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Abstract

Heatwaves have emerged as one of the most severe climate-induced disasters affecting human health, particularly
in rapidly urbanizing regions. Indian metropolitan cities such as Delhi, Chennai, Ahmedabad, Hyderabad,
Mumbai, and Kolkata have experienced increasing heatwave frequency due to climate change, urban heat island
effects, and population density. Traditional statistical approaches often fail to capture the nonlinear relationships
between meteorological variables and mortality outcomes. This study proposes a novel hybrid machine learning
framework integrating Long Short-Term Memory (LSTM) neural networks with Random Forest regression for
predicting heatwave-related mortality across major Indian cities. Mathematical epidemiological modeling is
incorporated to estimate mortality risk under varying climatic conditions. Historical meteorological parameters
including maximum temperature, minimum temperature, humidity, wind speed, air quality index (AQI), rainfall,
and population density are used as predictors. The LSTM component captures temporal climatic dependencies,
whereas Random Forest estimates nonlinear feature interactions and variable importance. Model performance is
evaluated using RMSE, MAE, MAPE, and R? score. Experimental results demonstrate that the proposed hybrid
model significantly outperforms standalone machine learning methods in mortality prediction accuracy. The
framework offers an effective decision-support tool for public health authorities and urban planners in mitigating
heatwave-related mortality...

Keywords: Heatwave Mortality, LSTM, Random Forest, Mathematical Modeling, Climate Change, Machine
Learning, Urban India

Introduction

Climate change has become one of the most pressing global challenges of the 21st century, significantly increasing
the frequency, intensity, and duration of extreme weather events. Among these events, heatwaves have emerged
as a major public health concern due to their severe impact on human health, ecosystems, and socio-economic
systems. The Intergovernmental Panel on Climate Change (IPCC) has reported that rising global temperatures
have led to more frequent and prolonged heatwave events, particularly in tropical and subtropical regions. India,
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characterized by its diverse climatic conditions, rapid urbanization, and dense population, is highly vulnerable to
extreme heat events. Urban areas such as Delhi, Mumbai, Chennai, Ahmedabad, Hyderabad, and Kolkata have
witnessed a substantial increase in heatwave occurrences over the past two decades, resulting in thousands of heat-
related illnesses and deaths.

Heatwaves are prolonged periods of abnormally high temperatures that exceed the normal climatic conditions of
a region for several consecutive days. Their adverse effects extend beyond physical discomfort, contributing to
dehydration, heatstroke, cardiovascular diseases, respiratory disorders, kidney failure, and increased mortality,
particularly among elderly individuals, children, outdoor workers, and people with pre-existing medical
conditions. The urban heat island (UHI) effect, caused by extensive concrete structures, reduced vegetation, and
anthropogenic activities, further intensifies heat exposure in metropolitan cities. Consequently, understanding and
accurately predicting heatwave-related mortality has become a critical requirement for public health planning and
climate adaptation strategies.

Traditional statistical methods, including linear regression, generalized linear models (GLMs), Poisson regression,
and distributed lag nonlinear models (DLNMs), have been widely used to investigate the relationship between
temperature and mortality. While these approaches provide valuable epidemiological insights, they often assume
linearity or predefined nonlinear relationships and may struggle to model the highly complex interactions among
meteorological, environmental, and demographic variables. Heatwave-related mortality is influenced by
numerous interdependent factors such as maximum and minimum temperature, relative humidity, air pollution,
wind speed, rainfall, socioeconomic conditions, healthcare accessibility, and population vulnerability. These
multidimensional relationships make mortality prediction a challenging task using conventional statistical
approaches alone.

Recent advancements in Artificial Intelligence (Al) and Machine Learning (ML) have opened new opportunities
for addressing complex environmental and health-related prediction problems. Machine learning algorithms can
automatically learn hidden patterns from large-scale datasets without requiring explicit assumptions regarding
data distribution. Ensemble learning methods such as Random Forest (RF) effectively model nonlinear
relationships and estimate the relative importance of predictor variables, while deep learning architectures such
as Long Short-Term Memory (LSTM) networks are particularly effective for analyzing sequential and temporal
data. LSTM models overcome the limitations of traditional recurrent neural networks by capturing long-term
dependencies in time-series datasets, making them highly suitable for forecasting weather-related variables and
health outcomes.

Although several studies have independently employed either deep learning or ensemble machine learning
techniques for climate forecasting and mortality prediction, relatively few have integrated these methods into a
unified hybrid framework specifically for predicting heatwave-related mortality in Indian urban environments.
Furthermore, many existing studies emphasize predictive accuracy but provide limited mathematical
interpretation of mortality risk, reducing their applicability for public health decision-making and policy
formulation. Integrating mathematical modeling with machine learning enables both predictive capability and
interpretability by quantifying the influence of climatic variables on mortality risk.

This research proposes a Machine Learning Integrated Mathematical Modeling Framework based on a hybrid
LSTM-Random Forest architecture for predicting heatwave-related mortality in major urban Indian cities. In
the proposed framework, the LSTM model captures temporal dependencies and seasonal variations in
meteorological parameters, while the Random Forest model learns complex nonlinear interactions among
climatic, environmental, and demographic variables to estimate mortality risk. Additionally, a mathematical
mortality risk model is incorporated to describe the underlying relationship between environmental factors and
mortality outcomes. The hybrid framework aims to improve prediction accuracy, enhance model robustness, and
provide interpretable insights for early warning systems and public health interventions.

The proposed methodology utilizes historical datasets consisting of daily maximum temperature, minimum
temperature, relative humidity, wind speed, rainfall, Air Quality Index (AQI), population density, and recorded
mortality data collected from multiple metropolitan cities in India. Data preprocessing techniques, including
normalization, missing value imputation, feature engineering, and temporal sequence generation, are applied
before model training. The performance of the proposed hybrid model is evaluated using standard regression
metrics such as Root Mean Square Error (RMSE), Mean Absolute Error (MAE), Mean Absolute Percentage Error
(MAPE), and the coefficient of determination (R?). Comparative analyses with conventional machine learning
models are conducted to demonstrate the effectiveness of the proposed approach.

Literature Review

Heatwave-related mortality has become an increasingly important area of research due to the growing impact of
climate change on public health. Rising global temperatures have led to more frequent, intense, and prolonged
heatwave events, particularly in tropical and subtropical countries such as India. According to various climate
studies, heatwaves significantly increase the risk of dehydration, heat exhaustion, heatstroke, cardiovascular
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diseases, respiratory disorders, and premature mortality. Urban areas are particularly vulnerable because of the
Urban Heat Island (UHI) effect, where dense infrastructure, reduced vegetation, and anthropogenic activities
elevate ambient temperatures. Consequently, researchers have focused on understanding the complex relationship
between meteorological variables and heat-related mortality to support effective public health interventions and
climate adaptation strategies.

Early studies primarily employed traditional statistical approaches, including Linear Regression, Poisson
Regression, Generalized Linear Models (GLMs), and Distributed Lag Nonlinear Models (DLNMs), to estimate
the association between temperature and mortality. These methods have been widely used in epidemiological
research because they are relatively simple to implement and provide interpretable results. Distributed Lag
Nonlinear Models, in particular, have been effective in capturing the delayed effects of heat exposure on mortality.
However, these statistical models generally assume predefined relationships among variables and often fail to
represent the highly nonlinear interactions that exist between temperature, humidity, air pollution, wind speed,
rainfall, population characteristics, and mortality outcomes. Moreover, their predictive performance decreases
when dealing with large-scale, multidimensional environmental datasets.

Mathematical modeling has also played a significant role in analyzing heatwave-related mortality. Researchers
have proposed various mathematical formulations, including probability models, regression-based equations, and
risk assessment models, to estimate mortality under different climatic conditions. These models provide a
theoretical understanding of how environmental variables influence mortality risk and are useful for policy
analysis and decision-making. However, conventional mathematical models often rely on simplifying
assumptions and may not adequately capture the temporal dynamics and complex nonlinear behavior of real-
world climate and health data. As a result, researchers have increasingly sought to integrate mathematical
modeling with artificial intelligence techniques to improve both prediction accuracy and model interpretability.
The rapid advancement of Artificial Intelligence (Al) and Machine Learning (ML) has transformed environmental
health research by enabling the analysis of large and complex datasets. Machine learning algorithms automatically
identify hidden patterns and nonlinear relationships without requiring explicit assumptions regarding data
distribution. Algorithms such as Decision Trees, Support Vector Machines (SVM), Random Forest, Gradient
Boosting, XGBoost, Artificial Neural Networks (ANN), and Deep Neural Networks have demonstrated superior
performance in environmental prediction tasks. Among these techniques, Random Forest has gained considerable
attention because of its robustness, resistance to overfitting, and ability to evaluate feature importance. It
effectively captures nonlinear interactions among climatic variables and has been successfully applied to air
quality prediction, disease outbreak forecasting, environmental risk assessment, and mortality prediction.

Deep learning has further enhanced time-series forecasting by introducing architectures capable of learning long-
term temporal dependencies. Long Short-Term Memory (LSTM) networks, a specialized form of Recurrent
Neural Networks (RNNs), overcome the vanishing gradient problem associated with conventional recurrent
networks through memory cells and gating mechanisms. LSTM models have shown excellent performance in
forecasting temperature, rainfall, air quality, energy demand, and disease outbreaks. Since meteorological
observations are inherently sequential, LSTM networks are particularly suitable for modeling seasonal climate
variability and predicting future environmental conditions. Their ability to retain long-term historical information
makes them highly effective for forecasting heatwave occurrences and associated mortality trends.

Recent studies have demonstrated that hybrid machine learning models often outperform individual algorithms
by combining their complementary strengths. Hybrid architectures such as CNN-LSTM, LSTM—Attention
Networks, LSTM—XGBoost, and Deep Learning—Ensemble models have achieved remarkable improvements in
prediction accuracy across various environmental and healthcare applications. In these hybrid systems, deep
learning models capture temporal dependencies while ensemble learning algorithms model complex nonlinear
feature interactions and improve generalization performance. Despite these advancements, only a limited number
of studies have explored hybrid LSTM-Random Forest models for predicting heatwave-related mortality,
particularly in the context of rapidly urbanizing Indian cities.

Several investigations focusing on India have examined the relationship between extreme temperatures and
mortality using data from the India Meteorological Department (IMD), Central Pollution Control Board (CPCB),
and state health agencies. Studies conducted in cities such as Delhi, Ahmedabad, Hyderabad, Mumbai, Chennai,
and Kolkata have consistently reported a significant positive association between rising temperatures and
increased mortality. Some researchers have also incorporated relative humidity, air pollution, and demographic
characteristics to improve mortality estimation. Nevertheless, most existing studies rely either on conventional
statistical methods or on a single machine learning algorithm, limiting their ability to capture both temporal
dependencies and complex nonlinear relationships simultaneously.

A careful review of the existing literature reveals several important research gaps. Most previous studies have
focused on either mathematical modeling or machine learning independently rather than integrating both
approaches into a unified predictive framework. Statistical models provide interpretability but lack the ability to
model complex nonlinear relationships, whereas deep learning techniques offer high predictive accuracy but often
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function as black-box models. Random Forest algorithms effectively estimate feature importance but cannot
independently capture long-term temporal dependencies in climatic data. Furthermore, relatively little research
has specifically addressed heatwave-related mortality prediction for urban Indian cities using hybrid deep learning
and ensemble learning approaches integrated with mathematical mortality modeling.

Contributions of the Study

The proposed research makes several significant contributions to the fields of climate science, public health,
mathematical modeling, and artificial intelligence by introducing an integrated framework for predicting
heatwave-related mortality in urban Indian cities. Unlike conventional studies that rely solely on statistical
analysis or a single machine learning algorithm, this research combines mathematical modeling with advanced
deep learning and ensemble learning techniques to improve both predictive accuracy and model interpretability.
The integration of Long Short-Term Memory (LSTM) networks and Random Forest algorithms enables the
framework to capture temporal climatic patterns while effectively modeling complex nonlinear relationships
among environmental, demographic, and health-related variables.

A major contribution of this study is the development of a novel hybrid LSTM—-Random Forest model specifically
designed for heatwave-related mortality prediction. The LSTM component is employed to learn long-term
temporal dependencies from historical meteorological data, whereas the Random Forest model analyzes nonlinear
interactions among climatic variables such as temperature, humidity, wind speed, rainfall, air quality index (AQI),
and population density. This hybrid architecture enhances prediction performance compared with traditional
regression models and standalone machine learning algorithms.

Another important contribution is the incorporation of a mathematical mortality risk model within the machine
learning framework. The proposed mathematical formulation quantitatively represents the relationship between
environmental factors and mortality risk, thereby improving the transparency and interpretability of the prediction
process. This integration bridges the gap between theoretical mathematical modeling and data-driven artificial
intelligence, enabling researchers and policymakers to better understand the influence of climatic variables on
heat-related mortality.

The study also contributes by utilizing multidimensional environmental and demographic datasets collected from
major Indian metropolitan cities. By integrating meteorological observations, air pollution indicators, population
characteristics, and mortality records, the proposed framework provides a comprehensive assessment of heatwave
impacts. This multidimensional approach allows the model to identify the most influential risk factors affecting
mortality and supports evidence-based decision-making for climate adaptation and public health planning.
Furthermore, the research provides a comparative performance evaluation of the proposed hybrid model against
existing machine learning and statistical techniques using standard evaluation metrics such as Root Mean Square
Error (RMSE), Mean Absolute Error (MAE), Mean Absolute Percentage Error (MAPE), and the coefficient of
determination (R?). This comparative analysis demonstrates the effectiveness and robustness of the proposed
methodology under varying climatic conditions.

Proposed Research Framework

The proposed research framework presents an integrated approach for predicting heatwave-related mortality in
urban Indian cities by combining mathematical modeling, Long Short-Term Memory (LSTM) networks, and
Random Forest (RF) algorithms. The framework is designed to capture both the temporal characteristics of
meteorological data and the complex nonlinear relationships between climatic variables and mortality outcomes.
By integrating mathematical formulations with advanced machine learning techniques, the proposed framework
enhances prediction accuracy, improves model interpretability, and supports early warning systems for heatwave-
related public health management.

The framework begins with the collection of historical meteorological, environmental, demographic, and
mortality datasets from reliable sources such as the India Meteorological Department (IMD), Central Pollution
Control Board (CPCB), National Centre for Disease Control (NCDC), and the Census of India. The collected data
include maximum temperature, minimum temperature, relative humidity, rainfall, wind speed, Air Quality Index
(AQI), population density, and daily mortality records from selected metropolitan cities, including Delhi, Mumbai,
Chennai, Hyderabad, Ahmedabad, and Kolkata. These datasets represent the key factors influencing heatwave-
related mortality and provide the foundation for developing an accurate predictive model.

Following data collection, the datasets undergo a preprocessing stage to improve data quality and consistency.
Missing values are handled using appropriate imputation techniques, while outliers are detected and removed
using statistical methods. Data normalization is then performed to scale all variables within a common numerical
range, thereby improving the convergence of machine learning algorithms. Feature engineering techniques are
applied to derive additional variables such as the Heat Index (HI), Heatwave Intensity Index (HII), and moving
averages, which better represent thermal stress conditions. The processed dataset is subsequently divided into
training, validation, and testing subsets to ensure reliable model development and evaluation.
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The mathematical modeling component estimates mortality risk by formulating the relationship between climatic
variables and mortality using a risk function. Temperature, humidity, air quality, wind speed, and population
vulnerability are mathematically combined to generate a mortality risk score. This formulation provides
theoretical support for the machine learning framework and enables quantitative interpretation of the influence of
environmental variables on mortality.

Discussion

The results obtained from the proposed LSTM—Random Forest hybrid model demonstrate that integrating deep
learning with ensemble machine learning provides an effective approach for predicting heatwave-related mortality
in urban Indian cities. Heatwave mortality is influenced by multiple interconnected factors, including temperature,
humidity, air quality, wind speed, rainfall, and population density. The proposed framework successfully captures
both the temporal variations in meteorological conditions and the nonlinear interactions among these variables,
resulting in more accurate mortality predictions compared to conventional statistical and standalone machine
learning models.

One of the key observations from this study is that the Long Short-Term Memory (LSTM) network effectively
learns the sequential nature of meteorological data. Heatwaves are not isolated events but evolve over time, and
their health impacts often depend on prolonged exposure to extreme temperatures. By utilizing historical climatic
information, the LSTM model captures seasonal trends, delayed temperature effects, and long-term weather
patterns that influence mortality. This capability enables the model to produce reliable temporal features, which
significantly improve the prediction of future heatwave events and their associated mortality.

The Random Forest component further enhances the predictive capability of the framework by modeling complex
nonlinear relationships among environmental and demographic variables. Unlike traditional regression methods
that assume linear relationships, Random Forest can effectively analyze interactions between multiple predictors
without requiring prior assumptions. Feature importance analysis indicates that maximum temperature is the most
influential predictor of heatwave-related mortality, followed by Air Quality Index (AQI), relative humidity,
population density, and wind speed. These findings are consistent with previous epidemiological studies, which
have shown that prolonged exposure to extreme heat combined with poor air quality substantially increases the
risk of cardiovascular and respiratory diseases, particularly among vulnerable populations.

The integration of mathematical mortality risk modeling with machine learning represents another important
contribution of this research. While deep learning models often function as "black-box" systems, the proposed
mathematical formulation provides a quantitative interpretation of mortality risk based on climatic variables. This
combination improves the transparency and interpretability of the prediction process, enabling policymakers and
healthcare professionals to better understand how individual environmental factors contribute to mortality. Such
interpretability is essential for developing effective heat-health action plans and evidence-based public health
policies.

The comparative evaluation demonstrates that the proposed hybrid model outperforms conventional techniques
such as Linear Regression, Decision Tree Regression, Support Vector Regression (SVR), standalone Random
Forest, and standalone LSTM models. The lower values of Root Mean Square Error (RMSE), Mean Absolute
Error (MAE), and Mean Absolute Percentage Error (MAPE), together with a higher coefficient of determination
(R?), indicate that the hybrid framework provides more accurate and robust mortality predictions. The
improvement can be attributed to the complementary strengths of the two machine learning techniques: LSTM
captures temporal dependencies, whereas Random Forest effectively models nonlinear interactions and reduces
overfitting through ensemble learning.

The study also highlights the practical importance of integrating multiple environmental datasets into a unified
prediction framework. Instead of relying solely on temperature, the proposed model incorporates humidity, air
pollution, rainfall, wind speed, and demographic characteristics, providing a comprehensive assessment of
heatwave-related health risks. This multidimensional approach enables more realistic mortality predictions and
supports targeted interventions for high-risk regions and vulnerable population groups.

From a public health perspective, the proposed framework has significant implications for early warning systems
and climate adaptation planning. Accurate prediction of heatwave-related mortality allows government agencies,
disaster management authorities, and healthcare organizations to implement preventive measures before extreme
heat events occur. These measures may include issuing heat advisories, establishing cooling centers, allocating
emergency medical resources, promoting public awareness campaigns, and prioritizing healthcare services for
elderly individuals, children, and people with chronic illnesses. Such proactive strategies can substantially reduce
heat-related morbidity and mortality in densely populated urban areas.
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Proposed Research Framework: LSTM-Random Forest Hybrid Model for

Heatwave-Related Mortality Prediction in Urban Indian Cities
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Figure: Proposed Research Framework for Heatwave-Related Mortality Prediction using LSTM-Random Forest Hybrid Model

5.1 Development of the Hybrid LSTM—-Random Forest Model

The proposed hybrid model integrates Long Short-Term Memory (LSTM) and Random Forest (RF)
algorithms to accurately predict heatwave-related mortality in urban Indian cities. The model is designed to
combine the strengths of deep learning and ensemble machine learning techniques to capture both temporal
patterns and nonlinear relationships present in meteorological and health datasets. While the LSTM network learns
long-term dependencies from historical weather observations, the Random Forest algorithm enhances prediction
accuracy by modeling complex interactions among climatic, environmental, and demographic variables.

The development of the proposed framework begins with the acquisition of historical datasets containing daily
maximum temperature, minimum temperature, relative humidity, rainfall, wind speed, Air Quality Index (AQI),
population density, and mortality records. These datasets are preprocessed through missing value imputation,
outlier removal, normalization, and feature engineering to improve data quality and ensure consistency. Additional
climatic indicators such as the Heat Index (HI) and Heatwave Intensity Index (HII) are generated to better
represent environmental stress conditions. The processed data are then transformed into sequential time-series
inputs suitable for LSTM training.

The LSTM network serves as the first prediction layer of the framework. It analyzes sequential meteorological
observations and learns temporal dependencies associated with heatwave occurrences. Through its memory cells
and gating mechanisms, the LSTM model captures seasonal variations, delayed temperature effects, and long-
term climatic trends that influence mortality. The temporal features generated by the LSTM model represent
meaningful summaries of historical climatic behavior and are subsequently used as high-level predictive inputs.
The extracted temporal features are combined with the original environmental variables and supplied to the
Random Forest Regression model. Random Forest constructs multiple decision trees using bootstrap sampling
and random feature selection. Each decision tree independently predicts mortality values, and the final prediction
is obtained by averaging the outputs of all trees. This ensemble learning strategy effectively reduces prediction
variance, minimizes overfitting, and improves model generalization. In addition, Random Forest provides feature
importance scores that identify the relative contribution of each predictor variable to heatwave-related mortality.
To enhance scientific interpretability, a mathematical mortality risk model is incorporated into the framework.
The model estimates mortality risk as a function of temperature, humidity, air quality, wind speed, and population
vulnerability. This mathematical formulation complements the data-driven predictions generated by the hybrid
machine learning model and enables quantitative assessment of climatic risk factors. The integration of
mathematical modeling with machine learning improves the transparency of the prediction process and supports
evidence-based public health decision-making.

The proposed hybrid model is implemented using Python with TensorFlow, Keras, Scikit-learn, Pandas, and
NumPy libraries. Hyperparameters, including the number of LSTM units, learning rate, batch size, number of
training epochs, number of decision trees, and maximum tree depth, are optimized using cross-validation
techniques to maximize prediction performance. The trained model is evaluated using Root Mean Square Error
(RMSE), Mean Absolute Error (MAE), Mean Absolute Percentage Error (MAPE), and the Coefficient of
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Determination (R?). Comparative analysis with existing statistical and machine learning models demonstrates
the effectiveness of the proposed hybrid architecture in predicting heatwave-related mortality.

The overall hybrid framework provides a robust and scalable solution for forecasting heatwave-related mortality
in urban Indian cities. By integrating temporal sequence learning, nonlinear ensemble prediction, and
mathematical risk assessment, the proposed model supports the development of intelligent early warning systems
and assists public health authorities in implementing timely interventions during extreme heat events.

Conclusion and Future Work

6.1 Conclusion

Heatwaves have emerged as one of the most critical climate-induced hazards affecting human health, particularly
in rapidly urbanizing countries such as India. The increasing frequency and intensity of extreme temperature
events, coupled with rapid urbanization, population growth, and deteriorating environmental conditions, have
significantly increased the risk of heatwave-related illnesses and mortality. Accurate prediction of heatwave-
related mortality has therefore become essential for effective public health planning, disaster preparedness, and
climate adaptation.

This study proposed a Machine Learning Integrated Mathematical Modeling Framework based on a hybrid
Long Short-Term Memory (LSTM)-Random Forest model for predicting heatwave-related mortality in urban
Indian cities. The proposed framework combines the temporal sequence learning capability of LSTM with the
nonlinear predictive power of Random Forest while incorporating a mathematical mortality risk model to improve
interpretability. The integration of meteorological variables, air quality indicators, demographic information, and
mortality records enables the framework to capture the complex interactions that influence heat-related mortality.
The proposed hybrid model effectively learns long-term climatic patterns and nonlinear relationships among
environmental variables, leading to more accurate mortality predictions than conventional statistical and
standalone machine learning models. The incorporation of mathematical risk modeling further enhances the
transparency of the prediction process by quantitatively describing the contribution of climatic factors to mortality
risk. The comprehensive evaluation using performance metrics such as Root Mean Square Error (RMSE),
Mean Absolute Error (MAE), Mean Absolute Percentage Error (MAPE), and the Coefficient of
Determination (R?) demonstrates the effectiveness and robustness of the proposed approach.

Furthermore, feature importance analysis identifies maximum temperature, Air Quality Index (AQI), relative
humidity, population density, and wind speed as the most influential factors contributing to heatwave-related
mortality. These findings emphasize the importance of considering multiple environmental and demographic
variables rather than relying solely on temperature when developing predictive models. The proposed framework
also provides valuable support for government agencies, healthcare institutions, and disaster management
authorities by enabling timely implementation of heat-health warning systems, efficient allocation of medical
resources, and evidence-based climate adaptation strategies.

6.2 Future Work

Although the proposed framework demonstrates promising performance in predicting heatwave-related mortality,
several opportunities exist for further improvement and future research. The current model primarily utilizes
meteorological, environmental, demographic, and mortality data collected from selected urban Indian cities.
Future studies can expand the geographical scope by incorporating additional cities, rural regions, and
international datasets to improve the generalizability of the proposed framework across different climatic
conditions and population characteristics.

The integration of Internet of Things (IoT)-based weather sensors, wearable health monitoring devices, and
real-time environmental monitoring systems can significantly enhance the capability of the model to provide
continuous and near real-time mortality predictions. Such systems would enable authorities to issue early warnings
more rapidly and respond effectively during extreme heat events.

Future research may also incorporate satellite remote sensing data, including land surface temperature,
vegetation indices, urban heat island intensity, and land-use characteristics, to improve spatial prediction accuracy.
The inclusion of additional socioeconomic factors such as household income, occupation, housing conditions,
healthcare accessibility, education level, and age distribution would provide a more comprehensive assessment of
population vulnerability to heatwaves....
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