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Abstract

Acid deposition—colloquially termed "acid rain™ when visibly discoloured by high loads of suspended particulate matter and
unburnt carbon—represents one of the most pervasive, slow-onset, and transboundary environmental externalities generated by the
fossil-fuel-driven model of industrial growth. Historically documented in the industrial districts of nineteenth-century Europe and
heavily regulated across North America and Western Europe in the late twentieth century, the geographic centre of gravity of the
acid rain challenge has shifted decisively toward the rapidly expanding economies of East and South Asia. India, in particular, has
emerged as a major global focal point of sulphur dioxide (SO2) and nitrogen oxides (NO) emissions, driven by heavy reliance on
high-ash coal for electricity generation, rapid motorisation, expanding petroleum refining, and peri-urban industrial clusters. This
comprehensive academic review provides an exhaustive, multidisciplinary synthesis of acid rain, bridging atmospheric chemistry,
pedology, plant physiology, public health, environmental jurisprudence, and macro-developmental economics. The paper is
structured around five core analytical pillars. First, it collates twenty-five distinct definitions of acid rain, establishing a broad
conceptual spectrum that moves from strict chemical-atmospheric formulations (precipitation pH significantly below the natural
carbonic acid baseline of 5.6) and regulatory agency standards to broader ecological-systems, agricultural, legal, and welfare-
economic framings. Second, the aetiology of Acid rain is systematically catalogued into twenty-five distinct causes categorised
across natural background processes, stationary industrial point sources, mobile transport emissions, agricultural practices such as
ammonia volatilisation and stubble burning, and structural policy or enforcement failures. Third, the review details the direct and
indirect economic cost channels through which acid deposition impacts eight critical sectors: agriculture, where foliar chlorosis and
soil base-cation leaching Caz, Mg: alongside phytotoxic aluminium Alz mobilization produce statistically significant crop yield
penalties; forestry and terrestrial ecosystems, characterized by canopy dieback and disrupted nutrient cycling; water resources and
fisheries, driven by aquatic critical-load exceedance and atmospheric nitrogen-induced coastal eutrophication; industrial capital and
built infrastructure, through accelerated metal corrosion and calcium-carbonate dissolution in historical stonework (“marble
cancer™); public health, via respiratory and cardiovascular morbidity linked to fine sulphate and nitrate aerosols PM3 s that align with
World Bank global pollution cost estimates reaching 5.0 per cent of global GDP annually; tourism and real estate, owing to
monument discolouration and property value discounts; the macroeconomy, through aggregate productivity losses; and regional
sub-national environments. Fourth, drawing on comparative international case studies of the United States, Scandinavia and Western
Europe, China, and India, the manuscript contrasts regulatory architectures—such as the US Acid Rain Program's Title IV cap-and-
trade mechanism and Europe's LRTAP Convention—with China’s rapid post-2012 emissions decline achieved through mandatory
Flue-Gas Desulphurisation (FGD) retrofits and capacity closures. India is identified as remaining in an early-to-middle phase of this
structural transition, where rising ambient emissions, persistent coal dependence, and recent regulatory delays highlight the urgent
necessity of institutional reform. Fifth, the review presents a specialised sector spotlight on Tamil Nadu’s industrial-agrarian
economy, analysing how coastal thermal power corridors, agricultural delta tracts, and export-oriented textile and knitwear clusters
(such as the Tiruppur hub) interface with acid deposition through raw cotton supply-chain risks, process-water treatment costs, and
worker health. The paper concludes that acid deposition damage, while severe and multi-sectoral, is fundamentally reversible
through coordinated policy design. Key policy recommendations include: restoring and enforcing mandatory power-sector sulphur
dioxide emission norms in India; incorporating wet-deposition and critical-load metrics directly into the National Clean Air
Programme (NCAP); expanding geographically bounded "sensitive-receptor buffer zones" modeled on the judicial Taj Trapezium
Zone precedent to protect stone temple architecture and fragile catchments; establishing a dense, long-term wet- and dry-deposition
monitoring network across coastal and industrial Tamil Nadu; and integrating air pollution cost accounting into national
environmental-economic satellite accounts to guide sustainable growth.
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1.0 Introduction

Among the many environmental externalities generated by the fossil-fuel-driven model of industrial growth, few phenomena
illustrate the transboundary, slow-onset, and cumulative nature of ecological damage as vividly as “acid rain,” more widely known
in the scientific and policy literature as acid rain or acid deposition. The colloquial term “Acid rain” derives from the visibly
darkened, sooty, and acidic precipitation observed in heavily industrialised regions where suspended particulate matter, unburnt
carbon, and acidic aerosols combine with atmospheric moisture before falling to the earth as discoloured, corrosive rain, snow, fog,
or dry deposition. While historically used to describe radioactive fallout following atomic detonations or soot-laden rainfall near
massive industrial fires, contemporary environmental economics and public policy treat the term as synonymous with precipitation
rendered abnormally acidic through anthropogenic emissions of sulphur dioxide (SO2), nitrogen oxides (NOx), and associated
atmospheric pollutants. At its scientific core, acid rain is a secondary air-pollution phenomenon. Primary pollutants released from
thermal power stations, industrial boilers, refineries, smelters, and internal combustion engines undergo photochemical oxidation in
the atmosphere. In the presence of sunlight, moisture, and oxidants, SO, and NOx transform into sulphuric acid (H2SOa) and nitric
acid (HNOs3). These acids dissolve in atmospheric droplets or attach to aerosols, returning to the surface as wet or dry deposition.
Unpolluted rainwater maintains a mildly acidic natural baseline pH of approximately 5.6 due to dissolved carbon dioxide;
precipitation is classified as acid rain once its pH falls below this threshold, reaching levels as low as 3.0 to 4.5 in severely affected
industrial belts. This phenomenon spans three interlocking dimensions: chemical-atmospheric (pollutant transport and
photochemical conversion), ecological (soil acidification, nutrient leaching, and aquatic critical-load exceedance), and socio-
economic (quantifiable productivity losses in agriculture, forestry, fisheries, infrastructure, heritage preservation, public health, and
national GDP). First scientifically documented by Robert Angus Smith in 1872 during Manchester’s industrial expansion, acid rain
became a major focus of international diplomacy during the 1970s and 1980s across Europe and North America, leading to
pioneering market-based regulatory frameworks like Title IV of the U.S. Clean Air Act Amendments. In recent decades, the
geographic focus of acid deposition has shifted decisively toward rapidly industrialising Asian economies. India has emerged as a
critical global focal point, experiencing sharp increases in SO, and NOx emissions driven by heavy reliance on high-ash coal,
expanding transport fleets, and industrial agglomerations. Acidic precipitation has been documented across major metropolitan
centres and industrial corridors, with peninsular coastal regions such as Tamil Nadu identified as increasingly vulnerable. Against
this backdrop, this review provides a systematic academic analysis of Acid rain—collating Taxonomy and definitions and causes,
evaluating multisectoral economic impacts, contrasting international regulatory case studies, detailing policy implications across
national and sub-national levels, and examining specific sectoral risks within Tamil Nadu’s industrial-agrarian economy.

1.1 Taxonomy of Acid Rain

Because acid rain is studied simultaneously by atmospheric chemists, ecologists, public-health researchers, economists, lawyers,
and policymakers, no single canonical definition captures the phenomenon in its entirety. The definitions below are organised to
move from strict chemical/regulatory formulations toward broader ecological, economic, and developmental framings, illustrating
how the meaning of the term has been progressively widened as its consequences have become better understood. Acid rain is any
form of precipitation — rain, snow, sleet, fog, or dew — with a pH significantly below the natural baseline of approximately 5.6,
resulting from the atmospheric conversion of sulphur dioxide and nitrogen oxides into sulphuric and nitric acids (Prakash et al.,
2022). The U.S. Environmental Protection Agency defines acid rain as precipitation containing elevated concentrations of sulphuric
and nitric acids formed when SO, and NOX react with water, oxygen, and other atmospheric chemicals, after being transported over
long distances by wind (EPA, 2024). Acid deposition (black/acid rain) is any form of precipitation with acidic components — such
as sulphuric or nitric acid — with a pH below 5.6 that falls to the ground from the atmosphere in wet or dry form, thereby acidifying
soils, lakes, and ponds (UNEP, n.d.). Acid rain is more precisely understood as “acid deposition,” a category comprising both wet
deposition (acidic rain, snow, and fog) and dry deposition (acidic gases and particulates that settle directly on surfaces without the
mediation of precipitation), the latter accounting for a substantial share of total acidic loading in low-rainfall seasons. The term
originates from the pioneering nineteenth-century observations of the British chemist Robert Angus Smith, who in 1872 used “acid
rain” to describe the corrosive, sooty precipitation that damaged vegetation and stonework in and around industrial Manchester In
common regional and journalistic usage, “acid rain” refers to precipitation that appears visibly darkened or sooty owing to high
loads of suspended particulate matter and unburnt carbon, in addition to being chemically acidic, and is used to distinguish severely
polluted precipitation events from ordinary acid rain of lower particulate intensity. Acid rain may be defined as an anthropogenically
induced disturbance to biogeochemical cycling in terrestrial and aquatic ecosystems, whereby excess hydrogen ion loading
overwhelms the natural buffering (acid-neutralising) capacity of soils and water bodies, triggering cascading effects on nutrient
cycling, species composition, and ecosystem productivity. From the standpoint of plant science, acid rain is any simulated or ambient
acidic precipitation of pH 5.0 or below capable of producing measurable physiological injury in vegetation, including chlorosis,
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necrosis, reduced photosynthetic efficiency, and disrupted reproductive development. Soil-science definition. In pedology, acid rain
is defined operationally as an acidifying input that increases the exchange of hydrogen and aluminium ions for base cations (calcium,
magnesium, potassium) in the soil profile, progressively depleting soil fertility and altering microbial and enzymatic activity. Acid
rain is understood as an input of low-pH water to catchments and water bodies sufficient to reduce the pH of lakes, rivers, and
streams below the threshold tolerable by sensitive aquatic organisms, with critical-load exceedance serving as the standard technical
indicator of harm (EPA, n.d.). From an epidemiological standpoint, acid rain denotes the complex of fine sulphate and nitrate
particulates and precursor gases associated with acidic precipitation events that are inhaled into the human respiratory system,
contributing to cardiovascular and respiratory morbidity and mortality (EPA, 2024). In the conservation sciences, acid rain
(sometimes termed “marble cancer” in relation to monuments) is defined as an acidic deposition process that chemically reacts with
calcium carbonate in marble, limestone, and similar building materials, converting them into soluble salts that are subsequently
washed away, resulting in pitting, discolouration, and structural erosion (Law Times Journal, 2019). Indian jurisprudence on the
damage (World Bank, 2016). Welfare-economic definition. Acid rain can be defined, following cost-of-illness and willingness-
to-pay methodologies, as an environmental “bad” whose social cost equals the aggregate loss of welfare. In Indian environmental
law, as articulated in the Taj Trapezium litigation, acid rain has been judicially recognised as the product of sulphur dioxide emitted
by industries and refineries combining with atmospheric oxygen and moisture, producing a corrosive precipitation that constitutes
an actionable environmental hazard to protected monuments. From a development-economics perspective, acid rain constitutes a
negative production externality: an unpriced by-product of energy generation and industrial output that imposes costs — on
agriculture, health, infrastructure, and ecosystems — on third parties who neither consent to nor are compensated fare from reduced
agricultural yields, forest productivity, human health, and asset values, net of any resources devoted to abatement (World Bank,
2022). In international environmental law and diplomacy, acid rain is defined as a long-range transboundary air pollutant: emissions
in one jurisdiction are transported by prevailing winds and deposited, often as acid rain, in another jurisdiction or country, creating
a collective-action problem requiring intergovernmental cooperation (UNEP, n.d.). Acid rain may be defined functionally as an
inevitable by-product of an energy system reliant on the combustion of sulphur-bearing fossil fuels — principally coal — for
electricity generation, such that its magnitude is closely tied to the composition of the national and regional energy mix. In agrarian-
economy contexts, acid rain is understood as a climatic/environmental stressor analogous to drought or flood, capable of directly
damaging standing crops through foliar injury and indirectly reducing yields through soil acidification, nutrient leaching, and heavy-
metal mobilisation. Foresters define acid deposition as a chronic stressor that damages forest canopies, depletes soil calcium and
magnesium, mobilises toxic aluminium, and increases the vulnerability of trees to insect infestation, disease, and climatic extremes
such as frost and drought. From the vantage point of industrial regulation, acid rain is the aggregate atmospheric consequence of
SO, and NOy emissions from thermal power plants, metal smelters, cement kilns, oil refineries, and other point sources, making its
abatement primarily a matter of industrial emissions control. In the context of rapidly motorising economies, acid rain is increasingly
defined by reference to mobile-source nitrogen oxide emissions from road transport, which have grown in relative importance as
stationary-source sulphur emissions have been brought under stricter regulatory control. Atmospheric scientists define acid rain
operationally through wet-deposition monitoring networks — such as the U.S. National Atmospheric Deposition Program and
comparable Global Atmosphere Watch stations — that measure the volume-weighted mean pH and ionic composition of collected
precipitation samples over time. A comprehensive scientific definition treats acid rain as encompassing both wet deposition (acid
rain, snow, and fog) and dry deposition (acidic particles and gases), noting that in arid and semi-arid regions dry deposition may
constitute the dominant pathway of acidic loading even in the near-absence of measurable acid precipitation. From the standpoint
of the political economy of development, acid rain can be defined as an environmental cost of industrialisation that is
disproportionately borne by low- and middle-income countries and by the rural and agrarian populations within them, even though
a substantial share of historical global emissions originated in already-industrialised economies. Synthesising the foregoing, this
article adopts a working definition of Acid rainas: any form of wet or dry atmospheric deposition — visibly discoloured or otherwise
— carrying acidifying compounds (chiefly sulphates and nitrates, alongside particulate carbon) at concentrations sufficient to
depress environmental pH below natural buffering capacity, thereby generating quantifiable and often irreversible costs across
ecological, health, heritage, and economic domains, and requiring coordinated technological, regulatory, and diplomatic responses.

1.2 Causes of Acid Rain

The causes of acid rain can be classified into five broad categories: (a) natural background sources; (b) stationary industrial and
power-generation sources; (c) mobile/transport sources; (d) agricultural sources; and (e) structural, policy, and governance failures
that permit or exacerbate the first four. Each of the twenty-five causes discussed below has been documented in the international
scientific and policy literature.

Natural and biogenic sources: Volcanoes release very large quantities of sulphur dioxide and particulate matter directly into the
troposphere and, during major eruptions, into the stratosphere, contributing to episodic but sometimes globally significant acid
deposition. Atmospheric lightning discharges fix nitrogen from the air, producing nitrogen oxides that are subsequently converted
into nitric acid, a process documented to measurably increase the acidity of rainfall following electrical storms (Railsback, as cited
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in India Environment Portal, n.d.). Natural decomposition of organic matter releases volatile organic compounds and reduced
sulphur and nitrogen species that can be oxidised in the atmosphere into weak organic acids, contributing a baseline level of natural
rainwater acidity even in the absence of human activity. Wildfires, whether naturally ignited or associated with traditional
agricultural practices, release large quantities of particulate carbon, SO,, and NOXx precursors, contributing to short-term spikes in
acidic and particulate-laden precipitation. Oceanic phytoplankton and marine biogeochemical processes emit dimethyl sulphide, a
precursor that oxidises into sulphate aerosols, contributing a natural marine background of atmospheric acidity, particularly over
coastal and peninsular regions such as Tamil Nadu.

Stationary industrial and power-generation sources: The combustion of coal — particularly high-ash, high-sulphur coal of the
kind widely used in South Asian power plants — remains the single largest anthropogenic source of SO2 emissions globally and the
principal driver of the shift of the acid-rain problem toward Asia. Qil refineries, exemplified by the Mathura Oil Refinery near Agra,
release sulphur dioxide, sulphur trioxide, and nitrogen dioxide during the processing of crude petroleum, and have been judicially
identified in India as a major point source of acid deposition affecting nearby heritage structures (Law Times Journal, 2019).
Smelting operations, particularly for copper, lead, and zinc ores that contain sulphide minerals, release substantial quantities of SO2
during ore roasting, historically making smelter towns among the most acidified locations in the world (EPA, n.d.). Small- and
medium-scale cement, brick, and lime-manufacturing units, common across peri-urban India, burn low-grade fuels inefficiently,
releasing significant SO, and particulate loads, and were specifically identified as contributory sources of pollution in the Taj
Trapezium Zone (The Wire, 2018). Glass-manufacturing and foundry clusters — such as those historically operating in Firozabad
and Agra — burn coal and other fuels in furnaces that emit both particulate soot and sulphurous gases, contributing to localised
black-rain events. Nitrogenous and sulphur-based fertiliser plants, along with other heavy-chemical industries, are direct point
sources of both SO, and NOx as well as ammonia, all of which participate in atmospheric acid-forming reactions. Widespread
reliance on diesel generator sets for backup power in regions with unreliable electricity supply — common across urban and
industrial India — adds a diffuse but substantial NOx and particulate burden to ambient air.

Mobile and transport sources: Petrol and diesel vehicles emit nitrogen oxides as a primary combustion by-product; as vehicle
fleets have expanded rapidly across developing economies, mobile-source NOx has become an increasingly dominant contributor
to acid rain even as stationary-source sulphur emissions have, in some regions, come under stricter control. Ocean-going vessels
historically burn high-sulphur bunker fuel, and coastal and port cities — a category that includes Chennai and other Tamil Nadu
port towns — are exposed to elevated SO2 loads from shipping traffic (Jang et al., as cited in Prakash et al., 2022). Aircraft
engines emit nitrogen oxides at altitude, contributing, alongside surface transport, to the regional nitrogen budget implicated in the
shifting chemical composition of acid rain from predominantly sulphuric to increasingly nitric in character. Diesel-powered
locomotives and off-road construction and mining equipment represent additional, often under-regulated, mobile sources of NOx
and particulate emissions in industrialising regions.

Agricultural sources: Excessive and poorly timed application of nitrogenous fertiliser releases ammonia into the atmosphere,
which, while itself alkaline, reacts with acidic sulphate and nitrate species to form fine secondary particulates and alters the overall
acid-neutralising capacity of atmospheric aerosols (World Bank, 2016). Concentrated livestock rearing generates substantial
ammonia and other reduced nitrogen compound emissions that interact with industrial SO, and NOx in the atmosphere, a pathway
documented in detail in the North China Plain and increasingly relevant to intensifying Indian livestock systems. The widespread
practice of burning paddy and other crop residues after harvest — well documented in northern India and increasingly discussed in
the Tamil Nadu delta context — releases large quantities of particulate matter, SOz, and NOx precursors during a concentrated
seasonal window. Certain agrochemicals volatilise and undergo atmospheric photochemical transformation into acidic secondary
compounds, adding a further agriculture-linked contribution to the acid-rain precursor pool.

Structural, governance, and policy causes: In many developing economies, statutory emission limits for SO2 and NOx from power
plants and industry are either absent, outdated, or poorly enforced, permitting continued high-intensity emissions long after
abatement technology has become commercially available; India’s 2025 decision to exempt most coal-fired power plants from
mandatory sulphur-dioxide-reduction technology has been cited as an example of policy reversal exacerbating this structural cause.
Sparse ground-based air-quality and wet-deposition monitoring networks in large parts of the developing world make it difficult to
detect, attribute, and regulate acid-rain precursors promptly, in contrast to the dense monitoring networks operated in North America
and Europe (EPA, 2024). The persistence of coal as the mainstay of electricity generation in coal-endowed developing economies,
combined with only gradual adoption of flue-gas desulphurisation and low-sulphur coal-washing technologies, sustains high SO2
emission intensities per unit of energy produced. Empirical research on the U.S. Acid Rain Program itself has shown that market-
based cap-and-trade instruments, if not accompanied by adequate enforcement staffing, can be associated with a marked decline in
on-the-ground inspection activity, illustrating that even well-designed policy instruments require sustained institutional capacity to
translate emissions caps into actual reductions (Blogs.lse.ac.uk/lUSAPP, 2025). The concentration of thermal power stations,
refineries, and heavy industry in and around fast-growing urban agglomerations, often without adequate green buffer zones,
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dispersion planning, or cumulative-impact assessment, compounds the effects of the other twenty-four causes by placing large
populations and sensitive ecosystems directly within the plume of acid-forming emissions (World Bank, 2016).

1.3 Impact of Acid Rain on Different Sectors of the Economy

Acid rain is rarely treated by economists as a self-contained environmental problem; rather, its costs are typically embedded within
the broader accounting of the economic burden of air pollution, since the same SO2and NOxemissions that generate acid deposition
are simultaneously responsible for ambient particulate and ozone pollution. Even so, a substantial and growing body of sector-
specific evidence allows the distinct channels through which acid rain transmits costs into the economy to be identified and
quantified.

Impact on Agriculture: Agriculture is simultaneously a contributor to and a casualty of acid rain, and the sectoral literature
demonstrates that the net effect on any given crop depends on the acidity threshold, the crop’s physiological sensitivity, exposure
duration, and pre-existing soil buffering capacity. At the level of the individual plant, acidic deposition produces a well-documented
syndrome of foliar injury—chlorosis, necrotic spotting, premature leaf senescence, wilting, and, in severe cases, death of exposed
tissue—together with disruption of the photosynthetic apparatus, reduced stomatal conductance, and impaired chlorophyll synthesis.
Controlled field and greenhouse experiments summarised in the peer-reviewed literature show that simulated acid rain at pH levels
of 3.0 to 4.0 significantly reduces marketable yield in crops such as beet, carrot, radish, mustard greens, broccoli, and potato, while
yields of certain other crops (alfalfa, tomato, green pepper) can be transiently stimulated at moderate acidity before being suppressed
at higher acidity, illustrating the non-linear, threshold-dependent nature of crop response (Lee et al., as cited in Prakash et al.,
2022). Cereal crops of direct relevance to Indian food security are not exempt: field trials on Indian wheat cultivars have shown
statistically significant reductions in leaf area, shoot and root length, grain number, and yield per unit area under simulated acid rain
across a range of acidities, with the most acid-sensitive cultivars showing yield penalties even at moderate pH levels of 4.0 to 4.5
(Singh and Agrawal, as cited in Prakash et al., 2022).

Beyond direct foliar damage, acid deposition imposes a second, slower-acting cost channel through soil acidification. Repeated
acidic inputs increase the exchange of hydrogen and aluminium ions for essential base cations—calcium, magnesium, and
potassium—in the soil profile, progressively depleting the nutrient reserves on which crop productivity depends. Acidification also
mobilises otherwise-bound heavy metals such as cadmium, zinc, copper, and lead, increasing both their leaching into groundwater
and their uptake into edible plant tissue, with direct implications for food safety as well as yield (Kim et al., as cited in Prakash et
al., 2022). Because these effects operate cumulatively over years and decades, agricultural economists caution that conventional
single-season yield trials likely understate the true long-run productivity cost of chronic acid deposition on smallholder farming
systems that lack the capital to invest in regular liming and soil amendment. At the macro level, the World Bank’s synthesis of the
economic costs of air pollution—of which acid-forming precursors are an integral component—estimates that ground-level ozone
pollution alone, itself linked to the same NOxemissions that drive acid rain, has been associated with agricultural losses of the order
of USD 26 billion globally, alongside comparable estimates of 5.0 to 12.0 per cent yield losses for key staple crops in the most
heavily affected regions (World Bank, as cited in Clarity.io, 2026). In China, the World Bank’s own estimates attribute summer
wheat yield reductions of 6.0 to 12.0 per cent and soybean yield reductions of twenty-one to 25.0 per cent to surface ozone and
associated acid-forming pollution, a scale of loss that, if replicated across India’s much larger wheat- and pulse-growing base, would
represent a first-order threat to national food security. For a state such as Tamil Nadu, where agriculture remains a significant source
of rural livelihoods and where paddy, pulses, and horticultural crops are grown in proximity to thermal power clusters (hotably in
the Cuddalore, Chennai, and Tuticorin/Thoothukudi industrial corridors), these findings imply a non-trivial and under-studied drag
on farm incomes that merits dedicated regional research and compensation mechanisms.

Impact on Forestry and Biodiversity: Forest ecosystems, particularly coniferous and other acid-sensitive species assemblages,
have historically borne some of the most visible and best-documented damage from acid deposition. In the classic case of the Black
Forest region of Germany, and comparable forest diebacks recorded across Bavaria, Poland, the Czech Republic, and Switzerland,
chronic acid deposition depleted soil calcium and magnesium reserves, mobilised toxic aluminium, and rendered trees markedly
more susceptible to winter frost injury, insect infestation, and drought stress, producing widespread canopy dieback from the 1970s
onward (Driscoll and Wang, as cited in Prakash et al., 2022). Comparable dynamics have since been documented for Asian pine
species, where soil acidification driven by rising aluminium-to-calcium ratios has been linked to measurable declines in forest health.
In the United States, long-term data compiled by the EPA’s acid-rain research programme found marked historical impacts on the
Adirondack Mountains, where projections at the height of the problem suggested that roughly half of the region’s 2,800 lakes and
streams could become too acidic to support aquatic life by 2040 absent regulatory intervention, alongside comparable nitrogen-
saturation effects in the San Gabriel Mountains of California and other western watersheds (Down to Earth, 2021). The economic
significance of forest damage operates through several channels: Loss of timber value and reduced growth increment; Degraded
non-timber forest product yields on which forest-dependent and tribal communities in India often depend; Reduced carbon

[JNRD2609013 IJNRD - International Journal of Novel Research and Development (www.ijnrd.org) al4d3



https://ijnrd.org/
http://www.ijnrd.org/

INTERNATIONAL JOURNAL OF NOVEL RESEARCH AND DEVELOPMENT (IJNRD) 8 !
© 2026 IJNRD | Volume 11, Issue 9, September 2026 | ISSN: 2456-4184 | INRD.ORG - =

sequestration capacity, with knock-on implications for climate mitigation commitments and Irreversible biodiversity loss as acid-
sensitive understorey species, soil invertebrates, and microbial communities are displaced by more acid-tolerant but often less
ecologically or economically valuable assemblages. Litter decomposition rates—a key determinant of nutrient cycling and soil
carbon storage—have been shown experimentally to slow significantly under acid deposition, altering the basic productivity
dynamics of forest stands over multi-decadal time horizons (Francis, as cited in Prakash et al., 2022; Tang et al., as cited in
Prakash et al., 2022). For India, where forests remain both an ecological asset and a livelihood resource for a substantial rural and
tribal population, and where the Western Ghats and the hill forests of the Nilgiris and Palani ranges in and adjoining Tamil Nadu
already face multiple pressures from land-use change and climate stress, the additional and largely unquantified burden of acid
deposition represents a compounding risk to long-run forest-based development strategy.

Impact on Water Resources, Aquatic Ecosystems, and Fisheries: Freshwater ecosystems are among the most acutely vulnerable
to acid deposition because most lakes, rivers, and streams possess only limited natural buffering (acid-neutralising) capacity,
generally supplied by dissolved carbonate minerals in the surrounding geology. Where this buffering capacity is exceeded—a
condition technically termed “critical load exceedance”—sustained or episodic acid inputs directly lower water pH, with well-
documented consequences for aquatic biota: reduced reproductive success and outright mortality in fish, particularly at early life
stages; loss of amphibian populations; and disruption of the invertebrate food web on which higher trophic levels depend (EPA,
n.d.). U.S. long-term monitoring data illustrate both the scale of historical damage and the demonstrable benefits of regulatory
correction: following the sustained reductions in wet sulphate deposition achieved under the Acid Rain Program, EPA’s Long-Term
Monitoring network recorded an 8.0 per cent improvement in the number of monitored streams and lakes no longer experiencing
critical-load exceedance, a result directly attributable to the Clean Air Act Amendments. For coastal and estuarine systems—of
direct relevance to Tamil Nadu’s extensive coastline and its Palk Bay, Gulf of Mannar, and Pulicat Lake fisheries—the nitrogen
component of acid deposition carries an additional and distinct economic risk. Atmospheric nitrogen deposition, transported to
coastal waters both directly and via runoff, is a documented contributor to eutrophication, and the EPA specifically identifies
atmospheric nitrogen deposition as a partial cause of declining fish and shellfish populations in nitrogen-sensitive coastal waters in
the United States. Given that Tamil Nadu’s marine and inland fisheries sector supports several hundred thousand livelihoods and
represents a significant contributor to state agricultural GDP, the possibility that atmospheric nitrogen loading from power-plant and
vehicular emissions is contributing, alongside land-based nutrient runoff, to nearshore eutrophication and consequent fishery
productivity decline is a research and policy question of considerable regional importance that has received comparatively little
dedicated attention relative to its likely economic significance. Acid deposition also interacts with heavy-metal mobilisation in ways
that directly threaten drinking-water quality and public health expenditure. Acidified soils and sediments release bound cadmium,
zinc, copper, lead, and aluminium into percolating and surface water, elevating treatment costs for municipal water utilities and
increasing the risk of chronic heavy-metal exposure in populations reliant on untreated or under-treated groundwater and surface-
water sources—a risk of particular relevance to peri-urban and rural India, where a large share of the population continues to depend
on shallow groundwater abstraction.

Impact on Industry, Infrastructure, and the Built Environment: Acid deposition imposes direct, quantifiable costs on physical
capital. Sulphuric and nitric acid react chemically with a wide range of construction and industrial materials: corroding structural
and decorative metals (steel, iron, bronze, copper), etching and discolouring paint and protective coatings, and—most visibly—
dissolving calcium-carbonate-based stone such as marble and limestone. This corrosive action shortens the effective service life of
bridges, power transmission infrastructure, industrial plant, vehicles, and buildings, raising maintenance and replacement
expenditure across both public and private capital stock. Because much of this damage accumulates gradually and is co-produced
with ordinary weathering, it is frequently under-recognised in conventional capital-depreciation accounting, even though
engineering assessments in heavily acidified regions have attributed measurable additional corrosion-related maintenance costs to
acid deposition. The most emblematic Indian illustration of this cost channel is the decades-long Taj Trapezium litigation concerning
the Taj Mahal at Agra. Investigations triggered by the 1984 public-interest petition of the environmental lawyer M. C. Mehta before
the Supreme Court of India documented that sulphur dioxide emitted by the Mathura Qil Refinery and by foundries, chemical units,
and other small-scale industries in the Agra region, on combining with atmospheric oxygen and moisture, produced acid rain that
reacted with the marble of the monument to form soluble calcium sulphate and calcium nitrate salts, progressively pitting and
discolouring the surface in a process popularly described as “marble cancer” (Law Times Journal, 2019). The resulting Supreme
Court orders—culminating in the landmark 1996 judgment mandating the shift of over two hundred small-scale industries within
the Taj Trapezium Zone to natural gas or their relocation altogether—represent one of the most far-reaching judicial interventions
anywhere in the world explicitly grounded in the economic and heritage costs of acid deposition (The Wire, 2018). It should be
noted, in the interest of scholarly balance, that more recent scientific reassessment has questioned whether industrial acid rain alone,
as opposed to biological soiling linked to insect activity associated with pollution in the adjoining Yamuna river, is the dominant
mechanism behind the Taj Mahal’s discolouration, underscoring that attribution of heritage damage to acid rain specifically (as
distinct from air pollution generally) requires careful, site-specific scientific investigation rather than assumption (Mongabay India,
2021). Beyond heritage assets, the wider industrial sector experiences a second-order cost through the corrosive impact of acid
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deposition on its own capital stock—cooling towers, transmission lines, storage tanks, and outdoor machinery—creating a partially
self-inflicted economic burden in which the polluting sector also bears a share of the resulting maintenance cost, a dynamic
economists classify as a case of both externality generation and (partial) externality internalisation.

Impact on Public Health: Although the visible ecological and material damage caused by acid deposition often attracts greater
public attention, the public-health cost channel is, on the weight of the global evidence, the single largest component of the aggregate
economic burden of the air pollution complex of which acid rain forms a part. The EPA notes that walking or swimming in acid rain
itself poses no materially greater risk than exposure to ordinary rain, but that the same SO2and NOxprecursor gases, together with
the fine sulphate and nitrate particulates formed in their atmospheric transformation, are strongly associated in the epidemiological
literature with elevated risk of heart attacks among individuals with pre-existing cardiovascular disease and with worsened
respiratory outcomes, including asthma exacerbation, among sensitive populations. Nitrogen oxides additionally contribute to the
formation of ground-level ozone, a further, independently harmful pollutant. At the global scale, the World Bank’s landmark
analyses of the cost of air pollution place the health-related economic burden in the trillions of dollars annually:

2016 Report: Estimated the welfare loss associated with deaths attributable to ambient (outdoor) particulate matter at USD 3.55
trillion in 2013 (equivalent to roughly 3.5 per cent of global GDP), up from USD 2.18 trillion in 1990, with South Asia identified as
bearing one of the largest shares of this burden (World Bank, 2016, as cited in medRxiv, 2020).

2022 Publication: Placed the global cost of health damages associated with fine particulate matter PM2.5 exposure at USD 8.1
trillion, equivalent to 6.1 per cent of global GDP, drawing on Global Burden of Disease estimates that attribute 6.4 million premature
deaths and 93 billion days of illness annually to ambient air pollution (World Bank, 2022).

2025 Assessment: "Accelerating Access to Clean Air on a Livable Planet™ estimates that outdoor air pollution causes approximately
5.7 million deaths per year, with 95.0 per cent occurring in low- and middle-income countries. It quantifies the associated economic
cost at close to 5.0 per cent of global GDP through combined mortality, morbidity, and lost productivity, projecting a rise to 6.2
million deaths annually by 2040 absent stronger policy action (World Bank, 2025).

For India specifically, health-cost studies cited in recent World Bank-linked reporting estimate approximately 1.5 million air-
pollution-attributable deaths annually, with no major Indian region currently meeting World Health Organisation ambient air quality
guideline thresholds (Karmactive, 2025). Because SO2and NOxare both acid-rain precursors and independently regulated criteria
air pollutants under Indian and international air-quality frameworks, health-cost estimates for “air pollution” in India substantially
overlap with, and can be reasonably treated as a conservative proxy for, the health dimension of the black-rain problem specifically,
even though isolating the health cost attributable to acid-forming precursors alone remains methodologically challenging and
warrants further dedicated regional research.

Impact on Tourism and Real Estate: Acid deposition affects tourism-dependent economies through at least two channels:
Corrosive damage to heritage architecture diminishes the aesthetic and cultural value of monuments that constitute major tourism
draws. The Taj Mahal case is illustrative, as sustained international and domestic concern over the yellowing and pitting of the
monument’s marble has generated substantial reputational and tourism-revenue risks for the Agra region, even as remedial measures
have sought to contain further damage (The Wire, 2018). Poor ambient air quality has been shown in comparative cross-country
research to depress inbound tourism demand and visitor satisfaction, as prospective travellers factor air-quality indices into
destination choice, with knock-on effects for local hospitality-sector revenue and employment (AQI.in, 2024, citing National
Bureau of Economic Research ). A related channel operates through real-estate and property markets: chronic exposure to poor air
quality and visible pollution damage to buildings has been associated in several international studies with measurable discounts in
residential and commercial property values, representing a further capitalised economic cost of acid rain that is rarely incorporated
into conventional environmental-damage accounting.

Macroeconomic and Fiscal Impact: Aggregating these sectoral channels, the World Bank’s analysis places the total economic cost
of outdoor air pollution at approximately 5.0 per cent of global GDP annually (World Bank, 2025). A separate World Bank
assessment of the collapse of ecosystem services—of which acid-rain-induced forest and fishery degradation forms a part—projected
that continued environmental degradation could reduce global GDP by approximately USD 2.7 trillion annually by 2030, with Sub-
Saharan Africa and South Asia facing the largest proportional GDP contractions at 9.7 per cent and 6.5 per cent respectively under
a business-as-usual trajectory (World Bank, as cited in Clarity.io, 2026). For India, which sits within the South Asian region
identified as most exposed to this compounding risk, the macroeconomic case for early and sustained investment in precursor
abatement is overwhelmingly strong. Fiscally, the burden of Acid rainfalls unevenly across levels of government: Health costs are
absorbed by public hospital systems and social insurance schemes; Heritage conservation and monument protection costs are borne
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by cultural and archaeological budgets; Agricultural income-support and crop-insurance payouts are inflated by yield losses; and
the Infrastructure-maintenance budgets for roads, bridges, and public buildings are elevated by accelerated corrosion.

Because these costs are dispersed across multiple budget heads and rarely attributed explicitly to acid-rain precursors, the true fiscal
burden of acid rain is understated in public accounts—an accounting gap that should be addressed through dedicated “cost of air
pollution” satellite accounts (World Bank, 2016, 2022).

Regional and Distributive Dimensions: India and Tamil Nadu: The distributive dimension of Acid raindeserves separate
emphasis. Within India, the geographic incidence of emission sources (concentrated in coal-belt states, refinery towns, and
metropolitan-industrial corridors) and of the most acid-sensitive receptors (rain-fed agriculture, coastal fisheries, forest-dependent
tribal livelihoods, and heritage sites) frequently diverges from the geographic incidence of the economic benefits of industrial
activity. Tamil Nadu illustrates this dynamic in microcosm: the state hosts a significant concentration of thermal power capacity and
heavy industry along its coastal industrial corridor (including Chennai, Ennore, Cuddalore, and Tuticorin/Thoothukudi), a growing
vehicular fleet, and, simultaneously, extensive rain-fed and irrigated agriculture, coastal and inland fisheries, and ecologically
sensitive hill forests in the Western Ghats, Nilgiris, and Palani ranges. Based on global literature, these receptors would be expected
to be measurably exposed to acid-deposition risk, even though dedicated long-run wet-deposition monitoring specific to Tamil Nadu
remains comparatively sparse relative to northern Indian industrial belts. This combination of documented national/regional
exposure alongside a relative paucity of localised monitoring and economic-valuation studies constitutes an important finding: the
absence of evidence of large-scale black-rain damage in Tamil Nadu should not be read as evidence of absence. There is a strong
developmental case for the state to invest in dedicated wet- and dry-deposition monitoring, crop and forest-health surveillance, and
economic-valuation research.

1.4 Strategies and Remedial Measures

Four decades of international experience have generated a well-established toolkit of technological, regulatory, market-based, and
behavioural interventions for reducing black-rain-forming emissions and mitigating their residual impact. The most direct route to
reducing acid deposition is to reduce emissions of SO2and NOxat their point of origin: Wet limestone scrubbing and dry sorbent
injection systems can remove the large majority of sulphur dioxide from power-plant and industrial-boiler flue gas before it reaches
the atmosphere, serving as a core strategy in the U.S. and Europe. Together with low-NOxburner designs and fluidised-bed
combustion, these systems achieve substantial reductions in NOx formation and post-combustion emissions. Washing coal to reduce
ash and sulphur content, and blending high-sulphur coal with lower-sulphur imports, represents an essential fuel-side measure for
coal-dependent economies (Down to Earth, 2021). Progressive tightening of fuel-sulphur standards (e.g., India’s Bharat Stage VI
norms and ultra-low-sulphur 10-ppm diesel), catalytic converter mandates, and vehicle-scrappage policies to retire high-emission
older vehicles collectively reduce mobile-source NOx emissions.

Energy-Mix Transition and Renewable Substitution: Because coal combustion remains the single largest source of SO2emissions
globally, the most structurally durable remedial strategy is diversification of the energy mix away from high-sulphur fossil fuels
toward natural gas, solar photovoltaic, wind, hydroelectric, biofuels, and nuclear power. Tamil Nadu’s experience is instructive: the
state has been among the leaders in India in wind and solar capacity addition. Continued acceleration of this transition—alongside
the retirement or repowering of the oldest thermal generating units along the coastal industrial corridor—represents both a climate-
mitigation and an acid-rain-abatement strategy with substantial co-benefits for regional agriculture, fisheries, and public health.

Market-Based Regulatory Instruments: The U.S. Acid Rain Program under Title IV of the 1990 Clean Air Act Amendments
remains the paradigmatic example of a market-based cap-and-trade instrument applied to acid-rain precursors: a permanent,
declining national cap was placed on SO2 emissions from electricity-generating units, with tradable emission allowances allocated
to regulated sources (EPA, n.d.). The programme achieved substantial reductions—SO2 emissions fell by an estimated 8 million
tons and NOx by 2.7 million tons relative to the pre-programme baseline—at markedly lower cost than had been projected
(Wikipedia, 2026). However, independent academic research has also documented a significant decline in on-the-ground
enforcement inspections following the programme’s introduction, attributable to demands and a failure to expand regulatory staffing
commensurate with administrative demands (Blogs.Ise.ac.uk/USAPP, 2025). For developing economies, the broader lesson is that
market-based instruments (cap-and-trade schemes, Pigouvian levies, or tradable performance standards) can achieve targets at lower
aggregate compliance cost, but only where they are embedded within an adequately resourced monitoring and enforcement
architecture.
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Command-and-Control Regulation and Judicial Enforcement: Alongside market-based instruments, conventional command-
and-control regulation continues to play an indispensable role. The Indian judiciary’s handling of the Taj Trapezium case offers an
instructive template: the Supreme Court of India issued binding directions requiring the conversion of designated industries within
a defined geographic zone to cleaner fuels (natural gas and LPG) or their relocation outside the zone altogether, backed by a formally
demarcated “Taj Trapezium Zone” within which future establishment or expansion of polluting industry is prohibited (Law Times
Journal, 2019; The Wire, 2018). This model of judicially defined, geographically bounded pollution-control zones around specific
vulnerable receptors offers a template that could be extended to protect Tamil Nadu’s coastal fisheries, Western Ghats forest tracts,
and stone temple complexes from cumulative acid-deposition risk.

Ecosystem-Level Remediation and Adaptive Management: Where source-side abatement cannot immediately eliminate legacy
or residual acid deposition, ecosystem-level remedial measures can partially offset damage: Applying lime to acidified lakes,
streams, and agricultural soils restores buffering capacity and accelerates ecological recovery. Reforestation with acid-tolerant
species, targeted micronutrient supplementation (calcium and magnesium amendment) in acid-affected soils, and biological
remediation (e.g., using earthworms and mycorrhizal fungi to improve soil buffering capacity) offer accessible, low-cost
interventions (Wang et al., as cited in Prakash et al., 2022). Applying protective stone consolidants, implementing controlled
cleaning protocols, and establishing strategic green buffer belts around vulnerable monuments reduce rates of acid-related
deterioration.

Monitoring, Research, and Institutional Capacity-Building: Effective abatement policy depends critically on systematic
monitoring and research. Long-term wet- and dry-deposition monitoring networks (such as the U.S. National Atmospheric
Deposition Program and Clean Air Status and Trends Network) have been indispensable for detecting acid rain and verifying
regulatory efficacy (EPA, 2024). Ground-based precipitation-chemistry monitoring, satellite-based SO2and NOZretrieval (via
instruments like OMI and TROPOMI), crop/forest health surveillance, and dedicated economic-valuation studies represent
foundational, low-cost preconditions for any credible regional abatement strategy.

1.5 Review of International and National Reports and Literature

The black-rain and acid-rain literature spans over five decades of institutional reporting across multilateral agencies, development
banks, national regulatory authorities, and academic journals.

U.S. Environmental Protection Agency (EPA) maintains the most extensive institutional knowledge base on acid rain. EPA reporting
documents a 93.0 per cent reduction in national average SO2ambient concentrations between 1980 and 2018, an 86.0 per cent
reduction in wet sulphate deposition between 2000-2002 and 2016-2018, and an estimated 230,000 premature deaths averted
annually at the Acid Rain Program's peak effectiveness. EPA's Long-Term Monitoring Network data demonstrate an 81.0 per cent
improvement in monitored lakes and streams no longer exceeding critical acid-load thresholds (EPA, n.d.). UNEP Situates acid
deposition within regional air-quality cooperation, notably through the East Asian Acid Deposition Monitoring Network (EANET).
UNEP emphasises the transboundary character of acid rain and the necessity of intergovernmental policy responses (UNEP, n.d.).
World Bank has produced authoritative quantifications of the economic costs of air pollution:

2016 Report: Calculated welfare losses from particulate matter mortality at USD 3.55 trillion in 2013 and highlighted interactions
between agricultural ammonia and industrial SO2/NOxin forming secondary acidifying pollution over the North China Plain (World
Bank, 2016).

2022 Publication: Updated global health-cost estimates to USD 8.1 trillion (6.1 per cent of global GDP) (World Bank, 2022).

2025 Report: Placed annual global outdoor air pollution deaths at 5.7 million, explicitly rejecting the “grow first, clean up later"
development framework (World Bank, 2025; Karmactive, 2025).

Ecosystem Services Assessment: Projected that natural capital degradation could reduce global GDP by USD 2.7 trillion annually
by 2030 (World Bank, as cited in Clarity.io, 2026). WHO establishes the global health-effects evidence base through its Ambient
Air Quality Guidelines and Global Burden of Disease collaborations. WHO data highlight that several Indian cities (e.g., Kanpur,
Varanasi, Patna) rank among the world's most polluted, emphasising the overlap between general air pollution and industrial acid-
rain risks (Prakash et al., 2022, citing WHO, 2018). OECD’S Environmental Outlook to 2050 (with PBL) projected a 90.0 per
cent increase in global SO2emissions and a 50.0 per cent increase in NOx emissions by 2050 under business-as-usual, with India
facing the highest population-adjusted mortality rate from ground-level ozone (Hydrocarbon Engineering, 2014). OECD economic
research also indicates that a 1 mug/m3 increase in ambient PM2.5 reduces real GDP per capita by 0.8 per cent annually (OECD,
n.d.; Clarity.io, 2026). Regional Atmospheric Transport Modelling (RAINS-Asia), developed with support from regional
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development banks and IITs, the RAINS-Asia model forecast as early as the 1990s that Indian SO2emissions could rise by over
300.0 per cent by 2020, flagging the south-east coastal region of the Indian peninsula as an area of elevated sensitivity (Down to
Earth, 2021; India Environment Portal, n.d.). Satellite verification confirmed that Indian SO2and NOxlevels rose by over 100.0
per cent and 50.0 per cent, respectively, between 2005 and 2015 (Prakash et al., 2022, citing Krotkov et al.). Indian National
Reporting (CPCB and NEERI) datasets show a two- to three-fold increase in NO2 relative to SO2 concentrations across major Indian
cities between 2004 and 2020, reflecting a shift toward a mixed sulphuric-nitric atmospheric character (Prakash et al., 2022, citing
CPCB data). NEERI’s studies for the Taj Trapezium litigation remain the premier Indian case study linking acid deposition to
heritage degradation (Law Times Journal, 2019; The Wire, 2018). The comprehensive 2022 academic review by Prakash,
Agrawal, and Agrawal in the Journal of Soil Science and Plant Nutrition provides the definitive contemporary synthesis of Indian
rainwater acidity trends and agricultural impacts.

1.6 Policy Implications

The synthesised evidence establishes clear policy priorities across international, national, and sub-national governance frameworks.

International and Multilateral Policy Implications

Transboundary Frameworks and Regional Binding Commitments: The historical European and North American experience
demonstrates that acid rain is fundamentally a transboundary collective-action problem, where unilateral abatement by a single
jurisdiction yields only partial benefits if upwind neighbours continue high-intensity emissions. While East Asia currently relies on
the voluntary, monitoring-focused East Asian Acid Deposition Monitoring Network (EANET), the projected scale of Asian
emissions growth requires a transition toward formal regional diplomacy (UNEP, n.d.). Asian economies should establish binding,
differentiated national emission-reduction commitments modelled on Europe’s 1979 Convention on Long-Range Transboundary
Air Pollution (LRTAP). Such frameworks, convened through multilateral bodies like the Asian Development Bank or United
Nations Environment Programme, must calibrate reduction targets to reflect both historical emission responsibility and current
developmental stages.

Climate Finance Integration for Precursor Abatement: Because primary acid-rain precursors—specifically sulphur dioxide SO2
and nitrogen oxides (NOx)—share major point sources with global greenhouse gas emissions (coal combustion, oil refining, and
internal combustion transport), emissions abatement yields dual benefits. International climate finance mechanisms, including the
Green Climate Fund, multilateral concessional lending windows, and bilateral transition funds, should explicitly fund power-sector
fuel switching and industrial energy-mix transitions. Financing these co-benefits lowers the compliance burden for developing
economies while simultaneously advancing global decarbonization targets.

Conditionality and Strategic Shift in Development Lending: Multilateral development institutions must operationalise the
analytical shift articulated in recent World Bank assessments, which explicitly reject the historical paradigm of "grow first, clean up
later" (World Bank, 2025). Because air pollution and acid deposition actively erode present-day human capital, agricultural
productivity, and physical infrastructure, early emissions abatement should be integrated directly into development lending.
Multilateral institutions should condition infrastructure, energy, and industrial project financing on strict, early-stage emissions
abatement protocols to prevent long-term lock-in of acid-generating capital stock.

Expansion of Standardised Precipitation Monitoring: A recurring structural bottleneck in South Asia is the relative sparsity of
long-duration, ground-based precipitation-chemistry monitoring compared to the dense networks maintained across North America
and Western Europe. International technical and financial support—coordinated through the World Health Organisation, UNEP,
and international scientific partnerships—should prioritise expanding standardised precipitation-chemistry monitoring networks
across South Asia. Establishing uniform sampling protocols and real-time deposition tracking is an essential prerequisite for
verifying regional transport models, establishing baseline thresholds, and informing domestic regulatory interventions.

Global Energy Market Alignment and Fuel Standards: International energy market institutions, including the IEA and OPEC,
exert substantial influence on acid-deposition precursor trends through fuel-sulphur regulations and global fuel trade dynamics.
Policy coordination between global energy bodies and environmental regulators must ensure that international standards—such as
low-sulphur marine bunker fuel requirements implemented for shipping corridors—are matched by aligned domestic fuel quality
standards. Synchronising international shipping standards with domestic power and industrial fuel policies prevents the market
dumping or substitution of high-sulphur heavy fuel oils in vulnerable coastal corridors.

National Policy Implications for India

Restoration and Financing of Power-Sector Standards: India’s statutory framework governing power-sector emissions requires
immediate structural reinforcement following recent regulatory delays and exemptions regarding mandatory Flue-Gas
Desulphurisation (FGD) retrofits for coal-fired power stations. National policy should restore and enforce strict SO2 and NO2
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emission limits on a binding, non-negotiable timetable. To address industry compliance-cost constraints without compromising
environmental standards, central authorities should support power producers through targeted financial instruments, including soft
loans, accelerated capital depreciation, or dedicated clean-air cesses, rather than granting blanket regulatory exemptions.

Scope Expansion of the National Clean Air Programme: India’s National Clean Air Programme (NCAP) currently focuses its
monitoring and target-setting frameworks primarily on ambient particulate matter PM2.5 and PM10 across designated non-
attainment cities. Given that atmospheric SO2 and NO2 transform into secondary fine sulphate and nitrate aerosols, the NCAP
framework should be formally expanded to include wet-deposition monitoring, rainfall acidity tracking, and ecological critical-load
exceedance metrics. Incorporating these parameters allows national regulators to systematically address agricultural, forestry, and
infrastructure degradation alongside urban public health goals at minimal incremental administrative cost.

Institutionalisation of Sensitive-Receptor Buffer Zones: The judicially created Taj Trapezium Zone demonstrated the legal and
administrative feasibility of geographically bounded, receptor-specific industrial regulation within India. The Ministry of
Environment, Forest and Climate Change, alongside the National Green Tribunal and State Pollution Control Boards, should
institutionalise a proactive national policy establishing "sensitive-receptor buffer zones." Rather than relying on reactive litigation
after structural damage occurs, designated buffer zones should be preemptively applied around ecologically fragile mountain
catchments, critical watersheds, biodiversity hotspots, and major historical stone architecture.

Integration into Agricultural Extension and Soil Governance: Because chronic acid deposition inflicts long-term agricultural
penalties through gradual soil cation depletion Ca2Mg2 and toxic heavy-metal mobilisation, remediation must be embedded within
national agricultural policy. The existing Soil Health Card scheme and national testing laboratory network should incorporate routine
soil pH and base-saturation tracking in industrial-adjacent farming belts. Agricultural extension officers should be equipped to
provide site-specific recommendations on liming, calcium-magnesium soil amendments, and the adoption of acid-tolerant crop
cultivars based on documented regional sensitivity profiles (Singh and Agrawal, as cited in Prakash et al., 2022).

Environmental Satellite Accounts in National Accounting: To ensure macro-level economic decisions accurately reflect
ecological depletion, India’s national accounting framework should adopt dedicated environmental-economic satellite accounts
(World Bank, 2016, 2022). Developed in coordination with the Ministry of Finance and NITI Aayog, these accounts should
explicitly quantify the cross-sectoral welfare losses generated by air pollution and acid deposition across public health, agricultural
yields, forest productivities, capital infrastructure corrosion, and heritage maintenance. Monetising these dispersed external costs
provides a transparent evidentiary base for evaluating the true net economic return on national emissions-control investments.

Sub-National Policy Implications for Tamil Nadu

Establishment of a State Precipitation-Chemistry Network: Tamil Nadu currently lacks a dense, long-term wet- and dry-
deposition monitoring infrastructure relative to its industrial concentration. The Tamil Nadu Pollution Control Board (TNPCB), in
technical collaboration with national research institutes, should establish a Global Atmosphere Watch-standard monitoring network
across key geographic corridors. Priority stations must be deployed along the dense coastal industrial belt (Chennai—Ennore—
Cuddalore-Tuticorin), across the agrarian tracts of the Cauvery delta, and within the ecologically sensitive forest ecosystems of the
Western Ghats and Nilgiris to build a reliable baseline for environmental enforcement.

Phased Retirement and Repowering of Coastal Thermal Units: Building upon its national leadership in wind and solar grid
integration, Tamil Nadu should implement a structured plan for the phased retirement or repowering of its oldest, least efficient
thermal power generation units along coastal corridors. Modernising or decommissioning high-emission plants directly reduces the
state's baseline S02 and NO2 load. This targeted supply-side transition balances grid stability with localised pollution abatement,
yielding immediate air quality and environmental health co-benefits for surrounding industrial corridors.

Integrated Coastal Zone and Airshed Management: Atmospheric nitrogen deposition originating from industrial boilers, power
plants, and dense vehicular fleets represents a significant but under-addressed contributor to nearshore coastal eutrophication. Tamil
Nadu’s coastal zone management frameworks—encompassing sensitive marine ecosystems like the Gulf of Mannar, Palk Bay, and
Pulicat Lake—should explicitly integrate regional airshed accounting with marine conservation planning. Coordinating land-based
effluent controls with regional atmospheric nitrogen reduction protects state marine fisheries and coastal aquatic biodiversity.

Conservation-Science Protocols for Historic Stone Architecture: While Tamil Nadu’s historic temple complexes are constructed
predominantly from granite and sandstone—which display greater structural resistance to acid dissolution than calcium-carbonate
marble—they remain vulnerable to long-term chemical weathering, surface pitting, and crust formation downwind of industrial
clusters. State heritage and cultural authorities should initiate proactive conservation-science assessments across historic stone
temple sites located near thermal corridors. Baseline material testing and regular environmental monitoring will enable timely
protective measures before irreversible physical deterioration occurs.

Agrarian Livelihood Protection and Risk Mitigation: To safeguard rural non-farm and farm economies—including key
agricultural belts and major industrial supply chains like the Tiruppur textile and knitwear cluster—state agricultural planning must
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incorporate acid-deposition risk into broader climate adaptation strategies. Crop insurance frameworks, soil management programs,
and regional irrigation planning in industrial-adjacent districts should account for acidification risks alongside drought and salinity
stress. Proactive soil testing, targeted micronutrient distribution, and water quality protection ensure the long-term resilience of state

farm incomes and agro-industrial supply chains.

1.7 Comparative International Case Studies

Evaluating international regulatory trajectories highlights the structural factors that determine success in reversing acid deposition.

Jurisdiction Dominant Policy | Key Success Factors Primary Challenges and Lessons
Instrument

United States Market-Based Cap-and- | Clear national caps on SO2; | Deregulatory inspection declines
Trade (Title IV Clean | emissions trading flexibility; cost- | highlighted the necessity of maintaining
Air Act Amendments, | effective compliance (EPA, n.d.; | facility-level enforcement staffing
1990) Wikipedia, 2026) (Blogs.Ise.ac.uk/USAPP, 2025).

Scandinavia Binding  International | Multi-nation transboundary | Required decades of diplomatic negotiation

and Western | Diplomacy (1979 | agreements;  binding  national | to align sovereign national emission limits.

Europe UNECE LRTAP | emission ceilings; public drive from
Convention and | forest dieback (Prakash et al.,
Protocols) 2022, citing EEA, 2013)

China Centrally Mandated | Aggressive technology mandates; | Demonstrates  that  rapid  precursor
Direct Control (Post- | compulsory closure of inefficient | reductions are technically feasible in coal-
2012 FGD Retrofits and | plants; rapid renewable scaling | heavy economies under strong state
Closures) (Prakash et al., 2022, citing | enforcement.

Krotkov et al. and Zhao et al.)

India Emerging Judicial | Strong judicial leadership in specific | National emission trends remain rising due
Intervention and Partial | heritage cases; localised industrial | to regulatory delays, high coal reliance, and
Regulation (Taj | conversions (Law Times Journal, | lack of systematic enforcement
Trapezium Framework) | 2019; The Wire, 2018) (Wikipedia, 2026).

1.8 Economic Valuation and Cost-Benefit Framework for Black-Rain Policy

Valuing the dispersed, multi-sectoral costs of acid deposition (colloquially termed "acid rain™) requires sophisticated analytical
frameworks capable of bridging physical ecological disruptions and monetary welfare calculations. Because acidifying precursors—
primarily sulphur dioxide (SO2) and nitrogen oxides (NOx)—operate across varying spatial and temporal scales, environmental
economists rely on four established methodologies to construct comprehensive cost-benefit assessments:

Dose-Response and Production-Function Methods: This approach establishes direct physical relationships between quantifiable
levels of acid exposure (measured via ambient SO2NOXx concentrations, wet sulphate/nitrate deposition rates, or precipitation pH)
and physical outputs across ecosystems and built capital. These biological and physical changes are subsequently monetised using
prevailing market prices or engineering cost models: Agriculture and Forestry: Quantifies yield penalties in cash crops caused by
foliar chlorosis and soil base-cation leaching (Ca2Mg2), alongside growth increment declines in timber stands. Built Infrastructure:
Measures structural degradation rates in steel, concrete, and stone masonry, translating physical wear into accelerated maintenance
schedules and engineering replacement costs.

Cost-of-1llness (COI) and Value of Statistical Life (VSL): Epidemiological and economic literature links atmospheric acid
precursors and their secondary transformations—specifically fine sulphate and nitrate aerosols (PM 2.5)—to severe respiratory and
cardiovascular morbidity and premature mortality. The Cost-of-lliness framework aggregates direct medical expenditures
(hospitalisations, pharmaceutical interventions) and indirect productivity losses (lost working days, disability). To capture the
aggregate societal welfare burden of premature mortality, economists apply the Value of Statistical Life (VSL) or Value of Statistical
Life-Year (VSLY) metrics, derived from individuals' revealed or stated willingness-to-pay for marginal mortality risk reductions.
This integrated methodology underpins major global health-cost assessments, including the World Bank’s estimates placing the
annual burden of ambient air pollution between USD 3.55 trillion and USD 8.1 trillion (World Bank, 2016, 2022).

Hedonic Pricing Methods: Hedonic valuation isolates the implicit market value of environmental quality by evaluating spatial price
variations in real estate and labour markets. By controlling for structural, neighbourhood, and accessibility attributes, regression
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models isolate the property value discounts or wage premiums associated with chronic pollution exposure. Real Estate Valuation:
Captures capital loss in residential and commercial real estate situated in industrial plumes or regions experiencing visible pollution-
induced material decay (AQI.in, 2024). Commercial and Tourism Impact: Reflected in lower commercial lease rates and reduced
hospitality revenues in regions with chronic ambient degradation.

Contingent Valuation and Stated-Preference Methods: Certain critical assets—such as non-market heritage structures, pristine
wilderness ecosystems, and endangered biodiversity—possess non-use values (existence, option, and bequest values) that cannot be
captured through market transactions or hedonic property trends. Stated-preference surveys, primarily Contingent Valuation
Methods (CVM) and Choice Experiments, construct hypothetical market scenarios to elicit citizens' willingness-to-pay (WTP) to
prevent acid-deposition damage. This methodology is indispensable for capturing the non-market cultural and historic value of
iconic heritage sites, such as the Taj Mahal or ancient stone temple complexes, where aesthetic degradation diminishes national
identity and global cultural heritage.

Integrated Valuation Architecture for Tamil Nadu: For sub-national economic assessments in Tamil Nadu, a single-methodology
approach is insufficient. State authorities should adopt an integrated valuation matrix that combines: Dose-Response Functions for
the agricultural delta belts and industrial capital stock along coastal corridors. VSL and Cost-of-lliness Models for urban and
industrial labour forces exposed to secondary aerosols. Contingent Valuation Frameworks tailored to assess non-market cultural
losses across the state's historic stone temple architecture.

1.9 Limitations of the Current Evidence Base and Directions for Future Research

Although the foundational scientific and economic literature on acid deposition is extensive, significant analytical gaps persist,
particularly regarding developing economies undergoing rapid, localised industrialisation. Addressing these gaps is critical for
designing targeted policy interventions:

Disaggregation of Atmospheric Pollution Components: A primary limitation in contemporary valuation literature is the
aggregation of total "air pollution" impacts. Most health and economic assessments evaluate the combined burden of criteria
pollutants (PM2.5, PM10), ground-level ozone, dust, and biomass smoke) without isolating the specific incremental cost attributable
to chemical acid deposition (H2SO4 and HNO3). Disaggregating precursor-specific damage from total particulate exposure requires
advanced atmospheric chemistry modelling combined with sector-specific dose-response research to determine the exact marginal
benefit of targeted SO2 and NOXx abatement technologies.

Sparsity of Regional Deposition Monitoring in Peninsular India: In contrast to the dense, multi-decadal monitoring networks
operated across North America (NADP, CASTNET) and Western Europe (EMEP), ground-based wet- and dry-deposition
monitoring in peninsular India, including Tamil Nadu, remains sparse. Existing regional assessments frequently rely on remote-
sensing retrievals (OMI, TROPOMI) or global atmospheric transport models rather than dense, continuous precipitation-chemistry
time-series data. Establishing standardised, ground-level Global Atmosphere Watch (GAW) precipitation-chemistry stations across
coastal industrial zones, agricultural deltas, and sensitive forest catchments is an urgent empirical priority.

Complex Heritage Attribution Dynamics: Attributing structural and aesthetic decay in cultural heritage monuments solely to
industrial acid deposition introduces methodological risks. Evolving multi-disciplinary investigations at the Taj Mahal demonstrate
that localised biological soiling—driven by organic pollution in the adjoining Yamuna River and subsequent insect excretions—
interacts with atmospheric deposition, complicating direct causal attribution (Mongabay India, 2021). Future heritage conservation
studies must implement site-specific chemical, biological, and micro-meteorological diagnostic protocols rather than relying on
presumptive attribution, ensuring that regulatory mandates target the primary drivers of decay.

Geographic and Socio-Economic Bias in Existing Models: The global environmental economics literature is heavily skewed
toward high-income Western nations and, more recently, major industrial centres in Eastern China. Applying empirical dose-
response functions, VSL estimates, or crop-yield sensitivities derived from temperate climates and high-income industrial systems
to South Asia introduces substantial estimation errors. Expanding field trials on tropical crop cultivars, local pedological buffering
capacities, and South Asian-specific health valuation models is essential for developing robust domestic policy frameworks.

1.10 Acid Deposition Risk and Tamil Nadu’s Textile and Knitwear Economy

The globally integrated textile and knitwear ecosystem centred in Tiruppur, Tamil Nadu, represents a critical intersection between
regional industrial activity, supply-chain vulnerabilities, and environmental externalities. Analysing this sector illustrates how acid
deposition precursors threaten both upstream agricultural inputs and downstream manufacturing operations:

Contributory Role and Localised Airshed Pressures: Historically, Tiruppur’s extensive wet-processing, dyeing, and fabric-
bleaching clusters relied heavily on coal- and furnace-oil-fired captive boilers to generate industrial process steam. Following
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landmark environmental litigation regarding the Noyyal River basin, intensive judicial and administrative oversight drove major
investments in zero-liquid discharge (ZLD) effluent treatment and cleaner boiler fuels. However, localised emissions of SO2, NOx,
and unburnt particulate matter from surrounding industrial pockets continue to contribute to regional atmospheric precursor loads,
maintaining ambient acidity risks across western Tamil Nadu.

Upstream Raw Material and Agricultural Supply-Chain Vulnerabilities: The knitwear industry relies on a continuous supply
of high-grade raw cotton, sourced extensively from rain-fed and semi-irrigated agricultural tracts across Tamil Nadu and
neighbouring states. Cotton cultivation is highly sensitive to soil chemistry and nutrient balances: Sustained acid deposition leaches
essential base cations (Ca2, Mg2) from soil profiles while mobilising phytotoxic aluminium (Al3), reducing nutrient availability.
Direct foliar exposure to low-pH precipitation induces chlorosis, impairs photosynthetic efficiency, and suppresses overall crop
yield and lint fibre strength. This creates upstream supply-chain instability, increasing raw material costs for textile manufacturers.

Processing Water Quality and Heavy-Metal Mobilisation Risks: Textile wet-processing and precision dyeing require high
volumes of consistent, high-quality surface water and groundwater. Acidic deposition lowers the pH of surrounding aquatic
catchments and mobilises bound heavy metals (cadmium, copper, zinc, lead, and iron) from soils and aquatic sediments into
groundwater reservoirs. Elevated heavy-metal loads and variable water pH increase the chemical usage and operational costs
associated with industrial process-water treatment. Compliance and Reputational Risk: International apparel buyers enforce stringent
sustainable-sourcing guidelines and Zero Discharge of Hazardous Chemicals (ZDHC) standards. Trace heavy-metal contamination
in processing water risks downstream compliance failures and reputational damage in export markets.

Worker Health, Labour Productivity, and Economic Output: The textile labour force in and around Tiruppur is exposed to
secondary fine sulphate and nitrate aerosols (PM2.5) formed via atmospheric precursor reactions. Inhalation of these fine particles
causes chronic respiratory inflammation, exacerbates asthma, and increases cardiovascular risk. Elevated morbidity leads directly
to increased worker absenteeism, reduced operational efficiency, and higher healthcare costs absorbed by industrial workers and
public healthcare systems. These productivity losses align directly with OECD economic models demonstrating that marginal
increases in ambient PM2.5 concentrations generate statistically significant contractions in same-year real GDP per capita (OECD,
n.d.; Clarity.io, 2026).

Strategic Policy Response for the Textile Sector: To safeguard Tamil Nadu's textile and knitwear economy, state policy should
adopt a dual mitigation strategy: Accelerate the transition of textile process-heat generation away from fossil fuels toward natural
gas, biomass, solar thermal systems, and grid-connected renewable electricity. Integrate upstream cotton-growing regions into state
soil-health monitoring frameworks, equipping agricultural extension services to deploy soil-liming interventions, micronutrient
amendments, and acid-resistant crop cultivars to secure supply-chain resilience.

1.11 Conclusion

Acid rain and visibly darkened precipitation resulting from anthropogenic SO2and NOxemissions has evolved from a localised 19th-
century industrial phenomenon into a global, transboundary environmental-economic challenge. The twenty-five definitions and
twenty-five causes catalogued in this review demonstrate its multidisciplinary nature and its root causes in fossil-fuel combustion,
transport expansion, and governance shortfalls. The sectoral review confirms that economic costs span agriculture, forestry, water
resources, built infrastructure, public health, and macroeconomic growth, with total global air pollution costs estimated at
approximately 5.0 per cent of global GDP annually. However, comparative case studies from the United States and China deliver a
crucial finding: acid deposition damage is substantially reversible when source emissions are durably reduced. India and Tamil Nadu
sit at a pivotal stage in this trajectory. Rising emission trends and recent power-sector regulatory exemptions highlight
vulnerabilities, yet the precedent of the Taj Trapezium litigation demonstrates domestic capacity for effective intervention. Indian
and state policymakers must deploy proactive investments in deposition monitoring networks, flue-gas desulphurisation, renewable
energy transitions, and sensitive-receptor buffer zones to protect regional economic growth, public health, and irreplaceable cultural
heritage.
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