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Abstract
Air dispersion software models that evaluate pesticide spray drift during application have been
developed. These models can potentially serve as a cheaper and more convenient alternative to
field monitoring campaigns. Such models require validation against field monitoring data in
order for them to be employed with confidence, especially when they are used to implement
regulatory measures or to evaluate potential human exposure levels.
In this project, a pesticide active ingredient, namely atrazine, was used as a tracer to monitor
spray drift up to 400 m downwind for comparison and validation of the AGricultural DISPersal
(AGDISP) model outputs. Airborne drift samples were collected using high volume air sampling
onto polyurethane foam (PUF) at six downwind locations while ground deposition drift was
captured with chromatography fallout paper samplers. Additional data, including meteorological
information and some application parameters required to simulate spray drift with AGDISP, was
collected.
Airborne samples were extracted with a plunger method using a hexane:acetone solvent mixture
and analysed by Gas Chromatography coupled to a Nitrogen Phosphorus Detector (GC-NPD)
which performed well (94.5% recovery, 3.3% RSD and LOD 8.7 pg). Atrazine airborne
concentrations ranged from 4.55 ng L-1 adjacent to the field to 186 pg L-1 at 400 m downwind.
The experimental results correlated favourably with the modelled output, suggesting that the
AGDISP model can be used to provide a good estimate for airborne drift in risk assessment
studies or for regulatory purposes.
A simple and rapid screening method using a Direct Sample Analyser coupled to a Time-ofFlight Mass Spectrometer (DSA-TOFMS) was employed for semi-quantitation of atrazine
deposition. This method was shown to be quick (30 min extraction and 25 s analysis) and useful
for the large sample set that was collected. The deposition sample extracts were also analysed by
GC-NPD using a method similar to that used for airborne samples. Compared to the AGDISPsimulated deposition output, the model under-predicted the deposition by up to one order of
magnitude compared to the GC-NPD results and even more compared to the DSA-TOFMS
results. This suggested that the model should be used cautiously for predicting pesticide
deposition.
For the first time this project has shown the use of a pesticide active ingredient to validate the
AGDISP ground application model under local South African conditions up to 400 m downwind
of the application area.
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Chapter 1

Background to the Study

1.1 Pesticides
According to van der Hoff and van Zoonen (1999) pesticides can be described as substances or
mixtures of substances intended for preventing, destroying, repelling, or mitigating any pest.
These pests can be insects, mice and other animals, unwanted plants (weeds), fungi, or
microorganisms like bacteria and viruses. Pesticides are normally grouped and named according
to the type of pest they control, for example herbicides, algaecides and insecticides are used to
control herb, algae and insects respectively. They may also be grouped according to their
chemical structure, for example organochlorides and triazines (USEPA, 2014a).
Although pesticides are important in agriculture to ensure high crop yields, and therefore food
security, their extensive use in agricultural areas can cause serious contamination of air, water,
soil and other natural resources through various pathways. The persistent nature of some of these
compounds in the environment may also pose serious health effects whose reversibility is not
known (Patterton, 2013).
Maybank et al. (1978) stated that some 30 – 40% of an initially deposited agricultural chemical
(agrichemical) can evaporate and drift downwind as vapour in just 2 hrs after application.
Salyani and Cromwell (1992) highlighted that 10 – 60% of applied chemicals can drift more than
300 m off the targeted crop, and a similar assertion was made by van den Berg et al. (1999) who
suggested that during application up to 30 – 50% of the amount applied can be lost to the air.
This shows some of the inefficiencies of the application process and a loss to the farmer, but
most importantly it shows that a significant amount of pesticides can be introduced to the
atmosphere during application. Although most pesticides are specifically designed to have low
persistence in the environment, they still undergo atmospheric transport at regional or global
scales. For example, triazines, acetanilides and phenoxyacids are sufficiently stable to undergo
atmospheric transport over 100 – 1000 km (van Dijk & Guicherit, 1999).
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1.2 Effects of Pesticide Contamination of the Environment
Pesticide use can potentially lead to contamination of surrounding natural resources thereby
causing direct or indirect exposure to humans and other organisms in the ecosystem through
different pathways. Even though they may occur at low concentrations, the continuous exposure
to these compounds can lead to serious long-term effects (Patterton, 2013).
Aquatic systems are susceptible to direct effects of pesticides because after application pesticides
can easily enter water systems through runoff, spray drift deposition, or erosion. For example,
pesticides have been shown to have an impact on the invertebrate community composition in
aquatic systems (Liess & Ohe, 2005). Also, a number of pesticides have been shown to have
endocrine disrupting effects in some animals (Hass et al., 2012; Hrouzková & Matisová, 2012;
Kojima et al., 2004). This may affect sex hormones thereby affecting the reproduction of the
affected organism. It has also been shown that pesticide mixtures can also interact synergistically
thereby causing enhanced toxicity in some aquatic species (Norgaard & Cedergreen, 2010).
Another environmental problem associated with pesticides is that they tend to bioaccumulate in
aquatic organisms (Bussolaro et al., 2012; Zhang et al., 2014; Zhao et al., 2014b). This
phenomenon can serve as a vehicle for exposure to humans or any other higher organisms in the
food chain.
According to Bedos et al. (2002), pesticides can occur in the atmosphere either in the particulate,
gaseous or liquid phase and they can easily enter the atmosphere during application through wind
effects (drift) or evaporation (Sanusi et al., 1999; Sauret et al., 2008; Schummer et al., 2010).
Even after application, pesticides can still enter the atmosphere through volatization from crops
or the soil surface as well as through wind erosion. In the atmosphere they can undergo
transformations via different degradation pathways (hydrolysis in water and soils, and photolysis
and reaction with ·OH radicals in the atmosphere) (De Rossi, 2010). Once they enter the
atmosphere, pesticides can undergo both regional (Muir et al., 2004) and long range (Oehme,
1991) transport. A study by Murray and Vaughan (1970) measured pesticide drift up to over 6
km away from the application site. Air currents can transport pesticides over thousands of km to
areas as remote as the polar regions (Unsworth et al., 1999). Pesticides in the gas phase can be
removed from the atmosphere through dissolution into precipitation and surface water and
2

sorption onto soil and vegetation. Those that are particle-bound can be washed out of the
atmosphere by precipitation or removed by dry particle deposition to surface water, soil, or
vegetation (Foreman et al., 2000). A summary of possible routes of pesticide circulation in the
atmosphere is shown in Figure 1.1.

Figure 1.1 Schematic diagram showing the possible route routes of pesticide circulation in the environment (adapted from
Kosikowska and Biziuk (2010))

1.3 Pesticide Spray drift
Pesticides are usually applied to crops by means of spraying. During this process, some of the
spray material may drift away from the target area. Pesticide spray drift can simply be defined as
the spray material which unintentionally reaches areas outside the target area either as droplets,
dry particles or vapour, during or after application on the target area (Carlsen et al., 2006a). The
United States Environmental Protection Agency (USEPA) defines spray drift as the movement of
a pesticide through the air off the target site during or immediately after application or use,
3

where an off- target site can mean deposition on immediately adjacent areas or ‗extended
airborne displacement‘ (Miller & Stoughton, 2000).
The growing concern about pesticide spray drift is that it can cause serious environmental
contamination and a potential hazard (Murray & Vaughan, 1970). A number of studies have
suggested that spray drift is one of the important routes for pesticide contamination of natural
surface waters and off-crop habitats (Dabrowski & Schulz, 2003; Wang & Rautmann, 2008).
Environmental contamination by pesticides may result in adverse effects to humans, plants and
animals that utilize these contaminated resources. The effects of pesticides on aquatic life are
well documented as discussed in section 1.2.
The factors that affect the extent of spray drift are discussed in detail in Chapter 2. In broad
terms spray drift is largely influenced by meteorological factors, application factors, and the type
and composition of the pesticide formulation being applied (Miller et al., 2011). Although there
are some ways that have been developed to reduce drift during application, it still remains an
environmental concern.
1.4

Pesticide Use and Management in South Africa

South Africa is the highest user of pesticides in sub-Saharan Africa (Dalvie et al., 2009) and this
can be related to the country‘s intensive agricultural activity. A recent report states that there are
over 3 000 approved pesticide products for use in South Africa (DAFF, 2010). South Africa is
also one of the largest importers of pesticides (Osibanjo et al., 2002; Quinn et al., 2011).
In an effort to protect the environment against these substances, the country has a number of
laws in place and they are regulated by different government departments. Relevant South
African laws include the National Water Act no. 36 of 1998, the Environment Conservation Act
no. 73 of 1989 and the Fertilizers, Farm Feeds, Agricultural Remedies and Stock Remedies Act
of 1947 (Naidoo & Buckley, 2003). Due to the growing concern on air quality, the National
Environmental Management Air Quality Act no. 20 of 2014 was introduced to amend the
National Environmental Management Air Quality Act no. 39 of 2004 (NEMAQA, 2014).
A Pesticide Management Policy has recently been adopted by the Department of Agriculture,
Forestry and Fisheries (DAFF, 2010) which seeks to ensure that pesticides are used in ways that
4

lead to the minimization of significant adverse effects on human health and the environment. It
also seeks to encourage the development of alternative techniques to reduce the dependence on
pesticides.

1.5 Pesticide Modeling
Pesticide regulators in some developed countries are using mathematical model software
programmes to simulate pesticide drift. In the USA for example, the government, through the US
Environmental Protection Agency, has adopted a number of different models to assess possible
risks of pesticide exposure to human health or the environment, via aquatic, terrestrial,
atmospheric and health effects assessments (USEPA, 2014b).

Among the atmospheric

dispersion models, the AGricultural DISPersal (AGDISP) and AgDrift models are of particular
interest to this study. Governments in some developed countries like Australia, Canada and New
Zealand, are also using these models for pesticide spray drift risk assessments (APVMA, 2010).
In South Africa pesticide regulators have not yet used these models for simulating pesticide
spray drift during application. Caution needs to be taken when employing these models because
although they are very useful, they could generate different results from real field data because of
differing interactions of pesticides with different crops, as well as temporal and spatial variation
in environmental conditions (Gil & Sinfort, 2005). There is therefore ongoing research that is
aimed at validating and improving the prediction power of these models under different
conditions.

1.6 Aims and Objectives of this Study
This project formed part of a broader research study that was commissioned by the Water
Research Commission (WRC) entitled ―Investigation of the contamination of water resources by
agricultural chemicals and the impact on human health‖ (WRC, 2013). The aim of this particular
work was to validate an air dispersion model which could be used to predict spray drift for
human exposure risk assessment studies.
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The specific objectives were therefore to:
1. Monitor pesticide spray drift during pesticide application at a large scale agricultural
farm. This required that a method to sample and quantify the spray drift of the active
pesticide be developed.
2. Use the data collected during the sampling campaign as input data to the AGricultural
DISPersal (AGDISP) model and then to compare the model output with the monitoring
data for model validation purposes. In addition necessary recommendations in terms of
model uncertainties for using the model under local conditions were to be determined.

1.7 Justification for this Study
Given the high usage of pesticides in South Africa and the harmful effects they can pose to both
humans and the environment, as highlighted in section 1.2, there is a crucial need for studies to
be conducted to investigate possible environmental effects of the usage of these agrichemicals.
Spray drift during application is a route of pesticide entry to the environment, therefore it is vital
to evaluate drift in order to assess the possible impact thereof on sensitive surrounding areas. The
high costs of field monitoring campaigns and the variation in environmental conditions during
monitoring warrants the need to evaluate the alternative of using computer models to simulate
drift. Atrazine is a pesticide which is used in large quantities in South Africa (Dabrowski et al,
2014); it is also stable in the atmosphere, therefore it was suitable for use as a tracer in the
validation of such an air dispersion model.

1.8 Structure of the Thesis
Following this introduction, Chapter 2 of this thesis provides a review of both pesticide spray
drift and analytical approaches for determining pesticides in the atmosphere. Chapter 3 gives a
review of air dispersion models which are used to simulate spray drift during pesticide
application, focusing on the AGDISP model. Chapter 4 details the experimental methods
employed and the results are presented in Chapter 5. Lastly, an overall conclusion of the study is
given in Chapter 6.
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Chapter 2

Literature Review

2.1 Atrazine
Atrazine (6-chloro-4-N-ethyl-2-N-propan-2-yl-1,3,5-triazine-2,4-diamine) is a widely used
herbicide for controlling annual broad-leaved weeds and grasses in pre- or post-emergent crops
like maize, sorghum and sugar cane. It kills weeds by inhibiting the photosynthetic electron
transport, but the target crop is tolerant to atrazine because of rapid detoxification (MacBean,
2012). The chemical structure of atrazine is shown in Figure 2.1 while Table 2-1 provides some
of its physicochemical properties. These properties are important in determining the fate and
lifetime of the compound in the environment. The Henry‘s constant, for example, describes the
tendency to volatilize from aqueous to gas phase and atrazine is considered to be moderately
volatile (Ratola et al., 2014). The solubility describes the ability to mix with aqueous particles
or droplets and therefore determines the dry or wet deposition of the compound (Hodzic et al.,
2013). According to a scoring scheme by Ratola et al. (2014), atrazine is considered to have a
low deposition potential and in soil it can be highly mobile because it does not adsorb strongly to
the soil particles (Log KSA < 8).

Figure 2.1 Chemical structure of atrazine
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Table 2-1 Physicochemical properties of atrazine

Property
Molecular Weight

Value

1

215.7 g mol-1

Molecular formula1

C8H14ClN5

1

Form

Colourless powder

Melting point1

175.8 °C

1

Boiling point (at 101 kPa)

205.0 °C

1

Vapour pressure (at 25 °C)

3.85×10-2 mPa

Kow log P1

2.5 (25 °C)

Henry‘s constant

1

1.5×10-4 Pa m3 mol-1

Density1 (at 22 °C)

1.23 g cm-3

Solubility1:
in water (at 22 °C, pH 7)

33 mg L-1

in acetone (25 °C)

31 g L-1

in n-hexane (at 25°C)

0.11 g L-1

Volatilization potential2
Water-air:
Soil-air:
kd

2.60

Log KSA

7.18
2

Deposition potential , Φ (%)

17.60

KSA – volatilization potential from soil to air
kd – distribution coefficient from soil and soil-water partitioning
Kow – octanol-water partition coefficient
1

MacBean (2012)

2

Ratola et al. (2014)

Because of its high annual use in agriculture, atrazine has been one of the most frequently
detected pesticides in freshwater systems in many parts of the world. For example, Gilliom
(2007) showed it to be the most frequently detected pesticide in USA surface and ground water
systems. A similar assertion has been made for European ground water (Gavrilescu et al., 2014).
In South Africa, atrazine has also been shown to have the largest number of seasonal occurrences
(Patterton, 2013). A recent study by Dabrowski et al. (2014) dealing with the prioritization of
pesticides that are used in South Africa, featured atrazine as the highest ranked pesticide among
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25 priority pesticides. Their ranking and prioritization was based on a weighted hazard potential
(WHP) – a prioritization index which is directly proportional to the pesticide‘s toxicity potential
(TP) and total quantity of use.
Several studies have found atrazine in South African freshwater systems (Dabrowski et al., 2013;
Du Preez et al., 2005; Pick et al., 1992) which is due in part to the high usage of this pesticide, as
shown in Table 2-2.
Table 2-2 Use of atrazine in South Africa for the year 2009 (Dabrowski & Schadung, 2011)

Crop

Crop area

Base Area

Area treated

3

3

3

(10 ha)
Sorghum
Corn

(10 ha)

(10 ha)

Dose rate
-1

Volume

(kg or L ha )

(103 kg or L)

87.00

87.00

20.42

2.106

43.015

2750.00

2750.00

915.89

0.936

890.981

Once in water systems, atrazine can have harmful effects on aquatic life, such as endocrine
disrupting activity (Giusi et al., 2006; Hayes et al., 2010; Hrouzková & Matisová, 2012).
Alarmingly, some studies have shown atrazine to be an endocrine disruptor in human cells (Fan
et al., 2007; Sanderson et al., 2000). Atrazine can be quite persistent in water as a study by
(Thurman & Cromwell, 2000) in Lake Superior in Canada, suggested that the half-life of atrazine
in lakes was over 10 years.
In the atmosphere, atrazine is fairly stable and has been shown to be capable of undergoing
regional atmospheric transport up to over 1 000 km (Muir et al., 2004). The degradation pathway
of atrazine in the atmosphere is through ·OH radical attack. If this attack occurs with a rate
constant of 1.4×10-11 cm3 s-1, and if the ·OH concentration is between 5 – 10 ×10-5 cm3 then the
average lifetime of atrazine is approximately 1 day. Also, if the mean wind speeds are 3 – 5 m s-1
, then it can travel 250 – 500 km within a day before any significant degradation can occur (De
Rossi, 2010). Thus the atmosphere is also a potential exposure route especially for humans and
animals through inhalation.
The stability of atrazine in the atmosphere makes it suitable for use as a spray drift tracer during
application. A study by Ravier et al. (2005) successfully used atrazine to monitor atmospheric
spray drift up to 134 m downwind. It can be easily trapped onto sampling media such as filter
paper or polyurethane foam (PUF) and the analysis does not require any derivatization.
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Analytical techniques such as gas chromatography coupled with mass spectrometry (GC-MS) or
nitrogen phosphorus detector (GC-NPD) are normally used for quantitation.
Atrazine can undergo transformations in the environment to dealkylated, hydroxylated, and
chlorinated products (Qiao et al., 1996). It is also persistent in soil where it has a half-life of
between 77 – 101 days in surface soil and over 900 days in subsurface soil (Blume et al., 2004).

2.2 Spray Drift
2.2.1 Factors affecting spray drift
A lot of research has been done to try and understand the different factors that could possibly
affect spray drift during application. Some researchers have used computer simulation methods
(Hobson et al., 1993; Holterman et al., 1997), while others have utilised wind tunnel experiments
to investigate these factors. Miller et al. (2011) stated that spray drift is largely influenced by the
droplet size distribution (DSD) that the nozzles produce, the height at which the spray liquid is
released, and the wind speed at the time of spraying. Using both experimental data and the
computational fluid dynamic (CFD), Nuyttens et al. (2013) reached a similar conclusion and
stated that the most influential factors are the fraction of small droplets and spray boom height.
In a different study, Holterman et al. (1997) concluded that wind speed, boom height, and nozzle
size were the major factors affecting spray drift. Most of the factors described below indirectly
affect spray drift because of their effect on droplet size.
2.2.1.1

Meteorological conditions

The effects of meteorological factors on spray drift is well documented (Nuyttens et al., 2006b).
Meteorological parameters mainly affect the rate at with droplets evaporate upon being released
through nozzles, thereby decreasing the droplet size. Differences in meteorological conditions
make it difficult to compare previously reported information with recent studies due to an
inability to isolate and correct for weather differences (Nuyttens et al., 2008).
Wind Speed
From studies conducted by the Spray Drift Task Force (SDTF) Bird et al. (1996) noted that wind
speed and atmospheric stability were the only meteorological parameters that correlated with offtarget deposition. They noted that higher wind speeds increased both near- and far- field ground
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deposition and increasing atmospheric stability correlated with higher far field deposition.
Studies by Phillips and Miller (1999) showed that the downwind airborne spray volume in the air
from a single stationary nozzle increased linearly with wind speed in the near-field during neutral
conditions.
In a wind tunnel experiment to compare droplet size effects, Fritz et al. (2010) found that the
volume median diameter (the droplet diameter size marking where 50% of the spray volume is
reached – denoted VMD or DV0.5) decreased by 30% to 50%, as the wind speed in high-speed
airstreams increased from 45 to 63 m s-1 When they performed air dispersion modelling (using
the AGDISP model, which will be discussed in Chapter 3), they found increased downwind
deposition for higher wind speeds, an observation they attributed to the increased number of
finer droplets in the spray. Hoffmann (2006a) found that when actual weather conditions during
application were used as input for the AGDISP model, a 1.5 m s-1 increase in wind speed
resulted in a 100% increase in the spray flux at 50 m from the application site.
Relative Humidity
Relative humidity is the second most important meteorological factor, after wind speed, that
significantly affects spray drift (Huang et al., 2010; Miller et al., 2000). This is because of the
relationship between relative humidity and droplet size, where relative humidity affects droplet
evaporation in the atmosphere which in turn determines how long an aerosol remains suspended
in the atmosphere. Water is also commonly used as a pesticide carrier. Relative humidity is said
to be the primary meteorological factor that affects droplet evaporation (Miller et al., 2000) and
thus droplet size. The droplet size in turn determines how long an aerosol remains suspended in
the atmosphere.
Temperature
Temperature affects the evaporation rate of the droplets produced during spray applications. At
higher temperatures the droplets evaporate very quickly and become smaller and therefore can
drift further prior to deposition (Enz et al., 2014; Hanna & Schaefer, 2009). A study by Zhu et al.
(1994) showed that the effect of temperature is more pronounced on smaller droplets because
they have greater surface area to volume ratios and longer flight times compared to larger
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droplets. They also showed that temperatures between 10 and 30 ˚C have little influence on 200
µm diameter or larger water droplets.
Atmospheric Stability

According Miller et al. (2000) the term ―atmospheric stability‖ includes both static stability and
dynamic stability processes. Static stability refers to the atmosphere‘s capability for buoyant
convection. Air that is positively buoyant and less dense than surrounding air will tend to rise,
whilst air that is negatively buoyant and denser than surrounding air tends to subside, such as
during atmospheric inversion conditions. Dynamic stability refers to the effects of wind shear
generated (mechanical) turbulence on the static stability condition. High mechanical turbulence
causes mixing and reduces the buoyancy effects. Therefore higher wind speeds act to decrease
the intensity of the thermal stability by reducing the relative buoyancy.
Spray drift studies conducted by Miller et al. (2003a) after application of malathion on an 11 m
high pecan orchard with an air-blast orchard sprayer, showed atmospheric stability to be the
primary factor affecting spray drift measured on and above an adjacent field. They found the
amount of spray drift collected under very stable conditions to be more than 2 times the amount
collected under unstable conditions. A different study by Miller and Stoughton (2000) in which
they tracked the drift plume of small suspended droplets after application of a biological
pesticide with an elastic-backscatter lidar, also confirmed this observation.
2.2.1.2

Application Technique

Application parameters such as the nozzle type and size, sprayer driving speed, boom height, and
the spray pressure have been shown to have an effect on spray drift for ground applications
(Nuyttens et al., 2006a). In most cases these parameters can be controlled by the operator and
can therefore be manipulated to achieve minimal spray drift. While some studies were looking at
these factors separately, a study by Hassen et al. (2013) showed that a combination of the nozzle
type, nozzle angle, and nozzle pressure can have an influence on spray drift. They found that flat
fan nozzle type TPE with a nozzle angle of 80° and nozzle pressure of 300 kPa gave the best
spray distribution.
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Nozzle type
The nozzle type, size, and pressure that is used during pesticide application can have a
significant influence on the droplet size distribution (DSD) that is produced by the sprayer. It has
been found that the larger the nozzle size, the larger the droplet size spectrum produced
(Nuyttens et al., 2007). A study by Jones et al. (2002) showed that air induction type nozzles
produce the largest droplet size and smallest volume of very fine droplets. This is desirable
because large droplets are less susceptible to drift and thus improve the application efficiency.
Hassen et al. (2014) investigated the effect of different spray fan angles, namely 65°, 80° and
95°, on spray drift. They found that the nozzle angle had a significant effect on the total spray
drift and an angle of 65° resulted in the highest reduction of spray drift compared to the other
angles.
Application height
A study by Huang and Thomson (2012) where an adjuvant (Syl-Tac®) and a rubidium chloride
tracer were sprayed, showed that aerial application at different altitudes (3.7 m, 4.9 m, and 6.1
m) had a significant effect on downwind spray deposition. Even for ground applications the
release height has been shown to have significant effects on spray drift. Nuyttens et al. (2006a)
showed that lowering the spray boom height from 0.50 m to 0.35 m reduced spray drift by 52%.
Crop canopy
Hoffmann (2006b) observed that when crop height inputs into the AGDISP (version 8.08) air
dispersion model were changed from 0.3 m to 1.3 m, the spray flux decreased by 20-fold,
suggesting the dramatic filtering effect that a canopy can have on a spray cloud. Having made
this observation, in the following year Hoffmann et al. (2007) carried out some sensitivity
studies in cotton fields to quantify the effects of different crop canopy characteristics, such as
height and canopy closure, on spray deposition and drift upon aerial application of a solution
with a dye tracer. They kept the application height at 3 m above canopy for all simulations they
investigated canopy heights (CH) from 0, 0.7 and 1 m. Their results showed a higher deposition
where there was no canopy (Figure 2.2).
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Figure 2.2 Comparison of field and AGDISP vertical deposition for different canopy heights (Hoffmann et al., 2007).

2.2.1.3

Spray Material

The dependence of spray drift on the nature of the spray material can be explained in terms of the
evaporation rates of the different materials. The rate of evaporation of the tank mix diluent
influences the eventual downwind pesticide spray drift (Teske et al., 1998). In turn, the
evaporation rate directly influences the droplet sizes, with smaller droplets being capable of
drifting further downwind compared to larger droplets.
Fritz et al. (2010) studied the effects of spray mixtures on droplet size, and hence spray drift,
under aerial application conditions. From the AGDISP air dispersion model predictions they
found differing amounts of downwind deposition at similar air speeds for different formulations.
They concluded that while mimic and simulated sprays can give similar atomization results and
follow similar trends with respect to effects on droplet size from changes in wind speeds, active
ingredients can have a significant effect on the atomization of spray solutions.
(Hewitt et al., 2009) performed a wind tunnel study which showed that the droplet size
distribution is dependent on the composition of the spray material. For a tank mix of 44%
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glyphosate they found a volume median diameter (VMD) of 158 µm, whilst for a tank mix of
4.9% glyphosate the Dv0.5 was 140 µm. They found the droplet size distribution for tank mixes
containing glyphosate to be considerably finer than those containing water, as glyphosate has
surfactant properties which lower the surface tension. The droplet size became finer with
increasing aircraft speed.
Miller and Ellis (2000) looked at the effect of formulation on nozzle performance for ground
applications. They deduced that water-soluble formulations are likely to increase spray drift
compared to formulations which form emulsions. This is because emulsions give sprays that are
coarser than those from water-soluble formulations. They also concluded that changes in the
physical characteristics of the spray liquid will mostly affect air induction nozzle systems as
opposed to conventional hydraulic pressure nozzles.
De Schampheleire et al. (2009) found that the dynamic surface tension of spray formulations is
the major property of the spray material that affects drift. They also found that the addition of a
polymer drift-retardant increased the viscosity of the spray liquid, thus forming coarser droplets,
which subsequently reduced drift significantly. This was also supported in a study by Celen
(2010) conducted with an airblast sprayer on vineyards, where it was shown that treating the
spray material with three different adjuvants had an impact on the downwind deposition of the
applied formulation.
2.2.2 Means of Spray Drift Mitigation
Finding ways of minimizing spray drift can result in a commensurate increase in application
efficiency and cost reduction due to off-site losses. Drift reduction is also important for
minimizing possible non-target environmental contamination.
According to Carlsen et al. (2006b), spray drift can generally be reduced significantly by
spraying under conditions where there is low wind speed, low temperature, low turbulence, low
radiation from the sun, and high relative humidity. Drift can also be reduced by avoiding fine
droplets (achieved by adding additives to the spray material, for example), by minimizing
spraying boom height, and by minimizing the release pressure at the nozzles.
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Means of reducing spray drift have been investigated in a number of studies in the past
(Hoffmann et al., 2010; Vischetti et al., 2008). According to Hoffmann et al., the ways of
reducing spray drift – drift reduction technologies (DRTs) – involve modification of spray
nozzles, sprayer modifications, spray delivery assistance, spray property modifiers, and/or land
scape modifications with the intent of minimizing spray drift. Therefore ways of reducing spray
drift include the use of low drift nozzles, air-assist sprayers, drift control additives and sprayer
shields (Pepper et al., 2001).
Miller et al. (2011) showed that the use of nozzles having spray fan angles of less than 110° can
reduce the risk of drift when releasing spray material at heights that are greater than 0.5 m. They
showed that using the minimum possible release height is very crucial for any drift control
strategy especially when medium or fine spray qualities are required for an application.
Fritz et al. (2011) conducted a study where they evaluated performance of some drift reduction
technologies (DRTs) that were proposed by the United States Environmental Protection Agency
(USEPA). They judged the performance of each DRT by measuring the downwind deposition on
horizontal fallout collectors. They found that the use of different adjuvants and/or surfactants can
affect the recoveries of pesticides from the fallout collectors, therefore correcting for recovery is
important where relevant comparisons between DRTs are to be made.
2.2.3 Techniques for field monitoring pesticide spray drift
There are a number of ways to monitor spray drift during pesticide application (Donkersley &
Nuyttens, 2011). Two of the most useful and widely used techniques are based on (i)
sedimentation of the pesticide aerosol onto horizontal surfaces and (ii) measurement of airborne
pesticide concentrations at defined downwind locations from the application site by either
actively drawing air onto adsorbent surfaces or by passively intercepting the airborne flux with
suitable adsorbent materials (Wolters et al., 2008). Both of these sets of data are commonly
collected in spray drift studies. Information on deposition is mainly useful in assessing the risks
of pesticides settling into nearby surface water systems (Schulz, 2001), non-target crops and soil,
while airborne concentrations are important for bystander exposure and inhalation assessments
(Butler Ellis et al., 2010; De Schampheleire et al., 2007; Tupper et al., 2012).
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When measuring spray drift, it is important to consider the nature of the exposed environment
nearby in order to make meaningful interpretations of the results. Measurement and predictions
of the effective spray drift dose received by horizontal surfaces (like surface waters and groundbased vegetation) can be very different from those received by vertical taller surfaces (like
human bystanders and buildings) which can intercept and collect more airborne spray. Butler
Ellis and Miller (2010) showed, using both measurements and computer simulations (Silsoe
Spray Drift Model developed by the same authors), that there are indeed significant differences
between airborne and ground-deposited spray drift (Figure 2.3) and these should therefore be
interpreted differently.

Figure 2.3 Comparison between predicted and measured (a) ground deposition and (b) airborne pesticide spray profile at 2.0 m
downwind for a single experimental run (Butler Ellis & Miller, 2010).
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It is therefore common practice in pesticide spray drift studies to measure both airborne flux and
ground-deposited spray in order to make meaningful exposure assessments.
Different types of collector materials can be used to sample and quantify the drift tracer material
(Table 2-3). A study by (Bui et al., 1998) compared different types of samplers that can be used
to monitor spray drift. These included (i) high-volume sampler with glass fiber filter (ii)
horizontal alpha cellulose fallout sheets, (iii) high volume air samplers, (iv) sampling trains of
rotary disk impactors, (v) rotating rod strings (vi) vertical string samplers, and (vii) polyurethane
foam (PUF) plugs with glass fiber filter in-series. As expected, they found the passive type of
samplers to collect less of the drift material (malathion). With the active samplers they found that
samplers using high-volume sampling with either glass fiber filter only (at 400 L min-1) or with
the filter coupled to a PUF plugs (at 200 L min-1) collected similar amounts of airborne
malathion, 836 ng m-3 and 728 ng m-3 respectively. Their study also showed that these materials
have good collection efficiency of the active ingredient, and they reported recoveries of 96, 75,
and 93% for the fallout sheets, glass fiber filters, and PUF respectively.
A study by Hewitt et al. (2010) also looked at a number of collector systems that were used in a
spray drift monitoring campaign by the Spray Drift Task Force (SDTF). To monitor spray drift
deposition they used 1 m2 alpha cellulose cards that were placed horizontally to represent flat
terrestrial and aquatic surfaces. The campaign also monitored passive airborne flux using 0.8 mm
cotton string, 2 mm Teflon lines, alpha cellulose strips, and polythene cords. Amongst these they
found cotton strings to be most suitable for passive flux sampling because of their high collecting
efficiency (above 85%). Additionally they also used low-volume air samplers (at 2 L min-1)
which had filter paper (2.5 cm diameter) as the adsorbing material.
Cooper et al. (1996) conducted a wind tunnel experiment where they compared two samplers for
monitoring spray drift, a passive sampler made of synthetic wool yarn and a battery-powered
rotary sampler. They found the wool sampler to have a collection efficiency of between 40 and
100%, whilst the rotary sampler collection efficiency was between 1 and 70%. They noted that
volatile compounds may be underestimated with the wool sampler. They concluded that the two
samplers are complementary because they provide different information.
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Most of these pesticide spray drift samplers are point-collectors, meaning they give information
on the concentration of the pesticide at that point. Although they are widely used, Gregorio et al.
(2011) highlighted some of the limitations of using this approach. They include the following:


The pesticide cloud is not time resolved. This makes is difficult to fully understand the
evolution of the spray cloud during the application period.



The collectors do not provide an overall picture of the pesticide plume. They only
provide specific sample points of it.



The results are strongly influenced by meteorological conditions during the trial.



It requires a lot of personnel and time to carry out the monitoring, thereby limiting the
number of trials that can be done.

To overcome these challenges the authors then suggested the use of an optical remote sensing
technique. However this requires specialized equipment which may not be readily available. The
three most commonly used monitoring techniques for assessing pesticide spray drift are
discussed below, and studies which have utilized them are summarized in Table 2-3.
2.2.3.1

Tracer Techniques

The use of tracers generally involves addition of a different substance (the tracer) into the spray
solution mix that will be transported together with the spray material in the atmosphere during
application. The air samples that are collected are then analysed for that particular substance. The
concentration of the tracer is then related to the concentration of the pesticide. The choice of a
suitable tracer is usually based on ease of analysis and its stability in the atmosphere.
A number of different types of tracers have been used to simulate transport of pesticides in the
air and analysis methods depend on the tracer that is used. Commonly used tracers are
fluorescent dyes which can be sampled and analysed by fluorometry. The low cost of this
method has contributed to its wide usage but one drawback is that some dyes can undergo both
aqueous photolysis and degradation under humid conditions which may occur in some field
study locations (Hewitt et al., 2010). Another disadvantage is that different florescent tracers
may be influenced differently by the pH of the pesticide formulation. A study by (Zhu et al.,
2005), for example, showed that a Fluorescein tracer at pH >8.43 had 124 times greater
fluorescence intensity than a solution containing the same amount of Acid Yellow 7 tracer.
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Despite this, the method is still widely used in drift monitoring studies and it has been stated that
the accuracy of the fluorescent tracer method is within ±5% agreement with chemical analyses of
chemically stable active ingredients (Arvidsson et al., 2011).
Where dyes are used as tracers, a non-ionic surfactant is normally added to the spray material to
simulate the physicochemical characteristics of the pesticide solution. The different dyes that
have previously been used as tracers include Rhodamine, Brilliant Sulfo Flavin (BSF), Acid
Yellow, Eosin, Pyramine, Tinopal, Fluorescein, and Caracid Brilliant Flavine. Among the dyes,
BSF is considered to the best due to its low degradation in sunlight (11% degrades after 8 hrs)
(Cai & Stark, 1997). This method has been widely used in different studies to monitor spray drift
from both aerial and ground applications (Fritz et al., 2011; Kasiotis et al., 2014; Miller et al.,
2011) and, in some cases, with the aim of validating drift prediction models (Butler Ellis &
Miller, 2010; Hoffmann, 2006b).
Metal ions have also been used as tracers in a number of studies (Brusselman et al., 2004; Cross
et al., 2001; Thistle et al., 2007; Zabkiewicz et al., 2008). The study by Cross et al. (2001) for
example, used ethylenediaminetetraacetic acid (EDTA) chelates of manganese, zinc, strontium,
and copper to assess spray deposits and off-target contamination upon application in different
sized apple tree orchards from an axial fan orchard sprayer. In this study they used atomic
absorption spectroscopy to analyse their samples.
Studies by Woodward et al. (2008) and Zabkiewicz et al. (2009) used a metal cation salt to
assess deposition of spray drift to validate the AGDISP ground spray model. Using this
technique, they found that the AGDISP model over predicted downwind deposition by a factor
of 3.5 – 100 times. It is important to mention that this research project sought to carry-out a
similar validation study but using the active ingredient approach.
2.2.3.2

Laser Measurements

Another way of monitoring spray drift is through optical techniques which have been developed
to assess the transport and dispersion of spray clouds from aerial sprayers. These make use of a
laser beam and allow for measurement of relative spray concentration and particle speed along
the beam at each sample point (Gil & Sinfort, 2005). Light detection and ranging (LIDAR)
systems have been developed to monitor spray drift and they make use of interactions between
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the aerosol or molecular atmospheric constituents with electromagnetic radiation at optical
wavelengths. A number of studies have made use of this technique to monitor pesticide spray
drift during application (Gil et al., 2013; Gregorio et al., 2014; Gregorio et al., 2011; Gregorio
López, 2012; Miller et al., 2003b; Stoughton et al., 1997). A recent study has shown good
correlation (R2 ≈ 0.90) between LIDAR spray drift measurements and analytical concentrations
from passive collectors (Gregorio et al., 2014).
2.2.3.3

Active Ingredient Techniques

This technique involves chemical analysis of the actual active ingredient(s) in the spray material.
Hewitt et al. (2010) noted that although the use of active ingredients in assessing spray drift is
relatively expensive, it remains an optimum technique for field studies because it offers possible
advantages of high stability and low levels of detection, and most importantly it is truly
representative of the drift cloud or plume.
This method has been used in a number of spray drift monitoring studies from both aerial and
ground pesticide applications (Frank et al., 1994). A study by Ravier et al. (2005) used alachlor
and atrazine to evaluate pesticide spray drift during ground application to a maize crop. They
used Petri dishes containing fiber filters soaked in ethyl acetate for deposition sampling, and for
airborne drift they sampled at 1.5 m using air samplers that were equipped with Tenax adsorbent
and operating at about 2 L min-1. They monitored drift up to 134 m downwind and found that
alachlor was more easily diluted in space that atrazine since it is more volatile. Their study
showed that in addition to droplet transport, the evaporation of the spray liquid and the volatility
of the pesticides involved have to be considered when monitoring spray drift using pesticides as
tracers.
In model evaluation studies, however, this technique has only been used to validate models that
simulate aerial applications, such as studies by (Hewitt et al., 2002a; Teske et al., 2002) which
used the active pesticide ingredient (diazinon & malathion) to validate AGDISP and AgDRIFT®
aerial models. A study by Tsai et al. (2005) used methamidophos as a drift tracer to validate two
models, the AgDRIFT model and the Fugitive Dust Model (FDM).
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Table 2-3 Collectors and tracers used in spray drift deposition monitoring studies, including the means of application and
maximum downwind distance studied.

Deposition Collector

Drift Tracer

Application

Maximum
Downwind
Distance (m)

Study

Filter paper

Dye: Univex LV
concentrate

Ground

50

Arvidsson et al. (2011)

Horizontal cellulose fallout
sheets (20 cm2)

Malathion

Ground

30

Bui et al. (1998)

Strips of paper (0.05 x 0.5 m)

Dye

Ground

20

Butler Ellis and Miller
(2010)

Filter paper

Tartrazine

Ground
(orchard)

24

Celen (2010)

Non-sterile polythene tubing
(1.98 mm diameter)

EDTA chelates of Zn,
Mn, Strontium, & Cu +
Tartrazine

Ground
(orchard)

5

Cross et al. (2001)

Glass petri dishes with
distilled water

Azinphos-methyl
(AZP)

Ground
(orchard)

5

Dabrowski et al. (2005)

Filter paper
(0.25 m × 0.25 m)

Dye: Brilliant Sulfo
Flavine (BSF)

Ground

20

De Schampheleire et al.
(2008)

Ground

0.225

Aerial &
Ground

100

Filter paper
(5.7 cm × 2.6 cm)
Mylar cards (10 × 10 cm)

Mineral chelates [Fe,
Co, Cu, Mn, Mo, & Zn,
Chelal®]
SilGuard 309 + Caracid
Brilliant Flavine (FFS)
dye

Foqué et al. (2014)

Fritz et al. (2011)

Kimby cards, TFE Teflon,
Whatman No. 1 Filter paper
( all 1 ft2)

Malathion and its
impurities

Aerial

Filter papers (glass fiber
GFA or cellulose #1)
(9 cm diameter)

Chlorpyrifos, diazinon,
improdione,
pirimiphos-methyl &
vinclozolin

Ground
(orchard)

Brilliant Sulfo Flavin

Ground
(grass field)

5

Holterman et al. (1997)

Rubidium Chloride
(RbCl)

Aerial

40

Huang and Thomson
(2012)

Fluorescent dye (oilsoluble Yellow, watersoluble Pyramine)

Ground

48

Khot et al. (2011)

2,4-D formulations
Brilliant Sulfo Flavine
Rhodamine B, (RhB)

Ground &
Aerial

150

Maybank et al. (1978)

Malathion

Ground
(Orchard)

20

Miller et al. (2000)

Atrazine & Alachlor

Ground

134

Ravier et al. (2005)

Synthetic cloth (0.5 x 0.08
and 1.00 × 0.08 m2)
Mylar sheets
Water-sensitive paper
Polypropylene green plastic
cards
Acetate cards
Water-sensitive paper
Petri dishes (15 cm diameter)
Ground plates (similar to
Bui et al., 1998) (929 cm2)
Petri dishes with Glass Fiber
filter soaked in ethyl acetate
(80 mm diameter).

22

Brown et al. (1993)

120

Holland et al. (1997)

Mylar plastic sheets
(45.7 × 30.35 cm)

Rhodamine-free base
fluorescent dye

Ground &
Aerial

200

(Salyani & Cromwell,
1992)

Whatman® chromatography
paper (50 × 10 cm)

Chlorpyrifos and
Metalaxyl

Ground
(Orchard)

24

(Vischetti et al., 2008)

Chromatography paper

Endosulfan
Fluorescent dye: Uvitex

Aerial

1000

(Woods et al., 2001)

Plastic tapes (10 × 100 cm)

Cation salts: Co(NO3)2,
KCl, MnCl2, & MgCl2

Ground

20

(Woodward et al.,
2008; Zabkiewicz et
al., 2008)

Cotton fabric (7 × 7 cm)

Malathion

Ground

5

(Yarpuz-Bozdogan &
Bozdogan, 2009)

Petri dishes (9 cm diameter)

Imidacloprid

Ground

5

(Zhao et al., 2014a)

Petri dishes with Filter paper
Whatman chromatography
paper (90 mm x 15 mm
diameter)

Food dye: Sunset
Yellow FCF

Ground

12

(Kasiotis et al., 2014)

2.3 Sampling and Analysis of Pesticides in the Atmosphere
To fully understand the transport and eventual fate of pesticides in the atmosphere, it is important
to consider the environmental pathways and different phases in which they can occur. Pesticides
can enter the atmosphere through various processes including spray drift, volatization and
evaporation. Regardless of the mechanism by which the pesticide enters the atmosphere, it
eventually distributes among aqueous, particulate, and vapour phases as equilibrium conditions
are approached (De Rossi, 2010). The extent to which a particular pesticide distributes among
these phases is governed by its physical and chemical properties including water solubility,
Henry‘s law constant, and vapour pressure. Different sampling and analytical approaches are
typically required for the different phases and these are discussed in this section.
2.3.1 Sampling Pesticides in the Atmosphere
Sample collection is a very important step in any analytical work. For analysis of spray
deposition and drift, it is crucial to choose an appropriate method for collecting sedimenting
spray droplets or sampling airborne flux (Salyani et al., 2006). Incorrect sampling can
compromise the quality of the results and therefore lead to inaccurate interpretation of pesticide
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spray drift and hence poor management of the problem at hand. It is therefore of vital importance
that the correct methods and techniques are used to collect samples of a particular analyte.
Since pesticides in the air may occur at very low concentrations, it is important to ensure that the
appropriate sampling material (adsorbent) and sampling technique is employed. In addition, preconcentration of the analytes may be necessary to achieve the analytical sensitivity required
Miles et al. (1970) noted that sampling of air for pesticide determinations may be complicated by
the fact that the pesticide can exist in the aerosol, vapour or particulate form. They noted that the
common air sampling techniques for pesticide determination at that time included:


Collection on packed columns which adsorb the pesticides



Passing the air through scrubbers fitted with fritted disks or gas dispersion tubes

that break up the air stream to promote adsorption of the pesticide by a liquid phase


Collection in freeze-out traps filled with glass helices maintained at low

temperatures


Drawing large volumes of air through glass-fiber filters or cellulose filter pads



Trapping in impingers

Briand et al. (2002) more recently compared different sampling techniques for the evaluation of
airborne pesticide spray drift in a commercial apple orchard. They compared low volume
automatic air samplers comprised of a glass tube packed with Supelpak-2, a high volume
sampler, an impinger containing cyclohexane and a glass fiber filter, and finally glass cartridges
packed with Supelpak-2 and filter paper. A key finding of their study was that the
physiochemical properties of the pesticides including vapour pressure, as well as weather
conditions, strongly influenced gas and particle distribution in the atmosphere.
Sampling of pesticides in the atmosphere can be broadly categorized as either active or passive
sampling, which will be further discussed in the following sections.
2.3.1.1

Passive Air Sampling

Passive samplers are chemical accumulators that can be used to assess ambient air concentrations
of target chemicals (Shoeib & Harner, 2002; Waite et al., 2005). They consist of an
accumulating medium (or adsorbent) that has a high retention capacity for the target analyte
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(Harner et al., 2004) and are operated without the aid of a pump to draw the air into the
adsorbent material.
The adsorption of organics from the atmosphere into a passive sampler is dependent on the
passive sampler medium air partition coefficient, KPSM-A, which is essentially the ratio of analyte
concentration in the adsorbent divided by the concentration in air when the two phases are in
equilibrium. This value, together with the sampling rate of the sampler, is important when
quantitative assessment of ambient air concentration is to be made (Shoeib & Harner, 2002).
The use of passive air samplers is usually motivated by the fact that they are simple to operate,
cheap, and they allow for time-averaged concentrations to be sampled even in locations where
the use of active samplers would not be practical because of the required longer sampling periods
and/or lack of power supply for the active sampler‘s pump. In some situations, passive samplers
may be the only option, especially when several concurrent samples are required from different
locations. Passive samplers are, however, only able to collect the free gaseous phase of air
samples and require a longer sampling time than active samplers, ranging from a week to several
months (Yusà et al., 2009).
A comprehensive review of the materials that are usually used for passive sampling was done by
Yusà et al. (2009) and they pointed out that the materials that are commonly used as passive
samplers are mainly polyurethane foam (PUF) discs, semi-permeable membrane devices
(SPMDs), polymer-coated glass (PCG) samplers, and XAD resins. These adsorbents are said to
have a high capacity to retain organics in the atmosphere (Jaward et al., 2003) and they operate
as kinetic samplers, where it is necessary to know the uptake rate, rather than as equilibrium
samplers. Among these samplers, the PUF disks are particularly attractive samplers because they
are cheap, easy to handle, and can be used to sample pesticides over periods of several weeks
(Chaemfa et al., 2008; Jaward et al., 2003; Waite et al., 2005).
The use of passive samplers for long term monitoring of pesticides and other compounds in the
atmosphere has been explored in a number of studies (Harner et al., 2004; Jaward et al., 2003;
Shoeib & Harner, 2002). Chaemfa et al. (2008) performed field calibration of PUF disk passive
air samplers for organochlorine pesticides (OCs). In their study, they showed that PUF disks with
different densities will have different uptake rates of the analytes. This is because less dense
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PUF disks easily allow for the diffusion or movement of air which allows for better analyte
uptake compared to denser PUF.
Carlsen et al. (2006a) used a simple passive dosimeter as a passive sampling device to monitor
the deposition of a number of herbicides. Their dosimeter consisted of four microscope slides
placed on plastic lids that were mounted about 20 cm from the ground. The found these samplers
to be efficient in for collecting the active ingredients because they do not get saturated with water
vapour like filter papers in cases of high water vapour.

Figure 2.4 A passive dosimeter for collecting pesticide spray drift. It consists of four microscope slides placed on a plastic lid
which is then mounted about 20 cm above ground (Carlsen et al., 2006a).

Brown et al. (1993) monitored malathion spray drift deposition after aerial application using 90
cm2 horizontal cards. The cards were made of Whatman cellulose filter papers, Teflon cards, and
polyethylene paper (Kimby cards). They used these to measure downwind deposition at three
different sites that were located over 1 km downwind of the application area and they found no
significant difference on the malathion concentration from cards that were placed in the same
location. In the same study they also sampled airborne drift using a high-volume sampler (>1300
m3/day) which had XAD-2 resin as adsorbing material on the cartridge. These allowed them to
detect malathion in the air up to 10 days after application.
Williams et al. (2001) used alpha cellulose cards for visual observation and measurement of
spray drift deposition for pesticide exposure assessment purposes. In their study, they
simultaneously collected spray particles on flat alpha-cellulose paper and on a child-like
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mannequin which was covered with aluminum foil. They used Malathion 50 Plus® Insect Spray
to spray at the mannequin after which they separately analysed the alpha-cellulose cards, and the
mannequin head, torso, arms, hands, legs and feet for malathion. They extracted the malathion
using ethyl acetate with shaking. 25 mL aliquots were analysed by Gas Chromatography
equipped with a HP-5 column and a flame photometric detector (FPD). Their results showed that
the alpha-cellulose cards had significantly greater retention of the pesticide than the mannequin.
2.3.1.2

Active Air Sampling

Active sampling involves the use of a pump operating at a known flow rate to draw air through
an adsorbent material (Figure 2.5) for known period of time. When the sampling flow rate is in
the order of 25 L min-1 or greater it is considered as ‗high volume‘ air sampling (Cessna et al.,
2011). The adsorbent materials that are normally used for the sampling of pesticides in the
atmosphere are polyurethane foam (PUF) or XAD resins (Muir & Sverko, 2006). Other
adsorbent materials include Tenax®, Anasorb, Chromosorb and Amberlite®. PUF plugs have
been widely used for pesticide active air sampling because they have a number of advantages
which include flexibility of flow rates which can be employed, high adsorption efficiency and
capacity, ease of sample changing and storage, convenience of analytical extraction, and they are
generally inexpensive (Turner & Glotfelty, 1977). Active air sampling through PUF plugs may,
however, result in possible breakthrough especially of the more volatile or low molecular weight
pesticides. This breakthrough can be reduced by either using additional PUF plugs in series or
addition of a solid sorbent that is sandwiched between two PUF plugs or held by a metal sieve.
This results in an improved collection efficiency of the samplers (Raina & Hall, 2010).
A study by Armstrong et al. (2013) compared PUF matrices with XAD-2 resins for active air
sampling of airborne organophosphorus pesticides in an agricultural community. They found that
the PUF matrix was a better sampling medium for organophosphorus pesticides compared to
XAD-2 resins. This was because the resins showed significant (up to 32%) artificial
transformation of the OPs to oxygen analogs while the PUF showed very little or no
transformation.
Jongen et al. (1991) used cellulose filters (type SC, pore size 8 µm) for sampling air for the
pesticide chlorothalonil with analysis by High Pressure Liquid Chromatography with UV
detection (HPLC-UV). During sampling they compared this filter with Teflon and glass fiber
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filters respectively as well as XAD2. Sampling was conducted at a flow rate of 2 L min-1 and
their sampling time varied between 20 and 60 min. The analyte was extracted using 3 mL of
methanol. To validate their method, they determined recoveries by spiking all three types of
filters (cellulose, Teflon, and glass fiber) and XAD2 with 20 µL of 10, 100, and 1000 µg mL-1 of
chlorothalonil in methanol and allowed them to dry for 30 min prior to extraction.

Figure 2.5 Schematic diagram of a typical active air sampler. The adsorbent and filter are analyzed and the
concentration is then related to the flow rate of the pump and sampling duration.

2.3.2 Sample Extraction Techniques
Extraction, which is the process of removing analytes from the adsorbent matrix, is a very
important step in the analysis of pesticides since it improves the sensitivity of the analytical
method. Different extraction methods have been developed to extract pesticides from adsorbent
materials. These include Soxhlet extraction, accelerated solvent extraction (ASE), supercritical
fluid extraction (SFE) and microwave assisted extraction (MAE).
Soxhlet Extraction

Soxhlet is the traditional method for the extraction of pesticides from air samples. Despite the
disadvantages of high solvent consumption, long extraction time (8 to 24 hrs), Soxhlet extraction
is still widely used for extraction of pesticides from air samplers because it provides efficient
extractions. For example de Castro and Ayuso (2000) and Kuang et al. (2003) used this method

28

to extract pesticides from PUF plugs after air sampling. They found very good recoveries and for
atrazine they reported 101 ± 9% recovery.
Microwave Assisted Extraction (MAE)

Microwave extraction offers a number of advantages over conventional classical extraction
techniques. These include shortened extraction times and lower consumption of solvents.
Furthermore, stirring is possible in the microwave ovens and this makes the extraction conditions
more homogenous (Barriada-Pereira et al., 2003). Numerous studies have employed MAE for
the extraction of pesticides from air samples (Coscollà et al., 2011; Coscollà et al., 2009).
Accelerated Solvent Extraction (ASE)

Accelerated solvent extraction (ASE) is also known as pressurized fluid extraction (PFE) or
pressurized liquid extraction (PLE) (Kosikowska & Biziuk, 2010). The method makes use of low
volumes of solvent heated to high temperatures under pressure to extract organic compounds. By
pressurizing the solvent, it can be raised well above its boiling point and remain in the liquid
state. This then accelerates the kinetic processes involved in desorbing the analyte from the
matrix, making automated extractions possible. Therefore the operating variables that affect
analyte recoveries in ASE are temperature, pressure and solvent composition (Alexandrou et al.,
2001). The advantages of ASE over traditional methods, like Soxhlet extraction, is that is uses
very little solvent and the extraction time is reduced. This method, however, has disadvantages
of high initial cost for the instrumentation and the need for a stable power supply to avoid
premature instrument shutdown (Muir & Sverko, 2006).
He et al. (2009) developed, validated, and applied ASE for quantitative extraction of OCs from
quartz and PUF filters after air sampling. During method development they optimized the
method with respect to extraction solvent, temperature and extraction time. For all the
compounds they studied they found optimal recoveries when using a 3:1 mixture of nhexane:acetone at 100 °C for 20 min. Compared to Soxhlet extraction (8 h) and MAE (20 min),
they found ASE (40 min; 2 cycles) to give the best recoveries both from filter and PUF samples
(Figure 2.6).
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Figure 2.6 Average recovery of target compounds for different extraction techniques (He et al., 2009).

Yao et al. (2007) compared Soxhlet extraction (with 30 mL DCM for 24 h) versus ASE (with 30
mL hexane/acetone, 70/30 v/v, for 25 min, at 100 °C, 2000 psi) of atrazine from quartz fiber
filters after air sampling. They found the recoveries were 139% and 114% respectively. Coscollà
et al. (2008) also used this technique to extract pesticides from particulate matter in air samples
collected onto filter paper.
Ultrasonic Extraction

In this method the adsorbent material is simply placed in a suitable solvent in an ultrasonic
system to desorb the analyte of interest into the solvent. Lammel et al. (2007) used ultrasonic
extraction with n-hexane for 30 min to extract some pesticides deposited on filter paper. Borras
et al. (2011) used ultrasonic extraction to extract pesticides air sampled onto quartz fiber filters
and XAD resins. When they optimized the solvents employed, they found that isooctane was
better than ethylacetate, DCM, methanol, or a 1:1 mixture of acetone:hexane and obtained
recoveries greater than 95%.
2.3.3 Extract Clean-up & Derivatization
Extract

clean-up

involves

fractionating

the

extract

using

techniques

like

column

chromatography, adsorption chromatography, and gel-permeation chromatography, or simply
filtering the extract. In some cases, especially where more selective detectors like GC-MS-MS
are used, the clean-up step may be omitted (Kosikowska & Biziuk, 2010). Adsorption
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chromatography using SPE cartridges packed with Florisil have been widely used in numerous
pesticide studies (Foreman et al., 2000; Harner et al., 2004; Jin et al., 2013; Yao et al., 2007).
Derivatization involves changing the chemical structure of the target analyte, which may be
necessary when isolation together with pre-concentration of the target analyte is not successful,
as derivatization improves selectivity, sensitivity and separation of sample constituents, although
losses of analyte may occur during derivatization. For pesticide analysis by GC,
pentafluorobenzyl bromide (PFBBr) is often used as the derivatization agent (Kosikowska &
Biziuk, 2010).
2.3.4 Analysis of Pesticides from Air Samples
Gas chromatography (GC) is one of the widely used techniques for the determination of organic
compounds in the atmosphere (Gil & Sinfort, 2005; Sipin et al., 2003). It has thus been used in a
number of studies to quantify pesticides in the atmosphere during application (Yarpuz-Bozdogan
& Bozdogan, 2009). In addition it has been used for post application emission determinations
(Ferrari et al., 2003; Majewski, 1999) and for quantifying pesticide concentrations due to longrange transport (Foreman et al., 2000; Scheyer et al., 2007).
In order for pesticides to be analysed by gas chromatography they must be volatile and thermally
stable. Injection into the GC column can either be in the split mode (where the gas stream is
divided) or splitless mode (where the gas stream is not divided). Split injection is not suitable for
trace analysis due to large losses of sample and thermal degradation is much more pronounced
due to a longer dwell time in the heated inlet. This makes splitless injection preferred for trace
analysis because there the entire sample is introduced into the column (Kosikowska & Biziuk,
2010).
The detection methods that are widely used in pesticide analysis are electron-capture detection
(ECD), nitrogen-phosphorus detection (NPD) and mass spectrometry (MS). Among these
methods, MS detection is increasingly being used because of its capability to provide
quantitative and confirmatory results, and because of its high sensitivity and selectivity. Among
the MS detectors that are available, the quadrupole in selected ion monitoring (SIM) mode is the
one that is commonly employed because it provides higher sensitivity than full scan mode (Yusà
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et al., 2009). GC-ECD is, however, still widely used as a selective detector for the analysis of
selected pesticides, specifically organochlorine and organophosphate pesticides.

Table 2-4 Studies that used PUF to sample atrazine and other pesticides in the atmosphere through active sampling

Cartridge
compositions

Flow rate

Sampling
time

Pesticide(s) sampled

Extraction
solvent

PUF + filter
paper

200 L min-1

18 min

Malathion

QFF & PUF

700 L min-1

24 h

PUF-XAD-PUF

14.6 m3

24 h

PUF

3.8 L min-1

4h

OCs
Atrazine,
Chlorothalonil,
Alachlor, Metolachlor,
HCB, Endosulfan,
Trifluralin,
Pendimethalin
OCs, Atrazine, PCBs,
OPs

Hexane + 5%
diethyl ether

MacLeod and Lewis
(1982)

PUF and QFF

14.6 m3 h-1

24 h

Atrazine

Hexane

Yao et al. (2007)

Acetone

Waite et al. (2005)

PUFs/XAD-2

12.5 m3 h-1

24 h

Atrazine, 2,4-D,
Bromoxynil, Triallate,
Trifluralin, Dicamba,
MCPA, Lindane,
Thalfluralin,
Metoclachlor, and
Alachlor.

GFF + PUF

1.0 m3 min-1

4h

Atrazine, Acetochlor,
Alachlor, etc

24 h

Atrazine, Alachlor,
Benfluralin, Butylate,
CIAT, Cyanazine,
Dacthal

PUFs/XAD-2

100 L min-1

PUF – Polyurethane foam
QFF – Quartz fiber filter
GFF – Glass fiber filter

Hexane + 5%
diethyl ether

Study

Bui et al. (1998)
Jin et al. (2013)

Hayward et al. (2010)

Foreman et al. (2000)
Hexane:Acetone
(1:1 v/v)

Majewski et al. (1998)

PCBs – Polychlorinated biphenyls
OCs – Organochlorine pesticides
HBC – Hexachlorobenzene

Gas Chromatography coupled to a Nitrogen Phosphorus Detector (GC-NPD), also known as a
Thermionic Specific Detector (TSD), was first described by Burgett et al. (1977). It is a
technique that is mainly used to analyse nitrogen or phosphorous containing organic compounds.
The detector set-up is similar to that of the Flame Ionization Detector (FID). The difference is
that the bead through which the carrier gas passes is made of rubidium or cesium chloride which
is electrically heated by means of a coil. The heated bead emits electrons by thermionic emission
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and these are collected at the anode to provide a background current. When nitrogen and/or
phosphorus-containing compounds elute from the column, they adsorb on the surface of the
bead, thereby increasing the emission of electrons and hence the measured current allowing for
the detection of those species. Unlike the FID, in NPD the ionization of the compound occurs in
a low-temperature plasma rather than a flame. Several studies (Dores et al., 2006; Psathaki et al.,
1994; Vryzas & Papadopoulou-Mourkidou, 2002) have used GC-NPD to determine triazine
pesticides, including atrazine, in different environmental samples.
An alternative analytical technique for the analysis of pesticides has recently been developed and
it uses PerkinElmer‘s AxION® Direct Sample Analysis coupled a Time-of-flight mass
spectrometer (DSA-TOFMS). The DSA is a unique ionization technique that is similar to
atmospheric pressure chemical ionization (APCI). Nitrogen gas is passed through a high voltage
corona needle to generate reagent ions that are then directed onto a sample on a mesh grid. Upon
impacting the surface of the sample, analyte desorption and ionization occurs, producing a
stream of molecular ions that are directed to the flight tube of the TOFMS (Daugherty & Crowe,
2013; PerkinElmer, 2012). In time-of-flight mass spectrometry, ions from the ion-source (the
DSA in this case) are accelerated through a flight tube before they reach a detector. Ions with
larger mass-to-charge (m/z) ratios take longer to reach the detector while the smaller ones reach
the detector faster. The time it takes for an analyte to reach the detector is directly proportional to
the square root of its mass (Guilhaus, 1995). Overall, this technique provides for separation of
molecular ions according to their mass and allows for identification based on library matching.

This chapter has dealt with a review on sampling and analysis of pesticides from the atmosphere.
The next chapter will provide a literature review with regard to pesticide spray drift modelling
and will look at some studies in which they were used as well as the outcome of those studies.
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Chapter 3

Literature review on modelling of pesticide
spray drift

3.1 Background
Monitoring environmental exposure during and after spray operations can be difficult because of
variations in environmental conditions. Air monitoring of pesticide spray drift, which involves
sampling, extraction, and chemical analysis, for the large geographical areas involved can be an
exorbitantly expensive and time-consuming exercise. The relatively long sampling period, in the
order of hours for most methods, in relation to the relatively short spray event (an hour for a 34
ha crop circle) does not allow the investigator to understand the evolution of a spray event (Tsai
et al., 2005).
It therefore becomes necessary to use predictive models to assess the extent to which off-target
spray drift may contaminate the environment. As pointed out by the Spray Drift Task Force
(SDTF, 1997), ―Due to the complexity of evaluating all possible interactions of the numerous
application variables, a computer model is the most practical way to conduct spray drift risk
assessments.‖ Modelling is an essential component for estimating the spread, deposition
concentration, and time evolution of spray drift (Tsai et al., 2005).
To date, a number of pesticide spray drift models have been developed to overcome the
aforementioned challenges of air monitoring. In this study two related air dispersion models,
namely AGDISP and AgDRIFT® are focused on. At this point it is important to note that this
thesis will not discuss the detailed mathematical basis of the models. Instead a review of their
working principles and of the outcomes of other validation studies, focusing on deposition and
airborne outputs, will be provided and other models available for predicting pesticide spray drift
will be reviewed in this chapter.
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3.2 The AGDISP Model
The AGDISP model was initially developed to simulate spray drift during aerial application
(Bilanin et al., 1989). It is based on Lagrangian equations that describe the motion of droplet
trajectories as they are released from spray nozzles. The model also includes simplified equations
that describe the effects of the aircraft-wake and ambient turbulence (Huang et al., 2010; Teske
et al., 2003). Such equations that describe the motion of a spray material that is released from
nozzles on an aircraft were first developed as early as 1953 (Teske & Curbishley, 2012). The
AGDISP model calculates the deposition of agrichemicals both in the area being sprayed and,
more importantly, downwind on neighbouring environments (Connell et al., 2009).
The AGDISP model was initially developed primarily to focus on defining in-swath deposition
patterns or as a near-wake model for forestry or other high-release applications, and it therefore
combines Lagrangian calculations with a Gaussian plume algorithm (Teske et al., 2003). Since
then there has been ongoing research to modify and refine the model so that it better simulates
real field measurements. In the mid-1990s it was modified by the Spray Drift Task Force
(SDTF), a consortium of about 40 chemical manufacturing companies, into a regulatory version
called AgDRIFT® (discussed in section 3.3) in an effort to have some of their agricultural
pesticide products re-registered with the United States Environmental Protection Agency
(USEPA) (Teske et al., 2003).
One of the modifications, for example, was to include a set of equations that account for
evaporation of the droplets. The model uses a single evaporation constant to account for the
evaporation of the active, additive, and carrier components of a spray mix. As the droplet
evaporates the active fraction is also programmed to change (Escoffier & Scire, 2013).
In the early 2000s Teske et al. started working towards developing AGDISP algorithms for
simulating spray drift from ground boom sprayer applications (Teske et al., 2000, 2001, 2004).
Their work followed that of Holterman et al. (1997) who were also modelling pesticide spray
drift from boom sprayers using a different model. In doing this a number of modifications had to
be made to the initial aircraft-based AGDISP model, for example the wake and turbulence that is
found in the aircraft application is not included, instead it includes a more detailed modelling of
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the spray droplet behaviour near the nozzles. It assumes the droplets to be spherical and
separated, thus drag and gravitational forces act on them when they are released.
Teske‘s group conducted some preliminary validations of the AGDISP ground model in which
they found some promising results, as well as some areas which needed improvement (Teske et
al., 2009). Since then, researchers have undertaken studies to validate this ground based model,
which will be discussed in more detail in section 3.3 (Connell et al., 2009; 2012; Fritz et al.,
2011; Woodward et al., 2008; Zabkiewicz et al., 2009).
The current version of AGDISP (version 8.27) incorporates the following:


Exact solution of droplet equations of motion



Computation of horizontal deposition and vertical flux of the spray



Up to 30 drop size categories and 60 nozzle types



Deposition smoothing functions



Improvement of the evaporation model and the helicopter wake model



Extensive validation based on 180 separate aerial treatments performed during
trials by the SDTF.

In order for the AGDISP model to provide accurate predictions of deposition and downwind drift
from aerial pesticide applications, a consistent set of inputs that represent the aircraft and its
flight conditions, spray nozzles and the droplet size distribution they create, spray material
properties, surface features, and ambient meteorology, is all required. These inputs drive the
various elements of the model used to approximate the physics within the wake behind the spray
aircraft and to the local environmental conditions (Teske et al., 2003).
In general, input parameters that must be provided by the user of the model in order to allow for
the calculation of the predicted spray drift, includes information on the sprayer
description/operation, nozzle setup, meteorology, spray material as well as on application
conditions. The model also requires characterization of the droplet size distribution (DSD)
produced by the nozzle. The reader is referred to Table A1 in the appendix section for a full list
of the input parameters required for the ground based spray drift model which was employed in
this study.
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3.3 The AgDRIFT® Model
AgDRIFT® is a product of the Cooperative Research and Development Agreement between the
USEPA Office of Research and Development and the SDTF. It was developed for use in
regulatory assessments of off-site drift associated with agricultural use of pesticides through
aerial, ground, and orchard or airblast applications (BLM, 2005). It is the result of research
conducted by the SDTF in the late 1980s and early 1990s involving 180 aerial, 48 ground
hydraulic boom, 21 orchard airblast and 6 chemigation field trial treatments as well as >2000
wind tunnel atomization droplet size spectrum measurements and physical chemical property
studies for >70 tank mixes of different pesticide types (Hewitt et al., 2010). The AgDRIFT
model is essentially a commercial spin-off of the AGDISP model and uses similar algorithms
(Stellman & Stellman, 2004).
The graphic user interface of the AgDRIFT® model allows the user to choose between three tiers
(Tiers I, II, and III) of increasingly complex evaluations of off-site drift and deposition. Tier I
allows the user to modify a small number of variables, and requires little knowledge of the actual
application conditions and properties of spray materials. It basically represents a screening level
which supports the evaluation of aerial and ground application scenarios. Tiers II and III allow
the user to modify a progressively larger set of variables to make the scenario more
representative of actual environmental conditions and, unlike Tier I, these are only used for
evaluation of aerial application scenarios.

3.4 Validation and Sensitivity studies of the AGDISP and AgDRIFT® Models
Most of the work that has been done on validating the AGDISP or AgDRIFT

®

models has

focused on aerial applications and few studies have validated the ground application features of
the models.
Woods et al. (2001) monitored the off-target deposition of endosulfan pesticide which was
applied to cotton during the 1993 – 1998 period. To measure off-target transport of droplets they
used a number of collection surfaces which included chromatography paper placed on horizontal
flat plates at 1 m height above ground, vertically oriented pipe cleaners, and cotton string which
they suspended from 20 m high towers. To model the spray drift they used AgDRIFT ® and the
Gaussian Diffusion Model (GDM), which assumes a single line source. Their results for the
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actual and computed off-target deposition of the pesticide at up to 10 km downwind of the field
are shown in Figure 3.1, which showed that the field data compared reasonably well with the
outputs of both the GDM and AgDRIFT® models.

Figure 3.1 Downwind pesticide deposition concentrations obtained on horizontal flat plates. Data compared to Gaussian
Diffusion Model and AgDRIFT® model outputs (Woods et al., 2001).

Fritz et al. (2011) used AGDISP to evaluate drift reduction technologies (DRTs) for both aerial
and ground applications. When conducting the field experiments they used a spray solution that
consisted of SilGuard (a surfactant polymer) and a fluorescent dye and they sampled deposition
from the edge of the application area up to 100 m downwind and airborne drift at 50 m
downwind. Mylar fallout cards (10 x 10 cm) were used to sample deposition, while airborne drift
was sampled by means of suspended monofilament lines at three heights (1, 5, and 10 m). A
number of challenges were encountered, including low recoveries from the mylar samples
(14.4% for ground application and 26.7% for aerial application) and inconsistent replication
results due to changes in wind direction. The low recoveries were attributed to the polymer,
SilGuard, which they suggest might have resulted in the dye binding to the surfaces of the
samplers. Despite this, it was found that the drift reduction between the reference and DRT
system measured in aerial trials, was similar to that estimated with AGDISP.
Hewitt et al. (2009) used AGDISP to model the spray drift potential of glyphosate in aerial
applications. They used input parameters typical of those occurring in Colombia for aerial
application of pesticides. The results showed that, despite using a ‗very fine to fine‘ droplet size
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classification as input, the model predicted lower evaporation rates compared to similar sized
agricultural sprays. This they attributed to the large non-volatile fraction of the tank mix. Overall
it was found that the drift potential would be small because, among other factors, they used high
humidity (70%) which is typical for the Colombian fields they were simulating, which reduces
the evaporation rate of the droplets. Another reason for the low drift potential could be that an
evaporation rate of only 37 µm2 °C-1 s-1 was used which was suggested as being typical of
glyphosate products. The authors then proposed that only a 50 to 120 m downwind buffer would
be required to protect other surrounding areas.
Hoffmann (2006b) measured airborne spray flux after several aerial application scenarios and
compared the experimental data with AGDISP simulation outputs. In conducting the
experimental part of the study, a spray solution was utilized which contained a fluorescent dye
(Caracid Brilliant Flavine FFN) and a sampling station 50 m downwind consisting of a
monofilament line suspended at different heights to intercept the spray flux. When comparing the
field measured spray flux to AGDISP predictions the model results were found to be 1 – 6 times
higher than those found experimentally.
Woodward et al. (2008) collected experimental data during ground boom spray applications of a
solution of water, wetting adjuvant and a metal cation salt (tracer) and used it to evaluate the
AGDISP 2003 ground application model. It was found that AGDISP overestimated off-target
deposition by a factor of 3.5 to 100. This was attributed to the fact that the model was originally
designed to simulate aerial applications and did not consider factors that could be important for
ground applications, although Teske et al. (2009) stated that modelling of nozzles release
velocities is included for ground applications.
A number of sensitivity studies have been conducted regarding the AGDISP and AGDRIFT
models. For aerial applications, Hoffmann (2006b) found that a 1.5 m s-1 increase in wind speed
corresponded to a 100% increase in spray flux at 50 m and changing crop heights from 0.3 to 1.3
m resulted in a 20-fold decrease in the spray flux (Figure 3.2a). They observed however, that the
model‘s sensitivity to wind speed and canopy height was greater than that seen in experimental
data, suggesting a need for further studies. They also investigated the significance of surface
roughness on the predicted spray flux and found that by changing surface roughness values
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incrementally from 0.003 to 0.015 had no significant effect on the spray flux at heights over 2 m
(Figure 3.2), but it did have an impact closer to the surface.

Figure 3.2 Sensitivity of AGDISP model spray flux predictions to (a) crop height (C.H.) and (b) surface roughness (S.R.)
(Hoffmann, 2006a).

Huang et al. (2010) used AGDISP simulations to study various factors that could affect
downwind deposition of aerially applied pesticides. In this study Design of Experiments (DOE)
statistics was used to investigate the factors that affect downwind deposition as well as
interactions among factors that have more significant impacts than others. The factors
investigated were: release height, nozzle extent, droplet size, wind speed, temperature and
relative humidity, whilst all other factors (or AGDISP input parameters) were kept the same. It
was found that wind speed was the most significant factor followed by relative humidity, whilst
the contribution of the other factors on downwind deposition was not that significant (Figure
3.3).
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Figure 3.3 Determination of factors that mainly affect downwind spray drift deposition, where the slope represents the sensitivity
of the AGDISP model to that factor (Huang et al., 2010).

3.5 Other Models for Predicting Pesticide Spray Drift
3.5.1 Wind Tunnel Dispersion (WTDISP)
The Wind Tunnel Dispersion (WTDISP) model by Connell et al. (2009) uses AGDISP type
algorithms but with modifications to effectively model the breakup and evaporation of spray
droplets over the first few meters. It was developed because the AGDISP ground model was
found to under predict the droplet size distribution at those distances. Using field data Connell et
al. (2009) showed that the WTDISP model predictions were improved compared to those of
AGDISP at these distances.
3.5.2 Computational Fluid Dynamics (CFD)
This model calculates individual droplet tracks as a function of atmospheric, field and operating
conditions. It consists of two sub-models that are reciprocally coupled – an airflow model and a
particle tracking model (Nuyttens et al., 2013). A study by Baetens et al. (2007) validated this
model in a ground application study where a fluorescent tracer was applied with a 25 m boom
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sprayer equipped with 54 nozzles. They measured spray drift up to 20 m downwind and
compared the results with those of the model. The CFD model was able to predict short distance
drift satisfactory up to 5 m downwind but there was a small discrepancy from 5 to 20 m. They
found that the boom height was the most sensitive parameter for this model, followed by wind
direction and wind velocity.
3.5.3 Forest Service Cramer-Barry-Grimm (FSCBG)
Just like AGDISP, this model also uses the Lagrangian approach to track the spray particle
movement from the spray equipment under known conditions. It uses AGDISP results from the
top of a canopy or near the ground to solve Gaussian diffusion equation that accounts for
deposition. It also includes algorithms that take into consideration multiple sources originating in
any wind direction, the evaporation of volatile compounds, and canopy penetration (Teske,
1996). This model was validated by Rafferty and Bowers (1993) and they found that it compared
well with field data and this was attributed to the model‘s ability to account for aircraft wake
effects. Teske et al. (1991) used it evaluate canopy penetration and ground deposition in an
orchard treatment and the prediction was within 7.8% of the overall field data.
3.5.4 Atmospheric Dispersion Modelling System (ADMS)
The ADMS model is based on a Gaussian distribution of concentrations in the atmospheric
boundary layer that are transported downwind by the prevailing air flow (Butler Ellis et al.,
2010). Computational efficiency, particularly when long distances downwind need to be
modelled, is the main advantage of this model, while the main drawback is that it is difficult to
model effects of changes, for example, in nozzle design, which is important when modelling
short-range pesticide drift (Butler Ellis et al., 2010). The ADMS model has been used by Butler
Ellis et al., to assess the pesticide vapour exposure risk of bystanders and residents in the United
Kingdom. In assessing exposure risk, the ADMS model had to take into account the vapour
emission of active ingredients, atmospheric vapour dispersion, and position and height of the
bystanders or residents relative to the field that was being sprayed with the pesticide.
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3.5.5 The Silsoe spray drift model
The Silsoe spray drift model was developed by Butler Ellis and Miller (2010) and is based on a
modification of an earlier particle-tracking model by Miller and Hadfield (1989) to account for
multiple nozzles on a moving boom. The model did, however, not account for droplet
evaporation since the initial use of the model was to predict drift relatively close to the edge of
the sprayed swath in typical UK conditions where humidity would be high and therefore
evaporation would be low. The authors evaluated the model in a number of field trials in
predicting airborne spray concentrations and ground deposition for a range of variables including
forward speed, boom height, wind speed and nozzle design. The results showed that the Silsoe
Spray Drift Model provided reasonably good predictions but under-estimated ground deposits
near to the sprayer (at higher drift values) and over-estimated at distances further away from the
sprayer, a trend similar to that found by Teske et al. (2009) when validating AGDISP and
AgDRIFT® models. In addition, the model over-predicted airborne spray at distances away from
the sprayer and predictions for standard flat-fan nozzles were better over short grass but were
less satisfactory in taller crops.
3.5.6 Gaussian Diffusion model (GDM)
Craig et al. (1998) developed the Gaussian Diffusion Model (GMD) model for predicting
pesticide spray drift deposition from agricultural aircraft at far wake distances (greater than 50
m). Their model only used a simplified form of a time-dependent Gaussian diffusion equation
which was said to give similar results to the FSCBG model at distances >50 m. They intended to
use the model to demonstrate effects of wind speed, turbulence intensity, release height, droplet
size and uniformity on downwind spray drift deposition. The model was developed for use in
preparing guidelines for determining buffer zone distances and best ways of reducing and
managing pesticide spray drift. They found that the model compared very well with experimental
data obtained from flat plate sampling of aerially applied insecticides.
3.5.7 RTDrift Gaussian advection-diffusion
The RTDrift model is a Gaussian tilted plume type model that describes the transport and
dispersion of droplets after their release from nozzles (Lebeau et al., 2009). It considers each
nozzle as an instantaneous source that has its own movements and thus requires nozzle input
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such as a global positioning system, ultrasonic anemometer and several sensors to give accurate
information on the nozzle position and operation. The authors evaluated the spray drift prediction
of this model by measuring ground drift at different distances using fluorimetry analysis. They
found that that drift deposition was mainly affected by wind speed and direction which the model
correctly accounted for. Overall it was concluded that this model provided realistic maps of drift
deposition compared to experimental measurements of up to 30 m downwind. The short-coming
of this model was that it over-estimated short distance drift deposition and it also underestimated long distance drift.
3.5.8 IDEFICS model
IDEFICS (IMAG program for drift Evaluation from Field sprayers by Computer Simulation) is a
ground boom sprayer model that describes the trajectories of droplets produced by a single
nozzle and can be used to predict downwind distribution of deposited droplets, as well as vertical
distribution of airborne droplets (Holterman et al., 1997).
Validation studies of this model were done by collecting deposited droplet samples, using
synthetic cloths, and airborne droplet samples, using spherical synthetic cleaning pads tied to a
vertical string during application of a fluorescent dye (BSF) solution. Their results showed good
correlation between calculated and experimental concentrations of the BSF tracer (Holterman et
al., 1997). However the major drawback of this model is that it was only validated for
predictions up to 10 m downwind and for a single nozzle spraying above grass. The usability of
the model to large downwind distances and above crop canopies is unknown, as it was not
validated in this regard.

This chapter has provided a review of the different air dispersion model software programmes
that are used to simulate pesticide spray drift as well as the results of field studies which have
been conducted to validate them and it is evident that each model has advantages and limitations.
The next three chapters of this dissertation will focus specifically on the AGDISP ground model.
This model was chosen because it was readily available for use in this project and also because
of its capability to predict drift over longer downwind distances (up to 800 m downwind),
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making it suitable for human health risk assessments. The predicted spray drift will be compared
to experimental data measured under local South African conditions for validation of the model.
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Chapter 4

Experimental Methods

4.1 Atrazine Spray Drift Monitoring Campaign
A field monitoring campaign was conducted on a commercial farm during ground application of
pesticides in order to validate the AGDISP model under local conditions. During this campaign,
both airborne and deposition spray drift were monitored. One of the active ingredients in the
pesticide formulation, namely atrazine, was targeted as a drift tracer, making this monitoring
approach different from most other studies which have used fluorescent dyes as tracers. This
chapter presents the experimental details of the sampling campaign, during which a total of 124
samples were taken, as well as details of the collection of additional input parameter values
required by the model. Data collection and treatment is also described.
4.1.1 The study area
Pesticide spray drift monitoring was conducted during spraying of weeds in a 7.6 ha sorghum
field in Standerton, South Africa (S27°0‘, 48.96‘‘, E29°, 33‘ 27.58‘‘) on 28 January 2014 under
calm meteorological conditions. At the time of spraying, the sorghum crop was about 0.9 m tall
and the field was surrounded by the farm house and grazing land for farm animals. A total of
approximately 1 000 ha of sorghum was grown on this farm. A John Deere 4720 ‗Hi-Boy‘
ground sprayer (Figures 4.1 and 4.2) was employed which was equipped with 56 TwinJet®
hydraulic nozzles (TeeJet® Technologies) which were uniformly distributed at 0.5 m intervals
along a 32 m boom. The pesticide concentrate (Terbusien Super 600 SC, Villa Crop Protection
Pty Ltd.) contained atrazine (291 g L-1), terbuthylazine (291 g L-1), and other related active
triazines (18 g L-1). Spraying was done at about 400 mm above the crop canopy and it took only
10 min to spray the whole field.
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Figure 4.1 The "Tall-boy" ground sprayer used for pesticide application. The sprayer had a 32 m wide boom on which 56
TwinJet nozzles were distributed.

Wind direction

Spray drift

Figure 4.2 Spray material being applied with spray drift away from the target sorghum crop evident due to wind effects.

4.2 Sample Collection
Samplers were distributed downwind of the application site as shown in Figure 4.3. The
distances were determined using a Nikon LASER range finder (model 1200S). Ideally,
downwind samplers should be set up parallel to the wind direction when monitoring spray drift.
Therefore the wind direction was estimated to setup a sampling direction line and, when
compared to the measured wind data collected during the sampling event, it deviated by only 29°
from the average wind direction.
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Farm house

Dam



Figure 4.3 Schematic diagram showing sampling positions downwind from the pesticide application site (sorghum
field). Airborne drift samplers  were located at six positions as shown. The deposition and passive flux collectors ◊
were positioned 5 m apart at each sampling location. A weather station  was set up at the site as indicated. The
inserted wind rose shows average wind direction during the 1 hour sampling period (adapted from a Google Earth
image of the area).

4.2.1 Deposition sampling
The samplers used for deposition sampling are shown in Figure 4.4 and they were distributed
downwind from the application site as shown in Figure 4.3. Each of the samplers comprised a 27
× 15 cm piece of Whatman™ chromatography paper (Sigma-Aldrich®) which was used without
prior treatment. This material has been used in previous studies for spray drift deposition
monitoring (Miller et al., 2011; Woods et al., 2001). Each piece was placed on an aluminum foil
covered support stand which was mounted 20 cm above ground and held in place with paper
clamps (Figure 4.4). Deposition was collected over 60 min (including the 10 min spraying time)
to allow enough time for transport of the pesticide to the sampler locations and to enhance
detection. After sampling the chromatography paper was carefully removed from the stand,
covered with aluminum foil, and sealed in plastic bags. Deposition samples were marked and
named according to the waypoint location of the sampling position before they were taken for
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storage in a refrigerator at 3 °C prior to analysis. Non-exposed papers were also taken to the field
but remained in sealed bags and were used as field blank samples for quality control purposes.

Figure 4.4 Chromatography paper (27 × 15 cm) mounted 20 cm above the ground and held in place with clamps on an
aluminium surface for spray drift deposition sampling.

4.2.2 Active airborne sampling
Polyurethane foam (PUF) plugs (6 cm diameter, 4 cm long) were used to trap atrazine during
active air sampling, as done previously by Gish et al. (1995). These were prepared by loading
two pre-cleaned PUF plugs in-series inside an aluminum cartridge. This setup caters for possible
breakthrough from the first plug, thereby improving collection efficiency (Raina & Hall, 2010).
Sample blanks were also treated in a similar way for quality control purposes. At each sampling
location, four of these cartridges were supported by means of a mast at four different heights
above ground level (0.5, 1.0, 1.5, and 2.0 m) and each were connected through a manifold to a
WAP air pump (Figure 4.5). Air was continuously drawn through the 24 samplers continuously
for 60 min (which included the 10 min of pesticide application) and the flow rate through each
PUF cartridge was measured with a Planton GAP air flow meter. A blank air sample was also
taken before the spray event to correct for possible atrazine residues in the air from previous
applications. After sampling, each cartridge was sealed in aluminium foil and stored in a
refrigerator below 0 ˚C prior to analysis.
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A

B

Figure 4.5 (a) Schematic diagram showing the active air samplers that were used. Each cartridge had two PUF plugs in series
and the flow rate through each cartridge was over 220 L min-1, while (b) shows the actual setup in the field.

4.2.3 Passive airborne flux sampling
Wool traps made of 21 × 21 cm aluminium frames into which 3 mm grooves at 5 mm intervals
had been machined, were used where wool had been wound in between the grooves in a zigzag
pattern (Figure 4.6a-b). The wool, 5 mm thick 100% acrylic polymer, was pre-cleaned by
soaking it in a 50:50 (v/v) mixture of acetone and hexane, after which it was allowed to air dry
under ambient conditions. The traps were held onto a metal rod 90 cm above the ground with
clamps (Figure 4.6c). They were positioned vertically and horizontally to intercept airborne flux
and to collect deposition, respectively. Five of these traps were placed 10 m apart at each of the
six downwind locations as shown in Figure 4.3. After the sampling period, each wool trap was
wrapped in aluminium foil and placed in a sealed plastic bag. They were then taken to the
laboratory where they were stored in a refrigerator. Due to budgetary constraints, these samples
were not analysed, but were archived for future studies.
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(a)

(b)

(c)
Horizontal wool trap

Vertical wool trap

90 cm stand

Figure 4.6 (a) Aluminum frame with 3 mm grooves at 5 mm intervals (b) Wool trap made by winding wool into the groves (c)
Field set-up of the wool traps.

4.3 Extraction & Analysis of Samples
4.3.1 PUF samples
PUF samples were extracted by means of a plunger and solvent technique previously validated
by the Agricultural Research Council (van der Walt, 2000). The method was, however, slightly
modified for this particular analysis. Briefly, an acetone:hexane (1:3) mixture was prepared and
used as an extraction solvent since other studies have used it for atrazine extraction (Majewski et
al., 1998). Both solvents were high purity pesticide grade (Burdick & Jackson obtained from
Anatech Pty Ltd). Each PUF plug was extracted with 25 mL of the solvent by repeatedly
squeezing it with a stainless steel plunger (Figure 4.7) 10 times and collecting the extract. This
was repeated 5 times, adding 25 mL of the solvent each time. All extracts from the PUF plugs of
the same cartridge were combined and filtered through filter paper (Grade 480, Lasec SA Pty
Ltd). The extracts were pre-concentrated using a rotor evaporator, at 40 °C, then reconstituted to
a final volume depending on where the samples were taken from, as dilutions were necessary for
samples taken closer to the field.
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a

Figure 4.7 (a) Plunger extraction of PUF plugs by squeezing 10 times in acetone:hexane (1:3) solvent with a stainless steel
plunger (b) Filtered extracts were pre-concentrated using rotary evaporation before GC analysis.

Analysis and quantification of atrazine was carried out using an Agilent 6870N gas
chromatograph equipped with a nitrogen phosphorous detector (GC-NPD) (Agilent
Technologies, Inc). 1 μL of sample was injected in splitless mode and the carrier gas was
nitrogen at a flow rate of 1.0 mL min-1. A DB-5MS fused silica column (30 m × 0.25 mm ID)
with a 0.25 μm film thickness (J & W Scientific, obtained from Agilent Technologies) was used.
The temperature programme started at 60 °C (held for 1 min), then was raised at 25 °C min -1 to
210 °C (held for 4 min), and was finally taken to 250 °C at 30 °C min-1. The detector temperature
was 310 °C and the detector gas flow rates were 4 mL min-1 (hydrogen) and 60 mL min-1 (air)
and the makeup gas (nitrogen) was 22 mL min-1. All gasses were supplied by Air Products (Pty)
Ltd.
4.1.1 Quality assurance/quality control
An atrazine standard, PESTANAL® (98.8% purity, Sigma-Aldrich), was used for all method
development and analyte identification and quantification. The limit of detection (LOD) was
determined from the peak height of an atrazine standard by using the signal-to-noise method
(Shrivastava & Gupta, 2011). The noise magnitude was measured manually from the
chromatogram printout. A 3:1 ratio was used to calculate the LOD and a 10:1 ratio was used to
determine the limit of quantitation (LOQ).
The analyte extraction recovery was also determined to establish the efficiency and reliability of
the extraction method. Cartridges with clean PUF plugs were spiked using three different
concentrations of atrazine standard (54.34 pg μL-1; 108.68 pg μL-1 and 1.09 ng μL-1
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respectively). For each concentration, triplicate spikes were made, giving a total of nine fortified
matrices, and the recovery was calculated according to Equation 1.

The repeatability of the method is important where a series of analyses are conducted using the
same instrument and it is a measure of the consistency of the instrumental response. To test the
repeatability, one atrazine standard concentration (108.68 pg μL-1) was chosen and 1 μL was
injected six times into the instrument.
Analyte carryover between samples can potentially be a source of error when analyzing a series
of samples on the same instrument. To ensure that there was no analyte carryover, a blank
solvent (hexane) was periodically injected between sample runs. No significant atrazine peaks
were found on the chromatograms of these blank samples, therefore carryover was not
significant.
The linearity of the method was determined by accurately preparing a 108.87 ng μL-1 atrazine
stock solution from which aliquots were taken to prepare a series of dilutions. These were then
injected into the instrument at different intervals between field sample runs. This was to ensure
that the instrument and method performed linearly throughout the analysis. A nine-point
calibration curve was generated from the standard concentrations and was then used for
quantification of field samples.

4.1.2 Deposition samples
A 5 cm × 2 cm strip was cut from the middle of each of the chromatography paper sampling
sheets and was extracted with 5 mL hexane:acetone (3:1) mixture in an ultrasonic bath for 30
min. To assess recoveries, clean chromatography paper samples were cut into same size as the
field samples, then spiked with 5 L atrazine standard (same as in section 4.3.1) for a range of
concentrations from 10 – 1090 pg L-1. The spiked samples were allowed to dry before being
extracted using the same method as for the field samples.
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These extracts were stored in a refrigerator with the chromatography paper inside the vials until
analysis. Semi-quantitative analysis of the extracts was conducted using a Perkin Elmer AxION®
2 time-of-flight mass spectrometer integrated with the AxION® Direct Sample Analysis™ inlet
(DSA-TOFMS). Internal calibration of the instrument was performed using m/z 121.05087 and
622.02896 as lock mass ions (Agilent APCI/APPI tuning mix). The rest of the operating
conditions are shown in Table 4-1. A 5 µL portion of the extracted sample was injected onto the
mesh grid (sample holder) for introduction into the DSA-TOFMS system. The instrument uses a
nitrogen plasma to desorb and ionise the sample from the mesh grid and the stream of ions thus
produced enters the time-of-flight mass spectrometer. The analysis of each sample was
extremely fast and took 25 seconds per sample. A pesticide library (AxION Solo™) was used for
identification of atrazine peaks.
During analysis the instrument could not detect the atrazine in the spiked paper sample extracts,
possibly because they were 1000 times diluted during preparation (5 L in 5 mL). Due to
instrument availability limitations it was not possible to prepare additional spiked paper samples.
(These samples were kept and later analysed by GC-NPD). Thus in order to generate a
calibration curve for semi-quantitation, a range of atrazine standards (10 – 1090 pg L-1) in
hexane:acetone (3:1) were injected directly onto the sample inlet mesh of the instrument.
Standards below 86.94 pg L-1 were not detected, therefore only points above this concentration
were used to generate a calibration curve which was then used for semi-quantitation of the field
samples.
In addition to the DSA-TOFMS analyses, all the field and spiked paper sample extracts were
analysed by GC-NPD for comparative purposes, using the same method used for the airborne
PUF samples (section 4.3.1). The GC instrumental conditions were kept the same except the
column was changed to a 30 m HP-5MS with 0.25 mm i.d. and 0.25 µm film thickness (Agilent
Technologies).

54

Table 4-1: Operating conditions of the Perkin Elmer AxION® DSA-TOFMS instrument used to analyse pesticide spray drift
deposition paper extracts.

MS Conditions
Ionization source
Ionization mode
Spectral acquisition rate
Capillary exit voltage
Detector voltage

DSA parameters
®

AxION DSA™
Positive
5 spectra s-1
100 V
8 000 V

DSA heater temperature
Auxiliary gas
Drying gas flow rate
Drying gas temperature
Corona needle voltage

250 °C
80 psi
3 L min-1
25 °C
2 000 V

4.4 Spray Drift Modelling
The Agricultural DISPersal (AGDISP) model (v8.27) was used to predict the pesticide spray
drift. The model uses both Lagrangian and Gaussian-type equations to calculate the droplet
trajectories as they are released from the nozzles (section 3.2 in Chapter 3). The model‘s
predictions of pesticide deposition and downwind drift are dependent on a set of parameters
which must be consistent with those under which the pesticide application was carried out. This
set of inputs must represent the equipment conditions, the nozzles and the drop size distribution
(DSD) they create, spray material properties, surface features, and ambient meteorology. Such
information was therefore collected during the sampling campaign and is presented in Table 4-2.
4.4.1 Meteorology
Meteorological data was continuously monitored throughout the application and sampling period
using an RM Young set of instruments mounted on a mast which was positioned ~25 m
downwind. Sampled data was measured every second and logged as 1 min averages of wind
speed and direction (RM Young model 0513 Wind Monitor-RE, Young Co.). Temperature and
relative humidity were measured with an RM Young Multi-plate radiation shield (model 41003),
while solar radiation was monitored with an RM Young pyranometer (model PY51486). All the
meteorological data was logged by means of a datalogger (model CR215, Campbell Scientific,
Inc.) and later downloaded to a computer with LoggerNet software (version 7.0). The data was
then averaged over the 60 min sampling period corresponding to the 10 min application time and
50 min post-application sampling time, similar to previous spray drift studies (Fritz et al., 2011).
Wind data was entered into WRPLOT View (v 7.0.0) software from Lakes Environmental ™ to
generate a wind rose plot. The 60 min average meteorological measurements are shown in Table
4-2.
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4.4.2 Droplet size distribution
To determine the droplet size distribution (DSD) produced by the sprayer, the magnesium oxide
method initially described by May (1950) was used. Although this method is not as reliable as a
laser diffraction spectrometer, it is cheap and was readily available for use. It has also been
employed in the SDTF studies aimed at validating the AGDISP model in 1994 (Hewitt et al.,
2010). Briefly, magnesium oxide-coated glass slides were prepared by burning magnesium
ribbon strips inside a box that had one end covered by a microscope glass slide. As the ribbon
burnt, the magnesium oxide aerosol which was generated coated the microscope slide to form a
thin layer. All the slides prepared in this way were taken to the field during monitoring where
they were clamped on rods at 1 m above ground and placed along the edge of the sorghum field
to capture spray droplets during pesticide application. The droplets made crater impressions on
the magnesium oxide slides and images of these impressions were taken using a Zeiss Stemi SR
microscope equipped with a Schott KL 1500-Z light source and AxioVision (version 3.0.6.38)
software at 20× magnification (Figure 4.8). The Droplet Retrograde software (2004 version) was
then used to convert the images into binary form (Figure 4.9) which was then manually cleaned
by eliminating experimental artifacts that were not due to droplets. A droplet size distribution
(DSD) was then generated for use as a ―User-defined‖ input to the AGDISP model. The droplet
distribution from three slides that were located at the edge of the application area were chosen
and used as input for model simulation. This was because slides taken at the edge of the field
better represent the actual droplet size produced by the nozzles before significant evaporation
could occur.

Figure 4.8 Two microscope images (20× magnification) showing droplet impressions on magnesium oxide coated slides.
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Figure 4.9 Droplet Retrograde software was used to convert the slide image into binary form allowing for the analysis of droplet
size distributions.

4.4.3 Other input parameters
Default values for other parameters that were not changed in the model are listed in Appendix
A1. Since the spray material was predominantly water, the evaporation rate of water (84.76 µm 2
°C-1 s-1) was used as a good estimate of the evaporation rate of the atrazine spray material
(Holterman, 2003; Riley et al., 1995; Teske et al., 1998). This assumption is also supported by
the SDTF studies which showed that agrichemicals in water-based carriers will behave similar to
water in terms of evaporation (Hewitt et al., 2002c). Model sensitivity studies (section 4.4.4)
were also carried out to test the effect of 10% variation of this parameter on the model output.
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Table 4-2 AGDISP input parameters used for modelling spray drift

Parameter

Input

Parameter

Input

-1

Application method

Ground sprayer

Wind speed (m s )

5.17

Boom pressure (bar)

4.8

Wind direction (°)

-90

Nozzle type

Flat fan

Temperature (°C)

26.57

Number of nozzles

56

Relative humidity (%)

47.49

Nozzle inter distances (cm)

50

Spray material evaporates

Yes

DSD

User-defined

Spray volume rate (L ha-1)

150

Release height (m)

1.4

Active fraction

0.0113

Spray lines

8

Active fraction of tank mix
2

-1

0.0113
-1

Swath width (m)

32

Evaporation rate (µm °C s )

84.76

Swath displacement (m)

0

Canopy height (m)

0.9

4.4.4 Sensitivity studies
Additionally, the model sensitivity to various input parameters was determined by varying one
parameter while keeping the others constant. The parameters that were investigated are shown in
Table 4-3. The meteorological parameters were varied according to maximum, minimum, and
average values that were obtained during the sampling period while the other parameters were
varied to accommodate possible variations in these values.
Table 4-3 AGDISP sensitivity test matrix

Parameter

Input values
Min/Trial 1

Average/Trial 2

Max/Trial 3

Temperature (°C)

25.98

26.58

27.08

Relative humidity (%)

40.57

47.49

55.30

3.35

5.17

7.27

Evaporation rate (µm2 °C-1 s-1)

74.79

84.79

94.79

Volume median diameter (µm)

534.34

600.64

693.27

100.00

150.00

200.00

Wind speed (m s-1)

-1

Application rate (L ha )

This chapter has provided details of the materials and procedures that were used in this study.
The results thus obtained are presented and discussed in Chapter 5.
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Chapter 5

Results and Discussion

5.1 Airborne Spray Drift
5.1.1 GC-NPD analytical validation
The optimized GC-NPD method for the PUF extract analyses was found to have very good
analytical parameters. The limit of detection (LOD) was found to be 8.66 pg while the limit of
quantitation (LOQ) was 25.99 pg. These low detection levels were suitable for the purpose of
this study because most of the field samples were found to contain much higher concentrations
of atrazine. Low detection limits are desirable in spray drift monitoring at longer downwind
distances where the target analyte is present at low concentrations. Recoveries from spiked PUF
samples are shown in Table 5-1 where the mean recovery was 94.5% (3.0% RSD). Since the
recoveries were high, the field samples were not corrected for method recovery, as is common
practice for environmental analyses if recoveries are good (Ratola et al., 2014; Thompson et al.,
1999). The method also showed good linearity (Figure 5.1) with a coefficient of determination of
R2 = 0.9956. The full linear range of the method was not investigated but highly concentrated
samples, especially those taken closer to the field, were diluted to bring their concentrations
within the linear range of the standards employed (section 5.1.2). The calibration curve was used
to estimate the standard deviation in the concentration of field samples using sxy statistics
(Theodorou et al., 2012).
Furthermore the method displayed good repeatability (3.3% RSD) as determined with the 108.68
pg µL-1 atrazine standard as shown in Table 5-1 (n = 6).
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Table 5-1 GC-NPD instrument repeatability determined using the 108.68 pg µL-1 atrazine standard with recoveries from fortified
PUF plugs spiked with three different concentrations.

Repeatability
Injection

Extraction Recoveries

Peak Area

Spike level

Recovery (%)
-1

1

2.95777

FM1 (54.34 pg µL )

93.07

2

3.11674

FM2 (108.68 pg µL-1)

97.80

3

3.05301

-1

92.67

4

3.04144

5

3.21621

6

3.20865

Mean

3.09897

94.51

σ

0.101440

2.33

% RSD

3.27

3.0

FM3 (1.09 ng pg µL )

σ = standard deviation
FM = fortified matrix
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Response (pA)

30
y = 0.0309x - 0.7936
R² = 0.9956

25
20
15
10
5
0
0

200

400

600

Concentration (pg

800

1000

1200

μL-1)

Figure 5.1 Nine-point atrazine calibration curve determined by GC-NPD analysis and used to quantify atrazine in field samples.

5.1.2 Field PUF samples
An example of a chromatogram obtained for a PUF extract is shown in Figure 5.2. The GC-NPD
method showed good resolution of the atrazine peak (at 8.26 min) from the other closely eluting
triazines especially terbuthylazine. Although the detector gave a relatively high baseline, the
atrazine peaks were well above the detection limits for all samples, thus peak-integration, and
hence quantitation, was possible. The other peaks in the chromatogram could be due to other
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organic compounds in the air samples, additives in the spray mix, or even impurities in the PUF
adsorbents that were used. These peaks were, however, not further investigated because they did
not interfere with the atrazine peak of interest.
Airborne atrazine concentrations in PUF samples taken from the different downwind distances
and heights are shown in Table 5-2 and graphically represented in Figure 5.3. The results are
expressed per volume of air sampled during the 60 min period (inclusive of 10 min of spraying).
The percentage recoveries were not used in calculating these results as is common practice in
environmental monitoring studies where recoveries are good, as previously mentioned (Ratola et
al., 2014; Thompson et al., 1999). The experimental PUF results showed a decrease in airborne
atrazine concentrations with downwind distance – a trend that was observed for all four sampling
heights. Closer to the field (at 10 and 25 m) there was a greater variation in atrazine
concentration with vertical height compared to samples collected further downwind. This could
be because the effect of the moving tractor is much more significant at near field compared to
far-field distances. Also, as the spray cloud drifts away, it disperses and mixes with the
atmosphere to form an expanded plume of almost homogenous concentration. It can also be
noted that at near-field distances (10 and 25 m downwind) the atrazine levels were slightly lower
at 0.5 m compared to 1 m above ground. This could be because the pesticide was released from
the sprayer at around 1.4 m and therefore the majority of the droplets had still not settled closer
to the ground. The lowest concentration (0.139 ng L-1) was detected at 400 m downwind at 2 m
vertical height and was above the LOD.
Single ANOVA treatment of the data showed that there was no significant difference in
concentrations of samples that were taken at different heights (p > 0.05). However, visual
comparison showed that samples taken at 2 m height had slightly lower concentrations compared
to the other heights. This could be attributed to both deposition of the pesticide to the ground as
well as diffusion processes.

61

Response (pA)

51
46
41

Terbutylazine

Atrazine

56

36
31
26
21
16
4

6

8

10

Time (min)

12

14

16

Figure 5.2 Chromatogram of the PUF extract from 400 m downwind and 2 m vertical height. It shows atrazine and
terbuthylazine peaks at 8.267 and 8.457 min respectively. The other peaks did not interfere with the peak of interest and therefore
were not investigated.
Table 5-2 Airborne atrazine concentration (Conc.) from PUF extract analysis by GC-NPD. The sampling time was 60 min for all
samples and concentrations are reported per volume of air sampled during this period.

Downwind
distance
(m)

10

25

50

100

200

400

Sampling
Height
(m)

Sample
Name

Peak
Area

Measured
Conc.
(pg µL-1)

0.5
1.0
1.5
2.0
0.5
1.0
1.5
2.0
0.5
1.0
1.5
2.0
0.5
1.0
1.5
2.0
0.5
1.0
1.5
2.0
0.5
1.0
1.5
2.0

PUF246
PUF104
PUF99
PUF38
PUF123
PUF320
PUF130
PUF259
PUF21
PUF126
PUF238
PUF43
PUF27
PUF122
PUF74
PUF32
PUF61
PUF3
PUF229
PUF301
PUF13
PUF278
PUF250
PUF107

10.980
13.027
9.711
9.609
8.364
16.982
10.777
8.533
13.541
12.449
12.461
13.736
4.802
5.867
5.477
3.161
2.797
4.044
3.115
3.406
19.541
22.965
23.536
14.697

378.73
445.44
337.36
334.03
293.47
574.31
372.11
298.99
462.17
426.60
426.99
468.54
177.38
212.11
199.37
123.90
112.06
152.70
122.41
131.89
657.69
769.29
787.89
499.85
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Final
Extract
Volume
(mL)
250.00
250.00
250.00
250.00
200.00
200.00
200.00
200.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
5.00
5.00
5.00
5.00

Extract
Amount
(pg)
94683745
111360443
84339975
83507698
58693410
114861780
74422672
59797044
46217260
42660397
42699075
46853611
17738150
21210590
19937050
12390007
11206177
15269627
12240566
13188514
3288468
3846470
3939457
2499270

Sampling
Flow
Rate
(L min-1)
375
410
350
440
350
425
330
350
350
320
330
350
250
260
220
250
350
350
300
315
350
350
350
300

Sampled
Air
Volume
(L)
22500
24600
21000
26400
21000
25500
19800
21000
21000
19200
19800
21000
15000
15600
13200
15000
21000
21000
18000
18900
21000
21000
21000
18000

Air
Conc.
(ng L-1)
4.208
4.527
4.016
3.163
2.795
4.504
3.759
2.847
2.201
2.222
2.157
2.231
1.183
1.360
1.510
0.826
0.534
0.727
0.680
0.698
0.157
0.183
0.188
0.139

5
10 m
25m

Concentration (ng/L)

4

50 m
100 m
200 m

3

400 m
2

1

0
0.5

1.0

1.5

2.0

Vertical height (m)
Figure 5.3 Measured atrazine concentrations in PUF samples expressed per volume of air sampled over one hour at the six
downwind locations and at four vertical heights. The error bars show the standard deviation obtained using regression analysis.

5.2 Spray drift modelling
Model simulations were carried out using the input data presented in Chapter 4. The wind
direction relative to the sampling points is very important when monitoring spray drift. Figure
5.4 shows the average wind direction during the 60 min sampling period. The wind speed was
relatively calm and the wind direction remained north-easterly (38˚) with little variation
throughout the sampling event, with only 29° variation from the actual sampling line. These
stable conditions were ideal for this validation study as there was no need to move the samplers
during the monitoring which would have introduced errors which are unaccounted for by the
AGDISP model. The model only uses one value for wind speed and direction and cannot account
for variation in these input parameters.

63

Figure 5.4 Wind rose showing that north-easterly wind conditions prevailed during the 60 min of pesticide spray drift
monitoring. The average wind speed was 5.17 m s-1 and the average wind direction was 38˚.

Table 5.3 shows microscope images taken from magnesium oxides slides that were used to
determine the droplet size distribution (DSD). Larger droplets were captured near the application
area which became finer progressively as the spray cloud drifted downwind. Thus only droplets
closer to the field were analysed to determine the DSD produced by the nozzles. Streaking of the
droplets was evident on some slides, for example slide No. 024, and grass scratched some of
them, for example slide No. 012. At 200 and 400 m no droplet impressions were found on the
slides as they were positioned too far from the application site.
Table 5-4 shows three sets of droplet size distributions generated from image analysis of
magnesium oxide slides, which are presented graphically in Figure 5.5. The three sets had
volume median diameters (VMD) of 693.26, 600.64, and 534.34 µm which corresponded to
166.5, 208.0, and 145.3 µm average diameter, respectively. It is evident from Figure 5.5 that the
VMD set for 693.26 µm had a significantly different droplet size distribution to the other two
slides, with a larger fraction of larger droplets. These results show that the sprayer nozzles
produced coarse droplets according to the American Society of Agricultural Engineers (ASAE)
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classification (Czaczyk et al., 2012) which is preferable to increase deposition onto the target
crop and reduce spray drift. The simulated airborne atrazine drift and deposition results are
presented in Figures 5.6 and 5.7 respectively in the following sections.
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Table 5-3 Microscope images (20 × magnification) showing droplet impressions on the magnesium oxide-coated glass slides placed downwind of the sprayed field. Slides at 200
and 400 m showed no droplet impressions and are not included in this table. Numbers next to each slide show sampling waypoints.

Sorghum field

0m

10 m

25 m

50 m

100 m

017

025

027

028

037

018

024

026

029

036

019

010

009

011

012

#

020

023

033

030

# = spoiled slide that fell on the ground
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034

Table 5-4 Droplet size distributions (DSD) generated from analysis of three magnesium oxide slides. For each of the three sets,
the droplet diameter, incremental volume fraction (IVF) and cumulative volume fraction (CVF) were input to the AGDISP model
as user defined inputs.

Dv0.5 = 693.28 µm

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Diameter
(µm)
48.74
108.59
168.44
228.29
288.14
348.00
407.85
467.70
527.55
587.40
647.25
707.11
766.96
826.81
886.66

IVF

CVF

0.0010
0.0168
0.0381
0.0195
0.0336
0.0593
0.0477
0.0480
0
0.0475
0.0636
0.1657
0
0.1325
0.3268

0.0010
0.0178
0.0559
0.0754
0.1090
0.1683
0.2160
0.2640
0.2640
0.3115
0.3751
0.5408
0.5408
0.6733
1

1

Cumulative volume fraction

1

Dv0.5 = 600.64 µm
Diameter
(µm)
42.05
88.52
134.99
181.46
227.93
274.44
320.87
367.34
413.82
460.29
506.76
553.23
599.70
646.17
692.64

Dv0.5 = 534.24 µm

IVF

CVF

0.0005
0.0032
0.0078
0.0016
0.0403
0.0603
0.0563
0.1206
0
0.0949
0.0950
0
0
0.2626
0.2425

0.0005
0.0037
0.0115
0.0275
0.0678
0.1281
0.1844
0.3050
0.3050
0.3999
0.4949
0.4949
0.4949
0.7575
1

Diameter
(µm)
41.19
85.94
130.69
175.43
220.18
264.93
309.68
354.43
399.18
443.93
488.68
533.43
578.18
622.93
667.67

IVF

CVF

0.0006
0.0159
0.0240
0.0302
0.0092
0.0080
0.0128
0.0575
0.0548
0.0377
0.0503
0.1961
0.1665
0.2082
0.1282

0.0006
0.0165
0.0405
0.0707
0.0799
0.0879
0.1007
0.1582
0.2130
0.2507
0.3010
0.4971
0.6636
0.8718
1

VMD = 600.64 µm
VMD = 534.24 µm
VMD = 693.28 µm

0.8

0.6

0.4

0.2

0
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300
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Figure 5.5 Cumulative volume fraction for the three droplet size distribution classes generated by the AGDISP model.
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5.3 Comparison Between Model Predicted and Experimental Airborne Pesticide
Spray Drift
A comparison of modelled versus experimental airborne atrazine concentrations at the different
vertical heights is shown in Figure 5.6. It was not possible to compare the field concentrations at
0.5 m vertical heights with predicted values because the model only generated results at vertical
heights greater than the canopy height of 0.9 m. The model results showed the expected general
decrease in concentration with downwind distance, a trend that was also observed for the
experimental results. However, the model results showed a marked decrease in concentration
with vertical height from 1 m to 2 m while the experimental results showed only a slight
decrease. This could be a consequence of the actual versus predicted rates of volatilization and
dispersion of the spray plume or due to the droplet size distributions employed. Linear regression
results showed that for all the sampling heights there was a good correlation between
experimental and model generated results (R2 > 0.79) which is of significant as the
concentrations were very low (ng L-1). Relative errors at these low concentrations can easily
become significant as shown by the Horwitz trumpet (Workman Jr & Mark, 2006).
The correlation between experimental and model results was found to be very dependent on the
average droplet size as shown in Figure 5.6. From the analysis of three different magnesium
oxide slides, three different droplet size distributions were obtained (Table 5.4). The best
correlation between experimental and modelled results was observed when the droplet
distribution with an average size of 166.5µm was used (VMD = 693 µm). From Figure 5.5 it is
evident that this droplet size distribution had a larger fraction of larger droplets, which were
likely most closely related to the droplet size produced from the sprayer before any evaporation
effects in the atmosphere had been incurred, which resulted in a good correlation between
predicted and measured airborne spray drift. When simulations were done with smaller droplet
size inputs (145.3 µm), the model over-predicted the concentration by up to 3 times near-field
but predicted the concentration further downwind somewhat better (VMD = 534 µm). Using
207.9 µm diameter droplets (VMD = 600 µm) gave a reasonable correlation to the experimental
results although the model under predicted concentrations closer to the field. These results show
the importance and sensitivity of the model output to the droplet size where slight changes can
have a significant impact on the model output.
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No studies are known to have attempted to compare field airborne pesticide concentrations with
the AGDISP model predictions for ground application validations. A study by Connell et al.
(2012) only compared vertical flux up to 5 m downwind where they found the flux predicted by
AGDISP to be much higher (6 times for flat fan nozzles, 3 – 15 times for XR8003 nozzles, and
3 – 6 times for air induction (AI) nozzles). The study did not measure the actual active ingredient
to monitor drift, but rather a dye and metal cations as tracers and this could explain the
differences between their study (Connell et al., 2012) and this study. This study has also
validated the AGDISP model up to 400 m downwind which no other published study has done
for the ground application function of the model.
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Figure 5.6 Left: Comparison of model versus experimental airborne results  at three different vertical heights (a) 2.0 m (b) 1.5
m (c) 1.0 m. Three model runs were made using different droplet size distributions VMD 600 (208.0 µm diameter) VMD
693 (166.5 µm diameter) and VMD 534 (145.3 µm diameter).
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5.4 Deposition Spray Drift
5.4.1 AGDISP deposition simulation
Atrazine deposition results predicted by the AGDISP model using the set of inputs as for
airborne simulation, are shown in Figure 5.7. The model revealed that the smaller droplets (145.3
µm diameter) had higher downwind deposition rates compared larger droplets. This was
expected since larger droplets, because of their larger mass, are less susceptible to drift and tend
to settle closer to the sprayed area while the smaller droplets are lighter and therefore are more
prone to drift further and deposit downwind (Jones et al., 2002).
0.06

145.3 m (VMD = 534 m)
208.0 m (VMD = 600 m)
166.5 m (VMD = 693 m)
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Figure 5.7 Downwind deposition rates predicted by the AGDISP model using three different droplet size distribution sets. The
average droplet diameters were 145.3, 208.0, and 166.5 µm.
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5.4.2 Field Deposition Samples
5.4.2.1

Deposition determined by DSA-TOFMS

The DSA-TOFMS method was very rapid and it only took 25 seconds per sample for analysis,
making it ideal as a screening technique. The method adequately identified atrazine and
terbuthylazine, which were both present as active substances in the spray formulation, with very
good mass accuracy (< 5 ppm) as shown in Figure 5.8. The calibration curve that was used for
semi-quantitation of deposition samples is shown in Figure 5.9 and it is evident that the method
showed good linearity (R2 = 0.9934) within the measured range of concentrations. The
instrument could not detect atrazine standards concentrations below 87 pg uL-1 therefore those
points were excluded from the calibration curve.
Screening results for atrazine & terbuthylazine found in chromatography paper extracts are
shown in Table 5-5. The mass accuracy was very good for samples taken closer to the field but it
became poorer for samples taken further downwind because of the very low concentration levels.
These results reflect the direction of the wind during sampling very well as can be seen from the
wind rose. Semi-quantitation results for atrazine, which was the target analyte, are shown in
Table 5-6. Although atrazine was detected in samples taken from 200 and 400 m downwind, the
levels were too low for the instrument to integrate the peak area, hence they are reported to be
below the detection limit in Table 5-6. This is because less deposition occurred at these distances
during the sampling period as most of the coarse spray droplets were heavy enough to undergo
deposition close to the field before drifting downwind to these distances. For some samples at
100 m, a mass spectrum was obtained which indicated the presence of atrazine but the library
software could not integrate the signal to give a peak area at these low levels, hence they are also
reported to be below instrumental detection limit.
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Figure 5.8 Example of a mass spectrum obtained from DSA-TOFMS analysis of a deposition sample extract. The atrazine peaks
with m/z 216.1016 mass spectra were used for semi-quantitation of downwind deposition.
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Figure 5.9 Calibration curve for atrazine semi-quantitation using DSA-TOFMS analysis.
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Table 5-5 Compounds detected from chromatography paper extracts using the DSA-TOFMS screening method. Values in parenthesis show mass accuracy in ppm units. Overlaid
is a wind rose showing the wind direction relative to the sampling position.
Sorghum Field
Downwind
distance
(m)

P044

P043

P042

P021

P020

*P019

P018

P017

P015

0

Atrazine (3.15)
Terbuthylazine
(3.26)

Atrazine (2.68)
Terbuthylazine
(2.87)

Atrazine (2.68)
Terbuthylazine
(1.65)

Atrazine (4.58)
Terbuthylazine
(4.39)

Atrazine (2.59)
Terbuthylazine
(2.91)

Atrazine (2.82)
Terbuthylazine
(1.96)

Atrazine (3.98)
Terbuthylazine
(3.00)

Atrazine (2.82)
Terbuthylazine
(2.26)

Atrazine (3.56)
Terbuthylazine
(2.00)

P022

P023

*P010

P024

P025

Atrazine (-28.78)
Terbuthylazine
(-28.07)

Atrazine (-27.16)
Terbuthylazine
(-26.51)

Atrazine (-24.25)
Terbuthylazine
(25.64)

Atrazine (-25.31)
Terbuthylazine
(-23.77)

Atrazine (-25.590)
Terbuthylazine
(-24.55)

P031

P030

*P009

P026

P027

Atrazine (-25.22)
Terbuthylazine
(-22.73)

Atrazine (-20.59)
Terbuthylazine
(-23.42)

Atrazine (-23.09)
Terbuthylazine
(-24.38)

Atrazine (-7.87)
Terbuthylazine
(-8.08)

∆

P032
Atrazine (-23.28)
Terbuthylazine
(-24.29)

P033

*P011
Atrazine (-21.89)
Terbuthylazine
(-22.12)

P029
Atrazine (-18.32)
Terbuthylazine
(-18.43)

P028
Atrazine (-19.57)
Terbuthylazine
(-18.86)

P035

P034

*P012

P036

P037

Atrazine (-18.79)

Atrazine (-16.66)
Terbuthylazine
(-14.91)

Atrazine (-16.94)
Terbuthylazine
(-14.34)

Atrazine (-14.81)
Terbuthylazine
(-15.34)

Atrazine (-13.84)
Terbuthylazine
(-14.47)

P041

P040

*P013

P039

P038
nd

10

25

50

100

nd

200

nd

nd

nd

Atrazine (41.18)
Terbuthylazine
(46.06)

400

P046

P045

*P049

P047

P048

#

#

nd

#

#

* =Samples taken along the sampling line
nd = not detected
# = points where no samples were taken
∆ = missing sample during analysis
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Table 5-6 Atrazine deposition determined from analysis of 10 cm2 chromatography paper sample extracts using AxION DSATOFMS. The peak area of atrazine (m/z =216) was used for semi-quantitation.

Downwind
Distance (m)

0m

10 m

25 m

50 m

100 m

Control

Sample
Name

Peak
Area

Concentration
(pg µL-1)

Amount
Extracted (pg)

Deposition
(µg cm-2)

P044

55.32

200.03

1000

0.10

P043

412.62

1049.53

5248

0.52

P021

222.65

597.87

2970

0.30

P020

91.92

287.05

1435

0.14

P019*

247.82

657.71

3289

0.33

P017

1059.6

2587.76

12939

1.3

P018

142.69

407.75

2039

0.20

P015

476.9

1202.36

6012

0.60

P016

1059.6

2587.76

12939

1.3

P022

106.07

320.69

1603

0.16

P023

109.29

328.35

1642

0.16

P010*

231.42

618.72

3094

0.31

P024

303.92

791.09

3955

0.40

P025

92.07

287.41

1437

0.14

P031

nd

nd

nd

nd

P009*

32.3

145.30

3632489

0.36

P026

32.27

145.23

3630706

0.36

P027

30.58

141.21

3530254

0.35

P032

42.27

169.00

4225095

0.42

P033

44.47

174.23

4355861

0.44

P011*

nd

nd

nd

nd

P029

nd

nd

nd

nd

P028

nd

nd

nd

nd

P037

nd

nd

nd

nd

P036

nd

nd

nd

nd

P012*

nd

nd

nd

nd

P034

nd

nd

nd

nd

P035

nd

nd

nd

nd

Blank

nd

nd

nd

Nd
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5.4.2.2

Deposition Determined by GC-NPD

When the GC-NPD method was used for analysis of paper sample extracts very high recoveries
(over 100%) were found (Table 5-7). Extracts spiked below 435 pg µL-1 were too dilute upon
extraction with 5 mL of solvent, hence were not detected by the instrument. The enhanced
recoveries suggest possible matrix effects that may have been enhanced due to sample storage
for a long time before analysis, as the paper was stored in the vials with extracts and evaporation
of solvents could have occurred which would result in raised recovery values. When pure
atrazine standards prepared in the same solvent were used for calibration, the method showed
good linearity with (R2 = 0.9991) within the 32.60 – 400 pg µL-1 concentration range, as shown
in Figure 5.10, and therefore was applied to quantify the field deposition samples (Table 5-8).
Table 5-7 Recoveries from chromatography paper extracts spiked with four different concentrations of atrazine. Each fortified
matrix (FM) was extracted with 5 mL of 3:1 hexane:acetone solvent mixture.

Spike level

Recovery (%)
-1

FM1 (217 pg µL )

nd

FM2 (435 pg µL-1)

203

-1

FM3 (1086 pg µL )

17

FM4 (10868 pg µL-1)

145

nd=not detected by instrument

9.00
y = 0.0184x - 0.0596
R² = 0.9991

8.00

Peak Area

7.00
6.00
5.00
4.00
3.00
2.00
1.00
0.00
0

100

200

300

Concentration (pg

400

µL-1)

Figure 5.10 GC-NPD calibration curve for atrazine standards.
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500

Figure 5.11 shows overlaid chromatograms from deposition paper sample extracts taken along
the sampling line from 10 m up to 100 m. The peak heights diminished from 10 to 100 m
corresponding to the decrease in downwind deposition with increasing distance. It is important to
note that the retention times are different from those obtained from airborne PUF samples. This
is because a different GC column was used for analysis of the paper sample extracts.

Reponse (pA)

100 m
50 m
25 m
10 m

4

5

6

7

8

9

10

Time (min)

Figure 5.11 Overlaid chromatograms showing atrazine (6.9 min) and terbuthylazine (7.2 min) peaks from deposition paper
extracts taken along the sampling line at 10 m to 100 m downwind distances.
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Table 5-8 Deposition concentrations determined from GC-NPD analysis of extracts from 10 cm2 portions of chromatography
paper. 1 µL injection was made for all samples.

Downwind
distance (m)

0m

10 m

Extracted
amount (pg)

Deposition
(µg cm-2)

1000

Final
Volume
(mL)
5.00

1371563869

137

181.29

1000

5.00

1551737750

155

0.972

128.46

1000

5.00

1353423950

135

P020

2.421

181.36

1000

5.00

1552020300

155

P019*

0.840

123.63

1000

5.00

1335301800

134

P017

2.947

200.54

1000

5.00

1624017350

162

P018

2.312

177.33

1000

5.00

1536902350

154

P015

2.53

185.58

1000

5.00

1567861750

157

P016

3.346

215.09

1000

5.00

1678643000

168

P022

52.638

2014.05

1

5.00

8431572

0.843

P023

13.022

568.24

1

5.00

3004274

0.300

P010*

5.084

278.52

1

5.00

1916744

0.192

P024

95.617

3582.63

1

5.00

14319692

1.43

P025

50.638

1941.06

1

5.00

8157588

0.818

Sample
Name

Peak
Area

Concentration
(pg µL-1)

Dilution
factor

P044

4.969

274.31

P043

2.420

P021

P031

1.647

153.09

1

5.00

1445875

0.145

P009*

4.978

274.64

1

5.00

1902185

0.190

P026

2.084

169.03

1

5.00

1505743

0.152

P027

2.475

183.32

1

5.00

1559358

0.156

P032

6.781

340.47

1

5.00

2149271

0.215

P033

6.136

316.91

1

5.00

2060850

0.206

P011*

1.371

143.00

1

5.00

1408007

0.141

P029

1.226

137.70

1

5.00

1388114

0.139

P028

0.9.31

126.94

1

5.00

1347713

0.135

P037

0.678

117.73

1

5.00

1313158

0.131

P036

0.733

119.73

1

5.00

1320675

0.132

P012*

0.395

107.39

1

5.00

1274315

0.1275

P034

0.568

113.71

1

5.00

1298084

0.130

P035

0.365

106.29

1

5.00

1270212

0.127

P038

0.103

96.72

1

1.50

19719

0.002

P039

0.237

101.61

1

1.50

286290000

2862

P013*

0.279

103.15

1

1.50

32946

0.003

P040

0.958

96.47

1

1.50

19201

0.002

P041

0.140

98.07

1

1.50

22494

0.002

P049*

0.101

96.67

1

1.50

19616

0.002

Blank
nd
nd
Control
* = Samples along the downwind sampling line
nd = not detected by instrument

1

1.50

nd

nd

25 m

50 m

100 m

200 m

400 m
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5.4.3 Comparison between model and field deposition results
Figure 5.12 shows the experimentally determined downwind deposition rates which were
measured using GC-NPD and DSA-TOFMS techniques of the same sample extract solutions.
Note that the LOD was plotted for DSA-TOFMS measurements between 50 and 400 m as a
worst case scenario because the analyte was below the instrument detection limit, which resulted
in the graph being flat in this region. Even though these techniques showed a similar trend in
terms of a decrease in deposition rates with downwind distance, much higher deposition rates
were obtained from analysis using the DSA-TOFMS method compared to those measured with
the GC-NPD method. There was an even greater difference between the two techniques for
samples taken closer to the field (at 10 m downwind). This could be because the samples were
first analyzed on the DSA-TOFMS instrument before they were taken for analysis by GC-NPD
which was done after some weeks. During this period it is possible that a portion of the analyte
(atrazine) was lost due to adsorption onto the walls of the glassware during storage or onto the
paper stored in the vials, hence resulting in the lower concentration determined by GC-NPD.
Another reason could be purely due to the different sensitivities of the two instrumental
techniques. A repeat analysis to further investigate the cause of these different concentrations
could not be carried out because of instrument time constraints.
A comparison of the experimentally measured atrazine deposition rates with those predicted by
the AGDISP model is also shown in Figure 5.12 for the central sampling line, as that is what the
model predicts. The results showed that the model under-predicted the deposition by up to one
order of magnitude compared to the GC-NPD results and by even more compared to the DSATOFMS results. This is in contrast to a study by Woodward et al. (2008) which also attempted to
validate the ground application feature of AGDISP. They found that the model over-predicted
the downwind deposition by a factor of 3.5 – 100. A very similar study by Zabkiewicz et al.
(2009) also reported an over-prediction of downwind deposition by the AGDISP model. The
difference between the results could be due to the different field monitoring approaches. The
other studies used metal ions as tracers while this study used the actual active ingredient in the
spray solution to monitor the pesticide drift and deposition rates, as well as differences in the
collection efficiency of the deposition samplers employed makes it difficult to adequately
compare different studies.
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1.8
1.6

Model (VMD = 534 m)
Model (VMD = 600 m)
Model (VMD = 693 m)
DSA-TOFMS
GC-NPD

1.4
1.2
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Depositon (g cm )

1.0
0.8
0.6
0.4
0.2

0.05
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0.03
0.02
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0.00
0
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200

300

400

Downwind Distance (m)
Figure 5.12 Comparison of model predicted deposition (dotted lines) with experimental deposition (solid lines) along the
sampling line. The experimental deposition was measured with two techniques, GC-NPD and AxION DSA-TOFMS.

The big difference between the model predicted and field deposition results show that the model
may not predict deposition accurately. Therefore caution should be employed when using this
feature especially when the results are used for risk assessments, as under-predictions of the
model may not identify potential environmental risks.
5.5

Model Sensitivity

All the airborne sensitivity studies were done at 1.5 m height as this is relevant for human
exposure in risk assessment studies. Among the parameters that were investigated, the model
was found to be most sensitive by far to the droplet size distribution for both deposition (Figure
5.13) and airborne concentrations (Figure 5.14). The variability within each parameter is shown
in Figure 5.15 for airborne simulations and Figure 5.16 for deposition simulations. In both cases
there was variability with distance from the application site (mainly from 100 – 200 m for
airborne and 50 – 100 m for deposition). Variability within the temperature values was the least,
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showing that any fluctuations that occurred during monitoring did not significantly affect the
modelling outcome.
For lighter, smaller droplets the model predicted a higher airborne concentration, suggesting that
they are more likely to remain airborne, whilst larger droplets precipitate to the ground more
readily. The results also showed that varying the evaporation rate by ~10% from the default
value did not have much of an impact on the predicted concentrations hence assuming that the
spray mix had an evaporation rate similar to that of water should not have had much of an impact
on the predicted results. Among the meteorological parameters tested (where the minimum and
maximum values measured were compared to the averages used), the model was found to be
more sensitive to changes in wind speed than the other parameters, with higher wind speed
resulting in higher levels of spray drift, as expected. An ANOVA test revealed that indeed there
was more variation in concentrations when changing the droplet size distribution (p < 0.05) than
with any of the other parameters tested and that among the meteorological parameters, the model
was most sensitive to wind speed.
These results agree with previous studies where droplet size was reported to be the most
significant parameter affecting spray drift (Miller et al., 2011; Nuyttens et al., 2013) and that
wind speed was reported to be the most significant meteorological parameter (Bird et al., 1996;
Phillips & Miller, 1999). Hoffmann (2006b) also performed some sensitivity studies with the
AGDISP model and found that a 1.5 m s-1 increase in wind speed corresponded to a 100%
increase in spray flux at 50 m. Another AGDISP model sensitivity study by Huang et al. (2010)
concluded that wind speed is more significant than the droplet size. This could be because their
simulation was for aerial application while our study was for ground based application. In
addition the range in variables tested differed: in our case we chose possible variations during
our specific sampling campaign, whilst Huang et al. considered extremes. Consequently for
droplet size their range was from very fine to very coarse, while the range in this study was from
145 to 208 m. Also, they simulated the effects of wind speed using minimum and maximum
wind speeds of 0.45 to 6.71 m s-1 respectively, while in this study minimum and maximum
values from the measured data were used, which were 3.35 to 7.27 m s-1, respectively. This
shows that the most significant variable may be different for different pesticide application
scenarios.
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Figure 5.13 Sensitivity of the pesticide deposition rates predicted by the AGDISP model to six different input parameters (a)
Droplet size (b) Evaporation rate (c) Relative humidity (d) Temperature (e) Wind speed (f) Application rate.
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Figure 5.14 Sensitivity of the airborne concentrations of atrazine predicted at 1.5 m height by the AGDISP model to the variation
in six different input parameters (a) Droplet size (b) Evaporation rate (c) Relative humidity (d) Temperature (e) Wind speed (f)
Application rate.
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Figure 5.15 Variability in predicted airborne atrazine concentrations at 1.5 m height due to changes in model input parameters.
Results show droplet size is the most important factor followed by wind speed at most downwind distances.
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Figure 5.16 Variability in AGDISP predicted atrazine deposition concentrations due to changes in input parameters.
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5.6 Some Limitations of the AGDISP Model
Previous studies that have conducted validation of the AGDISP model have reported some
limitations on the ground application part of the model. Woodward et al. (2008) found that,
compared to experimental data, the AGDISP 2003 ground application model over-predicted
downwind deposition by a factor of 3.5 – 100. After doing some sensitivity studies and varying
the humidity (which affects evaporation) they still found discrepancies between modelled and
experimental values. They then recommended that that there is strong need to improve the
evaporation algorithm employed in AGDISP. Similarly, Zabkiewicz et al. (2009) also found
AGDISP to overestimate spay drift depositions.
Connell et al. (2012) found a number of discrepancies between the AGDISP (version 8.25)
ground model and experimental data. They found the spray drift deposition ratio of model to
experimental data ranged between a factor of 1.5 and 12.4 from the different studies that they
did. They also found that the measured flux was much higher than that calculated by AGDISP
and they suggested that there is a need to improve the model so that it considers the wake effects
from boom sprayers.
Although extensive modification has been done to the model for aerial application, validation
studies for aerial applications have also reported some shortcomings of the model. Hoffmann
(2006b) found that the AGDISP model predicted 1 – 6 times higher levels of spray materials
compared to that measured by field samplers. Hoffmann et al. (2007) found that although the
vertical deposition values at canopy heights between 0.3 and 0.8 m were comparable between
field-collected and AGDISP (version 8.08) data, the model over-predicted by a factor of 10 the
levels of spray drift at 1 m for the trials conducted for 0 or 1 m crop canopy heights. They also
found the model not satisfactory for crop canopies that are >80% closed.
Schleier and Peterson (2010) showed that AGDISP and AgDRIFT were inadequate for
estimating environmental concentrations from applications using ultra-low-volume sprayers.
They concluded that the use of these models could result in an underestimation of exposures, but
this could be because the researchers in this study used inputs from assumptions outlined in a
different study to run the models.
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The current study noted that the model does not account for variations in meteorological
conditions during the monitoring period. This is particularly important for wind direction
variations which can affect the amount of tracer material that reaches the sampling points. It is
therefore recommended that the software developers incorporate algorithms that will account for
these variations. Fortunately wind direction was consistent during this sampling campaign,
therefore should not have had major impact on the results.
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Chapter 6

Conclusions and Recommendations

In this study, the active pesticide ingredient, namely atrazine, was successfully used to monitor
downwind spray drift during pesticide application. This was due in part to the stability of
atrazine in the atmosphere, with a half-life of approximately 1 day (De Rossi, 2010), as well as to
its compatibility with the sampling and analytical methods that were developed and employed.
For airborne spray drift monitoring, the PUF adsorbents proved to be suitable samplers for
atrazine in the atmosphere and high extraction recoveries were obtained with the plunger
extraction method that was used. This method however, required large amounts of solvent per
cartridge hence there is a need to optimize it in this regard in future. The Nitrogen Phosphorus
Detector on the GC was also excellent for this application, being both selective and sensitive,
which allowed for the determination of atrazine down to 0.139 ng L-1 at 400 m downwind. These
low detection limits are desirable for downwind monitoring because the pesticide ingredient gets
highly diluted with increasing distance.
Satisfactory agreement was found between the modelled and experimental results when using
the larger droplet size distribution, suggesting that coarse droplets were produced by the sprayer.
We suggest, therefore, that the model can provide a good estimate of airborne spray drift
concentrations which can be used for risk assessments or regulatory measures around sensitive
areas. This, however, is provided one has reliable input parameters that are representative of the
actual application conditions. Previous validation studies have shown variation in airborne spray
drift of approximately two orders of magnitude between field and AGDISP modelled results
(Teske et al., 2004; Woodward et al., 2008). In comparison, this study has shown promising
correlations between experimental results and those predicted by the model. This improvement
could be in part because the actual active pesticide ingredient was monitored instead of a tracer
compound.
Atrazine downwind deposition was successfully captured using horizontal chromatography paper
surfaces. These were easy to extract using an ultrasonic bath and the extracts were analysed by
DSA-TOFMS as well as the traditional GC-NPD method. Compared to the deposition predicted
by the AGDISP model, the experimental deposition obtained using both analytical techniques
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was considerably higher than what the model predicted. The reasons for this are not fully
understood but could be because the initial droplet size distribution (DSD) that input to the
model consisted of relatively coarse droplets, hence the model predicted that these would
immediately settle onto the sprayed area and less would drift downwind. However reasonable
this assumption is, it does not match the field results. Thus it is recommended that the model be
used with caution for deposition assessments.
Sensitivity studies showed that the model is strongly dependent on the droplet size, where
smaller droplets are more likely to remain airborne and drift further downwind whilst larger
droplets easily deposit to the ground and are less likely to drift downwind (Fritz et al., 2010).
The fact that droplet size was shown to be the major variable affecting off-target spray drift is
supported by the results of previous studies (Hewitt et al., 2002b). Depending on the DSD input,
the model may either overestimate or underestimate the atrazine concentration. It is therefore
recommended that more accurate determination of the actual DSD be considered in future
studies using modern equipment such as laser diffraction spectrophotometry. In light of this, it is
important for farmers to maintain their nozzle tips in good condition to prevent blockages which
cause fine aerosol generation during spraying which are not desirable because of their
susceptibility to drift.
Analysis of the wool samples that were used to collect passive spray drift flux during the
spraying event could yield valuable information to compliment the results that were found in this
study. This can also provide additional useful information for bystander exposure in risk
assessment studies.
It is also recommended that future validation studies of the AGDISP model be carried out using
different molecular classes of pesticides to confirm the model use as a general predictor.
Different pesticide molecular classes have different physical properties which can affect the
evaporation rate of the spray mixture. Therefore using these classes one can probe the use of
84.76 µm2 ˚C-1 s-1 by the model as a general evaporation rate.
Field monitoring can also be extended further downwind beyond 800 m to validate the model up
to its maximum distance. De Rossi (2010) stated that if ·OH radical attack is the main
degradation pathway, then atrazine can potentially travel up to 250 – 500 km in the atmosphere
within a day under wind speeds of between 3 – 5 m s-1. An improved analytical method may
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however be necessary because the active ingredient would be present at very low concentrations
at these distances.
During this study, the model was found to under predict pesticide deposition. It is recommended
that further deposition studies be carried out and the collection efficiency of the deposition
samplers be investigated. This is important because electrostatic effects of the sampling paper
could repel some of the small droplets as they land from the atmosphere onto the surface of the
sampler (although this would not explain the high experimental levels found in comparison to
model predictions). Additional optimization and validation of the DSA-TOFMS and GC-NPD
methods for paper extracts is also required.
Although the aerial pesticide application component of the model has been extensively validated,
it is yet to be validated under local South African conditions. It is therefore recommended that
validation of this component be carried out for local conditions using aircraft typically employed,
as this would be beneficial for local risk assessments and regulatory use of the model.
In this study, the AGDISP pesticide air dispersion model was validated for the first time for
ground application use in South Africa. In contrast to other international validation studies
conducted on this model, the actual pesticide active ingredient was used for model validation and
validated the model at longer downwind distances.
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Appendices
A1

AGDISP Model Inputs

Figures A1 – A4 show screenshots of the graphic user interface of the AGDISP software where input
values are keyed in for the different input parameters.

Figure A1 The graphic user interface (GUI) of the AGDISP model software showing some of the input parameters needed
to run the model.
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Figure A2 AGDISP screen for entering droplet size distribtion (DSD).
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Figure A3 AGDISP screen where information on tank mix composition is specified.
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Figure A4 Input screen of AGDIDP software where evaporation rate and other parameters mainly used for aerial application
scenarios are entered.
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Table A1 Summary of the AGDISP input parameters using a droplet size distribution of 166 m average diameter
as an example.
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