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Abstract

BACKGROUND: A substantial fraction of the applied crop protection products on crops is lost to the atmosphere. Models
describing the prediction of volatility and potential fate of these substances in the environment have become an important
tool in the pesticide authorisation procedure at the EU level. The main topic of this research is to assess the rate and extent of
volatilisation of ten pesticides after application on field crops.

RESULTS: For eight of the ten pesticides, the volatilisation rates modelled with PEARL (Pesticide Emission Assessment at Regional
and Local scales) corresponded well to the calculated rates modelled with ADMS (Atmospheric Dispersion Modelling System).
For the other pesticides, large differences were found between the models. Formulation might affect the volatilisation potential
of pesticides. Increased leaf wetness increased the volatilisation of propyzamide and trifloxystrobin at the end of the field trial.
The reliability of pesticide input parameters, in particular the vapour pressure, is discussed.

CONCLUSION: Volatilisation of propyzamide, pyrimethanil, chlorothalonil, diflufenican, tolylfluanid, cyprodinil and E- and
Z-dimethomorph from crops under realistic environmental conditions can be modelled with the PEARL model, as corroborated
against field observations. Suggested improvements to the volatilisation component in PEARL should include formulation
attributes and leaf wetness at the time of pesticide application.
© 2015 Society of Chemical Industry
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1 INTRODUCTION
After application of a plant protection product (PPP) to a crop,
a fraction of the active ingredient (AI) enters the atmosphere
through volatilisation. Volatilisation includes both the transfer of AI
from liquid phase (evaporation) and solid phase (sublimation) into
the atmosphere.1 The losses of the AI to the air are important (a) to
understand the mechanisms by which plant protection products
control pests, weeds and diseases and (b) for risk assessments to
residents, bystanders, workers and non-target species that might
be exposed to the pesticide vapour.2

The dominant factors influencing the volatilisation from plants
are the physicochemical properties of the AI (vapour pressure, Vp,
and water solubility, represented here by Henry’s law constant H),
the agricultural practice (dose of AI, crop and spray application),
the environmental conditions (stability of the atmosphere, wind
speed and direction, temperature, leaf wetness and humidity) and
competing processes (uptake into the plant and degradation).1 – 4

Many authors conclude that the Vp of the AI is the indicator
that explains the volatilisation rate from soil surfaces5 – 7 and
plant surfaces.8 However, in some experiments, the evaporation
from soil and plants does not correlate well with the Vp of the
compounds tested alone, but also depends on soil moisture or
sorption and uptake by the crop.9 – 11 Moreover, in experiments

where the volatilisation of an aqueous solution was determined
on a surface, researchers found a positive correlation between the
volatilisation rate and Henry’s law constant H.12 Sublimation or
rewetting processes caused by rain, air humidity and guttation or
water vaporised by the plants leads to further volatilisation.13 – 16

The formulation of a pesticide also affects the uptake into the
plant, which in turn influences the volatilisation.17 – 20 Researchers
found that volatilisation of endosulfan from bean leaves as an
emulsifiable concentrate (EC) was distinctly higher than the
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Figure 1. Layout of the field trials with a spray zone of grass, potatoes and barley. Air sampling (○) was performed in the middle of the spray zone after
the application of the crop protection product.

volatilisation of endosulfan formulated as water-dispersible
powders.21 Others found that volatilisation of triadimefon as a
pure solid was only slightly higher than the volatilisation of a wet-
table powder.22 The addition of penetrants, e.g. surfactants, also
increases the uptake by plants.20 Other formulation components
can increase or reduce photodegradation, influencing the amount
of AI available for volatilisation.23 – 26 The longevity of pesticides
on the crop surface is further affected by the nature and the age
of the crop, the stage of development, the characteristics of the
leaf surface and the density and height of the canopy.27 Large
differences in volatilisation of pesticides between different types
of crop are often observed in laboratory experiments.27 – 29

Significant research has been done on the volatilisation of AI
from soil surfaces, and on the volatilisation of AI from canopies
under controlled laboratory or semi-realistic circumstances, but a
limited number of studies have been based on field experiments
with real, variable weather conditions.3,29 – 33 It is necessary to
take into account the effect of meteorology on the measured
volatilisation because it is not possible to control the environ-
mental conditions when conducting field experiments. We have
attempted to do this using a pesticide fate model. The PEARL
(Pesticide Emission Assessment at Regional and Local scales)
model34 describes the fate of pesticides and relevant transfor-
mation products in soil–plant systems, based on meteorological
data (temperature, humidity, precipitation and solar radiation),
the crop, the application method, the application rate and the
chemical properties of the AI (Vp and molecular weight, MW).
The latter is in contrast to practice where formulated products are
used. In addition, it is expensive to measure directly the emission
flux density from a treated area, although various technologies
exist.35 – 40 It can be calculated from measurements of concen-
tration in air close to the source. There are a number of methods
for doing this, such as aerodynamic profile (ADP), energy balance
(EB), relaxed eddy accumulation (REA) and plume dispersion (PD)
methods.41,42 In this research, volatilisation of ten pesticides was
evaluated by inverse modelling.43 Inverse modelling uses a model
of gas dispersion in atmospheric flows to predict concentrations
in air on the basis of a known emission rate and adjustment of
the emission rate until the predicted concentrations match those
that were measured.43 – 47 The dispersion model ADMS (Atmo-
spheric Dispersion Modelling System, CERC, Cambridge, UK) was
selected, as it had been successfully used for the estimation of
emissions from pesticide-treated areas.45,48,49 It is recognised that
this method only provides an estimate of emission rates, as the
model includes assumptions about the atmospheric boundary
layer flows that may not apply to the specific site during the
experimental period. However, it is a cost-effective method that

does not require extensive meteorological field measurements
and is expected to provide correct order-of-magnitude estimates.
Furthermore, the estimated emission rates from back-calculation
procedures were compared with results from an appropriately
parameterised PEARL model simulation.

The aims of this paper were (i) to illustrate the effect that formu-
lation and formulation adjuvants can have on volatilisation and
(ii) to estimate the volatilisation flux for different pesticides having
varying physicochemical properties. Sensitive physicochemical
parameters (in addition to vapour pressure) are identified for
appropriate prediction of pesticide emissions using a physically
based mechanistic model such as PEARL.

2 MATERIALS AND METHODS
2.1 Field trials and pesticide application
Three crops, grass (Lolium perenne), potatoes (Solanum tuberosum,
breed Lady Christl) and barley (Hordeum distichum, breed Beatrix)
were selected. The field dimensions for each crop were 40 m in
length and 27 m in width (0.108 ha). An overview of the layout of
the field trials on flat terrain is given in Fig. 1. The field surrounding
the test field was planted with maize (Zea mays) which had a height
of 2 m. None of the applied pesticides was used in the surrounding
fields. Canopy height was 0.50 m for all three crops.

A Hardi Commander Twin Force trailed sprayer equipped with
standard flat-fan Hardi ISO F 110 03 spray nozzles and a 27 m
boom width was used. Spray pressure was set at 3.0 bar, and the
forward tractor speed was 8 km h−1, corresponding to an appli-
cation volume of 180 L ha−1. A boom height of 0.5 m above the
canopy level was set. Pesticides were applied on the specific plot
between 10:00 and 10:30 on days with suitable weather condi-
tions without heavy wind in August and September according to
good agricultural practises. Droplet drift to neighbouring plots
and the subsequent vapour drift contamination were minimised.
Authorised crop protection products for use in grass, potatoes
or barley were considered. The crop protection products, date of
application, formulation type, composition and applied dosage
(following label recommendations) are presented in Table 1. The
pesticides were applied to mature crops with leaf area indices
between 4 and 5 for the three crops.50 – 52

2.2 Environmental conditions
Wind speed and wind direction were monitored with two
two-dimensional ultrasonic anemometers (WindSonicTM; Camp-
bell Scientific, Logan, UT). Temperature was measured with two
resistance thermometers (MP100A probes; Campbell Scientific,
Logan, UT). Two radiometers (NR-LiteTM; Campbell Scientific,
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Table 1. Pesticides used in the field trials and the dosage of the active ingredient

Crop Date of trial Formulation Composition of AI Applied dose of AI (kg ha−1)

Potatoes 24 July 2008 Paraat® 50% dimethomorph 0.075
Experiment 1 (WPa) (1/1 mixture of E-/Z-isomers) (each monomer)

11 August 2008 Kerb 50® 50% propyzamide 0.75
Experiment 3 (WP)

25 August 2008 Shirlan® 500 g L−1 of fluazinam 0.2
Experiment 4 (SCb)

Barley 30 July 2008 Bravo WG® 75% chlorothalonil 1.275
Experiment 2 (WGc)

26 August 2008 Diflanil 500SC® 500 g L−1 of diflufenican 0.1875
Experiment 5 (SC)

27 August 2008 Twist 500SC® 500 g L−1 of trifloxystrobin 0.1875
Experiment 6 (SC)

Grass 29 August 2008 Euparen Multi® 50% tolylfluanid 0.75
Experiment 7 (WG)

4 September 2008 Chorus® 50% cyprodinil 0.15
Experiment 8 (WG)

8 September 2008 Scala® 400 g L−1 of pyrimethanil 0.8
Experiment 9 (SC)

a WP: wettable powder.
b SC: suspension concentrate.
c WG: wettable granule.

Logan, UT) were used to monitor solar radiation. All these
characteristics were measured at two canopy heights: just above
the canopy surface and 0.5 m above the canopy surface. The
sensors were placed at the centre of the field to reduce the envi-
ronmental variability. Averaged parameters were recorded every
15 min during the air sampling. Dimethomorph and chlorothalonil
were applied on hot days; temperature ranged over the day from
15 to 29 ∘C. Propyzamide, diflufenican, fluazinam and tolylfluanid
were applied on medium-temperature days (10–22 ∘C). Trifloxys-
trobin, cyprodinil and pyrimethanil were applied on colder days
(8–18 ∘C). Representative average temperature data of the two
sampling heights for propyzamide and cyprodinil are presented
in Fig. 2. The data of only two experiments are plotted to increase
visibility.

A rain gauge (ARG100; Campbell Scientific, Logan, UT) was
mounted on a tripod mast. Two resistive grids in a three-wire
half-bridge (237 leaf wetness sensor; Campbell Scientific, Logan,
UT) were used to monitor the leaf wetness. One leaf wetness sen-
sor was positioned close to the base of the crops, and the second
sensor was placed in the upper layer of the foliage. No apprecia-
ble rainfall occurred during the field trials, with the exception of
the experiment with cyprodinil, where a small amount of rainfall
caused a rewetting of the grass leaves. However, the rain gauge did
not monitor such a small amount of rain. Large differences were
observed between the leaf wetness measured at the canopy and
the leaf wetness measured at the bottom of the plant. Data of both
sensors for leaf wetness for propyzamide and cyprodinil are pre-
sented in Fig. 3. A peak in leaf wetness for cyprodinil was observed
at 17:00 on account of rain (Fig. 3).

2.3 Pesticide air sampling
Sampling was performed at the centre of the plots (Fig. 1) with an
upwind fetch of 13.5 m (width) and 20 m (length), 0.25 m above

the canopy surface. Atmospheric samples were collected using
glass cartridge tubes (4 mm i.d., length 177 mm; Gerstel GmbH,
Mülheim an der Ruhr, Germany) containing 180 mg of adsorbing
Tenax TA (mesh 60/80). They were conditioned for 20 min before
and after each use, and cleaned by heating in a stream of helium
(60 mL min−1) at 300 ∘C. The trapping and desorption efficiency
was approximating 100%. The tubes were directly connected to a
self-constructed air sampler. Two pumps simultaneously sampled
air. The sampling schedule consisted of eight 120 min periods
starting 30 min after application. Two samples (repetitions) were
taken, 0.5 m from each other. Between sampling and analysis, the
tubes were kept in sealed storage containers in the dark in a fridge
(4 ∘C).

2.4 Pesticide analysis
The chromatographic analyses were performed with an
Agilent 6890 gas chromatograph equipped with a 5973
inert mass-selective detector. An HP-5MS capillary column
(30 m× 0.25 mm i.d., 0.25𝜇m film thickness; J&W Scientific,
Folsom, CA) was used, and the heating programme was as follows:
50 ∘C for a 2 min period as the initial temperature, followed by
temperature increases of 25 ∘C min−1 up to 150 ∘C, 3 ∘C min−1 up
to 200 ∘C and 8 ∘C min−1 up to 280 ∘C, finishing with 10 min at
280 ∘C. A Gerstel TDS 3 thermal desorption system was mounted
on top of a cooled injection system (CIS) in front of the injec-
tor. The CIS was cooled with liquid nitrogen, which served as a
cryotrap, focusing and concentrating the pesticide AI to be deter-
mined. The temperatures of the TDS and transfer line were set at
300 ∘C, except for trifloxystrobin (275 ∘C) because it decomposes
at 285 ∘C.53 After desorption, the cryotrapped components were
transferred to the capillary column in a splitless mode without
analyte discrimination or loss of analytes. The carrier gas was
helium with a constant column head pressure of 137 kPa. Mass
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Figure 2. Mean air temperature and wind speed during experiment 3 (propyzamide) and experiment 8 (cyprodinil).
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Figure 3. Leaf wetness of canopies during experiment 3 (propyzamide in potatoes) and experiment 8 (cyprodinil in grass) at two positions: left, top of the
crop; right, base of the crop.

detection was performed in the selected ion monitoring (SIM)
mode after a solvent delay (the ionisation energy for electron
impact was 70 eV). The ions were selected from the fragments
with the highest m/z values and strongest signals, which are highly
specific for each compound. The ions and the retention times (RTs)
are presented in Table 2. Standard solutions of 5–25𝜇g L−1 were
prepared in n-hexane (tolylfluanid, cyprodinil, pyrimethanil and
fluazinam), in methanol (propyzamide) or in acetone (dimetho-
morph, chlorothalonil, diflufenican and trifloxystrobin), according
to the solubility of the AI.53 Calibration curves were obtained
through the deposition of 1𝜇L of each standard solution,
which corresponded to injections of 0.005–25 ng in the GC-MS
system.

2.5 Inverse modelling of the emission rate
The ADMS was used to estimate volatility emission rates dur-
ing the field experiments via the inverse method. ADMS is an
advanced atmospheric dispersion model for calculation of the
concentrations of atmospheric pollutants. Meteorological data
(temperature, humidity, precipitation, solar radiation, wind speed,
height and direction), physicochemical properties (Vp and MW)
and information about the volatilisation area (field size and ori-
entation, crop height and surface roughness of the terrain) were
used to calculate AI concentrations in air at the sampling location.

The ADMS assumed a volumetric source in flat terrain with
a constant emission rate of 1𝜇g m−2 s−1. Dimensions were
defined by the treated area and crop height. ADMS default val-
ues for surface roughness of agricultural areas were applied to

represent topography (z = 0.2 m). Volatilisation was simulated
using hourly meteorological data obtained from field measure-
ments. The simulated concentrations of the pesticides in the air
were compared with the samples taken in the field to estimate
actual emission rates based on the assumption that the concentra-
tion of pesticides in the air is linearly proportional to the emission
rate.43,45

2.6 Emission rate calculations with a pesticide emission
model
The PEARL model describes the fate of pesticides and relevant
transformation products in the soil–plant system. Required inputs
include meteorological data (temperature, humidity, precipita-
tion, solar radiation and wind speed), the chemical properties of
the pesticides (Vp, MW and water solubility) and data on the appli-
cation of the component (date and dosage). The PEARL model was
used to simulate the volatilisation of the pesticide from the crop
surface. A detailed description of the model is given elsewhere.54,55

In the PEARL model, volatility is the assumed rate limited by
diffusion across a stagnant boundary layer. The computations
were carried out with a thickness of the laminar air boundary layer
dlam = 0.0005 m.56 No direct measurements could be found on
the transient penetration rate into the plants and photodegra-
dation for the ten pesticides. The AI metabolism/dissipation
rate and the formulation penetration rate into plant tissue are
functions of the formulation attributes and AI. However, as the
experiment duration was only 16 h, these dissipation pathways
(e.g. uptake into the plant tissue or phototransformation) were

wileyonlinelibrary.com/journal/ps © 2015 Society of Chemical Industry Pest Manag Sci (2015)
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Table 2. The physicochemical properties and chromatography characteristics of active ingredients53

Solubility Vp

Pesticide AIs MW (g mol−1) (mg L−1) (∘C) (mPa) (∘C) H (mPa m3 mol−1) mp (∘C) RT (min) Ions (m/z)

E-Dimethomorph 387.9 49.2 20 0.00097 20 0.0054 136.8–138.3 40.1 301, 387
Z-Dimethomorph 387.9 49.2 20 0.001 20 0.025 166.3–168.5 39.3 301, 387
Propyzamide 256.1 15 25 0.058 25 0.99 156–156 15.5 173, 175
Chlorothalonil 265.9 0.81 25 0.076 25 25 252.1 16.4 264, 268
Tolylfluanid 347.3 0.9 20 0.2 20 77 93 22.8 137, 238
Cyprodinil 225.3 13 25 0.51 25 6.6 75.9 22.1 210, 224
Trifloxystrobin 408.4 0.61 25 0.0034 25 2.3 72.9 28.3 116, 206, 222
Diflufenican 394.3 0.05 25 0.00425 25 33 159–161 28.7 394, 267
Pyrimethanil 199.3 121 25 2.2 25 3.6 96.3 15.8 198, 199
Fluazinam 465.1 0.135 20 7.5 20 410 115–117 11.7 389, 417

Table 3. Reported values for vapour pressure and calculated Henry’s
law constant for propyzamide

Vapour pressure

Reported
Translated

to 25 ∘C
Henry’s law

(mPa m3 mol−1) Reference

0.058 mPa at 25 ∘C 0.057 mPa 0.99 53
0.0267 mPa at 25 ∘C 0.0267 mPa 0.456 90
1.13× 10−2 Pa at 25 ∘C 11.3 mPa 193 91
17 mmHg at 20 ∘C 44 E+ 05 mPa 74 E+ 06 92

assumed to be negligible.56,57 If these dissipation mechanisms are
not negligible, then PEARL is expected to predict higher values
of emission than would occur in practice. However, additional
simulations were performed with photodegradation and tissue
penetration accounted for. Photodegradation half-life values for
cyprodinil and propyzamide were obtained from the literature
(0.25 and 63.8 days respectively).58,59 For penetration into the
plant, a half-life of 5 days was used.56,57,60,61 An estimated half-life
for penetration of 0.5 days was used to simulate intense uptake
by the plant. The applied pesticide doses (Table 1) were used as
input for PEARL, and the ‘plant only’ option of PEARL alone was
used for computations from a plant canopy49 because the crops
were mature and the crop canopy was fully closed.

2.7 Derivation of input parameter values
The MW, solubility in water, Vp, H and melting point are given in
Table 2.53 The physicochemical properties of the AI as formulated
products were not available. Henry’s law constant was calculated
on the basis of the Vp, the solubility in the liquid, S, and the MW of
the component:

H =
Vp × MW

S
(1)

The vapour pressure of the pesticides is dependent on tempera-
ture and can be predicted by the Clausius–Clapeyron equation:54

VpT1
= VpT2

exp

[(
−Hv

R

)(
1
T2

− 1
T1

)]
(2)

where Hv is the molar enthalpy of volatilisation of the pesticides
(J mol−1), R is the molar gas constant (8.314 J mol−1 K−1), T 1 is the

actual temperature and T 2 is the reference temperature of the
pesticide. The molar enthalpy for all pesticides investigated was set
at 95 kJ mol−1.62 Although Vp is product specific, several values are
reported in the literature for propyzamide (Table 3). Henry’s law
H values were calculated from these vapour pressures according
to equation (1). Translation of the Vp to 25 ∘C was performed
according to equation (2). Two of the Vp values of propyzamide
reported in the literature are of the same order of magnitude. The
values of the other two data sources are much higher, which seems
unlikely. The different order of magnitudes of Vp for propyzamide
gives some indication of the variability associated with estimating
Vp for a low-volatility chemical.

3 RESULTS
3.1 Pesticide concentration in the air
The average concentrations over the 16 h of the experiment
for all the AIs measured in the field 0.25 m above crop level are
given in Table 4, ranging from a minimum of 0.03 ng m−3 for
E-dimethomorph to a maximum of 307 ng m−3 for pyrimethanil.
All AI concentrations in air increased during the first 2–6 h
after spraying and, except for propyzamide and trifloxys-
trobin, decreased towards the end of the sampling period.
The measured transient concentration in the air during the sam-
pling period is illustrated for propyzamide and cyprodinil in
Fig. 4.

The concentration of cyprodinil in the air was higher than the
concentration of propyzamide, notwithstanding the lower appli-
cation dose (cyprodinil 0.15 kg AI ha−1; propyzamide 0.75 kg AI
ha−1), which is in agreement with the vapour pressure of cypro-
dinil (0.51 mPa) and propyzamide (0.058 mPa). As the average
temperature decreased towards the end of the sampling period,
a decreasing concentration in the air was expected. However,
average concentrations of propyzamide and trifloxystrobin in the
air increased simultaneously, coinciding with the leave wetness
increases near the end of the sampling period (18:30 to 02:30), as
illustrated for propyzamide in Fig. 4.

3.2 Calculated emission rates
Table 5 shows that the emission rates increased in the first time
period for eight out of the ten pesticides, and, except for propy-
zamide and trifloxystrobin, decreased towards the end of the
experiments. Based on the emission rates, the estimated and
simulated cumulative fraction of the dosage that is lost through

Pest Manag Sci (2015) © 2015 Society of Chemical Industry wileyonlinelibrary.com/journal/ps
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Table 4. Average pesticide concentrations in the air over the different time periods applied on different days, 0.25 m above the crop. Results are
based on two repetitions

Average concentration in air (ng m−3)

Z-Dimethomorph 24 July E-Dimethomorph 24 July Propyzamide 11 August Fluazinam 25 August Chlorothalonil 30 July
Time period Potatoes Potatoes Potatoes Potatoes Barley

10:30–12:30 0.13a 0.05 12.17 2.39 114.65
12:30–14:30 0.23 0.10 15.50 3.40 65.88
14:30–16:30 0.15 0.11 20.25 4.59 110.40
16:30–18:30 0.16 0.09 8.66 1.06 81.16
18:30–20:30 0.13 0.05 0.84 3.87 49.29
20:30–22:30 0.09 0.04 4.79 2.91 24.07
22:30–00:30 0.09 0.03 19.64 2.70 2.47
00:30–02:30 0.09 0.03 31.08 0.29 1.94

Average concentration in air (ng m−3)

Diflufenican 26 August Trifloxystrobin 27 August Tolylfluanid 29 August Cyprodinil 4 September Pyrimethanil 8 September
Time period Barley Barley Grass Grass Grass

10:30–12:30 1.52 26.10 135.29 26.26 306.57
12:30–14:30 2.38 63.40 160.76 31.09 162.22
14:30–16:30 0.76 36.18 248.35 29.08 234.92
16:30–18:30 1.06 34.44 97.23 30.54 208.77
18:30–20:30 0.81 16.16 126.43 24.05 239.10
20:30–22:30 0.58 12.69 55.30 27.83 168.39
22:30–00:30 0.62 39.12 31.96 15.92 129.77
00:30–02:30 0.05 45.13 12.05 21.63 87.15

a Sample based on one measurement.
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Figure 4. Average concentration in the air of propyzamide and cyprodinil
during the measurement period.

volatilisation during the field trial was calculated and ranged
between 0.02 and 11.3%, except for pyrimethanil and fluazinam
(Table 5). The total simulated amount of pyrimethanil and fluaz-
inam that volatilised was 25.1 and 70.7% respectively. A ratio of
the mean estimated (ADMS) emission rate to the mean simulated
(PEARL) emission rate for each AI was determined as an indication
of the differences, and is shown in Table 6. Crop type, total amount
of volatilised pesticide, mean concentration of pesticides in the
air and formulation type are also given in Table 6. The results
of comparing the vapour pressure (Table 2) with the amount of

pesticides volatilised (% of applied) (Table 5) are shown in Fig. 5.
The results indicate that volatilisation is below 1% of the applied
amount for compounds with vapour pressures below 10−4 Pa and
increases rapidly for pesticides with a vapour pressure greater
than 10−4 Pa.

The PEARL model predicts higher rates of volatilisation for nine
of the ten pesticides compared with the ADMS estimates from
field data (Table 6). For propyzamide, pyrimethanil, chlorothalonil,
diflufenican, tolylfluanid, cyprodinil and E- and Z-dimethomorph,
the difference in the emission rate as simulated by PEARL and
calculated with ADMS is within a factor of 30. For fluazinam, the
mean simulated emission rate (PEARL) was 250 times higher than
the mean estimated emission rate (ADMS). These higher rates are
probably due to the assumption that there were no other losses
or inaccuracies in the value of vapour pressure or formulation
effects, and/or to the fact that volatility algorithms in PEARL are
not completely correct. An underestimation of the emission rate
by the ADMS model is also possible. For trifloxystrobin, the mean
simulated emission rate (PEARL) was 50 times lower than the
mean estimated emission rate (ADMS), which might be due to
an inaccurate vapour pressure of the AI, formulation effects or
unmodelled volatilisation processes.

Including competing processes such as tissue penetration, pho-
todegradation, additional dissipation mechanisms and so forth in
the PEARL model improves the fit with the emission rates cal-
culated by the ADMS model. Figure 6 illustrates the emission
rate of propyzamide and cyprodinil, including competing pro-
cesses (CP) found in the literature. For cyprodinil, the volatilisa-
tion calculated by the PEARL model, including competing pro-
cesses, is only slightly lower than the volatilisation calculated by

wileyonlinelibrary.com/journal/ps © 2015 Society of Chemical Industry Pest Manag Sci (2015)



Modelling volatilisation of pesticides under field conditions www.soci.org

Table 5. Estimated and simulated mean emission rates of the ten pesticides with ADMS and the PEARL model

Emission rate (𝜇g m−2 h−1)

Z-Dimethomorph E-Dimethomorph Chlorothalonil Fluazinam Propyzamide

Time period
Inverse
ADMS PEARL

Inverse
ADMS PEARL

Inverse
ADMS PEARL

Inverse
ADMS PEARL

Inverse
ADMS PEARL

PEARL with
losses

10:30–12:30 0.25 4.55 0.10 4.45 143.40 636.05 3.77 1831.70 18.90 70.65 70.2
12:30–14:30 0.47 5.10 0.20 4.95 80.09 674.00 5.23 1657.20 23.89 82.00 80.5
14:30–16:30 0.30 4.70 0.22 4.60 129.71 705.40 7.53 1355.90 14.64 73.30 71.1
16:30–18:30 0.25 3.40 0.14 3.30 57.35 453.60 1.81 750.20 4.76 75.10 71.8
18:30–20:30 0.09 2.25 0.04 2.20 7.06 290.40 4.48 632.90 0.12 57.20 54.35
20:30–22:30 0.02 1.10 0.01 1.10 2.93 127.20 2.34 515.60 1.13 39.30 36.9
22:30–00:30 0.03 1.00 0.01 1.00 0.24 52.30 2.27 163.70 3.52 20.50 18.5
00:30–02:30 0.05 1.00 0.02 1.00 0.20 52.30 0.24 163.70 16.19 20.50 18.5
Mean emission rate 0.18 2.89 0.09 2.83 52.62 373.91 3.46 883.86 10.39 54.82 52.73125
% Volatilised 0.04± 0.009 0.62 0.02± 0.005 0.60 0.66± 0.183 4.69 0.28± 0.044 70.71 0.22± 0.066 1.17 1.12

Emission rate (𝜇g m−2 h−1)

Diflufenican Trifloxystrobin Tolylfluanid Pyrimethanil Cyprodinil

Time period
Inverse
ADMS PEARL

Inverse
ADMS PEARL

Inverse
ADMS PEARL

Inverse
ADMS PEARL

Inverse
ADMS PEARL

PEARL with
losses

10:30–12:30 2.25 1.93 30.23 0.53 141.63 602.90 639.28 1752.65 62.79 78.35 70.3
12:30–14:30 3.71 2.25 78.85 0.86 125.55 684.30 373.57 2118.05 80.32 96.75 68.5
14:30–16:30 1.01 2.20 48.60 0.80 219.38 838.40 489.68 2011.80 73.49 93.00 53.2
16:30–18:30 1.31 1.90 36.00 0.10 72.96 719.60 277.61 1658.20 48.52 78.00 41.6
18:30–20:30 0.73 1.70 14.02 0.60 27.98 611.05 45.70 1144.45 41.23 69.50 36.7
20:30–22:30 0.31 1.50 7.64 1.10 – a 502.50 – a 630.70 24.91 61.00 31.8
22:30–00:30 0.39 0.70 22.95 0.40 3.94 136.30 – a 358.50 16.02 28.20 13.9
00:30–02:30 0.04 0.70 28.34 0.40 8.88 136.30 – a 358.50 11.54 28.20 13.9
Mean emission rate 1.22 1.61 33.33 0.60 85.76 528.92 365.17 1254.11 44.85 66.63 41.2375
% Volatilised 0.10± 0.032 0.14 2.84± 0.471 0.05 1.83± 0.267 11.28 7.30± 0.614 25.08 4.78± 0.441 7.11 4.40

a ADMS cannot accurately calculate concentrations under calm conditions (e.g. wind speed under 0.75 m s−1).

the ADMS model (4.78% versus 4.4% volatilised). The calculated
volatilisation of propyzamide is also reduced by including the
competing processes (0.22% versus 1.12% volatilised). However,
PEARL was not able to describe the volatilisation process near
the end of the sampling period. Including penetration into the
plant half-life of 0.5 days further improves the fit for propyzamide
(0.22% versus 0.82% volatilised), but did not do so for cypro-
dinil (4.78% versus 3.31% volatilised). More detailed information
on estimated and simulated emission rates for the ten pesticides
from the different crops is given in Table 5. Photodegradation,
tissue penetration and other competing processes can be influ-
enced by formulation components and need to be evaluated
carefully.24,63

The correlation (Pearson correlation coefficients) between the
simulated (PEARL) and the estimated (ADMS) logarithmic emis-
sion rates during the field trials are shown in Table 7 for each
AI. Missing numbers were excluded pairwise. Correlation fac-
tors were higher than 0.7, except for trifloxystrobin (correlation
0.080), propyzamide (correlation 0.392) and fluazinam (correla-
tion 0.686). For six pesticides, the correlation was significant. For
trifloxystrobin, pyrimethanil, propyzamide and fluazinam, the
correlation was calculated not to be significant. No effect of crop
type can be observed. This may be due to the short period of
observation or the limited difference in leaf area index and crop
height.

3.3 Effect of Henry’s law constant and leaf wetness
A direct comparison of the emission rate is only valid for E- and
Z-dimethomorph substances, as they were applied in equal doses
at the same time and therefore the difference in emission rate
can only be caused by differences in physicochemical properties.
Based on the values for Vp, no significant differences in air con-
centration between the two monomers (1:1) is expected. However,
an approximate twofold difference in emission rate is observed
(E-isomer 0.06 ng m−3, Z-isomer 0.13 ng m−3). The physicochemi-
cal characteristics of the Z-isomer and E-isomer are almost identi-
cal, but they do differ in melting point and H (Table 2). A higher
melting point lowers the solubility, resulting in a higher H. The
Z-isomer has the largest H, leading to a greater affinity for the
vapour phase than the E-isomer, which results in a higher volatili-
sation for the Z-isomer (Table 5). Furthermore, the increased emis-
sions rates of propyzamide and trifloxystrobin from 20:30 to 02:30
coincides with the increase in leaf wetness from 20:30 to the end
of the experiment (Table 5), indicating an increased volatilisa-
tion from wet deposits of propyzamide and trifloxystrobin, which
shows that leaf wetness is a sensitive input for volatility calcula-
tions.

3.4 Effect of uncertainty in vapour pressure
Values for the Vp used in the PEARL model have to be selected
carefully. Table 8 shows the simulated mean emission rates of
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Table 6. Mean emission rates estimated from field measurements (ADMS) and simulated (PEARL) in relation to the crop type, the total amount of
volatilised pesticide and the type of formulation

Total amount
volatilised

Pesticide Crop type

Mean field
concentration in

air (ng m−3)

Mean estimated
emission rate
(𝜇g m−2 h−1)

Mean simulated
emission rate
(𝜇g m−2 h−1)

ADMS
(%)

PEARL
(%)

Ratio of mean
emission rate
(simulated/
estimated)

Type of
formulation

E-Dimethomorph Potato 0.06 0.09 2.83 0.02 0.60 31.0 WP
Z-Dimethomorph Potato 0.13 0.18 2.89 0.04 0.62 15.8 WP
Propyzamide Potato 14.12 10.39 54.82 0.22 1.17 5.3 WP
Chlorothalonil Barley 56.23 52.62 373.91 0.66 4.69 7.1 WG
Tolylfluanid Grass 108.42 85.76 528.92 1.83 11.28 6.2 WG
Cyprodinil Grass 25.80 44.85 66.63 4.78 7.11 1.5 WG
Trifloxystrobin Barley 34.15 33.33 0.60 2.84 0.05 0.018 SC
Diflufenican Barley 0.97 1.22 1.61 0.10 0.14 1.3 SC
Pyrimethanil Grass 192.11 365.17 1254.11 7.30 25.08 3.4 SC
Fluazinam Potato 2.65 3.46 883.86 0.28 70.71 255.5 SC
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Figure 5. Correlation between vapour pressure (Table 2) and amount of
pesticides volatilised after 16 h, estimated from measured meteorological
data and concentrations in air, using ADMS.

propyzamide for four different values of Vp obtained from the
literature for the total duration of the experiment. Two of the
four mean emission rates are of the same order of magnitude,
suggesting that the total amount of pesticide volatilised during
the trial can vary between 0.5 and 100%, depending upon the
choice of Vp. The estimated amount actually volatilised is 0.22%,
which suggests that the lower vapour pressures are likely to be
more reliable.

To evaluate the volatilisation of pesticides, the Vp of the pure
AIs is used. In practice, however, other components interfere
with the volatilisation process by changing the Vp of the plant
protection product on the crop surface. In Fig. 7, the two best
corresponding values of the vapour pressure of propyzamide
are shown. Using an appropriate vapour pressure and includ-
ing the competing processes (estimation of uptake: half-lifeuptake

0.5 days; half-lifephototransformation 63.8 days for propyzamide), the
PEARL model simulates the volatilisation calculated by the ADMS

model very well.58,59 However, additional processes, such as the
volatilisation from a wet leaf at the end of the sampling period, as
observed in the field, could not be simulated.

4 DISCUSSION
4.1 Pesticide volatilisation
Comparing the vapour pressure of the ten AIs with the amount
of AI volatilised after 16 h shows that the volatilisation of AIs with
Vp values higher than 10−4 Pa increases, except for fluazinam and
trifloxystrobin. The increased volatilisation for components with a
vapour pressure higher than 10−5 Pa is in agreement with general
rules of thumb in the literature.7 In this study, the emission rate
of chlorothalonil immediately after application was 143.4𝜇g m−2

h−1. Under similar conditions, other researchers determined the
emission rate of chlorothalonil to be between 59 and 110𝜇g m−2

h−1.56 Furthermore, the simulated emission rate is higher than the
calculated rate, which is also observed in the present study.56

For eight of the ten AIs, the difference in the mean emission rate
as simulated by PEARL and estimated with ADMS is within a factor
of 30, indicating that good agreement can be found between the
models’ correct order-of-magnitude predictions. Including com-
peting processes improves the accuracy of the modelling, as illus-
trated here for cyprodinil and observed in the literature.44,54,64,65

Significant correlations of the simulated and estimated emission
rate for six of the ten AIs indicate that the PEARL model is able to
describe the volatilisation process, as it is back-calculated by using
the ADMS model and surrounding air concentrations. For four
AIs (trifloxystrobin, pyrimethanil, propyzamide and fluazinam)
the correlation was calculated not to be significant, indicat-
ing that other processes determine the volatilisation, which
shows that processes not parameterised by Vp determine the
volatilisation rate.

In this study, interception by the mature crop was set at 100%.
As volatilisation from soil is typically lower than from foliage, the
simulated emission rate will be less when interception by the crop
is less than 100%. Other factors that contribute to differences
between estimated and calculated emission rates may include
formulation components, uncertainties in the actual vapour pres-
sure, increased leaf wetness and deviations in the applied dosage.
A larger upwind fetch might increase the measured concentration
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Figure 6. Volatilisation rate of cyprodinil and propyzamide during the measurement period, calculated with the ADMS and PEARL model (CP: competing
processes).

Table 7. Correlation between the simulated and the estimated emis-
sion rates during the field trial

ADMS–PEARL
correlationa

Type of
formulation

E-Dimethomorph 0.919** WP
Z-Dimethomorph 0.945** WP
Propyzamide 0.392 WP
Chlorothalonil 0.919** WG
Tolylfluanid 0.786* WG
Cyprodinil 0.950** WG
Trifloxystrobin 0.080 SC
Diflufenican 0.709* SC
Pyrimethanil 0.699 SC
Fluazinam 0.686 SC

a * Correlation is significant at the 0.05 level (two-tailed); **correlation
is significant at the 0.01 level (two-tailed).

of the AI in the air, resulting in a higher estimated volatilisation
rate. In the ADMS calculations, a default surface roughness was
used. Lower surface roughness influences the calculated emission
rate, which improves the correlation between the calculated
and estimated emission rates. In addition, it was not possible to
include a molar mass higher than 300 g mol−1 in the ADMS model.
Sensitivity analysis indicated only a 1% difference in concentra-
tion when 150 g mol−1 instead of 300 g mol−1 was used for the
pesticide molecular weight. A better set of meteorological data
(more frequent measurements at a range of different heights, with
some replication) is also likely to improve the estimate of emission
from measured concentrations.

4.2 Reliability of vapour pressure
Vapour pressure is a crucial physicochemical property included in
pesticide mechanistic models because it is often correlated with

volatilisation.66 However, differing values of AI vapour pressure
exist in the literature and need to be evaluated carefully.54,67,68 For
determination of the vapour pressure, standardised procedures
are in place, but other techniques are also used, which explains the
large differences reported here for the Vp of propyzamide.69 Use of
different vapour pressures has a large influence on the calculated
emission rates. In this study, the estimated amount of propyzamide
volatilised after 16 h was 0.5, 1.2, 89 and 100%, depending on the
Vp coming from different sources. From a comparison with the
results observed during the field trial, a Vp of 0.0267 mPa appeared
to be the most consistent.

4.3 Effect of formulation on the volatilisation of AIs
The results in Table 6 indicate that the estimated and simu-
lated emission rates correspond well to the wettable powder
formulations, but are poor for the suspension concentrates,
especially fluazinam and trifloxystrobin. This suggests that the
formulation is an important factor that affects the volatilisation
of pesticides. The wettable powders and granules used in this
research had concentrations ranging between 500 and 750 g kg−1,
which are in the same range as the suspension concentrates
(400–500 g L−1). However, besides the AI, the wettable powders
and granules also contain a large amount of inert material (e.g.
crystalline silica), while the suspension concentrates contain other
non-inert material.70 – 75 Formulation, or formulation components,
can increase the uptake of pesticides into the plant or adhere
the pesticides to plant surfaces, making them more resistant
against rain and hence also unavailable for volatilisation.17,20,76,77

Slow-release formulations inhibit the release of the AI in soil
applications, and other formulation components have similar
effects that can be modelled.18,78 – 83 Besides reducing the volatil-
isation of the pesticide, formulations can also increase pesticide
volatilisation.21 Formulation effects on volatilisation are not
yet taken into account in the available models, but they might
explain the observed behaviour of fluazinam and trifloxystrobin
in this study. To include formulation effects in pesticide fate
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Table 8. Simulated mean emission rates of propyzamide for four values of Vp with the PEARL model

Simulated mean emission rates for propyzamide (𝜇g m−2 h−1)

Time period 0.058 mPa (Tomlin53) 0.0267 mPa (EU90) 11.3 mPa (Senseman91) 44 E+ 05 mPa (Dow92)

10:30–12:30 70.56 32.54 11 556.00 37 440.00
12:30–14:30 82.08 37.80 9036.00 0.00
14:30–16:30 73.44 33.80 5400.00 0.00
16:30–18:30 75.24 34.70 3427.20 0.00
18:30–20:30 57.24 26.46 2278.80 0.00
20:30–22:30 39.24 18.22 1130.40 0.00
22:30–00:30 20.48 9.50 370.80 0.00
00:30–02:30 20.48 9.50 370.80 0.00
Mean emission rate 54.72 25.31 4212.00 4680.00
% Volatilised 1.2 0.5 89.5 100.0
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Figure 7. Volatilisation rate of propyzamide during the measurement period, calculated for different values of vapour pressure and competing processes
(CP).

models, data including a wider range of formulations are needed.
Monitoring the pesticide residue on the leaf can be used to
determine the amount of pesticides available for volatilisation.
Clarifying the effect of the formulation type on volatilisation
may prove difficult, as one type of formulation can have dif-
ferent built-in adjuvants or different concentrations of these
components and therefore affect the volatilisation process in a
different way.

4.4 Effect of Henry’s law constant
Volatilisation of propyzamide and trifloxystrobin increases by the
end of the measurement period, but the behaviour of this process
cannot be explained by considering Vp alone. A decreased tem-
perature at night and a reduced amount of AI left for volatilisation
should reduce volatilisation. However, our results suggest that
increased leaf wetness increases the volatilisation through evapo-
ration near the end of the field trial. For this phenomenon, in which
leaf wetness plays a role in the volatilisation process, Henry’s law
constant becomes a more suitable parameter to explain the fate
of the AI on the leaves. Indeed, in experiments where the volatil-
isation is determined from the surface of an aqueous solution,
researchers found a positive correlation between the volatilisa-
tion rate and H.12 Furthermore, in cases where volatilisation for a

solution becomes important, the formulation has to be consid-
ered again, as adjuvants can influence H.84,85 Depending on the
physicochemical parameters, temperature and leaf wetness pro-
file, total volatilisation is probably a combination of volatilisation
from both dry and wet deposits. PEARL simulated the emission
rates of the AIs properly, but the volatilisation seems to be further
explained by taking the leaf wetness into account, and with that,
the H constants and the formulation effects.

The higher volatilisation of Z-dimethomorph can potentially be
explained by sublimation or rewetting processes caused by rain,
air humidity or water vaporised by the plants, which ultimately
leads to increased volatilisation.13 – 15 An alternative explanation
for the differences in emission between E- and Z-dimethomorph
is a difference in the uptake rate of the isomers, as observed
for other pesticides.86 – 88 Racemic mixtures have a lower melting
point because the molecules do not fit easily into a crystal lattice.
A lower melting point could increase solubility (in organic media)
and enhance penetration through the cuticle.

Current pesticide exposure models largely depend on the
vapour pressure of the AI to indicate the volatility of the com-
pound in the field.56,64,66,89 Improvements can be made to these
exposure models if more factors contributing to volatilisation are
incorporated.
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5 CONCLUSIONS
Although the field trials support previous work showing the impor-
tance of vapour pressure for the volatilisation of pesticides, we
found that other physicochemical properties can also be impor-
tant. Henry’s law constant appears to have a role in characteris-
ing the volatilisation of pesticides from wet surfaces. Just after
spraying of a water-based application on the crop surface, evap-
oration and sublimation are likely to occur simultaneously. Con-
ditions of high leaf wetness at night or after rainfall can lead
to an increase in volatilisation, characterised by Henry’s law con-
stant. Improvement in the predicted emission rates might be pos-
sible by taking account of the presence of a thin water layer on
the plant leaves, should it exist (e.g. dew formation). Appropri-
ate concepts need to be developed further prior to incorporation
into models.

The volatilisation rates estimated using ADMS were somewhat
lower than those simulated with PEARL. This might be caused by
the assumption that no competing processes were present in the
PEARL simulations or by an underestimation of the emission rate
by the ADMS model, or by uncertainty associated with ADMS and
the inverse problem in estimating field volatility. When competing
processes were considered, the difference between the emission
rates calculated by PEARL and those estimated by ADMS became
smaller. At present, it is not possible to take the effect of the
formulation or the leaf wetness into account in the model.

The reliability of the vapour pressure given in the literature needs
to be evaluated because differing values for the vapour pressure
of the same AI are sometimes reported in the literature, which
greatly affects the outcome of pesticide fate models. The effects
of formulations, adjuvants and additives have to be investigated
further, as these greatly affect volatilisation of pesticides. The
results of such studies could prove useful in improving pesticide
fate models.
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