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CHEMICAL AND ENVIRONMENTAL FACTORS AFFECTING PESTICIDE
VOLATILIZATION FROM TURFGRASS

CHAPTER 1: GENERAL INTRODUCTION

These manuscripts describe research related to understanding chemical and environmental

factors related to pesticide volatilization from turfgrass. Chapter 2 describes the details of a

field experiment where pesticides were applied simultaneously to a turf plot and volatile loss

rates, surface residues, and meteorological data were monitored for a period of 3 weeks. A

statistical model was selected that explains loss rates as a function of time, application rate,

wind speed, surface temperature, and vapor pressure of the active ingredient. The latter

was estimated from measurements of heats of vaporization described in Chapter 3. Chapter

4 constructs a predictive model for estimating initial loss rates of pesticides from turfgrass

based on trends observed in the field experiment and using some concepts from boundary-

layer meteorology governing vapor transport. The larger goal of this research is to describe

processes affecting pesticide volatilization from foliar surfaces. Chapter 5 concludes with

suggestions for future field research and model development for both turfgrass and other

plant canopies.
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CHAPTER 2: MEASUREMENT OF PESTICIDE VOLATILIZATION FROM GRASS AND
DETERMINATION OF SIGNIFICANT CHEMICAL AND ENVIRONMENTAL FACTORS
RELATED TO VOLATILE LOSS

2.1 Introduction

Based on 1996-1 997 market estimates, the U.S. Environmental Protection Agency

determined yearly pesticide use in the United States to be 1.23 billion pounds of active

ingredient (Aspelin etal., 1999). In addition, the National Center for Food and Agricultural

Policy estimated that in 1997, 985 million pound of pesticide active ingredient were used in

agriculture alone (Gianessi and Marcelli, 2000). Increased awareness and concern about

pesticides in the environment has prompted continued research to refine our understanding

of their fate and behavior. For many pesticides, loss to the atmosphere can be a significant

route of attenuation from the target site. In extreme cases, losses due to volatilization can

exceed 90% of the amount applied (Taylor and Spencer, 1990). Once airborne, many

pesticides degrade by photo-oxidation. However, pesticides and degradates that are photo-

stable may be transported long distances (Lenoir et al., 1999; Mackay and Wania, 1995;

Pacynaa, 1995). In some cases, atmospheric transport may result in 'secondary drift,' for

example when airborne residues are phytotoxic to sensitive plant species downwind (Felsot

et al., 1996). To better understand pesticide fate and transport, further research on the

mechanisms and key environmental variables that govern pesticide volatilization is needed.

The majority of the research to date has focused on characterizing pesticide volatilization

from soils (Spencer et al., 1988; Nash, 1983). Models have been developed that describe

pesticide volatile loss from soil as a function of soil porosity, soil moisture and organic

carbon content, wind-speed, humidity, and temperature (Jury et al., 1983; Majewski et al.,

1990; Yates, 1993). Comparatively little research has been conducted that allows modeling

of pesticide volatile loss from foliar surfaces (Taylor and Spencer, 1990). However, research

has indicated that pesticide volatilization from foliar surfaces can be a significant route of

attenuation. Taylor and Spencer (1990) reported a 46% loss of heptachlor and 12% of

dieldrin within 8 hours following application to short orchard grass. In contrast, Cooper et al.

(1990) reported a 13% loss 5 days following application of pendamethalin to Kentucky

bluegrass under 'relatively cool May conditions."

Although studies of pesticide volatilization have been conducted on a variety of crops,

including in orchards, wheat, and cotton (Woodrow et al., 1997), turfgrass has been favored



by a number of researchers (Cooper et al., 1990, Jenkins et al., 1993; Murphy et al., 1996a

and 1 996b). The main advantage of turfgrass is the potential for a short, uniform canopy

that completely covers the soil. As the suite of factors that control pesticide volatile loss

from soil are different than those controlling loss from foliar surfaces, studies using dense

turfgrass to characterize pesticide volatile loss from foliar surfaces are minimally confounded

by volatile loss from soil. In addition, a homogenous canopy creates a consistent

aerodynamic roughness ideal for use of micrometeorological-based models suchas the

Theoretical Profile Shape (TPS) method (Wilson et al., 1982) or the Backward-Time

Lagrangian Stochastic Dispersion (BTLSD) method (Flesch et al., 1995) for determining

volatile loss rates from airborne concentration measurements. Also, a low-profile canopy

reduces the complexity of experimental design and modeling arising from consideration of

canopy depth. A three-dimensional canopy requires consideration of the vertical distribution

of vapor sources (pesticide deposits) and sinks (leaf area), the variation of the microclimate

(temperature, humidity, and wind) within a canopy, as well the increased likelihood of

volatilization in one area of the canopy and uptake in another. Experimental design and

modeling strategies that consider pesticide volatile loss from three dimensional crop

canopies will need to overcome significant gaps in our current knowledge. Some insight as

to the scope of the challenge may be derived from research on CO2 assimilation and

evapotranspiration for a variety of crop canopies (Jones, 1990). Although the physiological

and chemical processes affecting pesticide volatilization are different than those for water

loss or CO2 uptake, understanding factors that influence common vapor transport processes

within the canopy may help put research needs in perspective.

Alternatively, a low-profile turfgrass canopy is desirable as it is sufficiently two-dimensional

to allow the simplifying assumption of uniform volatile loss from foliar surfaces with

homogeneous contact with the atmospheric boundary layer. Using this approach, some

basic questions regarding pesticide volatile loss from foliar surfaces may be addressed:

1. What physicochemical properties of the chemical are correlated with volatilization

from the foliar surface?

2. Is a significant fraction of the applied pesticide available for volatilization from the

foliar surface?

3. Does the fraction of remaining residue available for volatilization depend on

chemical class or change with time following application?

4. What environmental factors are associated with loss?
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What time intervals are critical for measurement?

In field studies conducted by Jenkins and co-workers (1993) to examine factors affecting

volatile loss of pesticides from foliar surfaces, airborne and dislodgeable foliar residues were

measured at selected intervals for 2 weeks following pendimethalin application to Kentucky

bluegrass. Dislodgeable foliar residues (DFR) are characterized as residues that are loosely

bound to the leaf surface and are assumed to represent residues that are most available for

dermal uptake or volatilization (Jenkins et al., 1993). Volatile loss measurements

normalized for wind speed were correlated with temperature, solar radiation, and

dislodgeable foliar surface residue concentrations. Residues that penetrated the leaf

surface were assumed to be unavailable for volatilization and were not measured. Three

observations of particular note were made: 1) Volatile loss rates, or flux, on a single day

appeared to be strongly correlated with solar radiation (Fig. 2.1), with the maximum flux

occurring during the noon hours; 2) a strong correlation between flux and temperature was

also observed; 3) Loss rates declined on sampling intervals following application and

appeared to be correlated with dislodgeable residues. A plot of log Flux vs. 1/Temperature

(K1) for the first 2 days of flux data displayed a linear correlation (Fig. 2.2) indicating that the

influence of a plant/air partition coefficient, KPA, varying with temperature could be the

primary factor determining volatile loss over short periods. The relationship of KPA with

temperature can be written in a form of the vant Hoff equation (eq. 2.1). HpA is the binding

energy between the plant surface and the air for a particular chemical. Studies have shown
correlations of HpA with chemical heats of vaporization and octanol/air partition coefficients

(Simonich and Hites, 1994; BOhme et al., 1999); however, HpA may additionally depend on

whether volatilization is occurring directly from the plant surface or from pesticide deposits.

KPA (T) [1 1 i A HPA 1

1KpA() [T ) R ]
Eq.2.1

KPA(T,TR) - Partition coefficient for a chemical between the plant and the air at a

measured temperature T (K) or reference temperature TR (K).

iHpA - (kJ/mol) enthalpy change of chemical partition between the plant and the air.

R - 8.3 14 (J/K/mol) ideal gas constant.

Using the same field site and equipment as Jenkins et al. (1993), Murphy and co-workers
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Figure 2.1: Reproduced data from Jenkins et al. (1993). Diel flux of airborne residues
following application of pendimethalin 60 WDG at 340 mg/m2 to turfgrass. Surface flux

represented by F(0), measured by the Theoretical Profile Shape method (Wilson et al.,
1982) for the day of application (Day 1) and the following day (Day 2).
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Figure 2.2: Reproduced data from Jenkins et al. (1993). Relationship between temperature
and wind speed pendimethalin flux F1(0) for each 2-hour sampling interval (0600 20:00) for
days 1, 2, 5, and 8 of the Theoretical Profile Shape method study. Only two of the data
points are from Day 5 and 8.
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conditions. Sampling height, ZINST*, is selected based on minimum sensitivity of CP to
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Figure 2.4: Actual vs. ideal plot dimensions for the TPS method (Wilson et al., 1982).
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(1 996a, 1996b) measured volatilization of triadimefon, trichlorfon, DDVP (metabolite of

Trichiorfon), isazofos, and MCPP from creeping bent grass. A similar decline with time

between dislodgeable and volatile residues was observed for the parent compounds;

however, irrigation shortly following application not only reduced overall volatile and

dislodgeable residues but, in some cases, significantly changed the attenuation pattern, If

the grass was irrigated shortly following application of trichlorfon, overall volatile lossand

dislodgeabte residues of the parent compound and the metabolite, DDVP, would decrease

substantially on the first day (compared to the non-irrigated plot), but then increase and

achieve a relative maximum on the second day. In the case of irrigation following application

of isazophos, pesticide volatilization on the second day was observed to be lower than the

first day, while dislodgeable residues were higheron the same day. Since the pesticides

were applied to the turf plot at different times (April, August, and September), it is difficult to

isolate the behavior differences between compounds from changing weather conditions.

Woodrow et al. (1997) reviewed several studies measuring pesticide volatilization rates from

soils, plants, and water and attempted to correlate losses with physiochemical properties

including vapor pressure, organic carbon-water partition coefficient (Koc), solid-water

distribution ratio (Kd), Henry's Law partition coefficient (Kh), and water solubility. In a review

of eight studies of volatilization from different foliar surfaces including wheat cotton, giant

foxtail, and a dormant peach orchard, Woodrow concluded that the vapor pressure of the

active ingredient was the physiochemical property most strongly correlated with initial

evaporative loss. Woodrow also added results from additional studies to the same

correlation plot; these included volatile loss rates of four pesticides from "non-interacting"

surfaces that included glass and plastic. Because the loss rates for the four pesticides from

non-interacting surfaces fit the same correlation with vapor pressure as the eight from plant

surfaces, he inferred a first approach: that during the period immediately following

application, the state of pesticides on a leaf surface may be similar to a non-interacting

surface where pesticide volatilization is governed by vapor pressure only.

Taylor et al. (1977) observed two distinct stages in the rate of decline of dieldrin and

heptachior volatilization from grass and soil. An initial rapid loss period that lasted from

several hours to a few days after application was followed by a slower rate of decline. Taylor

and Spencer (1990) later speculated that initial volatilization occurred from deposits on

exposed areas of the leaf but that after time, the residues associated with the leaf wax or



embedded in the cracks of the leaf surface are responsible for the majority of volatile loss

Since these residues may be less available for volatilization, loss occurs at a slower rate.

Questions remaining

To date, no study has examined simultaneous applications of chemicals to the same turf

plot. Such a study might be helpful for two reasons: 1) If the variation of volatile loss is

consistent between the chemicals in a mixture, the change in volatile loss can be more

strongly correlated to a particular or combination of environmental parameters; 2) The

relative volatile behavior between compounds at any time can be more strongly attributed to

properties of the pesticide formulation. It is not known whether applying mixtures of

pesticides will enhance or suppress the volatility of individual chemicals. In this study, the

chemicals are assumed to behave independently.

Dislodgeable foliar residue measurements could also be explored as a surrogate

measurement of pesticide residues on a leaf surface that are most available for volatilization

since they are least modified by leaf surface properties. This assumes that pesticide

residues that have a high degree of interaction/solvation with the waxy portion of the leafor

have penetrated the plant are less available for volatilization. Variations of this technique

have been used by both Jenkins et al. (1993) for pendimethalin applied to Kentucky

bluegrass and Murphy (1996a, 1996b) for trichlorfon, DVPP, isazinphos, and triadimefon

applied to creeping bent grass. Jenkins and Murphy each observed a decline of both volatile

and dislodgeable residues with time following an application.

2.2 Methods and materials

2.2.1 Estimating flux

The experimental design incorporated the Theoretical Profile Shape (TPS) method (Wilson

et al., 1982) to measure pesticide volatile loss rates from the treated turf plot. A major

advantage of the TPS method over other techniques such as the eddy correlation method is

that surface emissions can be determined from a single measurement of airborne

concentration and wind speed at a specified height above the evaporating surface (eq. 2.2).
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F0 - (ugim2/hr) flux of pesticide vapor from the turf grass.

c (uglm3) airborne concentration of pesticide vapor at the sampling height, above

the turf plot.

(mis) the average cup wind speed at the sampling height during the air sampling

interval.

P- normalized horizontal flux (unitless).

The value of 4 and the sampling height above the center of the plot, ZINST*, are determined

by the TPS method using a numerical simulation of lagrangian random-walk paths ofvapor

molecules in a turbulent boundary layer above the evaporating surface. The flow

characteristics of the boundary layer can be simulated from objective meteorological

conditions including wind speed, atmospheric stability, and aerodynamic roughness of the

surface. The simulations are usually conducted over a range of atmospheric stabilities that

could occur during measurement (stable during clear nights, unstable during clear mornings

and afternoons, neutral for cloudy conditions). Over many simulations, a statistical

relationship cD can be computed that relates surface flux to the product of airborne

concentrations and wind speeds at possible sampling heights above the plot (eq. 2.2). A

sampling height, ZINST*, is selected such that the sensitivity of D to changes in atmospheric

stability is minimized (Fig. 2.3). The accuracy of the flux estimated at height ZINST* can

vary with plot radius and roughness length, but it is on the order of 20% (R>20 cm and

z0<0,1 m, (Wilson and Shum, 1992)).

We attempted to model our experimental design using a plot scenario described in the

original publication of the TPS method so a previously calculated value 1 in eq. 2.2 could be

used for computing flux; however, some aspects of the plot dimensions and roughness

length differed (Fig. 2.4). Following the field study, the Backward-Time Lagrangian

Stochastic Dispersion (BTLSD) method (Flesch et al., 1995) was discovered, which uses a

similar, but computationally improved approach for calculating P than the TPS method.

Instead of modeling particle trajectories in forward-time scale from an evaporating surface
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and monitoring the proportion of particles that encounter the measurement site, simulations

are modeled in a reverse-time frame beginning at the sampling site and ending when a

particle 'touches down' at the ground level (Fig. 2.5). The touch-down locations are the

particle origins in the forward-time scale. The value of CD can be computed from the

proportion of simulations that begin at the sampling site and 'touch down' in the treated area.

Flesch (1999) computed CD, using the BTLSD method for our particular plot conditions

(square plot, 11.4 x 11.4 m, roughness length 0.45 cm, measurement height 73 cm).

Although the design of the experiment was driven by the TPS method, the results (flux) are

interpreted using the BTLSD method.

2.2.2 Plot conditions

Two 21-day field experiments (June 12 - July 3, 1996 and July 23- August 13, 1996) were

conducted on a single orchard ryegrass experimental plot at the Lewis Brown Horticulture

farm near Corvallis, Oregon. The 75' x 75' (22.8 m x 22.8 m) orchard ryegrass plot was

selected based on summer wind patterns to best meet the TPS model requirement that the

experimental plot include "a large upstream fetch of uniform conditions--uniform source

strength, roughness length, wind field and turbulence" (Wilson et al., 1982). The grass was

cultivated, heavily irrigated, and mowed to a height of 2.5 cm, creating an estimated

roughness length, z0 = 0.45 cm (Deacon, 1953). Primo® growth regulator was applied to the

turl plot at I oz/1000 ft2 several days before pesticide application to maintain constant

roughness length and canopy characteristics during the experiment. Foot traffic across the

plot during the experiment was limited to collecting samples and tending field equipment. No

irrigation or mowing took place following pesticide application.

AppUcation rates and pesticide combinations are given in Table 2.1. Application rates

chosen were typical of labeled rates for turfgrass. Application timing was based on future

weather predictions for clear skies and no precipitation. Clear skies were in favor since

variation between flux and solar radiation were observed previously (Jenkins et at., 1993),

and rainfall caused a redistribution and/or an attenuation of pesticides on the leaf surface

(Murphy et at., 1996a, 1996b).

For each experiment, pesticides were applied at 6 a.m. using a push-wheel sprayer (500-

750 pm drop size) except for triadimefon applications. A push-type Meter Miser sprayer





Table 2.1: Application summary for study of pesticide volatilization from turfgrass.

A

Experiment duration
-- -

6/12-7/3

Chemicals applied to 520 m2 plot of orchard rye grass mowed to height of 1".
p!ot used in all applications

Formulation, spray
volume

pplication 1 triadimefon/Bayleton®, (fungicide) 3.05 kg a.i./ha (305 mg/rn2) w.p., 6 gal
1996 chlorpyrifos/Dursban 4E®, (insecticide) 1.86 kg a.i./ha (186 mg/rn2) e.c.*, 6 gal

- ethofumesate/PsEC®,1erbicide) 2.5kg_a.iIha(2qIi2) e.c., 5 gal
triclopyr acetic acid/Turfion Ester®, (herbicide) 1.14 kg al/ha (114 mg/rn2)

propiconazole/Banner Max®, (fungicide), 2.16 kg a.i./ha (216 mg/rn2)

cyfluthurin/Tempo 2®, (insecticide) 0.15 kg a.i./ha (15 mg/rn2)

e.c., 5.5 gal
e.c., 5.5 gal
e.c., 5 gal

pplication 2
1996

7/23-8/13

e.c. emulsifiable concentrate.
w.p. wettable powder.

Table 2.2: Typical air sampling schedule on days following pesticide application.

Day

application

Day 3 Day 7* Day 14* fDay 21*

-8:00 6:00 - 8:00 6:00 - 8:00 6:00 - 8:00 00 - 8:00
8:00 - 10:00 8:00 - 10:00 8:00 - 10:00 8:00 - 10:00 8:00 - 10:00

t1ô700-12:0010:0O-12:00 10:00-12:00 10:00-12:00 10:00-12:00
12:oO- 14:öi00rol)_ - 14:00 12:00 - 14:00 12:00 - 14:00 12:00 - 14:00 12:00 - 14:00 12:00- 14:00 12:00 - 14:00 12:00 - 14:00

14:00 - 16:00 14:00 - 16:00 14:00 - 16:00 14:00 - 16:00 14:00-16:00
16:00 - 8:00 16:00 - 18:00 16:00 - 18:00 16:00 - 18:00 16:00 - 18:00

i8:00 - 20:00 18:00-20:00 18:00 - 20:00 18:00 - 20:00 18:00 -20:00
20:00 - 6:00k 20:00 - 6:00*

*a field blank sample collected.
#a single sample was collected during the overnight hours, 20:00 - 6:00.

-s
'2
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(800-1000 pm drop size) was used for triadimefon (Bayleton). Pesticides were applied in

succession (rather than as a mixture) to avoid problems with formulation incompatibility.

Horizontal north/south rows were flagged to aid in uniform application. Each sprayer was

calibrated to dispense 6 gallons of spray volume over a treated area of 5000 ft2. Following

application, the volume remaining was used to determine the actual spray volume applied

(Table 2.1). One gallon of ethofumesate (Prograss EC) remained in the tank following

application and was applied in strips. Tank samples were analyzed to confirm the active

ingredient content stated by the manufacturer.

2.2.3 Weather data collection

Weather data was acquired onsite using the following sensors mounted to a Campbell

Scientific weather instrument tripod situated adjacently to the applied turf plot: Solar

radiation (Campbell Sci. LI200S Pyranometer), ambient temperature and relative humidity

(Campbell Scientific Model 207 Temperature and Relative Humidity), and wind direction

(Model 024A Met One Wind Direction Sensor). Two sensors (Campbell Scientific Model 107

Temperature Probe) were placed on the grass to record the surface temperature. A 2.54 cm

x 3 m mast with side arms was mounted in the center of the plot with four rotating cup wind

speed sensors (Model 014A) at 280, 140, 70, and 41 cm heights above the center of the

plot. A Campbell CR-b Datalogger was used to collect and store all micrometeorological

data at 1-minute intervals; data were averaged each half hour. Measurements of

precipitation were obtained from Corvallis Hyslop farm.

2.2.4 Air sample collection

Airborne residues were collected using a high volume STAPLEX TF1Aair sampler placed

73 cm above the center the turf plot. The intake of the sampler was interfaced with a sample

cartridge that contained approximately 140 mL of Amberlite XAD-4 polymeric resin cleaned

using 0.5 M HCI and 0.1 M NaOH, and then soxhlet extracted in ether for 48 hours. The air

sampler was calibrated to ensure accuracy of flow rate prior to the experiments. No break-

through studies of the analytes through the cartridges occurred. Air samples were collected

during 2-hour intervals. Beginning and ending airflow rates were recorded. Air flow rates

were typically 1 m3 per minute. Control air samples were collected the day before

application (Day -1) and analyzed to verify the absence of background concentrations of the

applied pesticides. Field blanks (one per week) were also prepared (cartridges containing
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XAD-4 resin). These were labeled, shipped to the sampling site, processed, stored, and

analyzed in the same manner as the field samples.

The air and grass sampling schedule (Table 2.2) was designed based on the results of

previous research (Jenkins et aL, 1993; Murphy et al., 1996a, 1996b) in which pesticide

volatile loss from turfgrass exhibited a diurnal flux pattern with a peak flux occurring midday

that correlated with solar radiation. The attenuation of peak daily flux showed an exponential

or geometric decline roughly correlated to the decline in DFR. Deviations were observed

when measured solar radiation was significantly differentor when rain occurred between

days. To characterize the decay curve of flux vs. days since application in the research

reported here, more sampling dates were scheduled near the application. When flux was

not measured during the entire day, a single sample was collected during the noon hours to

estimate peak flux.

Immediately following application, air samples were collected continuously for the first 3

days at 2-hour intervals from 0600 to 2000 hours. A single overnight sample was collected

between 2000 and 0600 hours on the day of application and the following day (Day 0 and

Day 1). All samples were processed within 24 hours of collection. The used XAD-4 resin

cartridges were stored on ice and in the dark to prevent re-volatilization of the residues.

Sample preparation, storage, and analysis was done at the Oregon State University

Environmental Chemistry and Toxicology Laboratory. Processing included quantitatively

transferring the resin, with 50 mL ethyl acetate, from the cartridge to a 150 mL glass jar

with an aluminum foil-lined cap. The samples were stored at -20 °C until analysis.

2.2.5 Dislodgeable residue sample collection

On sampling days, three grass samples were collected in random locations from the treated

plot between noon and 2 p.m. A random number generator was used to create the compass

angle and distance from the center of the plot for each sample. An 8.5 cm diameter circular

golf cup cutter was used to extract a 56.8 cm2 sample of thatch and grass. Grass was

carefully separated from the soil and placed in a glass Mason jar, covered with foil, and

placed on ice. One field blank, consisting of an empty jar, was transported to the site each

week with other samples. Dislodgeable residues were extracted within 2 hours of collection

using a method adapted from Iwata (1977) and Goh (1986). 150 mL of distilled-deionized

(DDI) water and 4 drops of NEKAL WT-47 (sodium dioctyl sulfosuccinate, Rhône-Poulenc,
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Cranbury, NJ) detergent were added to the jars containing the grass clippings, capped

tightly, and placed on a mechanical shaker set on high for 20 minutes. The solution in each

jar was then decanted through a funnel containing glass wool into a 250 mL polypropylene

bottle. An additional 20 mL of DDI water was added to the remaining grass clippings,

shaken briefly, and poured into the funnel. The sample solution remaining in the glass wool

was squeezed into the polyethylene bottle using a glass stirring rod. The bottles were stored
at - 20 °C until analysis.

2.2.6 Standards

Chemical Analysis of the airborne and dislodgeable residues was performed at the

Environmental Toxicology and Chemistry Analytical Laboratory, Department of Agricultural

Chemistry, Oregon State University, Corvallis, Oregon. Primary standards were obtained for
the following compounds:

1. Chlorpyrifos: CAS# 2921 - 88 - 2

Chem Service Inc., reference #136 128B, 99.0%. 1.0 g received.

2. Triadimefon: CAS# 43121 43 3

Chem Service Inc., reference #151 - 96A, 98%. 1.0 g received.

3. Ethofumesate: CAS# 26225 - 79 -6

Chem Service Inc., reference #137 121A, 99%. 1.0 g received.

6. Propiconazole: CAS# 60207 - 90 - 1

Chem Service Inc., reference #162 446, 96% mix of isomers.

7. Cyfluthurin: CAS# 68359 37 - 5

Chem Service Inc., reference #162 74B, 98% mix of isomers.

8. Triclopyr (acetic acid):CAS# 55335 06 - 3

Chem Service Inc., reference #PS -417 99%.

2.2.7 Extraction and analysis of air samples

The air samples, which included 150 mL of wet resin/ethyl acetate, were allowed to warm

to room temperature prior to extraction. The samples were poured from the original sample

bottle to a labeled 500 mL Erlenmeyer flask. 150 mL of additional ethyl acetate was used to

quantitatively transfer the resin and residues from the original sample bottle to the flask. The

flasks were placed on a wrist action shaker for 1 hour. After shaking, the solvent was

decanted and filtered through a Whatman #1 filter in a glass funnel, into a 250 mL

Erlenmeyer flask. An additional 75 mL of ethyl acetate was added to the original flask (still
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containing the resin) and replaced on the wrist action shaker for an additional 15 minutes

and decanted. This was repeated. After the third extraction, the remaining resin in the

original Erlenmeyer flask was poured into the glass funnel containing the Whatman #1 filter.

Three portions of 50 mL ethyl acetate were used to rinse the original Erlenmeyer flask and

transfer the remaining residue to the funnel. Each rinse was allowed to soak and drain

through the resin bed before adding the next sample.

Concentration of the solvent extracts was performed using a Turbovap (TV) II Concentrator

Work Station with endpoint detection. Each solvent extraction aliquot was added to a 200

mL TV flask and placed in the TV concentrator. Enough N2 pressure was generated to

achieve a good shearing action on the solvent meniscus (-12 psi). Successive aliquots

were added to the TV flasks as volume allowed. The entire sample was concentrated to the

volatilization endpoint at <1 mL and exchanged twice with 5 mL of trimethylpentane (TMP).

The final concentrated extract was suspended to an appropriate dilution volume for analysis

and transferred to GC vials using a syringe equipped with 0.45 pm membrane filter. The GC

vials were sealed and stored under refrigerated conditions for a maximum period of I week.

One field matrix blank and one fortified matrix blank were included with each extraction set

consisting of eight samples. Fortification levels were adjusted to approximate levels found in

field samples (1,2,5, 10, 20, and 50 ug for triadimefon, chlorpyrifos, and ethofumesate; 1,2,

5, 10, and 100 ug for propiconazole, triclopyr and cyfluthrin). Average recoveries ranged

between 83 - 112% for fortified samples; laboratory blanks contained residues below the

limit of quantification (<1 ug/sample or <7.9 ng/m3 for an air sampler flow rate of 1 m3/min for

120 minutes).

Analysis of the airborne residues was performed using a Hewlett Packard HP 6890 GC

equipped with a HP 5972 Mass Selective Detector. The following instrument settings were

used for analysis of triadimefon, chiorpyrifos, and ethofumesate. Injection port settings:

Temp, 225 °C; pulsed-splitless injection; inlet pressure, 10 psi He; pulse pressure, 20 psi;

pulse time, I mm; i pL injection volume. Column, DB-17 (J&W 122-1 732, 30 m x 250 pm,

0.25 pm film thickness). Oven temperature: Initial temp, 80°C; 1 mm hold; 5 °C/min ramp to

215 °C; final temp hold, 3 mm. Detector, MS El, SIM: triadimefon, R.T. 11.35 mm, [m/z = 57

(quantitation ion) 85.00, 127.95, 207.90 (confirmation ions)]; chlorpyrifos, R.T. 11.55 mm

[m/z = 96.90 (quantitation ion), 196.85, 198.85, 313.80 (confirmation ions)]; ethofumesate,
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RT 11.88 mm [m/z = 207 (quantitation ion), 286.00, 161.00, 137.00 (confirmation ions)]. For

analysis of triclopyr, propiconazole and cyfluthrin: Injection port settings: 225 °C; splitless

injection; Inlet pressure, 10 psi He; 1 pL injection volume. Column, DB-17 (J&W 122-1732,

30 m x 250 pm, 0.25 pm film thickness). Oven temperature: Initial temp 90 °C, 2 mm hold;

30 °C/min ramp to 265 °C, final temp hold, 2 mm. Detector, MS El, SIM: triclopyr, RT 9.9 mm

[m/z = 181.85 (quantitation ion), 209.85, 281.85, 211.85 (confirmation ions)]; propiconazole,

RT 11.6 mm [mlz = 258.90 (quantitation ion), 128.05, 260.90, 190.9 (confirmation ions)];

cyfluthrin, RT 18.1 mm [m/z = 163.00 (quantitation ion), 206.00, 198.95, 164.90 (confirmation

ions)].

Pesticide mixtures were quantified using a four-point minimum external calibration curve

over a vial concentration range of 0.5 25 ug/mL for triadimefon, ethofumesate, and

chlorpyrifos and 0.5 10 ug/mL for triclopyr, propiconazole, and cyfluthrin. High and low

check standards from the interior of the calibration curve were run every six samples.

Calibration curves were required to have an r-squared value of 0.98 or greater and a check

standard response within 20% of its known concentration.

Recoveries and standard deviations of three low level fortifications (1 ug) were: triadimefon,

110±10%; chlorpyrifos, 107±6%; ethofumesate, 97±6%; triclopyr, 93±6%; propiconazole,

117±21%; cyfluthrin, 123±40.4%. Recoveries and standard deviations for three high level

fortifications (10 ug) were: triadimefon, 119±5%; chlorpyrifos, 103±4%; ethofumesate,

105±3%; triclopyr, 100±2%; propiconazole, 107±2%; cyfluthrmn, 119±1.5%.

2.2.8 Calculation of airborne concentrations

Wind speed measurements at 70 cm were used as an approximate estimate of the wind

speed at the air sampling height (73 cm) in eq. 2.2. Average airborne pesticide

concentrations during the sampling interval, c (ug/m3) at the sampling height were calculated

by dividing the total residues collected by the air sampler (ug) by the airsampler flow rate

(m3/hr) and the sampling duration (hr) (eq. 2.3):

(ug/m 3) total collected residue @ 73 cm (ug)
Eq. 2.3

sampler flow rate (m 3/hr) *sampling interval (hr)

Since cyfluthrin was rarely detected throughout the experiment (discussed later), the lowest

fortification level, 1 ug/air sample (8.3 ng/m3), will correspond to the limit of quantification,



18
and the lowest calibration standard, 0.5 ug/air sample (4.2 nglm3), wiU be used as the limit of

detection for the remaining pesticides.

2.2.9 Extraction and analysis of dislodgeable residues for triadimefon and ethofumesate

Developing a multiresidue method for analysis of dislodgeable foliar residues (DFR) proved

difficult for the combination of chemicals and the matrix effects of the surfactant and grass.

A method was finally developed for triadimefon and ethofumesate and was used to analyze

samples during the first application. This method is published elsewhere (Runes et al.,

1999). Briefly, the dislodgeable extract was thawed and filtered through a S&S Black Ribbon

and Whatman GFIA filters (90 mm), the first stacked on the second, and then through a 90

mm Whatman GF/F to remove particulates. Then filtrate was passed through a conditioned

25 mm C8 bonded-phase Empore disk to trap the pesticides. After allowing the disk to dry,

an in-vial elution was performed by inserting the disk into a GC vial and adding 980 pL ethyl

acetate and 20 pL internal standard (2 pg 2-chloro-lepidine). The vial contents were allowed

to equilibrate for 4 hours prior to analysis using similar instrumentation listed above, but the

oven program and selected ion monitoring (SIM) were different due to interfering elements

present in the sample matrix and the addition of the internal standard. A 5 - 8 point

calibration curve was used ranging from 0.05 ug/mL to 10.0 ug/mL with r-squared values

typically 0.995 or greater. The calibration standards and samples contained the same

quantity of internal standard. All grass samples contained residues that exceeded the

quantitation limit, 0.1 pg/sample (1.7 ng/cm2) for triadimefon and 0.05 pg/sample (0.8

rig/cm2) for ethofumesate. The dislodgeable foliar residue (DFR) concentrations over a

sampled area of treated the turf plot collected by the golf-cup cutter (56.5 cm2) was

computed from the analyzed residue using eq. 2.4:

Residues (ug/sample)
Eq. 2.4DFR (ug/cm2)=

56.5 (cm2/sample)

2.2.10 Data analysis

2.2.10.1 Calculating volatile loss rates

Average surface flux during the sampling interval was calculated from the average airborne

concentrations at the sampling height (73 cm) and the wind speed u at 70 cm, using the

TPS/BTLSD equation (eq. 2.2). A lower limit flux for all chemicals can range between 3.2

6.8 ug/m2/hr for a wind speed range 0.7 - 1.5 m/s, a limit of quantitation 7.9 ng/m3, and P =
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7.0.

2.2. 10.2 Calculation of tP using the Backward-Time Stochastic Lagrangian Method (BTLSD)

Actual plot conditions for the experiment deviated from the plot conditions specified by the

TPS model in radius (R) and estimated roughness length (z0) for the chosen sampling

height. According to Wilson et al. (1982), the sampling height (ZINST* = 73 cm) is based on

a calibration for a circular plot with a radius of 20 m and roughness length 0.2 cm. The value

of CD in eq. 2.1 was estimated at CD = 9.0 for stable and unstable atmospheric conditions

(Monin Obukhov path lengths, L = +5 m and L = -5 m) and 9.4 for neutral atmospheric

conditions (L = co). For our case, pesticides were applied to a square turf area of 75' by 75

(22.8 m x 22.8 m) (Fig. 2.4). A mowed grass length of 2.5 cm is also thought to generate a

roughness length closer to z0 = 0.45 cm (Deacon, 1953) instead of 0.2 cm, assumed in the

calibration. Although Wilson et al. (1982) discusses correction procedures for errors in

roughness length, the peculiar plot dimensions required a separate calibration.

Flesch (1999) determined values of CD using the BTLSD method (Flesch et al., 1995) for our

plot conditions at strongly stable, strongly unstable and neutral atmospheric conditions (L =

+5 m, L = -5 m, and L = m) and at 0°, 15°, 30°, 45° wind angles, where 0° is perpendicular

to the flat edge of the square plot and 45° diagonally across the square plot (Table 2.3, Fig.

2.6). Since unstable or neutral atmospheric conditions were likely to exist during the daylight

hours, values of CD computed at L -Sm, L oo are relevant to this field study. According to

Table 2.3, CD can range between 6.2 - 9.4 depending on the wind direction. Because the

wind direction changed during sample collection, we could not compute CD based on the wind

direction during the sampling interval. Instead, a weighted average CD = 7 was used to

calculate flux (eq. 2.1) for all measurements. This corresponds to an average upwind

distance of R 14.5 m across the treated plot. The uncertainty for CD can range from -0.8 to

2.1 (-11% to + 34%) depending on the atmospheric stability, and upwind distance for each

air parcel collected by the air sampler. The effect of this uncertainty will be discussed later.

2.2.10.3 Correction of surface temperature measurements

Previous research has shown a strong relationship between pesticide volatile loss from

turfgrass and solar radiation (Jenkins, et al. 1993). Solar radiation was of interest as it is a

primary determinant of temperature at the leaf surface and typically can be measured with

greater accuracy than leaf surface temperature. This is particularly true when using
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thermocouple sensor to estimate leaf surface temperature, as thermocouple-derived leaf

surface temperature measurements are thought to be subject to error associated with

differences in heat adsorption related to leaf color and leaf surface cooling due to

evapotranspiration. To further examine potential error associated with thermocouple-derived

temperature measurements, an experiment was conducted comparing these measurements

with measurements made with an infrared temperature sensor (Cole Parmer

DX-39670-40).Because the infrared sensor measures temperature at the leafsurface, it is

thought to be less subject to the error. Using a stirred beaker of water over a temperature

range 0 - 70 °C, the thermocouple and infrared sensors calibrated similarly. In a field

experiment conducted under similar conditions (location, time of year, grass variety, mowed

height, and irrigation schedule) as the pesticide volatile loss experiments, over a 3-week

period, solar radiation was collected each minute and summed hourly, and the two

temperature measurements were collected each minute and averaged hourly.

Compared to the infrared sensor, the thermocouple sensor overestimated the surface

temperature during the hotter parts of the day and underestimated it in the mornings and

evenings. An empirical slope-intercept equation regression between the two temperature

measurements (Fig. 2.7) had an R2 = 0.97 and a two-sided 99% confidence interval about

the estimated mean of 1.24 °C (284 degrees of freedom). This equation was used to correct

the estimated leaf surface temperature measurements made with the thermocouple sensor.

2.3 Results

2.3.1 Spray tank samples

Tank samples were analyzed for the first application (triadimefon, chlorpyrifos, and

ethofumesate) and found to be about 50% lower but within reasonable agreement with label

application rates (Table 2.4). Tank samples collected from the second application were not

analyzed (triclopyr, cyfluthrin, and propiconazole).

2.3.2 StoraQe stability study for DFR samples

Results of storage stability for DFR, 90% recovery for triadimefon and 92% for ethofumesate

spiked at 1 ug/ sample (n = 3).
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Table 2.3: Generated values of D (z = 0.73 m, z0 = 0.0045 m, plot dimension 22.8 m x 22.8
m) using the Backward-Time Lagrangian Stochastic Dispersion model (Flesch et al., 1995),
calculation courtesy of T. Flesch (1999).

Wind direction normal to
face of square plot ->

0° 15° 30° 45°

Upwind distance to the edge
of the treated plot

11.4 m 12.75 m 15.08 m 16.12 m

L=infinity 6.17 6.33 7.25 8.70

L= 5m 7.35 7.46 7.69 7.75

L = -5 m 6.17 6.45 7.46 9.35

Table 2.4: Applications based on label rates and tank sample analysis.

Year,
(Application)

Chemical (Trade
Name/Formulation)

Application rate
according to label

(ug/cm2)

Est. app. rate from tank
sample analysis, (ug/cm2)

mean (t std dev.), n = 3

1996(1) triadimefon (Bayletonlw.p.) 30.5 13.5 (± 1.2)

1996 (1) chtorpyrifos (Dursban/e.c.) 18.6 4.5 (± 0.6)

1996 (1) ethofumesate (Prograss ECIe.c.) 23.2-27.9 t 11.1 - 13.4 t (± 2.6)

1996 (2) triclopyr (Turfion Ester/e.c.) 11.4 Not analyzed

1996 (2) propiconazole (Banner Maxxle.c.) 21.6 Not analyzed

1996 (2) cyfluthrin (Tempo 2/e.c.) 0.15 Not analyzed

f range due to uncertainty of volume remaining in spray tank following application.
e.c. emulsifiable concentrate.
w.p. wettable powder.
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Figure 2.7: Plot of Campbell Scientific Model 107 temperature probe measurements vs. Cole Parmer DX-39670-40 optical lR
probe measurement of orchard rye grass canopy temperature. The optical probe was positioned 63 cm over the same area of
orchard ryegrass surface as the Model 107 probe. July 16 - August 6, 2002, 6:00 - 20:00, Peoria Oregon. Last irrigation
occurred on July 14. Each point represents the average of 60 one-minute readings.
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2.3.3 Field control samples (Day -1)

Control samples collected the day prior to pesticide application contained non detectable

levels of pesticides (<0.5 ug!sample or <2.4 uglm2lhr for air samples and 0.3 ug/sample or
<4.8 ng/cm2 for ethofumesate DFR samples and <1.7 ug/sample or <29 ng/cm2 for

triadimefon DFR samples).

2.3.4 Field blanks

No detectable residues were found in air sample field blanks or dislodgeable residue field

blanks (triadimefon and ethofumesate only). See detection limits above.

2.3.5 Laboratory fortifications

The percent recovery and relative standard deviation of fortified XAD-4 samples were 89.9 ±

16.7% for triadimefon (n = 21, fortified range 1 -50 ug); 82.6 ± 14.3% for chlorpyrifos; 83.5 ±

13.4% (n = 21, fortified range 1 - 50 ug) for ethofumesate (n = 21, fortified range I - 50 ug);

98.2 ± 10.9% for triclopyr (n = 15, fortified range 1 100 ug); 112.3 ± 17.7% for

propiconazole (n = 15, fortified range 1 100 ug) and 112.5 ± 19.6% for cyfluthrin (n = 15,

fortified range I - 100 ug).

The percent and relative standard deviation of spiked matrix (DFR) sample recoveries were

87.0 ± 12.8% for triadimefon and 94.1 ± 6.3% for ethofumesate (both 2.0 pg fortification per

sample, n = 6).

2.3.6 Laboratory blanks

Non-quantifiable residues (<0.5 ug/sample) were found in two blank XAD-4 samples that

were included in air sample extraction batches. Non detectable residues (<4.8 ng/cm2 for

ethofumesate and <29 ng/cm2 for triadimefon) were found in laboratory blank samples

included in extraction of dislodgeable residue samples.

2.3.7 Air samples

Average airborne loss rates over 2-hour intervals are listed for each application in Tables 2.5

and 2.6. Airborne residues were detected for triadimefon, ethofumesate, triclopyr,

propiconazole, and chlorpyrifos immediately following application and for several days

afterwards. No airborne residues for cyfluthrin were detected until day 13. The inability to

detect cyfluthurin during the majority of the experiment is thought to be due to the low
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application rate specified by the label (about ten times less active ingredient than the other

pesticides applied in this study) and the chemical's low vapor pressure.

2.3.8 Dislodgeable foliar residue samples

Dislodgeable residues for the second application for triadimefon and ethofumesate are

included in Table 2.7 with concurrent volatile loss rates (12:00 - 14:00 on Day 0, 1, 2, 3, 5, 7,

14, and 21) and other environmental parameters. Measured flux during the noon hours,

without dislodgeable residue measurements, are listed for Application 2 in Table 2.8.

2.3.9 Error analysis for vapor loss rate estimates

An analysis of the uncertainty in each term (cv, c, u) in eq. 2.1 is listed below to calculate a

typical error for the estimated vapor flux (F):

c (ug/m3): a 15.3% relative standard deviation was pooled for all fortified matrix

samples used in extraction (n = 39). A t-multiplier (95%, 37 degrees of freedom)

equal to 2.03 estimates a 31% relative uncertainty in the calculated concentration at

the air sampling height.

2. (unitless): because of the square plot dimensions and the changes in upwind path

length across the treated plot with wind direction, an equal probability can occur for

flux being underestimated by 8% or overestimated by 34% if a constant value of D =

7 is used. A maximum uncertainty of 34% will be selected.

3. u(mls): wind speed readings during a 2-hour period ranged from 0.45 to 3 mIs.

Unfortunately, when wind speeds fell below 0.45 m/s, the wind cup sensors

generated erroneous readings. Above this threshold, the manufacturer estimates

the sensors to have a constant error of 0.11 m/s. Using an average wind speed of 1

m/s, a relative uncertainty of 11% should be included.

4. F (ug/m2/hr): an uncertainty of %eF = 48% is estimated for flux computed using eq.

2.1 by pooling the errors in the previous terms, c, , and u, using the formula %eF =

+ %e02 + %e2).

5. The statistical uncertainty for the correction to the surface temperature

measurements (± 0.7 °C, 99%, 284 degrees of freedom) is assumed to contribute

negligibly to error.



Table 2.5: Pesticide flux (triadimefon, chiorpyrifos and ethofumesate) estimated using BTLSD method, Application 1, 1996.

Measured Corrected Wind Speed
Air Sampling Period Flux (ug/m2/hr) Surface Surface Ambient Solar Rad. @z70 cm RH Precip.

Start End triadimefon chiorpyrifos ethofumesate Temp. (C) Temp. (C) Temp. (C) (MJIm2ihr) (mis) (%) (mm)
Day 0 (June 12th) 6:41 7:59 9 159 39 13 14 12 0.8 0.78 83
Julian 164 8:00 10:01 74 1002 271 21 20 15 1.9 1.46 70

10:01 12:00 231 2389 736 27 25 18 2.9 1.71 62
12:00 14:00 431 1663 908 32 29 21 3.4 1.73 51
14:01 16:06 388 1045 860 33 30 23 3.0 1.56 44
16:07 17:56 326 904 815 29 26 24 2.2 3.07 43
17:58 20:00 91 272 237 22 21 21 0.9 3.36 46
20:00 6:00 11 66 30 12 13 12 0.0 1.43 79

Cumm. Loss, % of Amount Applied 1.0 8.2 3.2

Day 1 (June 13th) 6:01 8:02 7 142 62 13 14 10 0.5 0.78 92
Julian 165 8:03 10:00 80 311 195 22 20 15 1.8 1.08 80

10:02 12:00 165 572 396 29 26 17 2.5 1.36 68
12:02 14:00 171 486 392 30 27 19 2.3 1.65 60
14:01 16:00 190 418 358 32 28 21 2.5 1.40 51
16:01 18:00 171 361 319 27 24 22 1.6 2.03 48
18:01 20:01 105 201 150 21 20 19 0.9 3.63 50
20:03 6:00 9 22 15 11 12 10 0.0 1.13 84

Cumm. Loss,% of Amount Applied 1.6 11.0 4.7

Day2(Junel4th) 6:00 8:00 21 45 25 11 12 9 0.6 0.92 90
Julian 166 8:06 10:01 45 146 132 18 17 12 1.9 1.67 77

10:03 12:00 118 295 295 24 22 16 2.9 1.78 64
12:01 14:00 191 347 404 29 26 19 3.4 1.85 54
14:01 16:01 211 320 400 29 26 21 3.1 1.85 47
16:02 18:00 101 152 246 25 23 23 2.2 1.79 43
18:01 20:00 47 54 122 20 19 23 1.0 1.66 43
20:01 6:00 6 11 12 12 12 11 0.0 0.89 80

Cumm. Loss,% of Amount Applied 2.1 12.5 6.0

NQ-not quantifiable.



Table 2.5 (Continued): Pesticide flux (triadimefon, chlorpyrifos and ethofumesate) estimated using BTLSD method, Application 1, 1996.
Measured Corrected Wind Speed

Air Sampling Period Flux (ug/m2ihr) Surface Surface Ambient Solar Rad. @2=70 cm RH Precip.
Start End triadimefon chiorpyrifos ethofumesate Temp. (C) Temp. (C) Temp. (C) (MJIm2Ihr) (mis) (%) (mm)

Day 3 (June 15th) 12:05 14:05 247 306 355 31 28 20 3.3 1.52 53
Julian 167

Day6(Junel8th) 12:02 14:00 121 205 168 29 26 17 3.5 1.50 58 2.3
JuIlan 170

Day7(Junel9th) 6:01 8:00 3 8 8 11 12 11 0.6 1.15 75 0.3
Julian 171 8:01 10:00 59 102 95 17 17 14 1.9 1.72 67

10:00 12:01 38 66 58 24 22 17 2.9 1.84 57
12:04 14:00 72 97 106 28 26 21 3.5 1.94 44
14:01 16:00 108 104 148 27 25 24 3.1 1.99 33
16:01 18:00 75 67 66 26 24 25 2.3 1.88 23
18:00 20:00 13 11 20 22 21 25 1.0 1.49 17

Day 14 (June 26th) 6:00 8:00 NQ 3 NO 12 13 12 0.6 0.67 90 17.1*
Julian 178 8:01 10:00 12 29 27 20 19 16 1.8 0.95 81

10:00 12:00 12 35 22 31 28 19 2.8 1.38 72
12:00 14:00 27 76 47 37 32 22 3.2 1.40 59
14:01 16:00 7 18 12 35 31 24 2.9 1.56 49
16:00 18:00 NQ 23 NO 28 26 24 2.3 3.84 43
18:00 20:00 NQ NQ 16 24 22 22 1.1 3.93 46

Day 21 (July 3rd) 6:00 8:00 6 11 9 15 15 14 0.5 1.27 85 2*
Julian 185 8:01 10:00 37 30 29 22 21 18 1.6 1.17 68

10:00 12:00 9 22 17 27 25 21 2.4 1.68 63
12:00 14:01 15 37 26 28 25 23 2.3 2.55 61
14:01 15:59 NO 36 26 28 26 23 2.7 3.34 65
16:00 18:00 NQ 17 NO 24 22 22 0.9 2.73 64
18:01 20:00 NQ NQ NO 19 18 20 0.2 2.77 69

*rainfaII occurred prior to date
NO-not quantifiable.



Table 2.6: Pesticide flux (triclopyr, propiconazole and cyftuthrin) estimated using BTLSD method, Application 2, 1996.

Measured Corrected Wind Speed
Air Sampling Period Flux (ugim2Ihr) Surface Surface Ambient Solar Rad. @z=70 cm RH Precip.*

Start End triclopyr propiconazole cyfluthurin Temp. (C) Temp. (C) Temp. (C) (MJim2Ihr) (mis) (%) (mm)
Day 0 (July 23rd) 6:15 8:03 63 17 NQ 19 18 17 0.4 0.64 84
Julian 205 8:03 10:00 309 41 NQ 29 26 24 1.7 1.04 68

10:00 12:00 397 141 NQ 35 31 27 2.7 1.40 57
12:00 14:00 290 193 NQ 39 34 31 3.2 1.45 44
14:00 16:00 116 139 NQ 39 34 34 2.9 1.44 36
16:01 18:00 64 69 NQ 35 31 35 1.9 1.30 32
18:01 20:01 33 18 NQ 30 27 32 0.5 1.75 43
20:04 6:00 3 1 NQ 20 19 21 0,0 0.70 74

Cumm. Loss, % of Amount Applied 2.2 0.6

Day 1 (July 24th) 6:01 8:00 7 6 NQ 20 19 17 0.5 0.53 84
Julian 206 8:01 10:00 37 30 NQ 30 27 24 1.7 0.76 73

10:01 12:00 45 136 NQ 38 33 29 2.8 1.10 51
12:02 14:00 25 83 NQ 41 36 31 3.3 1.29 42
14:00 16:00 14 75 NQ 40 35 34 3.1 1.34 33
16:00 18:00 6 54 NQ 35 31 34 2.1 1.78 31
18:01 20:00 NQ 23 NQ 29 26 31 0.9 2.59 37
20:00 6:00 0 1 NQ 19 18 19 0.0 0.68 74

Cumm. Loss,% of Amount Applied NQ 1.0

Day 2 (July 25th) 6:01 8:00 NQ 3 NQ 18 17 15 0.4 0.57 85
Julian 207 8:12 10:00 6 18 NQ 29 26 21 1.7 0.87 73

10:01 12:00 5 39 NQ 35 31 27 2.8 1.13 51
12:00 13:55 4 56 NQ 38 34 30 3.2 1.27 39
13:55 16:00 4 72 NQ 38 33 33 3.0 1.50 30
16:01 18:00 NQ 31 NQ 32 29 34 2.1 1.55 25
18:01 20:00 NQ 19 NQ 28 26 33 0.9 1.42 30
20:01 6:00 0 NQ NQ 19 18 19 0.0 0.86 73

Cumm. Loss, % of Amount Applied NQ NQ
*no rainfall.

NO-not quantifiable.
-4



Table 2.6 (Continued): Pesticide flux (triclopyr, propiconazole and cyfluthrin) estimated using BTLSD method, Application 2, 1996.

Measured Corrected Wind Speed
Air Sampling Period Flux (ugim2lhr) Surface Surface Ambient Solar Rad. @z=70 cm RH Precip.*

Start End triclopyr propiconazole cyfluthurin Temp. (C) Temp. (C) Temp. (C) (MJ/m2ihr) (mis) (%) (mm)
Day 3 (July 26th) 12:00 14:00 NQ 41 NO 41 36 31 3.2 1 42
Julian 208

DayS(July28th) 12:00 14:00 NO 8 NO 27 24 21 1.6 1 78
Julian 210

Day 7 (July 30th) 6:00 8:00 NQ NQ NQ 18 17 17 0.4 0.47 61
Julian 212 8:01 10:00 NQ 3 NQ 25 23 20 1.6 0.67 56

10:01 12:00 NO 18 NO 30 27 23 2.7 1.65 44
12:01 14:02 NO 28 NO 34 31 26 3.1 1.67 34
14:03 16:00 NO 19 NO 34 30 28 2.9 1.67 27
16:01 18:00 NO 22 NQ 29 26 29 2.0 1.75 26
18:01 20:00 NO NO NO 24 23 25 0.8 2.77 39

Day 10 (August 2nd), Julian 215

Dayl3(August5th) 6:00 8:00 NO 2 NO 13 14 14 0.3 0.45 87
Julian 218 8:00 10:00 NO NO 11 20 19 16 1.5 2.09 79

10:01 12:00 NO 22 8 21 20 17 1.8 2.64 67
12:01 14:00 NO NO NO 26 24 19 2.8 2.15 59
14:01 16:00 NO NO NO 25 23 20 1.2 1.44 51
16:00 18:00 NO NO NQ 30 27 22 2.1 1.74 44
18:01 20:24 NO NQ NQ 18 18 21 0.6 1.61 47

Day 21 (August 13th) 6:00 8:45 NQ NO NO 14 15 14 0.2 0.48 80
Julian 226 8:00 10:00 NO NQ NQ 25 23 20 1.4 0.57 66

10:01 12:01 NO NO NQ 33 29 25 2.7 1.29 44
12:10 14:00 NO NO NQ 38 33 29 3.0 1.23 38
14:01 16:02 NQ NQ NO 36 32 32 2.7 1.00 34
16:02 18:01 NO NQ NO 33 30 32 1.9 2.47 32

* rainfall.

NO-not quantifiable. N.)
3D



Table 2.7: Comparison of turf dislodgeable foliar residues with volatile loss rates for ethofumesate and triadimefon during noon hours
12:00 14:00, June 12 (Day 0) through July 3 (Day 21), 1996.

Day ethofumesate
DFR* ± std. dev.
(n 3) (ug/cm2)

ethofumesate
volatile flux
(ug/m2/hr)

triadimefon
DFR* ± std. dev.
(n = 3) (uglcm2)

triadimefon
volatile flux
(ugfm2lhr)

chlorpyrifos
volatile flux
(uglm2lhr)

Surface
temp.
(°C)

Amb.
temp.
(°C)

Incoming
solar rad.
(MJ/m2)

Wind
speed

(mIs) 70
cm ht.

Precip.
(mm)

0 10.85 ± 2.00 908 15.10 ± 1.95 431 1663 36.1 20.8 3.4 1.73 -

1 7.77±3.85 392 12.10±4.74 171 486 33.9 19.2 2.3 1.65 -

2 8.79±4.85 404 5.55±1.31 191 347 31.9 18.7 3.4 1.85 -

3 4.64 ± 1.08 355 8.34 ± 5.58 247 306 34.7 19.8 3.3 1.52 -

5 2.07±1.23 168 7.75 ±7.10 121 205 32.3 16.7 3.5 1.50 -

7 0.99±0.41 106 3.98±3.49 72 97 31.3 20.7 3.5 1.94 2.6

14 0.82±0.85 47 1.67±2.18 27 76 42.3 22.3 3.2 1.40 17

21 0.98 ± 0.14 26 0.24 ± 0.21 15 37 30.8 23.5 2.3 2.55 2

*DFR - dislodgeable foliar residues measured from grass collected from a 56.7 cm2 area of the treated plot.
Application rates (estimated from label) were: ethofumesate, 2.32 - 2.79 kg/ha (23.2 - 27.9 ug/cm2)t: triadimefon, 3.05 kg/ha (30.5 ug/cm2); and chlorpyrifos, 1.86 kg/ha
(18.6 ug/cm2).
t - uncertainty due to remaining volume in spray tank.

- no dislodgeable residue measurements available for chlorpyrifos.

Note: Although the tank sample analysis shows a mean value of three replicates to be half of what the label rate was, because the standard deviation was relatively large,
a 95% confidence interval easily includes the application rate (t = 12.7, one-sided t-multiplier for 1 degree of freedom).

N.)
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Table 2.8: Volatile loss rates for triclopyr and propiconazole during afternoon hours 12:00 - 14:00, July 23 (Day 0) through August 14
(Day 21), 1996.

Day Triclopyr volatile
flux (ug/m2/hr)

Propiconazole
volatile flux (uglm2ihr)

Surface temp.
(°C)

Ambient
temp. (°C)

Incoming solar
rad. (MJ1m2)

Wind speed (mis)
70 cm ht.

Precip.
(mm)

0 290 193 39 31 3.2 1.45 -

1 25 83 41 31 3.3 1.29 -

2 4 56 38 30 3.2 1.27 -

3 <dl 41 41 31 3.2 1.16 -

5 <dl 8 27 21 1.6 0.97 -

7 <dl 28 34 26 3.1 1.67 -

13 <dl <dl 26 19 2.8 2.15 3.6

21 <dl <dl 38 29 3.0 1.23 -

Note: Application rates (estimated from label) were: triclopyr, 1.14 kg/ha (11.4 ugicm2); propiconazole, 2.16 kg/ha (21.6 ugIcm2).

0
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Figure 2.8: Flux vs. solar radiation on a clear day (Day 2, App. 1, June 14, 1996).
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Figure 2.9: Flux vs. solar radiation on a cloudy day (Day 1, App. 1, June 13, 1996).
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Figure 2.20: Triadimefon flux from turfgrass following application of 3.05 kg a.i./ha estimated
using the Backward-Time Lagrangian Stochastic Dispersion method (Flesch et al., 1995)
and surface temperature. Two hour air sampling intervals, log flux (ug/m2/hr) vs. 1/T (K),
App. 1, June 12, 13, and 14, 1996.
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Figure 2.21: Chlorpyrifos flux from turfgrass following application of 1.86 kg a.i./ha estimated
using the Backward-Time Lagrangian Stochastic Dispersion method (Flesch et al., 1995)
and surface temperature. Two hour air sampling intervals, log flux (ug/m2/hr) vs. 111 (K),
App. 1, June 12, 13, and 14, 1996. Note: First three air samples (square) were omitted from
the regression due to suspected influence of deposit drying immediately following
application.
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Figure 2.22: Ethofumesate flux from turfgrass following application of 2.5 kg aL/ha
estimated using the Backward-Time Lagrangian Stochastic Dispersion method (Flesch et al.,
1995) and surface temperature. Two hour air sampling intervals, log flux (ug/m2/hr) vs. 1/T
(K), App. 1, June 12, 13, and 14, 1996.
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Figure 2.23: Triclopyr flux from turfgrass following application of 1.14 kg a.i./ha estimated
using the Backward-Time Stochastic Lagrangian method (Flesch et al., 1995) and surface
temperature. Two hour air sampling intervals, log flux (ug/m2/hr) vs. lIT (K), App. 2, July 23,
24, and 25, 1996.
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Figure 2.24: Propiconazole flux from turfgrass following application of 2.16 kg a.i./ha
estimated using the Backward-Time Stochastic Lagrangian method (Flesch et al., 1995) and
surface temperature. Two hour air sampling intervals, log flux (ug/m2/hr) vs. 111 (K), App. 2,
July 23, 24, and 25, 1996.
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2.4 Discussion

2.4.1 Variation of volatile loss rates on a time scale

2.4.1.1 Die! volatile loss patterns

Average flux measurements and instrument readings of solar radiation, corrected surface

temperature, ambient temperature, and wind speed at the sampling heightwere plotted on

individual days. Changes in flux during the day appeared to be strongly correlated with solar

radiation and surface temperature. This was especially noticeable on clear days and less on

overcast days (Fig. 2.8 -2.11). Although flux shows a stronger relationship with solar

radiation than with surface temperature, this is likely due to inadequacies in temperature

measurement. Flux does not noticeably correlate with wind speed measurements at the

sampling height (Fig. 2.12 and 2.13).

2.4.1.2 Variation of flux over several days

Peak flux during the noon hours (12:00 14:00) was also plotted on each sampling date

(Day 0, 1, 2, 3, 5, 7, 14, 21)to view attenuation patterns on days following application (Fig.

2.14 and 2.15). If weather conditions remain constant, peak flux appears to decline

exponentially during the first 4 to 5 days, with a slower rate of decline afterwards. If rainfall

occurred during the experiment, it usually occurred several days afterthe application and did

not noticeably reduce volatile loss rates.

2.4.2 Correlations of flux with dislodcjeable residues for triadimefon and ethofumesate

Fig. 2.16 and 2.17 display a similar attenuation pattern of dislodgeable residues with volatile

loss rates. The variability between replicates is considerable. In many cases, the standard

deviation of the three replicates was greater than the mean value. To prevent plotting of

negative values, the minimum, maximum, and mean values of dislodgeable residues are

graphed instead. Although uneven application of the remaining volume in the spray tank

could explain the variance for ethofumesate, the difference between replicates for

triadimefon was also considerable. It is suspected that uneven application for triadimefon

occurred despite efforts to distribute the chemical evenly over the turf plot.

A slight transition in the slope of log DFR vs. time appears for ethofumesate between Days 5

and 7 in Fig. 2.17, but not for triadimefon. This might signify a change in volatilization

behavior as explain by Taylor et al. (1990) where the initial volatilization would occur from

deposits. Over time, as the deposits shrink, more volatilization would occur from residues
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more tightly bound to the leaf surface. Fig. 2.18 and 2.19 show correlation plots between

dislodgeable residues and flux for triadimefon and ethofumesate. A t-test showed no

evidence that a difference in the half-lives exists between ethofumesate DFR and noon flux

(one-sided p value'zO.l, degrees of freedom 28) and suggestive evidence that a difference in

half-lives exists for triadimefon (one-sided p value<0.016, degrees of freedom 28).

Considering other errors discussed above and the strong dependence of flux on weather, it

seems that DFR measurements are a good estimate of the residues available for

volatilization for these two chemicals. The DFR measurements on the day of application

correspond closely to the application rate estimated from the tank sample analysis (Tables

2.4 and 2.7).

2.4.3 Correlation of initial volatile loss rates with surface temperature

With the exception of triclopyr, a linear relationship between log Flux vs. 1/Temp. (K) was

observed for all pesticides using both ambient and surface temperature during the first 2

days of application; however, less scatter occurred for surface temperature (Fig. 2.20 2.24).

This indicates the strong influence of a partition coefficient, KPA (eq. 2.1), varying with leaf

temperature affecting loss over short periods of time (eq. 2.1). The scatter about the

regressed median is greater for chlorpyrifos (Fig. 2.21) than for other chemicals that were

sprayed during the same application (triadimefon and ethofumesate). This scatter was

largest during the hours immediately following application and is thought to be due to a

drastic change in the chlorpyrifos partition coefficient (less volatile) after the spray droplet

dries or equilibrates on the leaf surface.

A closer look at the plot for triclopyr (Fig. 2.23) shows an extremely rapid attenuation of

volatile loss during a single day. Triclopyr's unusual behavior is thought to be due to the

conversion of the acetic acid group to the conjugate base (pKa = 2.68). The acetate form of

triclopyr has a much higher solubility in water and is thought to be transported away rapidly

by the plant's vascular system after it penetrates the leaf surface. The process of

partitioning and rapid removal would maintain a high concentration gradient across the leaf

membrane and could explain the rapid attenuation behavior.
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2.4.4 Correlation of initial volatile loss rates on the first day with inverse octanol/air partition
coefficient (Koa1), vapor pressure, and subcooled vapor pressure

As noted in the previous section, loss rates appear to be dependent on a partition coefficient

varying with temperature over short time periods when the amount of chemical on the

surface is not changing significantly. Correlations of volatile loss rates normalized for

application rate (percent of loss of the amount applied during the first 24 hours) were

compared with three different pesticide partition coefficients: the saturated vapor density

computed from literature values of vapor pressure, the saturated vapor density computed

from the subcooled vapor pressure, and the inverse octanol/air partition coefficient (Koa1 =

Kh/Kow). The 24-hour time period following pesticide application was selected for the

comparison since the relative number of vapor emission sources could be estimated from

the application rate.

Vapor pressure measurements at 25 °C, using gas saturation or effusion methods, were

obtained from the literature (discussed in more detail in Chapter 3). The subcooled liquid

vapor pressure (P3 was computed from the literature vapor pressure
(Ps) when the melting

temperature, Tm (°C), was above 25 °C using the relationship [In (P1/Ps) = 6.8(Tm25)I298)]

(Mackay and Yuen, 1982). The subcooled liquid vapor pressure is an estimate of the liquid

vapor pressure of a chemical below its melting temperature and may be relevant if

components of the leaf surface or agrochemical formulation disrupt the formation ofa lattice

between pesticide molecules in the deposit. The inverse octanol/air partition coefficient,

Koa1, was computed from measurements of Henry's Law constant (Kh, Air/Water partition

coefficient) divided by the octanol/air partition coefficient (Kow). Both the subcooled liquid

vapor pressure, but more particularly the octanol/air partition coefficient, correlate with

partitioning of pollutants between vegetative surfaces and the atmosphere (Simonich and

Hites, 1994; Tolls and McLachlan, 1994; Komp and McLachlan, 1997; BOhme et aL, 1999).

Table 2.9 lists the range of available measurements or estimates of Ps L, and Koa1 at 25

°C with percent of the applied pesticide lost due to volatilization. The climatic factors are

relatively similar between applications with the average surface temperature close to 25 °C,

the temperature of the partition coefficient. Since outlying behavior is expected to occur for

triclopyr due to its rapid attenuation from the leaf surface, it was removed from the

correlation. Cyfluthrin was also excluded since volatile loss rates occurred below the limits

of measurement during most of the study. Because of the small numberof data points (n =
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4, includes four compounds and two applications) a multivariate regression of volatile loss

rates over a 24-hour period was not conducted

Fig. 2.25 - 2.27 display log/log correlations between the partition coefficients and initial loss

due to volatilization. Because of the small number of data points and variability associated

with the measurements or estimates of the partition coefficients, no clear evidence of which

partition coefficient dominates volatilization is apparent. Although the saturated vapor

density computed from the vapor pressure of the natural or subcooled states correlates

slightly better with initial loss than Koa1, it is difficult to be sure since values of Koa1 have a

larger uncertainty; whereas vapor pressure is computed from a single measurement of

concentration, Koa1 is computed from the ratio of four measurements (the octanol, air, and

two water phases in Kow and Kh), each with a measurement error that could result in a large

uncertainty of Koa1.

Since the saturated vapor density appears to correlate reasonably well with loss, the GC

retention method (Chapter 3) was used to estimate the vapor pressure at a range of

temperatures for the pesticides used in this study. With the ability to account forvapor

pressure, multivariate analysis was able to be used to investigate factors affecting lossover

many more time periods when the surface temperature was not 25 °C.

2.4.5 Statistical analysis of volatile loss during the first 3 days using estimates of chemical
vapor pressure at surface temperatures

A multivariate analysis of parameters affecting volatile loss was conducted for both

applications (App. 1, ethofumesate+triadimefon+chlorpyrifos and App. 2, triclopyr+

propiconazole). Flux data was selected from the longest continuous period of sampling

following application (first 3 days of each application) since no abrupt transitions in the

processes affecting volatilization were apparent, and no weather events (rain) occurred that

might change the pattern of volatilization. A single-stage exponential decay is assumed to

occur during this time period. A total of 115 flux measurements were included in the data

set.

The parameters for a "rich" model and their associated hypotheses are shown in Table 2.10

Numerical variables included: hours following application, the saturated vapor density of the

pesticide computed at the corrected surface temperature for both the natural and subcooled
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states, wind speed at the sampling height, and application rate. Logarithmic transformations

occurred to fit known or suspected parameter relationships with flux. Indicator variables

were also included to screen effects due to differences between applications and pesticides

(formulation type, method of application, unknown chemical parameter affecting

volatilization, and/or attenuation). Several interactions between the selected variables of the

additive model were added (interaction between two variables are indicated with a colon).

An interaction between 'hours after application' and 'pesticide' might indicate a difference in

attenuation processes between pesticides.

Using the step-wise selection routine in S-PLUS 2000, the less significant parameters in the

rich model were removed. The resulting reduced model (eq. 2.5, Table 2.11) shows that

measured flux correlates with natural (not subcooled) vapor pressure estimated at the

corrected surface temperature, application rate, wind speed at the sampling height, and time

following application. The fit of the statistical model with flux measurements during the first

72 hours for both applications is shown in Fig. 2.28.

F = U7Ocma .SVD(T)b App.Ratec e const Eq. 2.5

F - (ug/m2/hr) volatile loss over the measurement period.

S.V.D.(T) (ug/m3) saturated vapor density of the chemical in its natural state.

App. Rate (mg/rn2) label application rate.

k decay constant for a particular pesticide; assumes the sum of all factors

responsible for attenuation are constant with time (hi1).

u7 - wind velocity at the sampling height (mis).

- time following application (hr).

const - constant including unit conversion factors; also dependent on plot conditions

and transfer processes normalized for wind speed.

a, b, and c - regression coefficients for statistical model.

The regression coefficients in Table 2.11 correspond to exponential values (a, b, c, and k) of

each term in eq. 2.5. The statistical model indicates that a 100% increase in the median

saturated vapor density is associated with a 102% increase in median observed flux (95%

confidence interval 86 to 119%, 106 degrees of freedom). A 100% increase in the median
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windspeed is associated with a 35% increase in the median flux (95% confidence interval 2

to 59%, 106 degrees of freedom). A 100% increase in the median label application rate is

associated with a 100% median increase in loss (95% confidence interval 34 to 199%, 106

degrees of freedom). The attenuation of flux (k in eq. 2.5) also varies between pesticides

(p<0.000l, 106 degrees of freedom), indicating that difference in attenuation processes

relative to volatile loss (such as penetration, degradation, etc.) is significant between

chemicals. The half-lives of each of the chemicals and their 95% confidence intervals are

listed in Table 2.12. The saturated vapor density of the chemical in its natural state is listed

for comparison. The relative contribution of volatile loss compared to other mechanisms

responsible for pesticide loss at the leaf surface cannot be determined.

Results from further statistical analysis indicate the vapor pressure of the chemical in its

pure, natural state (solid for all but propiconazole) explains more variance about the

estimated mean than the subcooled liquid vapor pressure (60.5% of sum of squares, as

opposed to 36.4% for the subcooled liquid, 106 degrees of freedom). The influence of solar

radiation is also significant (p<O.0001, 105 degrees of freedom), indicating that the method

used to measure surface temperature does not completely account for the diel changes in

flux, after accounting for wind speed and vapor pressure variation with surface temperature.

2.5 Conclusion

In this study, initial volatile loss of pesticides from turfgrass appears to be strongly related to

the variation of vapor pressure with temperature, average wind velocity, and application rate.

The vapor pressure of the pure, natural state of the chemical accounts for a larger proportion

of the variance of flux than the vapor pressure of the subcooled liquid. Attenuation of volatile

loss followed a one or two step exponential decline with a period of rapid loss followed by

slower loss. Dislodgeable foliar residues for triadimefon and ethofumesate appear to work

as a surrogate measurement for residues on the leaf surface that are available for

volatilization. A large proportion of the applied chemical could be accounted for in the

dislodgeable residue measurements of triadimefon and ethofumesate (70 - 100% of

application rate according to analysis of tank samples). The half-lives of volatile loss rates

are not correlated with vapor pressure, indicating that attenuation factors other than

volatilization are significant and differ between chemicals.
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Suggested improvements to the experimental design include using higher quality sensors to

reduce measurement errors stated previously (thermocouple wind sensors, infrared surface

temperature probes, sonic anemometers to determine atmospheric stability, etc.), as well as

using a circular area of grass for application. Simultaneous extraction and analysis of

multiple pesticides in DFR samples was a significant challenge, especially as the sample

matrix changes with drought or grass growth during later periods when the growth regulator

loses its potency. Robust DFR analytical methods should be developed prior to application

of selected pesticide mixtures.

The relationships between initial volatile loss rates and the vapor pressure of the active

ingredient, as well as the correlation of volatile loss with dislodgeable foliar residue

measurements seem to support the view that initial volatile loss occurs mostly from discrete

deposits where the chemical is in a state similar to its natural form and vapor pressure is the

relevant partition coefficient affecting volatilization during this time period. However, the

relevance of Koa1 as a partition factor should be considered. Accurate measurements of

Koa' at different temperatures would help determine whether pesticide interaction with the

leaf surface affects volatile loss, especially during later periods of the experiment. Fig. 2.29

shows a probable pesticide air/grass partition model using both Koa1 and vapor pressure.

The circled area represents the processes that are within the scope of the measurement

methods used in this study.



Table 2.9: Cumulative volatile loss, expressed as percent of amount applied during first 24 hours following application vs. saturated
vapor density (S.V.D.) for solid P or subcooled

L vapor pressure, inverse octanol/air partition coefficient (Koa1), application rate, and
environmental parameters.

pplication Percent of P (Pa) @ S.V.D., Subcooledf Koa1 (Kh/Kow) @25°c, pp. rate Wt. avg. Wt. avg. Total wt. avg.
applied amt. 25 °C p @ 25°c S.V.D., unitless (kg/ha) Surface Ambient R (MJ) run relative

lost in 24 (ug/m3) (ug/m3) L @ 25 °C median temp. (°C) temp. (m) humldty
hours (uq/m3) (mm - max) (°C) (%)chlorpyrifos 1 8.2 2.5E-03 354 534 5.13E-09 1.86 21 16 29 41 66

3.7E-03 524 790 (9.06E-lOto 1.56E-6)
3.9E-03 552 833
2.3E-03 326 491

triadimefon 1 1.0 2.OE-06 0.2 1 4.22E-12 3.05 21 16 29 66
6.OE-05 7 26 (1 .84E-1 2 to 5.31 E-1 1)

ethofumesate 1 3.2 8.6E-05 10 28 2.98E-09 2.55 21 16 29 T 66
6.5E-04 75 209

propiconazole 2 0.6 5.60E-05 8 2.74E-11 2.16 27 25 26 60
(1.31E-11 to5.11E-11)

triclopyr 2 2.2 1.68E-04 17 294 1.27E-08 1.14 27 25 26 25 60
(9.31E-8 to 3.05 E-7)

References for Kh and Kow @25°C: chlorpyrifos (Mackay et at., 1997): Kh (unitless), 4.04E-04, 7.06E-04, 1.69E-04, 3.19E-03, 1.69E-04; log Kow, 5.11, 4.99, 3.31,
4.82, 4.27, 5.04, 4.67, 4.77, 4.96, 5.2, 4.6, 4.97, 4.41, 5, 5.267, 5.2, 4.7, 4.73, 4.3, 3.99, 4.96, 5.27; triadimefon: Kh (unitiess), 3.35 E-9 (p://wizard.arsusda.qov/); log
Kow, 1.8, 3.26, 2.77, 3.18, 2.9, 3.26, 2.77 (Mackay et at., 1997); ethofumesate(http://wizard.arsusda.gov/): Kh (unitless), 1.49E-06; log Kow, 2.7; propiconazole
(Mackay et at., 1997): Kh 25°C (unitless), 1.61E-07,6.86E-08; log Kow, 3.5, 3.72. triclopyr (VVeed science society of America herbicide handbook, 7th ed., 1994): Kh 25°C
(unitless), 3.35E-08; log Kow, 0.42 (pH 5), -0.44 (pH 7), -0.96 (pH 9).Svapor pressure sources listed in chapter 3 (Table 3.3).
t conversion of vapor pressure between the solid, P, and subcooled liquid, P1, at temperature I (K), can occur below the melting temperature I,,, (K), using the formula,
In (PjP) = 6.8(1,,, - T)IT (Mackay et at., 1982).

liquid at 25 °C.

C),

C)
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Figure 2.25: Volatile loss of applied pesticides from turfgrass during first 24 hours,
expressed as percent amount applied correlated with saturated vapor density (S.V.D.) of
active ingredient, 25 00 Markers for each pesticide indicate values of vapor pressure found

S.V.D. for
each pesticide.
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Percent loss during 24 hrs due to volatilization
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Figure 2.26: Volatile loss of applied pesticides from turfgrass during first 24 hours,
expressed as percent amount applied correlated with saturated density of subcooled liquid,
25 00 Markers for each pesticide indicate values of vapor pressure found in the literature
(see Table 2.9). R2 value computed from the median value of S.V.D. for each pesticide.
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Figure 2.27: Volatile loss of applied pesticides from turfgrass during first 24 hours,
expressed as percent amt. applied correlated with calculated value of Koa1 (Kh/Kow) of
active ingredient, 25 °C (log/log scale). Error bars indicate ranges of Koa1 values computed
from the literature (see Table 2.9). R2 value computed from median values of each
pesticide.
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Table 2.10: Enriched model relating volatile loss measurements during first 72 hours
following pesticide application for mixtures (triadimefon+chlorpyrifos+ethofumesate) and
(triclopyri-propiconazole) applied in 1996.

Varlable* Type* Transformatlon Questlon*

Flux, ugim2ihr numeric log Response variable

Saturated vapor density, numeric log Is flux proportional to the vapor
(S.V.D.(T)), ug/m3 pressure of the natural-state at a

measured surface temperature?

Subcooled saturated vapor numeric log Is the subcooled vapor pressure more
density (S.V.D.(T)), ug/m3 representative of the vapor pressure of the

pesticide on the leaf surface than the
vapor pressure of the chemical in its
natural state?

Application rate, mg/rn2 numeric log Is flux proportional to the initial amount
of chemical applied?

Wind velocity@ 70 cm numeric log Is flux proportional to the wind velocity
(mis) at the sampling height?

Hours following application numeric linear (none) Does flux decrease exponentially with
time?

Application number (1, 2) indicator N/A After being normalized for vapor pressure
and application rate, is flux significantly
different between the two applications?

Pesticide (a, b, c, d, e) indicator N/A After accounting for vapor pressure and
application rate, are there other pesticide
factors that cause differences in flux
between chemicals.

Hours Pesticide (a, b, c, numeric linear After accounting for vapor pressure
d, e) and application rate, are there other

pesticide factors that cause differences
in attenuation rates between chemicals.

*bold indicates elements for simple attenuation model selected by step-wise selection. Model results are listed
in Table 2.11.



Table 2.11: Results of a multiple linear regression analysis of volatile loss rates of five
pesticides from turfgrass during the first 72 hours following application using parameters
selected from Table 2.10 by stepwise regression (S-PLUS 2000 statistical software).

Influx ln.svd.natural state + ln.windspeed 70cm + ln.application.rate + Pesticide:Hours
Regression Coeff. value td. Error value r(>ltl)
(Intercept) .4466 .5850 1.0672 .00009
ln.svd.natural state 1.0175 .0581 17.5088 .00000
ln.windspeed 70cm ).3495 .1616 .03284
ln.application.rate 0.9978 .2932 j929 .00094

orpyrifos: Hours 0.0357 .0039 j2145 .00000
ofumesate: Hours ).0010 .0039.2523 .80130

triadimefon: Hours 0.0064 .0045 }1 .41 92 .15877
propiconazole: Hours 0.0191 .0041 j-4.7105 .00001
Ltr!clopyr. Hours 0.0864 p.0058 j-14.8889 .00000
Residual standard error: 0.549956439 on 106 degrees of freedom.
Multiple r-squared: 0.914624795.
F-statistic: 141.947285 on 8 and 106 degrees of freedom, the p-value isO.
35 observations deleted due to missing values.

ANOVA Analysis Deg. freedom Sum of Squares Mean Squares F Value Pr(F
ln.svd.natural state 1 225.5 225.5 745.5 0.00000
rispeed70 1 34.6 0.00000
ln.application.rate 1 25.4 25.4 84.1 0.00000
Pesticide:Hours 5 82.1 16.4 54.3 0.00000

dtials 106 32.1

Table 2.12: Saturated vapor density at 25 °C compared with half-life attenuation constants
computed from Table 2.11.

Chemical k (hour1) std. error t1/z (hr) t1/2 upper
95% C.l.

t%, lower
95% C.I.

S.V.D. ug/m3
@ _ 25 °C

ethofumesate 0.001 0.0039 -693 -79.5 103.1 75
clop -0.0864 0.0058 8 9.3 7.1 17

chlorpyrifos
propiconazole

-0.0357
-0.0191

0.0039
0.0041

19
36

24.8
63.1

16.0
25.5

354
8

triadimefon -0.0064 0.0045 108 -276.2 45.3 _ 56
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CHAPTER 3: ESTIMATION OF PESTICIDE VAPOR PRESSURES USING THE GC
RETENTION METHOD

Abstract: The GC retention method was used to estimate vapor pressures for five pesticides

(triclopyr, ethofumesate, triadimefon, chlorpyrifos, and propiconazole) over a range of

environmentally relevant temperatures. Retention times were compared with fourdifferent

reference chemicals (diazinon, eicosane, dibutyl phthalate, and p-p' DDT) whose vapor

pressure/temperature relationships have been determined using direct methods. Vapor

pressure estimates for each pesticide were selected based on chemical similarity between

the pesticides and reference compounds. The results affirm previously reported sources of

error for semi-polar and polar compounds - specifically, vapor pressure estimates assume

that relative retention times for the test compounds are determined by vapor pressure only,

while differences in activity coefficients between test and reference compounds may also

influence relative retention times. In addition, when the measured vapor

pressure/temperature relationship for the reference compound is within the temperature

range of interest for the test compounds, temperature extrapolation error is minimized.

3.1 Introduction
Knowledge of pesticide vapor pressures over a range of environmentally relevant

temperatures is important to understanding factors influencing their volatilization (Woodrow

etal., 1997). Presently, published values of vapor pressure are scarce and for a given

pesticide often vary widely (Mackay et al., 1997). In addition, rarely is pesticide vapor

pressure data available over a range of temperatures. Efforts to understand factors

controlling pesticide volatile loss have identified temperature-controlled partitioning as an

important aspect of pesticide environmental behavior (Jenkins et al., 1993). Improved

methods for estimating pesticide vapor pressure will aid in filling this data gap.

Delle Site (1997) reviewed the precision and accuracy of various experimental and

theoretical methods for estimating chemical vapor pressures. For the purposes of this

discussion these methods can be divided into two classes; direct methods such as the

effusion and gas saturation methods, and indirect methods which include the gas

chromatography (GC) retention method used in this study. The vapor pressure of a test

compound is estimated by measuring a relative retention time to a reference chemical for

which the vapor pressure/temperature relationship has been determined by direct methods.

The accuracy of the GC retention method is influenced by the accuracy of the
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pesticide/temperature relationship of the reference compound and the assumption that the
relative retention time of the test compound is a function of vapor pressure only (Delle Site,
1997).

3.1.1 Review of benefits and shortcomings of the method
Several authors have used the GC retention method to estimate the vapor pressure of

semivolatile compounds: Mackay et al., 1997; Wong, 2001; Bidleman, 1984; Hinckley et al.,

1990; Westcott and Bidleman, 1981; Jensen and Schall, 1966; Hamilton, 1980.

The advantages to the GC retention method are speed, reproducibility, small sample size

(typically milligrams), and less reliance on chemical purity compared with direct methods.

The main disadvantage of the GC retention method is that for a range of semi-polar to polar

compounds, in addition to vapor pressure, activity coefficient differences compared to the

reference compound may also influence relative retention times (Hinckley et al., 1990). Use

of a non-polar stationary phase can minimize error associated with activity coefficient

differences (Bidleman, 1984). In addition, when the vapor pressure/temperature relationship
for the reference compound is within the temperature range of interest for the test

compounds, temperature extrapolation error is minimized (Hamilton, 1980).

3.1.2 Theory
The central equations used for computing vapor pressure from GC retention data are listed

in Table 3.1. Eq. 3.1 states that the retention time is inversely proportional to the vapor

pressure of the subcooled liquid (Bidleman, 1984). Eq. 3.2 shows that the vapor pressure in

the GC stationary phase is modified by the activity coefficient of the chemical in the

stationary phase. Eq. 3.3 is a slope-intercept equation whose parameters, [1-

1vapHL,1IzvapHL,2I and C, are estimated from a series of isothermal GC runs at different

temperatures. The heat of vaporization of the reference compound, LVaPHL, 2 as well as the

subcooled or liquid vapor pressure, PL2, must be known in the range of temperatures for

which the test compound vapor pressures are sought. The success of eq. 3.3 in estimating

heats of vaporization of the test compound, ivapHL1, requires E,vapHL1/EyapHL2 to remain

constant with change in temperature and the activity coefficients of both the test and

reference compounds to be relatively similar in the GC stationary phase, i.e., Y1Y2.

Typically, polar compounds have a higher activity in a non-polar stationary phase.

Consequently, if a non-polar reference compound is used, the vapor pressure of a polar test
compound is likely to be overestimated (Bidleman, 1984).
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Table 3.1: Equations used to compute vapor pressures from GC retention data. Subscripts
indicate test compound (1) and reference compound (2).

tRt 72L,2
Eq.3.1

tR,2 71'L,I

GCL7 Eq.3.2

tRI A VaPHL,I 1

,2
in(

Eq. 3.3

tR,2
[

[AvapHL,2)] 72

ln= 1

lnPLl = '.lnP in[J +

Eq.3.4
[AvaPHL

1

AVaPHL2j 72

C constant.

PL - (Pa) vapor pressure of (subcooled) liquid.

PGC - (Pa) vapor pressure of chemical in GC column.

tR - (mm) retention time.

vapH - (kJ/mol) enthalpy of vaporization at the melting temperature.

y - activity coefficient of chemical in GC stationary phase.

Bidleman (1984) has confirmed that vapor pressure estimates using the GC retention

method correspond to the subcooled liquid, even when using column temperatures below

the melting point of the chemical. Table 3.2 lists the equations used to estimate and convert

vapor pressures between the subcooled liquid and solid forms over small temperature

ranges. These are useful for comparing estimates of vapor pressure in this study with

previously reported values of the chemicals in their solid form at ambient temperatures.

Measurements of enthalpy and entropy of fusion and fUSS) are obtained using

differential scanning calorimetry and published values using this method are available for

some compounds (Hinckley et at., 1990). If neither ifuSH or L\ft5S are available, a value of

56.5 J/K/mol is typically used for rigid organic compounds (Mackay et al., 1982).

Yalkowsky (1979) suggests that such an estimate can carry an uncertainty of ±14.5 J/K/mol.

The contribution of this error to computed values of P from PL depends on the difference of

the melting temperature, Tm, and the temperature, T, used to calculate P.
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The GC column temperature range used to determine relative retention times between test
and reference chemicals was 110-150 °C, which is on the order of 100 °C greater than

environmentally relevant temperatures. As heat of vaporization changes with temperature,

temperature extrapolation error can be minimized if: 1) The method of determining vapor
pressure for the reference chemical is valid at both the GC column temperatures and

environmentally relevant temperature ranges (Bidleman, 1984), or 2) The ratio of the heats

of vaporization for both the test and reference chemicals remain constant over a temperature

range that includes the GC temperatures and environmentally relevant temperatures

(Hamilton, 1980). The latter assumption was used in the research presented here.

Table 3.2: Equations used to compute vapor pressure from thermodynamicparameters.

A H A syap yap
Eq.3.5

lnP +L RT R

ASUbH ASUbS Eq.3.6
lnP =S RT R

(L AS 7_T) Eq.3.7

R(Tml =

A H
fus

Eq.3.8A Sfusq
AbS=AvapS+Af.S Eq.3.9

A5bH AvapH+AjusH Eq. 3.10

PL - (Pa) vapor pressure of (subcooled) liquid.

Ps - (Pa) vapor pressure of solid.

T - (K) temperature at which P is being calculated.

Tm - (K) melting temperature.

fusH - (kJ/mol) enthalpy of fusion at the melting temperature.

sUbH - (kJ/mol) enthalpy of sublimation.

ASUbS - (J/K/mol) entropy of sublimation.

LfUSS - (J/K/mol) entropy of fusion at the melting temperature.

vapS (JIKJmol) entropy of vaporization at the melting temperature.

R - 8.3 14 (JIK/mol) Ideal gas constant.
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3.2 Methods and materials
A polydimethylsiloxane fused silica capillary column (J&W: DB-1, 1.15 m, 0.32 mm i.d., 0.25
urn film thickness) was installed into an HP GC5890 with flame ionization detection. The

inlet conditions were: splitless injection (2uL); temperature, 250 °C; and pressure, 0.5 psi.
The column flow rate was 10.2-1 2.8 mLlmin (H2), and the column displacement time was
0.5 sec. The detector conditions were: Temperature, 280 °C; Air flow, 278 mL/min; H2 flow,

6.6 mUmin. The data acquisition range was set at 20 Hz. The accuracy of the GC oven

temperature was checked using a calibrated thermometer inserted into an empty injection

port half way into the oven. The thermometer and GC temperature readings were compared

at 10 °C intervals over the temperature range 110-150 °C. The GC oven was consistently

1.5-2 °C lower than the thermometer reading. Temperature can vary with location in the

oven, so the systematic difference was ignored.

3.2.1 Test compounds
Analytical standards for triclopyr, propiconazole, chlorpyrifos, triadimefon, and ethofumesate

were obtained from Chem Service and certified to have a purity of 99%. Published vapor
pressures for these compounds, determined by direct methods, are presented in Table 3.3.

Since values of vapor pressure for triclopyr were available at several temperatures, LsUbH

and iSUbS were calculated using eq. 3.6.

3.2.2 Selection of reference compounds

Reference chemicals were selected to have similar polarity and volatility as the test

compounds. Three reference chemicals commonly used in GC retention studies were

selected: eicosane, di-butyl phthalate (DBP), and p-p' DDT. The organophosphate,
diazinon, was also used as a reference compound as it is similar to chlorpyrifos. Information

of AvapH and ivapS for these four compounds is listed in Table 3.4. Vapor pressure

equations (eq. 3.5 or 3.6) were selected from experiments using the same method of

measurement (gas saturation) and occurred at or near the ambient temperature range for

which test compounds vapor pressures were needed. Analytical standards for the reference

chemicals were obtained from the following sources: DBP, 99+% (Alfa-Aesar); diazinon,

97.3% (EPA), p-p DDT, no assay for purity (EPA); eicosane, 99% (Avocado Research).

The vapor pressure equation of p-p' DDT (solid) was converted to the subcooled liquid for

GC measurements using eq. 3.8, 3.9, and 3.10 and a published measurement of S

(Mackay et al., 1997).

The method(s) used to obtain vapor pressure values for triclopyrwas not listed in the published source.
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Table 3.3: Test compounds used in GC retention measurements ofvapor pressure.

chiorpyrifos: mw. (glmol): 350.6
ci

CAS: 2921-88-2 m.p. (°C): 43 oChemical Class: V.P. (Pa): (25 °C) 0.00251, 0.00371,
/ \Insecticide; 0.00391 0.00231. (20 °C) 0.001451, -0 P Cl

organophosphate- 0.00151: 000231, 0.000881,

pyridine 0.000521 (30 °C) 0.01 041 (35 °C) S
Trade Name: 0.0122 Cl
Dursban 4EC ivapH (kJ/mol): -

LvapS (J/mol/K): -

f5H (kJ/mol): 261

triadimefon: m.w. (glmol): 293.8
CAS: 43121-43-3 m.p. (°C): 82.3
Chemical Class: V.P. (Pa): (25 °C) 2.00E-061,
Fungicide; triazole, 6.00E-051 (20 °C) 2.00E-051
conazole 1.07E-3 (40°C) 2.00E-03'

N...Trade Name: vapH (kJ/mol): NBayleton ivapS (J/mol/K): -

ethofumesate: m.w. (glmol): 286.3 0CAS: 26225-79-6
Chemical Class:

m.p. (°C): 70
V.P. (Pa): (25 °C) 8.60E-053,

'.-... 'i
benzofuran 6.50E-043 Q
Trade Name: vapH (kJImol) -

Prograss EC ivapS (J/mol/K): -

triclopyr (acetic m.w. (glmol): 256.5 Cl Clacid): m.p. (°C): 149
CAS: 55335-06-3 V.P. (Pa): (25 °C) 1.68E-044,
Chemical Class: (40 °C) 7.07E-044 (50 °C) 1 .37E-
herbicide; pyridine; 03, (70 °C) 1 .39E-024 Cl N
organochlorine; 5H (kJ/mol): 82.411
pyridyloxyacetic subS (JImol/K): 203
acid
Trade Name:
Turfion Ester 0
propiconazole: m.w. (g/mol): 342.2

N NNCAS: 60207-90-1 m.p. (°C): liquid
Chemical Class: V.P. (Pa): (25 °C) 5.60E-051,
fungicide; tnazole, (20 °C) 1 .30E-041

_?
conazole LvapH (kJ/mol): -

Trade Name: vapS (JimoliK): - Cl
Banner Maxx

Published values of vapor pressures (bold indicates selected value for comparison of experimental results):
1. Mackay, D.; Shiu, WY.; Ma, K.C. illustrated handbook of physical-chemical properties of environmental

fate for organic chemicals, volume V", Lewis Publishers, Inc., 1997.
2. AGROCHEMICALS HANDBOOK, Royal Society of chemistry: Nottingham, UK, 1983.
3. Reviews of environmental contamination and toxicology Vol. 123, Springer Verlag, NY.
4. Herbicide handbook, 7th ed., Weed science society of America, 1994.
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Table 3.4: Reference compounds used in CC retention measurements of vapor pressure.

DBP (di-n- m.w. (g/mol): 278.3 0

butyl m.p. (°C): -35
phthalate) V.P.(Pa): (25 °C) 3.75 E-33
CAS: 84-74-2 ivapH (kJ/mol): 93.16 o

vapS (J/mol/K): 258.62
V.P. measurement method: gas
saturation, cold trap, GC analysis3
Temperature Range (°C): 60-160 o
Used as GC reference compound (2,5,6)

diazinon m.w. (glmol): 304.3 S
CAS: 333-41-5 m.p. (°C): 20

V.P.(Pa): (25 °C) 1.4E-23
(kJ/mol): 76.874ivapH

EvapS (J/mol/K): 220.40
V.P. measurement method: gas
saturation, cold trap, GC analysis3
Temperature Range (°C): 25-45
Used as GC reference compound in: none

n-eicosane m.w. (g/mol): 282.6 CH3(CH2)18CH3
CAS: 112-95-8 m.p. (°C): 36.7

V.P.(Pa): (25 °C) 3.6 E-47

ivapH (kJ/mol): 93.388
vapS (J/mol/K): 263.96

V.P. measurement method: gas
saturation, CO2 combustion, IR analysis3
Temperature Range (°C): 71-107
Used as CC reference compound (1,2)

p-p' DDT mw. (glmol): 354.5
CAS: 20-29-3 m.p. (°C): 108 Cl

V.P.(Pa): (25 °C) 2.00 E-53
5H (kJ/mol): 11 8.2& Cl I

Nc1

LsbS (J/mol/K): 313.36 Cl

S (J/mol/K):26.3
V.P. measurement method: gas
saturation, cold trap, GC analysis3
Temperature Range (°C): 20-40
Used as GC reference compound (1,4)
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Fig. 3.1 shows an example chromatogram for several compounds at 150 °C. Based on

relative retention times, four different solutions were prepared each containing at least three

reference chemicals for each test compound (Table 3.5). To minimize temperature

extrapolation error, the lowest practical GC temperature column temperatures (110-150 °C)

that gave adequate peak resolution were selected. At least two replicates of each mixture

were chromatographed under isothermal conditions at 110, 120, 130, 140, and 150 °C. For

all runs, variation of ln(titR) did not exceed 5%.

i RsuIts

Table 3.6 shows a ranking of the chemical retention time compared to reported vapor

pressure values determined by direct methods. Vapor pressures at25 °C are adjusted using

eq. 3.7 to reflect the vapor pressure of the subcooled liquid. The ranking is generally

consistent with relationship described by eq. 3.1, i.e., chemicals with higher subcooled vapor

pressures have shorter retention times. An exception was eicosane, which eluted later than

expected. Because eicosarie ranks as the least polar of the compounds tested, its

concomitantly low activity coefficient in the GC stationary phase is a likely source of bias.

Plot of ln(t/tR) vs. PL

Relative retention time data for each test/reference compound combination (In t/tR) over the

GC temperature range was plotted vs. the subcooled vapor pressure of the reference

compound, PL, to estimate the slope, [l-vapHL,1/i\vapHL,21 and intercept, C, parameters of eq.

3.3 (Table 3.7). Fig. 3.2 displays this plot for triclopyr. In most cases the R2was >0.99;,

however, for DBP and triclopyr, R2 = 0.85, and for DBP and triadimefon, R2 = 0.95 (Fig. 3.3).

This may be an artifact due to the similarity of heats of vaporization for both the reference

and test compounds, resulting in small values of computed slope. Also, for DBP and

propiconazole, R2 = 0.95, with deviation from linearity occurring at lower GC temperatures

(Fig. 3.4). This may be due to saturation of the stationary phase at lower temperatures

resulting in a change in propiconazole activity. Uncertainties due to these biases are

incorporated into the error estimates of the enthalpy and entropy values for eq. 3.5 and 3.6

and appear in Table 3.8.

The estimated values for the heat of vaporization, AVaPHL1, and entropy of vaporization,

AvapSLl, of the test compounds in the ambient temperature range were computed using the

regressed slopes in Table 3.7 and known values of AvapHL2 for the reference compound.

Eq. 3.4 was then used to extrapolate the vapor pressures of the test compounds to 25 °C
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Figure 3.1: Example thromatogram for compounds in solution I at oven temperature,
150 °C. Peak identities from left to right are: triclopyr, ethofumesate, DBP, triadimefon,
eicosane, and propaconazole.
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Figure 3.2: Plot of retention time ratio, between triclopyr, tR, and reference compounds,
vs. subcooled liquid vapor pressure of reference compound. V-axis in units of

In (mm/mm). X-axis in units of In (Pa). Slopes, intercepts, and R-squared values are for
equation 3.3. See Table 3.7 for complete listing of these values for test compounds and
Table 3.10 for reference compounds.
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Figure 3.3: Plot of retention time ratio, between triadimefon, tR, and reference compounds,tRief, vs. subcooled liquid vapor pressure of reference compound, PL. Y-axis in units ofIn (mm). X-axis in units of In (Pa). Slopes, intercepts, and r-squared values are forequation 3.3. See Table 3.7 for complete listing of these values for test compounds andTable 3.10 for reference compounds.
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Figure 3.4: Plot of retention time ratio, between propiconazole, tR, and reference
compounds, tR,ref, vs. subcooled liquid vapor pressure of reference compound,

PL. Y-axis
in units of In (mm). X-axis in units of In (Pa). Slopes, intercepts, and r-squared values are
for equation 3.3. See Table 3.7 for complete listing of these values for test compounds
and Table 3.10 for reference compounds.
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Figure 3.5: Chlorpyrifos (solid): Clausius Clapeyron plot of estimates vapor pressure (Pa)
vs. temperature using diazinon, eicosane, and p-p' DDT, 0 40 °C. Values are
extrapolated from GC retention data listed in Table 3.7. The plotted values have been
corrected to represent vapor pressure of the solid form of chemical using equation 3.7.
Line represents selected values. Literature values of vapor pressure from Table 3.3 are
included in the plot for comparison to estimated values.
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Figure 3.6: Triadimefon (solid): Clausius Clapeyron plot of estimates vapor pressure (Pa)
vs. temperature using diazinon, DBP, eicosane, and p-p DDT, 0 - 40 °C. Values are
extrapolated from GC retention data listed in Table 3.6. The plotted values have been
corrected to represent vapor pressure of the solid form of chemical using equation 3.7.
Line represents the reference compound believed to provide the best estimate of the true
value. Literature values of vapor pressure from Table 3.3 are included in the plot for
comparison to estimated values.
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Figure 3.7: Ethofumesate (solid) Clausius Clapeyron plot of estimates vapor pressure (Pa)
vs. temperature using diazinon, DBP, eicosane, and p-p' DDT, 0 - 40 °C. Values are
extrapolated from GC retention data listed in Table 3.7. The plotted values have been
corrected to represent vapor pressure of the solid form of chemical using equation 3.7.
Line represents the selected value. Literature values of vapor pressure from Table 3.3 are
included in the plot for comparison to estimated values.
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Figure 3.8: Triclopyr (solid): Clausius Clapeyron plot of estimates vapor pressure (Pa) vs.
temperature using DBP, elcosane, and p-p' DDT, 0 - 70 °C. Values are extrapolated from
GC retention data listed in Table 3.7. The plotted values have been corrected to represent
vapor pressure of the solid form of chemical using equation 3.7. Line(s) represent selected
values. Literature values of vapor pressure from Table 3.3 are included in the plot for
comparison to estimated values.
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Figure 3.9: Propiconazole (liquid): Clausius Clapeyron plot of estimates vapor pressure
(Pa) vs. temperature using diazinon, DBP, and eicosane, 0 - 40 °C. Values are
extrapolated from GC retention data listed in Table 3.7. Line represents the selected
values. Literature values of vapor pressure from Table 3.3 are included in the plot for
comparison to estimated values.



Table 3.5: Approximate amounts of test and reference compounds in I mL solutions used for GC injection. Test compounds in bold.

Solution 1: Solution 2: Solution 3: Solution 4:
ethofumesate (100 ug) chlorpyrifos (110 ug) triclopyr (84 ug) propiconazole (40 ug)
triadimefon (80 ug) diazinon (30 ug) DBP (80 ug) diazinon (30 ug)
diazinon (30 ug) eicosane (62.5 ug) eicosane (62.5 ug) DBP (80 ug)
DBP (80 ug) p-p' DDT (40 ug) p-p' DDT (40 ug) eicosane (62.5 ug)
eicosane(62.5 ug)
p-p DOT (40 ug)

Table 3.6: Ranking of subcooled vapor pressures, PL, with retention times in DB-1 column at 110 °C and 150 °C oven temperatures.

Compound P (Pa), 25°C P. (Pa)j, 25°C tR (mm), 150 °C tR (mm), 110°C
diazinon - 1.11E-2 1.24 8.4
triclopyr 1.68 E-4 2.8 E-3 1.33 9.9
ethofumesate 6.5 E-4 1.81 E-3 2.16 15.8
DBP - 1.55 E-3 2.35 18.2
chlorpyrifos 2.5 E-3 4.57 E-3 2.57 18.8
triadimefon 6 E-5 2.2 E-4 2.69 20.3
eicosane - 1.55 E-3 3.6 33
p-p DOT 4.48 E-5 1.08E-4 10.1 96.6
propiconazole - 5.6 E-5 10.65 109

tPL- the vapor pressure of the subcooled liquid, was estimated from the literature vapor pressure of the solid, Ps, using the conversion,
In (PL/Ps) = tfusSIR(Tm - 25)1298, where Tm is the melting temperature in degrees Celsius and S is the entropy of fusion. For
compounds without measured values of or iHfUS an average value of AfUSS = 56.5 J/K/mol was used.

-1
0)



Table 3.7: Estimated regression parameters test chemicals using GC retention data over 110 - 150 °C oven temperature range and
equation 3.3. Slope corresponds to [lvapHL,1/vapHL,2]. n = 15 measurements for chiorpyrifos and n = 10 for other compounds.

Test compound Ref.
compound slope C Rsq

Std. V error
for regression

chiorpyrifos, (df= 13) diazinon (s) -0.037 0.899 0.99 0.003
eicosane 0.084 -0.763 1.00 0.002
p-p' DDT 0.081 -1.680 1.00 0.004

triadimefon, (df = 8) diazinon -0.047 0.995 1.00 0.003
DBP (s) 0.008 0.096 0.95 0.0022

eicosane 0.075 -0.668 1.00 0.002
p-p' DDT 0.073 -1.602 1.00 0.003

ethofumesate, (df= 8) diazinon -0.034 0.714 0.99 0.002
DBP (s) 0.019 -0.174 1.00 0.001

eicosane 0.086 -0.944 1.00 0.003
p-p DDT 0.083 -1.857 1.00 0.004

triclopyr, (df = 8) DBP (s) 0.011 -0.623 0.88 0.0046
eicosane 0.079 -1.396 1.00 0.006

p-p' DDT(s) 0.077 -2.319 1.00 0.007
propiconazole, (df = 8) diazinon -0.200 3.044 0.95 0.040

DBP (s) -0.115 2.013 0.95 0.029
eicosane -0.039 1.290 0.95 0.010

(s) selected value(s) based on structural similarity of test compound with reference compound(s).



Table 3.8: Values of vapH/$ubH and LvapS/isubS for estimating vapor pressure of subcooled liquid and solid (eq. 3.5 - 3.6).
95% confidence interval for predicted values of vapor pressure 0 70 °C.

Test compound Ref.
compound

LvapH (kJ/mol)
95% pred. conf. range

(0-70°C)

vapS

(JImol!K)
5UbH (kJ/mol)

95% pred. conf. range
(0-70°C)t

(J!mol/K)

chiorpyrifos, (df = 13) diazinon (s) 79.7 ± 0.205 221 ± 1 105.7 ± 0.205 303 ± 1
eicosane 85.5±0.182 248±1 111.6±0.182 330±1
p-p DDT 99.5 ± 0.256 278 ± 1 125.5 ± 0.256 360 ± 1

triadimefon, (df = 8) diazinon 80.5 ± 0.294 223 ± 1 101 ± 5.443 279 ± 15
DBP(s) 92.3±0.266 255±1 112±5.415 312±15

eicosane 86.4 ± 0.268 250 ± 1 107 ± 5.418 306 ± 15
p-p DDT 100.3 ± 0.201 279 ± 1 120 ± 5.350 336 ± 15

ethofumesate, (df= 8) diazinon 79.6 ± 0.331 222 ± 1 99 ± 5.306 279 ± 15
DBP (s) 91.2 ± 0.239 255 ± 1 111 ± 5.214 311 ± 15

eicosane 85.2 ± 0.332 249 ± 1 105 ± 5.307 305 ± 5
p-p' DDT 99.2 ± 0.341 279 ± 1 119 ± 5.317 335 ± 5

triclopyr, (df = 8) DBP (s) 92.3± 0.354 261 ± 1 116 ± 6.476 318 ± 5
eicosane 85.9±0.435 254±1 110±6.556 311 ±15

p-p' DDT(s) 99.9 ± 0.609 284 ± 1 124 ± 6.941 341 ± 15
literature 83 ± 13.569 204 ± 35

propiconazole, (df = 8) diazinon 92 ± 2.804 239 ± 7 - -

DBP (s) 104 ± 1.934 271 ± 5 -

eicosane 97 ± 0.782 263 ± 2

t chiorpyrifos predicted confidence range for solid (0 - 40 °C).
(s) selected value(s) based on structural similarity of test compound with reference compound(s).

.1
a,



Table 3.9: Comparison of literature and extrapolated estimates of vapor pressure for test chemicals using GC retention data.

Test compound Ref. Estimated 95% prediction or Estimated or 95% prediction or
compound PL literature range selected lit, literature range

(Pa, 25 °C) PL (Pa, 25 °C) P5 (Pa, 25 °C) Ps (Pa, 25 °C)

chiorpyrifos, (df = 13) Iiterature* 4.57 x i0 - 2.5 x 10 2.3 x iO3 -3.9 x
diazinon (s) 3.81 x 10 3.51 x 103-4.14x 10 2.01 x 10 1.6x 10-2.5x 10
eicosane 9.11 x 10 8.46x 103-9.80x 10 4.79x i0 4.Ox 103-5.8x i0
p-p DDT 1.22 x i0 1.lOx i0- 1.36x i0 6.44 x 10 5.2 x 10-8.1 x 10

triadimefon, (df = 8) literature* 2.2 x 10 - 6.0 x 10 2.6 x 10 -6 x 10
diazinon 3.44 x i0 3.06 x 10 -3.87 x 10 8.76 x 10 5.9 x 10 -1.3 x i0
DBP (s) 1.38 x 10 1.24 x i0 - 1.54 x 1 0 3.96 x 10 2.7 x 1 0 -5.8 x 10

eicosane 8.05 x i0 7.22 x 10-8.97 x i0 2.05x i0 1.4x 10- 3.0 x 10
p-p' DDT 9.97 x 10 9.20 x 10- 1.08 x i0 2.86 x 10 2.0 x 10-4.0x 10

ethofumesate, (df = 8) literature* 1.81 x 1 0 - 6.5 x I 0' 8.6 x I O - 6.5 x I 0'

diazinon 4.33 x i0 3.79 x i0 -4.95 x i0 1.64 x i0 1.2x 10 -2.3x 10
DBP(s) 2.18x i0 1.98 x 103-2.40x 10 7.30x 10 5.4x 10-9.1 x 10
eicosane 1.20x 102 1.05x 102_ 1.37x 102 4.00x i0 2.9x 103-5.6x i0
p-p' DDT 1.54 x 10 1.34x i0 - 1.76x 10 5.15 x 10 3.7x 10-7.2 x 10

*pS computed from PL using equation 3.7.
(s) selected value(s) based on structural similarity of test compound with reference compound(s).

(0



Table 3.9 (Continued.): Comparison of literature and extrapolated estimates of vapor pressure for test chemicals using GC retention
data.

Test compound Ref. Estimated 95% prediction or Estimated or 95% prediction or
compound P1 literature range selected lit literature range

(Pa, 25 °C) P1 (Pa, 25 °C) Ps (Pa, 25 °C) Ps (Pa, 25 °C)

triclopyr, (df= 8) literature* 2.8 x iO - 1.7 x 1O

DBP (s) 2.90x iO 2.51 x 103-3.35x iO 1.80x 1O 8.Ox 1O-4.1 x 1O
elcosane 1.61 x 102 1.35 x 1O2_ 1.92 x iO 1,00x 1O 4.3x 1O-2.3x 1O
p-p' DDT 2.13 x iO 1.66 x iO 2.72 x iO 1.32 x 1O 4.9x 1O-3.6 x 1O

propiconazole, (df =
8) literature 5.6 x iO - - -

diazinon 2.lOx 1O 6.77x 1O-6.51 x 1O - -

DBP 9.24x iO 4.23x 105-2.02x 1O -

eicosane 5.66x1O 4.13x1O-7.76x1O - -

*pS computed from P1 using equation 3.7.
(s) selected value(s) based on structural similarity of test compound with reference compound(s).
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Table 3.10: Estimated regression parameters for reference chemicals using GC retention
data over 110 -150°C oven temperature range and equation 3.3. Slope corresponds to
[1 AvapHL1/LvapHL2].

DBP slope C Rsq Std. error
predicted Y

diazinon -0.057 0.908 1.00 0.002
eicosane 0.067 -0.759 1.00 0.002
p-p' DDT 0.066 -1.71 1.00 0.003

diazinon
DBP 0.047 -0.86 1.00 0.002

eicosane 0.114 -1.645 1.00 0.003
p-p' DOT 0.107 -2.503 1.00 0.004

icosane
diazinon -0.138 1.697 1.00 0.003

DBP -0.067 0.721 1.00 0.002
p-p DOT 0.009 -1.081 0.92 0.003

p-p DDT

diazinon -0.15 2.802 1.00 0.004
DBP -0.077 1.816 1.00 0.003

eicosane -0.01 1.101 0.92 0.003



82
Table 3.11: Comparison between literature and estimates of vapH, AvapS, and PL at 25 °C
for reference chemicals using GC retention data.

DBP (kJil) (J/K/rnol)
PL (Pa, 25 C)

literature 93.16 259 1 .59E-03

diazinon 81.31 226 3.57E-03
eicosane 87.13 253 8.78E-03
p-p' DDT 96.77 277 3.22E-03

diazinon
literatureT 76.88 220 1 .04E-02

DBP 88.87 254 4.90E-03
elcosane 82.81 248 2.75E-02
p-p' DDT 96.77 277 3.22E-03

icosane
literatureT 93.39 264 2.63E-03
diazinon 87.38 236 1.03E-03

DBP 99.52 270 4.57E-04
p-p' DOT 107.34 294 3.48E-04

p-p' DDTI
literatureT 108.24 287 1 .04E-04

diazinon 88.38 230 3.33E-04
DBP 100.39 264 1.56E-04

eicosane 94.27 257 7.96E-04

tLiterature temperature range different from GC measurement range. See Table 3.1.
Literature value converted to subcooled liquid using equation 3.7.

* Measurement uncertainty for \vapH L and ivapS L does not exceed 0.01 kJ/mol and 1 J/KImol (95%
confidence interval) in temperature range 110- 150 °C.
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Table 3.12: Temperature variation of the activity coefficients, y,. for reference compounds:
diazinon, dibutyl phthalate, p-p DDT relative to eicosane, Yei

Temp. (°C) YDlazlYeIco YDBP l7&co YeIcJYeIco )'DDTITIco DiazIDBP

110 4.15 3.22 1.00 2.25 1.29
120 4.36 3.07 1.00 2.01 1.42
130 4.56 2.93 1.00 1.80 1.55
140 4.75 2.80 1.00 1.64 1.69
150 4.96 2.68 1.00 1.48 1.85

% change 19% -20% 0% -52% -43%

Table 3.13: Functional group similarity between test and reference compounds.

rest compound
Reference compounds containing same

functional groups
riadimefon DBP diazinon eicosane p-p' DOT
:etone x

iromatic nitrogen X
hlorinated aromatic x
'ther x

est compound
Reference compounds containing same

functional groups
hiorpyrifos diazinon eicosane p-p' DOT
romatic nitrogen x

hlorinated aromatic x
hosphate ester x

est compound
Reference compounds containing same

functional groups
thofumesate DBP diazinon eicosan p-p DOT
ther x

ulfonate____________________________________________

est Compound
Reference compounds containing same

functional groups
riclopyr DBP eicosane p-p DOT
:etone x

romatic nitrogen

hiorinated aromatic x

rest Compound
Reference compounds containing same

functional groups
ropiconazole OBP diazinon eicosane
romatic nitrogen X

thiorinated aromatic
ther x
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(Table 3.9). In most cases, this was below the melting temperature of the test compound,

and eq. 3.7 was used to convert the subcooled liquid vapor pressure to the solid. Fig. 3.5-
3.9 display plots of extrapolated vapor pressures in the temperature range 0-40 °C for the

test chemicals (0-70 °C for triclopyr) using eq. 3.4 and 3.7. The regression lines indicate the

differing estimates predicted by each reference compound (diazinon, eicosane, p-p' DDT,

and/or DBP) using GC retention data. Also included are previously-reported test compound

vapor pressure values determined using direct methods.

3.4 Discussion
In Table 3.9 and Fig. 3.5-3.9, it is apparent that the estimated value of vapor pressure for a

test compound depends on the reference chemical used. This is not surprising since it is

known that compounds with differing polarity are likely to possess different activity

coefficients in the GC stationary phase. Nitta (1982) showed the activity coefficients of

solutes in squalane (CH62) ranged from 0.48-0.73 for aliphatic and aromatic hydrocarbons,

2.0-3.7 for ketones and esters, and 17-39 for alcohols and acetonitrile.

Subcooled vapor pressures for each of the reference chemicals are compared in Fig. 3.10-

3.13 and Tables 3.10 and 3.11. The discrepancy between the actual and estimated lines are

believed to be due to relative differences in activity coefficient of the reference chemicals in

the stationary phase. Table 3.12 lists the relative activity coefficient of each reference

chemical to eicosane (yIyei) over the range of GC temperatures. Eicosane is used for

comparison since it is the least polar of the reference compounds. The data show that the

more polar compounds have higher activity coefficients. In addition,
Y'Yesco was observed to

change with temperature. We speculate that this may be attributed to the change in the ratio

of the heats of vaporization with temperature.

Table 3.9 shows estimated vapor pressure values for triclopyr, ethofumesate, triadimefon,

chlorpyrifos, and propiconazole using the GC retention method. For each test compound,

vapor pressure was estimated using at least three reference compounds. The

recommended vapor pressure estimates were selected based on structural similarity

between the reference and test compounds. Table 3.13 shows a comparison of functional

group chemistries between the reference and test compounds. Although many of the

functional groups contained in the test compounds appear in at least one reference

chemical, one notable exception is the absence a reference chemical containing a carboxylic

acid group to account for the activity of this functional group in triclopyr. Based on the above

discussion for alcohol containing solutes in a non-polar phase such as squalane, a large
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overestimation of the vapor pressure for triclopyr could occur with any of the reference

compounds used in this experiment. A comparison of test results with literature values
indicates a maximum overestimation by a factor of 5 could occur, however, the literature

values for triclopyr vary considerably within a linear regression using eq. 3.6.

On the basis of structural similarity, DBP was selected as the best reference chemical for

most of the test compounds. Exceptions include diazinon as a choice of reference chemical

for chiorpyrifos, and both p-p' DDT and DBP were selected as reference chemicals for

triclopyr. The estimates of the parameters for the vapor pressure equations (eq. 3.5 and 3.6)

for the test compounds are listed in Table 3.8.

Estimate of error
Estimates of experimental error are included in the standard error of the regression in Tables

3.7 and 3.10. Additional uncertainty in the estimated vapor pressure occurs when a

conversion of PL to Ps occurs using eq. 3.7 and 3.8, and values of vapS = 56.5±14.5 J/Klmol

or tvapH = Tm(56.5±14.5) J/Klmol are assumed. Despite a 26% uncertainty in two

parameters exponentially related to vapor pressure, the propagation of this uncertainty into

computed vapor pressure is quite small since the error of is directly proportional to

in eq. 3.8, and the error due to each term offsets the other by subtraction in eq. 3.6.

The effect of uncertainty also depends on the difference between the melting temperature of
the test compound and the temperature at which the vapor pressure is estimated (eq. 3.7).

For the temperature range 0-40 °C, the greatest error is likely to occur for triclopyr, which

has the highest melting temperature of the test compounds, and a factor of one is introduced

in the uncertainty of computed vapor pressure at 0 °C.

From previous discussion, the uncertainty in the parameters listed in Table 3.8 for estimating

vapor pressures of the test compounds can be attributed to at least four factors: 1)

experimental error; 2) conversion of a vapor pressure from a subcooled liquid to a solid

using the assumption that ivapS = 56.5±14.5 J/K/mol for a test compound; 3) difference in

activity coefficient between the test and reference compound in the GC column; 4) change of

the ratio of heats of vaporization for the test or reference compound, in eq. 3.3, by

extrapolating from measured values at GC oven temperatures to ambient temperatures.

The first and second can be estimated with reasonable accuracy and uncertainty due to the

fact that these factors are included in the 95% confidence intervals for the parameters listed

in Tables 3.8 and 3.9. Error due to the difference of reference and test compound activity in

the GC phase has been discussed and may cause a further uncertainty of the computed



vapor pressure by a factor of 0.3 to 15, assuming that the chemical's functional group

contribution to activity coefficient in the GC stationary phase is similar to squalane.

The last cause of error was assumed to be minimal, but the exact degree was not

investigated until after the experiment. For a single compound, a correlation method cited by

Mackay et al. (1982) shows that the heat of vaporization can be corrected between two

temperatures using the critical temperature, T, of the compound.

0.38 Eq. 3.11
AVQPHTI (i_ ii)

1\vapH,2 (i_ T2/T)

vapHii - (kJ/mol) heat of vaporization at temperature, T1.

AvapHT2 - (kJ/mol) heat of vaporization at temperature, T2.

Ic (K) critical temperature.

T1 - (K) temperature.

I2 - (K) temperature.

According to eq. 3.11, the heat of vaporization increases with decreasing temperature until

the critical temperature is reached. Although Tc is not known for this set of test compounds,

Mackay et al. (1982) estimates that many high molecular weight chemicals fall in the range

Ic 700-900 K. Using a temperature range of 25-130 °C that includes environmentally

relevant temperatures and GC oven temperatures, and using Tc 700-900 K, eq. 3.11

suggests a +7to +12% change in L\vapH over a temperature range of 25-130 °C. Although

this is significant, Hamilton (1980) proposes the ratio of heats of vaporization in eq. 3.3 are

less likely to change. This is plausible if the critical temperatures for both the test and

reference chemicals were similar. Assuming thatTc for the test and reference chemical are

at opposite ends of the 700-900 K range, the ratio of the heats of vaporization is unlikely to

change more than 4.3% and is probably closer to 2% since I for DBP and eicosane have

been listed as 773 K and 768 K on some material data sheets (see eq. 3.3). Unfortunately,

using the computed change of 2% still introduces a factor of 3 into the uncertainty of

estimated vapor pressure for this extrapolation range, re-emphasizing the need for GC

measurements to occur as close as possible to the extrapolated temperature.

Using the ratio of heats of vaporization approach requires reference chemical vapor

pressure measurements at environmentally relevant temperatures. In other words, AvapH for

the test chemical is computed from AapH for the reference chemical in the same
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temperature range. A review of Table 3.4 shows this requirement is met for several of the

reference compounds (60-160 °C for DBP, 25-45 °C for diazinon, 71-1 07 °C for eicosane,

and 20-40 °C for p-p' DDT). The equation for DBP was verified to be in agreement with

vapor pressure measurements at lower temperatures however the equation for eicosane

was found to overestimate the vapor pressure at lower temperatures by a factor of 3.

3.5 Conclusion
The GC retention method continues to rely on direct methods ofvapor pressure

measurement, including gas saturation and effusion methods, for estimating the parameters

in eq. 3.5 and 3.6 for reference compounds. Although this method presents several

challenges for estimating vapor pressures of semi-polar and polar compounds, the results

appear to be within the range of values produced using other methods. Since the ease and

precision of this method are exceptional, resolving the uncertainties of its use with polar and

semi-polar compounds would enhance its applicability. Current challenges include the

variation of activity of the chemical in the GC stationary phase with chemical structure and

possibly temperature. Future investigation could develop a compound class, functional

group contribution method for estimating activity in the CC phase. The necessity for

reference vapor pressure data and GC measurements to occur within the same (or as close

as possible) a temperature range to minimize errors due to extrapolation is emphasized.

This constraint makes this experiment, which involves measurements of several reference

compounds for each test compound, more difficult since a shorter GO column would be

required for chemicals having low volatility. In addition, the number of reference chemicals

available for a particular experiment may be smaller due to the temperature range of the

original vapor pressure measurements not occurring within the extrapolated or GO

temperature range. It is difficult to estimate the uncertainty of these measurements,

especially for triclopyr, since none of the reference compounds have an alcohol functional

group. Excluding this case, the selected vapor pressures of the remaining compounds in

this study are thought to be accurate within a factor of 3-4.
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CHAPTER 4: INCORPORATION OF AERODYNAMIC RESISTANCE THEORYTO
MODEL PESTICIDE VOLATILIZATION FROM TURFGRASS

1.1 Introduction

Modeling behavior of chemicals is important for assessing their fate in the environment

(Mackay, 1991). Many fate models attempt to predict chemical behavior from tabulated

chemical properties and measurable or easily estimated parameters of the environmental

system. For example, models for pesticide volatilization/movement in soils incorporate

chemical parameters of the pesticide including water solubility, diffusivity, vapor pressure,

Kh (Henry's Law constant), and Koc (organic carbon/water partition), and parameters of the

soil system including moisture content, porosity, temperature, organic carbon, and wind

speed (Woodrow et al., 1997). Environmental fate models can have a mix of mechanistic

and empirical/statistical properties. The mechanistic strengths of a model are generally

determined by the modeler's background or interest. Statistical elements or assumptions

usually limit the model's applicability to systems or conditions within their scope of inference.

Volatilization is a combination of phase partition and transport. Although environmental

chemists have a good understanding of the partition and molecular diffusion, turbulent

transport processes are often simplified or empirically estimated in many environmental

studies despite the availability of well-suited theories and measurement methods in

meteorology. Historically, transport processes in volatilization have been limited to a

description of molecular diffusion through a stagnant layer close to the surface into a well-

mixed atmospheric compartment (Whitman, 1923; Schwarzenbach et al., 1993). The

improved 'surface renewal' and 'boundary layer' models reviewed by Schwarzenbach et al.

(2002) include findings by Mackay and Yuen (1983) that turbulent transfer, in addition to

molecular diffusion, directly affect the overall rate of transfer from a surface, However,

applications of these models are usually empirically-based and limited to water or other

surfaces.

Micrometeorologists and plant physiologists have further developed the theory of the

boundary layer model for rough surfaces to predict water vapor and CO2exchange between

plant canopies and the atmosphere (Brutsaert, 1982; Jones, 1992; Monteith and Unsworth,

1990). Boundary layer theory will be incorporated into a fugacity-based model to predict

pesticide volatilization from turfgrass.
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Turfgrass presents a simplified case for pesticide volatilization from plant canopies.

Because of the short height of turfgrass, a strong microclimate does not develop inside the

canopy and the mechanisms of transport remain relatively consistent with changing wind

speed and temperature. A two-compartment fugacity-based model is proposed, consisting

of the leaf surface and the air above it. The variables of the model include the pesticide

vapor pressure and molecular diffusion coefficient of the volatilizing chemical (computed at

the grass temperature) and a transfer velocity between the atmosphere and thecanopy

calculated from the aerodynamic roughness, wind velocity, atmospheric stability, and the

average upwind fetch distance to the center of the turf plot.

4.1.1 The boundary layer

The atmospheric boundary layer, in its broadest definition, is used to describe a region of air

whose properties are affected by the features of the surface below. For example, air moving

across a water surface will possess characteristics of water vapor concentration,

temperature, and turbulent structure determined by the vapor concentration, temperature,

and roughness features of the water surface. As the air parcel reaches land, its properties

will readjust to reflect the properties of the new surface and, at the same time, transmit its

characteristics to overlying air and cause a similar adjustment process to occur. The

thickness of the boundary layer grows with distance along the new surface as more layers of

air are conditioned. In the case of a boundary layer forming over an evaporating surface, a

concentration profile of the evaporating substance will form that is concentrated near the

surface and dilute near the top. Because the shape and depth of the boundary layer are

dependent on the shape and size of the evaporating surface, evaporation rates will differ for

surfaces having different dimensions. Average evaporation rates will be greater for smaller

surfaces than larger surfaces and greater near the edge than near the center (Brutsaert,

1982) because the concentration difference across the boundary layer spans different

distances.

Although the effect of the boundary layer has been discussed as it relates to evaporation, a

similar approach can be used for the opposite process, deposition. In long-term studies of

vegetative uptake, the effect of the boundary layer can be simplified or ignored since either

equilibrium conditions are assumed to occur between the atmosphere and the surfaceor the

rates of exchange between the airlsurface interface are rapid relative to transfer between

other plant compartments (Paterson and Mackay, 1994; Tolls and McLachlan, 1994; Kemp
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and McLachlan, 1997; BOhme, et al., 1999); however, the boundary layer model may be

useful for volatilization/deposition processes occurring over a few hours toa day, such as

pesticide volatilization from one field and uptake by another field downwind, or surface

uptake from an upwind plume released by a chemical spill.

4.1.2 The fuqacity approach

Before a further discussion of transport processes occurs, some elements of the fugacity

model will be introduced.

The term fugacity was initially put forward by G.N. Lewis in 1901 to describe the 'fleeing"

tendency of a chemical from one phase to another. Although this concept has traditionally

been used to describe condensation, volatilization, precipitation, or sublimation ofa

compound between one phase and another in laboratory settings, Mackay (1991) has

broadened its use to describe chemical partitioning of a chemical between different

environmental phases (air, water, soil, biota, etc.). It has now become a useful approach for

describing fate and transport of a chemical in a broad variety of environmental systems.

These three steps have been gleaned from the fugacity approach in modeling chemical

transport between environmental phases:

1) Divide an environmental system into compartments where the chemical has a

different relative free energy each phase. The free energy difference (Gibbs energy

of phase transition) determines the fleeing tendency (fugacity) of a chemical from

one compartment to another. A chemical will have a tendency to partition from a

compartment where it has a higher fugacity to a compartment where it is lower in

fugacity. The compartments can be few or great in number and may resemble

actual compartments in an environmental system or a theoretical simplification;

however, for model validation, a compartment should relate to a measurement. The

success of the fugacity approach is, in large part, due to the attribution of chemical

partitioning behavior to tabulated properties of a chemical that resemble the

thermodynamic change of partition between compartments in the environment. The

environmental compartment properties that affect the partition (volume, flow rate,

temperature, etc.) should be measured or defined. Several researchers (Tolls and

McLachlan, 1994; Kemp and McLachlan, 1997; BOhme, et al., 1999) have

demonstrated an example of this by predicting the partition of pollutants from the
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atmosphere to many species of vegetation based on the chemical's octanol/air (Koa)

partition coefficient and a measurement of the leaf waxes, which resemble the

octanol phase, for a particular the plant species.

2) Boundaries between compartments are delineated where the transport of a

chemical compound between phases is assumed to be steady-state (concentration

difference between two phases does not change with time).

3) If a mechanism of chemical transport between phases is composed ofa series of

linked, sequentially-occurring steps, the rate of the entire process can be simplified

in terms of the rate-limiting step. Justification: If a transition process is composed of

three steps and the second step is the slowest, step two will be the rate-limiting step

or bottleneck'. This creates the condition of steady state transport in the second

step, even if the rates of the first and third steps change to a slight degree (Fig. 4.1).

Step 1:

The two environmental phases that will be considered for the fugacity approach for pesticide

volatilization from a turfgrass surface are 1) pesticide in a deposit on the leaf surface; and 2)

pesticide in a vapor in the air above the deposit. The measurement of fugacity for a

chemical between a solid and vapor form is the chemical's partition coefficient from the leaf

surface (KPA, eq. 2.1).

Step 2:

Pesticide volatilization is believed to be composed of two linked sequentially-occurring

processes:

Vaporization/Sublimation - the conversion of the pesticide in a deposit on the leaf

surface to a vapor.

Diffusion - transport of the pesticide vapor along a concentration gradient from the

leaf surface (source of pesticide vapor) to the atmosphere (sink of pesticide vapor).

The air compartments above the evaporating surface, which will be considered, are 1) the

region in the canopy where the vapor concentration is equivalent to the vapor pressure of the

pesticide on the leaf surface; and 2) the zone above the surface where the vapor

concentration becomes infinitely dilute. The rate of transport between these two
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compartments will be determined either by factors affecting the rate of vaporization (the rate

of heat transfer to the deposit or diffusive processes inside the deposit) or the vapor

transport processes that occur within the turfgrass canopy and the overlying boundary layer
of air.

Step 3:

Which of the two sequentially-linked processes in volatilization is the rate limiting step, and

therefore justifies the assumption that volatilization is a steady state process? This requires

an analysis of the steps in volatilization and diffusion.

4.1.3 Characterization of the pesticide on the leaf surface

Airborne loss rates for five pesticides applied as mixtures to turfgrass show that pesticide

vapor pressure correlates with initial volatile loss (see results in Chapter 2). These results

also indicate that volatile loss rates decrease with time following application. Earlier

research suggests that pesticide foliar dislodgeable residues (DFRs), which represent the

portion of pesticide foliar deposit that is loosely bound to the leaf surface, are most available

for volatile loss, and that volatile loss from these deposits may be similar to volatilization of

the pure substance (Jenkins et al., 1993). However, with time, pesticide DFRs may be

attenuated by incorporation into cuticular waxes, plant uptake, wind erosion, and wash off,

as well as volatile loss. Assuming that redistribution by these pathways results in a

reduction in the pesticide's inherent vapor pressure, attenuation of DFRs should result in

reduction in volatile loss. In the present study, triadimefon and ethofumesate DFRs were

measured concurrently with airborne residues over a 3-week period following application.

For both pesticides, attenuation of DFRs is correlated with a reduction in airborne loss rates.

(see Chapter 2.) Extrapolation of these results to other pesticides must also consider

product formulation and application method. The critical element of the application method

is the resulting droplet spectrum, which is a primary determinant of the size and distribution

of pesticide deposits on the leaf surface. For pesticide formulations containing volatile

organic solvents, the solvents evaporate quickly and will be absent from the deposit shortly

following application. Surfactants, emulsifiers and other formulation components often differ

in polarity compared to pesticides and have been observed to have different distribution

patterns on the leaf surfaces (Bukovac et al., 1995). Consequently, a plausible simplifying

assumption is that the pesticide active ingredient forms a separate deposit from other

components in the pesticide formulation, and the net attractive forces between the molecules
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may be similar to the chemical in its pure state. In such a case, when most of the pesticide

is volatilizing from itself, the assumption can be made that the vapor pressure of the active

ingredient is the partition coefficient (KPA) that governs pesticide volatilization from the leaf

surface during the periods immediately following application (Woodrow et al., 1997).

4.1.4 Relating vapor pressure to rates of volatilization

Vapor pressure measurements occurs under conditions of static equilibrium, i.e., when the

rate of condensation of the compound is equivalent to the rate of volatilization. This occurs

when the average energy (temperature) of the pesticide in the vapor and solid are

equivalent. In the steady-state case, which is more likely to exist in the agricultural setting,

the volatilizing molecules cause a decrease in the average energy of the remaining

molecules in the deposit. Since the heat demand for evapotranspiration of water is far

greater than for semi-volatile substances such as pesticides (Hartley and Bryce, 1980), the

leaf should able to conduct heat to the deposit at a rate needed to replenish the vapor lost

through diffusion. This assumes that molecular diffusion is the rate limiting step in the

overall volatilization process.

In summary, application of the fugacity approach makes the following assumptions:

1 .Most of the pesticide volatilization takes place from discreet deposits or films

during the period immediately following application,

2. The vapor pressure of the pesticide in a deposit is assumed to be equivalent to

the vapor pressure of the pure active ingredient.

3. The effect of evaporative cooling on the rate of pesticide volatilization is

negligible.

4. The average rate of volatilization is proportional to the pesticide vapor pressure

at the leaf surface temperature.

4.1.5 An overview of air transport processes inside and above canopies

The theories and equations governing transport processes above surfaces and canopies are

well developed and have not changed much over the last 30 years (Jones, 1992). The

equations for flux, or the mass that passes through a square area over time (ug/m2Is),



resemble Ficks Law; transport occurs along a concentration gradient, dc/dz (ugim4) and is

proportional to a transport coefficient, K (m2Is). This approach is often referred to as 'K-

theory'. The transport coefficients at various heights can easily be estimated from wind and

temperature profiles above the surface (Monteith and Unsworth, 1990).

The principles governing transport within plant canopies, however, are more complicated.

During the day, temperature inversions occur inside the canopy that suppress mixing with air

above the canopy. Under these conditions, brief erratic gusts that manage to permeate into

the canopy can be responsible for the majority vapor exchange (Jones, 1992). The opposite

can occur during the night. Adding to this complexity, larger transport scales (eddies) with

slower mixing times also occur in taller canopies. Incomplete mixing within transport scales

and inward protrusions of overlying air have been used to explain observations of counter-

gradient fluxes occurring within canopies. Approaches tomodeling canopy transport under

these conditions have included performing lagrangian (random walk) simulations of vapor

from discrete emitting sources (Raupach and Finnigan, 1988; Baldocchi, 1992; Flesch and

Wilson, 1992). These models are then conjoined with the transport processes above the

surface described by K-theory into a model with two or more layers for describing canopy

exchange with the atmosphere. Because of the short height of turfgrass, most of the

complexities arising in taller canopies do not contribute significantly, and K-theory can still be

used to model exchange processes at the surface. Therefore, single-layer model will be

constructed where the factors governing transport within and above the canopy are similarly

dependent on wind velocity.

4.1.5.1 Molecular diffusion

There are two generally accepted modes of transport in a fluid such as air: molecular

diffusion and turbulent (or eddy) diffusion. Molecular diffusion dominates transport over

short distances and in cases where the air is still. Transport occurs by brownian motion in

the direction of a descending concentration gradient (-dc/dz). Movement of chemical, as a

result of this mechanism, obeys Ficks Law:

F = -D
mol

hr
Eq. 4.1

Fmoi - (ug/m2/hr) flux due to molecular diffusion along the z-axis.

Da (m2Is) molecular diffusion coefficient for a compound in air, Da = f(fluid

temperature, molar mass, and molar volume).



dc/dz - (ug/m4) concentration gradient along the z-axis.

The diffusion coefficient (Da) is determined by the relative molecular size and mass of the

diffusing molecule and the medium. In a stationary fluid, the size and mass, of the diffusing

molecule govern its mean free path and period between collisions with the molecules of the

diffusing medium that resist its movement. A smaller, lighter molecule will have a greater

ability to diffuse than a large, heavy molecule. A method of calculating a diffusion coefficient

for an organic molecule in air, at 25 °C, with an estimated accuracy of 10%, using a

molecule's mass (m), is reviewed by Schwarzenbach et al. (1993):

1 .55E-4
D(@25°C) = (f-)

rn0'65

Eq. 4.2

Da - (m2ls) molecular diffusion coefficient for an organic molecule in air (1 atm,

25 °C).

m - (g/mol) molecular mass of the diffusing organic molecule.

Since temperature governs the period between molecular collisions and the collision radius

of a molecule, Fuller's method (1966) can be used to normalize Da for temperature:

D(T)
1.55E-4 rn2 T 1.75= ()x(
rn0'65 S 298K

Eq. 4.3

Da (m2ls) molecular diffusion coefficient of an organic molecule in air at 1 atm,

and temperature, T (K).

4.1.5.2 Turbulent diffusion

Turbulent Diffusion, or transport of a property by fluid motion, is generally the dominant

mechanism of transport in all areas of the atmosphere except within the first few millimeters

above surfaces where molecular diffusion plays a significant role.

F = -E(z)-36OO(--_)
turb dz hr

Eq. 4.4

- (ug/m2/hr) flux due to turbulent diffusion or advection of fluid along the z-axis.

E(z) (m2/s) eddy (turbulent) diffusion coefficient at height z.

dc/dz (ug/m4) concentration gradient of the compound along the z-axis.
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Although similar in appearance to Ficks Law, the Eddy Diffusion coefficient, E(z) depends on

the turbulent structure and direction of fluid motion and is independent of the molecular

properties of the scalar (heat or mass) that is transported. Therefore, E(z) for any scalar is

identical.

4.1.5.3 Wind profiles over surfaces and zones of the boundary-layer

Turbulent transport is strongly related to wind profiles above and within canopies. The

following is an adaption of the universal logarithmic profile equation which characterizes

velocity profiles over extensive rough surfaces under neutral atmospheric conditions, i.e., no

turbulence generated by convection (Monteith and Unsworth, 1990):

U -d Eq.4.5
i(z)=_*.1n[Z

k z0

u. - (mis) frictional velocity.

u(z) - (mis) mean wind speed at height z.

d (m) displacement height of z = 0 (generally omitted for short grass).

z0 (m) roughness length.

k - von Kärmán's constant (0.4).

The frictional velocity term (u*) can be imagined to represent a tangential velocity of the eddy

currents above the surface. The magnitude of u* is determined by the mean fluid flow

velocity and the frictional (momentum absorption) features of the stationary surface (Sutton,

1953). The roughness length, z0, is a scaling factor that has been determined for many

surfaces, including grass, and represents the combined mechanisms for momentum transfer

to a roughened surface by friction. The term d is necessary in eq. 4.5 for many canopies

with tall vegetative elements (such as trees or corn) and corresponds to a height

displacement of the zero plane (Brutsaert, 1982; Monteith and Unsworth, 1990). The

displacement height, d, is generally not a necessary term for short grass (Fig. 4.2) and will

be omitted for the remainder of the discussion(Guerra, 1990).

4. 1.5.4 Transport of scalars between a source and the atmosphere

The rate of vertical transport (flux, F0) of any conservative entity is based on a concentration

gradient (dc/dz) and an exchange coefficient over the gradient (Da or Er). The bulk

exchange coefficient for scalar transport between the surface and a reference height (z) in
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Figure 4.1: Diagram of rate limiting process.

Figure 4.2: Displacement height (d) and roughness length (z0) for short and tall canopies.
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an air stream is thought to be a composite of the individual molecular and eddy transport

processes that exist in between:

F0= -. {D+E(Z)J.2dz Eq. 4.6

F0 - (scalar quantity/m2/hr) the rate of scalar transport between a surface (0) and

height (z) in the air stream.

The eddy diffusion coefficient at height z above the canopy can be calculated from the

parameter u in the wind speed equation (eq. 4.5).

E(z) =ku Eq. 4.7

E(z) (m2/s) vertical eddy diffusion coefficient of a scalar at height, z.

z (m) vertical distance above a surface parallel to the air stream.

k - von Kármãns constant - 0.4.

Transport of any property, heat, momentum or mass from a surface occurs first by molecular

diffusion in the air layer immediately adjacent to the surface. After traversing a short

distance from the surface, the diffusing substance is then subject to more rapid transport by

eddy currents. Eq. 4.8 shows that the average mixing length of the eddies in the boundary-

layer diminish with decreasing height above the surface until the mixing scales of the eddies

E(z) are on the order of the mixing scales of molecular diffusion Da. When ku*z>> Da, the

vertical transport of a scalar (momentum, heat, or mass) is solely due to eddy diffusion,

whereas in areas close to a surface (small z where ku*z is on the order of Da), molecular

diffusion plays a significant role in transport (Fig. 4.3).

Assuming that flux is constant with height within turbulent regions of the equilibrated

boundary-layer (discussed later), eq. 4.6 can be rewritten as:

cz z

-fdC=F0f-dz Eq. 4.8

Integrating results in the simplified expression:
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._,co-cz
110

r hr)
Eq. 4.9

F0 - (scalar quantity/m2/hr) the rate of scalar transport between a surface (0) and

height (z) in the air stream.

rT - (s/rn) total resistance to transfer for vapor between height z and the surface.

C0 - (ug/rn3) concentration of compound at the surface.

C (ug/m3) concentration of compound at height z inside the boundary-layer.

Where rT is the total resistance to transport between a reference point, 0, and height z.

E(z)r =ln Eq. 4.10T E(0)

E(z) (m2Is) vertical diffusion coefficient of a scalar at height, z.

E(0) (m2/s) vertical diffusion coefficient at the surface.

Eq. 4.10 resembles Ohm's law which states that the current (rate of charge flow) between

two points is governed by the voltage difference and the total series resistance (Brutsaert,

1982; Monteith and Unsworth, 1990; Monteith, 1963):

Voltage
eurrent= Eq.4.11

Resistance

In the same way, the flux between a surface and a height z in the air stream is governed by

the total change in concentration (C0 C) and the total resistance to exchange between the

surface and the height, rT. In the case that there are no sinks or sources of the diffusing

property between the two points (i.e., the flux is constant over the diffusing distance), the

resistance to exchange, rT (s/rn), can be imagined as the sum of the inverted conductances

(s/rn), or an integration of reciprocal diffusion coefficients (E(z) and/or Da) over the diffusing

distance (eq. 4.6).

The mechanisms of turbulent transfer for momentum and vapor inside the boundary-layer

are similar but are different at the surface. Consequently, the total resistance is usually

divided into two components, the aerodynamic resistance, ra, and the additional boundary

resistance, rb.
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r7,(z) =r(z) +rb Eq. 4.12

rT - (s/rn) total resistance to transfer for vapor between height z and the surface.

ra(z) - (s/rn) aerodynarnic resistance (momentum) between height z and the surface.

rb - (s/rn) additional boundary resistance for vapor.

The aerodynamic resistance, ra, combines the turbulent transport processes (shared by both

momentum and vapor) above the surface as well as momentum exchange at the surface.

The value, ra, can be estimated under neutral atmospheric conditions using the following

equation:

r(z)
1 z

= ln()
a ku*

Eq. 4.13

ra(z) - (s/rn) aerodynamic resistance (momentum) between height z and the surface.
u* (m/s) frictional velocity.

z (m) vertical distance above a surface parallel to the air stream.

z0- (mis) roughness length for momentum (m).

k - von Kármán's constant (0.4).

The additional boundary resistance, rb, accounts for the difference in the surface exchange

processes for momentum and vapor. This difference is encompassed in the roughness

length values (apparent heights in Fig. 4.4 and 4.5) for momentum and vapor (z0 and z0):

Eq. 4.14
0

rb= ln()
ku* z0,

rb - (s/rn) additional boundary resistance for vapor.

u. (mis) frictional velocity.

z0- (m) roughness length for momentum.

k - von Kármán's constant (0.4).

z0 - (m) roughness length for vapor.

The roughness length for vapor exchange, z0, is typically less than z0 for the same surface

because loss of momentum occurs by two mechanisms: skin friction (transport due to eddies

above the surface and molecular diffusion near the surface) and form drag (momentum lost
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due to pressure exerted by fluid on bluff features of objects immersed in fluid flow). Although

momentum transport to a surface such as turfgrass occurs by both skin friction and form

drag, heat and mass transport (including pesticide vapor) only share the mechanisms of

transport inherent in skin friction (Monteith and Unsworth, 1990). The use of roughness

lengths to simplify the transfer processes that occur over a surface is called a single layer

approximation. As stated previously, taller and more complex canopies require several layer

approximations since the relative contribution of different areas of the canopy do not remain

constant with changing environmental conditions (Raupach and Finnigan, 1988)

Chamberlain (1966, 1968) measured and reviewed differences between z0 and z0 for

different surfaces. These values are published in many sources as the reciprocal Stanton

number, 61 (Brutsaert, 1982; Monteith and Unsworth, 1990).

1 z Eq. 4.15
B' {±.ln(.±)]

k

Eq. 4.16
r=

b

B1 reciprocal Stanton number.

rb -(s/rn) additional boundary resistance for vapor.

u. (mis) frictional velocity.

z0- (rn) roughness length for momentum.

k - von Kármán's constant (0.4).

z0 (m) roughness length for vapor.

B1 is a measurable parameter when the wind profile behavior is known (u* and z0 in eq.4.5),

when the flux of the vapor between the surface and the air stream is measurable (F0), and

when an estimate can be made of the concentration difference of the vapor between the

measurement height and the surface (z = h and z z0 in eq. 4.9). In general terms, B

represents the difference in resistance to transfer of momentum and the scalar of interest

due to absence of form drag and difference in molecular diffusion properties of momentum

and the scalar.
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s.v.1 (Vapor Concentrationy1 m3/ug
z0momentum roughness length u(z0) = 0.
z0scalar (vapor) roughness length C(z,j = S.V.D. (saturated vapor density).

Figure 4.5: Two dimensional simplification of a 3-D surface for momentum and vapor exchange.

Permeable Surface

UIIU.IURI :rnjy
Figure 4.6: Contrast of surfaces with permeable (top) and bluff (bottom) roughness features.
Although both surfaces can have the same roughness length, the ratio of form drag to skin
friction as a mechanism of momentum transfer is much greater for the surface with the bluff
roughness features. The wind direction is perpendicular to the plane of the page.

1

8eq = = O.1x415z01"5

Internal boundary layer

Equilibnated

Figure 4.7: Boundary layer formation over a transition in roughness length. The internal
boundary layer flow features are affected by the roughness features of the surface. The
equilibrated boundary layer has fully adjusted to the roughness features of the surface (i.e.,
momentum flux is constant with height).
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Chamberlain (1966) conducted a series of wind tunnel experiments that measured rates of

deposition of radioactive lead (thorium-B) and evaporation of water and heat between grass

and artificial grass. The data from Chamberlain's experiments in Table 4.1 show that 6.1 (or

the ratio of z0/z0) changes with u.

4.1.5.5 B-1 for pesticides from turfgrass

Since the pesticides used in this study have a similar diffusion coefficientas thorium vapor

(3.5 4.2 x 10 m2/s for pesticides and 5.4 x 10 m2/s for Th), the measured values of B-1 for

thorium-B could be used as an estimate for 6.1 of pesticides from turfgrass; however, some

methods of predicting 6.1 for a scalar/surface combination at different wind speeds will be

investigated.

4.1.5.6 Review of methods for predicting B for a particular scalar/surface combination

Brutsaert (1982) evaluated many equations of B for roughened surfaces. Many incorporate

a product of the roughness Reynolds (u*zJv) and Schmidt (V/Da) numbers:

uz
B 1=a(_L)m(...)n+c Eq. 4.17

v D
a

B' - reciprocal Stanton number.

115<m<112 dependent on shape, density, and orientation of the leaves as well as

the intensity of the turbulence (Brutsaert, 1982).

112<n<213 dependent on shape, density, and orientation of the leaves as well as the

intensity of the turbulence (Brutsaert, 1982).

(mis) frictional velocity.

z0 - (m) roughness length for momentum.

Da - (m2Is) molecular diffusion coefficient of scalar.

v - (m2Is) kinematic viscosity (molecular diffusion coefficient of momentum).

c - constant.

a - constant specific to a surface type.

Forms of eq. 4.17 generally work well for predicting 6.1 for scalar transfer between many

types of fiat surfaces with bluff roughness elements. Roughness elements characterized as

having bluff features generally have geometric parameters that are similar in magnitude in

their three dimensions and spacing. Examples include sand, small wave, ripple patterns,
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Table 4.1: Measured values of B' for various substances for grass and grass-like surfaces
(Chamberlain, 1966, 1968). Measurements occurred in wind tunnel experiments unless
noted (bold indicates values of interest to this study).

Surface (height, h) Substance
(scalar)

Sc
(viDa)

u
(cmls)

Re* B1 ;
(cm)

; (cm)
z = ;exp(-kB')

grass (7 cm length) thorium-B 2.87 50 225 7.7 0.7 0.032
short grass thorium-B 2.87 25 32 7.9 0.2 0.0085
short grass thorium-B 2.87 50 65 8.7 0.2 0.0062
short grass thorium-B 2.87 100 129 10.3 0.2 0.0032
artificial grass (h = 7,5 cm) thorium-B 2.87 25 161 7 1 0.061
artificial grass (h = 7.5 cm) thorium-B 2.87 50 323 8 1 0.041
artificial grass (h = 7.5 cm) thorium-B 2.87 100 645 10.1 1 0.018
artificial grass (h = 7.5 cm) water vapor 0.65 25 161 4.5 1 0.17
artificial grass (h = 7.5 cm) water vapor 0.65 50 323 49 1 0.14
artificial grass (h = 7.5 cm) water vapor 0.65 100 645 5.8 1 0.099
short grass (open air) heat 0.69 25 52 5.7 032 0.033
short grass (open air) heat 0.69 25 52 3.9 0.32 0.067
Guerra (1990) (open air)
(z0 = for short grass)

heat/water
vapor

5.07 0.32 0.042
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blocks, spheres, cars, and buildings. However, forms of eq. 4.17 seem to be poor predictors

of B1 for vegetation with protruding, permeable roughness elements such as corn, wheat,

and grass. Two surfaces, one with permeable roughness (such as grass) and the other with

bluff features, having the same value of z0 can have very different values of z0 (Fig. 4.6) due

to the relative contributions of skin friction and form drag in momentum transfer to a surface.

In summary, it is difficult to use a single equation to calculate a value of 8.1 from z0 for all

surface types, since it attempts to resolve the differences in form drag and skin friction from

a single lumped parameter (z0) that incorporates both.

A formula, adapted by Chamberlain (1968) from a theoretical equation proposed by

Sheppard (1953) for evaporation from water surfaces, appears to work fairly well for

predicting B-1 for scalars from short grass:

1
kuz

B1=----1n( j) Eq4.18

B1 reciprocal Stanton number.

(mis) frictional velocity.

k - von Kármãn's constant 0.4.

Da (m2Is) molecular diffusion coefficient (for a molecule, this can be estimated from

eq.4.1 & 4.2).

Predicted vs. measured values of B' for transfer of heat, water, and thorium-B vapor

between air streams and grass (or grass like surfaces) using eq. 4.18 and two other well-

known forms of eq. 4.17 are listed in Table 4.2 for comparison (Chamberlain, 1966,1968).

An advantage of using eq. 4.18 to estimate B-1 as opposed to forms of eq. 4.17 is that a

value of z0 is not needed and, under neutral conditions, u is the only microrneteorological

parameter required to calculate rT.

1 ku*z
rJz)= ln( )

I ku* D
a

Eq. 4.19

rT(z) (s/rn) total resistance to transfer for vapor between height z and the surface.

u. - (m/s) frictional velocity.

k - von Kárrnán's constant (0.4).
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Da - (m2Is) molecular diffusion coefficient of scalar.

z - (m) vertical distance above a surface parallel to the air stream.

Eq. 4.19 represents the difference in momentum and scalar roughness lengths as the

difference in diffusion at the surface for momentum (ku*zo) and the scalar (Da) (see eq. 4.10).

Considering a three-dimensional view of the canopy, eq. 4.19 assumes a linear increase of

the diffusion coefficient with height both inside and above the canopy from the region where

molecular diffusion occurs (integration of eq. 4.8). This can be bracketed from equations

reviewed by Brutsaert (1982), that the diffusion coefficient attenuates exponentially with

depth in a canopy, and observations by Thom (1972) that the diffusion coefficient remains

relatively constant in the top half of a canopy.

Eq. 4.19 appears to predict measured values of B-1 for scalars that have a range of diffusion

coefficients from turfgrass that exceed or are close to the values of the pesticides in our

study (Table 4.2) and so will be used to estimate the transport resistance of pesticides from

turfgrass. If eq. 4.19 is used to compute r1-, at neutral atmospheric stability, this is the

equation for the flux (eq. 4.9):

ku (C -C)
* 0 Z

36OO(--)110
kuz hr

a

Eq. 4.20

F0 - (scalar quantity/m2/hr) the rate of scalar transport between a surface (0) and

height (z) in the air stream.

C0 (ug/m3) vapor concentration of compound at the surface.

- (ug/m3) vapor concentration of compound at height z inside the boundary-layer.

u. - (mis) frictional velocity.

k - von Kármán's constant (0.4).

Da - (m2Is) molecular diffusion coefficient of scalar.

z - (m) vertical distance above a surface parallel to the air stream.

According to eq. 4.20, the flux of a scalar from the surface will be roughly proportional to u*.

This agrees with the observation that an increase in u' corresponds to higher rates of flux
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Table 4.2: Measured vs. predicted values of 6.1 for grass and grass-like surfaces in wind
tunnels (bold indicates values of interest to this study).

Surface Sc
(vID)

u
(cmls)

z0

(cm)
6.1

measured
Chamberlain

1966

B'
predicted
Sheppard

1953t

B'
predicted
Brutsaert

1982f

B'
predicted

Chamberlain
1968

grass (7 cm length) 2.87 50 0.7 7.7 13.6 42.9 61.6
short grass 2.87 25 0.2 7.9 8.9 24.5 25.6
short grass 2.87 50 0.2 8.7 10.6 30.1 35.0
short grass 2.87 100 0.2 10.3 12.3 36.7 47.9
artificial grass (h = 7.5 cm) 2.87 25 1 7 12.8 39.1 52.9
artificial grass (h = 7.5 cm) 2.87 50 1 8 14.5 47.41 72.76
artificial grass (h = 7.5 cm) 2.87 100 1 10.1 16.18 57.3 98.7
artificial grass (h = 7.5 cm) 0.65 25 1 4.5 9.2 15.9 16.0

artificial grass (h = 7.5cm) 0.65 50 1 4.9 10.9 19.9 21.9
artificial grass (h = 7.5 cm) 0.65 100 1 5.8 12.5 24.6 29.9
short grass (open air) 0.69 25 0.32 5.7 6.5 11.2 10.1

short grass (open air) 0.69 25 0.32 3.9 6.5 11.2 10.1

0. (cm/s) - molecular diffusion coefficient of substance in air (25°C).
Sc - Schmidt number (v/D) where v is the kinematic viscosity of air (0.155 cm2/s @25°C).
u*(cmis) - frictional velocity.
Re* - Roughness Reynolds number (u*.z0/v) - turbulent conditions exist at surface when Re°>50 (Deacon,1953).
B1 - Reciprocal Stanton Number (defined in eq. 4.15 and 4.16).
4 - momentum roughness length.

- scalar roughness length.
- Artificial grass (height - 7.5 cm, width 0.5 cm.

*Guerra (1990) estimates z0/z0 = 7.6 for water and heat from turfgrass.
t - predicted by equation 4.18 (Sheppard, 1953).
¶ - predicted by equation 4.17 a = 7.3, m = 0.25, n = 0.45, c = -5.5 (Brutsaert, 1982).
§ - predicted by equation 4.17 a = 0.5, m = 0.25, n = 0.8, c = 0 (Chamberlain, 1968).
Sc = 2.87, thorium-B deposition.
Sc = 0.65, water vapor evaporation.
Sc = 0.69, heat transfer.
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since winds maintain a stronger concentration gradient above the surface. In addition,

higher values of u are associated with an increase in E, according to eq. 4.7. An increase

in both E and dc/dz cause the flux to increase.

4.1.5.7 The effect of atmospheric stability on u, r, and F0

So far, u, rT, and, Fo have been computed for the case of neutral atmospheric stability and

the effect of extremely stable or unstable atmospheric conditions on transport resistance has

been neglected. Vertical temperature gradients affect the flux by enhancing/suppressing

the vertical movement of air parcels containing the vapor that have been in contact with the

surface. During unstable conditions, air at the surface is warmer than the overlying air and

vertical movement of air parcels containing the evaporating substance occurs at a much

faster rate. Neglecting the stability term in eq. 4.20 in an unstable case is likely to

underestimate the actual flux. During clear nights when the temperature of the surface is

generally cooler than the overlying air, stable conditions exist, and vertical movement of air

parcels is suppressed, decreasing the flux. The effect of stability in determining the

resistance to transport is proportional with height; therefore, the importance of

accommodating the effect of stability in the flux equation becomes more important with

increasing z (and surface area, as will be discussed in the next section). The atmospheric

stability is expressed in terms of the Monin-Obukhov path length, L, and is computed from

temperature and windspeed profiles above a surface (Monteith and Unsworth, 1990). The

Monin-Obukhov path length can now be incorporated into eq. 4.5, 4.19 and 4.20:

- u* z
u(z)=(ln+4 7

k z0

Eq. 4.21

kuz 4.7*z
r=._[1n(_5-_)+

L
Eq. 4.22

* a

ku(C0-C)
.3600(±.) Eq. 4.23F=

kuz 4.7z hr

D L
a

F0 (ug/m2/hr) flux of pesticide from the surface.
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u(z) (mis) average wind speed at height z.

z0- (m) roughness length (defined as the height above a two dimensional plane

where the wind speed becomes zero).

k - von Kármán's constant (0.4).

z0 (m) momentum roughness length.

Da (m2Is) molecular diffusion coefficient of the vapor (eq. 4.2 and 4.3).

C0 (ug/m3) concentration of compound at the surface.

C (ugim3) concentration of compound at height z inside the boundary-layer.

L (m) the Monin-Obukhov estimate of atmospheric stability. L = in neutral

conditions L = -5m during unstable conditions and L = +5m during stable

conditions.

(mis) frictional velocity (calculated from wind speed profiles under neutral

conditions using eq. 4.5).

rT - (s/rn) minimum bulk resistance to transfer of vapor between the surface and

height z in the boundary-layer.

Under neutral conditions, where L co, eq. 4.22 and 4.23 simplify to eq. 4.19 and 4.20. In

addition to u, and depending on the effect of stability, eq. 4.23 requires an estimate of the

vapor concentration in the zone of the canopy where molecular diffusion occurs (C0) and an

estimate or measurement of the scalar concentration at height z (Ci) in the equilibrated

boundary-layer.

If molecular diffusion is the rate limiting step in the three hypothesized stages of pesticide

volatilization (vaporization/sublimation -> molecular diffusion -> turbulent diffusion), it can be

assumed that a saturated vapor concentration of pesticide vapor, which is in equilibrium with

the pesticide deposits, exists in areas of the turf canopy where molecular diffusion occurs.

The saturated vapor density (S.V.D.) of a pesticide can be calculated from an active

ingredient's vapor pressure at a specific temperature using the Clausius Clapeyron equation

(eq. 2.5 or 2.6) and the ideal gas law. A height z can also be chosen in eq. 4.23 where C<<

C0 and the assumption can be made that C0 C C0 This height is dependent on the

thickness and concentration gradient which exists in the boundary-layer.

4.1.5.8 Boundary-layer formation and thickness

Some further discussion must now be given to boundary-layer formation over surfaces. This
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is crucial for estimating a height above the treated surface where eq. 4.23 is valid and where

the concentration of an evaporating substance approaches zero (C0-C C0).

Two portions of the boundary-layer will be discussed. An internal boundary-layer of

thickness 5 is the depth of the air layer that is affected in some degree by the properties ofa

new surface below. In this case, the air has some of the properties of the new surface and

some of the upwind surface. The zone in the internal boundary-layer that has fully

equilibrated with the properties of the new surface is called the equilibrated boundary-layer

(Fig. 4.7). Flux of any property inside the equilibrated air mass is constant with height. The

equilibrated boundary-layer can be further subdivided into turbulent, laminar, and static flow

regions with the latter occurring closest to the surface and no more than a few millimeters

thick.

The depth of the internal boundary-layer ö has been estimated to be between 1/10 and 1/30

the distance of the upwind edge of the new surface (Oke, 1987). If the roughness factor is

included, the boundary-layer thickness for short crops under neutral conditions follows a 4/5

power increase with distance from the upwind distance from the leading edge, and is

proportional to z05 (Monro and Oke, 1975).

o =x4"5z"5 Eq. 4.24
S 0

- (m) depth of the internal boundary-layer above a surface.

x - (m) the average distance between the windward edge and the center of the

evaporating source.

z0- (m) the momentum roughness length.

The equilibrated boundary-layer ö is roughly 1/10 of the depth of the internal boundary

(Monro and Oke, 1975, Fig. 4.8).

o =O.1x415z'5
eq

Eq. 4.25

öeq - (m) depth of the equilibrated boundary-layer above a surface.

x (m) the average distance between the windward edge and the center of the

evaporating source.
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Figure 4.8: Boundary Layer formation over an evaporating surface. An internal boundary
layer of thickness, O is the depth of the air layer which is affected by the evaporative
properties of the surface. The equilibrated boundary layer, Oeq has fully adjusted to the
evaporative properties of the surface (ie: vapor flux is constant with height). According to
Munro and Oke, (1975), the value of Oeq is about 1/10 the value of O for short canopies.
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z0- (m) the momentum roughness length.

Although the height of the internal boundary-layer (o) is where C0 C - CO3 the equation for

calculating rT (eq. 4.22) is only valid in the equilibrated portion of the internal boundary-layer

(z<O) where flux is constant with height. If a fictitious height, z, is selected for eq. 4.22 so

the correct value of rT is computed, it would likely fall between 6eq and ö. A height, z, is

chosen below the halfway distance (5 x O) between the top of the internal boundary-layer

and the surface since the concentration gradient is larger in the equilibrated boundary-layer,

where flux is constant with height, than the remainder of the internal boundary-layer where

flux decreases with height. This height z is assumed to be roughly three times the thickness

of an equilibrated boundary-layer of thickness ö given in eq. 4.26 wherex, in this case, is

the distance from the windward edge of the evaporating surface to the point of

measurement.

z=3 * =O.3x4"5z5
eq

Eq. 4.26

z - (m) 3ku*xo6z002 (m) (or 0.86 m) is the height assumed where C<<S.V.D.(T) or

three times the thickness of ö computed in eq. 4.25.

- (m) depth of the equilibrated boundary-layer above a surface (0.29 m).

x - (m) the average distance between the windward edge and the center of the

evaporating source 14.5 m.

z0- (m) the momentum roughness length 0.0045 m.

Eq. 4.26 estimates z for neutral atmospheric stability and is larger during unstable conditions

and smaller during stable conditions, but it is not known to what degree. The sensitivity of

calculated flux to error/change in z is discussed later. The use of eq. 4.26 for calculating z in

eq. 4.23 accommodates the change in flux with distance from the edge of the evaporating

surface due to the accumulation of vapor in the air parcel as it travels over the evaporating

surface. Since concentration gradients drive flux, more volatilization will occur near the

windward edge of the plot, where the vertical concentration gradients are very large, than the

center. Therefore, if the same pesticides are applied to the same grass, and the same

environmental conditions are experienced, the volatilization rates per area will be larger fora

small plot than for a golf course (Brutsaert, 1982).
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The spatial variability of pesticide volatilization over a plot is beyond the scope of this study,

especially when eq. 4.26 is an assumption and its validity may change with plot size and

atmospheric stability. The variable x, in eq. 4.26, will represent the average distance

between the windward edge and the center of the evaporating surface, and the calculated

flux at the center will represent an average for the entire plot. For our experimental plot, z =

0.86 m (ö = 0.29 m, z0 = 0.0045 m, x = 14.5 m) for neutral atmospheric conditions.

4.1.5.9 Summaty

An equation for pesticide volatilization from turfgrass has been developed using elements of

the fugacity approach and an equation that represents a single layer approximation of the

transport processes at the turfgrass surface.

4.2 Materials and methods

Volatile loss measurements of pesticides from turfgrass (presented in Chapter 2)were

selected for comparing model predictions. Pesticide vapor pressures in the range of surface

temperatures, needed by the predictive model, were estimated from methods in Chapter 3.

The following assumptions were made for the model:

The vapor pressure of the active ingredient was not modified by the properties of the

leaf surface nor the components of the agrochemical formulation.

2. All of the volatilized pesticide is transmitted to the atmosphere, and no reabsorption

of the pesticide occurs inside the canopy. This assumption is plausible since the

largest concentration of deposits exists in the upper region of the canopy (Erbach et

al., 1996).

3. The corrected surface temperature measurements represent the temperature of the

leaf surface and deposit.

4. The deposits occur in sufficient density to saturate the regions of the canopy where

molecular diffusion occurs. This is a simplifying assumption since zero-order

kinetics (flux is independent of pesticide concentration on the leaf surface) are

assumed and first-order decline was observed. This implies a worse-case scenario

for the predictions. This relies on the assumption that molecular diffusion is the rate

limiting step in the overall volatilization and transport processes.

The molecular diffusion coefficient can be approximated using eq. 4.2 and adjusted

for surface temperature using eq. 4.3.
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6. The virtual height above the plot where the vapor concentration is thought to

approach zero is about three times the height of the equilibrated boundary-layer

determined by the average path length from the upwind edge to the center of the plot

(eq. 4.26).

7. The overall resistance to vapor transfer through the canopy and boundary-layers

can be determined for the grass surface from the regressed values of u' and L from

the wind speed profile (eq. 4.21), and from Sheppard's equation (eq. 4.22), which

assumes a linear change in the eddy diffusion coefficient with height both within and

above the grass canopy.

8. Wind speeds occur at a sufficient threshold to maintain turbulent transfer of

momentum and a constant roughness length with wind speed.

These assumptions, as well as the plot specific parameters, are summarized in Table 4.3.

The final form of the flux equation, including these assumptions, is as follows:

ku[S. V.D.(T)]

F = 36OO(--) Eq. 4.27
O.3ku x08z

0.2
1.41x°8z002 hr

ln(
0

D L
a

Where:

F0 - (ug/m2/hr) flux of pesticide from the surface.

S.V.D.(T) - (ug/m3) saturated density of pesticide vapor calculated from a pesticide's

vapor pressure at a particular temperature, p(T) and molecular weight using the

ideal gas law: S.V.D.(T)(ug/m3) = M*p(T)/RT*106, where M is the molar mass

(g/mol), p(T) is the vapor pressure (Pa) computed at temperature T (K) using eq. 2.5

or 2.6, and R is the ideal gas constant (8.3145 J/Klmol).

Da - (m2Is) molecular diffusion coefficient of pesticide (calculated from a compound's

molecular weight of a using eq. 4.2 and adjusted for temperature using eq. 4.3).

u (mis) frictional velocity (calculated from wind speed profiles using eq. 4.21).

k - von Kãrmán's constant 0.4.

x (m) average distance between the edge and center of the treated plot.

3ku*xo8z002 (m) (or 0.86 m) is the height chosen in boundary-layer where

C<<S.V.D.(T). This is assumed to be three times the thickness ö (0.29 m) given
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for the distance x from the windward edge of the evaporating surface by eq. 4.26.

z0- (m) the momentum roughness length.

L - (m) the Monin-Obukhov measurement of atmospheric stability. L = co in neutral

conditions L = -5m during unstable conditions, and L +5m during stable

conditions.

4.2.1 Field Data

Details of the field experiment are described in Chapter 2. Pesticides were applied to a

square 22.8 m x 22.8 m square turf plot containing mixed varieties of orchard ryegrass

(0.025 m grass length). Flux measurements, over 2-hour intervals, for five pesticides

(chlorpyrifos, ethofumesate, triadimefon, triclopyr (acetic acid), and propiconazole) were

calculated from airborne concentration measurements using the Backward Stochastic

Lagrangian Dispersion (BTLSD) method (Flesch et al., 1995). Relevant meteorological data

for the predictive model include surface temperature (empirically corrected for inadequacies

of original measurements) and wind speed at four heights above the center of the plot (0.41

m, 0.70 m, 1.40 m, 2.80 m).

4.2.2 Boundary-layer resistance

The parameters, u* and L in eq. 4.27 were estimated from multiple linear regression of the

wind speed measurements at four heights. A literature value of roughness length, z0 =

0.0045 m for a grass length of 0.025 m was used from a previous study (Deacon, 1953)

since consistent values of z0 could not be obtained from wind profile regressions.

The saturated vapor density for each pesticide, at a particular surface temperature, was

estimated from vapor pressure measurements using the GC retention method. The details

of this experiment are discussed in Chapter 3. The estimates of saturated vapor density at

each surface temperature measurement are believed to be accurate within a factor of four,

except for triclopyr which could be considerab'y greater.

4.2.3 Selecting field data for comparison with predicted flux values

Predicted fluxes, using eq. 4.27, were compared with field measurements during the first day

of the experiment when most of the assumptions of the predictive model were assumed to

be met, i.e., the partition coefficient of the chemical between the deposit and the atmosphere

is represented by the pesticide's vapor pressure; the deposits exist in sufficient number to

maintain a saturated condition over the turf area.
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4.3 Results and discussion:

4.3.1 Comparison between field and predicted results

Table 4.4 and Fig. 4.9-4.13 show that predicted flux exceeds actual loss rates estimated

using the BTLSD method by a factor often. There are several reasons why this could occur.

A known cause is the inaccuracy of the assumption of saturation or near saturation

conditions occurring over the turf surface. Both measurements of flux and surface residues

during the noon hours attenuated exponentially on days following pesticide application. If

saturated conditions had existed, flux would have remained constant while surface residues

declined with time until pesticide deposits became too few and far between to maintain a

saturated vapor over the turf area.

To account for unsaturated conditions, eq. 4.27, could include a modifying term, cL, when the

deposit density (D.D.) declines below the minimum deposit density (M.D.D.) for saturated

conditions occur.

F(unsat.) = CL F(sat.) Eq. 4.28

F(sat.) (uglm2/hr) flux when saturated conditions are assumed to occur over the

plot (eq. 4.27).

F(unsat.) - (ug/m2/hr) flux when unsaturated conditions occur.

- degree of saturation.

If a single-stage first-order attenuation process is assumed, cL has the following form:

D.D. -kic=______
L M.D.D

Eq. 4.29

D.D. - deposit density or the number of active vapor conducting pathways from the

surface to the atmosphere - f(application rate, droplet size spectrum, pesticide,

formulation properties, wind speed, roughness length, rain, etc.).

M.D.D. the minimum deposit density that maintains a saturated vapor

concentration over the surface or maximizes the use of possible conducting

pathways betvIen the surface and the atmosphere; cL-I IrT= I /rT.

k (time1) first order attenuation coefficient dependent on all processes affecting

disappearance of pesticide available on the leaf surface for volatilization.

t - (time) time following pesticide application when D.D. occurs.



Table 4.3: Chemical and plot parameters used to predict flux in equation 4.27.

Chemical
Name m.w. (glmol)

Vapor pressure

(Pa) 25°C
S.V.D. (ug/m3)

25°C Da @ 25°C (mZ!s)* ASUbH (kJImol) subS (J/KJmol)

Melting

Temp (°C)
Triadimefon 293.8 4.63E04 54.85 3.86E-06 112 312 82.3
Chlorpyrifos 350.6 1.99E-03 281.94 3.44E-06 106 303 43
Ethofumesate 286.3 6.15E-04 70.98 3.92E-06 111 311 70
Triclopyr(aceticacid) 256.5 1.90E-04 19.61 4.21E-06 116 318 149
Propiconazole 342.2 8.44E-05 11.65 3.49E-06 104 271 NA

liquid at room temperature ivapH and tvapS.

*Diffusion coefficient and molar diffusion volume calculated using Fullers method to estimate diffusion volumes of organic molecules (1966)
using eq 4.2 and 4.3.

Plot specifications

Minimum upwind fetch distance (m) 11.4
Maximum upwind fetch distance (m) 16.1

Average upwind fetch distance, x (m) 14.5
Aerodynamic roughness length, Zo (m) 0.0045
Average equilibrated boundary layer thickness, öq, using eq. 3.25 (m) 0.29
Height, z, assumed in equation 4.26 (m) 0.86

NJ
NJ



Table 4.4: Comparison between measured vs. predicted flux (uglm2lhr) Day 0, for all pesticide applications.

Application 1, 1996 Triadirnefon Chiorpyrifos Ethofumesate Surface Wind Vel. Frict. Vet. Stability Triad. Chior. Etho.
Day 0 Air Sampling (ug/m2/hr) (ug/rn2/hr) (ug/m2/hr) Temp. (°C) © 70 cm u (m/s) L (rn) rT for 3d rT for 3d r1 for 3d
June 12th Start End Meas. Pred.* Meas. Pred.* Meas. Pred.* Meas. Corr. (m/s) Value Value (s/rn) (s/rn) (s/rn)
Julian 164 6:41 7:59 9 199 159 1118 39 258 12.6 13 0.78 0.13 -6 271 274 270

8:00 10:01 74 665 1002 3496 271 855 22.2 21 1.46 0.14 -11 218 221 217
10:01 12:00 231 1630 2389 8115 736 2077 30.1 27 1.71 0.13 -19 208 211 208
12:00 14:00 431 3297 1663 15775 908 4174 36.1 32 1.73 0.14 -17 147 149 147
14:01 16:06 388 3912 1045 18504 860 4943 37.9 33 1.56 0.13 -14 201 203 200
16:07 17:56 326 3631 904 17834 815 4620 32.3 29 3.07 0.25 -254 132 134 132
17:58 20:00 91 1291 272 6728 237 2735 23.6 22 3.36 0.25 50 91 92 91
20:00 6:00 11 - 66 - 30 11.44 11.50 0.0 143.49 - - -

Est.Tota (6:00-20:00) 3099 29251 14866 143139 7733 39324

Application 2, 1996 Triclopyr Propiconazole Surface Wind Vet. Frict. Vel. Stability Triclopyr Prop.
Day 0 Air Sampling (ug/rn2/hr) (ug/m2/hr) Temp. (°C) ® 70 cm u (m/s) L (m) r. for 3d r1 for 3d
July 23rd Start End Meas. Pred.* Meas. Pred.* Meas. Corr. (m/s) Value Value (s/rn) (s/rn)
Julian 205 6:15 8:03 63 103 17 68 19.3 18 0.64 0.08 -5 252 258

8:03 10:00 309 273 41 159 28.6 26 1.04 0.07 -7 306 313
10:00 12:00 397 718 141 388 34.8 31 1.40 0.09 -12 243 249
12:00 14:00 290 1247 193 641 38.7 34 1.45 0.10 -15 221 226
14:00 16:00 116 1198 139 616 38.8 34 1.44 0.09 -16 232 237
16:01 18:00 64 820 69 441 35.1 31 1.30 0.10 -11 222 227
18:01 20:01 33 658 18 379 29.6 27 1.75 0.16 -27 143 146
20:04 6:00 3 - 1 - 19.74 - 20.62 0.0 70.02 - -

Est.Total (6:00-20:00) 2542 10034 1235 5382

All diffusion coefficients adjusted for temperature using [T(K)/T(25°C)]'75, z000045 m assumed for turf mowed to 2.5 cm height (Deacon, 1953).
Empirical correction for surface temperature (in °C), Tcorr = + 3.1, see Chapter 2
* predicted estimates during daylight hours only.

-s

(*)
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Figure 4.9: Plot of flux vs. lIT (corrected surface temperature) for triadimefon (Bayleton)
from turfgrass following application at 3.05 kg/ha on 06:00, Day 0, June 12, 1996. Estimates
of flux occurred over 2 hr. periods 06:00 - 20:00 using the Backward-Time Lagrangian
Stochastic Dispersion method (Flesch et al., 1995). Fugacity model predictions obtained
using eq. 4.27.
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Figure 4.10: Plot of flux vs. lIT (corrected surface temperature) for chiorpyrifos (Dursban)
from turfgrass following application at 1.86 kg/ha on 06:00, Day 0, June 12, 1996. Estimates
of flux occurred over 2 hr. periods 06:00 - 20:00 using the Backward-Time Lagrangian
Stochastic Dispersion method (Flesch et al., 1995). Fugacity model predictions obtained
using eq. 4.27.



hofumesate: Flux (uglm2lhr) vs. (K)
Day 0-7, App. 1 1996 June 12-19, Julian 164-171

10000

1000

I-

100

0
LI.

10

1L
3.20E-03

+Xl-A +A A

.
'S +

.
AS

.
25°C

+
3.30E-03 3.40E-03 3.50E-03

lIT,f (K)

Class: Herbieide/bnzofnrn
m.w. (glm 01): 286.3
Vapor Pressure (pa):

6.5x 10-4(25°C)

Day 0

+ Day 1

L Day 2

x Day 3

rvA '3
3. 60 E-03

i . Day 7

Fedictive (Fugacity)

126

Figure 4.11: Plot of flux vs. lIT (corrected surface temperature) for ethofumesate (Prograss
EC) from turfgrass following application at 2.5 kg/ha on 06:00, Day 0, June 12, 1996.
Estimates of flux occurred over 2 hr. periods 06:00 - 20:00 using the Backward-Time
Lagrangian Stochastic Dispersion method (Flesch et al., 1995). Fugacity model predictions
obtained using eq. 4.27.
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Figure 4.12: Plot of flux vs. 111 (corrected surface temperature) for trictopyr amine salt
(Turfion ester) from turfgrass following application at 1.1 kg/ha on 06:00, Day 0, July 23,
1996. Estimates of flux occurred over 2 hr. periods 06:00 20:00 using the Backward-Time
Lagrangian Stochastic Dispersion method (Flesch et at., 1995). Fugacity model predictions
obtained using eq. 4.27.
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Figure 4.13: Plot of flux vs. l/T (corrected surface temperature) for propiconazole (Banner
Maxx) from turfgrass following application at 2.2 kg/ha on 06:00, Day 0, July 23, 1996.
Estimates of flux occurred over 2 hr. periods 06:00 - 20:00 using the Backward-Time
Lagrangian Stochastic Dispersion method (Flesch et al., 1995). Fugacity model predictions
obtained using eq. 4.27.
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A physical explanation of CL is that r.. is the net resistance to transfer when all of the

conducting pathways between the leaf surface and the atmosphere are saturated. As the

number of deposits decline, fewer of the conducting pathways are active and the apparent

resistance increases (Fig. 4.14). It may be possible that an application rate at which

saturated conditions occur could be empirically determined and CL could be computed as the

ratio of the actual application rate vs. the application rate at which saturation conditions

occur; however, this assumes the unlikely case that each deposit has an equal surface area

to volume ratio and contains the same amount of active ingredient. In actuality, droplet size,

concentration, and shape are likely to change with time and differ depending on the

pesticide, formulation, andIor application technique.

Another possible reason for the discrepancy between the predicted and observed fluxes is

an incorrect assumption of three times the thickness of the equilibrated boundary-layer (eq.

4.26) for estimating rT in eq. 4.22; however, this alone could not account for such a large

discrepancy. A height, z, would need to be chosen that exceeds the depth of the internal

boundary-layer (O in eq. 4.24) by four orders of magnitude, which is unreasonable since no

concentration gradient would exist over such a large height (see definition of internal

boundary-layer, O). A significant improvement to eq. 4.26 would be to account for length as

well as width of the evaporating surface since lateral diffusion perpendicular to the mean

wind direction will reduce the overall boundary-layer resistance for small surfaces whose

horizontal dimensions are similar. Brutsaert (1982) has reviewed several empirical and

theoretical equations that do precisely this for water evaporation from lakes and pans and

could be explored in future studies. A comparison of computed values of r1 estimated using

eq. 4.22 for heat and water from other experiments are shown for comparison in Table 4.5.

4.3.2 Sensitivity analysis of parameters in eq. 4.27

Table 4.6 and Fig. 4.15 display the variance of predicted flux with change in input

parameters. The thermodynamic parameters, bH and SUbS are also included, since eq.

3.5 and 3.6 are used to compute the vapor pressure of the chemical. The results indicate

that accurate estimation of surface temperature and the thermodynamic parameters used to

compute vapor pressure of the chemical are essential to eq. 4.27. The sensitivity of the

predicted flux with error in the estimated height at which C0 C = C0 is small; a 16% error

in flux results if the actual height is within a factor of two of the estimated height using eq.

4.26. A maximum error of 18% can occur in the estimated flux if neutral conditions are
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assumed (L = oo) when either extremely stable or unstable atmospheric conditions occur (L =

+5or-5 m).

4.3.3 Comparison of parameter coefficients with statistical model in Chapter 2

Both the statistical model (presented in Table 2.11) and the predictive model show a similar

proportionaUty of saturated vapor density, application rate, and wind velocity (or frictional

velocity) to flux. A comparison of the dependence of flux with these parameters for both

models are shown in Table 4.7. A probable cause for the large uncertainty of flux with wind

speed in the statistical model may be due to errors in wind speed measurements discussed

in Chapter 2 or possible transitions occurring between fully turbulent and partially laminar

(transitional) flow over the grass surface. A determinant of whether fully turbulent flow

occurs over a rough surface is given by the roughness Reynolds number, Re* (eq. 4.30):

uz
Re*=(__*_0)

V
Eq. 4.30

Re* - roughness Reynolds number, turbulent conditions exist over grass when

Re*>40 (Deacon, 1953).

(mis) frictional velocity.

z0 -(m) momentum roughness length.

v - (m2is) kinematic viscosity (15.5 x 10 m2/s @25°C).

Sheppard's equation (eq. 4.22) is known to work in the range 32< Re*<139 for grass where

fully turbulent flow occurs over grass when Re*>40 (Deacon, 1958). This corresponds to

wind velocities greater than 1.8 m/s at the sampling height (u*>0.14 mis). Assuming a

constant roughness length, z0 = 4.5 mm, the experimental ranges of Re* over the turf plot

varied between 10 and 88, with an average value of 35 (Table 4.5). Since a large number of

flux measurements may have occurred when transitional flow (intermediate between

turbulent and laminar) may have occurred over the surface, the dependence of flux with wind

(frictional) velocity may have changed during the course of the experiment. The cause of

uncertainty in the relationship between flux and application rate has already been discussed.

4.4 Conclusion

A simplified one-layer approach for estimating a canopy transport coefficient forvapor

between a turf surface, and the atmosphere is estimated using an equation proposed by
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Sheppard (1953) and empirically verified with data from Chamberlain (1966) for radioactive

lead, water, and heat. The transport coefficient was scaled to represent the boundary-layer

conditions over a turf plot from plot dimensions, wind speed measurements, and the

molecular diffusivity of the pesticide in air. The transport coefficient was then incorporated

into a two-compartment model for predicting initial pesticide volatilization based on the

variation of vapor pressure with surface temperature. Although results of the predictive

model significantly overestimate measured pesticide volatilization rates, the overestimation

is likely due to the inaccurate assumption of saturated vapor conditions occurring at the

surface as well as measurement limitations of wind speed over the treated plot used to

calculate the canopy transport coefficient. The existence of these biases, as well as their

directional bias for overestimating volatile loss, have been verified in the sensitivity analysis.

Future research should design experimental conditions that are ideal for both the BTLSD

and fugacity models (homogeneous upwind fetch) and where the parameters that each

require can be measured (leaf temperature T, u*, L, and z0). Measurements of emission

rates as a function of pesticide application rates or remaining surface residues could assist

in the development of models that do not assume zero order kinetics and are able predict

flux as a function of initial application rates and time following application. Laboratory

studies that determine the effect of spray formulations and droplet leaf interactions on vapor

pressure of the active ingredient, could improve the estimation of C0 or S.V.D.(T). Finally,

determining chemical and environmental factors responsible for other attenuation factors,

such as leaf penetration or degradation, are valuable in determining overall fate.
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Table 4.5: Bulk aerodynamic, ra, and total resistance, rT, for turfgrass, avg (mm-max).

Re* r (s/rn) rT (s/rn) u° (rn/s)
Calculated in this 35(10-88) 134 (46-317) 230 (89-499) 0.12 (0.O
experiment using eq. 190 (75-310)f 0.3)
4.22
Measured in other - 50 460 t

t heat and water transfer
4: Monteith, 1965.

Table 4.6: Percent change in flux estimated by equation 4.27 (z0 0.0045, Da = 0.04 cm2/s,
x = 14 m, u = 20 cm/s, z = 0.84 m, T = 25°C, vapH = 100 KJ/mol and vapS = 300 J/K/mol,
L = co) due to input parameter deviation.

Percent change in 25% 50% no change 200% 400%
environmental input (100%)

parameter
z0(m) 1.06 1.03 1.00 0.97 0.95

D (m2/s) 0.79 0.88 1.00 1.16 1.37

z(m) 1.37 1.16 1.00 0.88 0.79
x(m) 1.28 1.12 1.00 0.90 0.82

u (mIs) 0.34 0.56 1.00 1.76 3.15
S.V.D. (ug/rn3) 0.25 0.50 1.00 2.00 4.00

T5°C T15°C T=25°C T=35°C 1=45°c
T(°C)->S.V.D.(T) 0.06 0.25 1.00 3.59 11.86

L= -Sm L= -lOOm L=inf L= lOOm L= Sm
L(m) 0.87 0.99 1.00 1.01 1.18

Percent change in 90% 95% 100 105% 110%
thermodynamic

parameter
A,,bH (kJ/mol) 56.60 7.52 1.00 0.13 0.002

A,bS (J/KImol) 0.03 0.16 1.00 6.07 36.90

S.V.O.(T) (ug/m3) saturated density of pesticide vapor calculated from a pesticides vapor pressure at a particular
temperature, S.V.D.(ug/m3) = M°p/RT°106, where M is the molar mass (g/mol), p is the vapor pressure (Pa)
computed at temperature T (K) using eq. 3.6, and R is the ideal gas constant (8.3145 JIK/mol).
D (mIs) molecular diffusion coefficient of pesticide (calculated from a the compound's molecular weight of a using
eq. 4.2 and adjusted for temperature using eq. 4.3).
u* (mis) frictional velocity (calculated from wind speed profiles under neutral conditions using eq. 4.5 or 4.21 if L is
known).
x (m) average distance between the edge and center of the treated plot.
0.3ku*xoszoo2 (m) is the height chosen in boundary layer where C<<S.V.D.(T) this is assumed to be three times the
thickness Oq given for the distance x from the windward edge of the evaporating surface by eq. 4.26.
z0(m) - the momentum roughness length.
L (m) - the Monin Obukhov measurement of atmospheric stability. I = in neutral conditions L = -Sm during
unstable conditions, and L = +5m during stable conditions.
T (K) - Surface Temperature or temperature of the leaf surface, used to calculate S.V.D.(T).
&bH (kJ/mol) Heat of sublimation, used to calculate S.V.D.(T).

ObS (J/Kimol) - Entropy of sublimation, used to calculate S.V.D.(T).
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Table 4.7: A comparison between the coefficients of the predictive model (eq. 4.27) and a
statistical model determined from flux measurements (Table 2.11) using the equation
Fa.SVD.bu*.cApp.rate. Where a, b, and c are the coefficients of proportionality between
flux and 1) the saturated vapor density at the surface temperature, 2) the frictional velocity u
(estimated from eq. 4.5 or 4.21) and, 3) the application rate (Table 2.1).

Coefficient Statistical model (95% conf.) Predictive model
(eq._4.27)

a (SVD(T)) 0.9 to 1.13 1

b(u*) 0.03 to 0.67 <1

App rate) _____0.421.58 1
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Figure 4.15: Sensitivity of predicted flux (eq. 4.27) to change in input parameters including
roughness length z0(m), saturated vapor density S.V.D. (ugim3), frictional velocity u (mis),
atmospheric stability L (m), temperature (°C), and plot radius R (m).
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CHAPTER 5: GENERAL CONCLUSION

The studies in the preceding chapters determine that 1) initial volatilization rates of

pesticides from turfgrass are strongly related to the vapor pressure of the pesticide in its

natural state, application rate, surface temperature, wind speed, and time following

application; 2) the method used to determine dislodgeable foliar residues works well for

measuring the proportion of residues on the leaf surface available for volatilization for at

least two compounds (triadimefon and ethofumesate) and possibly for others; 3) the GC

retention method appears to be a fast and reasonably accurate method for obtaining vapor

pressure data at multiple temperatures; and, 4) despite the over-prediction of flux by the

predictive model compared to field measurements, each show a statistically similar

dependence of flux to differences in vapor pressure and changes in environmental

parameters (Table 4.6). This research was not able to determine attenuation processes, in

addition to volatilization, that are responsible for differences in decline rates between

pesticides, since a mass balance approach (measurements of pesticide or metabolite

concentrations in additional or more specific compartments of the turfgrass, soil, water, and

air system) was not included in the measurement strategy.

Applying several pesticides simultaneously to the same plot was advantageous in some

aspects: volatile behavior was able to be more strongly correlated with changes in weather

and the differences in chemical properties between the pesticides. Developing analytical

methods to measure several pesticides with contrasting chemical properties in the grass

matrix, however, was difficult. This adds foreseeable challenges to experimental designs

that use multiple pesticides and/or incorporate a mass balance approach. The inclusion of

vapor pressure measurements greatly enhanced the statistical argument for vapor pressure

as an important factor governing initial volatilization rates. This data is also valuable for

inputs of the predictive model. The use of transport coefficients, adequately calculated for a

particular canopy and incorporating accurate measurements of wind speed and temperature,

could be of great use for models of deposition or volatilization over short time scales. The

single layer approach seems to work reasonably well for turfgrass and demonstrates the

potential use of aerodynamic theory for estimating rates of transfer for pollutants or

pesticides between surfaces and the atmosphere. Although more complicated approaches

for calculating transport coefficients inside canopies other than turfgrass will be required, the
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simplified case could certainly be used for soils, grass or water exchange with the

atmosphere. An equation should be selected that is appropriate for the type of surface for

which exchange is being modeled (Brutsaert, 1982; Monteith and Unsworth, 1990).

Additional research on the topic of volatilization from foliar surfaces could proceed in several

directions. Future field studies or model development might consider the following

suggestions for improvement:

5.1 Future research of pesticide volatilization involving turfgrass

5.1.1 Employ methods for accurate measurement of leaf temperature

Leaf temperature is a significant parameter affecting pesticide volatility from turfgrass and

accurate measurements are crucial since a small temperature difference can cause a large

change in the potential volatility of a chemical. Direct measurements are recommended over

energy-balance approaches to estimate leaf temperature (Monteith and Unsworth, 1990;

Jensen et al., 1990) because the rates of sensible heat transfer to the deposit aren't likely to

limit rates of pesticide evaporation in the same way as water evaporation or

evapotranspiration. Using infrared sensors positioned above the canopy to measure

temperature is recommended for turfgrass, and possibly other plant canopies, since the

visible regions of the upper canopy are likely to have a larger density of pesticide deposits

due to higher interception of spray droplets during application.

5.1.2 Incorporate measurements of atmospheric stability

Estimates of atmospheric stability using sonic anenometers or a vertical array of

thermocouple sensors did not occur in this experiment. For larger plots, the effect of

changing atmospheric stability on flux will be much greater due to the boundary layer depth

increasing with surface size (height z in equation 4.26). Measurement of atmospheric

stability in such casesis important for both the BTLSD and fugacity-based models.

5.1.3 Incorporate actual measurements of vapor pressure rather than handbook
estimation methods

The vapor pressure of a chemical appears to be an important indicator of a chemical's initial

volatility. It is recommended that direct measurements of a chemical vapor pressure occur

at multiple temperatures rather than using estimation methods (Lyman, 1982) since a small

uncertainty in a computed value for heat of vaporization can have a huge impact on the
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uncertainty in the estimated vapor pressure (see Table 4.4). The GC retention method

appears to be a fast and reasonably accurate method for obtaining this information.

5.1.4 Estimation of application rate at which saturated vapor conditions occur over
the plot

Currently, we believe a minimum application rate exists at which saturated conditions would

occur over the plot. Above this level, there will be no additional flux with increasing

application rate since volatilization follows zero-order kinetics. Although a 'saturation

application rate' would depend on many factors such as grass type and length, pesticide,

properties of the formulation, wind speed, atmospheric stability, as well as application

technique, the proof of its existence would be useful for validating the theory of the fugacity

model. Simultaneous measurements of DFR and volatile flux following application of a large

quantity of pesticide will be required. Since the predictive model over-estimated measured

flux values by an order of magnitude, it is probable that an application rate of 10-20 times

the application rates used in Table 2.1 would be required (20-30 kg/ha).

5.1.5 Incorporate additional parameters to characterizing the turf surface

The canopy leaf area index (LAI) in addition to height and roughness length might be a

useful measurement to include in these experiments, especially for comparing turfgrass

studies since not all turf is the same. LAI and leaf angle distribution can affect sunlight

penetration (Monteith and Unsworth, 1990) as well as spray droplet distribution inside the

canopy. The effect of sunlight penetration and deposit distribution would affect concentration

profiles inside the canopy.

5.1.6 Measuring the octanol/air partition coefficient, Koa, at multiple temperatures

The octanol/air partition coefficient may an important factor determining the volatility of a

chemical from a leaf surface, particularly at the later stages of volatilization, as well as leaf

uptake from the air (BOhme et aL, 1999). Direct measurement of Koa at multiple

temperatures can occur using methods described by Treves et al. (2001).

5.1.7 Laboratory experiments to compliment field research

Determination of whether vapor pressure and/or Koa dominates pesticide volatilization from

leaf surfaces at different phases following application can be more carefully investigated in

controlled laboratory settings using either wind tunnels (Chamberlain, 1966; Mackay and
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Yuen, 1983) or versions of a fugacity meter used by Tolls and McLachlan (1994). Weather

factors such as humidity, canopy temperature, and air flow can be more carefully controlled.

Measurements of the size and number of deposits with height inside of the canopy as well as

wind distance along the evaporating surface might be useful to determine the degree to

which different regions of the canopy contribute to volatilization. A series arrangement of

chambers in a fugacity meter experiment could also provide informationabout factors

affecting volatilization of pesticide from one region of the canopy and uptake by another.

5.1.8 Use improved/verified methods for estimating boundary layer resistance in the
predictive model

The approach we used to estimate the boundary layer resistance, r, over the turf plotwas

based on someestimates of a height that could be used in the equation to generate the

correct value of r, even when the conditions for the equation were exceeded. Brutsaert

(1982) reviews several equations for r1 that are more rigorously constructed and have been

verified to work over water surfaces such as evaporation pans and lakes. These equations

should be explored since they account for the effect of lateral diffusion along the edge of the

surface that is parallel to the wind flow.

5.1.9 Incorporate measurement of pesticides in additional compartments

A simplified view of the deposit on the leaf surface is used in this model, and many of the

processes affecting chemical penetration and distribution within the plant and soil are

ignored. Physiologically-based models that include additional compartments of the plant and

soil and a pesticide's mode of action could explain observations of chemicals moving into

soils as a result of irrigation and uptake and volatilization by plants (Murphy et al., 1 996a,

1 996b). Some plant, soil, water, and air compartment models have been proposed by

Paterson and Mackay (1994) and Hung and Mackay (1997). These models might indicate

properties of the chemical that are responsible for differences in flux and surface attenuation

rates. Studies using these models will require the development of analytical methods to

measure chemical concentrations in the soil, water, and plant matrices as well as

characterizing the proper parameters of each compartment that are important for chemical

partition (plant dry weight, leaf wax content, temperature, water content, organic carbon,

etc.). As mentioned previously, development of analytical methods for analysis multiple

parent compounds and metabolites in different compartments will be difficult.
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5.2 Suggestions for research on processes affecting pesticide volatilization in larger
canopies

Measuring and modeling pesticide volatilization in larger plant canopies requires more

sophisticated experimental and modeling approaches than for the turfgrass case.

Measurements of flux, temperature, and wind speed within as well as above a plant canopy

will be required since partition and transport processes inside the canopy play a larger role

in overall transport than for turfgrass. Parameters of the canopy that affect sunlight

penetration, air flow, as well as distribution of vapor sources and sinks within the canopy

during application, will need to be determined. The contribution of the soil as a potential sink

and/or source of vapor will also need to be considered.

5.2.1 Approaches to estimating transport processes inside larger plant canopy

The single layer approach to estimating the bulk transport coefficient for a canopy (rT in eq.

4.22) using wind speed measurements above the canopy and a roughness length, zos, are

no longer sufficient in larger canopies due to the failure of K-theory. Raupach et al. (1996)

and Raupach and Finnigan (1988) review advantages of multiple-layer canopy transport

models. Baldocchi (1992) and Flesch and Wilson (1992) have applied lagrangiari random-

walk models to simulate vapor transport processes inside plant communities. The suitability

of these and similar models should be investigated for pesticide volatilization. Typically, they

require many more parameters of the plant canopy including LAI, estimations of the vertical

distribution of pesticide vapor sources, and meteorological measurements. A possible

advantage of the lagrangian models to simulate diffusion processes, even inside a turf

canopy, would be to estimate the degree of saturation (CL in eq. 4.28 and 4.29) at different

regions inside the canopy from a knowledge of the number and distribution of pesticide

deposits.

5.2.2 Measurement or estimation of deposit distribution inside the canopy

Vertical distribution of deposits within a crop canopy is dependent on the pesticide

(formulation, active ingredient), application technique (spray volume, application height,

droplet size and trajectory), meteorological conditions during application (temperature,

relative humidity and wind speed), and characteristics of the canopy (foliage area, leaf angle,

physical and chemical properties of the leaf surface). All these things can affect droplet

impaction, retention and deposit formation (Richardson and Newton 2000). A simple

exponential attenuation equation of droplet penetration with depth inside a canopy seems
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work quite well when it accurately accounts for the exposed area of the foliage relative to the

trajectory of the droplet; however, if exposed leaf area of the canopy varies relative to the

droplet trajectory angles, inaccuracies can result (Richardson and Newton 2000). SpraySafe

Manager (Ray et al., 1999), is able to model droplet trajectories from meteorological

conditions and application methods. In addition, Bache (1985) has developed a model for

droplet penetration within canopies using parameters of the canopy structure. These may be

valuable for determining deposit distribution within canopies as well as the amount of

chemical reaching the soil.

5.2.3 Characterizing sinks of vapor

Because the transport processes inside larger plant canopies play a greater role, pesticide

vapor has a greater opportunity to come in contact with canopy or soil surfaces before it

eventually leaves the canopy. This increases the opportunity of re-uptake due to partitioning

processes. This may increase pesticide efficacy but adds enormous complexity to the

models of pesticide volatilization.

5.2.4 Measurement or estimation of temperature inside the canopy

Measuring representative leaf temperatures at various heights inside the canopy are

important since temperature strongly affects partitioning processes involved in volatilization

and vegetative uptake (eq. 2.1). Air temperature might be a good estimate of temperature

in deeper, shaded regions of the canopy; however, representative measurements of

temperature in sunlit areas may be a challenge. If infrared sensors are used above the

canopy, the sensor height and angle will determine the viewable area of foliage inside the

canopy. It might be useful to use a sensor angle and height where the temperature

measurement is representative of the locations where the majority of deposits are within a

canopy.
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