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Abstract 

Within the H2020-project OPTIMA, the goal was to develop three smart sprayers for carrots, 
vineyards, and apple orchards, based on existing sprayers from CAFFINI and Pulverizadores 
FEDE. The smart sprayers realised within OPTIMA enable to actuate different nozzle types, 
sprayer settings and to adopt variable rate application control, based on optimal selection of 
spray parameters, canopy and disease characteristics, together with the integration of 
innovative drift reducing technologies in order to minimize losses to the environment. The 
developed sprayers have been evaluated in commercial fields in France (carrots), Italy 
(vineyards), and Spain (apple orchards) in order to assess their capability to increase spray 
deposition on target crops while reducing drift losses.   
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1. Introduction 

One of the objectives of OPTIMA “OPTimised Integrated pest MAnagement for precise 

detection and control of plant diseases in perennial crops and open-field vegetables”  project, 

aims to develop an environmentally friendly Integrated Pest Management (IPM) framework 

by providing a holistic approach which includes all of the above-mentioned elements. The 

project focuses on three plant diseases that annually damage high-value crops and demand 

high amounts of fungicides to be applied in numerous spraying applications, namely Alternaria 

leaf blight in carrots, downy mildew in grapes, and apple scab in apple orchards. One of the 

developments to achieve this goal has been to develop three advanced sprayers, one for each 

of the use cases. These sprayers have been tested under field conditions, following ISO 

standards, to evaluate them in terms of spray drift, coverage and deposition.  

The aim of this deliverable is to focus on the work carried out in Task 5.3 of WP5 to report the 

evaluation and quantification of drift reduction and improved coverage obtained with the 

smart sprayers in the three crops evaluated in the project (carrots, apples and vineyard) from 

experimental trials conducted in France, Italy and Spain during the 2020 and 2021 seasons. 
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2. Carrot case (Alternaria/Carrots) 

2.1 Introduction 

These tests aimed at validating the performance of settings (nozzle type and distance, air 

assistance) applied to the smart sprayer as compared with a reference sprayer. Deposition on 

carrot crop was evaluated in parallel with environmental losses in terms of sedimentation drift 

(off-target ground deposits) and airborne drift.  

1.1.1 Experimental plot  

The carrot field was selected in order to comply with the requirements in terms of orientation 

vs wind direction, the presence of carrots in the field at the moment of the trials (December 

2021)  and the available adjacent space downwind to the treated field (Fig. 1). The selected 

field, located in in Cestas, has GPS coordinates (44.687822; -0.740277).  

 

Figure 1:  Location of field trials for deposition and spray drift. Array represents wind direction  

The wind, mainly blowing from North East, resulted nearly perpendicular to the crop rows. 

The cultivar was Soprano, BBCH 49 (close to harvest). Considering the boom width of 21m, 

only 9 carrot beds of 1.85m width were sprayed. Atmospheric conditions during the 

experiments are described in Table 1. A telescopic mast was equipped with two 2D sonic 

anemometers (GillInstruments Ltd,  MaxiMet GMX 200) placed at 4 and 10 m from the ground 

and atmospheric conditions were sampled at 10 Hz frequency.  
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Table 1: Atmospheric conditions during trials  

Run Temperature °C Relative 
Humidity % 

Wind speed m/s Wind direction (°) % wind values  >1 
m/s 

anemometer low high low high low high low high Low high 

OPT 1 
15/12/2021  

5.7 5.5 87.0 92.0 2.13 2.41 60.0 73.9 100 100 

REF 1 
15/12/2021 

7.1 7.1 86.1 90.7 1.74 1.99 42 46.3 100 
 

100 

OPT 2 
15/12/2021 

8.4 8.5 84 86 1.69 1.94 46.1 55.9 100 
 

100 

REF 2  
15/12/2021 

11.01 10.85 72.7 73.2 2.89 3.17 22.6 31.4 100 
 

100 

OPT 3 
15/12/2021 

11.36 11.24 70.6 70.7 70.6 2.81 28.52 34.9 100 
 

100 

REF 3 
15/12/2021 

11.43 11.45 69.4 68.6 2.26 2.68 32.2 38.6 100 
 

100 

The acceptable range of wind direction according to ISO 22866 was 20°- 80°. 

1.1.2 Tested sprayers 

Two sprayers were tested according to the following table 2 and namely one reference 

sprayer based on traditional grower practices and the Optima smart Sprayer based on the 

technical inputs of WP4.   

Table 2: Settings corresponding to sprayer modalities  

 Reference Sprayer Optima Sprayer 

Boom width  21m  21m  

Travel speed  9 km/h 9 km/h 

Nozzle type and size XR 110 04 constant spacing 0.5m AIUB 85 04/AI110 04/AIUB85 04 
adapted to rows 

 

  
Nozzle height  0.5m 0.5m 

Pressure  3 bar 3 bar 

Air assistance  No Yes 

Volume application rate (L/ha) 180 L/ha 180 L/ha 

Nozzle Configuration  

  

  

Each modality was replicated 3 times and was alternated during the day considering the 

following order: Opt1 – Ref 1 – Opt 2 – Ref 2 - Opt3 – Ref 3.  
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1.1.3 Protocol adaptation due to pandemic affectations 

Due to time limitation (few daily light hours available in December, uncertainties on weather 

conditions, etc.) only 3 replicates of the two modalities could be tested. Sedimentation drift 

could only be evaluated up to 12 m considering the limited free space available downwind.   

1.2 Validation trials 

Deposition and spray drift tests were operated simultaneously using the experimental 

protocol outlined in Fig. 2. Atmospheric conditions were evaluated using two 2D sonic 

anemometers placed at 6m and 10m from the ground respectively. Air temperature and 

humidity, wind speed and direction were registered at a frequency of 10 Hz.  

 

 

Figure 2: deposition and spray drift protocol 

 

1.2.1 Deposition Assays  

Deposition on crop canopy was studied using artificial collectors already used during WP4 

experiments. Plastic collectors 2.5cm x 6 cm made of Formex® were placed on the crop at two 

heights, close to ground (2 collectors) and at the limit of the canopy height (2 collectors) (Fig. 

3).  



OPTIMA          Del. 5.3 

   
 Page 9 of 44 
 

 

Figure 3: crop deposition samplers 

Deposition results are presented in the figure 4. As expected and in both cases, deposits at 

the canopy top resulted always greater than at the bottom, showing the filtering effect of the 

vegetation. The global amount deposited on the top was greater for Optima compared to the 

Reference due to the nozzle arrangement with off-center nozzles that concentrate the spray 

application on the carrot bed compared to a broadcast application (Reference). However, 

deposits at the bottom were almost equivalent, even slightly lower for Optima sprayer, 

showing the predominant filtering effect of the vegetation and a lower impact of the air 

assistance.  

 

Figure 4: deposition (l/ha) at the bottom and top position of the canopy 

1.2.2 Drift Evaluation 

Spray drift from both sprayers was evaluated trough both sedimentation and airborne drift 

(Figure 5). Sedimentation drift was quantified using series of Petri dishes located at 1, 2, 3, 4, 

5, 7, 10 and 12m from the field edge. At each distance, collectors were replicated 6 times.  

Airborne drift was evaluated using vertical telescopic masts placed at 5m and 10m downwind; 

each of them supporting two vertical array of nylon strings (2 mm diameter) spaced of about 
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2m and identified as East and West. After exposure, each string was sampled in 1m collectors 

and analysed separately.  

 

Figure 5: Spray drift sampling protocol using petri dishes and telescopic masts. 

 

Results about sedimentation drift  

Since the exact application volume is to be determined, results are expressed in l/ha.  

 

Figure 6: Sedimentation drift at different distances 

Based on the average drift sediment values, the average drift reduction obtained for OPTIMA 

modalities was 67%.  
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Airborne Drift @ 10m downwind 

 

Figure 7a and 7b: Airborne drift profiles according to the thesis and replicate examined and to 

the sampling downwind distance (7a = 5m; 7b =– 10m, colours indicate the sampling height). 

On average, the airborne drift reduction resulted 85% with OPTIMA @ 5m and 89% @ 10m 

compared to the reference.  The barycentric height varied from 0.23m and 0.2m (Optima 

@5m and 10m respectively) to 2.77m and 1.92m for the reference @ 5m and 10m 

respectively. 
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1.3 Conclusion 

These tests confirmed the preliminary results obtained with a prototype Optima boom 
sprayer (see deliverables 4.1 and 4.2). The Optima configuration provides a double benefit in 
terms of deposition on the crop (with targeted deposits on the crop bed) and a significant 
reduction of spray drift using low drift nozzles and air assistance. The impact of this drift re-
duction is great-er on airborne transfer of droplets compared to sedimentation drift showing 
a potential bene-fit for residents and bystanders.    
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3. Vineyard case (Mildew) 

3.1 Introduction 

3.1.1 Experimental plot characteristics 

Tests were performed in a vertical shoot espalier-trained vineyard (cv: Moscato) located at 

PUSABREN SCARL Soc. Coop. farm in Canelli, Asti, Italy (44°44’12’’N 8°16’44’’E). The trials were 

conducted at two at growth stage BBCH 65 “Full flowering: 50% of flower hoods fallen” and 

BBCH 89 ‘Berries ripe for harvest” (Lorenz et al., 1995). The experimental plot insists on a 

portion of a big vineyard and was placed next to a bare soil area (Fig. 8). The plot was ad hoc 

selected and dimensioned to accommodate at the same time the required experimental 

layout for the measurements of both canopy spray deposition and spray drift. The plot was 

featured by 8 rows 65 m long and oriented north–south (N–S). Planting distances were 2.5 m 

between rows and at 0.8 m in rows with a resulting density of 5,000 vines ha−1. 

 

Figure 8: Aerial view of experimental vineyard plot with the adjacent free crop area used to 

accommodate the spray drift sampling layout. 

3.1.2 Tested sprayers 

In both growth stages three sprayers were tested: i) one representing the farmer condition, 

ii) one representing the starting point, basis for the development of the smart sprayer, and iii) 

the prototype sprayer developed in the ambit of OPTIMA project. 

The farmer condition was represented by the mounted airblast sprayer Dragone Virgola 700 

(Dragone S.n.c., Castagnole Asti, AT, Italy), ad hoc designed for vineyard spray application (Fig. 

9). It was equipped with a 200 L polyethylene tank and a conventional air conveyor with an 

axial fan (700 mm diameter) generating a nominal airflow rate equal to 18,900 m3 h−1 when 

setting the tractor Power Take Off (PTO) at 540 rev min-1. Six orientable nozzle holders on each 

side were mounted at the edge and in front of the air-outlet section. Furthermore, the sprayer 

was equipped with deflectors at the top and at the bottom of the air conveyor. Anyway, during 
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trials, they were maintained always completely opened as it was demonstrated to be not 

effective in varying the airflow pattern to match the canopy shape (Deliverable 4.1). 

 

 
Figure 9: Dragone Virgola 700 airblast sprayer “farmer condition” during field trials at BBCH 

89. 

 

The starting point condition was represented by the trailed airblast sprayer Caffini Synthesis 

1000 ATS/102E (Caffini S.p.a., Palù, Verona, Italy) (Fig. 10). It is a trailed sprayer with a 1,000 

L polyethylene tank and a conventional axial fan, 700 mm in diameter and consisting of nine 

blades, which sucks in the air from the front of a tower shaped air conveyor. The axial fan is 

mechanically driven and equipped with a two-speed gearbox enabling the airflow rate to vary 

from 18,000 to 21,300 m3 h−1 at 540 rev min-1 PTO. Furthermore, the air-conveyor is equipped 

with multiple adjustable deflectors placed internally at the edge of the air-jet outlet, thus 

allowing to address the airflow to precisely match the canopy height. An electric-control varies 

the orientation of the whole air conveyor with respect to the central axis of the air-jet 

discharge system backwards and forward, thus determining the incidence angle of both 

airflow and spray jets on the canopy. Concerning the spray unit, eight orientable double nozzle 

holders were mounted equally distributed, with 18 cm spacing in between, on a linear frame 

at the edge of the tower shaped air conveyor. 
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Figure 10: Caffini Synthesis 1000 ATS/102E representing the “starting point” condition 

during preliminary trials for its adjustment. 

The prototype sprayer, named Smart Synthesis (Fig. 11), was developed within the activities 

of OPTIMA project based on the commercial sprayer Caffini Synthesis 1000 ATS/102E 

described above and for this reason named “starting point sprayer”. Therefore, the main 

structure of the sprayer was the same of Synthesis (e.g. tank, fan type, air-conveyor with 

internal deflectors, etc.). The innovative features of Smart Synthesis sprayer were i) the 

electrical driven system used to operate the axial fan in order to provide the variable airflow 

rate according to the canopy density and ii) the Pulse Width Modulation (PWM) spray system 

used for variable liquid rate application based on prescription maps. Briefly, the electrically 

driven axial fan allows to continuously vary the airflow rate along the vineyard rows based on 

canopy density. The ultrasonic sensors installed one per sprayer side, provide in real-time an 

index value for the canopy density based on the detection of multiple edges in a scan. The 

electric power transmission system is composed by a generator connected to the tractor’s 

PTO. A speed multiplier enables the electric motor speed to reach an adequate back 

Electromotive Force at the generator terminals. Generator and electric motor are both 

connected to the same Direct Current bus through a double inverter system. The control unit, 

based on Rasberry Pi microcontroller, process through an algorithm the canopy density index 

values received via CAN-bus at 35 milliseconds rate. The control unit then communicates the 

set electric motor rotational speed, in the range of 0 to 2,400 rpm, to the inverter via CAN-

bus every 100 milliseconds. Consequently, the axial fan rotational speed varies to match the 

required airflow. The PWM spray system is a DynaJet® Flex 7140 (TeeJet, Spraying Systems 

Co., Wheaton, Illinois, USA). On each side of the sprayer, a vertical boom was mounted next 

to the air-conveyor outlet, each holding eight PWM solenoid valves coupled with a single 

nozzle holder, placed at 180 mm spacing along the boom. The PWM valves varied the duty 

cycle of the pulse signals to change the spray outputs (at a frequency of 20 Hz). The PWM 

system uses a blended pulse in which every other nozzle operates at an alternate frequency. 

Thanks to the GPS antenna, the smart sprayer is able to navigate the prescription maps 

providing information about the presence and the severity of downy mildew disease. The 

prescription maps are obtained through a field scouting carried out before the treatment 

using an Early Detection System (see deliverable D5.1). The nozzles flow rate, then the 
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pesticide dose applied, is then automatically tuned along the rows according to the disease 

prescription maps thanks to the variation pf PWM duty cycle, without changes in spray 

pressure and therefore in the droplet size spectra generated. The main features of the smart 

sprayer are fully detailed in the deliverable D4.4 and its practical functioning is included in a 

demo-video available at the following link: 

https://www.youtube.com/watch?v=Bhh3pL9uHmQ 

 

 

Figure 11: Smart Synthesis prototype sprayer equipped with electrically driven fan and PWM 

spray system during field trials at BBCH 65. 

In Table 3 the main sprayer settings tested under filed trials at the two growth stages are 

reported. While the farmer sprayer was adjusted just according to the farmer indication using 

their routinely “modus operandi” (e.g. passing every two rows with  the spray liquid 

activated), concerning the starting point sprayer, before the trials it was adjusted and 

calibrated according to the Best Management Practices and according to the results (Grella et 

al., 2022a) obtained during its characterization for the development of the smart sprayer (e.g. 

right orientation of air deflectors and proper selection of fan setting). For the smart sprayer 

only the selection of nozzle type, namely flat fan, the number of nozzles activated and the 

spray pressure was selected by operator based on BMP and previous results (Grella et al., 

2022a; 2022b); the airflow rate was automatically, punctually and continuously varied in real-

time along the rows according to the index measured by ultrasonic sensors, accounting for 

the canopy density (Grella et al., 2022c), as well as the spray liquid output varied according to 

the disease prescription maps. 

Table 3: Summary of sprayer setting parameters used during the field trials carried out at two 
growth stages. 

  Farmer   Starting Point   Smart 

  BBCH 65 BBCH 89   BBCH 65 BBCH 89   BBCH 65 BBCH 89 

Nozzle type ATR 80 yellow ATR 80 yellow   TXB 80 02 TXB 80 02   XR 80 02 XR 80 02 

N° active nozzles 10 12   10 12   8 12 

Spray pressure (bar) 14 14   4 4   4 4 

https://www.youtube.com/watch?v=Bhh3pL9uHmQ
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Sprayer passages 
management 

Alternate alleys Alternate alleys   All alleys All alleys   All alleys All alleys 

Forward speed (km h-1) 5.5 5.5   5.5 5.5   5.5 5.5 

Applied rate (l(ha) 264 323   401 476   256 384 

Spray system Conventional Conventional   Conventional Conventional   PWM PWM 

Gearbox speed None None   Low Low   None None 

PTO setting (rev min-1) 540 540   400 450   Variable Variable 

Fan speed (rev min-1) 2,300 2,300   1,150 1,600   Variable Variable 

Total airflow rate (m3 ha-1) 18,900 18,900   10,000 13,900   10,600 10,800 

 

To test the smart sprayer, fake prescription maps for the experimental plot were created in 

order to apply the 80 % of the intended full spray volume rate. It derives that at early and late 

growth stages, the intended full rates to be applied with the smart sprayer were 320 and 480 

l ha-1 respectively, while the liquid rates effectively applied were 256 and 384 l ha-1, 

respectively. The spatial distribution of the different liquid rate in the parcel followed the 

maps shown in Fig. 12, where for high, medium, low and no risk level the 100, 90, 80 and 70 

% of the intended full rate was applied, respectively. 

 

 

Figure 12: Fake prescription maps used to randomly distribute inside the plot the 80% of 

intended full spray volume at the a) BBCH 65 and b) BBCH 89 growth stages. Light-blue 

identifies the free crop surface adjacent to the sprayed area used to accommodate the 

sampling layout for the measurement of spray drift. 

3.1.3 Protocol adaptation due to pandemic affectations 

The constraints related to the pandemic restricted the time dedicated to the trials just to 

season 2021, while the test protocol adopted remained the same as originally planned in 

deliverable D5.0, referring to ISO 22522 and ISO 22866 test methodologies, for spray deposit 

and spray drift measurements, respectively. 
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3.2 Validation trials (Materials and Methods) 

3.2.1 Spray deposition and coverage assays 

Canopy spray deposition and the coverage measurements were performed at three locations 

along the two central sprayed rows, namely rows n° 4 and 5, corresponding to three vine 

canopies per sprayed row. In total, measurements were taken from six vines, as shown in Fig. 

13a. In both growth stages, spray deposition was assessed at nine sampling positions, i.e. 

three heights (1, 2, and 3) and three depths (A, B, and C) (Fig. 13b). To assess the spray 

deposition, round filter papers (120 mm diameter and 90 g m−2 extra rapid, Gruppo Cordenons 

S.p.A., Milan, Italy) were clipped to vertical masts at each sampling position. Each collector 

represented a total exposed surface area of 226 cm2. To prevent tracer photo-degradation, 

the samples were collected in closed dark boxes. Each test was repeated three times. To 

assess the spray coverage two paired (one coincident with adaxial and one with abaxial leaf 

surfaces) 76 mm × 26 mm water sensitive papers (WSPs) (Syngenta Crop Protection AG, Basel, 

Switzerland) attached with a staple were used at each sampling location (total exposed 

surface of 19.76 cm2). At the end of each spray application, samples were left drying for 10 

minutes, after which the filter papers were placed into individual bags and sealed. To prevent 

tracer photo-degradation, the samples were collected in closed dark boxes. The WSPs were 

fixed to rigid supports and stored under dry controlled conditions. 

 

Figure 13. Schematic aerial view for the a) positioning of canopy spray deposition and 

coverage sampling points within the experimental plot and b) sampling positions in the vine 

canopy. 

3.2.2 Spray drift evaluation 

The spray drift evaluation involved both ground and airborne spray drift sampling 

experimental layout set in the free crop downwind area. For the ground sediment spray drift 

assessment, ten bare-soil sampling locations at distances of 1, 2, 3, 4, 5, 7.5, 10, 12.5, 15, 20, 
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25 and 30 m downwind from the directly sprayed area were identified (Fig. 14). At each 

location, nine discrete ground level horizontal sampler Petri dishes (14.0-cm diameter) were 

employed to yield a total collection area of 1,386 cm2 at each downwind location. The first 

line of collectors was placed 2.25m from the outermost row, equal to 1 m distance from the 

sprayed area. Airborne spray drift measurements were taken at two distances (5 and 10 m) 

downwind from the edge of the directly sprayed area, with three continuous vertical samplers 

(Polyethene lines 8 m high and 2 mm in diameter) at each distance (Fig.14). Each continuous 

vertical sampler was utilized like an array of height sampling collectors (sampled discretely), 

considering each collector as a Polyethene line 1 m long and 2 mm in diameter. Therefore, 

each collector was characterized by 62.8 cm2 of collection area. Two minutes after the end of 

each test, the exposed Petri dishes were covered and each 8 m Polyethene line was cut into 

sections of 1 m, each considered as a single sample, and then collected. Each sample was 

stored individually in a sealed plastic bag. Finally, all samples were collected in closed dark 

boxes to prevent light degradation. 

 

 

Figure 14. Schematic aerial view for the layout of spray drift sampling at both ground level 

and airborne. 

3.2.3 Monitoring the environmental conditions 

A weather station was employed to monitor relevant environmental conditions during the 

trials. The weather stationʼs sensors were mounted on a mast at a height of 4 m standing next 

to the sampler arrays in the spray drift sampling area and positioned 20 m away from the 

sprayed area (Fig. 14). The station was equipped with a sonic anemometer 232 (Campbell 

Scientific, Logan, UT, USA) to measure wind speed and wind direction relative to the spray 

track, and two thermo-hygrometer HC2S3 probes installed at 3 and 4 m height above the 

ground (Campbell Scientific) to measure air temperature and humidity changes. All 

measurements were taken at a frequency of 0.1 Hz sampling rate and all data were recorded 
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automatically by datalogger CR800 (Campbell Scientific). The environmental conditions were 

monitored for the whole trials duration. 

3.2.4 Sprayed mixture and laboratory analysis 

The trials were performed by spraying the eight outermost vineyard rows, with a total area of 

1,200 m2 (60 × 20 m). To measure the collector spray deposits, E-102 Tartrazine yellow dye 

tracer was added to water in the sprayers tank at a  concentration of about 10 g L−1. Before 

and after each spray application, the tank mixture was sampled directly from the nozzles to 

determine the precise tracer concentration of each test replicate. 

The collectors (filter papers, Petri dishes and polythene line) were then washed in laboratory 

with deionized water to extract the tracer. The Tartrazine concentration was determined by 

measuring the absorbance of the washing solution with a spectrophotometer UV-1600PC 

(VWR, Radnor, PA, USA) set to 427 nm wavelength for peak absorption of the dye and 

comparing it to the calibration curve obtained in the laboratory prior to the analysis. In all 

cases, three absorbance measurements were taken from each sample. 

The deposit on each collector (Di), expressed per unit area in μL cm−2, was calculated from Eq. 

(1) as follows: 

Di = ((psmpl - pblk) * Vdil) / (pspray * Acol) (1) 

where Di is the spray deposit on a single collector (μL cm−2); psmpl is the absorbance value of 

the sample (adim.); pblk is the absorbance of the blanks (adim.); Vdil is the volume of the 

deionized water used to extract tracer deposit from the collector (μL); pspray is the 

absorbance value of the spray mixture concentration applied during testing and sampled at 

the nozzle outlet (adim.); Acol is the projected area of the collector exposed to the spray (cm2). 

For a broad comparison of data, the spray deposit values (μL cm−2) were transformed to be 

expressed as % of applied volume. 

The WSPs were scanned and images were produced at a resolution of 600 dpi using a HP Color 

Laser Jet Pro MPF M479dw printer with integrated scanner (HP, Palo Alto, California, U.S.A.). 

A dedicated programmed image processing macro in ImageJ (National Institutes of Health, 

Bethesda, MD, USA) was used to determine the spray coverage parameters. Spray coverage 

(%) was calculated as the percentage area covered with the spray deposits on the WSP and 

deposits density (no stains cm−2) was determined as the number of spray deposit stains per 

unit of WSP target area. 

3.3 Validation trials (Results and Discussion) 

3.3.1 Weather conditions during trials 

During trials the air temperature ranged between 20.4 and 25.6 °C, mean RH ranged between 

55.1 and 76.3%. Concurrently, the average wind speed recorded in each trial was always 

above 1 m s−1 as requested by the ISO 22866, standardized methodology for the evaluation of 

spray drift in the field, ranging between 1.15 and 1.63 m s−1. Also, the wind directions recorded 
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were in line with the requirements of ISO 22866 namely i) mean wind direction falling within 

90° ± 30° to the spray track and ii) frequency of wind direction > 45° to the spray track (not 

centered) not exceeding 30% of recorded data. Anyway, in all cases the trials were conducted 

in “light breeze” conditions (Barua, 2005), making the data derived from the different trials 

broadly comparable. 

3.3.2 Canopy spray deposition and coverage 

The average canopy spray deposits obtained at each growth stage and according to the 

sprayer tested are displayed in Fig. 15. In both growth stages the smart sprayer was able to 

increase the canopy spray deposition if compared with the two other tested sprayers. At the 

BBCH 65 growth stage, the conventional “farmer” sprayer achieved a canopy deposition 

similar to that measured for the “starting point” sprayer even if the conventional application 

was made passing every two rows. The low canopy density at the BBCH 65 growth stage 

combined with the very fine droplet size spectra produced (14 bar pressure) and the huge 

airflow rate (18,900 m3 h-1) allowed the spray cloud to reach not only the rows insisting on the 

sprayer alley but also the next rows. This phenomenon was not detected at the BBCH 89 

where the dense canopies acted like a filtering barrier, reducing the passage of the spray cloud 

across the rows adjacent to th esprayer pass. Therefore, a reduced canopy deposition 

compared to both “starting point” and “smart” sprayers was observed. The “starting point” 

sprayer reached intermediate values for the canopy spray deposition. The overall increment 

of canopy spray deposition reached by the smart sprayer was 43 and 91% at BBCH 65 and 89, 

respectively. The “starting point” sprayer, calibrated following BMPs, showed an increment of 

canopy deposition equal to 52 % versus the conventional application only at the full growth 

stage (BBCH 89). 

 

 

Figure 15. Canopy deposition for the three tested sprayers, representing the “farmer”, 

“starting point” and “smart” conditions, at the BBCH 65 and BBCH 89 growth stages. 
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The spray deposition coverage generated by the three sprayers was evaluated at the two 

growth stages to define the possible efficacy of spray application, while at the same time 

minimizing overspraying. The thresholds provided by Syngenta Crop Protection AG and widely 

used by other authors were adopted (Chen et al., 2013; Miranda- Fuentes et al., 2015; Salcedo 

et al., 2020). Overspray was defined as any situation with spray coverage greater than 30%, 

while effective insecticide of fungicide spray application was considered at deposit densities 

higher than 70 stains cm−2, which is a rather conservative threshold, especially for insecticide 

application, where 30 stains cm−2 can be considered adequate. Fig. 16 shows the relationships 

between the surface coverage (%) and the deposits density (n° stains cm-2) measured for the 

three sprayer types. At growth stage BBCH 65 the “farmer”, “starting point” and “smart” 

sprayers showed 75, 74 and 64 % of samples accomplishing the set thresholds, respectively. 

As well as, at growth stage BBCH 89 the 51, 71 and 63 % of samples accomplished the set 

thresholds, respectively. In all cases, more than 50% of water sensitive papers, used to 

evaluate the spray coverage, accomplished at the same the two thresholds. Anyway, in 

general, the smart sprayer showed lower amount of over-sprayed samples indicating a better 

efficiency of the spray application. Indeed, it must be considered that high coverage doesn’t 

necessarily imply an effective spray application (Garcerá et al., 2011). Concurrently, the 

“farmer” and “starting point” thesis, applying higher spray volumes, showed in all cases higher 

amounts of over-sprayed samples. As demonstrated e.g by field trials conducted within best 

management practices training programs in agriculture (TOPPS-Prowadis Project, 2014), an 

increase in the application rate might increase the spray coverage but not the biological 

efficacy of the PPP. On the other hand, a higher occurrence of under-sprayed situations, 

namely number of stains lower than 30/cm2, were noticed for the smart sprayers. 

 

 

Figure 16. Plots of deposit density (no of stains cm−2) and spray coverage (%) for the three 

tested sprayers, representing the “farmer”, “starting point” and “smart” conditions, at the 
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BBCH 65 and BBCH 89 growth stages. Different colours represent the water sensitive papers 

used for sampling the spray coverage on the lower and upper leaf sides. Horizontal solid red 

line represents the deposit density thresholds for effective insecticide of fungicide spray 

applications (70 stains cm−2), while the vertical solid red line represents the spray coverage 

threshold for the overspray situation (30%). The thresholds were recommended by Syngenta 

Crop Protection AG.  

3.3.3 Spray drift evaluation 

Fig. 17 compares the sediment drift curves generated from deposits measured on the collector 

arrays left uncovered throughout the trial duration to measure spray drift at different 

distances from the spray source. In particular, the curves obtained testing the three sprayers 

namely “farmer”, “starting point” and “smart” were displayed separately for the two growth 

stages (BBCH 65 and BBCH 89). In all cases, the largest spray drift deposit amount was found 

in the first few meters distance from the applied area. In the first few meters from the applied 

area, within 1-5 m, the curves crossed one each other; in general terms, using the “farmer” 

sprayer passing every two rows, lower drift amounts in the near-field area were obtained. 

Concurrently, no substantial differences were detected between the “starting point” and the 

“smart” sprayers within 1-5 m distance. Contrarily, at larger distance from the sprayed area 

(5-30 m) irrespective of growth stage, the spray drift curves generated by the “farmer” sprayer 

showed the highest spray drift amount. Intermediate values were found for the “starting 

point“ sprayer, while the lowest amount was found for the “smart” sprayer. Even if the 

average wind conditions were above 1 m s-1, accomplishing the ISO 22866 requirements, the 

low intensity of the wind throughout the trials duration lead to spray drift values lower than 

those found by other authors in vineyard, especially at the farther distances to the sprayed 

area (Grella et al., 2017; Grella et al., 2019). Anyway, the homogeneous wind speed conditions 

throughout the trials make possible the broad relative comparison among the tested sprayers 

thus obtaining reliable results about the capability of the OPTIMA smart sprayer to reduce the 

spray drift. 

 

 

Figure 17. Comparison of spray drift deposit (application rate %) profiles obtained for the 

three tested sprayers, representing the “farmer”, “starting point” and “smart” conditions, at 

the BBCH 65 and BBCH 89 growth stages. 

In general, the spray drift amount was consistent in the few meters downwind distance, within 

1 and 4m, with lower amount than 10% of application rate within 5 to 30 m away from the 
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sprayed area (Table 4). Furthermore, lower amount than 1% was generally registered within 

15-30 m from the sprayed area; only the “farmer” sprayer showed slightly higher amount at 

15 m, reaching spray drift values close to 1% at 20 m from the sprayed area (Table 4). 

Concerning the “smart” sprayer, at farthest distance very small amount of detectable tracer 

was found with values generally close to 0 within 20-30 m from the sprayed area.  

 

Table 4. Sedimenting spray drift values (applied rate %) measured at the different distances 
from the sprayed area for the three tested sprayers, representing the “farmer”, “starting 
point” and “smart” conditions, at the BBCH 65 and BBCH 89 growth stages. 

Distance 
from the 
sprayed area 
(m) 

BBCH 65   BBCH 65 

Farmer   Starting Point   Smart   Farmer   Starting Point   Smart 

Application rate (%)   Application rate (%) 

1 12.56   20.69   21.74   12.48   23.14   19.29 

2 13.14   14.88   15.29   11.42   17.57   15.16 

3 14.02   10.01   8.83   9.18   12.08   9.78 

4 11.78   8.80   6.18   7.42   8.25   7.41 

5 10.16   7.82   4.43   6.95   6.33   3.97 

7.5 7.93   4.33   2.57   5.40   3.69   2.48 

10 4.61   2.81   1.35   4.33   2.34   1.64 

12.5 2.91   2.04   1.09   3.22   1.74   1.08 

15 2.23   1.68   0.72   2.50   1.18   0.69 

20 1.09   0.83   0.31   1.23   0.45   0.17 

25 0.49   0.36   0.10   0.61   0.19   0.01 

30 0.22   0.13   0.03   0.16   0.01   0.00 

 

Following other authors (Nuyttens et al., 2010; Grella et a., 2019) the surface area under the 

spray deposit curves in Fig. 17 as most characteristic of near-field sedimentation was deemed. 

The total spray drift was then calculated by numerical integration of the sedimentation curves. 

The methodology allowed approximation of the definite integral using the mid-ordinate rule. 

Once calculated the total spray drift for each curve/sprayer, the total drift reduction (%) 

achieved by the “starting point” and the “smart” sprayers were calculated using as a reference 

the “farmer” sprayer. It derives that at growth stage BBCH 65 spray drift reduction of 17% and 

38 %, and at growth stage BBCH 89 spray drift reduction of 6% and 29 % were detected for 

the “starting point” and the “smart” sprayer, respectively. If the distance within 5 and 30 m 

was considered for the total spray drift reduction, considering that beyond5 m downwind 

distance the drift curves had a different decrease trend, irrespective of growth stage the 

“smart” sprayer resulted capable to reduce the spray drift by 68% compared to the “farmer” 

condition. 

The capability of “smart” sprayer to drastically reduce the spray drift at the two growth stages 

is confirmed by the trend of the airborne spray drift profiles observed at 5 and 10 m distance 

from the sprayed area for the three tested sprayers, representing the “farmer”, “starting 

point” and “smart” conditions and plotted in Fig. 18. Also in this case the “starting point” 

sprayer showed intermediate values between the “farmer” and “smart” sprayers. As 
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expected, irrespective of the sprayer and of the growth stage, higher values were always 

detected at 5 m sampling position, nearest to the sprayed area. 

 

Figure 18. Airborne spray drift deposition (application rate %) profiles obtained at 5 and 10 m 

distance from the sprayed area for the three tested sprayers, representing the “farmer”, 

“starting point” and “smart” conditions, at the BBCH 65 and BBCH 89 growth stages. 

Interestingly, values close to 2 % of applied rate were found at 8 m height for the “farmer” 

sprayer at 5 and 10 m distance from the sprayed area, irrespective of growth stage (Table 5). 

It seems that the spray drift cloud generated by the “farmer” sprayer at increasing downwind 

distances from the applied area increased its height above the ground. Meanwhile the “smart” 

sprayer showed very limited amount of airborne spray deposit, close to 0 % beyond 6 m height 

above the ground already at 5m downwind distance. 

 

Table 5. Airborne spray drift values (applied rate %) measured at the different height above 
the ground (up to 8 m) at 5 and 10 m distance from the sprayed area, for the three tested 
sprayers, representing the “farmer”, “starting point” and “smart” conditions, at the BBCH 65 
and BBCH 89 growth stages. 

Height 
above the 
ground (m) 

BBCH 65  BBCH 89 

Farmer  Starting Point  Smart  Farmer  Starting Point  Smart 

Application rate (%)  Application rate (%) 

5 m distance from the sprayed area 

1 7.36  9.96  8.75  4.36  5.96  3.13 

2 13.60  11.60  8.33  7.60  9.60  3.33 

3 14.43  12.43  6.93  11.43  10.43  5.33 

4 13.15  15.15  7.72  12.15  10.15  7.23 

5 13.27  7.44  2.54  10.27  5.44  2.39 

6 6.64  5.34  0.86  9.64  4.34  1.12 

7 3.21  0.82  0.21  4.21  2.21  0.21 

8 2.63   0.00   0.00   1.63   0.93   0.00 

  10 m distance from the sprayed area 

1 0.76  0.87  0.32  0.56  1.32  0.34 

2 1.58  1.30  0.39  1.33  1.10  0.69 
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3 2.48  3.33  1.52  2.08  2.21  1.74 

4 4.23  3.62  1.88  3.64  2.62  2.12 

5 5.32  3.42  1.20  4.78  2.80  2.08 

6 4.69  2.78  0.95  3.91  2.77  0.33 

7 4.20  1.82  0.24  4.20  2.62  0.00 

8 2.81   0.99   0.14   2.31   1.99   0.00 

 

Also, the surface area under the airborne spray drift curves in Fig. 18 was calculated applying 

the same procedure above described and applied for the sediment spray drift curves 

(numerical integration) and, from the total airborne spray drift value obtained for each 

curve/sprayer, the total drift reduction (%) obtained by the “starting point” and the “smart” 

sprayers were calculated using as reference the “farmer” sprayer. At growth stage BBCH 65 

airborne spray drift reductions of 16% and 52 %, at 5 m distance from the sprayed area, and 

reductions of 30% and 75 %, at 10 m distance from the sprayed area, were calculated for the 

“starting point” and “smart” sprayers, respectively. Concurrently, at growth stage BBCH 89 

airborne spray drift reductions of 20% and 63 %, at 5 m distance from the sprayed area, and 

reduction of 24% and 68 %, at 10 m distance from the sprayed area, were calculated for the 

“starting point” and “smart” sprayers, respectively. Substantially these data confirmed the 

main results derived from the data collected at ground level. 

3.4 Conclusions 

It can be concluded that the technical solutions adopted by the OPTIMA vineyard smart 

sprayer prototype, namely the electrically driven fan to fine tune in real-time the airflow rate 

according to the canopy density and the PWM spray system for the spray variable rate 

application were capable to increase the overall spray application efficiency. Indeed, the 

smart sprayer increased the canopy spray deposition ranging from 42% to 91 % according to 

the growth stage when compared to the farmer sprayer. If compared to the starting point 

sprayer, used as basis for the development of the prototype smart sprayer, it showed anyway 

a substantial increment of canopy deposition ranging between 27% and 53%. Concurrently, it 

was capable to limit the over-spray situation. Furthermore, it was demonstrated to drastically 

reduce the spray drift generated during the spray application compared to the farmer sprayer 

especially at large downwind distances, within 20-30 m from the sprayed area, where spray 

drift reduction higher than 70 % was always achieved by the smart sprayer. Also, when 

compared to the starting point condition, the smart sprayer showed the capability to strongly 

reduce the spray drift at the farther downwind distances, from 5m on. 
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4. Apple orchards case (Apple scab) 

4.1 Introduction 

Three different sprayers were assessed in order to measure spray deposition and off-target 

losses in apple tree orchards: 1) a conventional air-assisted sprayer operated according to 

usual farmer settings; 2) another conventional air-blast sprayer adjusted following the Best 

Management Practices (BMP); and 3) an experimental OPTIMA variable-rate sprayer. 

4.1.1 Experimental plot 

Field assays were conducted in young apple orchards (Fig. 19) at Épila, Aragón (41.55 ºN -

1.2275º W). The orchard consisted of six rows of Malus domestica ‘Golden Delicious’ apples 

with of 165 m long. Experiments were conducted to determine the leaf deposition and spray 

drift generated by three spraying systems in two different plots during two moments of the 

years: May and November with a BBCH of 79 “Fruit about 90% final size” and 90 “Fruit ripe 

for consumption” (Meier et al., 1994), respectively. 

 

 

 

 

 

 

Figure 19: Apple orchards plots located at Épila (Aragón, Spain) to determine leaf deposition 

(left picture) and spray drift (right picture). 

For the assays of leaf deposition and spray coverage, trees were planted at 1.4 m along the 

row and 4.2 m between adjacent rows. At the time of field trials in May, the mean canopy 

height and width was 2.3 and 1.0 m, respectively (2.3 and 1.1 m in November, respectively). 

In addition, the trees in the plot to study the off-target losses were planted at 1.3 m along the 

row and 4.1 m between adjacent rows. At the moment of the experiments in May, the mean 

canopy height and width was 2.0 and 0.9 m, respectively (2.1 and 1.0 m in November, 

respectively). 

4.1.2 Tested sprayers 

Three sprayers were evaluated: 1) a conventional constant-rate air-assisted sprayer with air 

tower (model Mercury; Hardi International A/S, Nørre Alslev, Denmark) and denoted as 

‘sprayer-1’; 2) another conventional constant-rate air-blast sprayer adjusted  following the 

Best Management Practices (model FUTUR; FEDE SL, Cheste, Spain) and denoted ‘sprayer-2’; 

and 3) a sprayer prototype developed within the OPTIMA project, consisting in an intelligent 
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spray system fitted in a commercial sprayer supported by an air-inverse system (model 

Inverter Qi 9.0; FEDE SL, Cheste, Spain) and defined such as ‘Sprayer-3’ (Fig. 20). All the 

atomizers were air-blast sprayer driven by the tractor PTO at a mean speed of 500 rpm during 

the field tests. Each sprayer was equipped with a main tank with a nominal capacity of 2000 L 

and was provided with an axial fan. 

 

 

Figure 20: Prototype developed with the project OPTIMA consisting in an intelligent spray 

system fitted in commercial sprayer supported by an air-inverse system (model Inverter Qi 

9.0; FEDE SL, Cheste, Spain) 

The main difference between the experimental ‘Sprayer-3’ and the other two machines was 

the intelligent variable-rate application system. ‘Sprayer-3’ included three ultrasonic sensors 

per side (Fig. 21), connected each one to a vertical section of the boom, as well as a GPS system 

and a speed sensor. During a spray pass application, each sensor was sending data to a 

computer to determine the corresponding optimal volume rate to spray in each section in real 

time. Calculations were done by using the Tree Row Volume (TRV) method. There was one 

solenoid valve in each section controlling the outgoing flow rate by means of changing the 

spray pressure. When the computer estimated the rate application, then it sent a signal to 

every valve to regulate the final flow rate. 
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Figure 21: Detail of the ultrasonic sensors connected each one to a vertical section of the 

boom, as well as a GPS system and a speed sensor in Sprayer-3.  

Details of the sprayer settings separated by tests (deposition or losses) and dates (May or 

November) are shown in Table 6. The sprayer travel speed was 5.5 km h-1 for the Sprayer-1 

and 5.0 km h-1 for the other two sprayers. The operating pressure was set at 1400-1500 kPa 

across the experiments for the two traditional sprayers, whereas the prototype was working 

at a mean pressure around 675 kPa. In Sprayer-1 there were nine hollow-cone nozzles: four 

red Albuz ATR (Albuz-Spray,Evreux cedex, France) in the lower positions and five orange ATR 

in the upper positions. In sprayer-2 there were five hollow-cone air-induction TVI8003 nozzles 

at each side (Albuz-Spray,Evreux cedex, France). Finally, the sprayer-3 presented ten twin jets 

flat-fan air-injection nozzles at each side (IDKT90015; Lechler GmbH Company; Metzingen, 

Germany). The mean flow rates per nozzle were 1.9 and 2.7 L min−1 for Sprayer-1 and Sprayer-

2, respectively. With the Sprayer-1, these settings for spraying the apple trees provided an 

approximate application rate of 898 L ha-1. Sprayer-2 was operated to achieve a volume rate 

of 787 L ha-1.  

Table 6: Datails of the three sprayer settings by test (deposition and drift) and dates (May 

and November). 

 

DEPOSITION

Sprayer 1 Sprayer 2 Sprayer 3 Sprayer 1 Sprayer 2 Sprayer 3

Model Hardi Fede BMP Fede Hardi Fede BMP Fede

Velocidad avance 5,5 5 5 5,5 5 5

Forward speed 18 10 20 18 10 20

nozzle type ATR Albuz Air Injection TVI  IDK90015 ATR Albuz Air Injection TVI  IDK90015

Color 5 Orange and 4 Red Blue Green 5 Orange and 4 Red Blue Verde

Theoretical flowrate 3,52 2,68 0,93 3,52 2,68 0,97

Real flowrate 1,87 2,68 0,93 1,87 2,68 0,97

Working Pressure 14 15 6,74 14 15 6,82

RPM 510 480 500 510 480 500

Conecntration 5 5 5 5 5 5

Volume rate application 881 773 475 877 769 462

May Nov
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Concerning prototype Sprayer-3, the flow rate of each nozzle varied around a mean value of 

0.9 L min−1 depending on the canopy presence and their characteristics. The variable flow rate 

of each nozzle was based on pressure changes. The variable application rate produced by 

Sprayer-3 was based on the Tree Row Volume (TRV) method (Byers et al., 1971), using an i-

factor as 0.1 L m-3 to find the optimal quantity of spray rate to the corresponding tree foliage 

volume. It was estimated a mean spray volume of 475 L ha−1 and 462 L ha−1 for the 

experimental sprayer after the spray application in May and November, respectively. It meant 

Sprayer-3 used approximately 47% less spray volume than Sprayer-1 and approximately 39% 

less than Sprayer-2. Sprayer-3 obtained such considerable spray volume reductions because 

it was able to avoid spraying gaps between trees and because the spray system was 

continuously adjusting the spray by following the density characteristics of the tree canopy. 

To register weather parameters during the experiments, a Campbell Scientific automatic 

weather station was used (Model 2550, Spectrum Technologies, Inc., USA). The station was 

sited 25 m downwind from the plot used for the spray drift tests at a height of 2.0 m. The 

mean wind velocity during May trials was 1.59 m s−1 (1.25 m s−1 in November), and the mean 

direction was 115° relative to the travel direction of the sprayer (93° in November). The mean 

temperature and relative humidity were 20.5 °C and 40.2%, respectively, whereas in 

November was 11.8 °C and 56.3%, respectively. 

4.1.3 Protocol adaptation due pandemic affectations 

The constraints related to the pandemic delayed the development of the smart sprayer and 

the related trials (WP4) but this did not affect these specific WP5 trials.  

4.2 Validation trials 

4.2.1 Deposition and coverage assays  

The three sprayers were evaluated within the same row, placed in the central area of the 

orchard, but at different zones. Each zone was 100 m long, divided into the sampler part (80 

m long) and two buffer parts (10 m long each) before and after the corresponding spray pass 

application (Fig. 22). The target trees to place the sample were selected systematically along 

the sampler part, being five trees used to calculate the leaf deposition and five for the spray 

DRIFT

Sprayer 1 Sprayer 2 Sprayer 3 Sprayer 1 Sprayer 2 Sprayer 3

Model Hardi Fede BMP Fede Hardi Fede BMP Fede

Velocidad avance 5,5 5 5 5,5 5 5

Forward speed 18 10 20 18 10 20

nozzle type ATR Albuz Air Injection TVI  IDK90015 ATR Albuz Air Injection TVI  IDK90015

Color 5 Orange and 4 Red Blue Green 5 Orange and 4 Red Blue Verde

Theoretical flowrate 3,52 2,68 0,93 3,52 2,68 0,97

Real flowrate 1,87 2,68 0,93 1,87 2,68 0,97

Working Pressure 14 15 6,8 14 15 7,3

RPM 510 480 500 510 480 500

Conecntration 5 5 5 5 5 5

Volume rate application 916 804 492 916 804 482

May Nov
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coverage. For each tree, the total canopy height was divided into four equal parts (A, B, C, D), 

being bottom denoted as ‘A’ and the top such as ‘D’. Every part was then subdivided into four 

depths within the canopy (I, II, III, IV), being the external left face denoted as ‘I’ (if you are 

seeing a transversal section of the tree in front of you) and ‘IV’ the external right face of the 

canopy. This procedure resulted in a total of sixteen sections (4 heights × 4 depths) covering 

the entire canopy of an apple tree.  

 

Figure 22: Experimental design of deposition trials in apple case. 

Leaf deposition was calculated using real apple tree leaves as natural collectors in the specific 

trees. Besides this, 26 × 76 mm water-sensitive papers (WSP) (Syngenta Crop Protection AG, 

Basel, Switzerland) were placed in the selected trees to assess spray coverage there. Thus, this 

test setup required 16 samplers sections per tree. In the case of the leaf deposition, 80 

sprayed leaves were picked up per treatment (16 samples × 5 trees), therefore 240 in total 

among the tested spraying systems (80 samples × 3 spraying systems). For the spray coverage, 

48 WSP per treatment (16 × 3 trees), therefore 144 WSP in total (48 × 3 spraying systems) 

were used. In total, 384 samplers were analysed at each growth stage. 

After WSPs were mounted on the target trees along the row, the trials started with the 

conventional Sprayer-1 by treating trees. Leaves and WSPs were taken after samplers and 

leaves on trees were dry. From each section in the trees for deposition, 2-4 leaves (depending 

on size) were carefully collected randomly after spraying and placed in individual closed plastic 

bags after each spray pass application. Following their removal from the sampling locations, 

the WSPs were stored too. Immediately after samplers were collected for Sprayer-1, new 

WSPs were placed on the target trees in each evaluated area to start the second treatment 

with the Sprayer-2 following the BMP, and then the experimental variable-rate Sprayer-3 in 

order to avoid WSP contamination due to drift.  

A water-based solution of the yellow dye Tartrazine (E-102) with a concentration of 5.0 g L−1 

was used in all assays. Tartrazine was used because it is non-toxic for the human health, 

simplifies the laboratory methodology and has a suitable recovery rate (Pergher, 2001). Tank 

mixture samples were also collected before and after each spray application in order to 
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calculate the actual dye concentration in the tank for assessing the amount of tracer deposits 

on the leaves.  

After each spray pass application, the dye amount accumulated per unit leaf area (μg cm−2) 

was calculated based on the methodology proposed by Gil and Badiola (2007). A volume of 

20 mL of deionised water was introduced to the plastic bag for Tartrazine extraction. The 

water was mixed during 1 min. After that, the sample was taken from the liquid bag and 

measured with a colorimeter (Thermo Scientific Genesys 20, Thermo Fisher Scientific Inc., 

Waltham, USA) at a wavelength of 427 nm. Then, the leaf area of each sample was obtained 

to convert the dye concentrations into dye amount per unit leaf surface. Individual leaf areas 

were acquired by the weight ratio. All ratios were obtained by calculating the surface areas 

and weights of 30 samples previous to the tests and from the different heights and depths of 

the selected canopies. The surface area was determined with a LI-COR LI 3100C electronic 

planimeter (LI-COR Corporate, Lincoln, NE, USA). The next step was to get the amount of 

Tartrazine deposited on each leaf by dividing the water solution volume to extract the tracer 

by the area of the collector: 

d = (Tcl × w)/Sa  (1) 

where d = actual deposit (μg cm−2), Tcl = tracer concentration in the washing solution of the 

sample (mg L−1), w = deionised water volume (mL), and Sa = sample surface area (cm2). Taking 

into account the differences of the volume rates recorded for each spraying system, it was 

pretended to get consistent comparisons between sprayers. For this reason, all deposits were 

normalized: 

dn = (105 × d)/(V × Tcs)     (2) 

where dn = normalized tracer deposit rate per unit leaf surface (μg cm-2), V = volume rate (L 

ha-1), and Tcs = tracer concentration of spray mixture in the tank (mg L−1). Also, mean statistical 

differences were checked by a Tukey test (p ≤ 0.05) by using the free R-code. Previously to the 

analysis, the normal distribution of the residuals and the homogeneity variance of residues 

were examined. 

On the other side, images with WSPs were acquired at a 600-dpi imaging resolution. Spray 

coverage was then characterized by image processing using ImageJ software (National 

Institutes of Health, Bethesa, MD, USA). Such as the deposition, coverage results were 

normalized to a common reference volume rate, being this reference, the highest application 

rate reported during the field test (Sprayer-1): 

Cn = C × (Vi/Vr)     (3) 

where Cn = normalized spray coverage (%), C = actual spray coverage (%), Vi = corresponding 

volume rate for the WSP analyzed (L ha-1), and Vr = reference volume rate (L ha-1). 
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Comparing the normalized spray deposition among the different spray systems examined, 

mean values of 15.1, 10.1 and 13.5 µg/cm2 were obtained at BBCH 79 for Sprayer-1, Sprayer-

2 and Sprayer-3, respectively, with standard deviations of 4.9, 2.8 and 5.4, respectively 

(Fig.23). During the treatments made at BBCH 90, the mean deposition values were 17.8, 15.7, 

and 14.5 µg/cm2 for Sprayer-1, Sprayer-2, and Sprayer-3, respectively, with standard 

deviations of 4.8, 5.2, and 4.7, respectively. Statistical analysis showed that there were no 

significant differences between spraying systems, both in May (BBCH 79) and November 

(BBCH 90). This is important, because the Sprayer-3 generated a deposition similar to that 

achieved with a conventional spray system (Sprayer-1) but with 43.7% less volume rate 

applied. 

 

Figure 23: Normalized deposition among the different spray systems (Sprayer-1, Sprayer-2 

and Sprayer-3) in May (BBCH 79) and November (BBCH 90). 

Comparing the normalized spray coverage among the different spray systems, no significant 

differences were found between depth nor even between height in May  (p-value 0.9871 and 

0.1444, respectively)(Figure 24) and November (p-value 0.7863 and 0.8974, 

respectively)(Figure 25). It was clearly observed that the standard deviation of Sprayer-3 

a

a

a a a

a
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(smart sprayer) resulted much lower than for Sprayer-1 and Sprayer-2, indicating a much 

uniform application, especially in the coverage in May.  

 

 

 

Figure 24: Normalized spray coverage among the different spray systems (Sprayer-1, Sprayer-

2 and Sprayer-3) in May (BBCH 79) in relation to depth and height.  

 

Figure 25: Normalized spray coverage among the different spray systems (Sprayer-1, Sprayer-

2 and Sprayer-3) in November (BBCH 90) in relation to depth and height.  

4.2.2 Drift Evaluation 

The drift assessment for different spraying applications was carried out in terms of two 

aspects: sedimenting spray drift and airborne spray drift.  

The spray drift zone was defined starting from the downwind edge of the directly sprayed 

area which was a half row space from the outermost tree row. Petri dishes with 140 mm 

diameter were used as horizontal collectors to sample the drift being deposited on the 

ground. As shown in Figure 26, a sample array consisting of  9 sampling lines at the range from 

0 to 20 m, parallel to the tree row, was arranged for sampling the ground drift. The first five 

sampling rows were arranged with the interval of 1 m at the range from 1 to 5 m, and the 

other four rows were placed at the position of 7.5, 10, 15, 20 m downwind  the edge of the 
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sprayed zone, respectively. Each sampling row with 7 Petri dishes resulted in a sampling 

surface of 1077.6 cm2, which satisfied the requirement of the ISO (ISO, 2005). 

As for the sampling for the airborne spray drift, four specially designed vertical masts with a 

height of 6 m, placed at a position of 5 and 10 m from the edge of the directly sprayed area, 

were used for the quantification test. Twelve filter papers were placed on each mast at 0.5 m 

spacing, from 0.5 to 6 m to sample the vertical distribution of the airborne drift. For each test, 

the first six tree rows with 50 m long of the apple orchard were chosen to conduct the spraying 

application. The meteorological conditions were checked carefully to confirm they were in 

line with international standard ISO 22866 recommendations. Once all the samples were 

displaced and the weather conditions were favorable, the spraying application was conducted 

following the planned tracks. For each treatment, 3 replications were performed. 

 

Figure 26: Scheme of the sampling strategy of the drift trial. 

As the drift trial had a high-level requirement for the meteorological conditions, a dedicated 

weather station (CR800, Campbell Scientific Inc., Logan, UT, USA) and a 2D ultrasonic 

anemometer WindSonic 232 (Campbell Scientific Inc.) were used to monitor the wind speed 

and direction of the selected fields. Measurements of the temperature and the relative 

humidity were performed using a CS215 temperature and relative humidity probe (Campbell 

Scientific Inc.). 

The weather conditions in each test of each treatment are shown in table 6. The average wind 

velocities of all the tests were more than 1 m.s-1. In most cases, the average wind directions 

were in the range from 60 to 120°relative to the tree row direction. The temperature value 

for all the tests were in the range of 18.34-21.91℃. and the relative humidity for all the tests 

was in the range of 35.78-49.62%. In general, all the parameters concerned with the weather 

condition during the field test met the requirements of ISO 22866. 
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The analysis of the tracer concentration was conducted with a spectrophotometer (Synergy 

HTX, BioTek Instruments, Inc., Winooski, VT, USA), setting the wavelength to 427 nm. 

According to the amount of deposit, the samples were added to distilled water ranging from 

20 to 200ml and then were shaken slightly for 5 min to fully dissolve the tracer. Then the 

sampling water was extracted and deposited into a 96-well plate using an automatic pipette. 

Each plate had eight blank wells containing deionized water to calibrate the zero value on the 

device. Finally, the device would display the absorbance value of the measured sampling 

liquid. Images with water sensitive paper were acquired at a 600-dpi imaging resolution. Spray 

coverage was then measured by image processing using ImageJ software (Rasband, W.S. 

ImageJ, U.S. National Institutes of Health, Bethesda, Maryland, USA) (National Institutes of 

Health, Bethesa, MD, USA). The software computes the spray coverage that was the 

percentage of area covered with spray deposits on the WSP, and the deposit density that was 

the number of stains within the covered area. 

The box plot of the mean ground drift of each sprayer is shown in Figure 27a. As expected, a 

very high mean ground drift of 17.94% of the apple volume was observed for the conventional 

treatment, significantly higher than the other two anti-drift treatments with a similar value of 

around 6%. Though no significant difference was detected for the Sprayer-2 and Sprayer-3, 

the last one gave a better uniformity.  

 

Figure 27. (a) Boxplot of the mean ground drift of the three treatments in May. The black 

solid triangle represents the mean value. Different letters in the top right corner of the box 

plot indicate significant differences (Student–Newman–Keuls test: p <0.05). (b) Ground drift 

deposition profile of each treatment at each sampling distance in May. 

The trend of ground spray drift deposits related to the three treatments measured at different 

distances downwind of the sprayed area are shown in Figure 27b. As for the conventional 

application without any calibration and adjustment, a high deposition of more than 20% of 

the applied volume was detected within the first 5m from the sprayed area, then the drift 

deposition decreased sharply and almost linearly to 5% at 10 m, finally, a moderate decrease 

was detected with the sampling distance increasing to 20 m. Besides, among the three 

treatments examined, the conventional treatment gave the maximum drift deposition at each 



OPTIMA          Del. 5.3 

   
 Page 37 of 44 
 

sampling distance except at the first and last sampling distances. In contrast, a similar 

continuous decreased tendency was observed for the two anti-drift treatments equipped with 

air-induction nozzles. The ground deposition was mainly concentrated in the downwind area 

close to the sprayed area (1 m to 5 m), while  drift deposits below 5% of the applied volume 

were detected at  downwind distances over 5m. Furthermore, the sprayer 3 showed a much 

better drift reduction at the sample distance of 1m, with a drift deposit  about 15% of the 

applied volume, less than half of that detected for the Sprayer-2, which explained its better 

uniformity in terms of the mean ground drift. This result indicated the big difference of ground 

drift at the distance closest to the sprayed area for different types of sprayer. This information 

could be used as an important reference to define the adequate buffer zones widths 

corresponding to the specific application technique to achieve drift reduction. 

In november, the trend showed a clear significant difference in ground deposition between 

the smart sprayer and the other two strategies used (figure 28a). It was also observed a better 

trend of drift deposit in increasing distance in the prototype sprayer than in the conventional. 

The BMP sprayer performed the second best although in short distance it was the sprayer 

showing higher losses to the ground. This could well be explained by the type of sprayer 

technology related to the outlets of the air volume. In general, the results demonstrated the 

significant drift reduction effect of the anti-drift nozzles combined with necessary adjustment 

following the best management practices compared with the conventional pesticide 

application in apple trees, which were in line with the previous studies (Wenneker et al., 2005) 

(Grella et al., 2017). Furthermore, the Smart sprayer developed within the activities of 

OPTIMA Project, showed consistent improvements in the amount of pesticide lost to the soil 

and environment by drift effects. 

 

Fig. 28. (a) Boxplot of the mean ground drift of the three treatments in November. The 

black solid triangle represents the mean value. Different letters in the top right corner of 

the box plot indicate significant differences (Student–Newman–Keuls test: p <0.05). (b) 

Ground drift deposition profile of each treatment at each sampling distance in November. 

 

The box plot of the mean airborne drift in May measured for each sprayer  at 5 and 10m from 

the sprayed area is shown in Figure 29. For the case of 5m sampling distance, the airborne 
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drift varied greatly: the highest airborne drift was observed for the conventional treatment 

(14.04%), followed by the Fede tower sprayer – sprayer 3 (7.47%) with the significantly lower 

value for the Fede axial fan sprayer – sprayer 2 (2.23%). At  10m sampling distance, the 

airborne drift of each treatment was only around half of that in the case of 5m, and the 

consistent statistical analysis results were detected. Notably, the Sprayer-2 treatment with 

axial fan sprayer achieved a significantly lower airborne drift compared with Fede tower 

sprayer (Sprayer-3), though these two treatments were both configured with air induction 

nozzles. This result indicated the significant effect of the sprayer type on the airborne drift 

reduction. 

 

Figure 29: Boxplot of the mean airborne drift of the three treatments at the sample distance 

of 5m (a), 10m (b) in May. The black solid triangle represents the mean value. Different 

letters in the top right corner of the box plot indicate significant differences (Student–

Newman–Keuls test: p <0.05) in May.  

 

In the experiments carried out in november, the airborne drift showed that BMP strategies 

reduces significantly the airborne drift as compared to conventional spraying (Figure 30). 

Specially at 5 m distance, average airborne deposition was reduced to more than 50% by using 

BMP and the smart sprayer. It is similar trend at 10 m distance although, as expected, the 

amount of tracer recovered is less. 
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Fig. 30. Boxplot of the mean airborne drift of the three treatments in November at the 

sample distance of 5m (a), 10m (b). The black solid triangle represents the mean value. 

Different letters in the top right corner of the box plot indicate significant differences 

(Student–Newman–Keuls test: p <0.05). 
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 Figure 31: Airborne drift distribution along the sampling height of each treatment at 

the sample distance of 5m (a), 10m (b) in May.  

The mean airborne spray drift deposits of the three treatments along different sample heights 

at 5 and 10m downwindthe sprayed area are shown in Figure 31. In general, consistent with 

mean airborne drift, the Sprayer-2 gave the best performance among the three treatments, 

as drift deposits below 5% of the applied volume were detected in all the sampling heights at 

both downwind distances. In addition, the drift distributions were similar and uniform for the 

S2 treatment in both cases. As expected, the conventional treatment provided the maximum 

deposition almost at all the sampling positions. High airborne drift, more than 13.46% and 

5.33 % at downwind distances of 5m and 10m, respectively, was detected in the lower part of 

the masts, below 4m height, for the conventional treatment, while  a decrease of drift deposits 

was observed at  heights more than 4m. Compared with the conventional treatment, a similar 

tendency of the airborne drift distribution was observed for the treatment with Fede tower 

sprayer (Sprayer-3), especially in the case of 5m distance. This could be attributed to the 

similar characteristic in the sprayer structure of the tower shape outlet, which allowed strong 

and adequate air flow to target the top of the tree canopy, but inevitably, more airflow over 

the canopy top causing more airborne drift compared with the axial-fan sprayer featured by 

radial air flow with poor target ability. 

Similar results are obtained in the trials carried out in November. Conventional sprayer is 

allways providing higher amount of tracer drifted to the air whereas BMP and Smart sprayer 

show non-significant differences. It is worth noticing that Smart sprayer reduced the drift at 

lower altitudes at 5 m distance. 
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Fig. 32. Airborne drift distribution along the sampling height of each treatment in 

November at the sample distance of 5m (a), 10m (b).  

In general, the highest drift reductions (ground or airborne drift) compared with conventional 

treatment were  observed for the Sprayer-3 treatment, where air-induction nozzles combined 

with crop-adapted adjustments were used. In addition, the Fede tower sprayer showed its 

advantage in decreasing the ground drift, and the Fede axial-fan sprayer demonstrate its 

benefit in the reduction of airborne drift. This result implied that the selection of sprayer type 

used in apple orchard depended on the intended objective such as mainly focusing on the 

ground drift reduction or airborne drift reduction. 

4.3 Conclusion 

According to deposition trials, the use of the smart sprayer (Sprayer-3) would result in a similar 

deposition, bit with 43,7% of less volume applied.  

In relation to the drift trials, the treatments with air induction nozzles enabled a significant 

drift reduction compared with conventional treatment with hollow cone nozzles. Moreover, 

remarkable drift reductions, with 66.7% reduction for ground drift and a maximum of 82.1% 

reduction for airborne drift, were achieved for the treatments with adequate adjustments 

combined with air-induction nozzles (Sprayer-3), compared with the conventional treatment. 

The axial fan sprayer (Sprayer-2) showed a further advantage in reducing airborne drift 

compared with the tower sprayer (Sprayer-3), which is likely due to the less amount of air 

blown in correspondence of the top of the canopies. Finally, different sprayers had their 

advantages for drift control, and the selection for sprayer used for pesticide application in 

practice needed based on the intended objective. 

  



OPTIMA          Del. 5.3 

   
 Page 42 of 44 
 

 

References 

• Byers R.E., Hickey, K.D., Hill, C.H., 1971. Baes gallonage per acre. Va. Fruit 60, 19-23.  

• Chen, Y., Ozkan, H.E., Zhu, H., Derksen, R.C., Krause, C.R., 2013. Spray deposition inside 
tree canopies from a newly developed variable-rate air-assisted sprayer. Trans. ASABE 56, 
1263-1272. https://doi.org/10.13031/trans.56.9839 

• Garcerá, C., Moltó, E., Chueca, P., 2011. Effect of spray volume of two organophosphate 
pesticides on coverage and on mortality of California red scale Aonidiella aurantii 
(Maskell). Crop Prot. 30, 693-697. https://doi.org/10.1016/j.cropro.2011.02.019 

• Gil, E., Badiola, J., 2007. Design and verification of a portable vertical patternator for vine-
yards sprayers calibration. Applied Engineering in Agriculture, 23(1):35-42.  

• Grella, M., Gallart, M., Marucco, P., Balsari, P., Gil, E., 2017. Ground deposition and 
airborne spray drift assessment in vineyard and orchard: The influence of environmental 
variables and sprayer settings. Sustain. 9, 728. https://doi.org/10.3390/su9050728 

• Grella, M., Maruxxo, P., Athanasakos, L., Milonas, N., Gioelli, F., Zwertvaegher, I., Caffini, 
A., Meroni, F., Rossi, R., Nuyttens, D., Fountas, S., Balsari, P., 2022c. Airblast sprayer 
electrification for real-time, continuous fan-airflow adjustment according to canopy 
density during pesticide application in 3D crops. LAND.TECHNIK2022 – The Forum for 
Agricultural Engineering Innovations, pp. 389-395. ISBN 978-3-18-092395-6 

• Grella, M., Marucco, P., Balsari, P., 2019. Toward a new method to classify the airblast 

sprayers according to their potential drift reduction: comparison of direct and new 

indirect measurement methods. Pest. Manag. Sci. 75, 2219-2235. 

https://doi.org/10.1002/ps.5354 

• Grella, M., Marucco, P., Zwertvaegher, I., Gioelli, F., Bozzer, C., Biglia, A., Manzone, M., 

Fountas, S., Nuyttens, D., Balsari, P., 2022a. The effect of fan setting, air-conveyor 

orientation and nozzle configuration on airblast sprayer efficiency: Insights relevant to 

trellised vineyards. Crop Prot. 155, 105921. 

https://doi.org/10.1016/j.cropro.2022.105921 

• Grella, M., Gioelli, F., Marucco, P., Zwertvaegher, I., Mozzanini, E., Mylonas, N., Balsari, P., 

2022b. Field assessment of a pulse width modulation (PWM) spray system applying 

different spray volumes: duty cycle and forward speed effects on vines spray coverage. 

Precis. Agric. 23, 219-252. https://doi.org/10.1007/s11119-021-09835-6 

• Lorenz, D.H., Eeichhorn, K.W., Bleiholder, H., Klose, R., Meier, U., Weber, E., 1995. Growth 

Stages of the Grapevine: Phenological growth stages of the grapevine (Vitis vinifera L. ssp. 

vinifera)—Codes and descriptions according to the extended BBCH scale. Australian 

Journal of Grape and Wine Research 1, 100-103. https://doi.org/10.1111/j.1755-

0238.1995.tb00085.x 

• Miranda-Fuentes, A., Rodríguez-Lizana, A., Gil, E., Agüera-Vega, J., Gil-Ribes, J.A., 2015. 
Influence of liquid-volume and airflow rates on spray application quality and homogeneity 
in super-intensive olive tree canopies. Sci. Total Environ. 537, 250-259. 
https://doi.org/10.1016/j.scitotenv.2015.08.012 

• Nuyttens, D., de Schampheleire, M., Verboven, P., Sonck, B., 2010. Comparison between 
indirect and direct spray drift assessmentmethods. Biosyst. Eng. 105, 2–12. 

• Salcedo, R., Zhu, H., Zhang, Z., Wei, Z., Chen, L., Ozkan, E., Falchieri, D., 2020. Foliar 
deposition and coverage on young apple trees with PWM-controlled spray systems. 

https://doi.org/10.13031/trans.56.9839
https://doi.org/10.1016/j.cropro.2011.02.019
https://doi.org/10.3390/su9050728
https://doi.org/10.1002/ps.5354
https://doi.org/10.1007/s11119-021-09835-6
https://doi.org/10.1016/j.scitotenv.2015.08.012


OPTIMA          Del. 5.3 

   
 Page 43 of 44 
 

Comput. Electron. Agric., 178, 105794. 

• Wenneker, M., Heijne, B., Van de Zande, J.C., 2005. Effect of air induction nozzle (coarse 
droplet), air assistance and one-sided spraying of the outer tree row on spray drift in 
orchard spraying. Annu. Rev. Agric. Eng. 4, 116–128. 

 

 



 

 
 

 

 

 

 


