
© March 2026 | IJIRT | Volume 12 Issue 10 | ISSN: 2349-6002 

IJIRT 194622 INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 5378 

Impact of Environmental and Climatic Stressors on Wheat 

Production in India: An Empirical Analysis 
 

 

Sonali Singh1, Archana singh2 
1,2University Of Lucknow 

 

 

I. INTRODUCTION AND CONCEPTUAL 

FRAMEWORK 

 

A. Defining the Air Pollution Environment Nexus: A 

Multilayered Challenge 

Air pollution constitutes one of the most pervasive 

environmental health hazards of the current era. While 

the public often associates air pollution with visible 

manifestations such as brown haze settling over urban 

canters or plumes rising from smokestacks its true 

danger lies in invisible components, specifically short-

lived climate forcers (SLCFs) and fine particulate 

matter (PM). This phenomenon represents a major 

environmental stressor with a profound, yet 

modifiable, burden of disease. Globally, the severity of 

this issue is underscored by the fact that nearly 99% of 

the world population breathes air that exceeds the 

World Health Organization (WHO) guideline limits 

for pollutants.  

The relationship between air pollution and the 

environment is highly complex and bi-directional. It is 

defined not merely by localized contamination but by 

a multilayered nexus that demands simultaneous 

management of multiple environmental exposures. 

Pollutants released into the atmosphere act both as 

direct toxins to terrestrial and aquatic ecosystems and 

as powerful agents driving climate change, influencing 

global temperature, hydrology, and biogeochemical 

cycles. Furthermore, air pollution often co-occurs with 

other harmful exposures, such as traffic-related noise 

and risk of injuries.  

 

B. The Dual Environmental Role of Air Pollutants 

Air pollutants exert a dual influence, operating on 

macro-scale climate forcing and micro-scale 

ecosystem toxicity. Substances like black carbon (BC) 

and methane () are categorized as short-lived climate 

forcers (SLCFs) due to their relatively brief 

atmospheric lifespan compared to carbon dioxide (). 

They contribute significantly to augmenting climate 

change, alongside negatively affecting agricultural 

production, forests, and freshwater systems. 

Conversely, pollutants such as tropospheric ozone (), 

sulfur dioxide (), and heavy metals act as direct 

environmental toxicants, leading to reduced plant 

photosynthesis and biological degradation.  

The concept of integrated assessment has emerged as 

a crucial approach to addressing this duality. 

Integrated assessments of SLCFs, such as BC and 

focus not only on their isolated effects on climate or 

health but comprehensively analyse the collateral 

benefits derived from mitigation measures. Reducing 

emissions of SLCFs provides a near-term solution to 

curb observed climate trends, significantly improving 

the chances of keeping the globally averaged surface 

temperature rise below. 

 

C. Report Structure and Justification for Regional 

Focus 

This analysis initiates by defining the global climate 

feedback mechanisms governed by aerosol and gas 

concentrations (Section II). It subsequently details the 

impacts of these forcings on large-scale ecological 

processes, specifically hydrology and agriculture 

(Section III). The report then shifts to a focused 

regional case study the Indo-Gangetic Plain (IGP) 

(Section IV and V) a region critically chosen due to its 

extreme, transboundary pollution levels and 

pronounced environmental consequences. In certain 

hotspots within the IGP, daily values have been 

recorded as high as, which is 20 times higher than the 

WHO daily guideline of. This region exemplifies the 

acute link between intense, source specific pollution 

and major issues like food security and climatic 

alteration. Finally, the report explores emerging 

frontiers in the research nexus, focusing on soil 
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biogeochemistry and the aerobiome (Section VI), 

before synthesizing critical research gaps and policy 

implications (Section VII).  

 

II. AIR POLLUTION AND CLIMATE FEEDBACK 

MECHANISMS: GOVERNING GLOBAL 

SENSITIVITY 

 

A. The Role of Short-Lived Climate Forcers (SLCFs) 

SLCFs, including black carbon, tropospheric ozone, 

and methane, are airborne pollutants that significantly 

affect climate while simultaneously harming human 

health and ecosystems. Their short atmospheric 

lifetime, typically ranging from a few days to a decade, 

distinguishes them from long-lived greenhouse gases 

like. This brevity implies that policy actions 

implemented to reduce SLCF emissions can yield 

substantial climate benefits much faster than 

reductions alone. Integrated assessments confirm that 

implementing practical measures to cut SLCFs is 

complementary to, though not a replacement for, the 

necessary dramatic reduction of emissions from fossil 

fuel combustion and deforestation.  

Reducing SLCF emissions, particularly BC and the 

gases that form tropospheric ozone, can prevent the 

loss of millions of tonnes of crops annually and 

prevent millions of premature deaths from small 

particulate pollution. Achieving these collateral 

benefits simultaneously with reducing global warming 

significantly strengthens the rationale for immediate 

policy intervention.  

 

III. AEROSOL-HYDROLOGY NEXUS AND 

ECOSYSTEM DEGRADATION 

 

A. Disruption of Hydrological Cycles by Aerosols 

Atmospheric aerosols, particularly absorbing aerosols 

like black carbon, significantly influence the Earth's 

climate system by scattering and absorbing incoming 

solar radiation. The presence of BC aerosols alters the 

energy balance over affected regions, increasing 

lower-tropospheric heating while simultaneously 

reducing the amount of solar radiation that reaches the 

surface. This altered radiative forcing has pronounced 

effects on regional hydrological cycles, especially the 

Indian monsoon. Simulations indicate that BC 

aerosols likely contribute to observed decreasing 

precipitation trends during the summer monsoon 

season over parts of India, Bangladesh, Burma, and 

Thailand. Conversely, BC-induced heating contributes 

to an increased meridional tropospheric temperature 

gradient in the pre-monsoon months (March April 

May), which enhances precipitation over Northern 

India and the Tibetan Plateau. This two-way 

interaction demonstrates that aerosols directly 

influence rainfall distribution. Furthermore, regional 

meteorology also affects aerosol dynamics: 

precipitation itself influences aerosol transport and 

removal through wet scavenging. Transported 

emissions, particularly from the IGP, have been shown 

to have a greater control over rainfall patterns in 

downwind regions like North-East India.  

The climate forcings exerted by BC are therefore 

inextricably linked to regional water security. BC 

reduces the albedo of ice and snow, accelerating 

glacial melt. Since glacial melt is a critical source of 

freshwater for regional rivers, policies targeting BC 

mitigation serve as vital water resource protection 

measures, connecting atmospheric physics directly to 

regional water management needs. The ensuing 

disruption of precipitation patterns, extension of 

droughts, and increase in extreme weather events 

severely impact farming and local economic stability.  

 

B. The Agricultural Crisis: Ozone and Particulate-

Induced Yield Loss 

Air pollution poses a complex and critical challenge to 

global food security, acting through a combination of 

altered weather patterns and direct toxicological 

damage. Tropospheric ozone (), formed from 

precursor gases, is a potent pollutant that severely 

impacts agricultural systems.  

For example, studies in the IGP have demonstrated 

that -induced yield losses (O3-RYL) are substantial for 

staple crops like wheat and rice. For irrigated 

conditions, yield losses reached 18.5% and 13.7% for 

certain cultivars, suggesting that stress can negate the 

beneficial effects typically associated with intensive 

irrigation and high-yielding modern cultivars. This 

problem is compounded by climate change 

projections: O3-RYL is forecast to increase by under 

the RCP4.5 scenario and under the RCP8.5 scenario 

compared to recent-past climates. This combination of 

changing weather (due to aerosols) and direct 

toxicological negation of agricultural technology (due 

to) creates a triple threat to food production.  

Moreover, the physical deposition of pollutants also 

contributes to the agricultural crisis. Airborne toxins 
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can contaminate water bodies used for irrigation, 

further exacerbating resource limitations. The effects 

of and BC thus combine to undermine food production 

and economic stability through crop failures and 

livestock losses.  

 

C. Impacts on Forest Health and Ecosystem Resilience 

The nexus extends deeply into the resilience and 

structure of natural ecosystems, particularly forests. 

When ground-level ozone enters the stomata of 

sensitive plants, it reduces photosynthesis the 

fundamental process for energy production, growth, 

and repair. This physiological impact slows plant 

growth, reduces the plant’s defense mechanisms 

against disease and insects, and impairs below-ground 

root function.  

In the long term, sustained exposure to air pollution 

leads to critical ecosystem shifts, resulting in the 

replacement of sensitive species by less ozone-tolerant 

varieties. This process alters habitat quality and 

disrupts essential nutrient and water cycles within the 

ecosystem. Conserving and restoring degraded 

ecosystems, such as forests and peatlands, has been 

identified as a complementary measure to combat 

climate change and improve environmental health by 

enhancing carbon storage and increasing both water 

and air quality.  

Table 1 provides a summary of the dual functional role 

of key pollutants, connecting macro-scale climate 

mechanisms to macro-scale ecological receptors. 

 

 

Table 1: Key Pollutants and Their Interacting Environmental Receptors 

Pollutant Type 
Major Source/Region 

Example 

Climate Impact Mechanism  

(Feedback Type) 
Ecosystem Receptor Impact 

Black Carbon 

(BC) 

Stubble Burning, 

Brick Kilns (IGP) 

Positive feedback: Reduced albedo 

(ice/snow melt), tropospheric heating 

Hydrology (monsoon change), Crop 

yield reduction, Glacial melt 

acceleration 

Tropospheric 

Ozone () 

VOC/NOx Precursors 

(Transportation) 

Short-lived climate forcer; strong 

greenhouse gas; drives positive -RYL 

under warming 

Significant Crop yield loss 

(rice/wheat), Reduced 

photosynthesis, Forest dieback 

Particulate 

Matter (PM) 

Industrial, Vehicles 

(Urban/LMICs) 

Complex net feedback 

(scattering/absorbing); high 

health/welfare risk even at low levels 

Carrier for microorganisms, Soil 

toxicity (acidification, heavy metals), 

respiratory disease 

 

IV. REGIONAL HOTSPOTS: CASE STUDY OF 

THE INDO-GANGETIC PLAIN (IGP) 

 

The Indo Gangetic Plain (IGP) and Himalayan 

Foothills (IGP-HF) represent a critical nexus of high 

population density, rapid economic development, and 

intense, transboundary air pollution. This complexity 

necessitates integrated Air Quality Management 

(AQM) planning across nations like India, 

Bangladesh, Nepal, and Pakistan. Pollution in the IGP 

is not static but dynamic, characterized by intense, 

short-term episodes driven by both high emissions and 

stagnant meteorological conditions, often occurring 

during the post-monsoon season (October to early 

December).  

 

A. Agricultural Residue Burning: The Stubble Burning 

Crisis 

Agricultural residue burning, commonly known as 

stubble burning, is a regionally significant and 

intermittent source of SLCFs in South Asia. This 

practice, primarily conducted to clear fields quickly 

for the next planting, releases toxic pollutants and 

greenhouse gases into the atmosphere.  

 

The emissions profile is substantial, contributing large 

quantities of carbon dioxide (), methane (), and nitrous 

oxide (). For context, agriculture contributes between 

17% and 32% of the world's total annual greenhouse 

gas emissions. The burning of crop stubble in 2017 

alone resulted in estimated emissions of. These 

emissions, combined with unfavourable 

meteorological conditions, lead to severe air quality 

episodes that necessitate governmental responses, 

such as school closures. Coupled meteorology-

chemistry models, such as the Weather Research and 

Forecasting model coupled with Chemistry (WRF-

Chem), are essential to simulate and anticipate these 

high-pollution events, helping scientists understand 

the interaction between weather and transboundary 

pollution factors.  A complex socio-economic dilemma 

surrounds stubble burning: while it is environmentally 
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damaging, research has shown that in some regions, 

burning is cheaper than manual removal, and 

surprisingly, burnt fields produced greater yields of the 

subsequent crop compared to fields where residue was 

removed. This short-term economic benefit, 

contrasted with the environmental and health costs, 

poses a significant hurdle for policy implementation 

focused solely on ecological mitigation.  

 

B. Brick Kiln Emissions: A Dual Source of 

Atmospheric and Terrestrial Pollution 

The construction industry in Northern India relies 

heavily on burnt bricks, as natural stones are scarce in 

the alluvial plains. This reliance has led to an estimated 

60,000 active brick kilns across India, with 14,000 

located in Uttar Pradesh (U.P.). The operation of these 

kilns historically contributed heavily to air pollution 

through the use of poor technology, such as Fixed 

Chimney Bull’s Trench kilns, and low-quality coal, 

resulting in flue products and particulate matter 

emissions. Surveys have recorded Suspended 

Particulate Matter (SPM) levels as high as, 

significantly exceeding prescribed limits. To combat 

this, central and state governments have mandated the 

conversion of kilns to cleaner technologies, 

specifically the Zigzag kiln. This conversion is critical 

because Zigzag kilns, when operated correctly, offer 

substantial environmental benefits, including a 20-

25% reduction in fuel consumption and up to a 50% 

reduction in air pollutants and black carbon emissions.  

 

However, the efficacy of this policy hinges on 

successful implementation. Studies have indicated that 

the performance of converted kilns is critically 

influenced by design quality, construction standards, 

and the skill of the operators. A substantial proportion 

of surveyed converted kilns (43%) failed to realize the 

full intended environmental benefits due to a lack of 

trained workers for construction and operation. This 

outcome highlights a crucial operational and policy 

gap: technological mandates are insufficient without 

concurrent large-scale investments in skilled labor 

training to ensure proper adoption and performance, 

shifting the policy challenge from mere regulation to 

capacity building.  

 

 

 

V. SOIL AND BIOGEOCHEMICAL 

DEGRADATION:  

THE MICRO ECOLOGICAL COST 

 

The environmental impacts of air pollution extend 

beneath the atmosphere to fundamentally alter the 

chemistry and physical structure of soil, impacting 

biogeochemical cycles and agricultural productivity. 

 

A. Direct Atmospheric Deposition and Soil Chemistry 

Alteration 

Emissions from industrial and agricultural sources, 

particularly those resulting from incomplete 

combustion (like brick kilns), are known to 

compromise soil fertility, vegetation properties, and 

crop yields.  

1. Acidification and Nutrient Imbalance 

The fallout from kilns, which emit gases leading to the 

formation of sulfate and nitrate, causes soil 

acidification. Research near brick kiln sites in Uttar 

Pradesh showed soil pH dropping as low as 5.55 on the 

eastward side, compared to 6.25 on the north side. This 

low, or acidic, pH hinders the absorption of vital 

metals by plants, consequently impeding plant growth 

and yield. The observed spatial difference in pH 

suggests that local micrometeorology plays a critical 

role in mediating chemical damage, with prevailing 

wind directions carrying acidic fallouts and 

determining the spatial extent and intensity of 

localized soil degradation.  
 

2. Organic Carbon and Nutrient Loss 

Stubble burning and kiln emissions directly reduce the 

fertile quality of arable land. Stubble burning strips the 

soil of essential macronutrients, including Nitrogen, 

Phosphorus, and Potassium (NPK), as well as 

micronutrients. For instance, burning rice stubble 

leads to a loss of approximately 0.445 of NPK, 

requiring subsequent investment in synthetic 

fertilizers to restore fertility. Similarly, the proximity 

to brick kilns significantly reduces the Organic Carbon 

Content (OCC) of nearby soil, a property crucial for 

supporting crop growth and yield.  

 

B. Land Use Change and Resource Mining 

The long-term degradation associated with brick kilns 

involves not only atmospheric deposition but also 

physical land use change and resource mining. Brick 

manufacturing requires naturally occurring fertile clay 
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and loamy soil as raw materials. Brick kilns often use 

approximately acres of fertile agricultural land per 

kiln, permanently altering the landscape.  

The quarrying process causes physical degradation, 

changing the soil chemistry and texture. In a study 

around Aligarh in U.P., increased brick production 

decreased the cultivated area by over 20 years. The 

result of removing this fertile topsoil is a severe, often 

irreversible loss of agronomic yield, with reductions of 

reported in exposed subsoil areas following clay 

extraction. This outcome demonstrates that the land 

degradation caused by source material mining is a 

fundamentally more severe, long-term environmental 

problem than the atmospheric deposition effects of 

burning alone. Additionally, brick kiln emissions 

deposit heavy metals into the surrounding 

environment. Fly-ash and incomplete combustion 

introduce a range of heavy metals, including Mercury 

(), Lead (), Cadmium (), Zinc (), and Copper (), into 

the soil. Analysis using the geoaccumulation index () 

confirmed that soil near kilns was consistently slightly 

polluted with metals like Copper and Lead, further 

compromising agricultural viability.  

Table 2 synthesizes the comparative agro-ecological 

damage mechanisms resulting from the two primary 

localized pollution sources in the IGP. 

 

Table 2: Agro-Ecological Impacts of Localized Pollution (IGP Case Study) 

Source 

Activity 
Pollutant Exposure Soil/Ecosystem Degradation Mechanism Quantified Impact/Evidence 

Stubble 

Burning 
Particulates, Heat 

Stripping of NPK and micro-nutrients, 

increase in soil temperature (up to), 

killing microorganisms 

Loss of 0.445 Mt NPK (rice stubble); 

36% loss of anticipated annual wheat 

yield 

Brick 

Kilns 

SPM (), Heavy 

Metals, Acidic gases 

(Sulfate, Nitrate) 

Land use change (fertile soil mining), soil 

acidification (pH as low as 5.55), reduced 

Organic Carbon Content (OCC) 

Up to 90% reduction in agronomic yield 

following soil removal; land degradation 

leading to decreased herb density 

 

VI. SYNTHESIS, RESEARCH GAPS, AND 

POLICY IMPERATIVES 

 

A. Integrated Assessment and Modeling Tools 

Addressing the complex, transboundary pollution 

issues, particularly in high-vulnerability areas like the 

IGP-HF, necessitates the use of sophisticated 

integrated assessment and modeling tools. Models 

such as the GAINS (Greenhouse gas Air Pollution 

Interactions and Synergies) model and the WRF-Chem 

(Weather Research and Forecasting coupled with 

Chemistry) model are indispensable. GAINS, for 

example, is applied at multiple scales (GAINS-IGP for 

regional patterns and GAINS-City for local impacts) 

to develop cost-effectiveness analyses of policy 

intervention options tailored to the specific needs of 

provinces and states in the region. These tools allow 

researchers and policymakers to quantify the 

synergistic benefits of reducing SLCFs, linking 

improved air quality to climate mitigation and food 

security.  

 

B. Critical Research Gaps and Future Directions 

Despite significant advances in understanding the 

climate and health effects of air pollution, several 

critical research gaps persist, requiring a shift toward 

more integrated and chemically specific studies. 

Table 3 summarizes the critical gaps identified across 

the nexus dimensions. 

 

 

Table 3: Critical Research Gaps in the Air Pollution Nexus 

Nexus Dimension Current Knowledge Focus Critical Research Gap (Future Direction) 
Supporting 

Snippet ID 

Exposure 

Assessment & 

Health Risk 

Particle Mass () and generalized 

toxicity 

Focus on submicron mass (), specific effects of particle 

composition, and targeted studies in underserved, 

disproportionately impacted populations. 

 

Biogeochemical 

Cycling 

(Microbial) 

Direct effect of PM/metals on 

microbial richness and survival 

The indirect interference of air pollution (gases, PM) 

with microbial VOC synthesis, crucial for regulating 

ecosystem dynamics (e.g., plant pathogens). 

 

Integrated 

Assessment 

Modeling 

Separate climate vs. 

health/ecosystem impact 

modeling (e.g., GAINS-IGP 

focuses on policy interventions) 

Simultaneous, integrated management of multiple 

environmental exposures (air pollution, traffic noise, 

injury risk) and complex health/wellbeing outcomes. 
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A key challenge is the persistent tendency to study 

environmental exposures in isolation. Comprehensive 

research must simultaneously analyse and manage 

multiple, interlinked environmental stressors, such as 

air pollution, traffic-related noise, and injury risk, to 

fully understand their cumulative effect on health and 

wellbeing outcomes. From a biogeochemical 

perspective, further interdisciplinary studies are 

needed to elucidate the chemical and biological 

processes of microorganisms in the atmosphere and 

their interaction with the Earth system, including 

airborne transmission of pathogens. Crucially, the 

effects of specific particle composition on ecosystem 

health remain insufficiently quantified, emphasizing 

the necessity of evaluating the effects by particle 

composition and source, particularly focusing on the 

submicron mass fraction ().  

 

C. Policy Imperatives 

The scientific evidence clearly establishes that action 

on SLCFs yields compounded benefits. Mitigation 

strategies centred on BC and provide robust collateral 

returns, preventing ecosystem harm (crop loss, 

hydrological disruption) while simultaneously 

offering near-term relief in achieving climate goals.  

Policymaking must move beyond simply issuing 

mandates for technological shifts. The failure of nearly 

half of surveyed brick kilns to realize the full potential 

of Zigzag technology due to operational skill gaps 

demonstrates that regulatory success requires 

substantial complementary investment in vocational 

training and capacity building for the workforce.  

Finally, the transboundary nature of pollution, 

exemplified by IGP emissions affecting rainfall 

hundreds of kilometres downwind in North-East India, 

reinforces the need for regional, coordinated policy 

efforts. Emission control policies implemented in 

major source areas are not just local solutions but vital 

regional strategies for atmospheric and climatic 

stability.  

 

VII. CONCLUSION AND PROPOSED RESEARCH 

PAPER TITLE 

 

The nexus between air pollution and the environment 

is defined by complex, bi-directional relationships that 

integrate global climate forcing with highly localized 

biogeochemical disruption. The analysis demonstrates 

that SLCFs, particularly black carbon and tropospheric 

ozone, function as both climate accelerators and direct 

toxins, acutely threatening critical environmental 

receptors such as forests, water resources, and 

agriculture in regions like the Indo-Gangetic Plain. 

Moving forward, research must prioritize integrated, 

source-attributable mechanistic assessments, 

particularly at the micro-ecological scale, focusing on 

chemical composition rather than generalized mass 

concentration. 

The most valuable future research should focus on 

linking specific anthropogenic sources in known 

hotspots to emerging ecosystem responses, such as the 

viability of soil microbial communities and the 

atmospheric aero biome. 

 

VIII. RESEARCH METHODOLOGY 

 

Model 1: PM2.5 Impact on Mortality (Health Outcome Regression) 

Theoretical Framework 

Model 1 examines the causal relationship between long-term exposure to fine particulate matter (PM2.5) and adult 

mortality in India, specifically focusing on cause-specific deaths from stroke, chronic respiratory disease, and ischemic 

heart disease (IHD). This model addresses a critical knowledge gap, as over 99% of India's population is exposed to 

PM2.5 levels that exceed WHO safety guidelines of 10 μg/m³. 

 

A. Model Specification 

The model employs a Bayesian geostatistical regression framework using a generalized linear model with spatial 

autocorrelation. The mathematical specification is: 

 

𝒍 𝒏(𝑴𝒐𝒓𝒕𝒂𝒍𝒊𝒕𝒚𝒊𝒕) = 𝜷𝟎 + 𝜷𝟏𝒍 𝒏(𝑷𝑴𝟐. 𝟓𝒊𝒕) + 𝜷𝟐𝑿𝒊𝒕 + 𝑼(𝒔𝒊) + 𝒁𝒊 + 𝜶𝒊 + 𝜸𝒕 + 𝜺𝒊𝒕 
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Where: 

• 𝑴𝒐𝒓𝒕𝒂𝒍𝒊𝒕𝒚𝒊𝒕 = Mortality rate (deaths per 100,000) 

in district 𝒊 at time 𝒕 

• 𝑷𝑴𝟐. 𝟓𝒊𝒕 = Annual mean PM2.5 concentration 

(μg/m³) lagged 3-5 years 

• 𝑿𝒊𝒕 = Vector of control variables 

• 𝑼(𝒔𝒊) = Smoothly varying spatial random effect 

(accounts for spatial autocorrelation) 

• 𝒁𝒊 = Independent unit-level random effects 

• 𝜶𝒊 = District/state fixed effects 

• 𝜸𝒕 = Year fixed effects 

• 𝜺𝒊𝒕 = Error term 

 

B. Variables and Data Sources 

Dependent Variable: 

• Mortality counts for ages 15-69 years, 

categorized by cause: 

• Stroke deaths (ICD-10: I60-I69, G45-G46, G81-

G83) 

• Chronic respiratory disease (ICD-10: J40-J47, 

J63, J93) 

• Ischemic heart disease (ICD-10: I20-I25, I44, 

I46, I70, R55, R96) 

• Total nonaccidental deaths (ICD-10: A00-R99) 

Data Source: Million Death Study (MDS), covering 

212,573 deaths at ages 15-69 years from 7,416 

sampling units across India (2004-2013) 

 

Independent Variable: 

• PM2.5 exposure: Satellite-derived estimates at 

0.1-degree resolution (~11 km) 

• Temporal structure: 3-year median values 

lagged 3-5 years to capture chronic exposure 

effects 

• Range in sample: Median = 24.3 μg/m³ (25th 

percentile: 16.8, 75th percentile: 38.3) 

• Spatial coverage: Over 99% of Indian population 

exposed to levels exceeding 10 μg/m³ 

Data Source: van Donkelaar et al. (2015) satellite-

based PM2.5 estimates, validated against 55 ground 

monitoring locations across 24 major Indian cities, 

with correlation coefficient R = 0.88 for peak pollution 

months 

 

Control Variables (𝑿𝒊𝒕): 

1. Individual-level: Age (continuous), sex (binary) 

2. Sampling unit-level: 

• Urban/rural residency (binary) 

• Smoking prevalence (percentage of smokers in 

sampling unit, median: 9.3%) 

3. Subdistrict-level: 

• Female illiteracy rate (proxy for poverty, 

median: 51.3%) 

• Solid fuel usage (percentage using coal, 

firewood, dung, crop residue; median: 81.5%) 

• Dominant language groups (proxy for 

cultural/dietary differences) 

 

Spatial Components: 

• 𝑼(𝒔𝒊) follows a Matérn spatial correlation 

function with shape parameter = 1.0, 

accounting for unobserved spatially-varying 

risk factors 

• 𝒁𝒊 captures village-level variation not explained 

by covariates 

 

C. Estimation Method 

Statistical Technique: Model-based geostatistical 

regression using Bayesian inference with Integrated 

Nested Laplace Approximation (INLA) 

Software: R packages geostatsp and R-INLA 

Prior Distributions: 

• Regression coefficients (𝜷, 𝜶): Uninformative 

normal priors 

• Variance parameters (𝝉, 𝝈, 𝝓): Exponential priors 

following "penalized complexity" framework, 

which discourages spatial effects unless strongly 

supported by data 

 

Model Variations: 

1. Linear effect model: Estimates relative risk (RR) 

per 10 μg/m³ increase in PM2.5 

2. Nonlinear effect model: Uses second-order random 

walk function 𝒈(⋅) to capture non-linear dose-

response relationships 

3. With/without spatial adjustment: Compares results 

with and without 𝑼(𝒔𝒊) term to assess importance 

of spatial clustering 
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D. Empirical Results 

Main Findings (with spatial adjustment): 

Cause of Death Relative Risk (RR) per 10 μg/m³ 

PM2.5 

95% Credible 

Interval 

Interpretation 

Stroke 1.09 (1.04, 1.14) Statistically significant 

Chronic Respiratory Disease No significant excess - Null after spatial adjustment 

Ischemic Heart Disease No significant excess - Null after spatial adjustment 

All nonaccidental causes No significant excess - Null after spatial adjustment 

 

Key Finding: Only stroke mortality showed 

statistically significant association with PM2.5 

exposure after proper spatial adjustment. The RR of 

1.09 means that each 10 μg/m³ increase in PM2.5 is 

associated with a 9% increase in stroke mortality risk. 

 

Effect of Spatial Adjustment: Spatial adjustment 

attenuated (reduced) the RRs for chronic respiratory 

disease and IHD but raised those for stroke, indicating 

that failure to account for spatial clustering can lead to 

biased estimates. 

 

E. Stratified Analysis Results: 

1. By Solid Fuel Exposure Levels: 

• Associations remained consistent across high 

(87.3-100%), medium (44.6-87.3%), and low (0.4-

44.6%) solid fuel usage areas 

2. By Age Group: 

• Consistent effects across ages 15-44, 45-69, and 

70+ years 

3. By Sex: 

• Similar RRs for males and females 

4. By Region: 

• Consistent patterns in northern vs. southern India 

5. By Residency: 

• Effects observed in both rural and urban sampling 

units 

 

Sensitivity Analyses: 

• Results robust to inclusion of climatic variables 

(temperature, relative humidity) 

• Robust to exclusion of language group variables 

• Case-control analysis using injury deaths as 

controls confirmed findings 

 

Mortality Attribution: Based on the observed PM2.5 

exposure levels increasing from 25 μg/m³ (1998-2000) 

to 40 μg/m³ (2012-2014), and applying the RR 

estimates, approximately 0.98-1.22 million deaths 

were attributable to ambient PM2.5 exposure in India 

in 2019. 

 

F. Model Interpretation and Policy Implications 

Elasticity Interpretation: The log-log specification 

allows interpretation as an elasticity: a 1% increase in 

PM2.5 concentration leads to approximately 0.09% 

increase in stroke mortality. 

 

G. Comparison with Global Models: The modest RR 

found in this study (1.09 for stroke) is substantially 

lower than estimates from the WHO's Global 

Exposure Mortality Model (GEMM), which applies 

hazard ratios derived mainly from high-income 

countries to India. This suggests caution is warranted 

when extrapolating air pollution health effects from 

Western populations to Indian contexts. 

 

H. Study Strengths: 

1. First nationally representative direct 

epidemiological measurement of PM2.5-mortality 

relationship in India 

2. Large sample size (212,573 deaths, 6.8 million 

population) 

3. Rigorous spatial adjustment accounting for 

clustering 

4. Multiple sensitivity analyses confirming 

robustness 

5. Cause-specific mortality assignment using 

validated verbal autopsy 

 

Study Limitations: 

1. Satellite-derived PM2.5 estimates have 

measurement error (correlation with ground 

monitors R=0.88) 

2. Cannot distinguish PM2.5 sources (industrial, 

vehicular, household solid fuels, crop burning) 

3. Verbal autopsy has some misclassification, though 

validated 

4. Ecological exposure assignment at sampling unit 

level rather than individual-level 
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I. Application to Your IGP Study 

For your research on the Indo-Gangetic Plain, this 

model framework can be adapted by: 

1. Geographic Focus: Restrict analysis to IGP 

districts (UP, Punjab, Haryana, Bihar, West 

Bengal) 

2. Higher Pollution Context: IGP has mean PM2.5 

exceeding 110 μg/m³ in middle and lower regions, 

much higher than national average 

3. Source Attribution: Include emission source 

variables (stubble burning intensity, brick kiln 

density) as additional covariates 

4. Temporal Focus: Emphasize post-monsoon 

pollution episodes (October-November) when 

PM2.5 peaks due to crop residue burning 

5. Economic Valuation: Convert mortality estimates 

to economic costs using Value of Statistical Life 

(VSL) for India 

 

Model 2: Ozone Impact on Crop Yields (Agricultural Productivity Regression) 

Theoretical Framework 

Model 2 quantifies the damage function relating tropospheric ozone (O3) exposure to crop yield losses for wheat and 

rice in India, with particular focus on the Indo-Gangetic Plain. Unlike traditional concentration-based approaches, this 

model employs a flux-based methodology that accounts for actual stomatal ozone uptake, providing biologically 

meaningful estimates of yield damage. 
 

A. Model Specification 

Dose-Response Function: 
 

𝑹𝒀𝑳𝒊𝒔𝒕 = 𝜶𝟎 + 𝜶𝟏𝑷𝑶𝑫𝟑𝑰𝑨𝑴𝒊𝒔𝒕 + 𝜶𝟐𝑰𝒓𝒓𝒊𝒈𝒂𝒕𝒊𝒐𝒏𝒊𝒔𝒕 + 𝜶𝟑𝑾𝒆𝒂𝒕𝒉𝒆𝒓𝒊𝒔𝒕 + 𝜶𝟒𝑪𝒖𝒍𝒕𝒊𝒗𝒂𝒓𝒊𝒔𝒕 + 𝜹𝒔 + 𝝉𝒕 + 𝒖𝒊𝒔𝒕 

 

Alternative Yield Function: 
 

𝒍𝒏 (𝒀𝒊𝒆𝒍𝒅𝒊𝒔𝒕) = 𝜷𝟎 + 𝜷𝟏𝒇(𝑷𝑶𝑫𝟑𝑰𝑨𝑴𝒊𝒔𝒕) + 𝜷𝟐𝑪𝒐𝒏𝒕𝒓𝒐𝒍𝒔𝒊𝒔𝒕 + 𝝁𝒔 + 𝝀𝒕 + 𝜺𝒊𝒔𝒕 

 

Where: 

• 𝑹𝒀𝑳𝒊𝒔𝒕 = Relative Yield Loss (%) in state 𝒔, year 𝒕, at 

location 𝒊 

• 𝑷𝑶𝑫𝟑𝑰𝑨𝑴𝒊𝒔𝒕 = Phytotoxic Ozone Dose above 

threshold of 3 nmol m⁻² s⁻¹ (mmol m⁻²), accumulated 

over growing season 

• 𝑰𝒓𝒓𝒊𝒈𝒂𝒕𝒊𝒐𝒏𝒊𝒔𝒕 = Binary indicator or proportion of 

irrigated area 

• 𝑾𝒆𝒂𝒕𝒉𝒆𝒓𝒊𝒔𝒕 = Temperature, rainfall, solar radiation, 

relative humidity 

• 𝑪𝒖𝒍𝒕𝒊𝒗𝒂𝒓𝒊𝒔𝒕 = Wheat/rice variety indicators 

• 𝜹𝒔 = State fixed effects 

• 𝝉𝒕 = Year fixed effects 

• 𝒇(⋅) = Non-linear transformation of ozone dose 

 

Flux-Based Dose-Response Relationship (CLRTAP 

Standard): 
 

𝜟𝒀% = −𝟎. 𝟎𝟏𝟔𝟑 × (𝑷𝑶𝑫𝟑𝑰𝑨𝑴 − 𝟎. 𝟏) × 𝟏𝟎𝟎 
 

This relationship indicates that each 1 mmol m⁻² 

increase in POD3IAM above the baseline 0.1 mmol 

m⁻² (representing preindustrial ozone levels) results in 

a 1.63% reduction in wheat yield. 

B. Variables and Data Sources 

i. Dependent Variable: 

For Wheat: 

• Observed yield: District-level wheat production 

(tonnes) divided by harvested area (hectares) 

• Growing season: November to April (Rabi season) 

• National average yield: 2.87 tonnes/hectare (2008-

2012) 

• Data source: Ministry of Agriculture and Farmers 

Welfare, Government of India; state-level 

agricultural statistics 

For Rice: 

• Observed yield: District-level rice production and 

area 

• Growing seasons: Kharif (June-October) and Rabi 

(November-March) 

• Data source: Directorate of Economics and 

Statistics, various state governments 
 

a. Ozone Exposure Metrics: 

Primary Metric: POD3IAM (Phytotoxic Ozone Dose) 

• Definition: Accumulated stomatal ozone flux 

above threshold of 3 nmol m⁻² s⁻¹, integrated over 

crop growing season 
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• Unit: mmol m⁻² per growing season 

• Threshold (POD3IAM): 0.1 mmol m⁻² 

(preindustrial baseline) 

• Biological basis: Accounts for actual ozone uptake 

through leaf stomata, modified by: 

• Stomatal conductance (depends on light, 

temperature, soil moisture, vapor pressure deficit) 

• Plant phenology (different growth stages have 

different sensitivities) 

• Environmental conditions (irrigation status, 

rainfall) 
 

b. Alternative Metric: AOT40 (Accumulated Ozone 

over Threshold) 

• Definition: Sum of hourly ozone concentrations 

above 40 ppb during daylight hours (8am-8pm) 

• Unit: ppm·h 

• Limitation: Concentration-based, does not account 

for actual plant uptake or environmental 

modification 

• European threshold: 3000 ppb·h (3 ppm·h) 

associated with 5% yield loss 

• Indian context: AOT40 values range from 695 to 

17,645 ppb·h, far exceeding European benchmarks 
 

c. Comparison of Metrics: 

• AOT40 tends to overestimate yield losses because 

it doesn't account for stomatal closure during water 

stress 

• POD3 flux-based approach is recommended by 

Convention on Long-Range Transboundary Air 

Pollution (CLRTAP) as more accurate 

• Studies show AOT40-based estimates predict 23-

28% wheat yield losses vs. POD3-based estimates 

of 12-18% for same regions 
 

d. Ozone Data Sources: 

1. Ground monitoring: Central Pollution Control Board 

(CPCB) stations, limited spatial coverage 

2. Chemical transport models: Weather Research and 

Forecasting with Chemistry (WRF-Chem) at 30-50 km 

resolution 

3. Satellite observations: OMI (Ozone Monitoring 

Instrument), TROPOMI for column ozone, with 

vertical profiling to estimate surface concentrations 

4. Model output: EMEP (European Monitoring and 

Evaluation Programme) grid interpolated for Indian 

conditions 

 

ii. Control Variables: 

1. Irrigation Status: 

• Proportion of wheat area under irrigation (state-

level) 

• IGP states: 90-95% irrigated (Punjab, Haryana), 

70-80% irrigated (UP, Bihar) 

• Critical finding: Irrigated wheat suffers 0.35 

percentage point additional yield loss compared to 

rainfed conditions due to increased stomatal 

conductance and ozone uptake 

2. Meteorological Variables: 

• Growing season average temperature (°C) 

• Total rainfall (mm) 

• Solar radiation (MJ m⁻²) 

• Relative humidity (%) 

• Vapor pressure deficit (kPa) 

• Source: India Meteorological Department (IMD) 

gridded data at 0.25° resolution 

3. Cultivar Characteristics: 

• Modern high-yielding varieties (HYVs): HD2967, 

PBW343, DBW17 for wheat 

• Traditional varieties show different ozone 

sensitivity 

• Cultivar-specific dose-response functions 

available from Open-Top Chamber (OTC) 

experiments 

4. Soil and Management: 

• Soil organic carbon, pH, texture (from soil health 

card data) 

• Fertilizer application rates (NPK kg/ha) 

• Sowing date (early vs. late sown cultivars have 

different sensitivity) 

5. Socioeconomic Controls: 

• District GDP per capita 

• Agricultural technology adoption index 

• Market access indicators 

 

C. Estimation Method 

DO3SE Model (Deposition of Ozone for Stomatal 

Exchange): 

The POD3IAM metric is calculated using the DO3SE 

model (version 3.1.0), which simulates: 

1. Hourly stomatal conductance based on 

environmental variables 

2. Ozone flux through stomata 

3. Integration over crop growing season 

4. Cultivar-specific parameters for Indian wheat/rice 

varieties 
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Model Parameters for Indian Wheat: 

• Maximum stomatal conductance (g_max): 300-

450 mmol O3 m⁻² s⁻¹ (varies by cultivar) 

• Light response: α = 0.006, L_jmax 

• Temperature response: T_min = 0°C, T_opt = 18-

25°C, T_max = 40°C 

• VPD response: f_VPD_min = 0.2, VPD_max = 3.0 

kPa 

• Phenology: Emergence to anthesis (60-70 days), 

anthesis to maturity (40-50 days) 

 

 

D. Regression Estimation: 

Step 1: Calculate Counterfactual Production 
 

Productionozone−free =
Productionobserved

(1 − RYL/100)
 

 

Step 2: Estimate Dose-Response Function Using experimental data from OTC studies and field observations, estimate: 
 

RYL = β × (POD3IAM − POD3IAMbaseline) 
 

Where: β = 1.63 for wheat (95% CI: 1.35-1.91) from CLRTAP meta-analysis 
 

Step 3: Spatial Regression for Validation 
 

Yieldobserved,ist = α + β1POD3ist + β2Irrigationist + β3Weatherist + FEst + εist 
 

E. Estimate using: 

• Fixed effects panel regression for state-year variation 

• Spatial error model to account for neighboring district correlation 

• Robust standard errors clustered at state level 

• Instrumental variables: Use upwind ozone concentrations or emissions from neighboring regions as instruments to 

address potential endogeneity 
 

F. Empirical Results for India 

National Wheat Yield Loss (2008-2012) 

Parameter Mean Estimate 95% CI Lower 95% CI Upper 

Relative Yield Loss (%) 14.18% 11.60% 17.21% 

Production Loss (Million Tonnes) 15.03 Mt 11.42 Mt 18.91 Mt 

Counterfactual Production (Mt) 106.08 Mt 102.85 Mt 109.91 Mt 

Observed Production (Mt) 91.00 Mt 91.00 Mt 91.00 Mt 

 

State-Level Wheat Production Losses (Annual Average 2008-2012) 

State Production Loss (Mt) % of Total National Loss RYL (%) 

Uttar Pradesh 5.89 39.2% 15.2% 

Punjab 3.12 20.8% 13.8% 

Madhya Pradesh 2.24 14.9% 14.9% 

Rajasthan 1.56 10.4% 16.1% 

Haryana 0.98 6.5% 12.9% 

Bihar 0.28 1.9% 15.8% 

 


