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Abstract

Microplastic (MP) pollution in urban stormwater systems represents a critical but undercharacterised
environmental pathway, with stormwater runoff constituting a primary vector transporting terrvestrially
originating MPs to receiving water bodies. This paper presents a hyperspectral imaging and machine learning
framework for rapid, non-destructive quantification and polymer-type classification of microplastics in
stormwater samples collected from the Izmir Metropolitan Municipality drainage network, Turkey. A shortwave
infrared (SWIR, 900—1700 nm) hyperspectral camera coupled to a conveyor-belt scanning platform acquires
spectral data cubes from filtered stormwater membrane samples. A random forest (RF) classifier trained on
spectral signatures of seven reference polymer types (polyethylene, polypropylene, polystyrene, polyethylene
terephthalate, polyamide, polyvinyl chloride, and polycarbonate) achieves a mean classification accuracy of
91.3% and a mean Fl-score of 0.893 on held-out test samples. Gradient-boosted tree (XGBoost) regression
models trained on environmental and catchment-scale predictor variables — including impervious surface
fraction, traffic density, and antecedent dry period — explain 76% of variance in MP particle concentration
across 38 drainage sub-catchments (R? = 0.76, RMSE = 412 particles/L). SHAP analysis identifies impervious
surface fraction and commercial land-use proportion as the dominant drivers of MP concentration. The
framework enables basin-scale MP load mapping at operational throughput (80 samples/day) and provides
decision-support outputs for targeted source-control intervention.
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1. Introduction

Microplastics (<5 mm) have been identified as pervasive contaminants in freshwater, marine, and
terrestrial environments, with documented adverse effects on aquatic biota through physical ingestion,
chemical toxicity, and trophic transfer [1]. Urban environments are primary sources of microplastic
generation, with stormwater drainage networks serving as critical transport pathways that mobilise MPs
from streets, car parks, and waste infrastructure to receiving water bodies during precipitation events [2].
The concentration and polymer composition of MPs in urban stormwater are highly variable, reflecting
heterogeneous land-use patterns, traffic intensity, and the diversity of plastic-containing products prevalent
in modern urban areas.

Conventional microplastic characterisation methods — Fourier-transform infrared spectroscopy
(FT-IR) and Raman spectroscopy — provide definitive polymer identification but are labour-intensive, low-
throughput, and incompatible with the sample volumes required for catchment-scale monitoring
programmes. Hyperspectral imaging (HSI) in the shortwave infrared (SWIR) spectral range has emerged
as a promising high-throughput alternative, exploiting the characteristic C-H, C=0, and C-C bond
absorption features that distinguish polymer types while enabling spatial mapping of particle distribution
on filter membranes [3]. Machine learning classifiers applied to HSI spectral signatures have demonstrated
accuracies exceeding 90% for reference polymer libraries under controlled conditions [3].

The Izmir Metropolitan Municipality operates a combined sewer and stormwater drainage network
serving 4.4 million residents across a catchment of 11,973 km?. Coastal receiving water bodies — including
[zmir Bay, classified as a sensitive receiving water under the EU Water Framework Directive — are subject
to significant stormwater-derived MP loading, but systematic catchment-scale characterisation has not been
conducted. This paper presents the deployment of a SWIR-HSI and ML framework for MP assessment
across 38 sub-catchments of the izmir drainage network, quantifying spatial MP concentration patterns and
identifying the catchment-level drivers of MP loading using SHAP-interpreted XGBoost models [4].

2. Literature Review

2.1 Microplastics in Urban Stormwater

The global dataset of microplastics in urban stormwater (DURUM, 2018-2024) compiled by
Ziajahromi et al. [2] from 24 published studies across four continents documents median MP concentrations
of 80-1,200 particles/L in stormwater runoff, with peak concentrations following the first flush of
antecedent dry period events exceeding 5,000 particles/L. Tire wear particles and fibres are the dominant
morphological categories across all land-use types. The machine learning assessment of Serry et al. [4]
applied gradient-boosted decision trees (GBDT) models to the DURUM dataset, identifying impervious
surface fraction, catchment area, and vehicle traffic as the three principal drivers of MP concentration, and
demonstrating that XGBoost models achieve R? = 0.71 for inter-catchment concentration prediction.

2.2 Hyperspectral Imaging for Microplastic Classification

Ai et al. [3] demonstrated the application of SWIR hyperspectral imaging (900—1700 nm) to rapid
identification of microplastics in farmland soil, combining principal component analysis (PCA) for
dimensionality reduction with a support vector machine (SVM) classifier to achieve 92.4% polymer
identification accuracy for six reference polymers. Valls-Conesa et al. combined FT-IR hyperspectral
imaging with random forest algorithms for microplastic classification in environmental matrices,
establishing that spectral ranges spanning the 1,700—1,800 nm and 2,200-2,300 nm windows provide the
highest inter-polymer discriminability. The automated deep learning classification of scanning electron
micrograph images of microplastics reported by Shi et al. [5] achieved 88% classification accuracy across
polymer types, establishing a benchmark for comparison with HSI-based approaches.
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2.3 Research Gaps

Integration of high-throughput HSI polymer classification with catchment-scale ML concentration
modelling in a single operational monitoring framework has not been reported for the Mediterranean urban
stormwater context. The present work addresses this gap, providing both a technology demonstration and
catchment-scale driver analysis applicable to coastal Turkish and broader Mediterranean cities facing
stormwater quality management obligations under the EU Water Framework Directive alignment process.

3. Methodology

3.1 Study Area and Sampling Design

Stormwater samples were collected from 38 selected sub-catchments of the Izmir metropolitan
drainage network during four storm events in the autumn 2023 wet season (October—December),
representing a range of antecedent dry periods (2—12 days), precipitation intensities (3.2—28.7 mm/h), and
land-use types (residential, commercial, industrial, mixed). Samples were collected at sub-catchment
outfalls using stainless-steel bucket samplers during the rising limb of the hydrograph. Aliquots of 10 L
were transported to the laboratory on ice within 4 hours of collection and vacuum-filtered through 125 um
stainless-steel sieves followed by 20 um polycarbonate membrane filters.

3.2 SWIR Hyperspectral Imaging System

Filtered membrane samples were air-dried and scanned using a Specim FX17 SWIR hyperspectral
line-scan camera (900—1700 nm, 224 spectral bands, 2.7 nm spectral resolution) mounted on a motorised
conveyor-belt scanning stage at a spatial resolution of 0.5 mm/pixel. Spectral pre-processing comprised
dark/bright reference correction, standard normal variate (SNV) normalisation, and Savitzky-Golay first-
derivative smoothing (window width 9 bands). A reference spectral library comprising 350 spectra per
polymer type (7 polymers) was assembled from characterised reference materials to train and validate the
RF classifier.

3.3 Random Forest Classifier and XGBoost Concentration Model

The RF classifier (500 trees, max depth 25, Gini impurity) was trained on the reference spectral
library with 5-fold stratified cross-validation. Environmental concentration models used XGBoost
regression with 18 catchment-scale predictor variables extracted from GIS layers (land use, traffic counts,
imperviousness, population density, antecedent dry period, rainfall intensity, catchment area and slope).
SHAP (SHapley Additive exPlanations) analysis quantified the marginal contribution of each predictor to
model output, providing interpretable driver rankings consistent with the approach of Serry et al. [4].

4. Results and Discussion

4.1 Polymer Classification Performance

The RF classifier achieves mean accuracy of 91.3% and mean F1-score of 0.893 on the held-out
test set across all seven polymer types. Per-polymer F1-scores range from 0.943 (polyethylene, distinctive
1,730 nm absorption) to 0.821 (polyamide, overlapping spectral features with polypropylene in the 1,560—
1,600 nm range). Classification throughput is 80 samples/day at the conveyor-belt scanning speed,
representing a 25x throughput improvement over manual FT-IR analysis. The most abundant polymer types
in Izmir stormwater are polyethylene (31.4%), polypropylene (22.7%), and polystyrene (15.2%), consistent
with global urban stormwater polymer distributions reported in the DURUM dataset [2].

4.2 Catchment-Scale Concentration Modelling

The XGBoost concentration model achieves R? = 0.76 and RMSE = 412 particles/L on the test set
across 38 sub-catchments. SHAP analysis identifies impervious surface fraction (mean |[SHAP| = 0.38) and
commercial land-use proportion (0.29) as the two dominant predictors of MP concentration, followed by

antecedent dry period (0.21) and heavy vehicle traffic density (0.17). Sub-catchments dominated by
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commercial and transport land use in the central izmir metropolitan area exhibit mean MP concentrations
of 2,840 particles/L, approximately 4.7 the mean across residential sub-catchments (607 particles/L). The
first-flush coefficient of variation is 2.3 across all catchments, confirming that antecedent dry period
concentrations substantially exceed mean event concentrations.

4.3 Source Control Implications

The spatial MP load map derived from the XGBoost predictions identifies three high-priority sub-
catchments (A3, B7, C12) in the Karstyaka—Bornova commercial corridor as contributing 41% of total
estimated annual MP load to izmir Bay despite comprising only 18% of total drainage area. Implementation
of gross pollutant traps (GPTs) with 100 um mesh screens at the five highest-load outfalls is estimated,
using the XGBoost load predictions, to reduce total izmir Bay MP input by 28-34%, providing a cost-
effective prioritisation basis for infrastructure investment within the Izmir Municipal Water and Sewerage
Administration (\.IZSU) capital programme.

5. Discussion

5.1 Limitations and Uncertainty

The SWIR-RF classification system is trained on reference polymer spectra acquired under
controlled laboratory conditions; field-weathered particles with surface oxidation or biofilm coating may
exhibit spectral shifts that reduce classification accuracy. A validation campaign using FT-IR confirmation
of 200 field-collected particles yielded a field classification accuracy of 84.6% — a reduction of 6.7
percentage points relative to laboratory performance, consistent with the weathering effect documented by
Ai et al. [3]. The XGBoost concentration model explains 76% of variance, with the residual attributable
primarily to small-scale spatial heterogeneity in local MP sources and intra-event concentration variability
not captured by the event-integrated catchment predictors. Future work will incorporate event-scale
dynamic predictors (antecedent rainfall pattern, runoff velocity) to improve model fidelity.

5.2 Scalability and Policy Application

The HSI + ML framework is designed for laboratory deployment at IZSU’s existing water quality
monitoring centre with modest infrastructure requirements: a Specim FX17 camera system (EUR 35,000—
45,000), a conveyor scanning stage, and a workstation-class GPU for inference. The framework’s spatial
driver analysis output — XGBoost SHAP maps overlaid on municipal GIS — directly supports the source
control prioritisation required under Turkey’s Water Framework Directive alignment process, providing a
replicable model for other Turkish coastal metropolitan areas facing similar receiving water quality
obligations.

6. Conclusions

A SWIR hyperspectral imaging and machine learning framework for microplastic assessment in
urban stormwater has been presented and validated across 38 sub-catchments of the Izmir metropolitan
drainage network. Key findings are: (i) RF polymer classification achieves 91.3% accuracy and 0.893 F1-
score in laboratory conditions, reducing to 84.6% under field-weathered particle conditions; (ii) XGBoost
catchment concentration modelling explains 76% of inter-catchment variance with impervious surface
fraction and commercial land-use as dominant SHAP predictors; (iii) spatial MP load mapping identifies
three priority sub-catchments contributing 41% of estimated annual izmir Bay MP load; and (iv) targeted
GPT installation at five high-load outfalls is projected to reduce total bay MP input by 28-34%. Future
work will extend the polymer library, incorporate event-scale predictors, and evaluate automated field-
deployable HSI units for real-time stormwater monitoring.
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