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Investigating the Impact of Data Uncertainty
on Groundwater Quality Assessment Using a
Novel Multivariate Statistical Approach
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Abstract

This study presents a novel framework for assessing the Water
Quality Index (WQI) by integrating data uncertainty into the
calculations to enhance the reliability of water quality evaluations.
The proposed framework, termed the Uncertainty-Informed Water
Quality Index (UWQI), leverages advanced multivariate statistical
techniques, including uncertainty-aware principal component
analysis (UPCA) and Gaussian model, to account for uncertainty
in WQI computations. Unlike traditional methods that treat data as
fixed values, UPCA incorporates probability distributions over the
data domain, enabling a more robust analysis. The UWQI
framework was applied to data collected for eight key water
quality parameters from 76 wells across three aquifers—Kahriz,
Urmia, and Rashkan—within the Urmia Basin. Results revealed
that ignoring data uncertainty significantly affected PCA outputs,
sub-index weights, and overall water quality classifications. When
uncertainty was incorporated, substantial shifts in quality
categories were observed: wells initially classified as having
excellent water quality were reassigned to good (3% increase) and
medium (19% increase) quality categories. These shifts were
primarily driven by data uncertainty influencing sub-index
weights, with parameters such as pH, HCOs™, and SO+*" exhibiting
the highest levels of uncertainty and sensitivity, as indicated by
coefficients of wvariation of 33.9%, 19.3%, and 19.2%,
respectively. This study underscores the critical importance of
integrating data uncertainty into WQI assessments. The proposed
UWQI framework provides water resource managers with a more
reliable and informed decision-making tool, supporting effective
pollution control strategies and reducing environmental and public
health risks associated with inaccurate water quality evaluations.
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Fig. 3- Uncertainty scenarios defined in this study for PCA and parameter weighting: (a) Optimistic
scenario: Similar to previous studies, zero uncertainty is assumed, and only 2018 data are incorporated in
the analysis. (b) Pessimistic scenario: Maximum uncertainty is applied to eight water quality parameters. (c)
Middle-ground scenarios: 10,000 probabilistic scenarios with varying levels of uncertainty are evaluated
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Table 1- Concentrations of water quality parameters in the Kahriz, Urmia, and Rashkan plains
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Ca?* (mg/L) 20.0 4.1 11.6 7.1 8.1 26 4.8 13 18.7 15 5.6 3.5 75
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pH 7.8 7.0 7.4 0.3 7.7 7.1 7.4 0.1 7.8 6.9 7.4 0.2 7
TDS (mg/L) 8053.5 500.5 2366.0 2291 1709.5 351.0 695.9 338.3 2840.5 3445 733.3 5353 500
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Table 2- Impact of data uncertainty on PCA results and sensitivity of the principal components
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Principal Component Analysis

PCA (S=0) UPCA (S=1)
wQp PC, PC, PC; Weaa UPC, UPC,  UPC,  UPC,  wrer
Na* 0.49 0.00 0.02 0.121 0.02 0.48 -0.01 0.00 0.099
Mg** 0.39 0.37 0.10 0.144 0.02 0.32 0.08 0.35 0.102
Ca? 0.28 -0.07 -0.45 0.117 -0.03 0.44 0.03 0.01 0.099
SO 0.09 0.67 0.11 0.106 -0.01 -0.13 -0.04 0.93 0.104
Cr 0.49 -0.10 -0.06 0.135 0.01 0.50 -0.05 -0.05 0.108
HCOy -0.24 0.63 -0.17 0.145 0.00 -0.02 0.99 0.01 0.087
pH 0.11 -0.04 0.86 0.108 0.98 -0.01 0.00 0.00 0.305
TDS 0.46 0.04 -0.08 0.123 0.00 0.46 0.00 0.07 0.097
Eigenvalue 4.99 1.69 0.73 7.05 422 2.08 0.78
% of Variance 62.36 21.06 9.17 47.05 28.19 13.86 521
Cum variance 62.36 83.43 92.6 47.05 75.24 89.1 94.43
Sensitivity of Principal Components
PC, PC; PC;
CVi1 (%) 0.1 0.31 0.27
CV|i| (%) 5.56 10.26 6.13
SI 0.1 0.59 0.31
Rank 3 1 2
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Fig. 4- Parameter weight variations across different scenarios: (a) CV, Kernel probability distribution, and
boxplot derived from 10000 random uncertainty scenarios; (b) Parameter weights in optimistic, pessimistic,
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Fig. 5- Analysis of the spatial variations in water quality index values and uncertainty: (a) Comparison of
scores under different uncertainty scenarios and classification of quality statuses, (b) Coefficient of variation
for sample points
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Fig. 6- Spatial representation of water quality information and uncertainty levels for sample points in 2018
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1- Water Quality Index (WQI)

2- Subjective

3- Iran Water Quality Index for Surface Water
Resources-Conventional Parameters

4- National Sanitation Foundation Water Quality
Index

5- Biochemical Oxygen Demand (BOD)

6- Groundwater Quality Index

7- Sodium Adsorption Ratio

8- Residual Sodium Carbonate

9- Objective

10- Entropy

11- Principal Component Analysis (PCA)

12- Analytic Hierarchy Process (AHP)

13- Bureau of Indian Standards

14- World Health Organization

15- Institute of Standards and Industrial Research of
[ran

16- Indian Council of Medical Research

17- Uncertainty-Aware Water Quality Index (UWQI)
18- Total Dissolved Solids

19- Ton Balance Error (IBE)

20- Uncertainty-Aware Principal Component
Analysis (UPCA)

21- Kaiser-Meyer-Olkin

22- Gaussian Model

23- The Maximum Likelihood Estimator

24- Affine Transformation

25- Loading

26- Varimax Rotation

27- Coefficient of Variation

28- 95 Percent Prediction Uncertainty (95PPU)
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