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Abstract 14 

Spray drift generated in the application of plant protection products in tree crops (3D crops) is a 15 

major source of environmental contamination, with repercussions for human health and the 16 

environment. Spray drift contamination acquires greater relevance in the EU Southern Zone due 17 

to the crops structure and the weather conditions. Hence, there is a need to evaluate spray drift 18 

when treating the most representative 3D crops in this area. For this purpose, 4 spray drift tests, 19 

measuring airborne and sedimenting spray drift in accordance with ISO 22866:2005, were 20 

carried out for 4 different crops (peach, citrus, apple and grape) in orchards of the EU Southern 21 

Zone, using an air-blast sprayer equipped with standard (STN) and spray drift reduction (DRN) 22 

nozzle types. A further 3 tests were carried out to test a new methodology for the evaluation of 23 

spray drift in real field conditions using a LiDAR system, in which the spray drift generated by 24 

different sprayer and nozzle types was contrasted. The airborne spray drift potential reduction 25 

(DPRV) values, obtained following the ISO 22866:2005, were higher than those for sedimenting 26 

spray drift potential reduction (DPRH) (63.82%-94.42% vs. 39.75%-69.28%, respectively). For 27 

each crop and nozzle type combination, a sedimenting spray drift model was also developed and 28 
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used to determine buffer zone width. The highest buffer width reduction (STN vs DRN) was 29 

obtained in peach (˃75%), while in grape, citrus and apple only 50% was reached. These results 30 

can be used as the starting point to determine buffer zone width in the countries of the EU 31 

Southern Zone depending on different environmental threshold values. Tests carried out using 32 

LiDAR system demonstrated high capacity and efficiency of this system and this newly defined 33 

methodology, allowing sprayer and nozzle types in real field conditions to be differentiated and 34 

classified. 35 

Keywords: pesticide spraying, spray drift, light detection and ranging, spray drift potential 36 

reduction, hollow-cone nozzles, remote sensing 37 

Nomenclature 38 

DPR spray  drift potential reduction (%) 39 

DPRH spray drift potential reduction based on sedimenting drift (%) 40 

DPRlidar         spray drift potential reduction based on LiDAR measurements (%) 41 

DPRV  spray drift potential reduction based on airborne drift (%) 42 

DPRV(5m) spray drift potential reduction based on airborne drift at 5 m from the center of the  43 

                     last alley of the plot (%) 44 

DPRV(10m)  spray drift potential reduction based on airborne drift at 10 m from the center of the  45 

                     last alley of the plot (%) 46 

DRN  spray drift reduction nozzle 47 

DRT spray drift reduction technique 48 

DV50  volume diameter, indicating that 50% of the spray volume is in smaller  49 

                droplets (µm) 50 

FH sedimenting spray drift based on ISO field measurements (%) 51 

FV(5m) airborne spray drift based on ISO field measurements at 5 m from the center of the  52 

                     last alley of the plot (%) 53 

FV(10m) airborne spray drift based on ISO field measurements at 10 m from the center of    54 

  the last alley of the plot (%) 55 
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HC hollow-cone 56 

PDPA phase Doppler particle analyzer 57 

SL(Lab)  spray drift potential based on laboratory LiDAR measurements (%) 58 

SL(Field)  spray drift based on field LiDAR measurements (%) 59 

STN  standard nozzle 60 

V100  volume fraction of droplets smaller than 100 µm in diameter (%) 61 

V200  volume fraction of droplets smaller than 200 µm in diameter (%) 62 

WTH  sedimenting spray drift potential based on wind tunnel measurements (%)  63 

WTV        airborne spray drift potential based on wind tunnel measurements (%) 64 

 65 

1. Introduction 66 

The application of plant protection products (PPP) in crops is fundamental for the control of 67 

pests and diseases and to ensure agricultural production. According to Eurostat data (2016), 68 

Spain was the EU country with the highest consumption of PPP (77 thousand tons), representing 69 

20.9% of total EU consumption, followed by France (72 thousand tons; 19.5%) and Italy (60 70 

thousand tons; 16.3%). In this scenario, spray drift associated with PPP spraying operations is a 71 

primary source of contamination. This phenomenon implies a clear risk for the health of 72 

bystanders and local residents (dermal exposure and inhalation) and for the environment (air, 73 

surface water, ground water, soil, fauna, flora and other crops) (Damalas, 2015; EPA, 2018; 74 

EPPO, 2003). These risks have been explored by several authors. Studies by Butler Ellis et al. 75 

(2010, 2018) on the exposure of bystanders to PPP airborne spray drift was used for the 76 

assessment of relevant UK regulations. Sjerps et al. (2019) analyzed drinking water sources in 77 

the Netherlands, identifying the presence of 15 pesticides. De Schampheleire et al. (2007) 78 

evaluated spray drift damage to crops in Belgium, concluding that the most extreme risk 79 

situations occur in the case of 3D crops (fruit crops). In this regard, Sarigiannis et al. (2013) 80 

reported how most pesticide emissions generated in 3D crops are concentrated in Spain and 81 
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Italy and that there are major differences between the countries of the EU Southern Zone and 82 

those of the Northern Zone as a result of climatic conditions.  83 

One of the most important reasons for quantifying spray drift in 3D crops is to measure its 84 

potential reduction through the use of different spray drift reduction techniques (DRT): nozzle 85 

type (Derksen et al., 2007), sprayer type (Wenneker et al., 2016), air assistance (Duga et al., 86 

2017), tractor-sprayer forward speed (Lešnik et al., 2015), windbreaks, buffer zones, etc. In this 87 

line, the European Directive 2009/128/EC (EU, 2009) for sustainable pesticide use proposes the 88 

establishment of buffer zones as a drift reducing measure additional to the DRT. Buffer zones 89 

are defined as areas of land that allow the treatment area to be separated from non-target areas 90 

in order to mitigate the pollution caused by PPP treatments (Muscutt et al., 1993). In a recent 91 

study by Castro-Tanzi et al. (2018), the buffer distances were estimated according to the 92 

environmental risk of spray drift. Several studies have been carried out in the north of Europe to 93 

determine buffer zones in 2D (field crops) and 3D crops (De Schampheleire et al., 2007; van de 94 

Zande et., 2010). However, as far as the authors of the present study are aware, no studies have 95 

been conducted to date on adaptation and adjustment of these buffer zones to the crop 96 

architecture and environmental conditions typical of the EU Southern Zone. 97 

Spray drift in 3D crops is mainly influenced by the crop to be treated (canopy architecture and 98 

porosity, growth stage, etc.) (Da Silva et al., 2006; Kasner et al., 2018), sprayer design (fan 99 

characteristics, deflectors, etc.) (Blanco et al., 2019; Salyani et al., 2013), spray mix properties 100 

(surface tension, viscosity, etc.) (Stainier et al., 2006), operating conditions (droplet size 101 

distribution, liquid volume rate, forward speed, air assistance, etc.) (Nuyttens et al., 2005), and 102 

weather conditions (temperature, relative humidity, wind speed and direction, etc.) (Gil et al., 103 

2007). It should be noted that most of the many numerous authors who have conducted spray 104 

drift tests in field conditions have only done so in 2D crops (Carlsen et al., 2006; Nuyttens et al., 105 

2010; Wolters et al., 2008). As for the evaluation of spray drift in 3D crops, most of the few 106 

studies that have been carried out have focused on citrus (Cunha et al., 2012; Garcerá et al., 107 

2017; Salyani et al., 2013). Recently, Bourodimos et al. (2019) has developed a new spray drift 108 
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risk assessment tool (model) for vineyard that has been contrasted with ISO 22866:2005. It 109 

should also be noted that carrying out the tests in different scenarios (training system and 110 

architecture of crops, meteorological conditions, etc.) can lead to under or overestimations of 111 

spray drift, as was demonstrated by Ramos et al. (2000).  Spray drift prediction models have 112 

been created from numerous tests conducted for spray drift evaluation. The best known in 113 

Europe are the German models for 2D and 3D crops based on 50 trials in field crops and 72 in 114 

fruit orchard (Ganzelmeier et al., 1995; Rautmann et al., 2001), and the Dutch model for pome 115 

fruit trees (apple and pear) based on 20 years of experimental data (Holterman et al., 2017). 116 

Currently, the reference method for the evaluation of spray drift in real field conditions is ISO 117 

22866:2005. However, conducting field spray drift trials based on this standard is very time 118 

consuming and laborious. An alternative methodology has been proposed for quantifying spray 119 

drift based on LiDAR technology (Gregorio et al., 2014, 2018; Hiscox et al., 2006; Richardson 120 

et al., 2017), due to its advantages in terms of measurement capacity (temporal and spatial 121 

resolution, real time measurements), as well as its reduced labour and time requirements. Other 122 

authors as Gil et al. (2013) have tested low-cost LiDAR sensors obtaining spray drift 123 

measurements that were not range-resolved. Another optical remote sensing technique used to 124 

evaluate the spray drift is the Open-Path Fourier Transform Infra-Red (OP-FTIR) spectrometry 125 

(Kira et al., 2018).  126 

Given all of the above, there is a clear need to know the effect and behavior of spray drift in all 127 

the main 3D crops in the EU Southern Zone and to adopt appropriate and effective DRT. 128 

Consequently, the first aim of this work is to evaluate spray drift (sedimenting and airborne) for 129 

different types of standard (STN) and spray drift reduction nozzles (DRN) in different 3D crops 130 

(peach, apple, citrus, grape) in field conditions, using ISO 22866:2005. The second aim is to 131 

determine and compare the buffer zones required to minimize the effects of spray drift in the 132 

different crop and nozzle types studied. The third aim of this work is to define and perform a 133 

preliminary validation of a new methodology to measure spray drift in real field conditions 134 

using an ad hoc LiDAR system. 135 
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 136 

2. Materials and methods 137 

2.1. Sprayer and nozzle characterization 138 

Seven field spray drift tests (T1-T7) were conducted in compliance with ISO 22866:2005 in 139 

which STN and DRN hollow-cone nozzles were compared in four 3D crops (peach, citrus, apple 140 

and grape). Table 1 shows the characteristics of the orchards and crops, and Table 2 specifies 141 

the sprayers and nozzles used in each test and their operating conditions. 142 

The sprayer used in the first test (T1) was a cross-flow air-assisted sprayer (Arrow F-1000, 143 

Hardi S.A., Lleida, Spain) with an air flow rate of 65,000 m
3
·h

-1
 and equipped with 20 operating 144 

nozzles. The nozzles were standard hollow-cone Albuz ATR 80 Orange (STN-O) (Solcera, 145 

Evreux, France) and spray drift reduction hollow-cone Albuz TVI 8002 Yellow (DRN-Y), 146 

operating at 1.0 and 0.9 MPa, respectively, with flow rates of 1.39 L·min
-1

 in both cases. The T1 147 

test was carried out in a commercial ‘Big Top’ peach orchard (Prunus persica (L.) Batsch) with 148 

trees trained in an open vase system and located in the IRTA Experimental Station in Gimenells 149 

(Lleida, Spain) (latitude: 282807.00 E, longitude: 4614876.00 N).  150 

In the second test (T2), an axial fan air-blast sprayer (Twister 2000, Mañez and Lozano S.L., 151 

Valencia, Spain) was used, with a measured air flow rate of 29.700 m
3
·h

-1
 and equipped with 20 152 

operating nozzles. In this case, the nozzles used were ATR 80 Grey (STN-G1) at 1.5 MPa and 153 

TVI 8003 Blue (DRN-B1) at 1.3 MPa, operating with flow rates of 2.51 and 2.50 L·min
-1

, 154 

respectively. In this case, the test was performed in globular-trained citrus trees, in a 155 

commercial ‘Clementine’ citrus orchard (Citrus clementine) located in Roquetes (Tarragona, 156 

Spain) (latitude: 286047.00 E, longitude: 4517792.00 N).  157 

In the third and fourth tests (T3 and T4), the sprayer was a conventional axial fan air-blast with 158 

deflectors in the upper and bottom part of the arc of the nozzles (Eolo 2091, Teyme Tecnología 159 

Agrícola S.L., Torre-Serona, Spain). In test T3, the 10 available nozzles of the sprayer were 160 

used and the air flow rate was 55,000 m
3
·h

-1
, while in test T4 only 8 nozzles were used and the 161 
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air flow rate was set at 46,200 m
3
·h

-1
. In test T3, the nozzles that were compared were the 162 

standard hollow-cone nozzle ATR 80 Grey at 1.0 MPa (STN-G2) and the spray drift reduction 163 

hollow-cone nozzle TVI 8003 Blue at 1.0 MPa (DRN-B2), with flow rates of 2.08 and 2.19 164 

L·min
-1

, respectively. In the T4 test, the same ATR 80 Grey (STN-G3) and TVI 8003 Blue 165 

(DRN-B3) nozzles were used, although the working pressure in this case was 0.7 MPa for both, 166 

and their respective flow rates were 1.76 and 1.83 L·min
-1

.  167 

The T3 test was performed with hedgerow-trained ‘Golden’ apple trees (Malus domestica) in an 168 

orchard located in the IRTA Experimental Station at Gimenells (Lleida, Spain) (latitude: 169 

282765.00 E, longitude: 4615309.00 N). The commercial plot where the T4 test was carried out 170 

corresponded to a ‘Chardonnay’ vineyard (Vitis vinífera) which employed a trellis training 171 

system, located in Raimat (Lleida, Spain) (latitude: 289105.00 E, longitude: 4616616.39 N). 172 

In the fifth test (T5), an air-assisted orchard sprayer (VariMAS 1, Munckhof Fruit Tech 173 

Innovators, A.J. Horst, The Netherlands) with an air flow rate of 11700 m
3
·h

-1
 and equipped 174 

with 16 operating nozzles was used. This sprayer, which is innovative in the area where the tests 175 

were carried out, achieves an optimal leaf coverage and a high spray drift reduction. The 176 

nozzles used were ATR 80 Yellow at 0.5 MPa (STN-Y) and TVI 80015 Green at 0.5 MPa 177 

(DRN-G) with flow rates of 0.73 and 0.77 L·min
-1

, respectively. 178 

For the sixth and seventh tests (T6 and T7), the spraying equipment used was a conventional 179 

axial fan air-blast sprayer (model 2000, Tifone, Cassana, Italy) with an air flow rate of 58,000 180 

m
3
·h

-1
 and equipped with 16 operating nozzles. Two pairs of STN and DRN nozzles were 181 

compared using this equipment. In the T6 test, ATR 80 Yellow at 1.6 MPa (STN-Y2) and TVI 182 

80015 Green at 1.4 MPa (DRN-G2) nozzles were used, with flow rates of 1.29 L·min
-1

 and 1.30 183 

L·min
-1

, respectively. In the T7 test, ATR 80 Grey at 0.5 MPa (STN-G4) and TVI 8003 Blue 184 

also at 0.5 MPa (DRN-B4) nozzles were used, with flow rates of 1.50 and 1.55 L·min
-1

, 185 

respectively. 186 
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The T5, T6 and T7 tests were conducted in a commercial ‘Conference’ pear orchard (Pyrus 187 

communis) with a hedgerow training system, located in the IRTA Experimental Station in 188 

Mollerussa (Lleida, Spain) (latitude: 322596.05 E, longitude: 4609495.68 N). 189 

Table 1 shows the leaf wall area (LWA) and the leaf area index (LAI) values for the testing 190 

orchards. The LWA was calculated taking into account the canopy height and the tree spacing 191 

between rows, and the LAI, expressed as leaf area per individual tree ground surface area, was 192 

calculated for each crop using the method developed by Sanz et al. (2018).  193 

Table 1. Characteristics of the orchards where the tests were carried out. 194 

Parameters 

3D crops 

Peach trees Citrus trees Apple trees Vineyard Pear trees 

Test T1 T2 T3 T4 T5, T6, T7 

Orchard 

Cultivar Big Top Clementine Golden Chardonnay Conference 

Area (ha) 0.64 6.67 1.64 0.52 0.73 

Row direction E-W (-35º) E-W (18º) E-W (-70º) E-W (-83º) E-W (-115º) 

Training system Open vase Globular Hedgerow Trellis Hedgerow 

Tree spacing 

(between rows x 

between trees) 

(m x m) 

5.00 x 2.00 6.00 x 4.00 3.45 x 0.60 3.00 x 1.80 3.30 x 1.00 

Canopy 

Height, h (m) 2.90 2.85 2.80 1.25 3.0 

Width along 

row (m) 

2.70a 2.80a 1.20b 2.0b 2.0b 

Width crossing 

row (m) 

2.95 2.50 1.90 0.86 0.5 

Growth stage 

(BBCH) 

91                            

(Fruit growth, 

60%) 

89               

(Fruit growth, 

95%) 

93                      

(Beginning                        

of leaf fall) 

91                    

(Post-                

harvest) 

74                        

(Fruit growth,   

40%) 

LWA (m2·ha-1) 11600 9500 16231 8333 18181 

LAI 3.02 3.15 1.80 1.05 2.2 

a: Individual trees. 195 
b: trees growing into each other in the row.196 
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Table 2. Description of the spray drift tests. 197 

Test Date Crop Spray drift 

assessment 

method 

Sprayer Nozzle Pressure 

(MPa) 

Nominal 

flow rate 

(L·min-1) 

Forward 

speed 

(km·h-1) 

Operating 

nozzles 

Spray volume           

(L·ha-1) 

Air flow 

rate      

(m3·h-1) 

Number of 

replications 

Model Type      

T1 09/16/2011 
 

ISO 

22866:2005 

Hardi Arrow F 

1000 

ATR 80 Orange STN-O 1.0 1.39 
4.0 20 834 

 
1 

Peach TVI 8002 Yellow DRN-Y 0.9 1.39 65000 

T2 12/12/2013 

 Mañez & 

Lozano Twister 

2000 

ATR 80 Grey STN-G1 1.5 2.51 

1.0 20 

2450 

29700 5 
Citrus TVI 8003 Blue DRN-B1 1.3 2.50 2500 

T3 11/07/2014 
 Teyme EOLO 

2091 

ATR 80 Grey STN-G2 1.0 2.08 
4.5 10 

810 
55000 3 

Apple TVI 8003 Blue DRN-B2 1.0 2.19 860 

T4 10/06/2015 
 Teyme EOLO  

2091 

ATR 80 Grey STN-G3 0.7 1.76 
6.0 8 

476 
46200 3 

Grape TVI 8003 Blue DRN-B3 0.7 1.83 487 

T5 06/18/2019 

Pear LiDAR system 

Munckhof 

VariMAS 1 

ATR 80 Yellow STN-Y1 0.5 0.73 
5.0 16 

427 
 12000 5 

TVI 80015 Green DRN-G1 0.5 0.77 376 

T6 

06/19/2019 Tifone 2000 

ATR 80 Yellow STN-Y2 1.6 1.29 

5.0 16 

755 

58000 5 
TVI 80015 Green DRN-G2 1.4 1.30 761 

T7 
ATR 80 Grey STN-G4 0.5 1.50 878 

TVI 8003 Blue DRN-B4 0.5 1.55 907 

STN: Hollow-cone standard nozzle; DRN: Hollow-cone spray drift reduction nozzle. 198 
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2.2. Meteorological conditions 199 

During the development of each test detailed in Section 2.1, the meteorological conditions 200 

corresponding to temperature, relative humidity, wind speed and direction were recorded with 201 

an acquisition frequency of 1 Hz. In the T1 test, a combined temperature and relative humidity 202 

sensor (HMP45 C and Pt 100, Vaisala Inc, Vaanta, Finland), and a wind speed and direction 203 

sensor (05103, RM Young, Traverse City, MI, USA) were used. All sensors were connected to 204 

a datalogger (CR510, Campbell Scientific Inc, Logan, UT, USA). In contrast, in tests T2, T3 205 

and T4, a portable weather station equipped with temperature (model MCP9808, Adafruit 206 

Industries LLC, New York, NY, USA), humidity (model HIH 5030/5031, Honeywell, Golden 207 

Valley, MN, USA), wind speed (model Watson 8681-WSS, W&S, Hockley, Essex, UK), and 208 

wind direction (ACE-128 encoder, Bourns, Riverside, CA, USA) sensors were used. Finally, in 209 

tests T5, T6 and T7, the weather conditions were recorded using a compact ultrasonic weather 210 

station (WXH220 model, Airmar Technology Corporation, Milford, NH, USA).  211 

In tests T1-T4, all sensors were placed on a mast located 20 m away from the last row of trees. 212 

The temperature and relative humidity sensors were installed at 4 m high and the wind speed 213 

and direction sensors at 7 m high. In tests T5-T7, the weather station was located at the 214 

beginning of the last row of trees, at a height of 7 m. 215 

Table 3 shows the recorded meteorological data, indicating the average values for each of the 216 

tests. These measurements comply with the ranges established in ISO 22866:2005: wind speed 217 

between 1 and 3 m·s
-1

 with no more than 10% of wind measurements lower than 1 m·s
1
, and 218 

wind direction in the range of ± 30º to the perpendicular to the spray track with no more than 219 

30% of results upper 45º.  220 
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Table 3. Meteorological conditions during the tests. The average values of temperature, relative humidity, wind 221 
speed and wind direction are shown. 222 

Test Nozzle T                                     

(ºC) 

 RH                            

(%) 

 Wind 

speed  

(m·s-1) 

Wind 

direction1                

(o) 

Wind speed                              

measurements <1 m·s-1  

(%) 

Wind direction 

measurements 

upper ±45o (%) 

T1 

STN-O 20.7  57.8  1.2 8.3 8.2 6.5 

DRN-Y 21.3  57.0  1.4 6.9 7.6 4.1 

T2 

STN-G1 9.1  61.3  2.2 -20.8  1.9 

DRN-B1 9.4  61.2  1.9 -20.4 

0.0 

5.4 

T3 

STN-G2 16.4  53.5  1.8 -14.2 3.7 

DRN-B2 15.3  50.0  1.6 -9.4 2.5 

T4 

STN-G3 20.5  48.9  2.2 -5.3 9.6 

DRN-B3 21.2  48.2  2.6 -3.8 7.4 

T5 

STN-Y 23.2  31.0  2.5 -15.1 15.8 

DRN-G 23.9  30.6  2.9 -13.6 12.1 

T6 

STN-Y 21.3  41.1  2.2 16.3 17.3 

DRN-G 23.1  40.6  2.5 13.9 15.2 

T7 

STN-G4 23.7  35.6  1.7 22.7 19.1 

DRN-B4 24.4  35.1  2.2 19.4 17.8 

1
 Wind direction respect to the perpendicular of tree rows.  223 
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2.3. ISO 22866:2005 methodology 224 

In the T1, T2, T3 and T4 tests, detailed in Table 1, the ISO 22866:2005 based methodology was 225 

applied. Prior to the performance of all tests, the equipment was calibrated by adjusting the 226 

application volume to the tree structure and the foliar density of the canopy. To evaluate the 227 

airborne spray drift, 6 m long nylon string collectors were fixed vertically to two masts 228 

positioned, respectively, at 5 m and 10 m from the center of the last alley of the plot and 229 

perpendicular to it. Two collectors spaced 2 m apart were placed on each of the masts. To 230 

evaluate the sedimenting spray drift, terrestrial collectors were used, in this case 0.515x0.065 m 231 

horizontal blotting paper collectors (73 g·m
-2

 filters, Anoia S.A., Barcelona, Spain). These were 232 

distributed in 3 columns separated 1.5 m from the center of each collector and positioned at the 233 

following perpendicular distances from the center of the last alley of the plot: 1.5, 2.5, 5. 7.5, 234 

10, 12.5, 15, 17.5, 20, 25, 30, 35 and 40 m. The sprayed liquid was a mixture of tap water and 235 

brilliant sulfoflavine (BSF) tracer at 1 g·L
-1

. In order to know the concentration of the mixture 236 

in the tank, two samples were taken from a spray nozzle, one before application and the other 237 

after. In Torrent et al. (2017), a detailed description of the methodology applied is presented. 238 

In test T1, carried out in peach trees, the STN-O and DRN-Y nozzles were contrasted, 239 

performing one repetition for each nozzle type. The forward speed was 4 km·h
-1

, applying a 240 

volume of 834 L·ha
-1

. The treatment area included a total of 4 alleys (3 alleys where both sides 241 

were sprayed and 2 half-alleys where spraying was only performed on the side of the 242 

vegetation), so the treated width was 20 m. 243 

The T2 test was performed in citrus using the STN-G1 and DRN-B1 nozzles, with a total of 5 244 

repetitions for each nozzle type. The forward speed was 1.0 km·h
-1

, applying a volume of 2450 245 

L·ha
-1

 with the STN-G1 and 2500 L·ha
-1

 with the DRN-B1. The treated area also consisted of 4 246 

alleys, being the treated width of 24 m. 247 

In the T3 test, conducted on apple trees, the application was carried out with the STN-G2 and 248 

DRN-B2 nozzles, with a total of 3 repetitions for both nozzle types. The forward speed was 4.5 249 
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km·h
-1

 and the application volume was 810 L·ha
-1

 for the STN-G2 nozzles and 860 L·ha
-1

 for 250 

the DRN-B2 nozzles. The treated width was 24 m, corresponding to 7 alleys. 251 

Finally, in the T4 test conducted in a vineyard, the nozzles used were the STN-G3 and the 252 

DRN-B3, with 3 repetitions in both cases. The forward speed was 6.0 km·h
-1

, and the applied 253 

volume 476 L·ha
-1

 for the STN-G3 and 487 L·ha
-1

 for the DRN-B3. In this case, the treated area 254 

consisted of 7 alleys with a treated width of 21 m. 255 

The arrangement of the vertical masts for the detection of aerial spray drift in the four plots on 256 

which spray drift was evaluated is shown in Fig. 1. 257 

 258 

Fig. 1. Orchards tested for spray drift assessment with vertical and horizontal collectors: a) peach trees; b) citrus; c) 259 

apple trees; d) vineyard. 260 

 261 

2.4. LiDAR methodology 262 

In tests T5, T6 and T7, spray drift under field conditions was evaluated using an ad hoc LiDAR 263 

system developed by Gregorio et al. (2015, 2016). This instrument has a laser emitter (Er-glass 264 

laser) with a wavelength of 1534 nm, which emits pulses of 3 mJ energy and 6 ns duration. The 265 

backscattered light is captured by a telescope with 80 mm aperture, and, through a set of optics, 266 
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is focused on the photodetector surface of an avalanche photodiode (APD) module that converts 267 

the light signal received into an electrical signal. As shown in Fig. 2, the emission and receiving 268 

subsystems have a pan & tilt unit, which allows azimuth and elevation scanning. This LiDAR 269 

system is eye safe and has a spatial resolution of 2.4 m. 270 

The tests T5, T6 and T7 were carried out in pear trees, performing the treatment only along the 271 

second path, spraying at both sides, with a forward speed of 5 km·h
-1

. In the T5 test, the STN-272 

Y1 (427 L·ha
-1

) and DRN-G1 (376 L·ha
-1

) nozzles were compared; in the T6 test, the STN-Y2 273 

(755 L·ha
-1

) and the DRN-G2 (761 L·ha
-1

); and in the T7 test, the nozzles compared were the 274 

STN-G4 (878 L·ha
-1

) and DRN-B4 (907 L·ha
-1

). A total of 5 repetitions were carried out with 275 

each of the aforementioned nozzles. 276 

 277 

Fig. 2. (Left) LiDAR system used for the spray drift assessment in tests T5, T6 and T7; (Right) zoom view of the 278 

emission and receiving subsystems (without the protective housing) where internal optoelectronic components are 279 

shown. 280 

As shown in Fig. 3a, the LiDAR system was placed parallel to the last row of trees at a distance 281 

of 3.3 m from it, equivalent to the width of one of the alleys of that plot. The height of the 282 

emitter and receiver system with respect to the ground was 0.8 m. This height was determined 283 

to avoid the ground irregularities and the impact of the laser beam to the ground. 284 
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In Fig. 3b the type of measurement is presented, consisting of scans in the vertical plane, with a 285 

scanning angle of 4.5º. This angle was set so that the scan collected the entire spray drift cloud, 286 

starting at a minimum height of 3.9 m and a vertical resolution of 1.0 m at the beginning of the 287 

treatment area, until reaching 7.2 m in height and a vertical resolution of 1.8 m at the end of this 288 

area. The angular velocity was 1.13°/s and the pulse rate frequency 1 Hz. The objective with 289 

this methodology was to evaluate the spray drift cloud that passed through a window parallel to 290 

the last row of trees. In this way, parameters such as sweep angle, angular velocity and pulse 291 

rate frequency allow adjustment of the spatial and temporal resolution of LiDAR measurements. 292 

Spraying started at 50 m from the LiDAR system and ended at 92 m, so the sprayed length was 293 

42 m. The following measurement sequence was followed: Start of the LiDAR measurement 294 

(laser emission) (T=0s); Spray start (T=30 s); End of spraying and stopping the tractor (T=60 s); 295 

End of the LiDAR measurement (T=100 s). 296 

During the first 30 s (before starting the spraying), measurements of the background signal, 297 

necessary for post-processing, were made. In addition, it should be noted that, before each spray 298 

drift test, tests were performed for the presence of dust generated by the motion of the tractor-299 

sprayer equipment and by the fan itself. If dust was detected, the ground was wetted to avoid 300 

significant distortion of the background signal. 301 
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 302 

Fig. 3. Schematic representation of the LiDAR scan performed during tests T5, T6 and T7: a) plan view; b) side 303 

view. L: Length, H: Height, Δvi: Vertical resolution of LiDAR measurements considering a pulse repetition rate of 1 304 

Hz. 305 

 306 

2.5. Data analysis 307 

2.5.1. ISO spray drift tests 308 

2.5.1.1. Experimental design analysis  309 

Two linear models were formulated for each of the crops tested as proposed by Garcerá et al. 310 

(2017) in similar PPP studies. In the first model (airborne spray drift deposition), an analysis of 311 

variance (ANOVA) for a three-way factorial treatment structure was adopted. The analysis of 312 

vertical deposits (dependent variable in the model) allowed significant effects of fixed factors 313 

such as nozzle type (α), distance to the tree row (β), and collector height (γ) to be assessed. 314 
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Other factors such as crop type, air assistance capacity and wind speed were only considered at 315 

qualitative level. So, the proposed model was as follows, 316 

                                             (1) 317 

where i = 1, 2; j = 1, 2; k = 1…6, with       the vertical deposit value l obtained at height k (1, 2, 318 

3, 4, 5 or 6 m) and distance j (5 or 10 m) for nozzle i (STN or DRN);   is the general average; 319 

   the effect of level i of the fixed factor A (nozzle type);    the effect of level j of the fixed 320 

factor B (distance);    the effect of level k of the fixed factor C (collector height); 321 

                      the effects of the interactions between fixed factors A, B and C; and 322 

      is the error term. 323 

The second model was simpler. Considering now the sedimenting spray drift deposition as 324 

dependent variable, significant effects of nozzle type and distance of spray drift detection were 325 

tested through a two-way factorial fixed model formulated as before, according to the following 326 

expression:  327 

                        (2) 328 

where i = 1, 2; j = 1…13, with      the horizontal deposit value l obtained at distance j (1.5, 2.5, 329 

5, 7.5, 10, 12.5, 15, 17.5, 20, 25, 30, 35 or 40 m) for nozzle i (STN or DRN);   is the general 330 

average;    the effect of level i of the fixed factor A (nozzle type);    the effect of level j of the 331 

fixed factor B (detection horizontal distance);      the effect of the interaction between the fixed 332 

factors A and B; and      the error term. 333 

In both factorial analyses, Box-Cox transformations were applied to the data when necessary to 334 

meet the assumptions of homogeneity of variance (Bartlett test) and normality (Shapiro-Wilk 335 

test). The Tukey honest significant difference (HSD) test was used in each case as a pairwise 336 

multiple comparisons technique to search for specific differences. In all tests, a confidence level 337 

of 95% was considered. Open source RStudio software (version 1.2.1335) was used for data 338 

analysis. 339 
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2.5.1.2. Spray drift potential reduction  340 

The spray drift recovery obtained in each ISO test was calculated according to the following 341 

expressions: 342 

           
 
                 (3) 343 

           
  
      (4) 344 

where CRV and CRH are the total airborne spray drift recovery (%) and the total sedimenting 345 

spray drift recovery (%), respectively; and VF(k) and VF(j) are the airborne spray drift at the 346 

vertical section of the collector line k (%) and the sedimenting spray drift at the horizontal 347 

collector j (%), respectively. Airborne spray drift was computed on the basis of the spray drift 348 

deposits to the corresponding sections of the collectors, following the procedure detailed in 349 

Torrent et al. (2017). 350 

In each of the tests, the calculation of the spray drift potential reduction (DPR) was made from 351 

the spray drift recovery values of the candidate nozzle and the reference nozzle, applying the 352 

following expression:  353 

                        (5) 354 

where CRC is the spray drift potential of the candidate nozzle (%) and CRR is the spray drift 355 

potential of the reference nozzle (%). 356 

 357 

2.5.1.3. Regression functions for sedimenting spray drift 358 

A total of eight continuous functions of the variable sedimenting spray drift were determined as 359 

a function of distance, corresponding to the combination of each type of crop (peach, citrus, 360 

apple and grape) and nozzle (STN and DRN). For this, the regression functions were found 361 
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from the mean values of the set of repetitions (tests T1, T2, T3 and T4). The regression function 362 

that presented a better fit in all cases was exponential, according to the following expression: 363 

                                                                                                                                     (6) 364 

where y represents the deposition of the sedimenting spray drift (%); a the scale factor; b the 365 

growth rate; and x the distance (m). 366 

Two additional regression functions were obtained for each kind of nozzle considering the set of 367 

depositions obtained in all crops, with the exception of apple, since its growth stage (leaf fall) 368 

was different from the rest of the crops. For all functions, the values corresponding to the root 369 

mean square error (RMSE) and the coefficient of determination (R
2
) were obtained. Also, 370 

constant variance and autocorrelation diagnosis were checked on the linearized model to meet 371 

the corresponding assumptions. Finally, from the regression functions obtained, the buffer zones 372 

corresponding to the 10%, 5% and 1% spray drift values were determined based on the total 373 

collected, for each crop and nozzle type (STN and DRN). 374 

 375 

2.5.2. LiDAR spray drift tests  376 

Post-processing of the data obtained with the LiDAR system was carried out through the 377 

numerical computing software Matlab (R2018a, MathWorks Inc., Nastik, Massachusetts, USA). 378 

The resulting LiDAR signal was background and range-corrected. To determine the background 379 

signal, the measurements taken during the first 30 s of each scan sequence were considered. The 380 

range correction took into account that the LiDAR signal decreases with the square of the 381 

distance (Wandinger, 2005). From the corrected signal, the integrated LiDAR signal (SInt), 382 

normalized by the sprayed volume and by the laser pulse repetition rate, was calculated 383 

following the procedure described by Gregorio et al. (2019). The calculation of the reduction 384 

potential of the nozzles using the LiDAR (DPRlidar) system was performed according to the 385 

following expression: 386 
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                                                                                                  (7) 387 

where SInt,C and SInt,R are the integrated LiDAR signal of the candidate nozzle and the reference 388 

nozzle, respectively. 389 

As in the case of the ISO tests, an ANOVA for a particular sprayer (Tifone) was carried out 390 

based on the data of the integrated LiDAR signal, with the aim of assessing the effect of nozzle 391 

type. In this case, it was necessary to perform a signal transformation (inverse function) to meet 392 

the assumptions of data normality and homoscedasticity. Subsequently, a two-way ANOVA 393 

was conducted to assess the effect of nozzle (STN and DRN) and sprayer (Tifone and 394 

Munckhof) on the spray drift detected by the LiDAR system. To meet the assumptions in this 395 

case, square root transformation of the LiDAR signal was necessary. 396 

 397 

3. Results 398 

3.1. Spray drift assessment based on ISO methodology 399 

The average values of the airborne spray drift measured at distances of 5 and 10 m, up to a 400 

height of 6 m, for the four crops (tests T1, T2, T3 and T4) and the two types of nozzle (STN and 401 

DRN) tested, are represented in the bar graphs of Fig. 4 with their respective standard error. The 402 

deposits of spray drift values at 6 m were higher than the acceptable level specified in the ISO 403 

22866:2005, because the deposits on this height related to the total spray drift collected were 404 

greater than the 10%. On the other hand, the high deposits around or upper the 100% were 405 

probably due to the air turbulences, so some droplets were deposited on both sides and on the 406 

back part of vertical collectors. In the statistical analysis, the significance of the main effects 407 

(nozzle type, height and distance) and the existence of any interaction between them were 408 

studied. The results showed significant differences between the nozzle type in all crops. In 409 

contrast, the height effect was only significant for peach trees (specifically at the height of 1 m) 410 
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and apple trees (height of 6 m). With respect to the distance effect, this was significant for all 411 

crops and nozzle types except for DRN in peach trees.  412 

 413 

Fig. 4. Airborne spray drift (mean value and standard error) and variance analysis (tests T1, T2, T3 and T4). Four 414 

orchards (peach trees, citrus, apple trees and vineyard), two nozzle types (STN and DRN), two distances (5 m and 10 415 

m), and six heights (1-6 m) were tested.  416 

 417 

In Fig. 5, the mean sedimenting spray drift values are shown for each sampled distance between 418 

1.5 and 40 m (between 2.5 and 40 m for peach trees), for the two types of nozzle and the four 419 

crops considered in this work. Being significant the interaction nozzle-distance, Fig. 5 shows 420 

the spray drift deposit variation for both nozzles (STN and DRN) as we move away from the 421 

source of drift.  With the exception of peach trees, differences between nozzles were only 422 

significant for certain distances, in general, for those closest to the source of the drift. In the case 423 

of peach trees, there are significant differences between the two nozzle types (STN and DRN) at 424 

all distances, with the STN values higher than those of the DRN, except at the distance of 2.5 m. 425 

For the rest of the crops, significant differences were found at the following distances: citrus 426 
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(7.5-25 m and 40 m), apple trees (2.5-15 m) and vineyard (7.5-30 m). For both nozzle types and 427 

in all crops, a clear decreasing trend in sedimenting spray drift is observed as the distance 428 

increases up to 15 m. Above this distance, it can be seen how spray drift reduction is practically 429 

negligible since it takes very low values. The higher sedimenting spray drift values in the first 430 

7.5 m in the case of apple trees compared to other crops should also be noted. 431 

 432 

Fig. 5. Sedimenting spray drift (mean value and standard error) and variance analysis (tests T1, T2, T3 and T4). Four 433 

orchards (peach trees, citrus, apple trees and vineyard), two nozzle types (STN and DRN), and thirteen distances (1.5-434 

40 m) were tested. 435 

 436 

The exponential functions fitted from the sedimenting spray drift values in each of the tests and 437 

for both nozzle types are presented in Fig. 6. In all cases a good fit is observed, with R
2
 values 438 

above 0.7. Another aspect to highlight is that the functions that estimate the deposition of the 439 

DRN have a scale factor (a) greater than that of the STN, as well as a decrease rate (b) between 440 

two and eight times higher. The highest rate of decline corresponded to peach trees for the DRN 441 

nozzle type, followed by the apple trees-DRN, vineyard-DRN and citrus-DRN combinations. 442 
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Generic sedimenting spray drift curves for both nozzle types (STN and DRN) were also 443 

generated from the measurements obtained in three of the four crops (peach, citrus and grape). 444 

This was due to the major difference between the sedimenting spray drift values obtained in 445 

apple compared to the other crops. 446 

 447 

Fig. 6. Fitted exponential functions of the sedimenting spray drift for the different tested orchards and nozzle types. 448 

 449 

The buffer zones were determined on the basis of the fitted exponential functions. These were 450 

found by establishing, for each nozzle in each crop, the following maximum percentages of 451 

sedimenting spray drift that are allowed outside the treatment area: 10%, 5% and 1%. As can be 452 

seen in Fig. 7, the distances of the buffer zones for the DRN are reduced by about 50% in 453 

relation to the STN for citrus, apple trees and vineyard. In the case of peach trees, the reduction 454 

of the buffer zone achieved by the DRN was greater than 75%. Equivalently, the buffer zone 455 

distances are also presented in terms of the number of rows that should be left untreated to 456 

prevent spray drift from reaching non-target areas (see values in brackets in Fig. 7), without 457 

considering the filtering capacity of the outside tree rows which could contribute to reduce the 458 
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spray drift. The crops in which the longest buffer zones were obtained were peach when SNTs 459 

are used and citrus when species are compared using DRN. 460 

 461 

Fig. 7. Buffer zones corresponding to different percentages of sedimenting spray drift allowed outside the treated 462 

zone (10%, 5% and 1%). The equivalent distance in rows without treatment is shown in brackets. 463 

 464 

Table 4 shows the DPR values of the DRN nozzles compared to the STN, corresponding to 465 

airborne spray drift at 5 m and 10 m (DPRV(5m) and DPRV(10m)) and sedimenting spray drift 466 

(DPRH). The greatest spray drift reductions were obtained with the DRN nozzles in the T1 test 467 

(peach trees), followed by the T4 test (vineyard), the T3 test (apple trees) and the T2 test 468 

(citrus), with the exception of the DPRH of the T4 test which was slightly lower than that of the 469 

T3 test. The values of DPRV(5m) and DPRV(10m) were similar in all the tests performed. On the 470 

other hand, the DPRH values were lower than those for DPRV in all the crops evaluated.  471 
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Table 4. DPR values (%) for STN and DRN nozzle type comparisons (tests T1, T2, T3 and T4). 472 

Test Nozzle 

CRV(5 m) 

(%) 

CRV(10 m) 

(%) 

CRH   

(%) 

DPRV(5m) 

(%) 

DPRV(10m) 

(%) 

DPRH 

(%) 

T1 

STN-O 6.96 3.70 13.27 - - - 

DRN-Y 0.39 0.33 4.08 94.42 91.20 69.28 

T2 

STN-G1 24.12 15.78 12.66 - - - 

DRN-B1 8.73 4.60 7.63 63.82 70.84 39.75 

T3 

STN-G2 22.16 10.23 24.07 - - - 

DRN-B2 5.18 2.93 8.85 76.61 71.38 63.26 

T4 
STN-G3 10.57 7.01 11.09 - - - 

DRN-B3 1.17 0.70 4.52 88.95 90.00 59.27 

 473 

 474 

3.2. Spray drift assessment based on LiDAR measurements 475 

The results corresponding to the T5, T6 and T7 tests, in which the spray drift was evaluated 476 

using a LiDAR system, are presented below. Fig. 8 shows the range profile of the LiDAR signal 477 

corresponding to two different sprayers (Munckhof VariMAS 1 and Tifone 2000), with two 478 

nozzle types (STN and DRN). As expected, the DRN presented much lower signal values 479 

compared to the STN. The configurations that presented the highest signal values were the STN 480 

(Y2 and G4) with the Tifone sprayer, while the Munckhof configuration with the DRN-G1 481 

generated the lowest. 482 
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 483 

Fig. 8. Nozzle type comparison (STN vs. DRN) based on range profile of LiDAR returns. The LiDAR signal was 484 

normalized by the total sprayed volume.  485 

 486 

Table 5 shows the DPR values obtained from the integrated LiDAR signals (SInt). It is observed 487 

that, regardless of the sprayer used, all DRN reduction values are more than 50% compared to 488 

the respective STN values. It is also observed that, when comparing the ATR 80 Yellow and 489 

TVI 80015 Green nozzles, the DPR values are similar for both sprayers.  490 

In addition, a statistical analysis was carried out based on the SInt values to determine the effect 491 

of nozzle and sprayer. The results showed significant differences between the nozzles tested 492 

(STN and DRN) in both sprayers, with the DRN obtaining the smallest signal. There were also 493 

significant differences between sprayers, with the highest LiDAR signals obtained for the 494 

Tifone sprayer regardless of nozzle type.  495 
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Table 5. LiDAR-based DPR values (%) for nozzle and sprayer type comparison (tests T5, T6 and T7). 496 

Test Sprayer 

Nozzle Pressure 

(kPa) 

DPRlidar    

(%)         Model       Type 

T5 
Munckhof 

VariMAS 1 

ATR 80 Yellow HC-STN 
500 

- 

TVI 80015 Green HC-DRN 70.41 

T6 

Tifone 2000 

ATR 80 Yellow HC-STN 1600 - 

TVI 80015 Green HC-DRN 1400 68.46 

T7 

ATR 80 Grey HC-STN 

500 

- 

TVI 8003 Blue HC-DRN 55.38 

                         HC-STN: Hollow-cone standard nozzle; HC-DRN: Hollow-cone spray drift reduction nozzle. 497 

 498 

In Fig. 9, DPR values are presented by comparing STN and DRN nozzles (ATR 80 Grey and 499 

TVI 8003 Blue at 1.0 MPa) using different methods of evaluation. These values include the 500 

results obtained by Torrent et al. (2019) using the PDPA (DV50, V100 and V200) and wind tunnel 501 

(WTH and WTV), with the LiDAR system (Gregorio et al. (2019) under laboratory and field 502 

conditions (SL(Lab) and SL(Field)) and those corresponding to the T3 test (apple trees) of this work 503 

(FH, FV(5m) and FV(10m)). It can be seen how the DPR values obtained with each of the different 504 

methods are greater than 50%, with the highest DPR values obtained with the parameters V100 505 

(98.97%) and V200 (96.38%) and the lowest with SL(Field) (57.20%) and WTH (58.50%). In 506 

addition, a statistical analysis was carried out to study whether there were significant differences 507 

between the different methodologies. From the results of this analysis, the parameters studied 508 

can be grouped as follows: group A (DV50, WTV, FV(5m) and FV(10m)), group B (V100 and V200), 509 

group C (WTH, SL(Field) and FH) and group D (SL(Lab)). 510 
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 511 

Fig. 9. Indirect and direct methods comparison for the hollow-cone nozzles ATR 80 Grey and TVI 8003 Blue in 512 

apple trees application. The DPR values (mean±SE) are shown. Different letters indicate statistically significant 513 

differences (Tukey’s HSD test, p<0.05). 514 

 515 

4. Discussion 516 

In the spray drift evaluation tests for the 4 crops studied (peach, citrus, apple and grape), both 517 

airborne and sedimenting spray drift were evaluated. In all cases, the airborne spray drift 518 

generated by the STN was significantly greater than that generated by the DRN, with the latter 519 

showing a clear reduction effect regardless of crop type or distance to the treatment area. In 520 

addition, the airborne spray drift evaluated at a distance of 5 m from the treatment area was 521 

much greater than at 10 m, as expected. The results confirmed that the type of nozzle used is 522 

one of the most influential and effective variable for spray drift control. Also, it should be noted 523 

that the airborne drift values were much higher than those for sedimenting spray drift. 524 

With respect to sedimenting spray drift, a clear buffer zone for each nozzle type (STN and 525 

DRN) was obtained, with a significant reduction of sedimenting spray drift obtained at close 526 

distances (2.5-7.5 m) and remote distances (15-30 m). Nonetheless, most of the sedimenting 527 

spray drift was concentrated in the first 10-15 m, distances which should be taken into account 528 

when sizing buffer zones to prevent the contamination of nearby water bodies or adjacent crops.  529 
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The high airborne and sedimenting spray drift values obtained in apple can be attributed to the 530 

growth stage (BBCH 93, beginning of leaf fall) of the crop itself at the time the spray drift tests 531 

were made and to the high value of the air flow rate. Due to the fall of the leaves, the percentage 532 

of gaps was higher than in the rest of the crops, offering less resistance to the passage of the 533 

droplets. It is clear then, that crop growth stage is a very important variable in relation to spray 534 

drift, and should be taken into account when establishing spray drift models. Indeed, in the 535 

biexponential spray drift model established by Holterman et al. (2017), the BBCH growth stage 536 

variable was in fact taken into account.  537 

The functions that best fitted the sedimenting spray drift data were those of the exponential 538 

type. The fitted functions of the DRN presented scale factors and decrease rates higher than 539 

those of the STN. This is attributable to the fact that the DRN nozzles had higher sedimenting 540 

spray drift at close distances and a higher reduction effect as distance increases. Of the set of 541 

crops tested in full leaf stages, special attention should be paid to citrus since, due to their 542 

globular shape and the high volumes of spray liquid that are applied to reach all parts of the 543 

canopy, more airborne spray drift is generated than with the other crops. In this line, the German 544 

model (Ganzelmeier et al., 1995; Rautmann et al., 2001) shows a strong reduction of spray drift 545 

in the first 5 meters, as do the spray drift functions presented in this work. Despite this, the 546 

German model overestimates the sedimenting spray drift generated for the STN in citrus in the 547 

first 2.5 m and, above this distance, underestimates it.  548 

Using DRN instead of STN allows over a 50% reduction in the distance of the buffer zones. In 549 

this way, production losses due to non-treatment could be avoided as, in small plots, the 550 

solution which is proposed is not to treat instead of leaving an uncultivated area. It should also 551 

be noted that the functions obtained for apple start from much higher scale factors than the other 552 

crops as, in this case, very high deposition values were obtained in the first 7.5 m compared to 553 

the other crops (Fig. 5). 554 
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With respect to DPR, special note should be made of the high reduction capacity of DRN 555 

compared to STN, especially for airborne spray drift. This confirms how nozzle type is one of 556 

the best DRTs for practical purposes for any of the 3D crops tested in the southern part of 557 

Europe, since it does not require the implementation of any changes to the plot and its cost is 558 

very low.  559 

The new methodology developed to evaluate spray drift in real field conditions using the 560 

LiDAR system allowed real-time measurement of the spray drift cloud generated during the 561 

treatment, with a high spatio-temporal resolution. This was achieved by scanning the spray drift 562 

cloud in a vertical plane with the LiDAR system, which is able to differentiate the spray drift 563 

produced by different configurations of the spray-nozzle assembly. In addition to facilitating 564 

spray drift evaluation logistics and operations, this new methodology can be adapted to any type 565 

of plot and has a very short execution time since it does not require a free strip of land adjacent 566 

to the plot to perform measurements. In this way, numerous tests can be carried out, 567 

substantially reducing the staff, time and space requirements when following the ISO 568 

22866:2005 methodology. 569 

As previously mentioned, one of the main advantages of the LiDAR system is the evaluation of 570 

spray drift in real time (Fig. 8), along with its ability to determine the spray drift profile as a 571 

function of distance. This allows the detection of fluctuations in spray drift generated during the 572 

application, which are mainly due to variations in the percentage of gaps present in the canopy 573 

or to weather conditions (wind speed and direction). According to the results of Table 5, for 574 

practical treatment purposes (sprayer calibrated according to the crop), the DRN (TVI 80015 575 

Green) presented a similar reduction regardless of the type of machine used (T5: 70.41%; T6: 576 

68.46%); therefore, in this case, the reduction due to sprayer and nozzle type is a cumulative 577 

effect. Comparing the DPR results obtained in the T5 and T7 tests for DRN (TVI 80015 Green 578 

and TVI 8003 Blue) at the pressure of 500 kPa (Table 5) with their equivalents in the PDPA 579 

(DPRV100: 99.34% and 98.54%) and wind tunnel (DPRH: 88.24% and 58.50%; DPRV: 86.86% 580 

and 77.20%) (Torrent et al., 2019) tests, some similarity can be observed with the wind tunnel 581 
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(WT) results for sedimenting spray drift, with the latter higher as they were carried out in a 582 

confined space and under controlled environmental conditions.  583 

In the comparison between the DPR results obtained in the T3 test with the ATR 80 Grey and 584 

TVI 8003 Blue nozzles at 1 MPa using the ISO 22866:2005 methodology (FH=63.26%, 585 

FV(5m)=76.61% and FV(10m)=71.38%) with those obtained with the indirect methods (PDPA and 586 

WT) and the LiDAR system, a very good correspondence was obtained between the FH 587 

parameter and the results obtained with the LiDAR system in field conditions (SL(Field)=57.20%) 588 

and the WT sedimenting spray drift parameter (WTH=58.50%). In contrast, the values of the 589 

FV(5m) and FV(10m) parameters were similar to those obtained with the PDPA (DV50=74.17%) and 590 

the WT airborne spray drift parameter (WTV=77.20%). 591 

 592 

5. Conclusions 593 

In this work, spray drift was evaluated under field conditions using the ISO 22866:2005 594 

methodology for four 3D crops (peach, citrus, apple and grape) in plots in the EU Southern 595 

Zone, comparing STN and DRN nozzles. In all the crops tested, the DRN proved to be an 596 

effective and practical technique for the reduction of airborne and sedimenting spray drift.  597 

Subsequently, an approach to an initial 3D crop spray drift model was developed and adapted to 598 

the conditions of Southern Europe, for both nozzle types. Buffer zones were determined on the 599 

basis of these models. The crop growth stage variable was found to be an important factor in the 600 

generation of spray drift and must be taken into account when building the models.  601 

Finally, a new methodology was defined and tested to evaluate spray drift in field conditions 602 

using a LiDAR system. This new methodology, based on scanning the spray drift cloud in the 603 

vertical plane, was found to be a practical and effective method for the characterization and 604 

determination of DPR in a variety of situations. 605 
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In future work, progress needs to be made in the generation of a robust model which can be 606 

used by the relevant authorities to determine buffer zone dimensions in 3D crops taking into 607 

account the main parameters of influence in spray drift. To achieve this result, additional tests 608 

will have to be carried out in different scenarios (crops and plots), configurations (sprayers, air 609 

assistance, nozzles and operating conditions) and weather conditions. The availability of a new 610 

LiDAR methodology for spray drift evaluation, with significant advantages in terms of 611 

monitoring and cost, will be crucial to carry out this broad experimental campaign. 612 
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