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Abstract

Evaluating pesticide loss and the resulting air concentration requires experimental data and numerical
modelling. In the present study the wind flow within a vineyard canopy has been characterized using
the Large-Eddy Simulation (LES) method for solving turbulent flow. A Lagrangian approach was also
used to track the trajectory of the droplets emitted by an air-assisted sprayer. In parallel, field
experiments were performed to characterize and evaluate upward pesticide loss, as well as
investigate the wind generated by the sprayer and its effect on the droplet plume emitted in the plot.
Some first results are provided along these lines. It is further shown how the dispersal of a pesticide
plume during a spray treatment can be simulated with the coupled LES-Lagrangian approach. The first
model outputs provide information on the wind field characteristics in a vineyard and on the
instantaneous and time-averaged patterns of pesticide dispersal from a moving sprayer. Keywords:
Pesticide, LES, Lagrangian model, Turbulent dispersion.

1. Introduction

Atmospheric pollution by pesticides is a major social concern as it constitutes a potential
source for public health deficiency (Nagayama et al., 2007; Elbaz et al., 2009). High pesticide
concentration in the air observed in the vicinity of agricultural areas results essentially from
droplet drift during spray applications and the evaporation of droplets that have not deposited
on the ground or the vegetation (Bedos et al., 2002).

It is acknowledged that the amount of pesticide subject to far field dispersion depends upon
many factors. Wind speed, ambient temperature and atmospheric stability are the main
meteorological parameters that influence the fate of the droplet plume during spray
application (Gil et al., 2007). Several studies also focussed on other factors such as the
sprayer type and the diameter of emitted droplets (Ozkan et al., 1995; Wood et al., 2001).
During spray application over dense enough vegetation a large amount of droplets deposit
on the plant elements. However very dense vegetation canopies may deviate upwards the
droplet plume brought by the air stream from the air-assisted sprayer, resulting in a relatively
small droplet deposition flux and a large loss into the atmosphere (Raupach & Leys, 1999).

The present study focusses on pesticide dispersal over a vineyard during spray application.
For this purpose, an experiment was firstly performed over an artificial vineyard in order to
quantify and understand pesticide dispersal and the main wind flow characteristics, as
modified by the sprayer. Then a new airflow model coupled with a dispersal model was
developed using large-eddy simulation and Lagrangian approaches, respectively, in order to
track individual droplet trajectories and determine the air concentration field at the plot scale.
The LES approach has the advantage of simulating instantaneous dynamical wind fields,
thereby reproducing wind gusts in the vine plot. It is therefore well suited to be coupled with a
Lagrangian dispersal model.
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The main characteristics of the experiment and models are presented in section 2. In section
3 we present and discuss some of our experimental results on pesticide dispersal, and we
then show a first example of application of the model over an infinite vineyard.

2. Material and methods
Experiment

The experiment on pesticide drift was undertaken in the Cemagref research centre at
Montpellier in June 2009, using the methodology of Gil et al. (2007). The plot consisted of
four artificial vine rows of 1.5 m height and 10 m length. The thickness of each row was
0.40m and the inter-row was 2 m (Fig. 1a). The experiment consisted in quantifying
pesticide ground deposition and aerial dispersal, as well as characterizing wind flow during
the passage of the sprayer.

(a) |

Upper air jet outlet
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Fig. 1: (a) The experimental plot with four artificial rows, (b) the Tecnoma Pulsar sprayer, (c)
the sonic anemometer mast used in static tests.

The same spray liquid as in Gil et al. (2007) was used in place of a true pesticide solution. In
order to measure ground deposition, band collectors were placed on the ground between
rows. To assess pesticide loss above the artificial canopy, three horizontal planes of PVC
line collectors were set at three heights: 2.8 m, 4 m and 5.7 m. The amount of spray
deposited on the line collector planes allows the amount of pesticide drifting out of the plot to
be assessed. The sprayer used in the experiment was a Tecnoma Pulsar air-assisted



orchard sprayer shown in Fig. 1b. The spray application was made from the central row with
a sprayer forward speed of 1.52 ms™ and a spray flow rate of 0.14 | s™. The deposition on
band and line collectors was analysed a few minutes after the spray application by using the
same procedure as in Gil et al. (2007).

The main characteristics of the wind flow induced by the sprayer air jets were deduced from
three sonic anemometers mounted at 0.75, 1.5 and 3 m on a mast located in the central row.
Outside from the plot, another sonic anemometer was located at a height of 3 m to record the
ambiant meteorological conditions. Furthermore, the magnitude of the wind generated by the
sprayer air jets was assessed in a static configuration where the sprayer was placed behind
a mast equipped with four sonic anemometers and located outside the plot, as shown in
Fig. 1c.

Model

The airflow model is based on the large-eddy simulation method. The equations of motion
are spatially filtered with a filter of the same size as the mesh size in the grid domain. Thus
only the large eddies are solved while the small eddies are modelled using a turbulence
model based on the resolution of a subgrid scale turbulent kinetic energy equation. The
momentum equation writes:
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where the overtilde indicates the filtered variables. In equation (1), p is the base state
density of the air (kg m™), p is the air pressure, t is time and x; (x;=x, X;=y, Xs=z) are the
streamwise, lateral and vertical directions, respectively; u; (us=u, u,=v, us=w) are the
instantaneous velocity components along x;, a4, is a damping coefficient used to attenuate
the acoustic waves. The variables Cy and Af are the drag force coefficient and the frontal
area density of the vegetation (m? m™), respectively. These two parameters account for the
effect of vegetation on the wind flow according to the drag force approach.

The subgrid stress tensor 7; is modelled through a subgrid scale eddy viscosity as follows,

where v; is the eddy viscosity modelled as a function of the length and velocity scales
characterizing the subgrid scale eddies: v, = 0.1\/21.

The length scale / is the grid spacing [ =(AxAyAz)'?, where Ax, Ay and Az are the grid size

components in the streamwise, lateral and vertical directions, respectively. The subgrid scale
velocity is obtained by solving the conservation equation of the turbulent kinetic energy e
contained in the small unsolved eddies:
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The terms on the right hand side of equation (3) represent, respectively, the shear
production, the buoyancy production, the turbulent transport, the dissipation and the cascade
term for subgrid scale turbulent kinetic energy (see Dupont and Brunet, 2008).

In the Lagrangian dispersal model, a pesticide droplet emitted from the sprayer into the
atmosphere experiences the drag force that the ambient air exerts on its surface and the
gravity force due to its apparent weight. Assuming that there is no interaction between
droplets and neglecting subgrid scale dispersal, the motion of each droplet is described by
the Newton’s second law (see for example Teske et al., 2002):

d%, ()
dt
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where v, is the velocity of a droplet, ﬁ(g”cp(z),t) is the air velocity at the droplet position x, (1)

determined following equation (1), g is the acceleration of gravity. The droplet inertia is
characterized by the relaxation time 7, given by 7, =ppdj/18pv, where d, and p, are the

diameter and density of droplets, respectively, and v is the molecular air kinematic viscosity.

The particle Reynolds number is given as Rep=‘\7p —ﬁ‘dp/v and g(Re,) is a function of

particle Reynolds number (Re,) that takes into account the non-linear effect of the drag force
as follows (Clift et al., 1978):

q(Re,)=1 if Re, <1,

(5)
0.687 -
q(Re,)=1+0.15Re)*" if Re,, >1.

This Lagrangian dispersal model is based on that developed by Vinkovic et al. (2006) for
solid particles. In this first application of the model to pesticide droplets, volatilization of
droplets after emission was not considered.

Numerical setup

A numerical simulation of pesticide dispersal was performed over a vineyard represented by
a periodic distribution of vegetated rows. Each vine row had a width of 0.6 m and the inter-
row was 2 m wide. Thus when the wind blows over the canopy, it experiences a resistance at
the position of the rows and no resistance in the gap. The resistance in the row is
proportional to the drag coefficient C; (Cy,=0.2) and the fontal area density A; (see
equation 1). Fig. 2 shows a vertical cross section of the vine rows in the computational
domain, with an in-row leaf area index of about 5.
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Fig. 2: Representation of the simulated vine canopy in a vertical cross section. The colours represent
the frontal area density As.

The computational domain is 41 x 10 x 24 m> with a horizontal spatial resolution of 0.2 m and
a mesh stretched in the z-direction so that 10 layers are present within the canopy. The
boundary conditions of the domain are periodic in the x and y-directions; the canopy can thus
be considered as infinite. At the top boundary a Rayleigh damping layer 6 m thick is used in
order to absorb the upward-propagating wave and eliminate wave reflection at the top of the
domain. The wind blows from the left to the right boundaries, i.e. the wind is perpendicular to
the vine rows. The velocity field is initialized in the domain by a meteorological pre-processor
(Pénelon et al., 2001). After the wind has adjusted with the canopy, the wind field is
averaged along the y-direction and over 100 instantaneous wind field realizations.

Once dynamic equilibrium is reached, droplets are emitted in one row by considering a
Gaussian distribution with a mean diameter of 100 ym and a variance of 10 ym, and with an
initial velocity of 10 m s™. The source is defined as a virtual vertical rectangular band located
along the row; its height is equal to the diameter of the output sprayer and its length to that of
the vine row. Droplets are assumed to deposit on the ground when they reach the height of
0.1 m. Their deposition on the vegetation elements are described by two processes:
impaction with plant elements and sedimentation on the horizontal projection of the plant
elements (Chamberlain, 1967; Ferrandino & Aylor, 1985).

3. Results and discussion
Experimental results

Fig. 3 shows the correlations between the experimental relative upward loss against the air
temperature T and the standard deviation of the vertical wind velocity component o,,. We
observe a significant correlation between the upward loss and both variables with a high
confidence coefficient R, showing an increase in the upward loss with increasing temperature
and vertical velocity variance. A smaller correlation (R =0.14) is obtained between the
upward loss and the intensity of turbulence, defined as the square root of the half-sum of the
three velocity component variances. In our experimental conditions the vertical wind velocity
standard variation o, therefore appears as the most representative turbulent parameter
responsible for upward loss. The horizontal wind velocity variances may be increased by
fluctuations in wind direction without significant variations in vertical velocity and upward loss.
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Fig. 3: Correlations between upward loss and meteorological parameters (left: air temperature, right:
standard deviation of the vertical velocity). Regression lines from experimental points are indicated.

Fig. 4 shows horizontal profiles of pesticide ground deposition inside and outside the plot for
eight experiments. Deposition is quantified as the fraction of spray deposited per unit area. In
all experiment the deposition curves present similar shapes. This is due to the fact that the
wind speed is sufficiently low compared to the air jet velocity, so that the droplets deposit in
the same way in all experiments. Inside the plot (-4 m<x<4m) all deposition curves
present a minimum at the position of the driving sprayer (x = 0) and a maximum on each

lateral side, followed by a strong decrease. Outside the plot (|x|>4 m) the deposition
curves continue to decrease asymptotically.

DEPPROF123|
DEPPROF223|
DEPPROF124
DEPPROF224
DEPPROF324
DEPPROF125
DEPPROF225
DEPPROF325

03}

0.2}

Deposit (% m?)

0.1F

2 3 4 4 3 2 A4

N R = “s 2 A 4

2 4 6 8 X?n)1 X&r)1 23

Fig. 4: Ground deposition along x. Fig. 5: Spatial structure of the flux for one of the

experiment (a) and over all experiments (b).

The analysis of deposition on the line collectors set up in three horizontal planes shows that
its variation in the x-direction follows the same spatial pattern as ground deposition. In order
to characterize the spatial correlation between ground and aerial deposition we computed the
time-integrated flux at the position of each collector. For band collectors this flux represents
ground deposition while for line collectors above the canopy it represents the upward loss.
Fig. 5 illustrates the spatial structure of the flux for one experiment and the spatial structure
averaged over all experiments. Each node of the grid corresponds to the location of a
collector. At z = 0, the nodes correspond to the ground band collectors. From these spatial
structures, it appears that deposition on the band collectors is lower than that on line
collectors which is maximum at z = 2.8 m. This result means that upward fluxes are larger



than downward fluxes. The presence of two maxima at x = -2 and 2 m is explained by the air
jets of the sprayer.
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Fig. 6: (a) Vertical wind velocity w signal recorded by the anemometer located at z = 1.5 m during 10
passages of the sprayer, (b) averaged w signal over 10 passages.

Fig. 6a shows the vertical velocity w recorded by the anemometer closest to the upper air jet
output located at z= 1.5 m during 10 passages of the sprayer. On this figure, we notice 10
pairs of positive and negative peaks, with the negative ones always preceding the positive
ones. Fig. 6b shows the average pattern of w during the passage of the sprayer. The positive
peak is caused by the lower upward air jet of the sprayer, as shown from the w signals
recorded during the static tests by the anemometer located at z = 1.5 m (Fig. 1c); w is always
positive with an estimated initial velocity of the order of 24 m s™ using formulas of jet theory
(Klein, 2003). Two factors may be responsible for the negative peak: (i) the upper air jet of
the sprayer is slightly oriented downwards, with a small angle toward the sonic located at
z =1.5m, and (ii) the aspiration of the lower turbine located at the front of the sprayer, before
the air jets. The analysis of the time shift between positive and negative peaks shows that it
corresponds to the horizontal separation distance between the upper and lower air jets, so
that the origin of the negative peak is probably related to the upper air jets. Hence the
maximum of pesticide flux in the spatial structure (Fig. 5) may be explained by the orientation
of the lower jets that emit pesticide droplets toward the position of the lowest aerial
collectors. This feature can be relatively well observed in Fig. 7.

Fig. 7: lllustration of the upward direction of the lower jet of the sprayer.



First application of the model

In order to illustrate the model behaviour over an infinite vineyard, Fig. 8 shows the main
characteristics of the wind within and above the vine canopy when the wind blows
perpendicularly to the vine rows (from left to right).
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Fig. 8: Mean wind field characteristics: (a) streamwise velocity u, (b) vertical velocity w, (p) pressure
perturbations P and (d) turbulent kinetic energy TKE over a 1.7 m height vineyard.

For all wind variables, we clearly observe the effect of the vine rows on the mean fields. The
mean streamwise velocity u decelerates within the canopy due to the aerodynamic
resistance of the vine rows (Fig. 8a). In the canopy the mean vertical velocity w is slightly
positive in the gaps and negative within the rows (Fig. 8b); the opposite occurs just above the
canopy, indicating the presence of small vortices. The effect of the vegetation on the
pressure field is also visible in Fig. 8c. The turbulent kinetic energy in the canopy (Fig. 8d) is
smaller in the rows due to an increase in turbulence dissipation, whereas between the rows it
slightly increases as a consequence of wake development behind the rows.

Regarding droplet dispersion, Fig. 9a-b shows a snapshot of the plume emitted from the
moving sprayer located at height z=1.7 m, and Fig. 9c presents the mean droplet
concentration field near the source, as time-averaged over 50 plume realizations. It can be
clearly seen that upward dispersion and horizontal transport of droplets are significant for the
finest ones (blue-colored droplets in the same figure) while the heavier droplets deposit more
rapidly near the source.
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Fig. 9: (a) Droplet plume at t = 900 s and (b) t = 950 s, (c) average droplet concentration field. The
dashed rectangles represent the position of the rows.

4. Conclusion

In this study we demonstrated the possibility of investigating pesticide dispersal over a
vineyard canopy from in-situ experiments and a coupled LES-Lagrangian approach. The next
steps will consist in (i) introducing a better representation of the sprayer air jets in the model,
(i) validating the simulated wind flow over a vineyard against an in-situ experiment planned
in summer 2010 and (iii) validating simulated droplet dispersal against the experiment
presented in this study. In the future, the model could be applied in more complex vineyard
configurations and further provide guidelines to reduce atmospheric pesticide dispersal.
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