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Revised 29 October 2025 During Japan’s modernization and westernization over a century ago, copper mining and smelting

égclﬁpted ber 2025 became a key export industry. However, the resulting sulfur dioxide emissions caused significant
ovember damage to crops and forests. Due to the limited availability of historical environmental records, this

Keywords study utilizes the atmospheric dispersion simulation tool AIST-ADMER, developed by the National

air pollution, copper, Institute of Advanced Industrial Science and Technology, to reconstruct pollution patterns

Japan, simulation,

smelting, sulfur dioxide associated with the Besshi Copper Mine in Ehime Prefecture. We assess the plausibility of the

simulated dispersion patterns by examining their correlation with historical records of

environmental damage and compensation. The results reveal a moderate correlation between
= simulated sulfur dioxide concentrations and compensation levels, whereas the correlation with
recorded damage is relatively weak. Regression analysis further indicates that compensation

amounts are significantly associated with both concentration levels and the proportion of forest

land use. Applying this model to counterfactual scenarios, we estimate that relocating the smelting

facilities to alternative sites, such as a coastal onshore site or a mountainous inland area which could

have increased compensation payments by approximately three and five times, respectively. These

findings shed light on how corporate decisions shaped responses to environmental damage and

compensation, highlighting the complex trade-offs companies faced in managing pollution under

evolving social and environmental pressures. This research fills a significant gap in the literature by

establishing a quantitative framework that links simulated pollution patterns with historical

evidence, enabling a deeper understanding of past environmental impacts and corporate responses.

Introduction

There is much to learn from environmental history, especially regarding historical pollution incidents [1-4].
They reveal the importance of early investigation and response, the necessity of appropriate compensation,
and the wide-ranging impacts on local communities [5—10]. Simultaneously, such cases often suffer from gaps
in scientific understanding and underdeveloped observation systems at the time of the incidents, making it
difficult to grasp the full extent of pollution. Records of damage and compensation are often fragmentary,
making it challenging to construct a comprehensive picture. As a result, there has been little quantitative
research on historical pollution incidents. By quantitatively reconstructing such an incident, this study re-
evaluates the relationships among pollution, damage, and compensation, an approach that is novel in
historical pollution research.

This study examines the sulfur dioxide emissions from the Besshi Copper Mine during Japan’s Edo (1603—
1868) early modern era, Meiji (1868-1912), and Taisho (1912—1926) modernization periods. Using a simplified
air pollution simulation, we compared the modelled outputs with historical records of damage to agriculture
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and forestry and compensation to analyze the spatial and quantitative relationships among pollution, harm,
and redress.

During the Meiji and Taisho eras, the Besshi Copper Mine, alongside Ashio, Kosaka, and Hitachi, was one of
the four major copper mines that contributed to Japan’s modernization. However, sulfur dioxide gas released
during the smelting process causes significant damage to local agriculture and forestry. While smelting had
originally been conducted in the mountains near the mine during the early modern Edo period (Kyu-Besshi
area, i.e., the former Besshi area), its relocation to Sobiraki in Niihama, closer to the coast, with an increased
production in the mid-Meiji period, marked the beginning of more serious environmental damage. In
response to the growing protests from nearby farmers, the smelter was moved in 1904 (Meiji 37) to
Shisakajima Island, anisland in the Seto Inland Sea. However, the damage spread more widely as production
increased. Ultimately, the mine operator and farmers in four counties in the eastern region of Ehime
Prefecture entered into agreements, and the operator paid compensation. The introduction of technologies
to recover and utilize sulfur eventually ended the pollution problem in 1939 (Showa 14).

This case is significant as one of Japan’s earliest industrial pollution incidents, which set a precedent for future
environmental disputes. For example, farmers affected by the Hitachi Copper Mine later visited Besshi to
study how stakeholders had addressed environmental pollution, social damage, and compensation. Long-
standing negotiations between the mine operator and farmers culminated in compensation agreements.
These can be interpreted as outcomes of Coasean bargaining, where parties negotiate a resolution based on
the assignment of property rights and mutual interests [11-13].

The socio-economic aspects of air pollution incidents at the Besshi Copper Mine have been explored primarily
in the fields of management and environmental history (we do not discuss here the literature in the field of
geology and mining and metal engineering). Scholars in management history examine corporate events
related to mine pollution and analyze the significance of managerial decisions. For instance, Sueoka discusses
the contrasting perspectives of Hirose Saihei, a prominent reformer of the Besshi Copper Mine and the first
Director-General of the Sumitomo group, and the second Director-General, Iba Teigo, known for his
thoughtful character [14—16]. When Iba proposed relocating the mine’s smelting facility to Shisakajima Island,
approximately 20 km from the coast, Hirose opposed the idea, viewing it as wasteful and potentially
hazardous, claiming that compensation would be the best remedy. Finally, after examining several options
including locating in Niihama as well as Kyu-Besshi, the mine owner and the owner of the Sumitomo group,
Sumitomo Tomoito, supported Iba’s decision to move the facility to Shisakajima.

In contrast, environmental history research focuses on the social dynamics among polluters, victims, and the
government. Sugai interprets these interactions as indicative of Japan’s controlled capitalist development,
where state-led capitalism prioritized the interests of industrialists over those of local farmers [17,18].
Although the government facilitated negotiations between victims and polluters to arrange compensation,
its primary aim was to safeguard mine owners’ interests and maintain the momentum of national economic
expansion.

While previous studies, including historical investigations of copper mining and industry in Japan, provide
valuable historical insights [19,20], they often rely on intuitive explanations and lack rigorous quantitative
evaluations. This study aims to address this gap by using simulation techniques to uncover the causal
relationships between pollution, damage, and compensation, an approach akin to historical environmental
forensics.

Materials and Methods
Study Area

The study area is located on Shikoku Island and its nearby small islands in Japan (Figure 1). The region lies in
a temperate climate zone and includes part of the Seto Inland Sea. In 2009, the average temperature
recorded at the Niihama meteorological station in the study area was 17.0 °C, and annual rainfall was 1,297.5
mm. The area comprises forests, agricultural land, residential areas, industrial zones, and coastal waters.
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Figure 1. Location of the Besshi Copper Mine and smelting facilities: (a) major copper mines in modern Japan, major
cities, and the study area and (b) the locations of the smelting facilities of the Besshi Copper Mine.

Data Analysis

The atmospheric dispersion model ADMER (Atmospheric Dispersion Model for Exposure and Risk
Assessment, https://riss.aist.go.jp/admer/) version 3.5 was used to estimate the atmospheric concentration
of sulfur dioxide gas in each scenario. ADMER is a Gaussian plume-type dispersion model developed at the
National Institute of Advanced Industrial Science and Technology (AIST) in Japan. It can estimate monthly or
annual mean concentrations at 1.0 m above the ground in any region in Japan, with a relatively high spatial
resolution (100 m to 5 km grids) [21,22]. ADMER has been applied to many chemical exposure and risk
assessments [23—-25].

In this study, the horizontal resolution was set to 30 arcseconds in latitude and 45 arcseconds in longitude
(approximately 1 km x 1 km), covering the computational domain with 90 grid cells in latitude and 100 grid
cells in longitude. The values for each meteorological element required for the calculation (wind speed, wind
direction, precipitation) in each grid cell were computed using the pre-processing function in ADMER from
the hourly data of automatic weather reporting stations located within the study area. Simulations were
conducted using the meteorological conditions of 2009, which was considered a representative average year
for recent years (given that the study area includes both land and sea, the most influential meteorological
factor affecting air pollution is likely the land-sea breeze. Since the coastline has remained relatively
unchanged between the 19th century and recent years, we assume that the general patterns of land-sea
wind have also remained broadly consistent over this period). Estimated sulfur dioxide emissions were
calculated based on historical copper production levels [26]: approximately 2,664 tons SO2 emissions per year
during the Edo period (before 1868), when smelting was carried out at the former Besshi (Kyu-Besshi) area;
26,550 tons per year during the Meiji period (1868—1912), when operations were relocated to the Niihama-
Sobiraki facility; and 119,600 tons per year during the Taisho period (1912—-1926), when smelting took place
at the Shisakajima Island plant. The assumed smokestack heights for the simulations were 20.145 meters for
both the Edo and Meiji periods, based on the height of a remaining smokestack constructed in the same era,
and 108 meters for the Taisho period, which reflects the actual smokestack height. Table 1 shows the annual
average values of wind speed and precipitation across the entire computational domain, as well as the most
frequent wind direction across the entire computational domain throughout the year. The other parameter
settings used for the simulation are presented in Table 1.

Table 1. Summary of data and parameter settings used for simulation. The table presents the meteorological data
and the parameter settings for the pollutant (SOz) in the dispersion simulation.

Meteorological data The parameter settings for the pollutant (SO;) in the
dispersion simulation

Average wind speed: 2.05 m/s Dry deposition velocity: 0.48x1072 (m/s)

Average daily precipitation: 4.01 mm/day Decomposition coefficient: 1.5 (%/hr)

Most frequent wind direction: Southwest-West Washout ratio: 300
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Data on damage and compensation were drawn from Isshiki (1926) [27], who compiled figures for affected
areas and compensation amounts by municipality. For this study, we used data on compensation prior to
1910 (Meiji 43). Due to the scarcity of land use data around 1900, we used data from 1976, assuming that
early 20th-century patterns resembled those of the late 20th century [28]. We conducted correlation analysis
among dispersion concentrations, damage rates, and compensation rate, as well as ordinary regression
analyses in which compensation rate was the dependent variable and concentrations and land-use variables
were the independent variables. The estimated model was used to conduct what-if analyses under
alternative scenarios. The flowchart in Figure 2 illustrates the steps undertaken in this study.
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Figure 2. The flowchart of this study, summarizes the data used and the analyses conducted.

Results

When comparing the Edo (mid-19th century), Meiji (late 19th century), and Taisho (early 20th century)
periods, the analysis applies today’s regulatory thresholds for sulfur dioxide in Japan: above 0.04 ppm (shown
in orange) and between 0.004 ppm and 0.04 ppm (shown in light orange) as average concentrations. Based
on these thresholds, it is clear that the area affected by sulfur dioxide expanded markedly over time (Figure
3). The zone of damage shifted from a limited portion of the Shikoku Mountains to include the coastal region
of Niihama and eventually extended to the Takanawa Peninsula, where Ochi County is located. This suggests
that relocating the smelting site to Shisakajima achieved its intended purpose of reducing damage to land
areas.
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Figure 3. Dispersion of SO in three eras (>0.04 ppm: orange color/ 0.004 — 0.04 ppm: light orange color).

To examine the relationship between atmospheric dispersion concentrations, environmental damage, and
compensation during the Taisho period (early 20th century), correlation and regression analyses were
conducted using spatial units of approximately 1 km x 1 km. As shown in Table 2, the correlations between
the dispersion concentrations and damage rates for rice paddies, crop fields, and forests—measured as the
ratio of damaged area to total village area, were relatively weak (r = 0.18, -0.07, and 0.15, respectively). In
contrast, the correlation between the dispersion concentration and the amount of compensation per unit
area of each village was moderately strong (r = 0.57). To further examine the detailed relationships between
atmospheric dispersion and compensation, we conducted ordinary least squares (OLS) regressions, taking
compensation per hectare as the dependent variable and the average atmospheric concentration estimated
using ADMER and land-use-related variables, such as paddy field ratio, crop field ratio, orchard ratio, other
tree crops ratio, and forest ratio, as independent variables. As shown in Table 3, we found a statistically
significant (p < 0.1) correlation between compensation values and sulphur dioxide concentration, rice paddy
field, orchard field, and forest ratios. While the sulfur dioxide variable has a positive coefficient, the ratios of
several agricultural and forestry land uses have negative coefficients.
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Table 2. Correlation analysis among dispersion concentration, damage rates, and compensation rate (n = 401). This
table presents the correlation coefficients among the variables.

Dispersion Rice paddy field Crop field Forest (damage Compensation
concentration (damage rate) (damage rate) rate) Rate (1/1000 jpy
per ha)

Dispersion 1.00

concentration

Rice paddy field 0.18 1.00

Crop field -0.07 -0.35 1.00

Forest 0.15 -0.37 0.51 1.00

Compensation 0.57 0.39 0.18 0.00 1.00

Table 3. OLS regression result on compensation values (initial model) (n = 1,409). This table presents the results of an
OLS regression in which compensation values are the dependent variable and SO, concentration and land-use
variables are the independent variables.

Coefficient Std. err. t p-value
SO, concentration (ppm) 1,597,356.0 55,161.5 28.96 0.000
Rice paddy field ratio -1,809.7 1,010.4 -1.79 0.073
Crop field ratio -3,370.9 4,223.0 -0.8 0.425
Orchard ratio -2,446.6 1,118.6 -2.19 0.029
Other tree crops ratio 27,048.3 68,681.0 0.39 0.694
Forest ratio -4,169.1 650.1 -6.41 0.000
Constant 2,311.4 619.8 3.73 0.000

We further conducted a regression analysis using rice paddy field and forest ratios, which were statistically
significant, as independent variables. As orchards are a relatively new category in this region, we did not
include this category in the analysis. We found that the coefficient for the rice paddy field variable became
insignificant this time. Therefore, we decided to include only the forest ratio as an additional independent
variable in our final model. (Table 4).

Table 4. OLS regression on compensation values (final model) (n = 1,409). This table presents the results of an
OLS regression in which compensation values are the dependent variable and SO, concentration and forest ratio are
the independent variables.

Coefficient Std. err. t p-value
SO, concentration (ppm) 1,598,994.0 55,052.6 29.04 0.000
Forest ratio -2,991.2 386.7 -7.74 0.000
constant 1,113.0 3334 3.34 0.001

Discussion

The correlation between dispersion concentrations and the damaged areas of rice paddies, crop fields, and
forests was relatively weak (r = 0.18, -0.07, and 0.15, respectively). This weak correlation may be due to two
factors: the use of the ratio of damaged area to total village area (rather than to the area of each land category
within the village) as the damage indicator, and the ecological and agricultural/forestry diversity across the
regions, which may obscure or confound the underlying relationships. In contrast, a moderate correlation
was observed between the dispersion concentration and the amount of compensation per unit area of each
village (r = 0.57), suggesting a more consistent relationship in this case. The OLS regression provides a
relatively accurate prediction of compensation values (adjusted R? = 0.45 for both the initial and final models).
As expected, the air concentration of sulfur dioxide had a positive relationship with compensation.
Unexpectedly, the more land used for agriculture or forestry, the less compensation was paid. This may be
because the farmers themselves distributed the total amount of compensation from the mine [27]. They may
have allocated more resources to resource-poor communities than to those with greater resources. The
maximum concentrations of sulfur dioxide over land during the Meiji and Taisho periods (0.967 ppm)
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exceeded the levels recorded during the Yokkaichi Asthma incident (0.075 ppm) in 1963—1964, one of Japan’s
four major pollution cases. This finding suggests that pollution during these earlier periods likely had severe
impacts not only on agriculture and forestry but also on human health [29].

If we have sufficient confidence in the estimated OLS model, we can estimate compensation values under
hypothetical scenarios. Based on historical debates among the mine managers in the early 20th century, we
estimated compensation amounts for alternative cases in which the smelters were not relocated to
Shisakajima Island but remained either in Niihama on the coast or at Kyu-Besshi in the mountainous region.
These estimates were derived using the model in Table 4. For comparison, we also estimated the
compensation values for the actual case of Shisakajima. In all three scenarios, we assumed that the operator
constructed a smokestack 108 m high, the same height as the one built on Shisakajima. Figure 4 shows how
SO, would have dispersed according to our model if the mine operator had set up smelters in Niihama or
Kyu-Besshi with the same levels of production (i.e., emissions). We calculated the compensation values for
the respective cases based on our model (Figure 5). The mine would have paid 3.2 times or 5.6 times more
compensation if the operator had located their smelter in Niihama or Kyu-Besshi rather than Shisakajima.
Otherwise, the operator must significantly reduce production levels.

N L = ISR N
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Onsen

30 km

Kamiukena 5 Kamiukena

(a) The Niihama case (b) The Kyu-Besshi case

Figure 4. What-if analyses of cases where the smelting facility was located in alternative sites (>0.04 ppm: orange;
0.004-0.04 ppm: light orange): (a) the dispersion pattern if the smelting facility was located in Niihama, and panel
and (b) the dispersion pattern if the facility was located in Kyu-Besshi.
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Figure 5. Estimated compensation values are presented for the cases in which the smelting facility was located in
Shisakajima, Nithama, and Kyu-Besshi. The estimation is based on the model of Table 4.

The spatial distribution of compensation in each case is shown in Figures 6. The darker meshes indicate that
the compensation values would be more than 5 JPY per ha in those areas (note that significant inflation has
occurred over the past 100 years, substantially affecting the value of the Japanese yen). The light-dark meshes
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indicate that the value would be less than 5 JPY. In the cases of Niihama and Kyu-Besshi, the darker meshed
areas cover larger areas than in the case of Shisakajima.

(a) Shisakajima (b) Niihama (c) Kyu-Besshi

Figure 6. Distribution of compensation (>5 JPY per ha: dark meshes; <5 JPY per ha: light—dark meshes). This figure
shows the respective compensation patterns for the cases in which the smelting facility was located in (a) Shisakajima,
(b) Niihama, and (c) Kyu-Besshi.

The predictive ability of these models is limited. Further improvements to the model are needed, particularly
to enhance its ability to predict damage patterns. One key limitation is the use of contemporary land-use
data rather than data from the actual pollution period. Another limitation is that the analysis used modern
meteorological data, assuming that climatic conditions have not changed significantly over the past one to
two centuries. Addressing these issues will improve the accuracy and historical validity of this analysis. We
also plan to extend our research to include comparative studies of the other three major copper mines in
Japan. By examining differences in corporate behavior shaped by managerial resources, environmental
conditions, and the adoption of technological innovations, we aim to reinterpret the nature of historical
pollution and corporate responses during Japan’s modernization period [30-34].

Conclusions

This study demonstrated that atmospheric dispersion simulations can be effectively combined with historical
records to quantitatively reconstruct the relationships among pollution, environmental damage, and
compensation in a historical context. By applying the estimated regression model, we found that early
corporate decisions to relocate smelting facilities significantly reduced compensation obligations by directing
pollution primarily over the sea rather than over inhabited or cultivated land areas. This highlights the extent
to which corporate responses to pollution shape the spatial distribution of environmental burdens and
redress among affected populations. The accuracy of the compensation estimation model should be
enhanced in future research to improve the robustness of quantitative assessments. While this study focuses
on a single copper mine that generated substantial pollution during Japan’s modernization, future research
should extend this approach to other mines to examine how different operations responded to pollution.
Our approach shows that simulation-based analysis offers a promising method for reconstructing past
pollution incidents in both spatial and quantitative terms. This methodology not only provides new insights
into the dynamics of historical pollution but also helps evoke vivid and real-world images of how such
incidents unfolded and were addressed.
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