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OPTIMIZING SELECTION OF CONTROLLABLE VARIABLES TO 

MINIMIZE DOWNWIND DRIFT FROM AERIALLY APPLIED SPRAYS 

Y. Huang,  W. Zhan,  B. K. Fritz,  S. J. Thomson 

ABSTRACT. Drift of aerially applied crop protection and production materials was studied using a novel simulation-based 
approach. This new approach first studied many factors that can potentially contribute to downwind deposition from aeri-
al spray application to narrow down the major contributing factors. An optimization process was then applied to reduce 
the negative impact from one of the main factors, wind speed. With the focus on major contributing factors such as wind 
speed, release height, and droplet size, the optimization process was performed in AGDISP and MATLAB. This resulted in 
a near-optimal offset of the flight trajectory in the direction perpendicular to the swath lines to compensate for wind 
speed. The effect of the near-optimal offset, i.e., the swath offset, was then validated using the Monte Carlo analysis: ran-
dom values for all the factors were generated; the near-optimal swath offset values were used in comparison to the default 
one-half swath width offset; the difference between results using the default and the near-optimal offset was analyzed. Sta-
tistical analysis of results showed that using the near-optimal offset values can greatly reduce downwind drift as compared 
to the default offset value. The near-optimal offset values achieved results very close to the optimal ones. For the compari-
son of application efficiencies, the cumulative downwind deposition between 30.48 and 45.72 m (100 and 150 ft), and the 
deposition at 30.48, 76.2, and 152.4 m (100, 250, and 500 ft) were used as the performance metrics. The new method can 
provide some guidance to applicators. For instance, in order to achieve a certain application efficiency value, certain 
constraints on wind speed, release height, and droplet size must be satisfied. 

Keywords. Spray drift, Aerial application, Simulation, Optimization, Monte Carlo analysis. 

inimization of drift, which is the physical 
movement of aerially- or ground- applied 
spray away from the intended target (EPA, 
2001), is important to reduce damage to off-

target crops and to mitigate environmental effects (Cooper 
and Alley, 1994). Drift minimization practices can also 
work to increase application efficiency. Research on meth-
ods to mitigate off target movement of aerially applied ag-
ricultural materials is well-documented (Yates et al., 1966; 
Yates et al., 1967; Pasquill and Smith, 1983; Bird, 1995; 
Ganzlemeier et al., 1995; Arvidsson, 1997; Smith et al., 
2000; Hewitt et al., 2001a; Maber et al., 2001; Fritz et al., 
2008b). Many research efforts focus on the prediction of 

drift (Turner, 1994; Teske et al., 2002; Teske et al., 2003) 
from aerial spraying with several standards having been  
established (EPA, 2000; ASAE Standards, 2004). 

Movement of aerially applied sprays is influenced by 
many factors including atmospheric conditions (Munn, 
1966; Pasquill and Smith, 1983; Bird et al., 1996; Hoff-
mann and Salyani, 1996; Seinfeld and Pandis, 1998; Miller 
et al., 2000b; Thistle, 2000; Fritz, 2006; Fritz et al., 2008a, 
Fritz et al., 2008b), canopy structure (Praat et al., 2000), 
droplet size (Hewitt et al., 1996), tank mix (Hewitt et al., 
2001b), nozzle type and operation (Bouse, 1994; Hoffmann 
and Tom, 2000), plant structure (Miller et al., 2000a), and 
other factors (Hewitt et al., 2001c), all of which applicators 
must consider when setting up spray equipment and mak-
ing application treatments. While the applicator can make 
changes to many of these operational parameters, such as 
aircraft type, distribution of nozzles, nozzle type and orien-
tation, spray pressure, flight speed, swath offset, and  
release height, there are other factors such as temperature, 
relative humidity, atmospheric stability, and wind speed 
and direction, which must be considered. To this end, 
knowing how to adjust operational parameters that can be 
controlled to compensate for the negative impact of the  
uncontrollable conditions is critical. The research work  
addressing this tends to be based on either analysis of field 
collected data (Pasquill, 1961; Yates et al., 1966; Bird, 
1995; SDTF, 1997; Praat et al., 2000; Fritz, 2006; Fritz 
et al., 2008b) or modeling and simulation (Akesson et al., 
1981; Walklate, 1987; Bilanin et al., 1989; Turner, 1994; 
Zhu et al., 1995; Kaul et al., 1996; Potter et al., 2000; 
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Hewitt et al., 2002; Teske et al., 2002; Fritz et al., 2008a). 
Most results in the literature are focused on only one of 
several factors such as temperature or humidity, with all 
other factors being fixed. It is difficult, if not impossible, to 
control some of these variables under field conditions. 
While a significant effort was made by the Spray Drift Task 
Force (SDTF) to examine many factors (SDTF, 1997), 
there has been no systematic approach to indicate the  
impacts of all factors and their interactions simultaneously. 
As pointed out in SDTF (1997), “Due to the complexity of 
evaluating all possible interactions of the numerous appli-
cation variables, a computer model is the most practical 
way to conduct spray drift risk assessments.” 

With simulation tools such as AGDISP, it has become 
easier to perform sensitivity analysis by which variables 
that are inputs to simulation models are varied, and the  
effects on outcomes are determined. Teske and Barry 
(1993) conducted an extensive study on parametric sensi-
tivity of the FSCBG model. Thirty-seven factors were con-
sidered. These factors were varied individually by a certain 
percentage from a base case. Two metrics were defined to 
study the parametric sensitivity of the simulation model, 
these were Figure of Merit (FOM) and Mean Horizontal 
Position (MHP). The factors were ranked from most sensi-
tive to least sensitive. This work is very important, but the 
factors were considered one at a time. The impact of inter-
actions among factors was not studied. 

Huang et al. (2010) discussed a new approach to identify 
the main factors and interactions among the factors that 
have significant influence on drift of aerially applied sprays 
using the design of experiments (DOE) technique (Taguchi, 
1987). DOE is a tool that can be used to systematically 
study the influence of many factors and their interactions 
on the outcome. An interaction occurs when the effect of 
one input variable is influenced by the level of another in-
put variable. Typically, a successful DOE analysis can nar-
row the factors down to a few important ones. Further de-
tailed study can then be performed by focusing on these 
factors (Mathews and Mathews, 2004; Montgomery, 2008; 
Zhan, 2008). 

In comparison to the sensitivity analysis conducted by 
Teske and Barry (1993), where small deviations (~10%) 
from the base case were considered for individual varia-
bles, the DOE analysis can be used to study the sensitivity 
over a large scale without neglecting the interactions 
among factors. Huang et al. (2010) selected the application 
efficiency, the total downwind drift, cumulative downwind 
deposition between 30.48 and 45.72 m (100 and 150 ft), 

and the deposition at 30.48, 76.2, and 152.4 m (100, 250, 
and 500 ft) as metrics for outcome instead of FOM or MHP. 

Results in Huang et al. (2010) laid a foundation for  
aerial spray optimization using simulation tools. Instead of 
considering every factor, one can focus on the most  
important factors without causing large errors. With the  
reduced number of factors, it becomes feasible to conduct a 
numerical search to select controllable variables to mini-
mize the negative impact of the uncontrollable factors. 
AGDISP (Agricultural DISPersion) (Teske et al., 2003) was 
selected as the simulation model. The functionalities and 
accuracy of AGDISP have been extensively studied in the 
literature (Bilanin et al., 1989; Hewitt et al., 2002; Teske 
et al., 2002). 

Due to the differences in these two sensitivity analysis 
approaches (Teske and Barry,1993; Huang et al., 2010), the 
conclusions were slightly different. For example, Teske and 
Barry (1993) ranked nozzle extent over release height and 
wind speed; but Huang et al. (2010) ranked wind speed 
over nozzle extent and release height. The differences 
themselves deserve to be studied; but this was not the focus 
of this study. The DOE analysis result from Huang et al. 
(2010) is listed in table 1 for reference. 

Detailed definitions for variables in table 1 can be found 
in (Teske et al., 2003; Fritz, 2006; ASABE Standards, 
2009). Selection of these variables was based on past field 
experience and related prior research in downwind drift 
analysis (Bird, 1995; Kaul et al., 1996; Arvidsson, 1997; 
SDTF, 1997; EPA, 1998; Smith et al., 2000; Hewitt et al., 
2002; Teske et al., 2003). 

MATERIALS AND METHODS 
Following previous research efforts (Huang et al., 2010), 

a method for determining optimal operational settings 
based on predetermined environmental conditions and op-
erational parameters is presented. To this end, results from 
DOE simulations using AGDISP are used, and a search al-
gorithm focusing on a few significant factors is proposed. 
Statistical analysis will demonstrate that the near-optimal 
solution derived from this method is very close to the theo-
retical optimal solution and the DOE analysis provided val-
id results. After the validation of the near-optimal solution, 
application of these results are discussed. 

Throughout this article, the same metrics used in (Huang 
et al., 2010) will be used and the same set of parameters, as 
listed in table 2, will be considered. 

Table 1. Significant impact factors on outcomes.[a] 
Outcomes/Factors A B C D E F AB AC AD AE AF BC BD BE BF CD CE CF DE DF EF 
Total downwind deposition    +            x      
Application efficiency -  + -            x      
Deposition between 30.48 and 45.72m +  - +     x             
Deposition at 30.48 m +  - +     x             
Deposition at 76.20 m +  - +            x    x  
Deposition at 152.40 m   - +            x    x  
[a] A is the release height, B is the nozzle extent, C is the droplet size, D is the wind speed, E is the temperature, F is the relative humidity, and all two 

letters represent the interaction between the two factors. A “+” in a cell means the larger the factor, the larger the outcome. A “-” in a cell means the 
larger the factor, the smaller the outcome. Interactions cannot be simply characterized as a “+” or a “-” since they involve more than one factor and 
the outcome depends on both factors. An “x” in a cell means that the interaction between factors has a significant impact on the corresponding 
outcome. 
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Selection of these variables and their two extreme values 
have been discussed (Huang et al., 2010). Other AGDISP 
simulation parameters were specified in Huang et al. 
(2010), as illustrated in table 3. 

One limitation of the DOE technique is that the impact 
of any factor should be monotonic (Montgomery, 2008). 
Nonlinear or non-monotonic impact can lead to erroneous 
conclusions. In a sense, the success of the DOE method  
depends on the knowledge of the user. Initial simulation 
runs were conducted to check that the impacts were not 
highly nonlinear or non-monotonic between the two  
extreme values. Since only a limited numbers of runs were 
simulated, there is always a possibility that such complex 
interactions could be missed. The solution to this problem 
is to validate the results using statistical analysis. 

Throughout this article, the downwind deposition data 
were generated using AGDISP; statistical analyses were 
conducted using Minitab software (Mathews and Mathews, 
2004; Meyer and Krueger, 2005); the optimization algo-
rithm was implemented in MATLAB (The MathWorks, 
Inc., Natick, Mass.). 

NEAR-OPTIMAL SOLUTIONS 
Optimizing aerially applied sprays by adjusting control-

lable variables to counter the effects of uncontrollable vari-
ables is difficult to realize in practice. The complexity of 
the theoretical model and the number of variables involved 
make it virtually impossible to derive a closed form solu-
tion. A numerical search algorithm is a more realistic  
approach. However, if all the variables are considered, the 
multidimensional search can be too time consuming. This 
work uses a numerical search that is conducted in the  
laboratory, which is hereafter referred to as an off-line 
search, versus real-time while an application is being made. 
With this off-line search, only the significant factors of  
release height, droplet size, wind speed, and swath offset 
are varied. All other factors are assumed to take on nominal 
values. While greatly simplifying the search algorithm, the 
trade-off is a near-optimal solution. Numerical search algo-
rithms for finding optimal swath offset require the swath 
offset value to be searched with a short time step. The 
smaller the step size is, the closer the result is to the opti-
mal solution. Smaller step size requires longer computa-

tional time. This is critical for on-line optimization such as 
the algorithm used by the Wingman system (ADAPCO, 
Inc., Sanford, Fla.), where the search time is limited to a 
few seconds. With the search for a near-optimal solution 
being conducted off-line, very small step sizes can be used, 
resulting in computational time of a few minutes to hours. 
Potter et al. (2000) developed a genetic search algorithm 
for finding near-optimal solutions. The off-line genetic  
algorithm typically takes hours to find a near-optimal solu-
tion. However, there is no guarantee that a near-optimal  
solution will be found. The genetic algorithm treats all  
parameters equally and must be run for a specific set of  
parameter constraints. This means applicators have to run 
the genetic algorithm before each aerial spray. 

One advantage of the approach proposed herein is  
development of a series of curves representing the near-
optimal solution versus the significant parameters that  
applicators can refer to and use to make in-field adjust-
ments. The generation of such curves may take many 
hours, but this only needs to be done once. With the help of 
DOE analysis, parameters involved in the search algorithm 
are significantly reduced. A near-optimal solution can  
always be found. 

Among the four factors, release height, droplet size, and 
swath offset are controllable; wind speed is uncontrollable. 
Therefore, the challenge is to select the three controllable 
variables to counter the impact of the uncontrollable varia-
ble. From table 1, it is clear that the release height should 
take the minimal value and the droplet size should take the 
maximum value. The remaining controllable variable, 
swath offset, will be selected according to the wind speed. 
This involves a one-dimensional search, thus is numerically 
feasible for off-line simulation. However, based on the type 
of the aerially applied sprays and purpose of the sprays, 
there may be limitations on the release height and/or drop-
let size. For example, for mosquito control the release 
height cannot be too low; and the droplet size cannot be too 
large. The pilot often determines minimum release height in 
a given spray scenario based on safety considerations. In 
other words, application efficiency, as defined here, may 
not be the only requirement in aerial spraying. So instead of 
using the minimum release height and maximum droplet 
size, different values for the release heights and droplet  
sizes will be assumed. For each assumed value for the  
release height and droplet size, the swath offset will be  
selected to achieve the best application efficiency. 

For a given set of parameters, AGDISP can be used to 
calculate the deposition at any distance (fig. 1). To improve 
application efficiency, the swath offset can be adjusted to 
shift the entire deposition distribution curve (the solid line 
in fig. 1) to the left or right. Using software such as 
MATLAB, one can search for the optimal swath offset  
value such that the application efficiency is maximized (the 
dashed line in fig. 1). 

To reduce computation time, a real-time system such as 
the Wingman™ GX/AIMMS-20 system (ADAPCO, 2011) 
can use coarse searching steps in an attempt to find a near-
optimal solution by moving the peak value to the middle of 
the swath (i.e., between 0 and upwind swath). Since an off-
line simulation approach is used herein, small searching 

Table 2. Factors studied. 
DOE Factors Low Value High Value 
Release height 1.893 m (6.21 ft) 6.1 m (20 ft) 
Nozzle extent 50% 80% 
Droplet size ASABE very fine ASABE very coarse 
Wind speed 0.45 m/s (1 mph) 6.71 m/s (15 mph) 
Temperature 7.2°C (45°F) 35°C (95°F) 
Relative humidity 35% 100% 

Table 3. Factors not studied, but used in simulation. 
Non DOE Factors Nominal Value 
Stability Day/Moderate 
Spray volume rate 46.76 L/ha (5 gal/acre) 
Canopy height 0 m 
Swath width 18.29 m (60 ft) 
Wind direction -90 deg 
Aircraft type Air Tractor AT-402B 
Nozzle number 44 
Evaporation calculation On 
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As discussed earlier, for simplicity of the presentation, 
the validation will be limited to the case of a 3-m release 
height and ASABE fine droplet size. 

Three swath offsets are used: the default ½ swath width; 
the near-optimal value calculated from equation 1, and the 
optimal value calculated in MATLAB. Table 4 lists the 
min., max., average, and standard deviation in all outcome 
metrics for the three different swath offset values. 

Several conclusions can be drawn from table 4: 1) using 
either near-optimal or optimal values improves the  
outcome, regardless of which metric is used; 2) using the 
near-optimal or optimal values lead to more consistent  
results as indicated by smaller standard deviations; and 3) 
the differences between near-optimal and optimal values 
are relatively small. For example, if application efficiency 
is used as the metric for outcomes, the default setting has 
efficiency ranging from 9.81% to 72.7% with an average of 
37.39% and a standard deviation of 18.26%; the near-
optimal setting has efficiency ranging from 59.4% to 84.1% 
with an average of 71.1% and a standard deviation of 
6.31%; the optimal setting has efficiency ranging from 
61.3% to 86.1% with an average of 72.27% and a standard 
deviation of 6.43%. 

Additional statistical analysis was conducted. Summary 
statistical data for the different outcomes are given in table 
5. It can be seen that for all metrics, the near-optimal solu-
tions provide better results than the default swath offset 
values. Note that the analysis was on the difference  
between near-optimal and default swath offset. A negative 
mean implies that the near-optimal swath offset has a lower 
mean. 

Statistical analysis was also conducted to compare the 
near-optimal solution and the optimal solution (table 6). 
The average improvement of the optimal solution over the 
near-optimal solution was only 2.18% for application effi-
ciency, which is much less than the 32.7% difference  
between the near-optimal and default value solutions. 

Based on the statistical analysis, one can conclude that 
the near-optimal solution is very close to the optimal 
solution and illustrates significant improvement over the 
default setting. The result from a typical simulation run is 
illustrated in figure 3. 

Earlier, the assumption that all other factors were insig-
nificant was made when determining the near-optimal solu-
tion. This allows one to use nominal values for these  
factors greatly simplifying the search algorithm. The result-
ing near-optimal solution was defined by equations such as 
equation 1, which depends only on the wind speed. This  
assumption was reasonable based on the DOE analysis, and 
Monte Carlo analysis in this section confirmed this assump-
tion. When all the factors are allowed to change, equation 1 
still provides a near-optimal solution that is very close to 
the optimal solution. 

APPLICATION OF THE NEAR-OPTIMAL SOLUTIONS 
The near-optimal solution proposed earlier can provide a 

useful tool for applicators. For any given droplet size and 
release height, the application efficiencies can be plotted as 
functions of wind speed, as shown in figure 4. Though the 
simulation is time consuming, it can be done off-line allow-
ing for the applicator to refer to a graph to determine the 
near-optimal application efficiency that can be achieved for 
a given wind speed. This has an important advantage over a 
real-time system such as the Wingman™ GX/AIMMS-20 
system (ADAPCO, 2011): The applicator would know  
beforehand if the application efficiency would be accepta-
ble, given that wind speed stays constant, whereas the 
Wingman system could only provide an optimal or near-

Table 4. Statistics for default, near-optimal, and optimal swath offset (ASABE Fine and 3-m release height). 
Metric Setting Min Max Mean % Change StDev 

Application efficiency (%) 
Default 9.81 72.70 37.39 0.00 18.26 
Near-optimal 59.40 84.10 70.10 87.49 6.31 
Optimal 61.30 86.10 72.27 93.31 6.43 

Total in-swath deposition (10-5 mL/cm²) 
Default 1.22 9.17 4.65 0.00 2.29 
Near-optimal 7.15 10.60 8.70 86.98 0.84 
Optimal 7.37 10.80 8.97 92.78 0.85 

Deposition at 30.48 m (10-8 mL/cm²) 
Default 9.89 53.40 28.38 0.00 10.46 
Near-optimal 8.64 36.60 22.47 -20.83 7.92 
Optimal 8.46 35.30 22.21 -21.74 7.88 

Deposition 30.48-45.72 m (10-7 mL/cm²) 
Default 11.70 63.90 35.81 0.00 14.11 
Near-optimal 10.20 45.80 28.38 -20.74 10.73 
Optimal 10.10 45.70 28.05 -21.67 10.61 

Deposition at 76.20 m (10-8 mL/cm²) 
Default 2.65 14.80 8.29 0.00 3.47 
Near-optimal 2.55 11.30 6.99 -15.75 2.56 
Optimal 2.60 11.00 6.93 -16.46 2.53 

Deposition at 152.40 m (10-9 mL/cm²) 
Default 5.96 37.60 22.79 0.00 0.79 
Near-optimal 5.49 36.40 20.46 -10.25 6.84 
Optimal 5.50 36.20 20.36 -10.69 6.80 

Figure 3. Default, near-optimal, and optimal deposition. 
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optimal result after the aircraft has finished one trajectory 
along a given direction. 

To illustrate how this works, consider certain applica-
tions that have to have release heights higher than 3 m and 
the droplet size equal to or smaller than a FINE spray. The 
applicator can check weather forecasts to estimate wind 
speed. Using figure 4, the applicator can conclude that in 
order to achieve an application efficiency higher than 70%, 
the wind speed must be lower than 3.6 m/s. In order to 
achieve the optimal result, equation 1 must be used to  
calculate the swath offset. For reference, if a swath width of 
one-half is used, the application efficiency will be below 
50% for a wind speed of 3.6 m/s. Similarly, one can 
generate graphs for other outcome metrics such as 
deposition between 30.48 and 45.72 m (100 and 150 ft), 
deposition at 30.48 m (100 ft), and deposition at 152.40 m 
(500 ft). 

Another potential use of the near-optimal solution is to 
plot any outcome metric as a function of wind speed at 
different release heights (application efficiency is plotted in 

fig. 5). For any given droplet size and wind speed, the 
applicator can use the graph to determine the maximum 
release height in order to achieve a certain level of 
application efficiency. For example, if an ASABE fine 
spray is used and 75% application efficiency is desired, 
then release height greater than 3 m does not work; release 
height of 3 m works only when the wind speed is below 
1.5 m/s; for 1.9 m release height, wind speed up to 5.4 m/s 
is allowed. Similar graphs for other outcome metrics can 
also be generated to provide guidelines for applicators. 

SUMMARY AND DISCUSSION 
Following results of previous research (Huang et al., 

2010), a simulation-based optimization approach was used 
to develop practical guidelines for aerially applied sprays. 
Based on the DOE analysis results (Huang et al., 2010), the 
optimization effort focused on the impact of significant  
factors including wind speed, release height, droplet size, 
and swath offset. All other factors were assumed to take 
nominal values. This simplifying assumption made the use 
of a numerical search algorithm feasible in finding a near-
optimal solution. Off-line simulation allows one to use 
higher resolution for the search algorithm. The resulting 
swath offset value can be easily calculated as a polynomial 
function of the wind speed and provides a significant im-
provement over the default half swath width offset. 

Since the main factors are limited to wind speed, swath 
offset, release height, and droplet size, it is feasible to gen-
erate two factor graphs which can be used by applicators to 
determine whether it is possible to achieve certain levels of 
application efficiency or reduced downwind deposition for 
a given wind speed and any constraints on droplet size or 
release height. These graphs can be used to help the appli-
cators in predicting and optimizing the results. 

We present initial results with simplifying assumptions 
herein to illustrate the potential results and applicator guid-
ance that can be achieved. While some controllable factors 
that have a direct impact on the downwind drift, such as 
application air speed, were not considered here, this  
approach can still be expanded to include and account for 
these and other factors as well. While the assumption was 
made that the factors included here followed uniform  
distributions, other probability distributions can easily be 
used as they are identified. In the end, this work demon-
strated how designed simulations can effectively be used to 
determine how changes in significant operational factors 
influence operational outcomes and provide real-world 
guidance to applicators. 

Future work will investigate use of more factors, a  
correlation study between simulation analysis and field test  
data, and generation of a complete set of graphs or lookup 
tables. 
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