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Text S1 Standardized Mathematical Formulations of Machine-Learning models used for PM2.5 prediction in the study
Decision Tree

where ‘’ denotes the predicted PM2.5 concentration,  represents the ith partition region, is the prediction associated with region , and I(·) denotes the indicator function.
Random Forest

where M is the total number of decision trees and  represents the prediction of the mth tree.
Elastic Net

where  denotes the observed PM2.5 concentration, x is the predictor vector,  controls regularization strength, and  determines the balance L1 and L2 penalties.
Support Vector Regressor (SVR)

where  is the kernel similarity function,  and  are Lagrange multipliers, and b is the bias term.
Extreme Gradient Boosting (XGBoost) & Light Gradient Boosting Machine (LightGBM)

where K denotes the total number of boosting trees and (·) represents the kth regression tree.
Gradient Boosting Regressor (GBR)

where  denotes the prediction at boosting iteration m,  is the weak learner fitted at iteration m, and v is the learning rate.
Gradient Optimization Rule

where L(·) denotes the selected loss function.
Gradient Optimization Rule

where r represents the residual error and  is the transition threshold between quadratic and linear optimization behavior.


Table S1 Top correlated predictor variables of PM2.5 concentrations along with Pearson correlation coefficients and statistical significance levels (p < 0.001)
	Feature
	Correlation Coefficient

	PM10
	0.8807

	PM2.5_lag1
	0.837

	PM2.5_roll_mean_3
	0.7929

	PM10_lag1
	0.7377

	PM2.5_roll_mean_7
	0.7318

	PM2.5_roll_mean_14
	0.6915

	PM2.5_lag3
	0.6494

	O3
	0.5588

	O3_lag1
	0.5565

	PM2.5_roll_std_14
	0.5511





Table S2 Top 15 predictor variables ranked by variance inflation factor (VIF) values for multicollinearity assessment in the PM2.5 prediction modeling framework
	Rank
	Feature
	VIF

	1
	Years
	13140

	2
	Barometric Pressure
	12110

	3
	Relative humidity
	307.7

	4
	Ambient Temperature
	224.5

	5
	PM2.5_roll_mean_3
	190.5

	6
	PM2.5_roll_mean_7
	137.1

	7
	Seasons
	124.4

	8
	PM2.5_roll_mean_14
	98.87

	9
	PM2.5_lag3
	71.63

	10
	PM2.5_lag1
	70.84

	11
	Months
	48.50

	12
	PM10_lag1
	48.22

	13
	PM10_lag3
	40.90

	14
	PM2.5_lag7
	39.61

	15
	PM10_lag7
	37.88





Table S3 Comparative ranking of machine learning models based on predictive accuracy metrics evaluated on the test dataset for PM2.5 prediction
	Rank
	Model
	Test R2
	Test RMSE
	Test MAE
	Test MAPE
	Test MASE

	1
	RF
	0.8444
	9.34
	6.44
	15.1
	0.771

	2
	GBR-SE
	0.8256
	9.89
	6.69
	15.2
	0.801

	3
	XGBoost
	0.8238
	9.94
	7.35
	18.6
	0.881

	4
	LightGBM
	0.8147
	10.2
	7.14
	16.5
	0.856

	5
	GBR-Q
	0.8116
	10.3
	8.10
	21.6
	0.971

	6
	GBR-H
	0.8096
	10.3
	7.13
	16.07
	0.854

	7
	GBR-AE
	0.7898
	10.9
	7.49
	17.25
	0.898

	8
	SVR
	0.7872
	10.9
	7.37
	16.80
	0.883

	9
	DT
	0.751
	11.8
	8.38
	19.58
	1.005

	10
	ElasticNet
	0.7083
	12.8
	8.90
	22.43
	1.066





Table S4 Optimal hyperparameter configuration of the Random Forest regressor identified using RandomizedSearchCV with five-fold TimeSeriesSplit cross-validation
	Parameter
	Optimal Value

	Number of Estimators
	347

	Max Depth
	14

	Min Samples Split
	4

	Min Samples Leaf
	3

	Max Features
	None




Table S5 Conformal prediction interval coverage analysis for the evaluated machine learning models, including nominal coverage, empirical coverage, interval width, and uncertainty bound statistics for PM2.5 prediction
	Model
	Nominal Coverage
	Empirical Coverage
	Average Interval Width
	Lower 
Bound Mean
	Upper 
Bound Mean

	DT
	0.9
	0.919
	37.31
	24.66
	61.98

	RF
	0.9
	0.882
	26.40
	29.40
	55.80

	ElasticNet
	0.9
	0.804
	30.17
	23.37
	53.54

	SVR
	0.9
	0.866
	29.66
	25.14
	54.80

	XGBoost
	0.9
	0.885
	28.29
	30.71
	59.00

	LightGBM
	0.9
	0.871
	26.82
	28.44
	55.26

	GBR-H
	0.9
	0.860
	27.66
	27.87
	55.53

	GBR-SE
	0.9
	0.874
	26.97
	28.55
	55.52

	GBR-AE
	0.9
	0.846
	27.28
	27.26
	54.54

	GBR-Q
	0.9
	0.924
	34.80
	30.29
	65.09





Table S6 SHAP-based feature importance ranking for Random Forest
	Rank
	Feature
	Mean SHAP importance

	1
	PM10
	10.9

	2
	PM2.5_lag1
	5.58

	3
	Ambient Temperature
	0.951

	4
	O3
	0.859

	5
	Wind Direction
	0.490

	6
	PM2.5_roll_mean_7
	0.406

	7
	PM2.5_roll_mean_3
	0.362

	8
	PM2.5_roll_std_14
	0.346

	9
	Solar Radiation
	0.318

	10
	O3_lag1
	0.315

	11
	PM2.5_roll_mean_14
	0.293

	12
	Relative humidity
	0.258

	13
	PM10_lag1
	0.245

	14
	Months
	0.228

	15
	Wind speed
	0.213
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[bookmark: _GoBack]Fig. S1 SHAP dependence plots illustrating the nonlinear relationships between (a) PM10, (b) PM2.5_lag1, (c) Ambient Temperature, and their corresponding contributions to PM2.5 predictions in the Random Forest framework
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