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ABSTRACT
Recent interest in characterizing methyl bromide emission has fo-

cused on field and laboratory measurements, which are expensive to
conduct and very time consuming. Predicting methyl bromide volatil-
ization with numerical or analytical models has been limited to ideal-
ized situations without considering environmental conditions such as
diurnal temperature change. It has been found that temperature can
strongly affect methyl bromide volatilization under field conditions.
To quantitatively characterize temperature effect, we adopted a two-
dimensional numerical model that can solve simultaneous equations
of water, heat, and solute transport (including both liquid and vapor
phases). Functional relationships were established between tempera-
ture and methyl bromide liquid-gas phase partition coefficient or
the Henry’s constant, diffusion coefficient in soil air space, and the
permeability of polyethylene tarp. To test the model, soil properties
and boundary conditions from Yates et al. (1996a,b,c) were used. The
model prediction was completely independent of the field measure-
ment. The model simulation by considering diurnal variations of soil
temperature predicted the cumulative emission that agreed well with
the measured flux density. Prediction without considering tempera-
ture missed the diurnal nature in emission flux density. Comparable
results were also obtained for methyl bromide concentration in the
soil profile. The key advantage of this model is its ability of describing
diurnal variations in methyl bromide emission flux. Based on the
temperature effect on temporal variations of methyl bromide emis-
sion, we believe that small sampling intervals are needed to determine
the dynamic nature of methyl bromide emission under field conditions,
especially during the first 24 h after application.

M ETHYL BROMIDE is a soil fumigant that moves in
the soil predominantly in the gaseous phase. Be-

cause of the high vapor pressure (approximately 1420
mm Hg at 20°C), it can very quickly reach the soil surface
where emission into the atmosphere occurs. Recent re-
search has indicated that agricultural emission of methyl
bromide can contribute to the depletion of stratospheric
ozone (Mellouki et al., 1992; Reeves and Penkett, 1993).
This has caused great interest in characterizing methyl
bromide emission under field conditions. It has been
estimated that from 30 to 60% of the applied methyl
bromide can escape to the atmosphere under conven-
tional fumigation practices, i.e., covering the field with
polyethylene plastic film after injecting methyl bromide
at about the 25-cm depth (Majewski et al., 1995; Yagi
et al., 1993, 1995; Yates et al., 1996a).

Field quantification of methyl bromide emission has
been made with either area-weighted micrometeorolog-
ical approaches such as the aerodynamic, theoretical
profile, and integrated horizontal flux methods (Majew-
ski et al., 1995; Yates et al., 1996b) or localized flux
chamber methods (Yagi et al., 1993; Yates et al., 1996c).
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When continuous measurements were made at small
time intervals such as the study by Majewski et al. (1995)
and Yates et al. (1996a,b,c), the methyl bromide emis-
sion flux density exhibited a diurnal cycle with the high-
est flux occurring between midday to early afternoon
(or near solar noon). When infrequent measurements
were made at about the same time of each day, the flux
density was not found to be strongly cyclic (Yagi et al.,
1993, 1995). Majewski et al. (1995) and Yates et 
(1996a,b,c) accredited the cyclic behavior in emission
rate to diurnal changes in solar energy and atmospheric
stability. Besides solar energy and atmospheric stability,
the fate and transport of a volatile organic chemical
such as methyl bromide is strongly influenced by many
variables including chemical partitioning between soil
water and air phases characterized by the Henry’s con-
stant, its effective vapor diffusion coefficient, adsorption
to soil particles, and degradation rate. Past and present
modeling efforts on methyl bromide fate and transport
in the soil have assumed constant values for these trans-
port parameters (Rolston and Glauz, 1982; Reible, 1994)
without considering the important diurnal changes in
surface energy exchange between soil surface and the
atmosphere. These simplified approaches, though they
may still be able to reproduce an average flux rate and
overall emission that are comparable to measured val-
ues (assuming continuous cumulative measurements),
often result in mismatches between the predicted and
measured flux density of methyl bromide emission for
different times during a daily cycle.

Volatilization of a vapor phase organic compound
such as methyl bromide can be estimated with the inclu-
sion of physical and chemical parameters that control its
concentration at the soil surface (Spencer et al., 1982). 
fact, the volatility of a chemical may increase three to
four times for each 10°C increase in temperature (Taylor
and Spencer, 1990). Besides the direct effect on chemical
properties, temperature can also affect the permeability
of plastic films that are used to cover the fumigated
fields. An increase in flux density through the polyethyl-
ene plastic film, when temperature increases, has been
observed by Kolbezen and Abu-E1-Haj (1977). Yates
et al. (1996c) consequently estimated methyl bromide
emission flux based on flux chamber measurements
after accounting for the temperature dependency of
plastic film permeability. From a modeling stand point,
energy exchange between soil and the atmosphere
would result in diurnal variations in soil temperature.
The partition ratio between soil water and air phases
and effective vapor diffusion coefficient would be af-
fected by temperature changes, while the adsorption to
soil particles and degradation rate would also be likely
temperature-dependent, though maybe to a lesser de-
gree. Therefore, in field situations these parameters are
both temporally and spatially dependent. The other fac-
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tor most methyl bromide models have not considered
is water flow, which functions as a carrier for methyl
bromide transport in the soil. To simulate methyl bro-
mide fate and transport under actual field conditions,
a model with the capability of simultaneously simulating
heat, water and gas transfer is needed.

The purpose of this study was to investigate the tem-
perature effect on methyl bromide emission. This was
achieved by adopting a numerical model that can simul-
taneously solve the partial differential equations for
heat, water, and vapor transfer. Functional relationships
were established between soil temperature and methyl
bromide diffusion coefficient, the Henry’s constant, and
the permeability of a polyethylene tarp. The simulation
result was compared with a field experiment reported
by Yates et al. (1996a,b,c). No model calibration was
made in comparing with the experimental results.

MATERIALS AND METHODS

Temperature Dependent Liquid-Gas Phase Partition

Temperature effect on the liquid-gas phase partitioning of
methyl bromide, or the Henry’s constant (Kh), was determined
by expressing both the vapor phase and liquid phase concen-
tration as a function of temperature. The vapor phase concen-
tration (C0 was related to the Ideal Gas Law as

n PCg - V - Rr [1]

where n = number of moles; V is volume; P = ambient atmo-
spheric pressure (~96 kPa or 0.95 arm in Yates et al., 1996a);
R is the universal gas constant (= 0.0821 L-atm/mol-K or 8.314
J/mol-K); and T is the absolute temperature (K). The liquid
phase concentration (CL) was estimated empirically from the
temperature dependency of methyl bromide gas solubility in
water (Schwarzenbach et al., 1993) 

CL = 0.4582e°’° 414(273"15"T) [2]

where CL is in mol/L. Therefore, the temperature dependent
Henry’s constant was calculated from:

Kh- Cg_ P e0.0414(T_273.15) [3]
CL 0.4582RT

The expression used in the simulation model for tempera-
ture-dependent variables is the Arrhenius equation and it used
a single parameter (for each variable), the activation energy,
to account for the temperature effect. The Arrhenius equation
for methyl bromide liquid-gas phase partition can be written
as (Simunek and van Genuchten, 1994):

exp ~Kh---K~r ( l~llr EKah) [4]

where/~r is the Henry’s constant at a reference temperature,
Tr. Transforming Eq. [3] to Eq. [4], we found that the activation
energy, Ea~h = 2.3634 × 104 (J/mol) for Tr = 20°C and/~hhr =
0.2038.

Temperature-Dependent Gas Phase Diffusion
Coefficient, Dg

The temperature dependency of methyl bromide diffusion
in air was determined with a semi-empirical equation devel-
oped by Fuller et al. (1966) for estimating the diffusion coeffi-
cient of organic molecules in air:

Dg = 10-3T1’75~l_--a,rPl~l<3 q- Vl/3]2 [5]

where Mawr is the average molecular weight of air (28.97 g/
mol), _M is the molecular weight of methyl bromide (94.94 
mol), Vai r is the_average molar volume of gases in air (~20.1
cm3/mol), and V is the molar volume of methyl bromide
(= 54.88 cm3/mol), which is determined by dividing the molec-
ular weight with its liquid phase density ( = 1.73 g/cm3 at 0-4°C;
Budavari, 1989). The unit for the diffusion coefficient (Og) is
cm2/s. After substituting in the constant parameters, Eq. [5]
can be simplified to:

Dg = 4.99432 × 10-61273.15 + T] ~75 [6]

This equation is reasonable because the estimated Dg at 20°C
is 0.1037 (cmZ/s), which is within the range of reported Og
(0.0533~.1667 cmZ/s) found in the literature (Goring, 1962;
Jin and Jury, 1995; Reible, 1994; Rolston and Glauz, 1982).
The activation energy for the methyl bromide diffusion coeffi-
cient is E~g = 4.5238 x 103 (J/mol) for T~ = 20°C and ~ =
0.1037 (cm~/s).

The diffusion coefficient of methyl bromide in 25~C water
(Dw) is 1.35 x -5 (cm2/s), which isabout 10 000times smaller
than Dg (Maharajh and Walkley, 1973). Since methyl bromide
diffusion through water will have a negligible effect compared
with vapor diffusion, Dw was assumed to be temperature-
independent. Therefore, methyl bromide transport through
diffusion in water was considered using a constant diffusion
coefficient, i.e., Dw = 1.35 x 10.5 (cm2/s) at 25°C. A more
significant process for methyl bromide transport is the convec-
tive flow with water or as a solution. This was also considered
in the model simulation.

Model Description

A comprehensive two-dimensional finite element model,
CHAIN_2D (Simunek and van Genuchten, 1994), was
adopted to simulate methyl bromide fate and transport includ-
ing volatilization with the consideration of temperature effect.
The model numerically solves the partial differential equations
for two-dimensional nonlinear, nonequilibrium simultaneous
transport of water, heat, and solute (in both liquid and gaseous
phases) in a variably saturated porous medium. A first-order
decay reaction during transient water flow was considered
for solutes in liquid and solid phases. For a volatile organic
chemical such as methyl bromide, the governing transport
equation can be written as (Simunek and van Genuchten,
1994):

OOCL +0pCs + OasCg _ O (0Di~ OCL] q_ O (a~D~ OC~g]
0~- Ot Ot OXi OXj ! ~Xi OXj ]

OqC~
~w0C~ -- ~Lspfs -- SrCr [7]

Oxi

where C~, Cs, and Cg are solute concentrations for the liquid,
solid, and gaseous phases, respectively; q is the volumetric
flux density; ~w and Ix, are first-order rate constants for solutes
in the liquid and solid phases, respectively; 0 is the volumetric
water content; p is the soil bulk density; a~ is the soil air content;
S~ is the sink term in the water flow; C~ is the concentration
of the sink term; D~ is the dispersion coefficient tensor for
the liquid phase; D~ is the diffusion coefficient tensor for the
gas phase; t is time; x is distance; and indices i andj represent
the horizontal and vertical directions.

An effective dispersion coefficient tensor is defined as:

0D~i = 0D~]’ + a~ K~ O~ [8]
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The individual components of 0D~i in the soil matrix for two-
dimensional transport are:

0Dxx = DL q_~_~x + DT q~z + 0Dwrw + as Kh Dg ~g [9a]

qz~ q~x~ + 0Dw’rw + as Kh Og rg
[9b]0Dzz = DLI- ~ + Dx Iql

0Dxz = (DI~ - DT) qxqz [9c]
lqt

where DL and Dr are the longitudinal and transverse dispersi-
vities; qx and qz are the components of the Darcian fluid flux
density; Dw and Dg are the molecular diffusion coefficients in
water and air; and rw and % are tortuosity factors for the liquid
and gaseous phases, respectively. While rw was calculated from
the widely used Millington-Quirk equation (Millington and
Quirk, 1960):

010/3
% - [10]

where ~b is soil porosity, and ~g was calculated from:

a~2 [11]Tg
~b2/3

which can also be found in Millington and Quirk (1960). 
used Eq. [11] instead of Eq. [10] because Jin and Jury (1996)
concluded that Eq. [11] was more suitable for gas phase diffu-
sion than Eq. [10], based on their laboratory experimental
results.

Boundary Conditions

A volatilization boundary condition is implemented in
CHAIN_2D using an equation of the form
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Fig. 1. Schematic of soil surface boundary layer with plastic tarp.

-0Oij--rt i0CL -~- ~ (Cg - Catm) h(Cg   - Catm) [12]
Oxi d

where h is a mass transfer coefficient and C,tm is the gas concen-
tration above the boundary layer. In CHAIN_2D, d is the
only adjustable parameter for characterizing the resistance

(i.e.,
1/h) to transport across the soil-atmosphere interface. Since
with a tarped system there are several resistances affecting
gas movement from the soil into the atmosphere, to utilize
CHAIN_2D, these have to be written as a single effective re-
sistance.

A more complete mathematical description for the bound-
ary layer as shown in Fig. 1 would be

-ODij OC~

h~(Cg -- Ctarp, b) + h2(Ctarp, b - Ctarp, t) + h3(Cta~p,t- farm)

[ 31
where h~, h2, and h3 are the mass transport coefficients, respec-
tively, between the soil and underside of the tarp, between
the underside and top of the tarp and between the tarp surface
and the atmosphere; and CCa~p, b and Ct,rp, t are concentrations
at underside and top of the tarp.

Under field conditions, the space between the soil surface
and the plastic tarp will vary spatially due to the unevenness
of the soil surface microrelief. Changes in wind speed over
the tarp would also constantly alter this spacing, The vertical
flapping of the tarp by the wind, along with molecular diffu-
sion, would constantly mix the methyl bromide so that it would
be reasonable to assume a uniform concentration within this
air space (i.e., Cg = Q,~, b). Therefore, the difference in the
first term on the right-hand side of Eq. [13] approaches 0.
Since the remaining terms are not zero, we write them as

h(Cg -Catm) = h2(Ctarp, b - Ctarp, t) + h3(Ctarp, t- farm)

[14]

Once h = Dg/d is determined, CHAIN_2D can be used to
simulate the volatilization process.

To estimate the effective boundary layer resistance, we first
considered the tarp resistance to methyl bromide diffusion,
i.e., the 1/h~ term. From Yates et al. (1996b), we estimated hz
to range from 0.000623 to 0.00506 (cm/s) for tarp temperatures
between 24 to 60°C. The tarp resistance would be between
160 514 and 19 763 (s/m). For the same temperature range,
Dg changes from 0.106 to 0.233 (cm2/s) according to Eq. [6].
This would provide a boundary layer thickness induced by
the tarp resistance or d2 ranging from 170 to 46 (cm). 
include the temperature dependency of the tarp resistance in
the simulation, we further found the activation energy for d:
is E]2 = -3.3166 x 10~ (J/tool) for T~ = 20°C and ~ 
191.64 (cm).

To determine the transfer coefficient between the tarp sur-
face to the atmosphere or h3, we used a resistance analogue
similar to Baker et al. (1996), where the overall resistance (or
1/h3 = r3) consisted of a diffusive (ra) and an aerodynamic
(r,,h) component, i.e., r3 = ra + r~,h, where

Re;/4 Scm
r~ - [15a1

~g,

u~- uh
[15b]Fa,h ~

in which Re. is the roughness Reynolds number (= u.z~v), u.
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is the friction velocity, Zo is the roughness length, and v is
the kinematic viscosity of methyl bromide; Sc is the Schmidt
number (= v/Dg), a is a constant (~0.137), ur is the wind speed
at a reference height (= 2.3 m for the field experiment by
Yates et al., 1996a), and uh is the wind speed at a height
between soil surface and the reference height (-- 0.1 m in
Yates et al., 1996a). Because the field was covered with 
plastic film (Yates et al., 1996a), the surface was aerodynami-
cally smoother than either a bare or vegetative surface cover.
The roughness length, according to Garratt and Hicks (1973),
can be estimated as Zo = 0.1v/u,, which leads to Re, = 0.1.
The kinematic viscosity of methyl bromide at 20°C was calcu-
lated to be 3.994 × 10-6 (m2/s), using the Reichenberg method
(Reid et al., 1987). Therefore, the Schmidt number is 0.385.
The friction velocity was estimated from the log wind profile
equation using the 5 min average minimum (0.421 m/s) and
maximum (5.211 m/s) values of Uh for the first two weeks 
the experiment (Yates et al., 1996a). The average minimum
and maximum u. was 0.0279 and 0.1932 (m/s), respectively.
Therefore, the diffusive resistance was 91.286 and 13.183 (s/
m) for u. = 0.0279 and 0.1932 (m/s), respectively. Also using
the log wind profile equation for u~. and u~, in Eq. [15b] and
assuming neutral atmospheric conditions, we found ra.h =
280.958 and 40.573 (s/m) for the minimum and maximum u.,
respectively. Therefore, the overall boundary layer resistance
from the tarp surface to the atmosphere (or r3) was between
372.244 and 53.756 (s/m). Because this value was about three
orders of magnitude smaller than the tarp resistance (160 514
to 19 763 s/m), we could further simplify the surface boundary
layer condition to

h(Cg - farm) = h2(Ctarp, b -- Ctarp, t) [16]

where h2 can be described in CHAIN_2D model as Dg(T)/
de(T).

Because the tarp was removed at 5.029 d after application,
the surface boundary should be changed to bare soil condi-
tions. We used a fixed boundary layer thickness of 0.5 cm to
represent the resistance to methyl bromide volatilization after
tarp removal. This is a reasonable number for bare soil surface
according to Jury et al. (1983), who in a separate paper (Jury
et al., 1984) demonstrated that the boundary layer thickness
is not important for highly volatile chemicals like methyl bro-
mide. Ideally, the resistance should be made to be a dependent
of atmospheric conditions such as changes in wind speed.
However, this is not possible using CHAIN_2D.

Heat transfer in the soil was computed from a two-dimen-
sional equation (Sophocleous, 1979) with a surface boundary
condition as:

Ts = To + A sin (27rt*/tp + tL) [17]
where Ts is the surface soil temperature (under tarp), To is the
average soil surface temperature (under tarp ~40°C) during
period tv (= 1 d), A is the amplitude of the temperature sine
wave (N22°C), t* is the local time within the period of tv, and
tL is the time lag for adjusting the maximum temperature
to occur between 1200 h and solar noon (~4.2 in Yates et
al., 1996a).

Initial Conditions

The initial concentration for two-dimensional diffusion with
a line source was given by:

CL,g (x, Z, 0) = Co (x~, [18a]

CL,g (X, Z, 0) = 0 (X ~ xi, Z ¢ [18b]

The initial concentration for one-dimensional diffusion with

continuous source from a depth range was given by:

CL.g (Z, 0) = Co (z2 >- z -> [19a]

CL,g (Z, 0) ---~ 0 (Z ~" Z2, > Z) [19b]

When comparing the field experimental results from Yates et
al. (1996a,b,c), Eq. [19a] and [19b] were used with z~ = 24.45
cm, zz = 25.45 cm, and Co (zz -> z -> z~) = 1.7 mg/cm3 which
corresponds to the field application rate of 240 kg/ha.

The numerical code is applicable to methyl bromide fate
and transport, because the model simulated concentrations
under tarped and untarped conditions agree well with the
analytical solutions for one-dimensional gas diffusion.

Because the model uses a finite element method to obtain
solutions for the transport equations and methyl bromide is
applied to a small region with very high concentrations, very
small spatial increment and initial time step were required to
maintain stability in the numerical simulation. We found that
an initial time increment of <1 rain was needed to avoid
numerical unstability that may result in negative concentration
values in the simulation, especially at early times. To compare
the field experimental results from Yates et al. (1996a,b,c),
we set up a grid system that was 0.5 cm wide and 10 m deep
with variable depth increment over the simulated region. At
and near the methyl bromide source, i.e., 25 cm, a 0.1-cm
increment was used. The maximum depth increment (for
places below 1 m) was 2 cm. The soil was divided into 10
layers with different hydraulic and physiochemical properties
(Table 1).

RESULTS AND DISCUSSION

Incorporation of diurnal changes in soil temperature
produced a simulated methyl bromide volatilization flux
that followed the same diurnal trend as the temperature
with the mean fitting to that without temperature effect
(Fig. 2A). The highest emission flux (96.6 ~g/m2 s) oc-
curred 9.8 h after application when not considering tem-
perature influence. The rapid increase and gradual de-
crease in flux density described the general trend in
methyl bromide emission and agreed well with previous
model predictions (Rolston and Glauz, 1982; Reible,
1994) and field (Majewski et al., 1995; Yates et al.,
1996b,c) and laboratory (Jin and Jury, 1995) observa-
tions. When considering temperature effect, the highest
emission flux (103.7 ~g/m~ s) occurred at 22.1 h after
application and the diurnal amplitude of flux changes
decreased from 85.2 (vog/m2 s) in the first 24 h after
injection to 15.7 (v~g/m~ s) 4 d after application. This
drastic reduction was attributed primarily to the reduced
mean emission rate (without temperature effect), which
was only 10.9% of the first 24-h rate. This would imply
that temperature may have a lesser effect on emission
rate several days after than right after injection. From
a sampling perspective, small sampling intervals (~ h)
are necessary or critical to capture the complete cycle
of methyl bromide emission during early times of field
injection. Later into the experiment, large sampling in-
tervals may be used without sacrificing the accuracy in
flux measurement. Regardless the sampling methods
used, taking flux samples at a fixed time of the day and
at an interval larger than 12 h would very likely cause
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Table 1. Soil physical, chemical, and hydraulic properties used in model simulation.

Hydraulic propertiesd
Bulk Adsorption

Layer Depth density’~ 0i? 0,~: 0,~ hi~" a~ n~ rate§
Degradation

rate§

cm g/cm3 cm3/cm3 cm 1/cm cm3/g
1 0-5.2 1.30 0.12 0.0791 0.3929 1100 0.0229 1.6327 0.75
2 5.2-10 1.43 0.12 0.0791 0.3929 1100 0.0229 1.6327 0.75
3 10-20.5 1.55 0.15 0.0791 0.3929 450 0.0229 1.6327 0.75
4 20.5-30.2 1.65 0.18 0.0899 0.4038 425 0.0277 1.5030 0.75
5 30.2-40 1.65 0.20 0.0899 0.4038 280 0.0277 1.5030 0.50
6 40-50 1.65 0.22 0.1026 0.4659 130 0.1427 1.3918 0.50
7 50-60 1.65 0.21 0.1026 0.4659 165 0.1427 1.3918 0.50
8 60-80 1.65 0.20 0.0775 0.3839 850 0.1205 1.1985 0.50
9 80-100 1.65 0.20 0.0798 0.4025 680 0.0807 1.2465 0.50
10 100-1000 1.65 0.20 0.0000 0.3773 4900 0.3009 1.0872 0.40

Ud
0.08774
0.08774
0.08774
0.08774
0.08664
0.08664
0.08664
0.08664
0.08664
0.02864

Yates et al. (1996a).
van der Meulen, 1990, unpublished data.
Ganet al. (1994), degradation occurs in liquid and solid phases, not in gaseous phase.
0t, 0, and 0s are initial, residual, and saturated water content; hi is the initial soil water potential; a and n are fitted parameters.

a serious over or under estimation of the emission flux
density and overall emission rate.

The cumulative amount of methyl bromide emission
followed the same trend with or without considering
temperature effect (Fig. 2B). However, because of the
cyclic nature in flux density the accumulation rate fol-
lowed a similar pattern to the diurnal changes in emis-
sion flux, whereas that without temperature effect was
a smooth curve. After 5.029 d (before tarp removal of
Yates et al., 1996c), 53.4% of the applied mass was lost
via emission. This is comparable to the measurement
by Yates et al. (1996b,c) where 54.9 to 65.1% was consid-
ered to be lost by volatilization before tarp removal
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Fig. 2. (A) Simulated methyi bromide flux density and(B) cumulative
mass loss with the inclusion and exclusion of diurnal temperature
variations under the tarp with To = 40°C and A = 22°C.

(Table 2). If the volatilization rate was measured only
once a day, say at 1200 h, and using this rate’, to represent
that day’s emission flux, the cumulative emission at
5.029 d after application would be 88.9%. This is clearly
an overestimation of the actual emission rate.

Simulated methyl bromide flux matched the mea-
sured values reasonably well and both followed a diurnal
variation with high fluxes occurring between noon and
early afternoon hours of each day and low values around
midnight to early morning (Fig. 3). The measured peak
flux values of 118.9, 110.6, and 61.3 (ixg/m2 s) at 1.01,
1.72, and 2.80 d did not follow the simulation and may
be attributed from other factors such as barometric pres-
sure changes or atmospheric instability, which cannot
be simulated using CHAIN_2D. The model simulation
may be improved by incorporating the barometric pres-
sure and atmospheric instability effect. The disadvan-
tage for including the barometric pressure and atmo-
spheric instability is that actual field measurement is
required, which renders the model prediction not com-
pletely independent of field measurement, therefore
limiting its use.

We used the flux values from the chamber measure-
ment, i.e., Yates et al. (1996c), to compare with the
model prediction because these flux estimates have been
corrected for temperature effect on the polyethylene
plastic tarp. We believe that the increased methyl bro-
mide diffusion coefficient, with increasing temperature,
would contribute to a significant portion of the flux
enhancement factor reported in Yates et al. (1996c).
According to Eq. [6], methyl bromide diffusion coeffi-
cient will increase by 20% when increasing temperature
from 10 to 40°C, whereas the temperature enhancement
factor would double in every 15°C increase. According
to Eq. [12], the increased diffusion coefficient would
lead to increased emission flux values assuming other
parameters or variables unchanged. The major effect of
temperature on the flux enhancement factor may be
attributed to the increased permeability to methyl bro-
mide molecules due to thermal expansion or other phy-
siochemical mechanisms of the plastics (Birley and
Couzens, 1974). This effect can be seen by comparing
the simulated emissions when fixing the boundary layer
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Table 2. Methyl bromide partition between emitted, degraded, and remained in the soil at selected times after injection.t

1077

Numerical mass
Emission Degradation Remaining in soil balance error

Elapsed time dc dr Measured~ dc dr dc dT dc dr

d %
0.0 0.0 0.0 0.0 0.0 0.0 100.0 100.0 0.0 0.0
0.04167 (= 1 h) 0.0 0.0 N/A 0.0 0.0 100.0 100.0 0.0 0.0
0.2083 (=5 h) 1.1 1.3 1.4-11.7 1.8 1.7 98.5 98.3 1.4 1.3
0.4167 (=10 h) 1.9 5.4 6.3-24.0 3.5 3.3 95.8 92.5 1.2 1.2
0.962 11.9 17.3 23.0-42.3 7.5 7.2 81.8 76.6 1.2 1.1
2.029 30.5 36.5 40.0--59.4 13.5 12.7 57.3 52.0 1.3 1.2
3.929 43.8 49.4 52.0-64.6 20.5 19.0 36.9 32.8 1.2 1.2
5.029 (tarp off) 48.0 53.4 54.9-65.1 23.3 21.5 29.8 26.3 1.1 1.2
18.129 60.5 64.7 57.8-66.2 34.5 31.3 6.1 5.3 1.1 1.3
35.029 61.6 65.7 57.8-66.2 37.4 33.6 2.2 1.9 1.2 1.2

dc = 122.6 cm before tarp removal; dr = 34.8-210.4 cm before tarp removal; dc or T =dB = 0.5 cm after tarp removal (>5.029 d).
Data from Yates et al. (1996b,c) of aerodynamic, theoretical profile shape, integrated horizontal flux, and the flux chamber methods. The
were referencing that measured at 0.229 d after application. The 18.129 and 35.029 d data were referencing measurements upto 14.342
further emission had been observed for 6 d.

0.2083 d data
d by then no

thickness to a mean value at d = dc ~- 122.6 cm or
keeping it a function of temperature as d = dv(T). As
shown in Table 2, the emission rate was reduced when
keeping d = de as a constant.

Although the predicted overall emission (53.4% after
5.029 d) was similar to that from the meteorological and
chamber methods (54.9-65.1%; Yates et al., 1996b,c),
the predicted flux density was not as variable as that
estimated from the meteorological approaches, in which
the flux fluctuated between about 4 to 786 (ixg/m2 s)
within 12 h such as in the theoretical profile shape
method. The large variability in measured emission flux
was caused by atmospheric instability and experimental
error. While the model prediction is useful in describing
the basic principles in transport and volatilization pro-
cesses to the accuracy of our current understanding,
experimental measurements provide outcomes that in-
clude all relevant processes taking place and are very
important in validating the simulated mechanisms such
as the temperature effect.

A potential application of understanding the temper-
ature effect on diurnal fluctuations in methyl bromide
volatilization is to schedule sampling times so that more
representative emission rates can be obtained. Because
the temporal distribution of methyl bromide emission
appeared to follow a diurnal sine wave with its mean
fitting to a lognormal distribution (Fig. 2 and 3), 
believe that multiple samples are necessary during the
first 24 h after application. Over time, a single sample
may be enough for each day if it is taken near the mean.
However, a representative daily mean emission rate is
difficult to determine because we do not fully under-
stand all the important processes such as barometric
pressure and atmospheric instability that would affect
the volatilization mechanisms. Therefore, we recom-
mend high-frequency sampling, whenever possible.
Above implications to sampling apply to places where
discrete samples are taken at selected times or days
after application such as in Yagi et al. (1993). It will not
be a concern if the sampling is made continuously such
as in Majewski et al. (1995) and Yates et al. (1996a,b,c).

Methyl bromide concentration in the soil air redistrib-
uted quickly after injection at 25 cm. Both simulated

and measured concentration values at selected times
after application showed the rapid redistribution pro-
cess. The simulation predicted the measured values rea-
sonably except at deeper depths (Fig. 4). The discrep-
ancy may also be caused by downward mass flow caused
by density sinking. Density sinking of methyl bromide
(Goring, 1962) is simply caused by the fact that methyl
bromide (3.974 mg/cm3) is heavier than soil air (~1.18
mg/cm3). Therefore, at early times, the local gas phase
density of the air containing methyl bromide is greater
than the surrounding methyl bromide free air phases
and this density difference produces an advective mass
flow. Other factors that might have contributed to
methyl bromide transport included a potential preferen-
tial upward movement above the injection lines. This is
possible since preferential paths could be created be-
cause methyl bromide was injected through a shank that
would create a fracture connecting the source to the
soil surface. Although the soil would fall back to close
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Fig. 3. Comparison of simulated and measured flux density before
tarp removal. The measured values were from Yates et al. (1996e).
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Fig. 4. Comparison of simulated and measured methyl bromide con-

centrations in the soil profile at 1.4,2.5,4.4,5.5,18.6, and 35.5 d after
application. The measured values were from Yates et al. (1996a).

the shank fracture, the soil directly above the injected
methyl bromide would be less compacted than the rest
of the profile and could provide a preferred transport
pathway. Therefore, there was a potential for a pre-
ferred transport through the shank fractures. The pref-
erential flow would play a more significant role in the
early stages of redistribution when pressure-driven flow
dominated and may be a mechanism causing the high
fluxes almost immediately after the application as ob-
served in recent field experiments (Majewski et al., 1995;
Yates et al., 1996b). Because methyl bromide was in-
jected as a liquid, it would vaporize very rapidly (boiling
point = 3.56°C) under ambient temperatures. The initial
phase-change expansion would increase the absolute
pressure of methyl bromide gas near the source creating
an advective or pressure-driven flow. This would help to
disperse methyl bromide very quickly. After this initial
stage, gas-phase diffusion would be the main mechanism
for spreading methyl bromide in the soil matrix, which
is driven by concentration gradient. The presence of
plastic tarp would help to contain the gas near the
soil surface.

From a model simulation, additional information is
available about the quantities of methyl bromide emit-
ted, degraded and remaining in the soil any time after
application. This is a very useful feature because it
would help to determine the actual exposure time under
some threshold concentration to achieve efficient effi-
cacy. It would also help to decide the duration of the
fumigation and the dosage to apply. While the diffusion
rate is strongly affected by the diffusion coefficient,
which is, besides temperature, also a function of soil air
content. It is a common practice in agricultural fumiga-
tion to minimize soil moisture content before injection
to increase soil aeration. Adsorption and degradation
rate, however, are more generic to the soil to be treated.
Gan et al. (1994) indicates that both the adsorption
and the degradation rate are strongly dependent on soil
organic matter content. While adsorption would not
remove methyl bromide from the soil profile, degrada-
tion would irreversibly eliminate it from the soil. There-
fore, soils with high degradation rate or high organic

matter content may require larger application dosage
than soils with low organic matter content. The other
way for methyl bromide to reduce to mineral forms is
by hydrolysis or reacting with water. Therefore, manag-
ing soil moisture content before methyl bromide injec-
tion would not only help to achieve a reasonable disper-
sion rate but could affect degradation rate. With the
model, soil moisture content or air porosity can poten-
tially be optimized. In summary, improvements that we
can make to the simulation model are to include baro-
metric pressure changes at the soil surface, initial stage
pressure-driven flow, density-driven flow, and preferen-
tial flow through the shank traces. In future modeling
activities, we should also include the temperature de-
pendency of tarp permeability through plastic films of
different composition such as the Hytibar (Daponte,
1995) as compared with the conventional polyethyl-
ene films.

CONCLUSIONS
Diurnal variations in methyl bromide volatilization

flux were simulated with a two-dimensional numerical
model by solving simultaneous equations of water, heat,
and solute transport (in both liquid and vapor phases).
This was achieved by establishing functional relation-
ships between temperature and methyl bromide Henry's
constant, diffusion coefficient in air, and tarp permeabil-
ity. Soil properties and surface boundary conditions
from Yates et al. (1996a,b,c) were used as an example
for model comparison. The model depicted diurnal
changes in methyl bromide emission flux density compa-
rable to the measurements by Yates et al. (1996c). Simu-
lated methyl bromide concentration distributions in the
soil profile matched the measurements reasonably well.
The model may be improved by including atmospheric
barometric pressure variations, early time pressure-
driven advective flow and density-driving flow.
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