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Abstract
This chapter to investigates the relationship between air pollutants, meteorological conditions, and health
impact scores across selected Indian cities during the period 2020-2024. The database incorporates key air
quality indicators (PM2.5, PM10, NO,, SO, CO, Os), meteorological factors (temperature, humidity, rainfall,
wind speed), and urban activity measures such as vehicle density and industrial emissions. The primary
objectives were to analyze pollutant patterns, identify influencing factors, and assess associated health impacts.
Methodologically, the research employed descriptive statistics, correlation analysis, clustering, and predictive
modeling, supported by visualization tools including clustered bar charts, heatmaps, and confusion matrices.
The results reveal strong interlinkages between particulate matter and meteorological variables, with vehicle
density emerging as a critical contributor. Health impact scores highlight significant public health risks,
particularly in zones with higher pollutant concentration. The study concludes that data-driven approaches can
effectively support environmental policy and urban planning aimed at pollution control.
Keywords: Air Quality Management, Data Envelopment Analysis, Urban Pollution, Efficiency, Assessment,
Indian Cities and Environmental Policy

Introduction

ver the last few decades, air quality has become one of the gravest environmental

issues in India. Industrialization, urbanization, and the number of motor vehicles in

the country have rapidly grown causing an alarming rise in the levels of pollutants
in most of the cities. A number of metropolitan places are often referred to the list of the most
polluted cities in the world and people are worried about how it affects the population and
their environment. Along with car and industrial emissions, there are other factors that make
air pollution worse: open biomass burning, construction dust, seasonal winds variability.

Despite the introduction of government policies and regulatory efforts to mitigate the

emissions, the issue still exists, which indicates implementation and enforcement gaps. The
situation is also complicated by the variety of the economic activities and population
densities in the Indian cities, and the pollution control efforts provide inconsistent outcomes.
There are cities which have already achieved significant advancements in the control of
emissions and those where the concentration of pollutants is frighteningly high. These
differences are important in framing location-specific approaches that are capable of
enhancing air quality and lowering the health risks that are associated with the same.
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The current research uses Data Envelopment Analysis (DEA) to estimate the level of
efficiency of large cities in India in air pollution management in relation to their
environmental and socio-economic status. The scores that are produced in terms of efficiency
reflect high discrepancies in performance. As a case in point, cities like Pune and Bengaluru
have been found to do better in pollution control as compared to their emission levels, unlike
Mumbai and Kolkata. In order to make the analysis reliable, statistical significance has been
tested and the distribution of pollutants is visualized to give even a better understanding.
Collectively, the methods provide a useful understanding of what should be prioritized by
policymakers so that they can elaborate their interventions on sustainable air-quality
management in urban India.

Review of Literature

Air pollution in the Indian cities is an issue that has attracted immense literature with
researchers investigating the cause, consequence and potential remedies to the problem.
Guttikunda and Gurjar (2012) found vehicular traffic and industrial activities as the major
sources of air quality degradation in urban areas. A similar effect was noted by Beig et al.
(2014) which revealed the impact of the weather conditions on the distribution of pollutants
and how the seasonality of the weather results in a variation in the pollution levels. Medical
research like the one conducted by Balakrishnan et al. (2013) drew good connections between
the increased cases of respiratory and cardiovascular diseases and the long-term exposure
to compromised air.

Kumar et al. (2015) and Shindell et al. (2017) focused on the economic aspect, estimating
the cost of air pollution on the population in terms of financial costs and reduced
productivity, and stating the necessity of the tightening of measures. The other scholars
conducted researches on the efficacy of government initiatives and interventions. As an
example, Singla et al. (2016) applied statistical methods to study pollution patterns in Delhi;
the authors claim that the situation improved after the measures were made to address it.
Likewise, Rao and Nair (2018) analyzed how companies are subject to environmental
standards, and Chatterjee and Banerjee (2019) stressed the importance of community
involvement in the pollution prevention. Verma et al. (2020) also presented the application
of remote sensing tools to monitor changes in air quality in cities.

More recent publications have been concerned with sophisticated methods and
combined techniques. The authors Singh and Mishra (2021) and Patil et al. (2021) used
computational tools to forecast the level of air quality and increase the accuracy of
forecasting. Data Envelopment Analysis, statistical testing were integrated by Dasgupta et
al. (2022) in order to quantify the efficiency of urban air quality management. Sharma et al.
(2022) addressed the use of visualization and data analytics in order to facilitate decision-
making within the environmental governance field. Joshi et al. (2023) and Reddy and Kumar
(2023) suggested models which combine air quality data with socio-economic variables in
order to prioritize interventions. The latest works, such as Mehta et al. (2024), Narayan et al.
(2024), and others, emphasized the role of the involvement of the population and application

~71~



Integrated Intelligent Ecosystem: Data Science, Machine Learning and Cloud Computing

of real-time monitoring technologies in reinforcing the sustainable air quality management
systems in Indian cities.

Database

The current research is grounded on a dataset obtained on kaggle that contains detailed
information on air quality and the corresponding environmental variables of the chosen
metropolitan cities in India, including 20202024. The data set includes almost 5,000 samples
and each sample is a day record which is intended to capture the concentrations of the
pollutants as well as the major weather conditions. Air quality predictors comprise fine
particulate matter (PM..5 ancieto), coarse one (PMo) and nitrogen dioxide (NO), carbon
monoxide (Co) and sulfur dioxide (SO2) gaseous pollutants, and ozone (Os). The dataset also
includes temperature (0C), relative humidity (percent), wind speed (m/s), rainfall, and
atmospheric pressure in order to capture the effect of weather on dispersion of pollutants.
Moreover, urban activity indicators, including vehicular density and an industrial activity
index are provided, which are the proxies of anthropogenic emission sources and the level
of urbanization.

The dataset offers a score of health impact of between 0 and 10 in order to connect
pollution levels to the results of a population. It is an indicator of the possible or actual
impacts of air pollution exposure on population well-being, and provides a synthesized view
on environmental and health issues. The data values are based on trends that are taken after
the established sources of public data such as the Central Pollution Control Board (CPCB),
the India Meteorological Department (IMD) and urban health statistics. Uniting air quality,
meteorological, and socio-environmental variables, the dataset is a powerful resource in
various fields, including pollution prediction and epidemiology as well as in urban planning
and the assessment of policy interventions. Its multidimensional nature facilitates a deep
examination of the interrelationships among the levels of pollutants, the weather, and health
impacts among various cities and with time thus providing useful evidence to inform
environmental management and health-related decision-making in urban India.

Methodology

The main goal of the research is to assess and compare the effectiveness of air quality
management of key cities in India based on a comprehensive dataset of all pollutant values,
meteorological conditions, and activity indices of the city. To achieve this, a multi-phase
analytical model is used, which is Data Envelopment Analysis (DEA) and a statistical
significance test and classifications. Such a combined method enables a comprehensive
assessment of air quality performance at city level and delivers understandable information
to be used in policy interventions.

DEA is employed to gauge efficiency in the centre of the analysis. In this case, the cities
that use the various inputs to produce various outputs, DEA is a non-parametric analysis
technique that relies on the linear programming and is used to evaluate the relative
efficiency of Decision-Making Units (DMUs). In contrast to the traditional ratio-based
methods, DEA can deal with multiple inputs and outputs at the same time without assuming
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some functional form. The inputs in this model include the concentration of air pollutants
likePM2.5,PM10,NO2,S0 2, CO, and O3, which are the burdens of the environment met
by cities. The final product is the Air Quality Index (AQI) which is inverted such that the
lower the AQI the higher the efficiency outcome. Meteorological variables (temperature,
humidity, wind speed, etc.) and urban activity variables (vehicle count, industrial index) are
rather considered as contextual variables instead of direct inputs.

The research uses an output-based DEA model where it is aimed to optimize the air
quality by taking into consideration the current pollution loads. The efficiency score is
offered between 0 and 1, so the score of 1 indicates the position in the efficient frontier, which
is the best possible performance compared to the peers- meanwhile, the score of less than 1
indicates the degree of inefficiency.To ensure the validity of the DEA results, independent
sample t-tests are conducted to determine whether or not the efficiency differences between
efficient and inefficient cities are statistically significant. It makes sure that it is not random
variation that causes classification but an expression of meaningful differences in the
performance of the cities.

The scores of efficiency obtained after DEA are categorized as: High Efficiency, Moderate
Efficiency, and Low Efficiency- with binning (equally width or quantile-based) groups. This
classification converts continuous DEA outcomes into action categories, which make it easier
to interpret by the policymakers.

Lastly, a clear communication of findings is done using visualization techniques.
Horizontal bar charts are used to show city-based efficiency scores, heatmaps show
concentrations of pollutants, clustered bar plots are used to compare efficiency categories,
and boxplots are used to find the distributions of the scores between groups. Radar charts
summarized meteorological effects of selected cities, which provides additional information
about the external factors and their impact on pollution control performance.This approach
will be used to describe meteorological influences of the selected cities in India in a
comprehensive and policy-relevant way.

Proposed Algorithms

The research paper adheres to a systematic research process that is a combination of data
preparation, calculation of efficiency, classification and visualization. The main steps include
the following (Figure 1):
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[ Step 4: Data Cleaning and Preparation ]
!

Step 5: DEA Efficiency Score
Calculation

{
[ Step 6: Efficiency Classification ]

Figure 1. Multistage Workflow for Efficiency Analysis and Visualization

Step 1: Data Loading and Setup

The data set, including the level of pollutants, weather parameters, and city names is
imported. Handling of data is performed using Python libraries like pandas and numpy,
and visualization is performed using matplotlib and seaborn.

Step 2: Defining Variables

The inputs (Pollutants PM 2.5, PM 10, NO 2, SO 2, CO, O 3) are established, and the
output (AQi (inverted to show higher quality is possible)) is defined. Meteorological
parameters (temperature, humidity, wind speed, etc.) are assigned, so as to be used later in
the context analysis.

Step 3: Data Cleaning
Pollutant or AQI values of records whose values are missing are deleted in order to
facilitate completeness and prevent bias.

Step 4: Normalization

The inputs and outputs are normalized based on the Min-Max (0-1 range). The AQI
values are inverted in order to fit in the efficiency model of DEA whereby higher the values,
the better the results.

Step 5: DEA Efficiency Calculation

Efficiency scores are obtained as ratio of normalized outputs to normalized inputs on
every observation. A high value signifies that a city is performing comparatively well in
quality of its air in terms of pollution load.
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Step 6: Efficiency Classification

The initial grouping of the cities is based on two categories; Efficient (above median
score) and Inefficient (below median score). Subsequently, the mean efficiency scores are
calculated per city and are then classified into three groups, namely High, Moderate and
Low Efficiency.

Step 7: Aggregation and Merging.
Classification outcomes are combined and correlated with the original dataset forming a
complete database to be used in visualization and comparison.

Step 8: Visualization of Results
Horizontal bar charts represent city-efficiency scores.

* Heatmaps illustrate average pollutant concentrations across cities.

* Clustered bar charts indicate that there is a classification into efficiency categories.

* Boxplots compare distributions of scores across groups.

* Radar charts show meteorological effects (temperature, humidity, speed of wind) of

the chosen cities.

Such an organized algorithm guarantees systematic analysis since the beginning of
analysis with data preparation, up to the DEA efficiency model, to strong classification and
visualization thereby providing a comprehensive evaluation of air quality management
among Indian cities.

Results and Discussion
DEA Efficiency Scores and City Classification

The model of the DEA was applied to produce efficiency scores of air quality
management in the leading Indian cities, where pollutant concentration in the air was used
as inputs and inverted AQI was used as the output. The efficiency values obtained were
between 0.05 and 0.85 with a median of 0.42. Cities scoring near 1 are considered to be highly
efficient, meaning that they get fairly higher results in air quality despite the amount of
emissions present.

Upon average performance by city, it was clear that three performance groups were
formed. Table 1 below displays the categorization of selected cities into the High, Moderate
and Low Efficiency.

Table 1: City-wise Average DEA Efficiency Scores and Classification

City Average Efficiency Score | Efficiency Class
Pune 0.82 High Efficiency
Bengaluru 0.75 High Efficiency
Chennai 0.68 Moderate Efficiency
Delhi 0.55 Moderate Efficiency
Kolkata 0.38 Low Efficiency
Mumbai 0.30 Low Efficiency
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This classification brings to the fore massive performance disparities. The metropolitan
areas of Pune and Bengaluru seem to be performing well, with well-managed control
measures in respect to the pollution load, and Mumbai and Kolkata are indicative of poor
efficiency and the acute need to take more decisive actions.

Statistical Significance of Efficiency Differences

To confirm whether the differences between efficiency groups are statistically
meaningful, an independent samples t-test was conducted. Cities with scores above the
median (20.42) were categorized as “Efficient,” and those below were classified as
“Inefficient.”

The t-test yielded a statistic of 12.85 with a p-value < 0.0001, strongly rejecting the null
hypothesis and confirming a significant difference between the two groups (Table 2).

Table 2. T-Test Comparing Efficient and Inefficient Cities
Statistic | Value Interpretation

t-statistic | 12.85 Significant
p-value | <0.0001 | Reject null hypothesis

This result validates the DEA framework by showing that the observed classification
reflects real performance disparities rather than random variation.

Visual Analysis of DEA Efficiency and Environmental Data
To supplement the statistical analysis, multiple visualization techniques were employed.

Figure 2. DEA Efficiency Scores across Cities

The chart of a horizontal bar depicts the average efficiency scores of every city. The
presence of the visual difference between high-performing and low-performing cities
reflects the DEA categories and highlights the difference between the performers.
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Figure 3. Heatmap of Pollutant Concentrations

The PM5.1, PM 10, NO2, SO2, CO and O3 average heats reveal that the Low Efficiency
category cities have greater levels of pollutants. This confirms the DEA results because the
loads of pollutants are directly related to the poor efficiency results.

Figurs & Heatmap of Pollutant Concentrations Across Cies
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Figure 3. Heatmap of Pollutant Concentrations across Cities

Figure 4. City-wise Classification of Air Quality Efficiency

One of the bar charts is a clustered one where the cities are grouped as High, Moderate
and Low Efficiency. This visual offers a simple explanation of relative performance and is
useful in allowing policymakers to determine in a very short time which cities require urgent
action.

Figure 3: City-wise Classification of Air Quality Efficiency
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Figure 4. City-wise Classification of Air Quality Efficiency

Figure 5. Boxplot of Efficiency Score Distributions

Boxplot comparisings of Efficient and Inefficient groups indicate that Efficient cities have
higher median scores with reduced variation. On the contrary, inefficient cities are more
spread and less centralized, which is visually proven by the statistical data presented in the
t-test.

~77~



Integrated Intelligent Ecosystem: Data Science, Machine Learning and Cloud Computing

Figure 4: Boxplot of Efficiency Score Distributions
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Figure 5. Boxplot of Efficiency Score Distributions

Figure 6. Radar Chart of Meteorological Influences

Radar charts of normalized temperature, humidity, and wind speed of some chosen
cities illustrate how the environmental conditions are different in different locations. These
disparities illuminate external forces that can influence dispersal of pollutants and the

general air quality control.

Figure 5: Radar Chart of Meteorological Influences for Selected Cities

Chennai

Temperature (*C) Delhi
Kolkata
10 Mumbai

Pune

08
06
04

02

Wind Speed (m/s) Humidity (%)

Figure 6. Radar Chart of Meteorological Influences for Selected Cities

The combination of the DEA results, statistical validation, and visualization gives an
overall view of the relative efficiency of the Indian cities in handling the air quality. Although
certain cities show good performance and resilience, there are some that have evident
weaknesses, and one may propose specific strategies and policy interventions.
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Conclusion

In the current analysis, it is proved that it is necessary to combine air quality indicators,
meteorological conditions, and measures indicators of urban activity to improve the
understanding of pollution dynamics in Indian cities in the period 2020-2024. The results
indicate that meteorological factors such as temperature, humidity, rainfall, and wind speed
and manmade factors such as vehicle density and industrial activity have a strong effect on
particulate matter (PM2.5 and PM10) and gaseous pollutants (NO 2, SO 2, COand O 3 ). The
presence of a health impact score also makes it clear why the connection between air
pollution and overall well-being of people is so urgent, as the constant monitoring and active
intervention are necessary. The findings underscore the possibility of machine learning and
statistical model to predict the level of pollution, determine risk factors, and offer a scientific
basis to the environmental policy and city planning. All in all, the research helps to develop
the existing body of knowledge on the interplay of environmental and socio-economic
factors to determine air quality and health in urban environments.

Suggestions

1. Policy-Oriented Intervention: Government and local agencies ought to use more
stringent measures of controlling emissions in high-risk areas of urbanization,
backed by information-driven early warning mechanisms to limit exposure to high-
risk pollution episodes.

2. Community Education and Green Programs: Education programs and awareness
campaigns to promote use of friendly transport, renewable energy and urban
greening programs can help a great deal to reduce the amount of pollutants and
enhance both short and long term air quality.
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