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Abstract

The main objective was to develop and assess a dynamic fate and transport model for lead in air, soil, sediment, water and vegetation. Daejeon 
was chosen as the study area for its relatively high contamination and emission levels. The model was assessed by comparing model predictions 
with measured concentrations in multi-media and atmospheric deposition flux. Given a lead concentration in air, the model could predict the con-
centrations in water and soil within a factor of five. Sensitivity analysis indicated that effective compartment volumes, rain intensity, scavenging 
ratio, run off, and foliar uptake were critical to accurate model prediction. Important implications include that restriction of air emission may be 
necessary in the future to protect the soil quality objective as the contamination level in soil is predicted to steadily increase at the present emission 
level and that direct discharge of lead into the water body was insignificant as compared to atmospheric deposition fluxes. The results strongly 
indicated that atmospheric emission governs the quality of the whole environment. Use of the model developed in this study would provide quanti-
tative and integrated understanding of the cross-media characteristics and assessment of the relationships of the contamination levels among the 
multi-media environment. 
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1. Introduction
1

Lead and lead compounds are toxic pollutants released into 
the environment from various anthropogenic sources such as 
mining and smelting of ore, manufacture of lead-containing 
products, combustion of coal and oil, and waste incineration.1) 
Although the atmosphere is the major initial receiving medium, 
lead undergoes cross-media transfer to contaminate soil, water, 
sediment, and plants, eventually incorporated into food chains 
of humans and animals.2) Humans are, consequently, exposed 
not only through inhalation of lead in air but the food chains. 
Therefore, quantitative understanding of cross-media processes 
and the resulting contamination of the multimedia environment 
is essential to the assessment and management of risk posed by 
lead. Because such understanding involves numerous highly 
complex and interacting processes and parameters within and 
across the multiple environmental media, use of models, parti-
cularly multi-media fate and transport models, is requisite for 
predicting the behavior of lead in the environment.3)
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Since 1996, models for predicting transport of lead compounds 
in air have been developed by European Monitoring and Evalu-
ation Programme for the European continent.4) Included pro-
cesses in these models were dry and wet deposition processes 
as well as advection and dispersion in air. W. de Vries et al.5) 
and S. Dutchak et al.6) have also made prediction models for the 
lead concentrations in soil and water by including the processes 
such as leaching, foliar uptake and root uptake. However, none 
of the existing models accounts for in concurrent manners the 
distribution of lead among all the major environmental media 
including air, water, soil, sediment and vegetation. Furthermore, 
although comparing the model results with observed data is a 
very important procedure to assess the uncertainty of the model 
prediction, none of the previous models4-7) has been tested by 
the comparison.

The main objective of the present work was, therefore, to 
develop a dynamic fate and transport model for lead in multi- 
media environment and assess the model by comparing the 
model prediction and the measured values in the field. Included 
in the model were main environmental compartments such as 
air, soil, sediment, water and vegetation. The chemical forms of 
lead within the scope of the model were Pb(0) and Pb(II). The 
model was assessed by comparing the model predictions with 
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the monitoring data for the contamination levels in air, water 
and soil and for the atmospheric deposition fluxes. 

2. Study Area and Methods

2.1. Study Area

Daejeon was chosen as the study area. The city, located in 
the mid part of South Korea (Fig. 1), is a basin surrounded by 
Jikjang (eastern), Gubong (western), Bomoon (southern), and 
Gyejok (northern) mountains. The total area is about 540 km2 
which is covered with mountain forest, urban area, rice field 
and farm land by 51%, 13%, 17%, and 11%, respectively 
(Table 1). Three streams (i.e., Gap-stream, Yudeung-stream, 
and Daejeon-stream) and several other small tributaries run in 
Daejeon. All the streams merge into Gum-river, which flows 
across a northern part of Deajeon. The average annual rainfall 
is 1,354 mm and the annual average temperature is 12.3°C. 
Principal wind direction is northwest at an annual average velo-
city of 2.42 m/sec. Two (i.e., first and second) local industrial 
complexes have been in operation since 1970. The industrial 
complexes comprise the metal, chemical, textile, and leather 
manufacturing plants.8) According to Korea Toxic Release Inven-
tory (TRI),9) the two industrial complexes were the largest lead 
emission sources among all Korean industrial complexes. Con-
sistently with the large emission rates, the annual average lead 
concentration in air was highest in 1995 and 1997 among the 
major cities in Korea.10)

Fig. 1. Location of the study area in South Korea.

2.2. Methods

Development of the Model: The major environmental media 
included in the model as individual compartments were air, water, 
sediment, soil and vegetation. Based on land cover type which 
could strongly influence the fate and transport of chemicals, the 
soil compartment was further divided into three sub-compartments,

Table 1. Land use of Daejeon (2002)
Land use Area (km2) Coverage (%)

Water 16.38 3.03
Urban 68.52 12.69

Bare soil 7.66 1.42
Wetland 0.010 0.003

Grassland 22.00 4.08
Forest 277.03 51.33

Rice field 89.66 16.61
Farm 58.47 10.83
total 539.74 100

i.e., soils in forest, low vegetation and urban areas. The low 
vegetation refers to wetland, grassland, rice field and farm as 
listed in Table 1.

Lead could be emitted in many chemical forms which subse-
quently vary with environmental conditions. The major chemical 
form of lead in the environment includes Pb(0) and Pb(II).1) 
Although varying with its chemical form,1) some of the impor-
tant fate and transport properties are practically similar enough 
to be considered the same for the modeling purposes. For inst-
ance, due to their low vapor pressure and water solubility, inor-
ganic lead compounds exist primarily in the particulate form in 
air and a substantial fraction of lead in the river water is expec-
ted to be present in suspended solids (SS) bound form.1) There-
fore, some of the inter-phase diffusive processes may not be 
significant because inorganic lead in gas or dissolved form is 
likely to be negligible.

The transport processes in the model were divided into the 
intra-medium process and the inter-media process. The intra- 
medium processes in the model included (1) advection and dis-
persion in air, (2) advection in water, (3) leaching from surface 
soil, and (4) sediment transport. The inter-media processes were 
(5) dry and wet depositions from air to soil, vegetation, and water, 
(6) run-off from soil to water, (7) root uptake by plants from soil, 
(8) foliar uptake by plants from air, (9) litter-fall of leaves to 
soil, and (10) settling of SS from water to sediment. The major 
compartments and the environmental processes linking the com-
partments with the chemical fluxes are depicted in Fig. 2.

Fig. 2. Conceptual diagram of the model in this study.
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A multimedia fate and transport model comprises mathemati-
cally a set of linear equations which can generally be represented 
as below.

Vi : the volume of compartment i,
Ci : the concentration of the chemicals of interest in 

compartment i, 
n : the model cell number,
Aij : the interfacial area between compartments i and j, 
Kij : the i side overall mass transfer coefficient between 

compartments i and j, 
Cij

* : the pollutant concentration in compartment i which 
would be in equilibrium with that in compartment j, 

Fij : non-diffusive cross media transport flux between 
compartment i and compartment j,

Qi
kn : volumetric flow rate of compartment i from the cell #k to 

cell #n,
Ci

k : the concentration in compartment i in the model cell # k,
k : the number of a model cell that is adjacent to the cell n,
Ri : the loss or gain reaction rate of pollutant in compartment i,
Si : the source strength in compartment i.

As the diffusive processes were negligible for the inorganic 
leads, the first term on the right hand side of the equation was 
not included in the present model.

By solving the set of the mass balance equations, the model 
calculates the concentration of lead in each compartment and 
various cross-media fluxes as necessary. The Visual Basic 6.0 
(Microsoft, 1998) was used as the numerical analysis software. 
Input data for the model were divided into three groups, i.e., 
meteorological data, geographical and environmental data, and 
chemical data. Arc GIS 9.0 (ESRI, 1999) was used to efficiently 
handle the input data in the model. The watersheds were made 
up by using standard map of watershed provided by Water 
Management Information System.11) Calculation of run-off was 
conducted by using the Universal Soil Loss Equation.12)

Model description: A multimedia fate and transport model was 
developed for the domain of Daejeon with a total area of 540 
km2 (between 36° 10' and 36° 26' north latitude and 127°14' 
and 127° 33' east longitude). A total of 12 air grids were used 
for the model domain (Fig. 3). The size of each air grid (9.5 km 
× 9.5 km) was determined based on the average wind velocity 
for the period from 1997 to 2006 (2.42 m/sec). The effective 
height of the air compartment was set to 1 km based on the 
effective mixing height calculation data.13) The first and the 
second local industry complexes, the main emission sources, 
were located in the air grid #2 as marked in Fig. 3. 

To describe the spatial distribution of lead in land, each soil 
cell was bounded to form a watershed by using the digital ele-

Fig. 3. Air grids of the model.

Fig. 4. Cell boundaries for water and soil. 

vation map and the standard map of watershed provided by 
WAMIS.11) As the result, a total of five watershed cells were 
produced (Fig. 4). Among three sub-compartments for soil 
(forest soil, low vegetation soil, and urban soil), forest soil was 
further divided into coniferous and deciduous soils to discrimi-
nate quantification of foliar uptake and litter-fall processes. The 
effective depth for the surface soil was assumed to be 10 cm14) 
while the depth of water was set at the average water depth in 
each watershed according to WAMIS.11)

According to Soil Groundwater Information System,15) the 
lead concentration in soil at a number of domestic sites which 
are located far from lead emission sources was negligible as 
compared to the contamination levels in the study area. There-
fore, the background concentrations in all the compartments in 
this model were assumed zero. 
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Fig. 5. Emission estimate scheme (air grid #8).

2.3. Emission Estimates

An accurate estimation of the emission rate is critical to the 
certainty of the model prediction. In the present study, the re-
ported emission rate was available only for the two industrial 
complexes after the year of 1999 (Korea TRI9)). In addition to 
the fact that the accuracy of the reported TRI values for the 
complexes has hardly been evaluated, the unknown lead emiss-
ions from other sources could create a great deal of uncertainty 
associated with the model prediction. Furthermore, since lead 
itself does not decompose, the lead concentration in soil at pre-
sent would be strongly influenced by the past emission rate. 
Therefore, the emission history information was also necessary 
for accurate model prediction. As no such information was 
available, an emission scenario over the period of fifty years 
(from 1960 to 2010) was made up primarily on the basis of the 
economic growth rate, an important change in the lead regula-
tion, the atmospheric concentration monitoring data, and TRI 
data9) since 1999. 

2.3.1. Estimating the base emission rate in the air grid #8.
Firstly, to estimate a base emission rate (with no emission 

from the industrial complexes), the total simulation period was 
divided into four sub-periods: from 1960 to 1969, from 1970 
(when the industrial complexes began the activity) to 1993 (when 
the use of the leaded gasoline was banned), from 1994 to 1999 
and from 2000 (since when the atmospheric concentration and 
the TRI data became available) to 2010. The emission rate for 
the period of 2000 through 2010 was first determined based on 
the atmospheric lead concentration during 1998~2005 in air 
grid #8 under the assumption that the lead emission for this 
period undergoes no substantial change in magnitude. The emis-
sion rate of 1378.8 g/hr/grid appeared to fit the observed level 
of lead in air grid #8. It was then assumed that the annual emis-
sion increased 8% over the period from 1970 to 1993 in line 
with the national annual average rate of economic growth for 

the same period (Korean Statistical Information Service, KOSIS). 
For the period from 1994 to 1999, it was further assumed that 
the emission rate steadily decreased (to account for the effect of 
ban of leaded gasoline16) to reach that in 2000 (i.e., 1378.8 g/hr/ 
grid). The emission rate of 1500 g/hr/grid has been chosen for 
the year 1970 among various trial values because that value 
along with the above assumptions resulted in the best fit of the 
monitored lead concentration in air grid #8 for the period from 
1991 to 2005. For the period from 1960 to 1969, the emission 
rate was estimated by multiplying the population of Daejeon for 
the period (200,000) with the per capita emission rate. The ari-
thmetic mean of per capita emission rates of Busan, Daegu and 
Kwangju was assumed to represent the per capita emission rate 
for the air grid #8. The three cities were chosen to estimate the 
emission rate in the urban areas of similar size without signifi-
cant industrial lead emission. The arithmetic mean was first 
calculated for the year 2001. Subsequently, an average annual 
economic growth rate (7.4% from 1970 to 2000) was assumed 
to back calculate the emission rate for 1960s. A value of 0.530 
g/hr/grid was determined for the year 1960 from the back calcu-
lation. The value might deviate from the true value because little 
economic growth was achieved during 1960s. The value was 
used without further elaboration as model calculations revealed 
that the lead concentration in soil for the years 2000 and later 
was hardly influenced by the population size or any likely values 
of the per capita emission rate for 1960s because the resulting 
emission rate for 1960s remained negligible compared to that 
for the later period. Fig. 5 and Table 2 show the emission esti-
mation scheme and the background emission rate, respectively, 
for the air grid #8.

2.3.2. Estimating the base emission rate for other air grids
For other air grids, it was assumed that the base emission rate 

in each grid is proportional to the population density. The popu-
lation density of each grid was approximated by the three steps, 
i.e., 1) estimating the sizes of land area of individual administ-
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Table 3. Additional emission rate for the air grid # 2 where the industrial complexes are located
year 1961~1969 1970 1971~1999 2000~2010

Emission from the industrial 
complexes (g/hr) 0 152 Increased annually by 8% 1532

Table 4. Comparisons of the relative concentrations
Cforest/Cair Clv/Cair Curban/Cair Cwater/Cair

Measured 72.74 143.98 93.48 0.033
Predicted 149.91 214.24 214.34 0.16

*Cair, Cforest, Clv, Curban, and Cwater denote the average concentrations in air, forest soil, low vegetation soil, urban soil and water, and the numbers of measured values are 
218, 20, 10, 168 and 19 respectively. Measured years of the concentration in air, soil and water are from 2001 to 2005, from 2001 to 2005 and 2001, respectively. The 
units for the concentrations in air, soil, and water are μg/m3, mg/kg, and mg/L, respectively.

Table 2. Base emission rate for the air grid #8
Year 1960~1969 1970 1971~1993 1994~1999 2000~2010

Emission 
per air grid (g/hr)

Increased 7.4%/yr 
from 0.530g/hr

in 1960 
1500 Increased annually by 8% Decreased to the level of

the year 2000 1378.8

rative districts (Yusung-Gu, Deaduk-gu, Seo-gu, Jung-gu and 
Dong-gu) within each air grid, 2) allocating the population of 
the individual administrative districts to each grid in proportion 
to its size of land area that belongs to each grid, and 3) for each 
grid, summing up all the populations allocated from the indivi-
dual administrative districts and dividing the summed popula-
tion by the grid area. The first two steps described above were 
conducted by using GIS (ESRI, 1999). The base emission rate 
for each grid except #8 was then calculated by the equation 
below.

The base emission rate for each grid 
= the base emission rate of air grid #8 x population density of 

the grid / population density of the air grid #8

2.3.3. Estimating the additional emission rate for air grid #2
To the air grid (#2) where major emission sources are located, 

additional emission rate was assigned to account for the emis-
sion from the industrial complexes. The additional emission was 
applied from the year of 1970 when their activity began. It was 
assumed again that the emission rate increased annually by 8% 
over the period from 1970 to 1999. For the years 2000 through 
2010, an emission rate of 1532 g/hr was assumed according to 
the average TRI emission rate for the period (Korea TRI9))The 
best estimate of the initial emission rate of the industrial com-
plexes in 1970 was 152 g/hr that led to the emission rate in 
2000 (i.e., 1532 g/hr). Table 3 summarizes the additional emis-
sion rate for the air grid #2 for the entire modeling period.

3. Results and Discussion

3.1. Model Evaluation

The model evaluation was performed in two respects, i) com-
parison between the measured and the model predictions for the 
contamination levels (relative concentration) and the atmospheric 
deposition fluxes and ii) sensitivity analysis.
Relative concentration: As the measured air concentrations were 
used to estimate the emission rates, the relative concentration 

was compared to evaluate accuracy of the model prediction of 
the concentrations in the multimedia. The relative concentration 
is defined as the ratio of the concentration in a medium to that 
in the reference medium. The use of the relative concentration 
is valuable for the assessment of multimedia models particularly 
when emission information is uncertain or unavailable because 
the value of the relative concentration for a pair of media is far 
less sensitive to the emission rate than the concentration in each 
of the two media that often co-vary in the same direction.14) In 
the present study, air was chosen as the reference medium and 
the relative concentration was defined as Cx/Cair where Cx and 
Cair denote the concentrations in a medium X and in air, respec-
tively. Due to the limited availability of the multimedia monito-
ring data, the assessment could be performed only for water and 
the three types of soil. The concentrations in soil used for the 
model assessment were those measured by the Environmental 
Management Corporation from 2001 to 2005.15) The water con-
centrations for the year of 2001 monitored by The Ministry of 
Environment17) were used for the comparison. As listed in Table 
4, the average values of the model prediction showed good agree-
ments with the measured for soil and water within a factor of 
three and a factor of five, respectively. 
Dry and wet deposition flux: The domestic studies of atmosphe-
ric dry deposition of lead are extremely limited18,19) and no mea-
sured deposition data exists for the study area. Therefore, the 
dry deposition flux predicted by this model was compared with 
the measured data for other cities in Korea and the U.S. As listed 
in Table 5, while in good agreement with the Los Angeles data, 
the model prediction appeared to be lower than the observed 
ones in other cities particularly in Gunpo, Korea approximately 
by a factor of ten. However, it should be noted from Table 5 
that the magnitude of the dry deposition flux of lead substantially 
varies with site.

No domestic study has been conducted to measure the wet 
deposition of lead. The model prediction of the wet deposition 
flux, therefore, was compared with those measured by Sakata et 
al.,22) Kim et al.,23) and Sweet et al.24) for 10 sites across Japan, 
Chesapeake in Delaware Bays, and Lake Superior in Michigan, 
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Table 5. Comparison of predicted dry deposition flux with measured values (unit: μg/m2/day) 
Country Korea Korea U.S. U.S.

Model prediction in the present study
Site Seoul Gunpo Chicago Los angles
Min 1.45 10 3 1.1 1.96
Max 83.71 150 70 10.0 11.58

Median 20.49 60 7 5.8 8.37
reference Lee, 2000 Yun, 2002 Paode, 1998 Sabin, 2005

Table 6. Comparison of predicted wet deposition flux with measured values (unit: μg/m2/yr)
Country Japan U.S. U.S.

Model prediction
Site 10 sites across Japan Chesapeake, Delaware Bays Lake Superior, Michigan
Min 1500 350 550 1748
Max 12000 490 1000 59330

median 4840 400 640 6141
reference Sakata, 2006 Kim, 2000 Sweet, 1998

Table 7. Sensitivity Coefficients (Unit : %)
Parameter Cair Cforest Clv Curban Cwater Csedi

Meteorological data Rain intensity 5.38 68.43 76.88 76.91 68.57 73.17

Environmental data

Depth of soil compartment 0.00 127.89 129.84 130.13 83.63 129.12
Depth of water compartment 0.00 0.00 0.00 0.00 132.98 0.00

Width of water advection 0.00 0.00 0.00 0.00 107.92 0.00
Density of soil 0.00 127.89 129.84 130.13 71.27 129.12

Water flow velocity 0.00 0.00 0.00 0.00 107.92 0.00
Average removal of litterfall 0.00 10.83 0.08 0.08 9.01 4.78

Amount of run-off soil 0.00 2.06 1.43 1.43 90.15 1.69

Process data

Dry deposition velocity 1.00 11.76 13.23 13.23 18.86 12.58
Scavenging ratio 5.38 68.43 76.88 76.91 89.06 73.17

Foliar uptake factor 0.00 54.46 0.32 0.32 11.01 24.17
Pb concentration in returning litter 0.00 10.83 0.08 0.08 17.45 4.78

respectively (Table 6). The model prediction of wet deposition 
flux was greater than those measured in the US23,24) but was 
comparable with the measured data in Japan.22) Again, it should 
be noted that the wet deposition flux also substantially varies 
with site.

Sensitive analysis: The model sensitivity to input parameters 
and the model processes was assessed to identify the most criti-
cal elements of the model formulation, assessment of the uncer-
tainties introduced by individual parameters and estimation of 
the overall model uncertainty.25) In this study, the sensitivity was 
represented by sensitivity coefficient calculated as;

Sensitivity Coefficient (%) = |the upper value - the lowest 
value|/standard value × 100

where the upper value and the lowest value are annual mean 
values of the model outputs obtained with input data of 50% 
greater and of 50% lower, respectively, than the standard value.

In Table 7 summarizes the result of sensitive analysis. The 
result showed that precise estimation of effective volume of 
environmental medium was important. Also, run-off was one of 
the critical elements for predicting the concentration in water. 
Sensitivity of rain intensity and scavenging ratio were high and 
wet deposition flux appeared more influential than dry deposi-
tion on the concentrations in water and soil. The result also 
showed that the concentration in forest soil was sensitive to 

foliar uptake process, indicating that the knowledge on distri-
bution and composition of trees and their ecology is substantial. 

3.2. Model Prediction and Implications

Concentrations in time and space: The lead concentration in the 
air is sensitive to emission and reaches steady state in 10 hr. If 
the emission rate continues at the present level, the concentra-
tion in air would range 0.00185 μg/m3 to 0.0871 μg/m3 (average: 
0.032 μg/m3), which is within the range of the measured data 
(0.00230 μg/m3 to 0.369 μg/m3, average: 0.060 μg/m3) for the 
period from 1998 to 2005. The concentration in water would 
also be at steady state, ranging up to 0.00093 mg/L. The predic-
ted concentration in soil increased sharply during the period 
from 1970 to 1993 due to the increased use of leaded fuel. Since 
1994 when the leaded gasoline was banned, the rate of increase 
has been reduced. Nonetheless, the concentration is predicted to 
steadily increase under the present emission conditions (Fig. 6) 
because the atmospheric input rate is greater than the loss rate 
by leaching and surface run-off. Although the present contami-
nation level of lead in soil is far below the regulation limit (100 
mg/kg), some restriction measures of atmospheric lead emission 
may have to be introduced in the long run to keep the contami-
nation in soil under a desired level. Also noted was that lead 
discharge directly to water according to TRI9) (1999 to 2005) 
was estimated to contribute only 1.2% to the total input to water,



Development and Assessment of a Dynamic Fate and Transport Model for Lead in Multi-media Environment 59

Fig. 6. Projected lead concentration in soil (Cell #5) ( L.V. : low 
vegetation).

Fig. 7. Predicted atmospheric lead concentration (μg/m3) in the model 
domain at the present emission level.

strongly suggesting that atmospheric emission was the principal 
water pollution source in the study area. Therefore, these results 
imply that control of atmospheric emission is critical to protec-
ting the quality of not only air but also other environmental 
media.

As shown in Fig. 7, the lead concentration in air was predicted 
to be highest in grid #12, and lowest in grid #1 as a result of 
lead transport by prevailing wind (i.e., North-West). The differ-
ence between the average concentrations in grid #1 and grid 
#12 was within four folds. The spatial trend of the concentration 
in soil matched with that in air because the contamination of 
surface soil occurs primarily by atmospheric deposition. The 
concentration in water was greatest in the watershed #1. The 
possible reason was that the influxes from upstream and surface 
runoff fluxes were greatest in the watershed #1. The range of 
the concentration in sediment was 1.52 mg/kg to 2.28 mg/kg. 
As the contamination level in sediment was in effect governed 

by that in soil,26) the spatial variation of the concentration in 
sediment followed the trend in soil.

4. Conclusion

A dynamic multimedia fate and transport model for lead was 
developed and assessment of the model was conducted by com-
paring the model predictions with the measured values for the 
concentrations in multi-media and atmospheric deposition flux. 
Given a lead concentration in air, the model could predict the 
concentrations in water and soil within a factor of five. The model 
may further be used to predict the concentrations in air, water 
and soil if precise emission rate is available. Sensitivity analysis 
indicated that the effective compartment volume should be accu-
rately estimated. It was also noted that rain intensity, scavenging 
ratio, run off, and foliar uptake factor were critical elements in 
the precise model prediction. 

Important implications drawn from the model predictions 
include that i) restriction of air emission may be necessary in 
the future to achieve the soil quality objective as the contamina-
tion level in soil is predicted to steadily increase at the present 
emission level and ii) direct discharge of lead into water body 
was insignificant as compared to the atmospheric deposition 
flux, strongly indicating that the water quality (and the sediment 
quality) would vary principally with the air quality. In summary, 
due to the cross-media transfer characteristics of lead, atmos-
pheric emission governs the quality of the whole environment. 
By the use of the multi-media fate and transport model developed 
in the present study, quantitative and integrated understanding 
of the cross-media characteristics is made possible and the rela-
tionships of the contamination level among the multi-media 
environment as a result of the cross-media characteristics could 
effectively be assessed.

References

 1. ASTDR, Toxicological profile for lead, U.S. Department of 
health and human services (2008).

 2. OECD, Lead background and national experience with 
reducing risk, Risk monograph No.1 (1993).

 3. Lee, D. S., “Multimedia fate modeling of persistent organic 
pollutants (POPs) : Overview,” proceedings of 2nd Interna-
tional Symposium “Environmental Risk Management for 
Bio/Eco Systems,” on Water Pollution and Risk Manage-
ment, 2(1), Yokohama (2003).

 4. EMEP, Monitoring and modeling of lead, cadmium and 
mercury transboundary transport in the atmosphere of 
Europe, EMEP Report 3/99 (1999).

 5. de Vries, W., Schutze, G., Lofts, S., Tipping, E., Meile, M., 
Romkens, P. F. A. M., and Groenenberg, J. E., Background 
document to a Mapping Manual on Critical Loads of Cad-
mium, Lead and Mercury, Alterra Report 1104 (2004).

 6. S. Dutchak, I. Ilyin, J. P. Hettelingh, J. Slootweg, M. Posch, 
Preliminary Modelling and Mapping of Critical Loads for 
Cadmium and Lead in Europe, wge, RIVM reportno. 
259101011 (2002).



Yeon Jeong Ha and Dong Soo Lee60

 7. EMEP, Regional model MSCE-HM of heavy metal trans-
boundary air pollution in Europe, Technical Report 6 
(2005).

 8. Chung, S., “A study on the redevelopment of urban indus-
trial park” : the case study in the Deajeon 1,2 industrial park, 
The Korean Regional Development Association, 8/10(2), 
93-117 (1998).

 9. Toxic Release Inventory Information Open System, http:// 
tri.nier. go.kr/triopen/default.jsp (2006).

10. Ministry of Environment, Annual Report of Ambient Air 
Quality in Korea 2005, Korea (2006).

11. Water Management Information System (WAMIS), http:// 
www.wamis.go.kr, (2006).

12. Wischmeier, W. and Smith, D., Predicting rainfall erosion 
losses : A guide to conservation planning. In Agricultural 
Handbook 537, pp. 58 (1978).

13. John H. Seinfeld and Spyros N. Pandis, Atmospheric Che-
mistry and Physics from Air Pollution to Climate Change, 
2nd ed., Wiley, pp. 732 (2006).

14. Lee, Y., Lee, D., Kim, S., Kim, Y., Kim, D., “Use of the 
Relative Concentration to Evaluate a Multimedia Model for 
PHAs in the Absence of Emission Estimates,” Environ-
mental Science and Technology, 38(4), 1079-1088 (2004).

15. Environmental Management Corporation, Soil Groundwater 
Information System (SGIS), http://www.sgis.or.kr/ (2006).

16. OECD, “Lead. Background and National Experience with 
Reducing Risk No. 1,” Env. Mono., 67 (1993).

17. Envioneer, Environmental pollution laboratory at Yonsei 
University, Risk based chemical ranking and assessment, 
The ministry of Environment, p. 568 (2003).

18. Lee, S., Lee, Y., and Jeong, J., “ A Study of the Characteri-
zation of Size Distributions and Atmospheric Dry Deposi-

tion of Heavy Metals,” Journal of Korean Society of Envi-
ronmental Engineers, 22(3), 575-585 (2000).

19. Yun, H., Lee, S., and Kim, Y., “Characteristics of Ambient 
Metals : Size Segregated Ambient Concentrations and Dry 
Deposition Fluxes at Four Sites in Kunpo in 2000,” Journal 
of Korean Society for Atmospheric Environment, 18(E2), 
57-68 (2002).

20. Paode, R., Sofuoglu, S., Sivadechathep, J., Noll, K., and 
Holsen, T., “Dry deposition fluxes and mass size distribu-
tions of Pb, Cu, and Zn measured in southern lake Michigan 
during AEOLOS,” Environmental Science and Technology, 
32, 1629-1635 (1998).

21. Sabin, D., Lim, J., Stolzenbach, K., and Schiff, K., “Contri-
bution of trace metals from atmospheric deposition to storm-
water runoff in a small impervious urban catchment,” 
Water Research., 39, 3929-3937 (2005).

22.  Sakata, M., Marumoto, K., Narukawa, M., and Asakura, 
K., “Regional variations in wet and dry deposition fluxes of 
trace elements in Japan,” Atmospheric Environment, 40, 
521-531 (2006).

23.  Kim, G., Scudlark, J., and Church, T., “Atmospheric wet 
deposition of trace elements to Chesapeake and Delaware 
Bays,” Atmospheric Environment, 34, 3437-3444 (2000).

24. Sweet, C., Weiss, A., and Vermette, S., “Atmospheric de-
position of trace metals at three sites near the great lakes,” 
Water, Air, and Soil Pollution, 103, 423-439 (1998).

25. MSC-E, “Regional model MSCE-HM of heavy metal trans-
boundary air pollution in Europe,” (2005).

26. Kim, S. K., Integrated assessment of multimedia fates of 
PAHs and PCBs in Seoul metropolitan area, Korea, Ph.D. 
Thesis, Graduate School of Environmental Studies, Seoul 
National University (2004).


