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Shimadera, Ph.D., and Assistant Professor Tomohito Matsuo, Ph.D. in the Laboratory 
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Abstract 

Along with the intensification of human industrial production, the resulting 

environmental pollution problems have brought various kinds of troubles to people. 

When environmental pollution occurs, it requires financial and human resources to 

remedy the situation. Although current environmental technology can significantly 

reduce the harm caused by pollutions, it is wiser to prevent and manage the pollution in 

advance. Governments and public authorities are responsible for environmental 

monitoring and management. 

Currently, the main method of environmental monitoring is the deployment of 

monitoring stations in cities, especially the urban area. Data are measured automatically 

or manually at regular intervals by instruments and submitted to regulatory agencies. 

Even if these methods have been utilized, monitoring environment in a large 

geographical region (such as the whole nation or local prefecture) in real time is not 

possible. It is feasible to monitor such as air quality in urban centers in real time using 

automated detection equipment, but deploying such high-technology equipment would 

be significant expensive. In addition, there are some areas where it is difficult to deploy 

fixed monitoring equipment, such as water bodies, and manual labor (environmental 

inspectors) would have to be dispatched for sampling and chemical analysis. Moreover, 

the deployment of monitoring sites is critical. Since most of the detection sites are 

deployed in city centers, errors will inevitably occur if their detection results are 

regarded as the environmental state of the entire city. To improve the accuracy of 

monitoring, the number of detection sites must be increased and deployed as evenly as 

possible throughout the region. However, it is impractical to deploy such a dense 

number of environmental monitoring stations. 

Considering the practical difficulty in monitoring and the adverse health effects of 

harmful environmental pollutions, it is important to evaluate the environment in another 

way. Mathematical models have been developed as an approach to evaluate our 

environment. Various studies ranging from modeling macro-scale environmental issues 

to localized micro-scale environmental assessments can be found in research papers. 
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We can now predict the concentration of environmental chemical pollutions using 

different mathematical models. However, these environmental models have their 

limitations. In most models, the study area was treated as a homogeneous area and the 

concentration of pollutant was not distributed in space. Also, the emission of pollutant 

was homogeneous in whole area, these models only use the total emission as the input 

data. These simplifications and assumptions reduce the accuracy of model results and 

amplify the uncertainty of subsequent studies based on these data. 

To solve these problems, a generalized distributed multimedia environment model was 

developed in this study. This model divides the real space into four environmental 

media:  atmosphere, water, soil, and sediment. The model considers mass balance by 

summing all mass transfers between the environmental media: equilibrium, emission, 

advection, deposition and sedimentation. In addition, this model makes a high-

resolution division of the target area, considering the dynamic balance of the 

environment within the basic unit and the mutual influence between the units. The 

calculus idea is adopted to represent the real environmental situation of the location 

with the calculation results of the subdivided units. 

In this study, the model was applied to three different types of pollutants and simulations 

were performed in the Lake Biwa and Yodo River basin in Japan. The pollutant 

emissions in the target area were estimated. Meteorological and hydrological data were 

also integrated as inputs. The model was calculated for different types of pollutants to 

simulate the concentrations over the past decades. The feasibility and accuracy of the 

model were evaluated by comparing the measured values with the calculated results of 

the model. The averaged calculation results showed that the model can simulate and 

reproduce past observations well. By comparing the data from the sampled basic units 

with the data from the real observatories, it was found that the model could reflect the 

distribution of pollutants in a specific area. 

The modeling and problem-solving methodology of this study provides a novel way 

of thinking about environmental testing. The model is scalable and can be applied to 
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other regions and to other types of pollutants by modifying the parameters and 

equations of the model. 
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1 Introduction 

1.1 Background 

Environmental pollution caused by human production activities has become an 

increasingly serious problem since the Industrial Revolution. Hazardous chemicals 

such as heavy metals, Pharmaceuticals and Personal Care Products (PPCPs) and 

Volatile organic compounds (VOCs) have been emitted to environment for decades via 

human industrial activities. Many of the PPCPs were already detected in groundwater 

(Xu et al., 2019; Ma et al., 2022) and basin (Singh and Suthar, 2021). Beside occurred 

in the surface water (Li et al., 2021) and sediment (Abdel Gawad, 2018; Gholizadeh 

and Patimar, 2018), heavy metals were also detected in urban mangroves (Chai et al., 

2019). Heavy metals were commonly detected in water, in soil and in sediment 

(Schipper et al., 2011; Ali and Khan, 2018; Alghamdi et al., 2019). 

These hazardous chemicals may damage health and ecosystems. For instance, VOCs 

could cause detrimental effects on human health and shows high toxicities (Kampa and 

Castanas, 2008; Ramírez et al., 2012; Li et al., 2013). PPCPs also show health risk and 

ecotoxicity in different environmental media (Boxall et al., 2012; Liu et al., 2019a). 

Human body can absorb heavy metals by different way. Typical toxic heavy metals in 

the environment (such as As, Cd, Cr, Hg and Pb) can be taken in through the food chain 

(Douay et al., 2013; Yu et al., 2020). Heavy metals can cause severe damage and toxic 

effects to fishes (Raknuzzaman et al., 2016; Gu et al., 2017) and crops (Abou-Elwafa 

et al., 2019) which may damage the ecosystem. Heavy metals can affected marine life 

(Raknuzzaman et al., 2016; Gu et al., 2017) and terrestrial plants (Douay et al., 2013; 

Abou-Elwafa et al., 2019). For instance, heavy metals were absorbed in drinking water 

(Chowdhury et al., 2016), edible animals (Krasnići et al., 2013; Karar et al., 2019; Wang 

et al., 2021), vegetables (Liu et al., 2021), fruits and their secondary products 

(Orescanin et al., 2003; Prabagar et al., 2021). More relevant to human life, heavy 

metals even already detected in populated city (Liang et al., 2015; Singh and Suthar, 

2021; Peng et al., 2022) which may damage citizens’ health. Heavy metals could cause 
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DNA damage (Boxall et al., 2012), increase the chance of antibiotic resistance (Yang et 

al., 2017) and are associated with an increased risk of cardiovascular, kidney (Lentini 

et al., 2009; Buhari et al., 2019). Thus, as important as pollution treatment, these 

components are requested under longtime monitoring and risk assessment due to their 

identified ecotoxicity and health toxicity. 

Currently, the main method of environmental monitoring is the deployment of 

monitoring stations in cities, especially the urban area. Data are measured automatically 

or manually at regular intervals by instruments and submitted to regulatory agencies. 

Even if these methods have been utilized, monitoring environment in a large 

geographical region (such as the whole nation or local prefecture) in real time is not 

possible. It is feasible to monitor such as air quality in urban centers in real time using 

automated detection equipment, but deploying such high-technology equipment would 

be significant expensive. In addition, there are some areas where it is difficult to deploy 

fixed monitoring equipment, such as water bodies, and manual labor (environmental 

inspectors) would have to be dispatched for sampling and chemical analysis. Moreover, 

the deployment of monitoring sites is critical. Since most of the detection sites are 

deployed in city centers, errors will inevitably occur if their detection results are 

regarded as the environmental state of the entire city. To improve the accuracy of 

monitoring, the number of detection sites must be increased and deployed as evenly as 

possible throughout the region. However, it is impractical to deploy such a dense 

number of environmental monitoring stations. Considering the practical difficulty in 

monitoring and the adverse health effects of harmful environmental pollutions, it is 

important to evaluate the environment in another way. 

1.2 Previous study 

Mathematical models have been developed as an approach to evaluate our environment. 

Various mathematical models have been developed and utilized to different 

environmental pollutants including organic components and heavy metals. For instance, 

Level Ⅲ multimedia model which based on fugacity was developed and applied to 

organic chemicals by Mackay et al. (1985) and Mackay and Paterson (1991). Various 
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organic chemicals were estimate fate, transport, and steady state concentrations in the 

environment using Level III fugacity model (Edwards et al., 1999). In order to simulate 

and predict the fate of heavy metals in lakes and rivers, QWASI model was developed 

based on the fugacity multimedia model(Mackay et al., 1983; Mackay and Diamond, 

1989). A multimedia model based on mass balance equilibrium replacing the fugacity 

equilibrium, was developed by Kawashima et al. (2007). Unlike realistic pollution 

treatment, mathematical models can break through spatial limitations and be replicated 

worldwide. Many researchers have used the fugacity model to simulate different 

pollutions in different components. By using the level III fugacity model, PAHs 

(polycyclic aromatic hydrocarbons) were estimated in Dianshan Lake, China (Du et al., 

2020) and in the Pacific sector of the Arctic Ocean (Na et al., 2021). Liu estimated the 

fate of zinc and lead in Lake Ulansuhai, China by using the QWASI model which is 

also based on the fugacity multimedia model (Liu et al., 2019b). Besides natural 

environment, multimedia model were developed in order to estimate semi-volatile 

organic compounds in urban area (Diamond et al., 2001). Csiszar et al. simulated the 

urban films and film-associated pollutant by using multimedia model (Csiszar et al., 

2012). A one-box type multimedia model had been developed and utilized in Lake 

Biwa-Yodo River Basin to evaluate the risk of Hg emitted from human activity from 

1957 to 2007 (Kondo et al., 2013). Studies ranging from modeling macro-scale 

environmental issues to localized micro-scale environmental assessments can be found 

in research papers. We can now predict the concentration of environmental chemical 

pollutions using different mathematical models. 

However, these environmental models have their limitations. In most models, the study 

area was treated as a homogeneous area and the concentration of pollutant was not 

distributed in space. Also, the emission of pollutant was homogeneous in whole area, 

these models only use the total emission as the input data. These simplifications and 

assumptions reduce the accuracy of model results and amplify the uncertainty of 

subsequent studies based on these data. For the modeling and simulation of pollutants 

in a specific area most studies are based on the overall average results of the calculations. 
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The objective concentration gradient over a large area was ignored. The above issues 

can be better addressed. 

Mathematical models have been developed and utilized for various environmental 

pollutants including organic components and heavy metals. The Level Ⅲ multimedia 

model, which is based on fugacity, was developed and applied to organic chemicals by 

Mackay et al. (1985) and Mackay and Paterson (1991). Various organic chemicals have 

been used to estimate fate, transport, and steady-state concentrations in the environment 

using the Level III fugacity model (Edwards et al., 1999). To simulate and predict the 

fate of heavy metals in lakes and rivers, the QWASI model was developed based on a 

fugacity multimedia model (Mackay et al., 1983; Mackay and Diamond, 1989). 

Kawashima et al. (2007) developed a multimedia model based on the mass balance 

equilibrium replacing the fugacity equilibrium. A generalized compartmental 

multimedia fate and transport modeling framework was developed for evaluate 

concentrations of engineered nanomaterials (Liu and Cohen, 2014). Never the less, a 

multimedia model for environmental assessment of engineered nanoparticles was also 

developed (Meesters et al., 2014). Several researchers have used these fugacity model 

to simulate different pollutants in different components worldwide. Using the Level III 

fugacity model, polycyclic aromatic hydrocarbons were estimated in Dianshan Lake, 

China (Du et al., 2020) and in the Pacific sector of the Arctic Ocean (Na et al., 2021). 

Liu et al. (2019b) estimated the fate of zinc and Pb in Lake Ulansuhai, China, using the 

QWASI model, which is also based on the fugacity multimedia model. In addition to 

the natural environment, multimedia models have been developed to estimate semi-

volatile organic compounds in urban areas (Diamond et al., 2001). Csiszar et al. (2012) 

simulated urban films and film-associated pollutants using a multimedia model. A one-

box type multimedia model was developed and utilized in the Lake Biwa-Yodo River 

basin to evaluate the risk of Pb emitted from human activity from 1957 to 2007 (Kondo 

et al., 2013).  

These multimedia models have their advantages and limitations shown in Table 1. 

Similar to this study, some model considers mass balance by summing all mass 
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transfers between the four media: equilibrium, emission, advection, and deposition or 

sedimentation. However, for these models, the study area was treated as a 

homogeneous area and the concentration of pollutant was not distributed in space. 

Such as in one-box type multimedia model, the entire study area is assumed as a 

virtual homogeneous box which divided the space into four different media: 

atmosphere, water, soil, and sediment. Also, some the emission of pollutant was 

homogeneous in whole area, these models only receive the total emission as the input 

data. Although the one-box multimedia model behaved successfully in simulating the 

Pb concentration (Kondo et al., 2013), the one-box model still has drawbacks, such as 

the lack of spatial distribution of the concentration in the study area. This is because 

the model assumes that the Pb concentration in environmental media is homogeneous. 

The Pb concentration in any location of the Lake Biwa-Yodo River basin is the same 

without a gradient, which may cause errors in simulation and prediction. 
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Table 1. Comparison between different multimedia models 

Model Target substance Property Limitations Reference 

Level Ⅲ multimedia 

model 

Organic chemicals Level 3 fugacity approach. 

Well-mixed compartments. 

Intermedia mass transport. 

Equilibrium speciation; 

Early version; Mackay et al. (1985) 

Feenstra et al. (1991). 

QWASI model Organic chemicals 

and heavy metals 

Homogenous box. 

Spatial average result without 

distribution; 

Mackay et al. (1983) 

Mackay and Diamond 

(1989) 

SimpleBox Meent (1993) 

Brandes and Den Hollander 

(1996) 

Den Hollander and Van de 

Meent (2004) 

One-box multimedia 

model 

Kondo et al. (2013) 

SimpleBox4Nano Engineered 

nanomaterials 

Nonequilibrium colloidal 

behavior; 

Meesters et al. (2014) 

MendNano Liu and Cohen (2014) 

Distributional 

multimedia model 

(current study) 

Organic chemicals 

and heavy metals 

Modified version of Onw-box; 

Finer mesh; 

Inner advections; 

 

  

 



19 

 

1.3 Objective 

A well-behavioral environmental fate model can largely help to analyze environmental 

problems. This study aspires to develop a generalized mathematical model for evaluate 

environmental pollutants. And based on the result of model, studies about prediction of 

pollutant concentration and the environmental risk assessments could be carried out. The 

aim of this study is to develop a multimedia model demonstrating both spatial and 

temporal distribution of pollutants. The model was inspired by past studies, on which its 

mechanism and scalability is improved. A one-box type multimedia model had been 

developed and utilized in Lake Biwa and Yodo River Basin to evaluate the risk of lead 

emitted from human activity from 1957 to 2007 (Kondo et al., 2013). In one-box type 

multimedia model, the entire study area is assumed as a virtual box which divided the 

space into 4 different media, atmosphere, water, soil, and sediment. The model considers 

the mass balance by sum all mass transfer between 4 media: equilibrium, emission, 

advection, and deposition or sedimentation. Although the one-box type multimedia model 

behaved quite well in simulating the concentration of lead (Kondo et al., 2013), it still has 

demerits such as lacking spatial distribution of the concentration in study area. That is 

because the model has assumed simply that the lead concentration of environmental 

media is homogeneous. The concentrations of pollutant in any location of the study area 

are the same value without gradient. Because the assumption that the concentration of 

environmental media is homogeneous without any gradient might cause underestimations 

and overestimations, the one-box type multimedia model can be improved. 

Thus, the main objective of this study includes as follow: 1) develop a generalized 

multimedia model based on one-box type multimedia model which can show the spatial 

gradient of pollution. 2) apply the generalized multimedia model in a certain study area 
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to estimate several pollutants in various environmental media 3) validate the model 

compared with measured data. 

1.4 Chapter organization 

The chapters in this thesis are organized in the following manner. Chapter 1 provides an 

introduction of this research which is divided into sections to provide background and 

objectives. In chapter 2, the methodology is introduced including the computational 

model and study area, and major data sources. Chapter 3 to 5 describes the main 

application sections of the model, which is evaluation of different type of pollutants, 

sulfa-drugs, Pb and Hg. Each chapter include the introduction, detailed methodology of 

the numerical model, emission estimation of the target substance, calculated results 

(including the average concentrations in study area and the spatial distribution by 

simulations), validations, and conclusions, respectively. Chapter 6 summarizes the 

important conclusions obtained from this study and describe the limitations occurred in 

the study together with the recommendations for future developments of this research. 
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2 Methodology 

2.1 Multimedia model 

2.1.1 Structure of the model 

In this research, the generalized distributional multimedia model is developed based on 

one-box type multimedia model in order to make environmental risk assessment for 

certain pollutant (Kondo et al., 2013). Some major mechanisms of distributional type 

model were the same as the one-box type model. Similar to the one-box type model, the 

distributional model also separates the space into four environmental media, the 

atmosphere, the soil, the water, and the sediment. The distributional type model first 

divided the study area into numerous tiny meshes instead of the whole imaginary box in 

the one-box type multimedia model (Figure 1).  

The mass balance of each unit mesh by sum all mass transfer between 4 media 

(equilibrium, emission, advection, deposition and sedimentation) were simulated 

separately. Figure 2 showed these mass exchange processes inside each mesh. 

Furthermore, in distributional multimedia model, the advection process in each mesh 

considered mass exchanges between its neighbor meshes, while the one-box model only 

calculated mass exchanges in or out of the whole study area. 
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Figure 1. The concept of distributional type multimedia model. 

 

Figure 2. The mass transfer between environmental media. 

2.1.2 Basic equations of the model 
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The main equation of the distributional multimedia model was shown in below. 

𝑑𝑀𝑖

𝑑𝑡
= 𝑓𝑒_𝑖 +∑ 𝑓𝑒𝑞_𝑖𝑗

𝑀𝑁
𝑗=1 + ∑ 𝑓𝑑𝑝_𝑖𝑗

𝑀𝑁
𝑗=1 + 𝑓𝑎𝑑_𝑖 (1) 

where i,j were the media label number; MN was the number of media; M means the molar amount of 

substance; fe_i means the emission flux; feq_ij means the mass transfer flux between media i and j due 

to equilibrium; fdp_ij means the deposition and runoff flux from media i to j; fad_i means the advection 

flux in media i affected by other meshes. 

In distributional type model, the advection flux was no longer the same value. The 

advection flux of each mesh was calculated separately, after emission flux, equilibrium 

mass transfer flux, and deposition flux. The advection flux was affected by adjacent 

meshes and the mass transfer equation were shown by following. 

a) Advections in atmosphere: 

𝑑𝐶𝑝𝑡

𝑑𝑡
= −𝑢

𝜕𝐶𝑝𝑡

𝜕𝑥
− 𝑣

𝜕𝐶𝑝𝑡

𝜕𝑦
 (2) 

where Cpt means the concentration in air, x is the west-east direction, y is the north-south direction 

of the mesh, u,v are components of wind speed. 

b) Advections in the water media. 

𝑑𝐶𝑤𝑡

𝑑𝑡
= −𝑄𝐶𝑤𝑡 (3) 

where Cwt means the concentration in the water media of one mesh, Q means the discharge of 

the water.  

c) Advections in the suspended solid media. 

𝑑𝐶𝑠𝑠

𝑑𝑡
= −𝑄𝐶𝑠𝑠 (4) 

where Css means the concentration in suspended solid phase, Q means the discharge of the water. 

The advections in air include inflows from adjacent meshes in 4 directions (north, south, 

west, east) and outflows to the adjacent meshes, depending on the wind speed. The 
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advections in water include inflows from upstream meshes (up to 4 directions, north, 

south, west and east) and outflow to downstream mesh, depending on the water flow 

direction. 

2.1.3 Mass transfers 

The generalized distributional multimedia model considered many chemical phenomena, 

including the emission, degradation, atmospheric mixing, deposition (dry and wet), 

sedimentation, re-suspension and advection. In some case of the chemical substance, 

particles or ion exchange was take into consideration. 

⚫ Emission 

This phenomenon represents major source of a certain substance. The pollutant 

caused by human activities was discharge into the environment, especially into 

atmosphere, soil, and water. This reflects the direct impact of human activities on the 

environment. In some case, natural emission caused by natural processes such as soil 

erosion and natural transformation into other chemical compounds also can occurred, 

rather than human activities. 

⚫ Degradation 

In this study, degradation is a major process that removes the chemical. Degradation 

is the processes of natural decaying, accumulated into living organisms via their 

consumption and conversion of chemicals into various other chemical compounds in 

the environment (Seinfeld J.H. and Pandis S.N., 2006). For one certain chemical 

substance, conversion or breaking down is the process of removal, but for another 

chemical substance, it is also an emission process.  

⚫ Atmospheric mixing 

In distribution multimedia model, the atmosphere was divided into 2 vertical parts, 
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the upper and the lower layer. The atmospheric mixing height (height of the lower 

layer) changes from 200 m to 1000 m from the sea level hourly. This process 

represents the movement of chemicals between two layers.  

⚫ Deposition 

This is the process chemicals in the atmosphere deposit themselves on soil or on 

water body. The deposition includes wet deposition caused by the precipitation and 

dry deposition such as natural settlement due to the gravity. Wet deposition transfers 

chemicals in gases or particle phase to the ground in an aqueous form (such as rain, 

snow or fog) via processes of precipitation. In this process, atmospheric 

hydrometeors catch the chemicals and deposit them on soil or water body. Dry 

deposition transfer chemicals in both the gases and particulate phase on soil or on 

water body without the aid of precipitation (such as gravitation, interception, 

impaction, and turbulence) (Seinfeld J.H. and Pandis S.N., 2006). 

⚫ Sedimentation 

Sedimentation mainly occurs in water media. Suspended solids (SS) in the water 

settle down on the bottom of the water body due to gravitation and these SS can 

absorb various chemicals and then facilitate the transportation of them to the soil at 

the bottom of the water body 

⚫ Re-suspension 

This is the reverse process where the chemicals are released into the water body as 

SS from the sediment. 

⚫ Advection 

This process refers to the transport of chemicals from one region to another due to 

the movement of the air or water. Normally, advection in atmosphere can occur 
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vertically and horizontally. In this study, only the horizontal movement from one 

region to another due to the wind currents is considered as advection, while the 

vertical movement is regarded as atmospheric mixing. In water media, chemicals 

move due to the water flow (Seinfeld J.H. and Pandis S.N., 2006).  

⚫ Particles and ion exchange 

Only in the case of chemicals which has form of particle and ion, this process is 

considered. This process occurs between the particle phase and ionic phase. This 

process can occur within the same environmental media (intra media exchanges) or 

between different environmental media (inter media exchanges). An example of intra 

media exchanges is chemical exchanges between the SS and the water due to 

molecular diffusions and charge attraction. Also, atmospheric hydrometeors (such as 

rain or snow) may dissolve or ionizes the chemicals in form of particles. The inter 

media exchanges can occur when the particle of chemicals in atmosphere drop into 

water surface due to dry deposition, and when the particle in soil run into water body. 

2.2 Variables 

In distributional type multimedia model, variables used in one-box type model (Kondo et 

al., 2013) were modified and new variables were added. Modifications are shown in the 

following: 

⚫ Mass transfers between/in environmental media. 

Because the study area was divided into serials of unit mesh, material exchange 

between different media (inter media exchanges) were separated and labeled with x 

(west-east direction) and y (north-south direction). In detail, each variable was 

represented by a two-dimensional array.  

⚫ The mass transfer in the atmosphere by adjacent meshes. 



27 

 

Concentration of each mesh in atmosphere were affected by meteorological 

phenomenon (wind) from adjacent meshes in four directions (north, east, south and 

west).  

⚫ The mass transfer in the water by adjacent meshes.  

Concentration of each mesh in water media were affected by the upstream mesh if 

there was a river across that mesh geographically.  

⚫ The distribution of total emission.  

The emission of substance in each mesh were estimated separately and labeled with 

x (west-east direction) and y (north-south direction). 

Considering above modifications, the main variables describe the gross mass in each 

media used in distributional model was reconstructed using two-dimensional arrays 

which identify the mesh position in study area. Each variable was labeled with the 

subscript [x, y], where x means the west-east order, and y means the north-south order. 

2.3 Study area 

2.3.1 Lake Biwa-Yodo River basin 

In this research, the Lake Biwa-Yodo River basin was selected as the target area to 

investigate the environmental risk of different chemicals, using the distributional 

multimedia model. The Lake Biwa-Yodo River basin is one of Japan's representative 

water systems in the Kinki region of Japan (Figure 1), whose main river has 75 km 

channel length and the total area is of 8,240 km2, including Osaka, Hyogo, Kyoto, Shiga, 

Nara and Mie prefectures (Yodogawa River Office). The basin has the largest freshwater 

lake Lake Biwa and is the oldest lake in Japan with a history of approximately four million 

years and is also one of the 20 ancient lakes in the world (Shiga Prefectural Government). 

Lake Biwa is located in Shiga Prefecture with an area of 669.26km2 and the storage 
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capacity is around 27.5 billion m3 water and can be subdivided into South Lake Biwa and 

North Lake Biwa with an area proportion of 1 to 11 (Shiga Prefectural Government). 

 

Figure 3. The structure of Lake Biwa. 

It has a valuable natural environment, boasting more than 60 endemic species, and is 

indispensable for the livelihoods and industrial development, supporting the social, 

economic and cultural foundations of the Kinki region. The population of the basin 

account for more than 9% of the total population of Japan, including large cities such as 

Kyoto and Osaka and their surrounding satellite cities (Lake Biwa-Yodo River Water 

Quality Preservation Organization) and reached approximately 12.1 million in 2020. 

Harmful chemicals have been discharged into the environment around this famous and 

historical basin area. It is necessary to evaluate environmental risk in Lake Biwa-Yodo 

River basin due to its unique location and great industrial value. 

2.3.2 Mesh division 



29 

 

In distributional multimedia model, each calculate unit was constructed with 1km width, 

1km length and 2km height space. Figure 1 visually explains the division of the Lake 

Biwa-Yodo River Basin. Every unit mesh was labeled with x and y each represent the 

order of horizontal (west-east) axis and vertical (north-south) axis respectively. The total 

number of meshes in Lake Biwa-Yodo River basin was 8775 including 428 boundary 

meshes. 

2.3.3 Special mesh 

Meshes located inside the Lake Biwa cannot use the water advection equations (2-3) 

directly because the water flow direction between these meshes are too complicated. Thus, 

in this study, the North Lake Biwa and the South Lake Biwa were separated and 

considered as two special unit meshes. Figure 4 shows the structure of these meshes. 

Some simplifications were made in this study:  

⚫ Independent variables were used to represent the concentration of these meshes 

located inside the North Lake Biwa or South Lake Biwa. The concentration of 

chemical substance in water media share the same value. 

⚫ North Lake Biwa and South Lake Biwa had several neighboring upstream meshes 

which located outside of the lake because some river finally flow into the unit mesh. 

⚫ The North Lake Biwa was the upstream mesh of the South Lake Biwa. 

⚫ The South Lake Biwa was the upstream mesh of the River Yodo. 
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Figure 4. The structure of Lake Biwa. 

2.4 Common input data 

2.4.1 Wind 

The advection in atmosphere within the Lake Biwa-Yodo River basin was calculated by 

using the wind data. The wind data was from the Meso-Scale Model published by the 

Japanese Meteorological Agent (Japan Meteorological Business Support Center). The 

GPV-MSM covered Japan and surroundings of 22.4 to 47.6 degrees north latitude and 

120 to 150 degrees east longitude, with three hour intervals, horizontal resolution of 0.05° 

× 0.0625° on the ground surface and 0.1° × 0.125°, maintained by Japan Meteorological 

Agency. The pressure surface was divided into 16 layers (100, 150, 200, 250, 300, 400, 

500, 600, 700, 800, 900, 925, 950, 975, 1000 hPa), including geopotential altitude, North 

and South components, temperature, rising flow, relative humidity data. The ground 

surface data including sea surface refining pressure, ground pressure, wind speed east-
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west or north-south component, temperature, relative humidity, time precipitation, cloud 

amount. In this study, wind speed and direction data in 2009 was calculated as an average 

value of atmospheric pressure surface of 900 to 1000 hPa. 

In distributional multimedia model, wind data with mass outliers such as extreme 

weathers should be avoid because the focus point was the long-term behavior evaluation 

over decades. Thus, the meteorological data used in this study contains u and v 

components of wind speed every 3 hours in the year 2010, which the weather situation 

were stable without typhoon. The wind speed data were repeated every year during the 

whole simulation period and reset at the beginning of each year. 

2.4.2 Precipitation 

The wet deposition between atmosphere and water media were heavily affected by the 

precipitation. The data used in this study was calculated based on assessment of the water 

resource of the Yodo River Basin (Shrestha and Kondo, 2015). Same to wind data, the 

data contained the hourly precipitations of each mesh in year 2010 in order to keep the 

resistance and improve the accuracy. During the simulation, the precipitation of each 

mesh was reset at the beginning of the year and repeated every year (Figure 5). 
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Figure 5. Precipitation of mesh in Lake Biwa-Yodo River basin. 

2.4.3 River discharge 

In distributional multimedia model, the water advection inside the Lake Biwa-Yodo River 

basin was taken into consideration. Flow direction and hourly river quantities of each 

mesh in the study area were used as an input data which was calculated based on the 

distributed hydrological model (Figure 6) (Kojiri et al., 2008) and river discharge 

simulations (Shrestha and Kondo, 2015). The water flow direction of each mesh was 

determined with the rivers in the basin (Figure 3). The detail was figured out by 

followings: A) The direction of any mesh where river crossed was the same as the 

perennial river flow. B) The direction of mesh where no river across was decided directly 

by the altitude. 
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Figure 6. Overview of Hydrology model. 

2.5 Calculation process 

Figure 7 shows the process of distributional multimedia model. The mass transfer was 

deal first, after inter media exchanges, the mass transfer between neighbor meshes 

occurred. 
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Figure 7. The calculation flow of distributional multimedia model. 
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3 Apply to lead 

3.1 Introduction 

Lead (Pb) has been widely used from ancient ages because of its physical properties such 

as easy processability. As one of the raw materials during chemical industries, Pb was 

used for such as battery, metal pipes, cable sheathing and radiation protection and are 

considered as priority heavy metals that could pose environmental health risks (Wuana 

and Okieimen, 2011). However, lead poisoning is a public environmental problem and 

health hazard (Rabinowitz and Needleman, 1982) which the history of poisoning even 

reached nearly 2,500 years (Hernberg, 2000). For instance, the concentrations of Pb in 

environmental media are associated with children's blood lead levels (Angle et al., 1984; 

Roper et al., 1991; Lanphear et al., 1998).  

However, monitoring environmental Hg in a large geographical region is not very 

practical. It is impractical to arrange for a large number of detectors to regularly measure 

environmental concentrations over such a large area, and simultaneous measurements at 

multiple locations cannot be achieved. Also, it would be uneconomical to collect data 

periodically by setting up measuring equipment in that area. Considering the practical 

difficulty in monitoring and the adverse health effects of Hg such as carcinogenicity, child 

developmental defects, and toxic effects on nervous, digestive, and immune systems 

(Organization;), it is important to evaluate the concentration of Hg using environmental 

modeling. 

3.2 Methodology  

3.2.1 Modifications 

In distributional type multimedia model, variables used in one-box type model were 
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modified and new variables were added. Modifications are shown in the following.  

(I) Exchange of lead particles and ions between/in environmental media. 

Because the study area was divided into serials of unit mesh, material exchange 

between different media (inter media exchanges) were separated and labeled with x 

(west-east direction) and y (north-south direction). In detail, each variable was 

represented by a two-dimensional array.  

(II) The chemical transport in the atmosphere by adjacent meshes. 

Lead concentration in atmosphere of each mesh were affected by meteorological 

phenomenon (wind) from adjacent meshes in four directions (north, east, south and 

west).  

(III) The chemical transport in the water by adjacent meshes.  

Lead concentration of each mesh in water were affected by the upstream mesh if 

there was a river across that mesh geographically.  

(IV) The distribution of total emission.  

The emission of lead in each mesh were estimated by proportion according to the 

land-use data. 

Figure 8 shows the mass exchange processes, including emission, deposition, advection, 

and sedimentation inside each mesh, which were the same as the one-box type mode. The 

details of these mass balances and transfers among the four environmental media are 

described in a one-box multimedia model (Kondo et al., 2013). Furthermore, in the 

distributional type model, the advection process in each mesh considered mass exchanges 

between its neighbor meshes, while the one-box model only calculated mass exchanges 

in or out of the whole study area. 
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Figure 8. The mass transfer between environmental media. 

3.2.2 Simulation period 

In this study, we estimated Pb emission in Lake Biwa-Yodo River basin to simulate the 

accumulation of Pb from 1957 to 2016. In distributional multimedia model, the simulation 

result was affected by the initial value. However, there were less data represent the initial 

Pb concentration in year 1957. In order to improve the accuracy of the results, the 

simulation started at 1945 with a 12 years run-up period. The concentration in the end of 

the run-up period was regarded as the initial value for the rest time. 

3.2.3 Variables 

Considering above modifications, the main variables describe the gross mass of lead in 

each media used in one-box type model (Kondo et al., 2013) was reconstructed using two-

dimensional arrays. Each variable was expanded into two-dimensional array and the 

subscript [x, y] means the west-east order of mesh is x, and the north-south order is y. 

Table 1 shows the total amount of the substance to be calculated in each media M (unit: 

mol), and total eight variables. In distributional type multimedia model, the mass 

transport between neighbor meshes occurred after the inter media exchange. 
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Table1. Main variables in distributional multimedia model 

Mptu[x,y] Total amount of lead particle in upper atmosphere. 

Mptd[x,y] Total amount of lead particle in lower atmosphere. 

Mslpt[x,y] Total amount of lead particle in soil. (solid phase) 

Msllq[x,y] Total amount of lead adsorbed in soil. (liquid phase) 

Mss[x,y] Total amount of lead particle as suspended solid. 

Mwt[x,y] Total amount of lead in water. 

Msdpt[x,y] Total amount of lead particle in sediment. (solid phase) 

Msdlq[x,y] Total amount of adsorbed lead in sediment. (liquid phase) 

3.2.4 Other simplifications 

Akitomo el al. once performed a model experiment to investigate the annual cycle of 

circulations in Lake Biwa (Akitomo et al., 2009). According to their study, Lake Biwa 

maintained the system of multiple gyres. The water flow changes among different time 

period. Even in their model, there are some discrepancies between the simulated and 

observed water temperature and velocity fields. The meshes located inside Lake Biwa 

cannot use the water advection equations (2–3) directly because the water flow direction 

between these meshes is too complicated. Thus, in this study, North Lake Biwa and South 

Lake Biwa were separated and considered as two special meshes. Simplifications have 

been made as following: Independent variables were used to represent the Pb 

concentration of the North Lake Biwa and South Lake Biwa. Some rivers finally flowed 

into these two meshes. The North Lake Biwa was the upstream mesh of the South Lake 

Biwa and the South Lake Biwa was the upstream mesh of River Yodo. 

3.3 Emission estimation  

3.3.1 Introduction 

The distribution of Pb emission was estimated base on the total estimation of the Lake 
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Biwa-Yodo River basin in one-box type model (Kondo et al., 2013). In this case of study, 

the major emission data was from the Pollutant Release and Transport Registry (PRTR) 

system. The PRTR system requires business operators to submit notifications regarding 

specified chemical substances that may be harmful to human health and ecosystems to 

their regional or municipal governmental authorities (Ministry of Economy Trade and 

Industry, 2001). Business operators report their own emissions into the environment 

during the previous year once a year. The relevant government ministry then collates the 

notified data and calculates the total of reported emissions and makes all information 

publicly available. 

The distribution also calculated on different sources; Registered emission (large 

industries and large sewage lines) and Unregistered emission in PRTR (small industries, 

small sewage lines and paint), Leaded gasoline, Incinerator and Painting. Different 

emission source was estimated specifically by followings. 

3.3.2 Emission based on PRTR 

In this part, the distribution of Pb emission was estimated by the PRTR report data in 

2007. The emission of the whole simulation time (from 1945 to 2016 including 12 years 

run-up period) was proportion of the estimation result in year 2007. The distribution of 

two type data from PRTR report maintained by Japanese government was estimated by: 

⚫ Every PRTR-registered establishment (including the sewer industry) distributed the 

amount of Pb emission to the mesh where the establishment located.  

⚫ The distribution of other PRTR-unregistered emissions was based on Land utilization 

tertiary mesh Data published by Japan government (Ministry of Land Infrastructure 

Transport and Tourism, 2022). The data consisted classifications (paddy field, field, 

orchard, forest, waste area, building use, trunk transportation land, lake, river, etc.) 
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in tertiary mesh units (1 km meshes) based on status of nationwide land usage. 

Unregistered emissions were allocated in proportion to the building ratio of each 

mesh. 

3.3.3 Emission caused by paints 

The uses of paints were roughly divided into three types: paint used in construction, paint 

for structures and road marking paint. In this study, the total amount of Pb emitted from 

paint was estimated based on the usage of paint in year 2007 published by the Ministry 

of the Environment. The emission inside the Lake Biwa and Yodo River basin was 

multiplied by the percentage of the population in the basin. Pb emission in other years 

was estimated by followings:  

⚫ Pb emission from building paint and structural paint was proportion of the shipment 

of paint in that year (Japan Paint Manufacturers Association). 

⚫ The emission from road marking paint was proportional to the distance of road in the 

basin (Ministry of Land Infrastructure Transport and Tourism). 

However, as accurate data on paint shipments are only available up to 1978, the average 

value for 1978-1982 was used for years prior to 1977. The distribution of Pb emission 

from paint was also estimate separately based on the building area ratio and transportation 

area ratio of mesh from the Land utilization tertiary mesh Data (Ministry of Land 

Infrastructure Transport and Tourism, 2022): 

⚫ The emission from paint used in construction and structures were distributed in 

proportion to the building area ratio of each mesh (Figure 9). 

⚫ Emission from road marking paint was distributed in proportion to the road area ratio 

of each mesh (Figure 10). 
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Figure 9. Building area ratio of each mesh. 

 

Figure 10. Road area ratio of each mesh. 

3.3.4 Emission caused by leaded gasoline 
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Pb particles from leaded gasoline was assumed to be emitted to atmosphere by the 

combustion. In Japan, the regular leaded gasoline and the high-octane gasoline was 

changed into unleaded in 1975 and in 1983. All gasoline consumption became unleaded 

in Japan after 1987. The total Pb emission was estimated based on the gasoline 

consumption and the content rate of Pb to gasoline multiplied by the national usage of 

gasoline. The emission inside the basin were multiplied by the population proportion of 

the national population. 

The distribution of gasoline emission was proportional to the NO emissions from motor 

vehicles. The NO emission data for each mesh was based on the data of East Asian Air 

Pollutant Emissions Grid Database, EAGrid2000-Japan (Center for Global 

Environmental Research). The EAGrid2000-Japan is a detailed inventory for the Japanese 

region developed as part of EAGrid2000, which was developed as an input to a long-

range atmospheric transport model for the East Asian region (FUKUI et al., 2014). The 

data are maintained at a horizontal resolution of approximately 1 km x 1 km for the whole 

of Japan, with the base year set to 2000 and 24-hour variations considered by month and 

by weekday and holiday. 

3.3.5 Emission caused by incineration process 

Most Pb particles emitted from incinerators are trapped as burned ash and finally buried. 

Pb emissions from incinerator to atmosphere were calculated based on the national lead 

emissions from municipal solid waste landfills from 1976 to 2005 (Norihiro Kobayashi 

and NAITO Wataru, 2006). The emission inside the Lake Biwa and Yodo River basin are 

equal to the national emission multiplied by the population ratio. Since there was not 

enough data about the installation of dust collectors, the emission before 1976 was 

assumed to be the same emissions as in 1976. Also, the emission after 2005 was assumed 
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to be the same as in 2005. Emissions from incinerators were distributed to every mesh 

according to the address of each incinerator in the Lake Biwa-Yodo River basin. 

3.3.6 Result and distribution of emissions 

Figure 11 shows the total annual emissions of the Lake Biwa-Yodo River basin and the 

proportion of discharge destination (to the atmosphere, water, and soil) from 1957 to 2016. 

Maximum Pb emissions occurred in 1969. Subsequently, Pb emissions decreased. Figure 

12 shows the distribution of the total lead emission (added up with discharge sources) to 

different environmental media in the year of their maximum value. It was found that the 

emissions were concentrated in the southern part of the Lake Biwa-Yodo River basin 

where the urban city are located. And the emission of meshes where rivers cross through 

(Figure 3) were also high. High road ratios of these meshes caused more leaded-gasoline 

usage and vehicle exhaust emission. High building ratios of these meshes meant there 

were more human activities and cause more Pb emission during the PRTR system. 
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Figure 11. Annual Pb emission to different environmental media. 
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Figure 12. Distribution of Pb emission of each media. 

3.4 Result 

3.4.1 Annual Pb concentration 

Distributional multimedia simulated the concentration of Pb in the annual Lake Biwa-

Yodo River basin from 1957 to 2016. The annual variation in the Pb concentration in each 

medium (atmosphere, soil, water, and sediment) from 1957 to 2016 is shown in Figure 

13. The concentration was the spatial average value of the entire study domain, the Lake 

Biwa-Yodo River basin. The calculated concentration in air was compared with measured 

data. The concentration in the atmosphere increased until 1969, but rapidly decreased in 

2002 due to a sudden decrease in emissions to the atmosphere. The concentration in the 

sediment and soil showed a slightly increasing tendency, while the rate of increase 
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decreased after 1969. In addition to the overall year-by-year trend, we compared the 

simulated and observed values for 2005, which shown in Figure 14. The observation data 

was compared with the spatial average Pb concentration of whole Lake Biwa-Yodo River 

basin. Overall, the spatial average simulated values of the study area were underestimated, 

especially in the atmosphere and in the soil. The mean squared error reached 1.2 x10-20, 

0.029, 2.5 x10-11 and 0.0028 in four environmental media (atmosphere, soil, water, 

sediment). This was because the spatial average values ignored the concentration gradient 

of Pb. The sampling locations for observation were located in areas of high concentrations. 

Nevertheless, the simulations in water and sediment media could reflect the measured 

values. 

 

Figure 13. Simulation in different media from 1957 to 2016 and observation in Lake Biwa-Yodo 

River basin. 
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Figure 14. Observation and simulation of different media in Lake Biwa-Yodo River basin (2005). 
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Figure 15. Spatial Pb distribution of different media in 1957, 1969, 1981, 1993, 2005 and 2016. 

3.4.2 Pb in atmosphere 

To evaluate the model results, this study selected several observational data with Pb 

concentrations in the atmosphere from the government’s report. The location of 

observation points in Hyogo and Osaka were shown in Figure 16. The observational data 

of Hyogo was from one observation point, and data of Osaka was the average value of 

four points. Figure 13 shows the special average Pb concentration in the atmosphere 

calculated using the distributional multimedia model compared to the observational data. 

The simulated concentration in the atmosphere was comparatively lower than the 

observed concentration, the mean squared error was 1.25 x10-18. Similar to the one-box 

multimedia model result, the Pb concentration in the entire Lake Biwa-Yodo River basin 

increased from 1957 to 1969 owing to the increase in Pb emissions from vehicle gasoline. 

Since 1969, the concentration has shown a downward trend along with a decrease in total 

emissions. It was also shown that two rapid reductions occurred because of the prohibition 

of leaded gasoline in 1975 and effluent control in the 1990s.  

 

Figure 16. The location of Pb observations. 
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Figure 15(a) shows the spatial distribution of annual atmospheric concentration every 12 

years from 1956 to 2016. The concentration distribution in the atmosphere is mainly 

affected by the emission amount. It can also be seen that the concentration variation was 

particularly large in the downstream area of the Yodo River, where there are large 

quantities of pollution sources such as buildings, roads, and industrial establishments.  

3.4.3 Pb in soil 

It can be seen that the concentration gradually increased from 1957 to 2007 and became 

stable after 2007 (Figure 13). The concentration in the soil media increased rapidly, 

particularly between 1957 and 1969. The concentration fluctuation was large compared 

to other years because the amount of deposition from the atmosphere was higher than that 

in other years. However, the speed of increase rapidly decreased in 1975 due to a sudden 

decrease in deposition from the atmosphere.  

The distribution of the annual concentration of Pb in the soil media every 12 years is 

shown in Figure 15(b). It was also found that the areas where the concentration continued 

to increase gradually decreased. The concentration in the lower reaches of the Yodo River 

was the highest, followed by the southern part of Lake Biwa. This is because the Pb 

emissions from road marking paints around the expressway and the national highway in 

the southern part of Lake Biwa were substantial.  

3.4.4 Pb in water 

Figure 13 also indicates that the annual concentration in the entire basin in the water body 

showed a slightly increasing tendency. During the entire simulation period, the 

concentration increased, while the rate of increase gradually decelerated. Moreover, the 

concentration decreased slightly in 1970, 1975, and 1978 owing to a decrease in Pb 

discharge. Figure 15(c) shows the distribution of Pb concentrations in water every 12 
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years during the study period. It can be indicated that the high concentration area was 

found in the southern part of Lake Biwa and the concentration in the lower reaches of the 

Yodo River was the highest. The Pb from the road marking paint was discharged directly 

into the water, and the Pb in the soil media flowed into the water by rainfall. However, 

the area where the Yodo River passes shows a low concentration because the quantity of 

water is too large to dilute the Pb concentration. It was also found that the Pb 

accumulation in the southern part of Lake Biwa was markedly faster than in other places, 

which may cause environmental risks. 

3.4.5 Pb in sediment 

According to Figure 13, similar to the results for the water body, the Pb concentration of 

the entire basin in the sediment media gradually increased during the simulation period.  

Figure 15(d) shows the special distribution of concentration in the sediment media every 

12 years. The concentration in the lower reaches of the Yodo River in the southern part of 

the basin was considerably higher than that in other locations. However, unlike the water 

media, the area where the Yodo River passes also showed a high concentration. In addition, 

the area around Lake Biwa, where rivers cross, was expressed at high concentrations. This 

was because the sedimentation from water in these areas was larger than that in other 

places, therefore, Pb accumulation was severe.  

3.5 Conclusion 

It is necessary to monitor the concentrations of hazardous chemicals emitted by human 

activities that affect human and ecosystem health. In this study, a distributional type 

multimedia model was developed based on a one-box type model for Pb. In the model, 

the study area was divided into tiny meshes, and each was divided into four environmental 

media: atmosphere, soil, water body, and sediment, similar to the one-box type model. 
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The model was applied to the Lake Biwa-Yodo River basin, and the calculation period 

was extended to 60 years from 1957 to 2016. The amount of Pb emissions in the basin 

was estimated and distributed into each mesh inside the basin. The validity of the 

distributional model was evaluated by comparing it with measured Pb concentrations.  

The distributional multimedia model can predict the spatial distribution of harmful 

chemical concentrations, which a one-box type cannot predict. In the atmosphere, the 

spatial average Pb concentration simulated by the distributional type model was close to 

the one-box model results, however, both were lower than the observations. The reason 

for this underestimation was the simplification made in the model, including the emission 

estimation and boundary condition of the target area. However, a portion of the study area 

showed higher concentrations than those of other places, which should be warned of 

potential environmental risks. In soil and water media, the distributional model indicated 

that high-level Pb concentrations occurred in the lower reaches of the Yodo River. The 

main reason for this was the emissions discharged due to heavy human activities. The 

large population in these areas should be warned of the potential environmental risk of a 

high Pb concentration. 
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4 Apply to mercury 

4.1 Introduction 

Mercury (Hg) is a major toxic metal, which has been widely used from ancient ages. 

Cinnabar, which contains mercury sulfide (HgS), has been used in Chinese traditional 

medicines for thousands of years (Liu et al., 2008). Moreover, Cinnabar-based paint was 

also used to color Egyptian tombs and Shang ruins in China. In modern life, Hg is still a 

common material used in the industry. Further, Hg can be found near our body, such as 

thermometers and fluorescent lamps. 

The human body can easily absorb Hg which are widely distributed in the environmental 

media and circulate by vaporization and precipitation between air, soil and water. Hg can 

roughly divide into three chemical forms: metallic mercury, inorganic mercury, and 

organic mercury. Metallic mercury (Hg0) is liquid at room temperature and is easy to 

vaporize which has been used for clinical equipment such as thermometers. Metallic 

mercury vapor can be absorbed into human body through the lung while breath. One of 

the organic mercuries, the Methylmercury (MeHg+) is naturally generated from inorganic 

mercury by bacteria in the water environment which can be accumulated in fish and 

mammals through the food chain. By eating them, Methylmercury can enter the human 

body through the intestinal tract. The inorganic mercury includes such as mercuric (II) 

oxide, mercuric (II) sulfide, etc. These Hg (II) compounds have high deposition velocities 

and are more easily methylated than elemental Hg when then enter ecosystems (Hu et al., 

2013). 1400 tons of Hg from tailings and vaporization are released each year, and between 

10 and 19 million people from over 70 countries are still using Hg in artisanal and small-

scale gold mining (Esdaile and Chalker, 2018). Due to its chemical property and toxicity, 
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Hg is requested under longtime monitoring and risk assessment. The well-known 

Minamata disaster happened in 1956, until 12 years after the Japanese government 

indicated that the reason was Hg. Affected by the incident, the United Nations 

Environment Programme (UNEP) launched activities related to global mercury pollution 

in 2001. Members of the scientific community have played a critical role in the 

establishment of the Minamata Convention on Mercury (MCM), which is entered into 

force in August 2017, focusing on protecting human health and the environment from 

anthropogenic emissions and releases of Hg. Scholars continue to make more and more 

studies on the occurrence of Hg in the world. The distributional multimedia model has 

been developed and utilized to the Lake Biwa-Yodo River basin as one of approaches.  

4.2 Methodology  

4.2.1 Modifications 

Based on the main structure of multimedia model, the application in Hg was modified 

due to the chemical characters. Figure 17 shows the detailed structure of the model. 

 

Figure 17. Structure of the distributional multimedia model. 
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In contrast to the one-box multimedia model, the distributional multimedia model divides 

the study area into numerous tiny meshes (Figure 1) instead of a single imaginary box. 

The total number of meshes in the Lake Biwa-Yodo River Basin was 8775, including 428 

boundary meshes. Each mesh was constructed as a space with width, length, and height 

of 1 km, 1 km, and 2 km, respectively, and was labeled with the order of horizontal (west-

east) and vertical (north-south) axes. The space inside one unit was separated into four 

environmental media: atmosphere, soil, water, and sediment, and the concentration of one 

substance was not distributed inside each medium. The atmospheric media consisted of 

two layers, the upper and lower atmosphere, and the thickness of the lower atmosphere 

(equivalent to the mixed layer) varied hourly in height from 200 – 1000m. The other 

media consisted of liquid and particulate phases (suspended solid phase in water). The 

thicknesses of the soil and sediment media were kept constant. 

Mass exchange processes between environmental media include emissions, deposition, 

advection, and sedimentation. The details of these mass exchanges between the four 

environmental media are similar to those in the one-box multimedia model. Mercury 

emissions occur in the lower atmosphere, soil, and water bodies. Particles in the 

atmosphere deposit into water bodies and soil owing to gravity and rainfall. Suspended 

solids settle in the sediment medium. Owing to rainfall, some particles in the soil runoff 

into water bodies, and these particles become part of the suspended solids phase. For the 

soil, water, and sediment media, there is a cation exchange equilibrium between the 

particle and liquid phases. The advection processes in the atmosphere and water were 

considered. There were inflows from or outflows to neighboring meshes. 

4.2.2 Equation and variables 

Because the chemical form of Hg changes in different media, a total of eight sub-media 
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of each unit mesh were present in the distributional multimedia model (Table 2). 

Table2. Sub-media in distributional multimedia model 

Sub-media 

No. 

Environmental 

media 

Chemical forms 

1 Atmosphere Divalent mercury (Hg2+). 

2 Gaseous metallic mercury (Hg). 

3 Soil Divalent mercury (Hg2+) (Liquid phase). 

4 Absorbed mercury ions (Particle phase). 

5  Water Divalent mercury (Hg2+) (Liquid phase). 

6 Absorbed mercury ions (Suspended solids). 

7 Sediment Divalent mercury (Hg2+) (Liquid phase). 

8 Absorbed mercury ions (Particle phase). 

The amount of Hg in each sub-media was calculated using the equation: 

𝑑𝑀𝑖

𝑑𝑡
= 𝑓𝑒_𝑖 +∑ 𝑓𝑒𝑞_𝑖𝑗

8
𝑗=1 + ∑ 𝑓𝑑𝑝_𝑖𝑗

8
𝑗=1 + 𝑓𝑎𝑑_𝑖 (5) 

where i and j are the order numbers, M is the molar amount, fe_i is the emission flux, feq_ij is the mass 

transfer flux between media i and j due to equilibrium, fdp_ij is the deposition and runoff flux from media 

i to j, and fad_i is the advection flux in media i affected by other meshes. 

Beside the mass transfer inside each mesh, the affection from adjacent meshes were also 

considered in the distributional type model. Modifications are shown in the following. 

⚫ Exchange of Hg particles and ions between/in environmental media. 

Because the study area was divided into serials of unit mesh, material exchange 

between different media (inter media exchanges) were separated and labeled with x 

(west-east direction) and y (north-south direction). In detail, each variable was 

represented by a two-dimensional array.  

⚫ The mass transfer in the atmosphere by adjacent meshes. 

Hg concentration in atmosphere of each mesh were affected by meteorological 

phenomenon (wind) from adjacent meshes in four directions (north, east, south and 

west).  

⚫ The mass transfer in the water by adjacent meshes.  

Hg concentration in water of each mesh were affected by the water flow. The water 

flow was affected by the waterfall line, determined by the terrain height and river 
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direction if there was a river across that mesh geographically.  

⚫ The distribution of total mercury emission.  

There is a distribution of emission in each mesh and the amount were estimated 

separately. 

Considering above modifications, the eight main variables describe the total mass of Hg 

in each media was reconstructed using two-dimensional arrays. Each variable was 

expanded into two-dimensional array and the subscript [x, y] means the west-east order 

of mesh is x, and the north-south order is y. After inter media exchanges, the mass transfer 

between neighbor meshes occurred. Table 3 shows eight modified variables used in the 

distributional multimedia model. 

Table3. Main variables in distributional multimedia model 

Variables Comments 

M2 Total amount of divalent mercury (Hg2+) in atmosphere. 

Ma Total amount of gaseous metallic mercury (Hg) in atmosphere. 

M2sl Total amount of divalent mercury (Hg2+) in soil liquid phase. 

Mabssl Total amount of mercury ions adsorbed in soil particle phase. 

M2wt  Total amount of divalent mercury (Hg2+) in water liquid phase. 

Msswt Total amount of mercury ions adsorbed on SS in water particle phase. 

M2sd Total amount of divalent mercury (Hg2+) in sediment liquid phase. 

Mabssd Total amount of adsorbed ions in sediment particle phase. 

4.2.3 Ion concentration variation 

Since the substance to be calculated is a metal, dissolution equilibrium and ion exchange 

were considered in this study. In this section, the dissolution rate equation for calculating 

dissolution equilibrium and the amount of ion exchange that occurs on the surface of 

mineral particles were described in detail. 



58 

 

 

Figure 18 shows a conceptual diagram of exchange equilibrium. 

⚫ Dissolution rate 

In soil, water, and sediment media, dissolution of Hg compounds into the liquid phase 

slightly occurred. Therefore, we consider the dissolution rate of Hg when they are 

present in water. A schematic diagram of dissolution is shown in Figure 18. The Hg 

concentration at the particle surface is the saturation concentration, and is the aqueous 

phase concentration at infinity, between which the compound moves by molecular 

diffusion. The dissolution rate J [mol/s/particle] from a single particle is expressed 

by equation: 

𝐽 = 2𝜋𝛿𝐷(𝐶𝑤𝑡𝑠𝑎𝑡 − 𝐶𝑖𝑛𝑓)  (6) 

where δ is the diameter of the particle; D is the molecular diffusion coefficient; Cwtsat is saturated 

solubility of Hg in water; Cinf is concentration of Hg in the liquid phase. 

If the Hg total amount in the particle phase is M [mol], the total number of particles 

N can be expressed by equation: 

𝑁 =
6×10−3𝑚𝑀

𝛿3𝜌
  (7) 

where M is the total amount of Hg in the particle; m is the atomic mass of Hg; ρ is the density of 

the particle. 

According to equation (5 – 6), the dissolution rate of Hg, K can be expressed by 
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equation: 

𝐾 = 𝐽𝑁 =
12×10−3𝜋𝑚𝑀𝐷(𝐶𝑤𝑡𝑠𝑎𝑡−𝐶𝑖𝑛𝑓)

𝛿2𝜌
  (7) 

⚫ Icon exchange equilibrium 

Hg deposited in soil is divalent cations. In soil, water, and sediment media, some of 

Hg ions in the liquid phase, are adsorbed on mineral particle surface through 

exchange equilibrium. The ratio of Hg ion concentration absorbed in particle phase 

(CHgS) and Hg ion concentration in liquid phase (CHgL) was the equilibrium 

coefficient of Hg ion. In this study, calcium ion (Ca+) was chosen as a representative 

of ions present in large amounts in the environmental media. The concentration of 

Ca+ in liquid phase CCaL and the concentration in particle phase CCaS were 

assumed to remain unchanged. And it was assumed that the equilibrium coefficient 

of Hg was proportional to the equilibrium coefficient of Ca+, which is the ratio of 

CCaL and CCaS. The above assumption is expressed by equation: 

𝐶𝐻𝑔𝑆

𝐶𝐻𝑔𝐿
= 𝑆

𝐶𝐶𝑎𝑆

𝐶𝐶𝑎𝐿
  (8) 

where S is a scaling factor assumed in this study. 

4.3 Emission estimation 

This section describes the method of Hg emission estimation for different environmental 

media (air, soil, and water) from 1957 to 2009 in the Lake Biwa-Yodo River Basin. 

Although the most common uses of Hg worldwide are artisanal and small-scale gold 

mining (Esdaile and Chalker, 2018), such mining is absent at present in Japan, and only 

recycled and imported Hg is currently used. Until the 1990s, Japan still used large 

quantities of Hg. Subsequently, Hg consumption declined and was limited to fluorescent 

tubes and measuring instruments. The emissions estimation was roughly divided into 
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several time periods using different methods and data sources.  

4.3.1 Hg emissions before the 1990s 

Mercury has been used in large quantities for the chlor-alkali industry, catalysts, inorganic 

chemicals, pesticides, measuring instruments, and vinyl chloride production. Because 

there were no direct data on historical emissions, Hg emissions before the 1990s were 

estimated based on industry Hg usage. The usage of Hg were published by the National 

Institute for Environmental Studies at a public seminar on Hg (Akiko Kida, 2012). The 

national Hg consumption for the most common uses in Japan from 1957 to 1990 was 

shown in Figure 19.  
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Figure 19. Hg consumption in different industries from 1957 to 1990. 
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In the present study, 10% of the Hg consumed in the chlor-alkali and catalyst industries 

was assumed to be disposed into water and exposed to the environment. The amount of 

Hg adhered to crops is reported as approximately 1/3 of the total amount sprayed on paddy 

soils (Nakagawa et al., 1991). Therefore, the current study assumed that 2/3 of the 

880,000 tons of Hg-containing pesticides used in Japan were deposited in soil and thus 

regarded as emissions. Mercury consumption by other industries was assumed to be 

incinerated and discharged into the environment at the time of product disposal. Mercury 

emissions inside the Lake Biwa-Yodo River Basin were proportional to the basin’s 

population.  

4.3.2 Hg emissions after the 1990s 

After the 1990s, reliable Hg emission data were obtained from the Pollutant Release and 

Transfer Register (PRTR) system, which is a chemical management policy established by 

the Japanese government. The PRTR system requires business operators to submit 

notifications to regional or municipal governmental authorities regarding specified 

chemical substances that may be harmful to human health and ecosystems. The data from 

the PRTR system include the nationwide amounts of chemicals released into the air, water, 

and soil available to the public. There were two types of Hg emission data: reported and 

unreported. The reported part includes Hg emissions from business operators who need 

to report to the local government once a year, whereas the unreported part includes 

emissions from those who are not required to report such data. The PRTR system 

calculates the total reported emissions and estimates the amount of unreported emissions 

using its own method  (Ministry of Economy Trade and Industry).  

However, the PRTR system has been in effect only since April 2001, and Hg emissions 

data are lacking before 2001. Thus, both reported Hg emissions and unreported emissions 
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for 1991–2000 were complemented using linear interpolation. 

4.3.3 Hg emission to each media 

The historical emissions from 1957 to 2009, estimated using the above methods, are 

shown in Figure 20. 

 

Figure 20. Annual Hg emission to different environmental media. 

4.3.4 Hg emission distribution 

The distribution of total emissions to each mesh was based on the Industrial Statistics 

Survey (Ministry of Economy Trade and Industry) and the National Land Information 

(Ministry of Land Infrastructure Transport and Tourism). The Industrial Statistics Survey 

lists the number of business establishments, employees, and product shipments by 

industry sector for all municipalities (cities, towns, and villages) in Japan, which were 

mainly used in this study. The National Land Information system was developed to assist 

in the formulation and implementation of national land planning. The data consists of 

classifications (paddy fields, orchards, forests, lakes, rivers, waste areas, building areas, 

and transportation areas) and area sizes in tertiary mesh units based on the status of 
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nationwide land usage. 

The method of distributing Hg emissions into every divided mesh was calculated 

differently, depending on the emission source. In the PRTR system, every business 

operator’s establishment distributed the reported emissions to the mesh where they were 

located. The unreported emissions of one municipality were allocated to all meshes 

belonging to that municipality in proportion to the population. Emissions estimated for 

consumption by different industries (such as chlor-alkali, catalysts, and pesticides 

industries) in each prefecture were summed and then distributed equally to all meshes 

that were classified as industrial areas. Other Hg emissions were distributed across all 

meshes in proportion to the mesh population. The distribution of emissions to air, soil, 

and water, with the highest value in 1965, was shown in Figure 21. 

 

Figure 21. Distribution of Hg emission in 1965. 

4.3.5 Hg emission from outside the basin 
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Most Hg emitted into the atmosphere by human activities is gaseous metallic Hg, which 

moves with the atmosphere and affects areas far from the source of emissions. Therefore, 

it is necessary to consider long-range atmospheric transport in terms of influent air outside 

the Lake Biwa-Yodo River Basin. Because Asian anthropogenic emissions of Hg to the 

atmosphere contribute 54% of all anthropogenic emissions (Jaffe and Strode, 2008) and 

China is the largest emitter of anthropogenic Hg worldwide (Zhang et al., 2015), the Hg 

concentration of the influent air was assumed to be proportional to the gross domestic 

product (GDP) of China. In this study, the Hg concentrations measured in Okinawa (close 

enough to China) in 2007 were assumed to be the concentrations of the influent air 

(Ministry of the Environment). This study assumed that the historical Hg concentrations 

in other years were proportional to the GDP of China. Figure 22 shows the Hg 

concentration in the influent air entering the basin. 

 

Figure 22. Hg concentration of influent air. 

4.4 Result 

The concentration of Hg in the Lake Biwa-Yodo River Basin was simulated for each year 

from 1959 to 2009 using the distributional multimedia model. The calculated 

concentration was compared with the measured data, including the Hg concentration in 

air and sediment published by the government (Osaka Prefecture Government). Figure 
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23 shows the annual Hg concentration in each medium of the Lake Biwa-Yodo River 

Basin, which was the value on the last day of the year from 1959 to 2009. The Hg 

concentration in the atmosphere fluctuated in the early years and showed a decreasing 

trend before 1975 owing to the relevant Hg consumption restrictions imposed in Japan. 

However, it showed a tendency to increase from 1975 in the atmosphere because of the 

increasing Hg concentration in the inflow air from outside the basin. Cross-border 

pollution from China may have contributed the most to this trend. This also indicates that 

the Hg concentration in the water body significantly decreased. The soil and sediment 

media showed a slight increasing tendency, indicating that Hg accumulated without 

migration. However, along with a reduction in emissions, the Hg concentration tended to 

a constant value. 

 

Figure 23. Annual Hg concentration from 1959 to 2009. 

4.4.1 Comparison with observations 

To evaluate the validity of the model, a comparison was made between the observed sites 

and the results of the simulation in year 2009. The locations of the observation sites are 
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shown in Figure 25. However, in the water media, as there were no measured values inside 

the Lake Biwa-Yodo River Basin, we compared the observed Hg concentrations in 

surface seawater around Japan in 2010 (Japan Meteorological Agency) instead of that. 

Figure 24 shows the measured Hg concentration of these locations compared with the 

annual concentration. In general, the calculated values in some environmental media (air, 

water, and soil) basically fit the observational values, whereas the Hg concentration in the 

sediment media was overestimated. Because the model structure assumed that sediment 

media was the final destination for Hg. In reality, some of the sediments were resuspended 

into the river body and run out of the study area. The simplification of runoff in sediment 

media might cause the overestimation. 

 

Figure 24. Comparison between simulation results and observations in 2009. 
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Figure 25. Hg observation sites in Lake Biwa-Yodo River basin. 

To determine the accuracy of the model, this study also compared observed value and 

simulated result of every single mesh. A detailed comparison with the simulated 

concentration of those observation sites was shown in Figure 26. For water media, no 

comparison was made owing to the lack of observational data. In general, for such small 

area, the simulated results were close to the measured Hg concentration. In the 

atmosphere media, the calculated Hg concentrations in these locations tended to be 

overestimates, and those in soil media were slightly underestimated. In the sediment 

media, the calculation generally reproduced the observations, though some calculated 

values tended to be overestimated by two orders of magnitude, whereas some errors were 

within one order of magnitude or even less.  
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Figure 26. Comparison of calculated and measured values (2009). 

The overestimation in air media might because the Hg concentration in the influent air 

entering the basin was overestimated. The estimation process in Chapter 4.5 has an 

uncertainty. The error might be acceptable due to its magnitude. In sediment media, the 

error was different to the other media. One possible reason is that the Hg concentration is 

highly related to the liquid-solid distribution coefficient. And in the present study, the 

liquid-solid distribution coefficient was assumed to be a constant value. Each location 

should have its own coefficient value, depending on the sediment composition and 

particle size. However, in spite of these errors caused by the simplification, the model still 
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has the ability to reproduce the real Hg concentration. 

4.4.2 Distribution in the atmosphere 

The distribution of Hg in the air at the end of 1959, 1969, 1979, 1989, 1999, and 2009, 

when emissions changed significantly, is shown in Figure 23. According to the 

distribution, the Hg concentration was high around the urban sites and northwestern part 

of the Lake Biwa-Yodo River Basin. Mercury in the air was transported to the suburbs 

from urban areas through advection until 1969. After 1969, the Hg concentration 

decreased over the basin, with particularly large decreases in urban areas owing to the 

decrease in Hg emissions. However, the Hg concentration in transboundary inflow air 

from China increased after 1979, although the concentration did not increase. This was 

because the deposition might carry most of the Hg into the water and soil. 
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Figure 27. Distribution of Hg in different environmental media. 

4.4.3 Distribution in the soil 

The distribution of Hg in the soil at 10-year intervals (1959, 1969, 1979, 1989, 1999, and 

2009), when emissions changed significantly, is shown in Figure 23. Mercury 

concentration in soil increased continuously from 1959 to 2009 owing to emissions into 

the soil. In addition, Figure 27 shows locations (especially in the lower reaches of the 

Yodo River and the eastern region of North Lake Biwa) where concentrations were high 

because of the high population and developed economy that used a considerable amount 

of Hg-containing substances. In soil media, most of the Hg is strongly retained in the soil; 

hence, there is no spatial migration, and most of the Hg accumulates in the space where 

it is emitted. Although Hg emission to the soil in the urban areas was low, the 

concentration increased owing to atmospheric deposition, where Hg discharge was still 

largely affected by transboundary inflow air from China. 

4.4.4 Distribution in the water 

Figure 27 shows the distribution of Hg concentrations in water at 10-year intervals during 

the study period. A high concentration area was found in the southeast part of Lake Biwa 

and in the lower reaches of the Yodo River. There was also no spatial migration, and most 

of the Hg accumulated in the space where it was emitted. Although Hg emission reduced 

after 1979, the concentration for the entire area continually increased owing to 

atmospheric deposition, which carries Hg into water. As the Hg concentration in the 

inflow air from China increased, Hg in the atmosphere was flushed into the water by 

rainfall. 

4.4.5 Distribution in sediment 

Figure 27 shows the spatial distribution of Hg concentration in the sediment media at 10-
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year intervals. The concentrations in the lower reaches of the Yodo River (southwestern 

part of the basin) and southeast of Lake Biwa were much higher than those in other 

locations. However, unlike the water media, the area where the Yodo River passes also 

showed a high concentration. This was because the sedimentation from water in these 

areas was larger than that in other locations; therefore, the accumulation was severe. 

4.5 Conclusion 

In this part, sediments and soil media of the Lake Biwa-Yodo River Basin showed the 

accumulation of Hg in the long-term by using the distributional multimedia model. The 

calculated Hg concentrations no longer raised significantly and were becoming constant 

due to Japan successfully controlled the national usage of Hg except in atmosphere due 

to the effect of transboundary pollution. In terms of geographical distribution, for urban 

sites in the study area, the lower reaches of the Yodo River showed higher concentrations 

than other locations due to high Hg discharge from human activities. The distributional 

multimedia model could reproduce and predict the Hg concentrations in different media 

by comparing the calculated Hg concentrations with the observed Hg concentrations in 

four environmental media and in different place. Though the simulated values in the soil 

media were underestimated due to the parameter setting, the simulated Hg concentrations 

in other media were close to the observation. Moreover, the model could even reproduce 

the real Hg concentration for the small area around the observation point. 

This study provides both special and temporal details of the environmental condition 

related with Hg. By using the distributional multimedia model, the simulation could 

calculate or predict the Hg concentration in specific areas. Also, by changing the input 

data including the emission, the developed model can be used for further studies to 

evaluate the geographical Hg occurrences in different environmental conditions. 
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Interested parties such as authorities responsible for environmental monitoring and 

management could use this study to develop environmental policies better. The model 

could be used to assess the environmental impacts under different emission permits 

(including the amount and the location of emission). Also, by fixing the pre-defined 

parameters of the model, modifying some assumptions and improving the simplification 

of mass exchange process of the model, the calculation errors can be eliminated, and the 

calculation results can be further improved. Furthermore, the approach of this study and 

the structure of multimedia model could provide inspersion for assessment of other 

pollutants, which can make the environmental monitoring process more successful. 
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5 Apply to sulfa drugs 

5.1 Introduction 

Chemicals which are the active substances of pharmaceutical and personal care products 

(PPCPs) have been detected in trace amounts from the environment (Sun et al., 2016; 

Tamura et al., 2017). Veterinary medicines, as one of the PPCPs, are used in large 

quantities on agriculture industry. There is an increasing concern about the ecological 

consequences of chronic exposure to the chemicals. Sulfa-drugs, which are typical 

antibiotics, are frequently found in the environment media, especially water bodies, such 

as river (Tamtam et al., 2008) and lake (Liu et al., 2018). When a sulfa-drug is used for 

human beings, the chemical substances contained therein are metabolized in the body, 

and then released into the sewage as a metabolite. Those left without being treated in the 

sewage treatment plant are released into the river. On the other hand, when a veterinary 

medicine is used for livestock, after metabolized in their body, the chemical substances 

are discharged as manure. Most of manure is reused in farmland after composting 

treatment and liquid fertilization treatment while some of the manures are not subject to 

carbonization or incineration or wastewater purification treatment and even discharge to 

the environment directly such as field piling or digging. This study focuses on sulfa-drugs 

and chooses 2 substances which belong to sulfonamide type synthetic antibacterial agents, 

and are sold in large quantities among veterinary drugs. 

5.2 Methodology 

5.2.1 Modifications of model 

In this study, the kinetics of sulfa-drugs for livestock discharged into the environment 

were analyzed using the distributional multimedia models for the Lake Biwa-Yodo River 
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basin. According to the chemical properties of sulfa drugs, the mass transfers between 

four environmental media are shown in Figure 28. The substances movement caused by 

advection in the air and water media from the adjacent area is took into the consideration. 

The atmosphere media consists of gas phase and particle phase, and is divided into the 

upper layer and the lower layer corresponding to the mixed layer. The water media 

consists of liquid phase and suspended solid phase, and considers outflow from soil and 

equilibrium with sediment. 

 

Figure 28 Structure of the Multimedia Model  

Table 4. Main variables in distributional multimedia model 

Variable Explination 

Mgsu Total amount of gaseous state in the upper atmosphere 

Mgsd Total amount of gaseous state in the lower atmosphere 

Mptu Total amount of chemicals absorbed in particles in the upper air 

Mptd Total amount of chemicals absorbed in particles in the lower air 

Msl Total amount of chemicals in soil media 

Mwt Total amount of chemicals in water media 

Mss Total amount of chemicals absorbed in suspended solids 

Msd Total amount of chemicals in sediment media 
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5.3 Emission estimation 

5.3.1 National emission 

This study focused on two typical kinds of sulfa-drugs, sulfamethoxazole (SMX) and 

sulfadimethoxine (Albon) which are widely used in Japan as an antibacterial agent for 

livestock production. Since they are synthetic drugs which show persistent degradability 

in nature compared to drugs made of natural extracts, it is important to monitoring these 

two substances. According to statistical data by the Ministry of Agriculture, Forestry and 

Fisheries (MAFF), SMX is used in a larger amount than any other sulfur antimicrobial 

agents. Japan began statistics on veterinary drug sales since 2005 based on the 

promulgation of the MAFF Ordinance No. 62 Animal Medicines Regulation Rules. In 

this research, the amount of 2 chemicals that were released into the environment was 

estimated based on the national sales amount of pure active substance sulfa-drug (an 

example shown in table 5) from 2005-2015 (Tamtam et al., 2008).  

Table 5. Sales amount (active substance) and proportion by animal in 2005 

Year Substance Amount of pure 

active 

substance 

(kg) 

Beef 

Cattle 

(%) 

Dairy 

Cow 

(%) 

Pig 

(%) 

Broiler 

(%) 

Layer 

(%) 

2005 
SMX 67723.1 0.0 0.0 89.4 7.4 3.3 

Albon 10810.7 9.8  5.4  40.1  32.9  7.8  

2006 
SMX 94260.3  0.0  0.0  93.0  4.6  2.4  

Albon 9127.2 3.5  3.7  47.0  34.0  11.5  

2007 
SMX 71045.2  0.0  0.0  91.9  5.4  2.7  

Albon 4534.1  11.2  8.0  44.5  22.5  15.0  

2008 
SMX 72135.1  0.0  0.0  94.0  1.6  4.4  

Albon 6570.6  8.3  6.7  40.6  32.4  12.8  

2009 
SMX 76246.4  0.0  0.0  91.2  3.4  5.4  

Albon 5072.0  10.5  8.8  43.7  26.6  10.8  

2010 
SMX 56552.4  0.0  0.0  97.5  1.4  1.1  

Albon 3474.3  8.7  15.8  23.3  44.0  9.1  

2011 
SMX 59586.9  0.0  0.0  89.1  4.3  6.6  

Albon 3164.5  9.0  16.1  30.4  37.5  7.2  

2012 
SMX 63724.0  0.0  0.0  88.0  5.7  6.3  

Albon 3018.0  9.5  17.4  45.4  14.6  8.5  

2013 SMX 69050.9  0.0  0.0  87.0  6.0  7.0  
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Albon 2231.5  10.8  19.3  48.2  11.5  3.2  

2014 
SMX 63141.3  0.0  0.0  77.3  18.0  4.7  

Albon 2580.4  11.6  17.4  46.0  8.8  10.5  

2015 
SMX 60223.7  0.0  0.0  79.7  16.1  4.2  

Albon 1628.1  13.8  18.6  47.1  7.7  5.7  

5.3.2 Local emission 

A sulfa-drug administered to domestic animals is eventually discharged outside their body 

as excrement after organ metabolism. In this study, it was assumed that all sulfa-drugs 

administered were finally excreted into the environment, there was no residual in 

livestock’s organ and the usage of sulfa-drugs and excrement volume per livestock (same 

species) were uniform across the whole country. There was no difference in different 

place. The emission in a specific area was only affected by the animal amount. In other 

word, according to above assumption, the emission was only related to the excrement 

volume made by the animals. 

Table 6. Excrement amount national and in different prefectures (unit: 1000 ton) 

 Cattle Cow Pig Broiler Layer 

National 23570 24420 22380 7450 5140 

Mie 123 244 278 260 40 

Shiga 56 168 12 18 5 

Kyoto 108 64 26 85 28 

Osaka 27 6 15 4 0 

Hyogo 251 468 50 235 120 

Nara 73 29 15 22 3 

Sum 638 979 396 624 196 

Based on the ratio of 6 prefectures (Osaka, Kyoto, Hyogo, Shiga, Mie, Nara) included in 

the Lake Biwa-Yodo River basin and national livestock excreta (Table 6) (Ministry of 

Agriculture Forestry and Fisheries; Liu et al., 2018), the sulfa-drug emission in the basin, 

Elcoal were calculated by using the equation. 

𝐸𝑙𝑜𝑐𝑎𝑙 = ∑ 𝐸𝑖,𝑎𝑙𝑙 ∙
𝑆𝑖,𝑙𝑜𝑐𝑎𝑙

𝑆𝑖,𝑎𝑙𝑙

𝑛
𝑖=0   (9) 

where i is the type of animal, Eall is national sulfa-drug emission, Sall and Slocal are livestock 

excreta in the nationwide and in the Lake Biwa-Yodo River basin, respectively. 

Based on the data, the local (sum of 6 prefectures in the Lake Biwa and Yodo River Basin) 
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usage of 2 sulfa drugs (SMX and Albon) were showed in Table 7. In case, SMX is 253.279 

g/mol and Albon is 310.33 g/mol. The total usage of 6 prefectures is only 2 – 3% of the 

national usage in Japan. The emission discharged to the environment were the same 

proportion according to the assumption. The annual emissions in different prefectures are 

shown in Figure 29.  

Table 7. The national and local drug emission (unit: mol) 

Year 
SMX Albon 

National Local Rate National Local Rate 

2005 267652.8  6222.0  2.3% 33123.3  1419.5  4.3% 

2006 372160.0  7926.0  2.1% 28640.3  1220.7  4.3% 

2007 280501.7  6132.9  2.2% 14486.1  541.7  3.7% 

2008 284804.9  5632.8  2.0% 20972.2  891.3  4.2% 

2009 301037.2  6356.6  2.1% 16104.4  627.7  3.9% 

2010 223281.0  4244.8  1.9% 10841.7  551.6  5.1% 

2011 235261.9  5157.1  2.2% 9871.2  460.4  4.7% 

2012 251596.1  5724.4  2.3% 9164.3  311.1  3.4% 

2013 272627.8  6292.0  2.3% 6609.9  209.4  3.2% 

2014 249295.4  7544.3  3.0% 7815.1  242.3  3.1% 

2015 237776.1  6885.4  2.9% 4828.9  144.0  3.0% 

 

Figure 29. Estimated annual usage of sulfa-drug in 6 prefectures (unit: mol). 

5.3.3 Emission distribution 
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The spatial distribution of sulfa-drug emission in the Lake Biwa-Yodo River basin was 

estimated by using the following equation, based on the farmland promotion (shown in 

Figure 30) according to the land use fragmented mesh data from the National Land 

Numerical Information System (Ministry of Land Infrastructure Transport and Tourism, 

2022). 

𝐸𝑚𝑒𝑠ℎ = 𝐸𝑎𝑙𝑙 ∙ 𝑃𝑚𝑒𝑠ℎ  (10) 

The spatial distribution was shown in Figure 31. It can be indicated that most emissions 

of the sulfa-drugs were concentrated in the east and south of the Lake Biwa-Yodo River 

basin. In terms of the temporal trend, the Albon was decreasing while SMX was basically 

the same. 

 

Figure 30. Farmland proportion of each mesh in different prefectures. 
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Figure 31. Emission distribution of SMX and Albon in 2006. 

5.4 Result 

5.4.1 Average annual concentration 

As the result of the One Box Type multimedia model, the annual environmental amount 

of SMX and Albon was showed in the Figure 32, 33 respectively. The results of the 

residual and emission showed that, the environment residual of SMX was only 7.2% of 

that year’s emission, while the Albon residual was 8.0% of the year. The annual 

concentration of the chemicals was basically related to the emission estimation. The trend 

of 2 kinds sulfa drug was almost the same as the emission. Albon was decreasing while 

SMX was waved in a small variation and was roughly equal. 
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Figure 32. Amount of SMX emission and residual in environment. 

 

Figure 33. Amount of Albon emission and residual in environment. 

The total amount of residual substances in each environmental medium is different. The 

proportion of SMX in different media was that, about 20% of the environmental residual 

is absorbed in soil, 79% of them are dissolved in water and there was no concentration in 

the atmosphere (either gas or particle) and suspended solids. The residual proportion of 

Albon was about 68% of the residual was dissolved in water and 30% was absorbed in 

soil. As the same, there were no concentration in the atmosphere and suspended solids. 
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Figure 34. Concentration of SMX in each media. 

 

Figure 35. Concentration of Albon in each media. 

Considering the volume of the environment media, the annual average concentration of 

chemicals was shown in Figure 34 – 35. The average number of SMX concentration was 

around 18 ng/L in water, 11 ng/L in soil, 5 ng/L in sediment. And the average number of 

Albon was around 2 ng/L in water, 2 ng/L in soil, 0.6 ng/L in sediment. Both SMX and 

Albon showed a quite low-level environmental concentration. According to the 
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calculation, there was no accumulation during the year. The chemical soon came to the 

equilibrium after discharged in to the environment. 

5.4.2 Spatial distribution 

The spatial distribution of annual average concentration in soil media (Figure 36 – 37) 

shows that the sulfa-drug was mainly concentrated in same place where the emission was 

concentrated as well, with the maximum SMX concentration of 600 ng/L and the 

maximum Albon concentration of 150 ng/L. Meanwhile, the distribution of annual 

average concentration in water media is different from that in soil. Although the emission 

was all assumed to be discharged into the soil, because of the fluxes between water and 

soil such as rainfall land loss, some chemicals move to the water media. Some mesh with 

large rivers had a lower level of the sulfa-drug concentration because the water flow was 

large, bringing a lot of clean water which dilute the chemicals. The annual concentration 

of Albon was decreasing while SMX was basically the same both in soil and water media 

that were consistent with the results of emissions estimation. 
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Figure 36. Distribution of SMX in soil, water and sediment. 
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Figure 37. Distribution of Albon in soil, water and sediment. 

5.4.3 Comparison 

Compare to the result of one-box model, there were more residual in the environment. 

The distributional type model shows more concentration in the environmental media. In 

soil media, the concentration of SMX and Albon was around 200 ng/L and 20 ng/L. But 

looking the distribution or proportion of each media, the chemical was mainly absorbed 

in the soil media (almost 100%), and only a few were in water media or in the lake. 

However, Albon has been detected in the water system inside the Lake Biwa and Yodo 

River Basin in 2006. The observation concentration was around 15 ng/L, which was 

higher than the simulation result. 

5.5 Conclusion 



87 

 

Sulfa drugs, as one of the antibiotics, are wildly used in the world, the potential 

environmental risk to both human health and ecological system attracted a lot of attentions. 

In order to estimate risk assessment, it is necessary to make accurate estimation of sulfa 

drugs concentration in the environment.  

This part of study constructed a fate prediction model to express the dynamics of sulfa 

drugs in the atmosphere, water, soil and sediments, and analyze the behavior between 

environmental media. In this application of the distributional multimedia model, both 

distributional type model and the original one box type model were utilized to analysis 

the environmental behavior of sulfa-drugs. The spatial and temporal variation of 2 sulfa 

drugs (SMX and Albon) concentration in the Lake Biwa-Yodo River Basin was estimated 

for recent years. 

However, fate prediction models targeting veterinary medicine substances are very 

limited compared to those targeting high toxic heavy metals. Due to the lack of 

observational data for further comparison, the model still has errors in the prediction of 

organic pollutants. The observation was higher than the prediction, which implied that 

higher concentrations of the sulfa drugs may exist in reality. Although acute toxicity has 

not been demonstrated at this time, it warrants further attention and deeper study. 

Limitations of the current work that need to be solved include 

1. Lacking of future observation data in the study area to evaluating the model; the 

observation data was based on the sampling in year 2006, which only reflected the local 

real-time situation at that time. The single point could not reflect the situation of the whole 

region well leading to error of the whole time period simulation. 

2. Improving the accuracy of fundamental data which were used during the simulation; 

the static data including meteorological and hydrology data were mostly based on the 
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year 2009 which might be out of time. 

3. Reducing the error caused by assumptions and simplifications in methodology. The 

method that used to estimate the emission was simplified as the proportion of livestock 

excrement. Both the 6 prefectures usage of the whole country and the spatial distribution 

was based on the farmland proportion. It is necessary to make further considerations, such 

as the administration period, species difference, mechanisms of drug metabolism, and 

even the location of the livestock farm. These conditions may cause the underestimation. 

The above limitations require further studies in order to evaluate the potential risk of long-

term exposure of such concentration level of these 2 sulfa drugs. The sulfa drug was a 

group of chemicals, the rest of them not mentioned in this study may be also toxic to the 

human healthy and ecosystem after discharged into the environment without treatment. 

People need to be alert to the adverse environmental impacts of veterinary medicine 

discharged into the environment. 
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6 Conclusion and recommendation 

6.1 Conclusion 

In this study, distributional type multimedia model was developed based on a one-box 

type model. The model was utilized to 3 type different environmental chemicals in the 

Lake Biwa-Yodo River Basin, Japan. The study area was divided into tiny meshes, and 

each was divided into four environmental media: atmosphere, soil, water body, and 

sediment. According to the behavior of different pollutants in environmental media, we 

modified the core of the model and constructed the corresponding equations respectively. 

At the same time, we estimated the emissions for the three type pollutants. The 

concentration of pollutants in the target area was calculated over a long period of time by 

substituting into the model using meteorological and hydrological land data that exist in 

reality. For Pb, the model calculated the concentration 60 years from 1957 to 2016. The 

amount of Pb distributed into each mesh inside the basin. The validity of the distributional 

model was evaluated by comparing it with measured Pb concentrations. By compare to 

the observation, the model could predict Pb well.  

Different to Pb, we consider material transformations of Hg in our model while 

introducing possible stars for external contamination. The calculated Hg concentrations 

no longer raised significantly and were becoming constant due to Japan successfully 

controlled the national usage of Hg. Through more specific comparisons down to 

individual observation stations, we found that the model can predict behavior of Hg in 

our target area. Both environmental concentrations and the distribution had been validated. 

Having successfully predicted the environmental fate of metals, this study turned its 

attention to organic refractory pollutants. This study attempts to push the model into a 
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wider range of predictions. We successfully modified the parameters of the model and 

tried to predict the concentration distribution of 2 drugs. We calculated the possible spatial 

distribution of the drug. However, the measured values were higher than the model 

predictions and our model still has very many shortcomings in the prediction of pollutants 

in this project, which needs to be improved urgently in the subsequent research work. 

6.2 Recommendation 

In this study, the model exists with a large number of assumptions and simplifications 

that facilitate the calculations. These assumptions and simplifications have somewhat led 

to a gap between our calculations and reality. In terms of the input data, although official 

and credible data were used as far as possible, some estimation was made in details such 

as the emission and location of pollutants. These estimations are subject to a high degree 

of uncertainty and may be diametrically opposed to reality. There are a large number of 

unknown influences. At the same time, we have reused some of the data in our 

calculations using computers. For example, we let the weather conditions repeat over and 

over again, however in reality there are uncontrollable factors such as typhoons and floods. 

These extreme conditions can cause a lot of deflection of pollutants. The calculation of 

this model requires a large amount of data, which is still time-consuming despite the 

assistance of computers.  

All of these, as mentioned above, are problems exposed by this study. More work is 

needed if the present model is to be applied to other pollutants, or to other regions. This 

paper suggests that future research could focus on these areas. 
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