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Abstract

High resolution databases on atmospheric concentrations of pesticides are
necessary in order to perform epidemiological studies but there is currently no
modeling method to provide high resolution mapping of pesticides concentra-
tions over a whole region. In this study, we propose an online downscaling
method for CHIMERE to perform simulations at a sub-kilometer resolution.
The main idea of this downscaling approach is to redistribute or interpolate
some information simulated on the coarse grid to simulate the transport over a
finer subgrid. The performance of the downscaling is analyzed by comparing the
CHIMERE nested simulation results at 0.02° and CHIMERE simulation results
downscaled from 0.1° to 0.02°.

By applying this method to S-metolachlor, we diagnosed an error generated
by the downscaling of a few percents on both background and hotspot concen-
trations. The method was used to simulate concentrations over France at a
resolution of 0.004° with a limited increase of the computational time. Based on
these simulations, we estimated that around 3 000 inhabitants were exposed to
concentrations of S-metolachlor above 10 ng/m?® from April 15th to May 15th
2014.

Keywords: Pesticide, Air quality, Modelling, Downscaling

1. Introduction

Pesticides are chemical products widely used in agriculture for pest manage-
ment and therefore to prevent yield losses. Because pesticides can be emitted
into the atmosphere by the drift of spray droplet and by the volatilization from
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treated surfaces, pesticides can be present in the atmosphere. Numerous stud-
ies have confirmed the presence of pesticides in the atmosphere (e.g., studies of
Moussaoui et al. (2012); Coscolla et al. (2017) or Désert et al. (2018)) and their
possible health effects on residents (Cognez et al., 2019; Teysseire et al., 2020).
However, their ubiquity in the atmosphere raises numerous concerns on the ex-
position of the population as a whole and not only residents living in proximity
of crops where pesticide are applied.

Reliable estimates of pesticide exposure for the whole population are needed
in order to perform national-scale or regional-scale epidemiological studies. 3D
Chemical Transport Models (CTM) could be used to provide large scale maps of
pesticide concentrations. This type of models have been developed to simulate
the formation and transport of main pollutants (such as ozone and particulate
matter) by representing the physicochemical processes involved in their evolu-
tion (such as gas-phase chemistry of radicals and major compounds, particle
formation, gas/particle partitioning, deposition).

Recently, Couvidat et al. (2022) implemented in the CHIMERE CTM (Mailler
et al., 2017) a method to simulate the concentrations of pesticides and has shown
that CTMs could be applied to the mapping of atmospheric concentrations of
pesticides as long as the spatiotemporal distribution of pesticide applications can
be adequately estimated. In this method, the model estimates the emissions by
volatilization of pesticides from treated surfaces with a distinction between the
volatilization from the soil and vegetation compartments. The authors applied
the method to simulate the S-metolachlor and folpet atmospheric concentra-
tions over France and its southeastern region. However, CTM simulations are
generally performed at a low resolution (from a few kilometers to hundreds of
kilometers) due to the high computational cost. While these models could be
applied to estimate the background atmospheric concentrations, the hotspots
of concentrations may be missed due to the low resolution. One challenge of
applying CTM results for regional-scale epidemiological studies is therefore to
reach a sufficient resolution.

Several methods are used to map atmospheric pollutants at high resolution
based on CTM results. A general distinction can be made between the nesting
approach and the downscaling approach. The former approach (by nesting) is
used to run the model over a smaller geographical domain with higher resolutions
(using the larger domain as boundary conditions). Although this method is
suitable for simulating small regions, its use can be quickly limited by the CPU
time required for simulations. Users would need to launch numerous time-
consuming simulations over different nested domains to obtain high-resolution
mapping of concentrations over large areas.

The latter approach (downscaling) can be calculated by interpolation (bilin-
ear, kriging) from CTM outputs. However, in order to increase spatial accuracy
while maintaining correct performance scores, accurate emission proxies (e.g.
Bessagnet et al. (2023)) or a Gaussian dispersion model (Denby et al., 2020;
Hooyberghs et al., 2022) need to be used with such methods. Finally, thanks
to advances in machine learning and the increased availability of satellite data,
statistical regression approaches based on land use characteristics (Land Use
Regressions models) can offer promising spatial resolutions. However, temporal
resolution is often limited to daily time steps at best (e.g. Hough et al. (2021);
Shen et al. (2022)). LURs seem to have difficulty competing with CTMs in
terms of process dynamics.
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The objective of the present study is to develop an online method (applied
directly inside the CHIMERE CTM and not on simulation results) in order to
downscale simulated concentrations from a coarse resolution to a sub-kilometer
resolution and to evaluate the performance of the downscaling. Instead of pro-
cessing simulation results, this method consists in redistributing or interpolating
fluxes calculated over the coarse grid onto a finer subgrid in order to compute the
atmospheric chemical transport of compounds over this subgrid. This method
aims therefore at reproducing the results that would be obtained by nesting
without solving again all the physicochemical processes in order to save CPU
time. To provide an illustration, the downscaling approach is applied to the sim-
ulation of S-metolachlor concentrations (the compound from the two pesticides
simulated by Couvidat et al. (2022) with the best comparison to measurements
performance).

The methodology for the downscaling is presented in the Method section.
Finally, the performance of the downscaling is evaluated by comparing the re-
sults of the France simulation downscaled to 0.02° with the simulation results
(without the downscaling) over four separate subdomains directly with a 0.02°
resolution. The gain on the computation time due to the downscaling is also
studied.

2. Method

Concentrations of S-metolachlor are simulated over France from mid April
to mid May 2014 (application period of S-metolachlor) with a resolution of 0.1°
and are downscaled either to 0.02° or to 0.004°. As simulations at the 0.004°
resolution is too time consuming even over small spatial domains, the evaluation
of the downscaling approach is performed only for the 0.02° resolution on several
sub-domains.

Following Couvidat et al. (2022), the contribution of emission by spray-drift
during application to atmospheric concentration was assumed negligible because
of the resolution of the model. Indeed, due to the high diameter of spray-drift
droplets and their low lifetime in the atmosphere, a resolution of a few meters
would be needed to represent adequately their atmospheric transport. There-
fore, the current downscaling method only aims at representing pesticide con-
centrations due to emissions by volatilization. Nonetheless, the model considers
that spray-drift droplets are instantaneously deposited into the cell where they
are emitted and can contribute to subsequent emissions by volatilization.

2.1. Presentation of the pesticide version of CHIMERE

In order to estimate the atmospheric concentrations of pesticides, the CHIMERE

model computes the transport of compounds over a grid covering the studied
domain by accounting for advection and vertical diffusion. The vertical grid is
discretized into several vertical layers (9 layers in Couvidat et al. (2022) ranging
from 30 m to more than 5000 m). The model uses a soil/vegetation/atmosphere
exchange module to compute the emissions by volatilization from treated sur-
faces. It is based on the approaches of Couvidat and Bessagnet (2021) and
Lichiheb et al. (2016) for the volatilization from the soil and leaves, respec-
tively.

This exchange module uses a resistance scheme and parameterizations to
consider the multiphase partitioning and diffusion in the soil compartment as
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well as lifetime of the compounds in the different compartments. The model
also accounts for:

e The atmospheric degradation of pesticides by the OH radical (the model
can also account for direct photolysis and degradation by Oz and NOj
radicals if experimental data on reaction constants are available).

e The gas-particle partitioning of semivolatile pesticides between the gas
and the particle phases estimated with the Secondary Organic Aerosol
Processor model (Couvidat and Sartelet, 2015).

e The wet deposition (both by in-cloud and below-cloud scavenging) of gases
(based on Henry’s law constants) and the wet and dry deposition of par-
ticles.

In order to use the model, the spatiotemporal distribution of pesticide ap-
plications have to be estimated to compute the emissions by volatilization. In
Couvidat et al. (2022), the spatial distribution was given by the French BNVD-
S (“Banque Nationale des Ventes de produits phytopharmaceutiques par les
Distributeurs agréés - Spatialisée”) database (Martin et al., 2023) that uses
mandatory register on pesticide sales to estimate the spatialized usage of pesti-
cides over parcels. The temporal distribution was estimated based on enquiries
on agricultural practices over the southeastern region of France.

2.2. The online downscaling method

The online downscaling method consists in dividing the CHIMERE grid
into a subgrid with a finer resolution and in determining the necessary variables
for the computation of concentrations over the subgrid. Emissions rates over
the subgrid are determined by redistribution (the amount of emitted pesticides
onto a cell is redistributed on the different subcells). Other variable values
(meteorological parameters, deposition kinetics, chemical destruction kinetics)
are determined by an horizontal bilinear interpolation (interpolation between
the four closest cell center of the CHIMERE coarse grid). With this method,
concentrations can be efficiently computed without representing explicitly some
time consuming processes (such as the transport of all the model, gas-phase
chemistry, pesticide volatilization, gas-particle partitioning) over the subgrid .
The fraction of the different landuse categories inside each sub-cells is calculated
in order to determine the appropriate vertical mixing and deposition over the
subgrid.

In CHIMERE, concentrations at each cell of the grid are computed with a
semi-implicit numerical method in order to solve the following equation:

0C: xv,z
ot

With t,X,Y and Z the cell indexes for time, longitude, latitude, and altitude.
Prod; x y,z is the production rate of C in cell X,Y,Z (due to emissions or trans-
port of the compound into the cell) and Loss; x v,z is the loss kinetics of C in
cell X)Y,Z (due to chemical degradation, transport, and deposition).

In CHIMERE, a sectional approach is used where particles are separated
into Npins (number prescribed by the user) bins according to their diameter. As
pesticides are semi-volatile compounds existing in both the gaseous and particle

= Prod; x,v,z — Loss; x v,z X Ct x,y.z (1)
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phases, each pesticide is represented by Np;ns+1 CHIMERE species (for the
Nypin size diameter bins and the gas phase fraction).

In the downscaling method, developed in this study, each cell of the CHIMERE
simulation grid is divided into Nyeq X Ny.eq sub-cells (N,..q representing an in-
teger number by which the resolution is reduced). The method consists in
estimating the production rate Prod; x v,z and kinetics of loss Loss; x y,z over
the sub-grid by redistributing or interpolating the rates over a finer grid in or-
der to calculate the concentrations at a finer resolution. Eq. 1 is adapted to
simulate the evolution of the concentrations on the finer grid such as:

acsub,m,y
t,X,Y,Z sub,x,y sub,x,y sub,x,y
ot = Prod; x'yv77 — Loss; x'v 7 X Cy xy7 (2)

where x,y represent the longitudinal and latitudinal indexes of the sub-cell inside
the cell X)Y,Z. Prodfg?:f;’yz and Lossfj}?:f;f’z represent the production rate and
loss kinetics of the sub-cell x,y inside cell X,Y,Z, respectively.

Moreover, in the downscaling approach, only one new model species (instead
of the Npins+1 CHIMERE species) representing both the gas and particle phases
is transported on the CHIMERE subgrid. The total loss kinetics is determined
by ponderating the loss kinetics for the gas-phase and each of the particle bins
accounting for chemical degradation and deposition. More details are provided
in sections 2.2.1 to 2.2.3.

By simulating a limited number of CHIMERE species (instead of a hundred
of CHIMERE species) on the subgrid and by avoiding the computation of some
Central Processing Unit (CPU) consuming processes (computation of pesticide
volatilization and of the gas-particle partitioning), concentrations of pesticides
on a subgrid can be computed with limited CPU time.

Prodff)?:f,’% and Lossfjf)?:f/’)yz are decomposed as follow:

sub,x,y .. sub,z,y sub,x,y sub,z,y
Proth,Y’Z = Emzsszonqu’Y’Z + ProdHTranstX’Y’Z + ProdVTranstX’Y’Z

sub,x,y sub,z,y sub,z,y sub,z,y
Losst)X%Z = WetDept,X’Y)Z—I—DryDept,X’Y)Z—i—ChemLosst)Xy’Z—i—LossHTrcms

sub,x,y
+ LossVTrans,x'y'y (4)

. . sub,z,y .. . sub,x,y
with E'missions; 'y the emission rate on the subgrid, ProdHTrans; x'y'7
sub,z,y

the production rate due to horizontal transport on the subgrid, ProdV1Trans, vy

the production rate due to vertical transport on the subhgrid, DryDep?;?’f;yZ

sub,z,y

the dry deposition kinetics on the subgrid, WetDep, sy’ the dry deposition

kinetics on the subgrid, C’hemLossfbe:?yZ the chemical degradation kinetics on

the subgrid, LossH Trans%?:?yz the loss kinetics due to horizontal transport on

the subgrid and LossVT ransiu)?f,yz the loss kinetics due to vertical transport

. sub,x,y - sub,z,y 1
on the subgrid. DryDep; vy and Emissions; x'y' 7 are equal to zero for alti-

tudes above the ground level (no dry deposition and no emission of pesticides).

Currently, concentrations of pesticides entering the French domain are as-
sumed to be null due to the lack of information on pesticide usages at the Eu-
ropean scale (that would be necessary to perform a simulation at the European
scale and obtain appropriate boundary conditions).
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2.2.1. Dry deposition

In CHIMERE, the deposition kinetics is calculated as the function of the
deposition velocities (with different parameterizations for gases and particles)
and the landuse.

In each cell of the coarse domain, deposition velocities are computed for each
landuse categories (even if this category is absent from the cell) by computing
a vertical wind profile with the roughness length of the considered landuse. For
each landuse category, the deposition velocities on the subgrid are interpolated
and are combined to the fraction of the landuse category in the cell of the
subgrid.

The apparent deposition kinetics DryDep; z y ianduse for a particular landuse
of the grid is calculated as a function of the loss kinetics of gaseous and particle
compounds such as:

DTyDept,r,y,landuse = Z fiDTyDept,z,y,landuse,i (5)
7

with i the index for the considered pesticide of the gas-phase CHIMERE species
(i=1) and for the particle species for each of the bins (i=2 to i=Np;ps+1), f; the
fraction of CHIMERE species to the total concentration of the pesticide (gas
+ particle) and DryDep; 4 y 1anduse,i the loss kinetics of i due to dry deposition
for a specific land use.

The loss kinetics due to dry deposition on the sub-cell is constructed by
combining the land use on the sub-cell and the interpolated apparent deposition
kinetics for specific land use.

DryDepfg?:f;’yZZO = Z Lswemy  Bilinear(DryDep) (6)

z,y,landuse
landuse

sub,z,y

z,y,landuse the surface

with Bilinear the bi-linear interpolation function and L
ratio of the considered land use in the sub-cell.

2.2.2. Wet deposition

The loss kinetics due to wet deposition is obtained by interpolating the
apparent loss kinetics due to wet deposition of total (gas + particles) pesticides
such as:

WetDep%?:f/’yZ = Bilinear(z fiWetDep) (7)
i

With WetDep; x v,z the loss kinetics due to wet deposition of i (i being the
index for the pesticides either in the gas-phase or one of the particle phase)

2.2.8. Chemical degradation
Similarly to Eq.7, C’hemLossf?Xb:?% is calculated by interpolating the appar-
ent loss kinetics due to chemical degradation of total (gas + particles) pesticides
such as:
ChemLoss%?:f,’)yZ = Bilinear(z fiChemLoss) (8)
i
With ChemLoss; x v,z the loss kinetics over the coarse grid due to chemical
degradation of i (i being the index for the pesticides either in the gas-phase or



15 in one of the particle bins). As in this study, no heterogeneous degradation of
s pesticides is taken into account, ChemLoss: x v,z = 0 for particles.

197 This interpolation is based on the assumption that the chemical degradation
s of pesticides is linear and that the concentrations of oxidants (only the OH
100 radical in the case of S-metolachlor) can be interpolated. The impact of these
200 assumptions is probably low except in areas with very strong local emissions of
201 nitrogen oxides.

w00 2.2.4. Emissions

203 The atmospheric emissions fluxes are computed with the exchange air/soil/plant
2 cover exchange module with emissions being calculated by volatilization from

205 the soil or the plant cover.

206 Two types of emissions are distinguished:

207 e Emissions from treated crops. In this case, the calculated mass of pesticide
208 emitted over a cell is redistributed over the different sub-cells according
200 to the applicated amounts given by the BNVD-S on the sub-cells

210 e Re-emissions (emissions by re-volatilization of pesticides deposited on non-
n treated surfaces). In this case, the re-distribution of emissions fluxes is
212 calculated as a function of the accumulated amount of pesticides at the
213 surface Accumf%?’f;y (due to dry deposition on the first atmospheric verti-
214 cal level and the cumulated wet deposition on all vertical layer) calculated
215 with the following equation:

sub,z,y __ sub,z,y ~sub,x,y
Accum; y'y? = E (WetDep;'x'y7C; Xy x AHz)
A
sub,z,y sub,z,y sub,z,y
+ DryDep; 'y 7—0Cr x v z—0 * AHz=0 — Accum; 'y kaeg  (9)

216 with kgey the degradation kinetics computed with the lifetime of com-
217 pounds within the soil and AHz the thickness of the vertical layer.

as 2.2.5. Transport

210 The horizontal transport on the subgrid is solved with the same algorithm
20 than the transport on the coarse grid. The necessary parameter (e.g., wind
o velocities) are downscaled by bilinear-interpolation.

2 In CHIMERE, the vertical transport is represented with the K-theory based
23 on the K, parameter calculated for each landuse categories. The vertical trans-
24 port production rate and loss kinetics on the subgrid are computed for a level
a5 7 as a function of the K, parameter on the interpolated on the subgrid and the
26 concentrations on the level above (Z+1) and underneath (Z-1). It should be
27 noted that following the treatment of deposition velocity the K, explained in
s section 2.2.1, the K, is calculated and interpolated for each landuse categories.
29 The resulting K, on the subgrid therefore accounts for the landuse.

230 In order to limit the number of cells, we added the possibility to simulate the
an vertical transport on Nye, sup vertical levels (inferior or equal to Nje,, the number
2 of vertical level of the coarse level). In that case, the model used interpolated
23 concentrations from the coarse above Ny¢y o5 to compute the vertical transport
2z rate. The effect of Njey sup On the results are discussed in section 3.3.
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2.8. FEwvaluation of the downscaling method

The performance of the downscaling method to simulate high-resolution con-
centrations of S-metolachlor is evaluated by comparing to CHIMERE simulation
results obtained by mesting at the same resolution (0.02°). In that order, the
results of a 0.1° x 0.1° simulation downscaled to 0.02° x 0.02° are compared
to CHIMERE simulations directly at 0.02° over four nested domains. Indeed,
it would not have been possible to perform simulations for a domain covering
the whole France with a 0.02° x 0.02° resolution (due to an important com-
putation time). Simulations were performed over the four nested sub-domains
illustrated in Fig. 1: NW (part of Northwestern France), NE (part of Northeast-
ern France), SW (part of Southwestern France), and SE (part of Southeastern
France). The SE subdomain corresponds to the French ”Provence-Alpes-Cote
d’Azur” subdomain studied by Couvidat et al. (2022). These four sub-domains
were selected to cover the different situations encountered at the national scales
(areas with high and low emissions, different climate conditions).

The results of a simulation over France at 0.1° x 0.1° are used to determine
the boundary conditions over the four subdomains for all pollutants except for
S-metolachlor. In order to remove the influence of boundary conditions on the
analysis, the results from the downscaled simulation at 0.02° x 0.02° (with
Niew, sub=Niev) were used as boundary conditions on the four subdomains (air
masses entering the four subdomains have therefore the same concentrations
than the downscaled simulation at 0.02°).

NW

a8 & S-metolachlor (in ng/m?3)

-08 -0.6 -04 -02 00 02 04

10°

SW

0
10 12 14 16 18 20 22 48 50 52 54 56 58 60 62

Figure 1: Simulated coarse concentrations of S-metolachlor (in ng/m3) over France by
CHIMERE at the 0.1° resolution (center) and on four nested sub-domains (in the four corners)
at a resolution of 0.02° .

Several metrics are computed in order to evaluate the performance of the
downscaling.

e The correlation coefficient R2

e The Mean Normalized Bias (MNB): average of the bias (in %) between
the downscaled simulation and the reference simulation at 0.02°.
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e The Mean Normalized Error (MNE): average of the error (in %) between
the downscaled simulation and the reference simulation at 0.02°.

e The Mean Normalized Bias computed for the 1% highest values (1%MNB)
e The Mean Normalized Error for the 1% highest values (1%MNE)

The last two metrics provide information on the ability to reproduce the simu-
lated hotspots of pesticide concentrations in the 0.02° simulations.

2.4. Simulation configuration

The simulation configuration of Couvidat et al. (2022) was reproduced: an-
thropogenic emissions of gases and particles were taken from the European
Monitoring and Evaluation Programme (EMEP) inventory (Vestreng, 2003) for
the year 2014 and meteorology was taken from the operational analysis of the
Integrated Forecasting System (IFS) model of the European Centre for Medium-
Range Weather Forecasts (ECMWF). Nine vertical levels up to 500 hPa were
used. The thickness of the first layer is around 30 m.

Concentrations of S-metolachlor are simulated from 2014-04-15 (beginning of
the application period for S-metolachlor determined by Couvidat et al. (2022))
to 2014-05-15 (end of the application period).

3. Results

3.1. Downscaling results

Concentrations downscaled at 0.004° are shown in Fig. 2 and can be com-
pared to the simulation results at 0.1° in Fig. 1. Similar pattern is found at
the national scale with the same areas with high concentrations (southwest-
ern France, the Rhone valley, several areas in western France, frontier between
France and Germany) indicating that the model is able to simulate the back-
ground concentrations even at a low resolution.

The interest in downscaling the concentrations can be seen by zooming on
the results on the different sub-domains. Fig. 3 shows the maps of coarse con-
centrations at 0.1° and of downscaled concentrations at 0.02°. Maps at down-
scaled concentrations at 0.004° can also be found in Supplementary Materials
in figures S1 to S4. With a 0.1° resolution, the maps of concentrations are
pixelated and hostpots of concentrations cannot be reproduced. The evolution
of concentrations in the vicinity of areas with high emissions may not be well
reproduced. When downscaled at a higher resolution, the hotspots of concen-
trations appear more and more clearly while the overall background pattern is
unchanged. While the simulated average concentrations over France is around
0.2 ng/m3 for all the coarse and downscaled simulations, the simulated maxi-
mum concentrations changed significantly: 5.3 ng/m? for the coarse simulation
at 0.1°, 14.5 ng/m? for the downscaled simulation at 0.02° and 116 ng/m? for
the downscaled simulation at 0.004°. By combining these simulation results to
the French population database (Letinois, 2015), we estimated that a small part
of the population (around 3 000 inhabitants, 0.005% of the French population)
was exposed to concentrations of S-metolachlor above 10 ng/m3 from April 15th
to May 15th 2014.

10
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Figure 2: Simulations concentrations by CHIMERE (in ng/m3) of S-metolachlor downscaled
to a resolution of 0.004°. Njey sup is chosen equal to Ny, .

3.2. Performance of the downscaling method

The performance of the downscaling method (illustrated by Fig. 4) is ana-
lyzed by computing R?, MNB, MNE, 1%MNB, 1%MNE between the CHIMERE
results at 0.02° (not downscaled) and the CHIMERE results at 0.1° downscaled
to 0.02°over the four sub-domains. These metrics are shown in Table Bl in
Supplementary Materials for the different subdomains and for different value of
Niew,sub- The metrics are also shown between the coarse simulation at 0.1° and
the simulation at 0.02°.

The coarse simulation is characterized by a large MNE of 25% over all do-
mains (and varying from 18.1% to 35.2% over each sub-domains) and on average
concentrations tend to be overestimated (MNB=11%). However, the highest
concentrations are strongly underestimated by the coarse simulation (MNB=-
43.1%).

The downscaling method managed to reproduce concentrations with a low
bias compared to the coarse simulation as 90% of the simulated values have
a bias between -14% and 11% for the downscaled simulation at 0.02°against
a bias between -32% and 82% in the coarse simulation. When applying the
downscaling, the correlation coefficient is increased significantly and reaches
near unity (R?=0.99, R?=0.9 for the coarse simulation) especially for the SW
domain where the R? is increased from 0.62 for the coarse simulation to 0.99 for
the downscaled simulation (with Nje, s45=9). MNE is also significantly reduced
from 43.1% to 6.2% (with Njey sup=9). While the concentrations tend to be
overestimated by the coarse simulations, the concentrations seems to be under-
estimated by the downscaling method but at a low extent (MFB=-2.6% over the
four subdomains and reaching -4.6% for the SW subdomain). The downscaling
approach managed to capture the highest values as the 1%MNB is decreased
from -43.1% to -2.0% with a 1%MNE (6.1%) close to the average MNE.
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Figure 3: Maps of coarse simulated concentrations of S-metolachor at the 0.1° resolution and
of the downscaled concentrations at 0.02° (in ng/m?). Njy, sup is chosen equal to Ny, .

3.8. Computational time

The potential increase in computational time due to the downscaling ap-
proach has to be assessed. As CPU time can be an important limitation for
the use of CTM, it is important to diagnose the impact of the downscaling
method on CPU time. Table 1 shows the CPU time increase under different
configurations (different downscaled resolution and different value of Njey sup)-
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simulations values with the lowest bias.
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Downscaling the 0.1° results to a 0.02° resolution leads to an increase of CPU
time of only 7% while launching CHIMERE directly at the a resolution of 0.02°
would result in a CPU time increase close to a factor 125 (a factor 5x5 to de-
crease the resolution of the horizontal grid combined to a factor 5 on temporal
resolution in order to respect the Courant-Friedrich-Levy condition). The CPU
time needed to run the downscaling approach is also much lower than the CPU
time needed to perform simulations over the four nested sub-domains (increase
of CPU time by a factor 3.79).

While the CPU time increase is modest for a downscaling to a 0.02° resolu-
tion, it may lead to an important increase of CPU time to downscale to a 0.004°
resolution (increase by a factor 9.16 with Nje, su5=9). It should be noted that
downscaling several pesticide at the same time may result in even greater CPU
time. One possible way to limit the CPU time is to limit the number of vertical
layer on the subgrid Nje, sup. According to Table B1, using Nye, sup=3 (3 layers
covering an altitude around 250 m) may consist in a good compromise as the
performance (MNE=7.9%, 1%MNE=6.6%) is similar to the performance with
Niev,sub=9 (MNE=6.5%, 1%MNE=6.1%).

Configuration Relatlve computation

time
France simulation at 0.1° 1
France simulation at 0.02° 125
France simulation at 0.1° + simulation on the four

. 3.79

nested sub-domains
France simulation at 0.1° downscaled to 0.02°

1.03
(Nlev,subzl)
France simulation at 0.1° downscaled to 0.02°

1.07
(Nlev,subZQ)
France simulation at 0.1° downscaled to 0.004°

1.63
(Nlev,subzl)
France simulation at 0.1° downscaled to 0.004°

9.16
(Nleusub:g)

Table 1: Relative computational time compared to the France simulation at a resolution of
0.1°. The number corresponds to a downscaling method applied only on a single pesticide
(S-metolachlor).

3.4. Comparison with measurements

Atmospheric measurement data of pesticides are scarce. However, since
2011, the French Regional Networks for Air Quality compiled the atmospheric
concentrations of pesticides in the PhytAtmo database. It aggregates about
7,000 samples at 176 sites throughout mainland France and overseas for 321
active substances sought (AtmoFrance, 2019). S-metolachlor was measured at
24 stations in 2014, and at 91 stations between 2015 and 2020. However, the
temporal coverage of these measurements are often partial and occur generally
during a few days over the month.

According to this database, while the stations are not necessarily located
near hotspots, concentrations of S-metolachlor can exceed 10 ng/m? in coherence
with our simulation results showing hotspots above 10 ng/m3. Since 2014,
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concentrations above 10 ng/m? and up to 51 ng/m® where detected 12 times at
3 different stations (for around 32 000 samples above the detection limit).

High S-metolachlor concentrations (around 14 ng/m?®) were measured at the
Ohnenheim station. The simulated concentrations at this station is strongly
underestimated with both the downscaled simulation at 0.004° (concentration
around 0.35 ng/m?) and the coarse simulation (concentration around 0.26 ng/m?).
Difficulties to reproduce exactly the spatiotemporal distribution of application
may explain the differences between the model and measurements.

With the exclusion of this station, a better spatial correlation was obtained
with the coarse simulation (0.75) than with the downscaled simulation (0.65).
However, these differences in the correlation is probably not statiscally signif-
icant. On the 16 stations with measurements during the period of simulation,
results were improved for 5 stations (relative error decreased by 16% to 67%)
and degraded for 7 stations (relative error increased by 11% to 38%). Due to low
number of stations and the poor temporal coverage, it is therefore difficult to
evaluate the gain of performance due to the downscaling approach. Moreover,
errors due to the spatiotemporal distribution of applications in the vicinity of
the station probably increases with the resolution. Valari and Menut (2008) has
indeed shown that model results do not improve monotonously with resolution
and that after a certain point discrepancies with measurements become larger
due to insufficient precision in input data.

4. Conclusions

A downscaling method have been developed and applied on the simulation
of high resolution concentrations of S-metolachlor. The developed downscaling
method performs reasonably well (MNE around 7.9%) and can be used to sim-
ulate the hotspots of pesticide concentrations. The method developed in this
study is an important step toward high-resolution CTM simulations and the use
of CTM simulation for epidemiological studies on pesticides.

The current methodology does not account for spray-drift droplets as the
lifetime of these droplets can be considered too low compared to the resolution
of the model. One possible solution could be to implement plume-in-grid ap-
proaches (Karamchandani et al., 2006), in which a subgrid-scale representation
of plumes is embedded into CTMs. Other models aiming at representing the
local transport of spray-drift in the vicinity of the crops could also be used
(Raupach et al., 2001; Tsai et al., 2005; Zhang et al., 2018).
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