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Estimating emissions of chemical pesticides used in agriculture is an essential component in evaluating the
potential toxicity-related impacts on humans and ecosystems in various comparative risk and impact assessment
frameworks, such as life cycle assessment, environmental footprinting, absolute environmental sustainability
assessment, chemical substitution, and risk prioritization. Emissions related to drift deposition—usually derived
from drift experiments—can reach non-target areas, and vary as a function of crop characteristics and application
technique. We derive cumulative drift deposition fractions for a wide range of experimental drift functions for
use in comparative and mass-balanced approaches. We clarify that cumulative drift deposition fractions require
to integrate the underlying drift functions over the relevant deposition area and to correct for the ratio of
deposition area to treated field area to arrive at overall mass deposited per unit mass of applied pesticide. Our
results show that for most crops, drift deposition fractions from pesticide application are below 0.03 (i.e. 3% of
applied mass), except for grapes and fruit trees, where drift fractions can reach 5% when using canon or air blast
sprayers. Notably, aerial applications on soybeans can result in significantly higher drift deposition fractions,
ranging from 20% to 60%. Additionally, varying the nozzle position can lead to a factor of five differences in
pesticide deposition, and establishing buffer zones can effectively reduce drift deposition. To address remaining
limitations in deriving cumulative drift deposition fractions, we discuss possible alternative modelling ap-
proaches. Our proposed approach can be implemented in different quantitative and comparative assessment
frameworks that require emission estimates of agricultural pesticides, in support of reducing chemical pollution
and related impacts on human health and the environment.

1. Introduction

Evaluating toxicity-related impacts of chemical emissions on humans
and ecosystems is an integral part of environmental management and
environmental performance assessments of products and technologies
(Fantke et al., 2018a, 2018b). Such information is relevant for life cycle
assessment (LCA), environmental footprinting, chemical substitution,
exposure and risk prioritization, and absolute environmental sustain-
ability assessment (AESA) (Aurisano et al., 2021; Fantke et al., 2021,
2020; Fantke and Illner, 2019; Hauschild et al., 2018; Jolliet et al., 2021;
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Kosnik et al., 2022; Owsianiak et al., 2023; Persson et al., 2022; Tar-
asova et al., 2018; von Borries et al., 2023; Zijp et al., 2014). As part of
evaluating toxicity-related impacts, emissions associated with chemical
pesticides applied to agricultural fields for producing food, fodder,
biofuel or other crops can be estimated by mass balance approaches
using applied pesticide mass on a given field area as a starting point
(Nemecek et al., 2022).

Drift deposition is one of the main processes that drives how field-
applied pesticide mass distributes in the environment. It can be influ-
enced by field management practices, such as using drift reduction
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technologies, to protect primarily natural vegetation and water surfaces
outside agricultural field areas (Gentil-Sergent et al., 2021; Reich-
enberger et al., 2007). Drift deposition is thereby frequently referred to
as ‘drift’. This term, however, can be misleading as it includes both the
fraction of applied pesticide mass that remains airborne after undergo-
ing wind drift (i.e. airborne emissions to air) and the fraction of applied
mass that is deposited on surface areas after undergoing wind drift,
typically considering surface areas outside a treated field itself (i.e. drift
deposition-related emissions to off-field surfaces) (ISO, 2005). To esti-
mate drift deposition, current pesticide emission models, such as
PestLCI, directly apply different types of power or exponential functions
that were themselves derived from fitting measured drift deposition
results for a given combination of crop or crop type and application
method (FOCUS, 2001; Garcia-Santos et al., 2016; Holterman et al.,
2017; Rautmann et al., 2001; van de Zande et al., 2015).

Drift deposition results are used in several decision contexts to derive
cumulative emission fractions over a given deposition area, based on
applying the underlying drift deposition functions to multiple spray
swaths and interpreting related results as mass fraction of applied
pesticide that is deposited outside a treated field area (Birkved and
Hauschild, 2006; Dijkman et al., 2012; Renaud-Gentié et al., 2015; Tang
et al., 2020). However, drift deposition functions provide point esti-
mates at a given distance as commonly applied in ecological risk
assessment and environmental protection, while a cumulative estimate
is needed when characterizing emissions from a certain pesticide
application in terms of their toxicity-related impacts on the environ-
ment. Furthermore, drift deposition results refer via a single function (i.
e. for a given crop/crop type-application method combination) to a
sufficiently large number of spray swaths (n > 1) applied over a given
treated field area to ensure that the contribution of any additional swath
to deposition mass is negligible. The exception are single-swath exper-
iments that aim to evaluate the contribution of each spray swath to an
overall deposition mass (Holterman et al., 2018). Finally, drift deposi-
tion results based on spray experiments are usually given in units that
link the mass deposited per unit deposition area to a unit mass of
pesticide applied per unit treated field area. See for example van de
Zande et al., (2015) for additional details on these aspects. Studies that
do not account for these aspects will yield cumulative emission distri-
bution results that cannot be correctly interpreted in the context of
evaluating the environmental performance of agricultural practices in
various decision-making contexts that are based on overall emission
mass per scenario.

To provide guidance on these aspects, we will clarify in the present
study how to properly interpret and implement the wider range of
measurement-based drift deposition functions in mass balance ap-
proaches for estimating cumulative pesticide emissions. More specif-
ically, we will clarify three points, which we implemented into the
PestLCI Consensus web-tool (Nemecek et al., 2022). (1) Drift deposition
functions need to be integrated over the relevant deposition area. (2)
Drift deposition functions need to be applied only once per pesticide
application scenario and not per spray swath. (3) Drift deposition results
need to be corrected for the ratio of deposition area to treated field area
to arrive at mass deposited per unit mass of applied pesticide. Finally, we
provide an overview of possible alternative approaches for estimating
drift deposition related emissions, which address some of the current
limitations when deriving such emissions from specific drift functions.
Our guidance aims at aiding practitioners to derive and interpret cu-
mulative pesticide emissions for application in quantitative and
comparative assessment frameworks.

2. Methods
2.1. Deposition-related emission fraction

The impact score for a given product system for toxicity-related
impacts of field-applied pesticide emissions, IS (impact/functional
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unit), is derived as:

Memip.c

——
IS=) ] CFpexmuppe X f. m

where Memipc [Kgemitted/functional unit] is the total emitted mass of
pesticide p emitted into a given environmental compartment c, and CF,
[impact/kgemitted]l is the corresponding characterization factor for a
given impact category (i.e. human toxicity or ecotoxicity). Emission
mass is typically not known, but can be obtained from (a) the total
applied pesticide mass for a given field or application scenario, mappp.c
[kgapplied/functional unit], reported or found e.g. in agricultural statis-
tics, and (b) the related mass fraction that is emitted into the environ-
ment, fo [Kgemitted/Kgapplied], defined as the fraction of mass applied to
the treated field [kgapplieal that reaches the different environmental
compartments as emission [Kgemitted]- Applied mass can alternatively be
derived from reported pesticide doses applied to a certain area, and
aggregated over various treatments, where differences in application
method and crop growth stages need to be appropriately considered as
they influence emission patterns (Gentil-Sergent et al., 2021; Gentil
et al., 2020b; Rosenbaum et al., 2015).

In the different versions of the PestLCI model, emission fractions f,
are available for pesticide mass reaching air, field crop and field soil, and
off-field areas (i.e. those areas outside the boundaries of the treated
agricultural field under study). Emission fractions related to those off-
field areas (including agricultural soil of adjacent fields, natural and
other soil, and water surfaces) are derived from the pesticide mass
fraction deposited in areas outside the treated field, which by assump-
tion is located in downwind direction. This deposited mass can be ob-
tained from drift deposition measurements, which provide the mass
deposited in an area unit within the deposition area per mass applied to
an area unit of the treated field. With that, the drift deposition experi-
ments deliver a fraction of area-based mass densities,
f(x) = /)A,dep //JA,app [kgdeposited/ mgeposition area per kgapplied/
M2 red field area] @t @ given distance x from the boundary between the
treated field and the off-field deposition area (the so-called field edge),
which we can also denote a ‘deposition dose fraction’. Since in different
decision-making contexts, we want to calculate the cumulative mass
deposited in the off-field deposition area per unit mass applied in the
treated field area, the results of the drift deposition experiments need to
be translated into a deposition-related mass fraction fep [Kgdeposited/
kgapplieal. The off-field area can consist of different compartments c,
each of which would get an area share S; [mZ,,artment/Mtal off-ficld]*
From that, we can integrate fg, into eq. (1) to derive emission fractions
into specific off-field area-related compartments for drift deposition as:

f(' :ﬁ!ep xS (2)
2.2. General and integral forms of reported drift deposition functions

For different crops and following different drift deposition test pro-
tocols, various forms of fitted drift deposition functions, namely, f(x)
[kg/m? per kg/m?], are commonly proposed. A list of the most widely
applied drift deposition functions used in emission modelling is pro-
vided in the following:

fo)=axx’ (32)
(e.g. Rautmann et al., 2001; FOCUS, 2001)

f)=ay x X’ +ay x ¥ (3b)
(generalization of eq. (3a))

fE)=(a+pxx)"" (30)

(e.g. Hernandez-Hernandez et al., 2007)
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fx)=a; x & 4 ay x 3d)
(e.g. Holterman and van de Zande, 2003)

fx)=axIn(x)+p (3e)
(e.g. Gouda et al., 2018)

f(x):{a' x 3 for0< x < H (3

a x X forx > H

(e.g. Rautmann et al., 2001; FOCUS, 2001).Where « and p are fitting
parameters, and H is the hinge point (or breakpoint) defining the dis-
tance limit for each regression in the so-called “hockey stick” model,
which consists of two sequential curves. However, the hockey stick
model has no specific advantage as compared to other bi-phasic models
(e.g. egs. (3b) and (3d)) regarding the description of drift deposition
kinetics.

In order to calculate the cumulated emission mass fraction of the
pesticide in the off-field drift deposition area, any fitted drift deposition
function needs to be integrated over the deposition distance. The general
integral form of any drift deposition function is given as:

Fe = [ " ) de @

where x (m) denotes the relevant deposition distance. Since we want to
integrate over a specific distance, we need to derive the definite integral
over distance between x;= 0 (i.e. field edge) and x; = 2z, (drift deposi-
tion function-specific largest defined distance from the field edge in
downwind direction, which corresponds to the upper validity limit of a
drift deposition function, z,). With x; = 0, this distance is defined as x5 —
X1 = X2. Dividing the generalized form in eq. (4) by distance x, yields a
‘mean cumulative deposition dose fraction’ in the given deposition area
with unit kgdeposited/ mgeposition area PET kgapplied/ mtzreated field area 945 (Bach
et al., 2017; EFSA, 2020; FOCUS, 2001):

o Fw_ 1
f[x;..xg] :%:x_’) X / f(x) dx 5)

Applying eq. (5) to the example set of drift deposition functions in eq.
(3) then yields:

- a 1
Froml = il x (x"! 7x1/f+1)} % o (6a)
7 [ Bl _ o py %2 Potl _ ot 1 6b
f[«ng] ,ﬁl+1 X ()Cz X1 )+/j2+] X ()Cz X1 ) X % ( )
- [ 1 1
Srm) = Jaxp X arctan<\/§ ><x2> - Ja<p X arctan<\/§ ><x1>:|
1
X —.a,p>0
X2
(6¢)
- 1
f[,nﬂ] - [% X (e/fl X0 _ b ><X|) +% X (e/fzxxz _ e/)’zxxl):| X — (6d)
1 b, X2
_ 1
S =laxx xIn(x) —a xx; xIn(x) + ( — a) X (x — x1)] X . (6e)
2
_ a Q 1
= HAH _ oy B Bl _ g+l 2 6
Sl [ﬂﬁrl x ( X )+/}2+1 X (x2 )} x5 (60)

We note that eq. (6f) simplifies to eq. (6a) if the furthest distance of
the deposition area x, is less than the hinge distance H.

2.3. Considerations for obtaining the mean deposition fraction

When dealing with real-world scenarios, most spray nozzles will be
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located inside the treated field, while the last nozzles of a spray swath
near the field edge can be located either inside or outside the treated
field. In these different cases of the position of the last spray nozzles
(hereafter referred to as “spray nozzles” for simplicity), the mean
deposition fraction cannot be directly derived from the experimental
drift deposition function. For example, when the spray nozzles are
located outside the treated field, utilizing an experimental drift depo-
sition function can lead to an underestimation of the pesticide deposi-
tion. On the other hand, if the spray nozzles are located at a particular
distance from the field edge within the treated field, using an experi-
mental drift deposition function can result in an overestimation of the
deposition fraction.

While the spray nozzle position is a practical consideration, experi-
mental drift deposition functions also have an upper and a lower validity
limit, i.e. they are not valid for very large or short deposition distances.
The far edge, z2, usually denotes the deposition area length beyond
which additional deposition is negligible, as determined by the under-
lying drift experiments. However, at the short end, 2, (i.e. limit close to
the field edge), the deposition calculated by a given drift function could
be very high due to the power law or exponential nature of such func-
tions. Drift functions are usually estimated from experimental data,
based on measuring the amount of pesticide deposited in the off-field
area. However, the mathematical functions used to estimate drift
deposition may yield extremely high values between the field edge (x=
0) and the lower validity limit of a drift function (x = 2;). To address
this issue, the default value of the drift deposition fraction below the
lower validity limit is set to f™*= 1 (i.e. 100%), which is consistent with
the experimental settings. The drift deposition function with consider-
ations of the curve’s validity limits can be described as:

21 Xf[g‘eﬁ t22 Xf[:lvzz]

22

f[XIJCZ] :f[(),zz] = @

Depending on the location of the spray nozzles in relation to the field
edge, the starting point of drift deposition can be located inside the field,
at the field edge or outside the field. Here, the assumption is made that
the starting point of drift deposition is located at the spray nozzle po-
sition. The three cases for relating deposition-related distance x to the
intrinsic integration boundaries z of the drift deposition function with
consideration of the function’s intrinsic validity limits are illustrated in
Fig. 2 and can mathematically be described as follows:

fl0.2,) for x,= 0 (spray nozzles at field edge)

_ o X ok . '
Fiors] = flom) — Pl X flosm) for x, < O (spray nozzles inside the field)
Jxix — 22
- Xn X S . .
0.0) + ——— forx, > 0 (spray nozzles outside the field)

22

(8)
2.4. Deriving the final drift deposition fraction

From the mean cumulative drift deposition fraction, we derive the
cumulative deposited mass in the deposition area, Mgep [K8gepositeal> aS:

Mep :fh’] x) X Adep X Dapp (9)

with Adep = Iy, x,] X Whield [mﬁepoSitiorl area] denoting the off-field deposi-
tion area in downwind direction from the treated field, where [, ,,) [m]
is the distance between the field edge and the upper limit of the
deposition-related, drift deposition function-specific integral, and wgeq
[m] is the field width parallel to the field edge, and with Dapp [Kgappiiea/
M2 1ed field area] deDOting the pesticide application dose. The mass frac-
tion deposited, fgep, in units kg deposited/kg applied can finally be
derived as:
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Drift deposition at given distance

k
(1a)

Single spray row considered
(drift deposition curves applied to each spray swath)

Tty

.10

(2a)

Drift deposition fraction = mass fraction
(KBaepositea! KBappiied)

fw =X /x)// \
(3a)
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Corrected approach
for impact assessment

Drift deposition integrated
over given area

ey
J f(x) dx
X1
(1b)
Entire (relevant) spray area considered
(drift deposition curves applied only once)
X2
f f(x)dx
Xy
(2b)
Drift deposition fraction = dose fraction
Fienieal = J’ fao)dx  (KBuepositea/Nadeposition area PET
: KBappliec/Natreated area)

= o
-
(3b)

Fig. 1. Illustration of three conceptual aspects currently prevailing in some pesticide emission models (left side), and how we propose to correct these aspects for
appropriate use in impact assessment contexts requiring cumulative emission fractions (right side). All aspects are discussed in detail in the text and in the Sup-

plementary Material, Table S1.

(10)

with Afietd = lfield X Wrield (M2 ped field area)] d€NOtes the agricultural field
area relevant for the studied pesticide application, where lge)q [m] is the
field length perpendicular to the field edge, and wgeq [m] is the field
width parallel to the field edge. We can finally substitute fge, in eq. (2)
by eq. (10) to derive direct emission fractions into off-field surface areas
associated with drift deposition. Note that in all original drift deposition
functions that express results as fraction (dimensionless), the co-
efficients have been adapted to yield a true fraction.

2.5. Model application

We used existing reported drift functions to determine cumulative
drift deposition fractions that can be utilized in pesticide emission
models within LCA, environmental footprinting and elsewhere. Ten
relevant studies were included from which we extracted 44 commonly
used drift functions, taking into account the median or mean experi-
mental drift deposition results. These drift functions represent diverse
crop categories, regions, and application methods, including soybeans,
olives, cotton, grapes/vines, cereals, fruit trees, and other permanent
crops in Europe, Mexico, Benin, and Brazil. Considered application
methods include boom sprayer, aerial application, hand-operated
application, and air blast sprayer, with various drift reduction tech-
niques using different nozzle or fan types (further details are found in
the Supplementary Material, Table S2).

The selected drift functions can be assigned to their general forms in
eq. (3). Their respective integral forms in eq. (6) can be directly used or
implemented by users to derive cumulative drift deposition fractions for
various pesticide application scenarios according to egs. (7)-(10), with
lower and upper validity limits of each drift function being considered
(example calculation detailed in Supplementary Material, S1.1). The
final mass deposition fraction is influenced by both the deposition area
and field area; hence, various length-width ratios of a rectangular field
shape were tested. Additionally, a comparison was conducted between
the drift deposition fraction based on cumulative mass and point esti-
mates that were used in a previous study.

We also tested the effect of the position of the spray nozzles (x,) on

estimated pesticide deposition mass (mgcp), using the deposition mass
ratio, I'gepmass(Xn), Of the real-world scenario and the optimal ‘spray
nozzles at field edge’ scenario as an example:

_ mdep.real (xn)

Mgep empirical

_ mdep,real (xn)
mdep.real (0)

1)

rdep,mass (xn)

where Mgep reai (X;) denotes the estimated mge, value for the real-world
scenario, which is a function of X;; Mgep empirical denotes the estimated
mgep value for the default scenario with drift deposition starting at field
edge (i.e. x, = 0), which equals mgep rea1 (0). Based on eq. (8), Tep mass (Xn)
can be expressed as follows:

1 for x,= 0 (spray nozzles at field edge)

Pl X flom

for x, < 0 (spray nozzles inside the field)
X2 X flox]

Fdep,mass (X,,) =

max
03]

X2 ><f0/\z

Xp X,
for x, > 0 (spray nozzles outside the field)

(12)

When the spray nozzles are located inside the field, rgepmass(Xn)< 1,
indicating that the deposition mass of the pesticide in the off-field area
should be less than that of the default scenario (where spray nozzles are
located at the field edge). In contrast, when the spray nozzles are located
outside the field, r'gep mass(X)> 1.

3. Results and discussions
3.1. Cumulative mass drift deposition fraction curves

Fig. 3 illustrates the mass cumulative drift deposition fraction (mass
deposited per unit mass applied) curves based on the selected drift
functions generated by using the default settings with a field length of
100 m. We note that the drift functions have specific validity ranges, and
the over-sprayer range is considered to be between the field edge and the
lower validity limit for specific drift functions, where we assume that
this area is receiving 100% of applied pesticide deposition fraction,
which is in fact overspray rather than actual drift. The deposition area is
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Fig. 2. Distinguishing three cases for determining where drift deposition starts
and ends according to experimental drift functions. (a) The spray nozzle posi-
tion, xn, is located at the field edge, xo. (b) The spray nozzles are located within
the treated field. (c) The spray nozzles are located outside the treated field.

defined to extend up to the upper validity limit per drift function. The
conversion of mass fractions to percent by multiplying fraction values
with 100 was used to better illustrate very small values.

In Bueno et al., 2017), the drift curves for beans are found to follow
an exponential function (eq. (3d)) with a validity range between 2.5 and
50 m for boom sprayer applications. The resulting cumulative drift
deposition mass fraction is calculated using eq. (6d) (Fig. 3a). When
boom sprayers are compared, the application of finer droplets resulted
in a slightly higher drift deposition fraction (2.88%) than medium-size
droplets (2.73%). For soybeans, the calculated cumulative drift frac-
tion using similar boom sprayer application methods ranges from 2.54%
to 2.56% (Fig. 3a), which is lower than drift fractions found for beans.
Similarly, the use of boom sprayer with finer droplets results in higher
emissions than with medium-size and coarse droplets.

If setting a buffer zone of 3 m along the field edge, which is not itself
included in the deposition area, the cumulative drift deposition fraction
dropped to 0.21% to 0.35% for beans using boom sprayer and to 0.04%
to 0.06% for soybeans using boom sprayer (Fig. 3b), which is a factor of
10 to 60 lower than the cumulative drift deposition fraction without
buffer zones.

For soybeans with aerial application, the deposition area is larger
with higher validity limit till 300 m and the drift deposition fraction can
be as high as 20% to 60% based on different nozzle types and positions
(Fig. 3c). A 90-degree nozzle lead to the highest drift deposition fraction
and the rotary atomizer resulted in the lowest fraction.
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When testing cumulative drift deposition mass fractions for grapes
(Fig. 3d), most of the drift curves followed a power function (eq. (3a))
except for air induction hollow cone spray TVI nozzles, which followed
an exponential function (eq. (3d)) (Codis and Bos, 2011; Ganzelmeier
and Rautmann, 2000). When using canon spider vault sprayer, the
highest emission was found at 4.83%, while the emission for the rest of
the application techniques ranged from 3.06% to 3.71%. Air-assisted
sprayers resulted in higher drift deposition fraction than those without
air-assistance.

For potatoes (Fig. 3f), boom sprayers with different settings,
including drift reduction equipment, were tested, and related drift
curves followed an exponential function (eq. (3d)) (Holterman and van
de Zande, 2003), resulting in a cumulative drift deposition fraction be-
tween 1% and 1.2%. Knapsack sprayers were also tested (Garcia-Santos
etal., 2016), with a cumulative drift deposition fraction of 0.83% mainly
due to the lower validity limit and validity range (0.5 m to 20 m) (i.e. a
smaller deposition area). Different drift reduction techniques for boom
sprayers, such as raised booms, air assistance, and drift reduction noz-
zles, reduced cumulative drift deposition fractions from 1.2% to 1%,
with raised boom having the least emission.

In the case of cotton drift deposition (Fig. 3e), hand-operated
sprayers and centrifugal cane sprayers were tested at different heights
(1 m and 1.5 m). The drift fraction was found to be significantly higher
when using the centrifugal cane sprayer than the hand-operated sprayer
(Gouda et al., 2018). The drift deposition fraction ranged from 0.64% to
0.77% for the knapsack sprayer and increased to 1.42% to 2.12% for the
centrifugal cane sprayer.

We note that drift deposition fractions are usually higher for fruit
trees (Fig. 3g) than for other crops, and the early stage of application
results in a higher drift fraction (4.15% to 4.25%) as compared to late-
stage application (3.35% to 3.50%), mainly due to the different coverage
of leaves (Holterman and van de Zande, 2003).

The cumulative drift deposition mass fraction in coffee crops ranges
between 2.74% and 2.88% (Fig. 3g), depending on the application
technique. On the other hand, crops such as olives, sugar beets, and
cereals exhibit lower drift deposition fractions ranging from 0.08% to
0.31% (Fig. 3h).

According to eq. (10), the cumulative drift deposition mass fraction
depends on the ratio of Agep/Agiela Where the field area and off-field
deposition area share the same field width. To examine the impact of
the field length on emission, different field lengths from 10 m to 1000 m
were tested, and the drift function on coffee using an air blast sprayer
with standard ATR nozzles and on grapes using canon spider vault were
selected as examples. The cumulative drift deposition mass fraction for
the whole deposition area was found to be 28.8% when the field length
was set to 10 m, and 0.29% when set to 1000 m for coffee, and 0.48% to
48.3% for grapes, indicating a simple exponential decrease.

In general, drift deposition fractions are less than 3% when setting
the field length at 100 m, with the exception of grapes/vines and fruit
trees, where the drift fractions can be as high as 4% to 5% when using
canon or air blast sprayers, respectively, and the fractions can be up to
20% to 60% when using the aerial application. We acknowledge that the
drift deposition fractions generated by different application methods
exhibit substantial variations, and the effects of various techniques, such
as raised booms, air assistance, and drift reduction nozzles, drive these
variations. Setting of buffer zones along field edge can compensate the
drift deposition related emissions into non-treated deposition areas in
cases where such buffer zones are considered part of the treated field
(Gentil-Sergent et al., 2022; Gentil et al., 2020a).

3.2. Drift deposition between field edge and lower drift function validity
limit

Deposition fractions are usually not reported in experimental drift
deposition studies for the area related to the distance between the actual
field edge and the lower validity limit of a given function. We, hence,
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Fig. 3. Cumulative drift deposition fractions of pesticides (mass deposited per unit mass applied, multiplied by 100 to be expressed in %), plotted as function of the
distance from the field edge, with default field length along the field edge set to 100 m for (a) soybeans and beans, (b) soybeans and beans with 3 m buffer zone, (c)
soybeans, (d) grapes/vines, (e) cotton, (f) potatoes, (g) fruit trees, and (h) other crops. Blue dashed line represents the position of the lower validity limit of the
experimental drift function, and the straight-line part between field edge (x = 0 m) to lower validity limit represents the overspray region between the field edge and
the lower validity limit. Blue shaded area represents a buffer zone. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)
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tested different assumptions for this area, such as possible overspray, i.e.
receiving 100% deposition fraction. Our results indicate that different
assumptions on the drift deposition between field edge and lower val-
idity limit of a given drift function clearly impact final cumulative drift
deposition fractions as discussed in the following.

Assumption 1. For fruit tree deposition curves, which follow an
exponential function (eq. (3d)) with a lower validity limit of z,= 3 m to
a far edge z,= 50 m, when the distance between the field edge and lower
validity limit receives 100% deposition fraction, the final cumulative
drift deposition fraction is 3.35% to 3.5% for application on fruit trees
with leaves and 4.15% to 4.25% for application on leafless fruit trees
(Fig. 4a). Drift deposition is slightly higher for cross-flow sprayers
compared to air-blast sprayers.

Assumption 2. When extrapolating deposition fractions between field
edge and lower validity limit directly from the underlying drift func-
tions, the cumulative drift deposition fraction is lower as compared to
assuming 100% deposition. For application on fruit trees without leaves,
it ranges from 2.59% to 3.4%, and for application on fruit trees with
leaves, it ranges from 1.05% to 1.36% (Fig. 4b).

Assumption 3. Finally, we consider a linear interpolation for the
deposition from 100% at the field edge to deposition fraction at the
lower validity limit derived directly from the underlying drift function

Cumulative drift functions
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(Fig. 4c). The related cumulative drift deposition fraction ranges from
2.94% to 3.29% for application on fruit trees without leaves and 1.95%
to 2.21% for application on fruit trees with leaves.

All in all, the cumulative drift deposition fraction varies depending
on the assumptions made for the deposition between the field edge and
the lower validity limit of the underlying drift curves. In this study, we
suggest using a conservative assumption that the drift deposition is
equivalent to 100% of the application rate in the range below the lower
validity limit. Since it is challenging to determine precisely how much is
deposited between the field edge and the lower validity limit of any
fitted drift function, alternative approaches like mechanistic drift
deposition models might be needed to provide more realistic estimates,
which we discuss in our last results section.

3.3. Impact of the spray nozzles position on estimated deposition mass

The lower validity limit of a given drift function can lead to sub-
stantial impacts on cumulative drift deposition pesticide mass fractions,
as illustrated in Fig. 3b. As discussed in the previous section, the depo-
sition mass of the pesticide in the off-field area is influenced by the
assumption for drift deposition over the area between the field edge and
the function’s lower validity limit, which can result in either over-
estimation or underestimation of drift deposition.

We analyzed the impact of nozzle positions relative to the field edge
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Fig. 4. Cumulative drift deposition fractions of pesticides (mass deposited per unit mass applied, multiplied by 100 to be expressed in %), plotted as a function of
distance from the field edge, with field length along he field edge set to 100 m for fruit trees (left), and illustrations of underlying drift curves with green shaded area
representing the cumulative drift deposition mass fraction (right) based on three assumptions. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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on drift deposition mass for real-world cases. Fig. 5 displays rep mass
values from eq. (12) for the example drift functions for cotton using
hand operated sprayer and centrifugal cane sprayer. The ratio of
Mep real (Xn) tO Myep real (0), denoted as rep mass, iS plotted against x;, at a
range of [ — 3, 3] meters. The three scenarios build on different as-
sumptions. In the first scenario, drift deposition starts with the spray
nozzles at the actual field edge (i.e. the line between the treated field and
the non-treated area outside the field, referred to as deposition area). In
the second scenario, spray nozzles are assumed to be entirely within the
treated field; with that, part of the drift deposition is not reaching the
considered deposition area. In the third scenario, spray nozzles are
assumed to reach into the deposition area. For further details, see Sec-
tions 2.3 and 2.5. Based on these scenarios, results show that setting the
spray nozzles within the treated field (x,< 0) can result in a deposition
mass ratio of <1, indicating that the estimated drift deposition mass of
the pesticide in the off-field area would be lower than the default esti-
mate when the spray nozzles are set at the field edge. The ratio ranges
from 0.58 to 1 for centrifugal cane sprayers at spray height H= 1.5 m,
0.46 to 1 for centrifugal cane sprayers at spray height H=1 m, and 0.14
to 1, 0.26 to 1 for hand operated sprayer at sprayer height H= 1.5 m and
H= 1 m. The turning point from Fig. 5 are due to the lower validity limit
of 0.5 m that after the x= —0.5 m point, the deposition area will start to
receive 100% deposition (Fig. 4a). These results indicate that if the spray
nozzles are set within the treated area, a substantial overestimation of
pesticide deposition mass can occur when assuming the spray nozzles to
be at the field edge (see Fig. 2b). This demonstrates that setting a buffer
zone within the treated field (close to the field edge) can effectively
reduce pesticide deposition mass emitted to off-field areas.

In contrast, setting the spray nozzles outside of the field can lead to
an underestimation of the pesticide deposition mass in the off-field area
when assuming the spray nozzles to be at the field edge (see Fig. 2c). For
instance, when the nozzles are set at 3 m outside the field edge, the mass
ratio T'gepmass is 2.41 for centrifugal cane sprayers at H=1 m, 3.11 for
centrifugal cane sprayers at H= 1 m, 4.91 for hand-operated sprayers at
H=1 m, and 5.72 for hand-operated sprayers at H= 1.5 m. The over-
spray of the pesticide is deposited between the field edge and the nozzles
outside the field, leading to a higher degree of error in the emission
estimation compared to the influence of the nozzles being positioned
within the treated field.

3.4. Comparison with previous emission estimation approaches

Fig. 6 presents a comparison of our approach to derive drift

36 Hand operated sprayer, spray heights H=1.5m
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Fig. 5. Ratio of deposition mass with different nozzle positions ranging from
—3 m (inside the field) to 3 m (outside the field) relative to the field edge and
deposition mass for nozzles at directly at field edge (default case), for cotton
drift functions (Gouda et al., 2018) as example.
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Fig. 6. Drift deposition fractions (mass deposited per unit mass applied,
multiplied by 100 to be expressed in %) derived from two models based on the
underlying drift curve f(x) = 0.1707 x e %98 for pesticides applied via con-
ventional spray equipment on field crop (Birkved and Hauschild, 2006; EPPO,
1996). Dots represent swath-dependent drift deposition fraction as a function of
the number of passes of spray swath considered (not applicable for cumulative
emission estimation). Line graph represents cumulative drift deposition pesti-
cide mass fraction for the whole deposition area (applicable for cumulative
emission estimation).

deposition mass fractions with the approach followed in PestLCI 1.0
(Birkved and Hauschild, 2006). The experimental drift curve used for
this comparison was proposed for pesticides applied via conventional
spray equipment on field crops (lower than 1 m) with a function of
f(x)=0.1707 xe 2998 (Birkved and Hauschild, 2006; EPPO, 1996). In
the previous study, the drift deposition fraction was calculated by
summing up the mass lost spray swath and setting the first swath to the
distance equal to half the width of the spray boom plus the width of the
protective no-spray zone. This approach is heavily dependent on the
number of passes and the width of each spray swath (for details, see
Supplementary Materials, Section S1.2), yet not corresponding to the
usual setup of deriving experimental drift functions that are typically
derived from a sufficiently high and not stated number of swaths beyond
which no additional (relevant) deposition is seen.

Wind drift is usually relevant within distances of up to 100 m. Hence,
pass numbers ranging from 1 to 100 (with respective sprayer width from
100 to 1 m) are tested to obtain the sum of deposition fractions of single
pass of spray swath. The results show that as the number of passes in-
creases, the sum of deposition fractions (i.e., the cumulative result) also
increases, reaching a limit of around 0.61%. However, the deposition
fraction calculated using the same underlying drift function but based on
the integral cumulative mass deposited over the relevant deposition area
proposed in this study was calculated based on the distance from the
field edge and reached 0.68% at the upper validity limit, 100 m. This
value is larger than the value calculated by the previous approach, due
to the integrity required for the number of spray passes. The deposition
fraction calculated by the previous approach increases as the number of
spray passes increases, for instance, when only five spray passes were
used, the cumulative deposition fraction was 0.4%, which is roughly
60% of the simulation results obtained from the proposed approach in
this study. The discrete-simulation approach adopted by the PestLCI
model is affected by the pass number and characteristics of spray swath
which is usually not given in drift experiments as they spray as many
passes as needed to not get additional drift in deposition area. In
contrast, the proposed model in this study directly calculates the fyep
value by linking the mass deposition fraction (or fraction lost by wind) to
the drift deposition function (the experimental curve) that can better
interpret the physical process of the drift deposition and performs a
precise simulation.



Y. Zhang et al.

The previous discrete point estimates further underestimate the drift
deposition fraction (Fig. 6) when the spray swath width is large because
the pass number of the spray swath will decrease and fewer discrete
points will be chosen to be summed up, leading to an underestimation of
the overall emissions. To accurately analyze the overall emissions
deposited on the relevant deposition area from a given pesticide appli-
cation scenario, the cumulative deposition fraction using the integral of
the drift deposition function is the correct approach (see also Fig. 1).

3.5. Alternative drift deposition approaches and future research needs

Both, our proposed and the previously applied approach assumed a
square-shaped treated field, which can simplify the simulation. How-
ever, in real-world scenarios, crop fields typically have mostly a rect-
angular shape, where the square shape is a special case. The structure of
the rectangular shape (i.e. the length-to-width ratio) could substantially
affect the simulated deposition fraction values. For example, if the
length of the treated field (i.e. parallel to the wind direction) is shorter
than the width of the field, the simulated deposition fraction should be
higher than that simulated for the square-shaped field. This is due to that
the longer path passed by the spray swaths, with a larger pesticide
fraction that will be carried by wind drift and transported to the off-field
drift deposition area, resulting in underestimating the mass fraction of
the pesticide deposited in the off-field area. Thus, we recommend
considering the length-to-width ratio of the treated field as input vari-
able to improve drift deposition estimates for rectangular-shaped fields.
In addition, in real-world scenarios, the wind direction may not be
vertical to the path of the spray swaths. With that, the orthogonal
decomposition of the vector of the drift deposition function should be
considered. Thus, we also recommend adding the angle between the
wind direction and the path of the spray swaths as variable into the
proposed model, which can improve the interpretation and application
of the drift deposition function.

Currently, the predominantly applied drift models in comparative
impact assessment are data-driven (i.e. derived from experimental drift
functions that are specific to certain crops and application techniques).
As discussed above, such models have strong limitations in terms of field
shape, drift curve fitting, and transferability to other crops and pesticide
application settings. This is due to specific environmental conditions,
crops, and application methods and techniques that are considered in
drift experiments, which restricts their ability to account for variations
in factors, such as wind speed and direction, temperature and evapo-
ration, crop interception, foliage density, and droplet characteristics.
Moreover, obtaining data on the amount of pesticide deposited between
the field edge and the lower validity limit of drift functions is chal-
lenging, leading to different assumptions and resulting in varying cu-
mulative drift deposition fractions. In this study, we assumed that for the
experimental drift curves, the deposition started at nozzle position at
field edge. However, if field measurements are located too far away from
the nozzles, this approximation could magnify the uncertainty of the
simulation results. To address this issue, users can either incorporate a
piecewise function into the data-driven method to account for this non-
measurement distance (using either the drift function or linear
approach), or develop mechanistic approaches to generate drift func-
tions starting from the position of the last nozzle. Consequently, this
variability can lead to either overestimation or underestimation of the
overall mass of pesticide deposited in off-field areas.

At present, most drift functions are developed and studied for spray
booms, without taking into account other significant types of pesticide
application methods, such as using aircraft and personal equipment
(directed spray). Aircraft, particularly drones, are commonly used to
improve the efficiency of pesticide application (i.e., in terms of timeli-
ness) in modern agriculture. On the other hand, personal equipment is
also required as a directed-spray method to deliver pesticides to specific
parts of plants. These pesticide application methods exhibit different
conditions of pesticide emission from the treated field, such as altitude,
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quantity, and spray angles (Wei et al., 2020). As a result, the corre-
sponding drift functions will differ from those derived for spray booms.
To address this issue, a generalized mechanistic model is needed that can
describe cumulative pesticide emission processes between the treated
field and off-field areas. Such a model should take into account several
key variables, including initial conditions (i.e., pesticide application),
environmental factors (e.g., temperature, humidity, and wind charac-
teristics), field conditions (e.g., field shape and slope), crop varieties (e.
g., plant height and phenotype), and spray solution formulas (e.g.,
droplet size and density). Additionally, drift functions aim to charac-
terize the fraction of pesticides depositing in off-field areas. Therefore,
not only should the initial pesticide drift (i.e., deposition fraction)
immediately following pesticide application be considered, but also any
relevant subsequent processes that influence ultimate pesticide emission
distribution, including volatilization from the treated field (e.g., pesti-
cide residues on plant surfaces relevant for crop uptake and related
human exposure (Fantke et al., 2012; Fantke and Jolliet, 2016). This
issue can be resolved by incorporating pesticide drift functions
(considered as an initial mass fraction solution) and pesticide fate
models (considered as a time-dependent mass fraction solution). Thus,
in future studies, a generalized mechanistic model as well as the inte-
gration of pesticide fate models are promising for addressing emissions
and related impacts of pesticide drift from treated fields to off-field
areas.

Therefore, alternative methods are necessary to estimate off-field
emissions and generate drift deposition fractions that can encompass a
broader range of environmental conditions, application methods and
techniques, and crop varieties. Promising mechanistic models that could
be adapted to derive cumulative emission fractions are the Casanova
drift model (Casanova et al., 2022) and the SiMod model (Butler Ellis
and Miller, 2010), which incorporate various factors, including droplet
transport and evaporation, horizontal wind profiles, droplet size distri-
bution, and canopy effects on arable crops. By employing such ap-
proaches, it becomes possible to obtain cumulative drift deposition
fractions that are applicable to a wider range of environmental condi-
tions, application methods and techniques, and crops across the entire
deposition area, which is an important element in evaluating pesticide
emissions and related impacts in support of reducing related chemical
pollution.

4. Conclusions

In this study, we proposed a modelling approach to quantify drift
deposition fractions of pesticide (or mass fraction lost by wind drift via
deposition) for use in impact assessment contexts, based on the integral
form of the drift deposition function obtained from experimental data.
The proposed model can be flexibly adjusted according to the position of
the spray nozzles to avoid underestimating or overestimating the mass of
the pesticide deposited in the off-field area. In addition, we compared
the simulated deposition fractions with that applied in earlier mass
balanced approaches for impact assessments. The comparison results
indicated that our proposed model is more suitable for deriving cumu-
lative emissions associated with drift deposition of pesticides. To over-
come current limitations of emission models based on drift experiments,
we recommend to employ mechanistic drift models that allow to ac-
count for field, crop and application characteristics, and with that may
cover a wider range of real-world pesticide application scenarios in
comparative impact assessment.
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