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< A framework is provided to understand temporal patterns in the volatilization rate.
< The effect of soil moisture and evaporation on the daily peak flux is elucidated.
< The model predicts different patterns for daytime or nighttime peak flux rates.
< The temporal pattern in the daily flux rate is correctly described with the model.
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a b s t r a c t

Accurate prediction of pesticide volatilization is important for the protection of human and environmental
health. Due to the complexity of the volatilization process, sophisticated predictive models are needed,
especially for dry soil conditions. A mathematical model was developed to allow simulation of the diurnal
variation of pesticide volatilization as affected by soil-water content, the airesolid interface partition
coefficient, soil-water retention function and soil surface resistance processes. The model formulation
considered two possible water retention functions and two soil surface resistance functions. To test the
model, simulations were performed for ten successive days of drying under typical semi-arid summer
conditions following application of the pesticide diazinon to either a loam or sand soil. Results showed that
the temporal variation and magnitude of diazinon emission were strongly affected by the airesolid
interface partition coefficient, soil-water content and the surface resistance function. The model was
capable of simulating complex diurnal patterns in the peak emission rates which are caused by changes in
soil water content and airesolid partitioning. The water retention function formulation had only a minor
effect on the simulated water content and volatilization rates, whereas the soil surface resistance function
significantly influenced the volatilization rate. Neither the water retention function nor the soil surface
resistance formulation had a significant effect on the simulated soil temperature.

Published by Elsevier Ltd.
1. Introduction

The use of pesticides in modern agriculture has led to large
increases in crop production. However, pesticide volatilization is
a primary mechanism leading to the dispersion and accumulation
of toxic chemicals in the environment (Taylor and Spencer, 1990;
Glotfelty et al., 1984; Wang et al., 1997). Accurate prediction of
volatilization rates is critical for assessing the risks of pesticide
emissions to ecosystem and human health.
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Volatilization rates from field soils are controlled by complex
interactions between chemical properties, soil and weather condi-
tions, and pesticide management patterns. Previous experiments
have shown that diurnal variations in soil-water content and solar
radiation (Glotfelty et al.,1989) or surface soil temperature (Prueger
et al., 2005; Gish et al., 2009; Reichman et al., 2011) significantly
affect the timing and rate of volatilization. Previous studies found
that the timing of the peak volatilization rate depended primarily
on the soil-water content (Glotfelty et al., 1989; Prueger et al., 2005;
Gish et al., 2009; Reichman et al., 2011). When soil-water content
was relatively high, the volatilization rate peaked together with
solar radiation and soil temperature at mid-day. However, when
soil-water content was low, the peak volatilization rate could occur
at other times of day when energy inputs were lower.
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Soil moisture status determines the partitioning of pesticide
among the soil water, gas, and solid phases. Studies have shown
that pesticide adsorption increases dramatically when water
content falls belowa critical value that signifies the point where the
solid phase is no longer covered by multiple molecular layers of
water (Reichman et al., 2011). For example, the equilibrium vapor
density of dieldrin in soil decreased by a factor of nearly 400 when
the water content fell below 2% (kg kg�1) (Spencer et al., 1969), but
was relatively constant in wetter soil. Therefore, modeling the
short-term emission rate should include vapor adsorption at the
solidegas interface (e.g., Chen and Rolston, 2000) and an accurate
estimation of soil-water dynamics near the soil surface.

Soil-water dynamics are affected by the soil water retention
curve, which represents the relationship between soil water
content and soil matric pressure. For dry soils, Schneider and Goss
(2011) found a significant temperature dependence of the water
retention curve as reflected in the adsorption enthalpy value. This
result was explained by the fact that under drier conditions the
interactions between water molecules and mineral surfaces are
stronger than those between pure water molecules. During the last
decade several non-isothermal models were developed to simulate
pesticide emission rates (Baker et al., 1996; Wang et al., 1997, 1998;
Reichman et al., 2000; Scholtz et al., 2002a; Yates, 2006; Bedos
et al., 2009). Some of the models were tested and good order-of-
magnitude agreement was found between the simulated and
measured volatilization fluxes (Baker et al., 1996; Scholtz et al.,
2002b; Yates, 2006; Bedos et al., 2009). However, difficulties
were noticed in simulating volatilization rates under dry conditions
where the timing of the daily peak flux rate was not correctly
predicted.

The present paper describes a mathematical model and theo-
retical investigation focusing on the impact of pesticide vapor
adsorption to the soil particles and soil moisture modeling on the
predicted diurnal pattern of pesticide emission. The aim of this
paper is to investigate the effect of different formulations proposed
to improve the description of soil-water dynamics in the upper soil
layer on the diurnal variation of pesticide emission. For simulation,
we use a comprehensive non-isothermal volatilization model
(Reichman et al., 2000), the chemical properties of diazinon (O, O
diethyl O-(2-isopropyl-4-methyl-6-pyrimidinyl) phosphor-
othioate), soil properties for a loam or sand, and meteorological
data collected near Rehovot, Israel during 1995. A companion paper
(Reichman et al., 2013) will utilize the model to study pesticide
volatilization under field conditions.

2. Model description

A1-D non-isothermal model was used to simulate heat, water
and pesticide transport in a variably-saturated porous medium
(Reichman et al., 2000). In the present study, modifications were
made to account for vapor adsorption at the solidegas interface and
to examine different formulations proposed to model soil drying.

2.1. Transport equations in soil

2.1.1. Heat transport in the soil
Heat transport in the soil (z < 0) is expressed by the Fourier

conduction equation:

v½CðqÞTsðzÞ�
vt

¼ v

vz

�
lðqÞ vTsðzÞ

vz

�
(1)

where C is soil heat capacity per unit volume (J m�3 �K�1), Ts is soil
temperature (�K), l is soil thermal conductivity (J s�1 m�1 �K�1), q is
the volumetric water content (m3 m�3) and z is soil depth (m). Both
soil heat capacity and soil thermal conductivity depend on soil
composition andwater content, and are estimatedwith themethod
of De Vries (1963).

2.1.2. Water transport in the soil
Water transport in the soil was based on the theory of Philip and

de Vries (1957), where movement is due to an isothermal part
driven by the water content gradient and a thermal part driven by
the temperature gradient. The transport equation for soil water
(liquid and vapor) is

vq
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where K is the hydraulic conductivity (m s�1), Dq ¼ Dqliq þ Dqvap is
the isothermal moisture diffusivity (m2 s�1), and DT ¼ DTliq þ DTvap
is the thermal moisture diffusivity (m2 s�1 �K�1). The expressions
for the different diffusivities are according to Philip and de Vries
(1957).

The soil water vapor density, rv (kg m�3), is calculated from
Kelvin’s law:

rv ¼ rvshs; hs ¼ exp
�
Jg
RwT

�
(3)

where J is the matric potential (MPa), g is the acceleration due to
gravity (m s�2), Rw is the universal gas constant for water
(¼4.709� 10�7 J kg�1 �K�1), rvs is the saturatedwater vapor density
at a given temperature (kg m�3) and hs is the relative humidity
(dimensionless).

2.1.2.1. Brooks and Corey retention model (BC). Different transport
model formulations are possible depending on how the parameters
J and K are specified as functions of q. The Brooks and Corey (BC)
relationship is commonly used (Brooks and Corey, 1964; Mualem,
1976):

J ¼ Jcr

�
q� qr
qs � qr

��4

(4)

KðqÞ ¼ Ks

�
q� qr
qs � qr

�m

(5)

where Jcr is the critical soil matric potential (MPa), Ks is the
hydraulic conductivity of the saturated soil (m s�1), qs is the volu-
metric saturated soil-water content (m3 m�3), qr is the residual
water content (m3 m�3), and 4 and m are empirical parameters.

2.1.2.2. Silva and Grifoll retention model (SG). Silva and Grifoll
(2007) modeled water retention (WR) by combining three func-
tions for different water potential ranges: (a) the BC function from
saturation to J1 (�1.5 MPa), (b) the Bradley hyper-adsorptive
isotherm from J1 to J2 (�162 MPa) and (c) the Brunauere
EmmetteTeller (BET) monolayer adsorption isotherm from J2 to
infinite matric potential. The BET isotherm is defined as:

q

qwm
¼ B$hs

ð1� hsÞ½1þ ðB� 1Þhs� (6)

qwm ¼ Wmð1� nÞrs=rw (6a)

where Wm is the mass of water required to cover the surface as
a monolayer (kg kg�1) and qwm is the associated volumetric water
content, rs is the density of the soil solid phase (kg m�3), rw is the
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density of the water (kg m�3), n is the porosity and B is an empirical
parameter; Wm and B are BET isotherm parameters.

In the Bradley’s isotherm region, where multilayer adsorption
dominates, the relationship is (Bradley, 1936):

lnð�JÞ ¼ aþ bq (7)

where a and b are empirical parameters that can be calculated by
enforcing continuity of q at J1 and at J2.

2.1.3. Pesticide transport in the soil
Pesticide mass balance in soil is:

vCT
vt

þ vJs
vz

þ mCT ¼ 0 (8)

where CT is the total pesticide concentration in the soil (kg m�3), Js
is the total pesticide flux in the soil (kg m�2 s�1) and degradation is
assumed to follow a first-order process, m (s�1).

The total pesticide concentration in soil is made up of the
contributions of the different phases:

CT ¼ rbCs þ qCl þ fCg (9)

where Cs is the total adsorbed concentration (kg m�3), Cl is the
dissolved concentration (kg m�3), Cg is the concentration in the
vapor phase (kg m�3), rb is the soil bulk density (kg m�3) and f is
the volumetric air content (m3 m�3).

Pesticide flux in the soil (Js) is a sum of the vapor diffusion flux
and the solution diffusioneconvection flux:

Js ¼ �Dlðq; TÞ
vCl
vz

þ vlCl � Dgðf; TÞ vCg
vz

(10)

where vl is the average pore-water velocity (m s�1), z is the vertical
coordinate (increasing upward), Dl and Dg are diffusion coefficients
for the chemical in soil solution and air voids (m2 s�1), respectively.
In our simulations, liquid flow velocity is very small and dispersion
is negligible. The effect of soil porosity and tortuosity on the
diffusion coefficient in soil solution is expressed by the Millington
and Quirk (1961) model and in soil air voids by the Moldrup et al.
(2000) model. The dependence of the diffusion coefficients on
temperature is according to Bird et al. (1960).

Partitioning of the pesticide among the three soil phases
depends on both temperature and moisture content. Henry’s law
describes the partitioning between soil liquid and vapor phases,
where the dimensionless Henry constant, KH, is temperature-
dependent.

The total adsorbed concentration, Cs (kg m�3), is the sum of
chemical adsorbed at the solideliquid interface, Csl, and the solide
air interface, Csg (Chen and Rolston, 2000),

Cs ¼ Csl þ Csg (11)

where

Csl ¼
�
1� ag

�
qg
�	
KdCl; Csg ¼ ag

�
qg
�
KgCg

and

ag
�
qg
� ¼ S0

SSA
¼ 1� x

�
qg
�

1� x
�
qg
�þ Bx

�
qg
� (12)

where [1 � ag (qg)] is the fraction of soil surface area covered by
water molecules, S0 is the surface area not covered by water
molecules (m2 kg�1), SSA is the specific surface area (m2 kg�1), B is
the BET isotherm parameter, qg is gravimetric water content
(kg kg�1), Kd and Kg are, respectively, the partitioning coefficients at
the solidewater and solideair interfaces (m3 kg�1) and x is calcu-
lated using the empirical expression

x
�
qg
� ¼ exp

�� xexp
��zqg

�	
(13)

where x and z are fitting parameters. Chen et al. (2000) give
a detailed description of methods for determining the various
empirical coefficients. The partition at the solidewater interface is
assumed to be controlled by the soil organic matter.

2.2. Heat andvapor transfer through the atmospheric boundary layer

The surface boundary fluxes are calculated assuming the exis-
tence of a constant flux layer that extends to a fewmeters above the
surface roughness height, z0 (m). The atmospheric surface layer
fluxes for momentum, M (kg m�1 s�2), and heat, H (J m�2 s�1), are
given by (Reichman et al., 2000):

M
ra

¼ Km
vu
vz

¼ u*2 (14)

H
racp

¼ Kah
vT
vz

¼ u*T* (15)

where, k (¼0.4) is the von Karman constant, cp is the air specific
heat capacity (J kg�1 �K�1) and ra is the air density (kg m�3). The
parameters u*and T* are the surface friction velocity (m s�1) and the
friction potential temperature (�K), respectively, and are assumed
to be constants. The parameters Km and Kah are the bulk transfer
coefficients through the atmospheric surface layer for momentum
and heat (m s�1), respectively, and are given by:

Km ¼ ku*zref
Fm

; Kah ¼ ku*zref
FH

(16)

where, Fm and FH are dimensionless empirical functions for wind
and temperature profiles that depend on atmospheric stability. The
elevation zref is the height where wind velocity and air temperature
were measured (usually w2 m).

Using expressions for Fm and FH (see Businger, 1973) in Eq. (16)
and using Eqs. (14) and (15), H can be written as

H
racp

¼ ku*

0:74½lnðz=z0Þ � j2�
ðTa � T0Þ (17)

where Ta is the air temperature measured at zref, T0 is the surface
temperature (�K), and j1 and j2 are dimensionless empirical
atmospheric stability functions. H can also be written in terms of
atmospheric resistance, ra, as,

H
racp

¼ 1
ra

ðTa � T0Þ (18)

It is commonly assumed that heat, humidity and trace gases
have the same bulk transfer coefficients through the atmospheric
surface layer (i.e., 1/ra), therefore the latent heat flux, Ew
(kg m�2 s�1), and pesticide flux, F (kg m�2 s�1), are:

Ew
raL

¼ 1
ra

½qa � qðz0Þ� (19)
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F ¼ 1
ra

½Ca � Cðz0Þ� (20)
where qa and q (z0) are the absolute humidity in air (kg m�3)
measured at zref and z0, respectively, L is the latent heat of evapo-
ration (¼2.45 � 106 J kg�1), and Ca and C (z0) are the pesticide
concentration in air (kg m�3) measured at zref and z0, respectively.

The pesticide concentration at the soil roughness height, C (z0),
is assumed to be equal to the pesticide concentration at the soil
surface, C (z ¼ 0).

2.2.1. The energy balance equation
The temperature at the soil surface, T0, was determined by the

energy balance equation:

Rn ¼ H þ Ew þ S (21)

where Rn, H, Ew and S are the net radiation, sensible, latent and soil
heat fluxes (J m�2 s�1), respectively. The net radiation is given by

Rn ¼ ð1� aÞRg þ 3RL � 3sT40 (22)

where Rg is the global radiation (J m�2 s�1), RL is the atmospheric
long wave radiation (J m�2 s�1), a is the soil albedo, 3is the soil
emissivity, and s is the StefaneBoltzmann constant (¼5.69 �
10�8 J m�2 s�1 �K�4). The soil heat flux is

S ¼ l
vTs
vz






z¼0

(23)

2.2.2. Soil surface resistance (SSR) and wetness function
2.2.2.1. van de Grind and Owe soil surface resistance model (VDG).
Beginning with wet topsoil, evaporation commences at the soil
surface. As the topsoil dries, the phase change occurs at some depth
below the surface with a transition zone from the surface to the
evaporation front. The transport of water is due to vapor diffusion.
The dry surface layer acts as a barrier to vapor transport, so the total
resistance can be modeled as the sum of the atmospheric and soil
resistance (ra þ rs) terms (Bittelli et al., 2008; van de Griend and
Owe, 1994),

Ew
raL

¼ 1
rs þ ra

½qa � qðz0Þ� (24)

The soil resistance term is defined as (van de Griend and
Owe, 1994),

rs ¼ 10exp
�
0:3563

�
qmin � qtop

�	
(25)

where qmin (%) is an empirical minimum above which the soil is
able to deliver vapor at a potential rate, and qtop (%) is the volu-
metric soil-water content of the top 0.01 m layer. The factor 10 was
obtained from studies of molecular diffusion of water surfaces (La
Mer and Healy, 1965).

2.2.2.2. Deardorff soil surface resistance model (D). The absolute
humidity at z0 is often given by q (z0)¼ qsat (T0)$hs, where, qsat (Ts) is
the saturated value of absolute humidity (kg m�3) at soil surface
temperature, T0 (�K). An alternative approach to estimate absolute
humidity that is often used in atmospheric circulation models (Lee
and Pielke, 1992) is

qðz0Þ ¼ bqsatðT0Þ þ ð1� bÞqa (26)
where b is a wetness function. Substituting Eq. (26) into Eq. (24),
the following expression for the evaporation rate is obtained:

Ew
raL

¼ 1
rs þ ra

b½qsatðT0Þ � qa� (27)

where b can be obtained using Deardorff’s formula (Deardorff,
1978):

b ¼ min

 
1;

q

qfc

!
(28)

where qfc is the soil-water content at field capacity (m3 m�3).

2.3. Boundary and initial conditions and numerical solution

At the soileatmosphere interface, z ¼ 0, we assume equivalence
in the soil and atmospheric fluxes for water and chemical.

Jwjz¼0 ¼ Ewjz¼0; Jsjz¼0 ¼ Fjz¼0 (29)

where Jw is the water flux in the soil, Ew is the latent heat flux in the
atmosphere determined by either (19), (24) or (27), Js is the
chemical flux in the soil, and F is the pesticide volatilization flux in
the atmosphere determined by (20).

At the lower boundary of the soil profile, a constant temperature
and zero water and chemical fluxes were assumed,

Jw ¼ Js ¼ 0 at z ¼ Lc (30)

The initial soil temperature and moisture are uniformly
distributed with depth. Their values depend on the seasonal
weather conditions. The initial pesticide distribution in the soil
profile is

CTðz;0Þ ¼ C0 if 0>z>� Li
CTðz;0Þ ¼ 0 if z < �Li

(31)

where Li is the depth of the soil layer in which the chemical is
initially incorporated.

The nonlinear partial differential equations and boundary
conditions were solved numerically using finite differences. The
diffusion terms were approximated by a modified Cranke
Nicholson scheme (Avissar and Mahrer, 1982) and the convection
terms by a space-centered scheme. The mass and temperature
balance equations were solved simultaneously by the Newtone
Raphson iteration procedure. Grid discretization of 0.1, 0.5, 1.0,
5.0, and 10.0 mm were used for soil layers 0e1.0, 1.0e1.5, 1.5e3.0,
3.0e5.0, and 5.0e20.0 cm, respectively. The temporal discretiza-
tion was forward in time. The time step of the integration was
10 min based on a preliminary study that confirmed10 min was
adequate to achieve convergence.

3. Numerical simulations

Numerical simulations were performed to determine the
sensitivity of diurnal patterns of pesticide volatilization with
respect to: (1) the soil airesolid interface partition coefficient (Kg)
and soil-water content; and (2) the WR and SSR functions. The
effect of the different possiblewater retention (WR) and soil surface
resistance (SSR) formulations on the simulated soil-water content
and soil temperature were also examined. For WR, the full-range
function of Silva and Grifoll (2007) (SG) and the Brooks and Corey
(BC) function were evaluated. Two SSR methods were also



Table 2
Soil properties used for simulation.

Property Loam soila Rehovot sandb

Soil physical properties:
Sand/silt/clay 40/40/20 (%) 99/1/0 (%)
Organic matter 1% 0.1%
Bulk density 1500 kg m�3 1200 kg m�3

Porosity 0.463 m3 m�3 0.40 m3 m�3

Hydraulic properties:
Khs 3.7 � 10�6 m s�1 7.64 � 10�5 m s�1

m 5.5 3.2
4 4 1.2
jcr �0.40 m �0.25 m
qs 0.434 m3 m�3 0.4 m3 m�3

qr 0.027 m3 m�3 0.015 m3 m�3

qfc (J ¼ �33 kPa) 0.27 m3 m�3 0.09 m3 m�3

q1 (J ¼ �1.5 MPa)c 0.12 m3 m�3 0.03 m3 m�3

qmin
d 15% 15%

Water adsorption isotherm:
BET isotherm parameterse:
B 15.2 7.11
Wm 0.033 kg kg�1 5.24 � 10�4 kg kg�1

Bradley isotherm parametersf:
a 16.47 14.54
b �83.16 �324.71
Photometric propertiesg:
Short wave radiation:
Albedo 0.2 0.25
Absorption 0.8 0.75
Long wave radiation:
Reflectivity 0.1 0.1
Absorption 0.9 0.9
Emissivity 0.9 0.9

a Soil texture properties were according to the mid-value of USDA classification.
The hydraulic properties and soil porosity were according to the Arithmetic average
for loam soil (Rawls et al., 1982).

b Soil texture and hydraulic properties according to soil #4121 in Mualem (1976).
c This value corresponds to the wilting point.
d This parameter was estimated using Eq. (25) and measured surface resistance

for fine sandy loamwith fast air circulation chamber (van de Griend and Owe, 1994).
e Loam soil and Rehovot sand parameters were according to red brown loam from

North Auckland (Orchiston, 1952) and sand (Ruiz et al., 1998), respectively.
f Estimated according to the procedure suggested in Silva and Grifoll (2007).
g Avissar and Mahrer (1988).

R. Reichman et al. / Atmospheric Environment 66 (2013) 41e51 45
evaluated: the Deardorff, 1978 approach (D) and the van de Griend
and Owe, 1994 approach (VDG), which leads to the following
(WR � SSR) combinations: BC-D, BC-VDG, SG-D and SG-VDG.

Numerical simulations were performed for typical semi-arid
summer conditions following a hypothetical application of diaz-
inon (Table 1) to two soils: loam and sand (Table 2). The BC and SG
WR models for the two soils are presented in Fig. 1. By definition,
the two WR functions deviate only below the wilting point
(J1 ¼ �1.5 MPa). For both soils, the suction values calculated using
the SG WR model were lower than those calculated using the BC
WR model for all water contents below the wilting point. Diazinon
is a relatively non-polar pesticide in which adsorption to soil
particles is significantly affected by soil-water content (Spencer
et al., 1982; Chen et al., 2000).

The variations of the input meteorological parameters are
shown in Fig. 2. These parameters represent a typical day in August
1995 in Rehovot. The maximum solar radiation was about 1000e
1100 W m�2 (Fig. 2a). The air temperature, relative humidity and
wind speed, respectively, varied between 21 and 31 �C, 44 and 95 %
and 0.4 and 4.8 m s�1 (Fig. 2bed).

The simulated soil temperature and water content for the loam
soil at 0.01 and 0.05 m are presented in Figs. 3 and 4, respectively.
The initial water content was 0.2, a value in the range where liquid
water flow dominates, and between the field capacity (0.27) and
the wilting point (0.12). After 10 days of drying using the BC-D
model, the soil-water content at 0.01 and 0.05 m, respectively,
dropped to about 0.06 and 0.087 (Fig. 4). The soil temperature
varied between 22 and 43 �C depending on soil depth and local
moisture condition, with larger diurnal variations observed at
0.01 m and for dryer soil conditions (Fig. 3).

For the Rehovot sand simulations, the initial water content was
0.08 (field capacity was 0.09; wilting point was 0.03), and the
overall behavior was similar to the loam simulations. The predicted
soil-water content fell to about 0.027 and 0.036 for the depths of
0.01 and 0.05 m, respectively (Fig. 5) and the soil temperature
varied between 22 and 46 �C depending on soil depth and local
moisture levels (data not presented).
Table 1
Diazinon properties used for simulation.

Property Value

Molecular weight 0.304 kg mol�1

Water solubility 2.22 g mol�1

Air diffusion coefficienta 4.83 � 10�6 m2 s�1

Water diffusion coefficientb 4.17 � 10�10 m2 s�1

Degradation coefficientc 0.03 d�1

Sorption coefficient
Soil water-organic matter

partitioning coefficient (Kom)d
1.52 m3 kg�1 OM

Soil airesolid interface
partitioning coefficient (Kg)e

1.1 � 107 m3 kg�1

Fitting parameters for x(qg) Eq. (13)f

x 12.1 (loam and sand)
z 60.28 (loam), 544 (sand)
Vapor pressure-temperature relationg P (Pa) ¼ 0.0075$109.3871 � 4014.67/T (�K)

a The diazinon diffusion coefficient in air was calculated using the Fuller et al.
(1966) expression.

b The diazinon diffusion coefficient in water was taken from Lin et al. (1996).
c Loam soil (20e30 �C). From Bro-Rasmussen et al. (1970).
d Based on Kd ¼ 0.023 m3 kg�1 measured for Yolo silt loam soil that contains 1.5%

organic matter (Chen et al., 2000).
e Based on measurement of diazinon vapor adsorption to Yolo silt loam (Chen

et al., 2000).
f The parameters were fitted to measurements taken for red brown loam from

North Auckland (Orchiston, 1952) and sand (Ruiz et al., 1998).
g The temperature-dependent vapor pressure relationship (Kim et al., 1984) was

measured using the gas saturation method.
3.1. Sensitivity to Kg

The sensitivityof thepesticideflux toKgwasperformedusingBC-
D model formulation. The values of Kg were 1.1 � 107 (Chen et al.,
2000), 1.1 � 106, 1.1 � 105, 1.1 � 104, 1.1 � 103 and 0 m3 kg�1. The
effect of Kg on diazinon volatilization for the loam and sand soils,
respectively, are summarized in Figs. 6 and 7. Fig. 7 shows only the
first four days because no significant change in the diurnal pattern
was observed afterwards. The maximum and minimum volatiliza-
tion rates obtained over time for both soils with the different values
of Kg are presented in Fig. 8.

In both soils, the timings of the diurnal peak flux for Kg ¼ 0 were
different from simulations with high Kg values. With Kg ¼ 0 (i.e., no
vapor adsorption), high flux rates occurred mid-day (13:00) and
low fluxes occurred at night (5:00), which followed the behavior of
the solar radiation (Fig. 2) and soil temperature (Fig. 3). For high Kg
values (�1.1 � 105 m3 kg�1), the flux rates had an inverse rela-
tionship, with morning peak values (8:00) and afternoon minima
(15:00) (Figs. 6 and 7). For nonzero Kg, drying of the surface layer
significantly reduced the maximum and minimum flux rates over
time (Fig. 8).

In other respects, the two soils exhibited different sensitivities
to Kg. For midrange Kg values, the shape of the flux rate curves for
the loam soil initially followed Kg ¼ 0, but transitioned to the shape
observed for high Kg. For instance, with Kg ¼ 1.1 � 104 m3 kg�1 in
the loam soil, the high Kg patternwas observed after approximately



Fig. 3. The effect of the tested models on simulated soil temperature in the loam soil at
(a) 1 cm and (b) 5 cm (BC ¼ BrookseCorey water retention function; SG ¼ Silva and
Grifoll (2007) full-range water retention model; D ¼ the b wetness surface resis-
tance function of Deardorff (1978); VDG ¼ the surface resistance function proposed by
van de Griend and Owe (1994)).

Fig. 1. Water retention curves for BC and SG WR models for (a) loam soil and (b)
Rehovot sand. J1 ¼ �1.5 MPa and J2 ¼ �162 MPa.
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Fig. 2. The diurnal variation of the meteorological parameters used as input for
simulation.
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3 days (Fig. 6). In the sand, when Kg� 1.1�104m3 kg�1 the shape of
the flux curve was similar to the Kg ¼ 0 curve throughout the
simulation (Fig. 7), and significantly less reduction in the volatili-
zation peaks values was observed (Fig. 8), which indicates there
was limited vapor adsorption to sand with Kg � 1.1 � 104 m3 kg�1.
The progression from a diurnal flux rate pattern that follows the
solar radiation and soil temperature to a pattern with an inverse
relationship is most noticeable for 0 � Kg � 1.1 � 104 m3 kg�1 and
loam soil (Fig. 6). For Kg ¼ 1.1�103 m3 kg�1, the flux rate during the
first day was similar to the Kg ¼ 0 curve while the soil-water
content at 1 cm was 0.2e0.12. Afterwards, as the soil dried, the
timing of the mid-day peak was earlier and its magnitude was
relatively lower. The timing of the minimum flux rate remained
nearly the same.

These results agree with field measurements where, as soil
dried, the peak emission occurred during the morning instead of
mid-day hours and the flux rate was lower (Glotfelty et al., 1989;
Bedos et al., 2009; Pattey et al., 1995; Prueger et al., 2005; Gish et al.,
2009; Reichman et al., 2011). This phenomenon has been attributed
to the effect of soil-water on pesticide adsorption to soil particles. In
wet soils, water displaces the chemical from the surface of the soil
particles which leads to increased vapor pressure (Spencer and
Cliath, 1970, 1973). As the water content decreases below
a threshold level, the vapor pressure rapidly decreases to near zero
values. This process reverses upon wetting. Therefore, increases in
water content due to condensation or upward transport would
decrease vapor sorption and increase the pesticide flux rate.

Fig. 9a and b shows the cumulative flux after 10 days of drying
for loam and sand, respectively. A negative linear relationship



Fig. 4. The effect of the tested models on simulated water content in the loam soil at (a) 0.01 m and (b) 0.05 m (BC ¼ BrookseCorey water retention function; SG ¼ Silva and Grifoll
(2007) full-range water retention model; D ¼ the b wetness surface resistance function of Deardorff (1978); VDG ¼ the surface resistance function proposed by van de Griend and
Owe (1994)).
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between the cumulative flux and Log10Kg was observed over the
entire range of Kg values for the loam soil (Fig. 9a), and when Kg
� 1.1�104m3 kg�1 for the sand (Fig. 9b). This behavior is consistent
since vapor adsorption to sand is limited for Kg � 1.1 �104 m3 kg�1.
In both cases the correlation coefficient (R2) for the linear regres-
sion was good (0.96 loam; 0.98 sand).

For high Kg (�1.1 �105 m3 kg�1), reducing the value of Kg by an
order of magnitude increased the value of the flux (maximum peak
value) by a factor of 4 for the loam soil (Figs. 6 and 8). In the sand,
Fig. 5. The effect of the tested models on simulated water content in Rehovot sand at (a) 0.01
(2007) full-range water retention model; D ¼ the b wetness surface resistance function of D
Owe (1994)).
a similar reduction increased the flux by an order of magnitude
during the low flux period, but had only a minor effect on the flux
during the high flux period (18:00e9:00, Fig. 7).
3.2. Sensitivity to the WR and SSR functions

Sensitivity tests were conducted for the four (WR � SSR)
model formulations. Since Kg ¼ 1.1 � 105 m3 kg�1 was found to be
m and (b) 0.05 m (BC ¼ BrookseCorey water retention function; SG ¼ Silva and Grifoll
eardorff (1978); VDG ¼ the surface resistance function proposed by van de Griend and



Fig. 6. Influence of the soil airesolid interface partition coefficient value (Kg (m3 kg�1))
on the diurnal pattern of diazinon volatilization rates from loam soil using the BC-D
formulation.
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a transition point where vapor adsorption strongly affected the
simulated flux values (Figs. 6 and 7), this Kg was used below.

The effects of the WR � SSR models on simulated soil temper-
ature and soil-water content, respectively, are summarized in
Figs. 3 and 4 for loam soil. The choice of model had no significant
effect on calculated soil temperature for either soil (Fig. 3, data not
presented for sand). The effect on the soil-water content depended
on the soil type and the moisture conditions. For the loam, no
significant differences were observed at water contents above the
wilting point (0.12 m3 m�3). For drier soil, a deviationwas observed
in the simulation, with calculated water contents decreasing in the
order: BC-VDG > SG-VDG > BC-D > SG-D (Fig. 4). The deviation
between calculated water content values was small as demon-
strated by the maximumwater content at 0.01 m on day 10, which
was 0.088, 0.080, 0.075 and 0.071for BC-VDG, SG-VDG, BC-D and
SG-D, respectively. For most WR � SSR combinations, changing the
SSR model led to significant changes in water content compared to
the WR model. When used with the SG retention function the SSR
Fig. 7. Influence of the soil airesolid interface partition coefficient value (Kg (m3 kg�1))
on the diurnal pattern of diazinon volatilization rates from Rehovot sand using the BC-
D formulation. The curve for Kg ¼ 0 (Black) is mostly hidden by the curve for
Kg ¼ 1.1 � 103 (red). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Fig. 8. Kg effect on the maximum volatilization rate peaks for the loam soil (a) and
Rehovot sand (c), and the minimum volatilization rate peaks for the loam soil (b) and
Rehovot sand (d).



Fig. 11. The effect of the tested models on the simulated diurnal pattern of diazinon
volatilization rates from Rehovot sand. Kg ¼ 1.1 � 105 (BC ¼ BrookseCorey water
retention function; SG ¼ Silva and Grifoll (2007) full-range water retention model;
D ¼ the b wetness surface resistance function of Deardorff (1978); VDG ¼ the surface
resistance function proposed by van de Griend and Owe (1994)).

Fig. 10. The effect of the tested models on the simulated diurnal pattern of diazinon
volatilization rates from loam soil. Kg ¼ 1.1 � 105 (BC ¼ BrookseCorey water retention
function; SG ¼ Silva and Grifoll (2007) full-range water retention model; D ¼ the
bwetness surface resistance function of Deardorff (1978); VDG ¼ the surface resistance
function proposed by van de Griend and Owe (1994)).

Fig. 9. Log10(Kg) effect on the cumulative flux for (a) loam soil and (b) Rehovot sand.
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function had a minor effect. For the sand, significant differences
among WR � SSR combinations were observed at all simulated
moisture contents. During drying, two distinct outcomes were
observed depending on the relationship used for SSR (Fig. 5) with
higher calculated water contents for combinations that included
the VDGmodel. For instance, themaximumwater content at 0.01m
on day 10 was 0.033, 0.032, 0.027 and 0.027 for BC-VDG, SG-VDG,
BC-D and SG-D, respectively. The higher values obtained using the
BC WR model are in agreement with the retention curves. For both
soils, any given suction value higher than �1.5 MPa (wilting point)
will result higher calculated water content values using the BC
model (Fig. 1).

The effect of the WR and SSR models on the diurnal variation of
diazinon flux is shown in Fig. 10 for loam and Fig. 11 for sand.
Similar flux rates were observed for loam under relatively wet
conditions. Curve separation was pronounced by the middle of day
3, and followed the behavior of the water content (Fig. 4). The
calculated volatilization rates decreased in the following order BC-
VDG > SG-VDG > BC-D > SG-D (Fig. 10). The differences in the
calculatedmaximumvolatilization rates for day 10 and BC-VDG and
SG-VDG, BC-D, SG-D models were 2.38, 1.61, 1.46 and 1.05,
ng m�2 s�1, respectively. The daily minimum flux rates simulated
with the VGD model were relatively wide with two small depres-
sions at 15:00 and 20:00 that eventually become a single minimum
at 20:00, as the soil dried.

Greater variation between models was observed in the calcu-
lated flux for the Rehovot sand. Two distinct flux patterns that
differed in timing and magnitude were observed and depended on
the SSR model. When the D model was used, initial flux rates
(500 ngm�2 s�1) were lower than the VDGmodel (700 ngm�2 s�1),
the diurnal peak flux rate occurred around 7:00 and decreasing flux
rate was observed during the daytime hours as the soil dried. These
results agree with the lower calculated water content values ob-
tained for combinations that included the D model (Fig. 5). Lower
flux rates are expected for dryer soil conditions due to increased
adsorption. When the VDGmodel was used, the flux curve followed
the diurnal pattern of solar radiation (Fig. 2) during the first three
days with high flux rates observed mid-day (12:00). As the soil
dried (days 4e6), the diurnal peak flux occurred earlier and
a secondary peak was observed at 20:00. Afterward, the soil-water
content was about 0.04 m3 m�3 and low fluxes were observed
during the daytime hours and high fluxes at night.
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The significant aspect of the effect of the SSR models on soil-
water content and pesticide volatilization is that they were
formulated to directly track the process of soil surface drying and
translate it into boundary resistance that is directly correlated to
evaporation and pesticide volatilization rates. The WR models, on
the other hand, convert soil suction to water content at the pore
scale. They affect the evaporation rate through the value of surface
water content, which has lesser impact on water evaporation rate
compared to the surface resistance term.

The model and simulations presented herein were tested in
a companion paper (Reichman et al., 2013) with an experimental
dataset collected in a field study that measured the effect of soil
moisture on diazinon volatilization for a Yolo silt loam (Reichman
et al., 2011). The results indicate that under very dry conditions,
when soil-water content in the top 0.01 m was below the volu-
metric threshold value, the use of full-range WR function proposed
by Silva and Grifoll (2007) resulted in the most accurate prediction
of pesticide emission rates. Otherwise, the BrookseCorey (BC)
function was found to be adequate. For simulating pesticide emis-
sion under normal conditions, where initial soil moisture is near
field capacity or higher, the BC-VDGmodel should be sufficient. The
effect of the SSR function on the prediction accuracy depends on
the WR function used and the soil moisture. Under wet conditions,
the BC function used in conjunctionwith the VDG function resulted
in more accurate predictions, while in dry conditions the BC-D
combination was more accurate. Similar to the current study
results, the SSR function had a minor effect when used with the SG
retention function, the different models did not affect the soil
temperature predictions, and had a minor effect on the predicted
soil-water content (like the loam results).

4. Conclusions

A numerical study of the diurnal variation of pesticide emissions
as affected by pesticide vapor adsorption to soil particles and soil
moisture modeling was conducted using of a comprehensive non-
isothermal simulation model. Two water retention (WR) functions,
two soil surface resistance (SSR) functions, the properties of diaz-
inon, and a loam or sand soil were considered. Simulations were
performed for ten successive days of drying under typical summer
conditions of Israel to test the effect of soil water content and the
airesolid interface partition coefficient (Kg) on the diurnal diazinon
flux rates.

Results show that the temporal variation and the magnitude of
diazinon emissions were strongly affected by vapor sorption (Kg),
soil-water content, soil properties and SSR model. The displace-
ment of the diurnal peak flux values frommid-day to earlymorning
hours was directly related to Kg and prevailing soil-water content.
The effect of Kg was relatively small when the soil-water content at
0.01 m was higher than the wilting point.

Generally, flux rates were of the same order of magnitude for
both SSR models. The highest deviation was observed for sand at
mid-day under relatively wet conditions, where simulated flux
with the VDG method was 5 times larger than the D model. For the
simulations conducted herein, the WR functions had a minor effect
on water content and volatilization rates. However, for other soil
types and conditions WR may be important. The simulated soil
temperature was not affected by WR and SSR functions.

This study demonstrates that field scale pesticide emissionsmay
have peak emission rates during the day, or at night, and the timing
is related to the soil-water content and vapor-solid sorption. The
results also suggest that comprehensive water, heat and solute
transport models are needed to accurately simulate pesticide
emissions under arbitrary conditions and the use of simpler models
may lead to erroneous short-term emission rates.
Disclaimer

The use of trade, firm, or corporation names in this paper is for
the information and convenience of the reader. Such use does not
constitute an official endorsement or approval by the United States
Department of Agriculture or the Agricultural Research Service of
any product or service to the exclusion of others that may be
suitable.
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