on the variance of the spray
material about its mean trajectory (Houbolt et al., 1964; Teske et al.,
2003), led to the development of the Lagrangian model AGDISP (AGri-
cultural DISPersal) funded by the U. S. Department of Agriculture
(USDA) Forest Service until September 2019. AGDISP is a widely used
regulatory model in the US, specifically for the Environmental Protec-
tion Agency (USEPA), Canada (Pest Management Regulatory Agency),
New Zealand, and Australia, among others (H.W. Thistle, 2024, personal
communication). AGDISPpro is an enhancement of AGDISP, with
additional modeling features implemented by Continuum Dynamics,
Inc. (CDI). Licensing of the executable code is supported by Mount Rose
Scientific, LLC (https://mount-rose.com). Over 40 technical and peer-
reviewed publications detail the ongoing improvements to the model,
as summarized in Teske and Whitehouse (2024) and documented in
Bilanin et al. (1989) and Teske et al. (2003, 2011a, 2019). Modeling
applications are discussed further in Thistle et al. (2020), Teske and
Whitehouse (2022), and Teske et al. (2022).

(H+1z)?
26,2
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1.3. Spray drift models for RPAAS applications

As RPAAS technology is being adopted at an accelerated pace glob-
ally, there is an urgent need from regulators to understand and quanti-
tatively characterize spray drift from RPAAS applications. This
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information is necessary in risk assessments conducted for pesticide
registration and to determine best spray practices (OECD, 2021).

AGDISPpro coupled with CHARM (Comprehensive Hierarchical
Aeromechanics Rotorcraft Model) (Wachspress et al., 2003a) simulated
wake flow fields to predict the deposition and drift released from RPAAS
(Teske et al., 2018b). AGDISPpro tracks the motion of spray droplets
released from nozzles using the Lagrangian approach for RPAAS wakes
generated with CHARM. A detailed description of the model is provided
in section 2.1. The CFD (Computational Fluid Dynamics) method, which
solves complex airflow and turbulence patterns by resolving the
Navier-Stokes equations, could also be used to model wakes from
RPAAS (Miller and Hadfield, 1989; Yang et al., 2018). However, CFD
simulation requires enormous computational resources and costs
compared to other methods, such as CHARM. It also needs careful
consideration of the trade-offs between the sizes of target areas, the
desired accuracy of simulations, and the computational costs. Despite
the complexity of the CFD approach, there have been interesting simu-
lations, but the results indicated large errors between simulated and
empirical values due to various factors (Weicai and Panya, 2023). To be
useful, CFD simulations need to be more realistic and incorporate more
aspects of the application process (OECD, 2021).

The primary objective of this research is to evaluate AGDISPpro's
ability to simulate spray deposition from RPAAS through comparison to
data from field studies. This objective was accomplished by: 1) Param-
eterization of the RPAAS component of AGDISPpro to represent specific
RPAAS employed in two field studies; 2) Parametrization using meteo-
rological, RPAAS operational conditions, and spray characteristics from
each study; and 3) Comparison and statistical evaluation of AGDISPpro
modeling results with field study results.

2. Materials and methods
2.1. AGDISPpro model development

2.1.1. Theory

AGDISPpro tracks the motion of spray droplets released from nozzles
positioned on a spray boom, with one droplet released from each nozzle
for each droplet size in the discretized drop size distribution. The
Lagrangian approach partitions the variables into mean and fluctuating
components [X; + x; for droplet location (m), V; + v; for droplet velocity
(m s’l), and U; + y; for background velocity (m s~1), where the indices
are not summed] to give the equations:

2
g ) = (U - (e 7]+ @
d
d_t(Xi+xi) = (Vi+w) 3)

where t is time (s), X; is the mean location of the droplet (m), x; is the
fluctuating location of the droplet (m), V; is the mean velocity of the
droplet (m s’l), v; is the fluctuating velocity of the droplet (m s’l), Ui is
the mean background velocity (m s 1), u; is the fluctuating background
velocity (m s’l), g is gravity (0, 0, —g) (m s’z), and 7, is the droplet
relaxation time (s):

4 pD
- 4

=3 Cop,|U; — Vi] @
where p is the droplet density (kg m’?’), D is the droplet diameter (um),
Cp is the droplet drag coefficient (nondimensional), and p, is the air
density (kg m~>). Equations governing the mean transport of a released
droplet may then be written by ensemble averaging Egs. 2 and 3:
&*X; 1
a2 [U: - Vi] [g} +8& (5)
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iy, (6)

The drag coefficient Cp in Eq. 4 is evaluated empirically for spherical
droplets (Langmuir and Blodgett, 1949) as:
24

Cp= 7
? ™ Re[1 + 0.197Re"63 4 0.00026 Re!38] )

where the Reynolds number is defined as:

DU~ Vi
Ha

Re (8)
and i, is the viscosity of air (kg m~ s71).

The fluctuation equations are obtained by subtracting Eqgs. 5 and 6
from Egs. 2 and 3, respectively, pre-multiplying appropriately by x; and
v;, ensemble averaging, and manipulating, to yield equations involving
position variance, droplet location and velocity correlation, and droplet
velocity variance. The lengthy derivation of these correlations and the
assumptions needed to resolve them may be found in Teske et al. (2003).

The droplet evaporation model is based on recent laboratory tests
(Teske et al., 2018a):

2

D t t
1-=-=a—|1+b—
2 aTe { +b1j (©)]

with the parameters a = 0.2228 and b = 0.3136 R?= 0.959), where
7, is the evaporation time scale (s).

2.1.2. Modeling RPAAS

In the present application, the AGDISPpro model follows the release
of spray droplets into RPAAS wake flow fields generated with CHARM, a
self-contained wing/rotor/wake/body computational analysis that
models aircraft wing and rotor blade aerodynamics and dynamics in
hover and forward flight. The model began with an initial description of
the curved vortex element approach to the wake generated by a heli-
copter (Bliss et al., 1987a), extending to a large number of published and
presented results, best represented by Quackenbush and Bliss (1988,
1990, 1991), Quackenbush et al. (1989, 1994, 1995, 1996, 2017),
Wachspress et al. (2003a, 2003b, 2003c, 2009), Wachspress and
Quackenbush (2006), and Whitehouse et al. (2007, 2018). These refer-
ences include extensive model comparisons with laboratory, wind tun-
nel, and real-world field datasets.

A more complete description of the CHARM code can be found in
Quackenbush et al. (1999) and references cited therein. The key
enabling technologies of the model include: (a) curved vortex elements
with an analytical solution for the self-induced velocity effect (Bliss
et al., 1987a), (b) a full-span Constant Vorticity Contour (CVC) wake
model that directly computes wake rollup (Bliss et al., 1987b), (c) in-
clusion of fast hierarchical vortex methods (Quackenbush et al., 1996,
1999), and (d) physics-based models of the internal core structure of the
rolled up tip vortex (Wachspress and Quackenbush, 2001; Rule and
Bliss, 1995, 1998).

CHARM delivers highly accurate solutions over a broad range of
applications. It is designed in a hierarchical structure to enable a single
code to apply to a wide range of modeling tasks. These tasks include the
prediction of extremely high resolution airloads and flow fields, flight
dynamic applications, including real-time aeromechanics solutions
suitable for pilot training, engineering flight simulations, and qualities
analyses. CHARM is the default helicopter model used by >35 helicopter
manufacturers, government organizations, and foreign entities world-
wide. Licensing of the executable code is also supported by Mount Rose
Scientific, LLC. A summary of their basic inputs is given in Table 1 A
comparison of the predicted wake decay for the ICON, PV22, and PV35X
is shown in Fig. 1.

The combination of CHARM + AGDISPpro enables rapid deposition
predictions that render the combined codes suitable for control of drift
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Table 1
Summary of RPAAS models simulated by CHARM to date.
Name Number of Rotors Semispan Speeds (m
(m) s

Aeronavics ICON Octocopter (4 over 4) 0.890 2to12

Yamaha RMAX Single Rotor (small 1.558 2to 12
helicopter)

DJI Agras MG-1 Octocopter (8 in one 0.738 2to 8
plane)

PV22 Quadcopter (4 in one 0.964 1to5
plane)

PV35X Hexacopter (6 in one 1.202 1to5
plane)

DJI Agras T30 Hexacopter (6 in one 1.429 23t07
plane)

Tiannong M6E-X Hexacopter (6 in one 0.946 0.6 to 4
plane)

Tiannong M8E Pro Hexacopter (6 in one 1.131 2t06

hexacopter plane)

PV40X Hexacopter (6 in one 1.473 1to10

plane)

Vortical Decay Time (s)

0 2 4 6 8
UAS Forward Speed (m/s)

10 12

Fig. 1. Graphical representation of RPAAS vortical decay time as a function of
forward speed, as interpreted from CHARM calculations that include decay
times suggested by Donaldson and Bilanin (1975) and supported by an exten-
sive set of aircraft anemometer tower grid flyovers (Teske et al., 1993a; Teske
and Thistle, 2003).

during aerial applications. The inclusion of the aerial release of pesti-
cides and the subsequent motion of the released spray material were first
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2.2. Field data collection

RPAAS operational, meteorologic, and agronomic data, as well as in-
swath and off-target drift deposition samples were obtained from two
field studies. These studies were specifically designed to quantify in-
swath and off-target depositions from spray applications using
commercially available RPAAS in realistic environmental and field
conditions. No pesticide was used. Instead, fluorescent tracer dye was
used as the spray material in both field trials. Both trials partially fol-
lowed standard guidelines and/or recommended protocols for con-
ducting spray drift trials (ISO, 2005) with variations to meet the
purposes of each study. Variations included number of application
events and type of reference spray platform.

The first experiment, herein referred to as study no. 1, was conducted
at the West Central Research and Extension Center at the University of
Nebraska-Lincoln, North Platte, Nebraska, USA on Oct 19 and 20, 2020.
Study no. 1 is discussed in Martin et al. (2024).

The second experiment (study no. 2) was conducted on a private
property in Shelbourne, Vermont, USA on November 2-4, 2021. Details
of study no. 2 research are presented in Rice et al. (2022). Both sites are
flat agricultural areas in open spaces unobstructed by tree lines or any
other structures, making them suitable for spray drift studies (ISO,
2005).

Table 3 summarizes the main characteristics of the two field studies
relevant to this research. The PV22 quadcopter was employed in study
no. 1. The PV35X hexacopter, a larger RPAAS, was used in study no. 2.
Both RPAAS are manufactured by Leading Edge Aerial Technologies
(Leading Edge Aerial Technologies, 2023). The RPAAS used in study no.
2 had six nozzles on its spray boom whereas the RPAAS used in study no.
1 had four nozzles.

In study no. 1, nozzles representing two spray qualities were
included: the TT110-01, which has an ASABE Medium droplet size
distribution (DSD), and the TTI110-01, an air induction nozzle with an
Extremely Coarse DSD. Both nozzles are manufactured by TeeJet. Each
of these spray quality treatments was replicated 12 times. In study no. 1,

Table 3
Characteristics of RPAAS spray deposition field studies used for the AGDISPpro
evaluations.

discussed in Teske et al. (2018b), though the version used here uses a
pre-computed RPAAS flow field database generated with CHARM to
reduce computational turnaround time.
Two RPAAS were used in this study: Leading Edge Aerial Technol-
ogies PV22 and PV35X. Their input characteristics are summarized in
Table 2. Pictures of these RPASS on the field can be found in
Figure SM2-4 (SupplementaryMaterials_Figures_SM2.docx).

Table 2

Characteristics and limits of RPAAS modeled in AGDISPpro for this study.

Characteristic

PV22 Quadcopter

PV35X Hexacopter

Spraying Speed (m s~ 1)
Weight (kg)

Boom Half Width (m)
Rotor RPM

Boom Vertical Position (m)

Boom Forward Position (m)

CHARM Data File Name

X Reference Centerline (m)
Z Reference Centerline (m)
Speed Limits (m s 1)
Weight Limits (kg)

Height Limits (m)

Boom Vertical Limits (m)
Boom Forward Limits (m)

3.0

21.0

0.964

2531.0

—-0.51

0.0

PV22.uav

CL of RPAAS
Height of Rotor Blades
1.0 t0 5.0

18.0 to 24.0

1.0 to 10.0
—0.76 to —0.26
—0.576 to 0.576

3.0

29.7

1.202

2483.0

—-0.61

0.0

PV35X.uav

CL of RPAAS
Height of Rotor Blades
1.0 t0 5.0

26.0 to 33.6

1.0 to 10.0
—0.86 to —0.36
—0.813 t0 0.813

Parameter Study No.
1 2
Location Nebraska Vermont
Ground Cover Bare soil and crop residue Grass turf (5 cm tall)
RPAAS Platform PV22 PV35X
Number of Rotors on 4 6
RPAAS
Number of Nozzles on 4 6
RPAAS
Number of RPAAS 2 6
Treatments
Number of Replicates 12 1
per Treatment
Number of Application 1 4
Passes
In Swath Deposition 1 transect per replicate: 0 See Table 5

Collection Locations
(m from edge of the
field)

Off-Target Deposition
Collection Locations
(m from edge of the
field)

Target Test Dye

Nozzle spacing (from
center line in the spray
boom, in m)

Target application rate
(gha™)

m to —7 m, every 0.5 m (n
=15)

1 transect per replicate:
0.5mto 10 m, every 0.5 m;
10 m to 50 m, every 5 m.
50 m to 100 m, every 10 m
(n=33)

PTSA

—1.14, —0.381, —0.381
and 1.14

18.7

3 transects per
repetition: 0.5, 1, 2, 4, 8,
16, 32, 46 and 100 m (n
=27)

Rhodamine WT 20 %
see Table 5

280
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applications using a ground boom were also performed using compa-
rable spray qualities (ISO, 2005); These application events were out of
the scope of this research and therefore not considered. Flying velocities
were 2.95 m s and 4.4 m s* for the Medium DSD and Extremely
Coarse DSD treatments, respectively. In both treatments, the spray
release height was 3.04 m from the ground. Spray release height and
speed were measured using the onboard GPS with Real Time Kinematics
(RTK) correction, and with sub meter location precision. All application
events consisted of single swath applications with a targeted spray width
of 5 m for medium DSD nozzles and 3 m for extremely coarse DSD
nozzles. The operational pressure during application events for both
treatments in study no. 1 was 275.8 kPa.

In study no. 1, the spray flow rate was 6.3 x 1072 L sec”!. The dye
used was PTSA (SPECTRA TRACE SH-P by Spectra Color Corporation)
which is a soluble salt. The tank concentration was 1 g L. In study no.
2, Rhodamine WT, 20 % dye was used. The field study spray volume
application rate was set to 46.8 L ha™!. The fraction of application rate
was calculated in both studies based on the target application rate, area
of the sampling media, and observed deposition rates for each sample.

Swath width specific to each application event was determined from
post-application analysis of the spray drift deposition data collected
during study no. 1 (Table 4). The process of reevaluating the spray swath
widths and application rates followed several steps. Each application
event deposition profile was evaluated following the procedures estab-
lished by the ASABE standard for establishing effective swath widths
(ASABE, 2012). This process is documented in Fritz and Martin (2020),
but in summary, for each application event seven copies were mathe-
matically spaced at increasing intervals (0.5 to 20 m in 0.5 m in-
crements) to determine the contribution of adjacent swaths to the total
progressive deposition pattern. The progressive overlap pattern was
then analyzed for uniformity and application rate. While effective swath
width is defined by the standard as the maximum swath that achieves a
specified level of uniformity, commercial applications are required to
meet application rates established by product labels. ASAE 327.4
JUL2012 (R2021) notes that criteria other than uniformity may be used
when establishing an effective swath width. Recognizing that uniformity
alone is not sufficient when evaluating RPAAS spray patterns, Fritz and
Martin (2020) established the use of the effective application rate as a
metric for selecting an appropriate effective swath width. Simply stated,
the maximum swath width that achieves a specified application rate

Table 4
Calculated swath widths and corresponding swath displacements (m) used in
model simulations for study no. 1.

DSD Application Event Swath Width Swath Displacement
Medium 1 2.7 1.2
2 2.7 1.2
3 3.1 1.0
4 4.1 0.5
5 3.1 1.0
6 1.7 1.7
7 3.0 1.0
8 2.2 1.4
9 2.9 1
10 4.1 0.5
11 3.4 0.8
12 3.8 0.6
Extremely Coarse 13 1.7 1.6
14 1.8 1.6
15 1.5 1.8
16 2.9 1.1
17 2.0 1.5
18 2.0 1.5
19 2.1 1.5
20 2.0 1.5
21 2.0 1.5
22 2.4 1.3
23 2.6 1.2
24 2.0 1.5
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across the progressive overlapped pattern is selected as the effective
swath width.

Applying these methods across all passes of both RPAAS application
events using the targeted application rate of 18.7 L ha ! resulted in
swath widths that were narrower than those intended (Table 4). Prior to
the field drift study, the setups used for the RPAAS treatments were
tested to confirm intended swath width and application rate and did
indeed indicate that the RPAAS medium DSD nozzle treatment achieved
18.7 L ha™! with a 5 m swath spacing. The RPAAS coarse DSD nozzle
treatment, however, required a narrower swath spacing of 3 m to meet
the targeted rate. There were limited replications, and the spray passes
were done with the RPAAS flying parallel to the wind direction, which is
a common practice for these types of evaluations. RPAAS spray appli-
cations conducted under crosswind conditions were shown to produce
highly variable and displaced distribution patterns that required
reduced swath width to achieve intended application rates as compared
to applications made parallel to the wind direction (Fritz and Martin,
2020).

Swath displacements required for AGDISPpro were determined using
the calculated effective swath widths for all the RPAAS application
events in study no. 1. In AGDISPpro, the edge of the application area is
initially defined by swath offset. The default swath offset in the model
assumes that the RPAAS is upwind of the edge of the application area by
one-half swath. Swath displacement in AGDISPpro allows the user to
offset the flight line an additional distance to account for wind effects.
For study no. 1, the swath displacement for each ith application event
was calculated as 2.5 — (1/2*swath width). 2.5 (in m) representing the
distance from the flight centerline to the reference edge of the field
established in study no. 1 (Table 4).

In study no. 2, six application events were conducted to compare
spray drift under various conditions of spray quality, nozzle spacing, and
spray release height (Table 5). The two nozzles compared were the TTI
11003, producing an Ultra Coarse DSD and the XR 11003, producing a
Fine DSD. Both nozzles are manufactured by TeeJet. The two nozzle
spacings compared consisted of a “compact” configuration where the
third pair of nozzles was placed 1.24 m from the spray boom's center and
an “outside” configuration where the third pair of nozzles was at 1.3 m
from the center of the spray boom. The two spray release heights tested
were 2 and 3 m above ground. Each treatment was conducted once
without replication. In all application events, multiple swaths were
sprayed with a targeted swath width of 4.88 m. This swath width was
determined by the RPAAS pilot after reviewing spray pattern testing
results. The RPAAS flew at an application velocity of 4.4 m s7! for all
applications. Both spray release height and speed were measured using
the onboard GPS with Real Time Kinematics (RTK) correction, with one-
centimeter relative location precision. The operating pressure during
spray applications in study no. 2 was 349.6 kPa psi.

In both field studies, Mylar cards, a commonly used sampler, were
used to collect in-swath and drift deposition samples. Fluorimetry
techniques were used to measure the mass of dye found in each depo-
sition sample. A Turner Designs Trilogy® Laboratory Fluorometer was
used. These devices were fitted with a PTSA and a Rhodamine and
Phycoerythrin modules for studies no. 1 and no. 2, respectively. In study
no. 1, one deposition sample was collected in each of the 15 in-swath
distances, and in each of the 33 off-target spray downwind distances
per application event (Table 3). A schema with the locations of hori-
zontal deposition sample collectors in relation to the edge of the field
can be found in Figure SM2-5 in the document titled Supplementar-
yMaterials_Figures_SM2.docx. In study no. 2, 27 off-target spray depo-
sition samples were collected per application event, representing 9
downwind distances. Off-target spray samplers were organized in three
parallel transects. The number of in-swath samples ranged from a min-
imum of 6 to a maximum of 18 in this study across the different appli-
cation events (Table 5). A schema with the locations of horizontal
deposition sample collectors in relation to the edge of the field can be
found in  Figure SM2-5 in  the document titled
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Table 5

Characterization of study no. 2.

Average Representative In-

No. of In-swath

In-Swath Sample Spacing

Nozzle Spacing

(m)

Release

Nozzle

Application
Event

Nozzle
DSD

swath Fraction of Applied

Samples Collected

Height (m)

Configuration

0.55

7

Three samples at 0 m from edge of the field. Individual samples at —4.3 m, —9.1 m, —14 m

Compact From center line:
0.25, 0.76, 1.24 and — 189 m

1

Ultra

Coarse

0.74

7

Three samples at 0 m from edge of the field. Individual samples at —4.3 m, —9.1 m, —14 m

and — 189 m

From center line:
0.25, 0.76, 1.24

Compact

0.80

Three samples at 0 m from edge of the field. Individual samples at —4.3 m, —9.1 m, and — 14 6

From center line:
0.25, 0.76, 1.3

Outside

0.60

8

Three samples at 0 m from edge of the field. Individual samples at —4.3 m, —9.1 m, and — 14
m. Two samples at —18.9 m

From center line:
0.25, 0.76, 1.24

Compact

Fine

1.00

18

Three samples at 0 m from edge of the field. Individual samples at —0.6 m, —1.8 m, —4.3 m,

From center line:
0.25, 0.76, 1.24

Compact

—5.5m, -6.7m, -7.9m, —-9.1m, -10.4m, -11.6 m, —12.8 m, —14 m, —15.2m, —16.5m,

—17.7mand — 189 m

1.00

19

Three samples at 0 m from edge of the field. Individual samples at —0.6 m, —1.8 m, —3 m,

From center line:
0.25, 0.76, 1.3

Outside

—4.3m, -5.5m, —-6.7m, —-7.9m, -9.1 m, -10.4 m, —11.6 m, —12.8 m, —14 m, —15.2 m,

—16.5m, —17.7 mand — 18.9 m
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SupplementaryMaterials_Figures_ SM2.docx. In general, both studies
followed the minimal standard procedure for sampling spray drift
deposition, both in-swath and off-target (ISO, 2005).

In both studies, weather data were collected for wind speed, wind
direction, surface air temperature, and relative humidity. In study no. 1,
a meteorological monitoring station equipped with a Met One instru-
ment was employed (Martin et al., 2024). This station included in-
struments to capture wind speed (Model 010C, accuracy of +3 %), wind
direction (Model 020C, accuracy of +3 %; North = 0°), and temperature
and relative humidity (Model 085, accuracy of +0.15C° and + 2 %
respectively). The meteorological data were collected every second at 2
m above the ground and approximately 20 m downwind of the 100 m
sampling transect. Summary statistics of the meteorological data
collected during all application events of study no. 1 are provided in
Table SM1-1, in the Supplementary Materials document titled “Sup-
plementaryMaterial Tables_SM1.docx”. The averages of the wind di-
rection relative to the RPAAS flight path, temperature, and relative
humidity calculated from all individual application events were —
105.1°,12.9C°, and 49.6 %, respectively. The average wind speed across
all application events was 3.5 m s\, with a range from 1.9 m s ™! t0 5.8
ms !, In application events 4, 16, 17 and 18, wind deviation was >120°.
Although spray drift study standards specify that wind direction relative
to the flight path should not be outside the —90 + 30° range (ISO,
22866, 2005), we included these events for modeling purposes. The
lowest wind speed was 1.6 m s ! and in application events 8, 9, 18, and
19, wind speed exceeded 5 m s L

For study no. 2, the meteorological monitoring station was equipped
with a Gill Instruments' Windsonic device that measures wind direction
and speed and a Campbell Scientific CS215 instrument to collect tem-
perature and relative humidity data. These instruments provide an ac-
curacy of £2 %, 2 %, + 0.4 °C, and + 2 % for wind speed, wind
direction, temperature, and relative humidity, respectively. All mea-
surements were collected 2 m above the ground with a temporal reso-
lution of 1 s. Table SM1-2 (SupplementalMaterial_Tables_SM1.docx)
provides summary statistics of the meteorological parameters collected
in all application events. The average values of the wind direction
relative to the RPAAS flight path, temperature, and relative humidity
calculated from all individual application events were: —81°, 5.1 °C, and
78.1 % respectively. The average wind speed across all application
events was 1.8 m s~ !, with a range from 1.3 m s™! to 2.3 m s~\. During
application event 5, the wind direction relative to the fly path was —45°,
which is higher than the standard —90 + 30° range (ISO, 22866, 2005).
This event was included in the modeling.

2.3. Modeling approach

AGDISPpro version 0.6 was used for modeling spray deposition from
the selected RPAAS field studies. Specific flow field models were
developed for the RPAAS employed in the field spray applications. To
parametrize model runs in AGDISPpro, data from the field records ac-
quired in studies no. 1 and 2 describing the RPAAS flight and applica-
tion, spray material, and meteorological environment were used. The
required RPAAS flight and application information included aircraft
type and description, spray release height, flight speed, spray swath
displacement, spray nozzle configuration, droplet size spectra (referred
to as nominal DSD in AGDISPpro), and swath width. Spray material
information included fractions of the tank mix classified as the carrier,
the active, and the additive components of the mixture, as well as the
spray volume rate. Meteorological information included wind speed and
direction, temperature, and relative humidity for each spray pass
(Table S1 and Table S2). 24 AGDISPpro simulations were parametrized
and modeled using information obtained from each application event
performed in studies no. 1. In study no. 2, six simulations were param-
etrized and modeled using data collected from the respective field
application events. Table 6 summarizes the parameters used when
parameterizing all model runs included in the analysis. The AGDISPpro



S. Castro-Tanzi et al.

Table 6
Input parameters from studies no. 1 and 2 used for AGDISPpro simulations.

Group Parameter Study No.

1 2

Application Flow field model PV22 PV35X

method file name
Typical flight Medium DSD: 2.68; 4.38
speed (m s™!) Extremely Coarse
DSD: 4.43
Release height (m) 3.05 See Table 5
Spray lines 1 4
Application Number of nozzles 4 6
technique Nozzle spacing (m) 1.14-0.381 See Table 5
DSD Custom Medium (DVsq ASABE Fine and
210 pm at 40 psi) and ASABE Ultra
Extremely Coarse Coarse
(DVsp 587.9 pm at 40
psi)”
Swath width (m) See Table 4 4.88
Swath See Table 4 0
displacement (m)

Meteorology Wind speed, wind See Table S1 See Table S2
direction, supplemental supplemental
temperature, materials materials
relative humidity

Spray Spray material Yes Yes

material” evaporates
Spray volume rate 22.21 46.76
(Lha™)
Nonvolatile active 0.001 0.0012
fraction
Nonvolatile 0.001 0.0012
fraction
Fraction of active 1 1
solution that is
nonvolatile
Additive fraction 0 0
of tank mix
Fraction of 1 1
additive solution
that is nonvolatile

Atmospheric Atmospheric Moderate Moderate

stability stability

Surface Upslope angle 0 0
(deg)

Sideslope angle 0 0
(deg)

Canopy Type None non
Surface roughness 0.0075 0.0075

Advanced Wind speed height 2 2

settings (m)
Default swath 1/2 swath 1/2 swath
offset
Specific gravity 1.6 1.8
(active/additive)

2 . Specific droplet diameter distribution tables were made available for both
nozzles by the manufacturer, and these were included in AGDISPpro as a custom
class. The reported DVsq value for the TeeJet TT110-01 nozzle does not corre-
spond to the standard ASABE Medium DSD class DVso value, however the
manufacturer classifies this nozzle as such.

Y In the spray material parameters, values are provided as fraction of the tank
mix volume.

model parametrization section in the supplemental materials provides
additional explanation of how the field data were processed and sum-
marized for model setup.

2.4. Model evaluation

To assess the accuracy of the predictions produced with AGDISPpro,
model results were compared to field deposition measurements.

AGDISPpro generates predictions every 2 m from the most upwind
in-swath position to the most downwind position of the spray deposition
plume. Predictions were linearly interpolated to the exact location

Science of the Total Environment 966 (2025) 178725

where field samples were collected in those cases where distance to the
edge of the field in the model did not exactly match field observation
locations In study no. 2, three replicates were collected at every off-
target spray drift sampling distance (see Table 3 and fig. SM2-5 in
SupplementaryMaterials_Figures_SM2.docx). Therefore, field-collected
deposition samples were averaged at every off-target sampling distance.

Using the set of matched predicted and observed data values, model
evaluation statistics were calculated both on a per application event
basis and across all application events for a given nozzle. These statistics
were: the index of agreement (10) and mean bias error (11):

S (P —0)°
> ([P — 0| + [0; — O))?

g 2= Pi=0)

n

rindex =1 — 10)

1)

In these equations, O; and P; are the observed and predicted values,
respectively, for each ih sample; O is the mean value of O; for each
repetition i and n is the number of observations per repetition.

The index of agreement varies from 0 to 1 with higher index values
indicating that the modeled values P; have better agreement with the
observations, O;. A value of 1 indicates a perfect match and 0 indicates
no agreement at all (Willmott, 1981). In the case of d, this statistic was
used to assess whether the model was under predicting (a negative
value) or overpredicting (a positive value). These model performance
metrics are described in Duan et al. (1992), where they were used in an
evaluation of an early version of the AGDISP model. Furthermore, we
included the R? of Ordinary Least Square (OLS) regressions comparing
model predictions and field observations. All calculations were per-
formed using the “Base” and “Stat” packages in R (R Core Team, 2022).
Residuals of the linear models fitted to the data were evaluated to
confirm assumptions about normality and heteroscedasticity. We
calculated goodness-of-fit statistics for the complete set of in-field and
off-target measurements for each application event, and the subset of
off-target drift measurements. Finally, we compared the area under the
off-target drift deposition curves calculated from the field measurements
and the model simulations using the “AUC” (Area Under Curve) function
in the DescTools R package with the “spline” method. The percent dif-
ference between model prediction and field measurement for each
application event was calculated based on AUC output. A one sample t-
test was used to evaluate if the percent difference in AUC across each
DSD type was statistically different between the measured and modeled
total drift deposition. Input AUC values in the analysis followed a
normal distribution.

In study no. 2, fraction of applied values obtained from field obser-
vations were adjusted to account for insufficient field data. Swath width
provided in field observations was the same for all application events.
However, swath width should vary given the spray volume rate and
differences between nozzle DSDs and release heights. Unfortunately,
with the available information, it is impossible to calculate specific
swath widths and target application rates for all application events. To
partially account for this data gap, fraction of applied values obtained
from field observations were adjusted in the following way. First, a
representative average in swath fraction of applied value was calculated
for each trial run in study no. 2 (Table 5) using the available in-swath
field data collected below or near the flight path of the RPAAS. These
values were used to normalize the fraction of applied values of all
samples using the following formula:

N lized i lied. — fraction of applied;;
ormalized fraction of applied;; = average in swath fraction of applied;

12)

In this formula, the i and j™ index refers to the distance and field
application event, respectively.
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2.5. Sensitivity of predicted deposition to swath width and swath
displacement

Determining swath width and swath displacement in RPAAS appli-
cations is challenging and efforts to establish the best methodology are
being researched. Typical pattern testing in a spray drift field study es-
timates swath width with RPAAS flying into the wind. However, the
design of spray drift studies requires RPAAS flying across wind. Clearly,
this inconsistency causes uncertainty in swath width and the corre-
sponding swath displacement estimates. To understand the effect of
varying swath width and swath displacement assumptions on spray drift
deposition patterns modeled in AGDISPpro, we conducted a sensitivity
analysis in which we modified these two parameters while holding all
other conditions constant for application event 1 (Medium DSD) and
application event 13 (Extremely Coarse DSD) from Study no. 1. Swath
widths ranging from 1 to 5 m with 0.5 m increments being tested (n = 9).
For each swath width value, swath displacement was then calculated as
2.5 m minus one half the swath width.

3. Results and discussion
3.1. Study no. 1

Fig. 2 (log10 scale) and Figure SM2-1 (linear scale, in the Supple-
mentaryMaterials_Figures SM2 document) compare the field observa-
tions and AGDISPpro predictions of spray deposition for individual
application events in the Medium DSD treatment in study no. 1.

To evaluate model performance, robust field data are needed. For the
Medium DSD treatment in study no. 1, the maximum deposition (peak)
occurred at distances >3.5 m downwind from the edge of the field in
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application events 2, 8, and 9. Thus, the central mass of the disposition
shifted well-away from the applied area during these application events.
This central deposition mass shift for these three events was inconsistent
with other application events under similar conditions. Although the
post-processing process described in Section 2.2 was intended to miti-
gate the issue by deriving event specific swath width and the corre-
sponding swath displacement, the dislocation of central mass is still not
fully addressed for those three application events. Given these abnor-
malities and uncertainty regarding the cause, the modeling results from
these three applications events are presented graphically, but they are
excluded from the summary statistics and discussion.

Fig. 2 and Figure SM2-1 (SupplementaryMaterials Figures SM2
document) indicate that model predictions of maximum deposition
(peak) in each application event generally compared well with observed
values. However, maximum deposition (peak) in the modeled pre-
dictions were generally biased to varying degrees upwind of the edge of
the field compared to the observed values. In several application events,
maximum deposition was shown in the off-target drift section of the
spray plume. This result indicates that despite the curves produced from
the field samples and AGDISPpro predictions being similar in shape and
magnitude, their displacement relative to the intended edge-of-field
location can be inconsistent.

In seven out of 12 simulations, modeled results correspond well with
the observed spray drift deposition around the peak fraction of applied
and nearby samples immediately up and downwind (Fig. 2). Model
simulations tended to underpredict deposition in the further downwind
off-target distances for the Medium DSD application events.

The results of the statistical evaluation of model simulations
compared to observed deposition for the Medium DSD application
events are provided in Table 7. For the combined in-field and off-target

Medium DSD

* Field observations — AGDISPpro runs

-20 0 20 40

-20 0 20 40

-20 0 20 40 -20 0 20 40

Distance from Edge of the Field (m)

Fig. 2. AGDISPpro deposition predictions versus field measurements (y-axis in log10 scale), medium DSD application events, study no. 1.
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Table 7
Summary statistics comparing AgDISPpro modeled and field measured fraction
of applied values, medium DSD application events, study no. 1°.

Application Event Location

In-Field Deposition & Off-
Target Drift

Off-Target Drift

r d R? r d R?

index index
1 0.81 —0.002 0.58* 0.81 —0.023 0.53*
3 0.89 —0.004 0.68* 0.92 -0.014  0.79*
4 0.24 0.004  0.02 0.47 —0.148  0.40*
5 0.85 —0.005 0.64* 0.83 —0.051 0.82*
6 0.78 -0.012  0.39* 0.70 -0.027  0.27*
7 0.75 0.012  0.42* 077 -0.019  0.31%
10 0.27 0.021  0.01 0.49 -0.121  0.002
11 0.84 -0.001  0.54* 0.79 —0.068  0.92*
12 0.86 0.002  0.58* 0.72 —0.070  0.89*
Median of Events 0.81 —0.001 0.54* 0.77 —0.051 0.53*
All Events Pooled 0.67 -0.003 0.31* 0.68 —0.043  0.38*

Together

@ : Abbreviations of model fit indicators are r index = index of agreement and
d = mean bias error.
" p-value<0.05.

drift deposition in the Medium DSD application events, the r index
ranged from 0.24 to 0.89, with a median of 0.81. In seven out of nine
simulations, the index of agreement was above 0.7, indicating good
agreement between field measurements and model predictions. The
mean bias error (d) ranged from —0.012 to 0.021, with a median of
—0.001, with five of nine application events having negative values. R?
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values ranged from 0.01 to 0.68, with a median of 0.54. In five out of
nine application events, R? values of the modeled and measured depo-
sition data were above 0.5. When pooling all application events
together, the r index, d, and R? were 0.67, —0.003, and 0.31, respec-
tively. The modestly lower statistics for the pooled events compared to
the median indicate that a few poorly performing events (i.e., events 4,
and 10) skewed the pooled statistics.

The goodness-of-fit statistics for the off-target drift deposition indi-
cate a similar level of agreement to the statistics for the complete in-field
and off-target deposition data (Table 7). Residuals in all the linear re-
gressions performed for the statistical comparison of modeled and pre-
dicted values in study no. 1 followed a normal distribution. The r index
ranged from 0.47 to 0.92, with a median of 0.77. In seven of nine cases,
the r Index was above 0.7, indicating a good model representation of the
field observations. Mean bias error (d) estimates for off-target drift
deposition ranged from —0.148 to —0.014, with a median value of
—0.051, indicating the model underpredicted spray drift deposition for
all nine of the application events. R? values ranged from 0.002 to 0.92,
with a median of 0.53. The R? values were above 0.5 in five of the nine
application events considered, indicative of a good model fit. When
pooling all application events together, the r index, d, and R were 0.68,
—0.004, and 0.38, respectively. Like the in-field and off-target drift
statistics, a few poorly simulated events skewed these statistics down-
ward, though the off-field drift statistics were slightly better. The
average percent difference of the AUCs between AGDISPpro simulations
and field measurements was —55.1 % with a 95 % confidence interval of
—73.6 % to —36.6 % (t-value = —6.88, p-value <0.001). This t-test in-
dicates that the AGDISPpro simulated AUCs, representing total drift
deposition, are statistically different (lower, alpha = 95 %) than the

Extremely Coarse DSD

» Field observations — AGDISPpro runs

13 14

15

810

D

0 20 40 0

20 40

0 20 40
Distance from Edge of the Field (m)

Fig. 3. AGDISPpro deposition predictions versus field measurements extremely coarse DSD application events, study no. 1.
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AUCs calculated from the field data, and further indicates that the off-
target drift deposition is under-predicted by the model.

The Extremely Coarse DSD simulations from study no. 1 show good
correspondence between deposition peaks predicted by AGDISPpro and
field observations, both in their magnitude and horizontal position
(Fig. 3 in log10 scale and Figure SM2-2 in linear scale. In eight of the 12
simulations, peaks observed in the field slightly exceeded those pre-
dicted by AGDISPpro. For these application events, AGDISPpro pre-
dictions and field observed deposition results had very similar curves,
both in magnitude and shape. Figs. 2 and 3 show that AGDISPpro per-
forms better when simulating extremely coarse DSD applications than
Medium DSD applications.

For the combined in-field and off-target drift deposition from the
Extremely Coarse DSD simulations, the r index ranged from 0.59 to 0.94
(Table 8), with a median of 0.83. Ten of 12 simulations had r index
values above 0.7, indicating good agreement between modeled and
measured deposition. Values of d ranged from —0.035 to —0.002, with a
median of —0.01, suggesting that AGDISPpro simulations under-
predicted deposition compared to the measured across all application
events. R? values ranged from 0.1 to 0.81, with a median of 0.49, and six
out of 12 application events having values of 0.5 or greater, indicative of
good model agreement. When pooling all application events together,
the r index, d, and R? were 0.82, —0.010, and 0.47, respectively, similar
to the median of the individual events. Residuals of all the linear re-
gressions performed for the statistical comparison of modeled and pre-
dicted values followed a normal distribution.

The goodness-of-fit statistics for the off-target drift only deposition
predictions were better than for the combined in-field and off-target
drift deposition for the Extremely Coarse DSD simulations. When eval-
uating only the off-target drift modeled results, r index values ranged
between 0.61 and 0.94, with a median of 0.88. In 11 of 12 simulations, r
index values were above 0.7, indicating good model agreement. Values
of d ranged from —0.041 to 0.021, with a median of —0.019, with
negative values for eight of 12 application events. These results indicate
that AGDISPpro underpredicted off-target spray drift deposition for the
Extremely Coarse DSD applications. In this off-target drift subset of the
data, R? values ranged from 0.43 to 0.95, with a median of 0.73. In 10 of
12 simulations, R? was above 0.5. When pooling all application events
together, the r index, d, and R? were 0.89, —0.014, and 0.65, respec-
tively, indicating a similar level of model performance as the median of

Table 8
Summary statistics comparing AgDISPpro modeled and field measured fraction
of applied values, extremely coarse DSD application events, study no. 17

Application Event Location

In-Field Deposition & Off- Off-Target Drift Data

Target Drift

r d R? r d R?

index index
13 0.75 -0.012  0.32*  0.90 0.019  0.91*
14 0.59 —-0.005 0.10* 0.85 0.021  0.92*
15 0.70 —0.035 0.27¢ 0.78 -0.019  0.46*
16 0.89 —0.004 0.65* 0.61 —0.032 0.60*
17 0.87 -0.010 0.64* 0.72 -0.034  0.67*
18 0.75 —0.002 0.35* 0.93 0.003  0.95*
19 0.82 —0.016 0.48* 0.92 0.019 0.72%
20 0.94 -0.007 0.81* 0.93 -0.019  0.77*
21 0.92 -0.010 0.73*  0.92 -0.029  0.72*
22 0.84 —0.012 0.52* 0.94 —0.008  0.75*
23 0.83 —-0.004 0.50* 0.78 —0.044  0.43*
24 0.69 -0.012  0.29*  0.80 -0.042  0.73*
Median of Events 0.83 —0.010  0.49* 0.88 -0.019  0.73*
All Events Pooled 0.82 -0.010 0.47*  0.89 -0.014  0.65*

Together

@ : Abbreviations of model fit indicators are r index = index of agreement and
d = mean bias error.
" p-value<0.05.
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the individual events. The average percent difference of the AUCs be-
tween AGDISPpro simulations and field measurements was —16.12 with
a 95 % confidence interval of —48.8 % to 16.4 % (t-value = —1.09, p-
value =0.3). This t-test indicates that the total off-target drift deposition
predicted by AGDISPpro was not statistically different from those
measured in the field, indicating the model is capable of predicting field
drift measurements.

In study no. 1, AGDISPpro predictions for the Extremely Coarse DSD
nozzle simulations were closer to the observations than the results from
the Medium DSD nozzle simulations. In addition, the negative bias in the
off-target drift deposition, as measured by the AUC statistics, was
considerably smaller for the Extremely Coarse DSD nozzle applications.
However, on an individual run basis within the Medium DSD application
events, a reasonably good fit was observed in some model runs, such as
application events no. 3 and 5. There are several reasons that could
explain the better performance of AGDISPpro for extremely coarse DSD
nozzles. First, it is possible that the swath width adjustment approach
used in correcting dislocation of deposition central mass to off-field is
more effective for larger droplets. Second, the heavier extremely coarse
droplets are possibly less sensitive to the small-scale airflow complex-
ities produced by the RPAAS and flight conditions in study no. 1 than the
lighter medium-sized droplets. Additional research is needed to further
understand and explain the performance difference of AGDSPpro pre-
dictions due to different spray qualities.

3.2. Study no. 2

Model predicted peak deposition shows reasonable agreement with
observed values for the ultra coarse DSD nozzle simulations (Fig. 4, in
logl0 scale and Fig. S3-3 in linear scale, found in Supplementar-
yMaterials_Figures_SM2.docx), both in magnitude and horizontal posi-
tion. For the fine DSD nozzle simulations, AGDISPpro tended to
underpredict the magnitude of the peak for in-field deposition, though
the horizontal position was simulated well. In the Ultra Coarse DSD
nozzle simulations, modeled off-field deposition values were generally
lower than the observations. For two out of the three fine DSD nozzle
model simulations, simulated deposition values had excellent agreement
with the field data (application events 7 and 8).

The goodness-of-fit statistics for study no 2 are provided in Table 9.
Residuals of all linear regressions performed for the statistical compar-
ison of modeled and predicted values followed a normal distribution.
For the ultra coarse DSD applications for the combined in-field deposi-
tion and off-target drift, r index values ranged from 0.34 to 0.86, with a
median value of 0.74 (n = 3). In two of three simulations, the r index was
above 0.7, indicative of good model fits. The mean bias error (d) ranged
from —0.28 to —0.06, with a median of —0.20, indicative of general
model underprediction. The R? values for simulations using the ultra
coarse DSD nozzles ranged from 0.01 to 0.67, with a median of 0.44. One
simulation resulted in an R? value higher than 0.5 (n = 3). When pooling
all application events together, the r index, d, and R? were 0.60, —0.177,
and 0.48, respectively, indicating a similar level of performance to the
median of the individual events. The median statistics are limited by the
small sample size.

For the off-target drift data only for the ultra coarse DSD application
events, the goodness-of-fit statistics are slightly weaker than for the
combined in-field and drift deposition. The r index values ranged from
0.48 to 0.55, with a median of 0.51 (n = 3). These results indicate
moderate agreement between the measured and modeled off-target
deposition. For off-target drift samples only, d values ranged from
—0.5 to —0.28, with a median of —0.26, indicative of general model
underprediction. For the off-target drift only, R? values ranged from
0.58 to 0.90, with a median of 0.89 (n = 3). When pooling all application
events together, the r index, d, and R? were 0.48, —0.35, and 0.32,
respectively. These pooled statistics indicate weaker model agreement
for the off-target drift only predictions than the in-field and off-target
combined predictions. The average percent difference in AUCs
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» Field observations — AGDISPpro runs
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Fig. 4. AGDISPpro deposition predictions versus field collected data, study no. 2.

Table 9

Summary statistics comparing AgDISPpro modeled and field measured fraction of applied values, study no. 2°

DSD

Application Event

Location

In-Field Deposition & Off-Target Drift

Off-Target Drift

r index d R? r index d R?
Ultra Coarse 1 0.34 —0.06 0.01 0.48 —0.50 0.90*
3 0.86 -0.20 0.67* 0.51 —0.26 0.58*
4 0.74 —0.28 0.44* 0.55 —-0.28 0.89*
Median of Events 0.74 —-0.20 0.44 0.51 —-0.26 0.89
All Events Pooled Together 0.60 —0.177 0.48* 0.48 —0.35 0.32%
Fine 5 0.88 —0.08 0.65* 0.86 -0.14 0.91%
7 0.84 —-0.13 0.64* 0.93 -0.11 0.98 *
8 0.76 —0.18 0.45* 0.93 —0.05 0.99 *
Median of Events 0.84 -0.13 0.64* 0.93 -0.11 0.98*
All Events Pooled Together 0.81 —0.14 0.54* 0.92 —-0.10 0.95*

@ : Abbreviations of model fit indicators are: r index = index of agreement and d = mean bias error.

* p-value < 0.05.

between AGDISPpro simulations and field measurements was —94.1
with a 95 % confidence interval of —106.2 % to —81.9 % (t-value =
—33.4, p-value <0.001). These t-test results suggest that the total off-
target deposition obtained from the ultra coarse DSD application sim-
ulations were significantly lower than those measured in the field.

The AGDISPpro model simulations showed better agreement with
field data for the application events using the Fine DSD nozzles for study
no. 2. for combined in-field and off-target deposition, the r index values
ranged from 0.76 to 0.88, with a median of 0.84 (n = 3), indicating good
model agreement with field measurements for all application events.
The d values ranged from —0.18 to —0.08, with a median of —0.13 (n =
3), indicating general underprediction by the model. The R? values

11

ranged from 0.45 to 0.65, with a median of 0.64 (n = 3). When pooling
the application events together, the r index, d, and R? were 0.81, —0.14,
and 0.54, respectively, indicating slightly weaker model performance
compared to the median event.

For off-target spray drift only with the fine DSD nozzle applications,
the r index values ranged from 0.86 to 0.93, with a median of 0.93,
indicating a good correspondence between modeled and measured
deposition for all events. The d values ranged from —0.14 to —0.04, with
a median of —0.11, indicating that the model tended to under predict
drift deposition. The R? values for off-target drift were high, ranging
from 0.91 to 0.99, with a median of 0.98. When pooling the application
events together, the r index, d, and R? were 0.92, —0.10, and 0.95,
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respectively. The average percent difference in AUCs between
AGDISPpro simulations and field measurements was —34.4 with a 95 %
confidence interval between —119.2 % to 50.5 % (t-value = —0.75, p-
value = 0.49). The t-test results indicate that the total off-target depo-
sition obtained from the Fine DSD AGDISPpro simulations was not
significantly different than those measured in the field.

Overall, AGDISPpro simulations in study no. 2 produced good
agreement with field measurements, particularly for the off-target drift
simulations. Model simulations had slightly better agreement with field
observations for simulations using the fine DSD nozzles compared to
those using the ultra coarse DSD nozzles. However, good agreement was
still observed in several model runs using the latter nozzles. Study no. 2
was a multi-swath application study (four swaths per application event).
It is encouraging that AGDISPpro can simulate spray deposition for
multi-swath applications with a similar level of performance to the
single-swath application events in study no. 1.

An important aspect of the comparison conducted between field
spray deposition and the model-simulated deposition is the differences
between the sampling resolution of field observations and the model
predictions, particularly for the in-swath sampling. In study no. 1, the in-
swath spatial resolution sampling of 0.5 m was higher than the 2.0 m
resolution of the AGDISPpro model. In study no. 2, the in-swath sam-
pling interval was in the 4 to 5 m range, coarser than the 2.0 m model
resolution. Given the observed spatial variability of deposition, model fit
statistics can be negatively influenced by small horizonal shifts in the
predicted deposition profile relative to the observed samples. This hor-
izontal resolution discrepancy can partly explain the deviations between
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the AGDISPpro model and field observations. Future studies designed to
evaluate RPAAS spray deposition should adopt the higher resolution
sampling regime of study no. 1, both in-swath and near-field off-target
areas. Furthermore, the impacts of model output resolution on the sta-
tistical evaluation of model performance should be further explored to
determine an optimal output resolution to support an unbiased model
performance assessment.

Several evaluations of AGDISPpro and its predecessor (AGDISP)
exist. For example, Duan et al. (1992) modeled pesticide applications
using a Cessna Ag Truck C188, a twin propeller, light-weight agricul-
tural aircraft. Comparison of AGDISP predictions and field-collected
deposition samples indicated r index values ranged from 0.44 to 0.94
across the 7 application events considered. Combining data from all runs
together, the r index of the comparison was 0.86. Comparing AGDISP
modeled and field collected spray deposition from applications using
Lockheed C-130 Hercules airplane, R? ranged between 0.411 and 0.968
(Teske and Whitehouse, 2022). The work presented in this manuscript is
the first study to evaluate AGDISPpro spray deposition predictions from
RPAAS in a detailed manner. Results from the comparison of AGDISPpro
predicted and field collected deposition fall within the ranges observed
from previous aerial spray drift modeling for conventional aircrafts.

3.3. Sensitivity analysis of swath width and swath displacement

The difficulty of estimating spray swath width and swath displace-
ment for RPAAS and the resulting impacts on mechanistic modeling of
spay drift deposition prompted a sensitivity analysis with AGDISPpro

Applicaiton Event 1

Application Event 13

10°] "

10-1.

10-2.

Deposition (Fraction of Applied Rate) - log10 Scale

* Field observations
baseline
SW:5/SD: 0
SW:4.5/8SD: 0.25
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Fig. 5. Sensitivity of modeled deposition curves to changes in swath width (SW) and swath displacement (SD); baseline curve represents best initial estimates of SW

and SD.
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(described previously in Section 2.5). This analysis focused on two
application events from study no. 1, one with medium DSD nozzles
(event 1) and one with extremely coarse DSD nozzles (event 13). Fig. 5
presents the resulting deposition curves produced in the sensitivity
analysis. The “baseline” simulations, symbolized in green, represent the
AGDISPpro simulations using the best estimates of swath and displace-
ment (Table 4). One very visible effect is a 3-to-5-fold increase in the
magnitude of the deposition peaks. For application event 1, the baseline
modeled peak was 0.73 fraction of applied, whereas in the ensemble of
AGDISPpro simulations, peak deposition ranged from 0.35 to 1.74
fraction of applied. For application event 13, the baseline modeled peak
was 0.33 fraction of applied, whereas in the ensemble of AGDISPpro
simulations, peak deposition ranged from 0.31 to 1.56 fraction of
applied. In addition, modifying the swath width and displacement has a
moderate effect of extending the width of the deposition curve. How-
ever, the effect on displacement both upwind and downwind of the
curve was limited to a few meters.

The effect of modifying swath width and displacement on goodness-
of-fit statistics showed that the uncertainty in these parameters has an
impact on the model's statistical performance. The r index of the off-
target drift deposition was used to illustrate this impact (Fig. 6). In the
simulations of event 1, the median r index calculated for the runs
parametrized for the sensitivity analysis was slightly higher than the
baseline r index value of 0.81 (Table 7). In five of nine simulations for
the sensitivity analysis of event 1, the r index was higher than 0.81. For
event 13, the median r index obtained from the sensitivity analysis
simulations was 0.78, lower than the baseline r index for event 13 of 0.9
(Table 7). Only one of nine simulations from the sensitivity analysis
resulted in a higher r index value than what was obtained from the
baseline simulation.

This sensitivity analysis demonstrates the importance of accurate
pattern testing to estimate swath width and displacement representing
field study conditions. The analysis also indicates that the uncertainty of
these parameters may be addressed in calibration of AGDISPpro simu-
lations to achieve improvements of model performance. Physically-
based models such as AGDISPpro often benefit from calibration of
model parameters with field measurements to improve model perfor-
mance. Uncertainties in other model inputs, such as specifics of the DSD,
wind directio4n, and wind speed variation with height, also warrant

0.95

0.90

r index

0.80

0.75

Application Event 1 Application Event 13

Fig. 6. Distribution of r index values from swath width/displacement sensi-
tivity analysis (baseline simulations excluded).
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consideration for calibration to improve model simulations of off-field
drift deposition from RPAAS applications.

The results obtained from this study demonstrate that AGDISPpro is a
useful tool for modeling spray drift from RPAAS. Incorporating the
AGDISPpro model into the regulatory framework of RPAAS is both
promising and scientifically justified. As RPAAS and its associated
spraying equipment continue to evolve, further validations of AGDISP-
pro on these platforms will strengthen the model's evaluation.

When planning research to further validate the utility of AGDISPpro
for modeling spray drift from RPAAS, we suggest researchers should
consider the following points. First, it is important to develop droplet
size spectra specific to the equipment and conditions used during
application events. This could be achieved by conducting wind tunnel
experiments to determine droplet size spectra using the target equip-
ment. For study no. 1, including specific DSD spectra provided by the
nozzle manufacturer improved results compared to the standard ASABE
DSD libraries contained in the software. For study no. 2, droplet size
spectra (referred as nominal DSD in AGDISPpro) ASABE libraries found
in the software were used. We would expect that the results would have
been improved if explicitly measured droplet size spectra were avail-
able. Second, before conducting off-target spray drift deposition field
studies designed to parametrize and evaluate AGDISPpro, it is important
to accurately determine the expected swath width and swath displace-
ment from RPAAS spray events. As demonstrated in section 3.3, swath
width greatly impacts the shape and peak of the spray drift deposition
curve. Incorporating realistic swath width and swath displacement
values would likely improve the relative location of the modeled and
observed spray drift deposition profile.

4. Conclusions

The use of RPAAS in the application of agricultural pesticides is
increasing in many parts of the world and has the potential to greatly
improve the efficiency and environmental sustainability of protecting
our food supply. The need to evaluate the environmental and human
health risks of pesticide use requires that the off-target movement and
deposition of pesticide spray drift be quantified with a reasonable degree
of certainty. The AGDISP model, which has a long history of use in
quantifying off-target pesticide spray drift deposition from conventional
fixed- and rotary-wing aircraft, has recently evolved to include the
simulation of RPAAS. The research presented in this study provides the
first validation of these recent AGDISPpro model enhancements through
comparison with both single-swath and multi-swath RPAAS application
field studies covering four different spray nozzle DSDs. This initial
validation showed good agreement between the model simulated off-
target drift deposition and the field observations for most application
events, including both the single-swath and multi-swath studies. Some
challenges were identified in both the practical application of RPAAS
and their simulation with mechanistic models, namely the estimation of
appropriate swath widths and displacement from these small aircraft.
Both RPAAS design and their application technologies continue to
evolve, with spatial uniformity of spray patterns one area of focus. Given
the promising simulation results obtained in this study and the
continued improvement in RPAAS spray technology, we anticipate that
the ability of AGDISPpro and other models to accurately predict off-
target spray drift deposition from RPAAS will continue to improve.
Further research considering pesticide applications from additional
RPAAS aircrafts with field studies designed explicitly for model vali-
dation should be conducted to more comprehensively validate
AGDISPpro for use in regulatory decision-making.
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