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INTRODUCTION

Multimedia environmental models have drawn
much attention as a valuable tool describing the fate
of chemicals in the first step of human and ecological
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risk assessment (Cohen and Ryan, 1985; Devillers et
al., 1996; Diamond et al., 2001; Mackay, 1991;
Mackay and Paterson, 1991; Mackay et al., 1996;
Suzuki et al., 2000; Van de Meent and de Bruijn,
1995). As use of the models are considered for effec-
tive chemical management in a number of jurisdic-
tions, the models’ performance in describing and pre-
dicting the chemicals’ environmental fate becomes a
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significant concern. The reliability of the multimedia
environmental models is undoubtedly a function of
the accuracy of the various model input parameters.
However, it is often difficult to choose a proper value
for each parameter in the models, especially when
the range of reported or possible value of the parame-
ter is wide. Whatever value is chosen, it is necessary
to analyze the uncertainty associated with the model
outcomes for their appropriate use. Usually the un-
certainty analysis 1s resource demanding when the
number of the uncertain parameters is large. There-
fore, it is critical to reduce the number by limiting the
analysis to the most influencing parameters. Sensiti-
vity analysis is a means used to identify the influenc-
ing parameters. An additional benefit from identify-
ing the influencing parameters is that research effort
can efficiently be focused to reduce the uncertainties
of the influencing parameters.

A typical sensitivity analysis is conducted by cor-
relating the model results with the parameter varia-
tion based on numerous repetitive calculations. Such
a procedure is time consuming and may mask com-
bined effects of interrelated parameters when the
number of model parameters is large as in multime-
dia environmental models. This drawback could be
overcome by introducing systematic concepts as ex-
emplified by Cohen (1986). Therefore, a principal
objective of this study was to develop a more syste-
matic and mathematical method that could assist in
conducting parametric sensitivity in efficient man-
ners. A steady—state multimedia environmental mo-
del (Level III), originally developed for an urban en-
vironment using fugacity approach by Kwon (1998),
was used to screen the parametric sensitivity for the
multimedia environmental behavior of 2, 3,7, 8-
tetrachlorodibenzo~p~dioxin (2, 3, 7, 8-TCDD) in
Seoul.

Fugacity model

Fugacity means “escaping tendency” of a chemical
in a medium, having a unit of pressure by definition.
The concept of fugacity, which was introduced by

Vol. 17, No. 3

Lewis in 1901 as a more convenient thermodynamic
equilibrium criterion than chemical potential, has
been widely used in chemical process calculations.
Its convenience has become apparent by D. Mackay
and his co-workers (Mackay, 1979; Mackay, 1991;
Mackay and Paterson, 1981; Mackay and Paterson,
1982; Mackay and Paterson, 1991) for multimedia
models where chemical equilibrium or partitioning
calculations are frequent.

In fugacity models, the contaminant mass balance
equations are derived in terms of fugacity in the
multimedia. Then the fugacity is converted to con-
centration or mass. To relate fugacity to concentra-
tion, a parameter termed fugacity-capacity is defined
for each medium: the Z—-value [mol/m3Pa]. The
analogy between the Z-value in a medium and the
heat capacity of a material is shown in (1) and (2)
(Mackay, 1991). Therefore, the concentration in a
medium is a product of fugacity and Z-value, a con-
stant in a given medium.

Amount of Heat (J) = Mass (g) X Heat capacity (J/g°C)
X Temperature (°C) Q)

Amount of Matter (mol) = Volume (m?) X Fugacity
capacity (mol/m3Pa) x Fugacity (Pa) 2

When the environment is at equilibrium as assum-
ed in equilibrium models, the pollutant concentration
(Ci) in a medium can be calculated simply by multi-
plying the fugacity (F;), the same in all media, with
fugacity capacity, Z;.

Fi=F,=F:=A=F 3)
Ci=Z F “4)

In non-equilibrium models, steady-state input,
transformation, and inter—compartmental transfers
are represented by D-values. D-values used in this
level of calculation are defined as the value of mass
flow rate divided by the fugacity in a medium (5)
Environmental loss mechanism includes biological
and chemical degradation, advection, and intermedia
mass transfer.

D (mol/h Pa) =Loss rate (mol/h)/Fugacity (Pa) (5)
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Therefore, introducing mass-balance equations
into a fugacity model gives a set of general equations
for mass conservation (6) in unsteady state condi-
tions.

dF;
Vi Zl —H‘t* ZDji Fj - ZDq Fi +El (6)
) J

where Dy and E; denote intermedia transport from i
compartmeant to j compartment and emission rate
[mol/h], respectively. Thus the fugacity in each me-
dium is calculated by simultaneously solving n linear
equations derived from a system of n compartments.
At steady state conditions, the equation (6) reduces to

.
2D;Fi=XD;F;+E; (for compartment i) @)
1 1

Processes in the model

vation of Z-values is referred to Mackay (1991). In a
six—compartment model used in this study (Kwon,
1998), equilibrium is assumed within a bulk com-
partment containing more than two phases, such as
air and water. Mass transport processes described in
Fig. 1 are presented in terms of D-values in Table 3.
Further discussion and the derivation of D-values
are well documented in several literatures (Mackay,
1991; Kwon, 1998; Trapp and Matthies, 1995). Cal-
culating the D~values requires the transport para-
meters described in Table 4.

Sensitivity model

The set of governing equation of fugacity model
(7) is represented in N X N matrix form for N com-
partments (8).

ViZ,F, —Dmt DaiA D fFi Ei
. . - d | V2Z,F D;; -DnzA D F E
The schematic diagram is shown in Fig. 1 for the % MOo1EL AT AN A M
model used in this study. The Z-values, used in the VnZnFn Din DivA —Dnndt Py Ex
model, are listed in Table 1 and 2. The detailed deri- 1t
air inflow Alr . , air outflow
—> adsorptlonl Tdesorptlon —
Particulates
3 4
1 B volatilization deposition w water
deposition urban volatilization lmﬂow
3 d - runoff Y
. eposition
Vegetation /
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volatilization T \\ volaiization Water m
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> Solids
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Fig. 1. Schematic diagram and mass flow of the model.
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Table 1. Z-values used in this study
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Medium Z-value (mol/m3 Pa)
. R : gas constant (8.3145 Pa m¥/mol K)
Air (Za) I/RT T : temparature (K)
Particulates (Zp) Kpa/RT Kea : dimensionless particle air partition coefficient
Water (Zw) 1/H H : Henry’s law constant (Pa m>/mol)
. Kbs : soil water partition coefficient (L/kg)
Soil (Zs) Kesps/H ps : soil bulk density (kg/L)
. Kbpx : sediment water partition coefficient (L/kg)
Sediment (Zx) Kexpx/H px : sediment bulk density (kg/L)
. Kepss : suspended solids water partition coefficient (L/kg)
Suspended solids (Zss) Kesspss/H pss : suspended solids bulk density (kg/L)
Kbpas : asphalt water partition coefficient (L/kg)
Asphalt pavement (Zas) Kpaspasfas/H pas : asphalt bulk density (kg/L)
fas : fraction of asphalt
Vegetation (Z,) Kew/H Kpw : dimensionless plant water partition coefficient

where Vi, Zi, F;, E; are volume, fugacity capacity,
fugacity, and source emission rate including advec-
tion for compartment i, respectively. Dr; is total tran-
sfer D value from compartment i.

In order to simplify the subsequent analysis, the
systems of linear equations (8) can be written more

conveniently in the following.
d > =2 -
VZ—- F=AF+S &)

where ?, g), V, and Z are the fugacity and source
(vectors), the volume and Z value (matrices), respec-
tively. A is the intermedia D value matrix whose
coefficients are represented in (8).

In the multimedia fugacity model described in (9),
fugacities vary wigl the parameters of matrix A and
the source vector S. Consider a parameter o which is
subject to a small variation Aal from 0, the original
value of the parameter for the multimedia system for
which the solution is Fo. the change in the solution of
(9) due to the variation Ao can be expressed by a
Taylor series expansion (10—11).

o=0p+A0 (10)

-5 = 81_3) 821_3) Ao?

F=F —IA — | —+A 11
o+ o °‘+aa2 L2 + an

Limiting Act to small variations, the second and
higher order terms in (11) may be neglected. Then

Table 2. Z-values for bulk environmental phases

Media Z-value
Air(Z,) Za+veZp
Water (Z,) Zw+vssZss
Soil (Zg) Zs
Sediment (Z4) Zx
Asphalt pavement (Zs) Zas
Vegetation (Ze) Zy

vp and vss denote volume fractions of particulates and suspended
solids, respectively

(11) reduces to:

> =
F=Fo+ c. A0
_)

12)

oF | . .
where Gy = 3o is termed output sensitivity func-
aO
tion.

After differentiating (9) with respect to a, the fol-

lowing sensitivity model is obtained:

. - = -
VZGy=AoGu+ @uFo+ Ta (13)

where G, is the time derivative of 6 and
? _ oS _0A |
“=50 1, a0l

If the source vector S is independent of the parameter

0, then 7, is becomes a zero vector (14).

o - -
VZGo=AoGu~+ @uFo (14)



September 2002 Kwon and Lee : Sensitivity Analysis of a Multimedia Fugacity Model

Table 3. Intermedia D-values
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Process Individual D-value Overall D-value
1
Diffusion Dvw=—7 1
kawA2Z kwwARZ
. . AwTlata TwRRaw Di2=Dvw+Dgw-+Dow+Dow
Air(1) - Rain Drw =A1UrZw + D 4D,
Water (2) Wet deposition Dow = A12UrQveZo Doeh RLATHQL
Dry deposition Dow = AnnUpvoZe e
Rain to LC* DrL= de(Ac +A15)URZW
Wet deposition to LC DqL= de(Ac+Ai5)UrQvoZo
1
Diffusion Dvs= r Y;
Air(1) - ksaAinZa  A13(BaeZa+BweZw) Di3=Dvs+Dgs+Dgs+Dps
Soil (3) Rain DRs = A13URZw D31 = Dvg
Wet deposition Dos=A13UrQvoZo
Dry deposition Dps=A13UrvoZg
1
i - = Dis=D
2‘: (hl:lt 5y  Diffusion Dvas Y D‘S_DVAS
P ksaAizZs  BmasAisZas SITEVAS
Air (1) - e Dis=Dgp
Diffi Dop=AsLAgZ
Vegetation (6) Hiusion o0 = Al AgZa Dé1 =Dap
Soil(3) - _ . D36=Dxy
Vegetation (6) Uptake Dxy=Qt - TSCF - Zw Dg3=0
Land(3,5) -  Water runoff Dww=ApUwwZw Dy3=0
Water (2) Solid ruoff Dsw=A13UswZs Ds2=Dww+Dsw
1
e s Drx=
Diff
Water (2) - Husion ! + Y D24 =Drx+Dpx
. kxwA2Zw = BwxAZw
Sediment (4) . D4y =Drx+Drx
Deposition Dpx = A24UpxZss
Resuspension Drx = A2aUrxZx
Reaction Dri=kriViZi
Advection Dai=GiZ;
Sediment burial Dgx = UsxA24Zx

Leaching to
groundwater

Drs=UisA3Zw

* LC denotes Land covering materials, i.e., cement and asphalt pavement.

Likewise, ¢, becomes a zero matrix when A is

independent of o (15).

. - o
VZo'a = A() O« + Ta

- -
Co= A()_1 T

an

Because concentration is more tangible than fuga-

At steady state, (14) and (15) are readily solved to
yield the solutions (16) and (17), respectively:

- =
Go=Ao"! ¢ Fo (16)

(15) ity in the notion, the parametric sensitivity may be

written in terms of concentration as:

acl aF, aZ1 aZl
5?“——21£+F1£—Zioai+1:i£ (18)
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Table 4. Parameter values used in the model
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Parameter Symbol Value
Correction exponent for differences between plant lipids and octanol B 0.952
Drainage efficiency de 0.8°
Correction factor for differences between asphalt pavement and octanol fous 1.2¢
Conductance in air-vegetation interface (m/h) G 3.6*
Air side mass transfer coefficient over asphalt pavement (m/h) kasa 14
Air side mass transfer coefficient over water (m/h) kaw 5e
Air side mass transfer coefficient over soil (m/h) ksa 1¢
Water side mass transfer coefficient (m/h) kww 0.05¢
Water side mass transfer coefficient over sediment (m/h) kxw 0.01¢
Leaf surface area (m?/m?) LA 52
Lipids contents in vegetation (kg/kg) Le 0.022
Density of particulate matter (kg/L) Pd 28
Vegetation bulk density (kg/L) Pp 0.52
Scavenging ratio Q 20,000°
Transpiration stream (m3/h) Qt 4.14x 10752
Sediment burial rate (m/h) Usgx 3.4x108
Sediment deposition rate (m/h) Upx 4.6x10°%
Soil-groundwater leaching rate (m/h) ULs 3.9x1075%
Sediment resuspension rate (m/h) Urx 1.1 x 1078
Volume fraction air in soil Va 0.3¢
Volume fraction water in soil vw 0.2¢
Volum fraction water in sediment vx 0.63¢
Water content in vegetation (g/g) Wp 0.8
Diffusion path length in soil (m) Ys 0.05¢
Diffusion path length in sediment (m) Ya 0.005¢
Diffusion path length in asphalt pavement (m) Ys 1x10°%

a. Trapp and Matthies (1995), b. typical runoff coefficient for urban area is about 0.8 (Kiely, 1996),
c. Kwon (1998), d. Assumed the same as ksa in Mackay (1991), e. Mackay (1991)

Then, sensitivity index, which is defined as %
change in concentration over % change in the para-

meter o, is obtained by multiplying % with the
0
output sensitivity function (19).
AC AC
C G _ aC o

a0 19)

Physico- chemical properties of 2,3,7,8-TCDD

Physico—chemical properties and environmental
life-time of TCDD have been studied by several
researchers (Atkinson, 1987; Eitzer and Hites, 1988;
Friesen and Webster, 1990; Friesen et al., 1996;

Koester and Hites, 1992; Kowk et al., 1994; Kowk et
al., 1995; McCrady and Maggard, 1993; Pennise and
Kamens, 1996; Shiu et al., 1988). The dominant
environmental degradation of TCDD is photodegra-
dation in the atmosphere and surface water. Typi-
cally, photolysis half-lives of TCDD are about
several days and a few weeks in the atmosphere and
surface water, respectively (Atkinson, 1987; Friesen
et al., 1996). In this paper, physico~chemical pro-
perties and degradation rate constants of TCDD were
selected mostly from suggested values in Mackay et
al. (1992), after reviewing several literature men-
tioned above (Table 8). Degradation rate constant in
asphalt pavement was assumed to be ten times higher
than in soil, because thin effective thickness of asph-
alt pavement was considered favorable to surface
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Table 5. Compartment depths

Table 7. Characteristic environmental parameters for Seoul

Compartment Depth (m) Environmental parameters Value
Air (Mixing height; MH) 1000 Atmospheric temperature (T) 293K
Water (Water depth; WD) 3.0 Soil bulk density (ps) 1.5kg/L
Soil (Effective soil depth; SD) 0.10 Sediment bulk density (px) 2.0kg/L.
Sediment (Effective sediment depth; XD) 0.10 Suspended solids bulk density (pss) 1.2kg/L
Asphalt pavement (Effective asphalt 1.0% 10-5 Asphalt pavement bulk density (pas) 2.5kg/L?
pavement; AsD) Organic carbon content in soil (focs) 0.01g/g
Vegetation (Volume of vegetation per 0.002 Organic carbon content in sediment (focx) 0.03¢g/g
unit area; VD) Organic carbon content in suspended 0.06
solids (focs) 06g/g
Total Suspended Particulates (TSP) 80 pg/m3
Table 6. Interface areas Volume fraction suspended solids (vss) 5 X 1079 m>3/m>
Interface Area (m2)? Asphalt content in asphalt pavement (fas) 0.052
- Advective inflow rate in air (Ga1) 1.12 x 10" m*hd
A¥r-W:f1ter (Ar2) 248 10; Advective inflow rate in water (Gaz) 3.6 X 105m/he
Air-Soil (Au3) 24010 Dry deposition velocity (Up) 10.8 m/h
Air-Cement concrete (Ac) 2.71 x 10% Rain rate (Ug) 1.63  10-4 m/h
A%r—Asphalt'pavement (Ais) 7.05x107 Water runoff rate from soil (Uww) 3.26 X 10~> m/h#
Alr—Vegetzftlon (Ase) 7.20x10% Solids runoff rate from soil (Usw) 3.26 x 108 m/h"
Water-Sediment (Az4) 2.48 x 107

a. Areas were obtained using TM (May, 1993) band 2, 3, 4 through
supervised classification, b. obtained by the deduction of the
asphalt pavement area from urban land use area, c. Seoul
Metropolitan Government (1996), d. assumed 30% of soil is
covered with vegetation, ¢. assumed the same as the air-water
interface area

photolysis.

Environmental parameters

Environmental characteristics for Seoul are listed
in Table 5, 6, and 7. Compartment depths are gen-
erally assumed values (Table 5). Air-water and air—
soil interface areas were obtained using TM (May,
1993) band 2, 3, 4 through supervised classification.
Asphalt pavement area was obtained from the stati-
stical data (Seoul Metropolitan Government, 1996).
Air-cement interface area was calculated by deduc-
tion of asphalt pavement area from urban land use
area. Air-vegetation interface area was calculated by
assuming that 30% of soil is covered with vegetation.
Water-sediment interface area was considered as the
same as the air-water interface area. Parameters de-
scribing the sorption characteristics of the asphalt
pavement were from Traxler (1961). Advective in-
flows of air and water compartment were calculated

a. Traxler (1961), b. Ministry of Environment (1992-1996), c.
Ministry of Environment (1996), d. from average wind speed
(Korea Meterological Administration, 1992-1997), e. from water
flux (Ministry of Construction and Transportation, 1996a; Ministry
of Construction and Transportation, 1996b), f. average rainfall
(Korea Meterological Administration, 1992-1997), g. assumed
that the amount of surface runoff is 20% of total rainfall, h.
assumed that particulates matter in runoff water is 0.1% by volume.

using average wind speed and flow rate appeared in
annual statistics published by the government (Korea
Meteorological Administration, 1992-1997; Mini-
stry of Construction and Transportation, 1996a, b).
Total suspended solids (TSP) and volume fraction of
suspended solids were chosen as the average value of
the reported data (Ministry of Environment, 1992-
1996; Ministry of Environment, 1996). Precipitation
rate was calculated by averaging rainfall (Korea Me-
teorological Administration, 1992-1997). Water and
solids runoff from soil to water were calculated
assuming that the amount of surface runoff is 20% of
total rainfall and particulates matter in runoff water is
0.1% by volume. The values of the remaining para-
meters (i. e., temperature, bulk densities, organic car-
bon contents, dry deposition rate) were assumed va-
lues in Mackay (1991).
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Fig. 2. llustrated fate of 2, 3,7, 8-TCDD in multimedia environment. Parenthesized values are concentration (mol/m®) and

other values on arrows are mass flow rate (mol/hr).

Emission scenario

To provide a hypothetical emission scenario of 2,
3,7,8-TCDD in Seoul, domestic waste incinerators
were assumed a major source in Seoul. For a total of
five identical incinerators, the effluent gas flow of
each incinerator is 3.425 x 10 Nm3/hr, under the
assumption of 300 days/yr working day, 5000 Nm?/
waste ton of effluent gas, and 200 ton/day of amount
of disposal. A measured average emission concentra-
tion of 0.1.ng/Nm? (Oh et al., 1999) was used. There-
fore, the total emission rate of 2, 3, 7, 8-TCDD was
34.3 pgfhr (10.6 nmol/hr) into air.

RESULTS AND DISCUSSION

Model simulations were conducted with the pre-
scribed emission scenarios and the input parameter
values in the Tables 4 through 8. The resulting multi-
media movements of 2, 3,7, 8—TCDD are illustrated

Table 8. Physico-chemical properties of 2, 3,7, 8-TCDD
3.337 Pa* m*mol

Henry’s law constant

Log Kow 6.8
Modified Antoine equation constant A 124001 J/mol>
Modified Antoine equation constant B 287.6 J/mol - K»
Melting point ' 578K
Molecular weight 322.0 g/mol
Molar volume 275.6 cm®/mol
Degradation rate constant in air 4.08x10~*/h
Degradation rate constant in water 1.26x1073/h
Degradation rate constant in soil 4.08x10-5/h
Degradation rate constant in sediment 124X 105 /m
Deﬁésg?;glrz rate constant in asphalt 4.08 X 10-4 /h®
Degradation rate constant in vegetation ~ 1.54 X 10-2 /h¢

a. Rordorf (1989), b. assumed to be one order of magnitude higher
in asphalt pavement than in soil, c. selected degradation rate
constant including biodegradation and photolysis from Chrostowski
and Foster (1996). All other values are from Mackay et al. (1992)

in Fig. 2. Only 4% of the total 2, 3, 7, 8-TCDD emi-
tted into the environment is retained in the system
and the major portion of the mass is transported out
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Table 9. Sensitivity indices for D—values
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Sensitivity indices

Process

Air Water Soil Sediment Asphalt pav. Vegetation
Dvw —7.34e-6 8.3le—4 ~7.34e—6 8.31e—4 7.34e—6 7.34e—6
Drw —5.08e—-6 5.74e—-4 —5.08¢—6 5.74e-3 -5.08¢—-6 ~5.08¢—6
Dow —5.48¢—4 6.20e—2 —5.48¢—4 6.20e—2 —5.48¢—4 —5.48¢—4
Dpw —1.81e—3 2.05¢—1 —-1.81e-3 2.05e—1 —1.81e-3 —1.81e-3
DgL —5.59¢—5 6.33e—-3 —5.59¢e—4 6.33e—-3 —5.59¢—5 —5.59¢—5
DqL —6.03e-3 6.83e—1 —6.03¢e-3 6.83e—1 —6.03e-3 —6.03¢—-3
Dvs -2.53e-6 —-2.13e-7 1.07¢e—4 —2.13e-7 —2.53e-5 -2.53¢~5
Dgs —4.98¢—5 —4.19¢—6 2.09-3 —4.19¢-6 —4.98¢—4 —-4.97e-5
Dgs —5.37¢-3 —4.52¢—4 2.26e—1 —4.52¢—4 —5.37¢-3 ~5.37¢-3
Dps —1.78e—2 —1.50e-3 7.49e—1 —1.50e—-3 —1.78e—2 —1.78e—2
Dvas —6.65¢—5 —6.65¢—5 —6.65¢—5 —6.65¢—5 7.41e—1 —6.65¢—5
Dcgp ~2.14e~3 —2.14¢-3 —2.14¢-3 —2.14¢-3 —2.14¢~-3 9.71e—1
Dxy 2.27¢—-10 —~7.53¢-9 —3.65¢-7 —7.53¢-9 2.27e-10 3.75¢—6
Dww 5.90¢—8 5.30e—4 —2.04e—-4 5.30e—4 5.90e—8 5.83¢—8
Dsw 2.29e—6 2.06e—2 —7.92¢-3 2.06e—2 2.29¢—6 2.26e—6
Drx —-3.93¢-9 -3.50e-5 —-3.93¢-9 1.20e-3 —3.93¢-9 —3.93¢-9
Dpx —3.18¢—-6 —2.83e—-2 —3.18e-6 9.70e—1 —3.18¢—6 —3.18¢—-6
Drx 2.73e~-8 2.43e—4 2.73e—-8 —8.32¢-3 2.73e—-8 2.73e—8
Dri: —2.13e—-3 —2.13e—3 —2.13e—-3 —2.13e-3 —-2.13e—3 —2.13e-3
Dr2 —2.73¢—-6 —243e—-2 —-2.73e-6 —2.43e—2 —2.73¢e—6 —2.73e—6
Dr3 —4.65¢—6 —2.11e—-2 —-9.92¢—-1 —211e—-2 —4.65¢—6 -8.37¢—6
Dra —2.67¢—8 —2.38¢—4 —2.67¢—8 —9.65¢e—1 —2.67¢—8 —2.67¢—8
Drs —2.33e-5 —2.33¢—5 —2.33e-5 —2.33e-5 —741e—1 —2.33¢-5
Dre —5.93e-5 -5.93e-5 ~5.93e-5 —5.93e-5 -5.93e-5 —9.73e—1
Da1 —9.64e—1 —9.6de—1 —9.6de—1 —9.64e—1 —9.64e—1 —9.64e—1
Daz ~1.05¢-4 —9.35¢—1 —1.05e—4 —9.35¢e—-1 -1.05e—4 —1.05¢—4
Dgx -7.33e-10 —6.52¢e—6 —7.33e—-10 —2.65¢e—2 -7.33e—-10 —7.33e—10
Dis -1.15¢-9 -5.19¢—6 —2.44e—-4 —5.19¢—-6 -1.15e-9 —2.06e—9

Expressed in bold if the absolute value is greater than 0.01.

to neighboring regions. It represents that pollution
caused by an air-born chemicals, persisting in the
environment long time, has wide range. Careful exa-
mination of the rates of transfer in Fig. 2 roughly
identifies the processes significantly affecting the di-
stribution and migration in the given multimedia sys-
tem. By combining the results shown in Figs 2 and 3,
it could be shown that 2, 3, 7, 8-TCDD accumulates
mostly in soil and sediment via atmospheric deposi-
tion.

To quantify the response of the model outputs to
the input parameters, the sensitivity analysis was per-
formed by calculating sensitivity indices. Sensitivity
indices for intermedia D values were calculated to

screen dominant processes affecting the multimedia
fate of 2,3,7,8-TCDD. Based on the sensitivities of
D values, the sensitivity indices were further cal-
culated for transfer coefficients, physico—-chemical
properties, and environmental parameters strongly
affecting the results of the simulation.

Sensitivity indices in Table 9 show the processes
determining the concentration in each medium.
Advective flow of air (Dai) was a dominant process
for all media. As the flow rate of air increases by 1%,
the concentrations of 2, 3, 7, 8-TCDD in all media
decrease by 0.964%. Dry deposition to water (Dpw)
and wet deposition to the covering layer (Dgr) was
the two most important processes for water and
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Table 10. Sensitivity indices for transfer coefficients in the model
Sensitivity indices
MTCs
Air Water Soil Sediment Asphalt pav. Vegetation
kaw -6.79¢—6 7.68e—4 —6.79¢-6 7.68¢—4 —6.79¢—6 —6.79¢—6
ksa —2.93e-8 —2.46e-9 1.23e-6 —2.46e—9 -293e-8 -293e-8
kww ~5.58e-7 6.31e—5 —5.58e—7 6.31e-5 —5.58e—7 —5.58e—7
Kasa -6.57e~5 —6.57e—5 -6.57e-5 -6.57e-5 7.31e—1 —6.57e—5
kxw -435e-12 —~3.87e-8 —4.35e~11 —1.33e-6 —4.35e—12 —4.35¢~-12
Uex —7.33e—-10 —6.52e—6 —7.33e-10 —2.65e—2 —7.33¢—10 —7.33e—10
Upx -3.18e-6 —2.83e—-2 —3.18e-6 —9.70e~1 —3.18¢—-6 —3.18¢-6
ULs —1.15¢-9 —5.19¢-6 ~2.44e—4 -5.19¢e-6 —1.15e-9 —2.06e—-9
Up —1.96e—2 2.04e-1 747e—1 2.04e—1 —1.96e—-2 —1.96e—2
Ur —~1.21e—2 7.51e—1 2.21e—1 7.51e—1 -1.2le-2 —1.21e-2
Usw 2.29¢-6 2.06e—2 -7.92e-3 2.06e—2 2.29e—-6 2.26e—6
Uww 5.90e-8 5.30e—4 —2.04e—-4 5.30e~4 5.90e—-8 5.83e-8
Urx 2.73e-8 2.43e—4 2.73e~-8 —8.32e-3 2.73e—-8 2.73e-8
g ~2.14e-3 —2.14e—3 —2.14e-3 —2.14e-3 —2.14e-3 9.71e—1
Expressed in bold if the absolute value is greater than 0.01.
Table 11. Sensitivity indices for physico—chemical parameters and rate constants
Sensitivity indices
Parameters
Air Water Soil Sediment Asphalt pav. Vegetation
H 2.57e-4 —4.70e~1 —2.68e-3 —4.70e—-1 ~2.69¢e—1 —2.67e—-2
Kow —8.74e-5 4421 4.6le—4 9.58¢—1 2.69e—1 2.56e—2
A —2.23e~1 9.04e+0 9.96e+0 9.04e+0 —4.08¢+1 —4.08¢+1
B 1.51e—1 —6.14¢+0 -6.77e+0 —6.14e+0 2.77e+1 2.77e+1
Va 6.88e—7 1.20e-5 —1.66e-5 -3.99¢-4 —3.18¢-3 6.88¢—7
kri —2.13e-3 —2.13e-3 ~2.13e-3 -2.13e-3 —2.13e-3 —2.13e-3
kr2 -2.73e—6 —2.43e-2 —2.73e—-6 —2.43e—2 —2.73e—6 —-2.73e—6
kg3 —4.65¢—6 —2.11e-2 —~9.92e—1 —2.11e—2 —4.65¢—6 —8.37e-6
kre —2.67e—8 —2.38e—4 —2.67e-8 —9.65¢—1 —2.67e—8 —2.67e—-8
Krs —2.33e-5 —2.33e~-5 —2.33e-5 —2.33e-5 —7.41e—1 —2.33e-5
kre —5.93e-5 ~5.93e-5 —593e-5 —5.93e-5 -593e-5 —9.73e—1

Expressed in bold if the absolute value is greater than 0.01.

sediment. Advective flow of water affected the con-
centrations only in water and sediment. Particle-
bound dry deposition to soil (Dps), suspended solids
settling to sediment (Dpx), and gaseous deposition to
asphalt (Dvas) and vegetation (Dgp) were significant
input processes to those compartments. Degradation
processes for soil (Dr3), sediment (Dr4), asphalt
(Dgs), and vegetation (Dre) were important removal
processes for the corresponding compartments.
Sensitivity indices for intermedia D values are con-

sistent with mass—flow rates in Fig. 2. Although the
values in Table 9 do not have physical meaning
because of the inter—dependency among D-values,
they assist in screening the influencing processes of
various environmental media. With the emission
made into air, concentrations in other media, exclud-
ing air, are controlled primarily by atmospheric
deposition. Atmospheric advection is the most im-
portant removal process for the whole system.
Whereas advection is a major removal process in air
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Table 12. Sensitivity indices for environmental parameters
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Sensitivity indices

Parameters

Air Water Soil Sediment Asphalt pav. Vegetation
fas -2.42e-5 -2.42e-5 -2.42e-5 -2.42e-5 2.69¢-1 -2.42e-5
focs -2.36e-6 -5.25e-4 5.46e—4 -5.25e-4 -2.36e-6 -6.11e-6
focss -4.50e-6 4.42¢-1 -4.50e-6 9.59¢-1 ~4.50e-6 -4.50e-6
focx -1.77e-10 -1.57e-6 ~1.77e-10 5.39e-5 -1.77e-10 -1.77e-10
Pas ~-2.42e-5 ~2.42e-5 -2.42¢-5 -2.42e-5 2.69¢-1 -2.42e-5
Pd 4.38¢-3 -1.78e-1 -1.96e-1 -1.78e-1 8.02e-1 8.02¢-1
Ps ~2.36e-6 -5.25e-4 5.46e-4 -5.25e-4 -2.36e-6 -6.11e-6
Pss -4.50e-6 4.42¢-1 -4.50e-6 9.5%9¢-1 ~-4.50e-6 -4.50e-6
px -1.77e-10 -1.57e-6 -1.77e-10 5.3%-5 -1.77e-10 -1.77e-10
pr -5.93e-5 -5.93e-5 -5.93e-5 -5.93e-5 ~-5.93e-5 2.69¢-2
Va -4.51e-6 -3.79e-7 1.90e-4 -3.79%-7 -4.51e-6 -4.51e-6
vw -1.02e-6 -8.59¢-8 4.30e-5 -8.5%9¢-8 -1.02e-6 ~1.02e-6
Vss -5.20e-5 1.97e-2 -5.20e-4 -4.62¢e-1 ~-5.20e-5 -5.20e-5
vx -5.89¢-9 -5.24e-5 -5.89¢-9 1.80e-3 -5.89¢-9 ~-5.89¢-9
Y3 2.50e-6 2.11e-7 -1.05¢-4 2.11e-7 2.50e-6 2.50e-6
Y, 3.93e-9 3.50e-5 3.93e-9 -1.20e-3 3.93e-9 3.93e-9
Ys 8.58e-7 8.58e-7 8.58e-7 8.58e~7 -9.55¢-3 8.58e-7
Gai -9.64e-1 -9.64e-1 —9.64e-1 -9.64e-1 -9.64e-1 -9.64e-1
Gaz -1.05e-4 -9.35¢-1 -1.05¢~4 -9.35e-1 -1.05¢-4 -1.05¢-4
b -3.83¢-4 -3.83¢-4 -3.83e-4 -3.83e-4 -3.83e-4 1.74e-1
LA -2.14e-3 -2.14e-3 -2.14e-3 -2.14e-3 -2.14e-3 9.71e-1
Lp -5.93e-5 -5.93e-5 -5.93¢~5 -5.93e-5 -5.93¢-5 2.69¢-2
Wp -8.23e-10 -8.23e-10 -8.23e-10 -8.23e-10 -8.23e-10 3.74e-7
Qt 2.27e-10 -7.53e-9 -3.65e-7 -7.53¢-9 2.27¢-10 3.75¢-6
foas -2.42e-5 -2.42e-5 -2.42e-5 -2.42e-5 2.69¢-1 -2.42e-5
de -6.09¢-3 6.89¢-1 -6.09¢-3 6.89¢~1 -6.09¢-3 -6.09e-3
T 1.64e-1 -6.64¢40 -7.34e+0 —-6.64e+0 3.0de+1 3.01e+1
TSP -4.38e-3 1.78e~1 1.96e-1 1.78¢-1 -8.02¢-1 -8.02e-1
Q -1.20e-2 7.44e-1 2.19e-1 7.44e-1 -1.20e~-2 -1.20e-2

Expressed in bold if the absolute value is greater than 0.01.

and water, degradation is a major removal process in
other compartments,

Because assumed values were used in this study,
sensitivity analysis was performed on transfer coef-
ficients. From Table 10, dry deposition velocity (Up)
and rain rate (Ug) are the most two influencing coef-
ficients. Sediment deposition rate (Upx), air-side
mass transfer coefficient over asphalt pavement
(kasa), and conductance for vegetation (g) are also
important because they control major input D-values
for sediment (Dpx), asphalt pavement (Dvas), and
vegetation (Dgp), respectively. Further elaboration
may be needed on the transfer coefficients to im-

prove the predictability of the model. For example,
temporal variation of wet deposition may signi-
ficantly alter the multimedia fate of 2, 3,7, 8-TCDD.
In rainy season, rain rate (Ug) is much greater than
the annual average used in this model. About 70% of
annual rainfall is concentrated in summer (Korea
Meterological Administration, 1992-1997). There-
fore, a simple use of the average value might intro-
duce significant errors.

Sensitivity indices for physico-chemical proper-
ties are listed in Table 11. Modified Antoine equation
constants, Henry’s law constants, and octanol-water
partition coefficient exhibit high sensitivity indices
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Fig. 3. Total mass distribution of 2, 3, 7, 8-TCDD among
environmental media.

for almost all compartments. Sensitivity indices for
degradation rate constants for soil (krs), sediment
(kr4), asphalt (kgs), and vegetation (kre) show high
values for the corresponding compartments. Althou-
gh modified Antoine equation constants (A and B)
are the most influencing parameters, the uncertainty
associated with the values is small. The reported
values for Henry’s law constant (H) and octanol-
water partition coefficient (Kow) vary by two to three
orders of magnitude for the same substance. Henry’s
law constant and octanol-water partition coefficient
are the two most important properties because they
determine Z-values. Degradation constants in the
solid media strongly affect the concentration. How-
ever, their effect remains within the particular medi-
um except in the sediment.

Sensitivity indices for all environmental parame-
ters used in the model are listed in Table 12. Atmos-
pheric advection rate (Ga;) has high sensitivity
indices for all compartments because it determines
atmospheric advection D-value. Organic carbon
fraction (foci), particle density (p;), and volume frac-
tions (TSP and vss) show high values as they deter-
mine the Z-values. Drainage efficiency (de) is also
significant for water and sediment. Atmospheric
parameters, such as temperature (T), total suspended
particulates (TSP), and scavenging ratio (Q) are of
higher sensitivity for almost all compartments. Con-
centration in asphalt pavement and vegetation is
highly dependent on temperature and TSP, since they

Vol. 17, No. 3

affect on the particle-air partition coefficient. Be-
cause partitioning fraction between air and particle
can be changed with the temperature (Chrostowski
and Foster, 1996), a careful consideration is needed
to describe the fate of TCDD for those compart-
ments. Unsteady state model considering seasonal
variation in the environmental parameters may pro-
perly reflect seasonal environmental characteristics
in the model output.

CONCLUSION

A sensitivity analysis technique, developed for a
level-III multimedia environmental model, was
applied to a case study for 2, 3,7, 8-TCDD in Seoul
metropolitan area. Important processes were effici-
ently screened by using the sensitivity analysis
technique. Convective flow rate in air and water and
deposition processes from air to other compartments
are determining processes for the multimedia system.
Furthermore, the sensitivities were estimated by one
~time simulation for the parameters in the descrip-
tion of the important processes. Among the transfer
coefficients, dry deposition velocity and rain rate are
the two most influencing ones. Other sensitive para-
meters include Henry’s law constant, octanol~water
partition coefficient, and parameters related to the
deposition processes such as TSP and scavenging
ratio. It is strongly suggested that this technique be
used to improve and refine similar models by effici-
ently identifying important processes and parameters.
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